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24nd IMEKO TC4 International Symposium
Electrical & Electronic Measurements Promote Indu4tO
September 17-20, 2019Xi'an, China

Relevance of Harmonic Active Power Terms for
Energy Consumption in Some Railway Systems

Andrea Mariscotti

ASTM Sagl, Chiasso, Switzerland, andrea.marisca@tsi-e.ch

Abstract — Active power is not carried solely by the
fundamental component (either dc or ac) especially
for highly distorted systems, as electrified railwgs.
The paper proposes two indexes and a preliminary
assessment of the relevance of harmonic active pawe
terms. Results are shown for three major railway
systems architectures (3 kV dc, 2x25 kV 50 Hz andb1
kV 16.7 Hz) using experimental pantograph voltage
and current. Harmonic power terms are relevant for
the estimate of energy consumption especially forca
systems rather than dc, with some significant
situations especially for 16.7 Hz systems.
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. INTRODUCTION

It is generally recognized that reactive power and

harmonic distortion are responsible for increagsgds in

the feeding system, from which the many regulatory

standards, especially for public and industriabmeks.
The focus of this work is on AC and DC railways &md
particular the line-pantograph interface, where @oand
energy are measured for billing purposes in a sttiglin
perspective[l]. It may be said that generally distortion

similarly, the line impedance at the pantograptalso
variable with frequency and train position, resigtin a
variable phase angle between the voltage and durren
componentg4][5]. Typical behaviour based on recorded
train runs is presented and discussed to iderftgyniost
relevance frequency interval and operating conuktio

.  POWER RELATED QUANTITIES

With the IEEE Std. 14596] approach the total
apparent power in non-sinusoidal conditions is esped
in terms of active power (both at the fundamentad a
harmonics) and a series of distortion power terms
resulting from cross-combinations of voltage orrent
harmonics [7]. Voltage and current vectors are
decomposed into a fundamental and an additional, ter
with a dc component and the remaining harmonicderm
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The generalized apparent power is given by

S* =(VIZ=(Vil)? +Malp)? + Vi 1) + (V1 )P
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S\ indicates the non-fundamental apparent powerthee.

components carry little active power. However, theapparent power of harmonic and inter-harmonic terms

required uncertainty of the energy measurementtifumc
implemented on-board (and including the data adgpris
system and the voltage and current sensors) isién t
range of a fraction of percefi] close to the expected
worst-cases harmonic active power, that may be
relevant term of the uncertainty budget.
The rolling stock harmonic patterf2] (loosely

speaking for all current distortion components)iesr

depending on its operating conditions (acceleration

cruising, coasting, braking), on the auxiliary powe
(drawn for ventilation, air conditioning, LV loadstc.),
and on the electrical characteristics of the feggioint
(distance from substation, type of line, presericetloer
trains). A complete and comprehensive analysis evbel
quite complex and not able to give a definitive vesis

being many and variable the involved quantities. The
phase relationship between distortion components of

different trains changes with their relative pasiti3];

above the fundamental (applicable to both AC and DC
railways with a uniform approach):
current distortion poweD, =V, ;

voltage distortion poweD, =V 1;;
harmonic apparent powed,; =V ;

a .

harmonic active poweR, =V I, cosé,,) ;

harmonic distortion poweb,;, =+/S3 - PZ .

The objective is the evaluation of the active power
carried by harmonics and its distribution with fueqcy.
So, to this aim two indexes are defined:
¢y, = P/S, that weights the amount of active power
with respect to the apparent power for each
component (so the harmonic displacement factor); it
is observed that a value near zero implies a small
amount of active power and a mostly reactive power
flow takes place; a positive sign means taandly,



