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Mé0odog Bédtiotne Katavoung Yanpeowov Ilpotevovcac
Egeopetag og Ileprfpariov EAc00epng Ayopadg

K. A. TAITAAOTTANNHX
Ap HAextpordyog Mnyavidg

Tepilnyn

2y mapodoo. epyocio wopovaidletar pio mpwtoTonn uéhodog Pérti-
OTHG OLKOVOUIKNG KOTOVOUNS Emikovpikay vanpeoiwv (EY) mpwteo-
ovoag pOYUIoHS TUYVOTNTOS KAl EVEPYOD 10)DOS oV elacpalilel
OVVOLIKH AOQOAELD TOD GOOTHUOTOS ETEITO. OO ETILEPUEVES OLOTAPOL-
xés. O mpoodiopiouog TV KpIomY TOPOUETPWV KAL TV OVTITTOL{WMV
TV Tovg mov kabopilovv ) dvvopukn acpileio evog XHE yivetou
e ™y kotadinln ovémroln dévopwv amopaong. Aiacyilovrog ta AA
KO 0ONYOVUEVOL GE OTPALEIS KATOOTATEIS TOV OVOTHUATOS ECAYOVUE
oAvaides kovovwv. O kovoves avtol ue kotdMnin emelepyaocio
EVOUATOVOVTOL OTOV 0AYOPLOUO PEATIOTHG OLKOVOUIKHG KOTOVOUIS
OTOTEADVTOG TOVS TEPLOPIOUOVS OTPALEIAS TOV GVOTHUATOS. Me Ty
rpotervouevy uébodo elayovror covoia acpoiiv katavouwy twv EY
Tpwevovaag poluions cvyvomyrag. Emmiéov vapyer n dvvaromyta
exxabapions g ayopag EY mpwtevovoag epedpeiag deouevpévo.
OTOOETUEDUEVA. OO THY OYopd. EVEPYoD 1ayvog. H uébodog mapéyer
oKpIPn Kol alI0TIOTO. OTOTEAEGLOTO. EVE) 1] TOYDTHTO. EKTEAETNS TOV O~
yopiBuov kaver t uéBodo katdAnin kot yio v exkadapion oyopwv
payuatikod xpovov EY mpwtedovoag epedpeiog.

1. ZYMBOAIXMOI

~

YPOVIKO SLOGTNLLL.

N: 0 0plOLLOG TV HOVAS®Y TOPOYDYNS
OV KAVOLV TPOGPOPA GTNV aryopd
VINPECIOV EAEYXOL CUYVOTITAS,

M: 0 0plOLLOG TV LOVAS®Y TTOL KAVOUV
TPOGPOPE GTIV AYOPA EVEPYELNC.
B: 0 GLVOAKOG aplBLOS TV {uydV Tov
dKTOOL.
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t r , .
Crprc T0 KOGTOG VINPESIDOV ELEYYOL
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N.A. XATZHAPTYPIOY
Kadnyntig E.M.IL.

M €yyvon evepyo 1OYVOG TNG LOVADAG
m Y10 EAeyy0 ouyvOTNTOG.

KATO Kot v Opro wavoTnTas EOp-
TIONG TNG HOVASAS 1.
EvePYOG TOPUy®YN 610 Luyo i.

depyog Tapaymyn oto Luyo i.
@opTio gvepyov 1oYvog 6to Luyo i
@opTio 0€Pyov 1oYvo¢ oto {uyo i
pom gvepyoL 1oyvog and To {uyo i.
pon 0€pyov oyvog amd 1o {uyo i.
OTMAELEG EVEPYOD 1GYVOC.

N péylotn eovopevn 1606 g
HOVAdaG m.

KATO KoL TAVE Oplo TOL PeEYEBOVE TNG
tdong oto Quyod i.

LEYIOTN EMTPETTY] SLOPOPE YOVIDV
TV Tdoe®v TV YDV i Kot .

KAT® Kot Thve 6pro g B€ong Ayng
TOV UETACYNUATIOTMV.

GOVOAO TV LETACYNUATIOTDV.

HEYIOTO EMTPENTO PELLOL TNG YPAUUNG
HETAPOPAG /.
GUVOAO TMOV YPOUUUADV TOV S1IKTVOL.

KAT® Kol IOV OPLO TAPUYWYNG EVEP-
Y00 15Y00G TNG LOVAdIG m.

KAT® Kol IOV OPlo EvEPYOD 1GYVOG
Y0 TOV ELEYYO GLYVOTNTAG TNG
HoVAdaG m.

TPFC™int, TPFC™ : kdtm Kol TAVD Oplo TV GUVOAKGOV

AVOYK®OV 1oYVOG Y10 TPOTELOVTO, EAEY-
X0 GVUYVOTNTOC.
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2. EIZAT'QI'H

O ovyypoveg e&eliEelg 0Ta EVEPYELOKA GUGTILLOTA, OTIMG
1N oLVIEAOVUEV amEAEVBEP®OT TG AYOPAG MAEKTPIKNG
EVEPYELNG KO 1 AEAVOLLEVT OTALTION Y10, OTOJOTIKG GVOTY-
pota, pe vynin modtnta oty eELINPETNOT TOV POPTiov,
emPariovv véoug kavoveg Aettovpyiag Tov ZvotTnudtov
HXextpwng Evépyeiag (XHE). ‘Eva ovyypovo ZHE mpémet
va gival oe Béon vo TopEyel AdIGAEITTA TNV OTOLTOVUEVT|
NAEKTPIKN 6%V, HEGH 6T TPOKaBOPIGHEVE OpLa TAONG Kot
oLYVOTNTAG, EMOIOKOVTAS TUPIAANAC TNV EAAYLICTOTOINON
TOV KOGTOVG AELTOVPYiOG.

Ov Emkovpikég Yrnpeoieg (EY) eivar ot omapaitnteg
ekeiveg vanpeoieg, mov vrooTNPilovY TN LETOQOPA EVEP-
YELOG OO TOV TAPAYDYO GTOV KATOVOA®TH. Ot ETIKOVPIKEG
VINpPECieg cupTEPAAUPEVOLY GLVIOMG TOV EAEYYO GLYVOTI-
T0G (CLYYPOVICUEVEG YEVVIATPLES) Kat TIC £QEdPEiEg AELITOVP-
Yiog (CLYYPOVIGHEVEG KOL [T] YEVVITPLES), TOV EAEYYO TAONMG
Kot TV emavekkivnon cvotypatog (Black Start), [1].

O epedpeieg Aertovpylag eivor ot vanpecieg exeiveg
OV OTOLTOVVTAL Y10 TN S10TNPNOT TNG GLYVOTNTOS TOV GL-
OTNHATOG EVTOG TPOKOBOPIoUEVOV Opiv KaTd TN dtdpKeLn
dwatapoydv. Ot TpmTEVOVCES EPEdPEIES Elval ATOPOITNTES,
MOTE VO PNV EMTPENETOL OMOKAION TNG GLYVOTNTOG TOL
GLOTNHATOG EKTOG opiev émetta omd pio drotapayn. Tumied
TAPEYOVTOL OO OTPEPOUEVES HOVADEG EVTOG TOAD GUVTOLOV
ypovikov opifovta. H opoAoyia mov ypnoponoteitar oe kabe
ayopa EVEPYELNG OALA KOl O GOPNG OPIGHOG TMV VINPECIHOV
QUTOV SLOPEPOLV.

211G TEPLOCOTEPEG MEPWITAGCELS O TPOTOG LLE TOV OTO10
e&aopaAifovtal o1 emkovpikég vanpecieg eEoptdrar and
™ dopn NG ekdotote ayopdg evépyeslag. Xinv Bpetavia
/Ovario ot NopPnyia kot oty molteio g Koipopviog
HITA £éyovv gpoppocbei ayopéc endpevng nuépag Entkovpt-
KOV VANPECIDOV Kol EIBIKOTEPA VANPESIDOV Pedpeias. Adyw®
OL®G TOV 0CTOYLOV 6TV TPOPAEYN PopTiov OAAG Kol T®V
GULLPOPNCEMV LUETAPOPAS EVEPYELOG AOY® U OVOLEVOLEVOV
dTapo®V, TPOKVTTEL 1] AVAYKT YO 0yOPES EELGOPPOTNOTG
Tpoypatikov ypdvov Onwg mapovoidovior oto [2,3]. H
ayopd eE1GOPPOTNONG TPOLYLLATIKOD ¥POVOL EYEL EPAPUOGOEL
omv Koleopvia [4] kot epoaviletar 6Toug vEoug Kovovi-
opovg ot Bpetavio /Ovaiia [S].

H dopn GAA@V ayopdv €TIKOVPIKOV VINPECIOV KoL 1)
avtiotoyn opoloyio pmopei va Ppebel yio To cvoTHHO TOV
Yravowvapikav kpatdv Nordel oto [6], yio Tnv Apyevtiviy
010 [7], ywa v loravia oto [8], yio Tnv Avotpaiia oto [9]
kot vt N. Zniavdia oto [10].

Yty mapovoa epyacio Bewpodpe v vmapén piog oyo-
pag evépyelag TOTOL de&aplevig Kol puo oveSaptnT oAAG
1010V TOTTOV AYOPA ETKOVPIKDV VANPECLDV, OTT®G oTig [11-
13]. KéBe ovppetéyov kotobétel pio mpocpopd evépyelog
Kot pio Tpoo@opd epedpeing TPOTEHOVTOG EAEYXOV GUYVO-
TG BocIOUEVES OTIG KOUTOAEG KOGTOVG Agttovpyiog. Tote
TPOKVTTEL 1] OVALYKT] OWKOVOULIKNG KOTOVOUTG TOVG, | omoia

va e£ao@aAlel ouyypOVOG TV OCPAAELD AELTOVPYIOG TOV
ovotuatog. H gpyacio dtoampaypatevetot 1o PEATIOTO Ko~
TAPEPIGUO TNG TOPAYMYTG EVEPYOV 1GYVOG KOl TMV OTALTOV-
LEV@V VTNPECLDOV TPOTEVOLGOUG EPESPELNG, OGS opioTnKAY
Topondve, oe oyopég endpuevng nuépas. H mpotevopevn pé-
Bodoc, pmopel va epappocbei kot og ayopég e&looppoOmnong
TPOYLOTIKOD XPOVOUL.

