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KVALITATIVNE PARAMETRE ELEKTRICKE] ENERGIE
ODOBERANE) ELEKTRICKYMI DRAHAMI

QUALITY PARAMETERS OF ELECTRICITY SUPPLIED TO ELECTRIC RAILWAYS

V prispevku sa pojedndva o najzdvaznejsich nepriaznivych vply-
voch striedavej elektrickej trakcie na kvalitativne parametre doddvanej
elektrickej energie ako sii uicinnik zdkladnej harmonickej a skutocny
ucinnik, harmonické zlozky priidu a napdtia, nesymetria a ucinniky
v nesymetricky zataZenych vedeniach, flicker efekt - blikanie. Na potvr-
denie niektorych zdverov v prispevku uvddzame vysledky z merania
v trakénej transformovni ZSR Nové Zdmky a tieZ naznacujeme moz-
nosti odstranenia nepriaznivych vplyvov prostrednictvom filtracno-
kompenzacnej stanice a pomocou aktivnych filtrov.

1. Uvod

Vzajomnym ovplyviiovanim sa jednotlivych zariadeni a ich
schopnostou pracovat vyhovujiicim spésobom vo svojom elektro-
magnetickom prostredi bez vytvarania nepripustného elektromag-
netického ruSenia pre ¢okolvek v tomto prostredi, sa zaobera me-
dziodborova vedecko-technicka disciplina so vS§eobecnym nazvom
elektromagnetickd kompatibilita (EMC). Jednou z jej sucasti je
oblast zaoberajlica sa kvalitou elektrickej energie.

Za kvalitu elektrickej energie zodpoveda jej dodavatel (distri-
butor) aj ked' zhorSovanie kvality moze vychadzat z energetickych
zariadeni odberatela. Preto pri uzatvarani zmluv na dodavku alebo
odber elektrickej energie je potrebna sucinnost obidvoch zaintere-
sovanych stran. Nemozno sa vsak spoliehat len na trzné principy,
ale dodavatel elektrickej energie musi chranit svoje zaujmy a zaujmy
ostatnych odberatelov. Je to mozné prostrednictvom urcenych
podmienok pre pripojovanie energetickych zariadeni (spotrebiCov
a zdrojov elektrickej energie), medzinarodnymi normami a mera-
nim jednotlivych kvalitativnych parametrov.

V norme STN 50160 ,Napétové charakteristiky elektrickej
energie dodavanej verejnymi rozvodnymi sustavami“ [5] su defi-
nované kvalitativne parametre elektrickej energie a ich kompati-
bilné urovne - dovolené hodnoty pre napatové urovne nn a vn.

Za kvalitativne parametre dodavanej elektrickej energie sa
povazuju:

The paper analyses the most relevant unfavourable impact of AC
electric traction on the quality parameters of supplied electric energy.
These are: power factor of fundamental harmonic and power factor,
voltage a current harmonic components, unbalance and power factors
in asymmetrically loaded lines and flicker. To confirm some proposi-
tions, the paper presents results of measurements in traction transfor-
mer substation ZSR Nové Zdamky. Also, the possibilities of unfavourable
impact elimination using filtering and compensating substation and
power active filters are mentioned.

1. Introduction

Various parts of electrical equipment are mutually affected.
Each appliance is less or more able to operate satisfactorily in its
electromagnetic environment without introducing intolerable elec-
tromagnetic disturbances to other appliances placed in the same
location. An inter-disciplinary scientific branch generally called
Electromagnetic Compatibility (EMC) deals with mentioned pro-
blems. One of its parts is the domain dealing with the quality of
electricity.

The supplier (distributing company) always guarantees quality
of electricity, even in the case when the quality deterioration is
caused by the electrical installation owned by a consumer. Hence
a cooperation of both parties involved (supplier, consumer) is re-
quired during the process of creating an agreement for electricity
supply. But the market principles are not the only criterion; a sup-
plier also has to protect its own priorities, and the interests of other
consumers. It could come to fruition through the established con-
ditions for connecting electric installations (appliances and electri-
city sources), international standards and measurement of various
quality parameters.

The quality parameters of electricity are defined in the Slovak
standard STN 50160 “Voltage characteristics of electricity supplied
by public distribution systems” [5], together with their compatibi-
lity levels, i.e. acceptable values for LV and MV voltage systems.

The following parameters are considered as the quality para-
meters of electricity:
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« napdtie a jeho odchylky,

« kratkodobé prerusenia, poklesy a prekroCenia menovitych hodnot
napétia,

« ucinnik zakladnej harmonickej,

« frekvencia siete,

« nesymetria napitia,

« obsah harmonickych zloziek napiti a pridov,

» medziharmonické,

« rychle zmeny a kolisanie napatia, miera vnemu blikania (flicker).

Doteraz neboli u nas sledované vSetky zmienené kvalitativne
parametre elektrickej energie a spatné vplyvy nelinearnych spotre-
bi¢ov na napajaciu siet, avSak tlak na zvySovanie kvality elektrickej
energie nuti dodavatelov k ich postupnému meraniu a vyhodno-
covaniu.

2. U¢innik zakladnej harmonickej

Donedavna mali Zeleznice Slovenskej republiky (ZSR) uréité
vynimky v dodrziavani kvalitativnych parametrov elektrickej energie.
V sucasnosti dodavatelia elektrickej energie voéi ZSR uplatiujt
rovnaké poziadavky ako voci ostatnym odberatelom. Predpoklada
sa, ze vSetky odbery sa budu uskuto¢novat pri induktivnom ucin-
niku cose = 0,95 az 1. Pokial tuto z4vdzni hodnotu ucinnika
odberatel nedodrzi, plati dodavatelovi cenovu prirazku za zvyse-
nie strat v elektrizacnej sustave.

ZSR v sucasnosti prevadzkuju elektricku trakciu pomocou
dvoch systémov - jednosmerného a striedavého. Pre jednosmernu
elektricku trakciu plati teoreticky, a je to potvrdené aj mnohymi
meraniami, Ze prudovy odber je uskutocniovany s ucinnikom, ktory
je priaznivy a nie je penalizovany zo strany dodavatela elektrickej
energie. Naproti tomu sucasné hnacie vozidla striedavej elektric-
kej trakcie systému 25 kV, 50 Hz dosahuju priemerny ucinnik
okolo hodnoty 0,83.

Potreba jalového vykonu v elektrickej vozbe je ovplyviiovana
hlavne trakénym rezimom hnacich vozidiel, s ktorym suvisi mag-
netizacny prud transformatora, rozptylova reaktancia transforma-
tora, komutacia usmernovaca s vyhladzovacou tlmivkou a hlavne
fazové riadenie tyristorovych menicov - usmernovac¢ov. Magneti-
zacny prud transformatora trakcnej transformovne a jeho rozpty-
lova reaktancia, ako aj impedancia trakéného vedenia sa tiez
podielaju na zhorSenom ucinniku.

