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Predmluva

Tato habilita¢ni prace shrnuje autorovy zkusenosti a poznatky, které ziskal béhem své praxe od ukonceni disertacni
prace na téma Stabilita synchronniho stroje v r. 1985, pfes ptisobeni ve Vyzkumném ustavu energetickém az po soucasnou pozici
vedouciho oddéleni Analyz ptenosové soustavy v CEPS, a.s. V praci je ziiroéena i¢ast v mezinarodnich pracovnich skupinach
CENTREL, CIGRE a ENTSO-E, a v nékolika mezindrodnich vyzkumné-vyvojovych projektech. Rada poznatkd byla
publikovéana na konferencich a v ¢asopisech a rovnéz implementovana v fadé vypocetnich programt pouzivanych pro piipravu
i fizeni provozu. Prace tyto poznatky v ucelené forme¢ koncentruje s diirazem na piehlednost a srozumitelnost vykladu.

Autor timto de€kuje vSem, ktefi pfispéli svymi pfipominkami a podnéty ke zkvalitnéni textu prace a své rodiné za
trpélivost, kterou méla s autorem pfi psani nejen této prace, ale i béhem desitek let tviir¢iho procesu.

Tiskova konvence

V popisu jsou dodrzovana nasledujici pravidla pro popis symbold, veli€in a parametrti:

Y tu¢né pismo pro popis matic a sloupcovych vektort a kli¢ovych slov
X podtrzené pismo pro komplexni Cisla
arg{X} argument komplexniho c¢isla
P kurziva pro pomérné hodnoty
p proménna v Laplaceové transformaci
] imaginarni jednotka komplexnich Cisel
A%, oznadeni pirtstku, derivace podle ¢asu a komplexné sdruzené &islo
V dal§im seznamu je vyznam né¢kterych indexti:
" oznaceni razové a prechodné hodnoty
dq index pro slozky d q Parkovy transformace
fz fazova a zadana hodnota
G, B, T oznaceni veli¢in generatoru, budice a turbiny nebo transformatoru
n0k hodnota jmenovitd, naprazdno a nakratko.
Pro kresleni blokovych schémat jsou pouzivany tyto symboly:
[ ] Makroblok bez podrobné specifikace
—" max Pienos s omezenim
X — —} Y - v bloku je zadana prenosova funkce y/x=f(p)
— nebo nakreslena pfechodova charakteristika
Y fmin jako odezva na vstupni jednotkovy skok

X > Nelinearita nebo funkcni zavislost
Y - popis je ve formé grafu nebo analyticky y=f(x)

@ @ @ Scitaci, nasobici a délici ¢len

CE

CENTRELbyla skupina stiedoevropskych provozovatelti pfenosovych soustav (CR, Mad’arsko, Polsko a Slovensko)

DLL
DMES
DTS
ENTSO
ES

FvE
HVDC
OZE
Paf

PI

PST
SVC
UaQ
UCPTE
UCTE
UPFC

S s
Y i Vstup vazebni veli¢iny

X1 y Prepinac

T

Y=X1proT>0a Y=X2 proT<0

Seznam zkratek:

kontinentalni Evropa

dynamicky linkovana knihovna

vypocetni jadro dynamického modelu ES, pouzivané v sitovém simulatoru MODES a v DTS
dispecersky tréninkovy simulator pouzivany provozovatelem ceské pfenosové soustavy
-E reprezentuje 43 provozovateli prenosovych soustav z celé Evropy, vzniklo za ucelem plnéni zaméri Evropské unie

elektrizac¢ni soustava

fotovoltaické elektrarny

High Voltage Direct Current — pienos stejnosmérnym proudem
obnovitelné zdroje energie

¢inny vykon a frekvence sité

proporcionalné integracni (regulator)

Phase Shifting Transformer

Static VAR Compensator

napéti sité a jalovy vykon

sdruzeni pro koordinaci vyroby a ptenosu elektrické energie (zaniklo v r. 1999 zménou na UCTE)
sdruzeni provozovatelti pfenosovych siti kontinentalni Evropy (zaniklo v r. 2009 integraci do ENTSO-E)

Unified Power Flow Controller



Publikace

Soucasti habilitace je Sest pripojenych pfispévkll na mezinarodnich konferencich a tfi ¢lanky v impaktovanych
Casopisech, které dokumentuji vyvoj dynamického modelu ES:

L. I. Petruzela, Z. Piroutek, K. Maslo: Nuclear power plant in an island operation, 32" Universities Power Engineering
Conference UPEC, pp. 613-616, Manchester1997, ISBN 978-0952316558
II. K. Maslo, J. Andel: Dynamic simulation of the nuclear power plant auxiliaries, 4™ Int. Conf. on Advances in Power

System Control, Operation and Management APSCOM, pp. 707-706, HongKong 1997, ISBN 05379989
I11. K. Maslo, J. Andel: Gas Turbine model using in design of heat and power stations, IEEE PowerTech, pp. 89-94, Porto
2001, ISBN 978-078037139-2

Iv. K. Méslo: Distance protection model for network simulators, 14" IEEE Mediterranean Electrotechnical Conference
MELECON, pp. 694-699, Ajaccio 2008, ISBN 978-1-4244-1633-2
V. K. Maslo, M. Kolcun: Load-frequency control management in island operation, Electric Power Systems Research,
114, pp. 10-20, (2014), ISSN 0378-7796
VL K. Maslo, R. Pestana, K. Strunz, S. Moroni, P. Centeno: Innovative grid and generation technologies for future

European power system, 12 Int. Conf. on the European Energy Market, Lisabon 2015, ISBN 978-1-4673-6692-2
VII. K. Maslo: Impact of Photovoltaics on Frequency Stability of Power System during Solar Eclipse, IEEE Transactions
on Power Systems, 31 (5), pp. 3648-3655 (2016), ISSN 0885-8950
VIII. K. Maslo, A. Kasembe, S. Moroni, R. Pestana: Frequency stability modelling of the future continental Europe power
system, 52" International Universities’ Power Engineering Conference UPEC, Heraklion 2017
IX. K. Maslo, A. Kasembe: Mitigation measures for photovoltaics retrofit, pfijato k publikaci v IEEE Transactions on
Sustainable Energy (2017), ISSN 19493029

Prispévek I ukazuje moznost propojeni dynamického modelu ES (vypocetniho jadra programu MODES) s podrobnym
modelem jaderné elektrarny Dukovany (pouzitym pro vycvikovy simulator DYJE). Je zde popsan koncepcné model ES, ktery
obsahuje nejen zékladni komponenty sité a elektrarenského bloku, ale i systémové regulace (P a f, U a Q), frekvenc¢ni odlehcovani
zatéze a unikatni koncept automatiky, kterd umoznuje simulovat napt. relé a ochrany.

Prispévek II prezentuje vyuziti pokrocilého programu MODES pro vypocet prechodnych d&u v napdjeni vlastni
spotfeby jaderné elektrarny a pro navrh ochran. Je zde vyjmenovano vyuziti sitovych simulatorti pro vyuku, vycvik obsluhy
elektraren a dispecer, navrh a testovani zafizeni, analyzu provozu a rozvoje soustavy a odhad bezpecnosti provozu. Je zminéna
forma DLL, kterou lze vyuzit pro samostatné aplikace s vlastnim uzivatelskym rozhranim, pro vyuku neuronové sité, pro
testovani sekundarni regulace U a Q, pro odhad bezpeénosti provozu soustavy a jako vypoctové jadro pro simulator elektrarny.

Prispévek III vymezuje délku vypoctu (sekundy az hodina) a velikost vypocetniho kroku (10-100 ms)
pro elektromechanické prechodné déje. Jsou zde prezentovany i podrobné modely primarnich pohonti (parni, vodni, plynové
turbiny a spalovaciho motoru) véetné porovnani simulovanych a métenych pechodnych déj pti odlehéeni do stavu naprazdno
nebo naopak skokovém zatizeni v izolovaném provozu. Takova verifikace dynamickych modelt je alfou a omegou jejich tvorby
a pouziti. Popsany unikatni algoritmus vypoctu soustavy algebraicko-diferencialnich rovnic prodluzuje integracni krok simulace
elektromechanickych pirechodnych déji az k 50 ms.

Prispévek IV ukazuje roli distan¢nich ochran v analyze dynamické stability a popisuje jejich modely, které verifikuje
porovnanim simulovanych a méfenych pribéhi béhem realné poruchy v soustavé. Je demonstrovano vyuziti dynamického
modelu pii analyzach typu ,,Co by se stalo, kdyby distan¢ni ochrany nezafungovaly spravné?“.

Clanek V vysvétluje fundamentalni principy tzv. regulace ostrovniho provozu, ktery byl implementovan na parnich
a vodnich turbindch pted pfipojenim soustavy CENTREL k UCPTE. Takové feseni je v Evropé ojedin€lé a piipadova studie
rozpadu propojeni UCTE vr. 2006 ukazuje, ze takova regulace by mohla zabranit poklesu frekvence v zapadnim ostrové
a pusobeni frekvencniho odlehcovani zatéze.

Prispévek VI seznamuje s vyzkumnym projektem e-Highway 2050. Sitovy simulator MODES byl v tomto projektu
pouzivan jako nastroj pro analyzu frekvenéni stability. Jsou prezentovany jednoduché testovaci modely pro demonstrovani
dynamického chovani budouciho synchronniho propojeni kontinentalni Evropy siti s novymi prvky jako UPFC, HVDC, OZE
a akumulaci energie.

Clanek VII prezentuje dlouhodobou dynamiku synchronniho propojeni CE v souvislosti s ¢asteénym zatménim Slunce
z20. 3. 2015. Na Sestiuzlovém modelu byla analyzovana frekvenéni stabilita béhem dopoledne od 7 do 12 hodin. Model
umoziioval simulaci proménlivosti vyroby ve fotovoltaickych elektrarnach v Némecku, Italii, CR, zapadni a vychodni ¢asti
propojeni béhem zatméni, zménu zatizeni podle denniho diagramu a ¢innost primarni, sekundarni a terciarni regulace P a f.
Porovnani simulovanych a métenych probéht frekvence potvrdilo vérohodnost modelu.

Prispévek VIII na univerzitni konferenci obsahuje podrobny popis jednouzlového modelu synchronniho propojeni CE,
ktery umoziiuje vypocty frekvencni stability veetné zapojeni OZE a HVDC do regulace frekvence podle pozadavkt evropskych
sitovych kodexd.

Clanek IX se zabyva frekvenéni stabilitou synchronniho propojeni CE v souvislosti s fe§enim tzv. problému 50.2 Hz
(rizikem vypnuti velkého mnozstvi FVE frekven¢nimi ochranami pfi nahodném zvyseni frekvence sité¢ nad hodnotu 50.2 Hz).
Clanek analyzuje vliv rtiznych piedpokladti (setrvacnost a zatizeni soustavy) na vysledky vypoéti stifednédobé dynamiky.
Rovnéz je prezentovano docasné napravné opateni ve forme uvolnéni dodate¢né regulacni rezervy pfi piekroceni frekvence
50.2 Hz na konvenénich elektrarnach v CR, nez bude uskute¢nén retrofit FVE (zména nastaveni frekvenénich ochran na hodnoty
47.5 a51.5 Hz v souladu s evropskym kodexem [2] ).
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1. Uvod

Soucasna doba je charakterizovana rychlym technickym rozvojem, institucionalnimi a strukturalnimi zménami. To se
odrazi i v odvétvi elektroenergetiky. Nariista komplexnost problém, které je tfeba fesit pti provozu elektrizacni soustavy, at’ jiz
ve stadiu planovani, fizeni v redlném ¢ase nebo pii nasledném vyhodnocovani. Komplexnost problémi vyplyva z t€chto tendenci:

= (asti elektrizaénich soustav jsou propojovéany do vétsich celkd!

= oddéleni segmentt odvétvi elektroenergetiky — vyroby, ptenosu, distribuce a dodavky elektiiny (tzv. unbundling)

= roste vyuzivani novych technologii, coz vede k diversifikaci zdroji (paroplynové cykly, vétrné elektrarny nebo FVE)

* v siti se objevuji moderni silnoproudé elektronické prvky?

» rostouci elektrifikace zvySuje pozadavky na spolehlivost a bezpeénost provozu®

» roste vyuziti stavajicich prvki, nebot’ vystavba novych je obtizna* a investiéné naro¢na

* vnitini trh s elektiinou vede k pfenostim vykont na velké vzdéalenosti a k proménlivosti toki vykon®®

* moderni informatika umoziuje zdokonalit metody Fizeni®, ¢imz vznikaji nové a slozité fidici vazby

= moderni elektronické spotfebice zvysSuji naroky na kvalitu elektrické energie (stalost U a f, obsah vysSich harmonickych).

Elektrizacni soustava (ES) je vzajemné propojeny soubor zafizeni pro vyrobu, pienos, transformaci a distribuci
elektiiny, véetné méficich, ochrannych, fidicich, informac¢nich a telekomunikaénich systémi. Elektrizaéni soustava tvoii tedy
slozity fyzikalni celek, v kterém probihaji neustale pfechodné déje zajistujici rovnovahu mezi vyrobou a spotiebou. Tyto
prechodné déje maji Siroké spektrum od velmi rychlych razovych (vlnovych) a elektromagnetickych déju, ptes rychlé déje
elektromechanické az po pomalé déje termodynamické. Tyto fyzikalni déje jsou pak doplnény regulacnimi déji, které mohou
mit opét charakter rychly (napf. primarni regulace) nebo pomaly (napi. sekundarni regulace).

Slozitost ES vede k potfebé vyuzivat moderni vypocetni prostfedky - vykonné pocitatové programy zprostiedkujici
poznani chovani slozitého systému, jakym elektrizacni soustava je. Takové programy nachazeji uplatnéni pii projektovani
zafizeni, planovani rozvoje, pfipravé provozu, vycviku provozniho personalu (dispecerit), vyuce studenti a dokonce i pfi
vyhodnocovani bezpecnosti provozu v realném ¢ase. Znalost dynamického chovani ES v ¢ase umozni jeji lepsi vyuZiti a zvySeni
bezpecnosti provozu. Z praktickych duvodt se provadi rozdéleni dynamiky ES a obvykle se fesi zvlast’ rychlé déje
razové/elektromagnetické a pomalejsi déje elektromechanické.

Ve své praci se zaméfuji na tyto pomalejsi déje elektromechanické, pro jejichz feseni byl vytvoren obecny dynamicky
model ES (DMES), ktery tvoii vypocetni jadro pro jednotlivé aplikace jako je sitovy simulator MODES, dispecersky tréninkovy
simuldtor DTS nebo v budoucnosti vyuzivany dynamicky odhad stavu soustavy pouzivany pro fizeni v redlném case. Slovo
dynamicky znamena, ze vysledkem simulacnich vypoctl je Casovy prub¢h fyzikalnich veli€in.

Pripravované Natizeni komise EU o pravidlech provozu pfenosové soustavy [1] obsahuje ustanoveni o provadéni
vypocti dynamické stability off-line a v pfipadé potieby ve vsech fazich ptipravy provozu (tedy i on-line). Rovnéz Nafizeni
obsahuje ¢lanek s pozadavkem tréninku dispecerti v prostiedi, které simuluje dispecerské pracovisté a sitovy model, jehoz
podrobnost odpovida ukolim vycviku (jinymi slovy se jedna o dispecersky tréninkovy simulator).

Podle platného Evropského sitového kodexu pro pozadavky na pfipojeni vyroben k ES [2] se maji schopnosti vyrobnich
moduli od vykonu 1 MW vyse s ohledem na frekvencni stabilitu a umélou setrvacnost prokazovat i simulaci na dynamickém
modelu. Znalost dynamickych modelti je tedy dilezita a verifikované modely budou hrat svou roli i v budoucnosti.

1.1. Cil a ¢lenéni prace

Cilem prace je nastinit vyvoj vypocetniho jadra dynamického modelu ES. Pocatek vyvoje sahd do poloviny
osmdesatych let 20. stoleti, kdy vznikl program MODES pro potiebu vyuky studentii na Katedie elektroenergetiky CVUT FEL.
V dalsich desetiletich se program dale rozvijel zdokonalovanim jednotlivych komponent pro potfeby praxe. V prvni dekadé
21. stoleti zapocal vyvoj dynamicky linkované knihovny DMES pro pouziti v dispecerském sitovém simulatoru DTS. Tim vSak
vyvoj nekondi a pfipravuje se vyuZiti vypoctového jadra pro dynamicky odhad stavu soustavy.

Prace je rozdélena do osmi kapitol v¢etné Givodni prvni kapitoly. V druhé kapitole je popsana zakladni kostra modelu
ES a algoritmy pro jeho feSeni. V tieti kapitole jsou ukazany principy tvorby dynamickych model budicich a pohonnych
systémtl pro synchronni generatory. Ctvrta kapitola popisuje zaklady systémovych regulaci P a f, U a Q, nadstavbové modely
ochran, externich stabilizatorti a regulatori, automatik a logik. Pata kapitola seznamuje s koncepci modelovani nesynchronné
pfipojenych zdrojii. Sesta kapitola se vénuje integraci vypoétového jadra do dispecerského tréninkového simulatoru a naznaéuje
budouci vyvoj dynamického modelu ES smérem k on-line vypoctim dynamické stability. Sedma kapitola se zabyva verifikaci
dynamickych modelil. Zavére¢na osma kapitola ukazuje vyuziti dynamického modelu pro vyuku a vyzkum.

! 18. fijna 1995 byl propojen systém CENTREL zemi stfedni Evropy se systtmem UCPTE zemi zapadni Evropy, v fijnu 2004
byly znovu propojeny dvé oddélené synchronni zony UCPTE, v zaii 2010 pfipojeno Turecko ve zkuSebnim provozu.

napf. usmériovace a stiidace pro HVDC, zafizeni pro kompenzaci a fizeni tokd vykont (SVC a UPFC), stiidace pro FVE

nutnost zabranit Sifeni poruch v siti a zajistit schopnosti provozu zdroju v ostrovnich rezimech a obnové napajeni

vzhledem ke slozitosti vyfizovani majetkovych pomérd, tlaku vetejného minéni a ekologickych iniciativ

zatimco dfive byly vymény vykonti mezi regulacnimi oblastmi stalé (zalozené na dlouhodobych smlouvach), dnes dochazi
v ramci denniho Evropského trhu s elektfinou k velkym hodinovym zménam obchodnich vymén

¢ komunika¢ni a poéitacova technika zdokonaluje fizeni jednotlivych prvki i systému jako celku

2
3
4
5



1.2. Elektromechanické pfechodné déje a dynamika ES

Model ES, kterym se prace zabyva, je elektromechanicky a proto jej hned v ivodu popiSeme podrobnéji.

Dlouhodobd stabilita .

Stirednédoba stabilita .

Kratkodoba stabilita l

| Frekvenéniodlehdovani

1 I Zasahy obsluhy a dispecert l

Asynchronni motory l

ISekundérnl’reguIace Paf,UaQ " Tercidlni regulace P a Q l

I Primarni regulace frekvence l

I Najizdéni rezervy l

Buzeni a generdtor l

I Omezovac stat. a rotor.proudu l

I Zmeéna odbocek trafa I

Setrvacnost soustroji l

Dynamika kotle l

lhod
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I
1

I
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1min
T
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Obr. 1.2-1 Casovy rozsah elektromechanickych p¥echodnych d&ji v ES (publikované v [47] )

Podle Obr. 1.2-1 se elektromechanické prechodné déje dale ¢leni na kratkodobou, stfednédobou a dlouhodobou
dynamiku. Toto ¢lenéni je uzitecné z toho divodu, Ze rizné typy dynamickych vypocti vyzaduji i rizné typy modeld zafizeni.

Pfi kratkodobé dynamice (do nékolika sekund) vySetiujeme vliv poruch typu zkrath na stabilitu synchronnich
a asynchronnich stroji. Pfi téchto vypoctech vystacime s modelem pasivni sité, modely to€ivych stroju a jejich budicich systémii.
Za ptedpokladu, ze zkraty trvaji n€kolik desetin sekundy, 1ze uvazovat zjednoduSené konstantni vykon turbiny, takze turbina
modelovana byt nemusi. Vyjimku tvofi tzv. rychlé fizeni ventild, které umoziuje rychlé snizeni vykonu turbiny a model turbiny
je nutné vzit v ivahu. StFednédoba dynamika (do nékolika desitek sekund) souvisi s ¢innosti primarni regulace frekvence
a regulace otacek po vzniku deficitu ¢inného vykonu po vypadcich blokl nebo prechodem ¢asti ES do ostrovniho rezimu (hrozba
frekvenéniho kolapsu). Oproti kratkodobé dynamice je nutno model rozsifit o primarni pohony a jejich regulaci. Pti poklesech
frekvence pod 49 Hz je nutno vzit v uvahu i ¢innost frekvenéniho odlehcovani zatéze. Dlouhodoba dynamika (od nékolika
minut az po hodiny) souvisi jednak s ¢innosti sekundarni regulace P a f (LFC) pfi udrZzovani vykonové rovnovahy a jednak
s ¢innosti sekundarni regulace U a Q (automatické regulace napéti - ARN), zménou odbocek transformatori a omezovact proudi
regulator buzeni generatorti po vzniku deficitu jalového vykonu (hrozba napétového kolapsu). Model parni turbiny je také
vhodné doplnit modelem zdroje pary (parniho kotle u klasickych nebo reaktoru a parogeneratoru pro jaderné elektrarny). U vodni
turbiny Ize zohlednit i zménu vysky hladiny. Pokud vypocet dynamiky prodlouzime na nékolik hodin, je nutné vzit v avahu
i zmény zatizeni v rdmci denniho diagramu, proménnou vyrobu OZE, zménu skladby a nasazeni.

Obr. 1.2-2. ukazuje strukturu modelu ES s vymezenim zakladnich vazeb. Zaklad modelu tvofi sit’ a elektrarensky blok.

Oblast .. ~— o
li:C_F S— P Sit

’ frekvenéni Do

odlehcovani| \ :

N . Lo

Ps Qs zatizeni b ..; - |

- R
Blok > ¥ 4’._

\ HRT

...................... — -
[ Automatika ] [ Regulator -
¥

Obr. 1.2-2 Koncep¢ni model ES se zobrazenim jednotlivych ¢asti a vazeb mezi nimi

(stabilizator ) ((Logika

Model obsahuje i n€které abstraktni objekty jako stabilizator, logika, automatika a regulator, které umoznuji uzivatelsky
definovat fidici a ochranné prvky a doplikové regulace. Nasledujici kapitola popisuje modely sit€¢ a synchronniho stroje a
vzajemné vazby tvorfici kostru modelu ES, ke které se pak ptidavaji dalsi ¢asti, potiebné pro vérohodnou simulaci dynamiky ES.

2. Zakladni model ES

V kapitole je popsdna admitancni matice sité a uveden model synchronniho generatoru vhodny pro feSeni
elektromechanickych prechodnych déji. Pii modelovani elektromechanickych dé&i jsou pfijata urcitd zjednoduSeni.
Predevsim se zanedbavaji transformacni napéti (jak ve statorovych rovnicich tolivych stroji, tak i u vedeni a vinuti
transformatort), takze elektrické veli¢iny se mohou ménit skokem. ZjednoduSenim je ndhrada fazovych hodnot fazorem
1. harmonické (zanedbani vyssSich harmonickych). Tato zjednoduseni podstatné urychluji vypocty, aniz by se podstatné zmensila
jejich pfesnost.



2.1. Model sité

Za ptedpokladu, Ze sit, zdroje i zatizeni jsou symetrické, je mozno sit’ v sousledné slozkové soustavé popsat
algebraickymi rovnicemi v komplexnim maticovém tvaru:

V3 I=Y+U (2.1-1)
I a U jsou sloupcové matice fazoru vstrikovanych fazovych proudi a uzlovych sdruzenych napéti. Y je sitova
admitanc¢ni matice.

Mimo-diagonalni prvky admitan¢ni matice Y jsou tvofeny zdporné vzatou podélnou admitanci mezi piislusnymi uzly.
Diagonalni prvky jsou souctem vSech admitanci vétvi do uzlu pfipojenych ptipadné i admitanci modelujicich zatez.

Vétvi rozumime vedeni, spinac nebo trafo. Obr. 2.1-1 ukazuje obecny model vétve pomoci nt ¢lanku:

Pocateéni Koncovy Yroo/pT YPOD/DT

uzel Yron uzel
pr:1 [E ﬁ] Yroo/pr(1-€/%) Lo m
pon/pr( /pr(1-€
Yerice Yrrick W Uion Yeoo/pr( )u
Upoo Uson Yerice( 1/pT -1/pr) Yerick(1-1/pr) Yerice( 1/PT -1ipr) Yerick(1-1/p7)
a) puvodni schéma b) nahradni schéma v pomérnych hodnotach ¢) nahradni schéma pro PST

Obr. 2.1-1 Nahradni schéma modelu vétve

Kazda vétev je definovana pocatecnim a koncovym uzlem. V piipad¢ vedeni nebo spinace je potadi uzlt (pocatecni
a koncovy) libovolné, v ptipade¢ transformatoru se voli uzel pfislusny strané s prepinatelnymi odbockami jako pocatecni. Tim je
zaruceno, ze pii prepinani odbocek neni nutno pfepocitavat admitanci Ypop (za predpokladu, Ze nahradni reaktance trafa je
umérna kvadratu pocétu zaviti — podrobné odvozeni je uvedeno v [3]).

Pro vypocet admitanci u vedeni se pouziji hodnoty odporu R, reaktance X a kapacitni vodivosti B pro souslednou
slozkovou soustavu. Pfevod idealniho transformatoru se zada rovny 1. Pro parametry pak plati:

Yrop = 1/(R+X) Yerrice = Yprick = jB/2 (2.1-2)

U transformatord se hodnoty odporu, reaktance X a jmenovité impedance Zr, vypocitaji ze stitkovych podle vztahi:

R = Px/St*Z1m X:\/ (it *Peon Zr, ) -R? Z1a=Urakon*/Stn (2.1-3)

Yerice = jio Sto/Utapoc?/2 Yerick = jio Stn /Utnkon?/2

Px, ux, io ztraty nakratko, pomérné napéti nakratko a pomérny proud naprazdno
PKON podil aktualniho a jmenovitého poctu zavitd na strané koncového uzlu
Stn, Umnkon, Utnpoc  jmenovity vykon a jmenovita napéti na strané koncového a pocate¢niho uzlu.

Pfevod pr je definovan pomérem napéti na strané¢ pocatecniho uzlu k napéti na strané¢ koncového uzlu ve stavu
naprazdno neboli pomérem poctu zavitt vinuti na strané poc¢ate¢niho a koncového uzlu.

V pienosovych sitich se pouZzivaji trojvinut'ové autotransformatory, u nichz terciarni vinuti je zapojeno do trojihelnika.
Modely téchto traf jsou podrobné odvozeny v [3] .

Nahradni schéma v pomérnych hodnotach je na Obr. 2.1-1b). Na pomérné hodnoty se piejde vydélenim pojmenovanych
hodnot vztaznymi (S, je vztazny vykon sité a U, je vztazné napéti ptislusné napét'ové hladiny):

Yv =Sv/Uy? ptv = Uvpoc/Uvkon (2.1-4)
Po pfevodu na pomérné hodnoty vymizi v maticové rovnici sité ( 2.1-1) V3.
Pro trafa s pfi¢nym prevodem nebo s posunem fize (PST) je pfevod komplexni pr= prei®. Pokud je zména komplexniho
prevodu pr dana pomérnou zménou napéti na odboc¢ku Au a poc¢tem odbocéek n (obecné miize mit trafo jak podélné, tak i pti¢né

pfepinani odbocek znacené °), plati pro pievod pr a regulacni thel o vztahy ( 2.1-5) pro asymetrickou regulaci s thlem ©.
Pro symetrickou regulaci, kdy se pomérna absolutni hodnota pr neméni, plati vztahy ( 2.1-6) (podrobnéji viz [4] ):

n' Au'sin® (2.1-5)
1+nAu+n'Au'cos®

= \/ (14 nAu)* +2(1+nAu)n' Au'cos®+ (n' Au')* o =arctan (

pr=1 o=2 atrctannéu (2.1-6)

Pfitomnost PST v siti komplikuje V}'Ipoéet sitové admitanéni matice, protoie naruéuje jeji symetriénost Pro mimo—
schématem na Obr. 2.1-1 ¢), ovSem za cenu, Ze Vehkost ptidavnych boénikii zvisi na poméru fazorti napéti v poc¢atecnim
a koncovém uzlu a neni tedy konstantnim parametrem.



2.2. Model synchronniho stroje

Pfi zanedbani elektromagnetickych piechodnych dé€ji ve statoru 1ze nahradit synchronni generator elektromotorickou

silou E" za razovou reaktanci Xy", pficemz se pfedpoklada pro zjednoduSeni rovnost Xq" = X" a zanedba se odpor statoru.
Odpovidajici nahradni schéma je na Obr. 2.2-1 a).

Y6=San/iXa“/Sv

|
I

i,
()
—>

I
a) ndhradni schéma b) ndhradni schéma v pomérnych hodnotach

u

gf

Obr. 2.2-1 Nahradni schéma synchronniho stroje pripojeného do uzlu

V pomérnych hodnotach je nadhradni schéma zobrazeno na obrazku vpravo s uvazenim pfepoctu admitance generatoru

Y6 zjmenovitého vykonu generatoru S, na vztazny vykon sité¢ Sy. Pro zjednoduseni se uvazuji navazné hladiny napéti, tedy
vztazné napéti sit€¢ Uy je rovno jmenovitému napéti generatoru.

Model generatoru uvazuje proménnost elektromotorické sily E", kterd se méni jednak se zménami proudu statoru

a jednak vlivem budiciho napéti. Rovnice synchronniho stroje pro vypocty elektromechanickych piechodnych déju byvaji
odvozovany za téchto predpokladi:

a)
b)
c)
d)
e)
f)

2)
h)

plati pro malé odchylky otacek od synchronnich,

jsou zanedbana transformacni napéti (derivace statorovych proudt podle Casu),

reaktance nejsou funkci proudu (zanedbani syceni),

uvazuje se pouze 1. harmonicka elektromotorické sily statoru,

rozlozené vinuti rotoru se zjednodusen¢ uvazuje jako koncentrické,

tlumici vinuti (nebo G¢inek masivniho rotoru) je nahrazeno po jednom ekvivalentnim koncentrickém vinuti v podélné
a dvou ekvivalentnich koncentrickych vinuti v pticné ose,

tlumici vinuti jsou magneticky symetricka (X" = Xg"),

odpory statoru a kapacity mezi vinutimi jsou zanedbany,

Pro rovnice se vyuziva Parkova transformace (soufadna soustava dq pevné€ spojend s osou rotoru) a systém pomeérnych

hodnot. Pak lze pro rotorové obvody psat rovnice prevzaté z [5] :

Tao™Eq® = Up + (Xa- Xd')*lo- Eq (2.2-1)
To*Ed°= - (Xq- X¢)*I¢- Ed
Td()”*Eq”o — Eqv + (de _ Xd")*[d' Equ
qun*Edno — Ed’ _ (Xq' _ Xd")*[q' Ed"
EJ,Ed, EJ", Eq". pruméty elektromotorickych sil do osd a q

1y, I praméty proudu statoru /g do souradnych os dq

Us budici napéti

Tao', Tao", Tgo" ¢asové konstanty naprazdno

Xg, X', Xd" synchronni, pfechodna a razova reaktance v podélné ose
Xy X' synchronni a pfechodna reaktance v pficné ose

Za vztazné hodnoty byly vzaty jmenovité hodnoty statorového proudu a napéti a budici napéti naprazdno. Za téchto

predpokladi je elektromotoricka sila za synchronni reaktanci E4 rovna budicimu proudu /g a plati:

Eq=1Is=Eq' - (Xq- Xd)* 14 (2.2-2)

Za ptedpokladu, Ze ztraty naprazdno a Jouleovy jsou hrazeny z mechanického vykonu, 1ze mechanickou pohybovou

rovnici napsat obecné ve tvaru:

Tm* sG° = NT/[(l + SG)kN] - (PG+ APG)/(I + Su) 3° = Qo s ( 2.2-3)
5G, O skluz rotoru a absolutni zatézny tihel
Nt mechanicky vykon turbiny vztazeny na jmenovity vykon turbiny Nr,
Ps elektricky vykon generatoru vztazeny na jmenovity zdanlivy vykon generatoru Sgx
Tv=JOM%/Scn  mechanicka ¢asova konstanta vztaZzena na jmenovity zdanlivy vykon
J moment setrva¢nosti (GD?/4)
Qwm, Q. mechanicka kruhova rychlost, synchronni kruhova rychlost 314 rad/s
kn prevodni koeficient mezi vykonem generatoru a turbiny =Sgn/Nta

APgjsou ztraty generatoru dané souctem ztrat naprazdno dPy a Jouleovych ztrat ve statorovém a rotorovém vinuti:
APG = dPy+ Rror*ls*+ Rsrar*lG (2.2-9)
Rror a Rstat jsou odpory budiciho a statorového vinuti. sy je pomérna odchylka frekvence sit¢ od jmenovité hodnoty,

spoctend z rozdilu argumentti fazoru svorkového napéti U na zacatku na konci integracniho kroku At.

su=larg{U(t + At)} - arg{U(t)} //At/Qy (2.2-5)



Rovnice (2.2-1) pro elektrické veli¢iny generatoru plati pro soufadnou soustavu stroje, ktera je pevné spojena s rotorem,
pficemz osa g je totozna s podélnou osou rotoru a osa d ji pfedbiha ve sméru otaceni. Naproti tomu v sitové admitanéni rovnici
( 2.1-1) je pouzita soufadna soustaveé synchronné se otacejici osy, ktera v ¢ase t = 0 splyva s fazorem napéti referenéniho uzlu.
Od této osy se odecitaji absolutni zatézné thly generatord 8. Vztah mezi obéma soustavami je patrny z nasledujiciho obrazku:

QAL o

Obr. 2.2-2 Vztah souiadnych soustav generatoru a sité

Pro transformaci z jedné soustavy do druhé plati vztahy:

E"HES" = E"exp(-j6)  E" = (Eq"+Ed")*exp(jd) (2.2-6)
Pro elektrické veli¢iny generatoru Ize odvodit vztahy:
Is=(£"-U)*Xs (2.2-7)
Pe=Real{Uls"} Oc=Tmag{UIs"}

kde U je fazor napéti uzlu, kam je generator piipojen.
Rovnice generatoru ( 2.2-1) - ( 2.2-7) spolu s rovnicemi sité ( 2.1-1) v pomérnych hodnotach piedstavuji soustavu

algebraicko-diferencialnich rovnic popisujici zakladni dynamicky model ES. Pro feSeni této soustavy v sitovém simulatoru
MODES byla vyvinuta specialni metoda popsana v nasledujici kapitole.

2.2.1 Metoda FeSeni soustavy algebraicko-diferencialnich rovnic ES

V kapitole je odvozena metoda spolecného feSeni rozsifené sitové admitancni matice a rovnic modelujicich rychlé
prechodné déje v rotorovych obvodech synchronnich stroji. Rovnice rotorovych obvodd byly vybrany proto, Ze ¢asové
konstanty Tqo" and Tqo" jsou velmi malé v porovnani s ostatnimi ¢asovymi konstantami rovnic synchronniho stroje. Pii zménach
v siti se tudiz odpovidajici slozky elektromotorické sily Ey" a E¢" méni velmi rychle ve srovnani s ostatnimi stavovymi
proménnymi generatoru Ey, E/, sg a 5. Spolecné feSeni rovnic sité i generatoru vyrazné urychluje vypocet elektromechanickych
prechodnych déji, coz je vyhodné pii modelovani rozsahlych propojenych soustav (typu synchronni zony kontinentalni Evropy)
nebo pfi pouziti v tréninkovém dispecerském simulatoru, ktery musi bézet v realném case nebo spise jeste rychle;ji.

Pro feSeni vyloucime slozkové statorové proudy /q a /4 z rovnic ( 2.2-1) a po uprave obdrzime rotorové rovnice ve tvaru:
T4" E"°+ E" = (1-09) prUgtoa E{  oa= Xa"/Xd' Tq" = Ta" o4 (2.2-8)

Ty Eq"+ Ed" = (1-09) prUa+og Ed 0q= Xd"/X{ Ty" = Ty" o4

Reseni diferencidlnich rovnic nalezneme za predpokladu linearni zmény proménnych na pravé strané béhem
integracniho kroku At:

Ey" = Hetkg Ugtoucs AE, ke=(l-o) o qa=1-(1-e¥™ At A= AUTS" (2.2-9)

Vzhledem k symetrii vychozich rovnic ( 2.2-8) je feSeni pro slozku d analogické — jen se zaméni indexy d a q. Prvni
vyraz H na pravé strané je ¢len obsahujici znamé hodnoty napéti a elektromotorickych sil na za¢atku integraéniho kroku. Druhy
vyraz obsahuje novou hodnotu na konci integracniho kroku. Tieti vyraz zavisi na zméné elektromotorické sily £y béhem
integraéniho kroku At. Tato hodnota neni na zacatku vypoctu znama, ale mtize byt dobfe predikovana, protoze se méni relativné
pomalu. Po piechodu ze soutadného systému dq do synchronné se otacejiciho referenéniho systému sité obdrzime:

E'= U (ketko) 24U (ke k) 2HIHY A= (0uga AE] 4] 0y AES)S (2.2-10)
Jestlize zahrneme komplexné sdruzené napéti U" a predikci A' do vyrazu H obdrzime kone¢nou formu feSeni fazoru
elektromotorickeé sily generatoru £" v zavislosti na fazoru uzlového napéti sit¢ U ve tvaru:
E'=Uk+H ko= (ket ko2 (2.2-11)

Pokud vypocitanou elektromotorickou silu £" dosadime do rovnice ( 2.2-7) za proud generatoru lg, obdrzime
modifikovanou sitovou admitan¢ni rovnici pro vypocet elektromechanickych ptechodnych déju:

Ieq= Ymop U (2.2-12)
kde pro uzly s generatory je nahrazen vstiikovany proud Nortonovym ekvivalentnim vstfikem Igo=H Yg a puvodni sitova
admitan¢ni matice Y je modifikovana pfic¢tenim ¢lenu (1 - k;) Y k diagonalnimu prvku. Hodnota modifikované sitové admitancni
matice Ywmop pfitom ziistava béhem simula¢niho vypoctu stejnd, pokud nedojde ke komutaci v siti (vypnuti/zapnuti vétve nebo
bloku, zména odbocky trafa, zména zatizeni apod.) nebo ke zméné velikosti integracniho kroku pro dodrzeni ptesnosti vypoctu.



Nevyhodou metody je, Ze vyraz H obsahuje predikci uzlového napéti U, hodnot slozek elektromotorickych sil £y, Ed
a zatézného uhlu d na konci integra¢niho kroku. Vypocet ma tedy iteracni charakter znazornény na Obr. 2.2-3. V algoritmu jsou
dvé itera¢ni smycky. Prvni je mala iterani smycka pro vypocet napéti (blok ¢. 3) a druha je velka iteracni smycka pro vypocet
pfesnosti predikované hodnoty Nortonova ekvivalentniho vstiiku Igg. Predikované hodnoty lze odhadnout zplsobem
definovanym v nasledujici tabulce:

Rezim predikce Stavové proménné y (E”, §..) Algebraické proménné U
vychozi a dalsi krok V1,0 = YnTyn®At Uni1,0=Un

i-ta iterace Y+1,i = Yn,i-1 Un+1,i= Unjit

puleni kroku po dosazeni maximalniho poctu iteraci Nirmax Vi+1,0 = (Yn+Yn+1 Nitmax)/2 Un+1,0= (UntUn+1 Nitmax)/2

Dolni indexy » ; znaci pofadi integra¢niho kroku a potadi iterace béhem jednoho integra¢niho kroku.

Jestlize vypocet nekonverguje (tj. rozdil predikované a opravené hodnoty je vetsi nez zadana dovolena chyba €) béhem
dovoleného poctu iteraci Nitmax, provede se puleni integracniho kroku. Naopak pokud je maximalni chyba mensi nez
desetinasobek dovolené chyby, je integracni krok zdvojen. V piipadg, Ze jiz nelze krok pilit, je vypocet ukonéen pro divergenci.

Rovnice zbylych rotorovych obvodu se da prevést na jednoduchy tvar:
T*y® +y=x (2.2-13)

Pro znamou pravou stranu x (za pfedpokladu jejiho linearniho ristu béhem integra¢niho kroku At z hodnoty x, na
hodnotu xu+1) je mozno odvodit hodnotu nezndmé yn+1 na konci integra¢niho kroku:

Yot = Yo €T (Xt Xn ) (1-620T)/2 (2.2-14)
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Obr. 2.2-3 Vyvojovy diagram vypoctu soustavy algebraicko-diferencialnich rovnic ES

Algoritmus byl publikovan poprvé v [6] a v upravené podobé i v [7] . Tvoii zaklad integracni metody aplikované
v sitovém simulatoru MODES. Soustava ( 2.2-12), kdy pro zndmou hodnotu [gq feSime nové hodnoty napéti U na konci
integraéniho kroku, je feSitelna pomoci LU dekompozice neboli rozkladu piivodni matice A na dolni a horni trojahelnikové
matice L a U, pficemz plati:

b = A*x = L*U*x (2.2-15)
1. Lxy=b
2. Usxx=y

Reseni soustavy se pak sklada ze dvou kroki. Nejprve se fesi dopfedna substituce pro neznamou sloupcovou matici y
a v druhém kroku se ve zpétné substituci vypocita neznama sloupcova matice x.

