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SYNERGICKE POSOBENIE VYKONOVE] ELEKTRONIKY,
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SYNERGIC INFLUENCE OF POWER ELECTRONICS,
ELECTRIC TRACTION AND ELECTRO-ENERGETICS

Prispevok sa zaoberd implementdciou novych progresivnych tech-
nologii vykonovej elektroniky v oblasti elektrickej trakcie, za icelom
zmiernenia jej spdtného vplyvu na elektroenergetickii siet. Sii to pre-
dovsetkym pruzné striedavé systémy prenosu energie (FACTS), ktoré
elektronickou cestou na jednej strane obmedzuju nepriaznivé vplyvy
elektrickej trakcie, na druhej strane vylepsujii parametre elektroener-
getickej siete. Svojimi vicinkami sa zatial v elektrickej trakcii najviac
presadzuju vvkonové aktivne filtre (PAF), ktoré umoZnujii tak kom-
penzdciu zdkladnej harmonickej, ako aj vyssich harmonickych
zloZiek a slizia na prispésobenie energetickych systémov normdm
elektromagnetickej kompatibility (EMC). VyuZitim uvedenych pro-

gresivnych technologii je moziné dosahovat zvysenii efektivnost

prenosu elektrickej energie do trakcnej siete.

1. Implementacia vykonovej elektroniky
v modernizovanych elektrickych
trakcénych zariadeniach

Vykonova elektronika uz od svojho vzniku posobila v elektric-
kej trakcii ako katalyzator vyvojovych trendov elektrickych trak¢-
nych zariadeni. Ide pritom o implementaciu v troch oblastiach:
polovodi¢ové menice pre napajacie stanice striedavej elektrickej
trakcie 25 kV/16 2/3 Hz, diédové usmeriovae pre napdajacie
stanice jednosmernej elektrickej trakcie 600 - 3 000 V a polovo-
di¢ové menice pre trakcéné pohony elektrickych hnacich vozidiel
[3]. Rozvoj technoldgie vyroby vykonovych polovodicovych prvkov
sposobil pokles ich ceny, narast spolahlivosti a medznych para-
metrov tychto prvkov, ktoré su zakladnymi komponentmi polovo-
di¢ovych menicov. VSetky polovodiCové menice vSak principom
svojej Cinnosti predstavuju pre elektrizacnu ststavu nelinearnu
zataz. Pripojenim takejto zataze (napr. usmernovaca alebo frek-
venéného menica) na zdroj striedavého harmonického napétia so
sietovou frekvenciou, dojde vplyvom nelinearity k odoberaniu
neharmonického pradu.

Najjednoduchsim spésobom na kompenzovanie induktivneho
ucinnika prvej harmonickej je pouzitie kompenzaénych konden-
zatorov. Tieto kondenzatory tvoria v podstate zdroj jalového vykonu
pre kompenzované zariadenie. Najvacsi nedostatkom tohto jed-
noduchého spésobu kompenzacie ucinnika je, Ze pre kazdi zmenu
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The contribution addresses the implementation of new progres-
sive technologies in the field of electric traction in order to reduce
feedback influence on the power network. First of all, it concerns
Flexible Alternating Current energy Transmission Systems (FACTS),
which, on the one hand, limit negative influence of the electric traction;
on the other hand, they improve parameters of the power network by
an electronic method. Taking their effects into account, the Power
Active Filters (PAF) muddle through at most, because they allow
compensation of fundamental harmonics, higher harmonics and also
help to adapt energetic systems to Electromagnetic Compatibility
(EMC) standards. Using the mentioned progressive technologies it is
possible to achieve a higher value of effectiveness of electric energy
transmission to a traction network.

1. Implementation of Power Electronics
in Modernized Electric Traction Facilities

Power electronics, from its inception, always took the role of
catalysis of electric traction evolution trends. It is divided into
three main areas: semiconductor converters for 25kV, 16 2/3 Hz AC
electric traction supply stations, diode rectifiers for 600 - 3000 V
DC electric traction supply stations and semiconductor convert-
ers for electric vehicle traction drives [3]. The development of
power semiconductor elements production technology caused price
reducing, reliability increase and the increase of those elements
marginal parameters, which are the semiconductor converters basic
components. However, all the semiconductor converters, by their
operating principle, present a non-linear load for an electric power
network. Connecting such a load (e.g. rectifier or frequency con-
verter) to a harmonic AC voltage source of network frequency
comes to a non-harmonic current flow caused by non-linearity.

The simplest way to compensate for the inductive power factor
of elementary harmonic is by use of compensating capacitors.
Basically, they represent a reactive power source for compensated
facilities. The dominant drawback of this simple compensation
concept is that for every reactive current flow change, it is neces-
sary to change the compensation capacity connected to it. There-
fore, lack of dynamics, which is needed for fast varying size of
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odoberaného jalového prudu je potrebné zmenit aj vel'kost pripo-
jenej kompenzacénej kapacity. Teda tento sposob nema potrebnu
dynamiku, ktora sa poZaduje pre kompenzaciu ucinnika tak rychlo
sa meniacich zatazi, akymi polovodicové meni¢e nesporne su
a navySe nerieS§i problematiku vy$Sich harmonickych a nesumer-
nych odberov.

Dalsia moznost ako kompenzovat uéinnik prvej harmonickej
je pouZitie statického kompenzatora reaktivneho vykonu - menica
impedancie. Tento menic svojimi vlastnostami umoznuje kompen-
zovat s vysokou dynamikou, avS§ak neumoziuje filtrovat a spravidla
ani symetrizovat. Prave naopak, je zdrojom vyssich harmonickych
[1], [28].

Filtrovanie vyssich harmonickych je mozné pouZzitim rezo-
nancnych sériovych R-L-C filtrov, ktoré su naladené na jednotlivé
neziaduce frekvencie. Uskalia tohoto sposobu filtrovania spocivaju
v nedostatocnej selektivite tychto rezonanénych obvodov, v ich
vel'kych rozmeroch, v znac¢nej cene a v neposlednom rade v ich
silnej zavislosti od pretekaného prudu (nelinearity indukénosti).

V 80-tych a 90-tych rokoch predchadzajuceho storoCia boli
vyvinuté nové progresivne technologie v oblasti elektrickej trakcie,
tykajuce sa tak novych typov meniCovych pohonov striedavej
trakcie, ako aj zvySovania efektivnosti prenosu elektrickej energie
a aj elektromagnetickej kompatibility v trakénych systémoch.
Z prvych spominanych technologii si to predovSetkym: priame
momentové riadenie trakéného pohonu s vybornymi dynamickymi
vlastnostami a minimalizovanymi komutac¢nymi stratami [4], Stvor-
kvadrantovy meni¢, pouzivany vo funkcii vstupného (aj rekuperac-
ného) impulzového usmernovaca trakéného vozidla [5]-[6], ako
aj viacuroviiové zapojenia trakénych menicov [7]. Tieto st podrob-
nejSie opisané na inom mieste tohto ¢asopisu a v pracach [9], [12],
[15], [19], [27]. Z druhych zmienenych progresivnych technologii
su to: pruzné systémy striedavého prenosu elektrickej energie [11],
[14], [21] - [24] a z nich ako samostatna skupina statické kom-
penzatory a vykonové aktivne filtre [8], [10], [17], [18], [20], [23],
[25], [26], [28]. Tieto budu pre svoju doleZitost a progresivnost
podrobnejsie opisané v dalsich kapitolach. Takze vykonova elek-
tronika sa spitne uplatiuje pri zniZovani vplyvu elektrickych
trak¢énych zariadeni, najma v striedavej trakcii s usmernovacovymi
lokomotivami, na elektroenergeticku siet.