Striedava elektricka trakcia je typickym velkym spotrebicom
s nesymetrickym odberom elektrickej energie. Stykovym miestom
medzi trak¢nym vedenim a elektrickou siefou energetiky su trakéné
transformovne, ktoré spravidla obsahuju dva trak¢éné transforma-
tory 110/27 kV. Podla toho, ¢i pracuje jeden alebo dva transfor-
matory, hovorime o ,,T“ alebo ,V* type spojenia. Transformatory
su vzdy pripojené na zdruzené napitia vedenia 110 kV (obr. 1)
a predstavuju pre sief znacne nesymetricky spotrebi¢. Ucinniky
a vykony su v pripade nesymetrickych odberov rozne na zatazi
a vo vedeni a na rozdiel od symetrickej zataze su rozne aj v jed-
notlivych fazach vedenia.
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« voltage and its deviation limits,

« short-time voltage interruptions, dips and swells (as related to
the voltage nominal value),

« power factor of the fundamental harmonic,

« frequency,

« voltage unbalance,

« content of voltage and current harmonics,

« interharmonics,

« rapid voltage changes and fluctuations, rate of flicker.

Mentioned quality parameters of electricity and negative influ-
ences of non-linear appliances upon the electric network were not
universally monitored. Present needs for the highest quality para-
meters force the electricity suppliers to measure and evaluate
these quantities.

2. Power factor of the fundamental harmonic

For the Railways of Slovak Republic (ZSR) some exceptions
were valid in keeping the quality parameters of electric energy
until recently. Now, electricity suppliers call ZSR to operate under
the same rules as other consumers. It is expected that all loads will
have inductive power factor within the range of cose = 0.95 - 1.
In this case, when the consumer does not keep these obligatory
values of power factor, he is obligated to pay an additional charge
to electricity supplier because of the increasing loss in electric
network.

ZSR actually operates electric railways under two different
current systems - DC and AC. Current taken off the network by
the DC traction system has a favourable power factor. It is confirm-
ed theoretically and also by number of measurements carried out.
In this case electricity suppliers do not fine ZSR for low power
factor values. On the other hand, contemporary electric vehicles
used in the AC traction system 25 kV, 50 Hz handle an average
power factor only around the value of 0.83.

The need of reactive power in the electric traction is affected
mainly by the traction mode of electric vehicles. This mode
determines magnetizing current of transformer and its leakage
reactance, commutation of rectifier with smoothing inductor and
the major phase control of thyristor converters - rectifiers. The
magnetizing current of the transformer in the traction substation
and its leakage reactance as well as the impedance of traction
overhead line contribute to the inferior values of power factor.

AC electric traction is the typical big consumer who creates the
asymmetrical loads. The points of common coupling between the
HV electric network and electric railways are the traction trans-
former substations usually equipped by two traction transformers
110/27 kV. When only one transformer is in operation, we talk
about a “T” connection, in the case of two transformers in opera-
tion - “V” connection. Transformers are always connected to the
line-to-line voltage 110 kV (Fig. 1) and thus represent a consider-
able asymmetrical load for the network. In the case of asymmetri-
cal loads the power factors and powers in appliance differ from
those in the electric line. Power factors and powers are also differ-
ent in each phase of the line in contrast to the symmetrical load
line.
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Obr. 1. Pripojenie trakcnych transformdtorov na vedenie 110 kV, a) T - spojenie, b) V - spojenie
Fig. 1. Traction transformers connection to 110 kV line, a) T - connection, b) V - connection

2.1 Ucinniky v nesymetricky zatazenych vedeniach
T - spojenie

Uvazujeme jeden jednofazovy spotrebi¢ v T - spojeni (obr. 1a),
pripojeny na zdruZené napitie Uz, ktory odobera prud /5 (v har-
monickej oblasti) s uc¢innikom cos¢, induktivneho charakteru.
Induktivny charakter odberov je najbeznejsi a dokonca predpisy
dodavatelov elektrickej energie kapacitny charakter odberu nepri-
dov je na obr. 2. Fazové prudy, napétia a fazové posuny vo vedeni
maju oznacenie s jednym indexom. Z geometrickych pomerov na
obr. 2 je mozné zistit, Ze medzi u€innikmi vo fazach vedenia a na
spotrebiCi platia nasledovné vztahy

cospy = cos(@up — 30°) }

cospp = cos(@p + 30°) ()

Obr. 2. Fizorovy diagram napdti a pridov pre T - spojenie
Fig. 2. Phasor diagram of voltages and currents for T - connection

Z tychto vztahov vyplyva, Ze pri zistovani G¢innikov vo vedeni
je mozné v niektorej faze namerat kapacitny charakter ucinnika
a v inej faze zasa pomerne nizke hodnoty ucinnika induktivneho

2.1 Power factors in asymmetrically loaded lines
T - connection

Let’s talk about one single-phase appliance in T - connection
(Fig. 1a), connected to line-to-line voltage U,;. It takes off the
(harmonic) current [,z with inductive power factor cos¢, . Induc-
tive power factor is the most common one and also electricity
supplier’s rules do not allow capacitive power factors (as men-
tioned above). Phasor diagram of voltages and currents is in Fig
2. Phase voltages, currents and phase shifts in the line are denoted
with one character subscript. It is possible to determine (from the
geometrical situation at Fig. 2), that the following formulae are
valid between the power factors in the line and phase shifts in the
appliance

cosp, = cos(pyp — 30°)
cosgg = cos(¢,p + 30°) M
+ C
IBC
PBC
U
UBC UC CA
Pc IC
ls
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Obr. 3. Fazorovy diagram napdti a priidov pre V - spojenie
Fig. 3. Phasor diagram of voltages and currents for V - connection

These formulae indicate that power factor in one phase of the
line could have a capacitive value, while the value of the other
phase is inductive and low. It is happening even in the case when
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charakteru a to aj v tom pripade, Ze u¢innik jednofazového spo-
trebica je v povolenom pasme 0,95 az 1,00.

V - spojenie

Fazorovy diagram pre V - spojenie je na obr. 3. Z geometric-
kych pomerov na tomto obrazku je opaf mozné jednoducho zistit
vztahy pre ucinniky krajnych faz 4 a C

}

Zostava najst vzfah pre Gcinnik v strednej faze B. I tu sa
vychadza z geometrie na obr. 3, pricom je vhodné zaviest nasle-
dovné oznacCenie pre pomer vel'kosti prudov spotrebiov

cosg, = cos(@p — 30°)

cospe = cos(ppe + 30°) &)
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the power factor of a single-phase appliance is within the allowed
range.