Pro ziskani fesitelné soustavy rovnic zbyva definovat budici napé€ti Us z rovnic rotorovych vinuti ( 2.2-1) a mechanicky
vykon turbiny Nr vstupujici do pohybové rovnice ( 2.2-3). Tyto vazebni proménné ziskame z dynamickych modeld popsanych
v nasledujici kapitole.



3. Modely budicich a pohonnych systémii synchronnich generatorii

Budici napéti Ug a vykon turbiny Nr hraji dilezitou roli, nebot’ slouzi k fizeni napéti a vykonu bloku. Blokem se
pro ucely dynamického modelu rozumi souhrn synchronniho generatoru, budiciho a pohonného systému podle Obr. 3.1-1.
Modely budicich systémi a pohanécich soustav jsou popsany v nasledujicich kapitolach.

3.1. Budici systémy

Sit
Rezervni BICka0V¥
transformator transformator
Blok
P e

R A ﬂ'
[} \V”
H 4 | Regulator

pohonu

Turbina

N _eherl gtor  —------------0
@ Odbockovy
transformator

I
I
I
I
I
\

Pohony vlastni spotreby

Obr. 3.1-1 Principialni schéma elektrarenského bloku s parni turbinou

Budici napéti je ptes akeni €len (budic) fizeno regulatorem buzeni. Obr. 3.1-2 ukazuje hlavni typy budicii: stejnosmérné,
stiidavé a statické.

Stejnosmémy budic Dynamo
e @
Stridavé budice
Diodovy Tynstomvy
Pomoany mistek Pomocny ey REGULATOR mistek

altemator

@j@@t =10

L. - . Kompaundace
Statické budice REGULATOR REGULATOR statorovym proudem
zavislé ’7
Zavislé buzeni

Vlastni spotieba s kompandaci

Kompaundovany
altemator

Obr. 3.1-2 Principialni schémata jednotlivych typu budi¢i

Budice lze délit na rotacni a statické. V pripadé rota¢nich budici se budici proud ziskava ze stejnosmérnych generatora
(dynam) nebo ze stiidavych generatorti opatienych usmériiovaci. U dynam jsou problémy s komutaci, proto se pro vétsi vykony
pouziva budici souprava skladajici se z pomocného alternatoru a usmériiovace. Pro nefizené usmériiovace se vyskytuji dva typy.
U bezkrouzkového buzeni s to¢ivymi diodami méa pomocny alternator budici vinuti na statoru a vinuti kotvy na rotoru. Stfidavy
proud indukovany v rotorovém vinuti je usmérnén diodami pfipevnénymi k rotoru a odtud je pfimo napéjeno rotorové vinuti
synchronniho alternatoru. U druhého typu méa pomocny alternator bézné uspotradani, usmériiovac je stacionarni a napaji pies
krouzky budici vinuti hlavniho generatoru. Nevyhodou obou typt je, ze budici proud Ize fidit pouze neptimo v budicim obvodu
pomocného alternatoru, coz zptisobuje zpomaleni odezvy budiciho napéti na zmény napéti regulatoru. Nevyhoda je odstranéna
u fizenych usmériiovacu s tyristorovym mistkem, kdy odezva budiciho napéti je prakticky okamzita.

Zakladem statickych budicich systému jsou tyristorové usmériiovace, ovladané regulatorem buzeni pies fidici obvody
zapalovaciho thlu tyristort. Jednotlivé systémy se 1iSi zpisobem napéajeni, které l1ze realizovat z nezavislého zdroje nebo pres
transformator z vlastni spotieby generatoru (tzv. zavislé buzeni). Druha moznost je ov§em nevyhodna v ptipad¢, kdy dojde
na svorkach alternatoru ke zkratu, coz miize vést ke ztrat€ buzeni. Tuto nevyhodu Ize odstranit kompaundaci odvozenou z proudu
generatoru.
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V pocitacovych programech pro vypocet dynamické stability se Casto pouzivaji modely budicti podle standardu IEEE
[8] . Pro stejnosmérné budice se pouzivaji modely kategorie DC, pro stfidavé lze pouzit modely kategorie AC (pro fizeny
usmériova¢ pak modely AC4) a pro statické buzeni modely kategorie ST (napf. ST1 pro nekompaundovany budi¢). Modely
buzeni podle standardu IEEE zahrnuji jak budic, tak i regulator, coz dost komplikuje jejich popis i vybér. Pii tvorbé dynamického
modelu ES byla pfijata jina koncepce: rozliSeni modelu vlastniho budice jako akéniho ¢lenu od modelu regulatoru. Tato koncepce
byla publikovana v ¢lanku [9] . Modely budi¢li a vypocty jejich parametrit byly popsany v pfispévcich [10], [11] a [12].
Podrobné odvozeni modelu stiidavého budi¢e kompatibilniho s typem ACI1 je v [13] . Proto se zde omezime jen na popis
regulatoru buzeni.

3.1.1 Regulator buzeni

Zakladni funkci regulatoru buzeni je udrzovat zadané napéti na svorkach generatoru - jedna se o primarni regulaci
napéti. Obvykle je primarni regulator doplnén o tzv. kompaundaci jalovym proudem, kterd urcuje statiku primarni regulace,
tj. sklon statické charakteristiky Ug=funkce(Qg). Z toho plyne, ze svorkové napéti neni konstantni, ale meéni se v zavislosti
na jalovém zatizeni. Kromeé toho plni regulator buzeni i dopliikové funkce, mezi které patfi:

a) omezovac statorového a rotorového proudu - chrani generator pted pretizenim statorového a rotorového obvodu;

b) hlida¢ meze podbuzeni, ktery nedovoli odbudit stroj tak, aby byla ohroZena staticka stabilita, pfekroceno dovolené otepleni
¢elnich spojek vinuti statoru a aby napéti vlastni spotfeby kleslo pod dovolenou mez;

c) systémovy stabilizator - slouzi k tlumeni pfechodnych déju, elektromechanickych a systémovych kyvi;

d) sekundarni regulator jalového vykonu, ktery udrzuje jalovy vykon na zadané hodnoté, pak je potlacena funkce primarniho
regulatoru; pouziva se, jestlize blok plni funkci nadfazenou funkci regulace napéti v uzlu (viz kap. 4.2).

Na zéklad¢ rozboru struktury pouzivanych regulatori byl vytvofen univerzalni model zobecnélého regulatoru buzeni,
ktery umoziuje modelovat realné regulatory riznych typi. Jeho schéma je na nasledujicim obrazku:
-~ _-Elen ,lead-lag” B
i (1+pT4)(1+pT>)
(17 (1+pTs3)(1+pTy)

U :
v{ 7% URma}_ E
u min
= ' M.

Necitlivost Omezeni Py
odchylky URmin
D2V “.._PI regulator napétj.-~"
Qe Derivaéni zpétna vazba STAB T BRI o
lljs pro Eg_i KepTs Systémovy || Hlida& meze
epro AC_1—) TroT- | stabilizator || podbuzeni
Igpro AC_4 Pls

Obr. 3.1-3 Blokové schéma zobecnélého modelu regulatoru buzeni

Dopliikové funkce jsou realizovany tzv. pfidavnymi automatikami, které jsou v modelu zobrazeny makrobloky.
Regulaéni odchylka € se vytvafi nasledujicim zplisobem:

1. pozadovana hodnota napéti je dana bud’ vystupem ze sekundarniho regulatoru (rezim sekundarni regulace Q pro parametr
Tig> 0) nebo hodnotou Us (rezim primarni regulace U pro Tig < 0),

omezovac rychlosti zatéZovani méni svou vystupni hodnotu zadanou rychlosti v tak dlouho, dokud se vstupni a vystupni
hodnota nesrovna a omezi vystup na velikost Uzmin - Uzmax,

zadana hodnota Uy se ziska sectenim signald statiky ¢innym nebo jalovym vykonem s vystupem omezovace,

od zadané hodnoty Uz se odecte vystup obvodu statiky Usr, ktery je zavisly na svorkovych napétich a fazovych proudech,
je mozné zadat pasmo necitlivosti Upee,

pricte se stabilizac¢ni signal derivacni zpétné vazby (vstupni signal je zavisly na typu budice),

do souctového bodu regulatoru je mozno zavést skokovy nebo harmonicky signal pro zji§téni pfenosovych charakteristik,
velikost regulaéni odchylky je mozno omezit velikosti Uimin - Urmax,

prictou se vystupy pfidavnych automatik.

N

VXN W

Meéftena hodnota napéti Usr se vytvari v zavislosti na vzniku nesymetrie v siti. V pfipadé, ze sit’ je symetrickd, je méfena
hodnota rozdilem svorkového napéti a jalového proudu ndsobeného statikou kstar v jedné fazi. V pfipad¢ vzniku nesymetrie
(napf. po vzniku jednofazového zkratu nebo rozpojeni faze) je Usr aritmetickym primérem téchto rozdilt ve vSech fazich, ¢imz
se modeluje skute¢né usporadani obvodi statiky v realnych regulatorech (realizované vektorovym s¢itanim sdruzenych napéti
a fazovych proudt a jejich usmérnénim a filtrovanim).

Vlastni primarni regulator je proporcionalné integracniho typu. Volbou T; = 0 je mozné vytadit integracni ¢ast
a regulator se stava ¢isté proporcionalnim. Proporcionalni ¢ast mize byt pii volbé Ti, T3> 0 a T2, T4> 0 doplnéna o tzv. dvojity
"lead-lag" ¢len, slouzici k zlepSeni dynamickych vlastnosti proporcionalnich regulatort.

V nasledujicich kapitolach jsou popsany jednotlivé ptidavné automatiky s vyjimkou hlidace meze podbuzeni, ktery je
popsan napt. v [10] .
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3.1.2 Systémovy stabilizator

Systémovy stabilizator slouzi k tlumeni kyvani elektrickych veli¢in. Mohou to byt elektromechanické kyvy, ke kterym
dochazi béhem ptechodnych déji v siti. Hlavné se vsak jednd o systémové kyvy, ke kterym mize dochazet v rozsahlych
soustavach, kde spolu kyvaji velké skupiny synchronnich stroji (viz [14] ). Schémata modeld stabilizatoru jsou na Obr. 3.1-4:

dvoukanalovy stabilizator PSS2A

. Kanal otacek
Kanal otacek

Lead -lag Dolni propust
pT propus
SG i KSS—pTS Usmax S i —1+p's|' ,L_JSmax #Smax
S
1+pTs + = + 1 |+ = B
= woora "D || Tooma || o0t | 2
Kanal vykonu A 1+pTs, STAB Kanal vkonu + o1 - 5 Pls2 - Pist | sTAB
Ksp pTs ol pT Ksp “Usmax  -Uspax
PG ::> —_— 'USmax PG i S | |
1+pTs 1+pTs | | 1+pTs

Obr. 3.1-4 Blokova schémata modela systémového stabilizatoru

U dvoukanalového stabilizatoru jsou oba vstupni signaly (¢inny vykon Pg a skluz generatoru sg) zpracovany ve ¢lenu
zvaném "washout", ktery slouzi k odfiltrovani stejnosmérné slozky. Po zpracovani ve ¢lenu zvaném "lead-lag" (slouzi
k fazovému posunu) se vystup zavadi jako ptidavny signal STAB do primarniho regulatoru. Volbou nulového omezeni Usmax
se v modelu stabilizator vyfadi z ¢innosti.

Model PSS2A vychazi ze standardniho modelu IEEE PSS2A, ale ma oproti vychozimu modelu PSS2A zjednodusenou
strukturu (vynechani dvojitych ¢lenti ,,washout™ na vstupech) pfi zachovani hlavnich vlastnosti modelu IEEE PSS2A:
1. tlumeni zesileni kanalu vykonu pro frekvence vyssi jak f; = 1/(2nTs)) zpisobené ¢lenem zpozdéni 1. fadu,
2. odfiltrovani frekvenci vysSich nez fzo = 1/(2nTo) dolni propusti, ¢imz se pro vyssi frekvence (odpovidajici
elektromechanickym kyviim 1 - 2 Hz) eliminuje vliv kanalu otacek a
3. naopak pro nizsi frekvence nez fz9= 1/(2nTy) (odpovidajici systémovym kyviim 0.1 - 1 Hz) se eliminuje vliv kanalu vykonu.

3.1.3 Omezovac statorového a rotorového proudu

Omezovac statorového a rotorového proudu tvori dilezitou soucast regulatoru buzeni, protoze ma ochrannou funkei —
chrani proti pfetizeni statorové a rotorové vinuti. Schéma modelu omezovace je na nasledujicim obrazku:

I
Gmaxl Uommax
+ - 7
le @ vyos - |omMEZ
G Vybér NG
. L4
I = maxima Uomzad 1+ pTom
B Y 0 ="
- +
|

| o[
T
x U Pliom A
B max Bn 0 U
OMzad

Obr. 3.1-5 Blokové schéma modelu omezovace proudi

Od skute¢né hodnoty statorového a rotorového proudu se odecita zadana mezni hodnota. Obé mezni hodnoty - pro stator
IGmax @ rotor Igmax jsou volitelné. Kdyz naintegrovand odchylka piekroc¢i hodnotu Uomzad, dostane se odchylka na vstup
zpozd'ovaciho ¢lenu 1. fadu. V piisobeni omezovace dochazi k dvojimu zpozdéni. Jednak v integratnim c¢lenu, ktery umozni
zohlednit ¢asovou zavislost povoleného pietizeni, tedy vetsi pretizeni po krat$i dobu a mensi po delsi dobu. Druhé zpozdéni
ve zpozd'ovacim ¢lenu zabrani prudkym zménam napéti regulatoru. Vystupni signal OMEZ se odecita od regulacni odchylky
primarniho regulatoru.

3.1.4 Sekundarni regulator jalového vykonu

Sekundarni regulator tvofi nadfazenou uroven primarnimu regulatoru a udrzuje jalovy vykon generatoru Qg
na pozadované hodnoté Qs tim, Ze plynule méni zadanou hodnotu Us primarnimu regulatoru. Schéma modelu je na Obr. 3.1-6:

Nelinearita regulaéni odchylky Pl regulator

Qg

Obr. 3.1-6 Blokové schéma modelu regulatoru jalového vykonu

Nelinearita uréuje jednak necitlivost regulatoru pro regula¢ni odchylky mensi nez eQnec, jednak omezuje rychlost zmén
hodnotou eQ.m a zaroven blokuje regulator pro regulacni odchylky vetsi nez eQume, ke kterym dochazi pti blizkych zkratech.
V téchto piipadech by sekundarni regulator pusobil proti ¢innosti primarniho regulatoru a daval by povel na odbuzeni (vlivem
zvyseni jalového vykonu), zatimco primarni regulator naopak piibuzuje (svorkové napéti klesa).
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3.2. Modely pohanécich zarizeni

Nasledujici kapitoly popisuji druhy primarni pohond pouzivanych pro vyrobu elektfiny v synchronnich strojich.
Podobn¢ jako u budicich systémt popiseme zv1ast’ akéni ¢leny — turbiny a pak univerzalni model regulatoru.

3.2.1

U parni turbiny je pohonnym médiem para vyrabéna v kotli - viz leva c¢ast na Obr. 3.2-1. Para vstupuje pies regulacni
ventily do vysokotlaké ¢asti turbiny (VT). Turbiny vyssich vykont (od 100 MW) jsou vicestupiiové a para se v nich po expanzi
ve VT ¢asti vraci zpét do kotle na ptihfati. Odtud para prochazi pres zachytné ventily do stiedotlaké (ST) a nizkotlaké (NT) ¢asti
a odtud do kondenzatoru. Zachytné ventily se uplatiuji pii velkych vykonovych zménach, charakteristickych pro ostrovni
provozy. V bézném provozu jsou naplno otevieny. Pfi prudkém snizeni vykonu naridsta vlivem Skrceni pary ve ventilech admisni
tlak. Na to reaguji pfepoustéci stanice, které odvadéji paru mimo turbinu.

Parni turbina

. VTPS ) M ke |
Prepoustéci stanice : W ke |
Katel phhfivak NTPS Regulaéni ventily p, Vysokotlaka
RV Regulaéni ventily Zast Nizkotlaka
ZV Zachytnéventily PFihfivak Zast
—pg—| et
T VTIPS NTPS 1 1 :
: —0 XZV 1+pTey [ 2
| 3 RV
I X/ Zachytné ventily
I Vimax 1
| = VT | ST — r r
| Pe n \ 1 1 ZV
to (I Tism _p
Regula pr 7 T T J
< P,
o Kondenzitor 0 Vimin 0

Obr. 3.2-1 Schéma parni turbiny a jeji model (vpravo)

Vykon turbiny Nt zavisi obecné na soucinu pritoku pary Mr, izoentropického tepelného spadu Hy a vnitini
termodynamické acinnosti np (viz [15] ). Ho zavisi na teploté a tlaku pary. Pfi vypoctech dynamiky vliv zmény téchto velicin,
stejné jako ucinnosti, obvykle zanedbavame. Dynamicky model parni turbiny je zalozen na metodice IEEE (viz [16] ).

Vytvoreny model je zobrazen na Obr. 3.2-1 vpravo. Pritok pary regula¢nimi ventily Mrje dan souc¢inem otevieni ventil
a admisniho tlaku pary pr. PoZzadované otevieni ventilt je dano vystupem reguldtoru turbiny Rr. Model regula¢nich i zdchytnych
ventilll uvazuje omezeni rychlosti i otevieni. Dynamika pary pfi pritoku jednotlivymi ¢astmi turbiny respektuje expanzi pary
v uzavienych objemech a je modelovdna pomoci pfenosu 1. fadu s jednou casovou konstantou zavislou na objemu ptislusné
casti. Koeficienty kip, kip a kup respektuji podil vykoni vyrabénych ve vysokotlaké, stiedotlaké a. nizkotlaké ¢asti turbiny.

3.2.2

U vodni turbiny je pohonnym mediem voda, ktera protéka z nadrze privodnim potrubim do regula¢niho organu, kde
se méni ¢ast, nebo celd polohova (tlakova potencialni) energie na pohybovou (kinetickou) - viz leva cast Obr. 3.2-2.
Z regulacniho organu vtéka voda na lopatky obézného kola turbiny, jez svym tlakem roztaci. Méni-li se cela tlakova energie
v regulacnim organu na pohybovou, jedna se o stejnotlaké, rovnotlaké nebo také akéni turbiny (napf. Peltonova). Méni-li se
pouze ¢ast tlakové energie, jedna se o pretlakové neboli reakéni turbiny (napt. Francisova nebo Kaplanova).

Vodni turbina

nadrz pFivodni Regulacni
potrubi organ R
- Vi G Pratok
regulaéni r ‘
Q organ H Q/G Sp:;:i 1 Q
vodni
turbina - %Jr PT,
VN -

Obr. 3.2-2 Schéma vodni turbiny a jeji model (vpravo)

Dynamicky model je odvozen ze skutecnosti, Ze teoreticky vykon turbiny Nt zavisi obecné na soucinu pritoku Q, spadu
H, mérné hmotnosti p a zrychleni g. Skute¢ny vykon je mensi o tfeci ztraty v piivadééi (snizuji vyuzitelny spad H), ztraty
obtokem kolem obézného kola a ucpavkami (snizuji vyuzitelny prutok Q), ztraty virenim a zakfivenim vodniho proudu, ztraty
razem a mechanické ztraty teci a ventilacni (viz napt. [17] ).

Model odpovidajici doporuceni IEEE [18] je zobrazen na Obr. 3.2-2 vpravo. Zakladem dynamiky vodni turbiny je
dynamicky raz v ptivadéci pii zménach otevieni regulac¢niho orgdnu, dany casovou konstantou Tw. Staticky spad Ho byva béhem
vypoctu konstantni. Charakteristiku turbiny (zavislost vykonu turbiny na pritoku pfi konstantnim spadu a jmenovitych otackach)
lze zadat jako linearni se zesilenim At a pritokem naprazdno Oni.. Model respektuje pomoci koeficientu 3 jednak samoregula¢ni
efekt turbiny - zménu vykonu turbiny v zévislosti na otackach (dany zménou uhlu dopadu vodniho proudu na lopatky turbiny)
a jednak ventilacni ztraty turbiny.

Podrobné&ji se modelovanim turbin zabyva ptispévek [19] . Verifikace modelll porovnanim simulace s méfenim je
uvedena i v publikaci III (Fig. 4, Fig. 7 a Fig. 10).

13



3.2.3  Paroplynovy cyklus

V levé casti Obr. 3.2-3 je schéma plynové (spalovaci) turbiny v kombinaci s parnim kotlem na zbytkové teplo.
Pohonnym médiem jsou plyny vzniklé spalenim paliva ve spalovaci komote. U otevieného cyklu odchézeji plyny vyfukem
do atmosféry. U kombinovaného cyklu se vyfukové plyny odvadi do kotle, kde se zbytkovym teplem vyrabi para pro parni
turbinu. Cast vykonu plynové turbiny se spotfebovava na pohon kompresoru, ktery stla¢uje vzduch pro spalovani paliva.

Trtoffset .
Regul. odchylka y Cidlo teploty
teploty 1
z
- 1+pT4
pfivod paliva vyfuk
+ 1+pT3
regulacn - :
ventil {3 w parni W ) T
! kotel 1+pTep| | Pratok Ye
pfivod Ty Te o n vzduchu Vystupni
vzduchu spalovaci | ynamika o teplota
T; Wr komora 1 + Regulace vzduchu kompresoru Staticka spalin
- T. © charakteristika
S 2 P turbiny
+ Otacky K Regulaéni  Palivovy
6 ventil systém
. Nre
kompresor plynova 1 1 > -
turbi 1+pT 1+pTs S
e P : wf - Zbytkova
Rr Dodavka paliva

energie spalin
Obr. 3.2-3 Schéma paroplynového cyklu a jeho modelu (vpravo)
Vykon turbiny Nt zavisi obecné na soucinu priutoku spalin W, vyhievnosti paliva a vnitini termodynamické uc¢innosti
Nrp. Termodynamicka Gi¢innost se dopocita z teplot vzduchu na vstupu a vystupu z kompresoru T; a Tq a z teplot spalin na vstupu
a vystupu z turbiny Tra T.. Vykon turbiny v zavislosti na hmotnostnim pritok spalin ¥ popisuje rovnice (viz [20] ):
NT = kG [(Tf—Te)-(Td—Ti)] w ( 3.2-1)
LT o, -T)) =T -
T,=T(1+—) p =T+ (T — dO)W) e =TI ( _;)TIT] X=X, +k W -W_ o

Nc

min

kde parametr kg zahrnuje vyhfevnost paliva (pfedpoklada se rovnost priitoku spalin a vzduchu vzhledem k zanedbatelnému
mnozstvi paliva W; oproti mnozstvi vzduchu), nc a nrjsou tepelné ti¢innosti kompresoru a turbiny, x je kompresni pomeér.

Dynamicky model vychazi z Rowenova modelu stacionarni plynové turbiny (viz [20] ), navic je modelovan pritok

vzduchu W, ktery reguluje teplotu spalin na zadanou hodnotu Tr. Zaroven je regulacni odchylka teploty navysena o hodnotu
offset zavadéna do regulatoru paliva. Model také obsahuje proménnou Eg pro energii vyuzitelného tepla spalin:

ES = kSTeW[l'Ae(Te'Temax)z] ( 3'2_2)
Es zahrnuje i u¢innosti kotle a parni turbiny. Podrobnéji o modelu pojednava ptispévek [21] .
3.2.4 Vznétovy motor s prepliiovanim
Na nasledujicim obrazku vlevo je schéma pohonu s pfepliiovanym vznétovym motorem (turbo-dieselem). Obdobné
jako u plynové turbiny jsou pohonnym médiem plyny vzniklé spalenim paliva. Na rozdil od jednohfidelové plynové turbiny je
kompresor pohanén turbodmychadlem vyfukovymi plyny. Turbina i kompresor jsou na samostatném htideli, takZze dynamika
prepliiovani tak neni ovlivnéna otaCkami motoru, ale zavisi na zatizeni motoru.

Mechanické ztraty Otacky
(0]

vstfikovaci
cempadlo

Dodavka paliva
Atmosf. M;

Dynamika tlak Ry KZ -Tol
turbodmychadla 1 °
Plnici
tlak

N:

1 {1
1+pTy| | 1+pT,,

kompresor plynova
turbina kr 1
1 1+pTys

Obr. 3.2-4 Schéma preplitovaného vznétového motoru a jeho modelu (vpravo)

em-a(lnk- A)"
€m

motoru

Teplota
vzduchu

n

Uc¢innost

Im

Prebytek vzduchu

Stredni moment motoru Mg zavisi na soucinu mnozstvi vstfikovaného paliva béhem jedné otacky My, poctu valcd,
vyhtevnosti paliva a vnitini tepelné ti€innosti spalovani n (viz napt. [22] ). Vysledny model je zobrazen na Obr. 3.2-4 vpravo
aje podrobné popsan v [23] . Teoreticky moment je ndsoben ucinnosti spalovani n, kterd zavisi na ptebytku vzduchu pro
spalovani A. Mechanické ztraty motoru jsou respektovany linedrni a kvadratickou zavislosti na otackach.
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3.2.5 Vétrna turbina
Vykon vétrné turbiny Pr zavisi na rychlosti vétru vg podle vztahu:
Pr=Kp viscp (*.B)
Koeficient Kpje konstanta zavisla na plose vrtule a hustoté vzduchu. Koeficient cp je vlastn€ ucinnost turbiny a je funkei

uhlu natoceni lopatek turbiny 3 a Cinitele rychlobéznosti A, coz je podil rychlosti koncového bodu vrtule a rychlosti vétru. Funkei
cp Ize aproximovat i analyticky, napt. podle nésledujici rovnice pievzaté z [24] pro tiilistou vrtuli:

(3.2-3)

(3.2-4)

-D
1 7 1
2/ =A _B _C l/liz ﬂzi
R A e

A+GB B +1
R je polomér rotoru turbiny a A, B, C, D, F a G jsou K parametry. Obr. 3.2-5 ukazuje pribéhy cp pro riizné natoceni lopatek f.

0.5
045 | cp=f(1,B) ~
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Obr. 3.2-5 Pribéh ucinnosti vétrné turbiny v zavislosti na uhlu natoceni a ¢initeli rychlobéZnosti
Z obrazku je vidét, ze vétrna turbina ma urcité optimalni pasmo, kde dosahuje nejvétsi Géinnosti (s maximem 0.47).
Zaklad modelu vétrné turbiny tvofi staticka charakteristika zavisla na hlu natoceni lopatek B, otd¢kéach rotoru ®

a ekvivalentni rychlosti vétru v ose hiidele vg. Uhel B je ovladan PI regulatorem otitek s omezenim na rychlosti zmén.
Pro neregulovanou turbinu je thel B roven nule. Schéma modelu je na nasledujicim obrazku:

Regulace frekvence
+
fz*@ Y as
- + +
f Ns
Dosazitelny vykon

Kompenzace
L natoceni

Staticka

Nataceni lopatek

Ve charakteristika
- Ve
o] Kep(A OVE vyp ™
P oorl e e
Frekvenéni chrakteristika SPD/ZAP @ Nt

ro-wt R2
~ 2Nty
1 |[f= . N Regulator
+ 1 J1.0 Otacky otadek
+ o
S¢co(=

Obr. 3.2-6 Blokové schéma modelu vétrné turbiny pii proménné rychlosti vétru

Za povsimnuti stoji, Ze model obsahuje i obvody pro regulaci frekvence vyzadované Evropskym kodexem [2] napf.
frekvencné zavisly rezim pii nadfrekvenci (v originale nazyvany zkratkou LFSM-O z angl. “Limited Frequency Sensitive Mode
Over-frequency”) — podrobnéji viz [25] . Tento model turbiny (jako jediny zde uvedeny) obsahuje i model regulatoru, vzhledem
ke specifice vétrné turbiny vyuzivajici obnovitelny zdroj energie.

Podrobngéji je chovani vétrné elektrarny s dvojité napajenym asynchronnim generatorem popsano v [26] . Frekvenéni
stabilitou vétrné elektrarny s plno-vykonovym frekvenénim meéniCem napéjenym generatorem s permanentnimi magnety
se zabyvaji pfispévky [27], [28] a [29] (model tohoto generatoru je popsan v kap. 5.1).

15



3.2.6 Regulator turbiny

Predchozi kapitoly popisovaly (s vyjimkou vétrné turbiny) jen modely turbin, do nichz vstupoval vystup regulatoru Ry
jako vstupni velic¢ina. Nabizi se tedy otazka, zda jde vytvofit jeden univerzalni model regulatoru pouzitelny pro vSechny typy
turbin podobné, jako byl vytvofen jeden univerzalni regulator buzeni pouzitelny pro vSechny typy budicich souprav. Tato
kapitola takovy genericky model popisuje.

Puvodni funkei regulatoru turbiny bylo udrzovat zadané otacky. Tuto funkci plnil mechanicky, pozdé€ji hydraulicky
regulator otacek. Jednalo se o piivodni primarni regulaci. S postupnym propojovanim elektriza¢nich soustav vsak tato pivodni
funkce byla potlacena, nebot’ pfi synchronni spolupraci generatoru do rozsahlé ES jsou otacky turbiny dany frekvenci sité.
Regulator turbiny zacal pfedevsim plnit funkci udrzovani ¢inného vykonu generatoru na zadané hodnoté a byl modernizovan
na elektronickou Groven. Vyvojem vznikla dvé usporadani elektronického regulatoru turbiny a hydraulického regulatoru otacek
- sériové a paralelni. Star§i mechanicko-hydraulické a hydrodynamické systémy mély tzv. sériové usporadani, kdy hydraulicky
regulator otacek (viz schéma Fig. B v publikaci I) byl funkéni a jeho zadana hodnota byla fizena elektronickym regulatorem
vykonu turbiny (podrobnosti viz [30] ). Modernéjsi elektrohydraulické systémy maji tzv. paralelni uspofadani (viz schéma Fig. 8
v publikaci V), kdy hydraulicky regulator otacek tvofi zalohu elektronickému regulatoru a regulace otacek je implementovana
na elektronické Grovni. Je mozny i trvaly paralelni provoz regulatoru vykonu a elektronického regulatoru otacek, ktery ovSem
musi mit proporcionalni (pfipadné proporcionalné derivacni) charakter. Jelikoz regulator vykonu ma obvykle proporcionalné
integracni charakter, je v ustaleném stavu ¢innost proporcionalniho regulatoru otacek eliminovana. Pivodni primarni regulace
byla u paralelniho i sériového uspotfadani zcela nebo zEasti potlacena. Proto musi byt elektronicky regulator vykonu na blocich,
které poskytuji podptirnou sluzbu primarni regulace frekvence, doplnén o zatizeni, které ptivodni primarni regulaci nahrazuje.
Timto zafizenim je tzv. frekvenéni korektor, ktery uréuje statiku primarni regulace - sklon statické charakteristiky Nr=funkce(f)
pri paralelnim provozu. Skuteény regulator turbiny obsahuje jesté dalsi funkce, ale pro tvorbu dynamického modelu ES, ktery
ma vérohodné simulovat odezvu vykonu turbiny na zmény zatizeni a frekvence sité, je tento popis dostacujici.

Obr. 3.2-7 ukazuje zakladni dynamicky model regulatoru turbiny, ktery obsahuje vyse uvedené komponenty:
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Obr. 3.2-7 Modely regulatori vykonu a otacek turbiny

V bézném provozu je regulator turbiny obvykle v reZimu regulace vykonu. Pozadovana hodnota vykonu Ng muze byt
korigovana frekven¢nim korektorem u blokd, které se podileji na primarni regulaci frekvence. Prevodnik prevadi elektricky
vystup regulatoru na hydraulicky. Na vystup regulatoru je mozno pricist i vystup hydraulického regulatoru otacek
pro modelovani sériového usporadani.

Regulator otacek (v Obr. 3.2-7 znaceny zlutym obdélnikem) mize mit rizné uspotfadani. V pravé dolni ¢asti obrazku
jsou uvedeny dva ptiklady. Prvni je regulator typu PIDP, ktery se pouziva na vodnich turbinach. Vstupem regulatoru jsou otacky
n ziskané v modelu ze skluzu generatoru sg (vysledek feseni pohybové rovnice ( 2.2-3)) a jejich zadana hodnota nz. Velikost
trvalé statiky bp rozhoduje o charakteru regulace otacek. Pii nulové hodnoté se jedna o PI regulaci (astatickou), ktera se pouzije
pfi vypnuti bloku od sité¢ (béhu naprazdno), pfi najizdéni bloku pied pfifazovanim nebo v tzv. separatnim provozu, kdy blok
nap4ji sam zatiZzeni. Naopak nenulova hodnota zajistuje proporcionalni charakter regulace otaéek, vhodny pro ostrovni provoz,
kdy je pfipojeno vice zdroju paralelné. Hodnota bp urcuje sklon zavislosti vykonu turbiny Nt na odchylce otacek od jmenovité
hodnoty Nt = funkce(An). Druhy pfiklad ukazuje zjednodusené strukturu tzv. regulatoru ostrovniho provozu, ktera se pouziva
na naSich jadernych elektrarnach. K ptepnuti do této regulace dochazi automaticky pii dosazeni odchylky frekvence od jmenovité
hodnoty £200 mHz. Vystup regulatoru je dan sou¢tem pozadovaného zékladniho otevieni regulaénich ventili ZO a vystupu
proporcionalniho regulatoru otacek. Zakladni otevieni urcuje vykon turbiny pii nulové odchylce otacek. Jeho ucelem je
prizpusobit vykon turbiny velikosti ostrova. Méfitkem velikosti ostrova je zrychleni v okamziku pfechodu do ostrova. Pfi
prekroceni zadané hodnoty zrychleni se ZO snizi na hodnotu 40% (tzv. ptechod do malého ostrova), aby prebéh otacek nedosahl
mezi pro pusobeni strojnich ochran. K snizeni piebéhu slozi i tzv. elektricky urychlovac, ktery pfi piekroceni zadaného zrychleni
zpusobi docasné zavieni regulacnich a zachytnych ventilli parni turbiny (viz podrobnéjsi blokové schéma modelu na Obr. 6.1-2).

Reseni regulace ostrovniho provozu je detailngji popsano v publikacich Il a V. Chovani regulatort ostrovniho provozu
béhem realnych poruch je analyzovano v [31] . Piispévek [32] ukazuje dynamické chovani riznych typt zdroju v ostrove.
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4. Systémové regulace P/f a U/Q a dalsi prostiedky pro rizeni ES

Nasledujici obrazek ukazuje zakladni usporadani systémovych regulaci P a f (vlevo) a U a Q (vpravo). Tyto systémové
regulace tvofi nadfazenou uroven obou regulaci bloku, které byly definovany v pfedchozi kapitole a v obrazku jsou symbolicky

zobrazeny pod ¢erchovanou Carou.
Regulacni
oblast FPilotnl’ uzel ’/

+

Uz

Aut. f Man.

o |P Us K
PG G f PS i fz IR N
jKCOR 3 r Qe — Us 'QG "QS
0)_| Regulace vykonu 3
Af >— Regulace otadek @{D Reguldtor U =] Regulace Q
A

Regulator turbiny 'nz Regulator buzeni

Obr. 4.-1 Principialni schéma regulaci P/f (vlevo) a U/Q (vpravo)

Pokud blok poskytuje podptirnou sluzbu sekundarni regulace P a f (piepina¢ v poloze Aut. pro dalkové fizeni), je
pozadovana hodnota ¢inného vykonu Ps ovladana z centralniho regulatoru oznacené¢ho LFC (z angl. ,,Load Frequency Control”).
LFC udrzuje hodnotu pfedavanych vykonti regulacni oblasti (soucet tokti hrani¢nich vedeni) na planované hodnote¢.

Pokud blok poskytuje podptrnou sluzbu sekundarni regulace Q (pfepinac v poloze Aut. pro dalkové fizeni U a Q), je
pozadovana hodnota jalového vykonu Qs ovladana z nadfazeného automatického regulatoru napéti ARN, ktery udrzuje hodnotu
napéti v pilotnim uzlu na zadané hodnoté. Podrobnéji jsou systémové sluzby a podpiirné sluzby popsany v knize [33] .

4.1. Model sekundarni regulace P a f

Sekundarni regulaci P a f budeme rozumét automatickou funkci realizovanou centralnim regulatorem frekvence
a predavanych vykontl. Ugelem sekundérni regulace P a f je udrzovat zadanou hodnotu pfedavaného vykonu regulaéni oblasti
zaroven s vyregulovanim frekvence na jmenovitou hodnotu. Regulace frekvence ma tedy astaticky charakter na rozdil
od primarni regulace frekvence (popsané v kap. 3.2.6), ktera ma proporcionalni charakter a zanechava trvalou regula¢ni odchylku
frekvence. Model centralniho regulatoru je zobrazen na Obr. 4.1-1.

i Pl regulator i
Prian Filtrovani ,lmax
- i
1 Yrir— 4+ v! | Ps
1+pTeur Py 9 »
T+
PTires Pease — i
—— ‘ : Rmin
%Rmin' ZF’ BASE NSARF
bloku

Obr. 4.1-1 Blokové schéma modelu centralniho regulatoru fa P

Centralni regulator vyhodnocuje regulacni odchylku - tzv. ACE (z angl. ,,Area Control Error), kterou tvofi soucet
odchylky suméarniho toku hrani¢nimi profily od zadané hodnoty Ppran a odchylky frekvence nasobené parametrem k, ktery
odpovida vykonovému cislu dané regulaéni oblasti. Toto usporadani zajistuje regulaci podle sitovych charakteristik
a zprostiedkuje tzv. princip neintervence. Ten spoc¢iva v tom, Ze odchylku frekvence doreguluje jen ta regulacni oblast, ve které
doslo k odchylce predavaného vykonu od zadané hodnoty. Po zpracovani ACE v PI regulatoru je jeho vystup rozdélen mezi
jednotlivé regulacni bloky pres participacni koeficienty kpar. Soucet regulacniho piispévku a zakladniho vykonu Pgase je omezen,
jak co se tyce rychlosti, tak i velikosti a je posilan individualné na jednotlivé bloky jako hodnota Ps vstupujici do regulatoru
vykonu (viz Obr. 3.2-7). V ptipadg, Ze je sekundérni regulaéni rozsah pro viechny bloky vy&erpan (Ps' je rovny Ruyin nebo Ry,
¢ili narazi se na regulacni meze bloku pro sekundarni regulaci P a f), je integracni ¢ast PI regulatoru zablokovana.

Vzhledem k centralnimu charakteru nepracuje regulator spojite, ale s uréitym vzorkovacim intervalem pro méfeni
ptenosu profilu - Tsamp (je v modelu stejny jako i perioda posilani hodnot Ns' na regulacni bloky).
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4.2. Model automatické regulace napéti v pilotnim uzlu (ARN)

Pod pojmem ARN rozumime automatickou regulaci napéti v pilotnim uzlu. Tato regulace vyhodnocuje odchylku
skute¢ného napéti v pilotnim uzlu od zadané hodnoty a ur¢i potfebny sumarni jalovy vykon pro jeji odregulovani. Sumarni vykon
je rozdélen mezi jednotlivé regulacni bloky zapojené do podpiirné sluzby sekundéarni regulace U a Q. Blokové schéma
zjednoduseného modelu ARN je na nasledujicim obrazku:

1
QS-1

QMN PN QXN

Qvm £ il » QXM

Obr. 4.2-1 Blokové schéma modelu ARN a P-Q diagram s vyznacenim regula¢nich mezi jalového vykonu Q

Up b NECU_(

Do modelu vstupuje jako regulovana veli¢ina napéti v pilotnim uzlu Up. Zadanou hodnotou je proménna Uz. Regula¢ni
odchylka je vynasobena zesilenim regulatoru ky, které odpovida citlivostnimu koeficientu AQ/AU. Regulator ma pulzné —
integracni charakter. To znamena, Ze v kazdé periodé€ vypocetniho cyklu méni ARN pifimo pozadované hodnoty jalového vykonu
Qs o regulacni odchylku REGy vynésobenou participacnim koeficientem K i-t¢ho regulacniho bloku (v Obr. 4.2-1 jsou
jednotlivé regulacni bloky znaceny hornim indexem i a stara hodnota je znac¢ena spodnim indexem -1). ARN tedy méni Qs tak
dlouho, dokud neodstrani regula¢ni odchylku nebo se nevycerpa regulacni rozsah Rmin — Rmax. ARN fidi Qs tak, aby blok
nevybo¢il z mezi svého PQ diagramu. Rozsah Ry, — Rinax a participaéni koeficienty K zavisi na regula¢ni rezervé jednotlivych
bloku, ktera se zjisti z aktualnich vykond generatoru P a Qg pomoci vztahi:

Rumin' = QMN+(QMM-QMN)/(PN-PM)*(PN- | P|)-Qc  pro|P|>PM; Rumn=QMM-Qs pro|Ps|<PM  (4.2-1)
Rinar = QXN+HQXM-QXN)/(PN-PM)*(PN- | PG| )-Qs  pro|Pg|>PM; Ruwi=QXM-Qg pro|Ps|<PM
Regulacéni rozsahy ¢inného vykonu PM - PN a jalového vykonu QMM - QXM (pro minimalni ¢inny vykon PM) a
QMN - QXN (pro jmenovity ¢inny vykon PN) jsou vstupni data dané P-Q diagramem. Sumarni rozsahy se zjisti pomoci vztaha:
Ruin= z‘41{mini Rinax= z:E{maxi ( 4.2-2)

Za Ry se dosadi vztahy ( 4.2-1) pfi splnéni podminek Ry < 0 a soudasné Ug' > 0.95, jinak se dosadi nula.
Za Ry se dosadi vztahy ( 4.2-1) pii splnéni podminek Ryay' > 0 a soucasné Ug' < 1.05, jinak se dosadi nula.
Participacni koeficienty jsou umérné podilu regulacni rezervy na sumarnich mezich:

k' = Runin/Ruin pro REGy <0 nebo ki = Rypax/Rinax pro REGy > 0 (4.2-3)
Vypoétena hodnota Qs vstupuje piimo do modelu sekundarni regulace Q podle Obr. 3.1-6 .