2. Flexibilné vykonové systémy na prenos elektrickej
energie (FACTS - Flexible AC Transmission
Systems) [11], [14], [21], [22], [24]

Pruzné systémy prenosu elektrickej energie patria medzi pro-
gresivne technologie v elektro-energetike a iizko suvisia s rozvijaju-
cou sa terciarnou regulaciou. Zavedenie pruznych prenosovych
striedavych systémov si vinutili meniace sa hranicné podmienky na
poli elektro-energetického napajania a bolo umoznené schopnos-
tou a vlastnostami vykonovych elektronickych komponentov vyso-
kych vykonov a koncepciou adaptivneho prenosu energie. Rychle
riadenie toku ¢inného a reaktivneho vykonu, resp. energie, rovnako
ako aj regulacia napatia, si vyZaduju aplikaciu zariadeni vykonovej
elektroniky.
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loads is typical for this kind of compensation, and in addition, it
does not solve higher harmonics- or non-symmetric flow pro-
blems.

Another alternative to compensate for the power factor of fun-
damental harmonic is the reactive power static compensator
(impedance converter) use. This converter, by its own perfor-
mance, enables high compensation dynamics; though, it is neither
able to filter nor to symmetries. On the contrary, it is the higher
harmonics source [1], [28].

Filtration of higher harmonics is possible by using serial reso-
nant R-L-C filters, which are tuned to particularly unwanted fre-
quencies. The drawbacks of this method consist of sub-marginal
selectivity of those resonant circuits, in large dimensions, big price
and, last but not least, in strong dependence on current flow
(inductance non-linearity).

In the 1980’s and 1990’s there were some progressive techno-
logies invented in the field of electric traction concerning new
types of converter drives for AC traction, rising effectiveness of
electric energy transmission and electromagnetic compatibility of
traction systems. The most important elements of those techno-
logies are: direct moment control of traction drive with excellent
dynamic performances and minimum commutation losses [4],
four-quadrant converter used as entry (also recuperative) pulse
rectifier of traction vehicle [5], [6] and multilevel schemes of trac-
tion rectifiers [7]. A detailed description of them can be found in
this journal and in works [9], [12], [15], [19], [27]. Other men-
tioned progressive technologies are: flexible AC electric energy
transmission systems [11], [14], [21] - [24], static compensators
and active power filters [8], [10], [17], [18], [20], [23], [25],
[26], [28]. Those, due to their importance and progressivism, will
be described in detail in following chapters. Thus, power electro-
nics is re-applied in decreasing electric traction facilities influence
(mainly in AC traction with rectifier equipped engines) on a power
network.

2. Flexible AC Transmission Systems
[11], [14], [21], [22], [24]

Flexible electric energy transmission systems belong to pro-
gressive technologies in electro-energetics with a strong concern
in developing tertiary control. Implementation of flexible AC elec-
tric energy transmission systems was forced by varying marginal
conditions in the field of electro-energetic supplement and was
allowed by high-power electronic components abilities and attri-
butes, and adaptive electric energy transmission conception. Both
fast active and reactive power (energy) flow control and voltage
control require application of power electronics.

Thus FACTS present the static electronic devices - power con-
trollers to increase the controllability and transmission capacity
of energetic systems. Their implementation allows a wider use of
contemporary transmission systems without an extensive expan-
sion by means of:
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Prenosové systémy FACTS zahrnuju teda statické elektronické
zariadenia (FACTS Devices) - vykonové regulatory, aby bola
zvySena riaditelnost a prenosova kapacita energetickych systémov.
Ich implementacia umoznuje §irSie vyuzitie sucasnych uz existu-
jucich prenosovych systémov bez extenzivneho rozvoja, prostred-
nictvom:

- adaptivneho riadenia toku vykonu (¢inného aj reaktivneho),

- zvysenie vykonovej kapacity prenosu,

- rychleho riadenia napétia (rychlej odozvy na zmenu pozadova-
ného napitia).

Vel'ka skupina zariadeni oznacenych skratkou FACTS sa
pouziva na zvySenie prenosovych schopnosti vedeni a na regulaciu
tokov ¢innych a jalovych vykonov v elektrizacnych siefach. Vyra-
baju sa s inStalovanym vykonom * 100 MVAr. Tok vykonu preno-
sovou sustavou je pritom ohraniceny: hranicou stability, tepelnou
hranicou, napatovym ohrani¢enim, kruhovymi tokmi vykonu. Ob-
medzenia pri prenose elektrickej energie mozeme vyrieSif bud
budovanim novych prenosovych kapacit alebo pouzitim novych
progresivnych technologii, ktoré prichadzaju v podobe zariadeni
FACTS. Medzi mnozinu FACTS, ktoré sa pouZivaju na zvySenie
prenosovych kapacit, patria 3 skupiny zariadeni:

o statické kompenzdtory jalového vykonu, urCené na kompenzaciu
reaktivneho vykonu zakladnej harmonickej zlozky v paralelnom
a sériovom zapojeni (klasicky staticky VAR kompenzator s riade-
nou tlmivkou, tyristorovo riadeny a spinany sériovy kondenzator),

o aktivne dynamické kompenzdtory, uréené na kompenzaciu reak-
tivneho vykonu zakladnej harmonickej zlozky v paralelnom
a sériovom zapojeni (staticky synchronny kompenzator, staticky
synchronny sériovy kompenzator),

« aktivne reguldatory napdtia a cinného aj jalového vykonu (univer-
zalny regulator toku vykonu.

Prva skupina kompenzatorov vyuZiva na spinanie poloriadené
vykonové polovodic¢ové prvky (obycajné tyristory), preto reguluji
iba okamih pripojenia a tym vel'kost napétia pripojeného na kom-
penzacny prvok, ¢im sa meni vel'kost a faza kompenzacného pridu.
Tvar kompenzacného prudu je vSak uréovany charakterom zataze,
t. j. kompenzacného zariadenia Ich reakéna doba je preto 1-2,
prip. viac period napéjacieho napdtia.

Skupina aktivnych zariadeni FACTS sa 1isi od prvej skupiny
hlavne tym, Ze priebeh kompenzaéného prudu vytvara aktivnym
spinanim vykonovych polovodi¢ovych prvkov a ich reakéna doba
je podstatne mensSia ako v prvej skupine a moze byt mensSia ako
1/6 periody napajacieho napétia. Tak isto aj deformacny vykon
vytvarany spinanim polovodi¢ovych prvkov je podstatne mensi ako
v prvom pripade.

