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Abstract: The dc voltage fluctuation (sometimes referred to

as ripple) is considered for the pantograph voltagedc

railways. Some indexes and processing techniques ar

considered to evaluate steady state and trandiemiomena:
Ripple
expressions, DFT and wavelet analysis.
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1. INTRODUCTION

A general problem for railways is that of electtica »

interoperability, that aims at ensuring the safd afficient
circulation of trains across different railway netis in
different countries, such as those of European mriyven
if the preferred lines for high speed interconrattover
Europe are the ac railway lines either 25 kV 500d45 kV
16.7 Hz), dc railway lines are part of the problenseveral
ways: they can be used for interconnection of régked
lines to bring the vehicles into stations in th@seintries
with a traditional dc railway network; they are rewer
considered as conventional lines and interopetalafiplies
also to them with slightly reduced requirementss free
circulation of rolling stock from different operasoeven at a
local geographical scale demands however to consatae
of the electrical interoperability issues. Besidpswer
quality issues related to harmonic disturbance wouk
resonance and network-rolling stock interaction Hery
basic requirement that impacts on train performaacd
service efficiency is the voltage level “seen” the ttrain
pantograph, called useful voltage. The useful galta,, , is
defined in the EN 50388 [2] for dc railway systeassthe
average value of the mean value of pantograph gekg
(i.e. dc component) over a well defined geograptdcaa of
the national network and for one or several traifisus,

Index based on time and frequency domai

2. USEFUL VOLTAGE AND RIPPLE INDEX

U.vuis the power supply index that is evaluated t@sss

rt\he adequacy of the infrastructure (power supptyaek) to

the prescribed performance of the circulating ngllstock.
For dc 3 kV railways the minimutd,, , is set to 2800 V for

Ihigh speed lines and 2700 V for conventional lines.

In this work the attention is not on the simpleccédtion

of the useful voltage, but on the identificationstéady and

transient fluctuations. Transients are relevant foany

reasons and often they need to be detected aradedadver
long recordings. The reasons for transients may be:

(Type 1) unusual sudden tractive efforts with padike

current absorptions may trigger oscillations in the

onboard filter current and thus in the pantograpirent

Ip, but with negligible effect oW, due to the low short

circuit impedance of the network;

 (Type 2) change over to an adjacent supply section
connected to a different substation, passing uraler
neutral section and producing/gstep change;

« (Type 3) pantograph bounces disconnect the sliding
contact from the contact wire for a few ms, depegdin
several factors (speed, mechanical performancehef t
pantograph frame and dampers, catenary oscilldfions
this produces a step change of absorbed curyentd a
spike like change o¥,;

« (Type 4) change of operating conditions and specfi

current emissions of onboard converters due toouari

reasons: wheel slip, internal control rules, dmyvistyle
and applied torque, etc.

Ripple is defined as the variation of a quantitpuathits
steady state value during steady electric systearation
[3]. Ripple is interpreted often as a periodic addn around
the steady state dc value, but not necessaril$]§s]] some
components are related to steady periodic sources

there is distinction between thé, (zone), for the average (harmonics of rectifiers and inverters [6]-[8] irteady

operated over all the circulating trains in a giweme, and
Uav (train), for the average operated for one trainroae
predetermined journey or its timetable. The measerd
data used for the following analysis were recordadthe
Italian dc 3 kV network (the conventional line, ribe high

conditions), but others are caused by transientsrfireted
as aperiodic phenomena or abrupt changes of thé sai
converters operating conditions).

The complex scenario of variable operating condgio
and position of the rolling stock and the posdipibf local

speed line) within the activities of the EU projectnstable conditions of sets of traction convertecated on

RAILCOM during 2008 [1].

different nearby vehicles, give rise to a wide slasf



transients related to the inrush current of theicleHilter,
pantograph bounces, wheel slipping and sliding, etc

The mathematical approach described in [9]
summarized here just for reader’s convenience. iGihe
g(t) quantity (in this case the pantograph voltages, geak-
to-peak valuey,, overkr samples interval is the exact ripple
index and is given by:

Appr =ma{dn] - dn+k+kr ]} (1)
The exact quantification of the ripple index (R i
extremely time consuming, so a spectrum based appro
was followed. The spectru@[k] is computed on a time
window of durationT (set to 0.1 s in [9]) and a sliding DFT
approach is followed for transients, similarly ftO][11], to
evaluate the power quality indexes for aperiodinais.

Rl is then calculated as the sum of the componehts
index k with amplitude larger than a given threshaota,
defined by the sey,; Sum-of-Amplitudes (SA) and Sum-
of-Amplitudes-and-Phases (SAP) rules were showa]in

UpFr,T,5A = Z|q k]|

kDKthr

Yorr, T8AP~ zqk]

KOK e

()

A fairly constantl, profile at large values represents
medium/high speed traveling on straight lines wittre

isstops, such as on main lines.
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Figure 1. Results of a preliminary evaluation of SA (black solid) and
SAP (black dotted) for a 10 min test run

The Fig. 1 above shows the pantograph voltagelprofi
a heavy loaded line, where the absorbed curremt the

Thethr value must be carefully chosen not to leave oufange of 1700-1800 A, corresponding to an absopmser

any significant component and to keep the siz€,pfas low
as possible. The largest peak for each componeoitp qof
amplitude 3f) was isolated by &BeakDeted) function and
used for the computation of (2). A threshatd=10° was
able to include all the relevant components of thst
signals in [9]. With respect to the amplitude of thsed test
signals the relative threshold value is then abb@i, in
agreement with the spectral components normalnedaior
harmonic analysis. The optimal overlap fagbovas shown
to be either 0.25 or 0.5 and the latter is geneiéferable
for best performance in terms of correlation betwee
adjacent spectra, in particular for the Hanningdeim.