4.3. Modely automatik a logik

Ve vypocetnim jadru DMES jsou implementovany abstraktni modely automatiky a logiky, které na zakladé méteni
prabéhu vybranych proménnych a vyhodnoceni logickych podminek provadéji zasah na vybrany objekt modelu ES.
Realizovany model, ktery vychazi z konceptu v publikaci II (Fig. 2), je na nasledujicim obrazku:
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Obr. 4.3-1 Blokové schéma modelu automatiky a logiky

Ukolem méficiho &lanku je vybrat p¥islusnou proménnou pro vstup kontrolniho ¢lanku, ktery pii splnéni zadanych
podminek dava popud k zasahu, ktery se uskutecni se zadanym zpozdénim. Zasah miize jako fiktivni vstupovat do logiky, ktera
pfi splnéni logickych podminek provede zasah podobné jako automatika.
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4.4. Automatické prepinini odbocek trafa (HRT)

Trafa mohou udrzovat napéti na jednom z vinuti v zadanych mezich prepinanim odbocek pod zatizenim. Pfepinani je
fizeno automaticky regulatorem (nazyvanym také hladinovy regulator transformatoru HRT) — jedna se o podélnou regulaci.
U PST miize regulator pracovat v pficné regulaci a udrzovat tok ¢inného vykonu na zadané hodnoté Pz. Blokové schéma modelu
je na nasledujicim obrazku:
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Obr. 4.4-1 Blokové schéma modelu regulace odbocek trafa pod zatiZenim

Jestlize v rezimu podélné regulace regulované napéti Ucont korigované statikou a ptipadné signalem Kgrrr vyboci
od zadané hodnoty Uz o necitlivost necU, dojde k pfepnuti odbocky se zpozdénim danym souctem doby Tacr (modelujici
zpozdéni vlastniho pfepnuti) a doby T vyplyvajici z charakteristiky regulatoru. Charakteristika je ur€ena mocninnou funkci
v zavislosti na parametrech Tppr a Exp. V piipadé, Ze je konstantni regulaéni odchylka ¢, pak je T = Tpgr/100&/E*P. Pro volbu
Exp =0 je T rovno Tper a nezavisi na regulac¢ni odchylce €. Pro volbu Exp = 1 se jedna o inverzni charakteristiku — doba T je
nepiimo umeérna €. V piipad¢, Ze odchylka je vétsi nez hodnota emr, nebo naopak mensi nez epown, dojde k povelu na piepnuti
okamzité. Od povelu k pfepnuti uplyne zadana doba Tacr. Po pfepnuti je ¢innost regulatoru blokovana po dobu Tgrock, kterd
zajisti jednak odeznéni pfechodnych déju a jednak opétnou pohotovost piepinaciho mechanismu pro dalsi pfepnuti. Pfi poklesu
napéti pod hodnotu Ugrock je ¢innost regulace zablokovana tak, aby nezhorSovala provozni stavy pii deficitu jalového vykonu.
Dale je mozné zadat nenulovou hodnotu statiky stat t. Je-li tato hodnota kladna, zadana hodnota napéti je korigovana umérné
¢innému zatizeni trafa. Je-1i hodnota statiky zaporna, jedna se o kompaundaci jalovym proudem. Prvni zptsob je vhodny
pro kompenzovanou zatéz, kdy jalové zatizeni trafa je malé. Oboji pak umoziuje kompenzovat bytky napéti na trafu, eventualné
i ubytky napéti v siti. Pokud se regulaéni odchylka € dostane zpét do pasma necitlivosti necU, integrator se vynuluje Yrrr = 0.
Pro N paraleln¢ pracujicich transformatorti se provadi pro odstranéni kruhovych tok jalového vykonu (viz také [34] ) korekce
zadané hodnoty podle vztahu:

ZQ ZZ' (4.4-1)
Ky =| Q-S, i:LNS i:llevz

i=l,N

ni
Q a U, jsou meétené hodnoty jalového vykonu a napéti sekundaru, S, a Z jsou jmenovité vykony a zkratové impedance (métené
na sekundaru) paralelné pracujicich traf.

V rezimu pri¢né regulace se blokovani od hodnoty napéti a proudu neprovadi.
4.5. Model obecného regulatoru

Kromé vyse uvedenych specifickych regulatorti Ize definovat model obecného regulatoru, ktery si uzivatel mize
nakonfigurovat podle svych potieb, Blokové schéma je na Obr. 4.5-1:

X1 :> k1 ZADR Kp
1+pT, + + — EPSg X + Rmax
= = ha Ren
Xz —) f
1+pT, + 1 T
k3 pT
x,—N
: V[ 1+pT; Rmin J

Obr. 4.5-1 Blokové schéma modelu obecného regulitoru

Model obsahuje tfi volitelné vstupy X, - X3, Vystup PI regulatoru lze rozdélit pies participacni koeficienty k mezi
vystupni signaly Y, které 1ze pricist k zadané hodnot¢ regulatorti buzeni, turbin a pfepinani odbocek transformatord jako korekéni
signaly.
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4.6. Model UPFC

Zatizeni typu UPFC (,,Unified Power Flow Controller*) patii do rodiny tzv. FACTS (,,Flexible AC Transmission
System‘) a kombinuje schopnosti zatfizeni typu STATCOM (coz je SVC- ,,Static VAR Compensator vybaveny modernimi
GTO tyristory) a TCSC (,,Thyristor controlled series compensator”). UPFC umoziiuje nezavislé a plynulé fizeni toku ¢inného
i jalového vykonu ptes vedeni, doplnéné o moznost tlumeni systémovych kyvu. Je tedy nejpokrocilej§im zatizenim FACTS.

UPFC sestava ze dvou transformatorti — budiciho napajejiciho usmérnovac a sériového (booster), zapojeného v sérii
s vedenim a napajeného ze stiidaCe. Mezi usmériiovaem a stiidatem je vlozeny stejnosmérny meziobvod tvofeny
kondenzatorem o kapacité C. Principialni schéma UPFC je v levé ¢asti Obr. 4.6-1, kde redlny transformator je nahrazen idealnim

s pfevodem n; a reaktanci Xy v sérii.
Seriovy transformator P+ Q U U
U *r p =
Up . I il de
> 22 X )p U,

u l | S — '
= s Usmériovaé Stejnosmémy | U, o U, Ug
1:n4 1y meziobvod | —s | Stfida¢

Xa o |22 Y Pocatedni SE Koncovy
1 Ud T 'd uzel Irop uzel

L Budici 4 + 4

transformator mi @1 ma @2
U = mlUd/UveJ(e'i(m U, = szd/UveJ(e'wz)

Ps+jQk

Obr. 4.6-1 Schéma UPFC zapojeného mezi uzly I a J a ekvivalentni matematicky model

Usmérnovag i stfida¢ jsou vybaveny modernimi tyristory GTO (,,Gate Turn-Off*), takze 1ze pomoci pulzné Sitkové
modulace PWM (,,Pulse Width Modulation*) ménit plynule amplitudu i fazi jednotlivych napéti zménou fidicich proménnych
m a @. Vysledkem je, ze ke vstupnimu napéti Us se pricita napéti Us, jak ukazuje fazorovy diagram v prostiedni ¢asti obrazku.
Podélnou a pfi¢nou slozku napéti Uqg a Up 1ze plynule ménit a fidit tak pfenosové pomery.

UPFC lze v modelu sité nahradit vlozenim napéti Up do série s napétim Us a vykony Ps a Qx odebiranymi v pocatecnim
uzlu I (viz napt. [35] ), jak ukazuje nahradni schéma v pravé casti obrazku. Kompenzacni jalovy vykon Qx se pouziva pro
regulaci napéti v pocate¢nim uzlu na zadanou hodnotu. Proménné napéti Up se pouziva pro udrzovani tokl ¢inného a jalového
vykonu Sz = P+jQ na zadané hodnotg. Ps je ¢inny vykon, ktery je pfenasSeny méni¢em. Pro pouziti v pocitaCovém programu je
vhodné nahradit sériové napéti Up dvojici vstiikovanych proudt Iy v poc¢atecnim a koncovém uzlu:

Ing'=Up/iXe  Ini'=-In'-(Ps-jQ)/Ui"  Ps=real{Uplrop'} Iron= (Ur-U)/iX: (4.6-1)

Urz = jXd(Pz-jQ2)/Us"-Irop) ~ Up= (Ur+jUy)

Hodnoty uzlovych napéti v pocatecnim a koncovém uzlu jsou vysledkem vypoctu chodu sité, kam naopak hodnoty
vstiikovanych proudi vstupuji. PoZzadovana hodnota napéti Up se vypocita podle vztahu ( 4.6-1). Vypocet tedy probiha itera¢nim
zpusobem, aZ je dosaZeno pozadované piesnosti feseni. Zbyvajici proménné Up a Qg jsou akéni veli¢iny, pomoci nichz se provadi
fizeni UPFC. Kompenzacéni vykon Qx je akéni veli¢inou regulatoru napéti v pocatecnim uzlu a Up je akéni veli¢inou pro regulaci
toktl. Na zakladé reSerse literatury [35] a [36] a testovani Gi¢innost regulace pro plnéni funkce regulace napéti v poc¢atecnim uzlu
I aregulace P a Q v koncovém uzlu J (viz [37] ) byly vytvofeny modely, znazornéné na nasledujicim obrazku:

— U U 1 Re{Up}=Ur
PMAX _ L 5
u s = RV 1epT,
! 1+pT> % —

L 0 %0 = UoreU
-Quax 2 1 mag{Up}=U,

PTe 1+pT

SIGy & 5 3 — 4

-Qxmax QKMAX = (UIISMAX) _Ps

Obr. 4.6-2 Blokové schémata regulace napéti a toku PQ pro model UPFC

Pro regulaci pfenaseného vykonu se podle ( 4.6-1) spocita pozadovana hodnota vlozeného napéti Upz. Model kontroluje
neptekroceni mezni hodnoty amplitudy tohoto napéti Upmax . Rovnéz je kontrolovano nepiekroceni hodnoty dovoleného toku
¢inného vykonu méni¢em Psmax. Pokud je tato hodnota dosaZena a napéti v pocateCnim uzlu je vétsi nez 70% vztazného napéti
uzlu, pfepocte se fazovy tihel napéti Upy tak, aby se vykon omezil na hodnotu Psmax . Napéti Upz se rozdéli na ¢innou a realnou
cast Ur a U a ty se upravi v ¢lenu zpozdéni 1. fadu pro zachovani stability vypoctu.

Pro regulaci U byl implementovan jednoduchy PI regulator s moznosti zadani doplitkového signalu SIGy (stabilizacni
signal), ktery umoznuje UPFC plnit dalsi funkce, napt. tlumeni elektromechanickych a systémovych kyvt (viz [29] ).

Rovnéz je kontrolovano nepfekroCeni mezni hodnoty amplitudy proudu budiciho trafa 1Smax. V piipadé potieby
se omezuje pozadovany kompenzacni vykon Qg (pfenaseny ¢inny vykon ma prioritu).
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5. Modelovani nesynchronné pripojenych zdrojt

Tato kapitola se zabyva modely zdroju, které jsou k siti pfipojeny nesynchronné ptes vykonovou elektroniku (plno
vykonové ménice). Jedna se piedevsim o vétrné elektrarny se synchronnimi generatory a fotovoltaické elektrarny.

5.1. Model synchronniho stroje s permanentnimi magnety a plnovykonovym méni¢em

Tento zplsob vyvedeni vykonu se pouziva u vétrnych turbin vétsich vykont. Usporadani ukazuje nésledujici obrazek:

“itr AC DT DC T AC

) Synchronni generator Stei P
—_— s trvalyri magnety tejnosméma

- spojka
—>
~ GG -
—>
ACDC DG/ AC

—>
—»

Obr. 5.1-1 Vyvedeni vykonu vétrné turbiny pres plnovykonovy méni¢ (pFevzato a upraveno podle [38] )

Vicepolové uspotradani synchronniho generatoru dovoluje pfizpusobit otacky generatoru otackam vrtule vétrné turbiny
a odpada tak potieba pfevodovky. Synchronni stroj s permanentnimi magnety napajejici plnovykonovy frekvenéni ménic je
oznacovan také zkratkou PMGC (z angl. ,,Permanent Magnet Generator with Converter). Vektorové fizeni méni¢e pomoci
pulzné $itkové modulace umoziiuje rychlou (z hlediska elektromechanickych piechodnych déju prakticky okamzitou) regulaci
prenasenych vykonu. Principidlni schéma a odpovidajici model jsou na nésledujicim obrazku:

®_‘ I1 UB |2 : z :
PMG H#z +C H#z Us lo=(Ip-jla)}Us/Uc

Obr. 5.1-2 Schéma zapojeni PMGC a odpovidajici model

Vlastni implementace modelu je znazornéna v pravé casti obrazku. Generator s méni¢em je v souladu s doporucenim
[39] modelovan pomoci Nortonova ekvivalentu. Model regulace je na Obr. 5.1-3. Regulace spociva ve dvou oddélenych
smyckach pro pozadovany ¢inny a jalovy vykon. Cilem regulace P je pfizptisobovat ¢inny vykon dodavany do sit¢ tak, aby
odpovidal vykonové rovnovaze soustroji, tedy vykonu vyrabénému vétrnou turbinou v zavislosti na rychlosti vétru. V ptipadé
vykonové nerovnovahy a vzniku regulacni odchylky ep je pozadovany vykon ménén trendem v, aby se dostal do souladu
s vykonem turbiny. Naopak pfi poklesu dodavky do sité¢ Pg (napf. vlivem zkratu) se zmensuji zadané otacky wz (vstupujici i do
modelu turbiny), ¢imz se zmensuje akcelerace soustroji. Zaroven se pii poklesu napéti omezuje dodavka ¢inného vykonu tak,
aby bylo mozné dodat vice jalového vykonu — viz blok oznaceny LVPL (z angl. ,,Low Voltage Power Logic*). Jalovy vykon je
fizen bud’ pro regulaci napéti Ug (primarni regulace) nebo dodavaného jalového vykonu Qg (sekundarni regulace) v zavislosti
na hodnot¢ parametru Tig (pro nulovou hodnotu se jedna o primarni regulaci). Velikost jalového vykonu je omezena napétim.

Zadand hodnota otacek

p N2+bN+

G N — 1
—b‘ '— 1+p

Reguldtor P

Vs,
N1epoo2f] |

Omezeni
rychlosti a velikosti
podle napéti

IQmax

Reguldtor U

1
1+p0.02

Obr. 5.1-3 Schéma modelu regulatoru PMGC

Chovani vétrné elektrarny s modelem PMGC v ostrovnim provozu je ukazano v publikaci VI (Figure 8).
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5.2. Model fotovoltaické elektrarny

V souladu s dokumentem [40] je mozno FvE modelovat pomoci zjednoduseného modelu frekvencniho ménice
(stfidace) jako Nortondv ekvivalent vstfikovaného proudu Ig do sit€¢ (podobné jako u modelu PMGC z piedchozi kapitoly).
Model ukazuje nésledujici obrazek:

Pry
T
M /\ l— Ns

T . .
Snizeni ¢&inného vykonu Pry Ortneze-m rychlostlv ]
pfi nadfrekvenci avelikosti podle napéti

! = e [P
Kf v ]
f=
dfk X Sit
le=(lp-jla)Uc/Us |
Us 1+E)10 02) . |
. Us
160 | e :
Nﬁ‘: lqmax s ON| | o on
Regulator Q f ! -dydu -df.| d
Qq t|t-|lwyoFA | ¥l tz|tz| W opf
U< Uc U U f fa
2 t1 t1 2 t< t
1 la i i
1+p0.02 Us f
4 Vypinaci a zapinaci logiky
3! Us podle frekvence a napéti sité
Qg

Obr. 5.2-1 Model FVE

Cinné ¢&ast proudu Ip je uréena vykonem fotovoltaickych panelii Pry. Pro vypoéty dlouhodobé dynamiky je mozno
modelovat zavislost dostupného vykonu Pry na denni dobé€ T v hodinach (Te{0,24}). Dostupny vykon FvE s maximalnim
(instalovanym) vykonem Pry;, Ize pak aproximovat kvadratickou nebo kubickou funkci podle vztahi:

.13 5.2-1
,(TJ)Z 70-5(‘1‘—6/1‘ ‘) ( )
Prv=Pryp*g g=de V°  g=Ade

kde A, o, a jsou parametry. Na Obr. 5.1-2 je porovnani aproximace g se skute¢nym prubéhem vyroby FvE v letnim jasném dni.
gl
0.6
0.5
0.4

0.3 Skuteénost

0.2
0.1 \
_ ~

00 ——=— 1 ——

0 2 4 6 8 10 12 14 16 18 20 22 Tlhod]

Obr. 5.2-2 Casova zavislost vykonu FVE na dennim ¢ase T pro jasny letni den v CR

Model umoznuje snizovani vykonu pii nad-frekvencich (f > 50+dfk) linearné podle smérnice kf a plnit tak pozadavky
Evropského sitového kodexu [2] . Soucasti modelu je i vypinaci logika, ktera vypina blok pfi vyboceni frekvence a napéti sité
ze zadanych mezi. Zapinaci logika zapne blok po navratu odchylky frekvence/napéti do dovoleného pasma. Pfi znovu-zapnuti
zapinaci logikou FvE najizdi na dosazitelny vykon Pry zadanou rychlosti.

Pro modelovani oblacného dne je mozno zadat kombinaci goniometrickych funkci modulujicich aproximaci g:
Pry = Pry g{l + A[Sin(QT + ) +5in2.5 QT + ) + sin(8QT + )]} (5.2-2)
konstanta y zavisi na konkrétnim rozlozeni FvE v krajing, protoze urcuje posunuti superponovanych sinusovek v ¢ase. Tim se

simuluje ¢asové zpozdéni v prechazeni mrakd pies rizné umisténé elektrarny. Parametrem k se voli stupeit oblacnosti a Q se
pohybuje kolem nt/12. Podrobnéji je vyuziti modelu popsano v ptispévku [27] .

Model FvE byl pouzit v publikaci VII pro analyzu frekvenéni stability synchronni zény CE béhem zatméni Slunce
20. 3. 2015. V Sesti uzlech modelu bylo simulovano proménné zatizeni i proménnd vyroba FvE béhem dopoledne a schopnost

zony tyto zmény odregulovat a udrzet odchylku frekvence v bezpecném pasmu +200 mHz. Pfi prekroceni tohoto pasma je
riziko vypnuti velkého objemu FvE frekvenénimi ochranami (podrobnéji viz pfispévky [41] a [42] a ¢lanek [43]).
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6. Vyuziti dynamického modelu ES

Dynamicky model ES byl vyvijen od poloviny 80. let minulého stoleti jako soucast sitového simulatoru MODES, ktery
byl ptivodné uréen pro vyuku studentii na Katedie elektroenergetiky Fakulty elektrotechnické CVUT. Pozdgji byly dynamické
modely dale zdokonalovany v ramci feseni dil¢ich ¢asti statniho ukolu Paralelni provoz ES CSFR se soustavami UCPTE [30] .
Béhem priipravné faze ptipojovani k UCPTE byly v ramci uskupeni CENTREL provadény rozsahlé studie, které prokazovaly
schopnost jednotlivych soustav plnit narocné pozadavky a podminky propojeni obou soustav. Pomoci programu MODES byly
provadény simulacni vypocty frekvencni stability, jejichz vysledky byly publikovany mezinarodné [44] i jako Sifeni osvéty v
tuzemsku [45] . Koncept primarni regulace frekvence (jejiz realizace byla jednim z kli¢ovych podminek ptipojeni k UCPTE)

vvvvvv

pripojeny v obdobi 1979 - 1993.

Schopnosti programu MODES simulovat dynamické chovani slozitych a rozsahlych ES byla vyuzita i v mezinarodnim
vyzkumné - vyvojovém projektu e-Highway 2050, ktery zkoumal rizné scénafe vyvoje budoucich evropskych soustav. Vysledky
analyz frekvenéni stability jsou ukdzany v ptispévku [46] . V publikaci VIII je popsana obdobna analyza jen na jednodu$$im
jednouzlovém modelu synchronniho propojeni CE.

6.1. Integrace vypoctového jadra MODES do dispecerského tréninkového simulatoru DTS

Idea pouzivat vypoctové jadro simulatoru MODES viceucelové byla poprvé prezentovana v r. 1997 na 4. mezinarodnim
seminafi o dispe¢incich ES [47] ve form¢:

a) trojrozmérného vyuziti vypoctového jadra (v zavislosti na typu dynamiky, kontextu a zptisobu vyuziti, viz také Fig. 1
v publikaci II)
b) hierarchického uspotradani jadra (zékladni model + nadtazené regulace a automatiky).

Byly definovany dvé vyuziti vypoctového jadra v sitovém simulatoru MODES a ve formé& DLL, kterou lze pfipojit
v libovolném programu, vytvofenému v prostiedi Windows a uzptsobenému volani jednotlivych vstupnich bodd simulaéniho
jadra.

V publikaci II jsou jiz tfi vstupni body vypocetniho jadra definovany (Prolog pro nacteni vstupnich dat, Simulace (pro
opakované volani a ziskani vystupnich veli¢in modelu a nakonec Epilog pro ukonéeni vypoctu viz Fig. F v publikaci I).

Opacny ptipad, kdy MODES naopak byl schopen vyvolat procedury vytvofené v prostifedi MATLAB a obsahujici napf.
podrobné modely kotlti nebo turbin, byl publikovan na kongresu IFAC v r. 1999 [48] . V programu MODES byla tato funk¢nost
dlouho udrzovana a az od verze 2.3 zrusena pro nezajem uzivateli.

V piispévku [49] na konferenci Automatizace energetickych procesit v r. 2006 bylo publikovano zakladni uspofadani
DTS zobrazené na nasledujicim obrazku.

DispeCerské
monitory (HMI)

!

Emulace fidiciho
systému

b

Model ES

Obr. 6.1-1 Zikladni architektura DTS
Jako model ES mélo byt pouZito pravé vypocetni jadro pouzivané v programu MODES.

V ptispévku [50] byly podrobnéji rozpracovany pozadavky na dynamicky model, nezbytné pro jeho pouziti v DTS.
Model by mél umoznovat simulaci:

1. zkratd (symetrickych i nesymetrickych, kovovych i odporovych),

vypnuti generatord, transformatort, vedeni (v€etné rozpojeni fazi) piipadné i kompenzacnich zafizeni,
zapnuti transformatort, vedeni a spinact (bud’ prosté nebo pomoci fazovacich zafizeni ¢i opétného zapnuti),
fazovani a najeti generatorti na vykon,

rozbéhu nebo vypnuti asynchronnich pohont,

prepnuti odbocek transformatoru,

zmén zadanych hodnot regulatori (na elektrarenskych blocich, transformatorech),

zmeén zatizeni v uzlech (skokové i trendové).

PN RN

Modely komponent byly pribézné vylepsovany pro vérohodnou simulaci dynamiky ES. Naptiklad Obr. 6.1-2 (ptevzaty
z [50] ) ukazuje zdokonaleny model parni turbiny, doplnény i o model kotle pro simulaci dlouhodobé dynamiky ES.
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Obr. 6.1-2 Kompletni model turbiny véetné vazby na kotel

Oproti Obr. 3.2-1 model obsahuje pfi¢itani korekéniho signdlu KorT (vystupti obecného regulatoru popsaného
v kap. 4.5) a funkci rychlého fizeni ventild pro zvySeni uhlové stability (viz také [51] ).

V ptispévku [3] byl definovan koncept modelu vyvodu, ktery sdruzuje do jednoho objektu tzv. univerzalni model
distan¢ni a nadproudové ochrany a synchronizacni zatizeni. Sdruzeni téchto zatizeni do jednoho objektu mélo tyto divody:

e zafizeni maji podobnou funkci — na zékladé méfeni fyzikalnich veli¢in (v modelu proménnych) méni stav piislusného
vypinace — vypinaji v pfipad€ ochran a zapinaji v pfipadé synchronizacniho zafizeni,

e zafizeni maji spolecné atributy — rozvodnu a vedeni, trafo nebo spina¢ ptipojnic (pficny nebo kombinovany),

¢ zjednoduseni (a urychleni vypoctu) tim, ze bude model vyvodu v jednom programovém modulu, ktery spocita ptislusné
proménné najednou,

e zjednoduseni zadavani vstupnich dat tim, Ze fada dat bude spolecnych.

Principialni schémata jednotlivych typti vyvodl jsou zobrazeny na nasledujicim obrazku:
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Obr. 6.1-3 Schéma vyvodu pro vedeni, spinac piipojnic a transformator

Univerzalni model distan¢ni ochrany uvazuje zjednodusené¢ obdélnikové charakteristiky jednotlivych impedancnich
¢lankd a obsahuje:

e az 5 stupni ¢lanki méticich smycky faze - zemé pro zemni zkraty,
e az 5 stupni ¢lanki méticich smycky faze - fAze pro symetrické poruchy a
e zavoru proti kyvéani, skladajici se ze dvou obdélnikd IN a OUT.

v

Zavora proti kyvani méfi (podobné jako distan¢ni ochrana) zdanlivou impedanci jako podil fazor napéti a proudu.
P1i setrvani méfené impedance v pasmu mezi obdélniky IN a OUT déle nez je nastaveny Cas, zavora okamzité blokuje funkci
vSech impedanénich ¢lankd kromé prvniho stupné. Pti splnéni podminky zvysSeného vyskytu neto¢ivé slozky proudu se funkce
zavory ukonéi (pfi nesymetrickych poruchach neni zavora proti kyvani funkéni). Funkce zavory je popsana i v publikaci IV.

Podrobnéji se modelovanim ochran zabyvaji i pfispévky [52] a [53] .
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V piispévku [54] byly prezentovany vypocCty v sitovém simulatoru MODES na vstupnich datech z DTS, ktery se v té
dobé uvadél do provozu na dispeéinku provozovatele pienosové soustavy v CR, CEPS, a.s. Jelikoz vypoétové jadro dynamického
modelu ES (zde jiz nazyvané DMES) je pro oba simulatory totozné, budou i vysledky vypocti na stejnych vstupnich datech
obdobné, i kdyZ pracovni postup je pro oba prostredky odlisny. Piispévek se zabyva i modelovanim zbytku synchronni zony CE
(mimo sledovanou soustavu) v DTS. Jednopdlové schéma sledované soustavy z té doby je zobrazené v levé ¢asti Obr. 6.1-4.
Sledovana soustava je ta ¢ast synchronni zony CE, kterd je métena v aplikaci SCADA (z angl. ,,Supervisory Control and Data
Acquisition®), ktera tvoii zaklad dispecerského fidiciho systému.

e Okolni

soustava

Sledovana
soustava

Obr. 6.1-4 Schéma sledované soustavy DTS (vlevo) a ekvivalent zbytku synchronniho propojeni CE (vpravo)

Cervené jsou zobrazena vedeni 400 kV a zelené vedeni 220 kV. Sledovana soustava se sklada z fizené soustavy, kterou
je prenosova soustava CR (kterou mize dispecer ovladat) a z nékolika smycéek v sousednich soustavach.

Pro vérohodné chovani DTS z hlediska frekvencni stability je potfeba doplnit model o zbytek synchronni zény - ptipojit
k detailnimu modelu sledované soustavy ekvivalentu tak, aby byly splnény nasledujici podminky:

1. bylo zachovano vykonové ¢islo soustavy (nazyvané také K-faktor, viz poznamka pod ¢arou 1 v publikaci V),
2. tok vykonu hrani¢ni vétvi odpovida ptivodnimu odbéru vykonu Sy, v hrani¢nim uzlu sledované soustavy,

3. toky jalového vykonu z ekvivalentniho uzlu byly minimalni,

4. napéti v hrani¢nim uzlu Uy sledované soustavy ziistalo zachovano.

Za téchto podminek se nemusi provadét prepocet chodu sité pfi piipojeni ekvivalentu k sledované ¢asti (jsou zachovany
Kirchhoffovy zédkony) a propojeny model dava odpovidajici odchylky frekvence pfi vzniku vykonové nerovnovahy. Schéma
takového jednoduchého ekvivalentu je na Obr. 6.1-4 vpravo.

Z 2. podminky se spocita z napéti Uy a admitance hrani¢niho vedeni yn napéti v hraniénim uzlu ekvivalentu Ue:

U =Ue + (81 /U fyn =Ugr &% (6.1-1)

Amplituda napéti v ekvivalentnim uzlu Ue se ur¢i z 3. podminky a zndmych admitanci vétvi ekvivalentu yen:
Ue= ZUeh'Yeh/ZYeh ( 6.1-2)

Sumace se provadgji pies vSechny vétve ekvivalentu yen, které se uréi vylucovanim uzld vychoziho modelu sité
postupem uvedenym napt. v [55], pfi¢emz odpory vedeni jsou zanedbany. Uhel napéti ekvivalentniho uzlu se spocita z rovnic:

P -
9. =arsin(————) +a o= arsin(i) (6.1-3)
Ue\A2+B2 «/A2+B2
A =Y UenyencosJen B =Y Uen'yensinSen
Kompenzaéni vstiiky v hrani¢nich uzlech ekvivalentu a dodavka jalového vykonu se dopocita podle vztaht.
Seh = th [th(yeh + Yn ) - Qe'yeh - thh ]* Qe = imag{ge Z(ge - th)*yeh*} ( 6.1-4)

V piispévku [54] byly definovany i ochrany bloku, které¢ se v DMES dopliiovaly pro ucely pouziti v DTS. Jednalo se
naptiklad o ochranu na prokluz poli a zpétnou wattovou ochranu. Z pozadavku na modelovani ¢innosti ochran bloku logicky
vyplyvala i nutnost rozsiteni stavii bloku, jako odstaveni (s nulovymi otaCkami, napf. po plsobeni zpétné wattové ochrany) nebo
odbuzeni (s nulovym napétim, napf. po puisobeni ochrany proti prokluzu rotoru).
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Prispévek [56] podrobnéji popisuje integraci DMES do DTS, ktery je podle pfijaté koncepce replikou skute¢ného
dispecerského fidiciho systému DRS. Vztah mezi DTS a DRS ukazuje nazorné nasledujici obrazek:
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Obr. 6.1-5 Zjednodusené znazornéni rozdilu mezi DRS a DTS

Zakladni rozdil mezi DTS a DRS spoéiva v tom, Ze skute¢na ES je v DTS nahrazena DMES. Tento model musi byt
schopen jednak predavat métené veli¢iny do modelu telemetrii, jednak ptijimat ovladaci povely a rovnéz informovat DTS o své
autonomni ¢innosti. Toho se dosahuje prostfednictvim tzv. zasahll a zpétnych hlaSeni. Seznam moznych zédsahii je uveden
v ptiloze prispévku [56] . Unikatni feSeni pouzité pro DTS spociva v tom, ze jako simulacni nastroj (tzv. ,,Simulation engine*)
bylo pouzito vypocetni jadro simulatoru MODES, které obsahuje odladéné a verifikované modely objektd ES — viz Obr. 6.1-6.

Prolog -vygeneruje vstupni data, nacte je
a provede incializaci dynamického modelu
iDIAG -pfevadi struktury na vstupni soubory

VSTUPY - nacita vstupni soubory

OPEN_REP - otevira vystupni soubory

SITE - provede vypocet sité pro t=0

KONT - vypocet kontrolovanych veli¢in pro t=0
STABIL — vypocet ARN t=0
Dispecersky tréninkovy vypoce pro
simulator DTS STAV_IO — zapis stavu pro t=0

Sitovy simulator  MODES
VSTUPY

DMES VYSTUP — zapis vybranych proménnych do vyst. souborl
PROLOG

Simulace - provede pozadované
zasahy a dopocita stav ES do
¢asu Tvyp

Prevedeni Provedeni zasahl
do formy DLL

Vypocetni jadro Simulace

Vypocet dynamického
modelu

Ne ‘m
Pfidani vystupnich
GRAFIKA iltas proménnych do DTS
¥

ZasStop - zavie vystupni soubory Epilog

DEALOKACE — dealokuje dynamicka pole

Obr. 6.1-6 Pirevedeni vypocetniho jadra MODES do formy DLL a podrobna struktura vstupnich bodu

Reseni ma vyhodu v tom, Ze vice nez 90 % zdrojového kodu je v DMES spoleéna s MODES a vstupni soubory
pro MODES i DMES jsou totozné. To umoziuje provadét detailni analyzu i zrychleny vypocet v prostiedi sitového simulatoru
MODES nad vstupnimi daty z DTS (v€etné zasaht provadénych béhem tréninkové seance).

V pravé casti obrazku je podrobné&ji znazornéno fungovani DMES. Vstupni informace o vychozim chodu sité
a parametrech vybranych objektl modelu jsou pfedavany do DMES v rezimu Prologu pomoci tzv. struktur. Tyto struktury jsou
pretransformovany v proceduie iDIAG do vstupnich soubort, které jsou kompatibilni s programem MODES. Pokud tedy dojde
k vyméné dispeéerského trenazéru za jiny, postaéi aktualizovat tuto proceduru a ostatni ¢asti Prologu. V rezimu Simulace preda
DTS do DMES pozadované zasahy a koncovy ¢as simula¢niho vypocétu Tvyp. DMES zasahy provede a dopocita stav modelu
ES do ¢asu Tvyp. Pokud béhem simulacniho vypoctu dojde k néjaké autonomni akci v modelu ES, o které by mél DTS veédét
(napf. plsobeni ochran), signalizuje to DMES do DTS okamzit¢ pomoci zpétného volani (tzv. “call back®). Na konci
vypoctového intervalu v ¢ase t=Tvyp preda DMES do DTS hodnoty méfenych veli¢in. Na zavér se v rezimu Prologu ukon¢i
¢innost DMES.
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Prispévek [57] se mimo jiné zabyval navrhem nového topologického objektu nazvaného pole. Je zde vysvétlen i rozdil
mezi spinaCovym a uzlovym modelem, ktery ukazuje nésledujici obrazek:

A Spinacovy model Rozsifeny uzlovy model
,‘-U1U
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Obr. 6.1-7 Odvozeni spinacového a uzlového topologického modelu z vychoziho zapojeni rozvodny

Spinacovy model umoznuje piepinani vedeni mezi pfipojnicemi, av§ak za cenu zvySeni poc¢tu modelovanych uzla a
vétvi. Uzlovy model je proti tomu jednodussi, ale zase v ném nelze pievést vedeni V1 z piipojnice W11 na W21 (je mozné jen
jeho vypnuti nebo zapnuti), coz je v DTS podstatné omezeni. Vyhody obou modell (jednoduchost i moznost rekonfiguraci)
umoznuje novy objekt pole, ktery tvoii nadstavbu nad mnozinou vétvi (vedeni, transformatoru a spina¢t pfipojnic) a uzli
(ptipojnic). Objekt pole umoznuje jednoduse definovat, do kterého uzlu je dana vétev ptipojena i s moznostmi pfepojovani, jak
jenaznaceno v pravé ¢asti obrazku, kde v zaznamu pole je seznam uzll a aktualni pfipojeni je vyznaceno znaménkem +. Koncept
pole (angl. ,,Bay*) byl publikovan i v ptispévku [58] , ale dosud nebyl realizovan. Ptispévek [57] rovnéz ukazal zvétSeni
sledované oblasti, ktera jiz zahrnovala 6110 uzld, 10089 vétvi, 129 trojvinutovych traf a 330 generatorti. Dnesni stav zobrazeny
na Obr. 6.1-8 je jesté vetsi (8327 uzlt a 12709 vedeni a spinacti) a sahéa od rozvodny Melina v Chorvatsku na jihu az k rozvodné
Dunowo na severu Polska, tedy skoro od Jadranu az po Balt.
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Obr. 6.1-8 Jednopodlové schéma sledované oblasti v DTS a napojeni na ekvivalent z r. 2017

Ekvivalent zahrnuje rovnéz fiktivni generatory pfipojené do hranic¢nich rozvoden, které umoznuji zménou zadaného
vykonu simulovat ptfetoky ¢inného vykonu pies sledovanou soustavu.

Prispévek [59] popisuje vyvoj vypocetniho jadra DMES vcetn€ doplnéni dalsich ochran jako rozdilové, zemni sméroveé,
pfi selhani vypinace a automatiky opétného zapinani. Je zde popsana i modelovana zavislost vykonu zaté€ze na napéti ve tvaru:

» P,

o = (a0 5oy (1 P +dPSC AU+ BU) (6.1-5)
0 0

kde A, B a C jsou parametry zavislosti, Py a Uy jsou po¢atecni vykon a napéti, dPramp a dPrs jsou rampové a skokové zmény
vykonu (simulujici zmény podle denniho diagramu zatizeni a zmény frekvenénim odleh¢ovanim).

Regulacni efekt zatéze od frekvence 1ze modelovat linearni zavislosti zatizeni na odchylce frekvence.
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6.2. Vyuziti vypoctového jadra i pro odhad dynamické stability v realném case

Navrh natizeni EU, kterym se stanovi pokyny pro provozovani pfenosové soustavy [1] , obsahuje ¢lanek 38, ktery
definuje postupy provozovatelli soustav ohledné dynamické stability. Nafizeni stanovuje, Ze pokud je v provozu béhem
kontingenéni analyzy' dosazeno limitt stability diive neZ statickych limith (pfetizeni vedeni), je tieba provést odhad dynamické
stability ve vSech fazich provozu, tedy nejen studiemi v ramci pfipravy provozu, ale i v readlném case (on-line).

V soucasnosti k takovym staviim v nasi pfenosové soustavé dochazi velmi ziidka, v ptipadech oslabeni sité¢ z divoda
rozsahlé rekonstrukce (ptikladem je ptipadova studie v publikaci IV) nebo oprav a revizi zafizeni (viz také ¢lanek [70] ).
V budoucnosti se vSak muze situace zménit v souvislosti s modernizaci sité i s jejim vys$Sim zatizenim. V takovém piipadé by
aplikace posouzeni dynamicke stability (DSA z angl. ,,Dynamic Stability Assessment*) méla byt soucasti dispecerského fidiciho
systému DRS a pracovat s daty, které jsou v DRS dostupné.

Vzhledem k zvladnuti integraci DMES do DTS se logicky nabizi dalsi vyvojovy stupet vyuziti vypoctového jadra
DMES v aplikaci DSA integrované do DRS. Postup je symbolicky znazornén na nasledujicim obrazku.
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simulator DTS
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— PROLOG ™
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data
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N Odhad dynamickeé
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Obr. 6.2-1 Schéma vyuziti vypocetniho jadra DMES pro odhad dynamické stability DSA

Oproti DTS by bylo tieba inovovat datové rozhrani. Misto z DTS by byla staticka data pfedédvana z DRS. Staticka data
(odpovidaji datim pro staticky vypocet chodu sit€) by se ziskala ze systému SCADA (jako snimky aktualniho stavu sit¢) nebo
pfipadné i z hodinovych predpovédi DACF (z angl. ,,Day Ahead Congestion Forecast®).

Do simulace mohou vstupovat i spolehlivostni data napf. ve formé intenzit poruch zafizeni i v zavislosti na zatizeni (viz
[60] ) nebo technickém stavu (viz [61] ), pfipadné i na dalSich vlivech (rychlost vétru, teplota apod.). Nejjednodussi se jevi
vytvafeni seznamu vypadku na zakladé této intenzity poruch. DSA tedy nebude kontrolovat vSechny vypadky, ale jen ty
nejpravdépodobnéjsi, coz zrychli béh vypoctu. To je dilezity aspekt pro aplikace probihajicich v realném case.

V DRS mohou byt dostupné riizné predikce (napt. vyroby fotovoltaickych a vétrnych elektraren), které dynamickou
stabilitu ovliviiuji a jejich uvazeni vede ke zpfesnéni odhadu.

6.3. Vyuziti vypoctového jadra pro vypocet charakteristickych hodnot zkratovych proudi

Vypocétové jadro je schopno spocitat ¢asovy pribéh soumérné slozky zkratového proudu. Pro ucéely dimenzovani
zafizeni a pro kontrolu nepiekroceni dovolenych hodnot béhem provozu je vSak nutné znat i dalsi veliciny, jako je narazovy
zkratovy proud a ekvivalentni oteplovaci proud. Jejich velikost je ovlivnéna stejnosmérnou slozkou zkratového proudu.

Pro aproximaci stejnosmérné slozky zkratového proudu byla vyvinuta metoda rozsifeného aktivniho dvojbranu
(publikovana v [71] ), kterou lze aplikovat na vypocty zkratll v rozsahlych soustavach. Tato metoda byla implementovéana
do programu ZKRATY, ktery vyuziva jiz popsané vypoctové jadro doplnéné o vypocet rozsiteného aktivniho dvojbranu. Ten se
vygeneruje po vzniku zkratu v konkrétnim misté sit€ a umozni aproximovat ¢asové pribéhy stejnosmérné slozky ptispévka
zkratovych proudl. Z ¢asovych pribéhl stejnosmérnych i soumérnych slozek zkratovych proudt pak program ZKRATY
dopocita hodnoty narazového zkratového proudu, ekvivalentniho oteplovaciho proudu a stejnosmérné slozky vypinaciho proudu.