Do skupiny aktivnych kompenzatorov by sme mohli zaradit aj
vykonové aktivne filtre, ktorych povodné urcenie je kompenzacia,
¢i filtrovanie vyssich harmonickych zloziek zatazového prudu.
Tym sice zlepSuju kvalitu dodavanej a odoberanej energie, ale na
zvyseni prenosovej kapacity sustavy sa to prejavi iba v malej
miere. Preto tvoria samostatni skupinu kompenzaénych zaria-
deni. V principe vSak vykonové aktivne filtre m6zu kompenzovat
aj jalovy vykon a ucinnik zakladnej harmonickej, ako ukaze vypocet
referencnej hodnoty kompenzacného prudu v kap. 3.

- adaptive power (both active and reactive) flow control,
- power transmission capacity increase,
- fast voltage control (fast response on voltage required value).

A large group of facilities marked with the FACTS acronym is
used for the transmission lines capacity increasing and for active
and reactive power flow control in electrified network. The power
flow through the transmission system is, at the same time, limited
by: stability-, thermal- and voltage limits, and circular power flow.
The limitations of the electrical energy transmission can be solved
either by a new transmission capacity building or by using new
progressive technologies, which come as FACTS devices-wise. There
are three groups of the transmission capacity increasing FACTS
devices, which are:

« static reactive power VAR compensators, dedicated for compensa-
tion of fundamental harmonic reactive power, in parallel- and
serial connection (classical static VAR compensator with con-
trolled reactor, thyristor-controlled- and a switched serial capa-
citor),

 active dynamic compensators, dedicated for compensation of

fundamental harmonic reactive power, in parallel- and serial

connection (static synchronous compensator, static synchro-
nous serial compensator),

active controllers of voltage and active- and reactive power (unified

power flow controller).

The first group of compensators uses the half-controlled power
semiconductor devices (ordinary thyristors). Therefore, they can
control instant of switching and the consequently value of the
voltage connected to the compensating element. By this, it can
control the magnitude and phase of compensation current. But the
shape of the compensation current is determined by the nature of
the load, i.e. by compensation device. The reaction time of those
compensators is, therefore, more than 1-2 periods of the supply
voltage.

The group of the active FACTS facilities differs from the first
one mainly in that the shape of compensation current is creating
by active switching of power semiconductor devices. Their reac-
tion time is, therefore, essentially smaller to the first group and
can be smaller than 1/6 of the period of supply voltage. The dis-
tortion power created by the switching of semiconductor devices
is also essentially smaller than in the previous case.

The active power filters can be included into the active group
of compensators since their original purpose is compensation of
higher harmonics of load current. In spite of improvement of the
quality of delivered and regenerated energy this way, the system
transmission capacity rising will only be affected by the small
measure. So, the filters present a special separated group of the
compensation facilities. However, the power active filters can
compensate for the reactive power and power factor of the funda-
mental harmonic component, as described in the compensation
current reference value calculation in the next chapter.

Beside this, further groups of FACTS facilities do exist as
dynamic restorers and uninterruptible power supplies (UPS),
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Okrem toho existuju dalSie skupiny zariadeni FACTS kde
patria dynamické restauratory napétia a vykonové zaskokové zdroje
(UPS - Uninterruptible Power Supply), ktoré podstatne zvysuju
spolahlivost a kvalitu dodavanej elektrickej energie.

V dalsom texte opiSeme jednotlivé zariadenia FACTS so struc-
nou charakteristikou a oblastou pouzitia.

Staticky kompenzdtor reaktivneho vykonu (SVC - Static VAR
Compensator)

Statické kompenzatory reaktivneho vykonu su elektronické
zapojenia v kombindcii s reaktiv-

&
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which essentially increase the reliability and quality of delivered
electric energy.

In the next text the pointed FACTS facilities with the short
characteristics and the field of utilization will be described.

SVC - Static VAR Compensator

Static compensators of reactive power are electronic devices
combined with reactive elements (reactor, capacitor). Their power
is regulated by two anti-parallel connected thyristors (see Fig. 1).
In case of reactor, this can be phase-controlled or just switched

nymi prvkami (cievka, kondenza-
tor), ktorych vykon reguluje
dvojica protismerne zapojenych T Qpgt
tyristorov (obr. 1). V pripade
cievky, moze byt tato plynulo
fazovo riadena, alebo iba spinana ke
celoCiselnym poctom polperiod.
Druhy sposob nie je sice plynuly,
avSak ma vyhodu v tom, Ze nevy-
tvara vysSie harmonické. Cievka
je vyhotovena bez feromagnetic- TSR TSC
kého jadra, z dovodu zahrievania 4 b
vy§§imi harmonickymi. Podob-
nym spésobom moze byt spinany
aj vykonovy kondenzator, ktory
moze byt pripajany mechanickym
spinaCom. Z hladiska pripojenia
k sieti ide o paralelny VAR kompenzator. Priebeh fazového pradu
v jednej polperiode napajacieho napétia je na obr. la.

Pre prvii harmonicku je mozné pri zanedbani odporov ziskat
vztah, ktory udava zavislost amplitidy prudu prvej harmonickej
od riadiaceho uhla.

Il(a) = \/g.(U/Z) [1 = 2a/7 — sin Qa/m)]

Statické VAR-kompenzatory su v prevadzke v rdéznych vyho-
toveniach. Ich typické zapojenia su na obr. 1. Vo vicsine pripadov
ide o kombinacie vykonovych spinacich suciastok s kondenzatorom
alebo reaktorom, prip. timivkou, akymi su:

« tyristorovo riadeny reaktor, resp. timivka (TCR),
« tyristorovo spinany kondenzator (TSC),

« tyristorovo spinana tlmivka (TSR),

« mechanicky spinany kondenzator (MSC).

Statické kompenzatory SVC sa mozu pouzit pre nasledujice
typy uloh:

« dynamicka stabilizacia napétia, lepSia schopnost prenosu energie,
znizenie vy$Sich harmonickych napitia,

« zlepSenie synchronnej stability, vySSia dynamicka stabilita, lepSie
tlmenie sustavy,

« dynamické vyrovnavanie zataze,

« udrZiavanie napatia v statickej prevadzke.

Tyristorovo riadeny sériovy kondenzdtor (TCSC - Thyristor Con-
trolled Serial Capacitor)

Zapojenie pozostava z vykonového kondenzatora, premoste-
ného s tyristorovo riadenou cievkou, resp. reaktorom. Proti spina-

periods. The second manner
is not continuous but an
advantageous because it
does not generate higher
harmonics. The reactor is
e constructed without a ferro-

by a fixed number of the
T Qnel

magnetic core due to warm-
§% ing by higher harmonics.

TCR
Obr. 1. Priebeh fizového priidu v uvedenom zapojeni je vo vSeobecnosti
neharmonicky, [1]

Fig. 1. The current waveform in mentioned connection is in general non-
harmonic one, [1]

T T Similarly, the power capaci-
tor can be switched, which
can be connected by a me-
chanical switch. From the
point of view of connecting
the VAR compensator to
the net, it is a parallel con-
nection. The time-wave-
form of phase current dur-
ing one half-period of supply voltage is depicted in Fig. 1c.