H «hoocown péBodog kaBopiopod ToV omatoOUEVOV
VANPESIOV TPMTEVOVSOG pUBUIoNng cuyvotntag Pacileton
o€ avaAvom VoTABELNG EMAEYUEVOV OKPOIOY KATACTACEDV
Aertovpyiog tov cvotnuatog. H péBodog avtr dev Aappa-
VEL VIOYN TN CLVEXMDG UETAPUAAOUEVT] GUUTEPLPOPH TMV
QOPTI®V KOl TO SUVOUIKG YOPAKTNPLOTIKG TNG AVTIOPOoTS
TV yevwnTplav [14-16]. Kanoleg dnpootedoels ovTletoni-
Covv 10 TPOPANLLOL XPTCULOTOLDOVTOAG TEXVIKEG TPOYHATIKOD
yxpovov mov Pocilovior oe gvepyeslaxég e&lomoelg [17-20]
Kot TeYvNT vonpoovvr [21-23]. Meta&d avtav, n [24]
Aoppavet vmoym TV midopaoT Tov YPOVoL avTIdpPaoNG TOV
TPOGPEPOUEVOV EQESPEIDV AMO TIG LOVAOES TAPAYWOYNG,
0AAG amottel peydAo vroloyloTtikd xpovo. Xtig [25-26] ma-
povctdletal pio 0modoTikn HEB0S0C TPOANTTIKNG EKTIUNOTG
SUVOUIKNG OCQAAENG LE WIKPOVG YPOVOLG €KTEAEONS, M
omoio Op¢ Tapéyel voPérTioTeg ADoelg Kkt dev AapPavet
VIOYT TO KOGTOG TNG EPEOPELNG MG EVEPYELOKO TPOTIOV OAAG
TO AMOTILA LEGH TOV KOGTOVG EXAVUKATOVOUNG (POPTIOV GTIG
LOVAOES Tapay®YNG.

3TV Topovca EPYACio. TOPOVGIACETAL L0l TPOTOTLTN
LEBOSOG OIKOVOUIKNG KOTOVOUNG EVEPYOV 1GYVOG KOl TP®-
TEVOLOOG OTPEPOUEVNG €@edpeiag AapuPdavoviag vIoOwN
opla. aoPaAElng ¢ Teploptopovg [27-28]. Ot mepropiopol
e&hryovtot amd dEvOpa amdPCTG TOV AVaTTOYONKAY Y10 G-
yrexpuéves datapayéc. Kabe dévopo amdpaong dnpovpyet
LOVOTTATIL TTOV OMOTEAOVVTOL OO OAVGIOES KOVOVMV Kol
0d1yolV Gg 0oPAAELG 1] OVOCPUAELS KATAGTAGELS AELTOVPYi-
0,G TOL GLGTNHATOG Y10, TV TPOEMAEYHEVN drataporyr]. Kabe
oOVOAO KOVOVOV TOL 00TMYEL OE AGQUAT KATAGTAGT YOPO-
kmpiletot wg oHVoAo AcsPAADY Teplopiopdv. H owovopkn
Katavoun ekteleitan yio kGO datapayn Kot yuo ke cvvo-
A0 ac@oA®V Teploptopdv. Eniong, akolovBmvtag tn debvn
TPOKTIKY KOL L€ OKOTO T1) dlEPEVVNOT TOGO TNG TOLOTNTOG
TOV AGE®V OGO KOl TNG EVKOAOG TPOGILOPIGLOV TOVG 1) EK-
KaBapion ToV ayop®dv gvepyon 1oyvog kat EY mpwtevovcog
pOBUIONG CLYVOTNTOG TPAYHATOTOLEITOL TOGO GLLEVYUEVQ
600 kot omolgvypéva.

3. BAXIKEX APXEX AENAPQN ATIOPAXHX

Ta Aévopo Amdépaong (AA) eivor pio ETOTTEVOUEVT
TEYVIKN paBnong yio tnv ta&vounon delypdtov oe chHvora
KAdoewv. Eva AA amoteleitor omd kOpPovg kot KAGSOLG.
Ka0Oe kopupog avtimpocmnevetl Evav ELeyyo M pio omdeoor).
INo 10 doy@piopd o€ dVO KAAGELG VITAPYOLY N TEPLLOTIKOL
kopPot ko n-1 pn teppotikoi kopPotr. H dwdikacia yio v



Teyv. Xpov. Emot. 'Exd. TEE, 111, e0y. 1-2 2004, Tech. Chron. Sci. J. TCG, 111, No 1-2 61

e&ayoyn g dopng evOg SEVEPOL AmOPACNG 1| TV AVTIGTOL-
YOV KOVOVOV amd deSOUEVA €Vl YVOOTH O EMAYMYIKY
pnébnon. Amarteiton n dmapén piog peyding paong yvoong,
1 onoia omoteleital omd Tagvounpévo (oA — U aoQa-
) onpeia Asttovpyiog, Ta omoia yapaktnpilovtal amd Eva
dtdvoopa petafAnTdv, ot omoieg ovopalovtat 11OTNTES.

H Baon yvdong dwywpiletar og 500 cuvora: To GUVOLO
pnébnong kot to ohvoro eréyyov. To chvoro pabnong ypn-
GLUOTIOIELTAL Y10l TNV EMAYMYIKT| EKTOIOEVOT TOL AA VD TO
oOVOAO EAEYYOL Yot TNV EKTIUNGN NG amdO0oTg TOL GTNV
Ta&vouno”n vE@v, Un YvooT®v onpeiov Asitovpyiog. v
apyn €poppoletal £vag KaTAAANA0G EAEYYOG OL0Y®PLCHOD
otov kopPo pila tov AA og 6Ao TO GUVOAO pABNoNG pe
oKOTO TO SlOY@PICUO TOL O€ VO AVEEAPTNTO VTOGVUVOALQ
(kOpPOVG) KOl GTI GUVEXELD TOV TEPULTEP® JLUYDPIGLO TOVG
og véa vmoovuvolra. O éleyyog dtoympiopov opiletat og:

PT:A;<h M

6mov h givat éva KaTdAANAO KATOEAL (6p10) Yio TV W31OTNTA
Aj. H 101010 0ALG KOt 1) T TOL KOTOEAOL ETAEYETOL
pe otoyo 10 BEATIOTO SOMPIGUO TOL VITOGLVOAOL, dNANSN
70 d®PIopd Tov avEAvVeL TV kaBapodTnTa TANpOoPopiag,
Om®G SiveTal 0o T GUVAPTNON TNG EVIPOTING:

E(LS,)==) p;logp, )
J
pj lvoun mBavoTTO TNG KAAGTG j, KOt n €ivait 0 KOUPOS TPpog
Swympiopd. Ot mbavotnteg vwoAoyilovtot amd Ta TOGOoTH
TV onueiov Aettovpyiag Tov kOpPov n mwov tagvopodvtot
070 0e&10 1 apLoTEPO VITOGVLVOLO TOL.

e kBe kopPo epapuroletor emmAEOV Eva KPITHPLO TEP-
poaticpov tov daywpiopod. Eav 1 evtpormia evog kopfov
gtval pikpotepn and éva TpokoBopiopévo Oplo M ebv évag
TEPAUTEP® OLOYMPIGHOG OEV EMPEPEL ONUAVTIKY HeloN NG
evtponiog 1 dadikacio StoymPloHov SloKOTTETAL XT0 [23,28]
diveton pia €1g Pabog meprypoapn g pebodov tav AA.

e kB POALO (TEpLOTIKOG KOLUPOG) VoG AA avtioToyel
pio aAvcida kavovov, 6mov Kabe kavovag €xel T popen
avicotTog (EAeyyog dloywpiopov). Mio aAvcida amd Ko-
vOveg TG HOPONG “gdv...TOTE...0AMDS” ovopdletal oty
TAPOVGA EPAPLOYT COVOAO OGPUADY TEPLOPICUADV KO OLVTL-
OTOLYEL GTO LOVOTLATLOL TOV 001 YOV GE GOOAN PUALA. AVTA
T, GOVOAQ TTEPLOPIOUAV AOUPAVOVTOL KATAAANAG VTTOYN OTN
povtelomoinon g PEATIOTOTOINGTG [LE TEPLOPLGHOVG, OTMG
TEPLYPAPETAL GTT GLVEXELO.

4. ENIXKOIIHXH MEQ®OAOAOI'TAX

4.1. MovTtéLo 0LKOVOMIKNG KOTOVOUNG

O otoy0g TG TpoTewvouevng pebodoroyiag givar o kabo-
POHOG TNG PEATIOTNG OUKOVOLIKNAG KOTAVOUNG TNG EVEPYOD

TOPAYOYNG KOl TOV VANPECIOV EAEYYOL GLYVOTNTOG TOL
amoTovvToL €Tl dote vo eE0o@olileTarl 1 AGQAANG Aet-
TOVPYIOL TOL GUOTAWATOC Yo JAPOPES TPOKUBOPICUEVEG
evogYOEVES dLOTOPOYES.

