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Abstract—Power supply transients in dc railways related to
filter charging may trigger network and filter oscillatory
responses, as well as cause very fast voltage spikdhese
phenomena are relevant not only for Power Quality ad EMC,
but also for their impact on the measured pantograp
guantities e.g. for power and energy consumption gmate. The
broadband excitation of the system gives the posgity of
attempting the identification of the network impedaice. The
experimental results are discussed and compared the output
of a circuit and a distributed parameter simulator. Matching
between simulated and experimental data is very gdo

Keywords—Harmonics, Power Quality, Power supply
transient, Railways, Rolling stock
. INTRODUCTION

Power Quality (PQ) in railways has been investigate

from different standpoints: line voltage distortiooupled to
other trains connected to the same line sectioreftected
back on the utility sid§1]-[3]; current harmonics interfering
with signaling and telecommunicatiof]-[6]. Considering
rolling stock and in a normative perspective, harit® and
distortion may affect the line voltagé] or have impact also
on the power and energy consumption assessmehtaban
external unwanted interferenf# or as a contributing factor
[9]. For DC vehicles harmonic active power was fbuo be
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of exploiting such transients as probing signafsafgppassive
identification of the network impedance (i.e. thaction line
impedance). The knowledge of the network impedasce
beneficial for a more accurate estimate of harmdistortion
and the identification of disturbing loads, but cal$or
network stability, harmonic resonance and preventid
oscillations[16][17].

The problem has already been considered for smilg g
[18]-[21], using both active and passive methods: active
methods inject a specific pilot signal to probeivaty the
network impedance; passive methods exploit existing
measured quantities, passively listening to thevodt A
well-promising approach for passive methods is uke of
advanced techniques for model identification (Lelsl&tan
Squares, recursive minimization, Kalman filter,.etbut so
far the adopted models are of the R-L type andentdhe
effect of stray capacitance, with justificationattitannot be
applied to railways and rapid transit systems.

The work is structured as follows: Section Il camsaan
introduction to the problem of network modeling and
network impedance identification, considering the
approaches used in smart grids and distributiowarés, and
then focusing on railway networks and the intecacti
between the network and the locomotive; the reshitsvn in
Section Il consist of the explanation of the olser

negligible [9], although transients may disturb and alter theelectrical phenomena and interactions, and a pirgdim

measured pantograph electrical quantities.

This work has as first objective
characterization of the transients caused by tleegaty of
the on-board filter of a dc locomotive. Transiefds a dc
vehicle originate at the sliding contact mechanignelectric

estimate of the traction line impedance.

the electrical || NeTwoORK MODEL AND NETWORK IMPEDANCE ESTIMATE

A. General method
The general method is based on the estimate dbéuk

arcs[12]-[14] or may be caused by the switching of onboardyng/or network impedance exploiting two (or more)

loads, including the case of a nearby train. Angctic
transient with a broad frequency spectrum can extie
resonance modes of the system, thus triggeringjaigms at
a lower frequency, that can couple onto the meaguri
systems. Such oscillations and transients furttensen the
stationarity of the signals associated to the kectrical
quantities and weaken the conditions for the appllity of
standardized Fourier-based processing metfidts

The second objective is the investigation of thesglity

The results here presented are developed in thmefrark of the
16ENGO04 MyRailS Project and the European Union'srizdm 202C
research and innovation program. The project receiunding from the
EMPIR programme co-financed by the Participatingtetand from the
European Union’s Horizon 2020 Research and InnorarogrammeThis
work was alsosupported by the Swiss State Secretariat for Eoumgi
Research and Innovation (SERI) under contract numfye00127. Th
opinions expressed and arguments employed hereimotionecessaril
reflect the official views of the Swiss Government.
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measurements of voltage and current at the pambgra
(indicated withV, andly) carried out under different supply
conditions. In other words the flowing currdpis measured
after an ideally instantaneous change of the suppliage.
This method has been extensively applied to snnafs [§.8]-
[22], with the following basic equations that assura
reference state and a perturbed state, e.g. by smefathe
inclusion/exclusion of a series-connected lumpegneht or
ideally varying the network voltage supply.