V - connection

Phasor diagram for the V - connection is in Fig. 3. From the
geometrical situation at Fig. 3 the following formulae are valid for
power factors in the line for phases 4, B

}

The power factor in phase B is to be derived. Here again, the
geometrical situation at Fig. 3 is the base for the calculations. The
following denotation for the magnitudes of an appliance’s currents
ratio is advisable

cosp, = cos(¢,p — 30°)

cospe = cos(ppe + 30°%) @

1
k= % () Ipe
w = 3)
AB
Vseobecny vztah pre faizovy posun ¢z ma tvar A general formula for the phase shift ¢ is
V3 k- cospge — k - singge — 2 - sin
05 = 30° — arcig Ppc Ppc Pan 4)
k- cosope + V3ek- sinpge+ 2+ cosgp

Vztah (4) je mozné upravit s pouZitim nasledovného oznace-
nia pre sucet fazovych posunov

0= 9@t @5

Zo vztahu (4) je teraz mozné vylucit ¢, a dostdvame

Equation (4) can be re-arranged with the use of the following
denotation for the sum of the phase shifts

@ =30°— arclg[

V pripade, Ze velkosti priudov oboch
1

(%) 0= ¢t ¢pc (%)
Thus ¢, can be eliminated from equation (4), so
(tgppe) * (2 - cosa — k) + (\/5 <k —2-sing) ©)
(2 - coso + k) + (tgppe) (\/5 ~k+ 2 sino)

In the case when magnitudes of both

zatazi si rovnaké, t. j. ked Iz = Iz _M\ appliances are equal, i.e. when [,z = Iz
a k = 1, nie je hodnota fazového posunu 0.8 HA-cap| “TAcind] | and k = 1, the value of phase shift ¢,
¢p zavisla od jednotlivych fazovych o 06 @ does not depend on the values of each
posunov zafaze @,z a @gc, ale len odich S 04 phase shift of the appliances ¢,z and @z,
suctu, podla nasledujiceho vztahu 02 @ but only on their sum, according to the
0 following formula
¢p=30° — 1 09 08 07 06 05
\/3 — 2 - sino COSP B ¢p = 30"~

Obr. 4. Ucinniky vo
rovnaké spotre
Fig. 4. Power factors

- arctg( ) (7)

V pripade, ak su obidve zataze vo V -
spojeni rovnaké nielen vel'kostou, ale maju
aj rovnaké ucinniky (t. j. k=1a ¢, =
= @pc), sprava sa strednd faza rovnako ako v pripade sumernej
sustavy a pre fazovy posun strednej fazy ¢ dostaneme zo vztahu

(N
} = PuB

Pre uvedené zjednodusené podmienky rovnakych spotrebicov
vo V - spojeni je na obr. 4 vyneseny priebeh ucinnikov v jednotli-
vych fazach vedenia v zavislosti od ucinnikov zataZe, ktoré su
induktivneho charakteru (podla vztahov (2) a (8)). Uéinnik vo
faze A meni svoj charakter z kapacitného na induktivny pri
poklese ucinnika zataze pod hodnotu 0,866.

1+ 2-coso

sin(30° — ¢,p)

c0s(30° = ) ®

@ = 30° — arctg[

appliances in V - connections

fazach vedenia pre dva
bice vo V - spojeni
in the line for two equal

\/§—2~sina

1+ 2-coso

- arclg( ) 7

In the case when both V - connected
loads are equal not only by current mag-
nitudes but also by their power factors (i.e. k = 1 and ¢ 5 = @p0),
phase B acts the same way as for the symmetrically loaded line.
Formula for the phase shift ¢z of phase B can be derived from

equation (7)

Fig. 4 presents graphs of power factors of the phases of the
line vs. power factor of the load (which is of inductive character)
- for above mentioned simplified conditions - two equal appliances.
The graphs were calculated in accordance with equations (2) and
(8). Power factor in phase A changes its capacitive character to
inductive one when the load power factor decreases below 0.866.

sin(30° — ¢,p)
cos(30° — ¢ p)

Pap (8)

¢ =30°— arctg[
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3. Harmonické zlozky napitia a prudu

Dalsim kvalitativaym ukazovatelom, ktory ma byt v najblizsej
buducnosti sledovany zo strany energetiky, je dodrziavanie kom-
patibilnych urovni obsahu harmonickych napiti v dohodnutom
spolo¢nom napajacom bode. Toto obmedzenie bude znamenat, Ze
odberné zariadenie pripojené na rozvodné zariadenie dodavatela
bude musiet byt vybavené dostupnymi technickymi prostriedkami
obmedzujucimi vplyv spatného pdsobenia na kvalitu dodavane;j
elektrickej energie ostatnym odberatelom a nesmie ovplyviovat
funkciu riadiacej, meracej a zabezpecovacej techniky a ¢innost
systému hromadného dialkového ovladania.

Jednosmerna elektricka trakcia teoreticky, ale opat aj na zaklade
merani, nie je povodcom vyznamnych harmonickych zloziek prudu
a nasledne napitia, ¢o je zdovodnitelIné tym, Ze v trakénej meniarni
je trojfazovy usmernovac s dvanast impulzovym usmernenim.

Usmernova¢ umiestneny na hnacom vozidle striedavej trak¢-
nej prudovej sustavy predstavuje zdroj pridovych harmonickych,
o je potvrdené meraniami aj simulacnymi experimentami. Pretoze
ide o jednofazovy menic s dvojimpulzovym usmernenim, spektrum
prudu odoberaného jednofazovym rusnom obsahuje minimalne
vsetky neparne nasobky zakladnej frekvencie 50 Hz. Velkost pru-
dovych harmonickych je priblizne nepriamo umerna radu harmo-
nicke;j.

Vel'kost harmonickych zloziek prudu v trakénej transformovni
vsak zavisi nielen od vel'kosti prudovych harmonickych rusna, ale
aj od konfiguracie napajaného obvodu. Prenosové cesty harmonic-
kych prudu rusna ako zdroja predstavuju elektricky R-L-C obvod
s rozlozenymi parametrami, v ktorom dochadza vplyvom vlastnosti
prvkov trakéného vedenia, trakéného transformatora a nadradenej
sustavy k paralelnej aj sériovej rezonancii. Frekvencia, pri ktorej
dochadza k paralelnej rezonancii, zavisi predovietkym od dizky
napajaného useku, od parametrov trakéného vedenia a transfor-
matora trakénej transformovne. So vzrastom dizky napajaného
useku frekvencia rezonancie klesa [1], [2].

Pri paralelnej rezonancii napajacej sustavy impedancia zod-
povedajuca rezonancnej frekvencii dosahuje hodnoty radovo desia-
tok k(). Potom harmonické zlozky prudu elektrickych hnacich
vozidiel (radovo jednotky ampérov), blizke rezonancnej frekvencii
napajacej sustavy, vyvolavaju napafové kmity, ktoré na konci
vedenia mozu dosiahnut pre rezonanc¢nu frekvenciu niekolko kV.
Na zaciatku vedenia prenikaju cez trakény transformator do elek-
trizacnej sustavy.

Pradové harmonické produkované rusnom, zodpovedajuce
rezonancnej frekvencii, su v napajacom obvode niekol'konasobne
zosilnované. Cez trakény transformator sa pridové harmonické
prenesu na jeho primarnu stranu.