H mpocéyyion yivetar pe 600 TPOTOVS, KOTOVELOVTOG
TIG VANPEGIEG EAEYYOV GLYVOTNTOG OECUEVUEVA 1] U1 LLE TNV
OLKOVOIKT] KATAVOUR TNG mapayoyns. Ot 800 mpoceyyicelg
STV VOVTOL TAPAKATO:

1) Zolevypévn OIKOVOLLIKY] KOTOVOUT

M N
min CYI"C = zcé;,m(PCz},m)+ZC;’FC,m(Pft’FC,m) (3)

m=1 m=1

2) Amolevuypévr OIKOVOLUKT] KOTOVOUN

M

(1) min CItZ)GTC = Z Céﬂm (Pé,m) (4)
m=1
N

B) min Clppe = z CfDFC,m(P [t’FC,m) )

m=1

VO TOVG TEPLOPIGLLOVG

P™ < PGy + Phicm < P (6)
PGt,i_P[t),i_FBt(Vs5aT)=0 @)
0. —0p,—FO/(V,5,T)=0 (®)
M B
DB, =Y Py~ P(V.8.T)=0 ©)
m=l1 i=1
\/(Pe,m)z +(0g, ) =5, <53 (10)
<<y (11)
o -1l <o —o | (12)
" <T) <T"™ leT (13)
[, <I™ el (14)
P < PG < PG (15)
P < Popc.m < PREcn (16)
N
TPFC™ <" Phec ,, < TPFC™' (17)

m=1
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4.2. Avgypappa pofg Tpotetvopevig pedodoroyiog

Ot apyiég ocLuVONKES TOL TPOTEWVOUEVOL aAyopiBuov
OLKOVOLIKNG KaTavoung Aapfdvoviar and évav alyopifpo
OLKOVOLIKNG €vToéng povadwv. Ymoioyiletar n katdotaon
Aertovpyiog tov povadwv (on 1 off) PBacilopevol oe o
OTAN] OLKOVOLIKTY] TPO-KOTOVOUN TV HOVAS®Y TOL TLTIKG
Aappaver voyn ™ GEPE TPOTEPAOTNTOG EVTUENG TOVG 1|
GAleg mpooeyylotikég peBodovg. H owkovopikn évtaén pova-
SV KoL 1) 0TAT] OIKOVOLKY] TTPO-KATAVOLLT TTPOLYLOTOTOLEITOL
Yo o KOUTOAT QOPTIOL TOV TPOEPYETAL GO OAYOPIOLOVS
TpoPreyng poptiov.

Ytov mpotewvopevo adyopidpo Bempeital og amapaitn-
TN OTPEPOUEVT EPEdpEin 1| LEYOADTEPT] EVEPYOC TTOPAYMYT|
piog TV eviaypuéveoy Hovadmv exktdc kot ov opiletat da-
QOPETIKA amd TOVG Kovoves Tov eEdyoviat amd ta dEvOpa
andeacnc.

Extetapéveg dokpég €6ei&ov Tmg 1 avantuén dévopav
amoQacng Yo ddpopeg KAipakes eoptiong (nAadn xoun-
M eopTion, pecaio. EOPTIOT, VYNAY PopTion) e&acpaiilet
amod0TIKOTEPOVG Kot o akpiPeig kavoveg acpdrelonc. Etot
0 aAyOpBLOG divel T SuvaATOHTNTO EXAOYNG EVOG GUVOAOL TTE-
pLOPIoU®V TToV €EAyovTaL amd SoPOPETIKE dEVOPA amdPUoTG
Kat@AANAo yio kGO khipoko eoptions. O adydpibpog ovo-
ToyONKe 6T0 VIOAOYIoTIKO TEPIPiAlov MATLAB 5.3 [29]
Kot ovayvepilel To eninedo EOPTIONG Kot EMALYEL TO AVTI-
OTOL(0 GUVOAO TEPLOPIGUAV OTTMG PaiveTal oTo Zynpa 1.

| PR
—

el
[

Zynuo 1: Aaypopuo pong g mpotervouevng pebodoioyiag.
Figure 1: Flowchart of proposed methodology.

0 ’ , Pmin,t max,t min, ¢ Pmax,t
1 Tll.lSC_, v Opl(DV Gm »*Gm 1 PFCm >* PFC,m»

TPFC™nt kot TPFC™ ov pNoIOTo00VToL OG OPLoL 0o Q-
Agag vrohoyilovtatl e GUVOVAGLO TV TEPLOPICUADV AGPE-
Aewag (CS) Kot TOV QUOIKAOV TEPLOPICUAOY TOV GUGTHLOTOG
EVEPYELNG OTMG PAIVETOL OTIG TOPAKAT® GYECELS:

[PTmt, PRt ] = [ PbidZint, PbidZ%" | (18)

N[ Psecgt, Psecgyt [ [Pr", PR |
TN v tepintoon cvlevypévng oKoVo KNG KOTUVOUNG:

min,t max,t | _ H
[ PFC,mIPPFC,mj| - |:Pbl

min,t

prC.m1 PDI

max, t

PFC,mj| (19)
N[ Psecqe’,, Psecy | [0, P> ]

TNo v wepintoon amolevyévng OIKOVOLIKNG KOTOVOUNG:
[ pmin,t

| "PFC,m1

 Pbi

max,t | _

prC,m | =

min,t ; Jmax,t
prc.m1 PDI PFC,m:| a
B min, t max, t
 Psect,, Psecpt | n

:’Dmin,mIPnTaX - R :|

(20)

G,m

Prinm = 0 €av ot povade m éxel kataveun0ei poptio 1

P

min,m

= P,""edv o povado m dev £xel katavepmbel poptio

omov :Pbid(?i,’,l;’,Pbidgﬁ”: Opl TPOCPOPDOV TOPAYOYNS
€vePYOD 1GY0VOG TNG HOVASOG M.

Psecgf',i;’,Psecgf’jy‘;’: Oplo. ACPALELNG TTOPOYWOYNG EVEPYOL
1oYHOG NG LOVASAG M OV TPOEPYOVTAL OO TA OVTIGTOL(N
obvoLa Teplopopmv acedrstog (CS).

. ymin,t . gmax,t . A . ,
Pbid pp¢.,, , Pbid prc, + 0pLo TPOGQOPAG CTPEPOUEVIG EQE-
dpeiag g povadag m.
P sec?ﬁ‘c’im,Psecg‘;’gfm 1 Oplo. 0OQAAELOG OTPEPOUEVNC EPE-
dpeiag TG HovAdaG m OV TPOEPYOVTOL ATd T AVTIoTOL(O
obvoLa eplopiopmv acedrstog (CS).

Iy 7epintoon mov ot Tés Tov opiov Psecy ),

max,? in,? , St ’ :

Psecg,, , Psecpre , kowm  Psecppc,, dev kabopilovrat
OO TO GYETIKA GVVOAN TEPLOPIoU®OV acedielag (CS) tote
To KT Oplo. BempodvTol ica e PUNdEv evad Ta mhve Opia
r max
ioa pe P, .

Zmv nepintmon mov 1 T Tov Kot opiov TPFCmin,t
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dev kabopiletarl and 10 GYETIKO GOVOAO TEPLOPIGUAV AGPA-
Agag, ToTE AapPdvetor TN ion He T peyoAdTEPT TAPAY -
Y1 €vepyoD 16x00¢ HETOED TOV EVINYUEVOV LOVAS®Y atd TO
O€SOUEVOL TNG ATTANG OLKOVOLUKTG TPO-KATAVOLTG.

H tn tov dve opiov TPFCmax,t kaBopileton povo amod
TO GYETIKO GUVOAO TtEPLOPIoUdV acpirelag (CS). Ze avrtide-
N TEPITT®ON TO Op1o deV AAUPAVETOL LTTOYT).

To op aceidswag (PFaw' , PEas!, Pt . Phrch,
TPFCmin,t kot TPFCmax,t) vroroyilovtot yio kabe cOvo-
AO TEPLOPICUOV ACPAUAELNG TOV AVTIGTOLYEL O0TO eminedo
@OpTIOTG.

¥t ovlevypévn owcovopkn katavoun 1 dadikacio
extedeitan yuo kaBe CS og éva 61dd0 Aopfdavovtag voyn
OAOVG TOVG TTEPLOPIGLLOVG,.

5. ENEPTEIAKO XYXTHMA E®PAPMOI'HX
THX ME®OAOY

To evepyelokd cLOTNHO TOV EMAEXONKE YO EQAPUOYT
¢ pebddov Paciletar oto gvepyetard cvotpa g Kping,
IOV OMOTEAEL TO PEYOADTEPO OLTOVOLO EVEPYELOKO GUGTILLOL
g EALGSag. To ocvykekpipévo cdotnua emiéynke Adyw®
G 1010UTEPATNTOG OV TOPOVGLALEL WG VIOLATIKO ZVGTH LN
ewdTEPO OGOV APOPE GTO TPOPALATO CVYVOTNTOGC, OTAV
ovpPaivel pio dwotopoyn 1 amdTOUn AENCT TOV EOPTIOV.
"Evag emmhéov AOY0G Yoo TNV EMAOYN TOL GUGTILOTOG Eivat
KOL 1] APKETA PEYAAT YVOON TG CVUTEPLPOPAG TOV OTMG KOl
N 000G IUOTNTO TOAADY TPAYHOTIKOV OESOUEVOV QVTOV
KoOMOG AmOTEAEGE OVTIKEIIEVO HEAETNG Kot SIKTVO EQOPLLO-
YNNG TOAGOV peBddmv Kol adyopiBpmv Tov avamtoydnkay
ot0 Epyootipio Zvomudtov HA. Evépyeiag tov E.MLIL

ITivaxog 1: Ouadeg Movadwv Iopaywyng.
Table 1: Generating Unit Groups.