The reference circuit is shown in Fig. 1, where lied
(the train) is considered with its Norton equivaleircuit.
The dashed resistand®, represents the switched lumped
component suggested for application in distributietworks
and smart grids, as well as the electric arc 1@sist, where
electric arcs might be exploited as a driving everd future
development.
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Fig. 1. Equivalent circuit for the supply network and nodii stock with
electric arc occurring at the sliding contact (tesistanceR,=0 when the
electric contact is perfect and no detachment acur

The basic equations are:

Vo
z D

p=li—1y Iz =

The two equations must be written for each of the t
states of the network, that is before and after vibkage
change, with the quantities that vary identifiedhwa prime
and a double prime. Then replaciggand solving foiz,, and
then focusing on,, it is possible to achieve two explicit
expressions in terms of measured pantograph ciearitly:

V'
= |'p+—p
Zl

\Y

p _Vp

Iy @)

No similar closed-form expressions are availabletti@
network impedance estimation, although in caseseavtie
Norton impedancez, is much larger than the network
impedanceZ,, thenZ, is readily given byV,/I, for those
frequencies at which the network generatidn may be
passivated. The condition for passivation of theegator is
that the network is not a source of significanttagé at a
given frequency (e.g. choosing components diffefeniin
the characteristic harmonics of the substationdoAh case
of a moderately largé&,, then theZ, can be calculated back
from the electrical parallel of the two with an eptable
error. Consideringvy(t) and iy(t), and the cross-spectrum
Gyi(f) and auto-spectrur@;(f), a convenient way to express
Z, is as the ratio of the two (holding the conditiomsz,).

The Welch method is used for the calculation ofahto-
spectrum and cross-spectrum.

B. Other models

As anticipated in the introduction, parametric noelth
make use of a reference model on which an optiiizair
identification algorith is run. 1§20] the Kalman filter is a
well founded approach, but the model is simpliftien two
standpoints: the network is only resistive-induetfiRL series
connection) and the selected state variables tomtk the
fundamental and two harmonics (whereas we know dhat
and ac railway systems feature complex spectrattier
electrical quantities at the pantogrd@8][24]).

software of the on-board converter (so, not an éasl), as
documented ifi26].

C. Application to DC railways

As a preliminary work on this topic, the approach i
phenomenological, focusing on the electric behawibthe
subsystems, the quality of the signals, and plditgibf the
results. To this aim the signals are mostly studhietthe time
domain using a reference simulation model for cardtion.
The measuring setup was preliminarily describef@m[28]:
although the uncertainty assessment has not be letatdp
yet, the used instrumentation and the care in glogn
shielding and EMC in general during the installatiodicate
that the uncertainty will be dominated by the wgpétaand
current probes.

The simulation model must be fed with accuratarests
of the parameters to represent the real behavithredfne:

e it is known that using a few lumped parametersscell
model a distributed parameter system has a fitegss
that increases with frequency and is particulaalgé at
resonances and anti-resonances; stopping the regson
to the first line resonance for a preliminary asssnt
allows the satisfactory use of a model with only tpi
cells[5];

« lumped loads represented by the other trains irsémee
supply section or in the adjacent sections ca mdthié
line response, especially introducing additionahgang
at line resonances and in general slightly shiftiimg
resonances due to the reactive elements onboard.

In the high-voltage input stage of the E464 locawsot
shown in Fig. 2 the following elements can be redined:
the main circuit breaker (of the HSCB type, Highe&gp
Circuit Breaker, for dc applications), the secomnden LC
resonant filter (with the capacitance contributedinty by
the traction converters, but also at a lesser e&xtgnthe
connected auxiliaries) and the charging system. Sitiech-
gear section is composed of the main circuit bneakel of
an additional parallel-connected branch, with atactor and
the charging resistd®., with a nominal value of 5.

Before closing the main HSCB supplying the locommti
the input stage is configured to perform a pre-ghasf the
filter capacitorsCs; m (the capacitors inside the traction
converters) andCy, o (the capacitors inside the auxiliary
converters) through the resistBg,. During the pre-charge
the line current is absorbed from the catenary @elivered
to the capacitors through the resisteg, and the filter
inductor L, of 8.5 mH. After 0.8 s, the voltage across the
capacitor bank (made of the parallel-connected aitya)
reaches a given percentage of the line voltagdiciut to
conclude the charging operation more quickly throdige
main HSCB, closing it to by-pass the charging tesisA
smaller current impulse is then absorbed by theaditgy

The approach used ifl9] makes direct use of the phank where the limiting elements are the filtetuictor Ly
network model as in Fig. 1, relying on a redundanigng the line impedancg, The equivalenRLC series circuit

(overdetermined) set of equations (1njoto solve using an
iterative technique. However, the main assumptothat the
network is stationary, i.e. the configuration amsheration do
not change during the measurement.