Metodika vypoctu Sirenia harmonickych zloziek prudu traké-
nym vedenim a modelovanie napajania striedavej trakénej prudo-
vej sustavy su uvedené v [1], [2].

Trakény obvod, z ktorého hnacie vozidlo odobera vykon, je
mozné vSeobecne povazovat za elektricky dlhé vedenie, dané pre-

3. Harmonic components of voltage and current

The next quality parameter, which will be monitored by elec-
tricity distributing companies in the near future, is the meeting of
compatible levels of the content of voltage harmonics in the points
of common coupling. It means that any appliance connected to
the distribution network operated by a given electricity supplier
will have to be equipped by available technological means for
reduction of backward influence of the appliance on the quality of
the electricity supplied to other consumers. The appliance is also
not allowed to affect the functioning of control, measurement and
security technologies and ripple control system.

DC electric traction system is not the source of any consi-
derable current harmonic components (consequently nor voltage
harmonics). It could be proved by calculations and is also proved
by number of measurements accomplished (12-pulse, 3-phase rec-
tifiers are used in the traction substations).

A rectifier placed in the electric vehicle of an AC traction
system stands for the source of current harmonics - this is proved
theoretically and also by accomplished measurements and simu-
lation experiments. The thing is that the rectifier is the single-
phase converter with 2-impulse rectification. So the spectrum of
the current taken off by the single-phase vehicle includes at least
all odd multiples of the fundamental frequency 50 Hz. The mag-
nitudes of current harmonics are (approximately) proportional to
the inverse values of harmonic order.

The magnitudes of current harmonics in the traction trans-
former substation do not depend on the magnitudes of the current
harmonics of the vehicle only, but also on the supply circuit con-
figuration. Transmission path of the current harmonics from the
source (vehicle) represents electric R-L-C circuit with distributed
parameters. In that circuit the serial and parallel resonance can
occur as a result of the nature of elements of a traction overhead
line, traction transformer and HV electric network. Primarily, the
lengths of the supplied section, parameters of traction overhead
line and traction transformer affect the frequency of parallel reso-
nance. For longer length of the supplied section the resonance fre-
quency decreases [1], [2].

The impedance of the supply circuit can reach values of tens
of k() at the parallel resonance conditions. Then, the current har-
monics produced by the electric vehicles (approximately amperes)
close to resonance frequency cause voltage oscillations, which can
reach the values of some kV at the end of the section (for the reso-
nance frequency). These oscillations penetrate the electric network
via the traction transformer.

Current harmonics produced by the electric vehicles at the
resonance frequency are amplified in the supply circuit. Current
harmonics are transformed via the traction transformer to its
primary side.

Calculation methodology of current harmonic propagation
via traction overhead lines and modeling of the AC traction supply
system are introduced in [1], [2].

A traction circuit that supplies electric vehicles is mainly
created by traction overhead line, which can be considered as
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dovsetkym trakénym vedenim, ktoré je budené v niektorom bode
z prudového zdroja harmonickych, ktory predstavuje hnacie
vozidlo. Pri jednostrannom napajani (charakteristické pre striedavi
trakénu prudovu sustavu), je jeden koniec tohto dlhého vedenia
otvoreny, druhy koniec je pripojeny k sekundarnemu vinutiu trak¢-
ného transformatora v trakénej transformovni.

Nahradny obvod pre zistovanie spektra priudu odoberaného
hnacim vozidlom a spektra pridu v napajaci trakcnej transfor-
movne potom pozostava z tychto Casti:

« nahradna schéma nadradenej sustavy,

« nahradna schéma trakénej transformovne,

« nahradna schéma trakéného vedenia,

« nahradna schéma otvoreného konca trak¢ného vedenia.

Nahradny model je nutné uvazovaf pre kazdu harmonicku
zvlast, nakol'ko parametre obvodu su frekvencne zavislé.
4. Skutocny ucinnik (faktor vykonu)

Skutocny zdanlivy vykon v jednofazovej sustave s deformova-
nym prudom a napitim je dany rovnicou

S=VP+Q@+D=VP+P )

kde P je c¢inny vvkon harmonickych zloZiek pridu a napatia toho
istetho radu k a predstavuje sucet ¢innych vykonov jednotlivych
harmonickych

P= (10)

-
fingk

Up I - cosg = ZPk’
=0

Q je jalovy vykon harmonickych zloziek prudu a napéitia toho
istého radu k a predstavuje sucet jalovych vykonov jednotlivych
harmonickych

0= /Z U/k Iy sing, = /ZOQ/{!

0

D je deformacny vykon
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a electrically long line. This line is fed in a given point by the
current source of the current harmonic components - by the
vehicle. Usually used one-side feeding (typical for AC electric trac-
tion) means, one end of that long line is opened, while the other
end is connected to the secondary winding of the traction trans-
former in the substation.

An equivalent electric circuit used for investigation of the
current spectrum of electric vehicle and current spectrum of the
substation’s feeder consists from the following elements
« equivalent circuit of HV electric distribution system,

« equivalent circuit of traction substation,
« equivalent circuit of traction overhead line,
« equivalent circuit of the open end of traction overhead line.

An equivalent model has to be created for each harmonic order
separately, as the circuit parameters are frequency dependent.
4. Power factor

An actual apparent power in a single-phase system with distor-
ted current and voltage is given by following formula

S=VP+ @+ D =VP+P ©)

where P is the active power of the harmonic components of current
and voltage of the same order k and represents sum of real powers
of single harmonics

p= (10)

[]e

Up - I - cosg = ZP/{!
=0

k=0

Q is the reactive power of the harmonic components of current and
voltage of the same order k and represents sum of reactive powers
of single harmonics

Deformacny vykon suvisi s de-
formaciou kriviek prudu a napatia
voci harmonickému priebehu. Nu-
lovy je vtedy, ak krivka napétia
a prudu obsahuje tie isté harmonic- Q
ké, pricom pomer efektivnych hod-
not napétia a prudu je pre kazdu
harmonicku rovnaky, t. j. komplex-

1

(11) Q=> Uy I sing. = > 0, (11)
k=0 k=0
D is the deformative power
DIk I+ U I =2 Uy~ Uy I - L cos(g — )] (12)

Deformative power is connected with
current and voltage waveshape distortion
compared to harmonic (sinusoidal) shape.
Its value is equal to zero in the case, when
both voltage and current curve contain
the same harmonic components and the
ratio between RMS values of voltage and
current is the same for harmonics of all

na impedancia obvodu je frekvenc-
ne nezavisla. Deformacny vykon je D
spolu s jalovym vykonom zakladne;j

orders - i.e. complex circuit impedance
does not depend on frequency. Both
deformative power and reactive power of

harmonickej odoberany zo siete P
a patri medzi neaktivne vykony.
Nevykonava pracu a podiela sa na
stratach vykonu.

Obr. 5. Vztahy medzi vykonmi
Fig. 5. Relations among powers

+1 fundamental harmonic taken off the
network are non-active powers. They do
not produce electric work, but take a part
on creation of losses.
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P, je fiktivny vykon.