Group Active Power
No Pmin_ Pmax

Unit Group

Group Code

0Old Steam Units OST 1 7-37T MW
New Steam Units NST 2 13 -75 MW
Diesel Machines DIES 3 3-49.2 MW
Gas Turbines GAS_ L 4 3-30 MW
Linoperamata -

Old Gas Turbines oG 5 3-60.9 MW
New Gas Turbines | NG 6 11- 125 MW
Combined Cycle COMB 7 0.5-116 MW

To cvompa mapaywoyng g Kpftng aroteieitat and 600
otofpovg ta Xavid kot ta Awvormepapate Hpakieiov, mov
Bpiokovtal kovid ota BactkOTEPA POPTIO TOV GLGTNHHATOG.
Yrapyovv eykateotnuéves 18 Bepuukég povadeg mapoaryo-
e, €€ atpootpdfirot pe cuvorkt oyd 112MW, téocepig
vin(eroyevvnTpieg [le GuVOAKN 1ox0 49.2MW, entd agpto-
oTpéfirot e cuvolkn oy 228.6MW kot piia povado cuv-
dvacpévou KoKAoL toydog 133.4MW.

Ot povédeg mapaymyng opadomonkav oe oyéon Le
Tov TOTO TOVG Kol TNV Tomobecia eykatdotacng tovs. Etot

0L OLLAOEG YEVVITPL®OV SIVOVTOL GTOV TAPAKAT® TIVOKA.

6. KATAXKEYH AENAPQN ATIOPAXHX

To mpdTo Prpa TG peBdSOL gival 1 KOTOOKELN TOV
déVOpmV amdpaong £161 dote va e&ayBovv amd avTd o1 TEPL-
opiopoi acedietag CS mov 0dnyodv T0 GOSN GE AGOOUAN
KaTAoTOoN AStToVpYiag.

6.1. Anuovpyio Baong I'vdeng

H Bdon I'vioong (KB) dnpuovpynnie yopilovrag to €0-
POG POPTIONG TOL GLGTNHATOG GE TPELG LDVEG POPTIONG:

Xapunin eoption (Low-load): L =100 - 200 MW
Méon eoption (Medium-load): M =200 - 300 MW
Yynin eoption (High-load): H =300 - 400 MW

TNo ka0 {dvn PopTiong Kot EEKIVAOVTAG OO TNV KATATE-
pN TN TTov TV yapaktnpilel av&dvetal To eoptio pe Pripa
ico pe 0,5SMW. X1t ovvéyela Kotovépetol otovg 33 {uyong
QopTimV [E TVYOIO TPOTO KOl GE GYECT LE TNV EYKOTECTNUE-
vn 1oy Tovs. H depyog 1oy0g kdbe {uyod poptiov Tapdyetan
petafdArlovtag To GLVTEAESTI 1oYVOG KABe LuyoL e Tuyaio
Kot T Tpomo. Me avtdv tov Tpomo Tapdyovtar 600 onpeia
Y. TO GUVOLO TOV TPLOV {OVAOV QOPTIONG. XTI GUVEYELD TO
(QOPTIO KOTOVEUETOL OTIC LOVADESG [E TVYAIO TPOTO OyVOm-
vtag k6Oe amaitnomn yuo otpePopevn epedpeia, (dni 042). H
dtadKaoio 0LTH TPOYUATOTOEITAL HECH UG OTANG ETAVOL-
nmTikng Adpda pebddov vtd tov mepopiopod (8) Tov apopd
oT0. Oplo. IKAVOTNTOG POPTIoNG KGOE povadag. Ot Kapumdreg
TPOGPOPOV Pacilovial 6TIg TPUYUATIKEG KAUTOAES KOGTOVG
Agrtovpyiog TV LoVAdwV, o1 0moieg eivar TETpaymVIKES,043.
[MoAlamhactdlovTog ToV TETPAYOVIKO OPO KOL TO YPOLLUKO
6po kabe cuvapTNoNg KOGTOUG pe pio Toyoia petofAnmrg,
opolopopea. Kataveunuévr oto ddotnua [0,1], kot péc(;a
v oxéoewv 044, 045 6mov n = 1,2,...,600, petafdAiiovpe
katd +20% 1o dapopikd KOGTOG KABe Povadag. TKOTOG TG
peTafoANg TOL KOGTOVG Elval 1 TPOGEYYLION TNG LETAPANTO-
TNTOG TOV VTOPBUALOUEVOV TPOCPOPDV TOV TUPUYDYDV GE
nepifdriov erevBepng ayopds. 'Etot ot kopumdreg KOGTOVG
Aertovpyiog TV povadmv yia ta 600 apyucd onpueio divovtot
amo 1 oxéon 046. XpnoHOTOIdVTOS T ATOTEAEGUATO MG
apykd onueia Aettovpyiag (OPs) o vroloylopdg g oTpe-
QOopEeVNG epedpeiog TpaypaTomoLEiTol G EENG:

Mio toxoio petopinti rv , , opodOpopea Kotavepnuévn
oto didotnua [0,1], Toloaniacialetor pe T HEYIOTN KO-
VOTNTO OTPEPOUEVIG EPEdPEing KADE LoVAdAG, £TCL DOTE VA
TPOGOUOI®OEL 1| KaTavopun oTpe@OUEVG EPedPEing

RES:Lk = rvm,k ' (Pnrznax - PGn,m) (21)
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omov 047 m péyom dwbéoun epedpeio kibe povadag m
Yo TN GLYKEKPLUEVN Katavoun @optiov n ko 048 n puéyiom
KOVOTNTO POPTIONG KOt EVEPYOG Tapaymyn Kabe povadag m
avtiotoyo. H dadwacio emavarappaveror k gopég (otv
napovca epapuoyn k=25) é1o1 dote va emtevyBei n avti-
TPOCMOTEVTIKOTNTA OAMV TOV TOAVOV KATAVOUDV GTPEPO-
pevng epedpeiog yio kabe Aettovpytcd onpeio OP.

TN v KaTaoKkevn] TOV OEVOPOV AmOPACNS ETAEYOVTOL
15 1310tNTEG TOL AVTIGTOLXOVV Ol TPMOTEG 7 OTNV EVEPYO O~
pay®Yn KAOE OLAdAG LOVAS®V TOpUY®YNG Ol ETOUEVEG 7 OTN
oTpepopevn epedpeia kabe opddog kot 1 15 oto chvoro
™G oTpePOUEVNG Epedpeiag. Me To ypappa “R” mpwv and tov
KOO KaBe opadag YEVWNTPIOV ONADVETAL 1| GTPEPOUEVT
epedpeia kaOe opddac. H Baon I'vioong mov teducd dnpu-
ovpyeitar yio. OAeg TIg {Dveg popTiong meptiapPdavet 15.000
Aertovpywcd onpeia (OPs).

Xpnowonoudvtag to vroroyiotikd takéto EUROSTAG
[30] kon yuo kéBe Aettovpycd onpeio Tpocopot@vovtal 00
draTopoyEs.

0. ATOAELD LOVAONG LLE TN LEYOADTEPT EVEPYO TOPOYDYT
B. Tpuwpaocikod Bpoyvkdkiopa o€ £va KpiGIHO VTOGTAOUO

H entoyn tov cvykekpylévov dotopoydv Pocictnke
OTNV EUMEPI OO TV TPAYHATIKE AELTOVPYiC TOV GUOTIOL-
106 ™ Kprime. H amdAeio g peyoldtepng oeplootpofiit-
KNG Lovadag cupPaivel apKeTd cuyva Ve BPoyLKOKAMLLO GTO
ovykekpyévo Luyo (ypapuun lepdretpa-Moipeg, oto 10% g
amootoong and lepdnetpa) eivan pa cvyvn dwatapayn Tov
ovpPaivel oe axpaieg kopkés ocvvonkes Kot 1 omoia odnyel
0€ OmOGUVOEST| Yo AOYOVG TPOCTAGIOG OTUAVTIKOD HEPOVG
NG MOAMKNG Tapay@yns. AswpnOnke g xpovog exkaddpiong
™me otopoyns Ppoyvkukiopatog icog pe 200ms apketd
LEYOADTEPOG OO TOVG TPOLYLLOTIKOVG YPOVOLS TTpdTNG Ldvng
TPOCTOCiG oL givar ™G Taéng Tov 115ms. Xe kdbe mpoco-
poimon Aeltovpykod onueion KoTaypaeetol 1 HEYoTn and-
KAon g cuyvotnTog and v ovopaotikn g T (S0Hz)
Ko pupdg petaforng g, H mapdpetpog avt eréyyetol og
OXE0T HE TIC TWEG TOL EVEPYOTOLOLYV TOVG NAEKTPOVOLOVG
VIOGLYVOTNTOG OV YXPNOLOTOLOVVTOL Yo THV OTOPPIYN
@optiov. 'Etol kdBe Aeitovpywkd ompeio ta&vopeitar Pacet
TOL TTOPOKATO KPITNPIOV AGPAAELNG CLYVOTITAG :

Av 1 ouyxvomta (eAdyioto) fmin < 49 Hz, 16t 1 Aettovp-
Yiol TOV GUGTALATOG KPIVETOL AVOGPOUANG, EVD OE SLOPOPETL-
K1 mepintoon Bewpeital acQOANS.

XPNOIUOTOUOVTIOS TNV TPOGEYYIOT] MOV TEPLYPUPETOL
otV mopovca mapdypapo, ta 15.000 Ops ywpiomkav ce
tpelg Paocelg yvoong pe 5.000 mepimov onueio (OPs) vy
ka0e {dvn edptions. To péyebog Tov GuVOLOL EKTTOidELONG
(LS) ka1 tov suvorov eréyyov (TS) yio kébe {dvn eopTIong
emAE ONKE €QopprolovTag o TEXVIKN SOKIUNAG Kol GOAA-
patoc, e&etdlovtog kabe popd T cEAApaTo paBnong Kot
eréyyov. Ta cedApata avtd vroroyilovtatl omd TV emitoyn
ta&wounon t@v OPs tov cuvorov pabnong kot gA€yyov
YPNOLOTOIDVTOG TIS OOUEG TV OEVOPOV TTOL AVOTTOGGO-

vtal. @o TPEMEL Vo TOVICOVUE TG HEYGAN GOVOAQ EKTaLi-
dgVOMG EAUTTAOVOVY TO GOAApN LAONGNG TOPAYOVTUS OLMG
dévdpa amdeaong e xounAd Babuo yevikevong egantiag g
VIEPEKTAIOEVONG, dNANOT| VEX OTLElD TTOV dEV £XOVV GLUTE-
puANEeOei 6T0 GHVOLO paBnomg dev TAIVOUOVVTAL ETITVUYAG.
To teMd cOvora exmaidevong arotelovvral and 4.000 we-
pimov onpeia evd ta avtioToryo cuvoro eAEyyov amd 1.000
nepimov onpeia yo kabe {dvn pdptiong.

