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I[TEPIAHYH

2mv mapodoo pyacios LEAETMVTOL TO GUGTHLOTO OVELOYEVVITPIOV OPYIKQ GE
OTOLOVOUEVN AELTOVPYiO, GTI) CLUVEYELD O OLUGLVOESEUEVT] AELTOVPYIO LE NMAEKTPIKO
dlktvo kol TEAOG evtaypévo o€ HKPOLG LPPLOKOVS GTaOUOVG TOPUy®YNS omod
AVOVEDGLES TNYEC, O 0moiot TepAapPdvouy Kot cuotipata amodnkevong. Idtaitepn
éupaon Olvetar otig peBodoroyieg eAEyyoL evd TOPAAANAC AVATTOGGOVTIOL KOt
OLYKPIVOVTOL EVOALOKTIKA OUVOLUKO LOVTEAD OVOTOPACGTACTG TV CLUVICTOOMV TMV
OVELLOYEVVITPLOV.

Yto mAaiclo TG epyaciog avantOyOnke culevyUévo HOVTEAO avaTOPAGTOONG TNG
YEVVITPLOG LOVIL®V HOyv TV, TO 000 cUVOVALEL OLVOLIKO 1GOOVVOLO KOKAMLOL LLE
nedlokn avaivon Paciopévn ot pébodo memepacuévov ototyeiov. To poviého mov
avamtuxOnke eméTpeye TN UEAETN NAEKTPIKOV KOl HNYOVIKOV QOVOUEVOV OVAOTEPTG
TAENG 1e oAl KaAr akpifeta. To amoTeEAECHATO TOV LOVTEAOV YPNOLLOTOMONKAY Yid
T oYedloon  KATAAANAOL EAEYKTN, O OMOI0G EMETPEYE TNV  OVIILETOTION
TPOPANUATOV KUUATOONG TNG 1oYVOC €5000V G TEPIMTOON EKKEVIPOTNTOAS TNG
YEVVITPLOG.

Atepgovinke 1M COUTEPLPOPE  EAEYKTAOV Yo TNV 0OveDPEST TOL  onpeiov
Aertovpylog HEYIOTNG 1oY00G TS aveERoYEVVITPLOG (maximum power point tracking,
MPPT). Zta mhaiclo avtd oyedtdoTnKay, DAOTOWONKAV Kot aEl0A0yNONKay T€00EPIS
dwpopetikol ereyktéc MPPT avepoysvvntplog, cuykpivoviog to amoteAEcUATA TOVG,
1060 G€ EMMEDO TPOGOUOIMCNG OG0 KOl GE TMEPAUATIKY] JATOEN, OTIS MEPUTTMGELS
Bnuoatikng petafoAng g TaxOTNTOG KOl TPOYUOTIKNG YpovoceElpds avépov. H
OVYKPLON TOV EAEYKTMOV 0ONYNOE GTNV OVAOEIEN CUYKEKPIUEVOV TAEOVEKTNLATOV KoL
HELOVEKTNUATOV TOLG KOl G TPOTOON PEATIOTOMOINONG EAEYKT AGAPOVS AOYIKNG
HEC® KATOAANANG TPOGOPUOYNG TOV TOPAUETP®V ££000V. MeletnOnke okdopo, m
SoLVOESdEUEV AELTOVPYID. TNG AVELLOYEVVITPLOG Kot avamtuyOnke EAeyKTNG, 0 0moiog
EMTPENEL TNV EMEKTOOT] TOPOLUOVIG OTO HIKTVO TNG GAVELOYEVVITPLOG GE TEPITTMOGELS
ocQoALdTOV Kot Bubicemv ¢ TAoNg TOL JKTVOV, COUE®V PE Ta debv| TpdTLTA,
EMTLYYAVOVTOG TAPAAANAL TEPLOPIGUO TOV PEVUATOG OTIC TEPUTTOCELS VTEC.

Téhog avadlvBnke 1 Asttovpyio TNG AVELOYEVVIATPLOS GTO TAAIGLO EVOG OVTOVOLLOL
VPPLOIKOV oTabUoD Tapaymyng nhektpikng evépyetlag omd A.ILE., o omoiog cuvdvdlet
TEYVOAOYIEC VOPOYOVOL Yo Tapaywyn — omobnkevon evépyelag. Ilpotdbnke véa
puebodoroyia dwayeipione twv cuvicTwodv, 1 omoio eEac@arilel TV addAemTn
TOPOYN 1OYVLOS GTO POPTIO, GE GLVOLAGHO pe aVENUEVN al0TIoTIO Kot Atdd0sT| TOV
GLGTNLOTOG,.

Aé&Eerg Khewona: HAiektpomapaymyn, aveHOYEVVITPLA, YEVVITPLOL LOVIL®OV HOYVITOV,
avevpesT TOL onueiov Asttovpyiag otn PEYIGTN oYV, LPPLOKOS GTAOUOG TPy YNC,
KOWEAN VOPOYOVOL AVTOAAAYNG TPOTOVIWV, NAEKTPOAVOT), NAEKTPOADTNG.



ABSTRACT

The present thesis develops appropriate models for the representation of the
operating characteristics of wind generator systems during autonomous as well as
grid-connected operation.

As far as the autonomous operation is concerned, an extensive investigation of
different control strategies has been performed and appropriate maximum power point
tracking (MPPT) control techniques have been proposed. For grid-connected
operation cases, innovative controllers for the improvement of wind generator
behavior during faults have been developed. Moreover, a small autonomous hybrid
system including wind generators as well as proton exchange membrane fuel cells and
electrolyzers has been investigated.

In a first step a coupled field and circuit model has been developed for the
permanent magnet generator employed, providing adequate representation of higher
order electrical and mechanical phenomena. Based on this model, an appropriate
control method has been proposed enabling reduction of the output power ripple due
to rotor eccentricity.

In a second step, regarding the control of the wind generator under autonomous
operation, four different MPPT controllers have been designed and implemented in a
prototype wind generator system. These controllers have been evaluated through
simulated results validated by measurements under both step and measured wind
speed variations. The comparison of the respective system responses illustrated
several advantages and disadvantages of each methodology leading to the proposal of
a particular optimal controller based on fuzzy logic techniques. Moreover, a controller
for grid-connected operation has been developed, enabling extension of the
interconnected wind turbine operation under grid faults or voltage sags, according to
the international standards, achieving equally current reduction.

Finally, the wind generator has been studied as a part of a small renewable energy
hybrid production plant. A particular control strategy has been proposed, combining
uninterrupted load supply, increased system reliability, avoidance of frequent
unnecessary on/off cycling of the fuel cell and transients of power supply for the
electrolyzer.

Key-words: Electrical energy production, wind generator, permanent magnet
machine, maximum power point tracking, hybrid power system, proton exchange
membrane fuel cell, electrolysis, electrolyzer.



EYXAPIXTIEX

H mnopodoa epyocio, exmoviOnke oto Epyaomipio Hiektpikdv Mnyovov kot
Hlektpovikov Ioyvog tov Tpnuotog Hiektpoldoyov Mmyovikov Kot Mnyovikov
Ymoloyiotdv Tov EBvikod Metadfiov [Torvteyveiov.

Evyopiotd Oeppd, apevog tov emiPiénovta tng epyaciog pov Kabnyntm k. Aviovio
Khadd tov omoiov mn ovumapdotocn LVANPEE AUEPIOTN KOL OQETEPOL TO UEAT NG
ovpPovievtikng emrpomg Kabnynm k. Ztépavo Mavid kor Emikovpn Kabnyntpio xo.
IMavvorovriov-Aackapdtov [ToAvEévn. Tovg evyapioTnom T6G0 Yo TNV BeTiky Tovg didbeom
0G0 KOl Y10l TNV EMLOTILOVIKT] TOVG GUVOPOUT].

Agv givar Alyor oL oLVAOEAQPOL Kol GuveEPYAteg ol omoiol oTabnkav Simho,  pov
ovupdrioviag, o Kabévog e Tov TPOTO TOV, GTNV EKTOVNOT TNG Epyaciag pov. Evyapiotd
Oepud Tovg cuvadelpovg Addktopeg Kipovridxn Niko, PopoAn IMoavayiot, Teikn Mapiva,
Tam Kaoota, ko Kepdho Oéun, kaboc kot otovg Ymoyneiovg Awddktopeg, Evdyyelo
Toapmovpn, Mreviokdap Mivoo, Adlopn Baciin, Adokapn Koota, Kakosipo THavayudtn
kot Koota IMavkov. I[Stutépmg gvyopiotd 10 Addxtopa Aviovn Xovidmn yio v
KaBoploTik] cLVOpoU TOL CAAG KVpieg Yo To NBog TOL TO Omoi0 OTAONKE EMOTEWO
napdderypa Kab' OAn tn d1dpKela EKTOVNONG TG S1aTpPng Hov.

[dwitepec gvyapiotieg exkppdlm 010 TPOCOMIKO e TO 0m0i0 Guvepydotnka otov Touéa
Hlektpung loydog e Zxong Hiektpordymv Mnyavikdv Kot Mnyavik@v YTOAOYIGTOV TOL
EM.IL xor xopiog otov Ilavayidtn Zdavvn yio v moivdidotatn Porfeio tov Kot tnv
VOOV TOV.

Téhog exkppdl® €VYVOUOCVUVI GTNV OKOYEVELL Lo 1 omola oTHPLEE OAO aVTA TO YPOVIK
TNV TPooTAded pov pe katavonon kot Bucied.

Xapdhaumog ITatotog

IovAog 2011
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Eicaywyn

ITNV Topouca €pyacio HEAETWVTOL TO OCUCTAMOTO OVEUOYEVVNTPLWVY OAPXLKA OF
OTOMOVWUEVN AgtToupyia, otn cuvéxela os Slaouvdedepévn Asttoupyia e NAEKTPLKO Siktuo
Kol TEAOG eVTAYHEVA O HIKPOUC UBPLEIKOUC oTaBoUC Tapaywyrg oMo OVOVEWOLUEG TINYEG, OL
omoiol meplapPfdavouv kat ocuotiuata amnobrikeuong. ISwaitepn €udaon Sivetal oTig
pneBodoloyieg eAéyxou evw mapAAAnAa avamtlooovToL KOL OCUYKplvovtol VOAAAKTIKA
SUVAULKA HOVTEAQ OVAITAPAOTOONG TWV CUVLCTWOWYV TWV OLVEHOYEVVNTPLWV.

JTNV TMePIMTwon amnopovwpévng Asttoupyiag Oswpeital OtL n avepoyevvntpla (A/T)
tpodobdotel maBNTIkA Poptia HEOW KATAAANAWV METATPOTIEWV LoXVOG. Avarmrtuooovial
€AEYKTEC OL OTOILOL OTOCKOTIOUV OTNn HEYLOTOTOINoN TNG MAPayOHEVNC LoXUoG amd To
oepoduvaplkd pépog (Stadkaoia aviyveuong tou onueiouv péylotng oxvog, Maximum Power
Point Tracking, MPPT). Alepeuvdtat n cupneplpopd tecodpwv Sladopetikwy eAeyktwv MPPT
Kal ouykpivovtal oL €mOO0EL TOUG TOOO Of PBNUATIKEG UETOPOAEG OCO KOL OE TUTILKEG
XPOVOOELPEC AVELLOU.

Kata tn Stacuvéedepévn Aettoupyia tnNG OVELOYEVVATPLOG UEAETATOL N cUUnEPLdOPA TOU
OUOCTAMOTOG TOOO OTN MOVLUN KATAOTAGCN, 000 KoL O€ TEPUTTWOELS OPAAPATWY OTNV TAEUPA
Tou Siktuou. Mpoteivetal £vag VEOG EAEYKTAG TOU avTloTpodEa LoXUOG TTOU XPNOLUOTIOLELTOL YL
™ Staolvdeon pe to Siktuo, 0 omoilog BeATLWVEL TN ASITOUPYLO TOU CUOTAHUOTOC OE CUVONKEG
odaApdtwy, evw apdAnAa divel kat tn duvatotnta pubuLong TG dgpyou LoxVOG.

Téhog peletatoal n Aswtoupyia tne A/T wG ouvioTwoag MIKpoU uBpLdikou otabuol
TIaAPAYWYNG NAEKTPLKNAG €VEPYELOG O OUVOUAOMO HE PwToPolaikég mnyeg kol Slatdfelg
udpoyovou. Mpoteivetal pia BeAtiwpevn pEBodog dlaxeiplong Twv mnywv kot Twv dlatdéewv
amoBAKEVONG KOL CUYKEKPLUEVOL AVOTTTUCOETAL OTPATNYLKY EAEYXOU, N OTOlO EMLTPEMEL TNV
avénon tnc aflomiotiag KUPEANG KAUoipou HeEUBPAvNC avtaAAayrC MPWTOVIWV KL CUCKEUNG
NAEKTPOAUONG.

EldIkoTepQ, N epyacia avantioostal os €€l kepahala wg eEAG:

310 1° kedpdAaro apyikd mapouctdlovral TPdodaTo COTOLKEL OXETIKA e TN Sieiobuon Twv
A.M.E. Kal €l8IKOTEPA TNG QALOALKNG LOXUOC OTOV TIAYKOOWLO EVEPYELAKO XAPTN. TN CUVEXELA
ETUXELPEI(TOL Ml OVOOKOTINON TWV  EVOANQKTIKWYV  SLOUOPPWOEWY  OVEUOYEVVNTPLWV.
AvaAUovtol Ta  AELTOUPYLKA  XQPOAKTNPLOTIKA OVEUOYEVVNTPLWY OE OTOMUOVWHEVN KoL
Slaouvdedepévn Aettoupyila Kal yivetal pia emokonnon twv peBOdwv eAéyxou, oL Omoleg
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XPNOLLOTIOLOUVTAL OTLG OVTIOTOLKEG TepUTTwoel. EmutAéov, efetdletal n Aettoupyila tng
QVEMOYEVVATPLAG O€ ULKPOUG LUPBPLEIKOUG oTaBOUG TTapaywyng.

310 2° kedpdAaro TeplypAdOVTaL TA UTTOCUOTAUATA TG AVELOYEVVATPLAG KAL OVATTTUCO0OVTaL
HOVTEAQ yla TNV avamopdotach touc. Epdaocn Sivetal oto HOVIEAD TNG YEVVATPLAG MOVIMWY
HOYVNTWVY TO OTolo XPNOLUOToRONKE oTtnV MEpApATIK) Slepelvnon TWV OVEUOYEVVNTPLWV.
APXLKA TIPOYLOTOTIOLELTAL L0 ETILOKOTINGN TWV KUPLOTEPWYV AELTOUPYLKWV XAPOKTNPLOTIKWY TNG
YEVWNTPLOC Kal Topouctaletal n pebBodoloyla avamtuéng evoc ouleuypévou Suvapikou
HOVTEAOU OUYKEVTPWHUEVWV TIOPAUETPWY Kal Ttedlakng availuong. Me Bdaon to Hovtélo auto
HEAETWVTOL POLVOUEVO OVWTEPWY OPHUOVIKWY CUXVOTATWY TWV NAEKTPIKWY HEYEOWVY,
daAVOUEVA UNXOVIKWY TOAOVTWOEWY TNG AVELOYEVVATPLAG Kol TPoTelveTal pia pebodoloyia
€AEyXOU yLA TNV OVTLUETWTTILON TOUG. Tol HOVTEAQ TWV UTIOAOUTWY UTMTOCUOTNHUATWY Xwpilovtal
oe U0 Katnyoplec pue Baon Tt XpoVikn KAlpako eviladEpovtog: n pia katnyopia Baoiletal ot
€€LOWOELG OV TEPLYpAdOUV TN AELTOUPYLA TOU CUOTHLOTOG UE MECEG XPOVLKEG TLUEG (XPOVIKEG
HETAPBOAEG evepyol TLUAG NAEKTPIKWY HeyEBWV), evw n AAAN avamaplotd TIG OTLYHLOLES
HETABOAECG TWV NAEKTPLKWV LeYEOwV (SuvapLkd LOVTEAD TPAYLATIKOU XPOVOU).

3to 3° Kedp@Aao OovaAUETOL N OMOUOVWUEVN AELTOUPYiOt TNG QVEUOYEWATPLAG. APXLKA
Tieplypadovtal ol otoxol evoc cuothpato¢ MPPT Kal OTn CUVEXELDL CUYKPLVOVTOL TECOEPLC
Slapopetikol TUTIOL AVTIoTOLXWV eAeyKTwWV. AfloAoyeital n cupneplpopd Kol oL EMEOCELC TOU
OUOTNUATOG TOOO Ot PBNUATIKEC UETAPBOAEC OCO KOL OF TUTILKEG XPOVOOELPEG OVEUOU KoL
TPOTELVETAL KATAAANAN TPOCOPUOYH TWV TAPOAUETPWY EVOG €AEYKTH Baclopévou o acadn
Aoykn).

3to 4° kepdhowo avalletal n Stacuvdedepévn Asttoupyia TG avepoyewrTPLAG. ApPXLKA
TiEPLYPAdOVTAL OL CUYXPOVEG QTIALTAOELG TWV KWEIKWY TOU CUCTAUATOG OXETIKA LE TA OLLOALKA
TIAPKA KOL OTN OUVEXELD Tieplypadetal n oxedilaon evog eleyktny ylwo tn Slacuvdedepévn
Aswtoupyla TG avepoyevvATplag. Mapouotaletal n Asitoupyla Tou €AEYKTH ylo otabepr Kat
pHeTaBaAAOpEVN aEPOSUVAULKN poTt) aAAQ KoL OE TEPUTTWOELC SLATOPAXWV TNG TAONG TOU
Siktuou. Meplypddetal Aemtopepwg n peBodoloyia, n omoila xpnollomoleital yla TNV
Lkavoroinon twv Kptnpiwv avoxng oe opdApata kat o€ dtatapaxég BUBLONG Tdong KaBwg Kat
yLoL TOV TTEPLOPLOUO TWV PEUUATWY OTLG AVTIOTOLXEG TIEPUTTWOELG,.

3to 5° kedpdhawo peletdtal n Asttoupyia UBPLSIKOU otabuol moapaywyhig NAEKTPLKAC
eVEpyelag o omoiog ouvbualel avepoyevwntpla, GWTOPOATAIKEG TNYEC Kal SlaTAfelg
uSpoyovou. Apxika, yivetal n SlacTtacloAdynon ToU CUCTIUATOG UE BAON €TNOLEG LETPAOELC
ToxUTNTOC aVEUOU Kal nAtodavelag yla €va vnol tou B.A. Ayaiou Bewpwvtag we dpoptio éva
TUTILKO OLKLOKO KOTAVOAWTH, HE XPAOoN KATAAANAOU AOYLOULKOU TIPOCOMOIWoNG Kot LEAETWVTAL
TOOO Ol TEXVO-OLKOVORLKEG, OCO KOL Ol EVEPYELAKEG ETLOOOELS TOU CUOTAUATOG. TN CUVEXELQ

EOviko Meroofio Ioivteyveio
Moauog 2011



TieplypAddeTal n LovieAomoinon Twv EMUEPOUG UTTOCUOTNUATWY Tou otabpol Kat oxedldletal
€AEYKTNC SLOXELPLONG TOU CUOTNUATOG, O OMOLOG EMITPEMEL TNV QUTOVOUN AE€lToupyila Tou
otaBuol. Avalvetal 24wpn Astoupyia TOCO ot BePIVEG OO0 KOl OE XELUEPLVEC OUVONKEC KoL
npoteivetal otpatnykn eAéyxou ocupdwva pe tnv onola e€aopaliletal n emnéktaon {wNg TG
KUPEANG KAUGLUOU Kal TOU NAEKTPOAUTN XwPLE va apaBLaletal To KPLTtrplo TNG adLAAEUTTNG
tPododotnong twv ¢optiwv, evw TAPAANAa emtuyxavetol acdoAng Kol amodoTikn
Aettoupyia ToU CUOTAMATOG.

310 6° KEPAAALO CUYKEVTPWVOVTOL TA KUPLO CUUMEPACHOTA TNG EPYAOLAC, EVIOMiovTal Ta
onuela mpoaywyng TG EMLOTANG KaL TTPOTEIVOVTOL EPYOCLES YLOL TIEPALTEPW EPEUVAL.

InUELWVETAL OTL N epyacia mepAapBAveL Ta TAPAKATW OTOLXELX KALVOTOMIAG:

o oavamntuén EVOC vEou ouleuypuévou NAEKTPLKOU-HAYVNTIKOU HOVTEAOU
NAEKTPOYEVVNTPLAC HUE BEWPNON TWV VWTEPWY OPHOVIKWY GALVOUEVWY TO OTOL0 EMETPEYE TN
Aemtopepn mMeplypadr TWV HUNXOVIKWY TAAQVTWOEWY TNEG OVEUOYEVVATPLOG KOL TNV ELCOYWYN
KATAAANAOU EAEYKTA yLO TOV TIEPLOPLOO TOUG.

o MPOoGapHoyN TwV MapapETpwv eAeykt) MPPT Baclopévou os acadn AOyLKA LETA Ao
Slepevvnon ¢ ouunepldpopdc teoodpwv Sladopetikwy eleyktwv MPPT kot Ste€odikn
QoTiNoN TwV EMIOO0EWV OE BNUATIKEG LETABOAEG KOl TUTILKEC XPOVOOELPEG OVELOU.

o avamtuén evog eUPWOTOU €EANEYKT O OTOLOC ETUTPETEL, ETMLKOUPLKA WG TIPOG TN
BeAtotonoinon tng amodoonc tng A/T, Tn BeAtiwon ¢ tkavotnTag avoxng opaipatwy (Fault
ride Through capability, FRT) kat Swatapaxwv Bubwong taonc (Low Voltage Ride Through
capability, LVRT).

o Slapopdpwon pLag véag otpatnytkrg eEAEyxou katad tn Asttoupyia A/l o cuvduaopo pe
KUPEAN Kauoipou TUTOU HeUBpavng avialdayng MpwTtoviwv oe HKkpO uPBpldikd cloTnua, n
omola EMITPENEL TNV enéktacn (WG ™G KUPEANG xwpic va mopaflaletal to KpLtriplo
adiadewmtng tpododotnong Twv ¢optiwv VW TAUTOXPOVWE ETITUYXAVETAL OOPAANG
AgLTOoUpYLO TOU CUCTHUATOC.
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KepaAaio 1

TexvoAoyisc Kai ASITOUPYIKA XApPaKTNPIOTIKA
AVEMOYEVVNTPIWYV Kal UBPICIKWY CUCTHHATWYV

H texvoloyla twv avepoyevwntiplwyv amoteAel onpepa Mot amd TNG ONMOVTLKOTEPEG
OVEPXOUEVEC TEXVOAOYIEC TOU KAASOoU Twv Avavewaouwv Mnywv Evépyetac (A.M.E.). Zekvwvtag
OTIG apXEG tnC Sdekaetiag Tou ‘80 pe pepkég Sekadeg KIAOPBAT TapayOUEVNG LOXUOC ava Tov
KOOHO, ONUEPA eyKaBloTavTal UEMOVWHEVEG OVEUOYEVVATPLEG LOXVOG OKOWUN KoL OPKETWV
peyopart ekaotn. Onwg Ba avadeyBel kal pe Baon ta otoeia ta onoia mapouvotalovtal oto
Tapov kePAAaLo, N ALOALKA EVEPYELX KATEXEL TNV TTPWTN BECN OTNV EYKATECTNHEVN LOXU OO
A.MN.E. evw elval Tautoxpova Kal o TaxUTEPA AVATTUCCOUEVOC KAASOG TOU TOUED, TTAPAYOVTOG
etnolwg 260 TWh evépyelog Kal Helwvovtog TIG ekmopmneg CO, kata 158 ekatoppupla
TOVOUG/€ToG. H peydAn, wotoco, Slelobuon TwV QAVEUOYEVVNTPLWY OTO EVEPYELOKO MiyHQ
OUVETIAYETAL OTL, TTAEOV, £XOUV EVEPYO POAO OTNV LOOPPOTILA KAl 0TNV EUPUBUN AELTOUpYLA TWV
OUOTNHATWY NAEKTPLKNG EVEPYELAG.

210 mopeABOV oL TEXVOAOYIEG TWV AVEUOYEVWNTPLWY oTnpilovtav Kupiwg oe cuothuata
otaBepwv oTpodwv e YEVATPLEG PBPaxUKUKAWHEVOU KAWPBOU Yyeyovog MOU CUVETOYOTOV Th
HeTAdOopA TNG KUUATWONG LoXVOC Tou avépou oto Siktuo, evw tapdAAnAa Sev untipxe EAeyxXog
OTNV EYXEOUEVN EVEPYO KOl AEPYO oYU TOUG, oL omoleg mailouv kaBoplotikd poAo otn puBuLon
NG ouxvOTNTAG Kal Tou TAATOUG TNG Tdong [1]-[2]. ZApepa n avénuévn Sieioduon emBAAAEL TN
Xpnon nAekTpovikwv oxvog kat Swatdfewv mpootaciag yw tn  Slaclvdeon Twv
QVEMOYEVVNTPLWY OTO SLKTUO £TOL WOTE OL CUYKEKPLUEVEG TIOPAETPOL VL Elval eEAeyxOueveS. Me
TOV TPOTIO AUTO, OL OIVEOYEVVATPLEC YIVOVTOL OO TINYEG EVEPYELAG, EAEYXOUEVEC TTNYEC LOXVOC.

ITa ONUEPWA CUOCTHMOTO OVEUOYEVNTPLWY EAEYXETOL TOOO N €VEPYOG LoXUG n ormoia
TIPOOAQUBAVETAL OO TNV OVELOYEVVATPLA, OCO KOl N AEPYOG LOXUG TTOU OVTAAAQACOETOL UE TO
O6lktuo evw €xouv BOeoTOTEL OUYKEKPLUEVA TPOTUNAL TOU OSLEMOUV TN SLACUVEESEMEVN
Asltoupyia TWV AVEUOYEVVNTPLWY KATA TN MOVIUN Kotdotaon, aAAd Kot Katd tn Sldpkela
odaApdtwy. Tautoxpova AOyw tou XapnAou toug, MAEov, KOoToug aAAA Kal tnG VPNARG TOug
anodoong nailouv MpwTtevovta pOAO 0 UBPLEKA CUCTAHATA WG KUPLEG TNYEG EVEPYELQ.
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1.1 Avavewoiueg lNnyég Evépyeiacg - lNapouoa karaoraon

Ta tehevtala xpovia yivetal OAO Kol TEPLOOOTEPO KOLWVI) OUVELWSNON n  avaykn
amoS0TIKOTEPNC XPNOLHomoinong Twv Avavewolpwy Mnywv Evépyelag (AME) dnAadn popdpwv
EKUETOAAEVOLUNG EVEPYELOG TIOU TIpoEPXOVTAL amo Stadopeg uotkég dtadikaoieg. H avaykn
yla tnv euputepn aglomoinon twv AME, kKaBwg Kat yla TNV avantuén aflomoTwy Kal OLKOVOULKA
armoSoTIKWVY TEXVOAOYLWV TIoU S€0UEVOLY TO SUVAULKO TOUG TTAPOUOCLACONKE aPXIKA LETA TNV
MpwTn TeTpeAaikn Kpion tou 1973 kat moywdnke tnv teAeutaia Oekaetia, UETA TN
ouveldntonoinon Twv TAyKOoUlwV TepBalioviikwy TipoPAnuatwy. Efetalovtag Eva
npoodato xpoviko mapdbupo and 1o 2004 péxpL onuepa n Béon twv AMNE 010 MAYKOOWLO
EVEPYELAKO LoOTUYLlO €XEL TtapoucLaoel onuavtiky BeAtiwon. OL OUVOALKEG EMEVSUOEL TOU
topéa Twv AME ayyi§av to 2009 ta 150 Sioskatoppvpia SoAdpia [36]. MoOvo oTnv TETPAETIA
oo 1o TEAOC Tou 2004 £wg to TEAOG ToUu 2008 n eykOTECTNUEVN LOXUG PwTtoBoATaikwv
onueiwoe e€amlaciaopo pravovrac ta 16 GW, n eykateoTtnUEVN aoALKA oXUC¢ auvénbnke kata
250% ayyilovtag ta 121 GW evw n CUVOALKI) €yKOTECTNUEVN LoXUG amd AME auénbnke katd
75% ayyiovtag ta 280GW. Tnv i6la mepiodo n gykateotnpévn LOXUG amo nAakn Béppavon
onueiwoe Suthaclaopd ¢tavovrag ta 145 GWy, n mopaywyr Bloviiled eamhacidotnke
dtavovrag ta 12 dioskatoppupla Altpa To XpOVo, eVvw n mapaywyn atBavoAng SutAaoLldotnke
ota 67 Stoekatoppupla Aitpa To Xpovo.

Movo to 2008 n eyKATEOTNHUEVN ALOALKN LOXUC auEnOnke Katd 29% €vw N EYKATECTNUEVN
LoxL¢ ano Staocuvdedepéva pwrtoBoAtaika avéndnke katd 70%. H eykateotnuévn LoXUG amno
nAlakn BOfppavon auénbnke katd 15% evw n €tola mapaywyr otbavoAng kot BrovtileA
avénbnke katd 34%. H oxUG Twv PIKpWV LOPOoNAEKTPIKWY auénbnke katd 8%. To 2008 ot
H.N.A. katéAapav tnv npwtn 0éon oe emevdUOELS O VEQ EYKATECTNHEVN LoXL ano AME pe
enevduoelg LYPoug 24 SLoeKATOUMUPLWY SoAapilwv TTOU avTLoTOLXEL 0TO 20% TWV GUVOALKWV
TIAYKOOULWV eMeVOUoEwWV yla To 1810 €toc. OL HMA katélaBav eniong tnv mpwtn B€on tOc0 o€
VEQ EYKATECTNHEVN OCO KOL O GUVOALKN QLOALKN oYU EEMeEPVWVTAC TN, YO KOLPO TPWTN,
lepupavia. H Kiva Suthaciaoe ylo MEUTTTN CUVEXOUEVN XPOVLA TNV EYKATECTNMEVN OLLOALKN TNG
LoV katoAappdvovtag tnv tEtaptn B€on naykoouiwg. Afloonueiwto ival eniong to yeyovog
Twg, povo to 2008, ou HNA kau n EE npoocBsoav neploocotepn véa Loxu anod AMNE napd ano
oUpBatikEG TNyEG (oupmepl\apPavopévou avBpaka, ¢uoilkol aegpiou, TmeTpelaiov Kol
TupnNVIKwy). 2to 2x. 1.1 daivetal n eykateotnuevn oXUE ava TUTIO €wG To TéEAog Tou 2009 otov
QVATITUCOOWEVO KOOWMO, TNV EE Twv 27 Kot 0TLG 6 HeEyOAUTEPEG XWPEG.
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Oocov adopda otn Plopnxavia twv AME 10 2008 onuewbdnke Spapatiky davenon. H
niaykoouLa mopaywyn ¢wrtofoAtaikwv avéndnke katd 90% os 6.9 GW pe tnv Kiva va {emepva
™V lanwvia Kat va yivetal n mpwtn napaywyog xwpo oe O/B pe tautoxpovn UPAVION VEWV
ETALPLWV TIOPAYWYNG OVELOYEVVNTPLWYV. ITN Blopnyavia Twv aloAlkwv yeVATpLEG Twv 3MW Kal
avw apyloav mAgov va dtadidovtal eUpEwc.
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Ix. 1.1 Eykateotnuévn 1oYUG ava TUITO £€w¢ TO TEAOG Tou 2008 OTOV avamTUOCTOUEVO KOOUO, TV EE Twv
27 kal oTi¢ 6 UeYaAUTEPEG YwWpPEG. [36]
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Ooov adopd oto vouko kabeotwg ot AME, to 2009 PBprike TOUAAXLOTOV 73 XWPEG ME
OTOXOUG KOl TTOALTLKEG YLoL TV TPOowWONoK TOUG EVW 0 apLOUOC TWV XWPWV/TIEPLOXWV/TIOALTELWV
LE OUYKEKPLUEVEC KUBEPVNTIKEG SECUEVOELG OTOV TOHED avABe ot 63.

1.2 AIoAIKn) Evépyeia

H Blopnxavia tTng aloAlKnG EVEPYELAC EXEL TTAPOUCLACEL paydaia avOnon ta teAeutaia
Xpovia. Evw to maykooulo eyKateotnpEVO SUVALKO aLOALKAG EVEPYELAG avepxoTav To 1998 oe
Alyo neploodtepo amod 10.000 MW, to 2010 eixe nén ¢Oacel ta 197.039 MW. To voUpEPO QUTO
oavapévetal va avéBetl ota 341.000 MW péxpt to 2013. Mdvo to 2008 onpelwOnke avénon g
TLOLYKOOLOLG EYKATECTNUEVNG ALOALKAG LOXUOG Kata 28.8%.

H eykateotnuévn Loxug and aloAka otnv Kiva SutAdacialotav enil TECOEPLG CUVEXOUEVEG
XPOVLEC LeTaL 2006 - 2009 dpravovtag to 2010 o€ GUVOALKH EYKATECTNHEVN LOXV 44.7 GW Kot
Eemepvwvtog £€tol Ti¢ HMA. To 2008 to Ymoupyeio Evépyelag twv HMA £€€6woe peA£Tn
ocUudwva pe TNV omola to 20% TN eVEPYELAG TNG XwpPag duvatal va KOAUTITETAL OO OLOALKA
€w¢ 1o 2030. Ztov Kavadda to 2008 emepdotnke 0 0TOX0G Twv 2GW €yKATECTNHEVNG LOXVOG
ayyilovtac ta 4 GW oto téloc tou 2010.

Ztnv Kiva avtiotoya, n kKuBépvnon €XeL avayvwploeL TOV TOPEN TNG QLLOALKNG EVEPYELAG
w¢ €vav amod Toug TOUELG KAELSLA TNG OLKOVOULKAG QVATTUENC TNG XWPOAC UITPOOTA oto dacpa
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NG MAYKOOULAG OLKOVOULKAG Kplong. Me to dedopévo pubBud avamtuéng Twv aloAkwy Tng, N
Kiva diadawvotav nwg Oa Eemepdoel tn Meppavia o€ €yKATECTNUEVN LOXU €WG TO TEAOG TOU
2010 mpaypa mou onpaivel mwg Ba €xel ptaoel To otoxo Twv 30 GW mou £€6goe yia to 2020,
S£Ka XpOVLIOL UITPOOTA ATT' TOV TMPOYPAUUATIONO TNG [37].

2tnv EE gykataotadnke to 2008 to 1/3 tng LoXVOG TOU EYKATAOTAONKE TAYKOOHIWG
oo aloAKKA Tou petadpaletoal o MOo00TO 35% TOU CUVOAOU TNG VEAG EYKOTECTNUEVNG
woxVo¢. H esykateotnuévn LoxUG amd awoAlkd otnv EE femepva onuepa ta 84 GW evw n
avtiotolyn ayopd €xel cuVOALKN afio dvw Twv 11 dloekatoppupiwv eupw. H atoAkn mapaywyn
avépyetal to 2010 o 181 TWh 10 Xpdvo, dnAadn, 5.3% TNG CUVOALKNG ETAOLOG EVEPYELAKNAG
{Atnong sfolkovouwvtag avtiotoya mavw amod 100 skatoppupla tovoug CO, etnoiwg. Itov
kKAado amaocyolouvtal autr) TN OTLyUn Hovo otn Feppavia dvw twv 100.000 epyalopévwy. To
2010, tépav TG Meppaviag twv 27 GW eykateoTtnUEVNG aloALKNC Loxvog n lomavia, n ItaAia kot
n FoaAAloL avépxovtal o€ ONUAVTIKEG SUVALELG TOU XWPOU LE eyKaTeoTnEVN LoxL 20.6 GW, 5.79
GW kal 5.66 GW avtiotouya.

H afla twv gykateotnuévwy altoAtkwy to 2008 dyyiée maykoouiwg ta 36.5 Sio. eupw evw
otov {6lo Topéa amaocyolouvrtal dvw twv 500.000 epyalopévwv aplBuog Mou aVOoEVETAL VO
urtepSutAaolaotel oto mpooexEg HEAoV Sedopevng TnG a€nong Twv emevdUOEWV OTO XwpPo. Ta
197 GW eyKkateotnuévng aloAKNC oxVoC €wg To TéAog tou 2010 umoAoyiletal mwg Ba
mapayouv etnoiwg 181 TWh evépyelag, pewwvovrtag TG eknouneg CO, kata 158 ekatoppvpla
TOVouG/€tog. 210 ZX. 1.2a daivetal n avgnon Tng eyKATECTNUEVNG QLOALKAG LOXVOG TNV Ttepiodo
2002 - 2008 evw oto ZX. 1.2 n OUVOALKN EYKATECTNUEVN ALOALKA LOXUG AVA XWPo £WG TO TEAOG
Tou 2010 [37]. Zto 1.3 daivetal n eTACLA EYKATECTNUEVN ALOALKNA LOXUG yla Ttnv mepiodo 2003-
2008 ava ywpa.

H Baotkn attio autAg TG paydaiag avantuéng ival To oXeTIKA XoUNAO KOOTOC TNC ALOALKAC
EVEPYELOG OE OXEON ME T AAAEC OVOVEWOLUEG HOPDEG evEpyelac. MAALOTA, TO KOOTOG TNG
OXETIKNC TeXVOAoylag eival TOAU KOVTA Of €KEIVO TNG TAPOYWYNC EVEPYELNG ATO OPUKTA
KaUOLUQ, YEYOVOG Tou avolyel to Spopo ya v €AmAwon TNG QALOAKAG EVEPYELAG
maykoopuiwg. Xdpn otnv mpoodo tng texvoAoyiag, to €LOKO KOOTOG TMAPOAYWYNG OLOALKAG
EVEPYELAG EXEL NON METEL 0TO NULOU oo to 1990, Kot avapévetal OTL N amokAlon LeTagy Tou
KOOTOUG TIOPAYWYNG QLOALKING EVEPYELAC KOL TOU KOOTOUG EVEPYELAG ATTO OPUKTA Kauaoluo Ba
OUVEXLOEL VO LELWVETOL.
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Total TOP 10 170,290 86.4
2002 2003 2004 2005 2008 2007 2008 World Total 197,039 100
(a) (B)

IX. 1.2 a) Eykateotnuévn atodikn toyxuc tnv epiodo 2002 - 2008, B) n cUVOAIK) EYKATECTNUEVN ALOALKN
LoYUG ava ywpa Ewg To TéAog Tou 2010 [38]
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Zx. 1.3 ETrjola eykateoTtnUEV aLoALkn Loyug yia thv epiodo 2003-2010 ava ywpa [37]

Ztov Nivaka 1.1 cuvoiletal n eykATECTNUEVN ALOALKN LOXUG ava xwpa éwg to 2010. Zto 2.
1.4 daivetal n mpoPAedn yla v ayopd TnG aoAkng Loxvog yla tnv nepiodo 2010-2015. Ta
teleutaia xpovia ol ayopég twv HMA kat tng Kivag ntav o Kwvntnplog LoxA0G 0TOV TOUEQ TWV
QLOALKWVY HE TNV MPWTN VA TAPOUCLAlel Hla KAupn AOyw TNG OLWKOVOMULKAG Kplong evw Tn
beutepn va Seixvel va ouveyilel tnv avodo tng. Ot mpoPAsPelg yla to 2013 eival mwe n
EYKOTECTNUEVN LOXUG oo atoAka Oa ayyifel ta 341 GW svw yla tnv uno e€€taon nepiodo ta
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HEOQ ETNOLO TTOCOOTA AUENGCNG TNG EYKATEOTNUEVNG LoXUoG Ba Bplokovtal oto 9.6 6oov adopa
OTN OUVOALKN EYKATECTNUEVN LOXV Kal oto 18.3 6cov adopd 0TO ETACLO TOCOOTO TNG AYyOPAc.

2010 2011 2012 2013 2014 2015

Annual capacity [GW] B 383 435 481 52.7 571 62.5

Cumulative capacity [GW] B 1970 240.6 2887 3414 3985 459.0

Annual capacity growth rate [%] @ 241 221 20.0 183 167 152
Cumulative capacity growth rate [%] W _05 136 10.6 96 83 95

IX. 1.4 MpoBAsyn yio tnv ayopa tne atoAikng Loxvog yia tnv nepiodo 2010-2013 [37]
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MINAKAZ 1.1

Maykoouta eykateatnuevn atoAkn woxus (MW) ava ywpao [37]

End 2009 New 2010 End 2010
AFRICA Egypt 430 120 550
& MIDDLE EAST Morocco 253 33 286
Tunisia 54 60 114
Iran 92 0 92
Other " 37 0 37
Total 866 213 1,079
ASIA China 25,805 18,928 44,733
India 10,926 2,139 13,065
Japan 2,085 221 2,304
Taiwan 436 83 519
South Korea 348 31 379
Philippines 33 0 33
Other ? 6 48 54
Total 39,639 21,450 61,087
EUROPE Germany 25,777 1,493 27,214
Spain 19,160 1,516 20,676
Italy 4,849 948 5,797
France 4,574 1,086 5,660
UK 4,245 962 5,204
Denmark* 3,465 327 3,752
Portugal 3,535 363 3,898
Netherlands 2,215 32 2,237
Sweden 1,560 604 2163
Ireland 1,310 8 1,428
Turkey* 801 528 1,329
Greece 1,087 123 1,208
Poland 725 382 1,107
Austria 995 16 1,01
Belgium 563 350 911
Rest of Europe 3 1,610 1,070 2,684
Total 76,471 9,918 86,279
of which EU-274 75,090 9,295 84,278
LATIN AMERICA Brazil 606 326 931 1 South Africa, Cape Verde, Israel,
& CARIBBEAN Mexico 202 316 519 Lebanon, Nigeria, jordan, Kenya
A 2 Thailand, Bangladesh, Indonesia, Sri
Chile 168 4 172 Lanka, Philippines, Vietnam
Costa Rica 123 0 123
3 Bulgaria, Croatia, Cyprus, Czech
Caribbean 91 8 99 Rgpuhl\c, Estonia, Faroe Istandsl,
Argentina 34 21 60 | Liecntmten Limama
L bourg, Malta, N 2
Others * 83 23 106 R‘:;S;nni;uésssi: STova?(T::aS)Iovenia,
Total 1,306 703 2,008 Switzerland, Ukraine
4 Austria, Belgium, Bulgaria, Cyprus,
NORTH AMERICA USA 35,086 5115 40,180 Czech Republic, Denmark, Estonia,
Canada 3,319 690 4,009 Finland, France, Germany, Greece,
Hungary, Ireland, Italy, Latvia,
Total 38,405 5,805 44189 Lithuania, Luxembourg, Malta,
Netherlands, Poland, Portugal,
PACIFIC REGION Australia 1,712 e7 1,880 Romania, Slovakia, Slovenia, Spain,
Sweden, UK
New Zealand 497 9 506 o
Pacific Islands 12 0 12 | Colombiachie Cuba
Total 2229 176 2397 * Provisional figures
: . Please note:
World total 158,908 38,265 197,039 Project decommissioning of 151 MW

Source: GWEC

and rounding affect the final sums
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1.3 TexvoAoyisc avepoyevvnTpiwv

Av Kkal n apxn Asttoupylac tng avepoyevvntplag (A/) elval amAn, evioUToLlg TApOUEVEL EVa
OPKETA oUVOEeTO cUoTNUO OTO OoToio cuvdualel TOAAOUG TOUELS TOu pnxavikoU. O oxedLooUOg
kal n BeAtiotonoinon Twv mrepuyiwv amnattel ouvOeTeg ywwoelg agpoduvaulkis: n doun tou
afova 06nynong kabwg kat tou mupyou tng A/T amaLTEL YWWOEL LNXOVOAOYIKEG Kol SOUIKEC
EVW TO TUAMO TWV EAEYKTWV KOL TO OUCTNUO TIPOOTOOLOC YVWOELC NAEKTPOAOYIKEC Kol
OUOTNUATWY QUTOUATOU EAEYXOU.

OL emkpaTéoTEPOLl TUTIOL QVEUOYEVWNTPLWY Taflvopouvtal Kupiw¢ oUpdwva HE TOV
TPOOAVATOALOHO TwV afdOvwv TOuC ot oOXEon HE TN por tou ovéuou. Etol, ol mAfov
Sladedopévol tumol eivat ot A/T opllovtiou agova kat ot A/T katakdpudou afova. Map’ OAa
QUTA OTA TIEPLOCOTEPA ALOALKA TTAPKOL O TUTIOG IOV XpnoLUomoLeital eivat o opllovtiou d&ova
Kol auto, ylotli mapouotalel KaAUTepo agpoduvopiko PBabud amdédoong os oxeon HUE TV
unxovn katakopudou afova. Ymapxel emutA£éov SLAXWPLOUOGC TWV OVEHOYEVVNTPLWV avad
katnyopia. OL avepoysevntpleg opllovtiou afova Saxwpilovtal pe Baocn tov aplOuo twv
TItepuylwv ™ dopd twv mrepuyilwv o oxéon Ue tn ¢opd Tou aveépou K.T.A.. EtolL doov adopd
oTNV MPWTN Katnyopia Stakpivovtal 0Toug LOVOTITEPOUG, SITTEPOUG, TPLTTEPOUG, TOAUTITEPOUG.
Ooov adopd oToV MPOCAVATOALOUO TWV TITEPUYLWV O€ OXEDN LE TOV AvepO Slakpivovtal Kupiwg
OTOUG QVAVTN KoL KOTAVTN.

To KUPLOTEPQ PEPTN OTTO TOL OTTOLOL OTTOTEAELTOL LA OIVELOYEVVATPLA Elvall

e To MNXAVIKO cUoTtnua TEpAaBAVEL KUPLWCE TOV avepoklvntipa, amoteAsl dnAadn to
oUOTNHO LETATPOTING TNG KLVNTIKAG EVEPYELAG TOU OVEMOU OE HNXovikr. KOpla pépn tou
elvat n €Aka pe TO oloTnUa €AEyxou Tou PrApatog (av umapxel). ZE OPKETEG
TIEPUTTWOEL METOEU TOU QVEMOKLVNTAPA KAl TNG YEWNTPLaG pecoAafel pia Sidtadn
HETADOPAG KLVAOEWG N omola epAapBavel Evav TMOAAATAQCLOO0TH 0TPOdWV.

e To NAEKTPIKO ocuoTnHA MEPAAUBAVEL TN YEVVNTPLA KOl EVOEXOUEVWC £Va UETATPOTEN
Lox0og, Tou TapeUBAAAETOL PETAEL TNC YEVVATPLAG KOl Tou SLKTUou ) Tou dopTiou,
OTIWG TL.X. £VO LETATPOTIEN YLaL TOV EAEYXO TNC PONG LOXVOG.

e To clUotnpa €AEYXOU TNG QVEUOYEVVATPLAG TIPOCOPUOLEL TN AELTOUpylal TNG TPOG TLG
EKAOTOTE CUVONKEC aVEUOU, eMITNPEL TNV aodAAELla 1 KAl PEYLOTOTOLEL TV amodoon
™nge.

Ou A/T umopouv va SlakplBolv kat avaloya He tn Asttoupyla Toug 6cov adopd oth
pLBULON TWV oTpodwv. EMopévwg, ol A/T umopouv va eivat:

e otafepwv otpodwv (fixed speed), Aeltoupywvtag o€ €va OTEVO €UPOG TOXUTNTOG
TepLoTpodr ¢ Alyo mavw amod tn ouyxpovn taxuTnta,
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e petapAntwv otpodwv (variable speed), Aettoupywvtag oe PHeyAAO €UPOC TAXUTATWY
TIAVW KO KATW amo tn cuyxpovn taxutnta. Xtig A/T petaBAntwyv otpodwy, n taxvTnTa
TEPLOTPOPIC TpocapUoleTal He BAon TNV TIUN TOU OVEUOU UE OTOXO TNV avénon tng
EVEPYELOKNC anodoong.

H ouvéeon twv A/l pe to Siktuo o ocuothuata otabepwv oTpodwv yivetal ar’ gubeiag
XWPIG va xpeldleTol KATOLO TEPALTEPW METATPOTN TNG LOXVOG. TNV Tepimtwon auvth, BERaa,
6ev umapxel Aapecog €Aeyxo¢ TNG LOYVOG n omola eyxéetal oto Oiktuo. Ie ouoTHUATA
petapAnTwy otpodwv ival amapaitntn n anolevén TnG oUXVOTNTOG TOU NAEKTPOTOPAYWYOU
{evyoug pe autr tou Siktuou. MNa To OKOTMO AUTO, KUPlwC, lval amapaitntn n xpnon evog
HETATPOTEX LOYXVOG.

1.3.1 Emukpatéotepeg SLapopPwoeLlg NAEKTPLKOU LEPOUG AVEUOYEVVNTPLWV

Yriapyouv dtadopol tumot A/T avadopikd pe TV SLapopdwaon Tou NAEKTPLKOU LEPOUG TOUC
KOs €vag pe SLadopeTIKA XapaKTNPLOTIKA Asttoupyiag. OL kUplot Tumol Stakpivovtal o [3],
[39], [40]:

1. ZtaBepwv otpodwv, pe aclyxpovn yevvntpla KAwBou, am’ eubeiog cuvdedepévn oto Siktuo
(2x. 1.5a).

2. Neploplopévng Asttouvpyiag petaBAntwv otpodwv, Pe aoUYXPOVN YEVVATPLA TUALYHEVOU
Spopéa petaPAntng avtiotaong, an’ euBeiac cuvdedepévn oto diktuo (Xx. 1.5B) .

3. MetaBAntwv otpodwv e acvyxpovn yevwntpLla SutAng tpododotnong (2x. 1.5y).

4. MetaBAntwv otpopwv pe oUyXpovn YeEWNATPLA UE TUAlYHA OSLEyEPOEWG R UOVILWV
payvntwv (2x. 1.58).

H A/T otaBepwv otpodwv Tou ). 1.5a, £xel WC PACIKO TAEOVEKTNUA TO UIKPO KOOTOC, TO
HULKPO BAPOC KAl YEVIKA TNV OMAOTNTA OTNV KOTtookeun. H pelwon tou kdotoug odeiletal
adevog otnv EAen peTatpoméa Kal adeTEPOU oTNV BLa TN YEVVATPLO TTOU XPNOLUOTIOLEL N
omola eival pa ocuvnBlopévn acuvyxpovn yevwAtpla tumou kKAwPou. H amoucia petatponéa
Slvel alomiotia 0Tn KATAOKEUN €vw TAPAAANAQ Ol QVAYKEG CUVTNPNONG Elval PELWUEVEC.
Baotko petovéktnua twv A/l otaBepwv otpodwv eival To yeyovog otL Sev uTtapxel Suvatotnta
pLBULONG Twv oTpodwv avaAloya HE TNV TAXUTNTA TOU QVEROU. AUTO €XEL WG OUVETELA
omoladnmote HeTOBOAN OTNV TAXUTNTA TOU AVEUOU va petadpdletal o€ avtiotoln LetafoAn
NG MNXOVIKAG POTAG oTov Afova HE OTMOTEAECMA TNV €UPAVION EVIOVWV HUNXOVLIKWV
KaTamovroswv Tou ¢pBeipouv to cloTnua.

‘Eva GAAO ONHAVTIKO pelovekTnua tng A/T otabepwv otpodwv eivat 6tL Adoyw tng EAAeWPng
NAEKTPOVIKWV LoXV0C 8& pmopel va cUPBAAEL oTnV pUBULON TNG OEPYOU LOXUOG TTOU OVTAAANAOEL
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He to 6ikTuo pe ouvenela va elval anapaitntn n cuvéeon MUKVWTWVY oTNV €060 TNG £TOL WOTE
VoL YIVETAL avTLOTABONLON TNG OEPYOU LoXUOog Tou amoppodd n yevwntpla. AuTO €XEL CUVETELQ
v aduvapia Asttoupylag KATw amd T oUVvORKEG Mou EeMBAAOUV VEOL KOVOVLOHOL
Asttoupylag Twv aOALKWY TIAPKWY TIou cuvdeovtal ota Siktua NnNAEKTPLKAG evépyelag. Ooov
adopa otnv LoxL €€0dou, mopouclalel €viovn SLAKUMAVON HE QTOTEAECUA TNV gUdAvVIoNn
flicker, yeyovog mou meplopilel tnv duvatotnta EYKATECTNUEVNG LoXUOG o aoBevn Siktua.
AOYW TWV ATEAELWV TOUG N XPAON TOUG Ta TeEAeuTaia Xpovia Teivel va eykatoAeldpOesl pe
e€aipeon elbIkEG mepumtwoelg [4].

Variable resistance

| i (Y = Grid /
Soft-startar ':'—.m_— | Softstarter \ﬁ
Capacitor bank Capacitor bank
(a) (B)
Partial scals

frequency converter

‘ l Full-scale
‘E-g., frequency comverter
) P =~ )
' Grid 1 -~ L
) Gri ; .GgarE:©J—| .‘_f.l _?1“‘ G
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(v) (6)
IX. 1.5 EMKPATECTEPEG SLAUOPPWOELC NAEKTPLKOU UEpouc A/T. (a) STadepwv oTPoPWV UE aoUyXpovn
yewntpla tumou kAwBou, (8) Ztalepwv oTpo@wv UE aoUyxpovn YEWNTPLa TUALYUEvou Spouéca, (y)
MetaBAntwy OTpoPWV UE aoUYXpovn Yewntpla TUALyuEvou Spouca SmAng tpowodotnong, (6)
MetaBAntwv atpopwv ue avyxpovn yewntpta kot AC/SP/EP ustatponéa oto otdtn .

H ocuvdeopoloyia aocuyxpovng yevvntiplog TuAlypévou Spopéa, onwe daivetal oto .
1.5B, mapéxel tn duvatdtnta, petafdailovtag tnv aviiotaon Tou SpopEa, vo €AEyXETAL N
NAEKTPLKR pormr. Me Ttov Tpomo auto OSivetal n Sduvatdotnta aAlayrn¢ Twv otpodwv TG
YEVVATPLOG KOTA TNV SLOPKELOD PUTWV QVELOU OE £Va TIEPLOPLOUEVO PACHUA TOXUTATWV. AUTO,
opeVOC UEWWVEL, O KATOLO PaBuo, TIG MNXOVIKEG KATAMOVACEL;, OPeTEPOU PBEATIWVEL TNV
noldtnta Loxvog nou amnodidetat otnv €€obo.

H ouvnBéotepn tomoloyia A/T eival n petapAntwv otpodwv, OMWE OL TOMOAOYIEC TOU Y.
1.5y kat 1.56 . OL A/T petafAntwyv otpodwv mapouctdlouv auEnUEVN EVEPYELOKN amodoaon Kol
Héylotn aflomoinon TNG AlOAKAG €VEPYELag, yeyovog mou odeiletal otnv petafolr ng
YWVLOKAG TaxUTNTOG MEPLOTPODNAG aVAAOYQ HE TNV TOXUTNTA TOU aVEUOU. Mo GUYKEKPLUEVA, N
Asewtoupyla petafAntwv otpodwv Sivel tn Sduvatotnta otnv A/T va Asttoupynoet ¢’ €va
€UPUTEPO PACUA TAXUTATWY HE CUVETELA VO OLOTIOLELTOL OTO HEYLOTO TO OLOALKO SUVOLLLLKO,
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onw¢ Oa e€nynOetl katL o emodpuevn evotnta. Tautoxpova, e€attiag Tng Aettoupyiag petaBAntwy
oTpodWV UTIAPXEL MELWHEVN KNXAVIKHA KOTATOVNON TO00 OTa MTEPUYLA O0O KoL 0TO cUOTNUO
petadoong tncg kivnong, amaAoidpn ToUu KIPWTIOU TAXUTATWY, HMELWON TOU AKOUOTIKOU
BopUBou KalL TPOCAPHOYN TNG AVEUOYEVVATPLOG OTLG TOTILKEG AVEHOAOYLKEG OUVONKEC.

‘Eval AAAO XOPOKTNPLOTLKO MAEOVEKTNUA TwV A/T petaBAntwyv otpodwv ival To Yyeyovog OTL
UMOpPOUV va TOPEXOUV OTO SIKTUO KAAUTEPNG TOLOTNTOG NAEKTPLKA LOXU VW TAUTOXPOVO
UTTAPYXEL SuvaToTnTa PUOULONG TOU CUVTEAEOTH LOXVOG OVAAOYQ LIE TIC ATALTHOELG TOU SIKTUOU,
HEOoW KATAAANAOU eAEyXOU TOU pETATPOTEN SLaoUVEEDNG.

Mta ocuvnOnc Stapopdwaon NAeKTPLKOU HEPOUG O cuoThpata HeETaBAntwv otpodwv sival
n aolyxpovn yYevvAtpla TUAlypévou OSpopéa SMANG tpododotnong Ue HETATPOMEQ
ouvbebepuévo oto Spopéa, onwe daivetal oto Zx. 1.5y. ITn MEPUTTWON TNG CUYKEKPLUEVNG
NAEKTPLKNG Slapopdpwaonc, umapxel Suvatotnta eAEyXoU Twv oTpodwv pubuilovtag KataAAnAa
TN oUXVOTNTO TWV PEUHUATWY TIoU KUKAodopoUv oto Spopéa. O TUMOC aUTOG E€XEL OAQ T
TIAPOTAVW TIAEOVEKTAHUOATA QVEHOYEVVATPLAG METAPANTWY otpodwv. EmutAéov, amoteAeital
and plo cuvnOLoPEVN YEVWWATPLA KL EVOL OXETIKA HKPAG LoXVOoG Kot ¢Onvo petatponéa. Baolkd
HELOVEKTNUA TNG OMARG tPododoTnong elval To yeyovdg OTL O OTATNG TNG QLoUYXPOVNG
YEVVATPLOG Eival Apeca ouvdeSepEVOC oto SikTuo, £T0L o omoladnmote BUBLON TAoNG eival
ekteOepévog otn Suvapkn cupnepidpopd tou Siktvou. Autd Sev LoxUel otn Slapopdwaon Tou
oxnuatog 1.56 , 6mou umdpxel anolevén Tng ouxXvVOTNTAG TOU SIKTUOU KoL TwV PEYEBWV Tou
OTATN LECW TOU PETATPOTEA LOXVUOG.

EnutAéov, otnv mepintwon tng A/l petaBAntwv otpodwv LE cUYXPOVN YEVVATPLA KOl
HETATPOMEQ, Ol ATOTOMEG METABOAEG TNG TOXUTNTAS TtEpLoTpodnG, eite e€attiag Tou avépou,
elte efattiag kamolag datapaxnig oto Siktuo, pmopouv eVkoAa va gfopaAuvBouv amd 1o
Spopéa TNG Kal Ta HEYOAQ PEUMOTO TIOU TIPOKAAOUVTAL OmOCPEvVovTal oMo TO HOYVNTIKO
KOKAWHO TOU Tuprnva, eL8IKA O OUYXPOVEG YEVVNTPLEG HMOVIHOU payvAtn [5]. Emiong n
OUVKEKPLUEVN ToToAoyia Sev mep\apPavel, cuvnBwWC, KIBWTLO TOUXUTATWY, ETITUYXAVOVTOG £TOL
HElwon Tou KOoToUG Kal tou Bapoug, BeAtiwon tng aflomiotiag kat EAdttwon tou BopuBou.

MelovekTnpa t¢ Stapopdwaong Tou oxnuatog 1.56 amoteAel n oxetikd oykwdng Kot Bapla
YevvATpLa Ttou xpnotpomnolel. Emiong, and to petatpomnéa dtaclvdeong petayetat to 100% tng
apayOHEVNG LoXUOG 0 avtiBeon pe tTnv acuyxpovn yevvitpla SnmAng tpododotnong omou
To. NAEKTPOVIKA LoxVOC Slaotacloloyouvtal Tiepimou oto 1/3 TG OVOUAOTIKAG LOXUOG TNG
unxovng. To yeyovog OTL OAn n LoXUG METADEPETAL OMO TO HETATPOMEN Teplopilel TtV
AELTOUpYLO TOU CUCTAMATOC LOLAITEPQ OE TTEPUMTTWOELS ODAAUATWV.
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1.3.2 ZuvnOELg TOTTOAOYLEG LETATPOTIEWV OE CUGTILOTOL AVELOYEVVNTPLWV

Ynapyxouv 6Siadopol TUMOL HeTATPONMEWV Tou PBplokouv edoappoyry o A/T oL omoleg
ouvdéovtal oto Oiktuo. Ztnv evotnta auti mapouctdlovtal dU0 amd TIC CuVNBECTEPES

TOTOAOYLEG OL OTIOLEG XPNOLLOTIOLOUVTAL.

310 XX. 1.6 daivetal pia A/T pe olyxpovn yevwntpla cuvoedepévn oto SIKTUO PEOW HLAG
pLpaocikng avopdwong, evog petatponéa IP/ZP ki evog avtiotpodea. O petatpomneag IP/3P
MPOCAPHOTEL TRV taon €£060V NG avopBwong oe emimedo TETOLO WOTE VA EMUITPEMOUV TN
petadopd LoxVOG HECW TOU avTLOTpodEa TPog To Siktuo, evw ouvnBwg emidpoptileTal Ye TO
pPOAo TG Mpooappoyng toug doptiou tng A/T WOTE O AVEHOKLVNTAPOC VA AELTOUPYEL OTO
onpeio péylotng Loxvog (maximum power point tracking, MPPT). H mpocapuoyn tou ¢optiou
g A/T ylvetal péow €AéyXOU TOU PEUHATOG TO OTOLO UETAYEL O PeTATpoméag 2P/2ZP kal katd
OUVETIELA TNG NAEKTPLKAG POTING TNG YEVVATPLAG.

u% T ﬁm@

~ /_G\/_a— _ﬁ
N/ {} =
11 (I
AvopBoTig AvmioTpopiag
L1686V mme Tions

IX. 1.6 Metatponeag EP/SP/EP ue amAn avopBwon, UETATPOMEN avUPwone TAONG Kol QVTIOTPOPEN
TUTTOU TTNYNG TAOoNG.
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IX. 1.7 Metatponéag EP/SP/EP ue ouvdeon back-to-back avtiotpopewv.

Mua SeUtepn tomoAoyia eival n ocuvdeon SUO OUOLWV HETATPONMEWV TUTIOU TNYAG TAONG
(Voltage source inverter, VSI). H Stataén avt) esival yvwoth Kot wg petatponéag «back-to-
back» kot paivetal oto Ix. 1.7 [41]. O LETOTPOMEQC ATTO TNV MAEUPA TNG YEVVITPLAC AELTOUPYEL
W¢ EAEYXOUEVN avOpBwWON EVW O LETOTPOTEAC OO TNV MAEUPA TOU SIKTUOU W¢ avtlotpodEa.
TNV MEPLMTWON QUTA TNV TPOoappoyr T taong kabwg kat tn dtadikacia MPPT avaAapBadavel
ouvnBw¢ o eAeyxOUEVOC avopBwTn ¢ evw 0 avtlotpodEag avalapBavel Kat TTAAL TN LETAYWYN
LoxVo¢ amno to Slaulo cuveXoug mpocg to SiKTuo.
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1.4 lNepiypaen tng umo peAérn diaraéng

To ouvotnua Tou avaAubnke otnv mapovuoca epyaciot elval Pl AVEUOYEVVNTPLA
HeTaBANTWY otpodwV UE GUYXPOVN YEVVATPLO LOVLLOU MOV TN OVOUOOTIKAC loxuog 2.5 kW. H
OVOMOOTLKA TAoN TNG yevvNtplag eival 380V, n ovopaotikr cuxvotnta 80 Hz kat dtaBétel 12
{evyn MOAwv. Adyw tou peyaiou aplBpol Twv MOAwv &€ XPNOoLLOTIOLELTOL KIBWTLO TOXUTATWY
TEPLOPLIOVTOC TIG NXOVIKEC KATATIOVAOELG KOl TwV aplOuo twv BAaBwv [6]. H taon otnv €€060
NG YEVWNTPLOG avopOwvetal HEOW HLOC TPLPACIKAG KN EAEYXOUEVNC VEbupag SLodwv. ITn
OUVEXELX N avopBwpévn taon edpapudletal oto petatpomnéa aviPpwong taong (DC/DC Boost
Converter). O poAog tou petatpomnea aviPwong eivat adevog n mpooapuoyn Tng tdong e§6dou
Tou avopBwt ota emineda Aetoupyiag tou avrtiotpodéa kal adeTEPOU O EAEYXOG TOU
pevpartog e€66ou g A/T Kal TNC AVOITTUCCOUEVNC OO auTr pomr¢. Me tnhv mpocapuoy Tou
doptiov tng A/T mpaypatomnoleital n Stadikacio aveUPeoNC TOU ONUELOU PEYLOTNG LoXVOC TNG
A/T n omola €xeL W¢ OTOXO TN HEYLOTOMOINoN TG oXVOC TOU OlEPOSUVANLKOU HEPOUC YLa TNV
ekAotote Tayxutnta avépou, Siadikaoia n omoia Ba meplypadel avaAutikd oto KedpdAlawo 3.
Ztnv €€060 Tou petatponéa avlPwong Taong UTIAPXEL Evag avilotpodEag TUTIOU TtNYAG TAoNG,
0 OTOL0G XPNOLUOTIOLELTOL YL TN METAYWYN TNG LOXUOG TG YEVWNTPLAG Ttpog To SikTuo Kal Tov
€AEYXO TWV PEUHUATWYV TOOO OF HOVIUN KOTAOTACN 000 KOL O€ TIEPUTTWOELG OPOAUATWY. 2TO ZX.
1.8 daivetal éva oxnuatikd dtaypappa tne dtataéng n omoia peAetiOnke kat uAomolnke oe
€Epyaoctnplakod SokKipLo.
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Zx. 1.8 Zynuatiko Siaypauuc tng dtataénc.
1.5 MéBodorI aviyveuong onpeiou uéyiorng ICXUoS

H Asttoupyia Tou avepoklvntipa SLEMETAL AMO XOAPAKTNPLOTIKEG POTNG — OTPodwWV yLa
SLapopeTIKEG TAXVUTNTEG AVEUOU OTWG AUTEG Tou ZX. 1.9. H péylotn oxUg yla KABe KapumuAn
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eudaviletal o€ ekeiva Tto Aeltoupylkd onueia OMOU  TO  YLWOUEVO POTNG-OTpodwv
HEYLOTOTOLE(TAL KO TOL oTtoia SLapopdwvouy T SLOKEKOUUEVN XAPAKTNPLOTIKA Tou ZX. 1.5. Me
OKOTIO TNV MEYLOTOMOLNON TNG LOXUOC TOU OVEUOYEVVATPLO £ival amapaitnTto to cloTNUA vVa
Aeltoupyel ota onUela HEYLOTNG LOXVUOG YLa TNV EKACTOTE TaXUTNTO AVEUOU.

o] T T

=
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Ratar Targque (kM-m)
[N0)
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1] a0 100 150
Rotor Speed (rpm)

IX. 1.9 XapaKktnploTIKEC POMAC - OTPOPWV QVEUOKLVNTHPA Ylot SLAPOPEC TOYUTNTEC QVEUOU. 2N
SLOKEKOULEVN ypauun Bplokovtal To onueia UEYLOTNG LOYUOG.

To onuelo péylotng wxvog (maximum power point, MPP) Suvatal va avixveuBel pe
S1adopEeC TEXVIKEC Kal n yevvNTpla va odnynOel og auto pe KataAAnAn puBULON TwV otpodwv
NG LECW TPOCAPUOYAG TOU PopTiou TNC.

OL TEXVIKEG TIOU amavtwvtal onpepa otn BiBAloypadia Ba pmopolvoav va xwplobolv oe
600 OLKOYEVELEG:

a) EAeyxoc Baolouévog o SeSOUEVES XOPAKTNPLOTIKEG KOUTTUAEC.

8) Avalntnon tou onueiou UEYLOTNG LOXUOG XWPIC TPOYEVEDTEPN YVWON XOPOAKTNPLOTIKWV
KOUTUAwv.

a) EAecyxoc Baoiouévog o SeSO0UEVES XOPAKTNPLOTIKEG KAUTTUAES

H néBodog autn, n omoia amavidtal kol cuxvotepa o epapuoyEg, Baoiletal otn yvwon
6e60UEVWV XOPOKTNPLOTIKWY KAUTIUAWY pomng-otpodwv (7-Q) i woxvog-otpodwv (P-Q) mou
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xopoktnpilouv tnv ekdotote A/l. Eva tétolo ovotnua ¢aivetat oto Zx. 1.10 tOo omoio
anavidtat cuxva otn BpAoypadia [7].
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Zx. 1.10 Zuotnua ue eAeyyo Baolougvo o SESOUEVEG XAPAKTNPLOTIKEG KAUTTUAEG.

~

ITO GUYKEKPLUEVO CUOTNUA N XOPAKTNPLOTIKN HEYLOTNG LoXVoG BplokeTal amobnkeupévn o
€vav pikpoemneéepyaotn. H taxlutnTta MePLOTPOodrC LETPATAL Kol UTTOAOYIZETOL N HEYLOTN LOoXUC
miou Suvartat va arnodobel. Autr) cuykpivetal pe tnv LoxL €€660u TG dlataéng Kat to opaipa
XPNOLUOTIOLEITAL WG EVIOAN Yyl TOV EAEYXO €VOG METATPOTEA, O OTOiLoG avoAauPdavel va
TIPOCOPUOCEL KATAAANAQ TNV LoV €£060V TNG YEVVATPLOG, OTWG cuUPaivel ot avadopeg [8] -
[10]. 2 mapopold CUOTAMOTO METPATAL N LoXUG €€6dou KkaL n toaxvTnTto TEPLOTPODNG.
YroAoyiletat n BEATIoTN TaxUTNTA MEPLOTPODNG, CUYKPLVETOL E TN UETPOUUEVN Kal TO opAApa
ToXUTNTOC ElVOL AUTO TIOU XPNOLUOTIOLELTAL YIa Vo eAEYEEL Eva peTtatpoméa 2P/2ZP [10].

Ye SLAPOPEC TIEPUTTWOELG XPNOLUOTIOLELTAL N BEATLOTN XAPAKTNPLOTLKI) POTIRG — TAXUTNTAG.
El81KOTEPQ, OE CUCTHUATA TIOU XPNOLUOTIOLOUV CUYXPOVEG YEVVATPLEG LOVIMWY HAYVNTWY OTIOU
TO peLMA KOl N TAon €£660U TNG YEVWATPLAG Elval avaAoya PE TNV NAEKTPOUAYVNTIKY POTIA KAl
TV ToxuTNTa €§680U, N EKACTOTE TOXUTNTA KAL POTIH LETPWVTAL LUE BAON TNV TAON KOL TO pEVUA
avtiotolya, urtoAoyiletal To BEATLOTO PV KoLl TO OPAAUA HETAEY BEATIOTOU Kol LETPOUEVOU
PEVHATOG XpNOLUOoTOLE(TAL yia va eAéyéel €évav petatponéa IP/3IP onwg otic avadopég [11] -
[12].

