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Abstract—A non-negligible amount of active power is
carried also by harmonic (or, in general, spectral)terms,
especially for highly distorted systems, such as egdtrified ac
railways. The paper considers the distribution and orrelation
of these spectral active power terms, including tian operating
conditions, and gives criteria to select and grougharmonic
power terms. Several processing and display technigs are
used to this aim: scatter histograms for joint profability,
correlation coefficients, V-l maps. Results are shon and
discussed for the Swiss 15 kV 16.7 Hz railway, ugirmeasured
pantograph voltage and current quantities.
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I. INTRODUCTION

Reactive power flow and harmonic distortion terms a
responsible for power losses in the power distidgiousystem,
for which many Power Quality (PQ) standards havenbe
prepared, in particular for LV and MV public andirstrial
networks. The same kind of losses occurs alsodotréied
traction systems, along the traction line and distitions,
and impacting as well on the feeding high-voltagéwork
upstream. This work focuses on ac electrified rajlsvin a
single-train perspectivel][2]. The reason for narrowing the
analysis to ac railways is that harmonic distortiand
spectral power terms of dc electrified railway systare in

approximations and variability. Based on previous

measurements and PQ assessment of some European

railways [3][4], the magnitude of the identified harmonic
power terms is indeed relevant for the uncertduigget.

The evaluation of the pantograph harmonic powen (ak
“distortion power”) shall consider not only the spra of the
pantograph electrical quantiti&4 (voltage) and, (current)
alone for the calculation of the spectral powemtgrbut also
their relative frequency of occurrence and releeamgth
respect to the total power flow, in a (absorbe@xahanged)
energy perspective. Frequency of occurrence issasdein
relation to the rolling stock operating conditiofigt which
usually distinction is made among acceleration,isang,
coasting and braking; it is easy to see that anél$ and
parts of the propulsion chain are differently invad in the
four modes and, as a consequence, different hacmoni
signatures may be identified succeeding one toather
along the train route.

Going from a single train perspective to multiptairt
scenarios, involving an entire supply section (@odsibly
overfed sections), it is acknowledged that the arhaaf
quantities that describe the electrical behaviaoting stock
and the network increases: the phase relationgtipeen the
distortion components of different trains changeth their
relative position[5][6]; similarly, the line impedance at the
pantograph is also variable with frequency andtpisition

general much lower, thanks to the large amount of7], and influences the phase angle between voltmys

capacitance distributed in the system and the pides use
of filters at substation and on-bod@]. Energy and power
are exchanged at the line-pantograph interface anthe
same interface pantograph electrical quantitiesvaasured
for both PQ[2] and billing purposegl]. It is in general
agreed that distortion components carry little v&ctpower

and should be negligible compared to the active guow

carried by the fundamental component. Howeverait be
demonstrated that for ac systems harmonic powenster
amount a fraction of percenf3] and need suitable
characterization.

First of all, the required uncertainty of the energ
measurement function implemented on-board (andidinady
the data acquisition system and the voltage anderir
sensors) is in the range of a fraction of per¢&nt

In addition, the economic impact of an energy sgwaha
magnitude commensurate to the observed variabifity
definitely worth a better understanding of
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involved

current components. This kind of problems was dlifea
analyzed to the aim of mutual interference and bogpo
signalling circuits [5]-[7]; it is believed that for power
absorption assessment these phenomena represectral-s
order refinement, that would not improve signifitarthe
accuracy of the representation.

The following analysis is carried out in a singlekt
perspective and is based on pantograph voltagecamdnt
quantities, as required for power and energy copsom
assessmerfil][3]. The spectral active power terms and their
correlation with train operating conditions are sidered, to
shed some light on the relevant components andatipgr
conditions, and the typical variability. Having rdiied the
overall frequency intervals characterized by avaie power
exchange|[3], the analysis is refined by analyzing the
behaviour of each spectral power term in term&iefamount
of transported power and its sign and the coraatvith
train operating conditions.