6.2. AvamtuEn dévopmv amépacng

XpNOOTOIDVTAG TO, GUVOAX EKTOIOELONG TOL TEPL-
YPAQNKAV GTNV TPONYOVLEVH] TOPAYPOUPO OvamTOYOM KAV
€E1L (6) 6évdpa amodpaonc, éva yio kiBe {dVN QOPTIoNG Kot
v kéBe dratapoyr. Le kabe pun teppatikod kopPfo divovran
TANpoYopiec, Onmg 0 aplBdS TOV GMUEIDV TOV KATAAYOLV
o€ aVTOV, TO PEATIOTO KPITHPLO TEPUITEP® SLAYDPIGLOD,
KaB®OG Kot 0 JEIKTNG AGPAAELNG MG TO avA Hovado peyebog
TOV 0GQPUADY CMUEIOV TOL GVYKEKPIUEVOL KOUPOV. ETOVg
TEPLLOTIKOVG KOUPOLS divovtal o apBudg Tov onueiov Tov
KOTOANYOUV GE QVTOVG, O TOTOG TOV KOUPOL KoL O deikTNg
AGQAAELOG.

H a&ordoynon g anddoong tavounong kabes dévopou
divetar otov mivaxa 2 dtav eEAEyyovtal Le TO GOVOAO UAOT-
OMG K0l TO GOVOAO EAEYYOUL.

Iivoxag 2: A&10Adynon omédoans 0EvOpwv amopacns yio. Ty 1010~
POYH ATDAEIOS YEVVITPIAG.

Table 2: Performance Evaluation of Decision Tree for the
Disturbance of Machine-Outage.

Classification Performance Evaluation

Learning Set Test Set
Low Load Zone: 100 MW <L,; <200 MW (KB 5000 OPs)
LS 4000 OPs TS 1000 OPs
Secure Insecure Secure Insecure
2701 OPs 1299 OPs 538 462 OPs
OPs
Global Error 3.9% (153 OPs) 6.88% (68 OPs)
False Alarm 2.11% (57 OPs) 4.15% (23 OPs)
Missed Alarm 7.3% (96 OPs) 9.43% (45 OPs)
Medium Load Zone: 200 MW <L, <300 MW (KB 5000 OPs)
LS 3992 OPs TS 1008 OPs
Secure Insecure Secure Insecure
944 OPs 3047 OPs 559 449 OPs
OPs
Global Error 2.66% (106 OPs) 6.64% (67 OPs)
False Alarm 8.26% (78 OPs) 10.29% (57 OPs)
Missed Alarm 0.29% (8 OPs) 2.16% (10 OPs)
High Load Zone: 300 MW < L; <400 MW (KB 5000 OPs)
LS 4008 OPs TS 992 OPs
Secure Insecure Secure Insecure
1855 0Ps | 2153 OPs 406 586 OPs
OPs
Global Error 2.64% (106 OPs) 4.31% (43 OPs)
False Alarm 4.04% (75 OPs) 5.53% (23 OPs)
Missed Alarm 1.44% (31 OPs) 3.51% (20 OPs)
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7. AIIOTEAEXMATA

7.1. Yroloyiopég opiov ac@arerog

O aAydpBpog extereital yio pio 24mpr KapmdAn eop-
tiov piag TPOYHOTIKNG TUTIKTG NMUEPOS TOV GUGTNLATOS TNG
Kpnme.

INo Adyovg amhomoinong g €QUpPHOYNG Kol €OKOANG
EPUNVEING TOV OTOTELECUATOV KOl YOPIG Vo YAveTaL 1 ye-
vikevon g pebddov €xetl votedel TG T OPL 10YVOG TV
TPOCPOPAV £ival ool e TOL TEXVIKG OPLOL TV YEVVITPUDY KO-
Bdg Kot OTL 01 KOUTOAEG KOGTOVS TMV MPLOI®V TPOCPOPHV
€lvai KOWEG Yiow OAES TIG DPEG.

H g&ayoyn tov nepropiopdv acpdretog (CS) mpaypato-
moteiton og eENG:

Yy mepintoon mov 1 OBswpovpevn dwtapoyn eivol
VTN NG OMMAELNG YEVVITPLOG KOl TO POPTIO TOL GLOTH-
potog avikel otn younAn Lovn edptiong tote emidéyetal
10 avtiotoyo AA mov divetar oto Zynua 2. Ot aceolelg
TeppoTikoi KOpPot avtod Tov AA KOl To AVTIGTOLK0 GUVOLN
acPaADV TEplopopdv ivar ot 12 (CS1L), 29 (CS2L), 32
(CS3L), kou 37 (CS4L).

To ovvolo meplopiopmdv acpdretng (CS4L) avtiotoryel

oTNV 0AVGIS0 KAVOV@V OV 001YEl 6TO 0oPAAEG POALO (TEP-
patiko kopPo) 37 wg e&ng:

(KOMBOZ 1) gdv TPFC>32.45 kot

(KOMBOZX 3) edv COMB<64.47 ko

(KOMBOX 26) edv RCOMB<16.59 kot

(KOMBOX 28) edv COMB<55.68 and

(KOMBOZX 30) eav ROST>10.61 ko

(KOMBOZ 33) gdv TPFC<45.41 xon

(KOMBOZX 34) eav COMB>29.31 to1¢

(OYAAO 37) 10 ovotnua givat ac@orég katd T dloto-

poYN OTOAELNG YEVVITPLOG OTN XOUNAT {DVN GOPTIoNG.

To cOvoro OCQOADV TEPLOPICUOV TOL AVTIGTOL(OVV
GTOVG VITOAOTOVS AGPAAEIG TEPUATIKOVG KOUPOVS Y1t TO GL-
YKeKpLUEVO AA ahAd Kot yia OAa o vtoroma AA e&dyovton
pe Tov 110 TpodTO.

Xpnowonowwvrag ti¢ oxéoelg (18) war (19) 1 (20) ot
tpés tov oplov Poy’ s Pom s Porcim » Porc:ms TPFCmin,t
kot TPFCmax,t vrohoyiloviar cvvdvalovtag ta oplo. TV
TEPLOPICUDOV OCQOAENG LE TO TEYVIKA KOl OIKOVOUIKA
opla. ToVv GVGTHROTOG. 'ETol Ta TehMKd Opla ac@AAELNG TOV
aVTIOTOL(OVV 6TO AGPAAES POALO 37 divovtal oTov mivaka
3 6mov pe £VIOVOLG YOPOKTNPEG ONUEDVOVIOL Ol TILES
OV TPOEPYOVTOL OO TO GUVOAO TEPLOPICUADV AGQPAAELNG
CS4L (pOAro 37).

4000 1
TPFC>32.45MW
0.6753
NO | YES
692 2 3308 3
COMB>61.54MW COVB>64.47TMW
0.4465 0.9649
568 4] 124 5] 3139 26| 169 27
RCOVB>12.45MW] DEADEND RCOVB>16.59MW} RCOMB>20.74MV}
0.5405 00161 0.9815 0.6568
[ _l_‘
32 6 246 7 243 28] |28% 29( |32 38)|137 39
COVB>58.61MW ROST>7.35MW COMB>55.68MW LEAF DEADEND RDIES>10MW
0.3385 0.8049 0.8066 0.9962 0.0938 0.7883
222 8[|30 9]|198 18 48 19 219 30|24 31 7 40Q|130 4
RCOVB>0OMW LEAF COMB>58 61MW COVB>29.31MW | ROST>1061MV DEADEND LEAF RDIES>1.0MW
0.3733 0.000 0.8687 0.5417 0.8584 03333 0.000 0.5417
62 10{|230 11] (169 0] 21)|24 24124 25| (59 32| | 160 33 43 42| (87
DEADEND DIES>40.4MW DEADEND TPFC>25.95W DEADEND DEADEND LEAF TPFC>45.41MW DEADEND DEADE!
0.0806 04522 0.9290 05172 0.1667 09167 1.000 0.8063 0.6047 0.942¢
[ [ _l_‘
14 12216 13]11 2(|18 23 % |64 35|
LEAF COVB>29.31MW LEAF DEADEND COVB>29.31MW DEADEND
1.000 04167 0.000 0.8333 0.6875 0.9844
89 14]|127 15 58 36] |38 37
DEADEND COVB>41.03VW DEADEND LEAF
0.1910 05748 04828 1.000
39 16]|88 17
DEADEND DEADEND

2ynpa 2: Aévopo amopoons yio. T J10Tapoxh OTMAEI0S YEVVHTPIOS GTHY Younin (ovy eopTiong.
Figure 2: Decision tree for machine-outage for the low load zone.
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ITivokag 3: Opio. ao@rElag TEPIOPIGUMDY TOD OVTIGTOLYODV OTO
aopalés pvlio 37.
Table 3: Constrained Security Limits Corresponding to the CS4L.