! Kontingenéni analyzou rozumime vypocet kontrolujici, jestli pfi ndhodném vypadku jednoho nebo vice prvki sit€ nedojde
k pretizeni jinych prvkl nebo vyboceni napéti z dovolenych mezi. Bézn¢ se pro vypocet pouziva staticky chod site.
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7. Verifikace dynamickych modeli

Veérohodnost modeld je alfou a omegou jejich tvorby a nezbytnou podminkou jejich vyuziti v praxi. Verifikace se
provadi nejlépe porovnanim meéfenych a simulovanych pribéht velicin, nejc¢astéji napéti, proudd, vykond, frekvenci ptipadné
i otacek. Méfené pribeéhy lze ziskat:

1.z ad hoc méfeni béhem specifickych zkousek (napt. rozbehu bloku ze tmy a zatéZovani v separatnim provozu),
ze zaznamu monitorovacich systémi blokd pfi poruchéach v siti,

z poruchovych zdznami ochran,

z méfeni WAMS (z angl. ,,Wide Area Monitoring System*),

ze zkousek zafizeni (napf. rozb&hti pohonti vlastni spotieby bloku nebo vypnuti bloku do stavu naprazdno).

SNhA WD

Mefeni ze zkousek zafizeni tvoii dilezity zdroj informaci pro ladéni dynamickych modeld (potvrzeni jejich struktury
a parametrtl). Publikace II uvadi ptiklad méfené a vypoétené momentové charakteristiky asynchronniho motoru pohonu ¢erpadla
chladici vody jaderné elektrarny Temelin (Fig, 6). Vytvofeny a verifikovany dvouklecovy model byl pouzit pro navrh
automatického zaskoku vlastni spotfeby na rezervni napajeni. Podrobnéji je model popsan v ¢lanku [63] . V publikaci III jsou
uvedena porovnani méfené a simulované zkousky prechodu na vlastni spotiebu pro parni, vodni a plynovou turbinu (Fig. 4,
Fig. 7 a Fig. 12). Podobnost priubehi potvrzuje spravnost pouzitych modell turbiny (véetné regulaci a setrvacnosti soustroji).
Takto verifikované modely 1ze pak pouzit pro simulaci ostrovniho provozu a pro analyzu uhlové stability (vypocet mezni doby
vypnuti zkratu). Dal$imi zdroji informaci o dynamickém chovani zafizeni poskytuji také certifikacni testy prokazujici schopnost
bloku poskytovat podptirné sluzby (definované v [62] ) nebo méfeni ze systémi SCADA.

Nejvyssi stupenn verifikace poskytuje porovnani vysledkll a priori vypoctd (tedy simulaci provadénych piedem)
s méfenymi prubehy. Prikladem takové verifikace modelu mohou byt pribéhy vyroby FvE v CR a frekvence béhem zatméni
Slunce 20. 3. 2015, jak ukazuje porovnani v publikaci VII (Fig. 15 -16).

Vypovidaci hodnotu vSak maji i vypocty ex post (tedy provedené jiz se znalosti skute¢ného pribéhu déje). Prikladem
miize byt priibéh frekvence po vypnuti rozvoden Slavétice a Cebin od zbytku soustavy, ke kterému doslo 3. 8. 2006. Porovnani
simulovaného a méfené¢ho prib¢hu frekvence v ostrové je v publikaci IV (Fig, 7). Takova verifikace je nutna pfi provadéni
analyzy ,,post mortem®, kterd obsahuje i simulaci alternativnich postupti (a vypoctt typu ,,Co by se stalo kdyby...?*) a verifikace
modelu tvofi jen nutné vychodisko k ziskani vérohodnych vysledki. Piikladem je porovnani simulované a méfené frekvence
v zapadni ¢asti synchronni zony CE po jejim rozpadu 4. 11. 2006 zobrazené v publikaci V (Fig. 17).

7.1. Specifické zkouSky startu ze tmy a zatéZovani bloku

Start ze tmy (angl. ,,black start®) predstavuje specialni rezim naprosto odlisny od bézného provozu bloku, protoze se
provadi bez podpory napajeni z vnéjsi sité. Tuto schopnost maji v CR jen nékteré vodni elektrarny (VE) a testuje se béhem
unikatnich zkousek, které provéfuji nejen vlastni rozbéh soustroji, ale i vytvotreni napajeci trasy k zaté€zi (pouziva se vlastni
spotfeba tepelné nebo jaderné elektrarny (JE)) a vlastni zatéZovani (spousténi pohont vlastni spotieby). Jelikoz se jedna
o neobvykly rezim, pfedchazi zkouskam peclivé vypocétové provéieni na dynamickém modelu. Pribéh zkousSek je detailné
zaznamenavan méfenim, takze po skonceni 1ze porovnat a priori vypocty se skute¢nosti.

Prvni zkouska startu ze tmy byla provedena v kvétnu 1994, kdy blok VE Dalesice rozbihal pohony v JE Dukovany.
Popis zkousky je v ¢lanku [64] . Obr. 7.1-1 ukazuje frekvenci po vypnuti Cerpadla pohanéného asynchronnim motorem 6 MVA.
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Obr. 7.1-1 Frekvence po vypnuti ¢erpadla chladici vody v ostrové: méieni (vlevo), simulace (vpravo)

V simulaci se nepodafilo dosahnout takovych odchylek frekvence jako v realu, coz bylo pravdépodobné zptsobeno
i ruénimi zasahy obsluhy. V roce 2004 se zkouska opakovala. Méfeny prubéh rozbéhu Cerpadla ptejaty z [65] je na Obr. 7.1-2 .
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Obr. 7.1-2 Frekvence po zapnuti ¢erpadla chladici vody v ostrové: méreni (vlevo), simulace (vpravo)

Simulovany prub¢h byl upraven do piiblizné€ stejného métitka. Tlumeni modelu bylo lepsi nez v redlu (pravdépodobné
zptsobeno odlisSnym nastavenim regulatoru), odchylka frekvence v modelu neptesahla limit 48.5 Hz. V realu byl maximalni
pokles jen 49.1 Hz (simula¢ni vypocet byl tedy konzervativni s bezpecnostni rezervou).
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Dalsi podobnou zkouskou byl rozb&éh pohont vlastni spotieby elektrarny Chvaletice z vodni elektrarny Orlik, ktera se
uskutecnila v kvétnu roku 2008. Pfed provedenim zkousky byly provedeny simulacni vypoclty elektromechanickych
pirechodnych déju, které spocivaly v nabuzeni trasy a pak ve spousténi jednotlivych pohont vlastni spotieby. Obr. 7.1-3 ukazuji
porovnani méfeni a vypoctu (simulované pribéhy jsou kresleny modfe tenci ¢arou) pro rozbeéh koufového ventilatoru. Jedna se
o svorkové napéti ug, otevieni rozvodného kola Kaplanovy turbiny yrk a ¢inny vykon generatoru pg.
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Obr. 7.1-3 Casové prib&hy bloku elektrarny Orlik p¥i rozb&hu nejvétiiho spoti-ebite (pievzato z [3] ).

Je vidét kvalitativné dobra shoda méfeni i simulace. V modelu trval rozbéh o néco déle, protoze se béhem rozbéhu
oteviraly lopatky. Béhem zkousky byly ziejmé lopatky zavieny, o c¢emz svéd¢i to, ze vykon generatoru pied a po rozbéhu se 1isi
jen malo. Pfi vypoctl rozbéhu pohont vlastni spotteby hraji dtilezitou roli také jejich charakteristiky, a to nejen charakteristiky
asynchronniho motoru (zavislost proudu a momentu na otackach), ale i charakteristiky pohanéného zatizeni (vétSinou cerpadla
nebo u tepelnych elektraren ventilatory). Odladéni jejich modeld ma velky vyznam pro vérohodnost simula¢niho vypoctu. Obr.
7.1-4 ukazuje vyladéné charakteristiky pro koutovy ventilator, ktery byl pfi zkousSce rozbihan (pfejato z [66] ).

[pil 4 moment zatéZe [p]]
5 N 0.9 | y
proud motoru S = 08 | //
‘\‘ //

4 \ 07 y

\ /

| 0.6

\ Oteviené lopatky
3 ) 0.5

\ P
\ -,
04 _z
2 _
A 03
e 02 -~
1 R e =7 Zavfené lopatky =~
" momentmotoru 01 ™~ — = e
otécky 0 e T : : : otacky
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ [P o 01 02 03 04 05 06 07 08 o9 1Pl
0 01 02 03 04 05 06 07 08 09 1 : : - - - i : : :
Asynchronni motor Ventilator

Obr. 7.1-4 Charakteristiky motoru a ventilitoru — zmérené (plna ¢ara) a modelované (¢arkované)
Pro usnadnéni rozb¢hu se ventilator rozbihd se zavienymi lopatkami (po rozb¢hu na otacky blizké synchronnim se
lopatky oteviraji). S otevfenymi lopatkami by rozb¢h trval mnohem déle.

7.2. Monitorovaci systém bloku a poruchové zaznamy ochran

Monitorovaci systém na blocich slouzi k zaznamu odezvy blokli na poruchy v siti a je povinnou soucasti vybaveni
elektrarny (ustanoveni 8.1.5. z Kodexu PS [68] nebo ¢lanku 15 6. b) v Evropském sitovém kodexu [2] ).

Poruchové zdznamy jsou standardni soucasti modernich distanc¢nich ochran a ukladaji méfeni do archivi, jestlize dojde
k nabéhu ochrany. Vzorkovaci frekvence byva 1 kHz, ¢ili se zaznamenavaji okamzité hodnoty proudd a napéti, ze kterych
se dopocitaji efektivni hodnoty. Piiklady vyuziti poruchovych zdznaml ochran pro verifikaci dynamického modelu jsou
v publikaci IV (Fig, 5), kdy spravna ¢innost distan¢nich ochran po vzniku pfipojnicového zkratu v rozvodné Sokolnice 3. 8. 2006
zabranila vzniku asynchronniho chodu jaderné elektrarny Dukovany tim, Ze ji vydélily do ostrova, pficemz piebytek vykonu byl
uspésné zvladnut regulatorem ostrovniho provozu (popsanym v kapitole 3.2.6) a frekvence se udrzela v dovolenych mezich.

Prvni ptiklad vyuziti monitorovaciho systému ukazuje vliv jednopdlového zkratu (s GispéSnym opétnym zapnutim) na
vedeni V432 na blok elektrarny Temelin. Podrobny rozbor poruchy je uveden v [69] . Jednopolové schéma je na Obr. 7.2-1.
Jednofazovy zemni zkrat na vedeni pobliz rozvodny Pfestice vyvolal plisobeni distanénich ochran na obou koncich vedeni.
Distan¢ni ochrany ze strany Pfestic vydaly povel na vypnuti vypinace v nejkrat§im mozném (zakladnim) Case, protoze misto
zkratu se nachazelo spolehlivé uvnitf nastavené 1. (zdkladni) impedanéni zony (nastavuje se z kazdé strany na cca 80 % celkové
impedance vedeni). Ze strany Kocina se jednalo o vzdalenéjsi zkrat zfejmé az za 80 % nastavené zakladni impedancni zony,
na ktery by distan¢ni ochrana reagovala normalné az ve 2. mirn€ zpozdéné impedanc¢ni zoné (cca 0.3 sec). JelikoZ je na vedeni
strhavani, vyslala ochrana z konce vedeni v Pfesticich strhovaci impuls ve sméru do Kocina, ktery ¢asové zkratil vypinaci ¢as
ochran v Koc¢iné z 0.3 sec na soucet zakladniho ¢asu a ¢asu na zpracovani strhovaciho impulsu. Proto byla strana Ko¢ina vypnuta
s mirnym zpozdénim oproti stran¢ z Ptestic. Po vypnuti pfislusného p6élu vypinace na obou stranach vedeni byl odméfovan cas
beznapétové pauzy (cca 1.2 sec) a po jejim uplynuti doslo k automatickému zapnuti téchto poli vypinace z obou stran vedeni.
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Obr. 7.2-1 Jednopolové schéma casti pirenosové soustavy s jednofazovym zkratem na vedeni V432

Obr. 7.2-2 ukazuje porovnani simulovanych vykont s méfenim monitorovaciho systému NEMES v elektrarné¢ Temelin
(ETE) vyvedené do rozvodny Kocin.
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Obr. 7.2-2 Pribéhy ¢inného a jalového vykonu bloku ETE béhem zkratu

Zkrat nastal v ¢ase 0.1 s. Dochazi k poklesu ¢inného a nartistu jalového vykonu. Je vidét velmi dobrou shodu obou
vykond béhem zkratu. Tlumeni kyvt ¢inného vykonu po odpojeni zkratu je ve skutecnosti lepsi, coz mize souviset s tim,
ze v dobé vypoctu nebylo znamo nastaveni systémového stabilizatoru.

Dalsi ptiklad ukazuje vliv pfipojnicového zkratu v rozvodné Slavétice na blok jaderné elektrarny Dukovany (EDU).
Popis poruchy i pribéhy jsou pievzaty z [69] . Ke zkratu doslo na pfistrojovém transformatoru proudu. Porucha se objevila
nejprve ve fazi B a o 6 ms pozdégji se rozsifila i na fazi C. Porucha byla vypnuta nadproudovou ochranou sitového trafa
400/110 kV, pres které zkratovy proud tekl. Navic neselektivné vypnula ochrana vedeni V434 v protilehlé rozvodné.
Pravdépodobné vlivem necistot a vyronu ionizovaného plynu pii explozi pfistrojového transformatoru doslo i k pteskoku
v sousednim poli vedeni V433 - za cca 2.5 s na fazi C (nasledovalo vypnuti faze a start cyklu opétného zapinani) a za dalSich
cca 0.8 si na fazi B, coz vedlo k vypnuti zbylych fazi. Nasledujici obrazky porovnavaji méfené pribéhy (z méfici ustfedny
monitorovaciho systému MSE) a vysledky simula¢niho vypoctu vlivu sitové poruchy na stabilitu EDU. Opét je vidét dobra
shoda vysledktl simula¢niho vypoctu s naméfenymi hodnotami.
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Obr. 7.2-3 Priibéhy ¢inného a jalového vykonu bloku EDU béhem zkrati
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25. 7. 2006 doslo v pienosové soustavé CR ke kaskadovitym vypadkiim vedeni a ke vznikii ostrovnich provozil.
Podrobny popis je ¢lanku [70] . Prispévek [72] se zabyval rozborem dynamické stability béhem prvni kaskady. Obr. 7.2-4
ukazuje stav sit¢ pred vznikem prvniho ostrovniho provozu. Vedeni V415 a V420 byla vypnuta pro pfetizeni a poruchu

(jednofazovy zkrat s netispéSnym opétnym zapnutim). Vedeni V402 bylo vypnuto z divodu pozaru vazebni tlumivky.
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Obr. 7.2-4 Schéma pi‘enosové soustavy CR —stav z 25.7.2006 v 12:07

Modfe vyznacena Cast sité zlstala pfipojena ke zbytku soustavy jen vedenim 220 kV V203. Béhem necelé sekundy
po vypnuti vedeni V402 bylo vedeni V203 vypnuto ochranami a modra ¢ast pifenosové soustavy piesla do ostrovniho
provozu, ¢imz se zabranilo §ifeni poruchy a zachoval se stabilni provoz. Vypnuti zajistila distan¢ni ochrana métici zdanlivou
impedanci. Obr. 7.2-5 ukazuje tuto trajektorii z poruchového zaznamu ochran v rozvodné Opocinek.
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Obr. 7.2-5 Porovnani méieni a vypoctu zdanlivé impedance vedeni V203 v rozvodné Opocinek

Me¢ftena trajektorie je kreslena tmavsi barvou. Koncovy bod zdanlivé impedance se v komplexni roviné RX pohybuje
ve sméru Sipky z hodnot s velkym odporem R smérem k ose imaginarnich hodnot X. V ur¢itém Case trajektorie pronika
do 1. zény distan¢ni ochrany (jeji charakteristika je dokreslena v horni ¢asti obrazku). Jelikoz 1. zéna nema zavoru proti kyvani,
dava ochrana povel na vypnuti okamzité, jakmile trajektorie dosahne hranice charakteristiky. K vypnuti doslo asi 60 ms
po ptekroceni hranice 1. zdny, coz pfedstavuje vlastni dobu vypinace. Teckované svétlejsi fialovou barvou je kreslena trajektorie
vypoctend na dynamickém modelu. Je vidét dobra shoda méfeni se simulaci zvlasté v okoli nulové realné slozky. Relevantni
pro srovnani je husté znadkovana trajektorie. Ridce znatkovana méfena trajektorie ukazuje kyvani po vypnuti vedeni.

Unikatni byla zkratova zkouska provedena na Slovensku v rozvodnach Velky Dur a Liptovskd Mara [67] . Pomoci
silonového vlasce s vodivym médénym lankem se provedl jednofazovy kovovy zkrat na vedeni 400 kV a zméfily se prubéhy
zkratoveho proudu. Obr. 7.2-6 ukazuje srovnani méfeni s vysledky simulacniho vypoctu pro zkrat v rozvodn€ Velky Dur.
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Obr. 7.2-6 Zkratovy proud — okamzZité hodnoty méreni faze A (vlevo) a efektivni hodnoty simulace (vpravo)

Po pfepoctu maximalnich hodnot na efektivni (s ptipadnym uvazenim stejnosmérné slozky) vychazi vcelku dobra shoda
vypoc¢tu na dynamickém modelu s méfenim, coz prokazuje jeho schopnosti spocitat i Casové prubéhy nesymetrickych poruch,
(ovsem jen soumérné slozky zkratového proudu bez stejnosmérné slozky).
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7.3. Méreni WAMS

Meéteni WAMS poskytuje cenné informace o dynamickém chovani synchronniho propojeni CE. Jedna se o soudobé
méfeni frekvence a fazort napéti a proudi v riiznych ¢astech propojeni. Casové pribéhy se ukladaji s vzorkovanim 50 snimkd
za sekundu. Vzhledem ke své dostupnosti (viz napf. [73] ) slouzi jako prostfedek pro analyzu velkych systémovych poruch
a zaroven pro verifikaci dynamickych modeld rozsahlych ES. V této kapitole jsou uvedeny tii ptiklady takového vyuziti.

Prvni piiklad (pfevzaty z ptispévku [31] ) ukazuje pouziti WAMS pfi analyze dynamického chovani propojeni CE
béhem blackoutu Italie 28. 9. 2003. Nasledujici obrazek ukazuje ¢asové pribéhy frekvence f ve dvou méfenych mistech -
v rozvodnach 400 kV Heviz (Mad’arsko) a Uchtelfangen (Némecko). Dale je zde prubéh napéti U v rozvodné Heviz, ktera je
spojena vedenim s rozvodnou Tumbri v Chorvatsku. Méfené pribéhy jsou kresleny tlustou Carou.
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Obr. 7.3-1 Casové pribéhy frekvence f a napéti U méfené (tlusta &ara) a vypotitané (te€kovana ¢ara)

Na pribézich je dobte vidét priznak ztraty synchronismu mezi pfenosovou soustavou Italie a zbytkem propojeni (vlivem
vypadkd hrani¢nich vedeni). Oslabeny hrani¢ni profil Italie jiz neni schopen ptendSet vykon pies 6 GW (import Italie
pred poruchou) a dochazi k asynchronnimu chodu. Po vypnuti posledniho hrani¢niho vedeni v ¢ase kolem 3:25:33 dochazi
ke vzniku ostrova a k prebytku ¢inného vykonu ve zbytkové ¢asti UCTE, coz je spojeno s nariistem frekvence. Na prubéhu
frekvence zmétené v rozvodné Heviz jsou vidét superponované kyvy, které maji maximalni amplitudu 150 mHz a frekvenci
kolem 0.6 Hz (tzv. systémové kyvy). Po odpojeni Italie se soustava stabilizuje a ziistavaji jen superponované kyvy o amplitudé
10 mHz a frekvenci 1.6 Hz (lokalni elektromechanické kyvy). Vysledky simula¢niho vypoctu na dynamickém modelu jsou
zakresleny teckovanou Carou. Z pribéhu je vidét, ze k asynchronnimu chodu dochazi v modelu dfive nez ve skuteCnosti, coz je
dano nezbytnym zjednodusenim z diivodu nedostatku dat a jednak zjednoduSenym modelovanim zatizeni (konstantni admitanci,
coz zpusobuje vetsi zavislost odebiraného ¢inného vykonu na napéti nez je ve skutecnosti). Hodnoty frekvenci po odpojeni Italie
jsou také rozdilné od skuteénosti, protoze nebyla piesné znama velikost a struktura regula¢niho vykonu v UCTE (krom¢& sumarni
velikosti primarni regulacni rezervy 3000 MW, ktera je drzena pro ptipady velkych vypadki). Pfesto model spravné postihuje
zéakladni déje: asynchronni chod a systémové kyvy.

Druhy ptiklad ukazuje chovani synchronniho propojeni CE béhem vzniku deficitu vykonu 961 MW po vypadku bloku
elektrarny Temelin 2. 6. 2004. Priibéhy jsou pievzaty z ptispévku [50] . Porovnani méteni a vypoctu frekvenci je na Obr. 7.3-2.
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Obr. 7.3-2 Frekvence v ¢astech CE po vypadku bloku ETE - méreni WAMS (vlevo), simulace (vpravo)

Z obrazk je vidét podobné chovani skutecné soustavy a jejiho modelu- stitedni hodnotu frekvence (v modelu ji odpovida
priblizné prabeh ve Vigy, kresleny tlustou carou) a na ni superponované systémové kyvy (¢im blize vypadku, tim maji vetsi
amplitudu) a jejich zatlumeni béhem ¢tyf period. V grafu méfeni je chybné oznac¢ena maximalni odchylka (patii mHz a ne ms).
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Posledni ptiklad vyuziti WAMS je porovnani frekvenci v jednotlivych ostrovech béhem rozpadu synchronniho
propojeni CE 4. 11. 2006. Pribéhy frekvence z méfeni WAMS a simulované odchylky frekvence jsou zobrazeny na Obr. 7.3-3.
Byly prevzaty z ¢lanku [74] .
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Obr. 7.3-3 Frekvence v jednotlivych ¢astech UCPTE béhem déleni, méfreni WAMS (vlevo) a simulace (vpravo)

V piebytkovém severovychodnim ostrové dochazi k prudkému naristu frekvence (v dynamickém modelu byla pouzita
frekvence métena v Polsku). V deficitnim zapadnim ostrové frekvence naopak rychle klesa. V jihovychodnim (pfiblizné
vyrovnaném) ostrove doslo k ptikyvnuti frekvence a pak navratem k jmenovité hodnoté 50 Hz. Opét je videt veelku dobra shoda
simulovanych prib&éht s méfenim.

7.4. Porovnani vysledku vypocti riznymi programy

Jednou z moznosti verifikace dynamickych modeld je i porovnani vysledkti dosazenych riznymi programy. V této
kapitole je uvedeno nékolik ptikladt takového porovnani vysledkt programu MODES (pouzivajici simulaéni jadro pro vypocet
elektromechanickych prechodnych déji) a programu ATP pro vypocet elektromagnetickych piechodnych déju.

V piispévku [75] se porovnaly oba piistupy k modelovani prechodnych déjii na ptipadu jednofazového zkratu na vedeni
110 kV, pres které se vyvadi vykon bloku 200 MW do nadfazené sit¢. Jednopdlové schéma modelu je na Obr. 7.4-1.
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Obr. 7.4-1 Jednopoélové schéma vyvedeni vykonu bloku 200 MW

Nasledujici obrazky ukazuji prabéhy skluzu (pomérmné odchylky otacek od jmenovité hodnoty) a ¢inného vykonu
generatoru pro oba programy.

%] MW]
0.3 MODES E MODES
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-0.34
-0.4 T U T t T T T t t -100 ; ; ; ; ; ; ; " ;
00 04 08 1.2 16 [s] 20 0.0 0.4 0.8 12 1.6 s]

Obr. 7.4-2 Pribéhy skluzu (vlevo) a ¢inného vykonu generatoru (vpravo)

Na prubézich ¢inného vykonu jsou vidét skokové zmény pii zkratu (t = 0.1s), vypnuti faze (t = 0.5) a opétné zapnuti
(t=1.1). Je vidét i zésadni odliSnost mezi obé€ma pfistupy. Superponované kyvy vykonu o frekvenci 50 Hz u MODESu chybi,
protoze jsou zpusobeny stejnosmérnou slozkou statorového proudu, kterd se v MODESu nevyskytuje. Prubéhy skluzu maji
po zaniku stejnosmérnych slozek proudu obdobny charakter.
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V piispévku [76] je popsano i pouziti programu MODES pro vypocty elektromechanickych piechodnych déju.
Pro tcely vyuky byl vytvofen model ¢asti sit€¢ 220 kV na vychod¢€ Slovenska, zobrazeny na Obr. 7.4-3.

T401 (T402): 167/167/60 MVA, 400/231/34 kV, uk=13,5%, zapojenie Ynyn
T201 (T202): 200/200/100 MVA, 231/121/10,5 kV, uk=8,31%%, zapojenie Ynyn

Blokovy transformator: T30 (T40): 125 MVA,

242000V/13800V, uk=15,13% MOKY | cmegary Tam
400k
201
sl z
63 B o
T30 Tanz Medzibrocd

Alternator: TG3(TG4): 137,5 MVA, 13800 V, @_@ VT v 285 1
50Hz, 5750 A, cosg=0,8, xd"=13%, xd=218%, ¥ a7s 3
3000 ot/min, zapojenie Y @_@ W 072 V27T

TG4 190 v 278

Altemator: TG5(TG6): 137,5 MVA, 13800V, TGS

50Hz, 5753 A, c0sp=0,8, xd"=11,8%, AT 1 T22
xd=190%, 3000 ot/min, zapojenie Y
T201 1
Blokovy transformator: 5BAT (6BAT): 125 @_@_ .
MVA, 242000V/13800V, AT &
- - TGE 5
298/5230 A, uk=12,04%, Pk=377,38 kW, A1
zapojenie Ynd1
i 10k
Vola:

T201 (T202): 200/200/100 MVA, 231/121/10,5 kV, uk=8,31%, zapojenie Ynyn
VSZ:
T21 (T22): 200 MVA, 231/121 kV, uk=12,30%, zapojenie Ynyn

Obr. 7.4-3 Jednopolové schéma modelu sité pro vypocet zkratovych proudi

V nasledujici tabulce je porovnani hodnot zkratovych proudd v jednotlivych mistech spoctené tiemi programy:

Miesto skratu 1 2 3 4 5
k3" Modes 4,67 1,07 0,94 3,65 4,48
k3" Matlab 4,833 1,232 1,1 3,872 4,682
k3" ATP 4,904 1,243 1,1 3,953 4,803
k2" Modes 4,04 0,93 0,81 3,16 3,88
k2" Matlab 4,185 1,066 0,964 3,347 4,05
k2" ATP 4,161 1,075 0,972 3,423 4,161
k1" Modes 4,67 0,96 0,61 2,32 2,66
k1" ATP 4,7 1,31 1,59 3,61 4,27

Zatimco hodnoty tfifazového a dvoufazového zkratu jsou viceméné podobné, u hodnot jednofazového zkratu jsou jiz
vidét podstatné rozdily, obzvlasté pii zkratu na konci dlouhého vedeni V273.

Ptispévek [77] nejprve porovnava pribéhy proudu pii tiifazovém zkratu na svorkach generatoru ziskané simula¢nim
vypoctem s analytickym Casovym priabéhem pro riizné typy buzeni.

9 1~pi]

Nezavislé buzeni AC4

Analyticky

Konstantni buzeni
MODES

Zavislé buzeni ST

0 0‘.5 1 1‘.5 2 2i5 3 3‘.5 A‘t 4‘.5 ts]
Obr. 7.4-4 Pribéhy amplitudy stiidavé slozky trifazového zkratového proudu ze stavu naprazdno
Rozdily mezi vypocty pomoci analytického vztahu a sitovym simulatorem jsou nepatrné. Porovnani pribcht

efektivnich hodnot zkratového proudu ziskanych vypoctem programy ATP (tenka ¢erna ¢ara) a MODES (tu¢nd modra cara) je
na Obr. 7.4-5. Pro trojfazovy zkrat jsou prubehy totozné. U jednofazového zkratu ddvda MODES zpocatku o néco vétsi hodnoty.

I ~p.i1 I~[p.jl
8 s
6 6
MODES
ATP
“ / 4
ATP \\\
5 7
2 |
MODES
0 ! ! ! !
0 0.5 1 15 2 tls] . 0 t t t t t t t t
0 0.5 1 15 2 25 3 35 4 Ul

Obr. 7.4-5 Proudy pfi zkratu ze stavu naprazdno s konstantnim buzenim: 3fazovy (vlevo) a 1fazovy (vpravo)

35



7.5. Simula¢ni ovéreni u€innosti systémovych stabilizatori

Kodex PS (¢ast I) [68] umoznuje v Priloze 1 provétovat funkCnost systémového stabilizatoru (PSS z angl. ,,Power
System Stabiliser) i simulacné na dynamickém modelu. Za timto ucelem byl i model regulatoru buzeni (viz Obr. 3.1-3) opatien
moznosti pficitani harmonického signalu AU o urcité amplitude a frekvenci do souctového bodu regulatoru. Daji se tak zkouSet
riizna nastaveni stabilizatoru a jejich vliv na frekvencni charakteristiky AUG/AU a APg/AU bez stabilizatoru a se stabilizatorem.
Podminkou ov§em je pouziti verifikovanych modeli porovnanych s néjakym realnym métenim. Prispévek [78] ukazuje pouziti
takového modelu na ptikladu 200 MW bloku. Nasledujici obrazky porovnavaji simula¢ni vypocet s méfenim.

0 500 1000 1500 mHz 0 500 1000 1500 mHz

0

bez PSS 15 bezPSS .

-5 &

N

-10 - i

-15 4 0 T T

20 _ N / PSS

- S
sPSS " -10 /

-25 15

mod(Aug/Au)[dB] W d mod(Ape/Au)[dB]

-30 -20

Obr. 7.5-1 Simulované a méfené amplitudové frekvencni charakteristiky AUc/AU (vlevo) a APc/AU (vpravo)

Frekvencni charakteristiky udéavaji zavislost podilu amplitud vnucenych kyvil (vykonu a svorkového napéti)
a amplitudy budiciho harmonického signalu AU (oboji v pomérnych hodnotach) na frekvenci budiciho signalu. Amplitudy jsou
vynéaseny logaritmicky v decibelech (jako dvacetinasobek dekadického logaritmu). Cervené jsou kresleny pribéhy s vypnutym
stabilizatorem a modfe se zapnutym. Vypocitané zesileni bylo zjisténo tak, ze v dynamickém modelu byly do souctového bodu
regulatoru buzeni postupné zavadény harmonické signaly o amplitudé 1% Un a frekvencich od 0.25 do 1.75 Hz s krokem
250 mHz. Z naméfenych prubéhl svorkového napéti a ¢inného vykonu byla odectena ustalena amplituda vnucenych kyva
a vydelena hodnotou Au = 0.01. Porovnani charakteristik (s PSS a bez PSS) ukazuje kvalitativn€ na schopnost tlumit kyvy dané
frekvence. Charakteristika se zapnutym stabilizatorem by méla byt vzdy pod charakteristikou s vypnutym stabilizatorem, aby
stabilizator nezhor$oval tlumeni. V obrazku jsou tlustou ¢arou (vetné znaéek) kresleny i méfené charakteristiky. Je vidét veelku
zanedbatelny rozdil mezi méfenim a simulaci u tlumeni kyvt ¢inného vykonu pro frekvence odpovidajici systémovym kyvim
(0.1 - 1 Hz). U napéti jsou rozdily o néco vétsi, ale neptesahuji 3 dB. V oblasti lokalnich elektromechanickych kyvi (1 - 2 Hz)
je presnost simulace horsi a to vlivem o néco vétsi rezonanéni frekvence pro elektromechanické kyvy (dané jednak parametry
generatoru a jeho zatizenim a také vlivem okolni sit€).

7.6. Vypinaci zkousky bloku

Vypinaci zkousky jsou ¢asti testovani schopnosti elektrarenskych blokti zvladnout pfechodny proces pii pfechodu do
stavu naprazdno nebo na vlastni spotiebu. Provadéji se pii uvadéni bloku do provozu a jsou soucasti certifikaci podpirné sluzby
Ostrovni provoz (viz Kodex PS [62] ). Naméfené prubehy otacek poskytuji cenné informace o dynamice soustroji. Napf.
ze smérnice odchylky otacek v okamziku vypnuti a velikosti zmény vykonu generatoru lze spocitat velikost mechanické asové
konstanty T (z rovnice ( 2.2-3)), ktera je méfitkem setrvacnosti. Nasledujici obrazky ukazuji pfiklady vypinacich zkousek
na bloku vodni a parni elektrarny (VE a PE) — méfené prub¢hy jsou kresleny silnou ¢arou a simulované c¢arkovang.
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140 140
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e0 60 I ROP | GV
)
40 40 1 Ps
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Obr. 7.6-1 Vypinaci zkouska bloku VE s ¢asovou lupou se signaly piechodu do ROP a vypnuti vypinace GV
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Obr. 7.6-2 Vypinaci zkouska bloku PE, méritka vykonu Pg a otevireni regula¢nich ventili RV jsou na ose vlevo

Porovnani prubéht pro vodni a parni turbinu ukazuje rozdilny prubéh zkousky. U VE §lo o vypnuti do stavu naprazdno.
Zavieni rozvodného kola trvalo téméf 20 s a v druhé ¢asti bylo pomalejsi. Do regulace otacek (ROP) piesla turbina asi 1.2 s po
vypnuti blokového vedeni a za 2.5 s dosahly nadotacky 130 % a strojni ochrany vypnuly generatorovy vypinac a odstavily blok.
U PE $lo vypnuti na vlastni spotiebu. Kratce po vypnuti (za necelych 0.5 s) doslo k pusobeni elektrického urychlovaée a rychlému
zavieni regulacnich ventilt.. Poté ptfevzal fizeni regulator ostrovniho provozu (viz kap. 3.2.6) a vyreguloval otacky na 103 %.
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8. Vyuziti dynamického modelu pro vyuku a vyzkum

Béhem vyvoje a testovani funk¢nosti vypocetniho jadra bylo pouzita fada modelt jednoduchych soustav za ucelem
verifikace. Porovnavaly se vysledky modelu s referenénimi vypocty (jiz diive publikovanymi). Takové hotové modely jsou
vhodné jako ukazky dynamického chovani ES pro pochopeni a vysvétleni zakladnich principii dynamické stability (tudiz i pro
ucely vyuky). V této kapitole jsou né€které modely uvedeny s kratkym komentarem jejich pouziti.

8.1. Modely pro kratkodobou dynamiku

Nejjednodussi model prestavuje soustava generator — tvrda sit’ (angl. ,,Single machine — infinity bus®). Takovy model
je pouzitelny pro vyuku v pfedmétu piechodné jevy — je zobrazen na nasledujicim obrazku.

400 kV

UZEL2 UZEL1
BLOK1 VED1_2 EKV_PS
::: V1-2B ( : )
235 MVA |
40x 235 MVA
190
MW

Obr. 8.1-1 Jednopolové schéma nejjednodussiho modelu generator — tvrda sit’

Model je vhodny pro analyzu thlové stability (simulace zkratu a vypnuti jednoho z paralelnich vedeni), ptipadné
po Upravach i pro simulaci frekvenéni stability v ostrovnim provozu (vypnuti obou vedenti).

vvvvvv

ukazuje Obr. 8.1-2.

Sitové trafo YnYndl

Blokové trafo Yndl Vedeni 200 km
570 MVA 20/420 kY X1=0.29 Qkm 630 MVA 40023134 kV
oy Be139% Xoax U =11 % 1y 5=50.5 % =32 %
617 U1 102 K vi 102 Y3103 us 220kv
* V2_102 E
T1.102 T2_103
—_ 3 —
— — 40+j24° 2 400KV 4
500+j309.7 MVA

MVA  Generator

588 MVA 20 kV cos ¢=0.85
X¢"=0.258 x,/=0.352
X;=2.66 X,=2.56 T,=7s

Obr. 8.1-2 Jednopoélové schéma modelu generator — tvrda sit’, rozsifeny o transformatory
V piikladu se model pouziva pro simulaci tfifazového zkratu na jednom z paralelnich vedeni — vlivu délky trvani zkratu

tk na stabilitu generatoru G1. Na nasledujicim obrazku je porovnani ¢asovych pribéht zatézného uhlu ziskanych vypoctem
programem MODES a pribéhti vypocitanych ruéné ve skriptu pro rizné doby tk:

301
180 + tk=c0 Skriptum
tk=0.176s
90
0 t t t t t t t t t t

0 01 02 03 04 05 06 07 08 09 1 M
Obr. 8.1-3 Porovnani vysledkii pocitacového a ruéniho vypoctu

Je vidét veelku dobra shoda kromé teckované kreslenych prabehti vypoctu kritické doby vypnuti zkratu (v angl. ,,Critical
clearing time* — viz napft. [80] ), kde u pocitacového modelu MODES je doba vypnuti zkratu o néco delsi. Je to zfejmé dano
rozdilnou metodikou vypoctu.

MODES pouziva pro feseni diferencialni rovnice % = y implicitni lichobéznikové pravidlo:

XK+1 = xK+(yK+yK+1)*h/2 (8.1-1)
kde h je délka integracniho kroku a k pofadi integracniho intervalu. Hodnota yk+ na konci integra¢niho kroku musi byt
predikovana a po dokonceni vypoctu vsech hodnot na konci integracniho kroku musi byt zkontrolovana presnost predikce
(v pfipad¢, Ze neni dodrZena, se vypocet opakuje znovu).

Ve skriptu se pouziva explicitni Eulerova formule:

Xk+1 = Xk +tyx*h (8.1-2)
ktera ovsem modifikuje hodnotu yx v pfipad¢ skokovych zmén a v pfipadech kraceni nebo prodluzovani kroku vypoctu.
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Dalsim ptikladem je sit’ 100 kV se synchronnim strojem a vétrnou elektrarnou, napajend z nadfazené soustavy. Model
byl prevzat z piispévku [81] a demonstruje dynamickou stabilitu riznych typt vétrnych elektraren podle Obr. 8.1-4.

NODE4 o  NODE3 NODE2  NODEL

sG .
o pl 4j20Q e INFBUS
3.2A P e @

4200 j-,- Zl |
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) 103kv -
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S\=110MVA 53 | 31309 h A
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NODE6 o P71
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oo - [ e

= Sx=56 MVA Sx=56 MVA
J22.3° coson*nn=0.895 cosdn*Nn=0.895

MVAr 56 16000
Obr. 8.1-4 Jednopoélové schéma modelu sité 100 kV s vyvedenou vétrnou elektrarnou

V prvnim piipad¢ je pro vyvedeni vykonu pouzit asynchronni generator spolu s kondenzatorovou baterii. Druhy piipad
ma pfipojen dvojité napéjeny asynchronni generator (s vinutym rotorem napajenym frekvencnim ménic¢em) bez kondenzatorové
baterie. Tteti pfipad vyuziva synchronni generator s plno vykonovym frekvenénim méni¢em (viz kap. 5.1). Model umoziiuje
demonstrovat odolnost OZE pfi poruchach v siti typu blizkych zkrati (tzv. ,,Low Voltage Ride Through®).

Model sit¢ 110 kV pro vypocty nesymetrickych poruch (prevzaty z piikladu 1.2 skripta [79] ) je na Obr. 8.1-5.
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Obr. 8.1-5 Jednopélové schéma modelu sité 110 kV pro simulaci nesymetrickych poruch
Pro vypocet nesymetrickych poruch je tfeba doplnit udaje o zapojeni transformatort a parametrech vedeni pro netocivou

slozku (ve schématu jsou vyznaceny modre).
Klasickym modelem pro simulaci systémovych kyvi je KundurGv model dvou oblasti (nazyvany také Klein — Rogers

— Kundur model podle [82] ). Jednopdlové schéma vychazejici z knihy [83] je na nasledujicim obrazku.
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Obr. 8.1-6 Jednopolové schéma modelu dvou oblasti pro simulaci systémovych kyvi podle Kundura [83]

Vyuziti modelu pro simulace oscilacni stability je ukazéano i v knize [33]. Rovnéz v publikaci VI je Kundurtiv model
pouzit jako vychodisko pro simulaci vlivu zafizeni UPFC a HVDC na tlumeni systémovych kyvii (Figure 1. a Figure 2.).

Nékteré modely byly jiz prezentovany v predchozim textu napf. model vyvedeni vykonu bloku 200 MW (Obr. 7.4-1),

vytvofeny na VSB TU Ostrava pro vypoéty programem ATP a MODES.
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8.2. Modely pro stiednédobou dynamiku

Pro simulaci stfednédobé dynamiky ES souvisejici s frekvencni stabilitou, kde nejvétsi roli hraje rovnovaha ¢inného
vykonu, lze pouzit jednoduché jednouzlové modely, které zanedbavaji napétové a ptenosové poméry. Vykony vSech zdrojt jsou
vyvedeny do jednoho uzlu, kde je soustiedéno i zatizeni. Ptiklad takového modelu je zndzornény na Obr. 8.2-1.

