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Abstract — The recordings of the pantograph voltage defines requirements of the power supply at the
and current waveforms across Italian and French interface between traction wunit and fixed
high speed railway lines (both Autotransformer 2x25 installations.

kV 50 Hz systems) are analyzed to estimate some Rolling stock emissions depend highly on its opegat
Power Quality indexes: harmonic spectra, harmonic conditions and the position along the line, thattum
distortion, displacement factor and fundamental influences the pantograph impedance curve. Emission
component, in various rolling stock operating are studied by means of the Fourier transform aver
conditions. These indexes, that define the electdt suitable time window, a tradeoff between frequeany
interface between the rolling stock and the power time resolution, in order to track characteristicl anon-
supply, are all relevant in order to assess both #h characteristic components also during transient
impact of the rolling stock on the network and the conditions. The Hamming window is also extensively
suitability of the latter to ensure agreed performaices applied to prevent adverse effects when analyzing

(electrical interoperability). transients and in general when the fundamentauéecy
undergoes unavoidable fluctuations [4][5]. Hamming
. INTRODUCTION window is an advisable choice for practical reasdanis

The service conditions and the performance of thavidely accepted and it is used by the national deteas
rolling stock taking power over a portion of a waly ~ collected in [6]. . _
network are subject to the electrical interactidntre  In the following the PQ indexes that will be analgzare
traction supply line and the rolling stock, while is summarlzed and fpr their definition refgrence im0
moving with different operating profiles and loagiin available publications [6][7]. Recordings were made
conditions. Rolling stock units are both separateded during the first test campaign of the European Wdnio
electric loads and distributed interacting loadsfunded project EUREMCO [8].
electrically coupled by the traction line. The cdiapce
assessment is based on the evaluation of variougrPo Il POWER QUALITY ANALYSIS
Quality (PQ) indexes derived from the pantograph The rms value of the pantograph voltagds related to
voltage and current waveforms. Current distortefocal the so-called useful voltagd),,, that is the power
to a single load, while voltage distortion is thgofbduct  supply index that is evaluated to assess the adgmfa
of the interaction with the traction line impedance the infrastructure (power supply network) to the
Details of the PQ indexes are reported in [1]: hmmim  prescribed performance of the circulating rollingck.
distortion and overvoltages are considered in Wigk  For high speed interoperable lines the lower limsit
with attention to train operating conditions, atpgimg at 22500 V (as it will be considered in the preserdega
separating its own contribution from the underlyingwhile for conventional interoperable and classied the
network distortion. limit is lowered to 22000 V [3]. Th&J,,(train) index is
Autotransformer 50 Hz railway networks are the mosthus evaluated as the mean value for one parti¢trdar
modern solution for high performance electricat each time step where the train is absorbingiomc
transportation systems. Focusing on the interactiopower (ignoring steps when the trains is statiopary
between the power supply and the rolling stock, theegenerating or coasting). The useful voltage fiedint
following European standards apply: from the minimum values specified in [2], where the
« the EN 50163 [2] specifies the voltage lowest permanent voltage and the lowest non-permane
characteristics of the supply voltages of tractiorvoltage values (19000 and 17500 V respectivelyicate
systems in steady and transient conditions; extreme cases related to correct train operatidnsafety
« the EN 50388 [3] sets up the requirements for th@f on-board equipment.
acceptance of rolling stock on infrastructure andlhe useful voltage is analyzed selecting accetarati
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phases that represent network loading as preschblyed

the EN 50163 standard [2]. The useful voltage islena < .. Y adan W attata ol
corresponding to the rms value of the fundamertat t £ ,,,

results from the calculation of the Fourier tramsfoof g 21 = o o o =
the pantograph voltage; the Fourier time window is

varied between 0.1 and 0.2 s ensuring a satisfatitoe 3001

and frequency resolution over the entire frequencyz zol
interval, subdivided in the dc-3000 Hz and 1-15 kHz I !\ f‘\_
0 ‘ ‘ ‘

Curren
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ranges. ‘ ‘
The results consist of rms values and spectra ef th 0 50 100 150 200 250
pantograph voltage and current including its depand
on the train speed and tractive effort. Statistiaad 1oor S
graphical processing is used to better highlightl an I
interpret signal characteristics [6].
50 100 150 200 250
.  RESULTS: FUNDAMENTAL COMPONENT Time [s]
VERSUS OPERATING CONDITIONS AND TIME Fig. 2. Pantograph.voltage and current during aigap

The rms of the fundamental of the pantograph veltag test run ct_)rj5|st|ng OT two complete gccelerahon-
V, is plotted in Fig. 1 for an entire train run tovgia cruising/coasting-braking profiles.
graphical representation &f,,(train). The two sudden , . . ,
reductions occur during the acceleration phasélseofull 1 n€ train load effect is better interpreted if the
speed test run shown in detail in Fig. 2: a currenfundamental ok, is plotted versus the fundamentall of
absorption of 250A causes a voltage drop of abgoy2 ~ @S it is shown in Fig. 3. The V-l plot (also called

The train load effect can be evaluated for eactyiSSajous chart or curve) is often used to highligh
operating condition for two successive speed psfil Ccorrelation versus some operating condition or reie
stationary, acceleration, coasting, braking. Théser variable: wh|I(_a standstill and c_oastmg cond|t|dnaa_a/e no
phases are shown in different tones of grey in Big. clear correlauon,\/p andl, are inversely proportional in
ranging from light grey to black respectively. The2cceleration as expected.
minimum absorbed current is nearly 10 A due todhe