TSC Fitters

By neglecting passive resistance, it’s possible to present the
relation for dependency of current magnitude of fundamental
harmonic on control angle:

() = \/g.(U/Z) [1 = 2a/7 — sin Qa/m)]

Static VAR compensators are operated in different versions.
In most of the cases it involves combinations of power switching
elements with a inductor or capacitor:

« Thyristor controlled reactor (TCR)

« Thyristor switched capacitor (TSC)

« Thyristor switched reactor (TSR)

« Mechanically switched capacitor (MSC)

Static VAR compensators can be used for the following types
of tasks:
« dynamic voltage stabilization, higher energy transmission ability,
higher voltage harmonics decreasing,
« synchronous stability improvement, better dynamic stability,
better attenuation of system,
« dynamic load compensation,
« balance the voltage to margins of static operation.

TCSC - Thyristor Controlled Serial Capacitor
The devices consist of a power capacitor clamped by the thy-
ristor-controlled inductor or reactor, respectively. The metal oxide
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cim prepétiam sa pouZiva ochrana varistorom MOV (Metal Oxid
Varistor). V tomto pripade ide vlastne o sériovy VAR kompenza-
tor. Zariadenie TCSC dokaze riadit aj ¢inny vykon v prenosovom
vedeni a tieZ sa pouziva na timenie elektromechanickych oscilacii.
Pre timiace ucinky plati nasledovné:

« efektivita TCSC sa pri riadeni kyvania vykonu zosiliiuje s vel'kos-
tou prenasaného vykonu,

« Ucinky tlmenia v prenose su nezavislé od miesta instalacie,

« Ucinky tlmenia nie su ovplyviiované zatazovou charakteristikou.

Zapojenie sériového VAR kompenzatora je na obr. 2.

Staticky synchronny kompenzdator (STATCOM - Static Synchro-
nous Compensator)

Staticky synchronny kompenzator pracuje podobne ako rotacny
synchronny kompenzator: - dodava alebo odobera zo siete reaktivny
vykon zakladnej harmonickej. Pozostava z napitového striedaca
napajaného z kondenzatorovej batérie, prevodového transforma-
tora s rozptylovou filtra¢nou indukcnostou (obr. 3), ako aj z pri-
slusného riadiaceho podsystému. Vystupny prid kompenzatora
ma priblizne sinusovy priebeh a je posunuty za napatim o 90° el.
V désledku toho modze dodavat alebo odoberat zo siete reaktivny
vykon zakladnej harmonickej. Velkost odoberaného, resp. doda-
vaného je mozné regulovat pouzitim vhodného typu SIM-modu-
lacie napétového striedaca.

Obr. 2. Zapojenie sériového VAR kompenzdtora
Fig. 2. Basic connection of serial VAR compensator

STATCOM je vlastne SVC kompenzatorom v ovela ,fahSom*,
menej rozmernom vyhotoveni a s minimalnou moznou reakénou
dobou. Jeho reakcia je takmer okamzita, bez oneskorenia, v nasle-
dujucej periode vzorkovania. Podrobnejsi opis sposobu riadenia
a filtrovania vystupného prudu je uvedeny v dalsSej kapitole.

STATCOM moze pracovat v nasledujucich rezimoch:

» dynamicka stabilizacia napatia, vacSie moznosti prenosu vykonu,
menSie kolisanie napatia,

« zlepSenie synchronnej stability, vySSia dynamicka stabilita, lepSie
tlmenie sustavy,

« dynamické vyrovnavanie zataze,

varistor (MOV) is used as protection against switching voltages.
In this case, it is a serial connection of static VAR compensator.
TCSC devices provide to control the active power of trans-

mission lines and it usually serves to attenuation of electromag-

netic oscillations. For attenuate effects apply the following:

« effectiveness of TCSC is increasing during the control with
transmitted power,

« attenuate effects in transmission are independent of the instal-
lation place,

« attenuate effects are not influenced by load curve.

The scheme of connection of serial VAR compensator is
shown in Fig. 2.

STATCOM - static synchronous compensator

Static synchronous compensator works similarly as rotary
synchronous compensator: - deliver or regenerate reactive power
of fundamental harmonic to or from supply network. It consists
of voltage source inverter supplied from capacitor battery, coup-
ling transformer with leaking filtering inductance (Fig. 3) as well
as of corresponding control subsystem. The output current of it is
similar to sinusoidal shape and it is shifted by voltage 90 degrees.
Consequently, it can deliver or withdraw reactive power of funda-
mental harmonic from the network. Using a suitable type of
PWM-modulation of the voltage inverter can control the value of
the delivered or withdrawn reactive power.

V(
T
’q T V;
VSC
Yoe
+ 8 -
i

Obr. 3. Zikladné zapojenie kompenzdtora STATCOM
Fig. 3. Basic connection of STATCOM compensator

STACOM is indeed a static VAR compensator but a much
more smaller one with minimum reaction time. Its acting is almost
instantaneous without delay in the next period of sampling. More
detailed description of the operation, control and filtering of
output current is given in the next chapter.

STATCOM can run in following regimes:

« dynamic voltage stabilization, higher energy transmission pos-
sibilities, less voltage fluctuation,

« synchronous stability improvement, higher dynamic stability,
better attenuation of system,

+ dynamic load compensation,

« balancing of the voltage to margins of static operation.

2) « KOMUNIKACIE / COMMUNICATIONS 2-3/2001



« zlepSenie kvality dodavanej elektrickej energie,
« udrzanie napéatia v stacionarnom stave,

Staticky synchrénny sériovy kompenzdtor (SSSC - Static Syn-
chronous Serial Compensator)

Staticky sériovy kompenzator sa svojim zapojenim liSi od
predchadzajiceho tym, Ze napétovy striedaC je v tomto pripade
pripojeny k sieti cez ,prudovy” sériovo zapojeny transformator,
obr. 4. Na krytie energetickych strat strie-
daca je kondenzatorova batéria, dobijana
zo zvlastneho zdroja. Ked'Ze v principe je
SSSC uréeny na kompenzaciu iba reaktiv-
neho vykonu, dobijaci zdroj je maly. Pri
kompenzacii sa meni velkost napétia
vytvaraného kompenzatorom, pricom jeho

V26,
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SSSC - static synchronous serial compensator
The scheme of the static serial compensator differs from the
previous one by connecting to the network via “current” serial
transformer, as shown in Fig. 4. To cover energetic losses the capa-
citor battery has to be charged from the separate source. Due to
compensation of reactive power the charging source is small. The
value of the voltage generated by compensator during the opera-
tion changes whereas the voltage vector is vertical to the network
voltage vector. The appara-
tus is indeed a substitute of

vektor je kolmy k vektoru napitia siete.
Zariadenie je vlastne nahradou sériového

+ VC_ Viégl the serial controlled capa-

| S I citor and inductor since
I —— the output voltage of SSSC

can be controlled indepen-

dently on network voltage.

V5C SSSC is applicable for

plynulo riadeného kondenzatora a cievky
s tym rozdielom, Ze vystupné napitie

the same tasks as the regu-
lation serial compensator,

SSSC moze byt riadené nezavisle od

it

namely for dynamic power

napétia siete.

SSSC je vhodny pre rovnaké ulohy

Energy source

flow control as for voltage
and angle stability impro-
vement. The fact that

ako regulacny sériovy kompenzator, totiz
pre dynamické riadenie toku vykonu, ako
aj pre zlepSovanie napétovej a uhlovej sta-
bility. Skutocnost, ze SSSC mozZe dodavat prenosovej sustave tak
kapacitné ako aj induktivne napdtie, zvacSuje oblast prevadzky
pristroja. Z hladiska regulacie je mozné SSSC pouzit tak na zvy-
Sovanie ako aj na zniZovanie toku vykonu. V oblasti stability umoz-
fuje tlmit elektromechanické kmitanie efektivnejSie ako sériovy
kondenzator.