3. REAL CASES

Recordings taken on the Italian 3 kV dc railwaefrare
considered to evaluate the RI, to identify the drants, their
spectral characteristics and their influence orlhg,

Transients and their frequency spectra are relemant
only for the contribution to the overall PQ problemut also
for interference to track circuits [12][15]. Heralp the first
issue is considered, but the same technique mapplked
to I, to isolate transients during signalling interodity
tests.

3.1. Reference values

A 10 min profile of pantograph voltage and currént
shown in Fig. 1, together with a first calculatiohSA and
SAP indexes, that on this temporal scale resulttlgnos
overlapped. This recording shows quite a regulafilprof
current absorption and the large step changé4 are due
to neutral sections (Type 1 transient). TWg box like
increase after point (2) is probably due to a paldr
arrangement approaching a station, confirmed bstigelen
decrease df, at the end of the shown recording.

of about 5.8 to 6.3 MW. The corresponding voltaigele is
however limited to 2%, occurring in some time intds.

3.2. Frequency domain analysis

In Fig. 2 (obtained as a zoom of an apparently atmo
steady state operating interval) a step changelitage RI
can be observed at tim#=5.8 s, with time resolution
limited by the selected time windoW for DFT analysis.
The change is due to an increase of some of thetrape
components (Type 4). Transients of this kind preduc
several non-characteristic components that aren ofte
reason for non compliance with signalling interfere
limits [12] and must be correctly weighted in theemll
operating profile of the converter under test [13].
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Figure 2. Rl step changeat t*=5.8 s; SA (solid) and SAP (dotted)



The RI step change may be produced by both lovateral components due to leakage. These technigees

frequency leakage components (Type 1 transienthagider
frequency characteristic and non-characteristicmioaics
(Type 4 transient), as shown in Fig. 3: in Fig.)3(ao
components at 150 and 480 Hz definitely increaser f,
besides an evident frequency leakage below 80 HEig.
3(b) the dotted and solid black spectra at or d@ftprevail,

already successfully adopted while processing cecaf
electromagnetic field intensity on-board rollingehk [14].

As it is well known, transients leave a clear stgnain
the Fourier spectra computed by Short Time Fourier
Transform, orspectrogramapproach. An example is shown
in Fig. 4, where the steady characteristic harmsaic300,

showing an increase also of high frequency compisnen 600 and 900 Hz may be easily seen, as well as stinees
Two components are almost fix, 300 Hz (due to then the higher frequency interval. In Fig. 4(b) tiwarying

substation) and 550 Hz (due to the onboard chopper,
front-end dc/dc converter) with respect to the tiaxés and
to the adopted frequency resolution. On the cowntriar a

finer resolution of 5 Hz, the low frequency profibows an
irregular profile that does not correspond to d heamonic

pattern, but rather to fluctuations also in relasiip to the
free response of the on-board filter.
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Figure 3. Analysisof transient behavior at t*=5.8 s (a) low freguency,
with base and enhanced frequency resolution; (b) high frequency
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components may be seen at about 80 s between hiD0 a
2200 Hz reducing to 1250 to 1550 Hz at 170 s, mtiig a
long brake; the estimated rate is about 5-5.5 Hz/s.
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Figure 4. Spectrogram: (a) low freguency steady har monics; (b) higher
frequency range including time-varying har monics
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The spectrogram in Fig. 4 above shows some major
vertical lines that correspond to transients of &@pand 3.
The spectrogram is particularly useful in detectisigch
transients if a coarse enough frequency resoluii®n
adopted, for a satisfactory accuracy in the tinie kpcation.
Transients may be identified and located by seigcth
threshold on the non-characteristic components and,

In many cases the raw Fourier spectra need to &e prparticular, checking if more than one is above Titvo

processed before being used for the RI evaluatiohagher
large scale computations. Since the backgrounensigery
large and may contribute largely to the calculatafnan
overall index like RI or the total rms, it is oftedvisable to
set a threshold to zero out the components belowWliten
evaluating broad peaks at fine resolution, pealafsm is
necessary to avoid counting them more than oncéyding

transients have been selected and further analyzew). 5,
where the frequency resolution is 25 Hz, so to havene
window of 40 ms with a standard overlap of 50%; the
overlap is necessary not only to better track tiaeying
components, but also to artificially increase thmet axis
resolution. The last plot, in Fig. 6 was obtaineithva 90%
overlap, so that the time step is only 4 ms; ipassible to



distinguish the spectra before and after the teamsgvent
(dashed and dotted black curves), the spectragushe
beginning and the end of it (solid black curves)l aaring
the transient itself (grey curves).
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Figure 5. Spectrogram: transient waveform and Fourier spectra
before, at and after thetransient (20 mstime step)
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Figure 7. Spectrogram (refinement of the analysis of Fig. 6): spectra
before (dashed black), partially including (solid black), centered at
(solid gray) and after (dotted black) the transient (4 mstime step)