Group Group pmint _ pmax.r pmint _ pmax.t

Code No G,m G,m PFC,m =L PFC,m
OST 1 7-37 MW 10.61-37 MW
NST 2 13-75 MW 0-75 MW
DIES 3 3-49.2 MW 0-49.2 MW
GAS L 4 3-30 MW 0-30 MW
oG 5 3-60.9 MW 0-60.9 MW
NG 6 11- 125 MW 0-125 MW
COMB 7 29.31- 55.68 MW 0-16.59 MW
TPEC™™! 3245 MW
TPFC™ 45.41 MW

7.2. AmoteréopoTa Yo 1) S10Tapa) Y] OTOAELNS
YEVVITPLOG

Yta Zyfuoto 3 kot 4 eoivetar to PEATIOTO KOGTOG TIG
VANPECING TPOTEVOLGOG PVOONG GLXVOTNTOS Yio OAOL TO
oOvoAa Teploplo @V aceoireiog (CS) yio t cvlevypuévn Kot
v amolevypévn BeATioTonoINoN aVTiGTOYKOL.

To k66T0¢ Y10 TIg TEPLOSOVG pHESN G POPTIoNG (Dpeg 1,2,
8-10, 16-20, kot 24) kot Yo TOLG dVO TPOTOVS PEATIGTO-
ntoinong eival vynio kabdg 1o dplo acepaeiog TPFCmnt
dev mpoodiopiletal péom tov oxetikod AA, oAAd amd ™
LEYIOTN TTopay@yn EVEPYOD 1GYVOG AVALEGO GTIG EVTOYLLE-
VEG LOVAOEG.
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Zynua 3: 24wpn KoumdAn KOGTOVS THG DINPETIOS TPOTEDOVOOS
poluiong ovyvotnrag yio. kGabe oOVOLO  0OPOLDV
mepropiouv o kabe {wvy @options (ovlevyuévy
Pelniaromoinon).

24-hour cost of primary frequency control services
allocation for each CS at each load zone (coupled
optimization).
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2ynua 4: 24wpn koumwdln KOOTOVS TS VITNPECIOS TPWTELOVGOS POb-
LGS oVYVOTNTAG Yia. KGOe GDVOA0 aopoidY TEPIopLoudY
o€ kabe (ovn poptions (amolevyuévny feitioromoinon).

Figure 4: 24-hour cost curve of primary frequency control services
allocation for each CS at each load zone (decoupled
optimization).

TN tig dpeg younAng eoptiong (dpeg 3-7) to KOGTOG
petafarietan petagd 11,70 ko 12,23 (x10%) EUROs/h, evid
Y TIg TEPLOGOVS VYNANG @OpTiong (dpeg 11-15 ko 21-23)
keiton peta&d 11,11 o 14,30 (x10°) EUROs/h zepimov
ommg aivetol oto Zynpo 3.

210 Zynpa 4 to 0pla wov Kiveital To kéotog givon 13,80
ko 14,75 (x10°) EUROs/h ywo tnv mtepiodo yopuning eopti-
ong kot 13,36 xou 16,77 (x10*) EUROs/h yio tv mepiodo
VyMAfig eopTIoNC.
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2ynua 5: Zoykpitiko OLlaypopue. EAGYIOTOD KOGTODS TPWTEVLOD-
oag poOUIoHS oVYVOTHTOS VIO, TH OL0TOPOYY OTWDAEIOS
YEVVHTPLOG.

Figure 5: Cost comparison of primary frequency control services
allocation for machine-outage disturbance.

¥t0 Zynuo 5 divetor to PEATIOTO KOGTOG KOTOVOUNG
VANPESIAOV TPAOTEHOVCAG PUOLOTC GLYVOTNTAG KOL Y10 TOVG
Vo TpomoVg PeATioTonoiNoNG ONMG EMALYOVIOL OO TOV
alyopipo.

YnueldveTal OTL T0 KOGTOG OV LTOAOYileTanl omd Vv
amolevypévn Bertiotonoinon givar 2.000 EUROs/h wepimov
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VYNAGTEPO 0md ovtd oL vroloyiletan pe TN cvlevypé-
vn Pertiotomoinot. Avtd OQeiAETOL OTOVG TEPLOPIGHOVGS
acPAAElOG 7oL dnuovpyovvtal omd TN PerTicTomoinon
MG TPOTNG OVTIIKEWEVIKTG CLUVAPTNONG KOl GTI GLVEXELN
empPairoviar oto medio Aoewv Kotd TN PerTicTonoinon
NG S€DTEPNG AVTIKELUEVIKNG CLUVAPTNONG 0ONYOVTAG £TCL GE
vroPérTioteg AMGELG OGOV APOpPd GTO GLVOMKO TPORAN LA
AGPAAOVG AELTOVPYIOG TOV GLGTHLOTOG.

Y10 EZyfuo 5 yivetor emmALOV GUYKPIOT] TOV OTOTEAE-
OUAT®V TV dVO HLOVIELOTOCE®Y e TO GVUPUTIKS KOGTOG
BEATIOTNG KATAVOUNG TOV VINPECLDY TPOTEVOVGAG POOLLL-
oNG oVYVOTNTOG TOV ACUPAVEL VITOWYT| TNG OOV CUVOMKEG
OTOLTAOELS OTPEQOUEVNG epedpeiag T péylotn £yyvon
1oYVOG amo TIG EVIOYUEVES LOVADES.
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2ynua 6: Kootog mapaywync ovlevoyuévns kar omolevyuévng aopo-
A0DG KaTavoung poptiov kai cOUPATIKI W] 00QOANS KOTO-
VOUI] pOPTIOD YL TN OLOTOPOYI OTWAELAS YEVVITPLAG.
Figure 6: Generation cost obtained from conventional ED and
coupled and decoupled optimization secure ED for
machine-outage disturbance.

Y10 Eynpa 6 @aivetor 1 PEATIOTN OKOVOUIKT) GGQPUANS
KOTAVOUT POPTION Yl TIG dV0 HOVIEAOTOICELG EKKAOAPL-
OMNG NG AYOPAg 6€ GUYKPIoN He Tr cupPatikny WU ac@oAn
KOTOVOU GOPTIOV OTIS HOVASEG TOL Aapfdvel VO™ TG
®C OTOLTOVUEV OTPEPOUEVT] epedpeia T pEylotn Eyyvon
1oY00G amd TIG LOVASESG TTOL £YOVV aVOAAPEL PopPTiO.

Eivar povepd mmog 10 K66TOC TG 0oQOAoVg BEATIOTNG
KATOVOUNG @OpTiov €ivol LVYNAOTEPO GE OYEOM e TN N
ACQOUAT KOTOVOUN AOY® TOV TEPLOPICUAOV OCPUAElng
(13)-(15) mov emParrovror kot oty ovcia meplopifovv
NV €vEPYO TOPAYOYN TOV HOVAI®YV GUVOIVLAGHEVOD KV-
KAov kot viidel mov yopaktnpilovral omd yopunid KOGTOG
Aettovpyiog.

Emiong ot dpeg 11-14 mapatnpeiton pio. oTovpogdng
EMAOTNON OO TNV AYOPA EVEPYELNG GTNV OYOP( VIINPESIHOV
TPOTEVOLGOG PLOLGTG CVYVOTNTOG KATL TOV OPEIAETOL GTNV
amolevypévn ekkafdpion Tov ayopov.

2y 7: Zoykpion oovolikod KOoTovg AEItovpyiog (KOoTog mapaym-
YHG 0DV KOOTOG DINPETLAS EAEYYXOD TVYVOTNTOG) KL EAGYI-
OTH OUYVOTHTO. Y1 THV OLOTOPOYT OTWDAELOS YEVVHTPLOG.
Figure 7: Total operation cost comparison (generation cost plus
frequency control services cost) for machine-outage
disturbance.

To Zynpa 7 yopiletal o€ dVO TUNUATO. ZTO ETAVEO TUNOL
TOL GYNUATOG SIVOVTOL GUYKPLTIKG Ol KOUTOAES TOV GLVO-
AMKoO KOOTOVG 0oPaAoVg (culevypévn kot omolevypévn
ekkabapion) kot pun aoeoiovg Asttovpyioc. g GuVOAMKO
K00T0G Aettovpyiag opiletar To GOpolGHa TOV KOGTOVG ol
PUY®YNG 160YHOG HE TO KOOTOG TNG TPOTEHOVOAG POBLLIOTG
oLYVOTNTAG. XTO KOT® TUNO TOV OYAUATOC diveTal 1 eAd-
YLOTY] CLYVOTNTO TOV GLGTHLOTOS TOV KATAYPAPETOL KOTA
N S0TOPOYN OTOAELNG TG YEVVITPLOG LE TN HEYIOTY] TapOL-
yoyn woyvos. H dwutapoyn tpocopoimdnke yuo kibe oproio
KoTavop eoptiov kot epedpeiog Yo OAEG TIG TEPUTTMGCELG
pe TN xp1on tov vroroyiotikov tokétov EUROSTAG [30].
Daivetor TG T0 LYNAOGTEPO GLUVOAKO KOGTOG AEtTovPYiag
¢ ovpPatikig katavopng oev eEaceolilel TV AG@AAN
Aertovpyio Tov cvotpatoc. 'Etol o apketéc mpaieg cop-
Boticég KaTavoprES 1 GUYVOTNTO TOV CLGTHUATOS TANGLALEL
T0 KAT® Oplo aopdArelog tov 49Hz, evd yio ) dékatn tpitn
oploio CLUPATIKN KATAVOUT TO COGTNIA EIVOL COPDS OVOL-
oQuAég KoBmG 1 cuyvotnta méPTel ota 48.23Hz. Avtifeta
Kol 0TI dV0 ACPOAEC povtelomomoels ekkafdpiong g
ayopdg (ovlevypéva kot amolgvypéve) mov eEdyoviot ond
TOV 0AYOpOLO TO cOOTNUA OV 0ONYEITOL TTOTE GE OVALGPOAT
KaTdoTaon Asttovpyiag.