Y10 2x. 1.11 daivovral oL XapaKTNPLOTIKEG POTING — OTPODWV TOCO TOU OVEUOKLVNTHPO yLa
S1adopec TaxUTNTEG AVEUOU 000 KOl TNEG YEVVATPLOG Yo SLopOpPETIKES TAOELG £€060U. H Toun
TWV EKACTOTE XAPOKTNPLOTIKWY KvNTHpa — YevwATpLag kabopilel kat To onpeio Aettoupyiag tou
OUOTAMATOG. 2T0 oxNua paivetal Kot N BEATLOTN XAPAKTNPLOTLKN POTING-0TpodwV yLa TV omoia
Kall €ywve AOyog mapanavw. Katd tn dtdpkela tng avalntnong Tou onueiov péylotng Loxvuog To
doptio TNG yevvNTpLaC TPOCAPUOLETAL LECW TOU METOTPOTEN £TOL WOTE N TACN OTA AKPO TNG
YEVWNTPLOC VO LETOBAANAETAL KL TO CUOTNHA VO AELTOUPYEL 0T BEATLOTN XOPAKTNPLOTIK yLa
omoladnmote TaxUTNTA AVEUOU.
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Zx. 1.11 XopaKTnpLOTIKEG POTTNG — OTPOPWYV TOU QVELOKIVNTAPA LA SLAQOPEC TOYUTNTEC AVELIOU KAl TNC

VEWNTPLOG VLo SLOPOPETIKEC TAOELG £E0S0U.

e QVEUOYEWNTPLEC Meocaiou pey€EBoug (ekatovtadwv kW) ouxva xpnoiuomolouvtol
OVEMOMETPA YLO TN UETPNON TNG TAXUTNTAC TOU QVEUOU Kal TOV Poadloploptd tng BEATIOTNG
TaxuTNTag cav autd tou Xx. 1.12. H toxutnta tou Spopéa HETPATAL, CUYKPILVETAL HE TNV
emBLUNTA KOl TO OPAAUA XPNOLLOTIOLELTAL VLA TOV EAEYXO TNC LOXVOG OMwC otnv avadopa [9].
Baolko pelovékTnua tng HeBodou amotedel n Umapén Tou AVEUOUETPOU WG MpoUnobeon otn

Aettoupyia Tou CUCTAMATOG.
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Zx. 1.12 Jvotnua nou Baoiletal o€ UETPHOELS TNC TAXUTNTAC TOU AVEUOU.

XapaKTNPLOTIKA Ttapadelypata Omou XpnoLUOToLoUVTaL KAUTUAEG POTING-OTPOPWV yLo TV
OVEUPEDH TOU ONUEloU HEYLOTNG LoXUOG avadEépovtal Kot ot avadopeg [8] - [12], evw cuxva
TIAPOTNPOUVTOL TPOTOTOLAOELG Kat BeATIwoeLS. a rapadelypa otnv avadopd [13] n evioAn
POTING TIOU TIPOKUTITEL amd TN PEATIOTN  XOPAKTINPLOTIKA KOUMUANR  pomigG-otpodwv
HETAOXNMOTIleETAL O €vtoAl pevpatog oe d-g mAaiolo avadopdg Kol OTn CUVEXELA
XPNOLUOTIOLELTAL YLIa TNV 08 YyNOoN TNG YEVVATPLOG, £TOL WOTE VA ETTUYXAVETAL LEYLOTN amodoon
otn yevvntpla. Eva mapdadelypa BeATiwong Tou eAéyXou HECW XOPOAKTNPLOTIKWY KOUMTUAWV
OTOTEAOUV KOl TOL GUCTHOTO TIOU XPNOLUOTIOLOUV VEUPWVLKA Siktua [14]. Ta cuoTtrpata autd
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XPNOLLOTIOLOUV MLOL OPXIK €KTIHNON TNG PBEATLOTNG XOPOAKTNPLOTIKAG POTING-OTPODWVY TNG
OVEMOYEVVATPLAG TNV OTOLOL KOLL EVNLEPWVOUV UE BACN TPEXOUOES LETPNOELG, TIPAY LA TO OTIOLO,
wWOoT000, aufdvel SPAUATIKA TO UTOAOYLOTIKO KOOTOC OTov €AeykTr tng Sataéng. Onweg,
HOAloTa Kataypddetal otnv avoadopd [7], 0 MPAYUATIKEC ouVONKeC Asltoupylag, OmMou o
QVEUOG UTtopel va mpaypatonolel taxeieg petafoAec, n ouvexng ekmaibevon tou SlKTUOU
umopel va odnynoetL og pelwon T akpiBeLAG KaL TNG TAXUTNTOG TOU EAEYXOU.

To BaOlKOTEPO, WOTOCO, UELOVEKTNUA TWV TAPATIAVW cuoTnpATwy, (LE Stadopd lowg Ta
CUOCTAMOTA VEUPWVIKWY SIKTUWV OTOU HLaL apXLKR EKTiMNON emapkel), elval n amapaitntn
YVWON XOPOAKTNPLOTIKWY KAMMUAWVY TNG OVEROYEVVATPLOG. Ol KOUMUAEC auTtég Suvavtal va
oAAGEOUV HE TN YNPOVON TOU CUCTIHUATOG EVW UMOPEL AKOWN KOl OTNV apXLK Toug popdn va
KNV TIAPEXOVTAL UE UEYAAN akpifela amd TOV KOTOOKEUAOTH. AUTO €XEL WG QMOTEAECHA TNV
urtoBéAtiotn aflomoinon Tou aloAkou Suvapikou.

8) Avalntnon tou onueiou UEYLOTNG LOXUOG XWPIC TPOYEVEDTEPN YVWON XOPOAKTNPLOTIKWV
KQUmUuAwv.

ITI¢ peBGSoUC auTEC Sev elval amapaitntn N yvwon HLoG CUYKEKPLHEVNG XOPOKTNPLOTLKAG
KOUUANG, evw avt' autol yivetal avaltnon tou onuelou HEYLOTNG LoXUOC HECW CUVEXWV
oAAaywv Kal oUYKpLloswv tn¢ evepyoUl Loxuoc (perturbation and observation, P&O). Eva tétolo
ocvotnua ¢aivetal oto Ix. 1.13. 3to cvotnua autd AapPAavovtol ovA CUYKEKPLUEVA XPOVLKA
onuela HeTPAOELS TNG LoxVOG €080V Kal LECW TOU petatpoméa 2P/ZP yivovtal aAAayEg Tou
doptiou dpa kal tng Loxuog e€0660u TG yevwNTpLaG. H vEa LoXUG HETPATOL KOL CUYKPIVETOL UE
TNV PONYoUHEVN TIUA. AvaAoya LE TO v N VEA TN TNG LoXV oG Elval LKPOTEPN  LEYAAUTEPN
0 Hetatpomnéag AapBavel katdAAnAn dpacn wote va odnyei to cuotnua og avEnon TNG LoXLOG
€€060U £w¢ TO pEyLOTO.

O aAyoplBuog eléyxou otn PBaoikn tou ekdoxn ¢aivetal oto 2x. 1.14. ApXlKA MECW TNG
HETPNONG TNG TAONCG KOL TOU PEVUATOC 0To SlauAo cuvexoUC peupaTog UTtoAoyiletal n Loxug
€€060u, P; KOL CUYKPLVETAL E TNV AUECWE TIPONYOUEVN TIUR, Prs. AV glval peyadlTepn TOTE N
OXETLKN SLAPKELDL AywWYNG Tou petatpoméa IP/ZP petaBAaAetal mpog thv kateuBbuvon (avénon
N Melwon), tnv omoila akoAouBolUoe otnv mponyoUpevn MeTaBoln. EGv n véa Loxug eival
HULKPOTEPN TOTE N MUETAPOAN TNG OXETIKAG OLAPKELWOG aywyng Yivetal mpoc tnv avtibetn
KatevBuvon.

EOviko Meroofio Ioivteyveio
Moauog 2011



Avoplwig

w/G

4 |
bC/DCe V,| ®oprio
[V

IMETquorrE’ug

Alginmipog ‘u‘
§¢oprio pedparog & Tdong _, '

Iy
| VWG
¥

EKTOKTNG LU eAfyYou
avaykng l L PWM

L L MikpoEeAeyKTrg i

_ _ JumrohoyiGuég IoyUog -~

ON/OFF | & £hgyxog duty cycle

‘EAgyyo¢

Zx. 1.13 Juotnua omou yivetatl avalitnon tou onueiov UEYLOTNC LOXUOC UEOW OUVEXWV aAdaywv kot
ouykpioewyv perturbation and observation, P&O.

Initialization
> Measure Vt, It
Calculate Pt
Pt— Pt-150 -~ No Comple.ment AD
sign
\/
Yes
N
Dt+1= Dt + AD

Zx. 1.14 AAyopiSuoc P&O.

H pébodog P&O edapudletal katd kopov oto medio twv PpwrtoBoAtaikwv svw EXEL
edappootel pe OLAPOpPEG TPOMOMOLNCEL OTNV TEPUMTTWON Twv avepoyevwntplwy. Ot
TPOMomnoLNoelg tng HeBodou eival amapaitnteg s€attia¢ Twv HIKPWV otaBgpwv XpOvou oL
omole¢ OLEMOUV TO CUOTIHATA OVEUOYEVWTIPLWY OE OXEON MHE OUTA TWV GWTOBOATAIKWV.
E€aAAoU n ToXUTNTA TOU OVEMOU METABAAAETAL YpnyopoTEPA Ao TNV NALoKA aktvofolia,
EVW OTO CUCTIHATA AVELOYEVVNTPLWY EUTAEKOVTOL OTPEPOUEVEG HATEG KOl KLVNTA MEPN.

2tn_BBAoypadia n peEBodogc P&O eupdaviletor ocuyva oe pebBodoug MPPT yia

OVEUOYEVWNTPLEG ot Oladopeg ekboXEC. Ztnv avadopd [7] mapouoidaletal n epoappoyn tng
neBodouv P&O oe plo amAn ekboxrny tou aAyopiBuou. Av kot To clotnupa Seixvel va
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avtarmokpivetal ot LeETABOAEG TOU avepou n SelypatoAnyia Tng LoxVog eival OXETIKA apatn
HE QTIOTEAECHA VA NV UITOPOUV va e§oxBoUvV amdAUTA CUUMEPACHATA OXETLKA UE TG ETULOOOELG
™¢ pebddou. Mia tpomomnoinon tng ueBodou napouactaletal otnv avadopad [15] 6mou ya Tn
BeAtiwon ¢ ocupneplpopdg TOU CUOTHHUATOC OTIC CUYKPLOELG xpnollomoleital n kAlon tng
KAUMUANG oxVoGg-otpodwV TNG QVEUOYEVWNTPLAG, EVW TO PAMO HETABOANG TNG OXETIKAG
Oldpkelag aywyng o&ev  eivat otaBepd aMd  Suvaplkd. e OpLOUEVEG  €DAPHOYEG
xpnoluomnolouvtal eAeykTEG aoagdol§ AoyLKAG yLa Tnv uAomoinon tng ueboddou P&O.

To Paoclkotepo MAeovéEKTNUA Twv HEOOSWV outwv PplokeTol OTO yeyovog OtL Sev
ennpealovial and avoKpiBELEG TNG XAPAKTNPLOTIKAG KOUTTUANG TNG QVELOYEVVATPLAG KOl OF
TUXOV aAAQYEG QUTNG UE TNV TIAPOSO TOU XpOvou. TaUuTOXpova TO YEYOVOG OTL OE OPLOMEVES
neputtwoelg dev eival amapaitntn n HETPNON MNXOAVIKWY HEYEBwWY, OTwe n taxlTnta, aAAd
MOVO NAEKTPLKWY, LELWVEL TO KOOTOG TNG Stdtaéng.

Ita mAaiola _tTng mapovoag gpyaciag avamtuxtnkav técoeplg SLadOopPeTIKOL EAEYKTEC

MPPT kat peAetiBnke n avtiotolyn cupmnepldopd VoG CUCTAUATOG AVELOYEVVATPLAG TOOO OF
eninedo mpooopoiwong 000 KOL O TEWPAUATIKO ETMESO XPNOLUOTOLWVTAG KATAAANAN
nipotumn Slataén. JUyKeKPLUEVA, UAOTIOLONKE:

o EAeyKtG BAOLOUEVOG O HESOUEVEG XAPAKTNPLOTIKEG KAUMUAEG pontiG-otpodwv,
e eAeyktn¢ P&O, kat uBpLdikag eAeyktng P&O

e eAeyktn¢ acadolc Aoyiknig (fuzzy logic)

®  EAEYKTNG TEXVNTWV VEUPWVLKWV SIKTUWV

OL téooeplg peBobdol eAéyxou aflohoynOnkav T000 o€ BNUATIKEG LETABOAEG TNG TaXUTNTAG
TOU OQVEHOU 00O KOl OF TIPAYHOTIKEC XPOVOOELPEC KAl Kataypdadnkov oL avtiotolyol xpovol
amoKpLong, N amodidopevn oxuc, aAAd Kal MARB0C ONUAVTIKWY SE60UEVWV OTIWE OL OTPOPEC
TNG AVEUOYEVVNTPLAC, N POTI) 0TOV Afova TN KUNXAVAC, TACELC Kal pevpata os Stadopa onpeia
Tou KUKAwpatoG. H afloAoynon twv pebodwv ehléyxou ocuumeplédafe duadopa oevapla
Asttoupyiag (Omwg m.X. N XPNon UMOPBEATIOTNG XOPOKTNPLOTIKAG POTtHG-0Tpodwv) Ta omoia
elyav wg okomo va avadeifouv TG eyyeveig aduvapieg tou KABe eAeyktn He 0TOXO adeVOG TNV
MANPOTNTA OTNV Katoypadn CUUTEPACHATWY Kol adeTépou Tn oUYKPLon Twv HeBOSwV
AapBavovtag untogn tng aduvapieg Tou Kabevoc.

Av kot n pEBodoc Sedopévwyv XOPAKTNPLOTIKWY KOUMUAWY Kal P&O amavtwvrtol otn
BBAloypadia t0co o uPBPLEIKOG eAeyKTig P&O 600 koL o gAeyKtig acadolC AoylKnG otn
Hopdny mou ulomollOnke amoteAoUV OTOLXELQ Kawvotopiag tng epyaciag. H péBodog
afloAoynong, n omoia xpnotpomoifnke kabBwg Kal ta avtiotoa anoteAéopata Borndnoav
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OTNV aVAOELEN OUYKEKPLUEVWV TIAEOVEKTNUATWY KOl HELOVEKTNUATWY TNG KABe nebodou evw
odnynoav kal oe BeEATIWOELG TOUG. Me BAON TA ATMOTEAECHATA CUUTIEPALVETAL OTL O EAEYKTNG
aoadoUl¢ AoyLKAG 0 OTtolog avamtuxOnke, av Kot auénUevNg MOAUTTAOKOTNTOC, UTIEPTEPEL EvavTl
TWV UTIOAOLMWV PEBOSWV TOCO 0E TAXUTNTA AMOKPLONG, 00O KOl O aKPiBELO oTNV aviyveuon
TOU ONUELOU HEYLOTNG LoXVOG aveEapTHTWC ouVONKWV AsLltoupyiag.

1.6 Aiaouvdeon aveuoyevvnTpiwy oro SiKTUO

H peydAn Sieiobuon aloAkng LoxUog €XEL OTIG MEPEG HAG WONROEL TOUG SLAXELPLOTEG TWV
OUOTNUATWY NAEKTPLKAG EVEPYELOC VO OVATIPOCAPUOCOUV TOUC KWOLKEG TOUC, £TOL WOTE va
amodevxBouv avemBUUNTEC MAPEVEPYELEG, OG0V adopd otnv achaAela Kot otV agLomioTn
Asttoupyia toug [16] - [21]. Mia oo TIC OMOULTAOEL OXETLKA UE TLG OVELOYEVVATPLEC OL OTIOLEG
Bpiokovtal Staocuvdedepuéveg oto SiKTUO €lval N LKAVOTNTA VA TTOPOAUEVOUV SLOLOUVOESEUEVEG
oe meputtwoelg opoApdtwy (fault ride-through capability, FRT). Zto moapeABov [22] ol
OVEUOYEVVATPLEC SEV ETUTPEMOTAV VA TIOPAUEivOUV cuvedepéveg oTto Siktuo Otav n TAon oto
onueio (evéng Enmedte KATW MO TO 85% TNC OVOLLOOTLIKAG AKOMO KoL 0V TO opAaApa cuveéBalve
HOKPLA armd To OoAlkO mapko [23]. Autog eival kot o AOyoc yla tov omoio oe Siktua pe
ONUAVTIKO 0000To Sleloduong aloAKAG eVEPYELAG, oL BUBIOELG TAOELG KL KATA CUVETELA n
amooUVEECN TWV OVEUOYEVWNTPLWY, Umopoloe va odnynoel o mpoBAnuata evotabelag tou
OUOTINHATOG.

ZAUEPA oL SLAXELPLOTEG TOU OCUOTAMATOC ava Xwpo €xouv Beomicel KapumUAeG opiwv
BuBwong taong, ot ormoie¢ kaBopilouv tnv FRT Asttoupyia twv Slacuvdedepévwv
OVEUOYEWNTPWWYV. JUUPWVA HE QUTEC TIGC KOUTMUAEG, Ol QVEHOYEVVATPLEG Oa TPEMEL va
mapopévouv dlaouvdedepéveg ylo tnv avtiotolxn BuBLon, ywa 660 xpovo opiletal amd tnv
EKAOTOTE KAUTUAN. H ocupPatdtnta pe Toug KWOLKEG EAEYXETOL UEOW TIPOCOUOLWOEWY OF
TILOTOTIOLNUEVA LOVTEAQ Ta oTtola Bacilovial oe SOKIUEG OE TIPAYULATIKA SOKLpLLAL.

Mépav TnG amaitnong ywa mapapovy oto Siktuo katd Tn Sldpkela opaApATWY, oL VEOL
KWOLKEG amattoUV Kal TV aPoxXr UNooTtipLEng tng taong oto {uyo t6co kata Tn SldpkeLla 600
KOl OHECOWG UETA TO MEPAG TOU 0PAAMATOC. H amaitnon autr CUVETAYETOL TOV EAEYXO TNG
aEPYOU LOXVUOG, N OTola eyXEETOL OTO SIKTUO HEOW KATAAANAWY EAEYKTWV TWV UETOTPOTIEWV
Slaolvéeong. O éAeyxog auTOC YiveTal wg emi To mAeiotov oe d-q mAaiowo avadopdg, 6mou ot
OUVLOTWOEG TOU PeUPOTOG oTov €uBU Kkal kaBeto dfova Sivouv Tn duvatdtnta yla Eexwplotn
puBULON TNG €yXEOUEVNG €vepyoUu Kol oépyou Loxvo¢ avtiotoxa [17] - [21]. ZuvnBwg,
SdelypotoAnmrouvtal oL TACEL Kal Ta pevpata oTto onueio Stacuvdeong kal ta TteAsutaia
puetaoxnuatilovtal o d KoL g ouviotwoe. H evepyocg Loxug kabopiletal and tnv d cuvictwoo
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Kal eAEyxetal, eite péow otabepomoinong tng taong oto Siaulo cuvexoUg PEVUATOG OTNV
eloobo tou avtiotpodéa, Oonwg otlg avadopeg [22] - [23], eite ameuBelag péow €VIOANG
gvepyoUl LoxVoc Omwc otnv avadopd [27]. H g cuviotwoa Tou pevpatog kKabopilel Tnv agpyo
LoV, n omola PETAYETAL TTPOG Kol amo to diktuo. Katd t Stapkela tou odpaApatog Ba mpemet
emiong va e€aodaliletal 0 MEPLOPLOUOC TWV PEVUATWY TA OTOL0t PEOUV OTOV AVTLOTPOodEa Kal
Ta omoia av apebouv aveEleykta AaBAVOUV AOYOPEUTIKEG TILEG. ZUVAOBWG yLa TV anoduyn
UTIEPTACEWV OTO SLOUAO CUVEXOUG PEVATOC KOTA TN SLAPKELX OPOAUATWY, XPNOLLOTIOLOUVTAL
doptia éktaktng avaykng (dump loads).

Ma tnv opbrn amokplon TOU CUCTAMOTOC OTIC TMOPAMAavw SlatapaxéC oto TAaAiola TG

nopovoag epyaoiag £xsl oxedlaotel cUOTNUO TPOOTACLOG TIOU AElToUpyeEl cUpPwWvVA UE TO

TPOTUTIA LKAvOTNTaG avoxng odaApdtwy (Fault ride Through capability, FRT) kot Statapaywv
BuBwong tdong (Low Voltage Ride Through capability, LVRT). To ovUotnua mpootaciog
amoteAeital amd £€va €AEYKT) MPOOTACING UMEPPEVHATOG-UNOTAONG O OUVOUAOUO HE
KATAAANAN AslTtoupyla TOU EAEYKT) TOU avTloTpodEa. ITtnv mapoloa epyacia o EAeyxog Tou
oavtiotpodEa Tpaypatonoleital and KataAnAo eAeyktr) o omoiog Asttoupyel edpapuodlovrog
Slavuopatiko €Aeyxo taong kot puOuLon pevpatog Sivovtag tn duvatdtnta yla EAEYX0 TNG
a€pyou Loxvog, n omoia avtaAAdooetal pe To diktuo.

Me otoxo tnVv nMARpwon Twv Kpitnpiwv FRT uAomoleital eAeykTng, 0 omoiog mapakoAouBel
TNV TAon Tou SIKTUOU KOl ETUTPEMEL TRV MAPAUOVH TNG OVELOYEVVATPLAG OTO SIKTUO Yl 0G0
XPOVO eTBAAAOUV Ol KAUTUAEG avoxnG. O eAeyKTAG AEITOUPYEL O ouvepyaoia UE TOV EAEYKTN
ToUu avtlotpodéa, o omoiog¢ PBeATIWVETAL HE OTOXO Vo TMEPLOPL{EL TNV UMEPEVTIOON TIOU
eudaviletal otav Aapfavel xwpa kamola BuBLON NG Tdong tou Siktou. e MEPLMTWON TOU 0
Xpovog Sldpkelag tng BuBLlong ival LeyaAlTePOG amod Ta OpLo AVOXAG TOTE TIPOYHOTOTOLE(TAL
aueon amocUVEeon amod TO SIKTUO Kal PETAYWYN OF OMOUOVWUEVN A£LTOUPYiQ HECW E€VOC
doptiou £ktaktng avaykng. Kab' 6An tn Asltoupylo TOU CUCTHUATOG AELTOUPYEL EAEYKTAG O
omoiog mapakoAouBel To pelpa Mou SLEPXETAL OMO TOV QVILOTPOodPEX KOL av OUTO yla
omolobnmote AOYo EEMEPAOCEL TN UEYLOTN ETUTPETOMUEVN TN TIPOKOAEL dpeon amoocuvdeon
ave€opTATWG TOU ETUTPEMOUEVOU XPOVOU TIOPALLOVHG.
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1.7 Xpnjon aveuoysvvnrpiwv 0O URPISIKA OUCTHUATA TTOU
ouvoualouv pwToBoATaiKa Kal TExvoAoyiec udpoyovou

To ouvexwg aufavopevo evdladEpov yla TG AVOVEWOLMEG TINYEG EVEPYELAG KAl TNV
evepyelakn diadopomnoinon tng nAektpomapaywyng odrynoe otnv avamtuén spapuoywyv, ot
omnolieg ouvbualouv SLadopeg evepyeLaKEG NYEG Yo TNV KAAUYN doptiwv. Ta doptia autd
UMOpPEel va amoteAoUV QMOUOKPUOUEVEC OLKLOKEC KOTOVOAWOELS, doptia £16lkoU oKomou N
doptia Slacuvdedepéva oe aocBevr) Siktua. Ie kABe mepimTwon, MPWTOPXIKOG OTOXOG TOU
CUOTAMATOG Ttapaywyng €ivat n kadAuvyn tng ATnong, aveédptnta TwV KALPIKWY cuvOnkwv,
KaBwg Kal n moLdTNTA TNG MAPEXOMEVNG LOXVOG. Adyw Tou XapnAoU toug, MAEoV, KOOTOUG aAAQ
Kal TnG VPNANG Toug amodoong oL AVEHOYEVVATPLEG Ttailouv MpwTeLovTa POAO OE TETOLOU
eldoug ocvotnuata w¢ KUPLEG TNYEG evépyelag. QQOTOCO, N AUTOVOUN AslTtoupylo oTABUWV
napaywyng AME pikpnc kAipakag ouvnbwe amattel TouAdytotov Eéva cuotnua anobrkeuong,
KaOwg Kal pia EMUTAEOV EVEPYELOKN TINYH TIOU Hmopel va xpnotpomnotnBet kata BovAnon. Me
BAon OUTEG TIG QMOLTAOELS, N XPNOLHOMoinon tou udpoyodvou LECW KUYPEAWV KOUGLUOU
amoteAel pia eAkuotik emloyr wg mnyn wxvog, aAAd kal w¢ HEco amobnkeuong HEow
Slatagewv nAektpoAuonc.

Awadopeg edpappoyég mouv ocuvdualouv to Ludpoyovo pe AAAeg texvoAoyieg AME, omwg
OVEUOYEVVNTPLEC Kol dpwToBoAtaikad, cuvavtwvtal otn BiBAoypadia [28] — [31]. I aUTEC TIg
epappoyég, pla KuPEAn kavaoipou, cuvnBwg texvoloyiag pepBpavng avialAayng mPwWToviwv
(Proton Exchange Membrane - PEM), xpnolpomoleitat yia va KaAUPeL To EAAelupa Loxvog, o€
ouVOUOONO HE TINYEG TOXELOG OMOKPLONG LoXVOG, OMWE Ol  UTEPTIUKVWTEG. AKOUN,
Xpnoluomnoleital pia povada nAektpoAuong (NAEKTPOAUTNG), yla va amoBnkeveL Thv TeplooeLla
Loxvo¢ og USpoyovo, To onolo Ba katavalwOel apyotepa and tnv KUPEAN Kavaoipou. Tuvndwg,
N HETAyWYN TNG LoXVOC YiveTal HEOw £VOG Kowvol {uyol ouvexoug pevupatog (XP). Av kot ot
epapUoyEC TwV KUPEAWV KOUGIHOU KoL TwV NAEKTpoAUTWY Texvoloyiag¢ PEM os autovoua
CUOTAMOTA €XOUV SWOEL LKAVOTIOLNTIKA QTIOTEAECUATA, UTIAPYXOUV OPLOKEVO MELOVEKTAUATO
arnod Tn Xprion toug, Ta onoia Ba npémnel va AndBolv unoyn.

Ano tn pla mAeupd, n mpoéodatn BiBAloypadio otov topéa Twv KUPEAWV Kauoipou
anodaivetal nwg n dtdpkela {wng kat n anddoon uiag kuPpéAng PEM eéaptwvtal o peyaio
BaBuo amod tov tumo tou doptiou, To omoio tpododotel. Itnv avadopd [32] ol cuyypadeig
£€KaVOV O EKTIINON TNG avtoxNg piag kKuPEANG kauvoipou PEM og évtova petafatiko ¢poptio
tumou on/off (aAAemaAANAeg ekkivioeLg TtnG KUPEANG, on/off cycling) kal moapatipnoov Heiwon
otnV Kwntikn dpaoctnplotnta, kabwe kal avénon twv anwAslwv petadopdg yla dtadpopoug
TUToUG nAektpodiwv. Ztnv avadopd [33] ol cuyypadeic Stamiotwoov oNUAVTIKA HELWON TG
anodoong pag KuPéAng PEM peta amd 500 wpeg Aswtoupylog oe ¢optio tumou on/off.
Avtiotolya anoteAéopata avadépovral otnv avadopd [34].
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Amo v AAAn TAELUPA, CNUAVTIKA TIPOBARUATA UIMOPEL Vo TIPOKAAECEL N AElToUpyia TWV
NAEKTPOAUTWV HE €VTIOVN KUMATWON TNG LoXUoG €l00dou. Itnv avadopd [35] avadépovratl
Sladopa mpoPAnpata mou evdéxeTal va mpokuPouv amd tn SLAKOMTOMEVN Asttoupyia €VOg
NAeKTpoAUTn, 0 omolo¢ Ttpododoteital amd pla mnyn HetaBarAopevng oxvog (m.x.
dwtoBoAtaikn yevvATpla), OMwC Kivbuvol avapelEng udpoyovou Kal ofuyovou ot XaUNAEC
TIMEG TNG TUKVOTNTOG PEUMOTOG 1 MELwMEVN amodoon yla Oepuokpaocieg Aettoupylag
HIKPOTEPEG TNG OVOMAOTIKAG. TNV avadopd [36] oL cuyypadeic avadépouv nwg otav ot
oAAQYEG TNG LOXUOG EL0OS0U TOU NAEKTPOAUTN €lval ypnyopoTepPeG amod to pubuo enefepyaoiag
TwV aepiwv, n mieon &g punopet va eAeyxbei, dSnuiovpywvtac npoPAnpata acpoaieiag. Na autod
TO AOGYO, poTEivouV TNV TpoPodOTNoN TNG LoXUOG L0080V og eAeyxOeva TAAioLla Pe Tt Xprion
nieploplotwy kKAlong. Akopn, n anddoon tou NAekTPoAUTN e§aptatal AUeEcH amd TO PEVLA TIOU
Slappéel Ta NAEKTPOAUTIKA KEALQ, TO omolo eival avaloyo pe to pubuo mapaywyng udpoyovou
[37], mpdypa to omoio onpaivel mwg o €Aeyxog TNG NAEKTPOAUONG Ba TIPETEL va yiveTal He
YVwpova To cUUBLBAcHO HeTall péEyLoTng anddoong Kal PEYLoTou pubuol mapaywyng Hy.

Ztnv avadopd [29] oL cuyypadeic mpoteivouv éva autdvopo cuotnpa mapaywyng AME pe
amoBrikevon udpoyovou. NoapoAo MoU To cUCTNUA ETIITUYXAVEL AUTOVOUN AELToupyia, n taon
Tou Juyol ouvexoUG peUMOTOC EPdavilel LEYAAEG SLOKUNAVOELG, OL OTIOLEG £XOUV ETUTTWOELG
otnv mowotnta oxvog. 2tnv avadopd [28] oL cuyypadeic mepypadouv éva avtiotolo
auTOVouo UBPLELKO cuoTtnua Kal tpoteivouv pla pebodoloyia eAEyxou, n omoia €xeL WG OTOXO
TO LoolVylo Ttapaywyng Kot {Atnong Ke otabepomoinon tng tdong tou {uyou. Mapola autd,
6ev €xeL AndOei unoPn n KatdAAnAn pépipva mou Ba amoTpEP el TNV aAoyLloTn XpHon tng
KUPEANG KOUOLHOU O OLAKOMTOUEVN AelToupyid, evw O NAEKTPOAUTNG AELTOUPYEL ocav
eheyxopevo poptio EKTaKTNC avaykne (dump load), xwpic va AndBouv unon ta npoPAnuata
TIOU TIPOKUTITOUV artd TN SLAKOTITOUEVN AELTOUPYLA TOU 1) TN AELTOUPYLA TOU KATW OO CUVONKES
€VTOVNG KUMATWONG TNE LoXUOoG L0060V, Ta omoia avadEpovTal Tapamavw.

ITnv mapouoa £pyacia TPOTEVETAL Wiol oTpATNYLIK €AEYXOU KOl N avtiotoln availuon
Aettoupylag evog autovopou uBpldikou cuotripatog AMNE — udpoyovou, Tou €XEL WG KUPLEG
EVEPYELOKEC TINYEC Ml avepoyevvnTpla Kol pia ¢wtofoAtaikny yevvntpla. Mia Kup£€An
KOUOLUOU Xpnolpomoleital yla va tpododotrnoel To EAAEIPUUA LOXUOG, €VW Ml cuoTolyia
UTIEPTTIUKVWTWV TIEPLOPLOKEVNG XWPNTIKOTNTAG XPNOLLOTIOLETAL YA VA KAAUYEL TA HETABOTIKA
dawopeva g NTnong, aAld kat tng mapaywyng Adyw SLOKUPAVOEWY TNG TOXUTNTOG AVEUOU
Kal TNG nAlakAG aktvoPfoAiag. H otpatnylkn eAéyxou n omoia avamtuxOnke e§aodalilel
adiaAeumtn mapoxn ¢ wxvog tou doptiou, uPnAn moldtnTa wxLvog €€0dou Kalt vPnAn
EVEPYELAKI aOS00N, EVW £0TLALEL OTOV EAEYXO TNC KUPEANC KOUOLHOU KoLl TOU NAEKTPOAUTH HE
TETOLO TPOTO, WOTE Va AmodeVYETAL | ACKOTN XPrON TWV CUOCKEUWV CE SLOKOTITOMEVN KOl
pHeTaBatiki Katdotaon Asttoupyiag.
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KepdaAaio 2

MovreAomoinon vuroouoTnUATWVY
AVEMOYEVVNTPIWV

2.1 Tllepiypaen povréAwyv mou xpnoiuorroinénkav

Mo TN LEAETN TOU CUYKEKPLUEVOU CUOTNUATOG ival avaykaia n oxediaon HOVIEAWV TOU va
TIPOCOUOLWVOUV TIARPWC TNV As£ltoupyla Tou. 2TOo Tapov kedalalo meplypadovral Ta
unoouotApoata t™¢ A/l Kal avamtuooovtal POVIEAQ ylo TNV avamapaotacr Toug. IStaltepn
€udaon Olvetal otn HovieEAOmMoinon TNG YEVVATPLOG HMOVIMWV payvnItwv, n omola
Xpnotwlonowdnke otnv melpapatiky dtepevvnon tng A/T. Ma To okomd autd avamntuxbnke éva
oU{EUYUEVO MOVTEAO OCUYKEVIPWHEVWV TAPAMETPWV Kol MeESLOAKAG avaluvong pe Baon to
omoilo HeAETNONKAV GALVOUEVO OVWTEPWY OPHOVLKWV CUXVOTNTWV TWV NAEKTPKWY HEVEBWY,
KaBwe Kkal dalwvopeva PNXavikwy ToAovtwoewv tou Spopéa tng A/r. MapoAo mou n
HovteAomoinon TG YEVWWATPLAG KAT' AUTOV TOV TPOTIO aVOTOPAYEL LE €EQUPETIKN akpifeLa T
Aettoupyia TNG LNXOVAG, EVIOUTOLG N TIOAUTTAOKOTNTA TOU QUEAVEL TLG UTIOAOYLOTIKEG OTTALTH OELG
otav ocuvbuaoTel Pe TA HOVTEAQ TWV UTIOAOUTWY UTIOCUCTNMATWY YLl TV TIPOCOMOLWoN Tou
OUVOALKOU ouoTAuatoG. lMa to AOYo 0UTO, N TPOCOMOolwon TNG YEVVATPLAG KOATA TN
HOVTEAOTIOLNGN  TOU OUVOALKOU OUCTHUATOC Tipaypatonolionke Bswpwvtag KatdAAnAn
METABOAN TWV TOPAMETPWY TOU OSUVOMLKOU MOVIEAOU NG ouvdudaloviag LKAVOTIOLNTLKA
akpiBela kaL eUAOYO UTIOAOYLOTLKO KOOTOG,

EmutAéov, otnv epyacia auti avamtuxBnkav mEpav Tou OUTEUYHEVOU HOVIEAOU NG
YEVVATPLOG HOVIHWVY poyvntwy, U0 TUTOL HoVTEAWV yla tn povielomoinon twv dtadopwv
unocuothpatwy TG A/I oto meplBariov MATLAB/Simulink pe Bdaon tn xpoviky KA{paka
evéladépovtog:

a) Movtélo e§lowoewv MEONG TLUAG (XPOVLIKEG METAPBOAEG EVEPYOU TLUNG NAEKTPLKWY
HeyeOwv).

B) Movtélo TO Omolo aVATAPLOTA TIG OTLYHLALEG METABOAECG TWV NAEKTPLKWY HEYEOWV
(BuvapLKO POVTEAD TIPAYHOTLKOU XPOVOoU).

Ta U0 AUTA HOVTEAD £XOUV CUYKEKPLUEVO TIAEOVEKTHUOTO KOl LELOVEKTAUOATA, EVW N
€MAoyr Tou povtélou, To omolo Ba xpnoipomnownBel e€aptatal anod to nedio edpappoyng tou. H
povtelomoinon péow €flOWOEWV UE MECEG TLHEG OIVEL LKAVOTIOLNTIKA QmoTeAEopATA OTAV
edapuoleTal yla tnv mpooopoiwon PeyeBwy, OTwG oL TACELG Kol pevpata oto Slaudo cuvexoug
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pevpaTOg, N evepydg Loxug e€odou tng A/T, n pomr tng A/T kKA. To yeyovog OTL n
HOVTEAOTIOLNCN TIPOCOUOLWVEL UECEG TLMEG MEYEOWV HELWVEL EEQUPETIKA TO UTIOAOYLOTLKO
KOOTOG TIPAYUA TO OMoio £ival oUCLWOEC O TIPOCOUOLWOEL POLVOUEVWY MEYAANG XPOVLIKAG
KAlpaKag .

MelovEKTn A TNG HovteAomoinong autng eivat otL Baaoiletal os MapadoxEG, OL OTIOLEG EXOUV
yivel og Sladopa onpeia TOU CUCTHUATOC HE OKOTIO TNV AMAOUCTEUGK) TOU Ol OTOLEC, WOTOOO,
To KaBLoTOUV OKATAAANAO ylo TNV €€€TOOn OPLOMEVWY dalvopévwy. Mo mapadelyua, n
YEVWATPLO MOVIHWV payvntwv poviehomoleitat palt pe tov avopbwtr Swdwv oav
TPLOSLACTATOC TiVOKAG TIOU TEPLYPADEL CUYKEKPLUEVEG KOTAOTACELG HOVLUNG AElToupyiag dpa
gival aduvato va MPocopolwOouv pe HeyaAn akpifeia Suvapka ¢patvopeva. Katl mopopolo
oupBaivel kal pe tov petatponéa IP/IP, o omoiog povteAomoleital Bacel Twv €€lOWOEWV
HOVIUNG KOTAOTAONG ME OTOTEAECHUA Ol TAOELC KAl TA PEUMATA VA PNV amelkovilovtal e
oTlyHLaieg TIHEG ald pe pEoes. Tautoxpova ol €icodol kat ol €§odoL Tou povtéAou eival
OUYKEKPLUEVEG WE OTMOTEAECUA N Tipooopoiwon ¢avoUEVWY TEPAV TWV KATOOTAOEWV
Aettoupylag yla TG omoleg €xel oxedlaotel, OTwG m.x. Eva BpaxUKUKAWUA OE KATIOLO ONUELO TOU
KUKAWHLOTOG, I TO AVOLYHA EVOC SLAKOTITN, VA amaltolVv cuxva Thv avanpooappoyn Stadopwy
HLEPWV TOU ) OKOMO Kal CUVOALKA. Me Alya AOyla oL QITAOTIOLOELG, Ol OTIOLEG €XOUV YiVEL OTO
MOVTEAO TO KABLOTOUV KATAAANAO yLa TNV QVATIAPAOTAON EVOG TIOAU CUYKEKPLUEVOU PACHATOG
AELTOUPYLKWY KOTOOTAOEWY, €VTOUTOL;, MELWVOUV OPOMATIKA TIG OTOLTACEL TOU Of
UTTOAOYLOTIKN LOXU.

To SUVAMIKO MHOVTEAO TIPAYHATIKOU XPOVOUu €XEL oOxeSLAOTEL XPNOLUOTOLWVTIAG TO
neptBallov tou Aoylopikou MATLAB/Simulink kot SUvatal va MPOCOUOLWOEL TO oUOTNUA
Sdlvovtag TIg ouypaieg TpEG peyeOwv oe OAn tn Suataén. NeplhapPdavel OAa Ta
urnoouotipota g A/T, OTMWC To 0lEPOSUVALKO HEPOG, TN CUYXPOVN YEVVATPLA, TOV LETOTPOTEN
avuPwong tdong, tov avtiotpodéa TUMOU TNYAG Tdong cuvdedepévo oto Siktuo, Kabwg Kot
OAWV TWV EAEYKTWV TWV HETATPOTIEWV. YTApXEL apeon aAAnAenidpacn tng Astoupyiag Twv
UTTOCUOTNMATWY TIPAYOL TO OTIOL0 CUVETIAYETAL WG N AELToupyia TOU €VOG emnpedlel apeca
Kall Tat uTtoAouta. Ta TTAEOVEKTHUOTO TOU HOVTEAOU €ival adeVOG N ATIEKOVION TWV OTLyHLaiwy
TIHWV Twv Sladopwv peyeBwv avefaptrtou cuxvotntag mpaypa mou Sivel T Suvatotnta
MEAETNG OSuvoplkwv Powvopévwv peE MeYaAn akpifsia kol adetépou n  duvatotnta
TPOTIOTIOLCEWV ME EUKOALD Xwpig va glval anapaitntn n avanpooopuoyn Twv LEPWV TOU
povtélou ta omoia Sev udiotavral aAlayes. AopaAwg, elval euvonto MwG N povieAomoinon
KOT' QUTOV TOV TPOTIO AUEAVEL KATOKOPUPA TIG ATOLTHOELS OE UTTOAOYLOTLKA LoXU TPpAyLLa TTIOU
onUaivel mMwg sivotl KOTAAANAN yla TIPOCOUOLWOEL GULVOUEVWV XPOVLIKNAG KALHOKAC TNG TAENC
TWV UEPIKWY SEUTEPOALTITWY, OTIWC TL.X. NAEKTPIKWY UETORATIKWY, TOUAAXLOTOV UE TN XPNon
€VOG OLKLOKOU UTIOAOYLOTH TNG TapoU oG YEVLAG.

EOviko Meroofio Ioivteyveio
Moauog 2011



Ta 6U0 MARPN HoVTEAQ TTOU TepLlypadnKkav mopandavw anetkovilovtal oto 2. 2.1 kat 2x. 2.2
avtiotoya [1].
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2.2 lsvvnrpia Moviuywv Mayvnrwv

Ta teAevtaio XpoOvio XPNOLLOTIOLOUVTAL OAOEVA KOl TIEPLOCOTEPO YEVVATPLEG MOVIHWV
payvntwv og MAnBwpa epapuoywv. H xpAon cUyXpovwy YEWNTPLWY HOVIHWY HayvNTWV OTLG
OVELOYEVVNTPLEG UTIEPTEPEL €vavTl AAAWV TOTIOAOYLWVY, OE OPLOHEVOUC TOMEIC, LE KUPLOTEPQ
TIAEOVEKTAMOTO TO YEYOVOC OTL Asttoupyouv umé uPnAo ouvieAeotd LoxUog kol uyPnAn
anodoon Aoyw tnc¢ 8LOTNTAC Toug va autodleyeipovtal. MapoAo TMOU TA UAIKA HOVIHWV
payvntwv epdavilov oto TapeABov  mpoBAAUATA  QMOMAYVATIONG, OTW( MEPEC MOG
XPNolomoLlolvTaL KpApata Onwe veodu Lo, tTa onola epdavifouv peydin otabepotnta ota
XapoKtnplotikd toug [1]. Kabwg n yevvntpla omoteAel KUPLO HEPOG TWV OCUCTNUATWY
OVEUOYEVWNTPLWY, N HovteAomoinor tng aAld Kot n HeAETN ALVOUEVWV TIOU SLEMOUV TN
Asewtoupyla NG elval {ntipata peilovog onuaciag. Xto kedpalalo autd TapoudlalsTol N
ueBodohoyla avamtuéng evog ouleuypévou  SUVOULKOU  HOVTEAOU  GUYKEVIPWHEVWY
TIAPAUETPWY Kal TESLAKNG AVAAUONG TO OTOLO XpnoLomoLlBnke otnv nepapatiki Sltepevvnon
NG avepoyevwnTpLlaG. Me BAon To LOVTEAO AUTO HEAETWVTOL GALVOEVO AVWTEPWY APHOVLKWV
OUXVOTNTWV TWV NAEKTPKWV  HeYEBWVY, PalVOUEVA  UNXOVIKWV  TOAAVIWOEWV  TNG
OVELOYEVVATPLOG KoL TtpoTeiveTal pia peBodoloyla EAEYXOU YL TNV OVTIUETWITLOT) TOUG.

2.2.1 Aiauoppwon levvirpiagc Moviupwv Mayvnrwyv kai Kupiorepa
Asgiroupyika XapakrnpioTikd
H Baowkn Sour tng yeEVVATPLAC HOVIHWY HOYVNTWV TIOU XPNOLUOTIOLE(TAL 0T Ttapouoa
epyacia mapouaotaletal oto ). 2.3.

3-phase stator winding

IxX. 2.3 AlaTour) YEWTPLOG UOVIUWY UAYVNTWYV UE ETILPAVELNKOUG UAYVATEG

H tomoAoyia tou Zx. 2.3 eivat auti twv emupavelakwy HAYVNTWY KoL OTOTEAEL L
TomoAoyila TOU TEWVEL va EMIKPATACEL HETA TNV QVATTUEN MOyvNTIKWV UALKWYV UPNARG
payvntong. O Spopéag amoteAeital amo £va owdnpomuprva 0 omoilog Umopel va eivat
CUMIOYNG N Kol va €XEl Kataokevuaotel amod ¢UANa owdrjpou. Aemtol HOVIUOL HOYVATEC
toroBetouvtal otnV emidpAveLla Tou Tupnva. MayvhnTeg avtiBeTng poyvnTikng ¢popag mopayouy
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TIUKVOTNTA PONG AKTWVIKNAG KateuBuvong Slapéocou Tou SLoKEVOU. ITNV E0WTEPLKA ETLPAVELR
TOU OTATN UTAPXOUV QUAOKEG OTL omoieg tomoBetouvtal tuAiypata. H yevvAtpla mou
xpnoworoleital otn Siataln €xel ovopaotikny toxy 2kW, ovopaotiky ¢oaoikny taocn 220V,
OVOHOOTLKA cuxvotnta 80Hz kat 12 {gvyn moOAwv.

2.2.2 MovréAa Avamrapaoraong tng lsvvnrpia¢ Movipwv Mayvnrwv
H &nuloupyia akplBolc HOVTEAOU TOU va TeplypAdeLl NAEKTPLKA Hiot pnxovr HOVIipwV
poayvntwyv &ev elval amAn AOyw TwWV HUn YPOUHLKWV dalvopévwy mou mapouctalouv Tt
HOYVNTIKA UALKA aAAQ KOl TWV QPUOVIKWY GOLVOUEVWV TIOU OXETL(OVTAL HE TNV KOTOOKEUN TNG
vevwntplag [10]. Mapouctdalovtal SU0 eVAANAKTIKEG QVATIAPOOTACEL yla TN oUyXpovn
YEVVATPLO LOVIHWY HayvNTWV.

2.2.2.1 MovréAo yevikeuuévng Bswpiag NAEKTPIKWV Unxavwyv

OuL eflowoelg mou meplypddouv TN Aeltoupyila TNG CUYXPOVNG YEVVATPLOG TIPOKUTITOUV
Xpnolonolwvtag otpedopevo mAaiclo dVo afovwv pe edpappoyn TNG YEVIKEUUEVNG Bewplag
TWV NAEKTPIKWVY pnxavwyv. H yevwntpla &g SaBetel Tuliypata amoofeong kat pmopel va
nieplypadel avoOAUTIKA WG LOVTEAO TETAPTNG TAENG ME ELOOSOUG TIG TAOELG TWV OKPOSEKTWV Vs,
Vbs, Ves KOL TN UNXQVLKA pOTt oTtov afova T, EVW UETOPANTEG KOTAOTAONC ELVOL Ol CUVIOTWOEC
TNG MEMAEYUEVNG PONG TOU OTATN Ygs, YPus KAL N YWVLOKA ToxUTNTA KAl B€on tou Spopéa wy, 3,
avtiotoya. Q¢ €€oboL Tou cuotApatog AapBavovtal Ta PEVUAT YPAUUAG fgs, fbs, ics. MOPAKATW
napatiBevral ol e§lowoelg mou meplypddouv to cvotnua. OAa ta peyedn (tdoelg, pevpata,
TIEMAEYUEVEG POEG avA SEUTEPOAETTO, YWVLOKN TOXUTNTA SPOMEN, AVILOTACELS, POTN) €lval
ekppaopéva o ava povada cUoTNUA HE TIC BAOIKEC TIUEG TTou Slvovtal oTn CUVEXELA.

ZUVLOTWOEG MEMAEYHEVNG PONG OTATN:

r
Vgs = wbj|:vqs +X_s(l//mq _l//qs)_a)r‘//ds :|dt (21)
Is
ls
Was = a)b_[ Vs +X_(l//md _l//ds)_a)r‘:”qs at (2'2)
Is

Orovu

_,_i Is mq Is (23)
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Yma = = Vas +
m 1 N X Xog ¥ Xis © Xy + X (2.4)
de Is
PgUpota TUALYHATWV:
g = (2.5)
Is
Ymd —¥as
lgs = (2.6)
° Xls
E§lowoelg Kivnong Spopéa:
Te = '//dsiqs _l//qsids (27)
1
o, = [ (T, - T)d (2.8)
0. = jw,dt (2.9)

Ava povada cvuotnua:
Baotkn Tiun toxvog: Sp = OVOUAOTIKI LOXUC TNG YEVVATPLAG

Baown TR tdong ywa tg $aocelg abe: Vpgrg = €vepYOs (rms) T NG ¢$acikng tdong
OVOLXTOKUKAWONG OE OVOLLOLOTLIKEG OTPOGEG

Baown tin tdong ya tig petaPAnteg qdO: Vigan=V2 Vi(abe) TAATOG TNG GACLKAG TAONG.

1 1 1 4 S
B(XO'l.Kr] TN pEVHATOC YPAMUUNG abc: [b(abc) =—>
3I/b(abc)
' ' ' ' Sb
B(XO'l.Kr] TN PEVHATOC VLA TLG HETQB}\HTEQ qu [b(qu) = _3
5 Vb(qu)

v, 3V
Baown T avtiotaong: Z, = 29 - = Habd

7 N wodvvapa 7, =
b(abc) b b(gd0)

Sy
2
P

ovVoUaoTIKA N Baotkn T (NAEKTPLKAG) ouXVOTNTAG TNG NXAVAG.

Vb(qu) _ (3] Vbz(qu)
2) S,

Baown T pomng: 7, = Omou n PBaclk ywviakR ToxUTNTA Wp OVTLOTOLKEL oTnv
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2

1(2

lJa)fnb (j Jo,

Avnyuévn otaBepd adpavelwag: H = 2 5 = S OTIOU W €lval n Baotki Twn
b b

HUNXOWVLKAC TaxUTNTOG.

2.2.2.2 2UleUyuéVO UOVTEAO OUYKEVTPWHEVWY TTAPAUETPWY Kal TTEOIAKNS
avdAuong Baoiouévng os ueBO0doUS MEMEPACUEVWVY OTOIXEIWV

H avaAuon tng Asttoupyiag NAEKTPLKWV HNXOVWV HE TN HEBOSO TWV TMEMEPACUEVWV
otolelwv duvartal va Topayel omoteA£opata e €€AlPETIK akpifela 6cov adopd otnv
avVamopAoTaon NAEKTPLKWY KAl LayvNTIKWV LeyeBwv KaBwg Kot LeyeBwV Le AUECH CUCXETLON
OTIWG TLY. OMWAELEG, LOOSUVAUEG QUTETAYWYEG, SUVAUEL 0To SLAKEVO TNG Hnxavng KA. H
HEBOOOG TWV TEMEPAOUEVWY OTOXEIWV UTOpel €KTOG amo Tn AETOUPYLlK avaAuon 1ng
EKAOTOTE MNXAVNC va £pappooTel kot katd tn ¢acn oxedlaopol TG oav epyoAeio
BeAtiotomnoinong.

Ocov adopd oTn pnxavrp TOU xpnolwdomowbnke otnv  mapovoa  edapuoyn,
XPNOLUOTIO)ONKE LOVTEADO TIEMEPACUEVWVY OTOLXELWV yla TNV avaAuon tTng Aeltoupyiag tng os
MOVLUN Katdotoon kot ywa Slddopeg ouvOnkeg $optiong evw TopdAAnAa peAetiOnkav
ouvBetotepa dalvopeva ONMwWG TAAAVIWOEL TNG POMNAG Tou O&lakévou Kal dawvopeva
EKKEVTPOTNTAG. TO MOVIEAO TEMEPOOCUEVWV OTOLXEIWV OUVOUAOTNKE ME TO avtioTOLO
L00SUVAHOU KUKAWMATOG TNG MNXOVAG, WOTE va €lvol ampOOoKOTTn N ouvepyacia HE Ta
HOVTEAQ TWV UTTOAOLUTWY OTOLXELWV YLl TNV OVAAUGK KoL TIPOCOUOLWGCN OAOU TOU GUOTAHOTOG
¢ A/T.0 mivakag 2.1 cuvoiletl Ta KUPLOL KATAOKEVUOLOTLIKA XOPAKTNPLOTIKA TG LnXavng. Na tn
HOVTEAOTOLNGN TNG OUYKEKPLUEVNG 24TIOAIKAG MNXovAG avamtuxOnke Siodidotato poviédo
TMIEMEPACHEVWY OTOLXELWV TO OTOLO TIPOCOUOLWVEL €va TIOAO, XPNOLLOTIOLWVTOG KOTAAANAEG
OPLOKEC OUVONKEC Ot Opla TNG OXESLOOUEVNG YEWMETPLAC. To TAEYHA TOU €VOC TOAOU
amoteAsital and 5543 kopPBoug kat paivetal oto Ix. 2.4a. Ito 2X. 2.4B daivetal n Katavoun
TOU poyvnTkoU mediou ¢' €va MOAO TG UNXAVAG Yo CUVONKEC OVOUOOTIKAG $pOpTIoNnG. TOCO O
OTATNG, 000 KAl 0 SpOHEAC TNG UNXAVAG armoteAolvtal and XAAuBa Un TMPOCAVATOALOUEVWV
KOKKWV, EVW Ol LOVIHOL HayvnTeG amo kpapa Neodupiou. H emiAuon tou poviélou duvatal va
ekteleital og Sladoxikd BrApata aAlldlovrag, TO0O TN YEWUETPLO TOU, OO0 KOl TNV TIUA TwV
PEUMATWY TOU OTATN, OMwG daivetal oto 2x. 2.4y. 3to IX. 2.5 daivovral evdelkTikA
OTTOTEAECLLOTO TIPOCOUOLWONG E TO LOVTEAO KOl CUYKEKPLUEVA N pon TUAlypatocg Kal n HEA oe
uia ¢Aaong NG yevwnTpLag Lovipwy payvntwy [2].
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(v)

Zx. 2.4 Aiobiaotato UovtéAo memepacuévwy otolyeiwv. (a) MAgyua (6) katavoun tou payvntikov nediov
(v) otyudtuna yia kivnon tou Spouéa kot xpovikn UETaBoAN Twv pEUUATWY TOU OTATN.
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IX. 2.5 [lpooouoiwaon por¢ TUAlyUATOC Ko TAONG QACNC TNC YEVVATPLAG MOVIUWV UAyVNTWY OE
OVOUOIOTIKEC OTPOPEC
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MINAKAZ 2.1
ZXESLOOTIKA YOPAKTNPLOTIKA TNG Unxavncg (dtaotaoels oe mm)

Rotor radius 123
inner radius 125
Stator outer radius 175
number of teeth 72
length 25
Tooth width 7
basis width 9
length 24.2
Magnet width 3
depth 30
Machine depth 30

To anmoTteAEoUATA TWV MTPOCOUOLWOEWY HE TO POVIEAO TIEMEPACUEVWYV OTOLXELWV ELCAYOVTAL
0E MOVTIEAO OUYKEVIPWUEVWV TOPOUETPWVY YO TIPOCOUOLWOEL TNG OCUUTEPLPOPAG TNG
UNXAVAG OE TPAYUATIKO XpOvo. To TeAeutaio MPOKELTAL ylo HOVTEAO Tou TeplAapPavel
NAEKTPEYEPTLKA SUvan, avtiotoon Kal autemaywyn ya kabs ¢paon. MNa Adyoug amAomnoinong
TOU HOVTEAOU CUYKEVTPWUEVWVY TIAPAUETPWY Ol QUTETMAYWYEG TOU LOOSUVOUOU KUKAWUOTOG
UITOPOUV VAl £XOUV WC TN TN UECN QUTETAYWYN TTOU TIPOKUTITEL OO TNV AVAAUGCN LE LOVTEAO
TIEMEPACUEVWY OTOLXELWV KaL TN XPNON EUTELPIKWY TUTIWV. ZUYKEKPLUEVQ, Tipoadlopilovtal ot
autenaywyEg okedaong Lig kat Lig, kaBgtou katl euBu dova avtiotoya, O6mwg opilovtal otov
TPOTIOTOLNHUEVO PETAOXNHOTIONO Tou Park, cupudwva pe Toug TUTOUG:

quz qurvk”_Leok (2 10)

Lig~ LigrontLeon (2.11)

OTIOU Ol QUTETAYWYEG Ligrun KAt Ligrua Yo TOV K&BeTO Kat euBU dfova avtiotolya mpokUTTouV
OO TO LOVTEAO TIEMEPOOUEVWY OTOLXEIWVY, EVW N Leor, SNAXSA N autenmaywyn okéSaong Twv
AKPWV TOU TUALYMATOG, TPOKUTITEL QMO EUTMELPIKOUG TUTOUG Tou AapPdvouv umodn Tig
Slootdoelg tou. OpwG Ol QUTEMOYWYEG OQUTEG OUVOEOVTOL ME TIG QVIIOTOLXEG MAYVNTIKEG
OYWYLUOTNTEG UE TLG OXEOELG:

qutvk =~ 3 £ N2 qu (2.12)
2 2 i

Ligry = = £ ]\72 P4 (213)
2 i
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omou N; elvat o aplBpdg Twv eAlypdtwy ava ninvio (otnv napovoa nepintwon eivat (oog
pe 50), P elvat o aplBpog twv moAwv (ioog pe 24) kat Pig, Pig OL HAYVNTLKEG QY WYLLOTNTEG
ok€daong. Ol teAeutaieg umtoAoyilovtal anod Toug TUTOUG:

o, (2.14)
Iq

® (2.15)
Py = —~
Fy

onou Oy kat Qg N payvnTkn por okEdaong otov KABeTo kat euBY dfova avtiotolxa, evw Fiq
Kol Fig OL QVTIOTOLYEG LAYVNTEYEPTIKEG SUVAELG.

OL payvnTIKEG poEG umoAoyilovtal pe BAon TG TWEG TOu SLOVUOHATIKOU SUVAULKOU Of
OUYKEKPLUEVO ONUELD TNG YEWUETPLAG, EVW OL LOYVNTEYEPTIKEG SUVANELG AapBdvovTal amo Tnv
TMPWTN OPHUOVIKA TWV QVILOTOWWV SLaYpAUUATWY OE OUuVAPTNON HE To uRKog tofou. Ot
TIPOOOUOLWOELS YivovTal yla ¢OpTIon TwV TUALYHATWY o0To 150% TNG OVOUOOTLKAG TOUG HE
QMOVTEG TOUG HOVLUOUG HayVvATES, Aappavovtag £tol umtoyn tn duopevéotepn mepimtwon. Ta
anoteAéopata cuvoyilovtal ota EAG:

Py =0.257*10° Wb/AE & Pig=0.256*10° Wb/AE
D =0.10478 mWb & &9 =0.0523 mWb
Lig #13.928mH & Lig=13.911 mH
la Tov UTIOAOYLOHO TNG WHLKAG avtioTaong Ryn xpnotpomoleitat n oxéon 2.16, €xovtag wg

6ebopéva TNV 81K aywyLLoTnTa pcy Tou UAKOU (0,0175 Q mm?/m), to cuVOAWKS UNKOG TOU
Lew KL TNV avtiotolyn Stotopr Tou S = 0,785 mm?.

Ry = peu Lo (2.16)
S

To punkog kaBe omeipag eival cvpuPwva Pe TIC MAPASOXEC TTOU £XOUV YIVEL WG TTPOG TA
unkn too pe:
Loreipac = 0.215 m
Juvenwg, Aappavovtag unmoyn otL 1o KABe mnvio €xeL 50 omeipeg kat otL elval 12 nnvia
ouvdedepéva oe oelpd ava pacon, TOTE TO CUVOALKO UNKOG lval:
Lcy =128.9 m
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Omnote n avtiotaon kaBe pdaong ival:
Ron =2.87 Q

OL Aemrtopépele Tou KUukKAwpatog daivovtat oto 2x. 2.6. Kabwg n popdn ng
NAEKTPEYEPTLKAG SUVANG TNG YEVVATPLOG ATIOKALVEL €VTOva OO aUTH TOU amAoU nuLTtévou, To
Ll00SUVAPO KUKAWUO TIOU TIEPLEXEL TIOAAEG OPUOVIKEGC OUVIOTWOEC, UTO TN Hopdr XPOVIKAG
HETAPBOANG TOU onuatog, daivetal vo €xel codEC MAEOVEKTNUA £VAVTIL TOU HOVTEAOU TOU
TIPOKUTITEL ATIO TN YEVIKEUUEVN Bewpla NAEKTPIKWVY pnxavwy. Meyédn onwg n oxug KoL n porn
urmoloyilovtal xwplg onuavtikeg amokAioels. To MOVIEAO TNG YeVIKEUUEVNG Bewpiag Ba
umopoloe va emektabel woTte va CUUTEPIAAPEL AVWTEPESG APHOVLIKEG UTIO TN Hopdn TAALciwv
otpedopévwy pe ToAamAdola taxVutnta tng BepeAlwdoug KATL TETOlo, wotoco, Sev eival
TIPAKTLKO YLO TTOAEG CUVIOTWOEG.

Ea Ra La
D YY)
Rb Lb
Eb
< @ R e e
Ec Rc Le
D YT T
2X- 2.6 looduvauo KUKAwuUA yewntpLog
V:Eq_ gﬂ—Mﬂ—Mﬂ—RJa (2.17)
’ dr dt d ’
I+ 1, =—1, (2.18)
V,=E,-Rji, —(L, + M)% (2.19)

To Soutkd Slaypappo Tou CUIEUYHEVOU HOVTEAOUL TTOU avamtuxOnke dalvetal oto Ix. 2.7.
To povtélo ooduvapou KUKAwHOTOG O€xetal w¢ €(0odo amd TO HOVIEAO TEMEPOUOUEVWV
otolxeiwv tnv HEA TG HnXavng, Kat amod e§WTEPLKO UTIOAOYLOTIKO LOVTEAD TN PopTion Kot Bon
Tou Spopéa. Zav €€obo Sivel Ta peUHATA TWV TPWV PACEWV OTO HOVIEAO TEMEPOOUEVWV
otolelwv To omoilo S€xetal koL autd cav elcodoug tn B€on tou Spopéa Kol To emimedo
dopTIoNC. Me ToV TPOTIO AUTO SUvaVTAL VO UTTOAOYLOTOUV HE aKPiBELO POLVOUEVA N YPOLLULKA
OTWG 0 KOPEOUAG TNG HNXavng, va AndBouv ur’ dn avwTeEPEG APHOVIKEG TNG TAONG KOl TOU
peVMATOG aAAG Kal n emibpacn OAwv auTwWV TwV GALWVOUEVWY 0T AELToupyiol TNG UNXAVAG
OTIWG TL.X. OL TAAOQVIWOELG TNG NAEKTPOUAYVNTLKNAG POTNG, Le e€alpeTikn akpifela. Ito 2)X. 2.8
daivovtal ta avtiotol o anoteAéopata.
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External circuit

Finite Element

model . A
time stepping model
»(EMF
Loading lab —»{Currents
rROtor position Postprocessing
P Rotor position TerP(nst. Torque FFT P FFT
L Rotor
Loading position o
.. ; Inst_Torque
condition -»Loading (%)  p\ae »[Ensi-Torg

Zx. 2.7 Aopiko Slaypoppo culeUYUEVOU HOVTEAOU.

Input voltage, measured EMF and computed line current
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Zx. 2.8 YnoAoyioueva ueyedn ue Baon to oulevyuévo uovredo a) Taon eicodou, HEA, pevua etoédou

v mAnpn @option 8) Taon etoodou, HEA, pevua elaodou yia undevikn ooption y) HAektpouayvntikn

portn yia mAnpn eoption &) HAektpouayvntikn pomt yia undevIKn @opTion.
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2.2.3 MeAéTn @aivouévwy EKKEVTPOTNTAS
2.2.3.1 lNeprypaen mpoBAnuaros

KaBwc n moAUTOALKN) YEVVATPLA HOVIHWV HOyVNTWV Elval OXESLOOMEVN HE OKOTO TN
BéAtiotn duvartr aflomoinon Tou pPayvnNTIKOU UALKOU, TOL KATAOKEUOOTIKA TNG XOPOAKTNPLOTIKA
AapBavouv cuxva oplakeg TWEG [1]-[4]. XapakTnploTiko moapddelypa eival To SLAKEVO TIOU EXEL
emAeyel otn UG PEAETN Unxavr, TO omoilo €ival WKPOTEPO Twv 1mm. ZUVETELA TOU HULIKPOU
Slakevou eival n avadelgn ateAelwy OMWGE N EKKEVIPOTNTA OTA NAEKTPLKA LETPOUMEVA LEYEDN
[3]-[8]. H peydAn SiakUpavon Toug o€ XOUnA ouxvotnta sivol duvatov va Sleloducel oto
ovotnua EAEYXOU TPOKOAWVTAC 0PaAUEVN SLEYEPON KOL (OWC CWPEUTIKA TpoPARpaTa oTNV
KATAmoOvNon TwV MNXAVIKWV HEPWV. TG Tapaypddoug mou akoAouBouv meplypddetal n
Sladikacio cuvBeong evog LoVTEAOU BaCLOUEVOU OTNV AVAAUCH TIEMEPACUEVWY OTOLXELWVY, TO
omolo umoAoyilel pe e§oupetikni akpifeta tnv HEA t™ng pnXoavig yio SLadopeTIKEG TIHEG TNG
EKKEVTPOTNTAG EVW TAUTOXPOVO QMOTLUOUVTOL eVOLAPEPOUOEG TTOOOTNTEC Kal €EdyovTal Ta
OXETLKA HLE TOV EAEYXO CUUTTEPACHOTAL.

2.2.3.2 MovreAotroinon Tng YEVVATPIAS YIA TTPOCOUOIWON EKKEVIPOTNTAS
o [EWUETPLIKN avanapaotaocn

H pwkpn amokAion otn Oéon tou otdtn | tou Spopéa amd TO KEVIPO TEPLOTPODNG
odel\eTOL OE KATAOKEUOOTLKN ATEAELA KoL £XEL KABAPA YEWUETPLKO Xapakthipa [9]. Zto g€ng Ba
ovadEPOVTal WEC «EKKEVIPOTNTA OTATN» KOl EKKEVIPOTNTA Spopéar. Alakpivovtal, Aoutov,
TECOEPLG TIEPUTTWOELG, OVAAOYA HE TO TIWG CUUTIMTOUV TO OTPEPOUEVO KOL TO OTATO HEPOG.
Mpoteivetal aviutapafoAn pe to Zx. 2.9.

Stator
Rotor

— — — . Stator eccentricity

Rotor eccentricity

IX. 2.9 SYNUATIKN) QVATOPAOTACH EKKEVTPOTNTHG OTATN Kot SPOUER
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Npwtn mepintwon eivat o otdtng kat o SpouEag va PNV amokAivouv amd To KEVIPO
neplotpodng, dnAadn n kataokeur va eival bavik. H katavourn tou mediou tote elval
OUMMETPLKN KOl TO TAATOC TNG TAong €€06ou Sev mapouotalel dtakvpavon. Mapott sival n
mAéov emBupntn Kataotaon, otnv nmpaén sivatl aduvatov va emtevxBel mMAnpwe, edIKa 600
au&avetal n SLAPETPOG TNG LNXAVNC.

AgUTEPN EPLITTWON ELVOL LOVO 0 SPOUENG VO TTAPOUGLATLEL EKKEVTPOTNTA. TOTE N KATAVOUN
Tou mebdiou elval acUPpeTPn, KABWC To SLAKEVO UETABAAAETOL KOTA TNV TEPLPEPELD TOU
Spopéa. Katd tnv meplotpodn Tou TEAeUTALOU TIEPLOTPEPETAL KL N ACUUUETPN KATAVOUN.

Tpltn mepimtwon ival HOVo 0 0TATNG va Ttapouatalel ekkevtpotnTa. MNAAL n KOTOVOU Tou
niediou glval AoUPUETPN, OUWG oTa TUALypata KABe dpaong epdaviletal meplodikd opoldpopdn
Oleyepon. Etol v nmapatnpeital dtakupavon Tou MAATOUG oTNV tAon kabe ¢dong, pmopet
OUWG va epdavioTel pikpn avopolopopdia LETOEL Twv GACEWV.

To mpoPAnua yivetal ePLOoCOTEPO €UPAVEG OTNV TETAPTN MEPINMTWON, OTIoU SPOUENG Kal
otatng eival £kkevipol. Tote to eAdyloto SLakevo UETOBAAAETAL KATA TNV TIEPLOTPOPI TOU
Spopéa pe amotéleopa n NAEKTPEYEPTIKN SUvaun va mapouaotdalel dStakvpavon cUUPwWvn HE
Vv neplotpodn auth. Mol HIKPH TUUR EKKEVIPOTNTAC vl LKavh v SNULOUPYNOEL LETPAOLUN
Stakbpavon otnv taon kevou ¢optiou Sduoyxepaivovtag tn Asltoupyila TNG YEVVATPLOG KoL
EVLOXUOVTOG TNG OXETIKES TIAPEVEPYELEG. 2TO ZX. 2.10 daiveTal N YEWUETPLKN TIPOCEYYLON YLa TNV
€KKevTpotnTa Tou Spopéa [9], [10]. Opoiwg mpooeyyilleTal Kal N EKKEVIPOTNTA OTATN, KABWC
Kall 0 cUVSUACOG TOUG.

-~

/-lﬁ;a{’ N
/A ) . 3
’>6/ Center of rotation =

,7%’ Stator center

¥

NN Rotor center

S==
Zx. 2.10 Zynuatikn avanopdotacn eKKEVTPOTNTAC SpoUEa

Ao TNV £papuoyr] TOU VOLOU TWV CUVNULTOVWY 0To 2). 2.8, e€dyeTal 0 TUTOC TTOU GUVOEEL
TN HeTaPBoAn tou Slakevou Ue Tn ywvio Tou Spopéa:
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Ag(a) = r—e-cos(a) — \/r2 — e -sin’(a) (2.20)

Omnou:
MINAKAZ 2.1
Mey£9n mpog mepLypapt) TG EKKEVTPOTNTAC
ZupBoAo Nepypadn Movadeg
e EKKEVTPOTNTA m
€ Slakevo m
Ae petaBoln Slakévou m
a ywvia to€ou petafl Tuxaiou onuelov otnv rad
TiepLpEPELO TOU SPOUEA KAl TOU OhUEioU
peyiotou Ae
r aKTiva Ttou Spopéa m

Ito 2x. 2.11 daivetal n amewkovion Tou &€vog TOAOU TNG UNXAVAG OTnV mepimtwon
HELWMEVOU Slakévou KaBwG Kal otnv nepimtwon auvénuévou Slakévou.