Univerzalny reguldtor toku vykonu (UPFC - Unified Power Flow
Controller)
Zapojenie univerzalneho re-

Obr. 4. Principidlne zapojenie sériového synchronneho kompenzdtora
Fig. 4. Basic connection of serial synchronous compensator

SSSC can produce both
active and reactive voltage
enlarges the operating area
of the device. In relation to control it is possible to use SSSC both
for increasing and decreasing the power flow. Concerning the sta-
bility, it can attenuate electromechanical oscillations more effecti-
vely as a serial capacitor.

UPFC - Unified power factor controller

The basic connection of this device is depicted in Fig. 5. It
consists of two powerful semiconductor converters interconnect-
ed by a DC link, and connected to the line via coupling a serial-
and parallel transformer.

gulatora toku vykonu je na obr. 5. Vi<o, traf:f?,fne, PQ Yi£6 The main task of conver-
Zariadenie pozostava z dvoch vy- | —— | ter 2 is to control the
konovych menicov, prepojenych BLLi Busj output voltage of trans-
spolocnym jednosmernym medzi- mission lines and also
obvodom a pripojenych k sieti cez output power. The basic
prevodové transformatory (para- traf;g?r;er CO”‘f“er = CO“‘fﬁe’ task of converter 1 is to

lelne a sériovo). Hlavnou ulohou

balance the active power
in the DC link of the

menic¢a 2 je riadif vystupné na-

patie prenosovej sustavy a tym aj e
vystupny vykon. Zakladnou tlo-
hou menica 1 je udrziavat rovno-
vahu ¢inného vykonu v jedno-
smernom medziobvode oboch meni¢ov. Okrem toho méze doda-
vat a odoberat zo siete reaktivny vykon tym, Ze reguluje napatia na
vstupnych pripojniciach.

Vykonovy regulator UPFC mdzZe teda riadit sucasne Cinny
a jalovy vykon. Vo vSeobecnosti ma tri regulacné veliiny a moze
byt prevadzkovany v roznych druhoch prevadzky. V principe moze
vykonovy regulator UPFC realizovat funkciu inych opisanych

Obr. 5. Zapojenie univerzdlneho reguldtora toku vykonu UPCF
Fig. 5. Basic connection of unified power flow controller UPFC

converters. Besides, it
can also generate and
withdraw the reactive
power from and into the
network by voltage controlling of the input lines.

UPFC can vary both active and reactive power at the same
time. Generally it has three regulated quantities, and it can be ope-
rated in different operation states. Parallel-connected converter
controls input bus bar voltage (Fig. 5), while serial-connected con-
verter controls the active and reactive power or active power and
voltage in serial connected node. In principle UPFC could execute
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FACTS zariadeni, a to udrZanie napdtia, riadenie toku vykonu
a zlepSenie stability.

3. Vykonové aktivne filtre v elektrickej trakcii
[81, [18], [20], [23], [25]-[26], [28]

Ako sme uz uviedli v ivode hlavnymi problémami v elektrickej
trakcii z hladiska spoluprace s energetickou napajacou sustavou
su: kompenzacia zakladnej harmonickej (jalového vykonu), vysSich
harmonickych zlozZiek (deformaéného. vykonu) a Ciastoéne zvySe-
nie elektromagnetickej kompatibility EMC.

Ukazuje sa, Ze najvyhodnejsim kompenza¢nym a filtracnym
zariadenim je paralelny vykonovy aktivny filter (PAF-Power Active
Filter). V jednofazovom zapojeni je schopny plnit aj funkciu filtra,
funkciu kompenzatora ucinnika zakladnej harmonickej a aj pro-
striedku na zvySenie elektromagnetickej kompatibility. Pri viacfa-
zovych systémoch je vyhodné pouzif viacfazovy aktivny filter,
ktory dokaze rieSif aj problematiku symetrizovania nesymetric-
kych zatazi. Zapojenie jednofazového paralelného aktivneho filtra
je na obr. 6.

Pretoze zatial nie je mozné

—[ passive

the function of other FACTS devices, namely voltage stabiliza-
tion, power flow control and stability improvement.

3. Power Active Filters in Electric Traction
[81, [18], [20], [23], [25]-[26], [28]

As mentioned above the main problems in electric traction -
from point of view of cooperation with an energetic power supply
system - are: compensation of fundamental- and higher harmonics
(i.e. of reactive- and distortion power), and electromagnetic com-
patibility increasing.

It seems that the most suitable means for compensation and
filtration is parallel active filter PAF. It is, in a single-phase con-
nection, possible to provide the functions of the filter, the com-
pensator of power factor of basic harmonic and also the means of
electromagnetic compatibility increasing. In contrast, in multi-
phase systems it is suitable to use a multi-phase active filter, which
can solve the problematic symmetrization of non-symmetrical and
non-linear loads. The connection of a single-phase parallel active
filter is shown in Fig. 6.

Since it is not possible

navrhnut a skonstruovat vyko- T Stor to design and build a power
novy aktivny filter, ktory by [transtormer is ipt il active filter for voltage of 25
pracoval priamo s napatim 25 } u_sl if ronlinear % KV, used in electric traction,
kV, ktoré sa pouZziva v elektric- foad step-down coupling transform-
kej trakcii, je schéma doplnena | ™ = o) er T2 completes the scheme.
0 zniZovaci vazobny transfor- e ! With the help of the power
mator T2, pomocou ktorého i Jé = active filter it is connected to
sa filter pripoji k trakénej sus- N traction power supply system.

tave. Vystupné napétie trans-
formatora je potrebné volif
s ohladom na napatové dispo-
zicie pouzitych polovodico-
vych prvkov.

Pouzita stratégia riadenia SIET

aktivneho filtra - kompenzdtora

Obr. 6. Schéma zapojenia jednofizového paralelného aktivneho filtra
Fig. 6. Scheme of connection of single-phase parallel active filter

Izataze

Output voltage of the trans-
former should be chosen
regarding to voltage with-
stand the power semiconduc-
tor devices.

| -~ lum

RIADENY _
USMERNOVAC
Strategy used for control

of an active filter.

Jjalového a deformacného vykonu

Na uréenie najdolezitejsej
riadiacej veliCiny - referencné-
ho prudu paralelného aktivne-
ho filtra je mozné pouzit r6zne
metddy rieSenia, napr. metodu
harmonickej analyzy, okami-
hového ¢inného a jalového vy-
konu (tzv. p—g metoda) ako aj

ete
—»
~

*Viltra

Usiete Usiete

- ES
LT

metodu urcujucu referencny

g Vypocet ref. pradov
K

3

For determining the
most important control
quantity of parallel active
filter - its reference current
- the methods of the Fourier
harmonic analysis, instanta-
neous reactive and active
power, and average value of
active power can be used.