8. XYMIIEPAXMATA

H dwyeipion tov cuoTNUATOV MAEKTPIKNG EVEPYELNG
péco oo To TPIoUO TOV VEOV SOU®V oV EMPAALEL 1] ame-
AevBepopévn ayopd evépyelag mov epaprOlETOL G TOAAEG
xdpeg, avietonilel véa tpofinpata kot dtadwkacieg. To
Tapov KeEPAAoo €0TIALEL OTOV EAEYXO TNG GLYVOTNTAG TOL
ocvotuartog émetta and dwtopoyés. [poteiverarl pia mpm-
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TOTLTN PEBOBOG OIKOVOLIKTG KOTOVOUNG TOGO TOV QOPTIOL
000 Kol TNG TPMTEVOVSUG ePedpeiog mepiappdvovtog opta
0CPAAELOG TOV GLOTHLOTOG MG TEPLOPIGHOVS. Baoilopevol
0TOVG KavOVeS Ta&vounong mov mapéxovy ta AA e&dyovtol
neplopopol acpaiewng. H eicaywyn avtdv tov meplopt-
oudv aceaieiog e&etaleton yio 000 povtéda ekkabdpiong
NG 0YOPAG EVEPYELOKDV TPOIOVIMV KO VN PECLOV, AKOAOVL-
Bmdvtag TIc ovYYpoveg dopés v ayopmv. Etoin ayopd evép-
velog ekkafapileTol SEGUEVUEVO KOL OTOGECUEVUEVA LLE TIV
ayopd TPOTEVOLGOG PUOUIGTG GLYVOTNTAG, TPOCTUOMVTAG
va Tpoceyyioel, vo e&dyel N} va emPePfaidoet kamoa Pacikd
CLUTEPAGLALTOL Y10l TOL XOPAKTNPIOTIKG KO TLG WO10UTEPOTITES
TOV HOVTEA@V 0YOp®V EVEPYELNG TTOL EQAPUOLOVTOL OE TOA-
Aéc yopec. [Tépa amd TNV emAoyN TOL LOVTEALOV EKKOOAPIONG
NG 0YOPAG EVEPYELNS, O AAYOPLOLOG OIKOVOULKNG KOTOVOUNG
extedelTOL Y10 KAOE Tpoemleyévn drataporyr| Kot yio Kabe
oOVOAO ACGPAADY TEPIOPIGUMY 00N YDVTOG 6€ pio BEATIOT
Kol 0oQOAn katdotaon Aeitovpyicg Tov cvotipatog. O
aAy6p1Bpog divel T dLVATOTNTA VITOAOYIGHOD TOV KOGTOVG
7060 TNG 0OPUAOVG OKOVOLIKNG KOTOVOUNG (1] avoKoTo-
VOUNCS) TOL pOpTiov OGO KOl TNG KATOVOUNG TNG VINPEGIOG
TPOTEVOVTOG EAEYYOV oLYvOTNTAG TOV cvoThpatos. Emi-
T éov 0 adyopiBpog yopoktnpileTol amd VTOAOYIGTIKY| TO-
yotnta, akpifelo kot eveéio. H pébodog epapuootmke pe
TPUYLOTIKEG YPOVOCELPEG POPTIMV KO TPOYUATIKE GTOLXElD
oV NAeKTPIKOD cvotipatog g Kpnmg, emPefardvovtog
TNV amodoTIKOTNTA TG HeBddoV.
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Extended summary

Optimal Allocation of Primary Reserve Services in
Energy Markets

K. A. PAPADOGIANNIS

Dr Electrical Engineer

Abstract

This paper presents a novel economic dispatch algorithm that
simultaneously minimizes the cost of primary reserve services
while ensuring the secure operation of the power system in the
presence of disturbances. The algorithm takes account of security
constraints, which are extracted from the chain rules provided by
decision trees. The proposed method is easy to implement in day-
ahead and real-time balancing markets and is characterized by
accuracy, versatility and flexibility. Examples demonstrating the
application of the method to an actual power system model are
presented and discussed.

1. INTRODUCTION

The liberalization of the energy market and the associated
unbundling of the formerly vertically integrated utilities
have forced transmission system operators (TSO) to assume
new functions in managing the system. A new division
of the energy market structures is the ancillary services
market, defined as the market of those services necessary
to support the transmission of electric power from producer
to purchaser. Ancillary services normally include voltage
support, black start capability, AGC and reserves with
varying levels of response times, etc. Using these services
the TSO must be able to maintain the system in a secure
operating state [1] in the most economic way.

Reserve services are the services required for the control
of system frequency within certain bounds in the presence of
events. The primary reserves are necessary in order to enable
the system to intercept runaway frequency after an unexpected
disturbance and are typically provided by spinning units
within a very short time range. The terminology and definition
of primary reserve services vary from region to region. In
most cases the structure for providing the service of frequency
control depends on the general market model. Day-ahead
markets for ancillary services, and in particular for reserve
services, have been implemented in UK/Wales, Norway
and California. Since imbalances between the actual and
scheduled load and generation and real time congestion due to
unexpected contingencies are frequent in power systems, it is

N. D. HATZIARGYRIOU
Professor N.T.U.A.

obvious that a day-ahead market requires a balancing service
with an associated real-time market as introduced in [2,3].
The purpose of a real-time balancing market is to establish
a fully open and market-based mechanism for all the market
participants to take part in the real time competition. The
concept of real-time balancing mechanism has been adopted
by California [4] and appears as a key part in a new electricity
trading arrangement in UK/Wales [5].

Practical implementation of other reserve services market
structures and the respective terminology can be found in [6]
for Nordel, in [7] for Argentina, in [8] for Spain, in [9] for
Australia, in [10] for New Zealand, etc.

Assuming a pool energy auction market [11-13] and
a pool ancillary services auction market, each participant
submits an energy bid and a reserve bid for primary
frequency control. The need for their economic allocation
(dispatch) arises, which at the same time ensures the security
of the system. This paper deals with the optimal allocation
of power generation and of the necessary primary reserve
services, as defined above, in day-ahead markets. The
developed method, suitably modified, can also be applied to
real-time balancing markets.

The classic approach for the determination of the
necessary primary frequency control services is based on
off-line stability analysis of selected extreme conditions.
This approach does not take in consideration the varying
behavior of the demand and the dynamic characteristics
of the generation response [14-17]. Previous publications
have faced this problem using on-line techniques based on
Energy functions [18-19] and Artificial Intelligence [20-22].
A successful methodology is given in [23], which takes into
account the effect of response time of the offered reserves
from the generating units but suffers from long execution
time. In [24,25] an efficient, preventive security assessment
method, marked by short execution times, is proposed, but
provides sub-optimal solutions.

In this paper, the principle of the method presented in
[25] is extended into a novel economic dispatch algorithm
for both active power and primary spinning reserves that
includes security margins as constraints. These constraints
are extracted from decision trees developed for a number
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of pre-specified contingencies. The decision tree creates a
chain rule path, which leads to a secure or insecure operating
state of the system following the pre-specified disturbance.
Each set of rules that leads to a secure state is recorded as
a constraints set (CS). The economic dispatch algorithm is
executed for each pre-specified disturbance and for each
CS leading to a secure operating state of the system. This
procedure provides a set of secure economic dispatches,
each with a security index. An optimal allocation of the
required spinning reserves is performed, optimizing the cost
of these services. Results from the application of the method
to actual load time series and network data from the power
system of Crete are provided.

2. REVIEW OF DECISION TREE
FUNDAMENTALS

The Decision Tree (DT) method is a supervised learning
technique for partitioning samples into sets of classes. A
DT consists of nodes and branches. Each node represents a
single test or decision. For a two-class partition, there are n
terminal nodes and n-1 non-terminal nodes. The process of
extracting the structure of a DT or the equivalent rules from
data is known as tree or rule induction. It requires a large size
knowledge base (KB) consisting of operating points (OPs)
characterized by a vector of variables, termed attributes. The
KB is divided in two sets: the learning set (LS) and the test
set (TS). The LS is used for inductive inference and the TS
is used to evaluate the performance of the tree structure on
new, unobserved OPs. A suitable partitioning test is applied
first at the root node comprising the whole LS in order
to divide it into two exclusive subsets (nodes) and then
successively to each of the resulting subsets splitting them
further. The partitioning test is defined in (1), where h is a
suitable threshold value for the attribute Aj. The attribute and
the test selected for optimal splitting are the ones causing the
greatest reduction in information impurity, obtained from the
entropy function (2), where j is the probability of class j, and
n is the splitting node. The probabilities are evaluated by the
percentage of OPs belonging to node n that branch left or
right. At each node, a stop splitting criterion is also applied.
This process tests whether the entropy of the node is lower
than a pre-specified minimum threshold or if a further split
is not likely to be significant by a standard statistical test
(chi-square test). In the first case, the node is termed leaf
and in the second case, dead-end. An in-depth description
of the DT method is given in [23-27]. To each leaf of a DT
corresponds a chain of rules, each rule having the form of an
inequality (partition test). Thus a set of chained “if...then...
else” rules, termed in our application “security constraints
set” (CS), corresponds to each path leading to a secure leaf.
These constraints sets are appropriately considered in the
constrained optimization formulation.

3. METHODOLOGY OVERVIEW

3.1. Economic Dispatch Formulation

The objective of the proposed methodology is to
determine the economic dispatch of the power generation
and of the frequency control services required to ensure
the secure operating state of the system in the presence of
pre-selected disturbances. This can be approached in two
ways, i.e. allocating frequency control services coupled or
decoupled with the generation economic dispatch. The two
approaches are formulated in eq. (3)-(17).

3.2. Flowchart of Proposed Methodology

Initial conditions for the proposed Economic Dispatch
algorithm are obtained from a Unit Commitment algorithm,
that determines the operating status of the units (on or off)
and is based on a pre-dispatch of the units, typically based
on their priority list or other approximate methods. The
Unit Commitment and pre-dispatch are performed on a load
profile derived from suitable forecasting algorithms.