(B)

Ix. 2.11 Awobiaotatn amelkovion evoc moAou o) meptoyn UELWUEVOU Stakevou B) meptoxn auénuévou

Slakévou

' éva npwto BApa urtoAoyiletal amno to SLoSLACTATO HLOVTEAO MEMEPACUEVWY OTOLXELWV N
KOTAVOWUN Tou payvnTikoU mediou yia Sladopetikég TIuEG Ae tou Slakévou. Ito Xx. 2.12
daivetal n katavoun TG pong tou payvntikoL nediov kabwg katl n HEA Tou avtloTtolyel o éva
TIOALKO BAHO Yl XOPAKTNPELOTIKEG TIUEC AE TOU OLAKEVOU KOL KOVOVLKOTIOLNUEVEG OTLG
OVTIOTOLXEG TLMEG UNOEVIKNA G EKKEVTPOTNTAC. Me BAon ta anoteAéopata evog Peyalou aplOuou
TIPOCOUOLWOEWV YLO SLOPOPETIKEG TIUEG SLOKEVOU AE UMOPOUUE VA TIPOOEYYIOOUUE UE TIOAU
HUKPO OPAAUA TIC KOVOVIKOTIOLNUEVEG TIMES D(Ag)/D, Kat E(Ag)/Ep, ylo TNV EKAOTOTE ywvia, a,
o0V TIOAUWVUMLKN ouvaptnon Seutépag taéng cudwva e TG oxEoeLS (2.21) kat (2.22):

O(As)/ D, = 117130A8” —455,36A¢ +1 (2.21)

E(Ae)/ Ey = 118123As” —465,1A¢ +1 (2.22)

e OeUtepo otadlo n kupotopopdn tng HEA, Ep n omoia avilotolxel oe pndevikn
EKKEVTPOTNTA ELCAYETOL G' £Vl LOVTEAO TIPOYUATIKOU XPOVOU TO OO0 armelkovileTal oto ).
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2.13. To povtého S€xetal wg €lcodo tn HnXavikn pomr, unoAloyilel Tn B€on tou dpopéa Kat
bivel wg €§€060 tnv HEA tng pnxavig Aappdvovtag umt' oPn to Gavopevo TnG EKKEVTPOTNTAG.
Mo ouykekplueva, Aappavovtag tnv Ep kal xpnolpomnolwvtog tTnv eélowon (2.22) to povtélo
umoAoyilel tnv HEA tng unxavng yia kaBe moAo exwplotd Aappfdvovtag um' ogn TV T Tou
Slakévou, Ag, yla KABe ywvia o, Kal oTn cUVEXELD OAOKANPWVEL T' amoteAéopata ylo KaBe toAo
Slvovtag teAikad tn ouvoAwky HEA ava ¢don. 3to 2x. 2.14 daivovtol amoTteAéopaTA TNG
OUVOALKNG HEA yla piia daon TG HNXAVAG KoL XOUPOAKTNPLOTIKEC TIUEG EKKEVTPOTNTOG e.

1
AhAdassganadanagansban, (aasdanadasabanatansbana ada) A FRVN IRVIRA A ahda,
0.8 Jiemaltads \A_L‘ . # a4 Ay\‘ Apat e |
200080 04,00000000°% 00, F:"'o. ceetenss® et es 0,8 ® o i vy N Ty e P ¥ ¥ 2] T e%eq
s oaal o st o . >ots - oottty e, S le P PP Steele oS
— 0.6 L *\”f - o6 A\. o /w\ ./\
& [ = ~ \7/ g ng V N
&04 =04 ! 4
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Zx. 2.12 Mayvntikn pon avd moAo kot uetaBoléc tne HEA o oxéon UE TN YwVIAKY UETATOMLON YLd
SLapopeTikES TIUEG SLakevou. (a) Kavovikorotnuevn por (a) avtiotowyn HEA.
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IxX. 2.13 Movtédo mpayuatikoU xpovou yLo ToV UTTOAOYLOUO TNG EKKEVTPOTNTOG

Mépav, OUWG, TOU XWPLKoU ¢atvopévou, oto omoio odeiletal n LeTaBoAr TOU TTAATOUC TNG
HEA onwcg $pavnke Kal oto Xx. 2.12, n eKKEVTPOTNTA £XEL WG ATOTEAECUO KOl Hia XPOVIKA
petaBoAn tng HEA. Onwg pmopel evkoAa va mapatnenBet oto 2.15, n HEA gpdavilel pla
KUpATwon og pla ouxvotnta n omola e€optdtol and TNV ywvlakn TaxutnTta tThe KNXAVAC. 2To
x. 2.13a kot 2.13B daivetar n HEA TG MNXAVAC TOPOUCIO EKKEVIPOTNTAG KOL XWPEIC
EKKEVTPOTNTA avtioTolya yla pia petafaocn tng taxvtntag neptotpodng amo 40 os 10 rad/sec
omwe ¢aivetal oto Xx. 2.13y. Me BAon Ta AMOTEAECUATA TWV MPOCOUOLWOEWY UTTOPEL va
e€axOel To cuumépaopa Mwg o AOYoG Tou TMAATOUG TNG KUUATWONGS (Emax - Emin) TIPOG TN UEON
HEA Eg,g EXEL MLOL YPOLULULKT) EGPTNON O€ OXEON ME TNV EKKEVTPOTNTA TOU SpopEa Omwg dpaivetal
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Kal oto 2x. 2.16P.
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Ix. 2.14 Amotedéouata t™¢ ouvoAikng HEA yia uia oaon tng pnyovig Kol XOPOoKTNPLOTIKEG TIUEC

EKKEVTPOTNTAG €
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IxX. 2.15 Kuuatwon the HEA kot amokplon o€ Ugiwon NG TaxUTNTAC a) MEPINTWON EKKEVTPOTNTAC 50%
ToU blakévou, B) mepintwon UNSEVIKNG EKKEVIPOTNTAG, V) YWVLAKY oUXVOTNTA SpoUEd
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IX. 2.16 Kuudtwon tng HEA géautiag tng eKKEVTPOTNTAG o) OPLOUOS TwV AE, E,yg 8) Adyog AE/E,,, mpOg
EKKEVTPOTNTA

2.2.3.3 ZXe0I1A0NOC EAEYKTH YIA TNV AVTIUETWITION TNG EKKEVTPOTNTAS TNG
unxavig

Onwg ¢pavnke oto Zx. 2.13 n ekkevtpoTNTA TOU Spopéa odnyel otnv epdavion KUPATWONG
otnv taon £§0660u TNG UNXAVAG. H KUPATWON TNG OE €va OUGTNHA OLVEMOYEVVATPLOG OTIWG
0UTO Tov e€eTAleTal OTNV TOPOUCA EPYOOLA, TO OTOLO Kal eplypadnke otnv nmapaypado 1.4,
obnyel pe tn oslpd NG otnv gndavion Kupatwong tng DC taong otnv €icodo Ttou
avtiotpodéa Kol Apa KoL TG EVEPYOU LoXUOG N omola eyXEETal oto SIKTVO. ITNV TEPLTTWON,
Aounov, epdAviong EKKEVTPOTNTAG 0 EAEYXOG TNG NXavng Oa mpémet va AdBeL elSIkd pHETpA YL
Vv €alewdn TNG KUUATWONG AUTHAG, N omola UTIoBaBuilel TNV TOLOTNTA TNG EYXEOUEVNG LOXVOG.

Ta anoteAéopata TNG avaAuong TG PONYOUUEVNG EVOTNTAG O§LOTIOLOUVTAL E OTOXO TN
oxeblaon evog eleyktl o omoio¢ efopaAuvel tnv amodidopevn XL otnv ££odo Ttou
petatponéa IP/ZP o omoiog, onwg meplypddnke oto Kepdlawo 1, avupwvel tnv tdon ota
enineda Asttoupylag Tou avtlotpodpea Kot eAEyxel To pevpa tng A/l LUE OKOTO TNV aveUpPEDN
TOU onueiou péylotng oxvog (dtadikacia MPPT). Zto Zx. 2.17 daivetal To Soukod Staypappa
TOU €AEYXOU TIOU XPNOLOTIOLRONKE yla tnv €E0UAAUVON TNG TTOPAYOUEVNG LOXUOG. O EAEYKTAG
b6éxetal wg elocodo tn BEon Tou Spopéa TNG YEVWATPLOG Kal Ue BAon to povtéAo tou 2. 2.11
urtoAoyilet tnv HEA ¢ pnxavng. Eicodo¢ tou poviélou amotelel, €miong, To peUpO TIOU
HETPATAL OTNV €lcob0 Tou petatponéa IP/3P. Me Baon Tig el00doug auTtég, umtoAoyiletal To
pevpa mou amatteitat yta tnv e€opdAuvon tng HEA TG HNXavng Kol TapAyeTal pio EVTOAN
PEVUATOG, Iripple, N OTOLOL UTIEPTIOETOL OTNV €VTOAN] PEVMATOG N Omoio TMOaPAYETAL OO TOV
eAeykti MPPT. Mg Tov TPOTO QUTO EMITUYXAVETAL UEIWON TOU OPUOVIKOU TIEPLEXOUEVOU TNG
Loxvo¢ €€060u Tou petatponéa. Xto 2X. 2.18 daivetal n woxVg e€660U TOU PETATPOTEN HE KOl
XwpIg TN Xpnon Tou eAeyktr. Me tn Xprion Tou €AeyKtr €mITeUXONKE UTIO OUYKEKPLUEVEG
ouvOnkec £éwg kat 80% pelwaon Tou MAATOUG TAAAVTWONG TG LoXUOG.
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Zx. 2.17 Aouiko Siaypoupo EAEYYOU yLO TNV AVTIUETWITION TWV QOLVOUEVWY EKKEVTPOTNTOC
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IX. 2.18 Evepyoc toyuc atnv £€£060 tou petatpornea SP/EP e TN unxavi vo mopouctalel EKKEVIPOTNTA o)
XWPLC TN Xprion Tou EAEYKTH QVTIUETWTTLONG B) UE TN XPION TOU EAEYKTH QVTIUETWITLONG.

2.2.4 AmAomroinuévo uovréAo yevvirpiag — avopObwrn

MapoAo mou n povteAomoinon tng yevvntplag HEow Tou ouleuyuEVOL PovTélou duvatal va
OVOTTOPAOTAOEL PE €€APETIKN akKpifela TN Astoupylol TNG UNXAVAC MOVIHWVY HpayvnTwy, ol
OUTTOLTAOEL TOU O UTTIOAOYLOTLKA LoXU KaBlotouv tn Xprion Tou OTO HOVTEAO TOU GUVOALKOU
OUOTNUATOG QTTAYOPEUTIKA. Mo To AOyo auto yivetal KAtaAANAn UETOBOAN TWV MOPAUETPWV
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Tou Suvaplkou povtéAlou tng ouvdudlovtag LKAVOTIoLNTIKN akpiBela kal eUAOYO UTIOAOYLOTLKO
KOOTOG.

o  MovtéAo puéowv TIUWV

To HOVTEAO avamapaoTaonG YEVVATPLAG UE UECEC TUUEC ETUTPEMEL TOV UTIOAOYLOUO TWV
XOPOKTNPLOTIKOTEPWVY UEYEBWV XWPLG ONUAVTIKA opAApata. 2To (510 povtéAo meplypadetal n
arnod kool Asttoupyia tng yevwntplag pe tov avopbwtr dtodwv. Etot, eivat duvatn n egaywyn
TANBOUG ONUELWV TIOU QVTLOTOLXOUV O€ KATAOTACELS AELTOUPYIAG KATA TN CUVEPYAOLA TOU HE
Tov avopBwti O0dwv, wote va onopeVYETOL O OUVEXNAG UTIOAOYLOUOG NAEKTPLKWV
AEMTOUEPELWY, XWPIC onUAvTKO oddalpa ota evliladépovta peyedn. Katl tétowo Ppiokel
epappoyr oTNV MPOCOUOLWGN UNXAVIKWY UETORATIKWY PaLVOUEVWY, OTIOU N KALMOKO XpOVOU
TIOU XpnolHomoleital KaBlotd tnv avaluon Ttwv SLaKOTTIKWY GaVOUEVWY XpovoBopa Kot
UTTOAOYLOTLKA TIOAU artalttnTikh. To NAEKTPLIKA LETAPBATIKA PaLVOPEVA §EV TIPOCOUOLWVOVTAL LUE
OQUTOV TOV TPOTO, AAAA aUTO Sev elodyEeL tapd acnpavia opaipata, kabwe n dla n avopbwon
S106wv Tto €€oUbETEPWVEL OTNV TPOYHOTIKOTNTA, OoPoU amayopeVeL TV TOAWVSpOUNoN
PEVUHATWV.

XpNOLLOTIOLWVTAC TO HOVTEAO TNG YEVVATPLAG TIOU TEPLypadnKke otnv evotnta 2.2.2.2 Kol
ouvdualovtag To HUE HOVTEAO €€LOWOEWV KOTAOTOONG yla Tov avopBbwtr 8Lodwv, mpokUmTouy,
META amo MARBO0G MPOCOUOLWOEWY, ETLPAVELEG TIOU OVTLOTOLXOUV OE AELTOUPYLKEG KOTOLOTAOELG.
Mo dtadopeg TWEG NAEKTPIKNAG ocuxvotnTag Kot taong €§0dou AapPavetal apevog 1o pPEco
avopBwuévo pevpa omwg daivetal oto Zx. 2.19 adetépou n pEon pomn otov Afova OmwG
daivetal oto . 2.20 [1].

Me Bdon ta mopamdvw, TO NAEKTPLKO HOVIEAO TOU CUVOUOOHOU YeEVVATPLO-OvVopOwWTAG
O€xeTal WG €l0080 TNV NAEKTPLKA OUXVOTNTO TNG MNXavng, n omola emBAMETAl oMo TNV
KLVNTLKN TNG KATAOTOON, KAl TN pEon taon €€68ou peta tnv avopBbwon, n omoia emBAAAETAL
arnod tn Aetoupyia Tou KUKAWMATOG LoXUOG, Kal uTtoAoyilel To avopBwuévo pelpa otnv €£060,
KAl TN POT TIOU OOKEL N yevvAtpla otov dfova. Amd autd to peEyeBog, ald kot amd tn
HUNXAVLKA POTI TIOU OOKE(TAL €EWTEPLKA, 0 OUVOUAOUO ME TNV adpAveld TwWV OTPEPOUEVWV
HEPWV, UTIOAOYI{ETOL N YWVLOKN TaxUTNTA TOU OpOoUEA TNG UNXAVAC w, Kal AauPavetol n
NAEKTPLKA CUXVOTNTO TWV TACEWV KOl PEUMATWY TNS LNXAVC:

o, (_Pj (2.23)
2\ 2

ErutAéov, eival emBupuntd va umoloyiletal pe akpifela n woxug €oodou kat €€66ou NG

yevvntplag. OL emudaveleg mou daivovtal oto 2. 2.21 BonBolv otnv eKTinon tng anodoong
e [1].
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DC current

DC voltage

IX. 2.19 Méoo avopBwuévo pevua YeWNTPLAC UOVIUWY UAyVNTWY WC OUVAPTNON TNG NAEKTPLKAC

ouxvotntoc Kot tne taong e€édou [1]

/150

Generator
Torque

electrical
fregeuncy(Hz)

D woltage

Zx. 2.20 Méeon porrj Tou déova YEWRTPLOG HOVIUWY UayVNTWV WG CUVAPTNON TNG NAEKTPLKAC CUXVOTNTAC

kot tne taong eéodou [1]
s~
4000

a0 -

Poweriy)

2000
1000

0
0

500 120

Yaltage(™)

ZX. 2.21 Evepydc 1oxUG 10060U Kait €060V YEVVNTPLAC UOVIUWY UXYVNTWVY WG CUVAPTNON TNG NAEKTPLKNC

ouxvotntoc Kot tne taong e€ddou [1]

/150

electrical
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420
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To HOVTEAO TOU GUGTHMATOG YEVVATPLA - avopBwTn¢ paivetal oto Zx. 2.22.

Scope |1

Scope | 1 filtered

P

11 (A)

]
SN

L) ‘

"
To Workspace
P Ts/(Lph/Rph)
0030300 e+Riscrete
[) 2nd-Ordel
\ Filter
T_el (Ntm
_el (Ntm) Y
P

Unit Delay

1 - Ts/(Lph /Rph )

old current

Scope Pg
< Contgaforkspate D2 H

-
I

o

=2

@a
w[+ +
5

3

)

ripple
Generator Switch ripple
Constant 1

A
Vg constant
@ Pg (W)

D1 (ratio)

ZX. 2.22 MovteAo UEDNC TIUNC TOU CUCTHATOC YEWNTPLA - avopBwTh ¢

o AUVauULKO UOVTEAO MPAYUATIKOU XPOVOU

To HOVTEAO QUTO TPOCOUOLWVEL TNV AELTOUPYLa TNC YEVVATPLAG Xpnolpomolwvtag eva  d-q
TAQL{OLO TTOU TEPLOTPEPETAL E TNV YWVLAKN TaxUTnTa Tou dpopéa onwg dpaivetal oto Zx. 2.23.
OL MaPAUETPOL TOU HOVTEAOU €XOUV CUUTANPWOEL pe BAon TG TOPAUETPOUG TOU SOKLLioU TTou
UTIAPXEL O0TO epyaotnplo. OL oxéoelg 2.24 €wg 2.28 eival oL ELOWOELG YeEVIKEVUEVNG Bewplag
TIOU TIEPLYPADOUV TO HOVTEAO TNG YEVVATPLAG.

bs axis

cs axis

d axis
ZX. 2.23 JTPEPOUEVO MAQIOLO avaOoPA; OTO OTolo TEPLYPAPOVTAL Ol EELOWOELC YEVIKEUUEVNG Yewplac
TNG UNXavNg UOVIUWY UayvnTwv
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Vo=Ri - (2.24)

dt reosq

. dﬂ/\q
VSq = _Rsl‘vq - dt + a)rﬂ“sd

OToU Agq, Asq €lvat oL d KOl g TIUKVOTNTEG TNG HOYVNTLIKAG PO oTto Stakevo Kkat Sivovtal
amnod TG OXECELG:

ﬂ’sq = lesq

Ypm, ELVOL N HAyVNTLIKA pON TOU povipou payvAth . H nAektpopayvntki ponn divetal amod

{ﬂsd = les TWpuy (2.25)

TNV akoAoubn oxéon:

2.26
7 =" a0 A i) (2.26)

sq"sd — Ma sq
2

Omnou m givat 0 apBpog Twv PAcewv kat n, 0 aplBpog twv leuywv MOAwv. Antd tv 2.6 Kot
TIC 2.7 MAlPVOUUE TNV TEALKN €€lowon TNG NAEKTPOUAYVNTLKAG POTIAG.

m.m (2.27)
T =—

¢ 2

Ornou K eivat n otaBepd TG NAEKTPOUAYVNTIKAG POTIAG, & €lval n ywvia mou oxnuoatiletal

£ l//PMisq = _Kcisq = Kc \/EIS‘ Sln(5)

HETAEL TOU pevpATOC TUMTIAvou (/s) kattou d afova .

. _I/sd + a)rLsisq (2'28)
L, =
« Ls+R,
i = _I/sq + a)rLSiSd - a)rWPM
* Ls+R,
T; = _Kcisq
"L (T, - T,)

. = -

" Js+B T ¢
—

S

Mo TN CUYKEKPLUEVN YEVWATPLOL N AVTLOTACN TOU OTAth TEOnkKe lon pe 2.872Q, n emaywyn
eival 8.5mH kat n porr adpdvetag 1.32 Kg m?.

2.3 Agpoduvauiko uépog

H povtelomoinon tou agpoduvaplkol pEpoug eival kolwvr ywo ta SU0 HOVIEAM ToU
avadEpOnkav KoL mepLypAPETOL TAPAKATW.
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O agpag €xel palo xapnAng mukvoTnTag, N omnoia Otav £XeL TAXUTNTA O TIPOKUTITWY AVEUOG
EXEL KVNTIKN eVEPYeLa. H oAwkr) LoxUG Tou aveépou gival n Loxug tnv omnola unopel va deopevoel
HLOL ALOALKN) pnxavr. Itnv mpaén opwe €vag avepokvntnpag &g SeopeVel OAN TNV TAPATTIAVW
eVEPYELX AAAQ HOVO £va KAAopa autnc. Auto cupaivel emeldn ad’ evog o agpag mpoadidel
ota nrepLyLa AOyw Kpouaong £va TTOGOOTO TN EVEPYELAC TOU Kal OXL OAn, ad’ eT€pou n ptepwn
Tou A/K TpPOKOAEL EKTPOT) UEPOUG TOU OEPQ TO OTOLO KO TNV TAPAKAUTITEL XWPIG va TN
Slamepaoel. H loxug mou nmpooAapfdvetal anod tov avepokvntipa divetal anod tnv e§iowon:

1
Py = EpAVWBCp(i, 0) (2.29)

onou Cp(A,9) elvar o agpoSuvapikdg cuvteAeoTrg LoxU0G 0 omoiog eivat cuvaptnon Tou Adyou:

_Ro, (2.30)
v,

w

A

Kal Tng KAlong 6 twv mtepuyiwv. R, N aktiva Twv MTEPUYLWY Kal wg N TaxVTNTA TEPLOTPOPNG TNG
€ALKQG TOU QVEUOKLVNTAPA. P, N TTUKVOTNTO TOU OVEMOU, TIOU €£QPTATAL OO TNV ATUOOHALPLKA
nileon kat tn Beppokpaoia, p = 1.2 - 1.3 kg/m?>. Ttnv napolioa epyacia AapBdvetat 1.25 kg/m?.
Ve, N Ttaxutnta avépou (m/s). A, n emdpavela mou Slamepvael KABETA 0 AVEUOC Kal
ouykekpwéva A= mtR? eival to epPaddv tou kukAikolU Siokou Tou Siaypddet n éAka. H
KUNXavikn porn tng Awag Ba divetal amo tn oxeon:

_ P (2.31)

O A. Betz amédelée ot yla €va 1bavikd avepokvntipa n peyotn tpn C, eivat 0,593. Itnv
nPAEN Aoyw pnxovikwy TPLBwv otpoBilwv Kat aepoduvapikwy ateAelwV o cuvieAeotng C, ival
onpavtka pkpotepog (0,3 — 0,49). O agpoduvapikdg ouvteheotg C, AapBAveL TN HEYLOTN TLUNA
TOU YLOL JLLOL GUYKEKPLUEVN TLUR TOU AOYoU A TNV Agpr. ATIO TN Ox€on 2.31, pe yvwotn Kat otabepn
NV TA T0U A = A,pr, SUVOTAL VO UTIOAOYLOBOUV YL KEBE ToXUTNTO AVEHROU OL LOAVIKEG OTPODEG
Aettoupylag yla tig omnoieg o cuvteAeotrg C, KAl KATA CUVETELA N LoXUG peylotonotouvtat. Etot
ouvdudlovtag TG oxEoeLg 2.29 Kkat 2.30 yia A = Agpe IPOKUTITEL:

(2.32)

p 1
max

m, max iop;, 2
Mo kaBe avepokvnTApa Kat ylo SL1AdopeG TAXUTNTEG OVELOU AVTLOTOLXOUV XOPOKTNPLOTIKEG
LoxvoG-otpodwv avepokwntApa. Na kabe taxlTnTa AVEUOU UTIAPXEL Evag AOyog A, yla tov
omoio n wxU¢ ouudwva pPe Tn oxéon 2.32 HEYLOTOTOLE(TAL. AVTIOTOLXEC XOPAKTNPLOTIKES
ouoyetilouv T pormn We TI¢ otpodEC Kal paivovrtal oto 2. 2.24. 1o 6o oxnua dtakpivetal pia
SLOKEKOUUEVN KOUTIUAN, N omola avTtutpoowmneUel OAa Kelva Ta onpelo ota omoia yla KaBbe
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KAUTTUAN TaxUTNTOG OVELOU TO YLWVOUEVO POTIAG OTPOodwV MEYLOTOTOLETAL. AUTO €XEL WG AMECO
QMOTEAECHA TO CUOTNHA VA EKUETAAAEVETAL TOCO KAAUTEPA TNV LOXU TOU AVELOU OCO TILO KOVTA
O£ OUTA TN XAPOAKTNPLOTLKA KIVELTAL.

G

=

12 més

Rator Torgque (kMN.m)
()

(%]

150

Rator Speed (rpm)

IX. 2.24 XapaKTnpLOTIKEC POTNG —OTPOQWV OVEUOKIVNTHPO Yo SLAPOPEC TOYUTNTEC QVELOU. TN
SlakekouueVn ypauun Bpiokovtal Ta onUela TOU AVTIOTOLOUV OE UEYLOTN LOXU.

Baoel Twv e€lowoswv mou TepLlypAPouV To aePoSUVAULKO HEPOC TNG A/T KOTOOKEUAOTNKE
KOl TO avTioToL o HoVTEAO To omoio daivetal oto Zx. 2.25.

(1-} > flu

Muse

Viw (mis) A’D_’ - u[1)uf2] ‘%—r’@)
Reul2l] F{ﬂ* e PwiW) Twl

Mux2 Tw{Nm)  Saturation1

w

Muzd lambda Saturation  Cp{lambda)

: Scope Cp

wm {rs)

Zx. 2.25 Movtédo mpooouoiwaonc Tou agpoduvauLkoU UEPOUG TNE AVELOYEWWNTPLOGC

Onwg daivetal kat oto Zx. 2.25, n TaxVTNTA AVELOU KAl N YWVLOKH TaxVuTnta nepLotpodns
anoteAoUV TG €L0660Ug Tou UOVIEAOU. Me BAon TIG OTLYMLOLEG TIUEG QAUTWV TWV HeyEBwv
urtoAoyiletal amo T oxéon 2.30 o oTypaiog AOYoG TOXUTATWY, Bewpwvtag ylo TN ™G
oktivag tng €Akag R ton pe 1.25m. ITn ouvEXEla amd TO OTLYHLO0 AOYO TOXUTATWV PE TNV
BonBela evog mivaka (look-up table) avtiotowiletal n TR Tou agepodUVALKOU CUVTEAECTH.
ZNUELWVETOL OTL YL TNV TIPOCOUOiwaoNn N ywvia tTng €Akag eival pndevikn adou to cuotnua &e
SlaBétel pubuLoth TG KALlong Twv mtepuyiwy (pitch control). ZuvnBiletal oe A/T pkpg LoxLoG
Va LNV UTTAPXEL pUBULOTAG TNC KALONG TwV MTEPUYIWY, 0 0Molog cUVAVTATOL KUPLWC OE LEYAAEG
OVELOYEVVATPLEC KOl XPNOLUOTOoLElTaL yia TTESN, aAAd Kal yio vol puBuilel TNV aepoduvapLkn
lox0 OTO. OVOMOOTIKA HeYEON otav n toaxvtnta meplotpodng Eemepva TNV OVOUAOTIKY. Me
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b6ebopéva, Aoutov, ta Peyedn autd oe KABE XpoviKn oty urtoAoyiletal n agpoduvakr pomn
TIOU OlOKE(TAL 0TOV Agova TNG yeVVATPLAG amo tn oxeon 2.31.

Juvoyilovtag &nuloupynbnke €va umooloTnUa Tou OE€xetal €l06doug TNV TAXUTNTA
QVEMOU KOL TN ywviakn taxutnta Tmeplotpodng kat epdavilel otn €€0do oe kAOe xpovikn
OTLyUN TN porr) mou edpapuoletal otov afova TnG YEVVNTPLAC.

2.4 Merarporréag aviywong raong

Metd tnv avopBwon t¢g evaAAacoopevnG Tdong e£060ou amod pa tpldactkn Un EAEYXOHEVN
vébupa, akoAoubBel o petatponéag avupwong taong XP/IP [11]. O IP/IP petaTpoOmEQS
avOpwong, mpooapuolel tnv taon £€0dou TNG avopBwong oe emimeda TETOM WOTE va
ETUTPEMOUV TN HETAdOPA LOXUOG HECW TOU avVTLOTpodEa TPoC To SikTuo, evw emidpopTileTal pe
TO pOAO TNG TMPOCOPUOYAGS Tou doptiou tng A/l, WOTE va AMOUACTEVETOL N HEYLOTN duvath
NAEKTPLIKA LoXUG (AEltoupyia OTO OnNUELD MEYLOTNG LOXUOG, maximum power point tracking,
MPPT). Itn OUYKEKPLUEVN Tepimtwon amoteAsital anod £va IGBT, pia 6iodo, éva mnvio Kal éva
TIUKVWTH ouvdedepévo otnv €€060 Kal amelkovileTal oto XX. 2.26. INUELWVETAL OTL TOL HEYEDN
mou avadEpovtal otlg oxEoelg 2.33 - 2.36 Kol Teplypddouv Tn AEIToUpylo TOU UETATPOTEQ
elval HEOEG TLUEG.

oo

v IGET - v,

Zx. 2.26 Metatonéac avuwonc taong ue IGBT

Y10 petatponéa avuPwaong n taon e€6dou, V,, lval peyalltepn amo tnv taon ewcodou, V,.
Otav 1o SLaKOoMTIKO oTolxelo ayel, n 6iodog D eival avaotpoda MOAWUEVH, ATIOLOVWVOVTOG TNV
€£080 OMOTE N EVEPYELA TIOU EPXETAL ATIO TNV £(0080 TOU PETATPOTEN AMOONKEVETAL OTO TtNViO.
MOALG TO otolelo otapathoel va dyel, tote n &lodog moAwvetal OeTIKA pE AMOTEAECHA N
anoBnkeuEVN evépyeLa tou mnviou va anodidetal otnv £§0do.

To pevpa tou mnviou, Iy, pmopel va eival cuvexég r SLOKOMTOUEVO avAAoya HE TLG
TIAPAUETPOUG TOU PETATPOTIEA KOL TOV oUXVOTNTA aywyng Tou IGBT. OL KupLOTEPES OXETELG TTOU
TieEPLypaPouV TANPWCE TN AELTOUPYIA TOU LETOTPOMEQ TIEPLYPADOVTAL TIOPAKATW.

OewpwvTtag OTL SV UTIAPXOUV OTMWAELEG OTO HETATPOTEN LOXVEL N OXEON:

vie, +V, —Vyit,, =0 (2.33)

orn
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Omou t,, €ival To Xpovikod Slactnua aywyng Kat teg €ival To Sdotnpo pn aywyng. Av
Stapéooupe tnv (3.10) pe tnv nepiodo, T, MalPVOUUE TN OXEON TIOU CUVOEEL TNV TAON L0080V
Kol €660u.

Ve T, 1 (2.34)
Vi ty 1-D
Eniong dedopévou otL n LoxLG eloddou Bewpeital ion pe tng e€6dou (Lbavikn nepimtwon)
TOTE

v,I,=V,I, (2.35)
omnou /, To pevpa e€odou.
Ao TNV ox€oelg 2.34 kot 2.35 MPoKUTITEL:

(2.36)

e Movrtédo uéong tiunc

To HOVTEAO HEONG TWUNG 000V adopd OTOV UETATPOTEA avUYPwong TAONG amoTeAsl TV
vAormoinon tng e€lowong 2.36 pe €lcodo TN pEON TN TOU PEUPOTOG ELCOSOU TOU LETUTPOTIEQ,
l4 koL €€060 TN péEoN TLUA TOU PeVOTOC 080U TOU UETATPOTIEQ, /.

e AUVauULKO UOVTEAO TPAYUATIKOU XPOVOU

To povtého tou petatpornéa daivetal oto 2x. Zx. 2.27. To IGBT mou xpnolomnoltionke
€xeL avtiotaon aywyng 0.01Q kat pndeviki avtenaywyn. H tdon opBrig moAwong BewprBnke
0.8V kat n avtiotaon snubber 100kQ. O £Aeyx0C YIVETOL OO TOV AVTIOTOLYXO EAEYKTH) TOU OTIOLOU
TN Aettoupyia tou Ba MOPOUCLACOUUE QVOAUTIKA o akoAouBn mapaypado. To mnvio mou
xpnowornow)tnke €xel T 10mH. O MUKVWTAG €Xel XwpnTkotnta 500uF wote va yilvetal
KatdAANAn e€opdAuvon TG TAoNnG Kal o€ cuvepyaoia e TOV EAEYKTH TOU avtloTtpodéa dtatnpel
TNV taon otabepr o€ Ty 650V.

Diode
pfiliem S R
P L
jlﬁ@ IgBT . T
: L]

—» |_boost

— = w_m

MPPT controler

IX. 2.27 MovTéAo UETATPOMEN VU WO G TAONC
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2.5 Tpipaocikog avrioTpopéag mnyng raong

O tpdactkog aviotpodéag TUTOU TNYNG Taong [11] elval o petatpomnéag oxVog mou
HETATPEMEL TNV dc Taon ¢ €660 Tou petatponéa avuPwaong oe eVOANACCOUEVN UETOBANTAG
ocuxvotntag. ArntoteAeitat and 6 IGBTs pe avtumapdAAnAeg §L080uG oL OTOLEG EMITPEMOUV TNV
oywyn amnd to ¢optio Tpog tnv £l00d0 Ot MeEPIMTWON TOU O OCUVTIEAEOTNC LoXUoG elval
Sladopoc NG povadac. ITOXOC TOU €ivol vo HETAYEL TNV WOXU TOU SIVEL O HETATPOTEQC
avOpwong oto Siktuo kpatwvtag otabepr TNV TAOH TOU TIUKVWTH otnv eicodo. Auto Tto
KaTadEPVEL XPNOLLOTIOLWVTAG SLAVUOUATIKO EAEyX0 TG TAONG Kol puBuLon pPeVHATOG,
Sladikacia mou vlomolel o avtiotolog eAeyKTNG ou Tieplypadetal oto kedpdAato 4. Eva dAho
XOPOKTNPLOTIKO TOU CUYKEKPLUEVOU QVTLOTpodEa lval n LKAVOTNTA pUBULONG TOU CUVTEAEOTH
LoxVOC TOOO O€ EMOYWYLKO 000 KAl O XWPNTLKO. H puBULoN autr) yiveTal LECW TOU EAEYKTH) TOU
KOLL TIPOCOMOLWVEL TNV AELTOUPYLA TWV CUUBATIKWY OTOOUWY TTapaywyng.

H povtelomoinon tou avtiotpodEa £yLve HOVO yLO TNV TIEPUMTWON TOU SUVOHLKOU LOVTEAOU
TIPAYUATIKOU XPOVOU 0.poU yLa TN HEAETN TWV PALVOUEVWY E TO LOVTEAO LEONG TIUNG ETTAPKEL
N MPOCOMOLWON TNG AMOUOVWHEVNG Aettoupylag tng A/T. To HoVTEAO TOU avTLoTpodEd HE TO
Siktuo kabwg kat ta Siddopa umocuotHpata Onwe Sdakomteg levénc-amoleuvéng, doptio
EKTAKTNG OVAYKNG SLAKOTITEG POCOpoiwoeLg BpaxukukAwpatog, didtpa, Statdéelg mpootaoiag
OTO UTIEPEVTACELG KOOWG Kol OL avTioToLXoL EAEYKTEG daivovtal oto 2. 2.28.

o veo v o v
Cu t M t4 PwM
urrent Measurement e or vab_inv
T
[ ==

Three-Phase Breaker2

j— L.|s ?

DUMP LOAD A A A l=—s Vabc

| c2 T J 5 b @ R s ba
‘[ c

(R S

B b a7
C C ==
c c‘a—l
LC Filter S

e-Phase Breaker1

IX. 2.28 Movtédo avtiotpopeéa SLtacuvdebdeuévou oto SIKTUO KaBWC Kal EMIKOUPLKEC SLATAEELS Ko
QVTIOTOLYOL EAEYKTEG.
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Kepalaio 3
AvaAuon ammouovwuévng Asitoupyiag A/l

Itnv mapaypado autrh avoAlstol n amopovwuévn Asttoupyio otn A/T pe okomd tnv
afloAoynon kot olykplon Sladopwv eAeyktwv avelpPeong Tou onueiou pEyLoTng LoxLOG
(maximum power point trackers, MPPTs). Mapouotaovtal amoTeAECUOTO TTOU TIPOKUTITOUV
TOOO Qmod TIC MPOCOMOLWOELS LIE TO HOVIEAO HEONG TIUAG TO omolo meplypddnke oTo
TIPONYOUHEVO KePAAOLO, KABWC KOL TO QVTIOTOLXO OMOTEAECOMATA TELPOUATWY LE TNV
epyaotnplaky Sidtaén n omoia xpnowwomoliOnke yla TNV MEpApTky emBefaiwon Twv
eAeyKTWV Kal N omoia meplypadnke oto MPwWTo KePAAALO.

3.1 EAsyKTEC AveEUPEONCS TOU ONEIOU NEYIOTNS ICXUOC
3.1.1 Z1éxo1 Zuoriuarog EAéyxou Aveuoysvvirpiag

H Aewtoupylo TOU QVEHOKLVNTAPO SLEMETAL QMO XOPAKTNPLOTIKEC POTC — otpodwv yla
SL0POPETIKEG TAXUTNTEG AVEUOU, OTWG AUTEG oto XX. 3.1. H péylotn oxug yo KABe KapumuAn
gudaviletal oto AELTOUPYLKA ONUELD, OTIOU TO YIVOLLEVO POTTHG 0TPOdWY LEYLOTOTIOLEITAL KOl TAL
omoia Stapopdwvouv tn SLAKEKOMMEVN XOPAKTNPLOTIKA Tou Zx. 3.1 [1].

&

.

12 mifs

Rator Targue {kh.m)
L]

s8]

150

Rotor Speed (rpm)
IX. 3.1 XapaKtnploTIKEC POMAC - OTPOPWV QVEUOKLVNTHPA Ylo SLAPOPEC TOYUTNTEG QVEUOU. 2N
SLOKEKOULEVN ypauun Bplokovtal To onueia UEYLOTNG LOYUOG.
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MNapakdtw mapatiBevtal ol oxéoelg mou Sivouv TNV oYU P, tnv omoia mpooAapPdavel o
QVEPOKLVNTAPAG, TO AOY0 OKpOTTEPUYLWV A, TN pomn Tou avepokwntipa T, KoL TN HEYLOTN
TPOCAQUPBAVOUEVN OXU Ppymay, OL OTOLEG TApPOUCLACTNKAV Kal OTO KebAalalo 2 aAAd
napatiBevral kat edw XxapLv eukoAiag.

1 3
P, = 5pAVW Cp(4,0) (3.1)
PR (3.2)
Vi
T, =—" (3.3)
2
_Cpmax 1 RO (3.4)
m, max B ) 3 2p
opt

2to Ix. 3.2 daivetal n e§dptnon tou aepoduvapikol cuvtedeoty C, and to Adyo A tng
ToXUTNTOC TWV aKkpomtepuyiwy. MNa va eniteuxbel n anddoon tng HEyLoTnG Loxvocg amo tnv A/T
edappolovral EAeyXoL OL OTIOLOL £XOUV WG OKOTIO TN dlatrpnon, yla kaBe taxutnTa aveéUou, Tou
HEYLOTOU 0EPOSUVAULKOU CUVTEAEDTH Comaxw MEOW KATAAANANG pUBULONG TNG TaXUTNTOG TG A/T
KoL apa Tou AOyou A, £Tol WOTE A = Ay Tal AELTOUPYIKA onpeia prtopouv va Bpiokovtal otn
Betiky KAlon TNG, OTO AKPOTATO I OTNV APVNTKA KAlon KOpmUANG tou Xx. 3.2. Eav éva
AELTOUPYLKO onueio BplokeTal atnv eploxn BTk KAlong, o eAeyktng Ba avaAdBel KatdAAnAn
Opdon €toL wote To onueio Asttoupyiag va petakvnBel mpog ta 6e€Ld, mo kovtd otn BEATLOTN
TLUA TOU AOYOU TNG TAXUTNTAG TWV OKPOTITEPUYIWV Agpr. AUTO pmopel va emiteuxBel pe avgnon
TWV oTPodP WV TOU KLVNTHpa HEXPL va BpeBel To BEATIOTO onpeio Asttoupyiog. Avtiotolya, av To
Aewtoupylko otolxeio PBploketal otn 6e€ld mMAsupd NG KOPUDNAG TNG KAUMUANG, TPEMEL va
HewbBolv oL otpodeg. Etol, to onueio Aettoupyiog pmopet va StatnpnBet 0to Cpmax KaLl O
QVEPOKLVNTAPAG VO ammodideL pHéyLlotn LoXU yla KABe TaxUTNTO QVELOU.

0.7

Cpﬁéx:U.SU‘].i},:E.Q?S

2 3 4 5 6 7 8 9 10

ke

2X. 3.2 Turkr) petaBoAr tou agpoduvapkol cuvieheoth C, og axéon e to Aoyo A.
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2e éva ovotnua A/l petaBAntwv otpodwy, To onpelo PEYLOTNG LoxUOG (maximum power
point, MPP) Suvatat va avixveuBel pe dtadopeg TexVIKES Kal n yevvAtpLla va odnynBel oe auto
HE KATAAANAN pUBULON TwV OTPodWV TNC HEOW Tpooapuoyng Tou doptiou tne [2], [3]. Ztnv
neplmtwon mou e€etaletol, 0 €AEYXOC TPAYHUATOTOLETAL HEOW TOU HeTatponéa avlpwong
Taong onwg daivetal oto x. 3.3a. 2to Xx. 3.3B daivetal to SLAYPAUUO TNG EPYACTNPLOKAG
Sataéng mou xpnolpomoltnke yo TV Melpapatiky enBefaiwon Twv eAeyKTwv. Baoel Twv
HMETPAOEWV TAONG KAl PEVUATOC OTO SlaUAO CcuvEXOUG PEVUATOG, YO TNV EKACTOTE TaxUTNTA
QVEPOU, 0 €AeYKTAG Slvel pia EVIOAN avompooappoyng tng OXETIKNG SLAPKELOG aywynG Tou
petatponéa avuPwaonc o onmolog €XEL AUEON EMISPACN OTO PEVMO TIOU UETAYETOL KOL APO OTNV
avTlpomn NG yevvntplag. Kot' outdv tov tpomo 1o dawvopsvo ¢optio TG YEVVNTPLAG
QVaTIPOCOPUOLETAL WOTE Ol OTPOPEG TNG VO AVTLOTOLXOUV OTO Agp, KOL KOTA CUVETELX OTN
HEYLOTN LoYU.

WG z% I vlpe/oe| ] Load

e e
:Cunem and ' ' Duty Cycle !
wvoltage I '
imeasurement: adjustment,

_____ IJ—; T
Control

logic

(a)

Lhoost D1 SZ:L
{4 J_+
= &1 _FCnn 02 § load

luc

WG

Interface
Circuits

P I

@ ;r()ﬁhhi‘i PIC18F452
esTomer{ ™

(B)
IxX. 3.3 Zvuotnua Sokiuwv amouovwuévng Asttoupyiag (a) Awaypauuoa ovotriuaro¢ 8) Awaypauuo

gpyaotnplakoU Sdokiuiou
210 ZX. 3.4 daivetal éva mapadelypa pag tétolag dtadikaciog [4]. Eotw mMwg 0 AVEUOG
TVEEL pE ToxuTnTa Vi3 Kal N pomn tng YEVWATPLAG, T4, LOOPPOTIEL LE QUTH TOU OVEUOKLVNTAPQ,
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Tm, 0TO onpeio A. Z& KATIOLO XPOVLKN OTLYUN O AVEUOG AAAAZEL TNV TaxUTNTA Tou o€ V,, KaLtn Tpy,
nepvaAeL oto onueio B. H T, dtatnpeitat oto A adol akopa Sev exet eméNBeL n vea Loopportia. H
ToUTNTA TNG YEVATPLAG audvetal cupdwva pe tn Stadopd (T, — T,) HEXPLG OTou oL SUo
POTIEC Vivouv (0ec. O €Aeyxog PppovTilel va PpooapUOoeL To GOPTIO TNG YEVVATPLAG ETOL WOTE N
Ty va akoAouBNoEL TN XAPAKTNPLOTIKA BEATLOTNG POTIAG HEXPLG OTOU EMEABEL VEQ LoOppPOTILOL TOU
ocuotApatog oto onueio C.

Optimum torgque
curve

¥
LS

Ty

Mechanical Torque , T

Tz
Ts

0 O Rotating speed O

Zx. 3.4 MNapadeyua dStadikaoiac MPPT.

3.1.2 Oikoyéveieg texvikwv MPPT yia aveuoyevviTpies

OuL texviké¢ MPPT oL ormoie¢ amoavtwvtol onuepa otn PBuBAloypadia ¢povtilouv va
npooapuolouv KataAAnAa to ¢optio tng A/l oUTwG wote va odnyeital oto onueio PEYLOTNG
loxvoG. Ou Suddopeg teXVIKEG Ba pmopovuoav va xwploBouv oe U0 HEYAAEG OLKOYEVELEG
avaAoya e ToV TPOTIO AViXVEUONG TOU CNUELOU HEYLOTNG LOXVOG:

o) ‘EAeyxoc BaolopEVOG 0 SESOUEVEG XOPOKTNPLOTIKEG KOUTTUAEG.

B) Avalntnon tou onueiovu HEYLOTNG LOXVOG XWPLG TIPOYEVEDTEPN YVWON XOPAKTNPLOTIKWVY
KOUTTUAWV.

H kaBe olkoyEvela eAeyKTwv eudavilel CUYKEKPLUEVA TTAEOVEKTLOTO KOl HLELOVEKTHUOTO,
To omoia oxetilovtal adevog PE TNV LKAVOTNTA CUYKALONG OTO ONUElO HEYLOTNG LOXVOC Kal
OPETEPOU HUE TIOPAYOVTEC, OTIWC N gvaloOnola 08 HETAPBOAEG TOV UNXOVIKWV XOLPOLKTNPLOTIKWV
TOU OUOTHUATOG 1 KOl O QTOKALOEL; OTOV UTOAOYLOUO TOUG, N MPOCOPUOCTIKOTNTA OF
SLopopETIKEG OVELOAOYIKEG CUVONRKEG, N TaXUTNTA CUYKALONG KAl TO UNMOAOYLOTIKO KOOTOG, O
O0yko¢ mAnpodopiag o omoiog amatteitar and dmoPn yvwong Twv XOPAKTNPLOTIKWY TOU
OUOTNMATOG yla TNV UAomoinon tn¢ kaBe peBodou. H avadelln piag pebBodoloylog wg
KATAAANAOTEPNG YLa TOV EAeyxo €vOG cuothpatog A/T amattetl Tn Sie€odikn oLYKpLON TOUG UTIO
Sladopeg ouvbnkeg Asttoupyiag, wotdoo, o oplopévo Babuod e€aptdtal Kot anod TNV EKAOTOTE
edappoyn otnv omoia Ba xpnoiuomnotnOet.
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Zto kepdlalo autd sfetalovral técoeplg pEBodoL aveupeong onueiov pEyLoTnG LoxLOG
(maximum power point tracking, MPPT) €k Twv omoiwv n pia aviKeEL 0TNV PWTN Kotnyopia, ot
SU0 otn Seltepn Kot pia cuvduAleL XOPAKTNPELOTIKA KAl TwV dU0 KATnyopLwv. MpoKeLWEVOU va
eheyxBel n elpuBUN Aettoupyia Tou KABe cuoTpaTog AN Kal va cUYKpLBoUV ol péBodol wg
TIPOG TNV QTTOTEAECUATIKOTNTA TOUC Ot SL0POPETIKEC Slatapaxeg, n afloAoynon tou Kabe
ouOTAMATOG TEPNAUBAVEL TPLA LEPN:

ApXKA TTapoucLAlETAL N ATOKPLON TOU CUCTAMOTOC O BRHUATIKN HETABOAR TN LEGNG TLUNC
NG TOXUTNTAG TOU OVEHROU. Ze BeUTEPO OTASLO yiveTal pia afloAdynon Tng amokpLong tou
OUOTNUATOGC OFf TPOYHOTIKEG XPOVOOELPEG QVEHOU. TEAOG, MEAETATOL N AMOKPLON TOU
OUOTNUATOG OE AELTOUPYLKEC KATAOTAOEL; OL Omoile¢ Ba pmopoloOvV va XOPAKTNPLOTOUV
SUOUEVEIG ylo TOV EKAOTOTE EAEYKTH, UE OTOXO va avadelxbolv Ta HELOVEKTAHOTA TNG KABE
TEXVIKNAG. 2TO TEAOG Tou KedaAaiou cuvoilovtal Ta AMOTEAECUATA TWV TPLWV GACEWV Kol
Tipaypotonoleital pia olykplon twv Sadopwv pHeBOdwvY eAéyxou. Ze OAeG TIG SOKLUEG EXEL
BewpnBel wg doptio tng A/T, otnv €€060 tou IP/IP peTATPOMEQ, MLO QvTioTOON €AEYXOUEVN
and €V OELPA NULOYWYLKO SLakomtn péow evog eheykt Pl o omoiog kat diatnpel tnv tdon
€€060U TOU peTaTpomEéQ oTaBEPn, LETAYOVTAC £TOL OUCLAOTLKA, TNV LoXU tng A/T oto ¢oprtio.

3.2 Mé0oodog Baoiouévn o Asdouéves XapakrnpioTikéES KaumuAeg
Asgiroupyiag

3.2.1 [lepiypaen

O €\eyxog pEow SeSOPEVWY XAPOKTNPLOTIKWY KAUMUAWY Aettoupylag, elval n ouvnBeotepn
uéBodog MPPT [5]-[7]. H pébBodog Bacilel tn Aettoupyila TNG OTN XOPOAKTNPLOTIKY KOUTTUAN
ponmng - otpodwv n omola aviotolxel otn pEYLOTN TPOCAAUPAVOUEVN LOYXU amo Tov
QVEMOKLVNTAPA, OTIWG N SLOKEKOMUEVN KAUTTUAN Tou ZX. 3.1. Katd tn didpkela Aettoupylag Tou
ouotnuatog tng A/l HETPWVTIAL XAPAKTNPLOTIKA MEYEOBN OmMwg n pomn 1N n taxvutnia,
OUYKplvovTal PE Ta avtiotola tng PEATIOTNG XAPOKTNPLOTIKAG KOUTMUANG KAl O EAEYKTNC
avaAapBavel va ehaylotonotioel to opaApa petafl Toud.

H ouykekplpévn nébBodoc amoteAel Tnv KAaookotepn HEBoSo MPPT Kal pia armo TG TPWTEC
Tou xpnotporowdnkav os cuotipata A/l adol eival amAr) otnv vAomoinon Kot aflomiotn
adol Paociletar oe SedopEveG XAPAKTNPLOTIKEG KOUTTUAEG Aeltoupylag. H e€dptnon tng,
WOoTO00, AMO AUTEG TNV KAOLOTA EVAAWTN O LETOBOAEG TWV HNXOAVLKWY XOAPOAKTNPLOTLKWY TOU
CUOTNHATOG AOYW yNpavong 1 aKOUa KoL O€ AVAKPIBELEG OTOV APXLKO UTIOAOYLOUO TOUG, OTTWG
aMwote Ba pavel Kal oTa AMOTEAECUATA, T OTOLA TIAPOUCLAloVTOL OTO TAPOV KEGAAALO.
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2to XX. 3.5 daivetal to Sdoukd Slaypappa tou eAéyxou, o omoiog xpnoldomnolnOnke. H
TaxUuTNTA MEPLOTPODNG TNG YEWNTPLAG, 2, LETPATAL KOL OVTLOTOLKI{ETOL OE L0l CUYKEKPLUEVN
pomf) avadopdsg T.s HEOCW TNG oxéong 3.5 kat ev TEAeL o €va pevpa avadopdg HEow eVOg
kE€pdouc K; adol otnv neploxn Asttoupyiag mou efetaletal £€xouv oxedov ypappkn oxéon [5].
To pebpa AUTO CUYKPLVETAL LE TO TIPAYHATIKO peVA OTNV €(0060 TOU UETATPOMEA aAVUYPWONG
TAoNG. Ao 10 0pAAUA TNG CUYKPLONG TIPOKUTITEL N OXETLKN SLAPKELD aywyng TOU NULOyWYLKOU
oTOLXELOU TOU PETATPOTEQ KAl YIVETAL N T(pooappoyn Tou ¢optiou Tng A/T.

c
= p,maxlszSQZ (35)
ref 5 32
opt

H avtiotoixlon tng ywviakng toxutntag otnv pomn avadopds yivetal péow evog mivaka

avadopag. XTn CUVEXELA LEOW TOu KEPSoug K; AapPdvetal to pevpa avadopdg /s Baoet Tou
oTolou YLVETOL N CUYKPLON LE TO PEULO TOU HETATPOTEN avUPwaonG.

I =T K
ref  ref 1
Ao to odAaApa tTNG oUYKPLONG TOU PEUHOTOC TOU HETATPONEN KOL TOU PEVUMATOG

(3.6)

avadopac urtoAoyiletal n oxeTkn Stapkela aywyng D.

Ierr = Iref - Iact (37)
D= jlmdﬂ(z (3.8)
Wind Generator
L0 l

D
[dt % DIge ——> Load
Converter

Zx. 3.5 Aoutko Siaypauua eAeyyou Baotouevou o SeS0UEVN XAPAKTNPLOTIKY KAUTTUAN AgtToupyiag.

3.2.2 AmOKpION TOU OUCTHNATOS OE BNUATIKES METABOAES TNG TaxUTNTAS
TOU avéuou

Y10 IxX. 3.6 gpdavilovral ta SLOyYPAUUATO, TIPOCOUOLWHEVWY HEYEBWV amoKplong Tou
OUOTNUATOG Ot Bnuatik MeTofoAr) TNG TaxUTNTOG TOU AVEHOU amod Ta 6 ota 9Im/sec, tn
XPOVIKI oTwypn t = 25 sec, xpnowomowwvtag tov eAeykty MPPT o omoilo¢ Baoiletal otnv
XOPAKTNPLOTIKN KAUTTUAN poTiiG-oTpodwv. ZTo ZX. 3.6 anelkovilovtal CUYKEKPLPEVA N TaxUTNTA
TOoU avepou, V,, 0 aepobuvaptkog cuvteAeotr|g, Cp, TO avopOwHEVO peUpA TNG YEVWATPLAG, /g, N
Taon oto dlauAo cuvexoulg, V., Kal n taxUuTnTa MEPLOTPOPIC TNC YEVVATPLOG Wiy,
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ZX. 3.6 [lpooouoiwon anouovwuevnc Asttovpyiac o UETABATIKA KATAOTAON YLa TAXUTNTA AVEUOU oo 6
o 9m/s

210 ZX. 3.6 daivetal mwg oto xpovikd didotnua amnod ta 0 €wg 25sec To clotnua Asttoupyetl
OTNV EPLOXN MEYLOTNG LoXVOG, adol 0 ouvteAeoTrg C, UPVEL TN PEYLOTN T Tou dnAadn 0,5.
Tn xpovikn otyun 25 sec to avopBwUEVO peUUA TNG YEVVATPLOG QUEAVETAL YLl 7sec PEXPL Va
otaBepornoinBei yla TaxUTnTa TOU AVEROU 9 m/sec, evw o cuvteleotng C, XpELAleTaL 6sec HEXPL
va otaBepomnoinBel otn véa HEyLOTN TLUN Tou. H tdon oto diauAo cuvexolg mapapevel otabepn
kaB' OAn tn SLdpKeLa TG TPOcoUoiwonG.

H avénon tng taxutnTag Tou QVEMOU €XEL WC OMOTEAECHO Kal tn otadlakn avénon tng
Tiapayopevng Loxvog. H mapayopevn oxug petaBaivel otn véa T TNG o€ Xpovo mepinou (oo
HE 8 sec omw¢ daivetal oto Zx. 3.7. 210 60 oxAua daivetal Kol N MEPAUATIKY LOXUG €060V
yla tnv dta petaBoAn. Metagl mepAaTog Kol TPooopoiwaong mapatnpeital cupdwvia.

Ito 2x. 3.8 daivovtal ta SloypAUUATO, TPOCOMOLWHEVWY HEYEBWV amoOKPLONG TOU
OUOTNUATOG O PBnuatiky HeTaBoAn TN Taxutntag €vog otabepol aveépou amod ta 9 ota
6m/sec, Tn XPOVIKN oTypn t = 25 sec xpnolpomnowwvtog tov 8o eheyktr) MPPT. ITo XpOVIKO
Staotnua amod ta 0 €éwg 25sec To cUOTNUO AELTOUPYEL OTNV TIEPLOX MEYLOTNG LoXUOG, adou o
ouvteAeotng, Cp, Taipvel tn pEyotn T tou dnAadn 0,5. Tn xpovikn otyurn 25sec to
ovoPBWUEVO PEVUA TNG YEVVNTPLAC LELWVETAL YLO 7sec HEXPL va oTabepomolnBetl yla taxutnta
TOU avépou 6 m/sec evw o ouvteAeotng, C,, XpeLdleTal 4sec LéxpL va otabepomolnBei otn véa
HEYLOTN TN TOU. H pelwon TNG TaXUTNTOC TOU QVEMOU €XEL WE ATIOTEAECUA KoL T otadlakn
pelwon ¢ mapayouevVnG LoXUog o Xpovo mepimou oo pe 10 sec onwg daivetat oto ). 3.9.
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Ix. 3.7 Mpooouotwuévn (CUVEXNG UE UTTAE YpWUQ) KoL TTIELPOUATIKN LOXUC (SLOKEKOUUEV UE KOKKLVO
xpwua) toyuc eEédou yia Bnuartikn petaBoArn tng TaxUTNTAC AVELOU TTO 6 0 9 m/s.
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ZX. 3.8 Mpooouoiwon o UETABATIKN KATAOTHON pLa TAYUTNTA QVELOU ato 9 o€ 6 m/s
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IX. 3.9 Mpocouotwuévn toxug e€660uU o€ UETABATIKN KATAOTAON YLa TAXUTNTA AVELOU oo 9 o 6 m/s

3.2.3 ATOKpION TOU OUCTANATOS OE TPAYMATIKI) KATtaoTaon Asitoupyiag

YN ouvexela aflohoyeital n cUUMEPLPOPA TOU CUOTHUATOG UE TO CUYKEKPLUEVO EAEYKTN OF
TIPAYUATIKEC CUVONKEC AELTOUPYLOC LE TOV AVEHO va PeTaBAaAAeTOL OTwE daiveTal oto Y. 3.10.
H OUYKEKPLUEVN XPOVOOELPA QVEUOU OTOTEAEL LA TTPAYHLATIKY SLAKUOVON TOU QVEROU OTWG
HETPRONKE ylot SLAPKELA TPLWV AETTTWVY. ZNUELWVETAL OTL OL EAEYKTEG OL omoioL mapouaotdlovtal
oto kedpahato auto afloloynBnkav avtiotolya o U0 OKOUO XPOVOOELPEC OL OTOLEC
OVTLOTOLYOUV Ot €vav ooBeveéoTeEpo Kal €vav LOXupo avepo. Qotoco, emMAEXONKe va

napateOolV Ta ATOTEAECHUATA VLA TOV AVEUO TOU 2. 3.10 W¢ OVTUTPOCWIIEUTIKOTEPAL.
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Zx. 3.10 Xpovooeipa avéuou.
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MPOCOUOLWVOVTOG TO HOVTEAO UE €(0080 TN CUYKEKPLUEVN XPOVOOELPA Aapfdvovtal Ta
anoteAéopata ta omoio ¢aivovrar oto Zx. 3.11. Onwg mopatnpeitat o cuvieAeotig, Cp,
Slatnpeltal Kovta otn PEYLOTN TN TOU PE amoTteAsopa n Héon woxug e€66ou va sival 520 W,
TIUA TTOAU KOVTA 0T BewpnTkA PEYLOTN PEDN oYXV, N omola mpooAapBavetat and ta nreplyla
pe Baon tn oxéon 3.5 ywa C, ico pe 0.5, n omoia eivat 535 W. Zto Xx. 3.12 amewoviletal n
anodldopevn Loxug oto $opTio, N omoia MPOKUTTEL and TNV MPOCOUOIWoN Tou HovTéAou, n
LoxUC TIOU TIPOKUTITEL MO TO TEIPOUA OTO €pyaotnplakd Sokipo kabwg kal n BewpnTika
HEYLOTN MEON LOoXUG Tou TipocAapBavetal and ta mrepuyla. H melpapatiky peon woxug e€066ou
glvalt 463 W evw, OnMwg ¢aivetal Kal oTo OXAHO, TO TEIPAUATIKA OMOTEAECOUATA KOL TO
avtiotolya tnN¢ Mpooopoiwong mapouctalouv TOAU KoAr cUykAlon. Xto Ix. 3.13 daivetal n
XQPOKTNPLOTLKA KAUTTUAN cUXVOTNTAC PEVLATOG TTOU TEALKA TO CUCTN A ETITUYXAVEL.
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Zx. 3.11 Mpooouoiwaon aToUOVWUEVNG AELTOUPYING YL XPOVOOELPT QVELLOU.
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IxX. 3.12 [lpooouolwuevn LoyxuG €060V (UE UTAE XPWUQ), TTEPXUATIKY LOYUG €060V (UE KOKKIVO XpwWUQ)
Kot BEWPNTIKA UEYLOTN UNXAVIKI) LOXUC (UE TPATIVO XPWUX) YLA XPOVOOELPA OVELIOU.
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IX. 3.13 XoapaktnploTiki KOUITUAN NAEKTPLKNG OCUXVOTNTOG YEWNTPLAG — avOpTwUEVOU PEULATOC
VEWNTPLOG TTOU 0 aAYOpILIOG EMITUYXAVEL VLA XPOVOOELPA OVELIOU.
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3.2.4 ATTOKpION TOU OUCTHNATOC OE TPAYMATIKN) KATAOTAON AgITOUPYIAS
Xpnoigomoiwvrag UtroBEATIOTN XapakTnpIoTIK AsiToupyiag

H xapaktnplotik pomng otpodwv Tou avepokvntipa duvatal v' aAAdeL Le Tn ynpavon

TOU HNXOVIKOU GUOCTHHATOC VW N OKPIBELA TWV UTTOAOYLOMWY TNG KOUTTUANG TTOU TTAPEXETAL

oo TOV Kataokevaotr eival oxetkn [9]. Me okomd va afloloynBel mMANpw¢ to cloTnUa

XPNOLUOTIOLE(TAL piat UTIOBEATLOTN XAPAKTNPLOTIKA KoL LEAETATAL N ATOKPLON TOU CUCTAMATOC

1000 o€ eminedo npooopoiwong 600 kal oto neipapa. Ta avtiotoa anoteAéopata paivovtal

oto Zx. 3.14 kot 3.15. Onwg ¢aivetar oto Zx. 3.14 o ocuvteleotng C, mapouaotdlel alodntn

OTIOKALON OO TN HEYLOTN TN TOU PE AMOTEAECUO TN UELWON TNG LoXUOG, 0w dpaivetal Kot

oto Xx. 3.15 oe oxéon HUe TN Xprnon t¢ BEATLOTNG XOPAKTNPELOTIKAG. H péon oxug €€660u n

omola mPokUTTEL amnod tnv Mpocopoiwon eival oe auth tnv nepimtwon 382W, evw n avtiotown

TIELPAUOTLKN EXEL PELWOEL oTat 379W.
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IX. 3.14 [lpooouoiwon omOUOVWUEVNG AELTOUPYIAC YLO XPOVOOELPA QVEUOU HE UMOBEATIOTN

XOPOKTNPLOTIKN KOUTTUAN POTTHG-OTPOQWV.
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Zx. 3.15 [lpooouoiwuévn toyug e£6dou (ue umAe xpwua) Kot MEPAUATIKA LOXUG 060U (UE KOKKLVO
XPWUQ) YLO XPOVOOELPO QVELIOU LIE UTTOBEATLOTN XOPOAKTNPLOTLKY KOUTTUAN POTTHG-OTPOQWV.

3.2.5 AioAdynon

O elAeyktig mou Baciletal otn BEATLOTN XAPAKTNPLOTIKA POTNG-0Tpodwyv SV MapoucLaleL
SLaitepn moAumAokotnta. Ocov adopd oTNV AMOKPLON TOU CUCTAKATOG, OTtav ePapuocOnke n
LbavIKA XaPOKTNPLOTIKN KAUTUAN pomrg otpodwv, o cuvieheotng Cp, GAvVNKE va KupaiveTal oe
TLUEG LKOVOTIOLNTLKEG, TTOAU Kovta otn HEylotn T 0.5 amodidovtag £€toL n toxv €66ou 520W
o€ eninedo npooopoiwong kat 468 W oto meipapa, TLEG TOAU KOVTA 0Tn BewpnTikd HEYLOTN
nuéon mpooAaupovopevn oxu twv 535W. Emiong, to ocUOTNMO QVIATIOKPIVETAL Ypryopa OE
BNHUOTIKEG LETAPBOAEG TOOO TNG TOXUTNTOG AVEUOU 00O KOL TNG KNXAVLKAG POTIRG £L00S0U pE
OUVOALKO XPOVo avtiotoxng HeTaBoArg Tou cuvteheotr Cp, tepimou bsec.

Q0T1000, ONMOVTIKO MELOVEKTNUA TOU CUOCTAMATOC armoteAel n €€dptnor tou amo uia
TIPOKOOOPLOPEVN XOPAKTNPLOTIKY KAUTUAN POTING-0TPOGWVY N Omoila Kol TO KaBLoTA EMPPETEC
oe avakpiBeleg fattiag yRnpovong Tov HNXOVIKOU CUGCTHHATOC I OTIC AVOXEG TG akpiBeLag
TWV APXLKWV UTTOAOYLOHWV TNG BEATLOTAG KAUMUANG. Onwc dAvnke otnv mapandvw avaluon,
otav epopuocOnKe UTIOREATLOTN XAPOKTNPLOTIKA KAUTUAN, TO cuoTnua napouciace atodntn
MElwon otn péon T TG WOXVOG €£060u. Me oTOXO0 TNV amefdptnon amnd SeSopEveg
XOPAKTNPLOTIKEG AELTOUPYLAG LEAETWVTOL OTN CUVEXELD EVAANAKTIKEG LEBoSoL MPPT.
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3.3 MéBodo¢ Avixveuon¢ rou Znueiou Méyiotng loxuo¢ uéow
Mikpwv MeraBoAwyv (P&O)

3.3.1 MNepiypaen

H néBodog avixveuong onueiouv pHéyLotng LoXVOG HEOW ULKPpWV LETOBOAwWY 6€ Xpnotpomnolei
XOPOAKTNPLOTIKEG KAMTUAEG pOTAG - oTtpodwv aANd TETUXAIVEL TNV €UPEON TOU €mBUUNTOU
onuelov pEow ocuvexwv Slatapoaywv Kol cuykploewv (perturbations and observations, P&Os).
Zupdpwva pe tn nEBodo autr, AapBavovtal avd CUYKEKPLUEVA XPOVIKA SLOOTAUATA LETPHOELS
NG WoXLoG €€060u. Méow UETABOANG TNG OXETIKAG SLApKELOG aywyng, D, Tou IP/ZP petatponéa
yivovtat aAAayég Tou poptiou dpa Kot TG Loxuog e€660u TG yevwATpLag. H vEa LoxUG LeETpdTaL
KOl OUYKPLVETOL PE TNV TIPONYOUHEVN TLUR. AvaAoya PE TO av N VEX TIUA TNC LoXUOG €lvat
ULKPOTEPN N LEYAAUTEPN, O HETATPOTENG AapBAveEL KATAANAN Spdon WoTe va o08nyel SLopKwWE
To oloTnua og avénon tne Lxvog e€060U £wWG TO UEYLOTO.

Onwg e€nynbnke otnv evotnta 3.1, oe kABe TaxUTNTO AVEUOU QVTIOTOWKEL pia tayxvTnTa
TEPLOTPOdNG TOU QVEUOKLVNTAPA YL TNV oMol LEYLOTOTOLELTOL N TIPOCAAUBAVOUEVN LOXUG.
AuTO onpaivel 6tL ota onpela pEylotng LoxLog Ba LoxueL:

dP

= —0 (3.9)
dQ

omou Q eival n ywviaki toxutnta nepotpodnig tou Spopéa kat P n oxug €§6dou, evw n
ocuvaptnon P(Q) mapouotalel £va Kal HOVo akpoTaTto yla Kabe toxutnta avépou onwc paivetal
KoL oto 2x. 3.16.
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ZX. 3.16 TUTLKEG YOAPOAKTNPLOTIKEG KOUTTUAEC LOYUOG-OTPOPWY QVEUOKLVNTAPWV

Mpokewévou va efaodpaiiotel OTL n MeTABOAR TNG OXETIKAG SLdpkelag aywyng D tou
HETATPOTEN MUMOPEL va 08nNyNoEL 0 onUelo HEYLOTNG LOXUOC yla omoladnmote taxuTnTa
aVvEpou, elval emapkeg va amodexBel otL n oxéon P(D), mou oxeTilel TV LoxL €€66ou kat tThv D
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Tou ZP/ZP petatpomnéa, €XEL €va Kol HOVOSLKO OKPOTATO TO OTOLO CUMTITITEL e TO AVTIOTOLXO
ONUELO HEYLOTNG LOXVUOG TNG XOPAKTNPLOTIKAG P(Q).
H oxéon 3.9 umopel va ypadtel kat wg e€Nc:
dp _dp dp dV, do, (3.10)
dQ dD dv, dQ, dQ
Ornou V, eivat n avopBwpévn taon e§660u TG yevvnTpLag Kot . ivat n NAEKTPLKNA ywviakn

TaXUTNTA TNG YEVVATPLAG.

2e mepimtwon petatponéa avuPpwong ZP/ZP, n tdon €L00860U TOU CUCYETIIETAL LE TNV TAON
€€660u Kkat TN oxeTkn Slapkela aywyng D wg e€NG:

v dD 1
V. =(1—D)- V. <>D=1——% <« =— =0
. =1-D)-V, A (3.11)

omnou V, elvat n taon €£680u PETA TOV peTaTpOTEN LoV oG 2P/2P.
H ywviakr Taxytnta TN YEVVATPLOG OXETIIETOL PE TN YWVLAKN TOXUTNTA TOU OVEUOKLVNTHPA
wg e€AG:

Q. =p-Q (3.12)

e

Apa:

L (3.13)
0

OToU p €ival 0 aplOPOG TWV TIOAWVY TNG AVELOYEVVATPLOAG .

H avopBwpevn taon €§66ou tng yevvrtplag V, eivat avaloyn pe tn daown tdon Vo, evw
TO TMAATOG TNG avédvetal kaBwg auvfavovtal oL oTPodEG TNG YEVVATPLAG KAl dpa:

dv 3.14
£>0 ( )
dQ,
AapBavovtag untodn tig ox£oelg 3.10 €wg 3.14 MPOKUTTEL OTL:
ap_o L dp g (3.15)
dQ dD

Katd ouvémela, n oxéon P(D) €xeL €va Kol LoOvaSLKO aKPOTOTO, TO OO0 CUUTIUTTEL PE TO
onuelo péylotncg toxvog €€06ou, Kal apo n pubulon TNG OXETIKAG SLApKelag aywyng, D,
e€aodalilel cUYKALON OTO EMOBUUNTO oNEio UTTO omoladnToTE TaXUTNTA AVEUOU.