Vo vseobecnej trojfazovej sustave je celkovy ¢inny a jalovy
vykon dany opét sictom tychto velicin pre jednotlivé harmonické
vo vsetkych troch fazach.

Pomer ¢inného vykonu k zdanlivému pre neharmonické prie-
behy sa nazyva skutocnym icinnikom (faktorom vykonu) a oznacuje
sa A (na rozdiel od u¢innika zakladnej harmonickej cos¢; )

T %

1 T
— [ utoy - it

Pis the fictitious power.

In general, 3-phase system the overall active and reactive powers
are again the sums of respective powers of single harmonics for all
three phases.

The ratio between active and apparent powers for non-har-
monic quantities is denoted as power factor A. (contrary to power
factor of fundamental harmonic cos¢,)

Z Up " I cosgy,

= k=0

P
A= )
—_ T2 . _
JTL/UW JT

kde u(¢) a i(t) su casové priebehy neharmonického napétia a pradu.

Vzajomny vztah medzi cos¢ (a¢innikom zékladnej harmonic-
kej, index ,1“ sa obvykle vynechava) a A je dany nasledujucim
vyrazom

P P

A=—=

T 08¢ " g;
S VP+Q+ D ¢

(14)

kde g; je cinitel deformadcie, definovany ako pomer efektivnej
hodnoty zakladnej harmonickej prudu k efektivnej hodnote defor-
movaného prudu.

Pretoze trakény prud odoberany hnacim vozidlom striedavej
elektrickej trakcie je znacne skresleny harmonickymi prudu, je
nasledne aj skutocny ucinnik A o 10 az 15 % nizsi oproti cose -
ucinniku zakladnej harmonickej. Jednosmerna trakcia opit
nespdsobuje neprijemnosti s ohladom na uvadzany parameter.

5. Nesymetria

K dal§im kvalitativnym parametrom, ktorych porusenia zatial
nie st finanéne postihované, patri hodnota Cinitela napatovej nesy-
metrie. Dodavatelia elektrickej energie by mali rozdelovat povo-
lené 2 % Cinitela napatovej nesymetrie v dohodnutom spolocnom
napajacom bode v pomere vykonu odoberaného jednym odbera-
telom k prenosovym moznostiam daného bodu. Takto ur¢ené per-
cento zniZenia povoleného odoberaného vykonu sa uplatnuje
i v pripade, ked' v spolo¢nom napajacom bode je len jediny odbe-
ratel. Aj pri merani nesymetrie je problém jednoznacne oddelit
vplyv daného odberatela od ,pozadia napajacej sustavy“. Mnohé
merania preukazali, Ze jednofazovy trakcny odber nie je jediny,
ktory napétovu nesymetriu sposobuje.

Norma STN EN 50160 uvadza, Ze v priebehu normalneho pre-
vadzkového stavu ma byt pocas kazdého obdobia jedného tyzdna
95 % 10-minutovych strednych efektivnych hodnot spatnej zlozky
napajacieho napétia v rozsahu 0 az 2 % suslednej zlozky. Teoreticky
sa Cinitel prudovej nesymetrie pre striedavu elektricku trakciu
moze pohybovat v rozpiti od 0 do o %, podla vel'kosti a fazovych
uhlov nesymetrickej zataze. Nasledna napitova nesymetria (dosle-
dok prudovej) zavisi od trojfazového skratového vykonu v mieste
pripojenia odberatela. Priblizny vztah pre vypocet napétovej nesy-
metrie pre jednofazovy odber je mozny podla vztahu:

ﬂ%m
0

(13)

RO IO
=0 k=0

where u(f) and i(¢) are the instantaneous values of distorted voltage
and current.

The relationship between cos¢ (power factor of fundamental
harmonic, subscript “1” is usually omitted) and A is described by
following formula

A P P

N P+ @+ D? e
where g; is the distortion factor, defined as the ratio between effec-
tive value of current fundamental harmonic to effective value of
distorted current.

(14)

As the traction current supplied to an AC electric traction
vehicle is considerably distorted by current harmonics, the power
factor A is then by 10 - 15 % lower than power factor of funda-
mental harmonic cos¢. A DC electric traction does not cause any
specific problem connected with mentioned parameter.

5. Unbalance

Another quality parameter - voltage unbalance is not moni-
tored yet and consumers are not fined for exceeding the limits of
coefficient of voltage unbalance. Electricity suppliers should divide
an allowable range of 2 % of coefficient of voltage unbalance in
the point of common coupling according to the ratio of the load
of the given consumer to the maximum load that could be coupled
at that point. The percentage reduction of the load determined
this way comes into play also when only a single consumer at the
point of common coupling is coupled. Generally, it is not easy to
separate the influence of the given consumer form the “background
of network” during the measurement of unbalance. A number of
measurements proved that traction load is not the only load
causing voltage unbalance.

According to the standard STN EN 50160 a negative se-
quence component of the voltage should be within the range of 0
- 2 % of the positive sequence component of the voltage at normal
operation. This must be satisfied for at least 95 % of medium values
of effective values of voltages, calculated for 10-minute periods.
According to the magnitudes and phase angles of asymmetrical
load, coefficient of current unbalance for electric traction load can
theoretically reach the values of 0 to o %. Follow up voltage unba-
lance (as a consequence of current unbalance) depends on the 3-
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S
pll:¢'100
k3

(15)

kde S, je zdanlivy vykon odoberany jednofazovym spotrebicom
pri menovitom napiti,
S} je sumerny trojfazovy skratovy vykon siete v mieste
pripojenia jednofazového odberu.

Tento vzfah umoznuje pomerne jednoducho odhadnut velkost
napatovej nesymetrie, pretoze velkosti skratovych vykonov v dole-
Zitych bodoch elektrizanej sustavy ma prevadzkovatel k dispozi-
cii a pri zmenach konfiguracie siete ich priebezne aktualizuje.
Vypocet skratovych vykonov v mieste pripojenia je potom mozny,
ak pozname parametre jednotlivych prvkov sustavy.

Dalsi znamy vztah umoziiuje vypocet sucinitela napéfovej
nesymetrie iba na zaklade znalosti vel'kosti zdruzenych napéti
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phase short circuit power in the point where consumer is coupled.
An approximate formula for coefficient of voltage unbalance cal-
culation for single-phase load is as follows

S
pll:#. 100

k3

(15)

where S, is the apparent power of single-phase load at nominal
voltage,
S is the symmetrical 3-phase short circuit apparent power
of the network in the point, where the single-phase load
is coupled.

The mentioned equation helps to easily estimate the values of
voltage unbalance as the values of short circuit powers in impor-
tant points of the network are well known and network operators
actualize these values regularly. Calculations of short circuit powers
in the points of common coupling are then possible if the para-
meters of elements of network are known.