lie in the same quadrant, not that the active paser A.DC 3 kV system
absorbed by the train; _ DC systems are fed by substations equipped with sim
ki= Py/Py that weights the amount of active powerpe g-pulse, or enhanced 12-pulse, rectifiers. &ttaris-
with respect to the fundamental active power (S@ic harmonics have ordé=6n, n integer; 12-pulse reac-
quantifying the contribution of thieth component). tion reduces (not to say suppresses) odd components
These two indexes can be defined for each component Substations are generally equipped with LC filters
and then be combined in groups of components,deror with the purpose of reducing substation ripple vjging
to keep the representation compact. Components of aso very low impedance at harmonic frequenciechvat
group should have similar behavior not to creaténg from the traction line. Rolling stock instalarge on-
confusion and weird behavior. In general care sthalé  board filters mainly for the exigency of signallipgotec-
be taken for the selection of components to grevifh  tion (power frequency track circuits), further reihg
some a priori knowledge on typical emission and gOW |ine distortion. Although in principle a DC line mabe
absorption mechanisms and some trial and error. ThQectrically continuous with no need of electrisapara-
harmonic groups are written in capital, G andKy. tion between substations, there are insulatingtpaitong
1 the network, for maintenance exigencies and todathe
Ky = zkh Chi = N(H,) Zch ( unnecessary risk of network instability.

hOH; hOH,

whereHi indicated the i-th group witN(Hi) terms. B.AC 2x25 kV 50 Hz system

It is always possible, at least for some time wdés, The traction line is fed with double-secondary $ran
that power terms with opposite sign compensate eadhrmers where the primary is connected to highagst3-
other and attenuate in the respective plot (arsl gshall phase lines; thus the load is balanced by phasdiont
be verified in case of doubt): the meaning of suchapping cyclically different pairs of phases. This
opposite sign may indicate that the equivalent gdoes  rangement of course requires the electrical ismatf
for two components of the same group are on oppositdjacent line sections, each fed by one separdistasu
sides, that is the network and the rolling sto@sutting  tion, because of the phase displacement and theisha
in two opposite flows of current; it is similarlyogsible  gple short circuit in case of accidental bridgifgr this
during regenerative braking that some componerits Styeason there are in place “phase separation sst(also
absorb power, with the rolling stock as a passreel called “neutral sections”) at which the rolling ctoshall

reduce power absorption to zero and lower the panto
Il RAILWAY SYSTEMS DESCRIPTION graph. For the considered Italian high-speed lasecthe
The description of the railway systems is limited t installed power is quite large (each electric safsh is

the characteristics necessary to understand tloestied rated 60 MVA and autotransformers 15 MVA), much

phenomena in relation to the propagation of harmonilarger than that of DC lines.

terms, the pantograph impedance and in general the

equivalent short-circuit power at harmonic frequesc C.AC 15 kV 16.7 Hz system

We may in general observe that, thanks to the large The 16.7 Hz system is an almost fully interconnecte
amount of shunt capacitance at substations ancardb railway with rare insulating points with a dedichteigh

rolling stock, DC systems have the smallest harmoniyitage transmission and distribution network, @3l \as
power terms. AC systems in general have a largeomi  generation stations, all operated at 16.7 Hz. Gagen
tion [10] with a more favorable situation for the 2x28 k \jtage drops are lower thanks to the lower suggy

50 Hz, featuring a larger installed power per tiaém km  qency. The 16.7 Hz network is more similar to 8x
and a supply scheme with electrically separatetl®ec v/ network and is used for mixed traffic (long an-

of some tens of km maximum. The 15 kV 16.7 Hz syste ji,m distance and commuter traffic).

conversely is highly interconnected with wider sSypp  The drawback of a highly interconnected network is
sections, enhancing network resonances, possitigas-  that resonances and anti-resonances may be more

ing harmonics in the range of some hundreds Hzfewa complex and appear from hundreds Hz to several kHz.
kHz [8]. It is not the current harmonics pulled by the

rolling stock alone, but the product with the cepend- IV. RESULTS
ing voltage harmonic that matters for determinatain
power; voltage distortion is more or less largeeatefing
on the equivalent feeding impedance of the netwairk
that frequency, increased by network resonances.

Results for each of the three considered railway
systems are shown with groupedndk coefficients for
the following frequency intervals: up to 500 Hz gk,
Cha, Kha), from 0.5 to 2 kHz (dark greyGus, Kyg), and
from 2 to 10 kHz (light greyCyc, Khc). The selection of



these intervals was done based on the general &dge/l The low frequency components carry the largest
of the operation of on-board converters, althougtrd active power, around 0.03% for about 10% of theetim
are differences between systems and rolling stdw, (black curve, Fig. 1-middle). This active power ‘&nst’

should be analyzed with a closer look. the train, as the sign @, is positive on average.
A.DC 3 kV system B. AC 2x25 kV 50 Hz system
In Fig. 1 the absorbed active powBi (top), the In Fig. 2 the profile of the absorbed active power

fractional active poweKy for the three harmonic groups andQ; (top), the fractional active powé&iy for the three