The use of overlapping (as well as zero paddingach
time record) is able to improve the time axis ragoh to a
value the ensures transient detection; by observireg
common transient durations (2 to 10 ms), a 50% laper
with 25 Hz resolution ensures a 20 ms time step and
uniform increase of frequency components by ab6eb.3

3.3. Wavelet analysis

The Discrete Time Wavelet Transform (DTWT) is & th
moment preferred for its simplicity with respect toe
Continuous Wavelet Transform, notwithstanding tlettdy
performances of the latter in terms of time andjdiency
resolution [16]. Transients ¥, are detected, by applying a
threshold to the detailsl, and classified, by deriving
empirical rules for the amplitude and number ofilts&ons
in each detail channel. An example is shown in 8ig.
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Figure 6. Spectrogram: transient waveform and Fourier spectra
before, at and after thetransient (20 mstime step)
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Figure 8. Example of V, transient analyzed with db3, 5 levels wavelet

The detailsd3 and d4 show the 300 Hz ripple, that is
removed from the adjacent ones. The detail d5 nsidered
as the best one from a signal-to-noise ratio pofintiew to
identify a suitable threshold and locate transiethie to
pantograph bounces. It is remembered that pantbgrap
bounces trigger the free response of the on-bdked &nd
modify temporarily the behavior of the on-board pgper



and its conducted emissions, so that they represent 200 ‘ ‘ ‘ ‘

relevant event also for the evaluation of intenfieee to 0 . %W
signalling circuits and interoperability. 200 , ‘ ‘ ‘ ‘

The Type 3 transient waveform located at 70.29 a as "81.76 81765 81.77 81.775 8178 81785 81.79
result of the wavelet analysis (Fig. 8) is showrFig. 9: a 200 ‘ ‘
pantograph bounce is superimposed to the st¥gdipple 0 et vy "hv 1&\ 1t %‘
due to substation harmonics (the main ripple wisiblFig. 5 1 ‘ ‘
is due to the 100 Hz component; the slight envelope 81.76 81.765 81.77 81775 8178 81785 8179

modulation with ups and downs every two 100 Hz pdak 200} ‘

due to a residual 50 Hz component; the 300 Hz commpio 0 . MMW
is visible only as the repetitive jagging of tharfks of the  -200; ]
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Figure 9. Waveform of the V, transient analyzed in Fig. 8 200 T ‘ ‘ ‘ ‘
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The best mother wavelet is then selected by corisigle
H H H H _200 L L L L L
the largest amplitude of th_e p_eaks appearing indestails N 6 8i765 8L77 81775 8l78 8L785 8L79
and the accuracy of their time location. Many mothe 200 ; : ,
wavelets produce almost identical results and timéymain
ones will be shown in the following discussion.
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500 ‘ ‘ ‘ ‘ ‘ Following [17] db4/db6 and db8/db10 were found the
OW"'A/\/\F’\”’J\[W best choices for fast and slow transients, butfdifferent
) ‘ ‘ ‘ ‘ context, that of ac industrial supply networks. Lawder
8176 81765 8177 81775 8178 81785 8179 wavelets may be not suited in general to follow thi
500 1 variations of the analyzed signal, but they featlanger
OMW/M peak amplitude and allow an easier detection tAskan
-500 ¢ 1 ‘ ‘ ‘ ‘ ] example, the results shown in Fig. 13 (obtainedh witlb1
81.v6 8lve5 8lv7 81775 8l78 81785 8179  wavelet) show a 50% to 100% higher peaks in alhitket
Time [s] moreover, the peaks are not oscillating, thus émgua

Figure 10. V, transient of Fig. 6: db3, 5 levelswavelet better time axis location of the crossing of theplegul
threshold.
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Figure 13. V, transient of Fig. 6: dbl, 5 levelswavelet (identical results
for sym1 and haar wavelets)
[14]
4. CONCLUSION
In the present paper a range of transients typidatic [15]
railway systems are considered and classifiedHeir time
and frequency behavior. The target of the analissithe
evaluation of the power quality perceived at thatpgraph
voltage, but also the identification and locationtbe time  [16]
axis of transients that are relevant also for fetence to
signalling circuits and thus for interoperabiliffhe use of
spectrogram and wavelets is proposed for the locabf [17]
pantograph bounces on long records that cannot be
inspected manually; the mother wavelets and types a
selected and tested based on real signals. Thdtsresu
available in the literature that advise the optis®ttings for
wavelet analysis are almost always referred to ac

distribution networks in industrial systems, whiée dc
railway system represent a peculiar case studyy Sienple

mother wavelet, such as those of order 1 and thar Ha

wavelet, seems preferable if accurate time axiation and
fast computing are the main requisites.
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