Y10 IxX. 3.17 mapouotaletal Slaypappatika n Asttoupyia tou aAyopiBuou P&O. Otav
dP/d0Q>0 tote pe Baon TG oxéoelg 3.10 €wg 3.14 dP/dD<0 dpa n D mpénel va PewwOel, pe
anotéAeopa T avénon TnG TaxUINTOg KoL tnv avénon tng LoxVog, HEXPL VO AVLXVEUTEL TO
onueio péylotng oxvog. Opolwg otav dP/dQ<0, tote dP/dD>0 n D aufavetal, n toxutnTa
HELWVETAL, LEXPL VOL OVIXVEUTEL TO ONUELO HEYLOTNG LOXVOG.

EOviko Meroofio Ioivteyveio
Moauog 2011



- steady state
W/G Output operaiion
Power, N
P masj-~ "~ "~ T T T T T T T T T T T T TS p
dP/d>0 - dP/dQ<0
= dP/dD < -
dD/dV,, <0 dPidD<g 7 AmdD=0 N AD/dVy<d  — dP/dD>0
dv, /de=0 I’ dP/do =0 \'.‘. AV, o /dO=0
Low Speed /.~ “ N\ High Speed
Side \ / Side
possible starting points
1=
WG speed, 2

Ix. 3.17 Awbikaoia aveupeons onueiou UEYPLOTNG LOXUOG UECW ULKPWY UETABOAWV TNG OXETIKNAC
SLapkeLac aywyrg tou SP/SP LeTATPOMED.

H Stadikaocia avelpeong Tou onueiou HEyLOTNG LoXUOG Umopel va uhomolnBel péow €vog
oAyopiBuou o onolog va epapudlel tnv €iowon 3.16.

AP, 3.16
D, =D, +C, -— (3.16)
AD

k-1
OTIoU TO Dy KoL Dy_; €lvail oL TWEC TNG OXETIKAG SLApKELAC aywyn¢ yia Tig emavaAnPeig k kot k-1,
avtiotolya (omou Loxuel 0 < Di < 1), C; pia otaBepd mou avtupoowreVeL TO Brpa aAAaynig Kot
APy; = Pyg - Prevw ADy.; = Dy.; - Di. H €€lowon 3.16 Seixvel 6tL n D Ba akoAouBel tn petaBoln
(ab€non 1 pelwon) mou av€avel Tnv WYL adou otav AP_; > 0 (umapxel SnAadn avénon tng
Lox0o¢), To cuoTNUa odnyeital og avEnon Tou D av auTo MPOoNYoUupEVWG auéavotayv (ADy-; > 0)
N Helwon TG D av autd ponyoUEVWE HElwvoTay (ADy-; < 0).

O alAyoplBuoc eAéyxou tou cuotnuatog ¢daivetal oto 2x. 3.18. To cUoTNUA HETPA TNV
avopBwpévn tdon V, kat to avopBbwpévo pelpa /; TNG yevvATplag otnv eicodo tou 2P/ZP
HETATPOTIEN LOXVUOG Kal UTIOAOYIZEL TN oTypLaia LoXU Py H TR aUTH CUYKPLVETAL PE TNV AUECWS
T(PONYOUHEVN TN, Pe1. Av glval peyalutepn toTe yivetal o pikpn petaBoAn oto D mpog pia
katevBuvon (avénon 1 peiwon), n omoia £xel apeon emnibpacn otnv WXL £€66ou. Av eival
HULKPOTEPN TOTE N petafoAr) Tou D yivetal mpog tnv aviiBetn katevBuvon amo TV AUECWS
TiponyoUHevn. ETol o eAeyKTrC Aettoupyel otn Aoyikn HeTaBoAng tng D mpog pia katevBbuvon
€w¢ O0tou eméNBeL pelwon TG LoxVOC OMOTE Kal n katevBuvon aAAAleL

ZUYKEKPLUEVA EQV N Py €lval peyaAutepn amod tnv Pyg, SnAadn n oxVg auvndnke Ba mpémel
n D va cuvexioel va auvfavetal pe anotédeopa to AD va mpootiBetat oto D; kat n Stadkaoia
va emavalappavetat. Emiong pla Aoyikr onuoia tiBetat "True". Aladopetika, av mapatnpnbel
uelwon tng toxvog n onuaia eAéyxetat. Eav n onuaia sivatl "True" tote TO MpoOonUo Tou AD
oAAGleL €Tol wote va KwvnBel otnv avtiBetn katevBuvon kal dpa va odnynoet Eava oe avénon
NG WXVOG. ZTn OUVEXEl n onuala tibBetal "False" kat n Swadwkaocia cuveyiletal. e kabe
nieplmtwon €AV oL LEYLOTEG 1 EAAXLOTES TUULEG TOU D, Dy KOL Dpyin vTiotolxa, Eemepviolvtal, To
npoonpo tou AD aAAalel. O poAog tTne onpaiag ival va amotpémnel to AD amo to vo HeTaBAAAEL
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TO POONUO Tou TipLY Kataypadel pla avénon tng xLog n omoia va odelAeTal ATIOKAELOTIKA
otnv alayn tou mpoéonuou tou AD. Mo CUyKeKpLUEVa, UTopel Tpdyuatt va aAldéel To
MPOONUO ToUu AD WG OMOTEAECHO LLOG KATAYEYPAUUEVNC LElwong LoxVog, eviouTtolg, €altiog
™¢ taxeiag emavaAnyng tng Sladlkaolog o OXEON HUE TNV 0Py QIOKPLON TOU HNXOVLKOU
OUOTNUATOG, N €Midpacn aUTAC TNG oAAAyYNC va amoTUXEL va TIOPAYEL pla av€énon Loxvog,
OUVETIWG To Brpna AD va aAAGTeL Kot TIAAL, aXpELOOTA, OTOV EMOPEVO KUKAO KOL TO oUOTNUA VO
anonpooavatoAiletal. AGyw tng mapouciog tng onpaiag n avwtépw ateAela e§oudeTEpWVETAL.

Onwg mapatnpeital otov alyoplBuo unmdpxel pia LeTaBAnTh j n omoia Kot AELTOUpYEL WG
HETPNTAC. Mmopel va davel akohouBwvtac tov alyoplbuo nmwe, dixwg tnv mapouasia Tng j,
UTIAPXEL TLBavOTNTA Lot aAAayn Tou Tpoonuou tou AD va emidpépel avti yla avénon, peiwon
NG LoXLOG yLa KATIOLo AOy0 (OMwWG TLX. 0V TO cUCTNUA TAAQvVTOUTAL YUPW ATIO ONUELO KAUTIAG
NG KAUUANG P(Q)) KL €ToL To cUOTNUA VA UTIOTECEL 0€ Bpoxo pag kateuBuvong tou D kal va
anonpoocavatoAlotel. H petaBAntn j e§aocdalilel otL avtd e Ba cupPel adol av to D dev
oAAGEeL mMpoOoNo UoTEpPA amoO N KUKAOUC, TOTE n onpaia yivetal "True" emtpénovrag oto D va
oAAG€eL TpOOoNUo aveEapTATWE LETPNONG TNG LOXVOC.

Initialization

’

—> Measure Vdc,t, Idc,t

v

Calculate Pt

|

Pt> Pt-1
or —> No —> Flag=True — Yes —>
j>n
J/ \2
No
Yes ‘
} |
Flag = true

l j=j+1

i=0
\

Complement AD
sign

Flag = False

\1/
Dt+1=Dt+AD

|
v

Dt+1 > Dmax
No <— or
Dt+1 < Dmin

¥

Yes
\

L—————————————— ComplementAD sign

Zx. 3.18 AAyopiBuoc dtadikaoiac aviyveuong onueiov UEYLOTNG LOXUOG UECW ULKPWV UETABOAWVY.
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3.3.2 Ammokpion rou ouoTiuarog o€ BnuarikéS METABOAEC TNS TaxuTNTAS TOU
avéuou

Y10 XX. 3.19 gudavilovral Ta SLaypAUUATH TWV TIPOCOUOLWHEVWY HEYEDWV yla HETABOTIKA
KQTAOTAON TNG TUAG TNG TaXVUTNTAG £VOG 0TaBepol avéUou amod Ta 6 ota 9 m/sec tn Xpovikn
otlyun t = 90sec, pe tn HEB0So P&O. Noapatnpeitat OTL o OAEC TIGC KUHOTOUOPPEC
napouaotalovtol EVTOVEG SLOKUUAVOELG, oL omoieg odellovtal OTIC CUVEXELG HIKPEG ANAYEC OE
KaBOe BrApa Tou KAvel 0 €AeykTnG. To avopOwpévo pelUpa TNG YEVVATPLOC EXEL ONUOVTLKA
KUUATWON Mpaypa Ttou GpuoLka odnyel og TAAAVIWOELG TNG EVEPYOU LOXVOC, N omola apEXETaL
oto ¢optio alAd Kal TnG pomng otov afova, emnpedlovrag agdevag TRV noLotnTa LOXUOG Kot
adetépou TNV opaAn Asttovpyia Tou UnXovikoU cuotiuatog. O agpodUVaLKOG CUVTEAEDTNG
C, xpetdletal £wg kot 30sec pexpL va otabepomnonBel mpaypatonolwvtag TAAAVIWOELG YUpw
aro tnv T 0.4 n omoia puoikad améxel amo tn péytotn tou 0.5. H Tdon Twv MUKVWTwyY Sgv
napouotalel WBlaitepn KUpATWON. H Kupatopopdr tng TaxuTnTag Tou Spopéa TPV Kol PETA
v avénon dev elval otabepri aAAd mapoucldlel kal auth TaAavtwoelg. 2to Xx. 3.20
TapaTnPEeitaL N amokpLon tng evepyol LoxUoG otnv €080 yla tnv idla peTafoAn Tou avéuou
TO0O0 O€ ETUNESO TMPOCOUOLWOEWV OCO KOL OE TIELPOMOTIKO €Timedo XPNOLLOTIOLWVTAG TNV
epyaotnplakn dtatagn.

Y10 XX. 3.21 gudavilovrol Ta SLaypAUUATH TWV TIPOCOUOLWHEVWY HEYEDWV yla HeTABOTIKA
KOTAOTOON TNG TUAG TNC TaXUTNTAC £VOG otaBepol aveépou amo ta 9 m/sec ota 6 m/sec tn
XPOVIKN oTlyun t = 25sec, pe t pEBodo P&O. Mapatnpeitol OTL 08 OAEC TIC KUUATOUOPDEG
napouctaovtal Kot TdAL EVToveg SLOKUPAVOELS. 2To ZX. 3.22 dalvetal n avtioToln amokpLon
™G anmodLdopevng Loxvog oto doptio.
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Zx. 3.19 Mlpooouoiwaon amoUovVwWUEVNG AELToupylac o UETABATIKN KATAOTAON YL TAXUTNTA AVEUOU QTTO
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IX. 3.20 [MpoOOUOLWUEVN (CUVEXNC UE UTTAE XPWUO) KOL TIEPOUATIKY LOYUG (SLOKEKOUUEVN UE KOKKLVO
xpwua) oyuc eEodou yia Bnuartikr LeTaBoAr TNE TaxUTNTAG AVEUOU amo 6 o€ 9 m/s.
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IX. 3.22 [lpoocouolwuévn toxuc €£060U amouovwueVnNG Asttoupyiag o€ peTaBATIK KATAOTOON Yl
ToYUTNTA AVELIOU arto 9 o 6 m/s
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3.3.3 Amokpion Tou ouoTiuarog o€ e§oOIWNEVN TTPAYUATIKI) KATAOTACT
Agiroupyiag

Itn ouvéxela aflohoyeital n cupuneplpopA TOU CUCTHUATOG UE TO CUYKEKPLUEVO EAEYKTN OE
TIPAYUATIKEC CUVONKEC AELTOUPYLOC LE TOV AVEHO va PeTaBAaAAeTOL OTwE daiveTal oto Y. 3.10.
H OUYKEKPLUEVN XPOVOOELPA AVEUOU QTIOTEAEL pLO TIPAYHUATIKA SLAKUUAVON TOU OVEUOU OTWG
HETPRONKE yLa SLdpkeLla TPLWV AETTWVY. MPOCOUOLWVOVTOG TO LOVIEAO e L0060 TN XpovooeLpd
Tou Z¥. 3.10 AapPavovtal ta avtiotoa amoteAéopata tou Zx. 3.23. Onwg mapatnpeital o
ouvteAeoTtrG Cp, OMOKAIVEL OPKETA OO TN MEYLOTN TIUA TOU HE OTOTEAECHO N HEON LOXUG
€€060u va eival 475 W, T n omola amexel amo tn OswpnTikd PEYLOTN MEON LOXUC TOU
npoocAapfdvetal ano ta ntepvyLa pe aon tnv e§iowon 3.4 ywa G, ioo pe 0.5, n onola eivat 535
W. Zto ZX. 3.24 anewoviletatl n anoddopevn oxug oto doptio n omola MPOKUTITEL QO TNV
pooopoilwaon Tou HOVIEAOU Kol N LoXUG TIOU TIPOKUTITEL OO TO ME(PAUA OTO £PYOOTNPLAKO
Sokiplo. H mepapatiki péon oxug e€06ou eivat 419 W evw, 6nwg daivetal kal oto oxiua, ta
TIELPOLOTIKA ATTOTEAECUATA KOl TA QVTLOTOLXO TNG TPOocopoiwaong mapouaotdlouv oAU KOAN
OUYKALON. 2TOo 2)X. 3.25 daiveTal n XOpAKTNPLOTIKY) KOUMUAN oUXVOTNTAC PEVMOTOC TTOU TEALKA
TO oUOTNUOA ETUTUYXAVEL.
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Zx. 3.23 [lpooouoiwan armopUoVwWUEVNE AELTOUPYING YLa XPOVOOELPA QVELOU.
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IX. 3.24 [IpooouolwuEvn Loxus €E060U (Ue UTAE xpwUa) Kot TEPOUATIKY LoxUG 060U (UE KOKKLVO
XPWUO) VLo XPOVOOELPO QVELIOU.
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IX. 3.25 XapaktnploTikn KOoUmUAN NAEKTPLKAC OUXVOTNTOG YEWNTPLOC — aVOPUBWUEVOU PEUUATOC
VEWNTPLOG TTOU 0 aAYOpLBUOC EMITUYXAVEL YLA XPOVOOELPA OVELLOU
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3.3.4 Emidpaon tn¢ £mAoyng rou BHNArog Kal TN apxIKoTroinongs tng
OXETIKNS OIAPKEIAS aywyng OTn AEITOUPYid TOU CUOTHHATOG.

H €€060¢ tou eleyktr) P&O OTO OUYKEKPLUEVO CUOTNUA TTOPOUCLAleL HeyAAn evaicOnoia
oTNnV €MAOYN TNG OXETIKAG SLapKeLag aywyng D, toco 6oov adopd oto BApa AD aANd KoL oTo
XPOVO METAPBOANG MeTAfU Sladoxikwv MetafoAwv. H esmidloyny peydAou Bruoato¢ AD 6Ba
odnynoel oe ypnyopeg aAAayEG TG LoXUOG aAAG ME KOOTOG TNV aKpifela otn cUykAlon Tou
onuelou pEyLotng LoxVog. Evag UkpOg xpovog MeTay Sladoxlkwv ouykploewv MUmopel va
obnynosL yprnyopa otn oUYKALON, wOTOCO, Kal TAAL O KOOTOG TG akpipfeiag adou Oa
HeoOAAPEL APKETOC XPOVOC YLOL TNV ATIOKPLON TOU HNXOVIKOU CUOTAMOTOC KoL KATA GUVETELD &€
Ba Suvatal va SwomotwBel pe aocdpadela To amotéAecpa tnG Statapaxnc. Tautoxpova,
ONUAVTIKO pOAo mailel kal n apxkomoinon TnG oXETIKNAG StapKkelag aywyng D onwg Ba pavel
otn ouvexela. H emtloyn 0Awv tov mapandavw peyebwv eivatl, puolkd, cuvapTnNon TOU EKACTOTE
OUOTAMOTOG KOl armaltel oAU KaAR yvwon Kot e§0IKELWON E AUTO.

210 2)X. 3.26 daivetal n anokpLon ToOU CUCTAMATOG O SLASOXIKEG BNUATIKEG LETAPBOAEG TNG
TaXUTNTOG Tou avepou ywa AD = 0.001, evw oto ZX. 3.27 n avtiotoln andkpion ywa AD = 0.1.
INUELWVETAL OTL BewpnTika LoxLel: 0 < D < 1.
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ZX. 3.26 AmOKkplon cuoTAUATOC YL SLadoxXIKEG BNUATIKEC UETABOAEG TNG TAXUTNTAC TOU QVELOU pld

AD=0.001.

80

time(s)
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Onwg napatnpeital ota SU0 MoPATTAVW CXNUATA, TO UKPO Bripa Sivel kaAutepn euotdbela
oAAQ o€ KOOTOG TNG akpifelag adou n cUYKALON yiveTal TTOAU apyd e QMOTEAECHA TO CUOTN U
va Unv Looppomel oto PEATIOTO onpelo Asttoupyilog. Avtiotowa €va peyalo AD €xel wg
OTOTEAECO £VTOVN 0lOTABELAL.
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IX. 3.27 Anodkplon ouoTHUATOC YL SLaOOXIKEC BNUATIKEG UETABOAEC TNG TOYUTNTOG TOU QVELOU Yla
AD=0.1.

Itn ouvéxela aflohoysital n oupmeplPpopd TOU CUOTHUATOG av £PAPUOOTEL PnUaTKA
HETAPBOAN TNE TAXUTNTAC TOU OVEUOU UE OKPOLEG OPXLKEC TLLEC TNG OXETIKAG SLAPKELOC AYWYNG
D = 0.1 ko D =0.7 kol pe €éva péco Bripa AD = 0.01. Ot amokpioelg Stakpivovtal ota Xx. 3.28 Kal
3.29 avtiotoya. Onwg mapatnpeital kot ota duo oxHuata n Aetoupyia TOU CUCTHUATOG
yivetal evotabrig povo yla HeyAAES TLLEG TNG TOXUTNTOG TOU OVELOU.

Ito 2x. 3.30 daivetalr n wxug mou amodibetal oto ¢opTio ywa TNV MEPIMTWON TOU
xpnowormoleitat apxtkn Tl D = 0.7 toco ot eninedo npooopoiwong 600 Kol 0TO MElpaApaL.
Elval epdpavég mwe to ovotnua aduvatel va Asttoupynosl eUpuBua olaitepa otn mepintwon
TOU TELPAMATOC.

Iazoioc Xapaloumwog
Adaxtopikn drozpifn
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time(s)
Zx. 3.28 [lpooouoiwaon amoUoVWUEVNG AELToUpylac o UETABATIKN KATAOTAON YL TAXUTNTA AVEUOU ATt
4 m/s og 10 m/s ue apywkn tiun D= 0.7
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Zx. 3.29 [lpooouoiwaon amoUoVWUEVNG AELTOUpYlaC O UETABATIKN KATAOTAON YL TAXUTNTA AVEUOU ATt
4 m/s og 10 m/s ue apywkn tiun D=0.1
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Ix. 3.30 Mlpooouoiwuévn toxuc €£660u (Ue MPATLVO XPWUQA) KoL TTEWPOUATIKN LOXUS €E060U (UE KOKKLVO
XPWUQ) YLO XPOVOOELPA OVELIOU LUE apxLtko D =0.7.

And ta mapandvw anoteAéopata eival ¢avepd OtL N cuuneplPopd TOU CUCTHUATOC
e€aptaTal TOCO aMo TNV apPXIKA TLUA Tou Ba AdBeL n oxetikn Stapkela aywyng D 6co Kot amo
0 BApa petaBoAng tng. Mapoatnpnbnke OTL Kot ol SU0 QAUTEC OUVIOTWOEC EmSpolV
SlapopeTika yio KABe TaxUTNTO AVEUOU UE QMOTEAECHA Vo NV amodidetal n Heylotn woyUg
yla KaBe Avepo. BpEBnKe OTL yla TO CUYKEKPLUEVO CUOTNUA TOCO OTNV MPOCOUoiwaon 600 Kal
OTO TIEPAQ, OL TLEG VLA TLG OTIOLEG TTaPOUCLATETAL N TILo EVPUOUN AELTOUPYIA TOU CUCTHUATOG
elvat: AD=0.01 ko apyxikn T D=0.4.

3.3.5 Ei6ikn) repirrwon P&O - YBPISIKOS EAEYKTHC

Me okomo tn BeAtiwon TwV XOPaKTNPLOTIKWY AELtoupyiag tou gAeykty P&O otnv napolvoa
gepyaoia mpoteivetal tpomomnoinon tou alAyopiBpou [4]. ZuyKeEKPLUEVO QVAMTUOCETAL €VOC
UBPLOLKOG EAEYKTIG O OTIOLOG EVOWUATWVEL TN XOPOKTNPLOTLKI AELTOUPYLOC POTING OTPODWVY TNG
A/l tnv omola Kal XpnOLOTIOLEL OE TEPUTTWOELG Lo TLG OTIOLEG TTAPATNPELTAL LEYAAN QTIOKALON
Tou onueiou Asttoupylag tou cuotApatog and autr). To SOUKO SLAypappUa TOU TIPOTEVOUEVOU
eAéyxou daivetal oto 2y. 3.31.

Iazoioc Xapaloumwog
Adaxtopikn drozpifn
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Zx. 3.31 Aoutko Siaypauua tou UBpLOIKOU EAEYKTN.

H 6wdikacioa MPPT mnpayuoatonoleitat oUpdwva pe tov aAyoplbpo P&O o omoiog
TiEPLYpAPNKE OTNV TTPOoNyoUevn evotnta. Tautoxpova Ue BAcn T HETPNON TNG TOXUTNTAG KOl
™ 6edopEvn XapaKINPLOTIK poTG-otpodwv umoloyiletat n BEAtlotn pomn, Tep Kot
OUVKpPLVETAL PE TN HUETPOUEVN, T;. MNa ULKPEC Sladpopég pueTtafl Twv SU0, 0 EAeyXOC AELTOUPYEL PE
Baon tn Aoy P&O. Qotdéco otnv mepimtwon mou n Swadopd Ton - T¢ §Emepdoel Eva
OUYKEKPLUEVO KaTwWdAL 0 €Aeyxog yivetal cUpdwva pe TN BEATIOTN XAPAKINPLOTIKY POTAG -
otpodwv. Me Alya Adyla, To cUOTNUA OVIXVEUEL TO ONUELO HEYLOTNG LoXVOG cUUdwva HE TN
Aoy P&O, evw tautdxpova Xpnolomolel Tn BEATLOTN XOPOKTNPLOTIKN POTtG-oTpodwy Tng A/T
O£ TIEPUTTWOELG KOTA TNG OTOLEG TO CUOTNUA QTIOKAIVEL GNUOVTIKA OO TO onueio BEATLOTNG
AelToupylag OMwG O MEPUTTWOELG LEYAAWV SLATAPOXWY OTIWG TOXELEC LETAUBOAEC TOU QVELIOU.

Y10 2x. 3.32 daivetal o alyoplOuog tou UBPLSLKOU EAEYKTH. APXLKA UETPOUVTAL N TACN TNG
yewntpag Vg n tdon oto diauvlo ouvexolg Vi to avtiotolyo pelpa ly. Ymohoyiletal n
ywviaki toxutnta Q n wxug P, n pomn Ty kat n BEAToTn pomn Tepr. H Stadopd Top - T:
OUVKpPLVETOL PE i TN KATWPALOU Ty AV N Tipr EEMEPAOTEL TOTE 0 £AEYXOG TPOCAPUOLETAL OTN
BEATLOTN XOpOKTNPLOTLKN poTrc-otpodwv. EL6aMw akoAouBeital o alyoptBuog P&O.

O uBPLOIKOC eAeyKTNC SOKLUALETAL YLOL TNV TIEPIMTWAN TOU avTioTtolyou eAsyktr) P&O omou To
N OPXLKN TLUA TOU OXETKOU Xpovou aywyng D t€Bnke ton pe 0.7. Zto Zx. 3.33 daivetal n woxUg
niou amnodibetal oto doptio yla TNV MEPIMTIWON Mo XpnoLlomoleital apxikn T D = 0.7 toco
ot eninedo mpooopoiwong 600 KoL OTO TMElpapd. ITo OXNUA CNUELWVOVTOL KOL TA XPOVIKA
onuela ota omoia n Asltoupyio Tou eAEyxou Tepvael amo tn uEBodo P&O otn puebodo BEATIOTNG
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XopakTnPLoTkAG. H aAAayn Slapkel povo ya pkpn Stdpketa (tng tagng twv 2-3 SeutepOAEMTWY)
Kall cupBaivel LOVO O€ TEPUTTWOELG TIOU TO CUOTN O ATOKALVEL aTtd Tn BEATLOTN XOPOKTNPLOTLKN.
Me Tov TPOMO aUTO O E€AEYKTNC 6EV QMOMPOCAVATOAL(ETAL OE TEPUITWOEL] EVIOVWV
Statapaywv KaBwc Kal 0€ MEPNMTWOEL; EOPAAMEVNG OLPXLKOTIOLNONG TWV TIOLPOLUETPWV TOU.

Initialization
— Measure Vwg,t, Vdc,t, Idc,t

V%
Measure Qt
N3 Dt+1 = Dopt,t
Calculate Tt, Pt

v

Calculate Topt,t

!

Tt — Topt,t > Tthr ——> Yes ——> Calculate Dopt,t

b

No

J

Pt—Pt-1>0 > No — Flag = True — Yes —> Compl;rg’nnentAD

Yes

Flag = False
¢ No

Flag = true

v

Dt+1= Dt +AD

y

Dt+1 > Dmax
— No <— or

Dt+1 < Dmin

V

Yes
V

Complement AD sign

Ix. 3.32 AAyopiBuoc Asttoupyioc uBpLdikou eAeykTi.
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Zx. 3.33 [lpooouoiwuévn toyug €€6dou (ue umAe xpwua) Kot MEPAUATIKA LOYUG €E060U (UE KOKKLVO
XPWUO) YO XPOVOOELPT aVELIOU UE apxtko D = 0.7. Mepintwon uBpitdikou eAsyktr P&O.

3.3.6 AioAdynon

H pébBodog avelpeong onueiov PEYLOTNG LOXUOG HECW CUVEXWV CUYKPLOEWV Kal aAAaywv
bev ennpealetal and avakpiBeLEG TNG XAPAKTNPLOTIKAG KOUTTUANG TNG QVELOYEVVITPLAC KOl
TUXOV aAAayEéC auTthG ME TRV TAPoSo Tou Xpovou. Emiong, to povtéAo uAomoinong tng
neBOdou dev eival MOAUTIAOKO WG TTPOG Tov oXedLaod aAAA KoL TN AeLtoupyia Tou.

Qoto0o0, n entAoyr] Tou BARATOG HETABOANG TNG OXETIKNG SLApKELOC aywyng, AD, kaBwg Kat
NG ApPXKAG TLUAG Tov, D, sival ealpeTiknG onpaoiag yia T cupnepldpopd Tou CUCTANATOG.
AuTO €xel WG amotéAeopa va Kabilotatol To cUOTNUA ETUPPETEG O TUOAVEG AKATAAANAEG
OPXLKOTIOLAOELG TOU Adyou D. H KAtaAANAGTNTA 1) N TWV CUYKEKPLULEVWV TIHWV e§apTdtal anod
TNV EKACTOTE KATAOTACN TOU CUCTAMOTOC OTWE TL.X. TAXUTNTA AVEUOU, aplOUOG oTpodwV K.A.TT..
Etol, pla apywomoinon pe uvpnAn TR tou Adyou D yla XOMNAO QVEHO KOL TN HNXav
Bplokopuevn oe adpavela, Ba gixe wg AnMotéAeoua To cUCTNUA VA N UMOpEel va AelToupynoeL
LKAVOTIOLNTLKA, OTwG dpavnke kot oto Zx. 3.30. Ocov adopd otnv emloyn tou Pripatog AD,
CUMTEPALVETAL TTWG €va WKPO Pripa Sivel éva suotabéotepo aAld mLo apyod Kot AlyOTepo
oKpLBEC otnv mapakoAouOnon Tou onpeiou HEYLOTNG LOXUOG cUOTNHA, EVW £va peyaAo AD Sivel
£€va ypriyopo aAAd pn evotaBég cuoTnua.
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ZNUAVTIKA MELOVEKTAMATO TOU OUOCTAMOTOG €ival €miong Ol KUMOTWOEL;, OL OTOLEG
TIAPOTNPOUVTAL TOOO OTIG KUUATOUOPGDEG TOU avopOwUEVOU PEVHATOG OGO Kal TNG LoXUOG
€060V KOl Gpa TNG POTIC OToV Gfova TOU CUOCTAUATOG, OL OToileg¢ odnyolv adevog oe
unoBaduion TG moldtnTAg TNG AnMoSLOOMEVNG LOXVOG Kol OdETEPOU OE yApPaAVOn TOU
HNXOVLIKOU CUOTAMOTOG.

H tponomnoinon tn¢ pebodoloyiag otn popdn tou UPBPLEKOU eAeYKTH BEATIWVEL GNUOVTIKA
TO AELTOUPYLKA XOPOKTNPLOTIKA TOU OCUOTNUATOG O0cov adopd otnv mapakoAouBbnon tou
onuelou PEYLOTNG LOXVUOG ME TNV MPolmoBeon yvwong TG XAPOKTNPLOTIKAG KOUMUANG POTING-
otpodwv xwplg, wotdoo, va eivat anapaitnto n teAevtaia va givat n BEAtotn, adou n xpron
NG ylveTal yla ToAU cUvTopa Xpovika SlaoTthpata.

3.4 MéBodo¢ [lpoodiopiouou Tou 2nueiou MéEyiornge loxuog
Baoiouévn ornv Acaen Aoyikn

3.4.1 lNeprypaen

To 1965 o kaBnyntn¢ L.A. Zadeh Swatunwoe ywa mpwtn $popd tn Bswpia Tng acadoug
Aoykng (fuzzy logic) umtootnpilovtag OTL oL teplocOTEPEG avOpwTveG OKEWPELG elval acadelg,
kat O0tL n duadikn Aoy Sev eival oe B€on va MPOCOUOLWOEL AUTO TOV TPOTIO OKEYNG. AuTti N
Bewpla MPOTELVE TN OUVAPTNON CUUUETOXAG, N omola KAAUTITE €va MeSio 0pLOHOU Kal EMOLPVE
TIHEG 0€ OAO To Slaotnua [0 1]. Aéka Xxpovia apyoTepa, APXLOE Vo TIPOKAAEL To eviladEpov Twv
ETOTNUOVWVY Kol 0TOSLOKA avayvwplobnke eUPEWC Ao TNV EMLOTNHUOVLIKY KOWVOTNTA, £XOVTAC
w¢ KUpLa edpappoyn Tov €Aeyxo cuotnuatwy. OL kKUplot Adyol mou cuveRaAav otnv amnodoxn
TwWV aoadwv cUCTNUATWY EAEYXOU OXETI{OVTAV LLE TNV EVKOALQ TOU OXESLAOMOU TOUG KOl TNV
amAOTNTA TOoug, KABwC KAl HE TNV L8LOTNTA TOUG val AEyXouv TIOAUTIAOKEG KOl GUVEXWG
MHETOPBAAAOpEVEC SLOSIKAGLEC.

Me tov mapadoolakd Tpomo n oxediaon evog eAeyktr elval Baolopévn otnv omoAuth
nieplypodr) Tou pabnuatikol HOVIEAOU TOU GUOTAHOTOC TIPOC €Aeyxo. H acadng AoyLkn TelveL
va JpnBet tnv avBpwrnivn okEPn. Itnv duadikr) AoyIKr £€va OVTIKEIUEVO, EITE AVAKEL OE HLa
ocadn katnyopla, eite 6ev avikel Ztnv mepimtwon tng acadols AOYLKAG €va AVIIKELLEVO
umopel va elvat og omoladAmote katnyopia €xeL 0pLOTEL AAAA LE [LaL TLUN TIOU TO XOpOKTNPLZEL
Kal n omota maipvel TipéEG oto Staotnua [0 1]. Méow €vOg GUVOAOU AMAWY AEKTIKWY KAVOVWV
(linguistic rules), n acadng Aoylk UMOPEL VO EVOWHOATWOEL TN YVWON KOL TNV EUTELPLA EVOG
nenelpapévou xpnotn. Etol, Stapopdwvetal £va cvotnua Bactopévo otn yvwon (knowledge
based system), to omoilo odnyel oe amAoUoTEPA HOVTEAQ, TILO €UXPNOTA KAL TILO KOVIA OTh
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avOpwrivn Aoyikr). Mg autd Tov TPOTO YiveTal EPLIKTOG O EAEYXOG CUOTNUATWY OKOUA KOl O€
ouvOnkeg Asttoupylag ot omoieg ol KAOWKEG pEBodOL eAéyyxou amotuyxdvouv [10]. Mua
Sladkaola evoc alyopiBuou eléyxou, o omoilo¢ xpnolpomolel acadr Aoyiwkr), ovopdletal
Acadnc EAeyxoc. O aocadr¢ eAEYKTC OUOLOOTIKA adopolwveL TNV avBpwrivn cupnepitpopd
Kal avtidpaon oe avtiBeon pe to oUMPPBATIKO £AeEyXO, O OToOloG €ival Baclopévog oe €va
HaBNUATIKO LOVTEADO TOU CUOTAMATOG. ZUVABWG TO LOONUATIKO HOVTEAO QUTO Elval AyvwaoTo,
6UoKkoAo va pokUPEL i} akOpa Kal va PeAeTnOeL.

O acadnig EAEYKTNG UMOPEL VA XWPLOTEL 0€ TPELG povadeg onwg daivetal oto Z). 3.34. AuTéEG
elvat o Acadomnointig (Fuzzifier), n Awadikaoia EEaywyng AnoteAeopdtwy (Inference Unit) kat
o Anoacadomnotntr¢ (Defuzzifier).

Bdon yvwong -

Kavéveg
Eioo6og 33

060¢
Y

v
|::> AcaborounTic Anoacadornontrg N

A

A 4

AwaSikaoia
efaywyng

A 4

Zx. 3.34 Aoun aoapoUc CUCTHIATOC EEYWYIG CUUTTEPACUATWV.

A. Acadormointig: 2to otadlo tng acadomnoinong, o acadomoLnTr g LETATPETEL TG GUOIKEC

uetaPANTEG tne Stadikaoiog os acadeic. Ol elcodol Tou cuoTAUATOC acodomololvTal, otV
TLEPLOXN] OPLOMOU TOoug, amod Tpokaboplopéva acadry ocUVOAa UE AEKTIKEG MeTtoPAntéc. H
OUVAPTNON CUMUETOXNC Kal o BaBuog cuppetoxnc séoptwvtal amd tnv okpifela mou €xel
opLoTel kata Tn oxedioon Tou CUOTHMATOG.

B. E€aywyn cuunepaoudtwy: H povada AqPng amodpdoswv SLeEKTEPALWVEL TIG AELTOUPYLEG

€€aywyng OUUMEPACUATWY OToUG aocadel¢ Kavoves. [MMpaypoTtomolel Lo €EOVUXLOTIKNA
avixveuon OAwv TwvV Kavovwv otn Baon yvwong, ME okKomd vo UTtoAoyicel 1o Pabud
OUMMETOXNG. Ol KOVOVEC PE UIKPO PBaBud cuppetoxnc ocUpPAAouv eAAXLOTA OTNV TEALKN
anodacn, EVW oL KAVOVEG e peyaho BabBud cuppetoxng eival kuplapyol. Ta teAka aoadn
ouvola €€06ou efaptwvtal oMo TOV TUMO TNG OUVEMAywyng Tmou Ba emdeyel. O
OnUodNECTEPEC OUVETIAYWYEG €lval oL cuvemaywyéC tou Mamdani kat tou Larsen. Ot
OUVETIAYWYEG Katd Mamdani xpnollomoloUv TO KAPTECLAVO YWOUEVO TOMAG EVw Ol
OUVETIOYWYEC KaTA Larsen to Kopteolavo aAyeBplkd ywvopevo. Emiong umdpyxel Kat n
CUVETAYWYr Sugeno n omola mapoucLAlel APKETEG OUOLOTNTEG UE TN ouvemaywyr Mamdani. H
kKUpla. Sladopd Toug OXeTI(ETAL PE T OUVOPTIOEL; CUMUETOXNG TNG £€€060U. ITO MOVTEAO
Sugeno oL cuvaptnoeLg petadopag tng e§68ou eival ypapULKES 1) otabepEd.
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e Juvemaywyn tou Mamdani:

Hp(X,y) = fp g =min[p, (X), p1g (¥)] (3.17)

e Jyvemaywyn tou Larsen:

M (X, y) = pp (X)* i () (3.18)

e Juvemaywyn Sugeno:
‘EVOIG TUTTKOC KOVOVOG acodpoUC CUOTAUATOC Sugeno UNSeVIKNG TAEewg €xeL TN popdn: Av To X
elval A kal To y €ilval B, 1ote 10 z = p*x + q*y + r, 6mou A kalL B acadr ouvola kat p,q Kol r
otaBepa.

. Amoacadomnowntig: To teAdeutaio Bripa tou aAyopiBuou evog acadoulg eAeyktn eival n

ano-acadonoinon (defuzzyfication) tng acadoug elcddou oe cadn Twun. Yrdapxouv dLadopeg
TEXVIKEC amo-acadomnoinons. ESw Oa mpémel va avadepBel ot otn BiBAloypadia mou
avadépetal otnv acadr Aoyiwkr, Ta ovopata Twv peBodwv acadomnoinong Stadépouv amo
ouvyypadéa oe ouvyypadéa. M'autd to Adyo otic peBodouc amo-acadomnoinong mou
avadépovtal mapakdtw Ba mpémnel va doBel onuacia meploodtepo oTOV OPLOUO TG PEBOSOoU
Kall OxL 0To ovopa tnG. Ol ocuvnBeotepeg ueBodol ano-acadomnoinong ivat oL akOAoUBEeG:

e Ano-acadomnoinon peyiotou (maximum defuzzifier):
TNV TeXVIkA autn e€etaletal n ocUVOETN CUVAPTNON CUUUETOXNC TNG €€060U TOU €AEYKTI Kal
eMAEYETAL WG €€060G N TN TNG LETABANTAG Y OTIOU y(Y) €lval péyLloto. ZUvenwg

ymax = max ﬂY (y) (3.19)

H nuebodog b¢ Sivel LkavomolnTikd anoteAeopata, LKA OTOV UTIAPXOUV TTOAAATIAA PEYLOTA.

e Amno-acadomnoinon He LECO 0po TwV peyiotwv (Mean of Maxima defuzzier)-MOM:

TNV TEXVIKA auTr €€eTAlETOL N CUVAPTNON CUMMETOXNAG My(y) yia va BpeBouv ol Tiuec (epdoov

UTTAPXOUV) TOU Y OTtoU Hy(y) elval pHéyLotn. ITn cuvéxela UTTOAOYIIETAL O HECOC OPOC TWV TIUWV

™¢ e€660u ToU avtloTtolyolV oth cuvOnkn auth, SnAadn:
Ymou = iimaxluy 6] (8.20)

m3
JTNV TEPIMTWON TOU UTIAPXEL MOVO €va HEYLOTO, N TEXVIK QUTH OUMTMIMTEL UE TNV
T(PONYOUEVN.

e Ano-acadormnoinon kévtpou Bapoug (Centre of Gravity — COG):
TNV TEXVLKN aUTH uTtoAoyilleTal To KEVTPO BAPOUC OAWV TWV CUVAPTHOEWV CUUMETOXNG TwV |
KOAVOVWV TIoU €Xouv evepyormolnBei, otabulopévwy pe tov Babuod ekmAnpwong o; KaBs kavova.
To teAkd amoTEAECHA OTNV TIEPUTTWON TTOU OL CUVOPTHOELG ELVAL CUUUETPLKEG Elval:
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(3.21)

I
zo-i:ui ()
Yecoe = =

Zﬂi(y)

OAeg oL apATIAVW TEXVIKEG EXOUV OTOXO TNV eUpeon cadoUug TIUAG TNG 080U TOU EAEYKTA
(6nAadn ™ petaPAnti eAéyxou) amod tn cUVOETN cUVAPTNON CUUUETOXNG TNG E€060U.

3.4.1.1 XZxed1aouo6S TOU OUOTHHATOS EAEYXOU KAl HOVTEAO TTPOOONOIWONS

H aocadric Aoyikn pmopel va Ppet edappoyn otnv mepimtwon &vog Un YPOUULKOU
OUOTNHATOG OTWE auTO tnN¢ A/T KOlL TILO CUYKEKPLUEVA VLo TO OXESLAOUO eVOog eAeyktry MPPT. To
OKPLBEG HaBnuaTikG poviéAo Tou ocuothiuatog tng A/l elvat Suokolo va efaxBel kal wg
anotéAeopa n Sadkaoia avalntnong tou onueiou pEYLOTNG LoxVog Ba mpémel va otnpiyOel
elte oe SeSOUEVEC XAPAKTNPLOTIKEG AELTOUPYLOG OTIWG TTAPOUCLACTNKE OTNV evotnta 3.2 €ite va
avalntnBel epoapuoloviag SlATAPOXEG OTO CUOTNHA OMWC TEPLYPAPNKE otnv evotnta 3.3.
EvtouTtolg, otnv evotnta 3.3 dtadavnke n aduvapia tng SUadikig AOYLKG KoL TOU CUHBATIKOU
aAyopiOpov P&O va SWOoEL LKOVOTIONTIKA amoTeAEéopaTa §ALTiOg TWV €éviova pUn YPOUHKLKWY
XOPOAKTNPLOTIKWY TOU CUOTAMATOC QAAQ KOl TWV TAXEWV METABOAWV TNG SLEyepong tou,
6nAadn, tou avépou. Evag acadng eAeyktig Suvatal va €VOWHATWOEL TN yvwon Kot Tnv
EUMELPLO TOU CUOTAHUATOG 06NYWVTAG OTO ONELD HEYLOTNG LOXUOG LECW EVOG TTANBOUG AEKTIKWV
kavovwyv [11]. Itnv mapdypado autr avaAvetal n dtadikaoio mou akoAouBrnBnke katd tov
OXEOLOOMO TOU EAEYKTH QVIXVELUONG CNUELOU HEYLOTNG LOXVOG oUWV Pe TNV acadr AoyKn.

e Aocaomnoinon - KaBoptouoc eloodwv, eE66wv kat Suvaptroswv SUUUETOXNG

H Sadikaoia avalitnong tou onueiou PEYLOTNG LOXUOG eKTEAElTAL HEOW PUBULONG TNG
OXETIKAG SlapKelag aywyng D tng omoiag n petafoAn €xeL apeon emibpacn oto pelpa TOu
avupwtn Kat dpa otnv wxL e€6dou NG yevwntplag. H Aoyikr TG TEXVIKAG €ival dla pe TN
néEBodo P&O, umod TNV €vvola OTL MPOYHATOTOLOUVTOL GUVEXELC METABOAEC TNG OXETLKAG
Stapkelag D. Onwg koL OTov KAOOOWKO eAeykty P&O, petpdatal n woxlg €€06ou NG
OVEMOYEVVATPLAG KAL CUYKPLVETAL UE TNV AMECWE TPONYOUUEVN. Av elval peyalUuTtepn TOTE
yivetat pla petofoAn tng OxetikAg Oldpkelag aywyng D mpog tnv katelBuveon mou
okoAouBoUtav otov apéowc mponyoUEVO KUKAO umoAoylopoU (avénon i peiwon), av eival
HULKPOTEPN TOTE N UeTOBOAN TOU D yivetal TPog TNV aviiBetn koatevBuvon amo TNV AUECWS
mponyoUpevn. Mo va BpeL 0 eAeyKTAG ola ATAvV n KatevBuvon mou elXe MPLWV TV €VIOANR,
ELOAYETAL OTO OLOTNHA EKTOG ATt TN METABOAR TNG LoxVOG €€080U Kal N LETABOAA TNG OXETIKAG
Slapkelag aywyng D. Zto Zx. 3.35 mapouolaletal oXNUOTIKA 0 EAEYKTAG UE TIG £L00S0UG Kol
g€odouc Tou.
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JUUMEPACUATIKA, OL EloodoL Tou eAeyKTH €lval oL akOAOUBEC:
AP,: n petaoAn TG Loxvog e€680u Py TNV XPOVIKA OTYNA t artd TNV TLUA TNG TN XPOVLKH OTLYUN
t-1, AP,=P,(t)-Pn(t-1).
AD,,_;: n petafoAr) Tou D TNV Xpovikn oTyun t-1 amo Tnv T T Tn XPOVLIKN otyun t-2, AD=D(t-
1)-D(t-2).
kat n €€060¢ Tou elvat :
D,: n oXeTIKn SLApKeLa aywyng tou ZP/ZP petatpomnéa avuwaong Taonc.

Wind Generator
APn Fuzzy logic controller l
D
n
ococ P
Fuzzification ~——> Rules ——>  Defuzzification Converter o3
ADn-1
—>

g
)
g

Zx. 3.35 Zynuatiko Siaypauua Tou aoaen EAEYKTh

OL oUVAPTAOEL CUMUETOXNG TWV 1008wV AP, kot AD kaBwg kat tng e€66ou D daivovtat
oto ZX. 3.36. Xpnowomolouvtal €ntd acoadry ocuvoAla ylo KaBe peEyeBog UE TIG MOPOAKATW
Aektikeg petaBAntég: nl (negative large), nm (negative medium), ns (negative small), z (zero), ps
(positive small), pm (positive medium), pl (positive large), vs = very small, av = average, ms =
medium small, aav = above average, bav = below average, ml = medium large, vl = very large.
TNV mapol oo HEAETN, TIPOTLUNONKAV OL TPLYWVIKEC CUVAPTHOELG CULUETOXNC AOYW TNG EUKOANG
edappoyng aAld kat tng ypnyopng eneéepyaoiag Touc.

e Aoapeic Kavoveg
To olUvolo tTwv acadwv kavovwv daivovtal otov mivaka 3.1. Ot kKavoveg ekdpalouv
ouvOnkeg tumou IF-THEN otig omoieg oL acadomoinuéveg eicodol cuoxetifovtal petay
Toug pe T Aoyikn pagn AND. O gAeyKTAG HETPA TN HETABOAN TNG LOXVOG KAl TIPOCAPUOTEL
to D pe okomd TNV aviyveuon tou onueiou péylotng oxvog. MNa mapdadelypa, €dv
avixveuBel pla péon avénon oxvog n onola eival anotéAeopa pag péong avénong tng D,
&nAadn, AP = pm AND AD', = pm, téte Sivetat eviold ya pia péon avénon e D, Snhasd,
D° = ml. Edv, wotdoo, avixveuBei pia peydAn peiwon woxvocg n omoia eival amotéAeopa
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Hac peydAng avénonc touv Adyou D, Snhadn, AP = nl AND AD', = pl, tote Sivetat eviold yia
pio peyaAn peiwon tou D, dnAadn, D

° = vs, JE OKOTIO VoL avTloTaBpLoTel n peiwon oxvoc.
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(v)
Zx. 3.36 Zuvaptrosls cUUUETOXG aoapwy uetaBAntwy eloodou-s€odou a) AP, 8) AD,,.; y) D.

Mivakag 3.1
Acapeic Kavoveg
AD',,/AP, | nl nm | ns z ps pm | pl
nl vl vl ml bav | ms Vs Vs
nm vl ml aav | bav | bav | ms Vs
ns ml aav |aav | av bav | bav | vs
z S ms bav | av aav | ml vl
ps ms | bav | bav | av aav |aav | ml
pm S ms bav |aav |aav | ml vl
pl S S ms aav | ml vl vl

o Awxdikaoio Eéaywync AnoteAsoudtwy

Katd tnv dladikaoia e€aywyng anoteAeopdtwy npotundnke o Mamdani and tov Sugeno
TUmo aocadn eleyktn, ywati n ouvenaywyn Mamdani avapével oL CUVOPTHOELS CUUETOXNG TG
€€obou va eival acadry ovvola. AvtiBeta ta cuotipata Sugeno-tUTMwvV UTopPoUV va
xpnotwuomnownBouv yla va Stapopduwoouv omolodnmoTe CUOTNUA CUUTTEPACUATOG OTO OTOLo oL
OUVQPTHOELG CUMUETOXNG TNG €660V elval kaBepia ypapuikn rp otabepa, to onoio dev pmopel
va epappocBei oto Mapdv cUOTNA YLOTL TO LOVTEAO €lval TTOAUTIAOKO KOlL AN YPOLRLLKO.

H dladikaoia e€aywyng cUUNMEPATUATOC e BAON TG EKACTOTE CADELS TIUEG ELOCOSOU KL TIG
OUVAPTAOEL  OUMMETOXAG Tou  Oleyeipouv, OnMwe  meplypadnkav  mopaAmavw,
Tipaypotomolouvtal pe dUo TpoOmoug:

a) Me v mpaén min, katd tnv omoia AapBavetat umoPn o MIKPOTEPOG Babuog
EKMANPWONG TWV EKAOTOTE SLEYEPUEVWV CUVAPTHOEWY CULUETOXNG, O OTOLOC YIVETAL KoL TLUN
SlEyepong NG oUVAPTNONG CUUKETOXNE TOU OUUMEPACHOTOC

B) Me tnv mpaén prod, Kata TNV omoia yivetal KAlLaKomoinon Twv cuvaptroswy e€0dou.
Eneldn opwg otnv nmapovoa e§aywyr CUMMEPAOUATOG £Xxouv Tov idlo BAapog 1 yia 6Aoug Toug
KQVOVEG 0TO OUOTNA, OUCLAOTIKA Sev €xeL onuacia mola Stadikacio Ba xpnotpomnotnOet.

H Sdwadikaoia ouvBeong mou xpnoLUomoLelTal lval N max, £T0L WOTE TO TEAIKO AMOTEAETUA
™¢ e€060u yla kKaBe cuvbuaoud SleyepUEVWVY KAVOVWYV VA TIPOKUTITEL IE TOV TEAECTI) Max.
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e Amoaocagomnoinon
H xpnotwuomnotolpevn pEBodog ano-acadomnoinong eival pEbodog amo-acadonoinong
KEVTpOU BApouc.

3.4.2 Amokpion Tou ouoTiuarog o€ BnuartikéS METABOAEC TNS TaxuTNTAS TOU
avéuou

210 XX. 3.37 gpdavidovral Ta SLaypAUUATA TWV TIPOCOUOLWHEVWY HEYEBWV yLa LETABATLKA
KQTAOTAON TNG TWAG TNG TaXUTNTAG €VOG 0TABEPOU avEROU amod ta 6 ota Im/sec Tt XpOoViKN
otwyun t = 25 sec, pe tn pEBodo avixveuong pEyLotng LoxLog Baclopevn otnv aocadni Aoyikn.
Qaivetal mwg oto XPoviko dtaotnua and ta 0 £éwg 25sec To cUOTNHA AELTOUPYEL OTNV TTEPLOXN
HEYLOTNG LoxVUog, adoul o cuvteheotg C, maipvel tn pEylotn T tou SnAadn 0,5. Tn xpovikn
oTlyur) 25sec to avopBwpévo pevpa TNG YewwnTplag oaufdvetal yla 4sec UEXPL va
otaBepornonBel yla taxutnTa ToU avERou 9m/sec, evw o ouvieAeotng C, XPELAIETOL HOALG
2.4sec péxpL va otabepomolnbel otn véa peEylotn T tou. H tdon oto SlauAdo cuvexoug
napopével otabepn kab' 0An tn Slapkela tng mpooopoiwong. H avénon tg toxuTNTAC TOU
OVEHOU €XEL WG OTTOTEAECHA KOLL TN oTAdLoKn auénon Tng mapayopevVnG LoV oG.

H mapayopevn ox0¢ petafaivel otn véa TIUN TNG OE XPOVO TEPLMTOU (00 UE 4sec OMwC
daivetal oto Zy. 3.38. 210 60 oxNUa daivetal KoL N MEWPAUATIKN LoxUg e€660u yla tnv idla
HEeTaBoAN aveépou. Metafl Tou MELPAUATOC KaL TNG TPOOOUOiwaoNng mapatnpeital cupdwvia.

Jto 2X. 3.39 ¢dailvovtal T SLOyPAUUOTA, TIPOCOUOLWHEVWY HEYEOWV amoKplong Tou
OUOTAMATOG O€ Bnuatiki MeTaBoAn tng taxutntag evog otabepol avépou amd ta 9 ota
6m/sec, TN XPOVIKN oTyun t = 25 sec xpnowonowwvtag Tov idlo gheyktr) MPPT. ZTo XpOVLKO
Staotnua amnod ta 0 éwg 25sec 1o cloTNUO AELTOUPYEL OTNV TIEPLOX MEYLOTNG LOXUOG, adou o
ouvteleotng, G, maipvel tn peéyotn T tou dnAadn 0,5. Tn xpovikr otypn 25sec to
0VOPBWUEVO PEUHA TN YEVVNTPLAC LELWVETAL YLOl 7sec HEXPL va otaBepomolnBetl yla taxutnta
TOU avépou 6 m/sec evw o ouvteAeotn, C,, XpeLdleTal 5sec péxpL va otabepomolnBei otn véa
HEYLOTN TWWA Tou. H pelwon tng TaxUTNTOG TOU QVEUOU €XEL WG ATTOTEAECUA KOl TN otadlakn
HElwon TtNG mapayouevng Loxvog. H mapayopevn oxVg petafaivel otn véa TLUR TNG OE XpOVO
Tiepimou (oo pe 7sec onwg daivetal oto ). 3.40.
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IX. 3.38 [MpooOUOLWUEVN (CUVEXNC UE UTTAE XPWUO) KOL TIELPOUATIKY LOYUG (SLOKEKOUUEV UE KOKKLVO

xpwua)ioxuc eEodou yia Bnuatikn UeTaBoArn TNE TaxUTNTAC AVEUOU amo 6 o€ 9 m/sec.
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IX. 3.40 [pooopotwuevn Loxuc eE66ou oe UETABATIKY KATACTAON YLo THXUTNTA AVEUOU ato 9 o 6 m/s
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3.4.3 ATTOKpION TOU OUCTHNATOS OE TPAYMATIKN) KATAOTAON AgITOUPYIAS

Itn ouvéxela aflohoyeital n cuuneplpopd TOU CUCTHLATOG UE TO CUYKEKPLUEVO EAEYKTN OE
TIPAYUATIKEC CUVONKEC AELTOUPYLAG HE TOV AVEUO Vo HeTaBAaAeTal, onwg paivetal oto Xy. 3.10.
Mpooopolwvovtag To HovtéAo pe eicodo tn Xxpovooelwpd tou 2¥. 3.10 Aaupavovtal ta
avtiotolya amoteAéopata tou Zx. 3.41. Onwg mapotnpeital o ouvteleotng, €, Slatnpeital
KOVTQ OTn UEYLOTN TLUA TOU PE AMOTEAECUA N MEON LoXUG €§08ou va gival 512W, Tt moAu
KOVTA 0T BewpnTIkA HEYLOTN UEON LoXUE Ttou TtpocAapBavetal amod ta nreplyla Pe Baon tn
g€lowon 3.4 ywa C, ioo pe 0.5 n omola eivat 535 W. Zto Zx. 3.42 anewkoviletal n anodibopevn
LoxU¢ oto $opTio, N omola TTPOKUTTEL Ao TNV MPOCOUOLWON TOU HOVTEAOU, KaBwG Kal n Loxug
TIOU TPOKUTITEL QO TO TIEIPOLA OTO £pyaoTtnpLlako dokipo. H melpapatikny péon woyxug e€66ou
elvat 476W, evw, onw¢ daivetal kal oTo OXNUA, TO TEWPAUATIKA QMOTEAECUATA KOl TA
avtiotolya ¢ Mmpooopoiwong mapouctdlouv TOAU KoAr) cUykAlon. Xto Ix. 3.43 daivetal n
XOPAKTNPLOTLKY KAUTTUAN CUXVOTNTAG PEVATOC TTOU TEALKA TO OUCTN LA ETUTUYXAVEL.
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Zx. 3.41 [lpooouoiwan ArmoUOVWUEVNE AELTOUPYING YLa XPOVOOELPA QVELOU.
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IX. 3.43 XapaktnploTikn KOoUUAN NAEKTPLKAC OUXVOTNTOG YEWNTPLOC — aVOPUWUEVOU PEUUATOC
VEWNTPLOG TTOU 0 aAYOpIILIOG EMITUYXAVEL VLA XPOVOOELPA OVELIOU.
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3.4.4 ATToKkpIOon TOU OUCTHNATOS OE TTPAYMATIK) KATAOTAON AgITOUpPYiag-
lNepiTTTwon 1cxupou avéuou

AV KOVTOG OTNV OLKOYEVELA TWV EAEYKTWV Xwplc e€aptnon and Se60UEVEC XOPAKTNPLOTIKEC
KAUTTUAEG, 0 €Aeyxog mou Paoiletal otnv acadn Aoyikn Seixvel va TIAEOVEKTEL EvavTtl TOU
KAQ.oGLKOU €xovtag mapaAAnAa apketd BeATwneveg emibOoeLg o oxeon Ue Tov P&O. Qotooo, o
oxeSlaopuoG Tou amoutel KAl yvwon TG cUNnEPLPopAs TOU CUCTAHOTOG OE CUYKEKPLUEVES
Sleyépoelc SnAadn avepoAoylkEC ouvbnkec. Mol TOV €AEYKT) TIOU TIAPOUGCLACTNKE OTLC
TIPONYOUUEVEC EVOTNTEC O OXESLOOUOC Baolotnke oe SESOUEVEG XPOVOOELPEC OVELOU OL OTIOLEG
BewpnONKOV TUTIKECG YLOL TO CUYKEKPLUEVO cuoTnpa. Omwg £YLVE KoL YLO TOUG TIPONYOUUEVOUC
eleyktég MPPT €tol kot ylo tov eAeykt acadolg AoylkAG SOoKLMATETOL OE AELTOUPYLKEG
KATAOTAOELS, OL omoieg Ba pmopoloav va XAPOKTNPELOTOUV OUOUEVELG. ZTNV TIPOKELEVN
TeplmTwon oav £(0080¢ TOU CUOTAUATOC AQBAVETAL LA XPOVOOELPA LOXUPOU OVEUOU N omola
daivetal oto Ix. 3.44. Yto IX. 3.45 daivetal n avrtiotolyn omokplon TOU OEPOSUVAULKOU
ouvteleotr C, Tou omolou n péon Tn eival oe avtr tnv nepimtwon 0.477 dnAadn katd 5%
ULKPOTEPOG OE OXEON LLE TNV TIEPIMTWON TNG TUTILKAG XPOVOOELPAG AVELLOU.

Mapolo mou n péon TR Tou agpobduvaplkol ouvteAeotr Bploketal MOAU Kovid oto
MEYLOTO N MElwWONn Ot OX€on ME TNV TUTILKA XPOVOOELPA QVEUOU €lval uTtoAoyiolun. Auto
UTTOSEIKVUEL WG OE TIEPLTTTWOELG OTIOU OL OVEUOAOYLKEG ouvOnkec dradépouv aoOnta amo
OUTEG ylo TIC omoiec oxebidaotnke o eAeyktng aocadol¢ Aoylkng ot emdooel tou Ba
ONUELWOOUV TITWON KoL CUVETWG Ba elval anapaitntog o emavaoXeSLacpog Tou eAéyxou eite
HEOW TPOOBNKNG VEWV KOVOVWY, E€(TE HEOW METATOTONG TOU KEVIpOU PBApoug Twv
OUVOPTHOEWY CUMUETOXNAG.
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3.4.5 A§ioAdynon

Onw¢ cupmEepaLvETAL Ao TNV TTAPATIAVW avAAUCh, 0 EAeyxog acadolg AoyLkng dtatnpel to
mAgovEKTNUA TG peBOdou P&O Sixwe va epdavilel Ta PeloveKTHUATA TNG. Me Alya Adyla to
cvuotnua Kkotopbwvel va aveaptntonolnOel ano §£60nEvn XAPAKTNPLOTLKY) KAUITUAN pOTIAG —
oTPOodWV KoL Apa oo MOAVES avakpiBELEC AUTHG, EVW, AVTOITOKPLVETOL TOXUTOTO TIPAYLLO TTOU
yilvetal avtiAnmto o€ BnUaTIKEG LETABOAEG TNG TOXUTNTAG TOU QVEMOU. To avopBwuévo pevpa
aUEAVETAL PE GUVOALKO XPOVO WOALG 4sec Kol MELWVETOL O XPOvVo 7sec. AvaAoyn €ival Kal n
oupnepidpopd tou ocuvieheotn oxvog C,. Afloonueiwto eival, emiong, OtL to cuotnuo degv
gfaptaral ano TNV apXKn TLUA TNG OXETIKAG SLapKeLag aywyng D kot cuvenwg Sev kabiotatatl
ETUPPETEC O€ AKATAANAEC ap)LlKomolnoelg. Tautoxpova To Brpa AD sival petaBAnto, mpayua
TIOU ONMAiVEL TWG N TIPOCOPHOYH TOU YIVETOL AvAAoya ME TIG EKAOTOTE QTIOLTAOELG O LOXU £T0L
WOTE n €UOTABELd TOU CUCTAMATOG KAl N ToXUTNTA OTn oUYKALON va pnv €ival €vvoleg
oAAnAocuykpououeveg, Onwg otn péBodo P&O. EmumpooBeta Sev amattovvial avotnpoi
KOVOVEG TIOU Vol apopoUV OTO XAPOKTNPLOTIKA TOU EKACTOTE CUOTHUOTOC WOTOOO OTOLTELTOL
KOAN EUMELPLKA YVWON Tou Katd tn Slapkela Tou oxedlaopol. Onwe aAwote €yve epdaveg oL
HUEYAAEG ATMOKALOELG OO TIC AVELOAOYLIKEC OUVONKEC YLa TIC OTIOLEC €XEL OXESLAOTEL O EAEYKTNG
aotoUV TNV aVANPOCOPHOYH TOU TIPOKELUEVOU VO NV UTIAPXEL LELWON TWV EMOOCEWV TOU.
Melovéktnua tng uebodou amotelel To yeyovog mwg mapatnpeital éva Ukpo odAApa LOVIUNG
KOTAOTAoNG 0TO OUVTEAEDTH LoXUOG Cp VLA OPLOUEVEG TLUEG TOU QVEHOU, OTwG Ba pavel kabBapd
otnv evotnta 3.6. Mallota, mapatnpndnke mMwg 600 TO CUOTNUA COUPWVEL TIG YPAUULKOTEPEC
TLEPLOXEC TNG BEATLOTNC XOPAKTNPLOTIKAG POTNG - 0TpodwVv, SnAadn, Ta Avw Kol KATW AKPA OTLG
TAXUTNTEG QVEUOU, TOCO TO OGAAMO MOVIUNG KATAoTOOoNG MeEYaAwvel. To Tapomavw
cuumépacpa  elvat  avoapevopevo adol oL eleykteég aocadolG AoylKAG AELToupyouv
QOGS OTIKOTEPA YLOL N YPOAUHLKA CUCTAMOTO.

3.5 MéBodo¢ [lpoodiopiouou rTou 2nueiou MéEyiornge loxuog
Baoiouévn oe Texvnra Neupwvika Aikrua

3.5.1 lNeprypaen

21N BPAloypadia uApXOUV TTEPUTTWOELG OTIOU TIPOTELVETAL N XPON TEXVNTWVY VEUPWVIKWY
Siktuwv (TNA) yia tov éleyxo MPPT oe cuotriuata A/l [2], [13]-[14]. Ta veupwvika Siktua
€XOUV XpnoltomolnBel pe peyaAn mtuxia yla TNV avoyvwplon Kol Tov EAeyxo SuVaULKwY
ouoTNUATWY. O WeTNTEG TG MaPAAANANG enefepyaoiag, KabBwe Kot tng mPoPAedng kot
YEVIKEUONG SESOHEVWV, £XOUV KATOOTIOEL TA VEUPWVLIKA SikTua dnuodiAn yia Tov EAeyXo Un-
YPOHMIKWY cuotnudatwy [12]. Mapolo mou n xpnoiwpomoinon twv TNA ywa tnv avelpeon

Iazoioc Xapaloumwog
Adaxropikn diozpifin



onueiou péylotng woxvog oe ocuothpota A/l aufdvel QpPKETA TNV TOAUTAOKOTNTA TOU
avtiotolyou eAeyktn, ta TNA cuvdualouv AeovekTAMATA KAl aTtd TLG SU0 OLKOYEVELEG EAEYKTWV
ol omoleg avadpEpOnkav otnv evotnta 3.1.2.

Ze mpwTo eminedo n wavotTnTa Toug va ekmatdevovtal Kat va akoAouBouv pe akpifela pLa
6e6opévn KaumuAn ta kablotd tkava va gpdavilouv apLota anmoteAéopaTa O €va UEYAAO
€0POC OVEMOAOYLKWV CUVONKWV XWPLE val XPELAOTEL va YIVEL Kapio ovanmpocapuoyn Tou
eAéyxou. Kati tétolo Oswpeital dlaitepa €uvoikO Ot TEPUITWOELS, ONMOU Ol EKAOCTOTE
QVEMOAOYLKEG CUVONKEG oL SLapEPOUV OPKETA KATA TN SLAPKELD TOU ETOUG.

Ye Oeltepo emimedo, oL €AeyKTEC TMOU xpnowomowolv TNA €xouv TNV Kavotnta va
OVAPOCAPHOIOUV TN XOPAKTNPLOTLKN KAUMUAN yLa TNV onola €xouv ekmaldeutel KaBwg auth
urnopel va epdavilel opaipata Adyw avakpifeLag oToug apxtkols UTTIOAOYLOMOUG i aKOMA KoL
YApPavong TOU MNXoVIKoU ouothpatoc. H Suvatotnta oauth mpogpxetal amd tnv online
eknaidevon n onoia pnopei va HETABAAAEL TOL ECWTEPLKA BAPN TWV VEUPWVWV Ot £va SikTuo
KOTA TNV OSLAPKELA AELTOUPYLOC TOU CUOTNUATOG TNG QVEUOYEVWWNTPLAC ME Paon €vav Opo
oddApatog. Etol, €va cuotnpa eAéyxou tng avepoyevvntplag pe TNA dev emnpedaletal anod
HETABOAEG TWV MNXOVIKWV XapakKTneLloTtikwy tng A/T, oL omoleg SUvavtal va EMNPeACOUV TOU
KAOLOLKOUG EAEYKTEG OL OTOlOL XPNOLUOTIOLOUV SESOUEVEC XAUPAKTNPLOTIKEC KAUTTUAEG. Me Bdaon
To mapamavw, to TNA Sev pmopouv va kKotataxBoUv OMOKAELOTIKA OE KATOLWO oMo TIG
npoavadepOeioeg olkoyéveleg eAeyxwv MPPT, kaBwc, pumopolv adevog va eKmatdeUToUV WOTE
va akoAouBouv plo 6eSopévn XapakTnploTk KAumUAn aAAd toautoxpova, peE tnv on-line
eknaidevon va petafalouv TNV mAnpodopia Twv SESOHEVWV KAMMUAWY, WOTE va
QVTOTTOKPIVOVTOL OITOTEAECHOTIKOTEPA OTLG OTOXOOTLKEG LETABOAEG TOU AVEOU.

3.5.2 Oswpnrikn avdAuon eAEéyxou aveuoyevvnTPIAS UE TEXVNTA VEUPWVIKA
SdikTua — TomroAoyisg eAéyxou

Mo tov éAeyxo ula avepoyevvntplag TNA eivar anapaitnto va emhexdei n katdAAnAn
tonoAoyia eAéyxou. H ermiloyn autr €ival onpavtikl KaBwg n tomoAoyia MPETMEL VoL KAAUTITEL
To 10laitepa XOpAKTNPLOTIKA TIOU £XEL TO oUOTNUA EAEYXOU TNG avepoyevvAtplag. O AveHOG
glval otoXooTIKOG Kal ypryopa HeTaBaAlopevoc pe amotédeopa ta Sedopéva el0odouv —
€€060u, 0 TPOMOC ekmaildsuong, oA Kal n B€on Tou veupwvikol SIKTUOU pEoa O0TO cUOTNUA
TNG OWVEUOYEVVATPLAG VA TTAL{EL TIOAU ONUAVTIKO POAO OTO TEALKO QMOTEAECHLA.

H tomoAoyia eAéyxou n omoia xpnotponolOnke ovoudletal EAeyXog poviéAov avadopdg
(Reference Model Control) kat mapoucialetal oto Zx. 3.46. ZTnV MEPIMTWON AUTH O VEUPWVLKOG
eheyktn¢ tpododoteital and to onua eAéyxou, aAAd Kal amnevOeiag pe avadpacn anod tnv
€€060 TOU UMO eAéyXou OUGCTAMATOC. O TNV EKMOISEUON TOU VEUPWVLIKOU SIKTUOU £vag
oAyoplBuog Séxetal to odpalpa petafl tng €€6060uU TOU HOVTEAOU avadopAc KoL TTPAYUATIKIG
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Kol LeETOBAAAEL TN Sopr TOU VEUPWVLKOU SLKTUOU KATAAANAQ €TOL WOTE VoL EAAXLOTOTIOLEL TO
oddApa auto. H umapén tou poviéAdou avadopdg kot Tou odpAAUaTog EAEyxou Kablotd tnv
OUVKEKPLUEVN TOmoAoyia KOTtAAANAN yla uAomoinon o€ ocUOTNUO OVEUOYEVVATPLOG, KaBwg
e€aodpaAilel (KOVOTIOINTIKA AMOTEAECUATA YIA OAO TO €UPOG TWV TOXUTATWV avépou. Emiong, n
urnapén ameuBelag avadpaonc otov eAeyktl PEATIWVEL TNV EUCTAOELA TOU GUOTHMOTOG
KAELOTOU BPOXOU KO ETUTPETEL OTOV EAEYKTH Vo TTAPAKOAOUBEL TIC ypYopEeG HETAPBOAEG. ZTO
Zx. 3.47 mapoucldleTol TO TPOTEWVOUEVO OXNUATIKO SLAypappa, yla €AEyXo OCUCTHUOTOC
OVEMOYEVVATPLAG YL TNV AVEUPESN ONUEIOU LEYLOTNG LOXUOG ME TEXVNTA VEUPWVIKA SikTua.