Vodni 193 MW
Parni s pfihfivanim
pary 245 MW

Parni bez pfihfivanim
pary 448 MW

Obr. 8.2-1 Schéma jednouzlového modelu (prevzato z [32] )

Takovy model umoznuje simulovat dynamické chovani riznych typd zdroju (turbin) v ostrovnim provozu. Podobné
modely, tentokrat s velkym podilem OZE byly prezentovany v Publikacich VIII (Figure 2 a Figure 4) a IX (Fig. 1) se zaméfenim
na vliv setrvacnosti soustavy a nastaveni ochran FvE na frekven¢ni stabilitu celého synchronniho propojeni CE.

vvvvvv

s FVE. Schéma tohoto modelu je na Obr. 8.2-2
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Obr. 8.2-2 Jednopodlové schéma generického modelu distribuéni sité (prevzato z [42] )

Uzlova oblast je napajena z pfenosové soustavy transformatorem T401. Distribu¢ni soustava 110 kV je rozdélena na
dvé &asti. Cast oznadena jako DS2 piedstavuje sit’ vydélovanou do ostrovniho provozu (pod-ostrov s dostatkem zdrojii pro
udrZeni v chodu). Vydéleni se provede automaticky ¢innosti automatiky vydéleni ostrova (podfrekvencni relé AVO). V ¢asti
DS1 je definovano i systémové frekvencni odlehCovani realizované tzv. frekven¢nimi ochranami (podfrekvencni relé FO), které
vypinaji vyvody 22 kV (v&etné v nich instalovanych FvE).

V obou castech lze zadat agregatni odbéry c¢inného vykonu (s odpovidajicim mnozstvim jalového vykonu podle
definované¢ho uciniku) a dodéavky vykonu (s odpovidajici skladbou zdroju klasickych se synchronnimi stroji i FVE) — lze tak
meénit vykonovou bilanci ostrova a testovat rizné varianty provozu.

Genericky model uzlové oblasti distribuéni sit€ byl rovnéz pouzit pro testovani frekvencni odezvy termostatické zatéze
(simuluje zmény zadané teploty termostatu topnych spotfebicli v zavislosti na odchylce frekvence sit€) a prezentovan v piispévku
[84].
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8.3. Modely pro dlouhodobou dynamiku
Vypocty dlouhodobé dynamiky mohou simulovat dobu od né€kolika minut az po nékolik hodin. Testovaci soustava
s FVE a bateriemi pro akumulaci energie (ESS z angl. ,,Energy Storage System®) a model distribucni sit¢ s fiditelnou zatézi

(DSM z angl. ,,Demand Side Response*) jsou naptiklad prezentovany v Publikaci VI (Figure 4 a Figure 5).
Pro simulaci dlouhodobé dynamiky ES souvisejici s napétovou stabilitou 1ze pouzit tzv. belgicko - francouzskou

testovaci soustavu popsanou detailné v [6] . Jednopolové schéma je na nasledujicim obrazku.

1100 MVA

N207

N105

300MW-{167 MVAr

U ®
D3 ms L
i N203 N205 @
N15

N10 w13 e 14

N12 m

Obr. 8.3-1 Jednopolové schéma belgicko - francouzské testovaci soustavy CIGRE

Model zahrnuje tii zakladni napét'ové hladiny: 400, 150 a 70 kV. Odbér vykonu na hladin€¢ 70 kV se sklada ptiblizné
ze 2/3 z asynchronnich motort,, zbytek tvoii zat€z modelovand konstantni admitanci. Jalovy vykon spotiebovavany
asynchronnimi motory je ¢aste¢né kompenzovan kondenzatorovou baterii o vykonu 45 MV Ar. Transformatory 150/70 kV jsou
vybaveny automatickym prepinanim odbocek pod zatizenim (viz kap. 4.4). Vyuziti modelu je ukazano i v knize [33].

Pro analyzu vlivu provozu OZE byl vyuzit testovaci model tficetiuzlové distribuéni sit¢ IEEE doplnény o dalsi zdroje
(vétrné turbiny, FVE, malé vodni a plynové turbiny): Model je popsan v [85] a jednopdlové schéma je na Obr. 8.3-2.

Q Industrial load
H Commercial load

ﬂ Household

A. Wind turbine

s Small water turbine
© Compensator
{3 PV plant
Gas

Obr. 8.3-2 Jednopolové modelu distribucni sité s rozptylenymi zdroji

Pro vypocty tzv. rozsifené dlouhodobé dynamiky (simulace provozu soustavy po nekolik dni az roktt) byl vyuzit model
pro testovani spolehlivosti (IEEE RTS 1996) doplnény o nové zdroje (FVE a bateriové systémy). Model je popsan v [86] .
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9. Zavér

Tato prace dava v kostce uceleny piehled o modelovani elektromechanickych prechodnych déja v elektrizacni soustave.
Ta reprezentuje slozity komplex zafizeni na vyrobu, pfenos a distribuci elektrické energie vcetné jeji spotieby, fidicich
aregulacnich subsystémi. Matematické modely vlastné predstavuji uréitou formu popisu fungovani ES a tvoii zaklad
vypocetnich prostfedkt — tzv. sitovych simulatorti. Simulatory nachazeji uplatnéni od vyzkumu a vyuky ptes planovani rozvoje
a pripravu provozu ES az po trénink dispecerti soustav a obsluhu elektraren.

V budoucnosti se da predpokladat vétsi potieba vyuziti matematickych modeld a metod pro pifipravu provozu a fizeni
ES. Souvisi to s planovanym nartistem vykonu obnovitelnych zdrojii instalovanych v distribucnich sitich (tzv. rozptylenych
zdroju, na rozdil od centralizovanych zdrojii vyvedenych do pfenosové soustavy), ¢imz se zdsadné zméni provoz a fizeni téchto
siti. Pti velkém objemu obnovitelnych zdroji s proménlivou vyrobou porostou naroky na provozovatele distribucnich siti, ktefi
budou muset ptevzit vétsi zodpovédnost za udrZzovani vykonové rovnovahy v redlném case, coz je nyni v kompetenci
provozovatele prenosové soustavy. Rovnéz roste proménlivost zatizeni pienosovych soustav vlivem fungovani evropského trhu
s elektiinou.

Pochopeni dynamického chovani ES bude hrat v budoucnosti minimalné stejnou roli jako dnes a univerzalné pouzitelné
vypocetni jadro modelu ES, popsané v této praci, k tomu mize ptispét. Odhad pribéhu pfechodnych jevli po poruchéch v siti
pomoci simulacnich vypocti umoznuje urcit, jestli soustava bude stabilni a kyvy (pfenasenych vykonli a napéti) budou
dostatecné tlumeny. Dynamické modely 1ze rovnéz pouZit pro kontrolu funkce a nastaveni ochran, fidicich systémut a regulatord.

Dulezitou roli také hraje verifikace dynamickych modell — porovnani vysledkd simulacnich vypocti s redlnym
chovanim soustavy, které bylo zaznamenano méfenim. V ptedposledni kapitole je uvedena fada moznosti pro takové porovnani.

Dnesni doba s vyspélou méfici a informacni technikou tuto ulohu usnadiiuje a umoznuje tvircim dynamickych modela
a simulaénich prostiedkli prubézné a trvale ovéfovat vérohodnost jejich dila.

Autor doufd, Ze tato prace miize byt vyuzitelna ve vyuce. Pomtickou k tomu mohou byt i jednoduché testovaci modely
ES uvedené v zavérecné osmé kapitole. Vstupni data pro tyto modely budou dostupné na nékterém datovém serveru.
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THE NUCLEAR POWER PLANT IN AN ISLAND OPERATION

I.Petruzela®, Z.Piroutek® and K.Maslo®

(1) EGU Prague - Power Research Institute, Czech Republic (2) CEZ - Czech Power Company, Czech republic

ABSTRACT

The scale and complexity of the present power systems are increasing. The defence and restoration plans should be
prepared to ensure safe operation of the power system and reliable supply of the consumers. Preparing for an island
operation of the network with power plants is an important part of these plans. This paper deals with an analysis of
nuclear power plant in island operation. It describes used methods and necessary improvements in control and
technology to ensure the island operation capability of the nuclear power plant Dukovany ( 4 units with nominal power

440 MW ).

THE NPP DUKOVANY IN AN ISLAND
OPERATION

Island operation of the NPP Dukovany is a new mode
of operation in which the power plant has to control
grid frequency of the power system in less stable power
system.

Island Operation of the Power System

The normal operation of the power system is
characterised by keeping network parameters close to
their nominal values. The frequency of produced
electric energy is maintained by a grid frequency
control (primary, secondary ) within narrow range about
50 Hz.

A disturbance in the power system is generated in case
of the large loss of power on production side, or loss of
an energy consumption or failure of network lines.
Important disturbances in the power system cause
disintegration of the large stable synchronous network
into several smaller networks (lIslands). The Island
operation is characterised by lower stability and large
frequency deviation.

In case of appearance of the failure in the power system
the main objectives are:

o failure suppression,

e protection of technological system components
against damages,

o the quickest possible restoration of the normal mode
of operation.

Reliable operation of the NPP Dukovany in an island
must be ensured during the time necessary for
restoration of the synchronous operation of the whole
power system.

Major outages are very rare, but they cause large
economical damages (e.g. outages on July 2™ and
August 10" 1996 in the Western United States).

There is usually not possible to check the Island
operation capability of power plants during the daily
operation, because such tests are expensive and
hazardous. Therefore the mathematical modelling has to
be used. Weak points of the NPP current status can be
checked by a model. After the identification of the weak
points, modifications are designed to suppress them.
The performed technical arrangements are checked by
tests. These tests are hazardous tests, and therefore
regulatory body requires their simulation and
verification on a model.

The NPP Dukovany Current State Analysis

A capability of the NPP Dukonany to meet Island
operation requirements depends mainly on the
properties of turbogenerator control as well as its co-
operation with the reactor power control.

A basic regulating element of the turbogenerator is the
electro-hydraulic controller. It composed of the
electronic power controller ( Pl-controller) and the
hydraulic speed controller ( P-controller) which are
connected in series ( Fig.1 and Chyba! Neznimy
argument piepinace.).


Maslo
Textový rámeček
I.

Maslo
Textový rámeček


turbine power controller

—4—-Z2 -

EHC

~o~06-=00

Fig. A A simple schema of the electronic turbine
power controller
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Fig. B The simple schema of hydraulic speed
controller with the simple line output schema

The hydraulic speed controller operates immediately
and practically without a limitation in case of the great
frequency increase (Chyba! Neznamy argument
prepinace.). However, the electronic turbine power
controller work against power system request (Island).
It reaches high limit of its actuator and the control valve
changes automatic mode into manual mode. This is in
an Island operation unacceptable, because pressure
correction is not ensured in case of primary circuit

—nr — —ntg ——phpks

pressure [kPa]

0 50 100 150 200

time [s]

Fig. C One Hz frequency increase

nr - reactor power
ntg - turbine power
phpks - main steam collector pressure

failure.

In case of frequency drop (Chyba! Neznamy
argument piepinade.), the turbogenerator increase its
power irrespective of the reactor capability. The result
of this action is a steam pressure decrease in main steam
collector. This pressure decrease causes pressure
corrector activation and subsequently returns turbine
power back into original value irrespective of the power
system requests. When a low value of the frequency
takes a long time, the turbine reaches nominal power
with electro-hydraulic converter (EHC) position on
20%. This is unacceptable for the efficiency of
protections, which demand a power turbine decrease
(e.g. Limit 1,11). In this case of ordinary accident, which
it is in normal condition managed by automatic turbine
power decrease, it should be finished by reactor
protection activation.
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Fig. D One Hz Frequency drop

The Necessary NPP Dukovany I&C Arrangement
The Island operation of the NPP Dukovany was not
included in the original plant project. The introduction
of these new operational mode necessitates, therefore,
some arrangements in plant systems, particularly in the
I&C system. These arrangements must ensure , in case
of the Island creation, fulfilment of the following
requirements:

e power system frequency is a main controlled
variable,

e speed controller must be proportional ( the reason
of that is the stability of a parallel operation of
several sources in the island power system),

e transition into the Island operation must be
automatic from all current modes of operation,

e in the Island operation, necessary corrective
feedback to the reactor power control must not be
aborted,

¢ synchronisation of the Island grid with the power
system as well as transition to normal mode of



operation after successful synchronisation must be
made possible,

e unit information system must be completed in order
to provide the operator with sufficient information
about the unit status and to support him during
important Island grid frequency deviations.

THE ANALYSES PERFORMED BY MODELS

The performed analyses concerned mainly the unit
response to the grid frequency variation. The unit model
simulates in detail a process of the electric energy
production. It describes thermodynamic events having
time constants in the range of the seconds. The power
system influence in the model is described by an
equation. This equation describes the influence of the
balance between the power production and the power
consumption on the power system frequency.

In reality the power system behaviour is more
complicated, mainly in the first phase of the Island
creation. The detail model of the power system
describes electro-magnetic effects having time constants
in the range of millisecond. The power system model
includes all power sources present in the system. The
description of thermodynamic part of these sources is,
however, very simple, because from the point of view
of the power system disturbance the quasi-stationary
description is quiet sufficient.

The Power System Modelling

The power system consist of the number of objects. It is
useful to divide this system into generation,
transmission and consumption parts. The power
stations, the network and load correspond to that
division. The load can be modelled in a static and/or
dynamic manner.

The special part of the power system is the active
power/frequency and the reactive power/voltage
controls. While the first one has a global character with
central load frequency control (LFC), the second one
has a local character with pilot node controllers. These
two controllers are supervised by a tertiary control.

The conceptual power system model is shown in the
Chyba! Neznamy argument prepinace..

The part of the power system controlled by a common
LFC is called an area and the interchange power
balance Ppror is defined. The part of power system
controlled by pilot node controller is called a zone.

The unit consists of a synchronous generator, exciter
and prime mover systems. Reference values Ns and Qs
are the control variables. Frequency and node voltage U
are input variables.

The automaton performs some action, when predefined
criteria are satisfied. So that it can simulate a
deterministic operation of the real equipment, such relay
and protections.

P, QI
Tertiary U
Control I
: P
Tond . PROF
Frequency H f
Control v ——— A
_ —7 Qand U T -~ .
Ar 1 i Control ~ / N\
ea Lo \\\ PR
s AN Area 2
/ ‘ :
/ d e [\
Load Sheddin:
Zone ’
ILoap
Q=
\ f . Unit ls g
\ s ' u
\ ’
N / //
AN Node .
~ : -
T~ : - Network

Fig. E Conceptual Model of the Power System

The NPP Dukovany Modelling

The detailed unit model allows to determine the grid
frequency changes influence on the power plant main
technological systems. The frequency is a input
disturbance which, through turbine and another rotating
machine, has an impact on the unit behaviour. The unit
verification is performed by model and has to
document:

e capability of all unit systems to maintained the
Island frequency within a required range by the NPP
turbogenerators power changes,

e capability of the unit transition into safe state in case
of a failure inside of the unit technology (e.g. MCP

trip)

In the last several years EGU Prague has developed
simulation model of the NPP Dukovany ,,DYJE". This
model is standardised (in Czech republic) and fully
verified for nuclear power unit dynamics calculations
under :

e normal conditions

e abnormal conditions (i.e loss of important
components, control system failures or malfunction,
manual control)

e emergency conditions in the secondary circuit ( i.e.
surges from the primary circuit to the secondary
circuit in the steam generator, leaks from the
secondary circuit)

The NPP model DYJE is written in the simulation
block-oriented language MODYS (also developed in
EGU Prague).

DYJE consists of certain number of relatively
independent modules modelling behaviour of power
unit systems. These modules are as follows:

1.  Technological equipments

a) reactor core,
b)  primary circuit piping,



C)  steam generator,
d) steam piping,
€)  pressurizer,

f)  turbine-generator, condenser steam dump
valves, reheater and moisture separator,

g) LP feedwater heaters and condenser pumps,
h)  feedwater tank,
i)  motor driven feedwater pump,
j)  auxiliary motor driven feedwater pump,
k)  atmospheric relief valves,
) safety valves,
etc.
2. Control system equipment

a)  reactor power controller,

b)  turbine-generator load controller,

¢) condenser steam dump valves controller,

d)  pressurizer pressure controller,

e)  pressurizer level controller,

f)  steam generator level controller,

g) feedwater tank pressure controller,

h)  condenser level controller,

i)  atmospheric relief valves controller,
etc.
3. Limitation and protection system functions

The Interface between Power System Model
MODES and the NPP Dukovany Model DYJE

The scheme of the interface is in theChyba! Neznamy
argument prepinace.

The power system model MODES was translated into
dynamic library and in this form attached to the NPP
model DY JE.

The input variables to the NPP Dukovany model
.DYJE" are network frequency f and speed deviation
Sg. The output variable to the power system model
MODES is the turbine output N.

Advantages of connections of the NPP model DYJE

and the power system model MODES

Time constants of the electric energy production
transients differ substantially from those of the power
distribution grid transients. This causes problems in
single model calculation. Therefore, we used two
separated models for analyses of an Island operation of
the NPP Dukovany - the power system model
(MODES) and the wunit model (DYJE). The
interconnection (see Chyba! Neznamy argument
prepinace.) allows:

The power system model

The NPP model DYJE MODES in DLL form
Initialisation . Open Session Prologue
f, s Ny
Calculate «

on on

Time Control
Close Session
Ending Epilogue

Fig. F Scheme of the interface between DYJE and
MODES

1. to check capability of the NPP Dukovany transition
into the Island operation in various power balances.

a) the Island load is given by size of energy
consumption in node Slavetice

b) the Island load is large part of the power system

2. to check influence of the so-called ,,Frequency
plan*:

a) automatic transition of the turbine control
system from the power control to the speed
control,

b) step load reduction in dependency on the island
frequency ( four different levels, at each level
a load reduction of approx. 12% of the load),

c) disconnection of the NPP Dukovany from the
grid and the unit transition to the house load,

3. to check the island power system behaviour in case
of unit technology malfunction (e.g. motor driven
feedwater pump trip ) as well as to check the unit
capability transition to a safe state during the Island
operation.
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Dynamic Simulation of the Nuclear Power Plant Auxiliaries

. Karel Maslo, PhD
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Abstract - The scale and complexity of the present
power systems are increasing. To plan and design such a
system, it is necessary to have computer models for both
the transmission grid and the power plant in detail. As an
example of computer simulation support for designers
this paper presents the upgrading procedure of 6kV bus
transfer system in the large nuclear power plant. There
are described some important features of the NPP
electrical diagram and issues connected with bus transfer
and its simulation. The paper outlines a general purpose
automaton model used for relays and protection systems
simulation. Several examples of transient phenomena
computation illustrate using of the advanced network
simulator MODES for power system analysis and
protection design.

Keywords
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network simulation, power system, power plant.

1. Introduction

Power plant design is very complex and difficult task,
especially in case of nuclear power plant due to safety
and reliability. Fortunately, advances in computer
technology, numerical analysis and equipment modelling
have contributed to the development of improved
analytical tools, such as network simulators with
extended library of equipment models. These tools make
possible to use sophisticated and faster power system and
power plant design procedures.  Our contribution
presents using of the improved network simulator
MODES! for design of the 6kV bus transfer system in
the nuclear power plant auxiliaries.

2. Network Simulator MODES

Network simulators make possible to analyse the
dynamic behaviour of the complex power system
affected by some internal and external side "faults". They
have wide range of using for:

e education purpose

o training of power plant operators and system
dispatchers

o design and testing of power system equipment

o operation and expansion (developing) planning

o different types of studies (in frame of
interconnection, defence and restoration plans)

e off - line and on - line security analysis

The MODES is a computer software for transient,
mid and long-term dynamic calculations. The MODES is
available in the two forms. The first is usual application
exactly the package of applications, include the user
friendly interface (to manage input/output data - so

! the MODES iis a network simulator tested in the CIGRE
Task Force 38-02-08 Long Term Dynamics - see [1]

Jan Andil
ENERGOPROJEKT a.s.
Prague, Czech Republic

called projects, different auxiliary and additional
programs, provide on-line and context sensitive help).
The second form of MODES is a DLL, which is able
linking with arbitrary program supporting the DLL in the
Microsoft WINDOWS environment.
It can be used like:
1. stand alone application with own user interface for
off-line power system analysis (it is a basic version)
2. tool for artificial neural network (ANN) learning
(a modification of basic version), this ANN is then
used for on-line security assessment
3. tool for secondary voltage control software testing
(a modification of basic version), this software is then
used for real-time pilot node voltage control
a component of an off-line security analysis package
5. simulation engine (as a dynamic linking library) for
power plant simulator.
The different applications of the MODES software is
depicted in the following three dimensional figure:

e

ANN Learning Training Simulator

Security Analysis <

Plant Simulator

[}
c
£
L Context
© Trainig
> Analysis
o
Decision

Short Term

Long Term

Operation
Time Range

Fig. 1 The MODES software applications overview

The underlined applications are under operation and
the others are developed or under consideration.

The Security Assessment identifies transient stability
problems due to network contingencies.

The Network Simulator is a decision aided tool for
network operators. It can check possible transactions in
the network to prevent thermal overloading, voltage and
frequency collapses.

The Integrated Network Tool makes possible co-
ordination between the electric and thermal networks
(power system and district heating systems) by
co-generation units regulation.

The aforementioned three applications used real-time
data from EMS. The time ranges are several seconds for
short term dynamics, several minutes for long term
dynamics and several hours for operation.
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3. Library of equipment models

The MODES library contains the ready to use models
of equipment inclusive of a typical parameters. These
models cover the standard range of:

e synchronous machines, excitation and prime mover
systems

e asynchronous machines and drive equipment

e static and dynamic load

e |oad frequency control

e automatic frequency load shedding

e on load tape changers.

Relays and protection system are modelled by general
purpose automaton model. The automaton performs
some action (or serves as an input for logical element),
when predefined criteria are satisfied. So that it can
simulate a deterministic operation of the real equipment.
The fundamental structure is depicted in the following
figure:

Controlled
——|  Object
g

T

Relay  TimerDelay  Blocking Action

Another signal

Fig. 2. Scheme of the general purpose automaton model

The variables database contains:

e coupling, state and algebraic variables of the units
and asynchronous machines

e network variables like voltages, currents, power
flows etc.

o transformers ratio

e components of an apparent impedance

o differences between magnitude and phase of voltages
on sending and receiving ends of a branch.

o states of branches, nodes, automatons and logics

e states of wunits and their control subsystems

(overcurrent and underexcitation limiters, fast

valving, acceleration and overspeed relays).

The relay can measure a single or complex variable.
The threshold can be set as line or circle. The number of
crossing a threshold, pick-up time can be set. The
output from the relay can be delayed and blocked (after
proceeding operation). The logical outputs from chosen
set of automatons are evaluates by a logic. The logic is a
set of logical OR/AND elements with predefined actions.
The final actions of the automaton/logic operate on
selected object. The possible actions correspond to the
common action of protections, dispatchers on power
plant and system level.

The input data for the MODES applications have two
forms: for off-line ("ground flour" applications in three
dimensional Fig. 1) and for on-line ("upstairs"
applications in three dimensional Fig. 1) regimes.

The network input data is in the MODES or the
PSS/E (PTI) data format for off-line regime.

The common information model of the EMSAPI
Standard [2] will be used for on-line regime.

The data for dynamic models are collected in so
called catalogues, and user can choose the suit set of

input data or create own. The basic or extended
catalogues are part of the software supply.

The hierarchy of the used models and data structures
corresponds to the real power system operation and
control.

Load Frequency Control

On Load Tape Changers Model

Load Frequency Shedding Model

Automatons
(Protections,Secondary U/Q Control)

Basic Power System Model

Fig. 3. Hierarchy of the models

The basic power system model contains the network
objects like branches (lines and transformers), nodes
(with the loads) and units (synchronous generators and
asynchronous motors). These objects can be subjected
actions from the implemented models (see Fig. 3),
provided by a scenario (predefined time sequence of
actions) or by user (during the simulation).

4. A NPP Electrical Scheme

Figure No. 4 shows a simplified scheme of a Nuclear
Power Plant (NPP) with two VVER (PWR) type units
1000MW of a Soviet design which is being presently
built in the Czech republic (ER). Unit 1 is near its
completion. Energoprojekt Prague a.s. is the General
Designer of the above NPP.

Power of each Unit is led to the Plant switchyard 400
kV. The ER transmission grid operates in a synchronous
mode with the UCPTE system.

The service source of the Unit own consumption

power supply is represented by two  transformers
24/6,3/6,3 kV, which are supplied from the 1111 MVA
generator tap. The Unit backup source, i.e. a couple of
110/6,3/6,3 kV transformers, is supplied from the Plant
switchyard 110kV. Both the service and backup
transformers are equipped with voltage control by tap
changing under loading. The main Unit 6kV buses are
normally supplied from service transformers. Each bus is
equipped with a supply from the backup transformers,
too. Between the service and backup input there is an
automatic bus transfer (ABT)
The NPP safety systems are arranged into 3 independent
divisions (3 x 100 %). In each of the 3 divisions there is
formed a assured power supply system ( identified as 1,
2, 3).

Fig. 4. The principal diagram of the VVVER1000 Unit
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Other requirements on the ABT design are
based on the el. Scheme basic configuration on
Figure No. 4. The safety systems power supply
is on some NPPs (i.e. in the U.S.A) electrically
separated from those sources which provide
power for of electrical energy production. That
means important safety drives are not
influenced by transient in an unimportant el.
Scheme. In case of the VVER Units the
assured power supply systems are connected to
the main Unit buses 6 kV and thus they
influenced by all transients in own consumption.
The most demanding is the simultaneous 6kV
ABT on the backup source.

5. ANPP EI. Scheme Model

A model focussed to the transient processes
simulation in the VVER 1000 MW Units own
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consumption ABT was created in the MODES
simulator code. The first unit was modeled in
detail (to the level of main switchboards 0,4

The main unit buses supply 6 kV motors rated of
approximately 0.2 - 8 MW and 6/0,4 kV transformers.
The largest motors are the primary circuit 4 main reactor
coolant pumps (RCP) rated 8 MW. Regarding the
electrical scheme concept it is important that the RCP
have a great moment of inertia and that is why they are
able to secure the primary circuit transfer to natural
circulation cooling by their long run out in case of
electrical power supply loss.

Tab 1 : Basic data about NPP drives (example)

name of the drive (* safety system) |[PnkW | Tmech
reactor cooling pump (RCP) 8000 9s
condenser pump (CP) 2000 ls
high pressure inject. pump (HPI)* 800 0,8s
emergency feed watter pump (EFWP) * | 800 1s
important service watter pump (SWP)* 680 09s

From the viewpoint of ABT from the service source
to backup source the following features are important:

The CR electrification system scope and its installed
power is relatively small and the 1000MW units
represent a significant source. The aim is therefore to
maintain the above Units as a disposable source and not
shut them down into cold condition without any reason
in case of failures in the power outlet area (some failure
signals can be even false). This concerns in particular the
reactor island which is kept in a hot standby condition on
low power for several tens of hours in case it is
impossible to lead out the power. It enables to maintain
the possibility of a new fast start up of the Unit after
eliminating the failure. In order to maintain the Unit in a
hot standby condition it is necessary to transfer via the
ABT to backup source the substantial part of the own
consumption loads.

This concept is different from French NPPs for
example, where the Unit is usually shut down in case of
a failure in the power outlet. For this reason a smaller
number of consumers participates on ABT. The loss of
electrical energy production is quite easily covered by
great number of other sources.

kV). The second Unit was modeled in a
simplified way (up to 6kV level) only to represent a
dynamic equivalent .

The external grid model was elaborated by EEZ a.s.,
Transmission Grid. Electrically close part of grid was
modeled in detail, electrically remote parts of the grid
were replaced by equivalent generators.

For the purposes of own consumption transient
processes simulation it is most important to create
models of el. motors and driven equipment (pumps,
fans....). Setting up of the model had the following
stages:

a) Obtaining data from the equipment manufacturers.
Besides the usual data (U,, Py, coso, 1, iy, J) it was
necessary to obtain the following characteristics M=
f(s), 1= f(s), M_oap=f(s) in the whole range of slips.
Fig. 5. Diagram of the asynchronous motor model

b)

Acquisition of data about the drive function in a
X R1
o . B

X(1 X(2)
X0

R0 ATRI2I

S S

technologic process in different operation modes of a
Unit. Most often in concerned those data which are
included in a NPP design [7].

c) Creating asynchronous motors models. In the
MODES there is a asynchronous motor model with
two cages which allows to assembly motors with a
very variable characteristics course. Equivalent
scheme is on Figure No. 5. Figure 6 compares the
given and modeled characteristics of a RCP motor
8MW. Greatest difficulty of motor model
development lies in the input data. The given
characteristics M,,= f(s) and I,= f(s) often do not




mutually correspond (the manufacturer intentionally
presents with a margin higher currents and smaller
moments). A repeated consultation with the
manufacturer is necessary and even then the model is
a compromise usually.

Fig. 6. Reactor cooling pump characteristics

d) Creating the driven equipment models. The largest
driven equipment on a NPP are pumps and fans.
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Course of their characteristics M oap=f(s) was
usually given in the input data.

The NPP own consumption grids model includes
impedance of all substantial elements (transformers,
cables, metal covered conductors....) as far as the main
0,4kV buses. Models of drives and static loads (lighting,
heaters, UPS,...) were connected to the buses. The model
was put in tune so that in a steady state mode the
voltages and loads on the buses correspond to the design
conditions. In total the Unit own consumption model
includes approximately 240 nods, 270 branches, and 230
motors.

The transition processes simulation course was
controlled in two basic ways:

e by time scenarios - initiating event modeling.
e by automatons - load shedding and ABT models

6. Bus Transfer reconstruction

Great demands are made on the 6 kV buses ABT
automatics at the VVER 1000 (see Chapter 4). The ABT
automatics is functionally related to other automatics,
I&C and protection systems of the Unit, whose
requirements shall be respected:

o reactor and turbine protection and control system

o Unit central automatics (CAB) which evaluate the
loss of service sources (TG shut down, disconnection
from the 400 kV grid)

o electrical protections system of the Unit power outlet,
service source and 6kV buses

o undervoltage load shedding protection

In the original ABT algorithm ( see Figure 7) an
initiating event was opening of the service input breaker
from (2) Unit el. Protections (ABT time approx. 200 ms),
(b) Unit central automatics (ABT time approx. 350 ms),
(c) voltage drop on the 6kV bus to 0,25Un/0,5s. In case
of the service input protections action or in case of the
backup source insufficient voltage the ABT was locked.
The ABT channels (a) and (b) are fast, uncontrolled. The
(c) channel is residual voltage type, delayed.

Fig. 7. Original ABT algorithm

Tests on another NPP [9] as well as a computer
simulation [7], [10] have demonstrated that when the
ABT time is approximately 350 ms the backup input
breaker is closed near to the opposite angle position of

UNIT EL. PROTECTION SYSTEM OPEN ! | SERVICE | OPENED CLOSE !_| BACKUP
cAB 1 INPUT & INPUT —
SWED 6kV U<0.25 Un/0.58 BREAKER | Ubackup >0.8Un BREAKER

EL. PROTECTION OF SWBD 6kV SERVICE INPUT

D\ LOAD SHEDDING

the decaying voltage generated by motors and backup
source voltage. Figure 8 shows an example of ABT
simulation with a no voltage pause of 350 ms. The figure
shows clearly rapid increase of the condenser pump
(CP) drive slip which was caused by a moment surge as a
consequence of the out-of-phase closing. Behavior of
other ,light* pumps (Tmech~1s, ie also HPI, EFWP,
SWP,...) is similar.

The out-of-phase motors switching on was respected
in the design by supplying such motors which are
constructed to withstand these strains. However, this
measure does not deal with mechanical strains of the
shafts and couplings between the electrical motor and
driven equipment as a consequence of moments surges
during transfers, to which attention was brought by US
NRC in [8] as well. The strains can integrate in these
parts and because they are not monitored, they can
remain undetected until a failure occurs.

Regarding the scheme configuration which was
described in Paragraph 2 (power supply of assured
power supply systems from buses which serve for
production of energy) it is necessary to pay increased
attention to out-of-phase switching on motors during
ABT on the VVER 1000 MW Units. During bus
transfers on buses drives on all three safety divisions can
by strained by one event ( the loss of service sources).
That means there exists a potential for a common cause
failure occurrence on otherwise strictly separated safety
systems divisions. The ABT algorithm was modified
with the aim to eliminate these influences.

New ABT algorithm
When modifying the ABT algorithm the following
main conditions were followed:

a) safe start-up of the drives and other consumers which
are necessary for maintaining the Unit in an operation
mode with the reactor on small power.

b) the discrimination between ABT function and reactor
trip. The reactor trip is initiated (except other
conditions) due to decrease of power consumed by 3
out of RCP pumps. The power decrease is evaluated
by 4 directional underpower (UP) relay delayed of
approximately 1 s, associated with each RCP .

c) The ABT algorithm must eliminate out-of-phase
closing of motors. The condition which permits
switching on was accepted from the U.S. standard
ANSI C50.41/1982 (1,33 pV/pHz).

In order to comply with condition b) it was
impossible to use a simple solution which would use

SWBD BkV U<0.7 Un/0.5 s




mere delay of a backup input closing till the moment of
voltage decrease to the ,safe* value of 1,33 pV/pHz.
The RCPs function during the “no voltage pause” as
generators which supply other drives of their bus. This
reversed power flow, evaluated by an UP relay, could
cause frequent reactor tripping. Figure 9 shows a
computer simulation of this case.

Fig. 10. The new ABT algorithm

When creating a new algorithm the greatest problems
were with finding a suitable type of a synch-check relay.
Common relays which are designed for synchronized
coupling of two islands in the grid or an alternator into a
grid are not suitable. Finally, a bus transfer control
system “Synchrotran” of the Beckwith Electric, U.S.A,
was selected.  Principal scheme of the modified

of the main arguments which decided about the new
ABT algorithm design use.

7. Conclusion

The advanced network simulators are important tools
for power system and power plant design and planing.
They can significantly improve the engineer works from
quality and time point of view and they make possible to
understand the physical phenomena in the depth and
width.
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Gas turbine model using in design
of heat and power stations

Karel Maslo, Jan Andel

Abstract Paper presents prime mover models suitable for
island operation simulation. It deals with designing principles of
power station with gas unit from power station - network
interaction point of view.

Index Terms Dynamic model, Gas turbine (GT), Island
operation (10), Network simulator

I. INTRODUCTION

SLAND operation (IO) is rare regime, but prime movers

should be able to pass to the island and operate in it.
Dynamic simulation is a efficient tool for IO investigation,
because of field tests and experiments are nearly impossible.
The large voltage and frequency deviations are typical for 10,
so that used models must correspond for true representation of
these phenomena. This paper describes improvements of
prime mover models implemented into network simulator
called MODES (see [1]-[9]).

Gas turbines (GT) are used in the industry for producing
heat and electricity and serve as back-up source (in case of
network outage) as well. This contribution deals with
interaction of GT and network. It presents using of dynamic
model for investigation GT response to network faults.
Simulation calculations make technical solutions easier and
can detect weak points of protection and control. The time
and costs are saved during putting GT into operation.

II. DYNAMIC MODELS USED IN THE MODES

The MODES is a power system analysis package. It

contains three basic applications:

1. SCCalc for short circuit calculation (see [10])

2. MODES for short, mid and long term dynamic simulation
3. MOPES for operation scheduling (see [11]).

These applications are able to cover the time range of
power system dynamic from several milliseconds to several
weeks according the Fig. 1.

We will focus on the same named network simulator
MODES. The method used for numeric simulation is
described in Appendix 1.
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Fig. 1 Time Frame for Power System Dynamics

We introduce prime movers dynamic models implemented
in the MODES suitable for island operation simulation now.

A. Improved steam units models

The speed and pressure controls are crucial for the passing
to the island and operation into island. The structure of the
turbine control usually change from the so called primary
control (the turbine or boiler follow mode with frequency
correction) to the proportionally speed control. Turbine
control switches from the primary control to the speed control
when the frequency deviation is greater then + 200 mHz. This
deviation is considered as a symptom of island operation in
an interconnected system.

The negative pressure deviations (steam pressure is greater
then reference value) are solved by steam bypassing and by
boiler/reactor control. The positive pressure deviations may
be solved by pressure correction in turbine control and by
boiler/reactor control as well. The combination of the
proportional speed governor with pressure correction together
with boiler controller creates so called island controller
depicted in the Fig. 2.
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l power Ginax
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+
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Fig. 2 Block scheme of governor and boiler control model in island regime
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The PI boiler controller controls steam generation to
reference value Nggr. This value correspond the turbine
power (determined by governor) increased by a reserve power
Ngr. This additional steam generation flows through the
bypasses and boiler is able to increase its power immediately
by bypass valves closing.

The turbine and boiler models are in the following figure:
High pressure

Steam Turbine
pressure part power
pr
Rr Control é‘[)Q_T> ! Low pressure M
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Steam generation Boner dynamics
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Steam pressure

Fuel dynamics

Fig. 3 Block scheme of steam turbine model

Turbine model takes into account the action of control and
intercept valves and corresponds to the reference [12]. The
valves are controlled by speed governor.

The boiler model corresponds to the reference [13], with
added by pass. The real high pressure by pass valves (which
lead the steam back to the reheater) and low pressure by pass
valves (which lead the steam directly to the condenser) were
modeled by one equivalent by pass valve.

The above described models were verified by comparing of
simulation and field test of 200 MW steam turbine with once
through boiler. The following figures show the results of
simulation and measuring. Transient behavior during the
change from full load to the house consumption was tested.

The speed deviation is in the following figure.
speed deviation [%]

/ Speed control

Field test

Overspeed control 7

5 10 15 time[s]

Fig. 4 Time course of the speed deviation of the steam turbine

The first simulation (marked Speed control) shows a large
overrun due to the ,,natural“ behavior of the turbine controlled
by speed governor only.

The additional automatics - acceleration relay should be
take into account. This relay causes fast temporary closing the
control and intercept valves and decreasing of turbine power.
The effect is shown on the second simulation (marked Over-
speed control).

A. Improved hydro units models

The speed control is important similarly as for steam unit
for hydro units modeling. The pressure deviations (so called
water hammer effect) are solved by co-ordination of gate
opening/closing speed. The turbine model should take into
account friction losses in penstock, self-regulation effect due
to speed changes and mechanical losses. All this phenomena
is taken into account in the following model.

Unit switched Flow Rate

off and G>Gn.

erxc\ose
ﬂ Rmaxouﬂ
uff

Fig. 5 Block scheme of hydro turbine model

The gate position modeling should into account decreasing
of closing speed for small gate opening (so called buffering).

When the unit is switched from the network and gate
position is lesser then some no load value Gy, the gate is
closed by Ry rate.

The two types of governor were tested in simulation:
1. classical mechanical - hydraulic structure (see [3])
2. PIDP controller.

The both models are represented in the following figures.

Mechanical - hydraulic governor Rate I|m|ter max ™ Grmax
Speed (OS + emax 1 RT
3 1>
® @ 1+pTG
- - em\
Taip _I

Permanent droop

Transient droop

PIDP governor

— Rt

Fig. 6 Block scheme of mechanical - hydraulic governor model

Due to the feedback (permanent droop bp) has the PIDP
controller proportional character.

The created model was verified by comparing of simulation
and field test 320 MW Kaplan turbine. The following figures
show the results of simulation and measuring. Transient
behavior during the change from full load to the no load and
the house load was tested. The speed deviations for different



controller types is in the following figure.
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Fig. 7 Time courses of the speed deviations of the hydro turbine

As can be seen from this figure the behavior of the both
controllers is very similar.

A. Diesel engine model

The diesel - generator creates the important reserve source
of energy and can be used as basic source for black start.
Models created according [15] are in Fig. 8 and Fig. 9.
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Speed ] g
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Fig. 8 Scheme of mechanical -hydraulic governor of diesel-generator

The governor has PI character when permanent droop bp=0
and then is suitable for island operation.
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Fig. 9 Block scheme of turbo-diesel engine model

The dependence of engine efficiency on air excess A for
combustion is modeled by quadratic (K,,=2) or cubic (K,=3)
form. The following figure shows the results of simulation
and measuring of 7.9 MVA diesel-generator during step
increasing of load from 10 % to 60 %.

10 15

— Simulation
" Field test

Fig. 10 Time courses of the speed deviations

A. Gas turbine model

Dynamic model was created on the base of simplified
single shaft GT model published in [16] complemented by
self-regulation effect (dependence on speed deviation).
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opening flow rate power

Fig. 11 Block scheme of gas turbine model

Turbine is modeled by a static function Nt=f(Fuel flow).
The parameter MO takes into account compressor power and
friction losses as well. The parameter ky, takes into account
self-regulation effect and ventilation losses as well. The
parameter Gmin corresponds to the minimum gas flow rate
able to guarantee a correct combustion operation. Since MO-
Gmin*Ar may be lesser then zero, this value corresponds a
braking power during load rejection. Model involves control
valves, delay due to fuel system and compressor discharge.

Implemented model has been validated by comparison of
load rejection simulation (from 110 to 4 MW) with reference
calculation in [16] — see Fig. 12. A switching from power to
the speed control was carried out when frequency falls down
under .49.7 Hz.
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Fig. 12 Comparison of simulation with reference

Governor output is drawn for reference instead of valve
position in the MODES. Maximal speed deviation depends on
closing speed of control valves and switching from power
control to speed control as well. Decrease of speed depends of
braking power. This power should be about 7% to decrease
speed deviation from maximal to steady -state value during 6
sec. The steady-state speed deviation depends on governor
speed drop bp .