Apparently a solution to the specific problem haerb
proposed very recentf25]. However, the focus is on an ac
railway using an active probing method, i.e. injegttest
signals by suitably driving the on-board four-quadr
converter as large-power waveform generator. Toistion
was already adopted for tests carried out with HLtRins
with the permit of the operator and by modifyinge th

that during pre-charge was over-damped thanks ¢oRth
resistor becomes under-damped after the closirgeofmain
HSCB, giving rise to visible oscillations (the onlglevant
resistive element contributing to damping being sheply
line resistance).
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Fig. 2. Electrical scheme of the E464 locomotive, showhwsydnboard LC
filter, the main circuit breaker and the pre-chaggtircuit with the limiting
resistorRe.

I1l. RESULTS

This section shows first the behavior of the filtarging
transient associated to the circuit and procedaeseribed in
sec. Il.C above (see Fig. 3). The observed elattric
phenomena are explained, using the information hef t
supply and traction line models. The spectrum attarsstics,
the time duration, etc. are considered for theipaot on
Power Quality and on the connected measuring sgstem

In the second part, then, portions of the measure
waveforms are used to estimate the network impetjanc
verifying the quality of the so obtained estimatetérms of
density of points on the frequency axis, noise anike
suppression capability, etc.

A. Phenomenological analysis

The two transients following the two switching etgen
shown in Fig. 3 may be explained with a little gidiinto the
behavior of the circuit. To start the charging bé tfilter
capacitor, the pantograph is raised against thenaat using
a series resistoRy, for protection purposes, limiting the
inrush current into the capacitor bank through fhier
inductor. The rate of rise of the current throulgh inductor
is quite large anyway and excites the line resomanc

The steep edge of the currdgtis visible in Fig. 3(b)
lasting for about 8(us and reaching a value of 32.6 A. This
corresponds to a 3800 V line voltage that chargasductor
of 8.5 mH, resulting in a rate of rise of 447 kAtlsat after
the said 80us gives 36 A. This first part of the rising
exponential is able to excite the line resonanesylting in a
quick reduction of the pantograph voltage (the tiega
voltage spike); more accurately the tip of the epiccurs
after 20us, when the current is less than 10 A. It is byiefl
observed that a higher sampling rate is neededetterb
follow the evolution of the signal, when higher-erdnodes
are excited: some recordings at a 5 or 10 timesehig
sampling rate are scheduled for the next test ceympa

The slower transient occurring when the chargirsjster

is bypassed at 2.34 s in Fig. 3(c) shows the damped

oscillation of the onboard filter.
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Fig. 3. Measured waveforms of pantograph voltagepantograph current
I, and capacitor voltage downstream of filkgr (a) overall screenshot of
the relevant time interval, (b) zoom of the fimsértion with resistoR:,

(c) zoom of the residual oscillation when the resiR, is bypassed.

Two points should be observed:

the currentl, flowing in the filter is oscillating around
zero; the negative portions of the current canmot i
principle be absorbed back by the substation tbasist
of rectifier groups with all the diodes showing ithe
cathodes facing the catenary; in reality, with asbi
current flowing to supply other trains along theeli the
diodes simply will see their current modulated b t
oscillating charging current, with a dynamic resiste
that is approximately constant if the charging entr
intensity is small compared to the current feedihg
other trains (some other experimental results contihat
this situation may degenerate in low-traffic sitoas,
when the supply section is not or lightly loaded);

the oscillation has not a constant frequency: assltook
shows that the positive half-periods are slight but
consistently longer than the negative ones (thesared
intervals are 29.6, 32.9 and 32.1 ms for the pastialf-
periods, and 28.8, 27.4 and 27.2 ms for the negativ
ones); this is a symptom of a non-linear charastieri
that might be explained with the behavior of the
substation diodes when the sourced current is vy
Variability was analyzed by parametric simulation,
changing the load current biasing the substatiodes.
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The experimental curves of Fig. 3 allow also a 10
preliminary evaluation of the impact caused bytthasients |
triggered by the charging operation: the duratidnthe 1%L ‘ |
oscillation is in the order of 0.5 s, its frequenisy the
resonant frequency of the onboard filter, usuaéiynkeen 15

and 22 Hz for the known implementations. The samez'® :
phenomenon occurs whenever the traction demand is

discontinued, e.g releasing the throttle during iatense 210'L |
acceleration, and it is a known problem for manyafiscale
readings of connected instruments. o