Il. POWER RELATED QUANTITIES

The selected approach for the definition of thentwaric
power terms is that of the IEEE Std. 14F): the total
apparent power in nonsinusoidal conditions is stitdd
into active power (defined for the fundamental athe



harmonics) and a set of distortion power termsJyénally A. Spectrum and active power terms calculation
derived from the cross-product of harmonic termsaifage The STFT algorithm is run using two time window

or current[9]. To this aim voltage and current vectors ar€lengths T, andTso. The benefit of using only onevalue for
decomposed into a fundamental term and an addittera i systems is arguable: if it ensures the samguémcy

(Vi or ly), including the dc component and the remaining.esoutiondt, it would not be however commensurate to the

harmonics. harmonics and train dynamics, being the fundamental
frequency and the harmonic patterns of the two oeksv
Vi =V¢§ +th2 13 =15 +Zlﬁ (1) different. Then two time windows are selected teuse that

hl hl even and odd harmonics are clearly detectable, fastt
enough to track time-varying components and to owjtle

The cross product of the so expressed voltage amert local non-stationarityT;.=180 ms and’s,=60 ms, giving 1/3
vectors determines the terms that compose the gjezeer  Of the fundamental frequency as frequency resolutfpand
apparent power: fundamental powe®=Vil;, current "0t SO dissimilar from the 200 ms requirement of &1000-
distortion poweD,=V4l,,, voltage distortion powed,=Vyl,, 47 [10]for 50 Hz distribution systems.

and harmonic apparent pow&=Vuly. The last three terms  Data are windowed before transformation, using arHa
may be grouped to form the non-fundamental app@@ner  indow that has a satisfactorily narrow resolutithe
S\, comprising harmonic and inter-harmonic terms. Equivalent Noise Bandwidth is 1.5 bins of the ragtaar
window) and low sidelobe amplitude, reducing effesy

S2= (Vi) 2 + Myl )2+ Vi 1)2 + (V1) 2 =SE+S5 (2) the spectral leakadél] (equivalent windows with respect to
these two parameters are the Hamming and Gaussian).

The assessment of the relevance of such harmotive ac An overlapp=50% is used for better tracking vs. time; the
power terms is performed by means of a fractiondéxk,,  time granularity is finer than what required foreegy
weighting the active power carried by the h-th commt measurements (normal practice is using a timeuésalof 1
Pn(t)=Re{S\(t)} with respect to the active power at the s although the minimum required by EN 504&6Bfor energy
fundamentaP(t): sampling is 5 min.) and electromechanical simutaiiome

step in the 0.25-1 s rang@)?], giving margin for averaging
k, = Py/P; (3) and sample reduction.

-~ . . Pantograph voltage and current spetfrand| are then
The efficiency of a spectral term to carry actewer is  yjtiplied to calculate the apparent pov@rom which the
evaluated by means of the index fundamental and the spectral active power teRpsare

extracted.
Ch = PWS,, (4) _ .
B. Selection of terms to track and statistics
that weights the amount of active and apparent pdoe Statistics ofP,(t) and of the fractional active powky(t)
each h-th component (i.e. the harmonic displacefaetar). are then calculated to guide the selection of thetmelevant

It must be noted that the measured distribution o omponents (a harmonic ordér is used for brevity to

harmonics for a given railway supply network in litga ndicate the frequendy= hidf).

depends also on the type of train or locomotived dse the Since the focus is on active power, the relevamalues
tests; different types of rolling stock are chagazed by are those close to unity; for this reason the cemght ofc,
different harmonic signatures with somewhat différe (1-c;), is displayed, giving continuity to the plottedree
distributions of components. However, the standp@nto  around unity. An alternative form is to show theipeocal

identify a widely applicable set of rules and defithe 1/g, possibly with some compression of the scale, esing
relevance of harmonic power terms and groupingemat a log function.

minimizing the influence of the behaviour of a sfiec ) ,
rolling stock. Terms for which the fundamental power is less thadso

. o ) ] of the nominal power are excluded, adopting somegiméor

Differently from the initial grouping based simpiy the  accuracy and completeness of the estimates witleceso
adjacency on the frequency afd}, in this work the behavior the EN 50463-2 requirement of >0.4%(sec. 4.2.3.5).
of the relevant active power components is traakeel an  Regarding the significance of a term for the powad
entire run, spanning all rolling stock operatingiditions. A energy assessment, it is observed that an ovemathdnic
three-step procedure is followed: power of a fraction of % is a significant scenasiod that
several individual harmonic power terms might citte to
it; assuming that no more than ten harmonics may be
identified as relevant (confirmed by the analysiséc. 1V), a
conservative threshold of 0.01% for individual hanic
power terms is set to decide on their significance.