Speed profile [km/h]
o
o

o

o

e e . . 26.51
board auxiliaries. The maximum current is reachec
during acceleration phase at about 250 A. Cololingpd 26.45]
will be used throughout this and the successivéisec '
when showing results that are related to the trair ,4,|
operating conditions.
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g Current [A]
S 65 Fig. 3. VI plot of the fundamental
26.21 IV. RESULTS: VOLTAGE AND CURRENT
HARMONIC SPECTRA
2615 50 100 150 200 250 A frequency spectrum extended up to 15 kHz is shown
Time [s] in Fig. 4, which illustrates the combined result thé

Fig. 1. Voltage at fundamental during a full speed cumulated single-frequency spectra computed oveutab

530 s of the recordings in the AV Turin-Milan secti
The cumulative distribution function is considerbg
displaying for each frequency bin the voltage Isvel
where the probability of exceedanpeis >95% (light

954



corresponding multiple of the switching frequendyttee
single converter; normally this value is betwee0d &nd

gray), 80%p<95% (medium gray), 60%<80% (dark
gray), 40%p<60% (black), 20%p<40% (dark gray),
5%<p<20% (medium gray), anps5% (light gray). The 2500 Hz and in the following section this will be
asymmetrical disposition of regions near the botieda demonstrated by analyzing the correlation of theous

is due to the log-scale visualization of the smallvoltage and current components. A preliminary asialy

amplitude values, to avoid cluttering with largghli-gray 1S shown in Fig. 5, where three spectra are shawn f
regions. three different values of absorbed current intgnsit

roughly made correspond to the train operating itimmd
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Fig. 5. Pantograph voltage spectrum for the Italian
network over [5-3000] Hz frequency range; the albsar
current conditions are “low” (thick light gray),

10° “medium” (medium thickness gray), “high” (thin bl&}
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V. RESULTS: CORRELATION OF VOLTAGE AND
CURRENT COMPONENTS

V-l plots are shown in the following figures for
frequency components that will be shown to belanthée
0t supply or to the train distortion pattern. The dypis
responsible for the large part of the distortiorthia low
frequency portion, where the voltage and current
amplitude are weakly correlated each other andhéo t
train operating conditions. The following figuresea
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Frequency [HZ]
Fig. 4. Statistical distribution of the pantograpbltage
spectrum (see text above for definition of histogizns)

divided into three groups: 1) low order harmonissally
assigned to the power supply, 2) locomotive harg®ni
resulting from the Pulse Width Modulation pattefrtioe

on-board converters, located in the usual frequeange
The fundamental at 25 kV has a negligible dispersio of 1500 — 2500 Hz and 3) higher frequency companent
as expected when the power supply system is ctyrectdue to many different sources, but not in direct
sized. Even harmonics are all very low and with aelationship with the tractive effort.
significant dispersion. Odd harmonics are relatedhe The three gray shades regard the absorbed current
supply or to the train: the distinction of the a@dmitions intensity as before: “low” absorbed current coruis
is a common exigency when post-processing angight gray), “medium” (dark gray), “high” (black).
interpreting measurement data; V-l plots are agsied Low order harmonics appear in Fig. 6 to Fig. 8. The
in the following to this aim. plots centered on the supposed frequency intefvaico
Nearly all trains operating under 25 kV ac supplg a emissions show a clear correlation. It is interestto
nowadays equipped with four-quadrant input convsrte observe also the increasing voltage/current ratiat
responsible for the odd harmonic pattern. Theséndicates an increase of the traction line impedafsee
converters are usually operated interlaced in bahkso  Fig. 9 to Fig. 12).
or four and the resulting harmonics are locatediidhe
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Fig. 6. V-I plot of pantograph quantities at 250 Hz
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Fig. 7. V-l plot of pantograph quantities at 350 Hz
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Fig. 8. V-I plot of pantograph quantities at 550 Hz
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Fig. 9. V-l plot of pantograph quantities at 205@ H
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. 10. V-I plot of pantograph quantities at 219@
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Fig. 11. V-I plot of pantograph quantities at 2292
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. 12. V-I plot of pantograph quantities at 2549@

VI. CONCLUSIONS

The reported results regard the measured pantograph
voltage and current during test runs on the Italifigh
Speed line between Milan and Turin, fed at 25 kVHz0

The first more direct use is the quantificationtbé
individual and total harmonic distortion of the din
voltage as perceived by the test locomotive, as agelhe
line reaction to the load step changes. Results beay
expressed as worst-case maximum values or as a
statistical distribution, e.g. by showing a codrstogram
of the relative frequency for each component of the
frequency spectrum of pantograph voltage and ctirren

Then, regarding the identification of the single
components appearing in the spectrum as originbyed
the locomotive or due to the underlying tractioneli
distortion, the use of correlation between voltayel
current quantities and versus train operating d¢on is

Going to higher frequency, beyond the supposedhown. The results confirm that low order harmorices

interval of locomotive characteristic emission® thand

uncorrelated from the train operating conditionsd an

| components are again uncorrelated, as it is shimvn  eyidence of correlation is found in the frequenatgival
2950 and 3050 Hz in Fig. 13 and Fig. 14, respelgtive \here locomotive emissions are very likely, if the

is approaching an anti-resonance point.
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Fig. 13. V-1 plot of pantograph quantities at 299@
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Fig. 14. V-1 plot of pantograph quantities at 304@

converters are considered. As a confirmation, going
beyond the first group of harmonics of the on-board
converter the correlation is again lost.
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