> Reference Model _+
k Control
Error
NN
Plant Model
Model
Command n error
Input
Plant
—> output
NN Controller _ > Plant

ﬁ Control Input

IX. 3.46 TormoAoyio EAEyYoOU LIOVTEAOU avVaiQopas

Qg €loodoL 0TO TEXVNTO VEUPWVIKO SIKTUO €TUAEYOVTAL HETPAOLUA NAEKTPIKA MEYEDN. H
ToxUTNTA TOu avépou &g xpnoluomoleitol wg €l0odog, €tol wote va anodpeuxBel n UMapén
OVEUOUETPOU. ETOL EMIAEYOVTAL WG E(0080L OTO VEUPWVIKO EAEYKTI N YWVLAKI TaXUTNTA TOU
Spopéa wp, To pevpa €€060U I; Tou petatponéa IP/3P kat n woxVg €€660u Py, tng A/T. Qg
€€060C TOU VEUPWVIKOU €AEYKTH ETAEYETOL N OXETIKA Oldpkela aywyng, D, n omola
avatpododoteital wg eloodog (feedback) oto TNA. Etol to TNA gAéyxovtag tnv D petafAAeL TO
pelHA TNG YEVVNTPLOC, WOTE KAOE XPOVIKN OTLyUn va Umopel va Bploketol oTig KOATAAANAES
otpodEc, anodidovrag tn PEYLOTN LoU.
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/
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IX. 3.47 Juotnuoa eA€yyou MPPT ue texvnta veupwvikd Siktua
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3.5.3 Zxed1aouog Texvnrwv Neupwvikwv EAsykTwyv yia tov éAsyxo A/l

Me Bdon T mapapétpouc mou emnpealouv tnv uAomoinon twv TNA kat WSlaitepa
AapBavovtag umoyn TNV APXLTEKTOVIK Toug Kol TG MeBOSoug ekmaideuong Toug,
kataokeudlovtal oL veupwvikoi eAeykteg (Artificial Neural Network Controllers - ANNC) yia tnv
avelpeon onuelou Aettoupylag mou peyloTomolel TNV oxu €€0dou. MNa tnv oAokAnpwaon Tou
oXeSLA0UOU TWV VEUPWVLKWV EAEYKTWV XPELALETAL VO KOOOPLOTEL N APXLTEKTOVIKA KL O TPOTIOG
eKnaldguong Toug. H apXLTEKTOVIKI) TWV EAEYKTWV ETIAEYETAL VA Elval £€va MANPWG OLVASPOMLKO
VEUPWVLKO &iktuo pe efwyeveic el006oug pe éva kpudo eninedo, kabwg autn eival mou
cuvavtatat o cuxva otnv BiBAloypadia kat epdavilel wavomowntikd amnoteAéopata. Katd
v  Odpkela Twv  SoKlpwv  Sokdotnkav Kol  GAAEC  OPXLTEKTOVIKEG ONMwG Ta
NPOcWTPOPOSOTOUHMEVA VEUPWVLKA SikTua, oAAG Kol teplocOTeEpa Kpuda emimeda, Ta omola
OHWG epdaviiov PTwYOTEPO ATIOTEAECOTO.

Ol veupwvikol eAeykTeG SladEpouv oTov aplBpd TwWV VEUPWVWVY TOU KpudoU emumédou ot
omoiol kaBoplotnkav omo TNV XPOVOOELPA OVEUOU HE TNV omola ekmoawdevovtal. o Tnv
vlomoinon Twv VeEUPpWVIKWY eAeyktwyv efetalovtol TPELG OSLadOpPETIKEG XPOVOOELPES
eknaidevong: pETpLAG Evtaong dvepog Vi, aoBevng dvepog Vs, Loxupog avepog Vi. O aplBuog
TWV OMOLTOUEVWY VEUPWVWYV O KABe gleyktn emAEXOnKe €10l wWoTe va BeATLoTOMOLELTOL N
£€€060¢ Ywplic va mapouoialovral palvopeva unepeknaidsuonc.

Me Baon tnv umdpxouca PBBAoypadia, efetaloviar Suo dnuodiAeic aAyopiOpol
eknaidsuong oL omoiol SlapEpouv OTOV TPOTO HE TOV Omoio petafaliouv ta Bapn Twv
VEUPWVWV. MNpokelpévou va KaAudpBoUv OAEG oL TAPATIAVW TIEPUTTWOELG UAOTIOLNONKOV TEVTE
veupwvikoi eAeykteg (ANNC1, ANNC2, ANNC3, ANNC4 kat ANNCS5), ot omoiot e€etdoBnkav Kot
ouyKkpiOnkav. Ztov mivaka 3.2 mopoucldlovial oL TAPAUETPOL TWV TIEVIE EAEYKTWV TOU
vAomolOnkav. Euvoikdtepa anoteAéopata napouvciace o eAeyktric ANNC1 tou omoiou kat n
Aettoupylo avoAUETOL OTN CUVEXELQL.

Mivakag 3.2
MNopaUETPOL VEUPWVIKWY EAEYKTWV
NEUPWVIKGG EAEVKTIG Aptelpc')q A)\vé’ptepoq Xpov'ocstpd
VEUPWVWV eknaidgvong eknaidbevong
ANNC1 17 Levenberg-Marquardt V,
ANNC2 19 Gradient Descent V,
ANNC3 22 Levenberg-Marquardt V,
ANNC4 14 Levenberg-Marquardt Vs
ANNC5 14 Gradient Descent V3

MNa tnv uvlomoinon tou eAeykt xpnowpomolOnke n apxttektoviky NARX (nonlinear
autoregressive network with exogenous inputs, un ypopuikd oauto-maAvépoutkd Siktuo pe
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efwyevelg elocodoug) to omoio eival Eva avadpoulkd VEUPWVIKO Siktuo pe dpopo avadpaong
amno tnv £€060 amneuBbeiag otnv elcodo. H e€iowaon mou opilel to NARX eivat:

y(t)zf(y(t—1),y(t—2),...,y(t—ny),u(t—1),u(t—2),...,u(t—nu )) (3.22)

Omnou n enopevn TR NG €€aptnuévng petaPAntng €€0dou y(t) omoBodiladidetol oTig

TIPONYOUUEVEC TOU ONUatog €€O60U Kol OTIC TIPONYOUUEVEC TIMEC €VOC avefaptntou

(e€wyevoulc) onpatog el00dou Kal f ol cUVAPTAOELG EvEpyoToinong. 2to 2x. 3.48 daivetal éva
TUTKO Siktuo NARX.

Inputs Layer 1 Layer 2
N/ N7 N
p'(t) = u(o) () a0 a(1) = y(1)

o

§'x1

/ \ AN J/
IX. 3.48 Mn-ypauuiko avto-raAivépouiko diktuo ue eéwyeveic e.oodouc

O eleyktn¢ NARX mou daivetat oto 2X. 3.49 xpnolpomolel olypoeldry ouvaptnon
gvepyomnoinong umepBoAlkng epamTtopévng oTo Kpudo emimedo Kal L YPOUMLK CUVAPTNON
gvepyomnoinong oto emninedo €£660u evw Kal ota Suo emineda xpnolpomnolel tnv noAwon b. H
OlYHOELONG ouvaptnon evepyormnoinong opalomnolel ta dedopéva L0060V TNG, EVW N YPOUULKN
ouvaptnon evepyomnoinong oto emninedo €§6dou pATpdpeL TNV €£060 TOU VEUPWVLKOU SIKTUOU
£T0L Wote va amodelyovtal anmotopes dtakupavoels. Emiong, o deiktng 1:2 mpoaodlopilel tnv
POPBAsPn evOG OTOLKEIOU KOl TNV XProN UVAMNG yla 2 otolyeia oto Stavuopo elc0dou Kot Thv
avadpaon. O oplOuog Twv veupwvwv oto Kpudo eminedo mpoodlopiletal amd TNV

TIOAUTTIAOKOTNTA TNG XPOVOOELPAC EKMALSEUONG YLt KAOE Evav EAEYKTH).
Hidden

Output

y(t)

‘lﬂ o
1:2 SF :
R | .

IX. 3.49 O EAeyktric NARX
Ta mAeovektpata nmou epdavilel n apyttektoviky NARX yla Tov €AEyX0 TOU CUOTHHUATOG
avepoyevATpLag cuvoifovtal wg eEAG:
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e Eival cbotnua mapaAAnAwv katavepunuévwy dlepyactwy (parallel distributed processing) to
omnoio e€aopaAilel LKPOUG XPOVOUG ATIOKPLONG OTLG YPIYOPEG HETABOAEG TOU AVEHOU.

e ExeL TNV duvatotnta XpHong TNG EVOWHATWHEVNG MVAUNG Kal TNV duvatotnta mpoPAsdng
NG €MOPEVNG TNAG €§08ou mapeExoviag MEYAAUTEPEG TAXUTNTEG KoL HELWVOVTOG TNV
evawoOnoia tou O&lktuou o€ pakpompoBeopeg €fapTAOEL OL Omoieg AOyo TNG
OTOXOLOTLKOTNTOG TOU AVEHOU Elval AVETLOUUNTEG.

e AnoteAeitol anod tn cuvEEoN VEUPWVWY, OL OTIOLOL Elval pN-ypappkol. H pn-ypappikotnta
elvat oAU onpavtikn WLotnTa, adol To cUCTNUA TNG AVELOYEVVATPLOG ELVOL UN-YPOLLKO
OTWC KoL 0 EAeyX0OG TNG.

e Exmaldevetal va Aettoupyel KATW ATIO CUYKEKPLUEVEG CUVONKEG Kal pooappoleTal avaAoya
pe tic allayeg tou meptBalioviog tou. Mrmopel eUKOAA VO EMAVEKMOLSEVUTEL WOTE val
Xelpiletal Tig MeETABOAEC TOU MEPLBAAAOVTOG TOU Kal va HETABAAEL TNV AELTOUPYLO TOU KOTA
ETIOXEC OTAV KL OL AVEHOAOYLKEG ouVONKeG aAAdlouv.

e Eival aveKkTiko o€ opaApata. AKOUA Kol N KAtaoTtpodn KATOLOU VEUpwVa eV emnpealel TN
OUVOALKN Tou Asltoupyia KaBwg ol veupwveg Aettoupyouv ave§aptnta o €vag ano tov aAAo
kal Sev xpeLdlovtal CUYXPOVIOUO.

e To TNA umopsl kot yeviKeUEL Ta Sedopéva elc0dou-e§660u Tou. Mmopel va ekmatdeutel
KATW OO CUYKEKPLUEVEG AVEUOAOYLKEG oUVONKeG(T.X. aoBevng dvepog) aAAd va cuvexioel
va Asttoupyel e€ioou KaAd Kol o€ OUVORKEG OV Sev €XeL eKMALSEVTEL (LOYUPOG AVEUOG,
Bnuatikéc petaPoAég) mpoAaBaivoviog OTOLECONTIOTE OKPALEG KOLPLKEG ouvOnkeg. H
EVOWHOTWUEVN LV BEATIWVEL TNV LOLOTNTO QUTH.

3.5.4 H ekmaidsuon ToU VEUPWVIKOU EAEYKTH

Ma tnv ekmaibeuon TOU VEUPWVIKWVY EAEYKTH, XPNOLUOTOLNONKE N TEXVIKA TNG padnong He
eknawdeutr), adol vumapxel n Suvatdétnta aflomoinong Twv emBUUNTWYV SLAVUCUATWV
€l0060u-e€060v, Tt omola eival SltaBéopa. To poviéAo NARX mou xpnolpomoleital €xeL Tn
Suvatotnta ekmaidevong pe duo SladopeTikolg TPOTIOUG, O avolxto Bpoxo (Series-Parallel
Architecture) kot og kAgwoto Bpoxo (Parallel Architecture) onwcg ¢aivetat kat oto Zx. 3.50.

Eddoov OAa ta Staviopata el06dou-e€660u elval yvwotd umopetl va xpnotpornolnBel n
eknaidevon avolytou Bpoxou, KOTA TNV omoia aveEaptnta and To mola eival n urtoAoywOpevn

TR €§660U TOU VEUPWVLKOU SIKTUOU y(¢) KOTA TNV ekmaideuon autr dev avatpododoteital

WG €l0060¢. AvTIBETWG, Xpnolpomoleital n emBuuntn TN y(t) mou eivat dtabgoun anod to
Stavuopa €€odou ameubeiag wg deltepn eloodog. Autr n OPXLTEKTOVIKA Tipoodépel Suo
nAeovektipata. To mpwTto eival OTL n €i00d0G 0To VEUPWVLKO SikTuo Elval To akpLBAG Kal To
Olktuo ekmawdeveTal Mo ypRyopa evw To SEUTEPO TAEOVEKTNUA OTL OUCLOOTIKA TO SIKTUO
ekmaldeveTal ooV TPOOWTPOPOSOTOUUEVO OTATIKO VEUPWVIKO OIKTUO Kol Hmopouv va
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xpnotuomnownBouv ol avtiotolol BeAtiwpévol adyoplOpol. Baoikd pelovéktnua tg pebodou
autng elvat otL amattouvtal oAa ta dedopéva elcodou — e€060u e§apxng, £ToL, opAApaTA TTOU
Umopel va TPOKUYPOUV OTOUC UTIOAOYLOHOUG Twv Oedopévwy emnpealouv AQUECA TNV

eknaibevon.

T T

ut) — b —— ut) — D —>
L Feed y(t) L Feed

Forward —— Forward —> y(t)
T Network T Network
D —— yit) — D ——>
r L L

Parallel architecture Series - Parallel architecture

Zx. 3.50 Ekntaibevuon o€ avolyto kat kAeLoto Bpdyo

ATO TNV AAAN, N APXLTEKTOVIKN KAELOTOU Bpoxou ekpetadlevetal tn duvatotnta tou NARX
va TipoPAETEL TNV £€080 KL VO XPNOLUOTIOLEL EVOWHATWUEVN HvAun. H emBuunth T e€66ou
nipoBAEneTal kat avatpopodoteital otnv €i0060 TOU VELPwWVIKOU Siktuou. Eival amapaitntn n
XPNOLLOTIONoN TNG UVAKNG YL TNV eKaibeuon LE QUTH TNV APXLTEKTOVIKN KaBw¢ To opAApa
eknaidevoncg npoodlopiletal amd TNV MPOBAEMOUEVN TIUN KAl TNV TR TIou Bploketal otnv
puvnun tou Siktuou. ETOL, XPNOLUOTMOWWVTOC OUTA TNV OPXLTEKTOVIKN €lval amopaitnTteg ot
OPXLIKEC TIMEC OTNV HVAUN Tou SIKTUOU Kal amodelyetal n ancubeiog tpododotnon pe TO
Slavuopa g€6éovu.

To enopevo anopaitnto otadlo yla TV ekmaibeuon Twv EAEYKTWV £lval R KAVOVIKOTOinon
Twv Slavuopdtwv €wodou. Auti n Swadikacia xpnolpomoleital SOTL oL TIHEG TWV
Slavuopdtwyv elcodou dadépouv katd oAU petal Toug. H meploxn kavovikomoinong mou
xpnoworoteitat  eivat [-1, 1]. Itnv €060 TWV VEUPWVIKWV €AEYKTWV ylvetal n
amoKavoVvikomoinon tou dtavuopatog e€06ou.

210 Tpito otaddlo tnG ekmaibevong kabopileTal n XPovooelpd eknaidevong, Ta Sedopéva
eknaidsuong, ta Sedopéva snaAnBsuong kot ta dedopéva edpappoyns. Ou SlabBEaolpeg
TIPOYHOTIKEG XPOVOOELPEG eKMaidevuong cival Tpelg kal €xouv Oiapkela 180sec pe ta
TIAPAKATW XOPAKTNPLOTIKA:

1. MétpLag Eviaong AVEUOG UE METPLEG LETOBOAEG — V;
2. AcbBevng avepog e peyaAeg HeTaBoAég -V,
3. loxupOGg AVENOG HE LETPLEG METABOAEG — V3

H &ewypatoAndio twv xpovooepwv eivar ava 0.00165sec emopévwg ta Staviopota
€l0060u-e€060u Ba amotelouvtal and 109091 otoixeia. Xpnotlpomnolovvtal Ta mpwta 90sec
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NG XPOVOOELPAG yla TNV ekmaideuon Tou veupwvikoU Slktuou kal ta urtoAouta 90sec yla TNV
Tipooopoiwaon oTNV MPAYHATIKN AElToupyia Kot thv afloAdynon tng ekmaidevong. Emopévwg ta
Slavioparta ekmaidevoncg amoteAovvtal amo 54546 otolxeia To omolo €ival OPKETA ylo. TOV
KaBoplopo Twv Bapwv Twv cuvaPewv oto TNA. Etol, amno ta 54546 otolyeio o 70% emAEyeTal
Tuyaia Kat amoteAouv ta Sedopéva ekmaidevonc, to 15% emAéyovtal Tuxailo Kal amoTeAouy ta
bebopéva enalnBsuong kat t€Aog to untdAouto 15% amoteholv ta dedopéva edappoyng. H
eknaidbevon tou TNA bev ennpedletal anod tnv tuxaia emhoyn twv dedopévwy eknaidevong,
kaBwg To Selypa eival apkeTd peydo.

Z1T0 TETAPTO OTASLO TPETEL VA apXLKOTIOLNO0UV OL TLHEG TWV BAPWV TWV VEUPWVWYV KL TNG
EVOWUOTWHEVNG HVAUNG. MNa ta Bapn Twv cuvaPewv erAEyovTol Tuxaio HIKPEG TIMEC. M TNV
opxXlKoToiNoN TNG EVOWUATWHEVNC UVAMNG XPNOLHomolouvtal ta Staviopata €0060U Kal
€€060u kot oAloBaivouv Ta MpwTta SUo oToLKELD TwV SLAVUCUATWY QUTWV OTNV UVAUN.

Ito MEpmto otadlo Kabopiletar o aAyoplOpog ekmaidevong. ITOug EAEYKTEC TIOU
e€etaoOnkav xpnotpomnotndnkav duo dtadpopetikol alyoplbuot mou sudavilovral cuxva otnv
BBAoypadia, o Levenberg-Marquardt backpropagation kot o Gradient Descent. O aAyoplOuog
ANNC1 ta amoteAéopara Tou omoiou Ba TAPOUCLACTOUV OTNn CUVEXELX XPNOLUOTIOLEL TOV
oAyoplBuo Levenberg-Marquardt backpropagation. O aAyopiBuog Levenberg-Marquardt sivat
oo TOUC YpPNYopOTEPOUC OAYOPLOUOUC HE LKOVOTIOLNTIKA QTTOTEAECUATA TIOU OMWG QTALTEL
TIOAU TIEPLOCOTEPN VAN oo AAAouC aAyopiBuouc.

KaOe aAyoplOpog eknaibeuong oTAMATAEL HE BAON KATIOLA KPLTAPLO, OTIWG TO ULIKPOTEPO
odalpa, Ta onoia emAEyovtal PV TRV Evapén tn¢ eknaidsuong. To KpLTrpla TEPUATIOUOU
TIOU XPNOLUOoTolNOnKav Kotd tnv eKmaibeuon TwV TEVIE VEUPWVIKWVY EAEYKTWV OL omoiol
e€etaoObnkav eivat:

e Méylotoc aplBuog emavainPewv (max epoch): 1000

e Méylotoc xpovog ekmaidsvong: 4000sec

e Méoo tetpaywviko obdAua (MSE) pikpdtepo amo: 1077
e MiuwkpOtepn kAion (gradient): 1077

e AplBuoc amotuxnuévwy emalnBevoswv: 6

3.5.5 AmoreAéouara ekmaideuong VEUPWVIKOU EAEYKTH

Y€ auTh tnv evotnta Ba e€etaotouv ta anoteAéopata tne ekmaidsuonc tou eAseykty ANNC1
0 ornoiog epdpavice kal ta euvoikotepa anoteAéopata. O eAeyktrig ANNCL ekmalbeUTnKe e TNV
TIPOLYHOTLKN Xpovooelpad ekmaideuong Vi, pue ahyoplBuo eknaideuong tov Levenberg-Marquardt
Kall oL VeEupwveg tou kabBopiotnkav otoug 17. O xpovog ekmaideuong, To PECO TETPAYWVLKO
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odAAua, n UkpoTeEPN KAlon TNG KOUMUANG ekmaideuong Kal o aplOpodg Twy emavalfPewy yla

v eknaideuon tou ANNC1 daivovtal otov mivaka 5.2.
Nivakag 3.3

Mapauetpot eknaibevong tov ANNCI

Xpovog eknaidsuong

171sec

Méoo teTpaywvikd opaipa (MSE)

6.16*10°

Minimum Gradient

9.99*10°®

Epochs

113

H koumuAn pabnong daivetal oto Ix. 3.51 omou mapoatnpeitol Ot and Tig nmpwteg 20
enavaMjPELC To Héoo TETpaywVikd oddApa eival pkpdtepo amd 107 to onolo emBePativel
OTL 0 aAyoplBuog Levenberg-Marquardt £xeL mdpa oAU ypriyopn oUykAlon, dnAadn ta Bapn
TWV VEUPWVWV OTLC TIPWTEG eMavaAnPeLg €xouv SLopopdwaoeL TNV TEALKA TOUG TN O HEYAAO
BaBuo. Ztig undhouteg 93 emavoAPel; To OPAAPA UELWVETOL EAAXLOTA EVW N eKTaidevon
oTapATAEL HeTA amod 171sec e€attiag tng umépBacnc tng eAaxLlotng kKAlong (minimum Gradient).
H amokpion tng ekmaidevong tou ANNC1 daivetal oto Zx. 3.52, omou mapoatnpeitol OtL To
odpalpa peta and 113 emavaAnPelg twv dedopévwy el00dou £€66ou eival HIKPOTEPO Ao
0.002 mipaypa to omoio onpaivel otL exeL emteuxBel oAU kaAn ocUykALon. H cuykAlon autr gv
onuaivel amopaitnta kat TNV aplotn oupnepltdpopd tou eAeykt av dev amodpeuxBouv

dawopeva unepekmaideuong.

Best Validation Performance is 6.4247e-008 at epoch 113

Mean Squared Error (mse)

Validation |}
Test
----- Bast

107 | | |

20 40 60
113 Epochs

Zx. 3.51 KaumnuAn uadnong tou eAeyktry ANNCI

80 100
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Response of Qutput Element 1 for Time-Series 1
T T T T

T
+ Training Targets
+  Training Outputs
+ Validation Tamgets
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+  Test Outputs
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Ix. 3.52 Arokplon eknmaibeuong kal ocEUAUN ava XPOVIKN OTIyUn oo tnv emuunty otnv TeAsutaia
emavainyn tou eAeyktn ANNCI

3.5.6 To povréAo mpooopoiwong

To povtélo mpooopoiwong Twv eAeyktwy vAomotibnke oto SIMULINK pe tnv BonBela tou
Neural Network toolbox. Zta Zx. 3.53 kat Xx. 3.54 mapoucialovral ta dtadopa pépn amnod ta
omola amoteAeital 0 EAEYKTNG.

X Process Input 1 a{1} i i
X removeconstantrows mapminmax P

O Layer 2

a{1}
O ’ I:I a mapminmax_reverse removeconstantrows_reverse y
a2} Process Output 1 y (

V)
(a)
p{1} Delays 1 IW{1,1}
a2} a{1}
Delays 1 LW{2,1}
Delays2 LW{1,2} netsum tansig a{1}
purelin
b{1} b{2}

(o1)

Zx. 3.53 o) Movtédo SIMULINK yia to veupwviké edeyktny B8) Emeéepyaoia Sebouévwv eioodov —
kavovikoroinon(Process input 1) y) Eneéepyacia Sedoucvwv efodou —amokavovikonoinon (Process
input 1) 6) Kpupo entinebo vevpwvwy (layer 1) ot) To eninedo e£6dov (layer 2)
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Zx. 3.54 Ot veupwveg kat ta Bapn twv cuvaypewv

3.5.7 Amokpion rou ouoTiuarog o€ BnuartikéS METABOAEC TNS TaxuTNTAS TOU
avéuou

Y10 2). 3.55 gudaviovral ta SlaypAUUATO TWV TTPOCOUOLWUEVWY HEYEBWV ylol HETABOTLKA
KQTAOTAON TNG TWAG TNG TaXUTNTAG €VOG 0TABEPOU avEROU amod ta 6 ota Im/sec Tt XPOViKN
otyun t = 25 sec, pe tn pEBodo aviyveuong HEYLOTNG LOXUOG BACLOpEVN OTA VEUPWVLKA SikTua.
Qaivetal mwg oto xpoviko dtaotnua amno ta 0 €wg 25sec To cUOTNUA AELTOUPYEL OTNV TIEPLOXN
HEyLotng toxuog, adol o cuvieheotng C, ayyileL Tn péytotn T touv dnAadn 0,5. Tn xpovikn
oTlyun 25sec to avopBwpévo pelpa TNG YEVWATPLOG aufdvetal yla 5sec péEXpL va
otaBepornonBel yla taxuTNTa TOU avépou Im/sec evw o cuvteheotng C, XxpeLdletal mepimou
4sec péxpL va otabepomownBel otn véa péylotn TR tou. H tdon oto SiawAo ocuvexoug
napapével otabepn kab' O0An tn Swdpkela g mpooopoiwong. H avénon tg taxvutntag tou
OVEHOU EXEL WG OTTOTEAEGHA KOLL TN oTASLOKN auénon TnG mMapayopeVnG LoXVUOG.

H mapayopevn ox0¢ petafaivel otn véa TIUN TNG OE XPOVO TEPLMTOU (00 UE 6Sec Omwg
daivetal oto Zx. 3.56. 2to Zx. 3.57 daivovral ta SlaypAUUATA, TIPOCOUOLWHEVWY ULEYEBWY
QamoOKPLONG TOU CUCTAKATOG O€ BTk LETABOAR TNG TOXUTNTOG EVOG 0TABEPOU aVEOU aTd
Ta 9 ota 6m/sec, TN XPOVIKN OTyun t = 25 sec xpnoluomnowwvtag tov idlo eheyktry MPPT. Zto
XPOVIKO Slaotnua amo ta 0 €wg 25sec To cUOTNUA AELTOUPYEL OTNV TTEPLOXI) HEYLOTNG LOXVOG,
adoU o ouvteleotng, Cp, ayyiletl T péylotn tun tou dnAadn 0,5. Tn xpovikr oty 25sec to
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ovoPBWUEVO PEVUA TNG YEVVNTPLAC LELWVETAL YLO 8sec HEXPL va oTabepomolnBetl yla taxutnta

Tou avépou 6 m/sec, evw o ouvteleotng, Cp, XpeLdletal epinou 6sec pexptL va otabepornotnOei

oTn VEQ PEYLOTN TN Tou. H peiwon g TaxUuTnTag TOU OVEUOU £XEL WC AMOTEAECUO KOL TN

otadlakn Helwon tTng mapayouevnc woxvoc. H mapayopevn 1oxug HetaBaivel otn véa TN TG

o€ Xpovo mepinou (oo pe 10sec onwg Ppaivetal oto . 3.58.
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ZX. 3.55 Mlpooouoiwaon amouovwuUEVNS AELTOUPYIAC O UETABATIKI KATAOTAON YLO TaXUTNTA QVELOU OO
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IX. 3.56 lpooopoiwuévn 1oxuc eEo6dou yia Bnuatikr uetaBoAn tne TayuTnTAG AVEUOU Ao 6 g€ 9 m/sec.
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Zx. 3.57 Mpooouoiwaon armouovwUEVNG AELToupylac o UETABATIKN KATAOTAON YL TAYUTNTA AVEUOU ATt
90e6m/s
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ZX. 3.58 lMpocopotwuévn Loxuc eE66ou oe UETABATIKY KATACTAON ylo TaYUTNTA AVEUOU ato 9 o€ 6 m/s

3.5.8 ATOKkpIOon TOU OUCTHNATOS OE TPAYMATIKN) KATAOTAON AgITOUPYIAS

21N ouvéxela a§loloyeital n cupmneplPopd TOU CUCTAUATOG E TO CUYKEKPLUEVO EAEYKTH OF
TIPOYHOTIKEG OUVONKEG AELTOUPYLAG E TOV AVEUO Va peTafaretal omwe daivetal oto Zx. 3.10.
Mpooopolwvovtag To Hovtého pe eicodo tn Xxpovooelpd tou 2x. 3.10 Aauppavovtal ta
avtiotolya amoteAéopata tou Zx. 3.59. Onwg mapoatnpeital o ouvteleotng, €, Slatnpeital
KOVTA OTn MEYLOTN TLWUN TOU HE amoTéAeopa n HéEon Loxug e€6dou va sivat 504W, Tiun moAv
KOVTA 0Tn BewpnTikA HEYLOTN HEoN LoXUG TTou TIPOCAQUBAVETAL Ao Ta MTepLlyLla Ue BAcn tnv
oxeon 3.4 ywa G, ioo pe 0,5, n omnola eival 535 W. 2to Zx. 3.60 anewoviletat n anodldopevn
LoXUG oto ¢opTio n omola MPOKUTTEL Amd TNV TMPOocoUoiwon Tou povtéAou. Xto Zx. 3.61
dalvetal n XapOKTNPLOTIKA KOUTIUAN OuxXvOTNTAG PEVUMATOC TIOU TEAWKKA TO oUoTNUA
ETUTUYXAVEL.
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Zx. 3.59 lpooouoiwaon amoUoVWUEVNG AELTOUPYING YL XPOVOOELPO QVELLOU.
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ZX. 3.60 [lpooouolwuévn LoxUS 060U QITOUOVWUEVNG AELTOUPYIAC YLO XPOVOTELPH QVELLOU.
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IX. 3.61 XoapoaktnploTiki KOUTTUAN NAEKTPLKNG CUXVOTNTOG YEWNTPLAG — aVOPTWUEVOU PEUUATOC
VEWNTPLOG TTOU 0 aAYOpIBLIOC EMITUYXAVEL VIO XPOVOOELPA OVELIOU.

3.5.9 AiloAdynon

Me Bdon ta amoteAéopata To omoia mapouctdoTnkav otn evotnta autr ¢aivetal otL o
eheykt )¢ TNA amoKpiveTal LKAVOTIOLNTIKA TOOO Of BnUATIKEC UETOBOAEC TNG TOXUTNTOG TOU
OVEUOU OO0 KOl O€ TPAYUATIKEG ouVONKeC Asttoupylag. Oocov adopd og BNUATIKEG LETABOAEG O
eheyktn¢ TNA £6¢eife va amokpilveTal oxedov 000 ypriyopa amokplOnke kot o eEAeyKTAG aoadoug
AOYLKNG E TO XPOVO amoKpLong Tou aepoduvaplikol cuvteleotr| C, va eival poAg 4.22 sec evw
TOU avopBwUEVOU PEUPATOC TNG YEVWNTPLOG HOALS 5 sec. H péon woxug €€66ou yla Sedopévn
XPOVOOELPA avEOU uTtoAoyioBnke ota 504W, T HOALG 2% kpOTEPN Ao TNV avtioTolxn Tou
gheyktn acadoug AoyIKNC.

Yuvoyilovtog o eAeyktic TNA emédelée oxebov TIC (OLEC EMIOOOELG PE TOV EAEYKTH aoadpoUC
AOYLIKNC. BaoLlkO MAEOVEKTNUA TNC LEOOSOU AMOTEAEL N IKOWVOTNTO TOU EAEYKTH va eKTtalSeveTaL
Kol vat akoAouBel pe akpiBeta pia dedopévn kapmuAn epdavilovrtag £ToL APLOTO AMOTEAECUAT
o éva HEyAAO €UPOG OVEMOAOYIKWV OUVONKWVYV XWPILGC va XPELOAOTEL va yivel Kapia
avanpooappoyn tou eAéyxou. Katt tétolo Bewpeital dlaitepa eUVOIKO OE MEPUTTWOELS OTIOU
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Ol €KAOTOTE QVEUOAOYIKEG ouvOnkeg OSladEpouv apPKETA KaTd TN OLAPKELA TOU E£TOUG.
Tautoxpova n g€dptnon amd tn Sedopevn KAumUAn Sev amoteAel MEPLOPLOTIKO TtOPAyovVTa
odoU ol eheykté¢ TNA €xouv TNV LKAVOTNTA VA OVATPOGAPHOIOUV TN XOPAKTNPLOTLKN
KOUUAR yla tnv omoia €xouv ekmatdeutel. H Suvatotnta autn mpogpxetal and tnv online
eknaidevon n onoia pnopei va HETABAAAEL TOL ECWTEPLKA BAPN TWV VEUPWVWV O £va SikTuo
Katd tnv Sldpkela AsltoupyloG TOU CUCTAUATOG TNG QVEUOYEVWNTPLAG HE PBdacn €vav Opo
oddApatog. Etol, €va cuotnpa eAéyxou tng avepoyevvntplag pe TNA dev emnpealetal anod
HETABOAEG TWV MNXOVIKWV XapakKTneLloTtkwy TG A/T, oL omoleg SUvavtal va EMnpPeACOUV TOU
KAOLOLKOUG EAEYKTEC OL OTIOLOL XPNOLUOTIOLOUV SESOUEVEG XOPAKTNPLOTIKEG KAUTTUAEG.

3.6 ZUykpIion TwV HEBOOWYV gAEyxou

Ze aUTO TO KedaAalo, cuvoilovial Ta KUPLOTEPA ATIOTEAECUATO TIOU TTOPOUCLAcOnKav
MEXPL QUTO TO oOnuelo, wote va ouykplBouv ta Ttpla cuothpata gAéyxou MPPT mou
napouaotaoctnkav. H olykplon Ba mpaypatonolnBel pe KpLTAPLA TV AOKPLON TWV CUCTNUATWY
TWV OVTIOTOLYWV EAEYKTWV.

3.6.1 AmOKpION TwWV CUCTNUATWY O BNUATIKES METABOAEC TS TAXUTNTAS
TOU avéuou

e TPWTO OTASLO OUYKPIVOVTOL OL TECOEPELS EAEYKTEG WG TPOG TNV amokplon Tou
OUOTNMOTOG O BNUOTKA METABOAR TNG TaxUTNTAG TOU Oavépou amd ta 6 ota 9m/sec. e
eninedo npooopoiwong aflohoyeital n andkplon tou agpoduvapkol cuvieheotr C, wG LETPO
NG TaXVUTNTAC AAA Kal TG akpiBelag cUYKALONG OTO ONUEL0 HEYLOTNG WoXVOC. 2Xto XX. 3.62a
daivetat n andkplon tou C, Yyl Toug TPELG EAEYKTEG TTou e§etdotnkav. O gheyktrg P&O Seixvel
va €xeL tn Bpadutepn amokplon, mepimou 35sec, evw duolka e€altiag Twv dlapkwv PETOBoAWV
otaBepol PBAUATOG TOAAVIWVETOL AKOUA KOL OTN HOVIUN katdotacn. O eAeyktng BEATLOTNG
XOPOKTNPLOTIKAG POTING - OTpodwv amokpivetal o 6.15sec. AKoAouBel o €AeyKTnC TOU
xpnowtorotel TNA pe 4.22sec evw o0 gAeyktng aoadol AOYIKNG €lvol 0 TOXUTEPOC HE XPOVO
anokplong ta 2.4sec. Qotdoo, o teAeutaiog gpdavilel eva opAAUA LOVIUNG KATAOTOONG TNG
TAENG TOU 2% KAl yla TNV omoia €ywve Adyog otnv evotnta 3.4.4. Etol 0 eAeykTA¢ Tou Baciletal
otn BEATIOTN XOPAKTNPLOTIKA AElTOUpYiaGg EMTUYXAVEL TN HEYOAUTEPN pEan TN yla to C, pe
0.499. AkoAouBel o gheyktng TNA pe C, = 0.497, o acadoug Aoyikig pe C, = 0.492 Kkat T€Aog o
P&O pe C, = 0.429.

Me oKOTO va EETOOTOUV TA ELOVEKTAMOTA TWV EAEYKTWV S€SOUEVNG XAPAKTNPLOTIKAG KAl
P&O ta omoia oulntABnKav OTIC TTPONYOUUEVEC EVOTNTEG, e€eTAlETAL Hial aKOUO TiEpUMTWOnN.
Edapudletal n idlo Bnuatikr HeTaBoAn avépou, LOVO TToU auTr) Tn $opd XpnoLUOoToLE(TaL pia
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XOPAKTNPLOTIKN poTtG-oTpodwv N omoia amokAivel katd 20% tng BEATLOTNG evw 6cov adopd
otov eAeykty P&O xpnowlomoleital akpaio T apxtkomoinong tou Adyou D ion pe 0.7.Ta
avtiotolya amoteAéopata daivovral oto IX. 3.62B. O xpovog amoOKPLoNG ylol TOV EAEYKTN
6e60EVNC XOPAKTNPLOTIKAG lval Twpa 9.88sec, yia Tov eAeykth P&O eival 66sec, evw yLo TOUg
eheyktég TNA kot acadol¢ Aoyikng mapépeve dLog. Ot avtiotolxeg HEoEC TIUEC eival 0.486,
0.44, 0.496 kot 0.492 avrtictoya. 2to XX. 3.63 daivovial Ta TEPAMATIKA ATOTEAECUATA
amokpLoNG TNG LoxLog Tou amodidetal oto ¢opTio yLa Toug TPELG EAEYKTEG. O XPOVOG QMOKPLONG
NG LoXVOG yLa TOV EAEYKTN TIOU XPNOLUOTIOLEL TN BEATLOTN XAPAKTNPLOTIKA €lval 4.8sec, yLa Tov
eheyktr acadoug Aoyikng 3.8sec, evw yla tov P&O 22sec. Itov mivaka 3.3 cuvoyilovtal ot
XPOVOL aImOKpLONG yla To KaBe clotnua ot U0 MEPUTTWOELS TTOU avadEPONKaV TapamAvw
EVW oTLG TapevOEaeLg dpaivovtal oL Xpovol amokpLong TnG LoxUoG oTo TElpapa.

Mivakag 3.4
Méoec tiuec Cp Kol avtioTolyoL xpovol amokpLong
] Average value | Response time | Average value | Response time
Applied Method
(Case 1) (Case 1) (Case 2) (Case 2)
i 6.15
Optimum. 0.499 e 0.486 9.88 sec
Characteristic (4.8 sec)
35 sec
P&O 0.429 0.44 66 sec
(22 sec)
. 2.4 sec
Fuzzy logic 0.492 0.492 2.24 sec
(3.8 sec)
Neural Network 0.497 4.22 sec 0.496 4.21 sec
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Ix. 3.63 MEtpnon toyvoc e€6dou og Bnuatikh UETaBoAN TNG TaxUTNTAC AVEUOU Ao 6 o 9Im/sec

3.6.2 ATTokpIOon TwWV OUCTNHATWYV O £{OUOIWNEVI TTPAYMATIKI) KATACTAON
Agiroupyiag

Y& 8eUTEPO OKENOG OL TPELG EAEYKTEG OUYKPLVOVTOL WG TIPOG TNV LoXV Tou amodidetal yla tn
S6ebopévn xpovooelpd avépou tou Zx. 3.10. Ito Xx. 3.64 daivovtal ol LETPOUHEVEG OTO MElpapa
LoXUG €€660U TWV TPLWV EAEYKTWV yLa TNG SU0 MEPUTTWOELS TNE TIPONYOUEVNG EVOTNTAC.

Onwg daivetal oto Xx. 3.460 To OCUOCTNUA TIOU XPNOLUOTIOLEL TOV €AeyKtr) SebSopEvNG
XOPOAKTNPLOTIKAG Ttapouotalel evotabdrn Asttoupyla evw n pEON TN tTNE oxvog €€68ou eival
520W. Aev oxVEL, woTtooo, To 60 otnv Tepimtwon UMOPBEATIOTNG XAPAKTNPLOTIKAG, N omola
daivetal oto 2. 3.46B omou n péon oxug £xeL méoel ota 380W. Ocov adopd otov eAeyktr) P&O
oto ZX. 3.46B daivovrtal kabapd ta mpofAnpata cUYKALONG OTO ONUEl0 HEYLoTNG LoXUOG oTNV
TEPIMTWON akpalag TG apxLkomoinong tou D. O gAeyktic acadolg Aoyikng dpaivetat kabapa
TIWG TIOPAUEVEL AVETINPENOTOC EMLSELKVUOVTAG pla eDpLBUN Asttoupyia os kaBe mepimtwon. O
niivakag 3.5 ouvoyilel Ta Mapamdvw anoteAEopota AAAG KOL TOL QTOTEAECUATO TWV
QVTLOTOLYWV TIPOCOUOLWOEWV. 2€ TtopeVOeon Bplokovtal oL TLLEG TTou LETPRONKAV OTo TElpapa.
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Ix. 3.64 Métpnon oyxvog €€obou yia Sebouévn xpovooewpa avéuou. o) [lMepimtwon BEATIOTNC
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OoTPOoPWV Kot apxiko D = 0.7.
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MNivakag 3.5

Méoec tiuéc toyvog eéddou, P,

. Average P, value Average P, value
Applied Method (Case 1) (Case 2)
Optimum Characteristic >20W 382W
(463W) (379W)
475W
P&O 305W
(419W)
Fuzzy logic >12W >12W
(476W) (476W)
Neural Network 504W 502w

T€Aog oto XX. 3.65 mapouctalovtol oL XOPAKTNPLOTIKEG KOUTTUAEG PEUOTOG- CUXVOTNTOG OTLG
OTTOLEG TEALKA TA LOVTEAQ KATOPOWVOUV va AELTOUPYHOOUV LETA Ao KABE EAeyxo.
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IX. 3.65 XapaktnploTikéc KOUMUAEG NAEKTPLKIG OUXVOTNTAC
VEWNTPLO YLt XPOVOOELPT OVELIOU

YEWNTPLOG — avopFwUEVOU PEUUATOC
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3.6.3 Zuumepaouara

JTNV evotnTa OUTH EYIVE N OUYKPLON TwWV TECOAPWV HeBOSwvV eléyxou Kal
aflohoynBnkav TOCO TA TELPOUATIKA OQNMOTEAECHATA OCO KOl TO QTMOTEAECUATA TWV
TIPOOOUOLWOEWV. O EAEYXOC HEOW OESOUEVNC XOAPOAKTNPLOTLKNG TIOPAUEVEL N ALYOTEPO
amottnTiky HEBodog ocov adopd otov UTOAOYLOTIKO ¢OpTo, N amAouoTeEpn OtV
vAomoinon kot N anodoTKOTEPN Ot TEPUTTWON TIOU N SES0UEVN XOPAKTNPLOTIKI ElvalL N
BéATioTn. QOTOCO, ONUAVIIKO UELOVEKTNHO TOU CUCTHUATOG amoteAel n e€aptnor Tou amno
HLOL TIPOKOLOOPLOPEVN XOPAKTNPLOTIKI) KOUTTUAN POTC otpodwv n omoia Kal To Koblotd
ETUPPEMEC O avakpiPBeleg eautiag ypavong Tou HNXOAVIKOU CGUGTHHATOC I} OTIC OLVOXEG
NG AKPIPBELOG TWV APXIKWV UTTOAOYLORWYV TNG BEATLOTAC KAUTUANG. Onwg ¢avnke otnv
TIAPOTAVW OVAAUCH, OTN OUYKEKPLUEVN TEPUMTWON TO OUCTHUO TOPOUCLOOE ooOntA
MHelwon otn péon TR TG Loxuog £§06ou.

H pnébodoc P&O, av kal amAovotepn otnv uAomoinon amod tnv avtiotolyn acoadoug
AoOyLKNC, avTlpueTwrtilel mpoPAnpata 6cov adopd otn pubuilon Twv Sladopwv MAPAUETPWY
TIou oxetilovTtal Pe TN OXETIKA SLapKeLla aywyng D, evw Ta 0pLa avoXnG TG o€ aAAayEG Twv
TIOPOLUETPWY QUTWV €ival biaitepa avehaotika. Onwcg avadeixdnke, n edapuoyn g,
TOUAQ)lOTOV Ocov 0dopd OE OCUCTAHOTA MHIKPAG LOXUOG, OUTOALTEL  ONUOVTLKEC
TPOTOTOLNOEL OE OXEON HME TOV TUTIIKO aAyoplBpo, oUTw¢ wote vo SlaodaAlotel n
gUpuBbun Aettoupyia tng dataéng

O eheyktn¢ acadoug Aoyikng avadeixBnke o taxutepog 0cov adopd otn cUYKALoN
OTO ONMUELO MEYLOTNG LOXUOG avefaptNTwe ouvOnkwv oapylkomoinong. Tautoxpova, N
avefaptnola amd Oedopévn  XOPAKTNPLOTIK KAUMUANG Asltoupyiag Tov Kablotd
OVETINPEAOTO 0 AAANAYEC AUTHG AOYW YNPOVONG N aKOMO KOL OE KOKEC OLPXLKEC EKTLUNOELG
™NC. QOTO00, EyVE EUPAVEC OL LEYAAEG ATIOKALOELG ATIO TIC AVEUOAOYIKEC CUVONKEC yLa TIG
OTIOLEC €XEL OXESLOOTEL O EAEYKTHC AMOULTOUV TNV AVOTITPOCOPOYH TOU TIPOKELEVOU VA LNV
UTTAPXEL PElwon TwV eTEO0EWV TOU.

O eAeYKTAG VEUPWVIKWV SIKTUWV gpudavioe oxeSOV TIC (OLEC ETULOOOELC UE TOV EAEVKTN
aoadol¢ AoyLKAG. Baolko MAEOVEKTNUA TNG LEBOSOU ATOTEAEL N LKOWVOTNTO TOU EAEYKTH VOl
ekmatdeetal Kat va akohouBel pe akpifela pia dedopévn kaumuAn sudavilovrag £€tot
APLOTA ATIOTEAECUATA OE EVOL MEYAAO EUPOG AVEUOAOYLKWV CUVONKWV XWPILG Vo XPELAOTEL
va ylvel kapia avanpooappoyr) Tou eAéyxou. KatL tétolo Bewpeital blaitepa euvoiko oe
TIEPUTTWOEL, OTMOU Ol EKAOTOTE OVEUOAOYIKEG ouvOnkeg eudavilouv peyain
puetapAntotnta. Tavtoxpova n €€aptnon omo tn Sedopévn KaumuUAn Asttoupyiog Sev
omoTeEAEL TEPLOPLOTIKO Ttapayovia adol ot eAeykté¢ TNA £xouv TNV KavotnTa va
OVOITPOCAPHUOIOUV TN XOPOKTNPLOTIKA KOUITUAR yla TNV omolo €Xouv eKmaldeuTel péow
online ekmaidsvong. Qotdoo, MAPAPEVEL N amaltnTkotepn HEBodog 6oov adopd ot
XPNON UTTOAOYLOTIKWYV TIOPWV.
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Kepalaio 4
AvaAuon diaocuvoedeuévng Asitoupyiag A/l

4.1 [lepiypaepn Oiaocuvosdeuévng Asitoupyiac - AmaiTiosic
KWwOiKwv

H oloéva aufavopevn Sieiobuon twv aloAkwv TAPKwVY n omoia og TOAAEG Eupwmaikeg
XWPEeG Omwc n Mepuavia, n lomavia kot n Aavia ayyilet To 20% TG €YKOTECTNUEVNG LOXVOG,
onuaivel mwc, MAEOV, ATIOKTOUV BAOIKO POAO, TOCO OTO €VEPYELAKO LoolUylo 000 KOl OoTnV
euotdBela tou Sktuou. Mua Baoikr) Sladopd TwV ALOAKWY TIAPKWVY ME TOUG CUMPBATIKOUG
otaBuoug elval n MPWTOYEVAG TNy EVEPYELAG N OTtOlaL OTNV TMEPLTTWON TWV ALOALKWVY €ilval pun
eheyxouevn kat SuokoAa mpoPAEPiun adol o dvepog eival pawvopevo otoxaotiko. Me Baon
TO TOPATIAVW, OTIG MEPEC HAC OVEKUYPE N avaykn B£0miong Kavovwy Kol Kwdlkwv ylo thv
ouv&eor] Toug ota SiKTua NAEKTPLKNG EVEPYELAG.

E€attiog tn emidpaong TOUC OTO XAPOAKTNPLOTIKA TOU SIKTUOU, T ALOALKA TTAPKA, KUPLWE OTO
napeABov, o€ MEPUTTWOELG Slatapaywyv armoocuvdéovtayv amnod To {uyo. KAt tétolo o€ mepimtwon
uwpng Steioduong Atav edktd xwplc mpoPARpata petaBatiking evotddelag. Ze mepimTwon
OMWG HeyaAng Sieioduoncg n omola pmopetl ywa €va IHE va &emepva to 20% n amotopn
odaipeon aUTWV TwV OTABUWY amd TNV CUVOALKH Tapaywyn LooSuvapel pe pLa TTOAU PeyaAn
Slatapayn mou pmopel va o8nynoel To cUOTNUA Of HETAPATIKA OOTAOEL 1] OKOMO KOL OF
MEPWKO N OAWKO MmAdK-Aaout [1]. Zuvenwg yia Tnv StaoddaAion tng OopaAng Kot aodpaing
Aettoupyilag Twv cuotnudtwy, aAAAG Kot yla va yivel bkt n avénon tou Babuou dieioduong
Twv A/T 0Tn GUVOALKN TTapAYWYN, TIBEVTOL AUTOUATWE ATIOLTHOELG YL CUMUETOX TWV ALOALKWV
oTaBuwv otov £Aeyxo Kal T puBULon TAPAUETPWY TOU OCUCTNUATOG, OTA TPOTUTO TWV
CUMBOTIKWV HOVASWVY TOPAYWYNG. 2TO CNUEPLVA CUCTHHUATA OVEUOYEVVNTPLWV EAEYXETAL TOCO
n €vepyog LoXUG, n omola mpooAapuBavetal and TNV AVEUOYEVVATPLA, OCO Kal | AEPYOG LoXUG
mou avtaAldocoetol pe to SikTuo, evw €Xouv BeoTotel ouykekpluéva mpotuna [2]-[7] mou
SLEmouv ™ Slaouvdedepevn Aettoupyla TWV QVEUOYEVVNTPLWY KATA T HOVIMN Katdotaon,
oAAG Kal Kotd T Stapkela opoaApdTwy.
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4.1.1 Avoxn oe BubBioeic TaoNg Kal armokpioeis o€ mepimrwon Bubiong
Tdong rou SIKTUOU

Ze €va ocUOTNHA NAEKTPLKNG EVEPYELAG N ELDAVLION EVOG OPAALATOG EXEL WG ETAKOAOUBOO TN
BUBLON TNG TAONG OE QMOUAKPUOUEVEG aTd TO onueio Tou odpdApatog meploxeg. H Sidpkela
TETolwV Bubioswv pmopel va motkiAel ard 100ms €w¢ akopn Kot 2sec. H avTLUETWTTLON TETOLWY
Slatapaxwv amd CUUBOTIKEG LOVASEC TTapaywyng €lval n MOPOUOVH) TOUG OTo SIKTUO Kal N
UNooTAPLEN TNG TAONG LECW TWV PUBULOTWY TAoEWG Tou emepPaivouv dueca otn SiEyepon
toug [8]-[12]. Ze avtiBeon pe toug ocupBatikoug otabpolg TaPAYWYNG, AUTO TIOU UEXPL
npoodata cuvéPBalve o pLa evbexopevn BuBLon otnv taon evog atoAkol mapkou (A/M) Atav n
apeon anolevén tou amnod to Siktuo. Mia TETOLa OVTIUETWITLON 0TOo TtapeAOOV Sev eixe coPapég
ETUMTWOEL OTN Aeltoupyia Tou cuotrnuatog dedopévou OtL n Sieicduon ATavV KPR Kal n
oanmwAela NG woxvog adevog Oe  Snuoupyolos peyaAeg  Swotopaxeg,  adetépou
avtiotaduifovtav anod toug cupfatikolg oTabuoug mapaywync.

Me tv aufavopevn &ieiobuon twv A/l oto cUoTNUA NAEKTPLKAG EVEPYELAG KAL TNV
EYKATAOTOON OTAOUWVY ALOAIKNC TTapaywyng mou ¢ptavouv €wg kat Sekadeg MW, n sudavion
TETOLWV SloTOpaXWV KAl N AUEC AMOUAKPUVON TwV oTaBpwy amo to Siktuo Ba £xel onUavVTLKA
EMMTWON otn petafBatikn evotdBela tou Siktuou, Aoyw tng EAAeWPNnG Looluyiou Ttapoywyng
KATAvVAAWONG, TIou UIopel va 08nynoeL akopa Kot o€ oAk anwAeLla Loxvog. Ma to Adyo auto
uloBetolvTal VEoL KWOLKEG Ttou Tteplypddouv Tn cupneptdopd Twv A/l o€ TETOLEG SLOTAPAXEG.
Ot KWSOLKEC TOU CUOTNUATOG, TTAEOV, TIPOPAETIOUV CUYKEKPLUEVEG KOIL QUOTNPEG OITALTACELG YLa
NV Iavotnta mopapovis twv A/l og Aettoupyla uTtd cuvBrkeg BUBLONG TAONC OL OTtoLEC Elval
YVWOTEG Kol wg avoxn o apaipata (Fault Ride Through, FRT) kat o Statapaxég BuBong taong
(Low Voltage Ride Through, LVRT) [1]-[7] kot ekdpdalovtal umo tn popdn KAUTUAWY TAONG
XPOvVou Omw¢ auth tou ZX. 4.1 [7]. Z0pdwva pe TNV KAumuAn auvth, ywa Bubioslg tdong mavw
arnod 1o 6plo, oL A/T MPEMEL val MAPAUEVOUV CUVOESENEVEG OTO SIKTUO eV N AMooUVEEGN TOUG
elval emupent povo oe BuBioelg KATW Ao To 0pLo. H KapmuAn tou 2. 4.1 elval pia TUTILKNA
KOUTUAN, N popdn tng omolag s€aptatal amod TiG WOLaLTEPOTNTES TOU KABE CUCTAMATOC KAl YL
10 AOYO auTO avd xwpa €xouv Beomicel SLadOoPETIKEG KAUTUAEG TTOU TepLypAdouv TARPWE TN
ouUTEPLPOPA TWV ALOALKWY TTAPKWYV Ta omoia eival ouvdedepéva oto Siktuo Toug.

TéNog, oL amattoeLg mou meplypadovtal avaAutikd otoug kwdikeg ev e€avtlouvial oTLg
KaUmUAeg BuBLong taonc. EmutAfov, eruPaldetal n taxeia emavagopd TG £vePyol Ko
agpyou oxvog €€68ou tou otabuol ota mpo tn¢ datapaxng emimeda OpECWC UETA TNV
€mAvodo TN TAONG oTa KAVOVLIKA eTineda Asttoupylac. & oplopEVOUC KWAIKEC eMIBAMETAL N
auvénuévn mopaywyn aépyou wxvog amo T A/I katd tn Sldpkelo ¢ Slatapaxng
TIPOKELUEVOU va YIVEL UTtOOTNPLEN TNG TAONG TOU SKTUou, cuunepldpopd mou eival OpoLa PE
NV UTEPSLEYEPON TWV CUHBATIKWY CUYXPOVWY YEVVNTPLWY TIOU TIPAYUATOTIOLEITOL OO TOUG
OUTOHOTOUC PUBULOTEC TAONG.
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time (s)

IX. 4.1 Turkn koumuAn mpodtaypapwv avoyric o Budioeig taoetg twv A/T [7]

4.2 2xediaon eAsykrn avriorpogéa yia OlaocuvOeOEuEvN
AsiToupyia

Ita mMAQLOLO TNG OUYKEKPLUEVNG EPYOOLOG O TPLPAOLKOG avTloTpodEAG TUTIOU TtNYNG TACNG
UETATPEMEL TN OUveXn TAon tng €€06ou Tou peTatpomeéa avlUPwong oe eVOAANQOOOUEVN
HETABANTOU TTAATOUG KOl CUXVOTNTAG OTWG EPLypadnke oto kedpaAato 1. Aettoupyet pe SPWM
TEXVLKN TOAPOS0OTNONG amoteAoUpevog and 6 IGBTs pe aviutapdAAnAeg 8106oug oL omoieg
ETUTPEMOUV TNV aywyn PeUMATOG amo To doptio mpog tnv elcodo oe mepimtwon mou o
OUVTEAEOTAG LoXUog eival Stadopog NG povadag. ITdxXoG Tou €lval va HETAYEL TNV oYU TNV
omnola &€xetal oto SIKTUO KPATWVTOG OTABEPH TNV TAON TOU TUKVWTH otnV £(00806 Tou. AUt TO
KATOPOWVEL XPNOLUOTIOWWVTAG SLAVUOUATIKO €AEyXo TNG TAong kal puOMon pevpatog,
Sladikacio mou uvlomolel avtiotolyog eAeyktng. Eva Baolkd XOpOKTNELOTIKO TOu Eeival n
Kavotnta pUOHULONG TOU CUVTEAEODTH LOXVOG O XAPAKTHPA TOCO XWPNTIKO 000 KL ETIOYWYLKO.

H kUpla Asttoupyia Tou €AEYKTH) TOU avtloTpodEQ €lval N PETOYWYI OTO S8IKTUO OANG TNG
evepyol oxvo¢ n omoila amodibetal amd tnv A/, mpaypatonowvtag otabepomnoinon tng
ouvexoUCG TAONG OTOV TIUKVWTN €006ou Tou. Eotw, Aoutdv, OTL TO cuotnua Aesttoupyel
gyxéovtag oto Siktuo Loxu avaAloyn tng Taxutntag avéuou. Eav pla puti avépou auénoet Tnv
agpoduvaulk pomn tote Adyw NG Acttoupyiag tou MPPT eleykt Ba umdpéel avénon tou
peVHATOG OTNV €lcod0 Tou avtlotpodEa Kal N TACN OTOV TUKVWTH £1068ou Tou Ba teivel va
au€nBel. MOALG o eleyktig avtiAndBel tnv avénon Ba mpaypotonotostl KatdAAnAn puBuLon
™G MaApodoTNONG Tou avilotpodea, wote va auénbel n evepyog LoxUG OV METAYETAL KoL N
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Tdon va nopapeivel otaBepn. Avtiotpodn eival n dtadikaoia mou Ba akoAouBnBel av umdpéel
Helwon tng TaxLTNTOG AvEUOU. 2T0 ZX. 4.2 daivetal to Sopko didypappa tou eAeyktr [14].

Vabe_grid (pu)
—» PLL

&

y Id

Tabe_grid_conv (pu) | ape

dq0

V'q .
—® PI @

Vt control
A
Vi(pu) »
P Iq > g0
Pl -
B abe
Vit (pu) V“ab:_gnd_:om' (pu)
_ a . Y
Vde (pu) Pl ——» I
v'd

V'de (pu)

ZX. 4.2 AouLKO SLaypaupo EAEYKTH QVTLOTPOPEQ

H apxn Asttoupylag tou eAeyktn Baoiletal o SLAVUOUATIKO EAEYXO TNG TAONG TTOU TIOPAYEL
0 avtlotpodEag wote va yivetal KATAAANAn puBULON Tou peVATOC TTOU eyxeeTal oto diktuo. O
SLOVUOUATIKOG EAEYXOG TIPAYLOTOTIOLELTOL OE €va OTPEPOUEVO TTAALCLO TO OTtOLO TEPLOTPEDETOAL
HE TN YWVLOKA TOXUTNTA TNG TAONG TOU SIKTUOU. ZUYKEKPLUEVA, SELYUATOANTITETAL N TAON TOU
Siktbou amod tnv omola AapBAaveTal n ywviakn toxutnTo MEPLOTPOPNG TWV TPLWV SLAVUCUATWY
™C. H ywviakn taxlutnta neplotpodns amoteAel TNV TaXUTNTA TEPLOTPOPIC TOU OTPEPOUEVOU
mAalolou oto omoio yivetal o €Aeyxoc. Ta TpLdacikd pevpaTa otnv MAEUpPA Tou SLKTUOU
avaAuovTal UE Tn OEPA TOUG OTO CUYKEKPLUEVO TAaiolo, Omwg daivetal oto Zx. 4.3. Onwg
elval puoko, amod Tn oTLyUn TIOU TO TTAALOLO TIEPLOTPEPETAL E TNV YWVLOKH TOXUTNTA TNG TAONG
Tou Siktbou, o d afovag Ba CUUTMINMTEL HE TO OUVIOTAMEVO SlAvuopo TNG TAong V Kal Katd
ouvenela Ba oxvet [V[=V4 evw V, = 0 dnwg dpaivetal oto Zx. 4.3.

_ g-axis
b-axis

d-axis

a-axiy

C-axis

Zx. 4.3 d-q mAaiolo avapopdc
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Eniong elval yvwoto 6Tl n otyplala TR tng Evepyou LoxLOG oto TpLdaoikd cloThua
Slvetal amnd tn oxéon

P(t)=v,i +Vv,i, +V.i, (4.1)

Me petooxnuatiopo os d - g mAaiolo n evepyog Kot n aspyoc Loxug Ba divovtal amod Tig
OX£O0ELCG:
3. . (4.2)
P ZE(VdZd -l—Vqlq)

3 . . .
Q :E(leq +vqld) (4 3)
Mo to ouykeKpLUeEVo TAaiolo avadopdg Omou |V|=vd evw v, = 0 AapBdvovtat ot TEAKEG
OX£0€Lg TIOU Silvouv TNV evepyo Kal Thv Agpyo oxL.
P:%|V|id (4.4)

0=3Ii, o)

Elval pavepo amod Tic oxECELC QUTEC OTL VLA TO CUYKEKPLUEVO TAALCLO avadopac N EVEPYOG
KalL N AgPyoC LoYXUG TTou peTadEpovTal armo tov avtlotpodéa oto Siktuo ival cuvaptnon twv d
KOl g CUVIOTWOWV TOU PEVUHATOC avtiotolya. MNa to AOyo autd €AEYXOVTOG TIC CUYKEKPLUEVES
ouVvIoTWOoEG elval Suvatn n pubulon tng evepyol Kal AEPyou LoXUoG. NMapoAo mou o EAeyX0G TNG
gvepyoU Kal aépyou oxvog daivetal va elval aveédptntog, oTnV TPAEN KATL TETOLO SV LoXUEL
adou omoladnmote puBOuLON Yivel 0To £va amo ta U0 HeYEDN £XeL eMIMTWON Kol 0To AAAO KATL
miou Ba dpavel Kal amo TG AMOKPILoELS LoXVOC OL OTtoLEC TapoucLalovTal 0To POV KedpaAalo.

MNa va d8lotnprnosl TNV TAON TOU TUKVWTIN OTn €l00o80 Ttou otabepny O €AEYKTIAG
SelypoTtoOANTTEL TN OTWLaia TR TNG GUVEXOUC TAONG OTNV €l0080 KOl TN OUYKPLVEL HE TNV
embupntnA tdon. To opAApa amod TNV cUYKPLON QUTH TEPVAEL LEoa oo vav Pl eAeyktr) otnv
€€060 tou omolou AapPavetal To pevpa TG d cuVICTWOOG TO omoio Ba KPpATACEL TNV TAON
otabepr). To pevpa autd ovopdletal pevpa avadopag I, kat daivetal oto 2x. 4.2. To I; Ba
OUVKPLOEl pE TO TPaAyHATIKO pevpa TNG d ouviotwoag, To omoio AapPdavetal amd To
pHeTAoXNUATIONO d-g. To amotéAeopa TG olykplong, adou mepactel amo éva Pl gheyktn
amnoteAel o orjpa avadopdg tng d cuviotwoag tng taong, V.

Me avaloyo Tpomo umopel va yivel puBuion i mapoakoAouBbnon ¢ taong e€66ou tou
avtlotpodEa Kal KOTA CUVETIELO KOL UTTOOTAPLEN TOU SIKTUOU LE AEPYO LOXVU OE TIEPLUTTWON IOV
XPELOOTEL TNV MEPLMTwon avtn, n tdon avadopdg V' cuykpivetal pe tnv mpaypatiky Vi kat
To opaApa tng ovykplong, adol mepaotel amo €va Pl gAeykty amoteAsl To pevpa TG q
OUVLOTWOOG, TO OToio ovopdieTal peupa avadpopds Ij. 2tn cuvéxela, n Tun I; ouykpivetol
HE TNV TIPAYMATLKN TLUA /; KoL TO OIMOTEAECHA TNG oUYKPLong, adol mepaoctel and evav Pl
eheyktr, anotelel to onpa avadopds TG g cuvictwoag Tng tdong , V" NMa I;=0 n depyog
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LOXUG eivar pnbevikr. Télog, oL tdoelg avadopag V; kau V" petaocynuatitovtar oe
V;bcﬂrid_conv ol omoleg elvatl oL eMBuPNTEC TAOELG otV £€080 KaL Xpnotpomnolouvtal anod tnv

SPWM naApodotnon.

‘Eva ONUAVTIKO XOPOKTNPLOTIKO TOU EAEYKTA €ilval n otwyplaio tauTion wg mpog TN
ouxvotnta Kot tnv aAAnAouxia Twv ¢AcEWV TG TAONG TOU SIKTUOU UE TNV TAoh otnv €£060 Tou
avtiotpodéa. H 18lotnTa auth odpelleTal 0To yeEYovog OTL To oTPedOUEVO TTAALOLO, OTO OTolo
yivetal o €éAeyx0og, TEPLOTPEPETAL UE TN CUXVOTNTA TNG TAONG TOU SIKTUOU KoL £TCL TOCO N TAON
000 KoL to pevpa mou Ba Sivel o avrlotpodéag Ba £xouv tnv Sla cuyxvotnta Kat thv dla
aAAnAovxia pacewv pe ta avtiotola pueyEdn tou diktuou.

To povtélo mpocopoiwong Tou eAéyxou daivetal oto 2x. 4.4 6mou €va PLL (Phase Locked
Loop) Sivel TNV ywviakn taxltnta mepLoTPodng TwV TPLWV GACKWY SLOVUCHATWY TWV TACEWV
Tou SikTUou. Me BAon TNV YWVLOKA TAXUTNTO TWV TACEWV Tou SIKTUOU CUYXPOVIIETAL KAl TO
oTpedOUEVO SLAVUCGHATLKO TTAOLOLO OTO omolo peTacynuatilovtal n Taon Kal To pevpa e€6dou.
2tnv €§080 tou eleykTh yivetal n avtiotpodn Swadikacia 6mou ot V; kot V" cuvioTwoeg tng

TAoNng Oa PETAOXNMATLOTOUV oTa ofpata SLapopdwong Twv MAALWY aywyng Tou avilotpodea.
@

Ve

Constant1

(1) P abc

sin_cos

abe_to_dq0
Transformation

;I | dgd
| sin_cos spam
VO

dq0_to_abc
Transformation

Freq
Wabe (pu) wi

Vabe (pu) Sn_cosly_ Scope
3-phase PLL
ZX. 4.4 MovtéAo mpooouoiwan¢ TOU EAEYKTH TOU QVTIOTPOPEN

O petacynuUaTopnOG Twv abc  tpdpacikwv peyeBwv oto d-gq mAaiowo  yivetal
XPNOLUOTIOLWVTAG HETAoXNUATIONO Park, omw¢ daivetal otn umopoutiva tou Xx. 4.5. H
umopoutiva déxetal otnv (0060 TIG OTIYHLALEG TIUEG TOU PEUMATOG KOL TN YWVLOKA ToXUTNTA
TEPLOTPOPNC, w, KAl BAocel Twv €€lowoewv peTaoxnuatilel ta peyédn oto d-q mAaioto. H
YWVLOKH Tax0TNTO MEPLOTPODNG VAL AUTH TNG TAONG TOU SIKTUOU, £TOL WOTE VA ETILTUYXAVETOL
0 OUYXPOVIOUOG TOU TTAALGIOU avadopag e TN ywvLakn taxUTNTo MeEPLoTpodr TG TACNC TOU
Siktuou. O petacxnuatiopdg and d-q oe abc mpaypatomnoleital anod tnv umopouTtiva tou 2.
4.6 cupdwva Ue TG avtiotpodeg oxeoels Tou Park.
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labc
abc

C sin(wl) . d
ave —Vl 2/3*((u[1T*u[4])*+(u[2]"u[B])+(u[3]"u[8]))

sin_cos os(wt)
sin(wt
o)
— '_! —>| 2/3*((u[1]*u[5])+(u[2]*u[7])+(u[3]*u[9])) |Iq_|.> @
D‘ o sin(wt2pi/3) do
o sin(wt-2pi/3)
] >
war(e)2 > —»I»’—, b
cos(wt-2pi/3 >
Gain1
R ng sin(wt+2pi/3
EI X - sin(wt+2pi/3) Id=2/3 (la*sinwt + Ib*sin(wt-2pi/3) + Ic*sin(wt+2pi/3)

lg=2/3 (la*coswt + Ib*cos(wt-2pi/3) + Ic*cos(wt+2pi/3)

cos(wt+2,

10=1/3(la +Ib +1Ic)

cos(wt+2pi/3)

Zx. 4.5 Yrnopourtiva udormoinonc uetaoynuatiouou Park.

@ Vabe

dq0

sinwt)

Vabc

sin_cos || cosiwt) n

sin(wt
o) > u[1]*u[4] + u[2]*u[5] + u[3] 7™

osw) o

>
1 1]*u[6] + u[2]*u[7]+ u[3;]
v r—;E_’, urule] + w2l o) O
D’ sin(wt-2pi/3) o | abe
:@7 UM UB]+ ul2]u[9)+ u[3]
d cos(wt-2pi/3) o | Ve
>

sqna)2 |

> > sin(wi+2pil3) Va= Vd*sinwt +\Vg*cos(wt) + Vo
;E—V - | sn(wt+2pi/3)
Vb= Vd*sin(wt-2pi/3) + Vq*cos(wt-2pi/3) + Vo
vt-2pi/3) cos(wt+2pi/3)
";E—P* Vo= Vd*sin(wt+2pif3) + Vg*cos(wt+2pi/3) + Vo

> cos(wt+2pi/3)

Ix. 4.6 Yropoutiva uAomoinonc avtioTtpopou UETAoXNUATIOUOU Park

JTN CUVEXELO TO OPAAUA TNE OTLYLALAC TIUAG TNG TACNC amo TNV taon avadopdg Twv 650 V
tpododoteital o €vav Pl gleyktn, To kEpdo¢ Tou omolou eivat 0.0011, svw n otabepa
oAokAnpwaong €xeL Tiun 20. H €€060¢ Tou Pl cuykpiveTal €k VEOU HE TNV MPOYUOTIKA T TG d
OUVIOTWOOC TOU PEUPATOC KAl TO AMOTEAECUA TNG olyKplong tpododoteital oe Sevtepo Pl
képbog 10 kat otabepa olokAipwong 10. O tpitog Pl, V', €xeL kepdog 100 kai otabepd
olokAnpwong 110.

To ovUotnua eAéyxou tou avitotpodea Sivel otnv €060 tou Tpla nuitova pe dwadopa
ddonc 120° mou eival kat Ta npitova Stapdpdwonc tou avtiotpodéa. To orjpato aUTd
tpododotouvtal PE TNV CEPA TOUG OE ML YEVWNATPLO TOAMWY SPWM mou Aesttoupyel pe
Slakomtiky cuxvotnta 2kHz. OL moApol tng yevwNTplag avtlotolXilovtal oTn CUVEXELA OTO
KataAAnAo IGBT tou avtiotpodéa.
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4.3 Aiaouvoedeuévn Asitoupyia

1o mapov KeddAalo yivetal mapouciaon tng Asltoupylog Tou HoviéAou ot otabepn
tayxvtnta avépou, SnAadn otabepry agpoduvaulky pomf otov Afova TNG YEVVNATPLOG.
Mapouatalovtal ol MOKPLOELS TWV NAEKTPLKWV HEYEBWV TNG YEVVATPLOG KAl TWV LETOTPOTIEWV.
OL amoKpioelg auTtéc Oa ouyKpLOOUV HE TELPAMOTIKA QIMOTEAECHOTO YL VA SLomoTWOEL n
opBotnta toug.