Hyst. komparator

Iref

izé('aie
prud na zaklade 1. harmonickej p — P + Lt -y 4 Application of the methods
prudu zataze pomocou strednej Vypodet p,g q i q > Pl 1« 65‘\,’ = mentioned above give nearly
hodnoty ¢inného vykonu. Pou- ‘ P ‘[ the same results, so only the
Zitie uvedenych metod vedie L \F/’)"P<§et Q method making possible the
v podstate k rovnakym vysled- AR separated compensation of

kom, takze dalej je opisana
p—q metoda, ktora umoznuje

Obr. 7. Celkovd blokovd schéma riadiaceho systému pri pouZiti p—q metédy
Fig. 7. Total block scheme of control system using p—q method

reactive and distortion power
will be described next. The
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oddelentt kompenzaciu deformacného a jalového vykonu. Celkova
blokova schéma riadiaceho systému je na obr. 7.

V prvej faze vypoCtu st namerané hodnoty siefového prudu
a napétia transformované do a— 3 ortogonalneho systému pomocou
nasledujucich transformaénych rovnic (pre jednofazovy systém):

= u(t), resp. =\u——
u, = u(t) p. Ug (u 4)

a podobne:

T
I = (1), Tesp. ig=il1— Z

Dalej su tieto transformované velidiny pouZité pre vypocet
realnej a imaginarnej zloZky okamihového vykonu v a— 8 ortogo-
nalnom systéme podla vztahov:

pP= Uy iy Tugig p=Py+psic

q=Uy g~ Ug Iy 4= 0wt dsc

Redlna - p ako aj imaginarna ¢ - zlozka okamihového vykonu
zataZe obsahuju jednosmerné (P, a Q) a striedavé (p,e a q,0)
zlozky. Pritom jednosmerné zlozky su ekvivalentné ¢innému
vykonu, resp. jalovému vykonu 1. harmonickej, striedavé zlozky su
ekvivalentné vyssim harmonickym zlozkam.

V pripade, Ze chceme, aby vykonovy aktivny filter pracoval
iba ako filter vyssich harmonickych je potrebné, pre vypocet refe-
renéného prudu, oddelit jednosmerné zlozky vykonu - P, a Q.
Vykonovy aktivny filter bude potom pracovat vo funkcii kompen-
zatora deformacného vykonu.

V pripade kompenzdcie iba jalového vykonu zdtaze je potrebné
oddelit jednosmernu realnu zloZku P, a obe striedavé zlozZky
vykonu p - a g 4. Vykonovy aktivny filter bude teraz pracovat ako
staticky synchronny kompenzator (STATCOM), opisany v pred-
chadzajucej kapitole.

Pre kompenzdciu deformacného aj jalového vykonu siuicasne
postauje oddelenie iba jednosmernej redlnej zlozky P, vykonu.
Aktivny filter by teraz pracoval aj ako kompenzator zakladnej
harmonickej a aj ako filter vyS$Sich harmonickych. Problémom
vsak je vyhotovit vykonovy polovodicovy meni¢, dimenzovany na
vel’ky kompenzaény vykon zakladnej harmonickej (radovo MVA),
ktory by sucasne spinanim vysokou frekvenciou vytvaral kompen-
zacny prud vysSich harmonickych zloziek (radovo desiatky kHz).
V tomto pripade sa uplatni rieSenie aktivaeho filtra s distribuova-
nym vykonom a decentralizovanym riadenim.

Na oddelenie jednosmernych zloziek mozu byt vyuzité rozne
techniky, napr. Butterworthov dolnopriepustny filter vyssich radov,
metoda kizavého priemeru a pod. Po oddeleni jednosmernych
a striedavych zloziek, v zavislosti od pozadovanej funkcie aktiv-
neho filtra, celkovy referenény prud paralelného aktivneho filtra
je vypocitany podla vztahu:

1
Ier(1) = D (U Pac — g Gac)
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block scheme of the control system for computing is given in
Fig. 7.

At first the measured values of the source voltage and load
current are transformed into an a— 3 orthogonal system using the
following transformation equations (for single-phase system):

T
u, = u(t), and ug= (u - X) respectively.
and similarly:
T
o =100, and ig=i{t— ik respectively.

Then the transformed quantities are used for determining the
real and imaginary components of the power in a—f system of
co-ordinates, by the following relations:

pP=uy iy tugig p=Py+pic

q=Uy lg—Ug-ly 4= 0w+ duc
where the real and imaginary parts of power consist of DC (P
and Q) and AC components (p,- and ¢ ).

DC components are equivalent to active and reactive power,
respectively. Similarly, the AC components are equivalent to
higher harmonics.

In the case of compensation of the distortion load’s power the
PAF will be operating as a higher harmonics filter. Then both DC-
components P, and @, should be separated from the total
power.

In the case of compensation of reactive load’s power it is neces-
sary to separate the DC real component (P,;,) and both AC com-
ponents (p,- and q,.). Now, the PAF will be acting as the static
synchronous compensator STATCOM described in the previous
chapter.

For simultaneous compensation of both distortion and reactive
power the separation of the DC component P is sufficient. Thus,
the PAF will be operating as a compensator of the fundamental
harmonic and filter of higher harmonics. However, the problem is
to build such a power semiconductor converter rated for big reac-
tive power of fundamental harmonic (ordered MVAR) at high
switching frequency (ordered kHz) to create compensation
current of higher harmonics. In this case, the good technical solu-
tion presents an active filter with distributed power and decentralized
control.

Different techniques can be used for DC components separa-
tion, such as Butherworth low-pass filtering, moving average
method, etc. After separation of DC-and AC components in regard
to the demanded function of PAF, the total reference current can
be calculated by the relation:

1
L (1) = e (g " Pac — Ug " Guc)
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pre kompenzaciu iba deformac¢ného vykonu, alebo:

1
iref(t) = B : (7 uﬁ : QAC)

pre kompenzaciu iba jalového vykonu zataze, resp.:

1
ire/'(t) = B ' (ua *Pac T Ug* Q)
pre kompenzaciu deformacného a jalového vykonu, pricom D je
determinant sustavy.

K celkovému referen¢nému pradu je potrebné pripocitat eSte
¢innu harmonicku zlozku i, ktora sluzi na pokrytie strat vzni-
kajucich v silovej ¢asti menica. Na urcenie amplitudy tohoto har-
monického prudu sa da s vyhodou pouzit Pl-regulator jednosmer-
ného napdtia menica.

Vykonové menice vyuzivané v oblasti vykonovych
aktivnych filtrov pracuju na principe periodickych zapi-
nani jednotlivych polovodicovych prvkov. Tato skutoc-
nost sposobuje, Ze vysledny vystupny prud vykonového 1
aktivneho filtra obsahuje okrem zakladnej zlozky aj
zlozku vysokofrekvenénu, ktorej frekvencia je imerna
spinacej frekvencii celého vykonového aktivneho filtra.

for compensation of distortion power, or:
1
iref(l) = B : (7 Ug: QAC)
for compensation of reactive load’s power, and finally:

1
ire/(t) = 5 : (ua “Pac T U 9)
for compensation of both distortion and reactive power, whereas
D is the determinant of the system.

For computation of total reference current it should be added
that the real harmonic component i,,,,, which covers the losses
generated by the power part of the PAF converter. The magnitude
of this current can be determined advantageously using PI con-
troller of DC voltage of the converter.