« the entire test run is processed by means of tlet Sh
Time Fourier Transform (STFT) and active power
terms are calculated for the entire spectrum atideen
test run;

« the most relevant active harmonic terms are idedtif
on absolute terms (i.e. their intensity) and onlative
basis (the index,) using statistic quantities (e.g.
mean, median and percentiles) and correlation;

A representation by means of correlation and trend
useful to relate power terms to operating cond#jcas well
as to identify grouping criteria. Statistics regms the
relevance over the set of collected values, thatte used
+ the selected terms are then tracked again over ti#ata represent commercial service conditions, dicty all

same test run, evaluating their correlation tottan  four operating modes with timing and dynamics irelwith
operating conditions. timetable and commercial service.

These steps are detailed in the following subsestio C. Tracking of spectral active power

Tracking is used to further refine the analysis aod
identify specific behavior with respect to specifiperating
conditions. Tracking is done with respect to tipietting the



amplitude of indexe&, andc, together with descriptors of
rolling stock operating conditions: such descriptare at the
moment represented by the tractive effort, corredpm to
the fundamental active power itself.

[ll. RAILWAY SYSTEMS DESCRIPTION

The 15 kV 16.7 Hz system has a highly interconrkcte
network with supply sections longer than those afdern
2x25 kV 50 Hz systemg§3]. This increases the chance of
network resonances already at low frequency, cgusin
some cases the amplification of voltage or curdistortion

at specific frequency intervals and as a conseauenc

increasing the harmonic power terfdg

Let's consider a simplified situation where a pietfe
rolling stock pulls some traction characterized s&yme
harmonic content and a quite large equivalent haitno
impedance (supported by the control compensatiahan
the reactance of the on-board transformer). Aremse of the
line impedance seen from the pantograph due te@amce
will increase proportionally the voltage distortion

components, since we have assumed that the ecutivale

circuit of the rolling stock approaches a pure entr
generator. Symmetrically it is possible to considepre-
existing line voltage distortion caused by the saifizn or
other trains on the line (values of voltage THDwhan [4]
are in the range 3-4%). An anti-resonance bringihg
pantograph line impedance to particularly low valusill
amplify the current sourced by the rolling stocktthappens
to operate in a nearly short circuit conditiontadse specific
frequencies. In both situations the product oflithe voltage
and rolling stock current will increase, giving @igo an
increase of the harmonic power terms. At resonamces
anti-resonances the resulting impedance of theidratine
(as for all reactive resonant circuits) becomes oatm
resistive, increase significantly the amount ofivacipower
characterizing the observed harmonic power.

The variation of line impedance between resonaaoés
anti-resonance may be about one order of magniturde
larger, depending on the amount of damping, e.g.tdal
load pulled by the trains in the same supply sactio

IV. RESULTS FOR THEL5KV 16.7HZ SYSTEM

The run is characterized by two intense acceleratit
about 100 and 300 s, several braking phases iatedewith
coasting/cruising phases, and a time interval batwabout
800 and 900 s of stationary conditions. PleasefFg&gel for
the active and reactive power and the rms curremes
calculated at the fundamental frequency.

The spectrum of the exchanged active powgr is
characterized by a set of low frequency componénts
general related to the so called network distortiommented
in the previous section. At high frequency, someaimlity is
due to the network resonances/anti-resonances,ifgimgpl
some voltage or current components, respectij@ly(see
Fig. 2). Low-order characteristic harmonics areblésup to
about 300 Hz, followed by the patterns of the fquadrant
converters. The particularly intense third harmdbie Hz) is
not only a network distortion harmonic (externddit it is
also due to the auxiliaries and services on-boartking at
50 Hz, rather than 16.7 Hz, and thus representisguace of
current with phase and direction unrelated fromtthaetion
effort, and thus weakly dependent on the overaintr
operating conditions. This is easily demonstratgdédking
the correlation coefficient between tkeindex at 50 Hz and
the active power at the fundamenil as shown later in
Table I.
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Fig. 1. (a) Fundamental active powe (red, left) and rms current (black,
right); (b) Fundamental activ®, (red) and reactiv®, (blue) power.
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Fig. 2. Harmonic active powdp, vs. frequency and time in dB (10lgp

To analyze the correlation between harmonics (ang t
the possibility of grouping), besides a straightfard
comparison of plots vs. time, scatter plots andedation
coefficient are used.