The line resonance peak location and height depends

Impedance

many factors, beside the geometrical and per-enith 107k

electrical parameters of the line: first of all tieagth of the

line between the two adjacent substations andrésepce of 10° | ] ,
other trains in the same section, loading thediné reducing 10° 10" 10° 10’
the factor of merit of the resonance. The curvesigf 4 Frequency [kHz]

show the variability of the network impedance ak th Fig. 4. Network impedance at the pantography)(Zor L=30km of
pantograpth for a train moving along the line of 25 km separation between ESSs and four train positionsi(black to light grey)
length between two substations. The first and s#con*=0.1,0.2,0.33, 0.6[10].

resonances are located at 5.8 kHz and 11.7 kHz anvjihak
height between 400 and 40Q0for the first and between 800
and 2000Q for the second resonance. The height of the %%

3810 T T T T T T T T

successive peaks is further reduced since the dangpguite 3790 i '
large. The line voltage is quickly excited by thighiorder s780 1 ‘ \
resonances at the limit of the sampling time andebth it  _ bl i )’ i ,ul\v.”"mw-“‘unml“h.hll,u (L
(50 kHz), then the profile in Fig. 3(b) around Hlins shows 577 I P il '
a damped oscillation at a lower frequency, compatitith £ 60l i
the first resonance. The negative spike reacheésVv7and it =~ i
is thus not dangerous in terms of overvoltage, ibig the sror | ]
byproduct of the broadband excitation of line reswes. 3740 l"‘ 1
Observing the results in Fig. 5 the simulated ourre  373%°r ]
profile is quite well matched with the experimentaie. 3720 : : ‘ ‘ s : : \
However, the simulation model makes some approiomst e W e T B e B
regarding the equivalent circuit for the substatreotifier 150 @
and does not include a complete model for nearaingr
replaced by an equivalent loading resistor. Théagel profile
is well matched for the initial high-frequency pabut the 100r 1
subsequent low-frequency damped oscillation neeufses
additional work. = sof )
B. Identification of the network impedance g
The transient signals at the beginning of the dhgrg © °f
operation (time 0.5 s in Fig. 3(b)) have been ex#éiéh for the
calculation of the auto- and cross-spectrum. Tloegxure is ol i
complicated because of the limited number of sasn(4&)
and the large amount of noise. The frequency résalinas
been improved using interpolation; the noise isuced by A0 e 185 19 195 2 208 21 215 290
the averaging implicit in the Welch method. Time [s] (b)

The Welch method has unavoidably a lower frequenc ig. 5. Comparison of simulated (red) and measured (_bme_ak/)_e_forms_for
resolution than DFT, although the latter is a bagice due to a) pantograph voltagé, and (b) pantograph currehtwith fictitious line
excessive spectral leakage, when processing sigritisan loading of 380 A
underlying exponential damping component. In additi 100
spectrum estimation algorithms have in general ebett 300
incoherent noise suppression than DFT. 200f

(Z) [ohm]

The curve shown in Fig. 6 is affected by a large z10r

uncertainty due to the small number of originalnpgi the
averaging for the auto- and cross-spectrum estsraid the 100
successive interpolation. However, it is very closé¢he one Frequency [kHz]
simulated in Fig. 4 for a line of L=25 km and tr@ositioned 200
at x=0.1L (2.5 km) from the substation (confirmey the
annotations during the tests).

abs

100

oF

angle(Z) [deg]

-100

-200
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Frequency [kHz]
Fig. 6. Identified network impedancé, after calculation of cross- and
auto-spectrum, ratio, compensation of the elegtai@llel with the onboard
filter, and interpolation to visually improve fregpcy resolution.




IV. CONCLUSION

This work has considered the problem of them

identification of the network impedance for eldatd
railways, making a comparison to existing techngder
smart grids. It turns out that several methods hbeen
implemented using simplified models of the netwark
simplifying assumptions, which hardly hold for vedlys and
rapid transit systems: the pantograph impedandesvarth
the train movement and also with the relative pasiof the
other trains. The problem is also complicated by lérge
amount of noise that characterizes the measuretgraph
quantities.

calculations and measurements,” Proc. of 14th nnturich Symp.
on Electromagnetic Compatibility, Feb. 20, 2001.