Uy + Ube+ Uy = V3 (Ulp+ Uk + U2 — 6 (Uly + Upe + Uk

Pu =

Tento vztah je mozné s uspechom pouzit najmi pri merani
nesymetrie, pretoze nepotrebujeme poznat polohu fazorov v Gaus-
sovej rovine. Plati obdobne aj pre sustavu prudov, pricom sa apli-
kuje na prudy vo fazach vedenia.

Z pohladu hodnotenia nesymetrie spdsobenej elektrickou
trakciou je mozné tvrdit, Ze jednosmerna elektricka trakcia nie je
povodcom nesymetrie v trojfazovom napajacom vedeni, pretoze
obyCajne v trakCnej meniarni je symetricky trojfazovy menic
s dvanast impulzovym usmernenim. Striedava elektricka trakcia
v niektorych pripadoch, hlavne pri vi¢Som trakénom odbere, moze
spOsobit napatovu nesymetriu vacsiu ako je dovolena hodnota 2 %
stanovena normou STN 50160 [5].

6. Flicker efekt - blikanie

Dalsou poziadavkou, ktora je spolocna pre obe trakéné
prudové sustavy, je tlak dodavatela elektrickej energie na zrovno-
mernenie odoberaného vykonu teoreticky na konStantnu hodnotu
z dévodu odstranenia javu zvaného flicker efekt - blikanie. Ide
o odstranenie neprijemného vnemu kolisania intenzity osvetlenia
sposobeného blikanim Ziaroviek v dosledku rychlych zmien napa-
jacieho napitia, ktoré je v tomto pripade sposobené prave velkym
premenlivym odberom, ktory je charakteristicky pre elektricku
trakciu.

Na zaklade vysledkov merania vSak nebol zisteny stav, pri
ktorom by boli prekrocené stanovené Ciselné hodnoty pre blikanie
dané normou. Je skuto¢nostou, Ze pocas celej doby prevadzky
obidvoch trakénych prudovych ststav nebol pozorovany ani
v trakénych napajacich staniciach negativny vnem blikania svetla
Ziaroviek a prave tu by mal byt tento jav najviac pozorovatelny.
Mohol by nastat v mieste nie dostatocne ,tvrdej“ siete dodavatela
a jednoznaénym technickym rieSenim pre odstranenie tohoto

Uy + Ube+ Ul + V3 (U + Upe+ U2 — 6+ (Uly + Upe + Uk

- 100 (%) (16)

Another well-known formula allows calculation of coefficient
of voltage unbalance using only line-to-line voltages

This equation is frequently used mainly for voltage unbalance
measurement as the position of phasors in Gauss plane need not
to be identified. It is also valid for currents when applied to the
phase currents of the line.

From the point of view of the voltage unbalance caused by
electric traction, the DC electric traction does not create unba-
lance in the HV network, as the traction rectifier substation usually
comprises symmetrical 3-phase 12-pulse converter. An AC electric
traction can cause voltage unbalance of more than 2 % allowed by
standard STN 50160 [5], mostly during the periods of heavy trac-
tion load.

6. Flicker

Further, a requirement common for both traction current
systems is the variability of power taken off the network. Electri-
city suppliers force ZSR to have as steady load currents as it is
possible to cut down the phenomena called flicker. The reason for
it is the elimination of the uncomfortableness caused by illumina-
tion intensity fluctuations as a result of rapid feeding voltage
changes. These changes are here in pursuance of the big variable
traction loads, which are specific for electric railways.

During various measurements carried out, the states were not
detected when compatible numerical levels valid for flicker given
by standard are exceeded. As a matter of fact, the displeasing per-
ceptions of electric bulbs light fluctuations were not observed
even in traction substations (where should mostly be expected)
during the whole period of electric railways of both current
systems operation. Described phenomenon could occur in the
point of relatively “soft” supply HV network. In that case, increas-
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vplyvu sposobeného trakénym odberom by bolo zvysenie skrato-
vého vykonu v spolo¢nom napajacom bode tejto siete.

7. Netrakény odber ZSR

Problematika netrakénych odberov sa dnes eSte nejavi taka
zavazna z hladiska elektromagnetickej kompatibility ako je odber
pre elektricku trakciu. Nie su tu v sucasnej dobe problémy s harmo-
nickymi vzhladom na charakter a mnoZstvo spotrebicov. Problém
mozZe nastat pri pouZivani vybojkového osvetlenia alebo spotrebi-
¢ov s usmernovacmi a spinanymi zdrojmi (napr. isporné ziarivky).
Induktivny ucinnik je pri netrakénych odberoch udrzovany v povo-
lenych medziach bez problémov kompenzovanim jednotlivych spo-
trebiCov alebo kompenzacnymi rozvadza¢mi pri vacSich odberoch.

Problémom vsak zacina byt nevyZiadana dodavka elektrickej
energie s kapacitnym uéinnikom, ktora zatial nema, ale mala by
mat v cenniku elektrickej energie samostatnu sadzbu vo forme
cenovej prirazky k zakladnej cene energie, a to za kazdu kvar.h.
V case rekonstrukcie napajacej siete v Zeleznicnych staniciach
a uzloch boli v minulosti nové kablové rozvody dimenzované
s velkou rezervou. A prave prevadzka takto dimenzovanych, menej
zatazenych a nekompenzovanych kablovych sieti spdsobuje dnes
problémy. Z tychto dévodov st ZSR nasledne nutené kompenzo-
vat kablové rozvody v Zelezni¢nych staniciach a uzloch.

8. Priklady nameranych hodnot

Na potvrdenie niektorych z predchadzajucich konstatovani st
dalej uvedené vysledky merania v trakénej transformovni ZSR
Nové Zamky. Merania pridov a napéti sa vykonali pomocou ana-
lyzatora TOPAS 1000 prepojeného s pocitacom. Pri merani bol
analyzator pripojeny cez pristrojové transformatory prudu a napéitia
na vystupe transformatorov 110/27 kV T1 a T11. Meranie prebiehalo
v novembri roku 2000 pocas troch dni. V ¢ase merania bolo po-
trebné pre poruchu na 110 kV priechodke transformatora 110/27 kV
vypnuf rozvodiu 110 kV na
5,5 hodin. i

Jednopdlova schéma zapo- cireuit breaker

jenia trakcnej transformovne
phases L1, L3

ing the short circuit power at the point of common coupling in
distributing network could eliminate flicker.

7. Non-tractive consumption of ZSR

From the point of view of EMC the problems of non-tractive
consumption does not seem to be as important today as tractive
consumption. Regarding the amount and character of existing
appliances, the occurrence of harmonics is negligible. In the
future some troubles can be expected in connection with massive
usage of discharge lamps or appliance with rectifiers and switched
sources (e.g. compact fluorescent lamps). The power factor (induc-
tive) for non-tractive consumption is kept by compensating for
single appliances or by using compensating switchboards for bigger
groups of appliances without problem .