The selection of thé, terms for successive analysis is
done based on the STFT in Fig. 2, identifying tlodtest
components, at least for a significant part ofrtire the color
scale was arranged to have a dark red/brown coloalf
points withP,>6 kW (38 dB), compatible with the threshold
of 0.01% preliminarily set in the Introduction.

In the following figures (Fig. 3, 4 and 5) ttkg index is
shown in dB, calculated using the 20lgfg expression,
beingk;, a ratio, so a pure number.
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Fig. 3. k, index (expressed in dB, 20lgpvs. fundamental active power:
3rd, 5th and 7th low-order harmonics.

The maximum values d§, for the 3rd harmonidg,(3f,),
are particularly large, but occur at very low levef active
power P;; for exchanged levels d¢f; above about 0.5 MW,
the value ofky(3f) is below -40 dB (1%); for all the
considered values of the fundamental active poiivermains
above 0.1%, so it is definitely a significant compot to
monitor. It may also be seen thgt5f;), although smaller,
spreads to larger values®f and remains for more than 90%
of the time above the 0.01% threshold (-80 dB). The
successive termig,(7f,) andk,(9f,) are slightly smaller with
smaller spread, but in any case they are aboved 0%
threshold for about 50% of the time fB§ values up to 2
MW. These four components are at various extents al
significant and must be part of the set of comptsen
monitored and tracked for power and energy absorpti
assessment purpose.
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Some high-order harmonic power terms are showngn F
4 and 5, having selected harmonic orders that bebon
patterns similar to switching emissions of the ool four-
quadrant converters (4QC), namely Pulse Width Matitr
emissions with sideband lines located around thmcdy
switching frequencies of rolling stock in serviae the Swiss
network. It is evident that the amount of activewpo is
much smaller than for low-order harmonics, and treties

above the 0.01% threshold occur only below 0.5 MV o 2°

exchanged active power.

components may be not trivial, if the frequencybéity of
the fundamental for 16.7 Hz networks is consid¢t&i{14]:
as pef[13] the frequency bias for the 120th harmonicha t
Swiss network is 5 Hz that is equal to the freqyerin used

for this analysis, i.e. one third of the fundaménséandard
deviation is 2.8 Hz, so affecting the uncertainty tbe
estimate. This result was obtained for a long rbiAGH) km
across Switzerland from Zurich to Brig.

To verify if different spectral components belomgthe
same source, and whether they are caused by theutrder
test or by nearby trains, correlation coefficidmtween pairs
of k, (Table 1) may be used, as well as VI maps (Fig. 6)

TABLE I. CORRELATION OFK, COEFFICIENTS
Harm. order Harm. order Corr. coeff.
79, 87 81, 83, 85 0.30
81, 83, 85 81, 83, 85 1.0
79 87 -0.40
119 121 0.67
53 55 0.77
53 57 0.57
55 57 0.40
3 57,911 -0.3t0-0.9
5 7,9 0.60
7 9 0.91
3 81, 83, 85 -0.40
3 79, 87 -0.04
12 3,5,7,9,11, 13 -0.03 to -0.06

241" indicates the active power at the fundameRtahigher
harmonic orders indicate thg coefficient.

Additional information may come from the analysis<e
Y maps, where one quantity is plotted against theroat a
given frequency (see Fig. 6), resulting in a Ligsaj (or
Bowditch) curve. For voltag¥, vs. current,, the plot can be
interpreted as the dynamic impedance. If we consjlers.
Py, that are two integral quantities, the relevaatiee is the
angle (the harmonic displacement factor), showhig 7 in
polar coordinates.
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assessment is complicated by various necessitiafiaing
the amount of active power in absolute terms andaas
fraction of the fundamental power, correlate thbawéor of
spectral power terms to the rolling stock operating
conditions, verify common behavior as for compogment
belonging to the same distortion pattern or emitbgdthe
same source, in particular recognizing if they taditby the
train under test or if the latter is only a passiwad for
distortion caused by external sources.

Experimental data measured on a 25 minute run along
one of the main Swiss lines were processed by mefns
Short Time Fourier Transform, calculating then khendex
for active power terms, joint probability histogram
correlation coefficients and V-l maps, in order motly to
quantify the amount of harmonic active power fa Harious
spectral terms, but also to investigate the caioglavith the
train operating conditions. The difficulty is eviteas soon as
details of V-1 or Q-P maps are inspected, with etiht
behaviors for different time points along the saimterval
assigned to a supposedly unique operating congitiorior
different time intervals with in principle “idenat’ operating
conditions.
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