4.3.1 ATokpioeIS yia otaBepn aspoSuvauiKn poTn

MNna dedopévn TaxLTNTA AVEUOU TO O.EPOSUVALLKO PHEPOC SIVEL pa oTtaBepr) LNXOVLKN POTN
otov afova NG yevvNTPLAG. ATO TN OTLYUN TTou Sgv UTAPXEL LETOBOAR OTNV TN TNG POTIAG TO
cvuotnua Ba LCOPPOTINOEL OE HLO LOVLLN KOTAOTOON OTNV omnola yivetal kataypadr OAwv twv
NAEKTPLKWY LEYEBWV TNG YEVWATPLAG. ZUYKEKPLUEVA KaTaypddovTal Ta pEVUATO OTO OTATN, N
NAEKTPLKA POTI, N HMNXOVLKI YWVLOKN TaXUTNTA TEPLOTPOPNC KAl N oUXVOTNTA TOU PEVUHOTOG
TIOU avamtuoosTal. Xto XX. 4.7 ¢ailvetal To peUpa TOU OTATN OTN MOVIUN KOTAOTOOoN yLlo

ToyutnTa avépou 10 m/s kat adou £xel eMEAOEL LOVIUN KATAOTOON.
, ke

2 LA ) ABAR LA AR A B

1 [wwv W»\ JJV v‘v‘vww‘v‘u‘v\ (J‘JWYWWWW\ [JWWWWM /\N*Av\""\jw‘v\‘
o oLy | J
o I ] |
\.Aw AWAVW/ VAWMMJ \WMJ LWMWW{

e TRTRTeset

5 5.005 5.01 5.015 5.02 5.025 5.03 5.035 5.04 5.045 5.05

Zx. 4.7 Pevua otn pia pdon tou otdtn tne VEVVﬁI‘pLO;Z'eVLOl tayutnta 10 m/s.

H unxovikn pomr mou avtiotolxel oe tayxutnta avépou 10 m/s ¢ptavel ota 28Nm, OMwg
TIPOKUTITEL amd TO UTIOCUOTNMO TIOU TIPOCOMOLWVEL TNV QEPOSUVOULKN TWV TTEPUYIWV.
Mapatnpwvtog To peVUA CNUELWVETAL OTL yia 10 m/s , To péyloto mMAATOC eivatl 2A kot Baotkn
oppoVviki 63Hz avtiotolya. To peUpa TEPLEXEL AVWTEPEC OPHIOVLKEG O UYPNAI cuxvoTnTa AOYyW
TOU OLOKOTITIKOU OTOoLXElOU TOu MEeTATpOTEA avUPWOoNG TAONG, O Omoilog AELTOUpYEL ME
ouyxvotnta 4 kHz.

Eva. amd Ta TAEOVEKTAHATO TNG XPNonG ouyxpovng YevNTplag OE OUVOUAOUO ME
uetatponeic EP/3P/EP eival n amoolleuén TG ouxvOTNTAC TNG YEVVATPLOC MO €KeElvn TOU
Siktbou. OL otpodég TS yevvnTplag Sev meplopilovtal amo T ocuxvotnTa Tou SIKTUOU Kol N
YEVVATPLO Umopel avaAoya pe TV agpoduvapkn pormr n omnoia edpappoletal otov dova va
TIaPAyEL 0TO oTATN peV AT SLadOPETIKAG ouxvoTNTAG amod auth tou Siktuou. H puBuion twv
otpodwv yivetal and évav eheykty MPPT, onwg meplypddnke oto mponyoupevo kepaiato. H
OTOKPLON TNG YWVLAKNC TOXUTNTAC TEPLOTPOPNC TNEG YEVVATPLAC Yla TOXUTNTEC OVEUOU 6 Kall
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10m/sec ¢aivovtal oto Zx. 4.8. Tn XPOVIKA OTWyUN Tou EEKWVA N Tipooopoiwaon emBAAAETAL
otov afova TG YEVNTPLOG AEPOSUVALKA POT TOU €ilval ocuvaptnon tng TaxlTNTag Tou
OVEHOU. 2TO XX. 4.9 dalvetal n amokplon TNE ouXVOTNTAC TWV PEUMATWV TOU OTATN TNG
YEVVNTPLOC OTN HOVLUN KaTAaoTtaon yla T dUo tayxutnteg avépou 6 kat 10m/sec avtiotolya. MNa
TIC (BLEC TOXUTNTECG AVEHUOU, N NAEKTPLKI) POTIN TNG YevvATPLag paivetal oto Xx. 4.10.
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IX. 4.8 ATTOKPLON YWVLAKNG TAXUTNTA TTEPLOTPOQIC 0 SAA yio 6m/s kot 10m/s.
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IX. 4.9 ANOKPLON OUXVOTNTAG TWV PEVUATWY TNG YEWNTPLAC UE aTadepn TaxUTnTa avéuou, 6 kat 10 m/s.
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IX. 4.10 AntOKkpLaN NAEKTPLKNAC POTTHC YEVWATPLAG YL 6m/s kat 10m/s

Onwg avadepbnke, o oavtloTpodEOC UETATPEMEL TN OUVEXN TAON O €VAANACGOOUEVN
HeTABANTOU MAAGTOUG KoL ouxvotntag. Emiong, amoteAel péoco dLacuvdeoNG TOU CUCTAATOC TNG
OQVEUOYEVATPLOG oto Siktuo dlatnpwvtag Tnv Tdon otnv €0odo6 tou otabepn. Na tayvtnta
avépou 6 m/s oto Zx. 4.11 daivetal n TAoN TOU TMUKVWT OTNV €i00b0 avtiotpodéa o omoiog
KOTOOKEUAOONKE 0TO gpyaotnplo yia tn dtacuvdeon tng A/T pe to diktuo [15]. 2to Xx. 4.12
daivetal n avtiotoyn mpooopoiwon. H t@on otov mukvwtn dlatnpeitatl otabepn os O0An
SLdpkela TG mpooopoiwong pe e€aipeon TNG EKkivnon TG HNXavAG. H otyplala Tun g tdong
€€66ou tou avtiotpodéa daivetal oto 2. 4.13. Zto Zx. 4.14 daivetal n avtiotoxn peEtpnon. H
uwpn Stadopd Tou MAATOUG TNG TAONG METAEY TOU TIELPAMATOG KAl IPooopoiwong odeiletal
OTTOKAELOTIKA. OTO €TiMeSO TNC TAONG, TO Omoio eMAEXONKE WG €VIOAN oto Ppoxo eAéyxou
otaBepomnoinong TAong oTnV EKAOTOTE MEPLTTTWON.

600
500
400

< 300

2
200
100

0

et T T 0 Y g g P i b

0 1 2 3 4 5 6 7 8
XPOvog (s)
Zx. 4.11 Métpnon ouveyoU¢ Taong otnv (0050 TOU AVTIOTPOYEX yla OTAHTEP AEPOSUVALLKN POTTH.

EOviko Meroofio Ioivteyveio
Moauog 2011



700

500

400

Ve

300

100

0

0 1 2 3 4

5

time

6

7

8

9 10

Zx. 4.12 MNpooopoiwaon ouveyoU¢ TaoN¢ otnV €i0060 TOU QVTIOTPOPEX yLa OTATEPN AEPOSUVALLLKY POTTH).

600

400

200

Vinverter(V)
o

-200

-400

-600

7.02 7.025 7.03

Zx. 4.13 Npooopoiwon taonc e€6dou avtiotpopéa.

7.04

7.045 7.05

Iazoioc Xapaloumwog
Adaxtopikn drozpifn



500
400 -
300 A
200 A
100 -

Tdon (V)
o

-100
-200
-300
-400
-500

01 2 3 45 6 7 8 9101213141516 17 18 1920212223 24

Xpoévog (ms)
Zx. 4.14 Métpnon taoncg eEodou avtioTpopEd.

O OUYKEKPLUEVOC aVTLOTPOPENG EKTOG OO TNV £yxuaon evepyol LoxLo¢ oto SiKtuo £XEL TV
KavotnTa pUBULONG Kal TNG AgPyoU LoXUOG TOU AVTOAAACEL PE QUTO OTIWG TEPLYPADNKE oTNV
miponyoupevn mapaypado. Etol 0 cuVTEAECTAG LOXUOG TOU avilotpodea Umopel va pubpuiletal
ovaAoyo HE TIC QmALTAOELS Tou SIKTUou. Ta Opla pUBULONG TOU CUVTEAEOTH WXVOC eival
KaBoplopEva 0 ONUELO TTOU VO LNV EMNPEATETAL CNUAVTLKA N EVEPYOC LOXUG TOU.

Apxka puBuiletal o avtiotpodEag vo AEITOUpYEL He oUVTEAEOTH LOXVOC EMAYWYLIKO. AUTO
TIPAYUATOTOLELTAL PE KATAAANAN pUBULON TNG g CUVIOTWOOG TOU PEUHATOG UE TOV TPOTIO TOU
TieplypadnKe otnv mponyoUuevn mapaypado. Ito Ix. 4.15 daivetal To pelpa Kal N TAcn otnv
€€0bdo ¢iAtpou mou mapeuPaAietal peTay avtiotpodEa Kal SKTUOU, yla TaxUTNTO AVEUOU
6m/s. Ao tnV Hopdr TOU PEVMATOC TtapATNPELTOL OTL PEPEL QAVWTEPNG TAENG QPMOVIKEG
OUVIOTWOEG OXETIKA HeyaAou TTAATOUC. Mo To Adyo auto Bewpnbnke avaykaio vo tormobetnOel
pueyaAutepo ¢iktpo otnv £€€06o Tou avtlotpodEa UE UIKPOTEPN OUXVOTNTA QATOKOTNC. H
emAoyn tou GIATPOU MPEMEL va YIVEL UE TPOTIO, WOTE VA KNV EMNPEALETAL N AELTOUpPYiQ TOU
avtiotpodEa UTO XWPNTIKO ouvteAeoTh LoXVOG. Auto, ylati eav emheyel peyaho mnvio toTe
Adyw TG Katavalwaong depyou Loxuog duoxepaivetal n Aettoupyia UTIO XWPNTLKO CUVTEAEDTN
LoxU0oG, 6tav auTo eivat emBupuntod. Etot, emAEXxOnke nvio 30mH Kal To AMOTEAECHOTA TACEWS
Kol peupatwv daivovtal oto 2x. 4.16. ¥to Xx. 4.17 ¢ailvetal to GACHA CUXVOTATWV TOU
pelpaToG. AmMO TIC amokploelg eival ¢avepd OTL n TACN TPONyeital Tou PeLUATOC,
unodnAwvovtag cadwg Tov EMAYWYLKO OUVTEAEDTH Loxuog. Ocov adopd ota emineda Tng
AEpPyoU LoXUOG Iou amoppoddtal, avépxetal oplakd ota 1100 VAr, onwg daivetal oto 2. 4.18.
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IX. 4.15 PsUuata kat Taosls otnv €E060U TOU QVTIOTPOPEA yla 6 m/s TaxUTNTA QVEUOU, CUVTEAEDTH
LoxUoc¢ emaywyLko. lMepintwon enaywyikou @idtpou 10mH.
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IX. 4.16 PsUuata kat Taoslc otnv €060V TOU AVTIOTPOPEA yia 6 m/s TaxUTNTA QVEUOU, CUVTEAEDTH
LoxUoc¢ emaywytko. lMepintwon enaywyikou @idtpou 30mH.
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IX. 4.17 Qaoua cuyvotntag pevuatog eE0dou yla 6 m/s avéUou, CUVTEAEDTH LOXUOG EMAYWYIKO.

Mo CUVTEAEDTH LOXUOG XWPNTLKO, O aVTLOTPOdEAG EXEL TNV LKAVOTNTA VA EYXEEL 0TO SiKTUO
AEPYO LOXU KAl LE TOV TPOTIO AUTO va TPAYHATOTOLEL UTIOOTAPLEN TNG TAONG XWPLG va oTapatd
™V £yxuon evepyol LoxVOG. Avtiotolya, Aoutov AapBavovtal ol amoKploslg  TAong Kot
pevpatog mou daivovtal oto Xx. 4.19. Ta avtioTola TEPAUATIKA amoTteAéopota daivovtal
oto 2X. 4.20. Ocov adopd ota eminmeda NG a€pyou LOXVOC TIOU EYXEEL O AVILOTPOPEQS,
avépyxetal oplakd ota 1000 VAr, onwg daivetal oto 2x. 4.21. Na va anotunwdel n e€dptnon
TNG EVEPYOU UE TNV AEPYO LoXU mpaypatornoliOnke mARB0¢ MPoooUoLWoEwWY Kal kataypddnkayv
TLMEG evEPYOU Kal AEPYOU LOXVOG, Yla XWPNTIKO ouvteAeoTn LoxU0oG. Ol SOKLUEG QUTEG Eyvav
yla taxutnta avépou 10 m/s puBuilovtag tnv moootTnTa £yXUonG QGEPYOU LOXUOG, OMWG
daivetal oto 2y. 4.22.
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Zx. 4.18 Aépyoc Loyug. PUBULON TOU QVTIOTPOQEQ Lo UEYLOTH artoppopnaon.

EOviko Meroofio Ioivteyveio
Moauog 2011



AN

<
K 0 \/ N \/ N
-1 \MN /
-2
-39 9.005 9.01 9.015 9.02 9.025 9.03 9.035 9.04 9.045 9.05
500
<
e 0
S
-500
9 9.005 9.01 9.015 9.02 9.025 9.03 9.035 9.04 9.045 9.05

time

IX. 4.19 [pooopoiwan PEUUATWY KoL TATEWV oThV 6060 TOU QVTIOTPOPEX Lot 6 m/s TaxUTNTA AVEUOU.

2UVTEAEDTH LOXUOC XWPNTIKO.
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IX. 4.20 MEtpnon pevudtwy Kat TACEWV otnv 6050 TOU QVTIOTPOYEN yla 6 m/s TayUTNTa AVEUOU

OUVTEAEDTH LOXUOC XWPNTIKO.
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Zx. 4.21 Ztiyutaio Tiun agpyou LoxUocg Tou anoppod oo to Siktuo.
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IX. 4.22 Eédptnon eVepyoU-a€pyou LoXUOG YLa YWPNTIKO CUVTEAEDTH LoyUoC, TaxUTnTa aveépiou 10m/s.

Ao TNV KAumUAn, ¢aivetal OTL n €yxuon Aepyou LoXVUOC oto SIKTUO XwpPIC onUaVTIKNA
EMUMTWON OTNV €VePYO yivetal péxpt 1000Var. Av€non tNE TIUAC TNG AEPYOU TEPQ TOU ONUELOU
oautou Ba odnynoeL og peiwon NG mapayopevng evepyou LoxUog.

4.3.2 Amrokpiosic og usrafarikéC KaAraoraoeis Asitoupyiag

Itn mapaypado aut UEAETATAL O MPWTO OTASLO N CUUMEPLPOPA TOU CUOCTIUATOG OF
BnUaTIKEG METAPBOAEG TNG TAXUTNTAC TOU QVEROU. ZKOTOG eival adevog va eheyxBel n
Aewtoupyia Tou avtotpodéa w¢ mpog tn dtatipnon ¢ taong oto Slaulo cuvexoUg Kal tn
HETAYWYN EVEPYOU LOYXUOG Kot apeTEpou N idla n opBoTNTA TOU HoVTEAOU adoU SladEpel amo
0UTO TIOU XpnoLpomolBnke oto mponyoupevo kKepaAato. Etal, yivetal Sokiun yla BnUatikn
HeTaBOoAN TS TaxVTNTAG AVEUOU amo Ta 6 ota 9 m/s, kataypadovTal oL AMOKPLOELG TNG LoXUOG
€€060U TOOO O£ TEPAUATIKO 000 Kal o€ TineSo MPooopoiwaong KaBwg KoL 0 0lePOSUVAULKOG
ouvteheotg C,. e Oeutepo otadlo elodystal Sedopévn XPOvooEPA QAVEUHOU Kol
KaTaypddovtal oL avVIioTOLXEG ATIOKPLOELC.
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2to XX. 4.23 daivetal n anokpon tou agpoduvaptkou cuvteleotn C,. O xpovog amokplong
elval mepinmou 5sec, evw n BuBLoN tou tn otypn g petafaong mepimou 0.12. O gAeyKTNG
MPPT o omoiog xpnolpomolOnke €ivol 0 €AeyKTAG He SESOUEVN XAPOAKTNPLOTLKA POTIC-
otpodwv. XIto Ix. 4.24 dpaivovral n amokpLon TNG eVeEPyoU LoXUOG TOCO OTO MEipapa 000 Kol
OTNV TPpooopolwaon. JUYKEKPLUEVA, dalvovTal N TPOCOUOLWHEVN LoXUG oto Siaulo cuveyxoug, n
TIPOCOUOLWEVN LoXUG €060V Tou avtlotpodEa Kal n avtioton mMelpapatiki. H amokAon tng
TIPOCOUOLWHEVNG LoXVOC oTo SlauAo ouveXoUG Ot OXEon ME TNV avtiotolyn tou SiKtuou
odelleTal oTI OMWAELEG TOU avilotpodéa oL omoieg €xouv AndBel um' oPn otn
povtelomoinon. H MPOCOUOWWUEVN EVEPYOC LOXUG TIOU EYXEETAL OE OXEON LE TNV AVTILOTOLKN
TELPOHATLKN EUdavilouV LKAVOTIOLNTIKI) CUYKALON.
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2ZxX. 4.23 MetaBoAn C, yia Bnuatikn petaBoAr taxutntag avéuou and 6 os 9 m/s.
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ZX. 4.24 Evepyoc LoxU¢ oto SiauAo ouveXoUG Kal 1 TPOCOUOLWUEVN KAL TIEPAUATLKY LOXUG OTO (popTio
yla gt Bnuartikr LetaBoAr TnNe TaxUTNTAC TOU aVELOU arto 6 o 9 m/s.
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21N ouvexela epappoleTal N XPOVOOoELPA avEéUOU Tou ZX. 4.25 oto povteAo kal n Asttoupyia
TOU TIPOCOUOLWVETAL yLa 18sec To omoio ival To HEYLOTO XPOVIKO SlaoTnua mpooopoiwong To
omolo emIteUXONKe PE TNV Mapoloa UTTOAOYLOTIKA WoXV. 2To Xx. 4.26 daivetal n avtiotoyn
amnokplon tou agpoduvapikol cuvieheoth G, evw oto Zx. 4.27 daivetal n woxvg e§68ou ToU
avtiotpodéa. MNapatnpeital otL n A/T Asttoupyel TOAU KOVTA OTO HEYLOTO OEPOSUVAULKO
OUVTEAEOTH Yyl TNV €papuolOpUevn XPOVOOELPA QVEUOU, TPAYHA TIOU CUVNYOPEL OTO va
xopaktnplotel eVPLBUN N Aettoupyia tou MPPT gAeyKTr) OTn CUYKEKPLUEVN LovTEAOTIOINON.

Zuvoilovtag, CUUTIEPALVETAL OTL TO LOVTEAO TO OTIOLO AVATTUXONKE yLa VO TTPOCOMOLWOEL
NV Aettoupyia tng A/T Sivel amoteAéopata Ta onola mPooeyyi{ouv Ta aVTIOTOLXA TTELPAMATIKA
ooov adopd otn PNUOTLIKA ATOKPLON TOU CUCTAMOTOC. ZUYKEKPLUEVA TOOO OL XPOVOL ATOKPLONG
000 KOlL OL TLUEG TNG LoXUog €660V POooeyYIi{ouV Og LKOVOTIOLNTIKO BABUO TIG TTELPOLOTLKEC.
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Zx. 4.25 XpovooeLpd TayUTnTac aVELOU.
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ZX. 4.26 Antokpion agpobuvaikou ouvtedeotn C, 0TnV EQApPUOJOUEVN XPOVOOELPA OVELOU
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4.27 loxug eE060U QVTIOTPOPED YLl XPOVOOELPT QVELIOU

TNV evoTNTA QUTA YIVETOL TtApouciacn TwV QNMOKPIOEWV TOU HOVTEAOU TIPOCOUOLWONG
OUOTINUATOG OVEUOYEVVNTPLAC LETABANTWY OTPOPWV KATW OO CUYKEKPLUEVEC SLATAPAXEG TNG
TAOoNG Tou SIkTuou. O £AeyX0C TOU QVTLOTPOPEN CUUTTANPWVETAL ATIO £V CUCTNUO TIPOOTAGCLOG

HE OKOTIO TNV MANPWON TwV KpLtnplwv avoxng oe opaApata (Fault ride Through capability, FRT)
kal Satapaxég Bublong taong (Low Voltage Ride Through capability, LVRT), kaBw¢ kat yLa tov
TIEPLOPLOUO TWV PEVUATWY OTLG AVTIOTOLXEG TEPLTTWOELG. TO oUOTNUA TPOOTACLOG amoTeAELTAL
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and €vav EAEYKTH TPOOTACLOG UTIEPEUHATOG-UTIOTACNG O OUVOUAOUO HE  KATAAANAN
Aettoupyia Tou €AeyKTA TOU avtloTpodEal.

4.4.1 Zxediaon ouortrjuarog eAéyxou A/l yia avoxn o opaAuara kai
Siarapayéc Bubiong raong

Me otoxo TNV TANpwon Twv Kputnpiwv LVRT - FRT ulormoleital €AeyKTNC O OMOLog
TapakoAOUBEel TNV TAoN TOu SIKTUOU KOl ETMITPEMEL TNV MAPAUOVH TNG AVEHUOYEVVATPLAG OTO
Siktuo yla 600 xpovo emBairlouv ol KapmUAeg avoxng. O eAeyktnc Aeltoupyel o cuvepyaaoia
HE TOV €AEYKTN TOU avtloTpodéa 0 omoiog BEATLWVETAL UE OTOXO va MEPLOPIlEL OTO UEYLOTO
Suvato tnv unepévraon nov epdaviletat, otav Aappfdavel xwpa kamoia BUOLoN otnv Tdon tou
Siktbouv. Y& mepintwon mou o xpovog Slapkelag tng Bubong sival peyaAltepog anod ta opla
OVTOXNG, TOTE TPOYUOTOTOLE(TAL AQpECn amoouvdeon amo To OIKTUO Kol HETOYWYN OfF
OTTOUOVWHEVN AELITOUPYLO HECW EVOC POPTIOU EKTAKTNG QLVAYKNC.

E€etalovtag, Aoutdv, to olotnua FRT Lepapxlkd, TMPwTevovia POAO €XEL O €AEYKTIAG
unétaong - urteppevpatog (undervoltage — overcurrent) o omoiog 6{vel OUGLAOTIKA TNV EVTOAN
yla avolypa kat kKAeiowo tou Stakomtn {evéng tng A/T pe to Siktuo. O pdAog Tou eAeykTh gival
SLTTtoC: adevog mapakoAouBel Tnv taon Kot availoya pe tnv BuBlon unmoAoyilel molog sival o
XPOVOG TIAPAMOVAG TNG AVELOYEVVATPLAG OTo SikTuo. MOALG 0 XPOVOC QUTOC TIEPACEL KOL N
BUBLoN efakolouBel va udlotatal TOTE AMOCUVOEEL TNV AVEUOYEVVATPLA O To Siktuo.
Adetépou, o eleyktrig mapakoAouBel To pevpa ou Stépxetal anod ta IGBTs kat av auto yla
omolobnmote AOyo EeMepvA TN UEYLOTN ETUTPETIOUEVN TLUN TPOKOAEL Aueon amoclUvéeon
aveapTATWG XpOovou mapapovins. Kata tn Sidapkela tng BUBLONG TNC TAONG, O EAEYKTNG
UTIOTOONG - UTIEPPEVUOTOC SIVEL ON A O EVO EOCWTEPLKO EAEYKTH OTOV KUPLO BpOX0 EAEYXOU TOU
avtiotpodéa o omolog mePLOPLlEL LE TN OELPA TOU, TOL PEVLATA TIOU QVOTTTUCCOVTAL EAEYXOVTAG
KatdAAnAa tnv aywyn twv IGBTs. Eniong, av xpelaotel va yivel anmoolvdeon TOTE 0 €AEYKTAG
UTIOTAONG - UTIEPPEVLATOG EVEPYOTIOLEL TO POoPTiO EKTAKTNG AVAYKNG KAL OVOLyEL TO SLaKOTTN
levénc. Etol, TO OolOTNUO TIEPVA OE OUMOMOVWHEVN Aeltoupyiol Kal MOAG n Swatapaxn
€KKOOAPLOTEL, EMAVAOUVOEETAL 0TO SIKTUO EKMTANPWVOVTAC TIC CUVONKEC CUYXPOVIOMOU. XTO ZX.
4.28 daivetol To SOULKO SLAYPAUO TOU EAEYKTH UTIOTAONG - UTtEpPeVUATOC. Eloodol Tou eival
N oTLyMLoia TIUA TWV PEVUATWY TOU avilotpodea , n taon Tou SIKTUOU Kal €va AOYLKO oripa
mou énAwvel tnv Umapén PuBoNg TG TAong. Zuvoyilovtag, O OCUYKEKPLUEVOG EAEYKTAG
epapuolel, apyka pootaocia and unepeviacn Twv IGBTs kol oe dsUtepo oTASIO0 aviXveuon
BUBLONG TAONG KAl TAPAHOVH OTO SiKTUO e BAon Ta OpLat AVOXAG MLOG TUTILKAG KOUTTUANG
OTWG aUTA Tou X¥. 4.1.
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Onwg avadépbnke mapandvw, eav anattnbel n anooclvOeon TNE AVEUOYEVVATPLOG ATt TO
Siktuo TOTE TO CUOTNUA TIEPVAEL OE QATIOUOVWHUEVN AELTOUPYLA. AUTO ETULTUYXAVETOL PE TNV
BonBela tou Ppoptiou €ktaktng avaykng (Dump Load). H Stataén autr mep\apPAavet €va wWHLKO
doptio, ouvdedepévo ev oelpa pe €va IGBT. H aywyr tou IGBT yivetal pe otoxo va dtatnpeital
otaBepn n TAON TOU TWUKVWTI, WOTE TO cUoTNHa va emavacuvdebel apeoa oto diktuo otav
yilvel n amokatdotacn t¢ t@ong tou Siktuou. MNa 1o Adyo auTd N OTLYHLOLA TN TNE TAoNE TOU
TIUKVWTN OUYKpIvVeTOL PE TNV EMBUUNTH, TO odAApa TteEpVAEL amo vav Pl eAeykth kal amoteAel
TN oxetkn Sldpkela aywyns twv PWM moApwv tou IGBT. Zto ZX. 4.29 daivetal To SouLko
Staypappo tou doptiou £KToKTNG avayknc. Me to ¢optio amodeUyeTal n UTEPTOON OTOV
TIUKVWTH €100680U Tou avtlotpodéa KaBwG Kal N UTEPTAXUVON TNEG YEVVATPLOG OTAV YIVETAL N
arnocuvdeon debopévou, OtL oe SladopeTikn MeplmTwaon N NAEKTPLKN LOXUE TNG YEVVATPLOG b€
umopouoe va SloxeteuBel o€ KAMoLo AANO onUeElO TOU KUKAWHATOG.
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Ix. 4.29 Qoprio ektaktng avaykn (Dump Load) kat avtiotoyog EAEYKTAG.
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4.4.2 EAcyKTIC TTEPIOPICOU PEUUATOS

Kata tnv Stdpkela ¢ BUBLONG 0 EAEYKTNG UMOTAONG — UTIEPPEVUHATOG EVEPYOTIOLEL Eval
E0WTEPLKO EAEYKT) OTOV KUPLO BpoOxo eAéyxou Tou avilotpodéa o omolog meplopllel He TN
OElpA TOU, TOL PEVUHATO TIOU QVATTUCOOVTOL €AEYXOVTOG KOTAAANAQ thv aywyrn twv IGBTSs.
ZUYKEKPLEVQ, OTav evtoTioTEL Kamola BUBLoN TNG TAoNG TOTE 0 €AEyKTAG Bal oTONATACEL VoL
SdeypatoAnmrel Ta pevpata otnv €€060 kat Ba Asttoupyel pe otabepn d kat g cuvictwoa. H
ETUAOYN TWV CUVIOTWOWV YIVETOL WOTE 0 eAeyKTAC va SlaBalel pevpata OpoLa E EKELVA TTPO
™¢ datapaxng. Me Tov TPpOTo aUTO eTLOLWKETAL N OpaAn AELToupyla TOU EAEYKTH) KOl N €yXuon
LoxVo¢ o€ mPo tNC datapaxng emnineda. MOALG n taon emaveABEeL TOTE 0 EAEYKTNG TIEPVAEL OF
KOVOVLKN Asttoupyia moapakoAovBwvtog ta peupotoa ££06ou. To SlAypappa TOU €AEYKTNA
TIEPLOPLOUOU TOU pevpatog daivetal oto 2. 4.30.

Vit

Switchz

Zx. 4.30 AvartpooapUOCUEVOC EAEYKTIIC TOU QVTIOTPOPEQ

YTn ouveéxela e€etaletal n avtidpaon Tou CUCTHUATOC TNG AVEUOYEVVATPLAG O pLa BUBLon
NG TAong oto 50% tnNg oVopaoTIKAG TLUAG Stdpkelag 400ms, onwg dpaivetal oto Zx. 4.31. Onwg
opiletal amd TNV KAumuAn tou oxnpatog 4.1, yw BuBon Sudpkelag €wg kat 1.9sec n
avepoyevwntpla odeilel va mapapével ouvdedepévn oto Siktuo. Ito Xyx. 4.32a daivetal to
pelpaTa TOU avTloTpodEa KAt TNV dlapKela tng BUBLONG, XwpLc ToV EAEYKTH MEPLOPLOUOU TOU
pevpartog. e avrtutapabson oto 2x. 4.31B daivetal to pevpa ywa tnv dta BuBlon otnv
niepimtwon mou xpnotponolnBel o eEAeyKTAG MEPLOPLOMOU TOU PEUUATOG.

JUYKPLVOVTOG TIC OMTOKPLOELC TTAPATNPOUHE OTL O EAEYKTAG KOTOPEPVEL VA TTEPLOPLOEL TO
HEYLOTO peUpa ota 12A, TLUA TIEPUMOU LOT) OE OXEON E TO UEYLOTO PEUMA TNG EPLTTWONG IOV
b€ xpnowomoleital. Znuaviikn BeAtiwon mapatnpeitol otV TN TOU UETAPBATIKOU PEVUATOG
TIou ekdNAWVETAL OTAV N TAON EMOTPEPEL OTNV OVOLLOOTLKA TNG TIUH. AUTO odelleTolL €V PEPEL
OTO YEYOVOC OTL AOYW N HElwoNn Tou pelpatog neplopiletal Tn petafatikn cupnepidopd 6Aou
TOU CUOTNHATOG OMWE daiveTal Kol oto 2X. 4.33 omou daivovtal XapaKTnpLoTKA n HetaBoAn
TWV oTtpodwV TNG YEVVATPLAG. ZTNV TEPIMTWON TOU TO PEVUMA TEPLOPLOTEL N HElWON TwV

EOviko Meroofio Ioivteyveio
Moauog 2011



oTpod WV TNG YEVNATPLAG ELVAL UIKPOTEPN, EMOUEVWGE, OTAV N TAOHN Tou SIKTUOU eMavEANBEL oTnVv
OVOUOOTLKA TNG TN, To clotnua Ba Umopéoel va eTLOTPEPEL VWPLTEPA OTLG OTPODEG TIOU ELXE
npo ¢ datapaxng. Mapopola amoteAéopata paivovral oto 2X. 4.34 Omou amnelkovileTal To

pevpa oto SiauAo cuveyxol ¢ pevpATOC.
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Ix. 4.32 Peuua avtiotpoea yla 50% Bubion, (a) ue tov amAod eAeyktn (B) ue tov eAeyktr meploptouo.
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IxX. 4.34 Peuua avuwth yla 50% B0ion, () ue tov anAo eAeyktr (8) Ue Tov EAEYKTI TTEPLOPLOUOU.
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21N ouvexela Bewpeital BUOLON TNG TAong oto 50% TNG OVOUAOTIKAG TIUAG SldpkeLag 3sec.
O xpbvog autodg sival peyaAUTEPOG OO TA OPLO AVTIOXAG TOU ETUPAAEL N TUTIKA KOMTTUAN KO
To cuoTNUa odeilel va peivel cuvEedeévo yla Xpovo Tou eMIBAAOUV TO OpLa KOL 0TI CUVEXELD
uropet va amoocuvdebel eav n Bubon e€akolouBel va udiotatal. 2to Xx. 4.35 mapouaotaletol n
popdn g taong tou Siktuou. MNa tnv BuBLON autr n TR Tou pevpatog otnv £€odo Tou
¢iktpou daivetal oto Zx. 4.36. AnO TNV AmMOKpLon auth eival ¢avepd OTL 0 EAEYKTAG TOU
avtiotpodéa meplopilel Ta pevpata Kot PEVEL cuvOESEUEVOC yLa Xpovo 1.9sec mou emIBAAEL TO
OpLO TNG KAUTTUANG Tou ZX. 4.27. TN CUVEXELO AMTOCUVSOEEL TNV AVEUOYEVVATPLA Ao TO SikTuo
Kall Aettoupyel dlvovtag tnv evepyo oL Tou oTo GopTio EKTAKTNG OVAYKNG.

Iazoioc Xapaloumwog
Adaxtopikn drozpifn



500

400

300

T

- ii m ““
100

0

Vgrid(V)

- ””
-200 Ll

-300

-400

-500
6.5 7 75

8

8.5 9

time

9.5
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4.5 2uvoyn

10

210 TAPOV KEGAAALO €YLVE PEAETN TWV EMUTTWOEWV TIOU €XOUV OTNV OVEROYEVVATPLA OL

Slatapayeg tou TMAATOUG TNG TAoNG Tou Silktuou. Apxikd emiBefoiwdnke n opboTNTA TNG

HOVTEAOTIOLNONG UECW TIPOCOUOLWOEWY TOOO O HOVIUN OCO KOl Of HETABATIKA KATAOTOON

HECW OUYKPLOEWV HE TA QVTLOTOLYXA TIELPOOTIKA OTTOTEAECHOTO. 2T CUVEXELD €EETAOONKE N
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AELTOUPYLO TOU CUCTHUOTOC OE TEPLTTWOELG SLAPOPETIKNG CUUUETPLKAC BUBLONg TN TAONG O€F
enineda mou mpoteivovtal amod T SOKIHEG oUUPBATOTNTAG TWV OVEUOYEVVNTPLWY. ATO TIG
amokploelg TG mpooopoiwaong, mapatnpsitat avénon tou pevpatog otnv £€odo Tou
avtiotpodEa, n omola umep£Pfalve Ta OpLal AvToXnG tou. H avénon Twv peupdtwy otnv £€odo
ToU avtlotpodEa 0dnyel apxkad o€ e0PaAUEVN AELTOUPYLO TOU OVTIOTOLXOU EAEYKTH) KOL EV TEAEL
0TNV KATooTtpodr TwV SLAKOTITWY LoXUOG.

Ma va OVTIHETWILOTOUV TETOWOU £idoug dalvopeva Kol va TIPOOTOTEUTEL To cuoTnua
oXeOLAOTNKE €AEYKTAG, O OTIOLOC TIOPEXEL OE MPWTO OTASLO MPOOTACLA OO UTEPEVTAOH TWV
IGBTSs kot og deUTepO 0TASL0 aviyvevon BuBLoNG TAong Kot mapapovh oto diktuo e faon ta
OpLaL AVOXNG HLOLG TUTTLKAG KAUTTUANG.
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KepaAaio 5

‘Evraén A/l og uBpidiko ocuoTnua mapaywyng
NAEKTPIKNG evépyelag rou ouvouadlesr A/lN, /B
ka1 diaraéeic udbpoyovou

210 mapov kepahalo mpoteivetal pia peBodoAoyia eAéyxou vog autovopou uBpLdikov
CUCTNHATOG TIOPAYyWYNG NAEKTPLKAG EVEPYELAG, TO omolo ouvdudlel SLAdOPES EVEPYELOKEG
TINYEC KOl CUOKEUEG amoBnkeuong. To umo HeAéTn ocvotnua mep\apBavel pia avepoyevviTpLa
Kal pia pwTtoBoATaikn YEVWATPLO, Ol OTIOLEG OMOTEAOUV TIG KUPLEG EVEPYELOKEC TINYEC, EVW Ml
KUPEAN KaUGoipou XpnoLpomoleital yla va Tpododotel Thv oV tou dpoptiou mou unepPalvel
NV oYL TNG apaywyng. Mwa cuoTtolxia UTIEPTIUKVWTWYV AELTOUPYEL ETUKOUPLKA, yia val KOAUYEL
Taxeieg petafoleg Tou poptiou, KABwWE KAl TNG TTAPAYWYNG, OL OToleg pumopel va odeilovtal oe
TOAVEG SLAKUMAVOELG TNG TOXUTNTOC AVEUOU KoLl TNEG NALOKNC akTtvoBoAilac. H Asttoupyia tou
ovotnuatog &g Baoiletal povo oto LoolUylo mapaywyng kot Intnong, oAAa s€aocdalilel,
napaAAnAa, tnv eVpuUBUN Asttoupyia TG KUYPEANG Kavoipou, auvéavovrtag tn Stapketa {wng
™G. Akopn, Aappdvel umoyn BEpata evepyelakng amodoong, kabwg Kol TEPLOPLONOUG
aocdaleiag otn Asttoupyia Tou nAeKTpoAUTH, evw Olvetal €udacn otnv mowdTnTA TNG
TOPOYOHEVNG LOXUOG. H cupmeplpopd TOU CUOTHUATOG HEAETATOL O 24WPOUG KUKAOUC
Aewtoupylog pe €vtova petafatikr) cupnepidpopd tou dpoptiou. MPOTEIVETAL LI CUYKEKPLUEVN
TEXVIKN €AEYXOU TNG PONG LoxVog, n omola e€aodalilel evotadn Asttoupyia Kal adLtAAELTTn
napoxn Loxvog oto dpoprtio.

5.1 Eicaywyn

To ouvexwg aufavopevo evdladEpov yla TG AVOVEWOLMEG TINYEG EVEPYELAG KAl TNV
evepyelakn diadopomnoinon tng nAektpomapaywyng odrynoe otnv avamtuén epapuoywyv, ot
omoleg ouvdualouv SLadopeg evepyeLaKEG TTNYES Yl TNV KAALYN doptiwv. Autd ta doptia
UMOpEel va amoteAoUV QNMOUOKPUOUEVEC OLKLOKEC KOTOVOAWOELS, ¢doptia £l6lkoU oKomou N
doptia Slacuvdedepéva oe aocbevr) Siktua. Ie KABe mepimTwon, MPWTOPXIKOG OTOXOG TOU
OUOCTAMATOG Ttapaywyng eival n kGAvyn tng {ATNOoNG, avefdptnTa TWV KALPWKWY cuvOnkwv,
KaBwg KAl N IMoLOTNTA TNG MAPEXOUEVNG LOXVOG. H autdvoun Aettoupyia otabuwy moapaywyns
ANME ukpn¢ kKAlpakag ouvnBwg amattel TouAdylotov €va cuotnua anobrikeuong, kabwg kat pia
ETIMAEOV EVEPYELAKN TtNYr TOU Umopel va xpnotpomotnBel katd BouAnon. Me BAaon AUTEC TIg
OTOLTAOELS, N XPNOLWLomoinon Tou udpoyovou LEow KUuPeAwv Kauoipou amoteAsl pia
eAkuoTiK emidoyr). Alddopeg sdpapuoyéC ol omoieg¢ ouvdualouv To USPOYOVO HE AAAEC
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texvoloyieg AME, 0mwg avepoyevnTpleg kat pwtoBoAtaikd, cuvaviwvtal otn BiBAloypadia [1]
— [4]. Ze autég TG edopUoyEG, Mia KUYPEAN Kouoipou, ocuvABwg texvoloylag pepBpavng
avtaAayng npwtoviwv (Proton Exchange Membrane, PEM), XxpnOWOTOLE(TAL yla va KAV EL
To ENelpa oxVog, o€ CUVOUOOUO HE TINYEG TaXElOG amOKPLONG LoXVUOC, OTIWE UTIEPTIUKVWTEG.
AKOUn, xpnolpomoleital pio povada nAektpoAuong (NAeKTPoAUTNC), yla va amoBnkelel TV
neploosla oxvog oe udpoyovo, To omoio Ba katavaAwOel apyotepa amd TNV KUWPEAN
Kauoipou. ZuvnBwg, n HETAywWYN TNG LOXVUOG YiveTal HEow €vOg {uyol ocuveXoUg peupaTog (ZP).
Av kot oL epapuoyeg Twv KUPeAwWV Kauoipou Kot Twv nAeKTpoAutwv texvoloyiog PEM o€
OUTOVOUO OUCTAMOTO £XOUV OWOEL LKOVOTIONTIKA OUTOTEAECHOTO, UTIAPXOUV OPLOHEVA
LELOVEKTHUOTA Ao T XPron Toug, Ta omolia Ba mpenel va AndBouv umoyn.

Amo tn pla mAeupd, n mpoodatn PiBAloypadia otov Topéa Twv KUPEAWV KOUGipou
amodaivetal mwg n dtapkela WG Kot n anodoon piag kuPéAng PEM efaptwvtal o peyalo
Babuo amd tov tmo tou doptiovu, to onoio Tpododotel. Ztnv avadopd [5] ol cuyypadeig
EKOVAV L0l EKTLNON TNG aVTOXNG Miag KUPEANG kauaoipou PEM og évtova petafatikd doptio
tonou on/off (on/off cycling) kaL mapatipnoav peiwaon otnv KNIk 6pactnplotnta, Kabwg
Kal avénon Twv anmwAewwyv petadopdg yla Stadopoug TUmouc NAeKTpodiwv. Itnv avadopd [6]
oL ouyypadeic Slamiotwoav onUAvIKn Peiwon tng anodoonc piag KuPpEAng PEM peta amod 500
wpeg Asttoupyiag os ¢optio tumou on/off. Avtictolya amoteAéopata avadépovial otnv
avadopa [7].

Amo tnv GAAN MAEUPA, ONUOVTIKA TIPOPBARUaTa UIopel va pokaAEéoel n Asttoupyia Twv
NAEKTPOAUTWV HE €VIOVN KUHATWON TNG LOXVoG £10060vu. Itnv avadopd [8] avadépovrtal
Sladopa mpoPAipata mou evdExeTal va mpokUPouv amod tn Sltakomtopevn Asttoupyia €vog
NAEKTPOAUTN, O omolo¢ Ttpododoteital amd pla mnyn HetaBarAopevng oxvog (m.x.
dwtoBoAtaikn yevvATpla), OMwC Kivouvol avapelEng udpoyovou Kal ofuyovou ot XAUNAEC
TIMEG TNG TUKVOTNTOG PEUMOTOG 1 MELwMEVN amodoon yla Oepuokpaocieg Aettoupylag
HLKPOTEPEG TNG OVOUAOTIKAG. 2TNV avadopd [2] ol cuyypadeic avadépouv mwg Otav oL aAAaYEG
NG LOXVOG €L0060U TOoU NAEKTPOAUTN elval ypnyopotepeg amo 1o pubud enefepyaociag twv
aeplwyv, n mieon 6 pmopel va eheyxBel, dSnuovpywvtac mpoBAnuata achaleiac. Na avto to
AOyo, mpoteivouv tnv tpododoTnon TNG LoXUOG €Ll0060U Ot eAeyXOUEvVa TTAQLOLO PE TN XPHOoN
TIEPLOPLOTWV KALoNG. AKOUN, N amddoon Tou NAEKTPOoAUTN €0 pTATOL AUECA OO TO PEVA TTOU
Stappéel Ta NAEKTPOAUTLIKA KEALA, TO OTIOL0 €lval avaAoyo pe To pubuo mapaywyng udpoyovou
[8], mpayua to omoio onpaivel mwg o €Aeyxog TG NAekTpOAuong Ba mpémel va yivetal pe
YVWwHovVa To CUUBLBACHO HeTa pEyLoTng anddoong Kal PEYLoTou pubuou mapaywyng Hy.

Ztnv avadopd [9] oL cuyypadeig mpoteivouv Eva autovopo cuotnua mapaywyng AME pe
amoBrikevon udpoyovou. NapdAo mou To cUCTNUA ETIITUYXAVEL AUTOVOUN AELToupyia, n TAon
Tou JuyoU ouveXoUG PEVMATOC epdaVIlel MEYAAEG SLOKUAVOELG, OL OTIOLEG £XOUV ETUITTWOELG
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otnv mowdtnta oxvog. Xtnv avadopd [1] oL cuyypadeic meplypadouv €va avtiotolo
auUTOVOUOo UBPLOLKO cuoTtnua Kal tpoteivouv pa pebodoloyia eAEyxou, n omoia €XeL WG OTOXO
To LWoluylo mapaywync kat Intnong pe otabepomnoinon tng taong tou {uyou. Mapoia autd, Sev
€xet AndOel umoPn n katdAAnAn pépuva mou Ba amotpePel TNV aAdyLotn XprRon TG KUYPEANG
KOUOLHOU ot Stakomtopevn Asttoupyla, evw n NAeKTpoAUTNG Asttoupyel oav eAeyXOUEVO
doptio €ktaktng avaykng (dump load), xwpic va AndBolv unmdPn ta mpoPfAnuata Tou
TIPOKUTITOUV amd tn SLAKOTITOPEVN AELTOUPYLA TOU A TN AELTOUPYLA TOU KATW QO CUVONKEG
€VTOVNG KUMATWONG TNG LoxUo¢ eLl00dou, Ta onoia avadEpOnkav mapamnavw.

210 mopov kepdAalo mpoteivetal pio otpatnywkn €Aéyxou Kol n avtiotown avaluon
Aewtoupylog evog autovopou uBptdikol cuotrpatog AMNE — udpoyovou, Tou €Xel WG KUPLEC
EVEPYELOKEC TINYEC Ml avepOyevvnTpla Kol pia dwtofoAtaikny yevvntpla. Mia KupE€An
KOUOLUOU XpnoLlpomoleital yla va tpododotroel To EAAEIPUUA LOXUOG, €VW Ml cuoTolyia
UTIEPTIUKVWTWYV TIEPLOPLOUEVNG XWPNTLKOTNTOG XPNOLUOTIOLELTAL YIa va KAAUYEL Ta peTABaTiKA
dawopeva g NTnong, aAld kat tng mapaywyng Adyw SLOKUPAVOEWY TNG TOXUTNTOG AVEUOU
Kat tnG nAwakAg aktwoPoAiag. H otpatnywk eAéyxou mou avamtuxdnke efaodpalilel
adlaAewttn mapoxn g wyxvoc tou doptiou, uPnAn moldtnTa Loxvog £€6dou kol uPnAn
EVEPYELAKI amOd00N, EVW £0TLALEL OTOV EAEYXO TNC KUPEANC KOUOLHOU KOl TOU NAEKTPOAUTH HE
TETOLO TPOTO, WOTE va anmodeVyeTAL N AOKOTN XPAON TWV CUCKEUWV OE OLOKOTITOUEVN KOl
HeTafatikn katdotaon Asttoupyiog.

5.2 2x£d1a0UOC TOU OUCTHATOC

H autdvoun Aettoupyia evog uBpLdikol cuotripatog Bplokel edpappoyn o UKPAG KALHaKag
doptia, OMWE TNAETKOWWVIOKEG EYKOTOOTACELS N OLWKIAKEG Kotavalwoels. H BEAtiotn
S5100TaoLOAOYNCN TOU CUCTNHATOG OUVAOWG ATALTEL LOKPOXPOVIEG UEAETEC TNG CUMMEPLPOPAC
TOU awAlkol kot nAtakoU OSuvaplkol otn B€on eykatdotaong. Boowog otoxog TG
SlaotacloAoynong eival n kaAudn tng INTNONG, av auto elval ePLKTO, PeE To eAdyLloTto duvaTto
kootog [23], [24]. I' éva mpwto PBrua Ba mpémel va yivel diepelvnon ¢ Siaoctaong Twv
TMOPAUETPWY TOU CUOTHUOTOG Xpnolpomolwvtag dedopéva yla oUYKEKPLIEVN TomoBeoia Kot
yla HeyaAa xpovika Staotipota. X' éva Seltepo PBApa Ba mpénel va anodaoloTtel n
OUYKEKPLUEVN TOoTtoAoyia n omoia Ba xpnowonolnBel oUTwWE wote va KaAudpBel, adtdAsutta
€4V aUTO elvat duvatov, n {ATNon, UE TO EAAXLOTO AELTOUPYLKO KOOTOG.

5.2.1 AiaoTaocioAoynon Twv mapauéTPwyV ToU CUCTIHUATOS
Mo 1To okomod tng €mAoyng Tou BEATIoTOU €muméSOU Loxuog yla tnv kdaBe Sudtafn tou
OUGTAHOTOC Xpnotpomowidnke to Aoylopkd HOMER® aflomouviag HeTPAoELS ToxUTNTOC
OVEUOU Kal NALAKNC akTtvoPBoAlog yia pia mepiodo 4 €Twv yla TNV MEPIUMTWON €VOG TUTILKOU
OlKLaKOU KaTtavaAwTtn o' éva vnol tou B.A. Awyaiou. To Aoyioptkd HOMER (Hybrid Optimization
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Model for Electric Renewables) eivat éva and ta mo Sladedopéva mpoypdupata yla tn
SlaotacloAdynon kat avaAuon uBpdikwy cuotnudtwy [10]. Avamtuoostal ano to National
Renewable Energy Laboratory (NREL) twv HMA pe okomd va PBonbriost to oxedlacuod
CUOTNUATWY TIOPAYWYNS NAEKTPLKNG eVEpyeLag amo AME katl va SLeUKOAUVEL Tn oUYKPLON TWV
TEXVOAOYLWV NAEKTpOTIAPAYWYNG HECA amd éva gupl ¢aopa sdpappoywv. To HOMER
Stapopdwvel tn duoiki cupnepLdopd EVOG NAEKTPLKOU CUCTAKATOG KOL TO KOOTOG KUKAOU {WwNG
TOU, TO OTOL0 €lval TO KOOTOG EYKATACTACNG KoL TO KOOTOG Asttoupyiag. Emiong, emttpémnel oto
XPNOTN VA CUYKPLVEL TIOANEG SLOPOPETIKEG ETUAOYEG BACLOUEVEG OTLG TEXVIKEG KOL OLKOVORLKES
aéiec Tou mpoypappatog [11].

5.2.1.1 Asdouéva mpooouoiwong

Y10 Ix. 5.1a daivetal n eAaxLotn, n HECN KAl N LEYLOTN TOXUTNTO QVEUOU O M/s ava pnRva
KOl ova €TOC, yla €va XpOvo, TIoU XPNnOLUOTOoLE(TOL OTnv Tpooopoiwon, evw oto 2X. 5.1B
dalvetal n HECN NUEPHOLA XPOVOOELPA AVELOU OVA (VAL

Scaled data Monthly Averages
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IxX. 5.1 Metprioeig tayUtntac avéuou a) EAdytotn, uéon kat UEYLOTn TAXUTNTA QVEUOU aVd URva Kal avd
£toc¢, B) MEan nUEpPnoLa YpOVOOEILPT QVELIOU avVa UNVA.

Avtiotowa, oto Zx. 5.2a daivetat n eAdxLoTn, N LEON KoL N KEyLOTN nALaKA aktvofBoAia o
kW/m? avd priva kat avd £toc Kot oto Ix. 5.2B daivetal n Héon NUePHOL XPOVOOoELPd NALOKAC
oktwvoBoAiag ava pnva. Ma tov mpoodloplopd Tou Goptiou XPNOLUOTONONKE N nUEPnoLa
KaumUuAn ¢optiovu tou 2X. 5.3 KoL OTn OUVEXELM TO AOYIOMLIKO HETERAAAE KATAAANAQ Thv
NUEPNOLO KOUMUAN Twv GAAwv pnvwyv, onwg d¢aivetat ota Zx. 5.4a kat 5.4B. AfiteL va

onuelwOel otL To Poptio mou mpoekuPe ExeL axun 7.4 kW kat nuepnola Iitnon evépyetag 100
kWh/nuépa.
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Scaled data Monthly Averages
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Zx. 5.2 Metprioeic nAtakng aktivoBoldiac a) EAdyiotn, pueon kat puéytotn nAtakn aktivoBoldia ava unva
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Zx. 5.4 To poptio nmou xpnoiponotibnke amno to Aoylopikd HOMER a)EAdyLoto, UEoO Ko UEYLOTO POPTIO

ava unva kot avd £tog 8) Huepnota kaumuAn @optiov ava unva

Iazoioc Xapaloumwog
Adaxtopikn drozpifn



Me otoxo tn PBeAtiotomnoinon tng SlaotaoloAdynong Tou CUOTAUATOG 0cov adopd OTo
KOOTOG Aettoupyiag Kat otnv KaAuyn tou doptiou, mpayuatonoltidnke cepd TPOCOUOLWOEWY
emAéyovtag pa A/T toxvog 20kW kot pia cuotolyion MUKVWTWY xwpentikotntag 220Wh. H
opxLkn moootnta udpoyovou otn defapevn TEONKe oto 10% Kol 0 OXESLAOUOG TOU CUCTHUOTOC
€YLVE UE OTOXO N TEAWKN MOCOTNTA USPOYOVOU HETA TNV MAPodo €vOg £TOUC va €lval on n
pueyaAutepn anod 10%. TEAOG, N HEYLOTN ETUTPEMOUEVN LN TPOPOSOTOUUEVN EVEPYELA AVA ETOC
T€0NnKe 010 2% TNG CUVOALKAG ETAOLOG INTNONG. Ta KOOTN TWV EMPUEPOUG HoVASwVY cUUdwva PE
TO Aoylopko daivovtatl otov Mivaka 5.1. To emtokio avaywyng t€Bnke oto 6% Kat n SLAPKELA TNG
enévbuong ota 25 étn. Katd tn SLApKELa TwV MPOCOUOLWOEWY To peEyeBoc Tou O/B, TG KUPEANC
KOUGLUOU Kal ToU NAEKTPOAUTN Kupaivetal amo 0 £wg 10 kW pe Brpa 1 kW kat to péyebocg tng
be€apevig kupaivetal and 0 éwg 10 kg H, pe Brina 1 kg Hy. Ztov Mivaka 5.2 cuvoyifovtal ta
anoteAéopata tng BeATioTonoinong SLaoTaoloAOyNoNG TWV MAPAUETPWY TOU CUOTHLATOG.

Mivakag 5.1
Aebougva kooTou¢ povadwv
NapApetpog Ty Awdpketa {wng Kootog avtikataotacng
AT 1000 S/kW 15 €tn 1000 S/kW
»/B 7000 S/kW 20 £tn 7000 S/kW
KuyéAn kauoipou 3000 S/kwW 40000 wpeg Astt. 3000 $/kwW
HAexTpOAUTNG 2000 $/kW 15 étn 2000 $/kW
Asfapevr) anodhikeuong 1500 $/kg 25 £t 1500 S/kg
YREPMUKVWTEC 10 $/Wh 10 étn 10 $/Wh
Mivakag 5.2
BéATIOTO UEYEVOC MOPAUETPWY TOU OUCTHUATOC
Napapetpog Méye0Bog
Avepoyevvntpla 20kwW
OwrtoBoAtaika 5kw
KupEéAn Kavoipou 5kw
YTEPTUKVWTEG 220Wh
Ag&apevi H, 9kg
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5.2.1.2 Texvo—oOIKOVOUIKA amoTEAéouara

AvaAlovtoG Ta TEXVO — OLKOVOULIKA OmmoTeEAéopOTa TNG Mpocopoiwong, oto 2x. 5.5
TapaTiOETAL TO GUVOALKO aVNYHEVO KOOTOG OVA UTIOCUCTNO KOl OTO 2X. 5.6 TO €£TAOLO KOOTOC
avd urocVotnpa. To CUVOAKO OVNYUEVO KOOTOG TN emMévduong avépxetal ota 168,694 S kat
TO OUVOALKO €Trolo KOoTOG ota 13,196 S.
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IX. 5.7 TQUELOKEG POEC

Onwg napatnpeital, n KUPEAN Kauoipou €xel Tn peyaAUtepn cuveloPOpPA OTO KOOTOC TOU
OUOTAMATOG AOYW TNG oUXVNG TN avtikataotaong, evw to O/B elval to deutepo Mo akppo
unocuotnpa Adyw tou uPnAou Tou KOOTOUG. 2To ZX. 5.7 daivovial oL TAUELAKEG POEG TNG
eMEVOUONG KOL OUYKEKPLUEVA TO OPXIKO KOOTOG, OL SAMAVEC AVILKATAOTAONG, Ol SATMAVES
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ouvtnpnong Kat n umoAewmopevn aia. H avtikatdotaon tng KUPEANG Kauoipou e€aptdatal amno
TIC WPECG AELTOUPYLOG TNG KL OTN CUYKEKPLUEVN TepimTwon yivetal kaBe 10 €tn, OMwg Kal n
QVTIKATAOTAON TWV UNEPTIUKVWTWY. H avtikatdotacn tou nAektpoAltn kat tng A/l £ywve ota
15 €tn, evw tou O/B ota 20 £tn. TéNog, atilel va onuelwBel OTL TO KOOTOG TNG TTOPAYOHEVNG
evépyelog (COE) avépyetat ota 0.365 S/kWh kat To £trj010 AELTOUPYLKO KOoTOG ota 5,031 S/yr.

5.2.1.3 Evepysiaka amorsAéouara

E€etalovtag Ta evepyelakd amoteAéopATa TNG MPOooopoiwaong, oto Zx. 5.8 mapatiBetal n
Héon Hnviaio mapaywyn ano avepo, nAto kat udpoyovo. Onwg dpaivetal amo To xR KoL ToV
Tiivaka 5.3, n aloAkrn mapaywyn €xXeL TN HEYAAUTEPN OUVELODOPA OTNV EVEPYELOKN TTAPAYWYN
(79%) Aoyw tou uPnAol aloAltkol SuvaplkoU Kal TNG AUENUEVNG EYKATEOTNHEVNG QLOALKNG
LoxVog, evw n ouvelohopd TG NALAKNG moapaywyng eivat 12% kat tng KUPEANG Kavoipou 8%.
Eniong, mapatnpeital avénon TG AloAlkAG-NALAKNAG TOPAywyYnG KOTA Toug Beplvolg UAVEG
AOYW €UVOIKWV KALPKWVY CUVONKWY, EVW N Tapaywyr T KUPEANG KAUOLUOU aufAVETAL TOUG
dOwonwpLvolg Kat XELUEPLVOUG LAVEG, OTIOU N Ttapaywyn amno tig aAAeg AME sival LelwUEVN.

14 Menthly Average Electric Production

Py
== Wind

12 = Fuel Call

10

g

8

Power [kKW)

2

0
Jan Feb Iar Apr

Zx. 5.8 Méon unviaioa rapaywyn NAEKTPIKNG EVEPYELAG
Mivakag 5.3
Moapaywyn EVEPYELOKWY TTNYWV

May Jun Jul Aug Sep Oct Mov Dec

Component Production (kWh/yr) Fraction
PV array 11,511 12%
Wind turbine 73,880 79%
Fuel Cell 7,573 8%
Total 92,964 100%

Amo tov mivaka 5.4 mapatnpeital 6tL To 63% NG MAPAYOUEVNG EVEPYELACG KATAVOAWVETL
and ¢optio, evw TO UMOAouo 37% koatavalwvetal amo tn povada nAektpoAuong. Itn
OUVEXELQ, OTOV Ttivaka 5.5 mapatiBetal n neploosia kot To EAAELUO EVEPYELOG OTO TEAOG EVOG

EOviko Meroofio Ioivteyveio
Moaiog 2011



€tou¢. H neplooela evépyelag, n omoia eivatl amoBnkevpévn og udpoyovo, anoteAel To 38% NG
OUVOAIKAG Tapaywyng, ntot 35,365 kWh/yr. Aut n mnepiooslo uSpoyovou Umopel va
xpnowomnownBet ya tnv KAAuPn GAAwV avaykwy, T.X. N NAEKTPOKivNon oxnUATwyv pe KUPEAN
Kauoilpou, Onmwg mpoteivetal otnv avadopd [12]. Evog ONUAVILKOC MAPAYovVTaG yla Thv
OVAAUCHN TOU CUCTAMOTOC €lval n Katamovnon tng KUPEANG Kauaoipou. Amo tov mivaka 5.6
napoatnpeitatl 0tL N kKU EAN Kavaoipou Asttoupyel 4,346 wpeg €TNOLWE, paypatonolwvtag 943
ekKvAoeLg. H Sudpkela {wng tng umoAoyiletal ota 9.2 €Tn KAl 0 cUVTEAEOTNG SUVAULKOTNTAG
ota 17.3%.

MNivakog 5.4
Katavadwoeic
Load Consumption (kWh/yr) Fraction
DC primary load 36,133 63%
Electrolyzer load 21,463 37%
Total 57,595 100%
Mivakag 5.5
Mepioosia — EAAewupo
Quantity Value Fraction
Excess electricity 35,365 kWh/yr 38.0%
Unmet load 367 kWh/yr 1%
Capacity shortage 741 kWh/yr 2%
Renewable fraction 1.000
Mivakoc 5.6
@option kuPEAng kauaoiuou
Quantity Value Units
Hours of operation 4,346 hr/yr
Number of starts 943 starts/yr
Operational life 9.20 yr
Capacity factor 17.3 %
Fixed generation cost 0.875 S/hr
Marginal generation cost 0.00 S/kWhyr

ITn OUVEXELQ, OTo 2X. 5.9 daivetal n péon pnviaia moapaywyn udpoyovou amod tn povada
nAekTtpOAuong kat oto Zx. 5.10 n eAdylotn, HEON KoL MEYLOTN TOOCOTNTO QAMOONKEUPEVOU
uvbpoyovou ava pRva. Onwg napatnpeital, n mapaywyrn udpoydvou TepLopileTal KATA TOUG
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Bepvolg pnRveg Adyw mAnpotntag tng defapevng (auwénuévn meplooela evEPYELOG), EVW
aUEAVETOL TOUG XELULEPLVOUG MAVEG AOYW TwV auénueévng katavailwong udpoyodvou amo tnv
KU EAN KauoLHOU.

T£AOG, €VOG ONUAVTIKOG OPAYOVTOG YLOL TV aAVAAUCH €VOG QUTOVOUOU GUOTIUATOG EVaL N
OUYKPLON TOU KOOTOUC TOU HE TO KOOTOG TNC EMEKTOAONG TOU NAEKTPLKOU SIKTUOU yla TN
Slaocuvdeon Tou amopakpuopevou ¢optiou. Xto Xx. 5.11 daivetar n aviutapdbson Tou
KOOTOUG TOU QUTOVOMOU CUCTAMATOC HE TO KOOTOG TNG EMEKTAONG TOU UTtAPXOovTog SlKTUOU
HEXPL TO aAmMOMaKpUOMEVO ¢opTio. Onwg eival ¢uolkd, 1o KOOTOG eméKTAonG Tou SlkTUou
efaptaral ano tnv anootacn. To onueio Toung twv dVo subslwv xapaktnpiletal wg Looduvaun
amootacn enéktaong diktvou (Breakeven Grid Extension Distance) kat avépyetot ota 12.1 km.
Auto onuaivel otL av n anootaon tou doptiou amod to Siktuo femepvd ta 12.1 km, toTE n
enévduon o€ €va aUTOVOUO CUOTNA TTopaywynG§ lvatl Blwaotun.

Monthly Average Hydrogen Production
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IxX. 5.11 Kootog emtektaong SIKTUOU cUVAPTHOEL TNE anootaons — KOotog autovouncg Aettoupyiac

5.2.2 Aiaraén Tou ouoTAuATOS

Me Bdaon tnv availuon Tng mponyoUHevVNnC mapaypddou n Siataln mou emAEXONKE yla To
TIPOTELVOUEVO cuotnua daivetal oto Zx. 5.12. H oxug péel péow €vog kool Juyou 2P, Tou
omolou n tAon otabepomoleital ota 550 V, kol peETAdEPETAL ATMO TIG TINYEG TPOG TLG
KatavaAwoelg pe tn PornBela petatponéwv IP/3P (DC/DC convertetrs). H avepoyevvAtpla
HOVIHWV payvnTtwy — LETAPANTWY 0TPodwV £XEL OVOUAOTIKN LoxU 20 kW Kol OVOUQOTIKY TAon
€€66ou 400 Vp,. H tdon €§66ou TnNG avepoyevwwnTplog avopBwveTal HECW Un EAEYXOUEVNG
TPLPaoIkAG YEDUPOG KAl OTN CUVEXELA HUECW €VOG peTatpomea P avupwvetal ota 550 V. H
Slakomtiki Aettoupyia Tou peTatpomea eAEyXETaL e PEBOSO aviyveuong Tou onUeiloU PEYLOTNG
Loxvo¢ (Maximum Power Point Tracking - MPPT), avampocappolovtog TNV NAEKTPLKI) POTTH TNG
YEVWNTPLOC Yyl TIC Sladopeg Taxutnteg avépou. O €Aeyxoc MPPT ulormoleital péow €vOG
eheyktn aocadouc Aoyikng (Fuzzy Logic - FL), o omoiog mapouoiaotnke oto Kepaiato 3. H
dwrtoPoAtaikn yevwntpla €xeL Woxv 5 kW, kat cuvbeetal oto {uyd ZIP pECW €VOG PETATPOTE
avuPwong taong 2P, o omolog eAéyxetal peow evog eAeykty MPPT, o aAyoplBuog Aettoupyiag
Tou omoiou Baociletal otn pHEBOSO TwV cuvexwv aAlaywv Kal cuykpioewv (Perturbation and
Observation — P&0). Mo ouykekplpéva, n dwtoPoAtaikn (¢/8) yevvntpla amoteAeital anod 10
napaAAnAa cuvdedepéveg d/B ouoToLyleg, OL OTIOLEG PE TN OELPA TOUG AOTEAOUVTOL OO 6 €V
oepd ¢/ mhaiola. Kabe ¢/B mAaiolo €xel ovouaoTikd pevpa €€0dou 5 A yia taon 17 V oe
OUVONKEG LEYLOTNG LOXVOG.
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H péon woxug tng KUPEANG kauoipou kupaivetal ota 5 kW. Tpododoteital pe vudpoyovo
Héow tnNG Oefapevig amobrikeuong kat Slacuvdéetal pe to {UYO MECW €VOG UETATPOTEQ
avOpwong IP. O alyoplBuoc eAéyxou TOU OuUOTAMOTOC PUBUIlel tn oUvdeon Kal TNV
armoocuvdeon TNG KUPEANG OE TEPUTTWOELC EAAEIHHATOC KAl TiEplooslag oxUOC avTioToLya.
MapoAa autd, ot oAAemAAANAEeG eKKWROELS (Asettoupyia on/off) amogevyovtal, Sivovtag
TIPOTEPALOTNTA, O OPLOpEVO PBabuo, otn cuotolkia umepmukvwtwyv. H kupEéAn kauoipou
TiBetal og Aettoupyia povo otav to emninedo PopTLONG TWV UNMEPTIUKVWTWY TIECEL XAUNAOTEPQ
€vOg oplou. Etot, n kKUY EAN kavaoipou dev tpododotel petafatika doptia, Twv onoiwv n LoxLG
KOAUTITETAL QIO TOUC UTIEPTIUKVWTEC.

H péylotn Loxug Asttoupyiag tou nAsktpoAutn eivat 5 kW. H cuvdeor) tou pe to luyo 2P
yivetal péow evog petatpomnéa umoBLpacpol taong 2P, o onoiog tov tpododotel pe dtadopa
enineda otabepng Loxvog, avaloya pe tnv mepiooela. H petapaon and to €va emninedo oto
AaAAo yivetal pe Tn Xprion neploplotwv KAiong (rate limiters) yiwa va anogeuxBouv ot kivéuvol
TIOU TEPLypAPTNKOV OTNV £loaywyn. To udpoydovo TOU TOPAYETAL OO TOV NAEKTPOAUTH
amoBnkeletal otn Seapevr) amoBrikeuong udpoyovou, SnuoupywvTac KAEWOTO Bpoxo
Aewtoupylog pe TNV KUY EAN kawoipou. Edooov n oxuc tou nAektpoAUtn neplopiletal ota 5 kW,
o€ TOAAEG TtepuTTWOoELG Oa uTtdpxeL avaglomointn nepiooela LoxLOG. MapoAa autd, N CUCKEUN
Ba Aettoupyel pe vhnAdtepo cuvteleotn xpnolponoinong (capacity factor), mpdypa 1o omnoio
glval onUavTIKO yla TNV TEXVO—OLKOVOWLKN omodoon €vog ocuothpotog, dlaitepa otav
niepAapBavel cuokeUEG LPNAOU KOOTOUC, OTWG KUPEAEG KAUGIHOU Kal NAEKTPOAUTEC [6].

H cuotolyia umepnukvwtwy anoteAeital anod 4 mopAAANAd cuVEESEUEVOUG UTIEPTIUKVWTEC,
0 KaBEvag €K Twv omolwv €XEL xwpnTikoTtNTa 165 F, OVOUAoTIK TEPUATIKY Tdon 48.6 V Kot
umopel va anoBbnkevoel evépyela péxpl 54.13 Wh. Awacuvdéovtal oto {uyd IP péow €vog
audidpopouv petatponéa 3P, e€aocdalilovtag €tol tnv audidpoun pon TNS LOXUOG OTLC
Sladkaoleg Poptiong — ekpoptong. To eAeyxOpevo ¢optio eival wpLlkoU TUTIOU KoL
XPNOLUOTIOLELTAL YLaL TNV KATAVAAWGT TNG LOXVUOG, OTav autr) & pumopet va anoppodnOet amnod Tig
UTIOAOUTEG OUVIOTWOEG TOU OUCTAHATOG. To doptio ocuvdéetalr pe 10 Tuyd pEOW €VOG
avtiotpodEa.
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IX. 5.12 Zynuatiko Sidypauua Tou cUoTHUATOC

5.3 MovreAomoinon

H povtelomoinon mou XpnoLUomoLOnke yla Thv avamapaotacn Twv dladopwv dotaéewv

TOU OUCTAMATOG EXEL WG EENG:
5.3.1 MovreAomoinon aveuoysviTpiag

To LOVTEAO TNG OVEUOYEVVATPLAG TEPLAAUPBAVEL TO UNXAVIKO LEPOG TNG KNXavnG, SnAadn to
agpoduvaulkd HEPOG Kat TNV e§lowaon pomwv tou afova, Kot To NAEKTPKO MEPOG, SnAadn Tn
YEVVATPLO LOVIHWV LoyvnTwy Kot thv avopBbwon tng taong e§6dou. H agpoduvapikn toxug Tou
OVELOU TIOU PETATPETETOL OE UNXOAVLK ATtO TOV avVeROKLVNTAPA uTtoAoyilleTal amo tnv eflowon:

B, = lpAVW3Cp(/1, 0) (5-1)
2
Onou p n mukvoTnTa ToU 0épa, A = TR? n emubdvela mou Stamepvd K&Beta 0 dvepoc, CoA,3) o
agpoduvaplkog cuvteAeoTG, R n aktiva tng éAkag, ¥ n ywvia pitch kat V,, n taxvtnta avepou.
O A\oyog taxuthtwy A opiletal wg e€AG:
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A =QR/V,, (5.2)

Omou Q n ywviokg taxutnta nepotpodng tng €Akag. Emopévwg, n agpobduvapiky pomn
umoAoyiletat wg €€NG:

P (5.3)

To agpoduvaplkd povtéAo AapBavel umoyn tov agpodUVOULKO CUVTEAEOTH LOXUOC Kal
urtoAoyilel tnv agpoduvapikr) pomn yla deSopévn taxuTnTa avéUou. To NAEKTPLKO UEPOG TNG
QVEPOYEVVATPLAG TIEPLYPADNKE OTO KEPAAALO 2 KL TIPOKELTAL VLA LOVTEAO EONG TLUNAG.