Oscillation may be caused by governor setting. Linear
analysis gives relation for oscillation frequency:

f= \/{4OOAT —1}/(4#&[,) (1

TM P
This frequency is 0.1Hz for our case. The value in squared
braces must be positive for stable time course.



III. ISLAND OPERATION OF HEAT STATION WITH GT

Above mentioned GT model was used for transient stability
analysis in the Kyjov heat station. Two GT units with nominal
power 8.7 MW each and one steam turbine 7.4 MW are
installed there. Gas and steam turbines operate in combined
cycle. The heat station should have the functions:

1. supplying of electricity (about 7MW with voltage 22kV)
and heat to near factory

2. delivering of the rest power to the distribution 22 kV
network

3. disconnecting from network when the frequency exceeds
the range 47 — 52 Hz and island operation with the near
factory.

The heat station serves in the first and second function
successfully, but GT outages have occurred during the third
function with negative operation and economical effects.
Reasons of these outages were not clear and they lead to the
reclamation of electric part due to lack of fault records.

Distribution
110 kV

Distribution
22 kV

Factory
load

Fig. 13 One line scheme of possible network faults

Electromechanical transient phenomena during network
faults (depicted A-J in the simplified one line scheme heat
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Fig. 14 ,Static* change over island after 22 kV line outage

station on the Fig. 13.) were analyzed by the MODES

simulator to clarify reason of unsuccessful island operation

and to prepare technical solutions.
There are some results:

1. The requirement for change over into island operation is
»static” and neglects reason if initiating event. The events
C (switching off the line) corresponds the ,static*
requirement. The event H is more difficult, so that a load
in the distribution 22 kV network courses rapid frequency
decreasing. The short circuits are much more difficult,
because of the GT are rejected during short circuit and
asynchronous motors are braked due to voltage
decreasing. The most difficult are long term short circuits
with loss of feeding from 110 kV network (events F and I
and sometimes J).

2. The fast under-frequency load shedding in distribution
network is a necessary condition for successful change
over into island operation after transformer 110/22kV
switching off (Events F,G,H,I). The main task of GT in
these cases is not to supply the distribution network, but
factory load only.

3. The change over island operation is undesirable for events
E and J, when it is possible selective clear these faults by
distribution network protections. The detection of an
island regime condition should be set-up carefully. The
network frequency is crucial.

4. The factory supply is not possible when events A and B
occur. These fault is necessary to solve on the factory side
(e.g. by automatic bus transfer).

5. Increased attention should be paid to the co-ordination of
protection and control between heat station and
distribution network. Fast and selective fault clearing is
necessary on the network side. The GT protections should
be set-up properly, so that they do not detect large
frequency deviations during change over island operation.
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Fig. 15 ,.Dynamic* change over island after 1s short circuit



Difference between ,,static™ change over into island (event
C) and change over into island after short circuit (event F
with clearing time 1s) and switching off the transformer
110/22kV is seen from Fig. 14 and Fig. 9.

The events F with short circuit is much more difficult..
There is a load rejection during short circuit and speed
governor closes the valves due to fast speed increasing. After
short circuit clearing the GT speed falls down due to power
deficiency in the island and the under-frequency load
shedding operates at 3s. Then the power balance is recovered
and GT accelerates. The power peak at 3.5s is caused by
asynchronous motor acceleration after short circuit.

VI. CONCLUSIONS

The contribution recapitulates same results of island
operation analysis of heat station with GT. The network
simulator MODES with implemented gas turbine model was
used for that analysis. The analysis shows that GT technology
capabilities are crucial for successful island operation
disregarding electrical reasons of island origin. There is
necessary to ensure correct detection of island conditions in
electric part.

The following steps are necessary for successful supply of
factory in island operation:

e fast switching off heat station from the network when the
network faults are not cleared by a network protection

e the GT power should be greater then factory load

e the fast speed control (change the power control to the
speed control if necessary)

e mutual co-ordination of protection in network, heat station
and factory.

The network analysis carried out at the early stage of plant
design makes possible to understand correctly the project and
discover its weak points. It makes possible to evaluate crucial
parameters and requirements for technology and to require
them from technology producers.

V.APPENDIX NUMERICAL METHOD USED IN THE MODES

Power system model consists of four main parts (with some
simplification): network, generator, prime mover and
excitation systems. The passive network (with neglected
electromagnetic phenomena) is possible describe by network
admittance matrix Y:

In=YU ()

where Iy; and U are injected currents and nodal voltages
vectors. Park equations of synchronous generator in the form
published in [17] or [18] and swing equations are:

Tw*E,® = Ey- Eg + (X Xd) ¥y @
TQES = -Ed - (XX, 3)

TdOH*Eq"O: Eqv _ Equ+ (Xd"Xd”)*[d (4)
qun*Eduo — Ed' _ Ed"' (Xqv_Xqu)*Iq (5)
TM*SGOZPT -PG o:QOSG (6)

° is time derivation, Ey¢' and E4" are qd axis components of
the transient and subtransient internal emf proportional to flux

linkages, /4 are qd axis components of the stator current, P
and Pg prime mover and generator power, sg is per unit speed.
We suppose X;"= X4". Meaning of another symbols you can
find in [18].

Used numerical method is based on simultaneous solution
of the network algebraic equations (1) and rotor circuits
equations (4) and (5). These two equations are chosen,
because the time constant Tg" and Tg" are very small
compared with another time constants and corresponding
variables E;" and Ey" are changing very fast due to network
faults in contrast to another state variables £, £, sg and .

The synchronous generator can be modeled as a source of
emf E" behind subtransient reactance X ". When we substitute
dq components of currents by the network voltages we obtain:

T{"*E"+ E)' = (1-09) Uy tou B o03= X"/X{ @)

Equation for d axis is analogical due to symmetry. We can
find solution taking into account a linear change of the
variables on the right side during the integration step At:

Eq":Hq+kd Uq"‘O'de AEq' kd:(l'o-d) Cd (8)

c=1-(1-e*™)/Aty ATEAUTY" Ty'=03*Tyo" 9)

The first term in (8) is so called historical term containing
old values of voltage and emf in the beginning of integration
step. The second term is created by a new voltage value in the
end of integration step. The third depends of change of emf
E4 during integration step. This value is not known, but it
may be well predicted due to its slow changing.

After transformation from dq reference to the network
reference frame (synchronously rotating system) we obtain:

E"=U(kgtka)/2+U (kko) 2HHHA E"=(E,"+HE{")e® (10)

If we involve complex conjugate voltage U’ and prediction
term A’ (it contains prediction of slowly changing emf E;' and
Ey) into one history term H (then the U’ must predicted as
well), we can write final solution:

E'=Uk+H  k=(ket ko2

ki coefficient is a function of integration step At.

We can calculate injected current for generator nodes as:

In=E"-U) Yo=H Y5 -UYe  Yo=(1k)Ys  (12)

Y5 is generator admitance seen from the network side. After
substitution of (12) into (1) we obtain final solution:

Ixg=Ynop U Yyvop=Y+1 Yg (13)

where injected currents [y are replaced by Norton
injection current Igq=H Y; and Yyop is network admittance
matrix with added term Y, to the diagonal elements for the
generator nodes. The system (13) can be solved by using LU
factorization method. This method is very efficient, because
the matrix is recalculated only when a commutation occurs in
the network or when the integration step must be changed to
keep the calculation accuracy.

The equations (2,3) and as well as transfer functions
Y/X=1/(1+pT) used in prime mover and excitation models
can be solved taking into account a linear change of the input
variables from x, to x.; during the integration step At:

Yer1= Yt e_At/T+(Xt+Xt+l)( 1 'e_MT)/ 2

The integration algorithm can be depicted as follows:

an

(14)
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Distance Protection Model
for Network Simulators

Karel Maslo

Abstract — This paper deals with basic description of distance
protection operation focused on the creation of the mathematical
model suitable for using in so called network simulators. These
simulators serve for analysis of the electric power systems
dynamic behavior during such disturbances like short circuits,
a line and unit outages in the network.

Index Terms — Distance protections, Network simulator.

1. INTRODUCTION

OWER system security operation is an important subject

especially in the last decade, when a high number of
serious disturbances occurred in the Europe. There are several
examples of these disturbances: the September 2001 Balkan
area [1], the September 2003 - southern Sweden [2], Italy ([3]
and [4]), the November 2006 — the UCTE ([5] and [6] ).

Detailed analysis (from a technical and physical point of
view) of such disturbances is necessary for a better
understanding of the power systems dynamic behavior and it
is base for:

e preparation of dispatchers training,
updating of operating instructions and defence plans,
checking protection set up,
design of methods for power system control,
education of engineers for planning and control of
power system.

Analysis of the above mentioned disturbances indicates that
distance protections play an important role and their operation
should be taken into account in investigations of the transient
phenomena.

The so called network simulators are tools for analysis of
disturbed systems and determine the time courses of transient
phenomena. Improvement of their capability to reproduce real
power system behavior in credible ways requires the creating
and implementing of suitable models — mathematical
descriptions of particular elements of the power system.
Whereas models for generators, excitation and prime mover
systems are routine parts of network simulators, models of
distance protection are not commonly used.

This paper describes foundations for distance protection
model creation. Of course this model is simplified and it does
not cover all details like manufactory models or specialized
software like the CAPE ([7]).

K. Maslo is with CEPS, a.s, Transmission System Security Dpt., Prague,
the Czech Republic (e-mail: maslo@ceps.cz).

978-1-4244-1633-2/08/.00 ©2008 IEEE

II. FUNDAMENTS OF DISTANCE PROTECTION

The main purpose of the distance protection is to protect
mainly overhead lines and cables against failures like short
circuits. Distance relay measures so called apparent impedance
(determined from current and voltages) for fault detection.

The operation of a distance relay is well presented from
impedance diagram - complex plane with R — X coordinates
for real and imaginary axis. The following figure shows the
basic principle of the distance element (relay) operation in
a single case of radial line:

@7

O]

@
IN

sy

|é\1

Operating
characteristic

-X

Reverse
direction

Fig. 1. Impedance diagram for single radial line operation

During normal operation measured impedance is
somewhere in the load area. When a short circuit occurs on the
protected line, measured impedance skips to the value Zsc
corresponding to the impedance mZ; modified by an arc
resistance Rg. If the measured apparent impedance passes into
operating the characteristic and stays inside for a predefined
time setting, the relay gives the trip command to the circuit
breaker to switch the line off. Separated distance elements are
used for symmetrical (three phase short circuits) and
unsymmetrical faults (e.g. phase to ground short circuit). The
distance protection has several (usually three) zones (steps)
with independent characteristics and timers. for back-up
protection of adjacent lines.

The case of power system swings is explained in the
following subsection.

694


Maslo
Textový rámeček
IV.


A. Theoretical background of swings

A single two machines model (see the Fig. 2) is used for
the explanation of swing trajectories in complex plane.

Both sources of electromotive voltage E and Eg (we
consider constant voltage amplitude for simplicity) are
connected through an equivalent reactance Xg. & is mutual
angle between particular phasors. Apparent impedance
Z measured in relative distance m from source Eg is given by:

U_ b B (1
1 _XE{[I—a*e";} ]m}’a_ES

Underlined symbols are complex values — phasors, j is an
imaginary unit. The expression in square brackets corresponds
for & €(0, 2m) to a circle in complex plain. Circle degenerates

for a=1 into straight line coming through point [0, 0.5].
X a=0.9

T T

Dy

Fig. 2. Trajectories of apparent impedances during swings

Ta=1A

If the apparent impedances are measured in the middle of
equivalent reactance Xg (for m=0.5), then trajectory passes
centre of coordinated system and therefore it crosses into some
zone of distance protection. This point is called a swing centre.
If reactance Xg changes due to topology variation (e.g. caused
by line outages) this swing centre moves accordingly.

III. DISTANCE PROTECTION MODELING ASPECTS

Model of distance protection consist of these components:
starting element for fault detection and classification,
phase to phase distance elements for symmetrical faults,
phase to ground distance elements for ground faults,
power swings blocking elements,
signaling channels from opposite side of the line,
automatic re-closure system.

MmO oW

We will deal only with the first four components.

A. Starting element

We limit the function of the staring element on fault
classification only. The simple criterion to distinguish between
phase to phase and phase to ground faults can be evaluated by:

31,>0.2In ()
where I is zero sequence current measured by protection and

In is nominal current of the protection.
Phase-ground elements are activated if the condition (2) is

fulfilled, otherwise phase-phase distance elements actuate.

B. Distance elements
Typical characteristics of distance elements are in TABLE

L
TABLE 1
OVERVIEW OF USED DISTANCE ELEMENTS CHARACTERISTIC
Operating characteristic Mathematical description
Circle ‘(R +jXX < ‘RP‘
MHO «s0 (R+jX)=R,e"™| <|R,|
Rp
MHO - ‘(R+jX)_(RC+jXC)‘<RP
offset
Rp
Rc
>
Xc

Universal X 1. X>al*R+
Polygon S 2. X<a2#R+b2

3. R>a3#X+b3

4. R<a4+X+b4
8;1;drﬂa- T ¢ X <X,

R< R,

XR ,
X >-Rx1g(p)
R>-Xx1g(p)
RR
)¢
Composite
MHO
& Rp
Quadrila-
teral
o

Measured impedance Z is calculated for phase to phase
(e.g. for loop consisting of phase A and B) and phase to
ground (e.g. for phase A) elements:

— QA — QB

= ph-ph _
L,—1,

- Us
S l,q +I£E3lo

€)

Where Uypc and I, 3¢ are phase voltages and currents
phasors, I, is zero sequence current phasors (3_I, is short
circuit earth current) and kg is a compensation factor
calculated from positive and zero sequence line parameters by
formula (see e.g. [8]):

ke=(Zo~2.)/3Z, 4)
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C. Power swing blocking

Distance protections are equipped with power swing
blocking to prevent the switching of protected lines in case of
the stable swings. Blocking is carried out by the measuring of
elapsed time, between the passing of apparent impedance
vector through outer and inner zone of blocking elements. If
elapsed time is greater then defined value (usually 40 -50 ms)
distance elements are blocked (inhibited). Blocking may affect
either phase to phase elements or both phase to phase and
phase to ground elements. Sometimes the smallest zone (the
1¥ stage) is not blocked.

Typical characteristics of distance elements are in the
following table.

TABLE II
POWER SWING BLOCKING ELEMENTS CHARACTERISTICS

Operating characteristic Mathematical description

XRr

Inside rectangular

|X| < X,,

R/ < Ry
Rr

Outside rectangular

|X|<1.25X,,

R|<125R,

/7

2RR

Inside circle

R+ jx) <|R,)|

Outside circle

)

R+ jX) <12%R,

|X| < X,
R<R, +Xxtg(p)
R>-R, + X *1g(p)

)
-

IV. IMPLEMNTATION OF THE MODEL

The above described principles were used for creating so
called universal distance protection model in the MODES
network simulator (see e.g. [9]-[11]). This model consists of:

¢ up to five distance elements (including reverse zones) for
both symmetrical and ground faults with quadrilateral
characteristic

e power swings
characteristic.

blocking element with rectangular

Parameters for these elements are determined from rated
current, reactive reach values, zone timers settings and
protected lines resistance and reactance (positive and zero
sequence values). The model was verified by comparing
of simulation results with the real measuring.

V. STUDY CASE

This chapter describes the dynamic behavior of the power
system during disturbance (short circuit in the 400 kV
substation) in the Czech transmission system from distance
protection operation point of view (more detailed analysis is in
[6]). Real and simulated development of the disturbance is
compared as well. Fig. 3. illustrates the network situation.

DE PL 400 kV

220 kV

_ Switched off

.. Stupava

Fig. 3. On line scheme of transmission system on 3rd August 2006 in 14:51

Double line to ground short circuit (it changed into three
phase after 200 ms) occurred on the substation Sokolnice
busbars during an ongoing long term reconstruction (it was not
possible to operate the busbar protection). Since it was busbar
short circuit, it was cleared by the second stages of distance
protections in longer times (line short circuit is usually cleared
by the first stage of protection before 100 ms). All lines and
transformer 400/220 kV were switched off (depicted by
dashed red lines). TABLE III compares real and simulated
disturbance development.

TABLE III
DISTANCE PROTECTIONS OPERATION (SHORT CIRCUIT OCCURES AT T=0)

Time of event [ms Switching off the line

Reality Simulation

480 660 V417

480 590 V435, V436 (double line)

520 660 V424

550 810 V497

580 440 V423

610 570 V433

610 620 V422

Nevertheless the  very  complex disturbances

(unsymmetrical long term short circuit changing into three
phases one, island operation of part of the transmission system
with large power plant) the results of simulation) the dynamic
model with implemented distance protection gives credible
time courses.

696



The following figure depicts calculated time courses of
apparent impedances of the lines from the Sokolnice
substation measured in the opposite substations (where the
lines were switched off by the 2™ zones of distance

The following figure depicts calculated time courses of
apparent impedances of the lines from the Slavétice substation
measured in this substation (where the lines were switched off
by the 1* zones of distance protections).

protections).
X [Ohm]

X [Ohm] 35

55 P A A ]
V424
’i 25 1
as 20
V497 > v
EN~
o
va17 10 1
507

5

30 N

V423 ‘ ‘ ‘ 0

e

e 77 -20 -15 -10 5 i

25 V435 5

20 -10

15 -15

20

10 1

25

5 2n

R [Ohm] -30

: : ‘ iy ‘ ‘ ‘ 35

20 -15 -10 5 0 5 10 15 20

Fig. 4. Trajectory of apparent impedance in the complex R,X plane

The arrows directed at upper right corner mark switching of
the lines (apparent impedances Z—infinity).
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Fig. 6.Simulated trajectory of apparent impedance in the complex R,X plane

The following figures compare measured (marked by

square) and simulated (marked by circles) time courses of Z.
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Fig. 5.Comparing of measured and simulated Z time course
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In case of the V435 line the distance protection evaluates
the fault in his second zone (displayed by thin doted
rectangular) and commands the switching off the line with
some time delay. Samplings are 1ms for measuring and 10 ms
for simulation.

In case of the V433 line the trajectories pass the first zone
(displayed by thick doted rectangular). The protection
commands the switching off the line immediately (there same
time delay due to circuit breaker operation).

The switchings off the lines V422 and V433 were caused
by power swings — the protection is located near the swing
centre (explanation of this term is in the chapter II. A. ).

At that case protection does not protect the line against
short circuit, but it guards system against loss of synchronism.
Timely evaluation of asynchronous operation prevents
spreading of the disturbance.

The part of transmission system endangered by a loss of
synchronism (asynchronous operation) is isolated from the rest
of the system and passes into so called island operation.

seconds after passing into island. The transient is stable
(without frequency collapse) because turbines are able
to decrease output quickly (load rejection). The island can be
than resynchronized quickly to the rest of the system after
decreasing of frequency. Black time course is measured and
blue one is simulated and they are in good agreement.

This capability of used dynamic model is important
especially in using in dispatcher training simulators, which
require realistic response of the model in disturbed or
abnormal system states.

Network simulator makes possible to answer questions
,»,What happen, if ....? “.Stability of near power station would
be threatened without switching off of the affected lines.

It is seen from the Fig. 8, several pole slips occur before
the generator is resynchronized. This spontaneous
resynchronization is enabled due to quick turbine power NT
response carried out by fast valving. The unit will be probably
switched off by slip pole (out of step) protection in reality.

[Hz]

53.04

AN

52,54

NS

52.04-

o
N

5157

51.04

50,59

50.0

Fig. 7. Measured and calculated frequency during passing into island
=— IGEN_[p.j.] — QG_[p.j.] — NT_[p.j.] - UGEN_[p.j] — PG_[p.j.]
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Fig. 8.
Simulation of hypothetical loss of stability
IGEN......... generator current in per unit
UGEN ....... generator terminal voltage

Fig. 7 shows the frequency time courses for the first ten

PG, QG ....active and reactive generator power
NT..coovveeee turbine mechanical output
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VI. CONCLUSIONS

Distance protections play an important role in power
system security operation. The fundamental principle of
distance protections are described in this paper. Basic
mathematical relations necessary for distance protection
modeling are presented as well.

The described concepts were implemented in the MODES
network simulator. The model is verified by comparing
measured time courses of real disturbances (three phase short
circuit with splitting of the system) with simulation.

The validation of the model is important especially for
dispatcher training simulators, which require realistic response
even for disturbed and abnormal system states. The case study
approves ability of the model to simulate the power system
response with sufficient accuracy.

Of course created universal distance protection model is a
starting point for subsequent improvements.
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1. Introduction

According to the prepared European network code [1] island
operation is defined as an independent operation of the whole
or a part of the network that is isolated after its disconnection
from the interconnected system. The isolated part of the net-
work has to contain at least one generator with a frequency and
voltage control system. These non-standard power system opera-
tion conditions (usually emergency states — resynchronisation or
restoration), contrary to normal operating conditions, require non-
standard frequency control strategies.

Implementation of higher level control strategies in island oper-
ation is investigated in [2] but there is not detailed analysis of
turbine control modes.

This paper analyzes various load-frequency control manage-
ment modes in island operation and it compares various control
possibilities for the steam turbine that is remotely controlled by
LFC. It explains the difference between the centralised concept of
classic LFC and the decentralised concept of conventional speed
control. The new idea of combining these two concepts is presented
and the feasibility and functionality of this idea is proved on case
studies, using dynamic model.

* Corresponding author. Tel.: +420 211 044 430/548; fax: +420 211 044 430/548.
E-mail addresses: maslo@ceps.cz (K. Maslo), michal.kolcun@tuke.sk (M. Kolcun).

http://dx.doi.org/10.1016/j.epsr.2014.03.030
0378-7796/© 2014 Elsevier B.V. All rights reserved.

Use of simulation tools (long-term stability programmes) for
the study of power system dynamic behaviour in island operation is
discussed in [3]; although this lacks details of cooperation between
LFC and turbine control. Various turbine control modes in coordina-
tion with LFC are described in [4], but very simple generic thermal
governor/turbine model (see [5]) is used without a boiler model.

The dynamic model that is presented in this paper is available
for the off-line dynamic calculation of power system (as a network
simulator) and also for the online simulation in the framework of
a dispatcher training simulator.

The paper is organised as follows. Section 2 presents the system
disturbance on 4th November 2006 and its impact on the Operation
Handbook update (Policy 5: Emergency Operations). The dynamic
behaviour of the Czech control area during the disturbance and
a decentralised concept of the speed control in island operation
are presented as well. Section 3 introduces an overview of power
system frequency control. Special attention is paid to the steam tur-
bine control implemented on power plants in the Czech Republic.
The dynamic behaviour of various types of LFC and turbine control
modes during island operation is demonstrated on four case studies
in Section 4. Section 5 concludes our findings.

2. Experience from the disturbance on 4th November 2006

A large-scale island operation is a very rare event, but it may
occur. The last such Europe-wide power system incident happened
on 4th November 2006. The former UCTE grid split into three
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separate areas after the tripping of several high-voltage lines due to
a cascade effect. There were significant power imbalances in each
area (West, North-east and South-east).

The final report [6] states that the resynchronisation process
was completed in a fully decentralised manner within 40 min
after the splitting (in some cases without knowing the exact con-
ditions in the interconnected system). On the other hand, only
this decentralised approach allowed achieving the reconnection
in such a short time. However, this report also recommends that
different load-frequency management modes should be analysed
thoroughly and their application should be predefined. The UCTE
should propose the principles and define the strategies for various
modes of frequency control with a special attention paid to the pure
frequency mode for LFC.

These proposals are implemented in the ENTSO-E regional group
continental European Operation Handbook, Policy 5: Emergency
Operations [7]. This Policy defines the role of a frequency leader
who is in charge of frequency management coordination and who
coordinates the activation of the generation reserve within the
affected area, together with the transmission system operators
(TSOs) in their area, in order to recover and maintain the frequency
in this disturbed area of near to 50 Hz, with a maximum tolerance of
+200 mHz. The frequency leader should be chosen within each syn-
chronous area after a severe disturbance with a frequency deviation
higher than the permissible value of £200 mHz or in the case of sys-
tem split. A TSO with the highest K-factor! will be appointed as the
frequency leader. According to the Policy 5 standard, the frequency
leader’s LFC is switched to a frequency control mode and the other
load-frequency secondary controllers remain in a “frozen” control
state (without any change of set point for controlled units). This
means that the frequency leader’s regulation units are remotely
controlled by the LFC in frequency control mode.

On the other hand, the older UCTE operational handbook in Pol-
icy 1: Load-Frequency Control and Performance ([8] from 2004)
recommended that under emergency conditions and if applicable
the operating mode of (thermal) generating units should/may be
changed from load control or pressure control to speed control.
A very fast rate of change is enabled within the whole operating
range, yet it is very uneconomical. This solution was implemented
in both the Czech Republic and the Slovak Republic as one con-
dition for connection of the CENTREL countries to the UCTE in
1995. Fig. 1 shows a copy of a recommended response of thermal
units to frequency deviations prepared by a former electricity util-
ity Bayernwerk AG in 1994. There are four examples (marked by
numbers 1-4) of thermal unit operation within normal frequency
range 49.8 — 50.2 Hz and outside this range in a so-called ‘disturbed
operation’.

Units are operated in the load control (Pgep = Ppesired) OF With
activated primary frequency control (Pgep, = Ppesired * Kcor Af) in the
normal operation with a range Py, — Pmax- In the disturbed opera-
tion the units are switched over to an emergency speed control (a
speed droop 1/kspeeq is usually 5%) with a range Ppinisiand — PMax
and boiler output is increased to Pyjax. Minimal power Pyinisiand
should be lower than Py, for normal operation and it is near to the
home consumption Pay. If the frequency exceeds 53 Hz or it falls
under 47 Hz, the coal-fired units are disconnected from the grid and
they feed only its auxiliary load.

The first line represents a unit operated at full power Pyj.x. The
second line represents a unit operated in the primary control with

1 K-factorin MW/Hz corresponds mainly to incremental generation power change
during incremental frequency deviation.

2 The speed control gain kspeea may be different from the frequency correction
gain kcor in the load control; this gain determines the slope of the turbine static
characteristic (dependence of the turbine output the frequency deviation).

f[Hz]
53 :

52

48

Psen

47 ; L
PDes\red QSA PMax

PAux PMin\sIand PMm

Fig. 1. Control of conventional thermal power plants - recommendation of BAG.

a speed droop 1/kcor (usually 8% for a primary control reserve 5%).
The third line represents an unloaded unit (dashed line is for pri-
mary control with a speed droop 5%). The fourth line represents a
unit operated in a primary control with minimal power Py,

This solution proved its efficiency during a system-wide inci-
dent on 4th November 2006. The Czech Republic was part of the
North-east island, where the active power surplus was more than
10,000 MW and instantaneous frequency reached nearly 51.4Hz
(see Fig. 2).

Due to the immediate power decrease in this island, the fre-
quency was stabilised at 50.3 Hz within the first 30s. The Czech
Republic participated with a power decrease of 950 MW - the
largest portion of power decrease in the island (not taking into
account the switching off of the windmills in the eastern Germany
and Austria). As a result of switch over from power to speed con-
trol, the K-factor of the Czech Republic control area increased more
than four times from the normal value 730 MW/Hz (for primary
frequency control) to approximately 3300 MW/Hz (in emergency
speed control). This measure contributed significantly to power
surplus regulation in the North-east island.

The concept of emergency speed control as a decentralised
solution of the frequency management in island operation is an
alternative to the centralised LFC control (switched to frequency
control mode) and it should be taken into account in the next oper-
ational handbook revision.

Switching over from power to speed control is implemented in
all conventional units (not only steam but also in hydro and gas
turbines) connected into transmission system (more than 10 GW
of installed power) and on the larger units connected into the dis-
tribution system in the Czech Republic. New installed renewable
energy sources (RES - especially photovoltaic sources and wind
turbines) shall comply with the prepared ENTSO-E Network Code
for Requirements for Grid Connection Applicable to all Generators.
They shall be capable of decreasing generated power with adroop of
5% when the frequency exceeds 50.2 Hz threshold according to the
red dashed line in Fig. 3. Areset plan is under preparation for older
RES installation. This plan emulates continuous power decreasing
by disconnection of RES groups in several steps; one suggestion is
depicted in Fig. 3.

3. Power system frequency control overview

Power system control is hierarchical in nature and represents
a very complex system. This complex system is usually divided
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Fig. 2. Measured frequency during UCTE splitting on 4.11.2006 (according to [6]).

into three levels: primary, secondary and tertiary. Due to the fact
that the tertiary level is focused mainly on optimisation aspects,
attention will be paid to the primary and secondary levels only.
Fig. 4 shows distinction between the primary (decentralised) and
secondary (centralised) levels.

Primary frequency control is a decentralised function of the tur-
bine control and is implemented by a frequency correction of the
power reference value Ppes. The resulting static turbine characteris-
tic (the dependence of generator output Pg on frequency deviation
Af) is shown below the block labelled ‘P control’ in Fig. 4. The tur-
bine control structure in Fig. 4 shows a serial arrangement of a
load controller and a speed governor. This structure was typical for
older mechanical-hydraulic systems. New powerful units in the
Czech Republic use digital electro-hydraulic systems with a paral-
lel arrangement of load and speed control. Turbine control valves
are directly governed by the power (load) controller.

The secondary level is a centralised function implemented by
the load-frequency control (LFC). LFC maintains the power balance
in each control area and the system frequency fto its set-point value

50 50.2 51 51.2 51.4 f [Hz]

AP [%]

Fig. 3. Continuous power decreasing and stepwise disconnection plan of renewable
energy sources. (For interpretation of the references to color in text, the reader is
referred to the web version of the article.)

(50Hz in Europe). LFC regulates power interchanges with the adja-
cent control areas to their programmed scheduled values Pscpeq-
The desired power Ppes (the sum of regulating component from
LFC and base power Pg,se as a result of tertiary level control) is
the input to the turbine controller. A detailed description of the
secondary frequency control can be found in [10-14].

We explain suitable possibilities of turbine control for island
operation and solutions used in the Czech Republic.

3.1. Steam turbine control in island operation

We will focus on steam turbines, which still remain the most
widespread source in power systems. The different control modes

P-f control

Control area

PBase

Secondary level

Primary level

NRet

Fig. 4. Power system control hierarchical overview - simplified block scheme.
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used in normal and island operations are presented and compared
in this section.

The control for a conventional steam turbine unit consists of a
boiler control and a turbine control. An example of such a system
is shown in Fig. 5.

The conventional control mode used in a normal operation
(when the unit provides ancillary service of primary or/and sec-
ondary control) is known as boiler follow mode. The turbine power
Pr is controlled by the turbine control valves. Pressure of admission
steam pr is controlled by the boiler fuel supply (see for example [15]
for more details on turbine control modes). This basic control mode
is designated below simply as load control. Limited frequency cor-
rection of desired power value (usually up to 5% of nominal power)
restricts the possibility for the unit to provide significant contribu-
tion during grid frequency transients and eliminates its possibility
for inclusion into island operation.

Speed control mode is used for emergency control in island
operation. The turbine speed n is controlled by the turbine control
valves and the boiler control remains in boiler follow mode (see e.g.
[16] for more details about speed control). A high-pressure bypass
(HPBP) valve helps to avoid overpressure conditions when the con-
trol valves close quickly. When the admission pressure exceeds a
predefined value (higher than nominal pressure) the HPBP valve
decreases steam flow m into the turbine HP part and returns a
portion of the steam flow mgp back to the boiler.

Special adjustments were implemented for the steam turbines
control in order to improve their behaviour in island operation and
to comply with the requirements prior to the connection of the
former CENTREL? power system to the UCTE according to the so-
called ‘Catalogue of measures’ [9]. In addition to switching over
from load to speed control, so-called island control includes the
following features:

3 CENTREL was a cooperative group of four transmission systems operators
located in the Central Eastern Europe. The four companies were CEPS (the Czech
Republic), MAVIR (Hungary), PSE-Operator (Poland), and SEPS (Slovak Republic).

1. The speed reference value is corrected by negative pressure
deviations, and decreases the desired valve opening when the
admission pressure is too low.

2. HP bypass valves are controlled to maintain admission pressure
at nominal value.

3. The boiler is controlled in order to supply the desired steam flow
plus some reserve value (this steam flow is by-passed back to
the boiler through the HPBP valves) - the turbine is then pre-
pared to increase power very quickly without decreasing the
admission pressure (however bypassing steam surplus causes
an uneconomical operation already mentioned in the Section 2).

Turbine dynamics can be modelled by a block diagram in Fig. 6
(see [17,18] for more information).

The controller represents the conventional control: boiler follow
mode. A similar model can be used for nuclear units with a simpli-
fying assumption of constant pressure pr.

A model of hydro units is shown in Fig. 7.

This model takes into account gate and penstock dynamic
assuming inelastic water column (see [19] for more details). You
can notice the same structure of controller models for steam and
hydro turbine (of course with different parameters).

A suitable model for gas turbine was described in [20].

3.2. Co-operation of LFC and turbine control in island operation

LFC is usually designed to suspend control during an emergency
situation. According to the ENTSO-E Operation handbook [7], it is
indicated by the frequency deviation excess of +200 mHz lasting
more than 1 min. The individual LFC has to be frozen (retaining
the last signal of control). In the Czech Republic units are switched
over to speed/island control mode. This is correct, because some of
the units, that are providing the secondary load frequency control
(remotely controlled from the LFC), may in fact belong to the sep-
arated island, hence controlling them remotely has no reason and
moreover may even result in island blackout due to the frequency
relay operation.
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Fig. 8 shows a turbine control block diagram with a sym-
bolic illustration of these different control modes in more details
(although still very simplified).

There are several Y/N logical switches in the middle of Fig. 8.
They govern the control hierarchy. The leftmost load control switch
determines the basic turbine control mode. If the turbine is in the
manual control, it is controlled by + button (less or more power).
The island operation switch is activated by a frequency relay and it
switches over to proportional speed control. The fast valving switch
is activating by protection equipment in case of near short circuits
in the network. It causes a fast temporary closing of the control
valves and intercept valves. Isochronous (proportional-integral)
speed governor, which is activated by the unit disconnection from
the network and before synchronisation, has the most priority.

An electrohydraulic transducer (EHT) transforms the electrical
signal to oil pressure governing the control valves.

The upper two switches determine remote control mode.

Under normal network conditions, the steam turbine operates
in load control mode and the boiler is in pressure control (boiler
follow mode). If the unit is the remote control, unit control sys-
tem receives the reference power Ppes from the superordinate
LFC.

In the case of large frequency deviations (] Af] > 200 mHz) island
operation is detected and the turbine control is switched over from
load control to proportional speed control mode (P speed control).
It can be in the remote control as well. In that case, correction of
the speed set point An is received from the superordinate LFC.

There are four control modes in Fig. 8. The LFC maintains the
scheduled interchange power flow Psoq and frequency f (P+f) in

the control mode (1). The steam turbine is in load control mode
and is remotely controlled from LFC. This represents the normal
operation condition of turbines and LFC.

The control mode (2) means that the turbine power is still
remotely controlled, but LFC operates in a so-called flat mode -
it controls frequency f only.

LFC is stopped (out of operation) in control mode (4) and units
are usually disconnected from the remote control. This control
mode is used in island operation as well. In this case the units in the
Czech Republic are switched over to speed control after transition
toisland operation. The speed set point can be changed manually by
the plant operator according to the instructions from the dispatch
centre.

Control mode (3) is a new one in the Czech Republic (it will be
implemented in 2014). This mode will be used during island opera-
tion. It makes possible to take over the role of a frequency leader to
control frequency in a large island. Also LFC is able to control power
exchange in the case of a subordination to other frequency leader.
It is possible to control frequency in several smaller islands as well.
In all cases LFC sends a correction signal An to remotely controlled
units. These units are switched over to speed control and the speed
set point is changed automatically by the LFC correction signal An.
This control mode is designed for the stabilisation of the island in
the restoration phase (before the resynchronisation with the rest
of the system or during island extending).

It is practically impossible to perform large experiments or
field tests of the island operation in the continental European
synchronous zone. Dynamic simulation using adequate models
is an effective and secure method for testing and examining



K. Mdslo, M. Kolcun / Electric Power Systems Research 114 (2014) 10-20 15

Load Frequency Control

0 @ 4y
n ® Reference speed correction
P+, fD @ Reference power

[+]-] An

N

Secondary P-f control

Primary control
Fast valving

Pe |f
N 0 . .
P speed control Electronic part Hydraulic part
Power Speed f
Remote controls Pl speed orbine n
governor M I Ll ——
Load
controller \
M H
Pressure | EHT —PXCV
controller Switched
Manual Falst. off
valving
control Maximal
Load Limiters opening
control

A L, Frequency

relay Island operation

(D Turbine in load control, LFCin P+f mode

@ Turbine in load control, LFC in f mode
@ Turbine in speed control, LFC in island operation

Fig. 8. Principal turbine control block scheme.

particular control strategies. This simulation is presented in the
following section.

4. Case studies

Four case studies were carried out to evaluate different strate-
gies for active power/frequency control in island operation:

1. transition to small island - presentation of decentralised fre-
quency control;

2. transition to large island with power surplus;

. transition to large island with power deficiency;

4. reproduction of the system behaviour during 4th November
2006 disturbance.

w

These cases are analysed in the following chapters with the help
a dynamic simulation. The network simulator MODES was used as
a simulation tool (see for example [21]) with two dynamic models.
The first one (used for the first three case studies) is a breaker-
oriented model which corresponds to the observable area from
the SCADA of the Czech transmission system. This area comprises
the Czech transmission system, whole system of the Slovakia and
parts of the neighbouring system in Poland, Germany, Austria and
Hungary; see Fig. 9, where transmission lines and power plants
connected into the transmission system are depicted.

The dynamic model contains more than 900 lines and trans-
formers, 357 loads connected to 110KV level, 247 real generators
in the observable area with installed capacity 68,368 MVA and 18
equivalent generators for the rest of the continental European syn-
chronous zone.

The second dynamic model (used for the last fourth case study)
is a bus-oriented model of the whole continental European syn-
chronous zone (2134 branches, 937 nodes and 159 generators).
Central part of the Europe (Austria, the Czech Republic, Germany,
Hungary, Poland, Slovenia, and Slovakia) is modelled in detail. Rest

of the continental Europe is reduced and particular control areas
are modelled be equivalent generators.

4.1. Small island - decentralised frequency control

The behaviour of three different turbine control modes during
island operation is demonstrated. The island was initiated by the
disconnection of a part of the Czech transmission system out of the
continental European interconnection. The island consisted of five
400 kV substations (see Fig. 10) and fourteen generators with actual
generation of 2313 MW. The power surplus was 404 MW.

Three units in the island were equipped with different turbine
control modes in order to demonstrate their different features.
Fig. 11 shows different turbine responses to frequency changes in
the island for particular turbine control modes:

1. load control (with frequency droop of 8% and frequency correc-
tion limit 2.5%);

2. speed control (with speed droop of 5%);

3. island control (with speed droop of 5%).

Steady state frequency deviation was 450 mHz after the island
formation (t=30s) and 125 mHz after some unit outage at t=300s.
The small response of turbine power Py in the load control corre-
sponded to the limited frequency correction of 2.5% from nominal
turbine power. Turbines in speed and island control had the same
power decrease in the firstinstant (corresponding to approximately
5% of speed droop), but the turbine power changed much more
for the speed control mode due to admission pressure deviations.
The explanation is given in Fig. 12, where turbine and boiler vari-
ables (steam flow generation m, by-pass steam flow rate mgp and
admission pressure pr) are shown.

It is seen that pressure deviations are greater in speed con-
trol, because the reaction of the pressure control via fuel supply
is slower than the reaction of the island controller via by-pass
valve control. In addition, the island controller keeps the steam
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Fig. 10. One-line diagram of the island.

reserve in the boiler that is available for fast turbine load increase
(unit outage or consumption increase) that occurs in the island.
It should be mentioned that switching over to speed/island con-
trol must be sufficiently fast - within hundreds of milliseconds
- otherwise coal fired units are switched off by over-frequency
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Fig. 11. Turbine power Pr responses to the frequency f change for different control
modes.

protection (53 Hz in 100 ms) or a part of consumption is switched
off by under-frequency load shedding (49 Hz in 100 ms). The island
control mode for steam turbines will be considered as a special case

of speed control and the common term speed control will be used
in the following description.

4.2. Large surplus island — LFC and turbine control coordination

The behaviour of a large island with different turbine control
modes is demonstrated in this chapter. The large island represented
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Fig. 13. Frequency deviation time courses for detail of transition into surplus island.

the entire Czech Republic that was disconnected out the conti-
nental European synchronous system. This control area exported
AP=3300 MW before the disconnection.

Four variants of control modes were taken into account for
investigation in island operation:

1. turbine load control with remote control from LFC in P+ f mode;

2. turbine load control with remote control from LFC in f mode (flat
mode);

3. speed control with the automatic remote correction An of ref-
erence speed from LFC;

4. speed control with manual changing of the reference speed.

These four variants correspond to the four LFC control modes
(1)-(4) mentioned in Section 3.2. Turbines had been operated in
load control mode before the transition to the island. In variants
3 and 4, the turbines were automatically switched over from the
load control mode to the speed control mode when the frequency
deviation exceeded |Af] >200 mHz. Selected units were connected
back to LFC (which operated in control mode (3)) after successful
transition into the island and frequency stabilisation for variant 3.

Fig. 13 compares the short-term (the first 10s) dynamic
behaviour of the island for particular units in load control (in vari-
ants 1 and 2) and the units switched over to speed control (in
variants 3 and 4).