The problem, which will have to be handled, appears to be
a disagreed take off of electricity with capacitive power factor.
Such an item is not yet included in the electricity price list, but it
should be as a separate entry in the form of supplementary charge
to the basic charge of electricity - for each kvar.h. Electricity distri-
bution cables in railway stations and in railway junctions, which
were re-constructed, are designed with considerable redundancy.
Operation of such over-equipped, little-loaded and non-compensat-
ed cable networks is the source of problems today. Hence ZSR is
forced to compensate cable networks in railway stations and in
railway junctions.

8. Examples of measured values

To confirm some of above-mentioned propositions this
section presents results of measurements carried out in the trac-
tion transformer substation ZSR Nové Zamky. Voltage and
current measurement were executed using analyzer TOPAS 1000
connected to a personal computer. The analyzer was during meas-
urement connected via instrument voltage and current transform-
ers to the secondary of transformers 110/27 kV T1 and T11.
Measurements lasted three days in November 2000. During that
time 110 kV switchgear was discon-
nected for 5.5 hours. The reason
was the failure of 110 kV bushing of
a 110/27 kV transformer.

circuit breaker

phases L1, L2

je uvedena na obr. 6, kde st
zaroven vyznaCené miesta,
v ktorych boli vykonané mera-

transformer T11
11027 kV

g

A single-pole diagram of trac-
tion substation is in Fig. 6, where
the points of measurement are

transformer T1
11027 kV

nia. Na dalSich obrazkoch su

marked out. The following figures

Casové priebehy meranych ve-
licin: zdanlivy vykon odobera-
ny transformatormi T1 a T11
(obr. 7), ucinnik zakladnej
harmonickej v oboch meracich \

O
point of measurement :ga

single-phase
circuit braker

show the time variability of meas-
ured quantities: apparent power of
transformers T1 and T11 (Fig. 7),
power factor of fundamental har-
monic in both points of meas-

Ei point of measurement

single-phase
circuit braker

miestach (obr. 8), faktor vyko- <
nu v oboch meracich miestach 00 Q0

urement (Fig. 8), power factor in

86 86 both points of measurement (Fig.

(obr. 9), THD v oboch mera-
cich miestach pre napitie

Obr. 6. Jednopdlovd schéma trakcnej transformovne Nové Zamky
Fig. 6. Single-pole diagram of traction substation Nové Zamky

9), voltage and current THD in
both points of measurement (Fig.
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Obr. 7. Priebeh zdanlivého vykonu odoberaného transformdtormi T1 a T11
Fig. 7. Apparent power of transformers T1 and T11 vs time
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Obr. 8. Priebeh iicinnika zdkladnej harmonickej v oboch meracich miestach
Fig. 8. Power factor of fundamental harmonic in both points of measurement vs time
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Obr. 9. Priebeh faktoru vykonu v oboch meracich miestach
Fig. 9. Power factor in both points of measurement vs time

KOMUNIKACIE / COMMUNICATIONS 2-3/2001 =« »7



KOMNIKOCIe

C O M M UNICATI ON:S

F

|5'*!FH| F Ak om0 tema =]

R T oy
g " ¥
m.
!1:-
o
&
-
-
0
o 3 3 . n -
e T on s B nd o e ol
B WE B0 NN N0 BE KN @D ME @0
Fo b g

A wd || By eEe
g P L]
- i
o [ |
e 1L
| H
- SRIT
L= I |
£ 1N l' il I-'| |
" e i L, b h,1 -
'L I | i T i
. Ll 1 L ] MUY | R
A AT R A e G~
e -
B MOl ME S0 DN &N @D DN D ED
Arrbiny

Obr. 10. Priebehy THD v oboch meracich miestach pre napdtie a prid
Fig. 10. Voltage and current THD in both points of measurement vs time
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Obr. 11. Harmonické napdtia a pridu v oboch meracich miestach
Fig. 11. Voltage and current harmonics in both points of measurement vs time

a prud (obr. 10). Na obr. 11 st vysledky harmonickej analyzy na-
patia a prudu v oboch meracich miestach.

Harmonické prudu na obr. 11 su zobrazené v ampéroch a har-
monické napdtia v sulade s normou [4] v percentach zo zakladnej
harmonickej napatia. Obsah harmonickych zloziek charakterizuje
Cinitel celkového harmonického skreslenia THD, uvedeny na obr.
10. Udava mieru skreslenia ¢asového priebehu prislusnej nehar-
monickej veli¢iny.

40 R U,
THD, = - 100 (%), kde w, ="
n=2 1

Analogicky vzfah plati aj pre THDI.

Vysledky merania potvrdili teoreticky predpoklad, Ze menic
napajajuci trakéné motory je zdrojom harmonickych zloziek pradu
vsetkych neparnych radov, ktorych velkost je priblizne nepriamo
umerna radu harmonickej. Harmonické priudu sa prenasaju trakc-
nym vedenim a su pretransformované do nadradenej sustavy cez

(7

10). The results of harmonic analysis of voltage and current in
both points of measurement are in Fig. 11.

Current harmonics in Fig. 11 are in amperes and voltage har-
monic in per-cent values of fundamental voltage harmonic accord-
ing to the standard [4]. Content of harmonic components des-
cribes total harmonic distortion factor (THD) (Fig. 10). It informs
about the rate of distortion of vaweshape of given non-harmonic
quantity.

40 U
THD, = u?- 100 (%), where u, = 7
n=2 1

A similar formula is also valid for THDI.

Measurement results verified theoretical assumption that a con-
verter for traction motors feeding is the source of current har-
monics of all odd orders, whose magnitudes are approximately
proportional to the inverse values of harmonic order. Current har-
monics are propagating along a traction overhead line and are

(17)

5 + KOMUNIKACIE / COMMUNICATIONS 2-3/2001



trakény transformator. V dosledku prenosu prudovych harmonic-
kych po impedanciach napajacej sustavy dochadza k vzniku zod-
povedajucich napatovych harmonickych. Zvysenie 15. a 17. napa-
tovej harmonickej je dosledkom paralelnej rezonancie spdsobene;j
R, L a C prvkami napajacej sustavy.

Kompatibilné urovne koeficienta celkového harmonického
skreslenia THD, pre prid norma neudava. Kompatibilna Groven
THD,, pre napitie vo vn sieti je 8 %. Hodnoty THD;, na obr. 10 sa
pohybuju v rozpiti 2 aZ 7 %. V sustave 110 kV je hodnota THD,,
eSte nizSia, pretoze skratovy vykon sustavy je dostatocne velky.
V SR plati v sucasnosti norma STN EN 50160 [5], ktora udava
medzné hodnoty harmonickych napétia pre siete nn a vn. Ohra-
nicenie prudovych harmonickych zloziek pre napafové hladiny vn
a vvn zatial nie je obsahom Ziadnej normy, ani medzinarodne;j.