5.3.2 MovreAomoinon ewroBoAraikng ouaroixiag

To povtého tne dwtoBoAtaikng yevvATplag amoteleital and ¢/B mAaiola Stacuvdedepéva
o€ oglpd N mapdAAnAa. Kabe mAaiolo amoteAeitatl and pepkd ¢/B otoeia ouvdedepéva oe
oelpd. Baoel tou nAektpikol Looduvapou KukAwpatog tou ¢/B otolxeiou, n tdon Vpey ota akpa
Tou umoAoyiletal and Tov TUTo:

mkT I -1

c In sc PV)_R I (5-4)

|4 =
Py, 1, S PV

Omnou T¢ n andAutn Beppokpaocia tou ¢/B otolyeiov, m o Weatodc mapayovrog tng Stodou, e To

doptio Tou nAektpoviou, k n otabepad Boltzmann, Isc To pebpa BpaxukUKAwaong, /py To pelpa
€€060u tou ¢/B otolxeiou Kkat Rs n avtiotaon oelpag.

5.3.3 MovreAomoinon kuwéAng kauaiuou

IKOTIOG aUTH TG evotnTag €ival n avamtuén evog SUVOULIKOU HOVTEAOU TIOU TIPOCOMOLWVEL
NV Aettoupyia pag KUPeAng kavoipou PEM. H povtehomoinon tng kKuWeANng Baociotnke otnv
avadopa [18]. Ma tnv amhonoinon tng avaluong Eywvav ot e§AG mapadoxEG:

e |5avika Kal opolopopda dtavepnuéva agpla

e JT0Oepéc MIECELG OTA KOVAALA PONC TWV agPiwV

e To kavowo €ival uypd udpoyodvo kat to o&eldwTkO eival vypomolnuévog agpag. H
EVEPYOC TIlEON TOU OTHOTOLNUEVOU VEPOU otnv dvodo eival to 50% tng mieong tou
KOPEOHUEVOU ATHOU, EVW N EVEPYOG Tileon Tou vepou otnv kaBodo eivat 100%.

e H kup£An kauoipou Asttoupyel os Beppokpaoieg katwtepeg Twv 100°C Kal To mpoiov
™G avtidpaong eival o vypn popdn.

e Ou Beppoduvapikég dlotnTeG uMoAoyilovtal otn HéEon Beppokpacia tng cuotolyiag,
EVW Tuxov O&lakupavoelc tng Bepupokpaciag ayvoouvtal. H ouvoAikr edki
BepuoxwpnTIKOTNTA TNG cuotolylag Bewpeital otabepn.

e OL mapapetpol ™G KABe KuPeAng ouvumoloyilovtal ylo va meplypagouv tnv
Aettoupyla TnG cuotolyiag KUPEAWV KAUGLUOU.
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Eva oxnuatikd Siaypoappa tng KUPEANG kavoipou PEM kal Twv MTWOEWV TAONG TOU
AapBavouv xwpa oe autiv daivetal oto Zx. 5.13 kal otn cuvexela akoAouBoUv oL e§LOWOELG
TIAVW OTLG oTtoleg Baoiotnke n povteAomnoinon tng KUPEANC.

Load
Gas Gas
Flow Anode Catalyst Cathode Flow
Channel Electrode l_ Layers —l Electrode Channel

I 1 . oo

e

11,0 - > ©2
H, Nz

I

co,

Membrane

o

E
v

ohm.c

v,

conc

v

act

v,

ohm. membranc

|

ohm.a

vV,

out

IX. 5.13 Zynuatiko diaypouua KUYEANG kavaiuouv PEM kat mtwoewv taonc o€ autnyv. [18]

A. Awayuon twv agpiwv ota NAeKTPOSLa

Mo TOV UTIOAOYLOMO TNG TAoNG Mo KUPEANG KAUGipou amatteltal n yvwon Twv UEPLKWY
TUECEWV TOU 0ofUuyOvou KoL Tou Uudpoyovou. TNV Mepimtwon Twv aepiwv mou Slaxéovral
Slap€oou tne mAakag Staxuong, To GoLVOUEVO UTIOPEL va Tieplypadel amo tnv e€iowon Stefan —

Maxwell:
N
_ RT} :xiM‘ — % N; (5.5)

Vo, =
Y= D
=1

Omou N o poprakog pubpog (molar flux), x to poplako khaoua (mole fraction), D;; o

i,j

ouvteAeotng diaxuong padag (mass diffusivity), R n otaBepd twv aegpiwv, T n Bepuokpacia kat
P n mieon. Itnv avodo to aéplo Tou Olaxéetal, To LUSPOYOvVo, Elval AVOUELYUEVO WE
OTUOTIOLNHUEVO VEPO KoL N e€lowon 2.16 ypadetal:

dXpy0 _ E(xHZONHZ - tzNH20> (5.6)
dx P, Dy,o 1,
Av unoteBel OTL 0 poplakog pubuog Ny, (oe agpla popdn) oovtat pe undev, Tote OBa
EXOULE:
X0 _ E(xHZONH2> (5.7)
dx P, \ Dy,om,
O popakodg pubuog Ny, pmopel va urtoloyLotel pe To vopo tou Faraday
Ny, = Ig? (5.8)
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Onovu I ,, n nukvotnta pevpatog kat F n otabepd tou Faraday (96487 C/mol).
OAokAnpwvovtag Tt oxéon 5.7 kat cuvduadlovtag tnv Ue Tn oxeon 5.8, and tnv mepLoxn tou
KavaAlou €L0080U £€wg TNV emidaveLla Tou NAEKTPOAUTN (amdotaon [, ), maipvoupe:

RTI;, 1, ) (5.9)

* _ ~.Channel
XH,0 = XH,0 — €XP <—2FP Diron
a 2U,I172

AapBdavovtag umoyn tn oxeon ou cuvEEEL TNV OAWKN Ttieon P, We T UEPLKA Tiieon

Da = XqFy (5.10)
KoL Tn ox€on
Xiy0 + Xp, =1 (5.11)
N UEPLKN EVEPYOC Ttieon Tou udpoyodvou uttoAoyiletal
(5.12)
pf, = 0.5pi 1 -1
Ha H20 xchannel ex ( RTIden la )
H20 P\2FP,Dy,0 1,

Ta agpta ou Staxgovtat otn KaBobdo eivat: O,, Ny, Hy0(g) kat CO,. H e§lowon diaxuong otnv
kaBodo Sivel:

dXu,0 ﬂ(xozNHZO - xH20N02> _ ﬂ(‘tzoN@) (5.13)

dx F, Dy, 0,0, F, Dy, 0,0,
KOlL TO HOPLOKO KAQOMO TOU VEPOU OTNV evepyn emidAveLa TOU KATtaAutn otnv KaBodo oouTtal

UE:

i RT14,,1 (5.14)
vino =Xl exp (g i
2U,U2
Ouoiwg yia to N, kat to CO,
RT1,,1 (5.15)
x5 = xchannel ex en -c
Nz = N, p <4FPCDN2,02
. RTlgen ! (5.16)
vio, = 284 exp (i
2,Y2

JUVETWG, TO HOPLaKO KAdopa tou ofuyovou O, ivat

X0, =1 —=Xp,0 — XN, — XCo, (5.17)
H pepikn evepyog mieon tou ofuyovou umoloyiletal wg eENG:

. DPio , DPmo (5.18)
Po, =x*—2x02 =—2(1-x

* * *
Hy0 — XN, — xcoz)
H,0 XH,0
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* —
p02 - sz 0 *
XH,0

sat (1 — XN, — XCo, B 1> (5.19)
Ol ox€oelg 5.12 kat 5.19 urmoAoyilouVv TIC LEPLIKEC TILECELG TOU USPOYOVOU Kol Tou 0Euyovou,
ol onoieg Ba xpnotuomnownBouv otnv e€lcwaon tou Nernst yia Tov kaBoplopd tng taong e€6dou

™G KUWPEANG. 210 ZX. 5.14 daivetal To UTOCUOTNA TTOU UAOTIOLEL TG AVWTEPW EELOWOELG.

1000mA/200cm2

Current density
X
! I-ldensity factor2 : abs(1fu-1) x
Product exp ’——b
Product4 1x1 PH2
> v 0.5
1.334——P>|

power(T, 1.334) factor

Pia.192 X .u
i _> i
> > abs(1/u-1)
factort Productt expl L
C: )_ —p f roduct 1/x-1.
T v Product? po2

Pressure of saturated H20 vs T

Pressure Unit: atm
S (x
3 ) P

Panode Product2

= —
€D, >

Pcathode Product3

Product6

ki

Zx. 5.14 Yrnoovuotnua Active Pressures

B. Mnxavikéc kaQuoteproeLg
H otyploia PeETOBOAN TWV MEPLKWV EVEPYWV TUECEWV TOU USPOYOVOU Kol Tou ofuyovou

TiEPLYPAPOVTAL OO TNV KATACTATIKI £EL0WON TWV LOAVIKWV aEpiwV w¢ €ENG:

V, dpi, i i (5.20)

RT dt - MHz,in - MHz,out - ﬁ = MHz,net - ﬁ

RT dt - MOZ,in - MOZ,out - ﬁ = MOZ,net - E
Onouv My, in, My, out» Mo,,in, Mo, our Ol LOPLOKEG POEG ELCOSOU KoL £§060U TOU LSPOYOVOU

v, dpp, i i (5.21)

KoL Tou 0&uyovou o€ mol/s kat i to pevpa $OpTLIONG TNG KUWPEANG.

TNV HOVLUN KATAOTAON OAEG OL LEPLKEG TILECELG BewpouvTal otabepég, SnAadn

dpi, _ dPo, _ (5.22)
dt dt
KOl , EMOUEVWC, OL LOPLAKEG POEC TWV avTLdpwvTwV H, Kat O, eivat:

I
MHz,net = ZMOZ,net = ﬁ (5-23)

2T METOPATIKI) KATAOTACN UTApXOuV KaBuotepnoelg PeTafl twv petaBolwyv tou doptiou
Kall TNG POAG TOU KOWGLHMOU Kal Tou o&eldwTIKoU. OL eMOUEVEG €ELOWOELG XPNOLLOTIOLOUVTAL YL

VOl LOVTEAOTIOLOOUV QUTEG TLG KABUOTEPAOELG:
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AMpppee  § (5.24)

Ta dt - ﬁ MHZ net
dMo, ner 1 (5.25)
Tc —z = MOZ,net
dt 4F

Omnovu 7, Kal T, oL oTaBePEG XPOVOU TNG LOPLAKNG PONG TOU USpoydvou Kal Tou 0§uyovou o€
s, oL omoleg opilovtal we e€NG:

. = Va (5.26)
“ " Ky,RT

. = Ve (5.27)
¢ Ko,RT

Orou Ky, kat Ky, ot poplakég otabepég BahBidag uspoyodvou kat o§uydvou oe mol/(atm*s).

C. Taon géobdou kU EANG kavaiuou

H eflowon Nernst &ivel tnv tdon t¢ KUPEANG CUVOPTACEL TWV MEPLKWV TILECEWV TWV

otolelwyv
RT . « )05 (5.28)
Ecell = EO,cell + ﬁln (sz ' (pOz) )
Onou Ej . €ivat cuvaptnon tng Beppokpaciag kat opifetal wg e§AG:
EO,cell = Eg,cell - kE (T - 298) (5-29)

Ormou Ef .., o Suvapikd avadopdg o kavovikég cuvBnkeg mieong kat Beppokpaciog (298
K, latm) kot kp pla epnmelpkn) otabepd. Na tnv amhonoinon tng avaAuong, n mTwon Taong
Eq ceu XPNOWWOTOLE(TAL VIO VO pOVTEAOTIOOEL TNV OALKN) kaBuotepnon Adyw pong Kaucipou
Kal o€eLbwTIKOU, TIou avadEpOnKe oTNV MPONYOUREVN EVOTNTA. 2TN MOVLUN KOTAOTACN N TLUA
NG Ey cenr €lvarl undev, alld oe petafatikd dpoptia xapaktnpiferal ano tnv egiowon:

Egceu = Ae [i(t) —i(t) * exp <— TL)]

e
Omou A, pla epmelplky otabepd Kol T, N OUVOAKN OTOOEPA XPOVOU TWV UNXAVLIKWV

(5.30)

kaBuotepnoswv os s. Metaoxnuatilovrag oto nedio Tng ouxvotntag n oxéon 5.30 yivetat:

7,5
Eqcenn () = 2.1(s) TS+l

Y10 2¥. 5.15 daivetal To UTTOCUOTNUA TTOU OVTEAOTIOLEL TIG HNXAVIKEG KABUOTEPN OELG.
@ > 2.062e-005

| z-1
Discrete
Transfer Fcn
(with initial outputs)

>() :{@—»
{ Vdyn_d

K

(5.31)

Zx. 5.15 Yrnoouotnua Drop delay block
Ermopévwg, n e€lowon 5.28 yivetal:
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RT N . 105 (5.32)
Ecen = Eocen + ﬁln (PHZ - (po,) ) — Eq cer

To duvaukd E..; €lval otnv mpaypatikotnta n taon oVOlKTOKUKAwoNG tnG KUWPEANG
Kauaoipou. MapoAa autd, o cuvBnkes Gpoptiong n Taon ivat PKpOTepn. Autd odelleTal oToUG

€€NG mopAyovTeg:

e AnwAeleg evepyomnoinong (Activation loss)
e Quikeg anwAeleg (Ohmic loss)
e Meilwon otn ocuykévipwon twv avitdpwviwyv (Concentration loss)

Apa, n TEPUATIKA TAON VOGS KEALOU UTOAOYIlETAL WG EEAC:

Vcell = Ecell - Vact,cell - Vohm,cell - Vconc Jcell (5-33)

Kall | cUVOALKN Taon e€060u TNG cuatolyiag sivat:

Vout = Ncell Vcell =F — Vact - Vohm - Vconc (5-34)

Ornou N,.;; 0 aplOpog twv KuPeAwv.
AvVOAUOVTOG TIG ETILUEPOUC OTMWAELEG, EXOULE:

o AnwAeiec evepyomoinong
OL anwAeLleg evepyomoinong MPOKUTTOUV amd TNV avaykn va KivnBouv nAektpovia Kot anod

™ Slaomacn Kal Evwaon XNUWKWV deopwy otnv avodo kat otnv kabodo tng KUPEANG KOUGLUOU.
Eval HEPOG TNG SLOOECLUNG EVEPYELOG XAVETOL WOTE Vo TipaypatonolnBouv ol amopaltnteg
XNUKEG avidpdoelg mou Ba petadépouv ta nAektpovia. OL anMwAELEG gvepyomoinong
ocupBaivouv, cuudwva e T TApATAvVwW, OXL MOVO otnv dvodo aAAd kat otnv kdBodo. O
avtidpaon tng oeidwong tou udpoyodvou otnv dvodo eival TOAU ypriyopn, EVw N avaywyn Tou
ofuyovou otnv KaBodo oAokAnpwvetoal He TOAU apyoug puBuoug [13]. Ot amwAeleg
evepyomoinong ekdpalovral padnuatikd pe o epnelpiky e€iowon, mou Paociletal oe
NAEKTPOXNILKEG TTAPATNPNOELS, YVwoTh we e¢lowon Tafel:
RT 1

Voer == —In <E> — T -[a+b- ()]

(5.35)

Omnou a o cuvteheotng petadopag (coefficient transfer), z o aplBOUOG TwV NAeKTpOViWY TTIOU
uetadépovral ava avtidpaon kat Iy To pevpa avtolayng (exchange current).

Mta aAAn spnelpkn e€lowaon eival n €€AG:
Vaer =M+ (T —298)-a+T-b-In(I) =Vy1 + Vit (5.36)
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Onov Vyq =19+ (T—298)-a n mtwon TAONG EVEPYONMOINONG OUVOPTACEL  TNG
€0WTePLKNG Beppokpaciag tng kuPeAng kat V.o =T+ b - In(I) ouvaptricel tng Beppokpaciog
KOl TNG £VTOooNnG pEVUOTOC.

H woobuvaun avtiotaon evepyomnoinong, mou odeiletat otnv V. », €lvat:

Vs T-b-In(l) (5.37)
RaCt = I = I

Yta 2X. 5.16 dpailvovtal Ta UTTOCUCTHHOTO TTOU HOVIEAOTIOLOUV TIG OMWAELEG EVEPYOTIOLNONC:

x —»@—»
2 f(U) ; Act2
CO—» 4’{ 13> D Gain

T Act1 l 2

f1 Gain Product

(a) (B)

Ix. 5.16 a) Ymoovuotnua Activation 1 8) Ymoouotnua Activation 2

T

> >

®  QUIKEG aTTwAELES
H wuikn avtiotaon tng kupEAng amoteAsital amd tnv avtiotaon tng HEUPpavng, tnv
OYWYLHOTNTA HETAlU HepBpavnG Kol NAekTpodiwv KoL TNV aviiotaon TwV NAEKTPOSIWVv.
Emopévwg, n mtwon taong Aoyw WKWV OMWAELWVY glvat:
Vohm = Vohm,a + Vohm,membrane + Vohm,c = IRohm (5-38)
Omnou R,p, N OUVOAKA wWKA oavtiotaon tng kKuPeAng, mou eival cuvdptnon tng
Bepuokpaciag Kal Tou peUATOC
Ronm = Ronmo + kpil — kgrT (5.39)

Onou R, jmo N otabepn wpkn avtiotaon kat kg, kpr eUnelpikég otabepeg. To 2x. 5.17 Seiyvel
TO UTTOOUOTN A LOVTEAOTIOINONG TWV WHLKWY OTMWAELWV:

Ohmic

Product Gaint

IX. 5.17 Ynoouotnua Ohmic

o  AMTWAELEG UELWUEVIG OUYKEVTOWONC QVTIOPWVTWYV
H mtwon Tdoews AOyw HEIWONC TNE CUYKEVIPWONG TWV avISpwvTwy epdaviletal oe 6Ao to
daopa TNG MUKVOTNTAG PEVUATOC, OMWC 0 VLPNAEC TTUKVOTNTEC PEVUATOG YiveTal TMOAU Tilo
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aloOntn. OL XNKULKEG aVTLOPACELG TTPAYLOTOTIOLOUVTOL OTNV TtEPLOXA aKPLBWG METAEL HepPpAvng
kat nAektpodiou. To ubpoyovo, OMwG KalL To 0fuyodvo, TPEMEL PEow TG Sadlkaociag tng
Slaxvonc va BpebBel 0To CUYKEKPLUEVO QUTO onpeio. XTnV KUPEAN KOWGIHOU OUWC To udpoyovo
Kal To ofuyovo SiEpxovtal pEoa amod To oTpwpa Staxuoncg tTwv aegpiwv (gas diffusion layer).
Otav dev unapyel $optio, CUVENMWC OUTE Kal PEVUA, N CUYKEVTPWON TWV aVILOpWVTIWV £lval
dla pe autn mou gpdaviletal kal otnv eploxn tou cuAektn (flow field pattern). Otav opwg
PEEL peVMA, N Olaxuon TWV OTOWKEIWV OTNV TEPLOXN TIOU TIPAYUATOTIOLOUVTOL OL XNULKEG
avtidpaocelg emPpaduvetal kol epmodiletal anod tn porn Tou PeVHATOC. To MPOPBANUA AUuTO
elval akopn mo évtovo otnv kaBodo, 6mou to 0fuyovo cuvavta avtiotaon mou odpelletal otnv
TIAPOYOLLEVN TTOOOTNTO TOU VEPOU TIOU KAELVEL TIG AeTTEG SLOSPOUEC TOU oTpWHATOC SLdxuong.
H pabnuatikn ékdpaon tng anwAelag eivat n akéAoudn:

RT Cs (5.40)
Vconc =—-——ln—

Omnou Cg n emudavelakn cuykévipwaon kot Cp N XWPLKK CUYKEVTPWON.

JUudwva HE TOV TPWTO Vvopo tou Fick kat to vopo tou Faraday, n e€fiowon 5.38
Eavaypadetal:

RT I

Vconc =——lIn <1 - ) (5'41)
zF Limie

Omnou I, N UEYLOTN T TOU PEVMATOC KAl QVILOTOLXEL OTO MEYLOTO puBUO TOPOXNG

Kauoipou otnv KUPEAN. H woduvapun WK avTioTaon, TOU HOVTEAOTIOLEL TIG OTMWAELEG

OUYKEVTPpWONG, urtoAoyileTal wg €ENG:

V RT
Rconc = C(}nc = _ﬁln (1 -

I ) (5.42)
Ilimit
210 ZX. 5.18 daivetal To UTOCUOTNMA, TTIOU POVTEAOTIOLEL TLG ATIWAELEG CUYKEVTPWONG.

R/2F

F
T

flw)

|
f1

Conc

A\ 4

Gain1 0-1.0V

Product

Ix. 5.18 Yrmoouotnua Concentration

D. Qawvouevo nAektpikrc dumdootolBadac (Double-layer charging effect)

To ¢dawopevo tng nAektplkng Sutdootifadag mpokumtel KaBwg dV0 SLaPOPETIKA UAKA
gpxovtal oe emadn. Xopaktnplotiko mopddeypa amotedel n Siodog enadng p-n. Kabwg
€pxovtal oe gmadr ta SUo auTd UAIKA Ttapouatalstal Staxuon Twv onwv amo Tn pia mAsupa
otnV GAAN Kol pon Twv NAekTpoviwv amd tnv avtiBetn mAsupa (BA. Zx. 5.19). Amo tnv
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napandvw pon Twv ¢optiwv dnuoupyeital pia emipdvela, éva otpwpa SUTAAG oTpwWonNg
apvnTkol kat BetikoU doptiou, yeyovog mou Snuoupyel pla dtadopd Suvaulkou otnv
nieploxn petaBaong twv dUo meploxwv. Xtn B€on woppomiag, n Stadopd SuVAULKOU ATOTPENEL
™ pon AGMwv ¢optiwv. Autd Tto dawvopevo xapaktnpilet tn Suvapikr cupmnepipopd
NULOYWYWV KoL TTOPOUCLALEL [N YPOUULKA cupmepldopa [13].

v N

= omg

+  MAskTpdene

v

.
Tt * .
.
. . *l e
L I
PR . .
.
. | et .

bl f

ZX. 5.19 Qawvouevo StmAou oTpwuATOC O Evwan p-n.

To ¢dawopevo tou SUTAOU CTPWHOTOC TTAPOUGCLAIETOL KAl OTA NAEKTPOXNUIKA CUOCTNUATA,
otnv empavela enadrng tou NAEKTpodiou Kal Tou NAEKTPOAUTN. ITn UepBpavn avtoAlayng
TIPWTOVIWV CUYKEVTPWVOVTOL 0TNV €mipavela tnG KaBodou ta nAekTpoOvVLIA, TIOU TIPOEPXOVTOL
arnd 1o eEwTepkd KUKAwUa, Kot ta vta HY, mou €éxouv Samepdoet tov nAektpoAltn (2x. 5.20).
H oUYKEVTPWON TWV NAEKTPOVIWV KAl TWV KATIOVIWY CE QUTH TNV TIEPLOXI] EXEL WC ATIOTEAECUQ
TO OXNUATIOMO SUO OTPWHATWY AvVTIBETNC TMOAKOTNTOG (SUTAG NAEKTPOXNULIKO OTPWHA) TIOU
amoBnkeoOUV NAEKTPLKN EVEPYELA KOL CUVETIWC CUUTIEPLPEPOVTOL OaV TIUKVWTEC. H Stadopa
Suvaplkol ToOU emAyeTal TOUTIETAL HME TNV TTWON TACEWC evepyomoinong Vie. To
NAEKTPOXNUIKO ouUTO datvopevo emdpd otn Suvapkn oupmepipopd NG KUWPEANG,
npokaAwvtag pia xpoviky kabuotépnon. H povtelomoinon Tou oTo avtioTolyo NAEKTPLKO
loodUvVapo NG KUPEANG ETUTUYXAVETOL ME €vav TIUKVWTN. Xto XX. 5.21 amewoviletal to
davopevo auto.

@

D HAsctpoAime

ZX. 5.20 AutAd nAektpoxnuiko otpwua.[18]

Zuvoyifovtag ta mopanavw, To .wodUvapo NAEKTPLKO KUKAWMO TNG KUY EANG elval:
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IX. 5.21 loodUvao NAeKTPLKO KUKAwUA KUYEANG Kawaiou
H tdon ota dakpa Tou TUKVWTH, TIou povielomolel To ¢awvopevo tng SuthootolBfadag,
umoAoyiletat wg €€NG:

dV,
VC = (I - Cd_tc> (Ract + Rconc) (5'43)
Emopévwg, xpnotomoteitat n taon Ve avtl twv tdoswv V., kat V., yLa Tov UTIOAOYLOMO
NG taong e€060u w¢ €Nc:
Vout =E — VC - Vactl - Vohm (5'44)

ZuvuroAoyilovtag OAeG TIG amwWAELEG TNG KUPEANG, N XOPOKTNPLOTIKA TAONG — PEUHATOG
daivetal oto Zy. 5.22:

Gecpnuki) Tn) ™me toong ms PEM

1.2
Tao ovoretod KukAGReTog Beo
1.0
4\_\ Andaao, 10015 AOY® EVEPYOTOIGING
Qpukéc umdrasg, npoceyyiletonn

0.8 o~ TPuuKOTyTe
3
= 0.6
3
P 0.4 - Tlrdon mOv OPELETOL GTNY PEIOGT TV

UVTIOPEVTEN
0.2
0 | | | | !
0 200 400 600 800 1000

TTvkvomyto pedpotog (mA/em’)

IX. 5.22 XapaktnpLoTikn TaonG — peUUATOC pioG kueAnc. [13]
E. Oepuobuvauikn npooeyyion

Exouv Nén avadepBel oL XNULKEG avtidpaoel, mou AapBavouv xwpa ot po KuPEAn
Kavoipou. To mpoldov autwv Twv ovildpdcewv elval Tto vepd pe TapAdAAnAn £€kAuon
Bepuotntac. H KUPEAN KOUGIHOU HETATPETIEL TN XNILKA EVEPYELA TWV aEpiwv avTdpwvtwy o€
NAEKTPLKNA. JUVEMWG, Yyl va. avoAUCOUME Tn Asttoupyia piog KUPEANG KAUGIMOU TIPEMEL va
mapotnpnoovpe Tta Beppoduvaplkd ¢awvopeva Tou Tmapoucotalovtal. H  peEAETn  TwV
Beppoduvaplkwy davopévwy elval avaykaia, S10TL mapouotdlel tn HETABOAN TNG EVEPYELAC
amnod tn pia popdn otnv GAAn. EmumpocBeta, emLtpEmnel Tov BEwPNTIKO UTTOAOYLOUO TG TACEWG
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mou Snuioupyeital oe pia kuPEAn kot emdekvuel Tnv €€dptnon TNG amd TNV TEON TWV
avtdpwvtwy Kal tn Beppokpacia Aettoupyiag tng.

H nAekTpOXNULK HETOTPOT TNG EVEPYELOG XapakinpileL tnv AUEON METOTPOTH TNG
eAelBepng evépyelag Gibbs 4G, mou cuvodeUel pia xnUIkA avtidpacn, o€ NAEKTPLKA EVEPYELA.
Autn n evépyela Gibbs amoteAel To PHEYLOTO PETPO TNC NAEKTPLKNC EVEPYELOG, TTOU £va cUOTNHA
uTo otaBepn Bepuokpacia kal mieon pmopet va mapayel. To NAekTplkd autod €pyo W Sivetal
oo TNV apVNTIKN LETABOAN TG evépyelag Gibbs cupdwva pe tn oxéon:

W, = —AG (5.45)

H kaBapr Bepuodtnta mou mapdyetal and tnv XnUwKn aviidpaon, n omola Aaupavel xwpa
otnNV KUY EAN Kal PoKaAeL TIG au§opELWOELG TG Bepokpaaoiag utoAoyiletal wg EAC:

qnet = C'Ichem - Qelec - qsens +latent — éIloss (5'46)

OMou Genem, Getecr Qioss KOU Gsens+latent Ol TIOPAYWYOL TNG XNULKAG KOL NAEKTPLKAG
Bepuotntog, TNG BepuOTNTOG OMWAEWWV Kol TG ooBNntA¢ Kat AavOdavoucag Bepupotntag
avtiotolya.

H StaB£atun woxuc mou ameAevBepwvetal anod TNV XNULKA avtidpaon sivat:

éIchem = ﬁHz,consumed " AG (5-47)
Onov Ny, consumed N HOPLAKH PON TOU KaTOVOAOKOUEVOU LEpOYOVOU Kal AG n evépyela
Gibbs, n onola petafarietat cuvaptoel Tng Oeppokpaciog wg EAG:

4G = A6, — RT - In(piy, - (p5,)"") (5.48)

Omnou 4Gy n evépyela Gibbs o€ KavoviKEG OUVONKEG.
H nAektpikn LoxUg e§68ou pnopet va umtoAoyLotel wg €€NG

Getec = Vour 1 (5.49)

H awoBntn kot n Aavbavouoa Bepudtnta mou anoppodatal anod t dtadikactia eivat:

sens +latent = (ﬁHz,out T - th,in ) Troom) ) CHZ (5.50)
+ (ﬁOZ,out T — ﬁOZ,in ) Troom) ) COZ
+ leZO,generated ) (T - Troom) ' CHZO,Z
+ leZO,generat ed " Hy (6.50)

Onou Cy,, Co,, Ch,o,1 OL ELOIKEG BEPUOXWPNTIKOTNTEG TOU LEPOYOVOU, TOU 0EUYOVOU KalL TOU
vepou, T,.,,m N Oeppokpacia dwpatiou kat Hy n Begpudtnta efatpioswg tou vepou. O
anwAeLleg BeppotnTag, mou opeilovtal KATA KUPLO AGY0 OTNV PETAYWYN TOU 0P, UIopouV va
UTtOAOYLOTOUV amo tnv eflowon:
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Qioss = Neett (T — Troom INeet Acen (5.51)

Onou h,,; o ouvteheotng BeppomepatotnTag pag KUPEANG Kat Ay N €mpAvELD ULAG
KUPEANG.

TN MOVLUN KATAOoTAoN LOXVEL (e = 0 koL N kKUPEAN kauaoipou Asttoupyel und otabepn
Bepuokpaoia. Ouwg, kota tn Slapkela HETABATIKWY PoLVOUEVWY, N Beppokpaacia Tng KUPEANS
QUEOUELWVETOL WC EENG:

Mg Crc le_: = Qnet 5.52)

Omnou Mg n ocuvoAikn pada tng cuotolxiog kat Cre N cUVOALKA €8Ik BeppoxwpnTikdTNTA
NG ouotolxiag.

OL avwtépw eflowoelg meplypddouv TANPWG TA NAEKTPOXNUIKA Kot Ogppoduvapikd
XOPOKTNPLOTIKA TNG KUPEANG Kouoipou. 2to 2X. 5.23 mopatiBetal to povtéAo tng KUPEANG
Kauaoipou mou avamntuxdnke oto meptBailiov SIMULINK/MATLAB evw ota 2X. 5.24, 5.25, 5.26,
ta Sadopa unocuotrpata. Onwe ¢aivetal, ol elcodoL Tou HOVTEAOU €ival TO peUpa GOPTIONG
™G KUPEANG, oL Tecelg avodou kat kabddou, n apxikn Bepuokpaocia tng KUPEANG KAl n
Bepuokpaoia dwpatiou. Ot €§odol ival n Teppatikn Tdon Kat n Beppokpacia tng KUPEANG. ZTa
EMOUEVA OXNUATA TIAPATIOEVTAL Ta EMIPEPOUC UTIOOUOTHUATA. 2TO umocuotnua Terminal V
LLOVTEAOTIOLOUVTOL Ol EMUEPOUG ONMWAELEG TIOU TIEPLYPAPNKAV TIOPATIAVW KOL Ol UNXOAVIKEG
kaBuotepnoelg. 2to unoocvotnua Potential E povtehomoleital n e€lowon tou Nernst (€. 5.28)
kal umtoAoyiletat n evépyela Gibbs (€. 5.48). Télog, oto unoovotnua Sensible+Latent Heat
urmoloyiletat to dBpolopa tng awobntig kot tng AavBavoucag Bepudtntag, OMWEG €XEL
nieplypadei amno tnv elowon 5.50.
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IX. 5.24 Ynoovotnuo Terminal V
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OL XQPOKTNPLOTIKEG KAUTIUAEG TAONG — PEUMOTOC KAl LOXUOG — PEVUHATOC TOU HOVIEAOU
daivovral ota Zx. 5.27 kot Zx. 5.28:

40 T T T T

V (V)

2 | | | |
50 100 150 200 250

1Ay

IX. 5.27 Xapaktnpiotikn V-1 kupEAnc kavaiuou
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IX. 5.28 Xapaktnpiotikn P-1 kuEAnc kavaoiuou

Onwg mapatnpoUue, emaAnBevetal n BewpnTk XOPAKTNPLOTIK KAUMUAN Ttdong —
PEVUATOC.
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5.3.4 MovreAomoinon nAskTpoAurn

A. HAektpiké Movtédo

H XopaKTnploTiK PEUMATOC TAONG Yyl KABe KeAl Tou nAekTpoAUTn TeplypadeTal
HOONUATIKA aTto TN KN YPAUULIKA oXEon:

n+n-T, 2 +7€_2+7E_32 (5.53)
1 2 " Lel el
Ueein = Uref + A £ Ay + (51 +5, T +53° Tezl) -log A o Iy +1

Orou Uy n tdon ota dkpa kaBevog and ta ev oelpd KeMd, Urer N aviiotpéPiun taon, I,
To pevpa Tou Oloppeel Ta KEALA Ttou nAektpoAutn, T, n Oepuokpacia Asttoupyiag tou
nNAeKTpoAUTN, A n emuddavela twv nAektpodiwv tng avodou kat tng kabBodou, 7; oL TAPAUETPOL
WHLKAG avTiotaong Tou NAEKTPOAUTN Kal S;, t; oL mapAUEeTpoL urtepSuvauLkou (overvoltage) ota
nAektpodia. Emopévwg, Tdon ota dkpa Tou NAekTpoAUTn U,; urtoloyiletal wg §A¢:

Uep =n¢ " Ugey (5.54)

Ornou n, 1o MARB0G TwV €V oelPd cUVEESEUEVWV KEALWV.

Onwg ¢aivetal amo Tig mopandavw e€lowaoelg, 0 NAEKTPOAUTNG Uropel va BewpnBel wg évag
HETAPANTOG, KN YPAUULIKOG avTioTdtng. H enidpaon tng Oeppokpaciog otov Tpomo Asttoupyiag
TOU OXeTiletal pe Tt METAPBOAR Twv uTepSUVAULKWY OTO NAEKTPOSLA. MO GUYKEKPLUEVA, N
avénon tnc Bepuokpaciag emiPpépel EAATTWON TWV UMEPSUVAULKWY KOL CUVETIWG TNG TAONG
Aettoupylog Tou KeAoU. Av Bewpricoupe OTL N WOXUC elo0dou dlatnpeitat otabepr], N eAATTWON
NG TAONG CUVEMAYETAL aUEnon Tou PeVUATOC AELTOUpylaG Kol KAt €MEKTOON TOU pubuou
napaywyng uvdpoyovou. Emopévwg n avénon tng Bepuokpoaociag PEATIWVEL TN AELTOUPYLKN
ocuumnepldpopd tou nAEKTpoAUTN. 2to ZX. 5.29 Slvetal n tdon KeEAOU wg ouvaptnon TtNng
TIUKVOTNTAG PEVUATOC yia xapunAn kot uPnAn Beppokpacia Aettoupyiag [14].

22 L B I L B R R
20} _T=20C 4
? i .
o 18f -~ .
> - / T=sec— 4
o / e i
o 16 T g Overvoltage
S = Un@T=20-80°C
g 14 F U = B
1/ > rev@T =20°C \
12F =
UrevaT = 80°C
1.0 R 1 IS TR S N S S
0 50 100 150 200 250 300 350

Current Density, mA/cm2
ZxX. 5.29 KaumnuAeg U — | yia éva keAl nAektpoAUtn o€ younAn ko upnin Gepuokpaocia Asttovpyiog.[14]
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B. HAektpoxnuiké Movtélo

O pubuog mapaywyng udpoyovou eival euBEwg avaloyog tTng €viacnc TOU PEUMATOC
Aettoupyiag tou nAektpoAutn. O Babuog anddoong Faraday opiletal wg o Adyog petal tng
TIPOLYHOTLKAG TTPOG TN BEWPNTIKA LEYLOTN TTOCOTNTA USPOYOVOU TIOU TIOPAYETAL OTN ovAda Tou
Xpovou amd tov nAektpoAutn. H pelwon tng amodoong mou meplypddetal and to Padbuo
amodoong Faraday odeiletal o amwAelE AOYW TOPACITIKWY PEUUATWY KATA HNKOG TWV
OYWYywV TwV agplwv Kot yla autd ocuxva avodeépetol w¢ Babuoc amddoong pevpatog. Ta
TIAPOOLTIKA pevpaTa auéavovtal PE TN UELWON TNG TIUKVOTNTAG PEULATOC TTou SlappEEL ToV
NAEKTPOAUTN AOYW TNG aUénong TG evepyous eMPAVELAG TOU OYWYLHOU SLaAUpaTog Kot dpa
eAATTwoNn TNG NAEKTPKAG Tou avtiotaong. Emutpdobeta, 10 HEyEDOG TWV TAPACLTIKWY
PEVMATWY Ot KAOe KeAl glval avaAoyo TNG TAONC TOU KEALOU KOl EMOUEVWG TO KAAOUO TWV
TIAPOLOLTIKWY PEUHATWV TIPOG TO GUVOALKO pelpa TOU NAEKTPOAUTN aufAvetal 600 ULKPOTEPN
glval n mukvotnta pevpartoc. MNapdAAnia, avénon tng Beppokpaciac emdpEPeL EAATTWON TNG
avtiotaong tou OSlaAlpatog, Tou petadpdletal o€ UPNAOTEPEG QAMWAELEG TIOPOOLTIKWVY
PEUMATWYV KL CUVETIWG UKPOTEPO BaBuo anodoong Faraday.

O BaBuog anddoong Faraday divetal amo tnv napakdtw eéicwon [14]:

(IL,)Z (5.55)
A
np=—"—7/
fi+ ()
Onou f;, f, mapduetpol mou efaptwvtal anod tn Bepupokpacio kal mpooeyyilovtal amno
VPOUULKEC OCUVOPTIOELG:
fi=25-T,; +50 fo = —0.00075-T,; +1 (5.56)
EvaAlaktik@, n amodoon Faraday pmopel va mpooeyylotel amd pio oUvOetn €KOeTIKNA
ouvaptnon:
a +az Ty L % + as " Ty (5.57)
(le/A) (I /A)?

Omnou a; mapdpeTpoL Tou UTtoAoyilovTaL TTELPOUATLKA.

ng = aq -exp

Mo ouykekpéva, n anddoon Faraday tou povtélou umoloyiletal anod tn cuvaptnon (yla
Beppokpaocia Aettoupyiac 40 °C) [1]:

0.09 75.5

Lo Ie?l

(5.58)

ng = 96.5 - exp( ) (%)

‘Exovtag opiosl To Babuo anodoonc Faraday, o puBuog mapaywyng udpoyovou cupdwva Ue
Tov vOpo Ttou Faraday eivat euBéwg avaloyog tou puBuol petacdopdg nAektpoviwv ota
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NAeKTPOSLA, SNAASH TOU PEUUATOC TTOU PEEL ATTO TO EEWTEPLKO KUKAwMA. O puBuOg mapaywyns
vdpoydvou oe mol/s urtohoyiletat amno v eélowon:

_ npncly (5.59)
2 2F
To povtého mpooopoiwong tou NAekTpoAuTn daivetal oto Zx. 5.30.

%
@ Constant p- O N
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lel (A) Divide

ny

Function1 <
75.5
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) Constant N_H2
o BN em— b (kmol/s)
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Function Faraday
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» u/2

T = 313K (40C)

Zx. 5.30 Movtédo HAektpoAutn PEM

5.3.5 MovreAomroinon ouoTolxiag UTTEPTTUKVWTWV

To wWodUvapo nAeKTPKO KUKAWUA TOU UTEPTMUKVWTH, KaBwG Kal ol €§lOWOEL TOU
neplypadouv To povtéAo akoAouBouv oto Zx. 5.31 [15].
di

V.=V -Ri+L—
dt

0 [
Ve=V_—-C J.OICdr

i, =i+i,

Zx. 5.31 loodUvapo nAEKTPLKO KUKAWUA UTTEPTIUKVWTH Kol EELOWOELC LOVTEAOU

To kUKAwpo mephapBavel pio xwpntkotnta C, plo autemaywyn L, plo wooduvaun
avtiotaon o€ oelpd Ry mou povtehomolel tnv avtiotaon ¢opTong Kal ekPoptiong Kot pia
tooduvapun avtiotacn mapdAAnAa ou povteAomolel TIG anwAeleg autoekpoptiong. To Zx. 5.32
Seixvel To SOUIKO SLAYPALA TOU LOVTEAOU TOU UTTEPTIUKVWTH.
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ZX. 5.32 Aoutko diaypoua LOVTEAOU UTTEPTIUKVWTH

To eninedo popTIONG Tou untepriukvwth (State Of Charge - SOC) untoAoyiletal wg €EAG:

V.
S0C =—=—-100% (5.60)

c,max

Omou V. n taon tou nukvwtA Kot V, 4, N HEYLOTN TAON TOU TUKVWTA (BAEmte mtivaka 5.7).

H povtelomoinon Tou UTEPTIUKVWTN BOOLOTNKE OTIC MOPAUETPOUC TOU poviédou Maxwell
Boostcap BMODO0165 —48.6 V [16]:

Mivakag 5.7
MNopaUETPOL UMEPTTUKVWTN

Napapetpot Twn
Xwpntwkotnta (F) 165

Eocwteplkn avtiotaon os oepd (MQ) 6.1

Psbua Stapporc (A) 0.0052, 72h, 25°C
Osppokpaocia Asttoupyiag (°C) -40 - 65

Taon (V) 48.6
Pebpa BpaxuklkAwong (A) 4800
Mukvétnta woxvog (W/kg) 7900
Mukvétnta evépyelag (Wh/kg) 3.81
‘Oykocg (1) 12.6

Bapog (kg) 14.2

Baoel Twv avwTépw €ELCWOEWV KAl TIOPAUETPWY, AVATITUXONKE TO LOVTEAO TOU UTIEPTIUKVWTH
oto neptBarlov SIMULINK/MATLAB (2x. 5.33).
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Zx. 5.33 Movtédo unepniukvwtn

Alomolwvtag to povtelo, e€AxOnoav ot KapmuAeg ekdpoptiong V —t kat P —t yia pevpa 30 A,
KaOwC n EVEPYELD TOU UTIEPTIUKVWTI), OAOKANpwvVOVTAC TNV LOXU oL omoie¢ daivovtal ota .
5.34 kat Zx. 5.35. Mo epopHOYEC TTOU ATIALTOUV PEYAAUTEPN TEPUATLKA TAOH | XWPNTLKOTNTA,
Snuoupyouvtal cuotolyiec umepmukvwtwy (UC bank), oL omoiot dtacuvdéovtal o oslpd N
napdAAnAa [1].

60 1500

40— —{1000

Vuc (V)
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IX. 5.34 KaunuAeg ekpoptiong uneprnukvwtn V —t kat P —t yla pevuo 30 A
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Ix. 5.35 Evépyela unepnukvwth

5.4 'EAsyxoc¢ ToU ouoTnuarog

O €Aeyxo¢ Tou UPBPLOLIKOU cuoTAUATOC OToXEVEL adevog otnv KaAAuyn thg INTNONG os oYU
Kal adeTépou otnv oAl aAAd kot amodotikn Asttoupyia tou. H e€unnpétnon tou ¢optiou
KOL 1N €AOXLOTOTONON TOU KOOTOUC AE£LTOUPYlOG QTOTEAOUV TIOPAUETPOUC OL OTIOLEG
ennpealovtal Kotd KOpov amo Tig Statatelg uSpoyovou kat tdlaitepa TG KUPEANG Kauaoipou,
adol n teAeutaia OLEMETOL OO OCUYKEKPLUEVOUG TiEPLOplOopoUG. OL Teploplopol autol
oxetilovtal adevwg pe tnv ePUBOUN Asttoupyia TG KUPEANG Kal adeTépou Ue tn duvatdtnTa
egunnpétnong ¢optiou. H pun-tipnon Twv MEPLOPLOUWY Ao TO cuoTnua eAéyxou duvatal va
o6nynoesL tooo os unofaduon tov Badbuol anodoong kal peiwon TG Siapkelag (WAG TG
KUPEANG 600 Kol og anmwAewa Tou idlou tou ¢optiou. To clotnua eAéyxou TO oOmoio
vAomoliBnke Aaupavel umtoPn Toug AELTOUPYLKOUG TIEPLOPLOUOUG TwV Slataéewv udpoyovou
Kall LKOWVOTIOLEL KpLTpla armodoTikn G AetToupyiag e TOUTOXPOVN TPOCTACLO TOUG Ao cUVORKEG
oL omoleg pmopouv va odnynoouv otnv UTOBABULON TWV XOPOKTNPLOTIKWY TOUG TEPAV TNG
TiPoPBAETOUEVNG.

5.4.1 Asitoupyikoi mepiopiouoi kuwéAng kauoiuou PEM

Itnv mopdypacdo mou akoAouBel efetdlovtal oL KUPLOL AELToupyLKOl TEPLOPLOMOL TTOU
SlEmouv N Aswtoupyla TG KUYPEANC KOUOLUOU HME OKOTO TNV KATAAANAN Tpocappoyr Tou
eAéyxou Tou cuoTnuatog. Apxika e€etaletal n umofaduon thg andédoong tnc KUPEANG UE TO
XPOVO KOl CUYKEKPLUEVA N eEMidpacn TNG evAAAAyNG KATAOTACEWV AELTOUPYLOG OO EVEPYN OF
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un (aAAemtdAAnAeg ekkwvioelg, on/off cycling) kot otn cuvéxela n SuvatdTnTa AMOKPELONG TNG
KU EANG o€ petafatikd poptia.

o Aidpkeia {wng kai umrofBabuion tng amodoons ue 1o xpovo (degradation)

Ta tedevtala xpovia, ival MA£ov anodekto OTL yla va Yivel Suvath n podlkn xpnolponoinon
kKupeAwv Kauvoipou PEM oe edapuoyéC nAektpomapaywync N NAEKTPOKivnong TPEMEL va
BeAtlwOel katd TOAU n avtoxr toug (durability) oe oAAemMAAANAEG eKKIVAOELG (HeTaBaTikd
¢doptia tunmou on/off, on/off cycling) Ta omoia €xouv kat w¢g amotéAeopa TG AAAEMAAANAEG
EVOANOYEG KATAOTACEWV AELTOUPYLAG TNG atd evepyn o€ un. MeAeteg [5] — [7] €xouv amodeifel
oTL N avéopeiwaon tou duvapkou tng KUPEANG emtayUVeL T StdAuon Tou KataAutn (mAativa)
ota nAektpodia. Akoun, n €kBeon tng ocuvdeopoloyiag pepPpavn — nAektpodio (Membrane
Electrode Assembly - MEA) og piypa udpoyovou Kkat aépa UTO OUVONKEC AVOLKTOKUKAWGONG
(Open Circuit Voltage - OPV) cupBaAAeL otn XNk utoBaduion tng pepPpavng. Emunpdobeta,
N TIEPLEKTLKOTNTA TOU VvePOU epdavilel Stakupdvoelg avaloya pe To pevlua $OPTIONG,
oSnywvtag otn pnXoviky urtofaduion tng pepPBpavng. Téloc, n dtadikaaoia tng Staluong Tou
KataAutn Kot n dtadikaaoia tng umoBaduLlong tng HeUBpAvng UIMopoUV va eVIoXUOUV N Hia Thv
GAAN [13].

JTo meipapa mou Teplypadetal otnv avadopd [17], e€etaletar n umoPfdabuiwon NG
Aettoupylog g kKUPEANG oe meptBariov alwtou (N,) yia dpoptia tumou on/off. 3to Ix. 5.36a
daivetal n mepapatiky dtatagn. To ¢optio Tunmou on/off avtikatontpiletal otnv mieon g
KUPEANG (Zx. 5.38B). Zto mpwto PBrua (84), mapexetatl alwto otnv dvodo kat otnv kabobdo yla 9
s KoL ol BaABidec e€060u eival kAeloteg. 2to deutepo BrApa (6,), ol BaABideg e€d66ou avoiyouv
yta 1 s. Meta and 100.000 tétoloug KUKAOUG Aettoupylag, N umtoBaduLon tTng KAumuAng Taong —
pelATOG 0 ouvONKeg pEong uypaciag 50% kot 80% ¢aivetal oto Xx. 5.37. Mapatnpeital
ONMAVTIKA TTWON TAONG O TUKVOTNTEC PeUMATOC aviTepeC twv 0.8 A/cm’ O KUKAOG
Aettoupyiag on/off emnpedlet apvntikd tnv MEA, cupnepAapuBavouéVoU TOU OTPWHATOG
Sdlaxuong aeplwv kat tng Semudavelakng Soung pepPpavng — nAektpodiou, odnywvtag oe
MHelwon otnv anodoon tn¢ KUPEANG. Ito Y. 5.38 daivetal n dievpuvon tou GACUATOC TNG
ouVOeTNG avtiotaong tng MEA, n omola e€aptdtal APeco amod TNV KAUTTUAN TAonG - pEVUATOG.
Ze UYPNAEG TUKVOTNTEG PEUMATOG, N OUVOETN aviiotaon emnpedletal amd TO HUNXAVIKO
davopevo pong Twv aePiwv, VW O XAUNAEG TIUKVOTNTEG PEVMATOG eMnpPeAleTal amd TO
¢dawopevo Tng evepyomoinong. Itov mivaka 5.8 daivetal n avfénon tou TAXOUG TWV
owpatdiwv Tou KataAUtn, n omoia odelletal otn Helwon NG evepyolC emPAVELOG TOU
kataAvutn [7].
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IX. 5.36 MeAétn unoBaduiong tne Asttoupyiac tne kUWEAnG oe meptBaiiov alwtou yLa @optic TUTOU
on/off a) Mepauartikn Swataén 8) MetaBoAn rmicong tne kuéAng tumou on/off.[17]
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IX. 5.37 KaunuAeg V — | mptv kat pueta artd 100.000 kukAoug Asttoupyiag yia vypaoia (a) 80% (8) 50%
[17]
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IX. 5.38 Qdoua ouvvietng avtiotaong MEA mpwv kot peta amd 100.000 kUkAoug Aettoupylog o€
ouvlnkec vypaoiac (a) 80% (6) 50% [17]
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Mivakag 5.8
MeéyeBoc owuatidiwv kataAvutn (Pt) mptv kot pueta oo 100.000 kUkAoug Agttoupyioac o GUVONKEG
vypaoiac 80% kot 50% [17]

MEAs Anode(nm) Cathode(nm)

Fresh 2.53 2.53
After 100,000 cycles under RH 80% 3,79 3,78
After 100,000 cycles under RH 50% 2,93 3,47

Ao To MOPATAVW, KATAAYOUHE OTO CUUMEPACUA OTL N Asttoupyia TNG KUPEANG KAUGiLoU
oe petaBatika poptia tumou on/off emtayvvel Tnv umoBaduLon TG amodoonG TNG KoL LELWVEL
T0 XpOvo {wnG TNG.

e Auvauikn amokpion o& METABATIKA @opTia

INUAVTIKA TIOPAMETPOG YloL TN OWOTH A€LToupyio TOU CUOTAMOTOG €lval n SuVOLKA
amokplon tng KUPEANG o petafatikd ¢optia AOyw Twv KABUOTEPrOEWY, OL OMOLEC £XOUV
oavadepbel otn povtelomoinorn. XpnoLUOTIOWWVTAC TO HOVIEAO TIOU TEPLYPAPTNKE OTNV
T(PONYOUHEVN EVOTNTA, TtpaypatonoliOnkav Bnuatikes aAlayég oto poptio kat eAndOnoav ta
anoteAéopata tou ). 5.39:

I I I L L L L I
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
tis) tis)

(a) (B)

Zx. 5.39 Avvauikn anokpton kuéeAncg oe uetaBatika @optia o) MetaBatiko pevua 8) taon .
H Suvapkn amokplon tng KUPEANG kauoipou PEM g€aptdtal katd kKUplo Adyo amnod [18]:

e To pawvopevo nAektpknc duthootolBadag

e TG UNXAVIKEC KOBUOTEPNOELC PONG TOU KAUGLHOU/0EEOWTIKOU

e Toa Beppoduvaplkd xopaktnpLloTkd KUPEANG

MapoAo mou n xwpntikotnta C, n omola poviehonolel To dawvopevo tng duthootolpadag,

glval apketd peyaln (uepikd Farads yia kdBes ku€An), n otabepd xpovou T = (R + Reone ) -
C eival oxetkd pikpn (Ayodtepo amod 1 s), kabwg n moootnta (R, + Repne ) EVOL QPKETA pIKPH
(Ayotepo amo 0.05 Q yua kdBe kup€An), otav n KUPEAN AEToupyel 0TN YPOAUULKY TIEPLOXA.
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Ermopévwg, n xwpntkotnta C emnpedlel tn SUVAULKA AmOKpLon O€ ULKPR KALMOKa XpoOvou. Amo
NV AA\n TAEUPA, N Pon Tou KAUGoiMou Kot Tou ofeldwtikol &g pmopel va akoAouBnoeL TIg
omOTOUEC aANayEC TOu doptiou akaplalo, HE ATOTEAECHA VA SNULOUPYOUVTOL HUNXOVIKEC
kaBuotepnoelg. OL HUNXOVIKEC KOOUOTEPNOELG Kupoivovial omo HePKA Oekadeg €wg
ekatovtadeg deutepoAenta. Emiong, n Bepupokpacia Asttoupyiag tng KUPEANG &g pmopel va
oAAdgel akaplaio. H Beppoduvapuikr otabepd xpovou pLag KUPeANG Kavoipou PEM givatl tng
Taéng twv Aemtwv. EMOMEVWG, oL pnxavikeg kabuotepnoelg kat to Oeppoduvapikd
XOPAKTNPLOTIKA TNG KUWEANG uTtepKaAUTITOUV TO davopevo tnG Sumhootoladag oe UeYAAn
KAlpaKka xpovou. AuTO TO yeyovog emiBefalwvetal Kal amo thv mpooopoiwon (oxnua 5.39).
Onwcg dpaivetal, os amotoun avénon Tou PeUUATOC ToU hopTiou N Tdon MEDTEL XAUNAOTEPA TNG
TIMAG MOVIUNG KATAOTOONG KAl OTn OUVEXELA oTaBepomoleital oTn HUOVIUN KATAOTOOoN ME
OXETIKA PEYAAN kaBuotépnon (Hepka ekatovtadeg SeutepoAemta), AOyw TwV GALVOUEVWV TIOU
TEPLYPADTNKAV TIOPATIAVW.

Itn ouvéxela, oupdwva pe tnv avadopad [19] Ba avaAuBolv mepaltépw T PaALVOUEVA
KaBuotepnoewV OTIG LETABOAEG TOU popTiou ToU opelAovTal OTA PLNXOAVIKA HLEPN:

e Emnefepyaotng Kauaoipou.

® JUUTLECTEG.

e AvtAieg tpododoaoiag ofuyovou kat udpoyovou.

MNna pio 6edopévn ocuotolyia KUPEAWVY Kauoipou n oxucg e€6dou eival avéouoa cuvaptnon
Tou puBbpou tpododooiag pe Kavaotpo. Xto Xx. 5.40 mapatnpeitol otL os Kabe emninedo pubuouv
napoxng udpoyovou avtiotolxet kat pia, dtadopetiki kKABe dopd, kapmuAn V-I. Auédvovtag to
pubuo tpododooiag emtuyxdvetal av€non Tou PEVATOG KAL TNG LOXVOG TTou Utopel va Swoel
n ovotolyia. Opwg, yla va emiteuxBel auto Ba mpenel va petaBAndel n taxvtnTa pe TNV omola
Aswtoupyel n avtAia, Stadikaoia mou amattel pepika deutepolenta. Katd tn xpovikr Slapkela
0UTA, TO PEVHA KOl N Taon Ba kabuoTteprioouv va GTACOUV OTNV TEALKI TOUG TN KAl N oXUg
€€6dou 6e Ba umopécel va akolouBnoel Tig amnattioelg tou ¢optiou, dSnAadn e Ba €xel
Bnuatikn amokplon, aAld ekBetikr). H otabepd xpovou moikidel amd pepikd SeutepoAemta
HEXPL LEPLKEG OEKADEG beuTEPOAETTAL.

70 -‘
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@ T ——— .
o T — 25% Flow
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‘—E 40 —
= = T
s 30 ] T
=% |
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IX. 5.40 Kaumnueg V — | kuéAng kauaoiuou yia Stagpopoug puduoug tpopodooiag.[5]
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Ol LEPLKEG TLECELG TWV AVTLOPWVIWY CUVAPTAOEL TwV puBuwv Tpododoaciag divovtal amo tig

OXEOELC:
1 (5.61)
p :—/K”Z m—2-K, i)
H2 71 + 1Ty, S He ’

1 (5.62)

D, = /Koz in _ g _l)

0271 + 19,5 02 7
Y

Ky,0 (5.63)

PHy0 1+ 7,0 -s( e 1)

Omnovu i to pevpa e€660ou tNC KUYPEANC, q}',"z Kol qg; Ol LOPLOKEC POEC EL0OSOU TOU USpOYOVOU
kat tou ofuyovou (mol/s), Ky,, Ko,, Ku,o oL poprakeg otabepeg twv BaABibwyv kat Ty,, To,,

Tp,0 OL OTAOEPEG XPOVOU TIOU OXETILOVTAL HE TIG POEG TWV AVTLEPWVTWV:

S Va (5.64)
2 = Ky, RT
K (5.65)
Y0 = ¥ RT
0,
Ve (5.66)

0 = RT
H otaBepa K, umoloyiletal wg e€AG:

Ncell (5.67)
4F

H pon tou avtdpwvtog ubpoyodvou divetal ano tn oxéon:

K, =

qi, =2 K. -0 (5.68)
O BaBuodg xpnowomnoinong tou kauoipou opiletal wg o Adyog TG PONG ToU avildpwviog
udpoydvou TPOG TN CUVOALKN PON:
_ qh, (5.69)
9,

Mevika@, eival emBupunto o Babuog xpnolpomnoinong Tou Kauoipou va €xel uPnAn TN, £tot

Uy

WOTE va £XOUHE TO €Adxloto Suvatd KOOTOC KOUGLHOU KOl VO EMOPKOUV HUIKPOTEPOL KoL
$OnNVOTEPOL CUUTILECTEG YLt TO CUOTNMA. OpwG, amod KAmolo onueio kat petd &g cupdEpeL n
avénon tou, eneldn 0dnyel oe peydAn mtwon taong tng e€660u Twv KUPeAwy, OMwc paivetal
oto Zx. 5.41. Q¢ bavikh ouxva Bewpeital n wpn, Ur o = 0.85.
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IX. 5.41 Taon avolktokUKAwaNG KUYEANS kawwaiou ouvaptrioel Tou Baduou xpnotuomnoinonc Kauoiou.

Emopévwg, amo Tig oxeoelg 5.69 kat 5.70 AapBavetal n embupunthi pon Kauoipou:

gn =25 (5.70)
27 0.85

H poplakr pon tou eloepXOMeEVOU ofuyovou UTIoAoyileTol wg €val KAAOHO TNG PONG Tou

vbpoyovou, cuudwva LE TN OXEoN:

m i (5.71)

Omnou 1y_p Ha otabepd petady twv Tipwy 1.1 kat 1.2.

Aebopévou OTL yla va ylvel n xnuwkn aviidpaon amatteitat n plon moootnta oe mol
ofuyovou amo ubpoyovo, oTov eMeEEpyaoTH KAUGIHOU ELOAYETOL APKETA HEYOAUTEPN TTOCOTNTA
ofuydvou. Me autd Ttov TPOmo (auvénon tng CUYKEVIPWONG €vOg avildpwvtog, €dw Tou
ofuyovou) eéaodaliletal kaAutepog Babuog xpnotpomnoinong tou udpoyovou Kat PeyaAlTepn
ToxUTNTO OTNV IPOYHOTOTOoinon TG avtidpaongc.

o tnv mpootaoia TG cUCTOLXIAG, O CUVTEAECTAG XPNOLLOTIOINONG TOU KAUGLOU TIPETEL VAL
nieplopiletal. Ze avtiBetn mepimtwon mapatnpouvtal ta €£€n¢ pawvopeva [20]:

e Ynmoypnowomnoinon kavaoiuou: H taon tn¢ kKuPpéAng Ba auvénbel amotopa. MNa auto, To
pelpa NG KUPEANG BV ETUITPEMETAL VA TTECEL TILO KATW ATO TO KATWTIATO PEUMA TNG
ocuoTtoliag.

e Ynepypnoiuomnoinon kavaiuov: ENeuwpn kavoipou kot povipes BAaBeg otig kupéleg. MNa
0UTO, TOo pelpa NG KUPEANG Sev ETUTPEMETAL va EEMEPACEL TO AVWTIATO PEVUA TNG
ocuotouylag.

e Yrotaon: YMApXEL pla Katwtatn Tl taong (0.5 V), kdtw amod tnv omoia n tdon Ing
KUPEANG HELWVETOL QmOTOUA LE TNV aV€non Tou PEUUATOGC.

Ermopévwg, eival emBupntd o ouvteAeoTAG XpNoLomnoinong va maipvel TEG ano 0.8 £wg
0.9. AuTO B£teL Tou €€NG MEPLOPLOLOUC Yo TO peUpa POPTLONG:
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08-qif, _ . _09-ai, (5.72)

qn - . ;
08<U;<09=08<—2<09=08q <2-K -i<09-qf = 7K SIS

qHZ

Yuvoyilovtog oupmepaivetal OtL n otav n KUPEAN Asttoupyel e€umnpetwvtag PeToBatika
doptia kal dlaitepa Otav autd odnyouv oe OANEMAAANAEC eVOAAOYEC KATAOTAOEWV
Aettoupylag ™G amd evepyn) o€ pn mpokoaAouvtal ¢avoueva OTwG KaAOUOTEPROEL OoTnV
amoKpLon TNG LWOXVOG TG, MElwon TG amddoong tng umofaduion Twv AELTOUPYLKWV
XOPAKTNPLOTIKWV TNC Kal HElwon Tou mpoodokipov {wNG tnc. Emopévwe, ival amapaitntn n
UTapén HLOC ETUTAEOV EVEPYELOKAG TTNYNC, N omola Ba pewwoet T Stakvpavon TNE TAoNG TG
KUPEANG Kauoipou Kal Ba Lkavorolosl To $opTio, O TIEPUTTWOELS TIOU N LoxU && pmopel va
anokplOel dpeoca. Auto to pOAo £XOUV OL UTIEPTIUKVWTEG OTNV Ttapoloa pyacia.

5.4.2 Nsitoupyikoi mepiopiouoi nAektpoAurn PEM

e AiakomTouevn Asitoupyia (intermittent operation) kai KUpArwon 10XUOS

Yrapyxouv TOAEG meputtwoelg otn BiBAoypadia [1], [4], [9], omou o nAekTPOAUTNG
xpnowuormoleital oav eheyxopevo ¢poptio (dump load), dnAadn tpododoteital pe omotadrmote
neploosla  OXUOG UTAPXEL OTO oUOTNUA. AUTO €XEL WG OIMOTEAECMO Vo AELTOUPYEL
Slakomtopeva, aAAd Kal pe PeYAAn KUPATWON LoXUOgG.

‘Eva mpoPAnua mou Ba pmopouce va mpokUYPEL elval OTL , o€ peyaAn mepiooela LoxLog, o
puBUOG e Tov omolo Tmapayovtal To udpoyovo Kal To ouyovo (o omolog ival avaloyog g
TIUKVOTNTAC PEUMOTOC) UTMOPEL va €lvol HUIKPOTEPOG TOU pubpol He Tov omoio ta agpla
Slamepvolv Tov NAEKTPOAUTN, HE QMOTEAECUO VO OVOULYVUOVTOL TO €va HE To GAAo. Auto
UMOpEel va SnNULOUPYNOEL EMIKIVOUVEG GUVONKEG OTO EC0WTEPLKO TOU NAeKTpoAUTn. Ta opla
avadAeéng Tou uSPOYOVOU AVOUEULYUEVO e 0Euyovo eival petafl 4.6% kat 93.9%, aAld n
QUTOMOTN  OTEVEPYOTIOINON  TNG OUOKEUNG EVEPYOTIOLE(TOL O TOAU  XAUNAOTEPEG
OUYKEVTPWOELS. O puBudc Sieiobuong tou uSpoydvou péca amd Nafion 117 otoug 80 °C oe éva
TUTkd nAektpoAUtn PEM eivat Aydtepo amd 1.25%10* cm?/cm?s und atpoodatpkr mieon,
ToU avtloTolkel oe mukvdTtnTa peUpatoc 0.002 A/cm?. Auth n T eival pdMov apeAntéa
OUYKPLVOUEVN ME TNV TUTILKA TIUKVOTNTO PEVUATOC EVOG NAEKTPOAUTN PEM o€ péylotn woxv, 1
A/cm?. NMopdla autd, o pubrdE SLAMEPATOTNTOS TOU USPOYOVOU QUEAVETOL YPAUULKE HE TNV
niieon, to omolo onpaivel 6tL og mieon 200 bar ot anwAegleg udpoydvou Ba eival mepinou 0.4
A/cm?. To 2. 5.42 Seixvel Tn SlamepatdTnTa TOU USPOYOVOU 0a GUVAEPTNON TNC THEGNC KOL TNC
Bepuokpaoiac. H Stamepatotnta tou ofuyovou sival Katd Alyo pikpotepn [8].
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IxX. 5.42 Awamtepatotnta udpoyovou uéoa ano Nafion 117 ouvaptrioet tieong kat Oepuokpaociog. [8]

‘Eva dAAo tpOPANpa TTOU OXETILETAL PE TNV KUMATWON TG LoXVoG eival n Bepukn dlaxeipion.
O nAekTpOAUTNG XPELAlETOL KATOLO XPOVO ylo va GTAcEL TNV Kovovikh Oepupokpacia
Aettoupylag, aM\d eawtiag tng Slakomtopevng Aswtoupylag, pmopel va Asttoupyel o€
BEpPUOKPAOIEC KATWTEPEG TNG OVOUOOTLKAG, LUE ATOTEAECHA TN LELWMEVN antdodoon. TENoC, otnv
avadopad [2] onuelwveTol OTL av ol aAAOYEC TNC LOXUOG £ival ypnyopoTeEPEG amo 1o pubuo
enefepyaoiag twv aepiwv, n mieon 6e umopel va eleyxOei, dnuoupywvtag mpofAnuata
aodaleiag. Emopévwg, mpoteivetal n avfopeiwon TNG LOXUOG ToUu NAEKTPOAUTN UE Th XPrRon
TEPLOPLOTWV KALong (rate limiters). MNa mapddelypa, Evag Tumikdg nAektpoAutng 20 kW pmopet
va au€noetl tnv wxL Tou amo to 16% £wg to 100% TNC OVOUAOTLKAC TOU TIUNG pEoa os 40 s,
6nAadn pe kAion 500 W/s.

o [licon udpoyovou

‘Evag nAektpoAutng PEM pmopel va oxedlaotel yla va mapayel udpoyovo uPnAng mieongc.
AUTO amaltel TNV avtiotoln avtoxn thg MOAUUEPOUG HEUPBPAVNG Kal TNV KATAAANAN emAoyn
TWV UAKWV. OL NAEKTPOAUTEC TOU EUTTOPLOU UIMOPOUV va Ttapayouv udpoyovo UTo miieon 14 bar
(200 psi) kot MEPOUATIKA UIOPOUV va Tdcouv £wg kot 200 bar (3000 psi). H dtadikaoia tng
oupumieong katd tn Sldpkela TG nAektpoAuong auvfavel EAadpd TNV TACNH TWV KEALWY, OTIWG
exeL mpoPAedBel amnd tnv e§iowon tou Nernst. H povn anwAela eival n Stdxuon tou vudpoyodvou
otnv moAupepn HeUPpavn. To udpoyovo uPnAng mieong eival amapaitnto o £POPUOYEC
amoBnkevong oe de€apeveg uPnANG Tieong Kal oe edpappoyEG NAektpokivnong. Mapola auta,
amnatteitol o KatdAAnAog éAeyxog, ou Ba Stakomtel TNV Tpododocia Tou NAeKTPOAUTN, dTav N
Tiieon Tou udpoyovou GTACEL O ATAYOPEUTIKES TLUEG.

e [llapaywyn oéuyovou

O NAeKTPOAUTNG TTOPAYEL OTOLXELOUETPIKEG TTOOOTNTEG 0EUYOVoU WC €€NC: yo KaBe 2 mol
uvdpoyovou mapadyetat 1 mol ofuyovou. To mapayopevo ofuyovo ameleuBepwvetal otnv
atudodalpa, EKTOC €AV UTIAPXEL N avaykn omoBrnkeuong tou ofuyovou yla €MOUEVN XPNHon,
OMWG otnVv mepimtwon t™ng KUPEANG Kawoipou. e QUTAV TNV TEpUMTwon, n amnobnkeuon
ouyovou Kkal paAota og uPnAn ieon amattel tn §€éovca MPoooy!).
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e KaravaAwon vepou

OewpnTikd, 1 It vepoul propet va mapdyet 1.24 Nm?® uSpoydvou. H mpaypatikd katavaAwon
VEPOU €lval Katd 25% auvénuévn, kabwg kot ta SUo agpla mou Tapdyovtal ival eVvudatwueva
KOl KAmola ToootnTa vepol XAvetal Aoyw tn¢ Staduyng tou ofuyodvou kalt Adyw Tou
meplodikol  Kabaplopol Tou Uudpoyovou. AUTO eival TIOAU ONUAVIIKO YylO CUCTHHOTA
NAgKTPOAUONCG TTou SoUAeVOUV o€ KAELOTO BpOxOo e KUPENEG KaUaipou.

e Amdédoon

H andédoon tou nAektpoAutn €ival avilotpodws avaloyn tng TAong Tou KEALOU, n omoia
efaptartal amd TNV TUKVOTNTA PEUMOTOC, TOU €lval ovaAoyn HE TO pubuod mapaywyng
ubpoyovou ava povada evepyol emipavelog tou nAektpodiou. YPnAotepn taon €xel cav
QTMOTEAECUA PEYAAUTEPN Ttapaywyn udpoyovou, aAAd pe xapunAotepn amodoon. TUTLKA TN
TAoNG Tou KEALOU €ival ta 2 V, aAAd ocuvABwG N OVORAOTIKA T €lval pkpotepn (~ 1.6 V),
WOlaitepa av n amodoon ival onUOVTIKOTEPN TOU KOOTOUG KoL TOU HEYEBOUG TOU NAEKTPOAUTN.