It is obvious, that the frequency deviation was unstable in the
case of units in load control (variants 1 and 2). The frequency

deviation exceeded the limits for unit disconnection from the net-
work (Af=1.5 and 2.5Hz for nuclear power plants, Af=2Hz for
combined gas cycle power plants and Af=3Hz for other turbine
types). Units were disconnected and the result was blackout in the
island. The switching of LFC to flat mode (f control) did not pre-
vent the system from frequency collapse and subsequent black out,
because LFC was too slow. In contrast, the frequency deviation was
stable in the case of units switched over into speed control (variants
3and 4).

Fig. 14 shows the long-term simulation results for variants 3
and 4.

There were stable course of frequency deviations. The limit for
automatic resynchronisation (90 mHz) was reached in 15 min. In
variant 4 all commands for decreasing speed set point were car-
ried out manually at selected units in seven steps. In variant 3,
some units were remotely controlled by LFC that automatically
sent correction signal An. In this case, the frequency changed more
smoothly. This control mode is more convenient for system dis-
patchers and plant operators.

Fig. 15 explains the different dynamic behaviours between the
variants 1 and 4. In the variant 1 the reference power Ppes was
remotely adjusted by LFC (control mode (1)). However, after pass-
ing into a surplus island the total power of turbines is greater than
consumption and network losses in the island. While the generator
power Pg decreased (generated power must be equal to consump-
tion and losses at all time), unit in the load control increased turbine
power Pr torestore reference power Ppes (see the left side of Fig. 15).
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Thereby speed and frequency increased and unit was disconnected
from the network and it fed its auxiliary consumption only. Chang-
ing LFC to f mode did not improve the situation, due to the fact that
LFC was too slow in significantly decreasing reference power Ppes.

Turbine power Pr and generator power Pg have different values
during transient phenomena. The difference between them causes
speed and frequency deviations.

Itis sometimes said that there is an imbalance between load and
power generation in the power system. This is not accurate. Power
balance between generated power (measured on generator termi-
nals)and consumption and losses is maintained naturally according
to the Kirchhoff's laws (after decay of very fast electromagnetic
transients the generated power must be equal to the consumption
and losses).

In variant 4, reference power Ppes was constant (LFC was in the
stopped mode (4)) and turbine (in the speed control mode) adjusted
its power Pr to manually changed speed set point. The small differ-
ence between Pr and Pg was caused by the generator losses - see
the right side of Fig. 15.

The simulations show that switching over from the load control
to the island control is necessary for a stable island operation.

4.3. Large deficit island - LFC and turbine control coordination

An example of deficit island is presented in this chapter. The
Slovakian power system was disconnected out the continental

European interconnection in the simulation. The control area
imported AP=61 MW before disconnection.

Three variants of control modes were taken into account in
island operation:

1. Switching to the speed control for steam unit for frequency devi-
ation |Af] >200 mHz.

2. Switching to the speed control for steam and hydro units for
|Af] >200 mHz.

3. Switching to the speed control for steam, hydro and nuclear units
for |Af|>200 mHz.

Fig. 16 shows the simulation results.

There were stable courses of frequency deviation for all
three variants. However in the variant 1 the frequency deviation
exceeded limit Af=-1000mHz (49 Hz is the first step of under-
frequency load shedding). The frequency restored to the near
nominal value after the load shedding.

It is obvious that early switching to speed control (4s after
disconnection) on a sufficient number of units (variants 2 and 3)
prevents the island from the load shedding. The speed control mode
ensures the fast increase of turbine power necessary for frequency
decrease containment.

One may often ask: “How is it possible that such a small power
deficit in an island can cause under-frequency load shedding?”
According to the operational rules of the European synchronous
zone [22], each control area must share a proportional part of
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the total primary control reserve of 3000 MW. It is approximately
34 MW for Slovakia. The primary control reserve was 46 MW in sim-
ulation. But it was still smaller than the power deficiency 61 MW
in the island. This was the reason for such a high frequency devi-
ation, when sufficient additional power reserve was not activated
in variant 1.

4.4. System disturbance on 4th November 2006

This disturbance was already mentioned in Section 2. The anal-
ysis from the transient stability point of view is provided in [23].
This section deals with the frequency stability of the Western area
(composed of Spain, Portugal, France, Italy, Belgium, Luxemburg,
the Netherlands, parts of Germany and Austria, Switzerland, Slove-
nia and a part of Croatia). This area was deficient with a power
imbalance of 8940 MW and an automatic load shedding took effect

when the frequency fell below 49 Hz. We may ask this hypothetical
question: “What would have happened if at least some of the tur-
bines in this island had switched over to speed control?” Dynamic
simulation may answer this question.

Fig. 17 compares the measured frequency of the Western island
with a simulation using a dynamic model.

The first simulation assumed load control on all units except
hydro turbines in Austria which operated in speed control mode.
The simulated frequency dropped to the shedding limit of 49 Hz in
approximately 9s — similar to the measured value (the measured
and simulated frequencies after load shedding are slightly different
because there was no exact information about unit outages in the
Western area). However, if some of the steam turbines (in France
and Germany) were switched to speed control when the frequency
dropped below 49.8 Hz, the frequency would stay above 49 Hz
and the island would survive without load shedding and probably
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without untimely tripping of generating units (especially of embed-
ded generation in wind and combined heat and power plants).
Switching over to speed control would release an additional power
reserve and it would compensate the power imbalance in the island
(the power imbalance was less than 5% of the actual generated
power in the Western area before splitting).

5. Conclusions

This paper investigated the cooperation of basic turbine con-
trol modes and supervisory control of frequency and active power.
Different control modes were taken into account for both tur-
bine controllers (governors) and centralised load frequency control
(LFC). These control modes were examined and tested by a simu-
lation tool on a dynamic model. The case studies proved that it is
necessary to disconnect turbine controllers from supervisory LFC
level for successful and secure transition from normal state (parallel
operation with large power system as in the continental European
synchronous area) to island operation and control frequency in a
decentralised manner (turbine speed control is used rather than
load control). The speed control can be used for all types of conven-
tional sources (steam, hydro and gas turbines), but special features
for the steam turbines should be taken into account (pressure and
boiler control).

A new LFC mode is proposed for island operation. Following
successful transition into island and frequency stabilisation, units
under speed control are switched back to remote control and
LFC sends correction signals for their speed set point values. This
solution combines the advantages of both concepts: decentralised
control of frequency during the transition to island operation and
centralised control of frequency during the restoration and resyn-
chronisation of the island.

Separation of a part of the interconnected network and island
operation is a very rare event in the continental European syn-
chronous zone, but it may occur with fatal consequences (examples
are the UCTE splitting on 4th November 2006 and Italian blackout
on 28th September 2003 [24]). Therefore this issue motivates the
TSOs to find efficient solutions to prevent frequency collapse and to
ensure a secure island operation. The paper presents a contribution
to this effort.
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Abstract—This paper deals with dynamic stability simulation
focused on new technologies, which may spread in the future
European power system whosefuturedevelopment isinvestigated in
the framework of the e-Highway2050 pr oj ect.

Index Terms - Demand side response, Energy storage system,
Renewable energy sources, UPFC, VSC-HVDC

I. INTRODUCTION

e-Highway 2050 project defines five extreme butlista
scenarios for future power system developmentHalr of these
scenarios envisage a large share of renewable yesergces
(centralized or decentralized) while three of thesty on large
power interchanges (EU internal or external).

A large share of RES will require new control cdifitads or
ancillary services, e.g. primary frequency contool inertial
control. These new requirements are mentionederattailable
RfG Network Code [2] as the so called Frequencysiige Mode
and Synthetic Inertia facility.

Switzerland

Security has been investigated by means of dynaimialations.
Operational Security is a basic precondition in eordo
successfully achieve a pan-European electricityketar

1. E-HIGHWAY 2050PROJECT

The e-Highway 2050 consortium envisages 28 Partoeatss
funded by FP7 from EC. The work is split in workckages;
boundary conditions, scenarios & grid architectuteshnologies,
implementation & operation, EHS governance, sociaremic
profitability, stakeholders involvement, planningida steps
towards a pan-European EHS, dissemination.

Based on the boundaries conditions, 5 represeatstisnarios
were identified with specific generation and loadfifes. The
pan-European grid was aggregated in several ctuatet, based
on the major power imbalances, new grid highwaysewe
identified taking into consideration the innovatiteehnologies
available in 2050.

For each new grid architecture, operational, gosece and

distances will also require new and flexible tedbges like
FACTS or HVDC. Similarly, the available HYDC Netwo€ode
[3] requires systems linking different synchronoaseas
frequency and inertial control capabilities as well

A final aspect is the Demand Side Response, wigptesents
an additional key technology, and whose performamcdefined
by the available DC Network Code [4]. One of theniaed Side
Response capabilities specified in the Network Cixldhe
System Frequency Control, e.g. the decrease oeaserof the
temperature set point proportionally to the frequyedteviation in
order to counteract the frequency behavior. Tentpeza
controlled devices are for example: fridges, fregzeeat pumps,
water heaters, air conditioning and electric hegtin

This paper deals with the abovementioned featuteshawill
characterize the future European power system.efifft test
systems have been built where these new featunes theen
modelled. Finally, their impact on the system Ofperal

meant to provide the proper roadmap towards 2086trédal
highways in Europe and lead to the 2050 EC enebgpctives.

Ill.  NEwW TECHNOLOGIES

This section deals with binding advances in HVAGE &\VDC
technology to enable future grid expansion. Thaeassf public
acceptance is considered as well.

A. AC Systems and components

The European electricity network is mainly realizéatough
meshed AC networks. While many AC technologies \aed

established and widely used, new technologies sschidigh
Temperature Superconductivity (HTS) and operationathods
such as Real Time Thermal Rating (RTTR) are dewlop

On one side, High Voltage AC cables with extrudesllation
are currently available for voltages up to 550 k\d anaximum
power of 1.5 GVA per circuit with a 2500 mm?2 coppenductor.
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The most widespread cable for new projects is thEE cable.
This trend will not change in the future and thiedavoltage will
stay in the range between 380 and 420 kV.

There will also be some developments for new geiveraf Gas
Insulated Lines (GIL) based on/SFs gas mixtures with low SF6
content. The typical transmissible power is arog@b80 MVA
with natural cooling and may reach 3500 MVA withrded
cooling.

Meanwhile, HTS technology has the potential to @apart in
future power systems. At present HTS projects rangéo 138
kV, 574 MVA and a maximum length of 1000 m. By 2080s
expected that the power level for HV (500 kV) apations will
rise up to 4000 MVA and the total length of instdlkystems will
grow up to 500 km worldwide.

In order to achieve improved power flow controlaph shifting
transformers can be installed. There are alreadyirgld or
existing phase shifting transformers between thia&t&ands and
Belgium, between Germany and the Netherlands aattesed all
over the Italian Northern interconnection.

RTTR technology will bear the power transmissiopazity of
existing and forthcoming systems. This method nexgui
distributed temperature sensing and correspondowgra of
power flows.

B. DC Systems and components

HVDC has so far mainly been used for point to ptriemismission
and often preferred to HVAC for long distance ohsea
transmission. Further increasing power transmissapacity and
reducing losses for HVDC links is a main ongoinglténge.
Cable technology is a prime limiting factor. Devmioent of
XLPE HVDC cables with ratings up to 550 kV has dedb
widespread adoption of HVDC technology. This, tbgetwith
the development of Modular Multilevel Converter (MY [5]
technology (typically arranged in half-bridge topgy), is
expected to boost large scale HVDC transmission.

The high level of controllability of HVDC links mak this
technology attractive for shorter distance onshomasmission
and designing of an HVDC grid is a topic attractimgearch
interest. Nevertheless, further enabling techne®gire needed.
Dealing with DC side faults is one main issue amal first DC
breaker was introduced by ABB. Development of tHd®from
half-bridge to full-bridge topology allows controf DC current
in fault conditions [6]. The speed of propagatiard aate of
increase of current during a DC fault claims fowneperating
procedures provides an ‘Open Grid’ approach in twhédl
breakers open without discrimination in responsdetecting a
fault, thus eliminating a significant time delaydaleading to
lower fault current and reduced propagation. Theakers are
then re-closed as appropriate.

Unless a DC grid is operated at a single voltagelleDC-DC
converters, the operational equivalent of AC trarskrs, will be
required. While DC-DC converters are commonly uaedow
voltage level, high voltage designs are still @& dtademic stage
of investigation or patent stage for some manufacsu

In spite of these challenges, it is expected thraeahed DC grid
may be in operation by 2030. Proposed offshore fanais, with
increasing size and distance from shore, are litelyecessitate

2

increased deployment of HVDC subsea transmissidme T
integration of offshore generation with countryetmantry subsea
HVDC connections will mandatory require most of dbe
technologies, which will lead to increased flexiyilin the
European network and improved integration of rerides

C. Technologies for improving public acceptance

A key challenge in expanding the network is strige public

acceptance. Major reasons for rejection of propoged

expansion projects include use of land issuesalisopact and
Electromagnetic Field (EMF) concerns. Undergrougdiof

transmission lines is recognised as a solutiohaddtter barriers.
In addition to the increased cost, undergroundingsgnts a
challenge in maintaining cables within temperatoperational
limits. Indeed, since thermal resistivity of the@gnd is variable,
the ampacity of the cable is limited by the lessliog point. The
use of cable tunnels can address this concernoualth cost
increases and ventilation systems may be requ@ethbination
of undergrounding along existing infrastructurerictors, such as
highways, can reduce cost and improve accessibilitypugh,

undergrounding of AC systems also increases thegictta
current for the line and reactive power compensgatitay be
needed.

IV. FOCUS ON NETWORK CODERFG

Specific requirements of automated dynamic respadose
adjust an Active Power set point as instructed Hey Relevant
Network Operator are prescribed by NC RfG [2] adowg to the
type of Power Generating Module (A, B and C). ®iga&s to
cope with under/over-frequency are defined for fyaoous and
non-synchronous connected Power Generating Module
respectively. Frequency Sensitive Mode is a PowemeEating
Module operating mode resulting in Active Power puuit
changing in response to a change in System Freguéama
direction to assists the recovery of the Targetqb&eacy by
operating so as to provide Frequency Responseh&jninertia
is a facility provided by a Power Park Module tplieate the
effect of Inertia of a Synchronous Power Generaltifegiule to a
prescribed level of performance.

V. BENCHMARK TEST SYSTEMS

Simple benchmark test systems were developed septré¢he
dynamic performance of the new technologies. Amdea of
these test systems is shown in TABLE I.

TABLE | TEST SYSTEMS OVERVIEW

Test | Based on Technology Focused on

A | Two area syste UPFC Small signastability

B Two area syste VSC-HVDC Small signastability

C Small island system RES- Short-term frequendyilitta

D |MV distribution systemRES + batteriesLong-term frequency stability
E |HV distribution systemRES + DSR Long-term frequency stabiljty

The following subsections describe the test sysiendstail.

A. Test system A —Unified Power Flow Controller

The Unified Power Flow Controller (UPFC) is a membé
the FACTS family which is able to increase powestem



operation flexibility and controllability by contitimg active Storage Systems ESS (batteries) capabilities. yidterm has been
power flows.A simple test system (adapted from [7]) was used taken from [11] whereas the input data refer ta@QH@RE medium

present UPFC transmission capability.
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Figure 1. One line diagram of power system with ORfest system A)

Original system model belongs to [8] (Example 1215)
consists of two areas connected by a 230 kV daitdeit tie line
with a transfer of more than 400 MW. The UPFC israzted in
one of the circuits of the tie line.

B. Test system B —Voltage Source Converter HYDC

A Voltage Source Converter HYDC (VSC-HVDC) is made
fully controllable valves, which enable a flexildentrol of active
power flows and damping of system oscillations.

Pn-200 MW 200 MVWHj0 MVAY
dPn—5%
N13

214 kv

n2o N3 ]

V3-101A
110 km

V3-101B

N11
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700 MW Un1/2-20230 kV

= .11 G3
o o RECEERNE

1
100 MVAr I 250 MVAr

700 MW
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B1=3.31 uS/km

G4

Figure 2. One line diagram of power system with VB¢DC (test system B)

The test system depicted in Figure 2 was usedusirifte the
HVDC control capability. The test system originatéem
reference [8].

C. Test system C — Small Island including wind farm

The test system shown in Figure 3 was developed
simulation of up to date wind modules capabiliti€ee system
was inspired by the reference [9], only insteathefDouble Fed
Induction Generator connected by one VSC-HVDC theoisland
system, the Permanent magnet generator (PMG) wiitipdwer
converter (FPC) was used (Type 4 according to aenatature of
the IES Wind turbine model standard [10]).

0.3+j50 Q)

Sn=300 MVA
B1 150 1S B2

uk=10%
Unl1/2=13.8/400 kV SG

WIND ~ WF
300 MVA
(108x2.78 MVA) 420kV

300 MVA

{a
400MW+j100MVAr 171 MW

Figure 3. One line diagram of power system inclgdinnd farm (test system C)

The PMG-FPC model was complemented by additional

signals to enable frequency and inertial control.

D. Test system D — Photovoltaics (PV) and batteries

The test system depicted in Figure 4 was develdped
simulation of up to date PV modules and decentdlignergy

3

voltage test system [12].

HV subtransmission network

©

110 kV Sk“=5 GVA
15
Sn—25 MVA, uk=12%
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Figure 4. One line diagram of power system witha®d ESS (test system D)

E. Test system E — Demand Side Response and photcsolta

For testing Demand Side Respo(@®&R) capability in island
operation, e.g. system frequency control, a simgglimodel was
developed [13] including basic features of a disttion network
supplied by a transformer from the transmissionesys
PS
T401

400 kV

DS1

1l

132 MW

110kV

= =
DS11 | 49 Hz0.1s DS12| 48.1Hzi0.1s
PV13
PVI1E] 29mw PVI2[] 125 mw

Si=3.1 MVA Si=1.6 MVA Sn=66 MVA

TG1

Sn=37.5 MVA

Under frequency
load shedding

lurs
DS2 [ PVmodules
E 1
<
59 ,@ Load with DSR
48.5Hz capability

Load

105

Pva1 TG21 105

Sn=1.6 MVA  Sn=160 MVA
Figure 5. One line diagram of system with DSR laad PVs (test system E)

Some feeders are equipped with frequency protectwith
different settings for under frequency load sheddFLS). One-
feurth of the load connected to bus DS2 are tentyeraontrolled
devices (e.g. heat pumps) enabled to change theutout
temperature proportionally to the system frequedeyiation.

VI. SIMULATION RESULTS AND DISCUSSION

The MODES software ([14]-[15]) was used for all #rmhomain
simulations.

F. Testsystem A

Three cases were investigated:

initial system without UPFC,

initial system with UPFC in conventional conjrol

initial system with UPFC and with stabilizingntml signal.
Conventional control carries out active power amitage
control of transmitted power and terminal voltagehe sending
node. Stabilizing signal (derived from the tie liaetive power
flows) was added to the reference voltage in tird ttase.

1.
2.



A 100 ms temporary three-phase short circuit aerdd was
applied as initial disturbance. Figure 6 showsrtmilts of time
domain simulation - waveforms of difference betwesor angles
of generators G1 and G3 are depicted.

&,5[rad]

1 4 a
08 |
06

~— without UPFC

W

with UPFC and stablllser
W|th UPFC

0.4 -
0.2

0 ,7
-0.2
-0.4

0 2 4 6 8 tls]

Figure 6. Angle deviations after 100 ms 3-phasetgtiuit for test system A

UPFC
oscillations, but increases the first swing comgawéth the case
without UPFC (green curve). Introducing a stabilizégnal
improves oscillations damping significantly (bluenee), but the
first swing is still greater than in the systemheiit UPFC. The
UPFC installation improves the small signal stép{damping of
oscillations) enabling power flows control and aexsing loop
flows in the system but transient stability is wewred (the so
called first swing stability). Worsening of the risgent stability
was proved by the additional critical clearing ting€CT)
calculations. CCT increases from 212 ms to 287 rhenathe
UPFC is in operation.

G. Test system B
Three cases were investigated:
1. initial system without HVDC,
2. initial system with HVDC in conventional contyol
3. initial system with HYDC and with stabilizing mtwol signal.

Cases are similar to Test system A but the staijigignal is
added to the reference transmitted power.

A 100 ms three-phase short circuit on line (cleabedby
switching off the line) was applied introduced asitial
disturbance. Figure 7 shows the results of sinarati

5,;[rad
ulred] . without HVDC
35
with HVDC |
2.5
with HVDC and stabiliser
15
\\ \
N
0.5
-0.5
0 2 4 6 8 t[s]

Figure 7. Angle deviations after 100 ms 1-phasetsticuit for test system B

The initial system is unstable without HVDC (gresurve).
After the system is reinforced with an HVDC, it betes stable,
although oscillations are poor damped (red curW)th a
supplementary stabilizing signal the damping wasroved (blue
curve).

H. Test system C
Four cases were investigated:
1. conventional wind farm,
2. frequency modulation of the wind turbine power,
3. frequency modulation and inverter frequency control
4. frequency modulation and inertial and frequencyticn

Conventional wind farm control provides active powentrol
to pursue maximal turbine efficiency. Frequency aiation
enables the so called Frequency Sensitive Mod&\R2{d turbine
operates with primary control reserve to providspomnse to
network frequency deviations via pitch angle cdntioertial
control enables the so called Synthetic Inertisoatiog to [2],
which is carried out together with frequency cohiypthe pulse-
width modulation control of the grid side inverter.

installation (red curve) slightly damps system 10% load increase was applied stepwise as inisalithance.

Figure 8 shows the results of simulations.
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Figure 8. Frequency after 10% load stepwise ineréastest system C

The frequency modulation (red curve) decreasesytnémum
frequency deviation; however oscillation dampingvisrse than
with conventional control (purple curve). The reasoa relative
slow pitch angle controlCombination of turbine pitch angle
control and extended inverter control significanthproves the
frequency response - maximum deviation and osaiiat
damping (blue and green curves). This feature ésulisiot only
in island operation, but also in a future powerteys with
decreasing inertia and available control power foamventional
sources.

I. Testsystem D
Three cases were investigated:
1. without renewables,
2. with renewables (photovoltaics and wind turbjnes
3. with renewables and Energy Storage Systems EB&i{es).

A full day long simulation was carried out to tesSES
performance. Load was changed according to dadlgl farofiles
as per [12], production of PVs was changed accgridinhe direct
normal insolation curve model from [16] and windesd was
changed from initial value 10.8to 11.9 m/s in boar at T=11:00.
Figure 9 shows the voltage at node 1.
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Two cases of the island operation were investigated
1. with normal load behavior only,
2. with demand side response (DSR).

Normal load behavior involves only the regular |@djuency
response of approx. 1%/Hz. In the second case auréhfof the
load connected to node DS2 was modelled as freguen%]
dependent.
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Hz threshold is reached, 29 MW of load are discoteteby the
under-frequency protection relay.

In the first case frequency falls down 48.1 Hz aBdVW are H%
additionally disconnected. At the end of the sirtiatathe under-
frequency relay disconnected another extra 10 MV¢ tl
frequency decay below 48.5 Hz. In the second cagth (
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higher than 49.0 Hz despite the changing infeedm frof*?!
photovoltaics. This load power response (red Imé&igure 10)
prevents 22 MW of load shedding. [13]
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Impact of Photovoltaics on Frequency Stability
of Power System During Solar Eclipse

Karel Maslo, Member, IEEE

Abstract—This paper analyses the influence of variable produc-
tion of photovoltaic plants on the synchronous continental Europe
interconnection during the solar eclipse of March 20, 2015. For
countries with a high share of photovoltaics, the daily photovoltaics
generation is estimated for the worst-case scenario — a clear sunny
day. The presented results of long-term dynamic simulations focus
on frequency stability (taking into account daily load diagram, sec-
ondary and primary frequency control, system inertia, settings of
frequency protections and load frequency shedding).

Index Terms—Continental Europe (CE), frequency stability,
load frequency control (LFC), photovoltaic plants (PV).

I. INTRODUCTION

HE integration of renewable energy sources (RES) into

power systems is a topic often covered in journals and at
conferences. Examples of such literature include an investiga-
tion of the effects of PV on system security through eigenvalue,
voltage stability and transient stability analyses [1], an analysis
of the impacts variable speed wind turbines have on long-term
voltage stability [2] and articles focusing on low signal stability
of power systems including wind generation units and energy
capacitor systems [3] and [4]. Other proposes a novel approach
to estimation of the aggregate inertial response available from
a wind farm [5]. Authors of the contributions [6] and [7] pre-
sented the so called 50.2 Hz issue (over-frequency trip setting
of PV, which is very close to the nominal frequency).

This paper presents an analysis of the influence of the March
2015 partial solar eclipse on the long-term frequency stability of
the continental Europe synchronous zone. ENTSO-E published
a report that deals with changes in PV generation during this
event however; it does not cover the impact on frequency sta-
bility [8],

PV generation is dependent on solar radiation intensity. Since
solar radiation intensity changes during an eclipse, there is also
an impact on PV generation, which is analyzed in Section II.
PV generation is estimated in relation to GMT (the Greenwich
Mean Time sometimes called the Universal Time UT) and geo-
graphical location using an exponential approximation.

Section III describes creation of a two areas dynamic model
for the purposes of frequency stability investigation. The results
of an ex ante simulation of the simple two area model and a more
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10:26.00
263 %

GMT: 09:09.00
Obscuration: 36.6 %

09:52.00
73.2%

Fig. 1. Phases of the solar eclipse observable in Berlin (according to [9]).

TABLE I
ESTIMATED VALUES OF PV INSTALLED CAPACITY (ACCORDING TO [8]) AND
ECLIPSE PARAMETERS (ACCORDING TO [9]).

Country ES |FR |BE |DE [IT |CZ |GR |BG

Prveeac [GW] 16 |5 13 |39 |19 |2 |3 |1
Obscuration [%] |67 |70 |80 |78 |50 |65 |32 |43

GMT [h:min] 9:0819:279:34|9:37(9:32|9:47 | 9:43 | 9:49

complex pan European model are provided in Sections IV and
V. Section VI presents a comparison of simulated and measured
frequency and a validation of the model.

II. INFLUENCE OF THE SOLAR ECLIPSE ON PV GENERATION

The partial solar eclipse occurred on March 20, 2015 in the
morning. The eclipse moved from the west to the east with the
biggest Sun obscuration in the northern parts of continental Eu-
rope. The largest obscuration, 69% and 74%, was at 9:45 in
Prague and at 9:47 in Berlin respectively. Fig. 1 shows the gen-
eral eclipse course in Berlin.

Countries with high PV generation (see e.g., [10] ) selected
for the analysis are listed in Table 1.

Ppvpeak 1s installed capacity in GW. Actual PV generation
depends mainly on global solar radiation intensity Gg.

According to [11] Gg equals approximately (reflections are
neglected) to the sum of direct Gy, and diffuse radiation G4:

Gs =Gp + Ga = Gy, cos 0 + 0.282 % (Gy — Gy ) sin He
(sin Ho — cos Hp - 8in Z )
F
€08 Lgz sind + sin Lyy cos § - cos (157) } o
cos He

6 = arccos {

7 = arccos {
61°] angle of incidence of the Sun rays
Zclo]

An elevation of zero, south orientation of PV panels and incli-
nation o« = 45° are considered for simplification (there is a sig-
nificant number of photovoltaic installations in continental Eu-

Sun azimuth

0885-8950 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Dependence of the solar radiation on UT.

rope and it is therefore not feasible to consider their individual
settings, so these assumptions are justified).

According to [12] the direct solar radiation impinging on
horizontal surface Gy, can be estimated using the following
equation:

Gpn =G - e~ 0:12(-1/sin He)o® {E]
m2
He = arcsin {sin Ly -sin § — cos Lyt - cos 6 - cos (15T)}
2844+ N
§ =23.45si —_— °l. 2
3.45sin { 365 360} ] )
Go[W/m?] solar constant (approximately 1370 W /m?)
z Linke turbidity factor (2—4 for clear sky)
He ] Sun altitude
Lot [°] degrees of geographical latitude
T/h] Sun time (0-24)
3[°] solar declination (0-90)
N[-] numerical order of the day of the year

(1-365)

The dependence of radiation Gg on UT for 20 March, as de-
termined using the above equations, is presented in Fig. 2 (clear
sky is assumed, z = 3).

PV in Eastern Europe (Greece and Bulgaria) start to generate
first and those in the western part of Europe (Spain) last with
the maximum radiation in the south, in Greece and Spain.

To verify the hypothesis that PV generation should be pro-
portional to Gg, we can compare daily solar radiation intensity
with actual PV generation Ppy (in relation to the total installed
capacity). Fig. 3 shows this comparison for Germany and the
Czech Republic (for a clear day March 20, 2014).

The shapes of the curves of the estimated global radiation G5
and actual PV generation Ppvy roughly correspond. The hypoth-
esis about the relationship between G and Ppy can therefore
be accepted for the purposes of frequency stability analysis. The
ratio of both curves can be considered as some kind of coinci-
dence factor (CF' ). CF is a ratio between per unit PV genera-
tion (based on Ppvypeax ) and per unit global radiance for time T
(based on maximum value global radiation for a given location)

IEEE TRANSACTIONS ON POWER SYSTEMS

for a clear day (CF ~ 0.74 for Germany and C'F ~ 0.81 for
the Czech Republic in Fig. 3).
PV generation can be estimated as follows:

GsPpypeak

Ppy = CF
PV * 7100

MW, —, %, MW]. (3)
Ppvypeak is the total installed PV capacity.

For dynamic calculations, it is possible to replace the product
C'F % Gg/100 with an exponential approximation g:

g = Ae~03(T=ul/loD? 4)

A, p, o are approximation parameters (individual for each
country) and T is the universal time.

The approximation of Gg was carried out by the method of
least squares. More details about long term dynamic modelling
of RES are in [13].

What remains is to determine the influence of the solar eclipse
on PV generation. Let us accept a hypothesis, that an increase
in solar intensity is proportional to the Sun's disc obscuration.
This hypothesis was validated by the radiation intensity mea-
surements taken by the Solar and Ozone Observatory of the
Czech Hydro-meteorological Institute during a solar eclipse on
August 8, 1999. The day was cloudy, but fortunately from 11:00
until 12:55 the sky was clear and the decrease in the global radi-
ation was caused by the obscuration only. Fig. 4 shows the com-
parison of the measured and modelled (for a clear day) global
radiation.

It is obvious from the measurement, that at 11:44, when the
obscuration reached its maximum value of 94% (point in time
M), the intensity of global irradiance decreased by 98% com-
pared to a clear day.

A similar result was reported when the annular eclipse of Oc-
tober 3, 2005 crossed the Iberian Peninsula [15]. Fig. 5 shows
normalized values for the total solar radiation measurement
during this event.

The dashed black vertical lines represent the start of the solar
eclipse (07:40 UT), maximum solar coverage (08:56) and the
end of the eclipse (10:21). It can be seen that at 8:56, when the
Sun's disc obscuration reached the maximum value of 79.6%,
the intensity of direct irradiance decreased by 80% compared to
the next clear day.

The coefficient of the total PV generation decrease due to the
solar eclipse Kgg can be determined as a ratio of the sum of PV
generation with and without eclipse:

> (KiGhi + Gai)Ppvpeaki
Ksp = =— . (5)
Y. GsiPpvpeak
iz1

K; is a coefficient of the PV infeed decrease caused by the
eclipse (eclipse affects direct Gy, radiation only).

Summation is carried out for all countries given in Table 1.
Waveforms of the total PV generation (with and without eclipse)
are depicted in Fig. 6.

Two shapes of the direct radiance decrease due to obscuration
were considered: linear and sinusoidal.
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Fig. 6. Estimated total PV generation with and without the eclipse.

The dotted line is for the linear approximation and the dashed
line is for the sinusoidal approximation. The larger power de-
crease (with sinusoidal approximation) was considered for the
following analysis.

With some simplification, it is possible to approximate Kgg
by the Gaussian function h:

h=1 Agge O5(T-nse)/ose)? (6)
AsEg, pisE, osg are the approximation parameters.

The total PV generation Ppv in the CE synchronous zone can
then be calculated as follows:

(7

Ppv = g h PpvpeakcE-

Ppvreakcr 1s the total installed PV capacity.

Parameters of the approximations g and h are in the following
table.

Following the determination of the analytical relations (7) for
PV generation, we can deal with the frequency stability calcu-
lations using a dynamic model of the power system.

III. PREPARATION OF THE DYNAMIC MODEL

The construction of a detailed dynamic model of the CE syn-
chronous zone is a very complex and difficult task. The main
obstacle is obtaining the necessary input data.

Fortunately, it is possible to use simplified long-term fre-
quency stability models (see e.g., [16] for dynamic stability
classification) to estimate the behavior of the large intercon-
nected power system. There exist simplified dynamic models,
where each control area is modelled by one node with aggre-
gated load and generation (e.g., reduced Pan European model
published in [7]). The analysis of the eclipse influence on the
power system would, however be complicated even in a such
simplified model. Hence, for the initial analysis we opted to use
a simplification of CE synchronous zone into a two-area model
as shown in Fig. 7.

The application of a more complex six-area model is de-
scribed in Section V.

Two area models are often used for load frequency control
(LFC) analysis (see e.g., [17]).

AREAT1 models eight countries from Table II with a high PV
penetration, while AREA2 represents the rest of interconnec-
tion. The load of both areas depicted in Fig. 7 was based on the
actual consumption from the 2013 statistics (according to [18]).
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TABLE II
APPROXIMATION OF PARAMETERS OF Ppvy FOR CE.
Parameters A u c Ase | pse | ose | Ppvpeace
Clear March day | 0.817 | 11.34 | 3.24 | 0.596 | 9.6 | 047 | 73 GW
TABLE 111

PARAMETERS OF THE DAILY LOAD COURSE FOR AREA1. AUTHOR: CITE
TABLE IN BODY OF PAPER.

i 1 2 3 14 5

Ai. |0.127| 0.105| 00.0199 0

i 0 1.872 | 0]0.2309 | 5.079
TABLE 1V

NOMINAL CAPACITIES Pn OF THE CONVENTIONAL UNITS IN GW.

Unit Cloudy day | Clear day | Clear day with the eclipse
BASE 90 90 20
TERC 90 90 160
PR SEC 90 90 90

Fig. 8 shows aggregated daily load diagram of AREAT1 for the
third Wednesday in March.

There is a peak between 07.00 and 12:00. For this period,
the load diagram can be estimated by (8) using parameters from
Table IV (the estimation is highlighted in red in Fig. 8).

5
P="P,, <1 +3 4;sin (iT x 1”—2 + <pi) . (8)
i=1

Py, is the mean value of the load during the day.

IEEE TRANSACTIONS ON POWER SYSTEMS

The power balance in the synchronous zone is maintained
by a coordinated effort of electricity suppliers, generation utili-
ties and network operators (see [19]-[23] for more information
about frequency control and electricity market).

In a simplified way (with an ideally operating electricity
market), it is possible to describe this process as follows:

1. The base part of the load diagram is ensured by sources

with constant output.

2. The variable part of the load diagram is covered by sources
with constant power in particular market intervals (usually
one hour). We can simulate this process simply by using
the mean hour values of the net load (difference between
forecasted load and expected PV generation) with linear
changes between the individual hours (ramp lasting 10 min
in total, starting 5 min before the full hour and ending 5 min
later).

3. Differences between the actual load diagram and the
scheduled generation (base and variable delivery as per
points 1 and 2) and the variable generation from PV are
covered by transmission system operators using load
frequency control.

4. Instantaneous power balance is covered by inertia masses
of rotating machines (synchronous and asynchronous),
which results in network frequency deviations. These
frequency deviations are controlled by units, which pro-
vide primary frequency control. The total primary control
reserve is set in order to manage the so-called reference
incident (defined by the sudden loss of generation or
load of 3000 MW for the entire synchronous zone). If
necessary, this primary control reserve should be utilised
for frequency deviations +0.2 Hz.

Conventional sources in AREA1 were modelled using three
units. The first unit named BASE provides base load as per point
1. The second one, TERC, provides a variable delivery as per
point 2. The third unit, PR_SEC, provides ancillary services of
primary and secondary control as per points 3 and 4. UNIT1 in
AREA2 provides primary frequency control only.

These conventional units should be able to cover the load
diagram from Fig. 8. So called net load diagram (net load is
the difference between forecasted load and expected electricity
production from variable generation sources) should be used in
case of the presence of PV. The net load diagrams are depicted
in Fig. 8 by the yellow lines (dashed line for a clear day with
the eclipse).

The nominal capacities P,, were determined according to the
following rules:

1. sum of the nominal capacity is 270 GW,

2. inter-hour output changes of the TERC unit are below 0.1

p.u. (based on Py,),
control range of the TERC unit should be 0.5 — 1 p.u.,
control range of the PR_SEC unit should be 0.65 — 1 p.u.,

5. output of the BASE unit is constant and equals to the nom-
inal capacity.

Unit scheduling was checked and optimized according to the
above-mentioned rules, in advance of the dynamic simulation
described in the following section. An overview of the conven-
tional unit's parameters is in Table IV.

> w
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The LFC and the turbine dynamic models are described in the 075
appendix. 07
The secondary control range of the unit PR_SEC for the LFC 065
was set to 36 GW (0.4 p.u.) with the ramp rate of 0.02 P, /min. 7 8 9 10 1 uTh]

The total primary control reserve was about 4 GW.

The nominal capacity of the TERC unit had to be increased
significantly for the clear day with the eclipse scenario to
comply with the rule 2 above. There was very high net load
change (nearly —30 GW /h) between 10:00 and 11:00.

In the dynamic model, the aggregated PV generation was di-
vided among four modules, which represent different responses
of PV to frequency deviations. The first module named PV
had the over-frequency protection setting of 51.5 Hz, which
is the correct value (according to the draft of the European
Network Code [24]). The second module named PVFRSK had
the over-frequency protection setting of 50.2 Hz, which is the
most risk value mentioned in the introduction. The third module
named PVFREG was capable of decreasing its output in case of
positive frequency deviations (the so-called Limited Frequency
Sensitive Mode Over-Frequency according to [24]). The fourth
module PVFRSS had the over-frequency protection setting of
50.5 Hz, which is still a risk value. Nominal capacities were
estimated from [10].

An under-frequency load shedding complemented the dy-
namic model. In circumstances when the frequency drops
under 49 Hz during 100 ms, 5% of the load is disconnected.
Frequency self-regulating effect of the load was neglected.

IV. SIMULATION USING THE DYNAMIC MODEL

The MODES network simulator was used for the calcula-
tions. This tool enables dynamic stability calculations of the
power system (see [25]-[28] for more information).

To analyze the influence of the eclipse on the network fre-
quency in the CE synchronous zone, initially the three cases
(shown in Table IV) were investigated:

1. a cloudy day,

2. a clear day,

3. aclear day with the eclipse.

A simulation of the dynamic behavior of the power
system from 07.00 until 12.00 was carried out for each case.
Fig. 9 shows waveforms of the frequency for the cases 1. — 3.

Frequency was maintained in the secure range of 50 mHz,
with a sufficient margin from the limit value of 200 mHz (set
up of PV over-frequency protections) by variable delivery (unit
TERC), secondary control (unit PR_SEC) and primary control
(units UNIT1 and PR _SEC). Frequency changes in hourly

Fig. 10. Output of unit TERC (above) and PR_SEC (below) for Cases 1.-3.

brakes were caused by scheduled changes of the unit TERC.
The largest frequency deviations occurred after 10:00 (when
the Moon's shadow uncovered the Sun's disc).

Fig. 10 gives an overview of the dynamic behavior of the units
(outputs PE are in per unit values).

If electricity suppliers and network operators ensure that suf-
ficient regulation power is available to cover the daily load di-
agram and variable PV generation, the power system operation
is stable and secure. What happens if these conditions are not
fulfilled?

To simulate this scenario, two additional cases were investi-
gated:

1. aclear day with the eclipse with insufficient tertiary control

reserve and
2. a clear day with the eclipse with insufficient secondary
control reserve.

Fig. 11 shows waveforms for the unstable cases 4 and 5. The
insufficient regulation power leads to higher frequency devia-
tions jeopardizing frequency stability.

In the case 4, sufficient variable delivery regulation reserve
was not ensured and the output decrease of unit TERC at time
UT = 10 : 00 was not sufficient to compensate the increase
in PV generation in the second phase of the eclipse. LFC did
not cope with the control of the power surplus and not even the
primary control was able to cope with the increasing frequency.
At UT = 11 : 26 : 43 the frequency reached the threshold of
50.2 Hz and the PV module PVFRSK was switched off by the
over-frequency protection. As a result, the frequency dropped
under 49 Hz very fast and the under-frequency load shedding
switched off approximately 5% of the load in the whole inter-
connection. The frequency returned to 50 Hz after the load shed-
ding, but with an overshot above the 50.5 Hz limit, which caused
module PVFRSS5 be switched off by over-frequency protection.

For the case 5, with insufficient secondary control reserve
(range for the secondary control was decreased from 36 to 25
GW only), the frequency time course (red line in Fig. 11) was
similar to that of the case 4. At time UT = 10 : 46 the regu-
lation range of the unit PR_SEC was exhausted and PV mod-
ules PVRSK and PVRSS5 were switched off by over-frequency
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Fig. 11. Frequency and unit outputs TERC and PR_SEC for unstable cases.
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Fig. 12. Waveforms of load consumption Proap and outputs of PV modules.

protections. Subsequently part of the load was switched off by
under-frequency shedding.

Fig. 12 shows AREAI1 load consumption and outputs of PV
modules for the case 4.

The PV module generated regardless of the frequency devi-
ations, whilst the module PVFREG decreased power by 10%,
when over-frequency higher than 50.2 Hz occurred.