In the proposed algorithm the largest active production of
the dispatched units is considered as the necessary spinning
reserve, unless otherwise obtained from the DT approach.

Extensive tests have shown that the development of
different DTs, each for a different load range (i.e. low load,
medium load, high load) ensures a better performance of the
developed security rules. Thus, the algorithm provides the
possibility of considering a number of constraint sets obtained
from different decision trees suitable for each loading range.
The algorithm identifies the load level automatically and
selects the relevant constraint set. The values of the limits
P P, Popct s Popcims, TPFCmin,t and TPFCmax,t
used as security limits are evaluated from the combination
of the CS and the physical constraints of the power system
from eq. (18)-(20)

4. APPLICATION SYSTEM

The application system is based on the power system
of Crete, which is the largest autonomous power system
in Greece. The conventional generation system consists of
two major power plants having seven groups of generating
units. These plants are located near to the major load points
of the island (Hania and Linoperamata). There are eighteen
thermal, oil-fired generating units: 6 Steam turbines (112
MW), 4 Diesel (49.2 MW), 7 Gas turbines (228.6 MW), and
one Combined Cycle Unit (133.4 MW). The generating units
have been grouped according to their type and location as
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shown in Table 1. Presently, all power production is owned
by the local Utility. In our study it has been assumed that
each group represents a separate power producer.

4. DECISION TREES DERIVATION

The first stage of the proposed methodology is the
construction of the decision trees in order to extract the
relevant CS leading to secure operating states of the system.

4.1. Knowledge Base Creation

The Knowledge Base (KB) has been created by
separating the load range in three operating zones:

Low-load: L=100 - 200 MW
Medium-load: M=200 - 300 MW
High-load: H=300 - 400 MW

For each load zone, starting from the minimum load value,
load is increased by 0.5 MW and distributed to the 33 load
buses according to their installed power. In this way, a total
of 600 points for the three system load profiles is generated.
Next, each load value is dispatched to the units in operation
via a simple lambda iteration method subject to constraints
(6)-(14), ignoring any spinning reserve requirements. The
bid curves are based on the actual cost curves of the units,
which are quadratic. Using the resulting dispatch profiles as
initial operating points (OPs), the evaluation of the reserves
is performed as in eq. (21). The random variable rv_,
uniformly distributed in the range of [0,1], is multiplied
by the reserve capacity of each unit in order to simulate
the spinning reserve allocations, where RESm the reserves
of each unit m, P, P ,, the maximum capacity and the
active power generation of each unit m, accordingly.

The rv_, calculation is repeated k times (in this
implementation k=25) in order to ensure that the reserve
allocations for each OP. are representative fifteen attributes
characterize each OP, comprising the active power generation,
the reserves of each unit and the total reserves. The seven
first attributes correspond to active power generations of
each unit group, the next seven to the reserves of each unit
group and the fifteenth the total reserves. The reserve of each
group is denoted with an “R” before the group code. The final
KB comprises 15000 OPs. For each OP two characteristic
disturbances are simulated using EUROSTAG [29]:

a) Outage of the unit with the largest power production

b) Three-phase short-circuit at a critical bus.

The selection of these disturbances is based on experience
from the actual operation of the power system of Crete. Thus
the outage of the largest gas unit occurs relatively frequently,

while short-circuit at this particular bus is a severe disturbance
occurring in adverse weather conditions, which leads to the
disconnection of a significant part of wind power production.
For each OP, the maximum frequency deviation is recorded.
This parameter is checked against the values activating the
under-frequency relays used for load shedding and the OPs
are labeled accordingly. The security criterion is:

If fmin < 49 Hz then the system is insecure else is
secure

Using the approach described in this section, the 15000
OPs are separated into three knowledge bases (KB) for each
load zone, with 5000 OPs, each. The sizes of the Learning
Set (LS) and the Test Set (TS) for each load zone are chosen
using a trial and error procedure, examining the learning and
test errors. These errors are calculated by using the derived
security structures to classify the OPs of the LS and the OPs
of the TS, respectively. It should be noted that a too large
LS decreases the learning error; but it produces DTs with
poor generalization capabilities due to over-fitting: i.e. new,
unobserved OPs are less successfully classified. The final LS
comprise approximately 4000 OPs and the TS 1000 OPs for
each load zone, respectively.

4.2. Decision Tree Development

Based on the previous learning sets, six DTs are developed,
one for each disturbance and load zone. Due to lack of
space only the DT corresponding to the Machine-Outage
disturbance and the low load zone is illustrated in Fig. 2. In
all non-terminal nodes, information related with the number
of the OPs belonging to that node, the splitting test and the
security index, defined as the per unit number of secure OPs,
is included. In the terminal nodes, the number of the OPs, the
type of the node and the security index are provided.

The classification performance evaluation of the DT
illustrated in Fig. 2, when tested with the independent TS,
is shown in Table 2. The global error is defined as the ratio
of the misclassified OPs to the total number of OPs. The
ratio of the secure OPs that are classified as insecure to the
total number of the secure OPs is defined as the false alarm
rate, while the ratio of the insecure OPs that are classified as
secure to the total number of the insecure OPs is defined as
the missed alarm error.

5. RESULTS

The proposed algorithm was applied to an actual 24-
hour load series from Crete. Without loss of generality, it
was assumed that the bid limits are equal to the technical
limits of the units and the bid curves are the same for all time
intervals. Due to lack of space only the results relevant to the
machine-outage disturbance will be presented and discussed.
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From Fig. 2 the secure leaves of the DT for the low load zone
are 12 (CS1L), 29 (CS2L), 32 (CS3L), and 37 (CS4L).

Thus, four CS need to be considered for this load zone.
Similarly, four CS are also derived in the other load zones.
As an example, the chain rule leading to secure leaf 37 is
examined closer. This provides the following chain rule path

(LEAF 1) If TPFC>32.45 and

(LEAF 3) If COMB<64.47 and

(LEAF 26) If RCOMB<16.59 and

(LEAF 28) If COMB<55.68 and

(LEAF 30) If ROST>10.61 and

(LEAF 33) If TPFC<45.41 and

(LEAF 34) If COMB>29.31 then

(LEAF 37) the system is secure under the machine-outage
disturbance for the low load zone. Similar chain rules were
obtained for the other secure leaves and for each load zone.

Using (18) and (19) or (20) the values of the limits
P Py Poic s Popcm, TPFCminyt and TPFCmax,t
were evaluated from the combination of all CS and the
technical and economical constraints of the system. The
values of the security limits for the coupled optimization
corresponding to node 37 are shown in Table 3. Bold numbers
indicate that the values originate from the chain rule.

In Fig. 3 and Fig. 4 the cost of the optimal allocation
of primary frequency control services for the various
CS applied are plotted for the coupled and decoupled
optimization algorithm, respectively

The cost of the primary frequency control services for
the medium load periods (hours 1,2, 8-10, 16-20, and 24) for
both optimization options is high, while the TPFCmin,t is not
specified through the relevant DT, but from the highest power
among the dispatched units. For the low load period (hours
3-7) the cost varies from 11.70 to 12.23 (x10%*) EUROs/h,
while for the high load periods (hours 11-15 and 21-23)
varies from 11.11 to 14.30 (x10%) EUROs/h approximately
as shown in Fig. 3. In Fig. 4, the cost variation margins are
13.80 to 14.75 (x10® EUROs/h and 13.36 to 16.77 (x10°)
EUROSs/h for the low and high load period, respectively

Fig. 5 provides the optimal allocation of frequency
control services for both optimization options, selected
automatically by the implemented algorithm. It is notable
that the cost resulting from the decoupled optimization of the
primary frequency control services is approximately 2000
EUROs/h higher than the coupled optimization. In all cases,
the decoupled optimization provides less effective solutions
than the coupled formulation. This is due to the constraints
imposed by the first objective function on the solution space
searched for the second objective function, leading to sub-
optimal solutions. In Fig. 5 costs for the two formulations are

compared to the costs of the conventional ED, considering
the larger power of the dispatched units as spinning reserve.

In Fig. 6 the generation costs obtained by the coupled
and the decoupled formulations are compared to the results
of the conventional ED, considering the larger power of
the dispatched units as spinning reserve. It is shown that
the “secure” generation cost is higher due to the security
constraints (15)-(17), which limit the generation of diesel
and the combined cycle units that are characterized by low
operational cost.

The upper part of Fig. 7 compares the total operation cost
of the coupled and decoupled optimization to the total cost
of the conventional, ED considering the larger power of the
dispatched units as spinning reserve. The total operating cost
comprises the generation cost and the primary frequency
control services cost. In the lower part of Fig. 7 the maximum
system frequency deviation in case of the outage of the unit
with the largest power production is shown. The disturbance
for each hourly dispatch was simulated using EUROSTAG
[28]. It is shown that the higher total operation cost provided
by the conventional ED does not ensure the security of the
system. Thus, for several hours the frequency of the system
following the conventional ED reaches the security limit of
49Hz, while at the 13th hour the system is clearly potentially
insecure. On the other hand, the proposed algorithm in both
its formulations (coupled, decoupled) never led the system
to an insecure state.

6. CONCLUSIONS

The open energy market structures operating in several
countries face new functions and objectives concerning
system management. This paper focuses on the control of the
system frequency in the presence of events. A novel economic
dispatch algorithm is proposed that includes security margins
as constraints. Based on classification rules obtained from
DTs, security constraints are extracted. The economic dispatch
algorithm is executed for each pre-specified disturbance and
for each CS, leading to an optimal, secure operating state
of the system. The algorithm implemented provides the
flexibility of displaying the cost of each economic dispatch
(frequency control services and secure generation re-dispatch),
which can be a valuable decision-making aid. Moreover, the
algorithm is characterized by computational speed, accuracy
and versatility. The method was applied to actual load time
series and network data of the Crete power system, showing
excellent performance.
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