9. Zavery, perspektivy

Striedava elektricka trakcia vyrazne zhorSuje kvalitu dodavanej
elektrickej energie a preto sa stava stredobodom zaujmu energe-
tiky. V snahe zabranit penalizacii uz boli prijaté niektoré rieSenia.
Prva filtraéno-kompenzaéna stanica (FKS) v trakénej transformovni
Bratislava - Vinohrady plni svoju ulohu a kompenzuje u€innik strie-
davej trakcie na neutralny, t. j. na hodnotu 0,95 a filtruje 3. a 5.
harmonickt prudu s pozadovanou uéinnosfou. Usetri ZSR 0,5
mil. Sk mesacne. Navratnost FKS je cca 2,5 roka.

Dalsie kvalitativne parametre elektrickej energie ako faktor
vykonu, nesymetria 3-fazovej sustavy a flicker efekt, ktorych zhor-
Senie sposobuje striedava elektricka trakcia, su zatial' len sledo-
vané a nie penalizované, a preto neboli prijaté konkrétne riesenia
pre ich odstranenie.

Univerzalnej$im zariadenim pre odstranenie vymenovanych
nepriaznivych vplyvov si vykonové aktivne filtre. Su to statické
polovodicové zariadenia - menice, ktoré aktivnym spinanim na
zaklade kontinualneho merania priebehu prudu odoberaného zata-
Zou a napitia v priebehu jednej periody vygeneruju kompenzacny
prud, ¢im vlastne odfiltruji vysSie harmonické a aj fazovy posun
zakladnej harmonickej pridu zafaze. Ich najvacsou vyhodou je, Ze
mozu vylepsit prud, napitie, alebo oboje sucasne.

Aktivne filtre m6zu pracovat v obvodoch jednosmerného i strie-
davého prudu. Podla systémovej konfiguracie mozu byt aktivne
filtre paralelné a sériové. MoZu sa spajat s pasivnymi filtrami, ¢im
vznikaju zmieSané (hybridné) filtre. Zakladnou ulohou hybridnych
typov filtrov je znizit poCiato¢né vydavky a zvysit efektivitu. Para-
lelny pasivny filter sa sklada z jedného alebo viacerych laditel-
nych LC filtrov alebo Sirokopasmového filtra.

Ako vykonové obvody st pouzivané napitové SIM - striedade
s IGBT modulmi. Ich vykonovy rozsah je 50 az 500 kV.A. Taktiez
boli, aj su pouzivané, GTO tyristory pre kompenzaciu vykonov 5
az 50 MV.A.
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transformed to UHV network via traction transformer. As a result
of current harmonics propagation, voltage harmonics of corres-
ponding orders are originated at the electric network impedances.
Increased magnitudes of voltage harmonics of the 15™ and 17™
orders are caused by parallel resonance due to R, L and C ele-
ments of supply system.

Compatible levels of THD, factor are not stated in standards
for current. Compatible level of THD, factor is 8 % for voltages in
HYV networks. Values of THD,, in Fig. 10 are within the range of 2
- 7 %. The actual values of THD;,in UHV networks are even lower,
as the short circuit power of the system is big enough. STN EN
50160 [5] is the valid standard, which assigns the limits for
voltage harmonics in LV and HV networks. Current harmonics’
limits for HV and UHV levels are not yet stated in any existing
Slovak or international standard.

9. Conclusions and future outlook

An AC electric traction substantially deteriorates the quality
of supplied electricity and becomes a crucial point of power distri-
buting companies. Operators of electric railways have already in-
troduced some measures to keep themselves clear of possible
financial penalties. The first in Slovakia filtering and compensating
substation (FCS) is in operation in a traction substation in Brati-
slava - Vinohrady. It compensates power factor of AC electric
traction to the value of 0.95 and filters the 3™ and 5™ current har-
monics with required efficiency. It saves 0.5 mil monthly. SKK for
ZSR and its return of investments is approximately 2.5 years.

Other electricity quality parameters, whose deterioration is
caused by electric traction as power factor, voltage unbalance of 3-
phase system and flicker, are now only monitored but not fined by
penalties. The appropriate measures for their limitation were not
yet adopted.

The power active filter (PAF) is a more versatile facility for the
mentioned unfavourable impact elimination. PAFs are the semi-
conductor devices - inverters that generate compensating current
during the time of one period to filter current harmonic compo-
nents and compensate power factor of fundamental harmonic of
load by active switching. Compensating current generation is based
on the continuous measurement of instantaneous values of load
current and voltage. Their considerable advantage is the possibi-
lity to improve current, voltage or both.

PAFs can be used both in DC and AC circuits. According to
their configuration the PAFs are either parallel or serial. PAFs can
also be connected with passive filters to create hybrid filters. The
primary role of hybrid filters is to decrease the initial expenditures
and increase effectiveness. A parallel passive filter can be made out
of one or more adjustable LC filters, or a broadband filter can be
used.

Voltage PWM inverters with IGBT modules are used for power
circuits of PAFs. The power range of these PAFs is 50 - 500 kV.A.
Also GTO thyristors are used for PAFs dedicated for compen-
sating power 5 - 50 MV.A.
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Princip ¢innosti menica jednofazového vykonového aktivneho Principles of an inverter in single-phase PAF in a steady state
filtra v ustalenom stave ako aj moznosti realizacie dynamického | as well as possible implementation of dynamic power active filter
vykonového aktivneho filtra boli blizSie popisané v [3]. were described in [3] in more detail.

Literatura - References

[1] OTCENASOVA, A., TABACEK, R.: Methodology of Calculation of Current Harmonics in Traction Overhead Lines Propagation, Works
and Studies of VSDS Zilina, Electro Series, Vol. 20, Zilina 1996, pp. 115-124

[2] ALTUS, J., NOVAK, M., OTCENASOVA, A., POKORNY, M.: Analysis of AC Traction Influence upon the Electric Network, Procee-
dings of MET ’99 - 4th International Conference “Drives and Supply Systems for Modern Electric Traction ...”, Warszaw 1999, pp.
30-35

[3] DOBRUCKY, B., OTCENASOVA, A., POKORNY, M., TABACEK, R.: The New Possibilities of Dynamic Compensation and Rege-
neration of Energy in Electric Traction, Communications - Scientiffice Letters of the University of Zilina, No. 1/99, pp 5-12

[4] IEC 1000-2-4 Electromagnetic compatibility (EMC) - Part 2: Environment - Section 4: Compatibility levels in industrial plants for low-
frequency conducted disturbances, 1994

[5] STN EN 50160 Voltage Characteristics of Electricity Supplied by Public Distribution Systems, 1998

[6] AKAGI, H.: New Trends in Active Filters, Proceeding of EPE "95 Conference, Sevilla 1995, pp. 0.017-0.026

[7] RACEK, V., DOBRUCKY, B., VITTEK, J., POKORNY, M.: Time Sub-Optimal Analysis and Control of Fast Three-Phase Active Filter
Acting in One Sixth of Period, Proceedings of APEC ‘98, Anaheim 1998, pp. 979-985

[8] SMOLA, A.: Compact Fluorescent Lamps, EE - A Technical Journal for Electrical and Power Engineering, No. 3/1995, pp. 30-34

00 + KOMUNIKACIE / COMMUNICATIONS 2-3/2001