CENELEC EN 50388Railway Applications — Power supply and
rolling stock — Technical criteria for the coorditien between power
supply (substation) and rolling stock to achieverioperability, 2013.

[8] CENELEC EN 50463-2Railway applications — Energy measurement
on board trains2017.
[9] A. Mariscottti, “Characterization of Active Powelolw at Harmonics

for AC and DC Railway Vehicles,” IEEE Vehicle Powemd
Propulsion Conf., Oct. 14-17, 2019, Hanoi, Vietham.

[10] A. Mariscotti and D. Giordano, “Electrical Charaisécs of
Pantograph Arcs in DC Railways: Infrastructure uefice,” 23rd
IMEKO TC4 Intern. Symp., Xi'an, China, Sept. 17-2017.

[11] M. Meyer and J. Schoning, “Netzstabilitét in grof¥ahnnetzen,”

For these reasons a parametric method should be Eisenbahn-Revua. 7-8/1999, pp. 312-317.
considered, using a reference model and feeding dafl2] G. Crottiet al, “Pantograph-to-OHL Arc: Conducted Effects in DC

extracted from the measurements. Presently,
preliminarily considered, no numeric technique otoanatic
identification algorithm is used: data and reshiégse been
analyzed using a phenomenological approach, torstael
what are the exploitable characteristics of thendig the
typical transient responses and the limitationthefadopted
approach.

Network impedance estimation for railways (incluglioic
and ac systems), besides the many challenges, evagfib
from the abundance of electric transients causediltey
charging, transformer inrush, onboard
commutation, electric arcs. This work has focusedttwe
onboard filter inrush for a dc locomotive.

The simulation results match well the experimedth,
for what regards the filter oscillatory current,evbas there is
some discrepancy in the calculated line voltagssibty due
to the non-linearity of the substation. The nomdirity of the
system has been demonstrated by observing the astyynm
of the measured sinusoidal oscillation of the ffitterrent.

althoug

Railway Supply System[EEE Trans. on Instrum. and Mea%ol. 68,

n. 10, 2019, pp. 3861-3870.

[13] G. Gao, T. Zhang, W. Wei, Y. Hu, G. Wu and N. ZhtAipantograph
arcing model for electrified railways with differespeeds, Proc Inst.
of Mech. Eng. - Part F: Journal of Rail and Rapidisit, Vol. 32, n.
6, 2018, pp. 1731-1740.

[14] V. V. Terzija and H.-J. Koglin, “On the Modeling &bng Arc in Still
Air and Arc Resistance CalculatiodEEE Trans. on Power Delivery
Vol. 19, n. 3, 2004, pp. 1012-1017.

[15] A. Mariscotti, “Characterization of Power Qualityramnsient

phenomena of DC railway traction supphlRCTA IMEKQ July 2012,

Vol. 1, n. 1, pp. 26-35.

auxiliaries [16] H. Hu, H. Tao, F. Blaabjerg, X. Wang, Z. He andG&o, “Train—

Network Interactions and Stability Evaluation in gHiSpeed
Railways—Part I: Phenomena and ModelindsEE Trans. on Power
Electronics Vol. 33, n. 6, June 2018, pp. 4627-4642.

[17] H.J. Kaleybar, H.M. Kojabadi, M. Brenna, F. Foillid&.S. Fazel and
A. Rasi, “An Inclusive Study and Classification dfarmonic
Phenomena in Electric Railway Systems,” Proc. &HHntern. Conf.
on Envir. and Electr. Eng., June 11-14, 2019, Gantialy.

[18] E. Thunberg and L. Soder, “A Norton Approach to tElsition
Network Modeling for Harmonic StudiesJEEE Trans. on Power
Delivery, Vol. 14, n. 1, Jan. 1999, pp. 272-277.

The observations on the first transient when thgig] s cobreces, E. J. Bueno, D. Pizarro, F. J. Roerigind F. Huerta,

pantograph is raised and the filter is suppliedubh the
charging resistor are in agreement with the explesystem
response and the estimate of the spike in the oimge
quite accurately correspond to the measured values.

Last, the estimated network impedance match well th

simulated curve obtained by the distributed paramet
simulator, although the procedure and the uncéytaglated
to the many non idealities must be confirmed: thmiper of
sampled data during the transient is too low amdWkelch
algorithm is thus operating in non-ideal conditiome this
aim the necessity of a higher sampling rate forrtbet test
campaign has already been discussed.
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