(middle) and their average displacement fact@;  harmonic groups (middle) and their average dispiece

(bottom) are shown for a 500 s run on a 3 kV Italiae. factor Cy (bottom) are shown for a 300 s run on a 2x25
kV lItalian line.
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Fig. 1. Italy 3kV: (top) Active power at dc (i{Qappears for “
similarity with AC plots); (middle) Ka, K, Kic; (bottom) Gia, Fig. 2. ltaly 25kV: (top) Active and reactive poveer

Che Cic fundamental; (middle) , Kus, Kuc; (bottom) Gia, Gag, Gac



The active power for the low-frequency components

is larger than it was for the DC system, around®ftr
about 25% of the time when the absorbed poRieis

small. Then, medium frequency components, including

traction converter switching components, repredast
largest contribution (about 0.02%).

Observing the large values Kf;, andKyc in the two
intervals with no traction, it is reasonable tousmss that

the train is a passive load for the low frequency

components (for which also tl@&, values are non-null),
and there is a non-negligible exchange of powertter
high-frequency group, where the first harmonicsthof

auxiliary converters are located.

It is observed that the bla€k;s curve goes frequently
to large values up to +0.8, indicating a prevalente
active power for the harmonics of the first grodine
light grey curve is always near zero, indicatingttthe
power exchange is almost purely reactive.

C.AC 15 kV 16.7 Hz system

In Fig. 3 the profile of the absorbed active power
and Q, (top), the fractional active powef, for three
harmonic groups (middle) and their average dispiesce

factor Cy (bottom) are shown for a 110 s run on a 15 kV

Swiss line, characterized by a larger harmonicvacti

power: around 3% when there is no traction powed a

0.1% during full traction t€20s), as well as during

braking (=60 s). Medium frequency components (dark
grey curve,Kyg) account for less than 0.01% in the
intervals of large exchanged current, followed g t

lower light grey curve of the high-frequency grdifi.c).

Considering the sign o€, it is possible to see a
change of sign between the dark grey (medium frecye
Che) and the light grey curve (high frequen&yc): the
dark grey curve is slightly negative when auxikariare
on at the beginning, then both turn to positiveirur
heavy traction, and the light grey cun@;f) is negative
during light traction, coasting and braking (betwadout
30 and 60 s).

It is worth noting also the different behavior biet
two AC systems, as far as the location of the haioso
associated to traction and to auxiliary converters
reflected in the different behavior of the two gyves,
for medium and high frequency groups, often excivang
the role.
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Fig. 3. Switzerland: (top) Active and reactive poat
fundamental; (middle) §a, Kug, Knc; (bottom) Gia, Cg, CGic

V. CONCLUSIONS

From the presented results for all the examined
railway systems there are low-frequency harmongsou
500 Hz carrying altogether about 0.0Roof active
power, and up to 0.1% for shorter intervals. For AC
systems, depending on the type of the on-board
converters, significant active power may be foupdai2
kHz (2nd harm. group). For the 16.7 Hz system the
amount of harmonic active power is slightly largeith
Ky values between 0.1% at large power intervals and



0.3% when the absorbed power is less than 1 MW.

Although some deal of compensation of active poweyy
components of the same group cannot be excluded (th
resulting in an overall smaller net active powemf), it [2]
may be said that these terms account for about @f1%
the power budget, if weighted by the time duratom
the total active power in each condition.

It was demonstrated thus with sample data tha[§]
harmonic active power is a non-negligible term loé t
consumed energy metering functifitj, at least for AC
railway supply systems. [4]

Further research is foreseen to better characttreze
frequency distribution of the most relevant terrisir
statistical consistency over entire train runs (@nor s
extended than the presently examined data) and to
correlate them to train operating conditions. Idesrto
increase the significance and the confidence oféhkelts,
this analysis should be extended to other railwayply 6]
systems: the French 2x25 kV (featuring a higheellef
harmonic distortiorf10]) is a good candidate to confirm
the results obtained with the newer Italian 2x26woek;  [7]
the German 15 kV network is similarly a good caatkd
for the confirmation of the data observed for Seiiand. 8]
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