L, Power semiconductor conver-
ters used in field of power active
3 filters operate based on periodi-
cally switching semiconductor ele-
ments. This fact causes that result-
ed output current of PAF contents

ClT

Superponovana VF zlozka moze dalej sposobit problémy 2
funk¢éného, ekonomického ako aj legislativneho cha-
rakteru. Preto je vhodné pri aplikaciach ako st vykonové
aktivne filtre pouzit vystupny filtracny clanok, ktory
zamedzi prieniku nosného kmitoctu do siete. Tento pasivny filter
na vystupe PAF filtruje vyssie harmonické zlozky v okoli spinacej
frekvencie aktivneho filtra. Na odfiltrovanie nosnej zlozZky mozu
byt pouzité rozne typy filtranych obvodov, napr. sériovy rezo-
nancny obvod naladeny na zakladnu frekvenciu siete pripojeny do
série s menicom, sériovy rezonancny obvod naladeny na nosny kmi-
toCet pripojeny paralelne k menicu, dalej filtracny ¢lanok typu I’
alebo T, resp. filtrany ¢lanok zlozitejSej typologie.

Pre praktické vyuzitie sa javi ako najvyhodnejsi filtraCny
¢lanok typu I'. Vseobecna schéma zapojenia filtraného ¢lanku je
na obr. 8.

Filter typu I predstavuje neselektivnu zadrz pre nosny kmito-
Cet a CiastoCny skrat pre nosny kmitocet a jeho vyssie harmonické
nasobky. Vo vécSine pripadov navrhu sa kmito¢tova doména roz-
deluje na dve hodnoty, pracovny kmitocet menica (50 resp. 60 Hz)
a kmitocet nosny. Tento je pri vykonovych aktivnych filtroch obme-
dzeny predovsetkym spinacim stratovym vykon na polovodi¢ovych
suciastkach a v praktickych aplikaciach zriedka presahuje 5 - 10
kHz (plati nepriama umernost medzi vykonom menica a jeho spi-
nacou frekvenciou). Z hladiska vystupného filtracného ¢lanku je
potom vyhodnejSia vySSia spinacia frekvencia, pretoZe sa v takomto
pripade da dosiahnut lepsi stupen filtracie vystupného prudu, pri
sucasnom mensom rozmere prvkov filtracného Clena, predovset-
kym cievok. Ubytok napitia s nosnou spinacou frekvenciou (95 -
98 %) zadrziava tlmivka L,, priCom pracovny prud sposobuje iba
maly ubytok napdtia do 10 %. Kondenzatorom C, tecie hlavne
prud s nosnym kmitotom obmedzeny timivkou L,, takZe vystupné
napdtie tohoto kmito¢tu moéze byt obmedzené na hodnotu len
niekol'ko percent napatia vstupného. Vykon takéhoto filtracného

Obr. 8. Filtracny ¢ldanok typu I'
Fig. 8. Filter circuit of type of I'

4 besides the basic RF component.
Its frequency is proportional to the
switching frequency of PAF. This
RF component can also cause pro-

blems of function,economic, and legislative character. Therefore,

for applications such as power active filters, it is useful to apply fil-
tering of an output signal, which restricts penetration of switching
frequency into network. A different type of passive filter circuits
can be used for separating the carrier component such as a serial
resonant circuit tuned in to a fundamental frequency, parallel
resonant circuit tuned in to a switching frequency, filter circuit of
type I or 7, and many other topologies. For practice application
it seems that the filter circuit of type of I' is most suitable. The
general scheme of the connection of filter circuit is shown in
Fig. 8.

I'type of the filter circuit presents a non-selective trap for
carrier frequency and a partial short circuit for the carrier frequ-
ency, and its higher harmonic multiplies. In most of the applicati-
ons the frequency domain is divided into two values, working
frequency of converter (50 or 60 Hz) and carrier frequency.
Regarding the active power filters, this frequency is at first limited
by switching power losses on semiconductor elements, and in
practical applications rarely exceeds 15 - 20 kHz (inverse ratio
between converter power and switching frequency). In terms of
the output filter circuit, the higher switching frequency is prefe-
rable, because in this case it is the higher filtering level of output
current possible besides smaller dimensions of elements and coils.
A voltage drop of carrier frequency (95 - 98 %) is restricted by
coil L,, while the working current causes only a small voltage
drop of up to 10 %. Through capacitor C, the current flows of car-
rying frequency limited by inductor L,, so the output voltage of
this frequency can be limited to several percent points of input
voltage. The power of such a filter circuit might only be 5 - 10 %
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¢lanku moze byt iba 5 - 10 %, celkového vykonu aktivneho filtra,
pricom straty dosahuju 1 - 5 % vykonu menica. Priebeh vystupného
prudu aktivneho filtra pred a po filtracii je na obr. 9.

Prid na vystupe filtratného clena
AR
_ KHs)
Prid na vystupe filtratného clena
-2 -
] 2ms =mg fimis Bimis

10me
Tirmez
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of the general active filter power, while the losses are 1 - 5 % of
converter power. Waveform of PAF-output current before and
after filtering is shown in Fig. 9.

{3me ELS ims

Obr. 9. Priebeh vystupného priidu aktivneho filtra pred a po filtrdcii
Fig. 9. Waveform of PAF-output current before- and after filtering

4. Perspektivy zvySovania efektivnosti prenosu
elektrickej energie

Proces reStrukturalizacie priemyslu, zmena vlastnickych
vztahov a prechod na trhovi ekonomiku prinasa so sebou aj novy
pohlad na otazky dostatocnosti a kvality elektrickej energie. Otazka
dostatku elektrickej energie je Coraz tazSie rieSitelna cestou exten-
zivneho budovania novych prenosovych vedeni a vyrobni elektrickej
energie. Poziadavky vlastnikov pozemkov, ochranarskych organi-
zacii a v neposlednej miere aj verejna mienka nuti prevadzkovatelov
prenosovych systémov minimalizovat vystavbu novych prenosovych
vedeni a efektivnejsie vyuzivat existujliice prenosové cesty pre prenos
dostatocného mnozstva elektrickej energie k spotrebitelovi.

Aj tieto dovody viedli EPRI - Electric Power Research Institute
v USA k tomu, aby sponzoroval vyskumny program orientovany
na pruzné prenosove systémy FACTS (vyskum a vyvoj technického
rieSenia a programového zabezpecenia), [11], [24].

Softvérovy vyskumny program obsahuje vyvoj matematickych
a analytickych modelov riadiacich jednotiek zariadeni FACTS.
Modely su obsahom suboru simulaénych programov EPRI. Tento
balik je vyuZivany na simulaciu moznych aplikacii zariadeni FACTS
v prenosovych systémoch. Vysledky tychto simulacii ukazuju na
mozné zvysenie prenosovych schopnosti vedeni v zavislosti od
konfiguracii, alebo prenosovych obmedzeni. Niektoré vysledky

4. Perspectives in Electric Energy Transmission
Effectiveness Increasing

The process of industry restructures, changes in property
ownership and transition to a direct market economic system inspi-
res new points of view on electric energy sufficiency and quality
questions. The question of sufficiency of electric energy is solved
with more difficulties because the extensive construct of new trans-
mission lines and power plants. Land owner requirements, pro-
tection organizations and last, but not least, public opinion force
operators of transmission lines to minimum building of new trans-
mission lines and to use existing corridors for a sufficient value
of electric energy transmission.