V. SIMULATION USING THE IMPROVED DYNAMIC MODEL

We can improve the simulation results by using a more com-
plex model, where CE interconnection was divided into six con-
trol areas according to Fig. 13.

For simplification, Spain, France and Belgium were joined
together into one control area named WEST and similarly Ro-
mania, Bulgaria and Greece were joined together into one con-
trol area named EAST. Italy, Germany and the Czech Republic

IEEE TRANSACTIONS ON POWER SYSTEMS

Fig. 13. Geographical overview of countries with high PV production.

TABLE V
ESTIMATED NOMINAL CAPACITIES Pn FOR CONTROL AREAS [GW].

Area West | Bast | IT CZ|DE |
Poioap 131 14 45 | 8.5 70
P.gAsE 44 (47) 1 0|35 7 (15)
P.rErc 65 (68) 8119(22) | 3.5 32
P.pr secC 24 5116(19) | 3.5 | 20(25)
f[Hz] Clear day Clear day with eclipse
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Fig. 14. Time courses of frequency f during clear day without and with eclipse.

were modelled as separate control areas. A quarter hour market
interval was considered in Germany

Table V gives an overview of the load and nominal capacities
of conventional units. Values in brackets are increased capaci-
ties for the case with the eclipse, when power reserves must be
higher than for a clear day.

Puroap is the mean value of the load during the investigated
time from 7:00 to 12:00.

Overall CE interconnection model performances were — load:
356 GW, primary control reserve: 3110 MW, real K-factor:
14650 MW/Hz and the total kinetic energy stored in the rotating
mass: 1794 GJ.

Two cases were simulated: clear day without and with the
eclipse. Fig. 14 shows the change in frequency over time.

The frequency behaviour was similar to that in the two-area
model (in Fig. 9), but the fast frequency changes were some-
what smaller, because of the unit TERC in Germany changed
its operating point every 15 minutes due to the shorter market
interval.
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Fig. 16. Comparison of the system frequency simulation and WAMS.

VI. COMPARING THE SIMULATION WITH REALITY

Since the March 20, 2015 eclipse already happened, it is pos-
sible to compare the simulation results presented in the previous
sections with real data (ex-post analysis).

The ex-ante simulation considered the worst-case scenario,
that the eclipse would take place on a sunny day. The sun was
indeed shining on March 20, 2015 in Southern Germany and
Northern Italy (where the concentration of photovoltaics is the
greatest of all the Continental Europe) and in the Czech Re-
public as well. Fig. 15 compares the simulated photovoltaics
generation with real data.

It can be seen that there is very good correspondence between
the simulation and the real measurement especially in the crit-
ical period 10.00-11.00.

Fig. 16 compares the results of the simulation of the six-area
model and the real wide area measurement systems (WAMS)
data.

There is a good qualitative correlation between the simulation
result and real measurement. Of course, there are differences be-
tween the smooth simulation and the real noise of the measured
frequency. It is caused by the limited number of generator and
load power changes in the model unlike the large number of
disturbances occurring in the real system. It is important that
frequency deviations stay inside the secure limit.

VII. CONCLUSIONS

The paper presents the impact of the solar eclipse on the fre-
quency stability of the continental Europe's power system.

cording to a relatively conservative estimation of the PV gener-
ation during the eclipse, the PV power gradients could as much
as twice exceed the gradients of the load diagram during the
morning peaks and during the drop into night minimum. If such
power changes would not be compensated by a sufficient sched-
uled power delivery and LFC reserves, they may cause large
frequency deviations. These deviations may jeopardize secure
power system operation. A large part of PV has a risk under-fre-
quency protection (according to [10] even after a retrofit pro-
gramme, in Germany and Italy nearly 9 GW of the PV installed
capacity remains with the risk set at 50.2 Hz). Consequently,
there is a risk of large-scale PV switching off, with subsequent
under-frequency load shedding.

First, the dependence of PV generation on solar radiation was
analyzed and appropriate analytical relationships were derived.
Then the dynamic behavior of the power system from the fre-
quency stability point of view was analyzed using several study
cases. The results indicated the possible risk and preventive
measures (ensuring increased regulation power in both direc-
tions). The worst-case scenario (a clear day) during the solar
eclipse was considered regardless of its probability. This corre-
sponds with a conservative deterministic approach! to the power
system security.

Transmission system operators in continental Europe should
be aware of risks to frequency stability and should increase at
least their primary and secondary control reserves and the avail-
ability of quick start units.

B. Ex Post Conclusions

The comparison of the simulation results with real measure-
ment proved the credibility of the used dynamic model and jus-
tified its use for frequency stability evaluations. Hence, such a
model can be used for a future analysis of the power system fre-
quency behavior.

European transmission system operators, thanks to careful
preparation and strong regional and European cooperation, suc-
cessfully managed the solar eclipse from March 20, 2015. See
ENTSO-E website [29] for more information.

APPENDIX

LFC Model: Fig. 17 shows a simple LFC model.
The LFC model evaluates the area control error ACE. The
output from the PI regulator is divided by the participation co-

Iprobability approach to the power system reliability is a subject of the present
research and development project GARPUR (http://www.garpur-project.cu)
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Fig. 18. Turbine model block scheme.

efficients of the controlled units. Outputs from the LFC model
Ppes create inputs into the turbine model.

Turbine Model: Simple steam turbine model depicted in
Fig. 18 was used for long term dynamic. Turbine was modelled
by control valves, high pressure part and reheater with constant
steam pressure. Reference power is output from the LFC model.
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Abstract — this paper deals with dynamic simulation focused on
frequency stability of thefuture European power system.
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I. INTRODUCTION

According to ENTSO-E definition a frequency stapilneans
the ability of the transmission system to maintatable
frequency in N-situation and after being subjected a
disturbance. The main support to the power systemuéncy
stability is given by a system inertia and primdrgquency
control. A large share of RES will require new gohtapabilities
or ancillary services, e.g. primary frequency cohtr inertial
control. These new requirements are mentionedanNétwork
Code for Requirements for Grid Connection Applieabd all
Generators [1] as the so called Frequency Sendilivde and
Synthetic Inertia facility.

Analysis of the frequency stability was one part the
operational analysis carried out in the framewofktle e-
Highway 2050 project [2]. The e-Highway2050 projeghs
aimed at developing a methodology to support thamhg of the
Pan-European Transmission Network. It resulted maalular
development plan for possible electricity highwaysl options
for a complete pan-European grid architecture, dasevarious
future power system scenarios [3].

This paper is a follow-up to previous ones [4] &[] which
dealt with system modeling and frequency stabilitnlso deals
with frequency stability as the paper [4], but uaesuch simpler
single-node model of the future European poweresystA
similar approach to frequency stability analysisliso used by
the ENTSO-E Working Group (e.g. [6]). The appro&es an
advantage in simple modelling (without data avdlitgband
confidentiality problems) and is suitable for use teaching and
research purposes at universities.

Il. E-HIGHWAY 2050SCENARIOS

e-Highway 2050 project defines five extreme butliséa
scenarios for future power system development. Eduhese
scenarios envisage a large share of renewable yesergces
(centralized or decentralized) while three of theaty on large
power interchanges (CE internal or external). Farhescenario

1

two typical seasonal regimes (summer low and wip&ak) are
investigated by load flow (steady state) and dymasalculations.

The summer low period (SL) is characterized byghinfeed
of renewable energy sources and thus a low shax@netntional
generation. The winter peak is characterized bgrg kigh load
and small share photovoltaic sources.

We focus on one of the scenarios that considegta $tare of
centralized RES in this paper. This scenario iedal00% RES
(abbreviated X7) and it is symbolically depicted-igure 1.

100% RES

i Centraized storage
oo Electric vehides

HVDC fine J g A Wind turbine

® Hydro units
-

;} Concentrated solar

Figure 1. Symbolic overview of the Large scale 468% RES (X7) scenarios

The radar graph describes different metrics likaegation,
demand and power exchange within and outside CEedier
the figure presents future network architecture hwituge
centralized RES and extensive installation of HVIDRs (blue
lines) and centralised storage.

An overview of the scenarios X7 is shown in TABLE |

TABLE | TOTAL VALUES FORCONTINETAL EUROPE INGW [7]

Scenario Load | Generation | Import | Shortcut
100% RES Winter peak 510 412 98 X7TWP
100% RES Summer loy 413 401 12 X7SL

I1l. CEDYNAMIC MODEL

Different models can be used to calculate the faqu
stability of the CE synchronous zone depending @ampiexity,
from the most detailed (such the Dynamic Study Méaen [8])
through simplified (a reduced dynamic model useffi]hto the
simplest single-node model used in this paper térpaper [9].


Maslo
Textový rámeček
VIII.


The single-node model does not require any netvdata

because loads, sources, or other components aneated to one

node and the system model can be characterisedlpyadew
aggregated parameters. These parameters are i [T.abl

TABLE Il SYSTEM CHARACTERISTCS FOR SUMMER AND WINTER CASES

Scenario| Generation [MW] Inertia K-factor
Synchronou | Wind Photovoltaic | [GJ] MW/Hz

X7SL 179143 53732 142019 1142 | 18751

X7WP 300686 106811 | O 1845 | 30364

Total kinetic energy stored in rotating massesdfingd as
inertia, such as the rotor of an alternator, defibg the formula:
Inertia = )" H'S, 1)
i=1

where H is the inertia constant (from TABLE 1V) aBglis the
generator apparent nominal power. The network acagbn
time constant ¥ is defined according to [10]:

Ngen

Ngen
ZTAi Sni H
T, == _ 20Inertia 2

PLOAD PLOAD
Ta is the acceleration time constant andaB is system load.
K-factor corresponds to a minimum network powegérency

characteristic of primary control defined in [11]:
Ngen

K — factor = = ) —ni
502 R 3)

where R is speed droop (from in the Appendix) ardsPthe
turbine nominal power.

A. Outage of wind farm in North see (in the summer|tmad)

The following figure depicts main features of tlsisenario.
Since the import from the outside of CE is smdlkre are no
significant power interchanges from North Africaladorth Sea.

Market value from ANTARES
eal valu

simulation (ifits diferent from market value)

+5340/1000

~1500/20000  HVDC (real flow/capacity)

—1000—> AC flow outside CE

RN

2750 50982 GVA 142019 12000
413GW vw MW Synchronnous MW MW
Load wind  generators Photovoltaics  Import

Simple steam turbine model TGOV1 (Figure 6in ttpepmdix) Figure 2. Overview of the X7SL scenario and coroesiing single — node model

was used for synchronous generation. A more comgyeamic
model of the wind turbine with permanent magnetegator and
full power converter was used for wind farms (Fegut in the
Appendix). This model enables different frequencyde
functions depending on block parameter settings T#BLE 1V).

The self-regulation of the load is assumegd=X%/Hz (in
accordance with [11]). Possible frequency contmlH/DC is

Figure 3 shows results of simulation. After genierabutage
frequency deviation does not exceed -200 mHz.

0 10 20 30 40 tls]

simply modelled by a gain K In the single-node model the -80

frequency deviatiof (in per unit) can be calculated by equation:

dAf
Ta— = Puecn +(Po +AP)+(PW - PWO)_(KL +Ky )Af

ot 4

where the first term on the right side is outpatnirthe simple

X7SL + FSM on wind farms
X7SL
-140
-160
Af[mHz]

steam turbine model (Figure 6F, is initial synchronous Frigure 3. Frequency deviations for 2750 MW outagBérth Sea in X7SL

generator powet)P is a power unbalance (due to generation or
load outage)Pw is output of the wind farms model (Figure 7) and

the last term combines the load self-regulatioe@fand HYDC

regulation. All powersK, andKy are per unit values related to

the synchronous generator apparent power.

[V. SIMULATION RESULTS AND DISCUSSION
Two simulation cases are presented in this paper:

A. 2750 MW wind farm outage
alternatively with a frequency control on wind farm

in X7SL scenario;

Two control modes are considered for the wind geian:
without a frequency control (the blue waveform igufe
3) — pitch angle control switches are in ON positio

« with the frequency sensitive mode (the red wavefarm
Figure 3) — pitch angle control switches are in EBE
position in Figure 7.

The K-factor is slightly higher with the frequencgntrol on

wind turbines and therefore the steady state frecypudeviation

is smaller.

Noting that there is a permanent frequency dewviatidich

B. 4503 MW HVDC outage between France and Gregf, 4 pe removed by a load frequency control iral system

Britain in X7WP scenario, alternatively with a frency
control on HVDC links.

The MODES software ([12]) was used for simulations.

and therefore it was not considered in the singidenrmodel.



B. Outage of HVYDC between FR and GB (in the wintekpea

Opposite to summer low, the import towards CE iy vegh
in winter peak and a risk for a sudden occurrericelarge power
deficit is much greater than in the summer low acien

Market value from ANTARES
| value from simulation (it s diferent from market vakue)

+5340/1000 Area power balarce
—1500—  HVDC flow
——1000— AC low oulside CE

—)—

FTLE

4503 106811  GyA 93500
S0GW uw ~ mw Synchronnous Mw
Load HVDC Wind generators Import

Figure 4. Overview of the X7WP scenario

Figure 5 shows the frequency deviations after thiage of
HVDC link that imports electricity from Great Britato France.
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t[s]
0
-20
-40
-60
-80
-100
-120
-140
-160
-180
-200

Af[mHz]

™ X7WP + FSM on HVDC

Figure 5. Frequency deviation for 4503 MW HVDC lioltage in X7WP

The system is stable, but the frequency deviatimeeds limit
for normal operation -200 mHz.

According to the network code [13] , HVDC links #Hae
capable of frequency control. The influence of sachtrol can
be tested via the single-node model. The red warefo Figure
5 shows the frequency deviation when using the ukaqy
sensitivity mode with gain K= 5%/Hz on all HVDC links
(assuming that the import is done by HVDC links)eTrequency
deviation stays in limit for normal operation now.

It is noteworthy that the frequency is stabiliskdt deviation
still remains. That should be removed by the losghdency
control that was not considered in the model.

In further development and research work it willdessible to
test larger outages, other ways of frequency coferg. with a
synthetic inertia), or even under-frequency loadedsiing
schemes.

V. CONCLUSIONS

The paper focuses on frequency stability calcutetfor future
2050 pan European transmission system. A simplglesimde
dynamic model was developed for selected scenfnasthe e-
Highway2050 project. Two cases of large power usbeds were
evaluated. The primary frequency control on coneera units
with synchronous generators and the so called &necyusensitive
mode on wind power modules and HVDC links were mered.

The single-node model is more affordable to creaté its
results are simply to interpret. Therefore it igatle for teaching
and researching the power system dynamics fromuéecy
stability point of view. For example, it is easydetermine the
influence of inertia of the system, the differentodes of
frequency control, load values or even under-fragyeload
shedding on the maintenance of frequency and tiveiploalance.
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APPENDIX DATA FOR DYNAMIC MODELS
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Figure 6: Block scheme of the TGOV 1 turbine model

TABLE Ill LIST OF PARAMETERS FOR GOV TURBINE MODEL AND FOR GENERATOR MODEL

Parameters R | T2 | Ts | Vuin

VMAX Dy Ta=2H

TGOV model | 0.279] 05 3| 10 O

1 a Generator 7.4

Meaning of parameters is described in [14].
Model of wind turbine with full power converter wstor wind farms simulation is depicted in Figure 7
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Figure 7: Simplified model of wind turbine with Permanent Magnet Generator and Full Power Converter

TABLE IV PARAMETER SETTINGS OF WIND TURBINE MODEL FOR DIEFRENT FREQUENCY CONTROL MODES

Parameters dPnin d: | demin Ormax dPrax
FSM 20Py/Pres | O 0.084Af; Afy AP /Pret
LFSM-O 1 Af, | O 0.084f;-100/s | O
LFSM-U 0 Afl 100 dF,’na)/Sz-Afl 0 APl/Pref

FSM: Frequency Sensitive Mode, LFSM-O/U: limitedduency sensitive mode — under-frequency/over-gequ

TABLE V LIST OF PARAMETERS FOR WIND TURBINE MODEL

Ni| wy Tn | Tw | Tn To Kon | Keor | kic | @ b c Vn dPuin | Ot | O | DFmin | OFma | dPva

1 | 147] 0.6] 50] 0.08 0.05 6 0 [-075] 159] 063 045 095 d 00 0.0p4 0.004 0p25
Parameter Ik is calculated automatically in dependency on wimBine frequency control.

Bmax(C) Kp2 TIC(s) TI2(s) Vuin(/S) | Vmax(¥/s)

27 150 0.2 0 -10 10

Twp(S) | A | B C D G F p (kg/mP) | Npin | Npax | R(M) [ wen(mis) | §.(Hz)

0.3 80 | 0.0038: [ 0.06t | 18.2 [ -0.0z | -0.00% | 1.22¢ 0 1.11 | 5C 12.F 0.26¢
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Mitigation Measures for Photovoltaics Retrofit

Karel Méaslo,Member, IEEE, Andrew Kasembaylember, |EEE

Abstract — An increased penetration of distributed energy Showed, that the maximum admissible non-retrofitted
sources (RES) in Europe causes challenges in the power systergeneration disconnecting at 50.2 Hz should not exceed 4500
operation. One of these is the so called 50.2 Hz issue -a threat taW infeed (around 6000 MW of installed capacity) for the
frequency stability due to disconnection of a large amount of \yhole synchronous area. This non-retrofitted infeed limit is
distributed sources especially photovoltaic modules at the samegp» o4 among countries in proportion to the capacity at risk.
time. This paper analyzes the frequency stability of the -
continental Europe synchronous area from the above perspective FOr €xample the Czech Republic gets a share of 257 MW of
using two dynamic models: Sing|e_node and multi-node. The non-retrofitted infeed limit from the 1002 MW installed
influence of the system parameters (such as inertia and load) iscapacity at risk for 50.2 Hz. The current legal framework in
demonstrated using the single-node model. The influence of localthe Czech Republic does not empower the transmission
and inter-argza frequenqy oscillations on RES disconnections is system operator to require and enforce PV owners to retrofit
analyzed using the multi-node model. their equipment. That is only possible by an amendment of the

Index Terms — Continental Europe (CE), Photovoltaics (PV), current energy legislation which from past experience is quite

Frequency stability, 50.2 Hz issue a difficult and long process. . .
This paper analyzes the influence of different assumptions
|. INTRODUCTION (system inertia and system load) on frequency stability in

Paper deals with the frequency stability of the continent%ﬁoIer to explore how changes in input parameters can

Europe synchronous area with a large share of renewa%l'QStant'alI.i/hmﬂue?ce the r;:sltljlts. TS:S 'ar:quys? gloes nol? mf
energy sources (RES) especially photovoltaic. any way, either replace or challenge the indisputable results o

The so called 50.2 Hz issue (the risk related to tH%PT ENTSO-E ;tudy [6] WhiCh is the basis 9f t'he alread.y on-
disconnection of a large portion of PV panels in tHoing PV retrofit program in Europe. The aim is to provide a

continental Europe synchronous area in the case of Ove?olnparable arlaly5|s with different |'nput assumptlonsf..
frequency at 50.2 Hz, which is very close to the nominal An alternative temporary corrective measure to mitigate the

frequency) was first published in 2011 ([1] and [2]). Th@Sk of cnﬂca} impact due to the 50.2 Hz issue is also
threshold of 50.2 Hz was based on an old standard DIN VBEesented: This measure can also be seen as compleme.ntary to
[3], which demands the disconnection of dispersed generatm(ﬁretmﬂt program in the Czech Republic. It prov_ldt_es
within 200 ms if the frequency is higher than 50.2 Hz. Thi¥ ditional reserve power, when the frequency deviation
requirement was set for staff safety during an unintentiorf}ic€€ds+200 mHz in order to prevent it from further
islanding of the distribution system. However, once PWicreasing towards the other critical values. This special
generation grown to comprise a large portion of the generatfi1trol mode was originally intended for island operation of
mix in some countries, this setting could jeopardize gfigtwork parts (after separation from the rest of th?
security of the power system. Therefore, the standards for BYchronous zone), but can also be used as the corrective
connection of RES had to be revised and the present EurogB§aSUre when the frequency drops or increases in
network code for grid connection of generators [4] requir§¥nchronous zone. , o ,
power-generating modules with maximum capacity of 0.8 kw 1hiS Paper is organized as follows: in Section Il two
and more to be capable of remaining connected to the netwdyRamic models are described. Section Il presents the

and operating within the 49-51 Hz range for an unlimitemulation results. Conclusions are summarized in Section IV.
period of time. Two appendices analyze the power system characteristic in the

A PV retrofit was mentioned in [2]. It was recommendegf€2dy and the mid-term dynamic states from the frequency
fighavior point of view.

that all PV systems in Germany, which begun operation af
1.9.2005 and that are larger than 10pk8%ould be retrofitted
[5]. Three options for replacement of the original over-
frequency protection settings were proposed; two with Two models were used for the frequency stability
continuous power decreasing with 40%/Hz gradient. The thigalculation of the continental Europe (CE) synchronous area.
option was to change the unique value 50.2 Hz Tde first one is a single-node model, similar to the one used in
stochastically distributed values. the study [6]. The second one is a more complex multi-node
ENTSO-E published a study [6] with a proposal of a Pamodel, which considered interarea oscillations.

European retrofit program. The dynamic simulation on a Both models were created in the network simulator
simple single-node model of the CE synchronous zoMODES ([7]-[9]).

Il. DYNAMIC MODELS DESCRIPTION

The authors are with Brno University of Technology and Czech Technical
University of Prague
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A. Single-node model The turbine response to a frequency deviation is limited
The single — node model is shown in Fig. 1. both in size and speed in the primary control mode. Moreover

E Cz

T T T T T T the response is weak due to a small gais,L~ only a small
ﬁ @S é) éi) part of turbines contributes to primary frequency control.
0ou e Unlike the primary control, the turbine response to a speed
2001

PV1 PV2  PV3  pv4 0 2000 271425 7600 deviation is not limited in the speed control and the gain
uﬂ/ MW MVA MVA (Llosee) is large — all large units participate in the speed
220000 MW control. This control mode is described in detail in [12] and

Fig. 1. One-line diagram of the single-node model [13].

The created dynamic model with parameters from Table |

The model consists of four PV infeeds with different fied b ina the f fter th

frequency protection settings (according to different nationvé{f;cls verihe N y co;ngp;(;:)n%lwe .{E?Eency responszeba; er the

regulations and standards), a total load of 220 GW (with selfference outage o . wi € same case rom the
dy [6]. The switching to the speed control is blocked on the

regulation effect 2 %/Hz) and three generators that provide l"ﬁ . L L .
9 o/H2) g P e CZ. The comparison is in Fig. 4 (blue line is the original

system inertia and frequency control. The generator U1 is u§& SN . .
¥ g y g \g/aa/eform from [6] and the dashed line is the simulation result

for a unit outage simulation, the generator CZ demonstrate he sinal d de). The fi h that the initial
special speed control mode and the generator CE represgﬂté e single-node model). The figure shows that the initia

the rest of the continental Europe synchronous area. Thererigt of change of deviation frequency and the maximum

: S . : viation correspond and the dynamic model is credible.
single frequency in this model. This frequency is controlled 8&‘7 P y

1 1 Load demand 220 GW:; trip of Generation 3000 MW; Load contribution 2%/Hz
primary frequ_ency cont_rol. The primary frequency cc_)ntrt s0r ‘ Wi e !
implemented in the turbine model was based on the mid-te \ i oy |

. . . . . 4991 1 R B

model (from [10]) depicted in Fig. 2. Boiler dynamics wer u | Generation ‘
disregarded, because boiler time constants are much lor 8 = ;

than the simulation time. 407

-

49.8 Hz Loss of 86 MW

¥
! 3 406
power valve ~ reheater and low pressure turbine g 49.7 Hz Loss of 170 MW
frequency g i !
speed control 1 0.7 = 49.5 i ":;‘L’ T
governor 1+sTyy (1+sTru)(1+sTp) \ ! {*I 49.5 Hz Loss of 2093 MW

~ 49.4p ————- A P S .
-1 rate high pressure turbine | | ! ! A |
Oturb limiter valve ,~ MENP Af 193 0

1 03 system i 3 3
1+sTy, 1+5Typ inertia 49.2O 3‘0 3‘5 2
7 time [s]
APq . . . .
Fig. 4. Comparison of simulations
Fig. 2. Mid-term model of power system (adjusted according to [10]) B. Multi-node model

The model above respects the fundamental characteristicd he multi-node model was derived from real data of the
of the primary frequency control in the continental Europynchronous area CE from 27 August 2016 (a day with low
synchronous area (specified in [11]): the primary contrtg@d and high PV generation: approximately 1.5 GW in the
reserve (PCR - the CE overall value is 3000 MW) must k&ech Republic and 24 GW in Germany). The data consists of
fully activated in response to a frequency devia#af0 mHz 8145 nodes, 11773 lines, 1639 transformers, 305 generators

no later than 30 seconds. Parameters of the model is in T&E 21 control areas. Each control area of the CE region was
I reduced into one so called hub node (with concentrated load

TABLE | and generation) and several border nodes (including terminals
TURBINE AND GOVERNOR MODEL PARAMETERS of HVDC lines outside of the continental area). A scheme of
Oun | RAte | Tn=Tve | Teu| Tip | Tup | Toys | PCRuax | Ospee the multi-node model is depicted in Fig. 5.
31%[4%/min]|  0.1s[ 7s[05s[0.2s] 5s| 1.25%] 5%

The unit CZ has besides the above mentioned primary
frequency control mode a special speed operation mode. The
unit is automatically switched over from primary control mode
to proportional speed control mode when frequency deviation
exceeds+200 mHz (this solution was implemented as one
condition for connection to the UCTE in 1995). Fig. 3 shows
both control modes.

Primary control mode Speed control mode

Frequenc
q y PCRvay P Speed Py

deviation oo :_ deviation
Af . - A
Gturb ‘LL_ G.
= Control valves speed]  Control valves
-PCR,

max reference reference

Fig. 3. Block schemes of the turbine control modes Fig. 5. Simplified scheme of the multi-node model

Copyright (c) 2017 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/TSTE.2017.2732039

3

Overall characteristics of the multi-node model have beEig. 7 and Fig. 8 compare simulation results. The over
adapted to the previous single-node model. The total load Mr@gjuency cases started at 50.1 Hz and the load 2 GW was
modified to value 217 GW and the installed capacity to 28@sconnected at t=0 s. Initial frequency value is an assumption,
GVA. The self -regulation effect of load, the summary valugat frequency can be between 50.05 - 50.1 Hz during normal
of system inertia and frequency control performance were thgeration. The comparison of the cases A and B shows that
same. The difference is that the frequency is not the samesaitching to the speed control decreases the frequency drop. It
all nodes due to interarea oscillations. These interai@ao allows to increase the PV volume disconnected at 50.2 Hz
oscillations superimposed on the mean frequency value bBye900 MW without reaching the critical limit of 49.5 Hz (for

seen in Fig. 6 for a case of 2 GW load outage. the disconnection other PV infeed) in the case C.
f [Hz] Af [mHz]
100
50.2
0
-100
50.1 -200
-300 \ S#
\\\ KcaseA g
-400 . o
50 500 S~==-“case C
0 10 20 30 t[s] 0 5 10 15 20 25 30 35 tls]

Fig. 6. Frequency waveforms after loss of load 2000 MW (HVDC in FR)  Fig. 7. Frequency waveforms for the over - frequency after loss of load 2 GW

When we compare the simulated waveforms with the The under-frequency cases started at 50 Hz and 3 GW of
WAMS frequency recordings (reproduced in Fig. 19), we fingeneration was disconnected at t=0 s. The comparison of the
that there is a substantial difference between the model anddéises D and E shows that switching to the speed control
real system. The maximum and steady state frequenigcreased the frequency drop significantly and thus prevented
deviations are 250 and 100 mHz compared to 80 and 60 mh& disconnection of PV infeed with the critical frequency of
in the real system. 49,5 Hz. It enables increased PV volume disconnected at 49.8
IIl. RESULTS OF SIMULATION Hz by 900 MW without reaching thg crit_ical limit of 49.1 Hz
(for the under frequency load shedding) in the case F.

A. Single-node model

. Af [mHz]
Three cases were simulated for over-frequency: r;ooZ
A. case corresponding to the case 1b from the study [6] with igg
the primary control only, 400
B. same as the previous case, but with the speed control on -500
the unit CZ activated, -600
C. same as the previous case, but the PV infeed switched-off -700
at 50.2 Hz is increased by 900 to 5400 MW. 222
Four cases were simulated for under-frequency: 0 5 10 15 20 25 30 35 t[s
D. case corresponding to the case 2b from the study [6] wiib. 8. Frequency waveforms after trip of generation 3 GW
the primary contr.ol only, ) Appendix |. explains the frequency deviation in
E. same as the previous case, but with the speed controljgBengence on the power imbalance by a steady state analysis.
the unit CZ activated, The last case G considers different system load and system

F. sgme as the previou; F:ase, but the size of the iﬁgrtia. Fig. 9 shows the total load in CE on a summer
switched-off at 49.8 Hz is increased by 900 to 986 MWy eekend day with high PV generation (1.5 GW in the Czech

G. increased load 280 GW and inertig<¥6.6 s. Republic and 24 GW in Germany) in August, which is the
Table Il summarizes PV infeeds for individual cases. month with a low demand (data provided by ENTSO-E [14]).
TABLE Il P [GW]
OVERVIEW OFPV INFEEDS DISCONNECTED BY FREQUENCY PROTECTIONS 370
Unit | PV1 PV2 PV3 PV4 350
f>50.2 Hz| f<49.8 Hz| f<49.7 Hz| f<49.5 Hz 330
A+B | 450 14z 310
C 5400 142 233 290
D 86 170 2093 1 3 5 7 9 11 13 15 17 19 21  TIhl
E 86 170 Fig. 9. Hourly load diagram in CE synchronous area from 27.8.2016
F 986 170 2093 ) .
G 2086 3170 3093 It is seen that the 220 GW level is not reached. The load

The cases C and F demonstrate the possibility of increasYrqéje.Of 350 GW (corresponding to nine o'clock) is therefore
: , .~ -used instead of the low value 220 GW.
the size of non-retrofitted PV due to speed control activatioti.

Copyright (c) 2017 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
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Similarly the inertia time constants¥ = 5 s was also BE, one module in CZ, DE and SK and two modules in PT).
harmonized to the value which is more common. Durinihe disconnection was influenced by local and inter area
normal operation this constant is around 10 s (a more detafiedjuency oscillations, that were evaluated by fast frequency
analysis of the system inertia is in Appendix Il). Therefore, foelays (it is not technically possible to filter these oscillations
the purpose of the sensitivity analysisysF 6.6 s was used if the frequency relay must operate in a very short time -
for the alternative dynamic simulation in the case G. Théthout intentional delay).
simulation result is illustrated in Fig. 10. Roughly speaking, due to local frequency oscillations and

fast frequency relays, as many modules are disconnected as
/disconnection 2086 MW needed to restore the power balance. We will try to prove this

- isponnegtion 3170 MW hypothesis in another case — a disconnection of AC submarine
cables between Spain and Morocco. This interconnection has
an emergency capacity 900 MW (see e.g. [18] for more
information), but for the purpose of comparison with the
previous case the modelled transmission power was increased
to 2 GW in the model. Fig. 12 shows frequency responses
after the transmission disconnection.

Af [mHz]
-100
-200
-300
-400
-500
-600
-700
-800
-900

disconnection 3093 MW

0 5 10 15 20 25 30 35 tls]

Fig. 10. Frequency waveforms after trip of generation 3 GW —case G .
f[Hz]

The frequency remained above the critical limit 49.1 F
after increasing the volume of the disconnected PV to 6 G~
It is worth mentioning that the vast majority of CE countries,,
have the first stage of automatic under frequency shedding
at 49 Hz and instead of 49.1 Hz (see e.g. [15]-[17]). 50

With harmonized input assumptions the simulation resu,_
show that the volume of PV units that require retrofit differ o 10 20 300 tls)
from the one considered in the study [6].

2

L \
50.25 /s A\

Fig. 12. Frequency waveforms after loss of load 2 GW in Spain

B. Multi-node model The mean frequency is similar to the previous case. The
The over frequency case was considered for the multi-nadterarea oscillations, however, are different. They started in
model. PV infeeds were modelled by individual modules thbrtugal (PT) and then spread eastward to the Czech Republic

were distributed into nodes according to Table Ill. (CZ) and Slovakia (SK). Only five modules with the infeed of
TasLE Il 2873 MW were disconnected by over-frequency protections
PV MODULES OVERVIEW H . .
Contolarea SEl ¢zl DE | ERI BT S (two modules in PT, one module in CZ, DE_ and SK). This
Installed capacity [MW] 1340| 1002| 14500| 2286] 986 | 512 experimental case confirmed the hypothesis that the over-
Number of modules 3 1 10 5 21 1 frequency protections disconnect a limited number of modules

. . S0 as to restore the power balance in the interconnection.
These values correspond to the installed capacity of PV

with the over frequency setting 50.2 Hz (taken from the study IV. CONCLUSIONS
[6]). Time delay for the PV disconnection was set to 200 MS This paper presents frequency stability analysis using two

for all PV modules except the modules in France with the timgte ent gynamic models. The influence of system parameters
delay 100 ms. The PV infeed was derived by multiplying thg, the frequency deviation response to a power imbalance is
mstglled power by coincidence factor 75 %. i demonstrated on the single-node model. The paper shows a
Fig. 11 shows frequency responses after the disconnecignqia| turbine control mode applied in the Czech Republic,
2 GW (HVDC transmission from France to Great Britain). \yhich can be considered as a corrective measure (preventing
_____ bT S 11 R frequency increase) until the PV retrofit will be completed.
R e ——a s e -z s« The use of this control mode significantly reduces the risk of

s01 7] 50.2 PV disconnections by frequency protections.

© ’\“rf i/”“‘*— Moreover, using the more f:omplex multi-node dynamic
L 50.15 model the paper proved, that in the case of over-frequency,
49.9 e protections disconnect as many PV infeeds as is necessary to
108 sy B TS restore power balance in the synchronous area.
0 10 20 30 tls) 0 1 2 tis] However, this is not valid for the under-frequency, when
Fig. 11. Frequency waveforms after loss of load 2 GW in France PV modules disconnection worsens power balance and can

ithouah th infeed i h han in the si Iactually lead to under-frequency load shedding.
Although the PV infeed Is much greater than in the single- The intention of the paper is not replace nor challenge the

node model (13527. MW versus 5400 MW), the frequen? sults of the ENTSO-E study which is the basis of the PV
recovered near nominal value. It was due to the fact that o tofit program in Europe. The aim is to provide a
seven PV modules (with the infeed (,)f 3543 MW) Wer(?omparable analysis with different assumptions.
disconnected by over-frequency protections (two modules in

Copyright (c) 2017 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
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APPENDIXI The following figures present the influence of this turbine

The basic behaviour of the power system in the steady—sféﬂ@”m switching (with.th.e ac_tivation of extra reserve power)
can be explained by the static characteristic — dependencdfthe frequency deviation in case of the reference outage
generated and consumed power incremton frequency 3000 MW followed by an additional outage 2350 MW (this
deviationAf corresponds to the non-retrofitted PV infeed limit for under -

The generation power incrememPs is determined frequency from the study [6]). The self-regulation of the load

. . 0 .
especially by the primary frequency control, which has o considered 29/Hz (according to [6] ).

basic parameters (defined in the UCTE Policy [11]): the AP [MW]
overall primary control reserve (PCR) is agreed to be 3000

MW (it corresponds to the size of so called reference incident 1000

3000 MW) and the full activation of PCR defined £200 2000

mHz from the nominal frequency. It means that the minimum ~ AfE>3%mAz A ‘ 0

network power frequency characteristic of primary control is

15000 MW/Hz. oo -2000
The consumption power incremefP, is determined by -4000

the self-regulation of the load, which is assumed 1%/Hz AP *¢AP=-5350 MW

(according to [11]). The resulting steady-state power- ' -6000

frequency characteristics are depicted in the following figure. 10 08 -06 -04 0.2 0.0 02 04 06 08 1.0 Af[Hz]

The total load was considered 300 GW for simplicity.

AP [MW] AP, AP [MwW]
4000
2000
2000
0 0
-2000 5000
} i -4000
4000 AP * | AP=-5350 MW
: X
6000 -6000

1.0 -0.8 -0.6 -04 02 00 02 0.4 06 08 1.0 Af
1.0 -0.8 -0.6 0.4 -0.2 0.0 0.2 0.4 0.6 08 1.0 Af[Hz] 1.0 -08 06 -04 -02 0.0 02 04 0.6 08 10

14. Power-frequency characteristics of the CE synchronous area:
dard primary control only (above) and with extra reserve power activation
(below)

Fig. 13. Basic steady-state power-frequency characteristics of the slagh
synchronous area

The characteristidP_ (red line) crosseAPs (blue line) in The frequency deviation is -0.534 Hz in the case of
the coordinate origin for the nominal frequency. When dangard primary control (in the upper figure), but with the
generation outage occurs, thBs characteristic moves down activation of the extra reserve power (in the lower figure) this
and crosses in the new steady state frequency deviation, whighuency deviation decreases to -0.411 Hz only and the risk

occurs after the primary frequency process is finished (UpdPfurther PV disconnections or even the under frequency load
30 seconds according to the standard A-S2.3.definflP). shedding activation is reduced.
This frequency deviation is -167 mHz for the reference outage
3000 MW. . APPENDIXII

Accordlng tq the standard B —S7 from the ENTSQ-E Policy The mean value of frequency deviatiaf after the
[17] transmission system operators are allowed in caseo(élz: rrence of a power imbalanae- (6.q. a loss of load or a
frequency deviations higher than 200 mHz lasting more than Y power | E (€.0.

one minute to activate additional reserves in order to spengLeJneratlon outage) may be approximated by an analytical

the stabilisation of the systertt.is possible for example by soﬁmon of a simplified linear model depicted in Fig. 15
activating tertiary and/or secondary reserves.

This remedial measure is implemented in the defence plan Turbine AP A'_)E Inertia Af
in the Czech Republic as follows: in case of frequency x H asT2 My 1
deviation larger thart200 mHz, all conventional units with r 1+sTs STA W
the nominal capacity more than 50 MW are switched from the K=1/R

power control to the speed control mode. Then they are able to

supply additional reserve power. This measure coufiy- 15. Linear model for the derivation of the mean frequency deviation
significantly reduce the risk of reaching the critical frequency Tne |oad self-regulation effect is neglected in this model.
level 49.5 Hz (under frequency disconnection settings for

older PV installations).
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The solution in the Laplace transformation is as below:

http://dx.doi.org/10.1109/TSTE.2017.2732039
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The first term in the square bracket is a steady state
frequency deviation and the second term is a transient
component. The temporary component depends on solving thi
characteristic equation. The roots of the characteristic equatior
are two real numbers or two complex conjugate numbers
depending on the model parameters. We consider the secdh
case: The following figures compare the WAMS measured

q
44765 K7 "
...... — A0 400 KV

acaenn 4¢20kv

D link

Planned Existing
Potaqtial Projects

&7. CE synchronous area with Turkey in a trial operation

(St +af - s ,=A%jw (+KT,/T,)? <4KT,/T, frequency (solid line) with the mean frequency estimation
@) (dashed line) for the two cases of generation outages.
2 KT, w_\/4KT3/TA —(L+KT,/T,) o s w1 m
2T, 2T,
The frequency response in the time scale can be caIcuIz'O'01 \  Te71s.T5=95, R=0263T,=11s
as follows: -0.02

AP

Af = _K[ 1- e (cosat + A &)

-0.03

sinwt)}

With this analytical knowledge we can estimate the"™
parameters of the model from measured frequency wavefor o ?
We can demonstrate it on three examples of large pov

10 20 30 40

T,3s,T;=125, R=0.269 T,=12 s

imbalances in the CE synchronous area given in Table IV. %
TABLE IV -0.02
EXAMPLES OF POWER IMBALANCES INCE SYNCHRONOUS AREA
Date APc[pu] | Tals] | TAs]| T4ls] |R 003
2" June 200413:48:00 0,00189 11| 1.09| 8.89/0.26] oo §
10" Oct. 2011 18:51:580,00217 12| 3.13(11.79/0.27] ., el
41" July 2012 23:38:32 0005 12| 2.8/ 7.00/0.25

. . . Fig. 18. Frequency deviations after unit outage: 2004 (above), 2011 (below)
The first case (generation outage 961 MW) occurred in the

first zone of UCTE before the reconnection with the second Fig- 19 compares WAMS measurements (from [6] ) with
zone on 31 October 2004 - see Fig. 16. the mean frequency estimation (dashed line) for a loss of load
2 GW.

Af [Hz
0.09
0.08

3 p=yere
E==A

Associate member

| 17285 1,275 R=0255T,=125 |
FE
AT T S
el e %
7w
# Y
i

In svnchronous operation

2™ ucTE

—/
[
== In svnchronous operation with
mama “interface” of 1 and 2™ UCTE

New part of the “interface” of 1= and
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0.04 ]
|
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gL
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Fig. 19. Frequency deviations after loss of load 2 GW
Fig. 16. CE interconnection after the UCTE separation into two zones in 1991 ) )
is seen from the figures, that parameters of

ximation are relatively independent of the time of the
%y and the season. The inertia time constar{Td;s has a
value from 11-12 s.

It
The second and third case occurred after the UCE'F:Jpro
reconnection and during a trial parallel operation with Turk
(started on 18 October 2010) — see Fig. 17.
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