Those reasons have also led the EPRI - Electric Power Re-
search Institute to a sponsorship of research oriented on the flexible
transmission systems FACTS (research and evaluation of software
and hardware), [11], [24].

The software research program contains mathematical and
analytic models evaluation for FACTS devices control units. EPRI
simulation programs contain those models. This package is used
for simulation of possible FACTS devices applications. The simu-
lation results suggest the probable line transmission abilities in-
creasing in dependence on configuration or transmission limits.
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vyskumného programu boli pouZité na zvySenie prenosovych

schopnosti troch prenosovych systémov v USA:

« zvySenie vykonu prenosového vedenia na juhozapade USA
z 300 MW na 400 MW,

» zvySenie vykonu vedeni medzi juhom USA a Floridou z 3400
MW na 4100 MW,

« zvySenie vykonu vedeni do New York City z 2600 MW na 3200
MW.

Technické rieSenia vyskumného programu sa tykaju vyvoja
riadiacich jednotiek pre FACTS, ktoré¢ umoznuju dynamicke riade-
nie prenosovych parametrov vedeni: impedancie vedenia, napatia
pripojnic a fazového uhla. Vysledky tohto programu su:

« tyristorovo riadeny sériovy kondenzator (7CSC) riadi impedan-

ciu vedenia 208 MVAR v elektrickej stanici Slatt,

staticky kompenzator STATCOM pre riadenie napitia v elek-

trickej stanici Sullivan s vykonom = 100 MVAR,

« vykonovy regulator typu UPFC pre riadenie komplexnych para-
metrov prenosu (napitia, impedancie, fazového uhla a toku
vykonov) v elektrickej stanici /nez s vykonom * 160 MVA para-
lelne a = 160 MVA sériovo, podla zapojenia menicov,

« pruzny viacfunkény kompenzator (CSC - Convertible Static Com-
pensator) = 200 MVA v elektrickej stanici Marcy.

Pre ilustraciu uvadzame niektoré technické podrobnosti elek-
trickej stanice Sullivan, nachadzajucej sa v severovychodne;j Casti
statu Tennessee. Je napajana z rozsiahlej elektrickej siete 500 kV
a cez Styri 161 kV vedenia, ktoré st pripojené cez 1,2 MVA trans-
formator. Zo stanice su napajani siedmi distributori elektrickej
energie a jeden velky priemyselny odberatel (obr. 10). Zariadenie
FACTS - staticky synchronny kompenzator STATCOM - inStalo-
vané v tejto elektrickej stanici, pracuje s vykonom *= 100 MVAR.
Kompenzator ma nasledovné hlavné casti: 48-impulzovy dvoju-
roviovy napatovy meni¢, kombinovany s ésmimi trojfazovymi
meni¢mi v mostovom 6-impulzovom zapojeni (kazdy s nominal-
nym vykonom 12,5 MVA), jednoduchy zniZovaci transformator so
sekundarnym vinutim hviezda/trojuholnik na pripojenie menicov
k 161 kV vedeniu, uzavrety kvapalinovy chladiaci systém a cent-
ralny riadiaci systém. Celé zaria-
denie je umiestnené v hale s roz-
mermi 27,4 X 15,2 m.

Zmenou velkosti dodava- +- 100 MVAR
ného, resp. odoberaného reak- |
STATCOM

tivneho vykonu moze kompen-
zator STATCOM regulovat na-
pétie na pripojniciach 161 kV.
Po uvedeni zariadenia do pre-
vadzky sa zredukovalo prepina-
nie odbociek transformatora
z 250 prepnuti za mesiac na 2
az 5 za mesiac. Okrem toho za-
riadenie modze pripinat kapacit-
nu batériu, s celkovym reaktiv-
nym vykonom 84 MVAR. Toto
sa vyuziva hlavne v zimnom ob-
dobi.

Bluft City
Boore Hydro

Johnson Cily

Obr. 10. Schéma zapojenia elektrickej stanice Sullivan
Fig. 10. Scheme of connection of electric station Sullivan

Some of the results have been used to increase transmission abili-

ties of three transmission systems in the United States:

« transmission line power increasing in southwestern United States
from 300 MW to 400 MW,

« transmission lines power increasing between southern United
States and Florida from 3400 MW to 4100 MW,

« transmission lines power increasing to New York City from
2600 MW to 3200 MW.

The hardware program evaluates control units for FACTS,
which allows dynamic control of transmission line parameters:
line impedance, buses voltage and phase angle.

The results are as follows:

« Thyristor controlled serial compensator (7CSC), which con-
trols the 208 MVAr line impedance at electric station Slatt,

« STATCOM compensator for voltage control at electric station
Sullivan with = 100 MVAr,

« UPFC type power regulator for complex parameters control
(voltage, impedance, phase angle and of power flow) at electric
station Inez with + 160 MVAr parallel and 160 MVAr serial, by
the connection of the converters,

« flexible multifunctional compensator (CSC - Convertible Static
Compensator) = 200 MVA at electric station Marcy.

For illustrations we can refer to some of the technical details
at the electric station Sullivan of the TVA Company, which is in
the northeast territory of the state of Tennessee. It is supplied from
a wide power network 500 kV through four 161 kV lines, which are
connected through a 1.2 MVA transformer. From the station
seven distributors and a large industrial demand are connected
(Fig. 10).

FACTS device installed in this electric station (* 100 MVAr)
consists of the following main parts: 48-pulse two-level voltage
converter combined with eight six-pulse three-phase bridge-circuit
converters (12,5 MVA each), simply reducing transformer with
Y/delta secondary winding to connect to 161 kV line, closed-

circuit cooling system and central control system. The whole
Nagel

device is situated in
27,4 X 15,2 m size hall.

Static synchronous
compensator STATCOM
adjusts the voltage on
161 kV buses by chang-
ing the generated reac-
tive power. After activat-
ing the device the acti-
vity of the transformer
switch was reduced to
2 - 5 times in the month
out of 250 before.
Besides, this device can
switch 84 MVAr capa-
citor batteries to the
network, making use in
winter months.

Phipps Bend

Elzabel Norih Bristol
Johnson Cily
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Ako je z uvedeného prehladu vidiet, prenosy elektrickej energie
sa budu zrejme v buducnosti uberat cestou nasadenia progresiv-
nych technologii FACTS, ktoré dokazu podstatne zvysit prenosové
schopnosti jestvujucich prenosovych vedeni bez potreby investo-
vania do vystavby novych. V sucasnosti sa stava nasadenie tychto
zariadeni uz iba otazkou ekonomickou a financnou, technické
prednosti boli uz dostato¢ne preukazané.

KOMNIKOCIe

C O MMUNICATION:S

As it is possible to see, electric energy transmission will pro-
bably follow the direction of FACTS progressive technologies in
the future, which are able to increase the essential transmission
capacity of existing transmission lines without any need to invest
in constructing new ones. Thus, the onset of the mentioned devices
remains a financial and economic dilemma since the technical
benefits have already been sufficiently arguable.
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