Mia dAAn attia peiwong tng anodoong eival ol anwAeleg diaxuong tou udpoydvou peEoa
and TNV MOAUHEPH MEUBPAVN. AUTEG OL OMWAELEG ElvOL AUEANTEEG YLl XONAEG TILEOELG, OAAQ
UMOpPEL va emMnPedoouv Tn OUVOAKN amodoon yia uPnAég miéosic (> 100 bar). Emiong,
ONUAVTLKEG £lval Kol oL anwAELEG LoXUoG Ttou odeidovtal ota Bondntika cuotrpata. Ot TuTikol
NAEKTPOAUTEC Tou epmopiou €xouv katavdAwon evépyelac amod 4.5 éwc 6.0 kWh/Nm?, mou
avtiotolxetl og anodoon 65 — 80%. To Zx. 5.43 Seixvel TG KAUMUAEG anddoong cUVAPTACEL TNG

rapaywyng udpoyovou yla SLadopeg TLECELG 0€ Eval TUTILKO NAeKTpoAUTn PEM [8].
1
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08y g g
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Zx. 5.43 KaumuAeg amtddoong ouatowyiag nAektpoAutn yia Stapopeg nieceic. [8]

Emopévwg, n ouvoAikn anodoon evoc NAekTpoAUTn Unopel va utoAoylotel wg e€nc:

1.482i — iloss pc (5.73)
NeL = :
Vcell l 1+ E
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Omnou V., n tdon evog KeALOU, i N TUKVOTNTA PEVHOTOG AELTOUPYLAG, i))ss OL OATIWAELEG, pc
n amodoon tou petatpornea IP kat & o AGyog TNG MAPAOCLTIKAG TPOG TV Kabapn oxy mou
KOTAVAAWVEL 0 NAEKTPOAUTNC.

210 2x. 5.44 daivetal n bk katavadAwon €vog nAektpoAutn 26 kW xwpic BonBntika
UTTOCUOTAMOTO OUVAPTAOEL TNG KaBapng woxlog eoodou yla dladopeg Bepuokpaoieg [21].
MapatnpoUpe Mwc avénon TG BEPUOKPOOLOC CUVETAYETAL EAATTWON TNG ELOIKNAC KATAVAAWONG
KOLL TTWG OV 0 NAEKTPOAUTNC AELTOUPYOUOE KATW Ao To 12% TNG OVOLOOTLKAG LOXUOC TOU, TOTE N
€bIK Katavalwon eveépyelag Oa avfavovtav paydaia. OUTwG | AAwg, dev emTpEneTaL N
Aettoupyia TG povadag oe oL UkpoTEPN amo to 20% TNG OVOUOOTIKAG AOYw TPOoBANUATWY
otnv KaBapotnta Tou mapayopevou udpoyovou.

Specific consumption (KWh/Nm)

Input Power (kW)
Zx. 5.44 Elbikn katavaAwaon evépyelag nAektpoAutn 26 kW ywpic Bondntika cuotriuata cuvaptrioeL The
kaBapnc .oxvocg eloodou yia diapopeg Yepuokpaoiec.[21]

o Aidpkeia {wri¢ kai ummoBa6uion amodoong pe 1o xpovo (degradation)

INUAVTIKA TIOPAPETPOG Yo TNV armddoon, aAAd Kol yla TNV TEXVOOLKOVOULKN avAaAuon tou
UBPLSLKOL cuoTUaTog ival n dtapketa {wng evog NAeKTPOoAUTH, KaBwg Kat n urmofaduon Twv
AELTOUPYLKWV TOU XOPOKTNPLOTIKWY HE TO XPOVo. H tdon tou nAEKTpoAUTn mapouctalel pia
avénon avaloya HE TO XpOvVo Aeltoupyiog Tou, Onweg daivetal kal oto Xx. 5.45 [8]. Aut) n
avénon elvat andtoun tg mpwteg 2.000 wpeg Aettoupyiag, 20 — 50 puV/h, aAd otn cuvéxela
ehattwvetatl (< 3 pV/h). OL kOplot Adyol autng tng avénong eivat n e€looppomnon tNng
TIEPLEKTIKOTNTAG TOU VEPOU oTn MEUPBPAvN Kat n o&eidwon Tou KataAuTtn Kol GAAWV LETAAALKWY
uepwv. H Aswtoupyila TG povadac umod auénuévn taon €XEL OA CUVEMELX TN HEIWON TNG
anodoaong, Omwc £xeL Nén avadepOeL.

EOviko Meroofio Ioivteyveio
Moauog 2011



2.8

26

24 Time = 2,000 to 14,000 hr —|
Decay rate = 3 pV/cell hr

. n -
22 'o'..u = - = = —

Cell Voltage (Volts)

.
Time = 400 to 2,000 hr
2.0 + Decay rate = 20 pV/cell hr

16

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000

Operating Hours

IxX. 5.45 Auvénon tng taong evoc NAEKTPOAUTIKOU KEALOU auvapTHOoEL TOU xpovou Asttoupyiag. [8]

5.4.3 Mapauesrporroinon rou eAéyxou AauBdvovrag urroyn tnv amodoaon mnNg
KUWEANG KAuOiuou Kal ToU NAEKTPOAUTN

Me otox0 Tn peylotonoinon tou Babuol anddoong Tou CUCTHUATOG KoL OTWC avadEpOnKe
Kol otnv mponyoupevn svotnta n A/T kot ol dwTOPROATAIKEG YEVVNTPLEG AELTOUPYOUV HECW
ehéyxou MPPT. Qotdoo, 6cov adopd otnv KUPEAN kauoipou, n amnddoon saptdtol KAt
KOpov amo to emninedo ¢poptiong aAAd Kot tn Bepuokpacia. H povtehomnoinon tng KUPEANG n
omola mapoucltdotnke otnv evotnta 5.3.3 duvatal va avamopaoTthoel PE okpifela TIg
XOPAKTNPLOTIKEG AELTOUPYLAG TAONG - PEVMUATOC, WOTOCO, TTOPOUCLATEL ONUOVTLKEG ATIOKALOELG
otnv ektipnon tg amodoonc. Suykekpuuéva yio Beppokpacia kupéAng 40°C n péylotn
OTOKALON METAEU TIPOCOUOWWHEVNG KAl TIPAYUATIKAC amodoong ayyilet to 9%. ‘Etol,
akoAouBnBnke pla dtadkacia yla TV ovamapdotacn TwWY XapOaKTNPLOTIKWY arnodoong tng
KUPEANG BaoLlopévn o€ PETPAOELG N oTola KAl EVTAXONKE 0TNV TMOPAPETPOTIOINCN TOU EAEYXOU
TOU cuoTAMOTOG. NNa TNV akpPr oavamapdoTacn TwV XOPOKTNPLOTIKWY AgLtoupylag tng o€
OX£0N HE TNV amodoon MPAYUATOMOLNONKE ULla OELPA LETPHOEWV TNC O Blopnxavikn KUPEAN
LE TapApEeTpO T Beppokpacia. Ta avriotola anoteAéopata ¢aivovtal oto 2x. 5.46.
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ZX. 5.46 Metprioels Baduou amddoonc - Loxuog TN¢ KUWEANG UE mapduetpo tn Jepuokpacio
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OL petpnoelg Seixvouv mwg n anodoon tng KUYPEANG elvat avtlotpodws avaloyn He TN LoxXL
Vv onola amodidel aAAd Kal Tn Beppokpacia tTnNG. ITNV MPONYoUEeVN evotnta €€nynOnke mwg
n e€unnpétnon doptiwv HKPNG SlapKelog Umopel va emdpACEL apvnTIKA OTN ynpavon tng
KUPEANG. EmumpooBeta, pe Baon ta anoteAéoparta tou ). 5.46 daivetal mwg n e€umnpétnon
TETOWV PopTiwv HELWVEL alobnta to Babuod amddoong tng dlataéng s€altiog Tou YeyovoTog
Ttwg N KUY EAN b€ Ba £xeL To XpOvo va TaoeL o HeyAAeC OEpUOKPATILEG.

Zuvdualovtag TG KAUMUAEG Tou Babuol anddoong tng KUPEANG LE TG AVTIOTOLXEG TUTILKEG
KQUTUAEG TOU petatpoméa 2P/ZP o omolog xpnoldomoleital yia tov €éAeyxo tng duvartal va
e€axBouv ol KapmUAeg tou OUuVOAWKOU PaBuol amoédoong ywo To cUOTNUO KUWYEAN -
petatponéag. Ot KapmUAEC Tou Babuol amodoong yia kabe diataén Eexwplotd aAAd Kal yla To
ocuvduaouo toug daivovtal oto 2y. 5.47.

E€attiag Twv meploplopwy oL omoiol avadEpbnkav mapandvw, o EAEYXOG TOU cUuoTHaTOoC Ba
nipemnel va Sltaodadilel mwg n KUPEAN kavoipou Ba tpododotel doptia péong kal HakpAg
Slapkelag, £xovtag £Tol xpovo va $taocel os Beppokpacieg mou odnyoUV OE LKAVOTIOLNTIKEC
TIHEG PaBpol amodoong aMAd kol amodelUyovrag OLAKOMTOUEVN AslToupyia, evw N
amob16opevn Loxug Ba mpemel va Statnpeital, ov auto eival Suvatov, oTo OnUEL0 OmMou N
KOUUAN BaBuov amddoong yla to cuvduaopo KUPEAN - petatpomnéag epdavilel péyloto. H
mpwIN ouvOnkn Staodaliletal divovtag oplopevVn MPOTEPALOTNTA OTNV KAAUYN Tou dopTiou
HEOW TWV UTEPTUKVWIWVY. H 8eltepn ouvOnkn Staodaliletal xwpilovtag tnv KapmuAn
anmodoong Tou ouvduaopoU KUWPEAN - LETOTPOTIEAC O Tpla TUAMATA, OMwC daivetal oto Y.
5.46. 3tnv neploxn 1 (OA1) to doptio efunnpeteital, av auto eivat Suvatov, HOvo amod Toug
UTLEPTIUKVWTEG, otnv Tteploxn 2 (OA2) to doptio e§umnpeteital amokAELOTIKA oo TNV KUPEAN
Kauaoipou, evw otnv neploxn 3 (OA3) amd to cuvbuacuod Toug, £ToL Wote o Babuog anddoong
ToU cuvluaopoU KUPEAN - LETATPOTIENC VO SlaTnpeital TAnGilov Tou peyioTou.
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IX. 5.47 Zyéon Babuou amddoong - amodLOOUEVNC LOXUOG Yl THY KUWEAN KOWUOIUOU, TO UETATPOMEN
JP/3P kat to cuvOUAOLO TOUC.
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H Aettoupyia Tou nAektpoAUTn UAOTIOLE(TAL LE BNUATIKEG AUEOUELWOELG TNG LOXUOG TOU KAl Ol
uetaPaocelg and to éva emninedo oto GAAo yivovtal pe meploplotr kAlong (rate limiter) €tol
WOTE VA POOTOTEVETAL OPEVOG Ao TIC EMKIVOUVEC yLa TN AELTOUPYLO TOU GUVONKEG OL OTTOLES
SnUoupyoUVTaL O TIEPUTTWOEL KUUATWONG TNE LoXxUoc l00dou, adeTépou va pn Aettoupyetl
UTIO XapnAn amodoon onwg neplypadnke otnv napaypado 5.4.3. Mo CuyKEKPLUEVA, avVTi va
XpNolwomoLleital 0 NAeKTpoAUTNG wg eAeyxouevo doptio (dump load), tpododoteital pe
Bruata woxvog twv 500 W, amnoé 500 W €wg 5000 W, pe neploptlopd kAiong 125 W/s.

5.4.4 AAyopiBuocg sAéyxou

KUplog oKomOCg Tou cuoTHUATOC EAEYXOU ival n adldAsumtn mapoxn oxvog oto dpoptio ot
outovoun Asttoupyla. e autrVv T HEAETN, N XPOVIKN Ttepiodog afloAoynaong tou eA£yxou eival
€va 24wpo. Ot Baoikol 0TOXOL TOU EAEYXOU TOU CUCTHMATOC lvat ot €€Nc:

1. H ZAtnon wyvog twv dlaocuvdedepévwv doptiwv Oa MPEMEL MAVTA VA LKAVOTIOLELTAL,
TouAdylotov yla poptia ta onola Bewpouvtal cuvnOLlopEva.

2. 'OAec OL OUVIOTWOEG TOU CUOTAMOTOC 0PEIAOUV va AEITOUPYOUV LIE TETOLO TPOTIO, WOTE
va unv unofaduilovtal ta AELTOUPYLKA TOUG XAPAKTNPLOTIKA Kol va amodelyovral
nipoPBAnpaTa mou pnopel va B€couv og Kivéuvo tnv aodAAELd TOUG.

3. H ouvoAikn amoBnkeupévn evépyela (USpoyovo, UMEPTTUKVWTEC) TIOU KOTOVOAWVETAL Ba
TIPEMEL VA armokabiotatal LETA amo €va KUKAO Aettoupyiag, av auto eivatl duvarto.

4. H uynAl mowdtnta tng Tapayouevng oxvog eival amoapaitntn, eAAeipel dAAou
ouoTAATOG otaBepormoinong taong amno to diktuo (autdvoun Asttoupyia).

O SLaXELPLOTIKOG EAEYXOG TOU CUCTAMATOC TIOU TIPOTEIVETAL OE QUTHV TN UEAETN €XEL WG
0TOXO0 TNV LKOWOTIOLNCN TWV IAPATAVW KPLTNPLwV.

O aAyopBuog Aettoupyiag Tou Bacikou eAeyktn (main controller) daivetal oto Zx. 5.48. Avo
Eexwplotol eAeykteg MPPT xpnolpomowOnkav yla va eAéyEouv tn AELTOUPYLA TWV LETATPOTIEWY
IP Tn¢ avepoyevntplag Kat tng dwrtoBoAtaikng yevvntplag. H Asttoupyia tou gleykty MPPT
™N¢ avepoyevvntplag Baaoiletal otnv acadr Aoyikn, evw n Asttoupyia tou eAeykt) MPPT tng
dwtoBoAtaiknc yevvntplag Baoiletal otn péBodo P&O. O aAyoplBuog Asttoupyiag Tou Bactkol
eheyktn Slaxelpiletal tn por NG LoxVog oto {uyd IP pe MPWTAPXLKO OTOXO TN KAAuyn Tou
doptiou. H mepypadn tou alyopiBuou yivetal mapakdtw:

O BaoKOG €AEYKTAG UETPAEL SELYUATOANTITIKA TNV LOXU TOU TIOPAYETAL amd TIG KUPLEG
EVEPYELAKEG TTNYECS, SNASN TNV LOYXV TNG AVEROYEVVATPLAG, Py, KaL TNV LOXU TNG &/B yevvhTtpLag,
Ppy, kaBwg Kal TNV oXY Tou GOPTIoU, Pjogd, KAL OTN CUVEXELX UTIOAOYIZEL TO EAAELUMA 1) TNV
neploosla LoxvoG. Eav umapyel mepioosla LoxVog, autr) SLoXeTeEVETAL O TPWTO £minmedo otov
umepmiukvwtr). Eav to eminedo $poptiong tou unepnukvwtn (State Of Charge - SOC) eivat
HKpOTEPO TOU 100%, TOTE N €VEPYELA SLOXETEVETAL OE AUTOV UEXPL va GOPTLOTEL TTANPWG
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(Bpayurmpoveoun amodnkevon). Eav to eminedo ¢optiong eivar 100%, tOTE CUVOEETAL O
NAEKTPOAUTNG Yyl TV mapaywyn udpoyovou (uakporpodeoun amodrkevon), €dv, GUCLKA, N
niieon tng Sefapevng Sev EXEL MAPEL TN UEYLOTN TN TNG Pmax (MANpNc deauevn). H Aettoupyia
TOU NAeKTPOAUTN UAOTOLEITOL HE BNUATIKEG QUEOUELWOELG TNG LOXUOC TOU KOL Ol UETABACELG
oo to €va eminedo oto GANo yivovtal pe TEPLOPLOTH KALoNG (rate limiter) £€toL wote va
TIPOOTATEVETAL OO TLG ETUKIVOUVEG yLa Tn AeLToupyia Tou cuvBnKeg oL omoieg dnuoupyolvtal
O€ TEPUTTWOELG KUPATWONG TG LoXVog eloddou, onwg neplypddnke otnv mapdypado 5.1. Mo
OUYKEKPLUEVQ, aVTL va Xpnolpomoleital o NAEKTPOAUTNG w¢ eAeyxopevo doptio (dump load),
tpododorteital pe Briparta woxvog twv 500 W, and 500 W éwg 5000 W, pe meploplopd KAlong
125 W/s. Etol, 0 Baolkog eAeykTr¢ urtoAoyileL To eminmedo ¢poOpTIONG Tou NAEKTPOAUTN avaAoya
HE TNV Teplooela oxUog Kat UeTOBAMEL KATAAANAQ TNV TR avadopds Tou €AEYKTH TOU
eAEYXEL TNV LOXU TAPOXNG TOU Pejrer. O NAeKTpOAUTNG B oUVE)ioEL va apdyel uSpoyovo, pEXPL
n mieon tng de€apevig va GTACEL TN PEYLOTN TWUA TNG Pmax (TANPNG S€€auevn). EAv n epioosla
Loxvog &g pumopei va anoppodnBei oUte amo tov uneprnukvwth (TANpn¢ @option), oUTE Ao Tov
NAEKTPOAUTN (mAnpotnta Seéauevic N mepioosia 1OYUOG UEYAAUTEPN TNG OVOUAOTIKAG LOYUOC
ToU NAektpoAUTn), TOTE aUTH OloXeTEVETAL OTO £AeyxOuevo ¢optio (dump load) ywo tnv
amnoduyr UTIEPTACEWV.

ITOV TPOTEWVOUEVO aAyoplOuo eAéyxou Oidetal mpotepatdtnTa Ot A£LTOUpPYiO TWV
UNEPTIUKVWTWV ylo TV efumnpétnon tou ¢doptiou oe mepimtwon eAeippotog. H kuPéAn
kavoipou Ba cuvdebel povo otav to eninedo GOPTIONG TOU UTIEPTIUKVWTI TIECEL KATW Ao 50%.
Me autov tov Tpomo, anodeUyETAL N ACKOTN XPNon TNG KUYPEANG KAUOLHOU O PETOBATIKA
doptia pkpng Suapkelag, e€aocdalilovtag tauvtoxpova vPnNAR evepyelakn amodoon: n
amodoaon Tou UTEPTUKVWTA (~95%) eival cadws vPnAotepn tng KUPEANG kavoipou (~50%).
Onwg daivetal kat oto Zx. 5.45 n e§unnpétnon tou pkpng Stdpkelag dopTiwv amod tnv KUPEAn
kavoipou umopel va odnynoet oe xaunAég anodooelg adou n Siataén de Oa €xel xpdvo va
BepuavOel emapkw. EmumpocOeta onwg daivetal kat oto Ix. 5.46 o Babuodc anddoong tou
ouvlua ooV PETOTPOTEAC - KUPEAN KOUOLUOU Elval HElwHEVOC Yia dopTio KATW Tou 1kW.

Otav 10 eminedo ¢OPTIONG TOU UTEPTIUKVWTN TECEL KATW amod 50%, tO0te cuvdéctal n
KUPEAN Kauoipou, yla va KaAUP el To EANAElpa LoxVog. To umtdAowno 50% tng evépyelag Tou
UTTEPTTIUKVWTI XPNOLHOTOLELTaL oa BonOntikn Ny TN¢ KUPEANG KAUGIHOU LOVO OE METABOTIKA
doprtia 1 oe neputtwoelg mov to EAAeLppa Eemepva ta 3kW £tol wote o BaOuog anddoong
TOU oUVSUAOUOU HETATPOTIENS - KUPEAN Kaoipou va dtatnpeitat otnv neploxr) OA2 Kovtd oto
MEyLoTo. H cuoToLyia TwV UNMEPTIUKVWTIWY OE aUTH TNV mepintwon Oa cuveyiosl va Asttoupyetl
€W OTou TOo eminedo HOPTIONG MECEL KATW aMo 25% OmoOTe Kol XPNOLUOMOLE(TOL HOVO cav
edpedpeia o meputtwon mou n KUPEAN Kauoipou Sev pumopei va e€untnpetnost to dpoptio.
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H Aewtoupyila Twv PETATPOMEWV 2P TWV UTEPTIUKVWTWY, TNG KUPEANG KOUGIHOU Kol TOU
eleyxouevou doptiou Baoiletal og Aoyikr otabepomnoinong taong, onwg ¢aivetal oto Zx. 5.12.
H olvéeon kat n amoouvdeon tN¢ KUYPEANC KAUGIHOU, TWV UTIEPTIUKVWTWY, TOU NAEKTPOAUTNH
KoL Tou eAegyxouevou ¢optiou Tmpaypatomolouvtal He davikoU¢ OlakOnmteg ol omoiot
eAéyxovTal OO TOV KUPLO EAEYKTI).

T > Measure Pwt, Ppv, Pload < *
—— UCdischarging Pe = Pwt + Ppv - Pload UC charging
fres l o
SOC>50% NO Pe>0 iES SOC>100%
lNo l YES
- YES Pmax
Pe>3kW YES reached
and L NO
SOC>25%

Electrolyzer power calculation

| No !

FCin operation FCin operation Electrolyzerin operation

UC in operation l
i o
YES Pel>5kW —_—]
| Undervoltage
Detected YES
Dump load
l NO in operation

ZX. 5.48 AAyOplOuOG EAEyXOU

5.5 AmroreAéouara

I' éva MPWTO OTASL0 TO CUOTNHA TIPOCOMOLWVETAL Yla SUO EEXWPLOTEG MEPUTTWOELG: ML
TUTILKA BgpLvh KAl KLa aVTLoTOLXN XELLEPLVH UEPQ, XPNOLLOTIOLWVTOG TOV aAyoplBpo o omoiog
TiEPLYPAPNKE OTNV TIPONYOUHEVN €evotnTa £T0L wote va aflohoynBel n emidoor) tou o
HeTaBaAAOpeVEG ouvOnKeg. e SeUteEpo OTASIO TO CUCTNHO TIPOCOMOLWVETAL yla ThV bl

Bepwvp HEPA Xwplg TN XPNON TOU TPOTELWVOUEVOU aAyopiBuou kot T amoteAéopata

ouyKkpivovtal €Tol wote va avadelyBel n amoteAeopaTIKOTNTA TOU.
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5.5.1 A§ioAdynon rou ouoTANATOC yIA MIA TUTTIKN O£pIvi Kal XEINEPIVI UEpA
XPNOILOTTOIWVTAS TOV TTPOTEIVOUEVO AAyOpIBuo eAEyxou

Me otoxo tnv aglohoynon tng ouuneplpopds TOU CUOCTAUATOC XPNOLLOTIOLWVTOG TNV
TIPOTELVOUEVN OTPATNYLKA €A€éyxou emiAéyovtal SU0 TUTIKEG, OO0V 0POopA OTIG KOLPLKEC
ouvOnKec, NUEPEC KaAoKalploU Kot Xelpwva avtiotoya. Ta dedopéva yla TV TaxUTNTO AVEUOU
Kal tnv nAtodpavela daivovtat oto 2. 5.49. To poptio mou xpnotpomnowBnke daivetat 2x. 5.50
Kall elval Baclopévo oto PodiA eVOC TUTILKOU OLKLOKOU KOTOVOAWTA Kal £Xxel SelypatoAnmtnOel
ova 15 Aemtd. AwUEG €xouv TPOOTEDEL OL OTIOLEC TIPOCOUOLWVOUV OTMOTOUECG HETAPBOAEC TOU
doptiou OMwWG EKKLVNOELG 1) TAUOELG KIVNTAPWV.
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IX. 5.49 Metpnuévn taxltnTa avépou Kol nAlakn aktwvoBolia oe nuepnola Baon (a) kalokaipt (B)
XELLWVAC.
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ZX. 5.50 Huepnolo xelpepvo kat Bepvo doprtio
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ApXlKA TO CUOTNUO TIPOCOUOLWVETAL yla Tt dedopéva tou . 5.48a. To dBpolopa tng
TOPAYOUEVNG LOXUOG Ao TNV QVEUOYEWNATPLA Py Kal amo tn /P yevwntpla Py, KaBwG Kat n
LoxU¢ Tou poptiouv daivovtal oto IX. 5.51a. Onwc mapatnpeital and to 1woluylo mapaywyng —
{ntnonc, umapxouv SU0 XPOVIKA SLaoTAMOTA HE EAASLUMO LOXUOG: €va Katd Tn SLApKeELa TNG
BpadLvAG oG KoL EVOL UKPOTEPNG KALLOKOG KATA TN SLAPKELA TWV TIPWTWV TIPWIVWV wWpwv. H
Héylotn meplooeLa Loxvog napatnpeitat petagu 0.00 h kot 3.30 h.

To Zx. 5.51B Seixvel TV LoXL €§660U TWV UTEPTIUKVWTWY, Py, KOL TNG KUPEANG KOUGLHOU, Py,
evw to ZXNua 5.51y deixvel TNV oL MOU KATOVAAWVOVTAL A0 TOV NAEKTPOAUTN, Pe, KoL TO
gleyxopevo $optio, Pyymp. 2T0 ZX. 5.516 Paivetal to emninedo PoOpTIONG TWV UTEPTIUKVWTWY
,SOC, kal n moootnta Tou amobnkeupévou udpoyovou H,. Exel Bewpnbel otL to eminedo
$OPTIONG TWV UTIEPTIUKVWTWV OTNV apx) Tou 24wpou eivat 50%, AOyw mponyoUHEVNC
ekpopTIonG. H cuotolyia umepmukvwTwV GopTIZETAL YL VOl UIKPO XPOVIKO SLACTNUA ULKPOTEPO
TWV TPLWV AeTtwy, pPEXPL va TeBel o Aettoupyia o nAektpoAUtng. Exoviag Swoel mpotepatdTnTa
otnv e§umnpETNon tou ¢opTiou ATO TOUG UTIEPTIUKVWTEG 0TOV aAyopLlOpo eAéyxou, n KUPEAN
kavolpou TiBetalr oe Aettoupyia povo Suo ¢dopeg katd TN Sldpkela evog 24wpovu,
armodelyovtog £ToL TIG AANEMAAANAEC LETABACELS Ao evepyr o un-evepyn (on/off cycling). Ot
UTIEPTIUKVWTEC TPoP0odoToUV To EAAELUMO LoXUOG TIou Sev KOAUTITETAL oo tnv KUPEAN. Mo
OUYKEKPLUEVQ, LKavoroloLv diadopa awxplokd doptia petafyv 8.00 h kat 15.00 h, adou 1o
eninedo ¢optiong mapapevel mMAvw and 50%, evw Slakomtetal n ekpOPTLON TOUG OTAV TO
emninedo ¢poptiong meoel KATW and 50% Kol O0Tn CUVEXELA XPNOLLOTIOLOUVTAL Yla TV KAAuYn
TwV petaBatikwv optiwv mou de punopet va tpododotroel n KUYPEAN yLa To XPOVIKO Slaothua
peta 14.00 h kat 20.00 h. Onwg ¢aivetat oto Xx. 5.51y, o nAektpoAUTNG Tpododoteital anod
Bnuatika emineda woxvog Kol ol petafacsl amd to €va eminmedo oto AMo yivovtol pe
neploplopd kAiong 125 W/s, omwg €xeL nén avadepbel. H 1oxVg mou dev anoppoddtat anod tov
NAEKTPOAUTN KATA TN SLApKELX TNG LETAPBAONG KATAVAAWVETAL Ao To EAeyxOuevo dopTio.
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Ix. 5.51 Oepwvn uépa (a) loxU¢ KUpLWV EVEPYELOKWY TINYWV Kot @optiou, (B) loxveig e€obou kuEAng
KOtUoiLoU Kot UMEPTIUKWVTWYV, (y) loxuc nAektpoAutn kot eAgyyouevou @optiou kat (6) Ertimedo poptionc
UTTEPTTUKVWTWYV KOl TOGOTNTA aTtoONKEUUEVOU USPOYOVOU.

Ze autAv TNV avaAuon, to BRpa woxVvog Tou NAeKTPoAUTn t€ONnKe ota 500 W. MapoAa auvtd,

yla SLadopeTIK) OVOUAOTIKA LoXU NAEKTPOAUTN Umopel va eTAEYel HEYOAUTEPO 1 ULKPOTEPO

BrApa, avaloya pe TNV mepiotacn. Xto Xx. 5.5186 daivetal 6Tl n teEAKN MToooTNTA USPOYOVOU

glval peyaAltepn amod TNV oPXLKN Kal TO TEAKO eminedo PpOPTIONG TWV UTIEPTIUKVWTWV Elval
100%, evw otnv apxn tou 24wpou Atav 50%. Auto onpaivel OTL N amoBnkeupévn eVEPYELD
auénbnke petd amod évav KUKAO AEltoupyiag Kal OTL N AeLTtoupyio TOU CUCTAUATOG UTOpPEL va

emavaAndBetl yia to (8lo ) kat yio peyaAltepo poptio. Mapola autad, pLa TETOLO TTPOCEYYLON

EedelyeL Ao TOUC OTOXOUC QUTAC TNC MEAETNG.
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Zx. 5.52 Xewuepivn pépa () loxug KUpLwV EVEPYELOKWVY TTNYwWV Kat @opTiou, (B8) loxUeig e€édbdou kupeAnc
KOtUo(LoU Kol UMEPTIUKWVTWV, (y) loxuc nAektpoAutn kai eAsyxousvou @optiou kat (6) Ertimedo @optionc
UTTEPTTUKVWTWYV KOl TOGOTNTA aTto0NKEUUEVOU USPOYOVOU

T T T T N TR T N
01 2 34567289

Xpnowomnowwvtag tnv Bl Sataén, 10 OoLUOTNUO TIPOCOUOLWVETAL YLOL HLAL  TUTILKA
XEHWVLATIKN LEPQ Xpnolpomotlwvtag ta dedopéva tou Zx. 5.49B. Onwg daivetal oto Zx. 5.52 n
KU EAN xpelaletal va AeLToupynoEeL TPELG GOPEC KAl LAALOTA VWPILTEPA T LECNUEPLAVEG WPEG
AOYyw tNC xaunAotepng nAtodavelog. Ta emnineda H, oto téAog Tou 24wpou eival mepimou 2.2
dopéc uPnAdtepa amd ta avriotola tng Bepvng pépag sfattiog TwWv TEPLOCOTEPWY WPWV
Aettoupylag Tou NAEKTPOAUTN TIG MPWLVEG WPES, EVW TO avtiotowo eminedo ¢optiong twv
UTIEPTIUKVWTWYV 0TO TEAOG Tou 24wpou eival 50% €xovtag ekkvnoel amno 1o idlo eninedo. Ta
amoteAéopata SeiXvouv OTL TO POTELWVOUEVO cUoTnHO SUvaTtal vo AELTOUPYNOEL aveEapTATWC
ETTOXNC TOU XPOVOU, WOTOOO0, ULKPEC UETABOAEG OTN SLACTAGLOAOYNON TWV TNYWV aAAA Kal TwV
Slatatewv anobnkeuong HmopolV va Yivouv € TIEPLITTWON TToU Xpnotpomnotnfolv SladopeTika
npodid kalplkwv cuvBnkwv i ¢optiou. Ito Zx. 5.53 daivetal n tdon oto l{uyo 2P. Eival
eudaveg otL mapapével otabepr kab' 6An tn dtdpkela tou 24wpou.
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Zx. 5.53 Taon Juyou ZP.

5.5.2 A§ioAdynon Tou ouocTANATOC yIA MIA TUTTIKN Ogpivi uépa xwpic tn
XPHON TOU TTPOTEIVOUEVOU EAEyXOU

Mo va yivel epdpavig n omOTEAECUATIKOTNTO TOU TIPOTELWVOUEVOU €EAEYKTH yla TO TOPOV
oUOTNHA TIPAYLATOTIOLETOL TIPOCOMOiwaoN Tou yla TNV 8o Bepv pépa Kal TG cLUVONAKEG TTou
daivovtal oto Ix. 5.49a, wotoco, auth T dopd n Aswtoupyia NG KUPEANG KoL TwWV
UTTEPTIUKVWTWV KaBoplletal povo amo toug petatponeic IP/3P otn Aoylkn otabepormoinong
Taong onwg oupPaivel cuvnBwg otn PBPAoypadia [1], [22]. KAt t€Tolo onuaivel mwg ot
OUYKEKPLUEVEG TtNYEG Ba amokplBoUv otn {rjtnon mou dev pnopet va kaAudBel amd tnv A/T kat
Ta dwTOPOATAIKA e TPOTO OV €€apTATAL AT TG PUOLKEG OTABEPEG XPOVOU TOUG. 2TO ZX. 5.54
napouaotalovtol T amoTeAéoUATA TNG oUYKPLONG TS Asttoupylag tng KUPEANG pe T' avtioTtowa
Tou X¥. 5.51 Omou XpnOoLUOTONONKE O TPOTEWVOUEVOC €AEYKTNG. XTO 2X. 5.55 daivetal n
avtiotolyn ocuykplon tou Babuou anddoong Tng KUYPEANC.

Elval epdavég nwg otnv nepinmtwon otnv omoila v umapxel €Aeyxog tng ¢OpTIONG TNG
KUPEANG TOTE aUTH amoatteltal va AELITOUPYNOEL APKETEG POPEG LECA OTN HEPA KUPILWG HETAED
TwV wpwv 08:00 £w¢ 14:00 kot 22:00 £wg 24:00 yLo UKPO XPOVLKO SLACTNHA TIPAYO TIOU OTWG
e€nynbnke otnv evotnta 5.4.1 odnyel oe toxUtePn UTOBAOULON TWV XAPOKTNPLOTIKWY TNG.
Entiong, onwg ¢aivetat oto Xx. 5.55 o BabBuog anoddoonc tng KUPEANG oTnV MeplimTwon UIKPAG
Slapkelag Gpoptiong eival oxeTka UkpoG, mepimou 48%, o€ oxEon UE TN UEON TLUA TOU yla TO
24wpo n omoia ayyilel To 53%, €fattiag Tou yeyovotog OtL o€ autd Ta Staothpata anodidetat
HEYAAN LoXUG UTIO XapunAn Beppokpaocio Asttoupyiac.
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Zx. 5.54 Aettoupyia KUPEANG e KAl XwpPLIg TN XPNOLUOTOLNCN TOU TIPOTELVOLLEVOU EAEYKTH).

Jto XX. 5.56 d¢aivovral T avrtiotoya amoteAéopata tou PBabuou amdédoong yla TO
ouvbuaopo KUPEANG - peTaTpOTEd, VW OTO 2X. 5.57 ¢aivetal n moodtnTa tou H, n omolia
amoBnkeletal os kABe mepimtwon. Mapatnpeital pia pkpn Stadopa 0.01 kmol otnv TEAIKNA
amoBnKeVEVN MOCOTNTA, WOTOC0O0, 0dpopa Ot pia Kol HOVO PEPO KOl WG CUVEMEeLa Ba sival
OWPEUTLKNA YLO TIEPALTEPW AELTOUPYLO TOU CUCTHHOTOC.
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ZX. 5.55 BaBuog anodoong KUPEANG Le Kol XWPLG TN XpnOLLOTIOiNGN TOU TIPOTELVOUEVOU EAEYKTN).
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IX. 5.56 BaBuog amodoong ocuvbuaopol KUPEANG-UETATPOTIEQ [E KOL XWPLG TN Xpnoltomoinon tou

TIPOTELVOLLEVOU EAEYKTH.
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ZX. 5.57 AroBnkeupévo H, e Kal xwpLig Tn XpNoLLOToinon ToU TIPOTEWVOEVOU EAEYKTH.
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5.6 Zuutrepaouara

To kedalalo mpaypateVeTal T AEToUpyiat EvOC aUTOVOUOU UBPLSLKOU CUCTHUATOG TIOU
ouvbudlel OVOVEWOLUEG TINYEG €VEPYELAG Kol Texvoloyie¢ udpoyovou. [Mpoteivetal pia
OUYKeEKPLUEVN peBoboloyia eAéyxou pe BaOkO oTOXO TNV ASLAAEUTIN TapoXn LOXUOG OTO
doptio, kKaBwc kat tnv avénuévn aflomotia Kol amodoon TOU CUCTHUATOC. JUYKEKPLUEVQ,
amodelyeTOL N ACKOTIN XPNoN TG KUPEANG Kauoipou pe aAemdAAnAeg ekkwnoelg (on/off
cycling) kat meplopilovtal Ta petaBatika ¢pavopeva otnv oxy mapoxng tou nAektpoAltn. H
anddoon tou cuotApatog afloAoyndnke oe 24wpoug KUKAOUG AELTOUPYLOG, XPNOLLOTIOLWVTAG
TIPOYHOTIKA SESOUEVA yLA TNV TOXUTNTA AVEUOU, TNV NALOKN aKTVOPBOALQ KAl TNV nUEpRoLa
KaUrtUAn ¢optiou. To oUCTNMO LKAVOTIOLNCE TIG OTMALTACEL TIOU TEBNKOV, EMLTUYXAVOVTOG
avénon TG amoBnKeUEVNC evépyelag Kal BeATiwpévn anddoaon. AKOun, n taon tou {uyou P
mapEpeLve otaBepr) kaB®’ OAn tn SlapKela AslToupylag TOU CUCTHUATOC CUUBAAAOVTOC £TOL OTN
BeAtiwon TNG moLOTNTAG TNG TAPEXOUEVNG LoXVUOG oTo dopTio.
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KepaAlaio 6
2uurrepaouara

6.1 Kupia cuumrspaouara rng pyaciag

Itnv epyacio auti efetdobnkav n Slapopdwon Kol T AELTOUPYLKA XAPAKTNPLOTLKA
CUOTNHUATWY QVELOYEVVNTPLWY TOCO OE ATIOUOVWHEVN, 000 Kal o€ Slacuvdedepévn Aettoupyia.
Avarmtuxtnkav povtéAa yla tnv KataAAnAn Stepelvnon tng ASLToUpyiag cuoCTNUATWY EAEYXOU
KOl OUyKplOnKav €VAANOKTIKEG OTPATNYLKEG EAEYXOU OVEHOYEWNTPLWV. MeAetOnkav
dalwvopeva mou TPOKOAOUV OVWTEPEG OPUOVIKEC OUVIOTWOEC TWV NAEKTPLKWY HeEyEOwv Kol
SlepeuvniBOnke n Suvatotnta BeAtiwong tng cuunepldpopdg o€ cuVOAKEG OPOAUATWY PECW TOU
ouotnuatog eAéyxou tng A/T. EWSIKA, €€eTd0BONKe oTNV MEPIMTWON WIKPAG LoXUOG QUTOVOUWY
UBPLSIKWY oTaBuwY mapaywyng, n ocuvepyoaoia tng A/I pe dAAeg Slatdgelg kat Wlaitepa pe
KU EAEC KAUOLMOU TUTIOU HEUBPAVNC avTaAAaynG TpwToviwy.

To KUPLOL CUMTIEPACLATA TNE EPYOOLAC EXOUV WG EENG:

e Avamtuxbnke éva VEO CUIEUYUEVO SUVOULKO HOVIEAO CUYKEVIPWUEVWVY TIOPAUETPWV
Kal Tedlakng avaAluong HE TEMEPACHEVO OTOLXELDL yla TNV avamopdotocn olyxpovng
YEVATPLOG MOVIHWY HOoyvNTWV yla €POpPUOYEG QVEUOYEVWNTPLWY. TO HOVIEAO QUTO
nepAappavel T Bewpnon apHOVIKWVY GaLVOUEVWV aAVWTEPNG TAENG Lie TIOAU KA akpifela ot
omole¢ ogeilovtal TOO0 OTO HAYVNTIKO KOPECUO OCO KAl OTn YEWHETPLKA Slapdpdwon Tou
HayVNTIKOU KUKAWMOTOG. Me Sedopévo OTL O KOPEOHUOG TOU HOYVNTIKOU KUKAWUATOG TNG
UNXavAg €xeL kaboplotikr emidpacn otV KUMATWON TNG TAoNG AOYWw €KKEVIPOTNTAG,
dawopevo 1o Omoilo Kal MEAETAONKE €KTEVWG, TO WOVIEAO TIETEPACHEVWY OTOLXELWV
EVOWUATWOE KOUTIUAEC KOPEOUOU oL omoieg mponABav omd MOVIEAQ KOPEGHOU-UGTEPNONG
tunouv Preisach - Neel ta omola Paciotnkav o0 HUETPAOCEL HAYVNTIKWY UAKWV TIOU
xpnotwtomolouvtal otn pnxovr). Ol HETPrOELG TipaypatonolOnkav os potumn diataén Epstein.

e TO HOVTEAO QUTO XPNOLUOTIONONKE 0T UEALETN GALVOUEVWV EKKEVTPOTNTAC TNG UNXAVAC
HOVIHWV HayvNTWV HECW TNG EVOWUATWONG TWV OMOTEAECUATWY TNE Medlakng avaAuong, os
KATAAANAO HOVTEAO TPAyUATIKOU XPOvou. YmoAoylotnkav oL TAAQVIWOELS OTNV TAoN NG
YEWVNATPLOG e€QLTIOG TNG EKKEVTPOTNTAG KOL OXESLAOTNKE EAEYKTNG O OTIOL0G EVOWHATWONKE oTOV
KUPLO BpOXO €AEYXOU TOU PEVUHATOC TNG YEVVATPLOC UE OKOTIO TNG e€alewdn Twv avtiotolwy
TOAOQVTWOEWY OTNV €VEPYO LoXU £€060U TNG yevvNTplac. Me tov TPOMO QUTO ETUTEUXONKE
MHELWON TOU MAATOUG TN AVTLOTOLXNG KUHATWONG £WG Kot 80%.
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e Kata tn O&lepelvnon tou eAéyxou MPPT avadeixbnkoav HEOwW Tpooopoiwong Kal
emPBeBalwbnKav MEPAUATIKA BUVAULIEG TOU KAQOOLKOU €AEYXOU Ol OTOLleC oXeTi{ovTal HE
anokAioelg amo tn BEAtiotn Asttoupyia Adyw METABOAWV 0T HNXOVIKA XOPAKTNPLOTIKA TOU
OUOCTAMOTOG. X€ OUYKPLTIKEG TELPOUATIKEG OOKIPEG TapatnenOnke petafoAn tou xpoévou
amoKpLoNG tTNG evepyol oxLOC o Bnuatiky HeTaBoAn Tou avépou, and 6.15 ot 9.88sec, n
orola avtiotoel oe avénon 38%. Tautoxpova n HESH TLUN TNE LoxUoG €660V HELWONKE ano
463W o€ 379W yLo 6edopévn XpOVOOELPA OVELLOU, TIOU QVTLOTOLXEL 0 peiwon 18%.

e Me okomo tnv avefaptntomnoinon tou eAéyxou amd SeS0UEVN XOPOAKTNPLOTIKN POTIAG —
otpodwv vAomolOnke €AeyKTAC AOYLKAG ouvexwv HeTaBolwv kot cuykpioewv (P&O) kat
aflohoynBnke n OomMOKPLON TOU Of QVTIOTOLXEC METOPOAEC. ITO TELPAUOTO TO OTmola
TiPOYHOTOTOONKAY 0 XPOVOG AMOKPLONG TNG EVEPYOU LOXUOG O PBNUATIKEG METABOAEG TNG
Taxutntag avaABe oe 35sec evw n péon LOXUG yla TNV (6la xpovooelpd avéuou Atav 419W.
Qotooo, Olamotwdnke £vtovn evooOnoiad TOU CUCTAMATOG OTI( TOAPAHUETPOUS
apxtkomoinong aAAd ko oto Brpa LETaBOANG TNG OXETIKAG Slapkelag aywyng (duty cycle) tou
HeTaTponéa avuPwong .

e AwamotwBOnke otL n edappoyn NG npoavadepBeicag peBodou eAeéyxou uvotepel o€
cuoTnuata ota omoia n elcodo¢ petaBAAeTAL ypriyopa OMwWG OTNV TIEPIMTWAON CUOTNHUATWY
A/T. T TNV QVILETWIION TwV TPOPBANUATWY Ta omola oxetilovtal pe TNV aduvapuia
napakoAouOnong Taxewv LETABOAWY Tou aveépou UAomolBnke uBPLOLKAG EAEYKTAG, O Omoiog
ouvbualel ™ pEBOSGO P&O pe XapakTnploTKEG KAUTUAEG Aettoupyiag. O GCUYKEKPLUEVOG
€AEYKTNC METUXE BeATIWUEVN OUYKALON OTO ONUEIO HEYLOTNG LOXVOC AUEAVOVTAG OE OPLOUEVEC
TIEPUTTWOELC TN MEON TLUN TG WoXVog tng A/T éwg Kat 31%, svw 0 XPOVOG OMOKPLONG TNC
LoxVo¢ o€ Bnuatiky HeTaBoAn HELWONKE Katd 77%.

e EmutAéov, ulomolnOnke eAeyktic MPPT Baowopevog otnv acadpn Aoywkn. O
TIPOTELVOLEVOC EAEYKTIG TTAPOUCLOOE TIG KAAUTEPEG EMEOOELG O CUYKPLON ME TOUG EAEYKTEG OL
omoiot a§lodoynBnkav. O xpdvog amodkpLonG TNG EVEPYOU LoXVOG OE BNHUATIKEG UETABOAEG TNG
ToxutnTog avépou aviABe os woALS 3.8sec, evw N péon LoxUG e€66ou yla Sedopévn xpovooelpa
UeTPNONKe ton pe 476W. Ta TTAEOVEKTHUOTA TOU EAEYKTH TIOU UAOTIOLONKE O OXEON LE TOUG
avtiotolyoug ol omoiot amavtwvtat otn BiBAloypadia eotialovral apevoc oTo OTL Elval TARPWE
OVEEOPTNTOTOLNUEVOG amo Ml SESOMEVN XAPOAKTINPLOTIKN) KOUMUAR Aswtoupyiag Kol
adETEPOU OTNV EVKOAN TIPOCAPHOY TWV TAPAUETPWY 060U TOU, N omoia BeATiwoe TGGO TNV
TOXUTNTA AMOKPLONG OGO Kal TRV akpifela cUYKALONG TOU CUGTHHOTOG OTO ONUELO HEYLOTNG
Loxvocg.

o MNna tn dtaoclvdeon TG avepoyevwntplag oto Siktuo oxedLAoTNKE TPOTOMOoincn Tou
OUOTAHATOG EAEYXOU WOTE va MPOOPEPEL TPOCTAOLA OE TIEPUMTWOEL; OPUAUATWY CUUPWVA
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HE TPOTUTIA LKOVOTNTAG avoxng opaipdtwy (Fault Ride Through, FRT) kat Statapaywv Bubiong
taong (Low Voltage Ride Through, LVRT). O e€Aeyktng tou avtotpodéa BeAtiwdnke
epapuolovtag SLAVUOHATIKO EAEYXO TAONG KOl PEVUUATOC EMITPEMOVTOC TO SLAXWPLOUO TNG
Slaxeipiong evepyol Kal aépyou LOXUog¢ n ormoia eyxéetal oto Siktuo. To oloTnua
nepAapBavel EAEYKTA MpPooTAcioG UTMEPPEUHATOG-UNIOTAONG O OTMOL0G EVOWUATWVETAL OTN
Asttoupylan Tou €Aeykti Tou avtotpodéa. O TPOTEWOPEVOG €AEYKTAG dlatnpel TNV
avepoyevwntpla ouvdedepevn oto Siktuo yla mpokaBoplopevo amod Ta MPOTUTIAL XPOVO OF
TepUTTWoeL opalpdtwy, meplopilovrag mapdAAnAa 1o petafatikd pevpa €éwg kat 100%, evw
TO avtiotol(o peUpa PETA To odpAaApa €wg Kot 300%. Me Tov TPOTO AUTO, N AVEUOYEVVATPLL
adpevog mpootateVUeTal Ao opAAUATA 0TNV TAEUPA Tou SIKTUOU adeTEPOU evapUOVIlETAL PE
TA POTUTIAL LKAVOTNTAG AVOoXN G opaipdtwy kot Statapayxwv Bublong tdonc.

o T€AOG, TPOTELVETAL pio OTPATNYLKN EAEYXOU Kal n avtiotolyn avaAuon Asltoupylag evog
autovopou UuBpldikou cuotiuatog A.M.E. — Swatdfewv udpoydvou, TOU EXEL WG KUPLEG
EVEPYELAKEG TINYEC Mia avepoyevvnTpla kal pia ¢wtoPfoAtaikn yevvitpla. Efetdlovtag to
cuotnua yla 24wpn Asttoupyia 1600 og Bepveg 00O Kal O XELMEPLVEG oUVONKEG AetToupyiag
amodelXOnke n TOAU MKPNG Olapkelag Asttoupyia TG KUPEANC KOUGIHOU yla TNV
efunnpétnon petafoatikwv doptiwv emekteivovrag, £tol, T Sudpkela IWAG TG, EVW
eaodpaiiobnke aodpalng tpododotnon tou nNAekTpoAUlTn edapudlovtag PrApata LOXLOG
KAloewg 125W/sec. To eninedo $oéptiong Tou Mukvwth Eekvwvtag and 50% otnv apxn tou
24wpou aviABe oe 100% oOTO MEPAG TOU, EVW N TOCOTNTA TOU amoBnkeupévou udpoyovou
auéndnke avtiotolya Katd 65%. JUYKPIVOVTOC TNV OUYKEKPLUEVN OTPATNYLK EAEYXOU HE
avtiotolyeg ol omoieg epdavilovrat otn BiBAoypadia, mapatnpndnke otL N xprion tTng odnynos
oe avfnon ¢ anddoong tng KUPEANG KAuoipou €we Kot 5% yla oplopéva Slaothpata
Aettoupyiog evw to anodnkeupévo udpoyovo avfndnke katd 0.01kmol otn Sidpkela piog
HEpag Aettoupylag. Ma TNV TUTIKNA XOPAKTNPLOTIKY SldpKelag ¢optiou mou xpnoipomnoldnke
bev mapatnpnOnke Stakomn ¢ tpododooiag Tou doptiou evw n TAon oto SiauAo cuvexoug
pelpaTog apépelve KaB' 0An tn SldpKeLa TNG Mpocopoiwaong otabepn.

6.2 Znuesia mpoaywyng tng EmMOTANNG

TNV epyaocio auth mepAapBAvVOVTaL TA TOPAKATW CNUELD KalvoTopiag:

o N OVANTUEN €VOC VEOU OUIEUYHEVOU NAEKTPLKOU SIKTUOU - MayvnTIKOU HOVTEAOU
NAEKTPOYEVVNTPLAC HE Oewpnon TwV AVWIEPWV OPHOVIKWY GaLVOUEVWY eNMETpePe TN
Aemttopepn mepLlypadr TwV TAAAVTWOEWVY TNG OWVEMOYEVVATPLAG KaL TNV Eloaywyr KotdAAnAouv
€AEYKTN yLO TNV OVTLLETWTILON TOUG.
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o N MPOCAPHOYN TWV MAPAUETPWY AeykT MPPT Baclopévou os acadn AoyLkr HETA
and Slepevvnon tng ocupmeplpopds tecodpwv Sladopetikwy eleyktwv MPPT kat Se€odikn
anotipnon Twv emdO0ewWV 0€ BNUATIKEG LETABOAEG KAL TUTILKEG XPOVOOELPEG OVELLOU.

o N avamtufn evog eUPWOTOU EAEYKTN O OTOLOG ETUTPETEL, EMLKOUPLKA WG TIPOG TN
BeAtwotonoinon tng amodoonc tng A/T, T BeAtiwon ¢ tkavotnTag avoxng opaipatwy (Fault
ride Through capability, FRT) kat Swatapaxwv Bubwong taonc (Low Voltage Ride Through
capability, LVRT).

o n Stapopdwon pag otpatnykng eAEyxou katd tn Asttoupyia A/l oe cuvduoouo Ue
KUPEAN Kauoipou TtUTou PeUPpavng avtaAAayng mpwTtoviwv o Ukpo uBpLKO cvotnua, n
omola emTpénel TNV enéktaon (wnN¢ tng KUPEANG Xwpi¢ va mapapldletoal To KPLTRpLo
adialemtng tPododotnong twv Poptiwv VW TAUTOXPOVWG ETITUYXAVETAL 00PaANC Kol
oS 0TIKI AELTOUPYLO TOU CUCTAUATOG.

6.3 Epyacisc yia mepaiTépw Epsuva

Me tnv oAokAnpwon Tng mapovoac epyaciag avadeixbnke otL n Mepaltépw dlepelvnon Twv
TIAPAKATW oNMEiwY Ba pmopoloe va MPOoPEPEL ONUOVTLIKEG UTINPEGCLEG:

o BeAtiwon tou gAgyKT TOU avamtuxOnke yia tn BeATiwon TG LKOVOTNTAG AVOXNG TG
A/T og odpalpata Kat Statapaxeg BUOLONG TAONG, £TOL WOTE VA TIEPLOPLOTOUV TIEPALTEPW TA
pelpaTO KOTA TN SLAPKELA BPOXUKUKAWUATWVY.

o EMEKTOON TOU MPOTELVOUEVOU EAEYXOU yLa SLaouvdedepévn Asttoupyia £T0L WOTE va
ouvelodépel otn SLOpbwon - e€opdAuvon PETABOAWV TNG oUXVOTNTAC TOU SIKTUOU OMWCG
TiPoPBAETTOUV OL VEOL KWOLKEG CUCTNUATWY oL omoiot fén apxilouv va Bpiokouv edapuoyn os
OplLOpEVEC XwpeS. Mia Sduvatr) AUon oe uBpldikouc oTtaBuoUg MapPAYyWYNG TIPOKELLEVOU Vo
OVTLLETWTILOTOUV UELWOELG TNG OUXVOTNTAG €lval n xprnon pEowv anobnikeuong.

o BeAtiotonoinon t¢ ouvOeong tou UPBPLOKOU cuoTtipatog eEsTAloOVTaG EVAANAKTLKEC
SlopopdPpwaoelg TO00 TwV MNYWV 000 KAl TWV PECWV amoBrikeuong.
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The paper presents the optimization procedure, and comparison of salient pole with field winding and of peripheral winding
synchronous electrical machines, presenting important advantages in wind power generation and traction applications.
Neodymium alloy magnet rotor structure has been considered and compared to the salient rotor case. Design optimization
has been performed based on the finite element method and sensitivity analysis techniques.
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1. Introduction

Permanent magnets have been extensively used to
replace the excitation winding in synchronous machines
with the well known advantages of simple rotor design
without field windings, slip-rings and exciter generator,
avoiding heat dissipation in the rotor and providing higher
overall efficiency.

The rotor design can be distinguished in three main
types according to the magnet position, namely the
“interior”, the “peripheral” and the “claw pole” type. For
wind power applications in particular, multipole
permanent magnet generators have become very attractive
especially in small ratings. Recent advances in power
electronics enabling energy efficient drives have aroused
the interest in using permanent magnet generators in small
and medium systems for both autonomous and parallel
operation with the electrical grid.

2. Permanent magnet machine design

At the design stage, Neodymium alloy magnets with
“peripheral” machine construction merits to be considered.
The main generator dimensions of the machine
configuration are derived by using classical formulae
while the optimization of the permanent magnet
dimensions is performed through a finite element
modeling procedure.

A first estimation of the generator structure can be
obtained by using standard formulae for the machine
considered. The preliminary design of main dimensions is
performed by means of the following procedure: the
magnetic flux per pole is determined by considering the
permanent magnet characteristics and the air gap geometry
while the appropriate number of turns of the stator
windings by applying the flux cutting rule in order to
ensure the desired voltage level with respect to the rotor

speed; the loading current is then derived by the machine
output characteristics while the flux per pole under
nominal loading is determined by taking into consideration
the demagnetization effects of the stator currents on the no
load flux.

Once the basic structure of the machine has been
determined the second step of the shape optimization is
performed by introducing a finite element model. A 2D
model is implemented enabling the performance
determination of the machine through a detailed field
analysis including the torque variation with the rotor
rotation as well as the design improvement by means of
the permanent magnet shape modification.

The optimization of the permanent magnet shape is
performed by using a perturbation technique of the magnet
main dimensions at the final design stage. Sensitivity
analysis techniques enable fast and robust cost function
extremum research. For the sake of simplicity only
rectangular magnet cross sections have been considered
here. The cost function used involves torque maximization
for a given volume of permanent magnet by adopting the
magnet cross-section, length and width as optimizing
variables.

3. Salient pole synchronous machine design

A first estimation of the salient pole generator
structure and determination of important parameters is
achieved by considering classical machine design
techniques. After determining the basic structure of the
machine according to this procedure, 2D finite element
model has been introduced for detailed design
optimization. A stator winding involving one slot per pole
and phase has been considered in the 2D finite element
model. One pole part of the machine has been modeled by
using appropriate anti-periodic lateral boundary conditions.
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The same solution domain has been implemented in the
case of the model used for the permanent magnet machine.

4. Results and discussion

The two models are compared regarding flux density
distribution under maximum torque conditions. Fig. la
depicts the magnetic flux for permanent magnet machine
while Fig. 1b gives the same result in the salient rotor
machine case. The comparison of the field calculation
shows that both models are in quite good agreement and
the main difference is that in the permanent magnet
machine case the flux density distribution is less affected
by the machine loading. Fig. 2 displays the magnetic flux
density in the airgap against the airgap length. In the case
of the synchronous machine the flux distribution at the
airgap appears to involve less high harmonics content.

Fig. 1 Magnetic flux lines for maximum torque conditions.
a: Permanent magnet machine. b: Salient pole
synchronous machine.

B

Fig. 2 Magnetic flux density B against airgap length. Full
load conditions. a: Permanent magnet machine. b:
Salient pole machine.
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Fig. 3. Harmonic content comparison of PM and Salient
Pole Synchronous machine airgap flux density B. Full
load conditions.

However, an FFT analysis of the magnetic flux
density for both machine types under full load conditions,
displayed in Fig. 3, shows that the salient pole machine
exhibits a stronger third harmonic component. Higher
harmonics seem to be in agreement.

Respective to Fig. 1 and 2, Fig. 4 and Fig. 5 display
magnetic flux lines and density B, for no load conditions.
In this case, as shown in Fig. 6, the permanent magnet
machine displays a higher third harmonic component
compared to the salient pole structure, nevertheless, the
latter shows a stronger 5™, 11" and 13" component.

Fig. 4 Magnetic flux lines for no load conditions.
a: Permanent magnet machine. b: Salient pole
synchronous machine.
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Fig. 5 Magnetic flux density B against airgap length. No
load conditions. a: Permanent magnet machine.
b:Salient pole machine.
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Fig. 6 Harmonic content comparison of PM and Salient

Pole Synchronous machine airgap flux density B. No
load conditions.

Simulations are also undertaken in order to measure
the cogging torque of both machines under no load
conditions. Fig. 7 exhibits p.u. simulation results for the
cogging torque measured at the airgap against a rotor
displacement of one pole. It is clear that in the case of the
salient pole machine the cogging torque is notably smaller.

N N AN,
A V V'

o

Cogging Torque (p.u.)

-1.5

Rotor displacement (p.u.)

a
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=
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<
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b

Fig. 7. Cogging torque for one pole displacement of the
rotor under no load conditions. a: Permanent Magnet
machine b: Salient Pole machine.

4. Conclusion

A comparison of peripheral permanent magnet
machine configuration with salient pole machine structure
has been performed. The proposed design technique
comprises a preliminary design stage by means of standard
formulae and an optimization stage involving finite
element models.
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Particular Electromagnetic Field Computation for Permanent
Magnet Generator Wind Turbine Analysis

C. Patsios, A. Chaniotis, E. Tsampouris, and A. Kladas
Faculty of Electrical and Computer Engineering, Laboratory of Electrical Machines and Power Electronics, National Technical
University of Athens, Athens, 15773 Zografou, Greece

Precise permanent magnet generator modeling requires a complex electromagnetic field analysis in order to account for rotor ec-
centricity and end-zone leakage field. The paper presents a particular technique that enables considering such phenomena through
convenient 2-D and 3-D finite element models and incorporate electromotive force distributions including space harmonics in real time
control systems. The proposed methodology has been validated by measurements on a permanent magnet wind generator prototype.

Index Terms—Finite element methods, optimal machine design, permanent magnet generators, rotor eccentricity, wind power

generation.

1. INTRODUCTION

ECENT literature in the field of wind generator systems
R (WGSs) thoroughly investigates problems of system con-
trol and management from a load-oriented point of view [1],
[2]. However, the generator holds a key role both in actual sys-
tems, in sense of efficiency, as well as in simulation models
in sense of representation accuracy [3]-[5]. More specifically
in case of WGSs employing high power density—high perfor-
mance permanent magnet generators (PMGs), system control
has to account for efficiency drawbacks related to particulari-
ties of the machine design and manufacturing tolerances [6], [7].
This paper focuses on appropriate modeling of PMGs by em-
ploying results of a particular finite element model (FEM) anal-
ysis and producing harmonic representation of electromotive
force and electromagnetic torque with loading and rotor speed.
Such a model takes into account rotor eccentricity and end-zone
leakage effects enabling efficient real time generator represen-
tation for control purposes. The proposed methodology’s accu-
racy has been checked by measurements on a prototype set-up,
both under steady state and transient operation.

II. GENERATOR MODELING

High level WGS modeling involves several subsystems, i.e.,
generator, power electronics, and grid, thus, it is imperative to
keep model accuracy high [8] while limiting computational cost.
Regarding PMG the proposed model computes classical equiv-
alent circuit parameters as well as generator output characteris-
tics. The model introduces a particular computational technique
accounting for rotor eccentricity and end-zone leakage effects.

Regarding rotor eccentricity, it has detrimental effects on op-
eration especially in the case of PMG configurations where a
nonsinusoidal flux distribution further increases relevant side
effects [9]. A high degree of dynamic eccentricity usually re-
sults in output voltage ripple affecting the overall system power
quality, which is a key property on renewable energy systems.
Furthermore, the respective torque oscillations produce addi-
tional mechanical stresses.

A first estimation of PMG structure and determination of im-
portant parameters is achieved by considering classical machine
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TABLE I
MACHINE PROTOTYPE DESIGN CHARACTERISTICS (DIMENSIONS IN MM)
Rotor radius 123
inner radius 125
Stator outer radius 175
number of teeth 72
length 25
Tooth width 7
basis width 9
length 24.2
Magnet width 3
depth 30
Machine depth 30

design techniques. Table I summarizes basic properties of the
24-pole machine.

After determining the basic structure of the machine ac-
cording to this procedure, 2-D FEM has been introduced for
detailed output parameter calculation. A stator winding in-
volving one slot per pole and phase has been considered in the
2-D FEM. One pole of the 24-pole machine has been modeled,
as shown in Fig. 1, by using appropriate anti-periodic lateral
boundary conditions. The mesh for the one pole 2-D FEM
consists of 5543 nodes. Nonoriented silicon steel is used for
the machine stator and rotor core while the permanent magnet
is NdFeB.

In the above analysis it is important to account for rotor ec-
centricity, simulated through air gap variation as shown in Fig. 2.
The model accounts for rotor eccentricity as explained in Fig. 3.
In such a case, the center of rotation coincides with the center of
the stator outer perimeter, while rotor shaft deviates from rotor
center. The air gap variation, Ae(«), is a function of the an-
gular displacement between the point of interest and the point
0, where Ae(a) = Ae(0) = Aemax for the specific time in-
stance.

On a first step, air-gap magnetic field distribution is calculated
for different values of air gap length, Ae. Characteristic values
of magnetic flux per pole normalized to the respective values
without eccentricity as a function of angular displacement are
depicted in Fig. 4(a). Fig. 4(b) shows the corresponding nor-
malized induced EMF. Normalized flux, ®(Ae)/®g, and EMF,
E(Ae)/Ey, can be expressed, for any rotor angle, a, by means
of second order polynomial curve fitting through relations (1)
and (2), respectively

®(Ae) /Py = 117130Ae? — 455,36 Ac + 1 (1)
E(A¢)/Ey = 118123Ae” — 465,1A¢ + 1 )

0018-9464/$26.00 © 2010 IEEE
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Fig. 1. Two-dimensional FEM of one pole of the PMG. (a) Triangular mesh
employed. (b) Magnetic field distribution at nominal load.

(b)

Fig. 2. Two-dimensional FEM model. (a) Region of reduced air-gap. (b) Re-
gion of increased air-gap.

Center of rotation =
Stator center

Fig. 3. Rotor eccentricity representation.

where ® = ®(0) and Ey = E(0).

On a second step, the calculated EMF waveform, Fy, is in-
corporated in a PMG model simulating real time operation. The
PMG model inputs rotor position and outputs machine EMF
taking into account the effects of rotor eccentricity. Using Fy
along with (2), the model calculates EMF per pole and integrates
the respective results, taking into account relative angular dis-
placement of each pole part, thus producing the total EMF per
machine phase. The obtained results are shown in Fig. 5.

Besides the spatial-related effect on the EMF average value,
rotor eccentricity has a time-related effect on EMF waveform.
Fig. 6 shows machine EMF time variation during reduction of
the rotor speed from 40 to 10 rad/s in cases of two extreme
rotor eccentricity values (zero and 50% of air gap length, re-
spectively). A voltage ripple can be observed, in a frequency de-
pending on the rotor mechanical speed of rotation. As shown in
Fig. 7, simulation results suggest that the ratio of voltage ripple
amplitude, Erax — Emin, to average voltage, F,.,, appears to
have a linear dependence with rotor eccentricity.

Eccentricity effects in conjunction with appropriate modeling
of the end-zone machine parts are then represented by using a
convenient 3-D FEM model shown in Fig. 8. Three-dimensional
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analysis yields accurate results regarding equivalent circuit pa-
rameter values. The computed phase inductance Lpase for zero
eccentricity equals to 17.3 mH while the respective resistance
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Fig. 9. Wind generator system.

Rphase equals 2.3 €. Phase inductance varies with eccentricity
up to 10%.

III. MACHINE INTEGRATION ON A WG SYSTEM

The proposed methodology can be integrated in a real time
model used in high level simulations of WG systems. In our
case, the WG system of Fig. 9 is simulated. The system consists
of a PM synchronous generator, a three phase rectifier, a boost
converter responsible for maximum power point tracking and
a three phase inverter handling grid interconnection. In such a
configuration, generator design characteristics as well as defects
such as eccentricity significantly affect power quality through
voltage ripple, especially in high power WGs. Precise system
simulation has to take into consideration these phenomena, in
order to enable adequate compensating measures through con-
venient control strategies.
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Fig. 10. Three-dimensional look-up tables.
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Fig. 11.

A. System Modeling

The FEM analysis discussed earlier enables to compute the
electromotive force waveforms as a function of loading and
rotor speed. Using these, it is possible to both simulate tran-
sient response and steady-state operation. In practice look-up
tables, such as the ones plotted in Fig. 10, can be produced, in
order to describe some of the basic aspects of system behavior.
These sets input rectifier output voltage and machine frequency
while outputting electromagnetic torque and rectifier current.
The look-up tables can be parameterized according to the ec-
centricity value of each WG application.

When accurate data of voltage and current waveforms are
available, it is possible to calculate power, the electromagnetic
torque and associated losses with little error, therefore, predict
and fine tune the system behavior.

B. Control Strategy for Eccentricity Compensation

The rotor eccentricity in a WG system leads to the appearance
of voltage ripple at the generator terminals, as shown in Fig. 6.
The latter results in a ripple of the inverter DC input voltage and
thus a ripple of the active power. In order to compensate this ef-
fect proper control countermeasures have to be applied. In addi-
tion to the maximum power point tracking process, the DC/DC
converter is used for countering the effect of voltage ripple. In
particular, the duty cycle and thus generator current is adjusted
in order to maintain a maximum as well as harmonic-free output
power. Fig. 11 shows the control logic implemented in this case.
The controller inputs rotor position and current and calculates
the machine EMF. According to the latter a current command
is generated and superimposed to the current command of the
MPP tracker. Thus, the DC/DC converter output is modulated
in a way that preserves output power stability. Fig. 12 shows the
results with and without the implementation of the eccentricity
compensator respectively. A reduction of 80% of the power
ripple can be observed.

IV. EXPERIMENTAL VALIDATION

On a final stage, the system of Fig. 9 is tested on a laboratory
set-up in order to validate the model. Responses of basic system
components, such as generator voltage, rectifier output current,
and generator output power are measured and compared to the
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Fig. 14. Rectified generator current for mechanical step torque variation.

simulated ones both under steady-state and transient operating
conditions.

A. Steady State Operation

Fig. 13 shows the computed and experimental phase voltages
of the generator, respectively. The waveforms are in very good
agreement, in both form and amplitude.

B. Dynamic Operation

Accurate prediction of operating points allows fine tuning of
control parameters, which in turn results in optimal dynamic
performance. Fig. 14 shows simulation and experimental results
for the rectified generator current, I qctifed, for a nearly instant
change of input mechanical torque from 4.9 N-m to 39.2 N-m.
A good agreement is observed.

Further validation of the proposed model calls for operation
under realistic stresses. The prototype system is tested under
a specific measured wind time variation. Simulated and mea-
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Fig. 15. Simulated and measured WG output power time variation, P, .

sured WG output power, P,, are in conformity as can be seen in
Fig. 15.

V. CONCLUSION

A new methodology has been proposed providing an appro-
priate model for the PMG representation. The method is based
on a particular field analysis considering higher harmonics of
electromotive forces and taking into account both rotor eccen-
tricity and winding end-zone parts. The proposed model pro-
vides very good accuracy for both steady state and transient
system response. Experimental validation on a prototype illus-
trated the method suitability for wind power applications.
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Coupled Field and Circuit Model Analysis of Permanent Magnet
Synchronous Machine for Direct Torque Control Optimization
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Abstract. The pulsating torque of a permanent magnet motor has detrimental effects on the motor
operation, resulting in speed perturbation, positioning error, vibration, and noise. Several efforts of
countering the torque ripple focus on magnet pole shape optimization procedures while other efforts
apply sophisticated modifications of control algorithms. In this paper a coupled field and circuit
model of a permanent magnet synchronous machine (PMSM) is introduced in order to reduce the
effects of pulsating torque. The model comprises of a 2D finite element model for detailed
computation of the machine field distribution coupled with an external equivalent circuit for
macroscopic parameter evaluation. Model results are then integrated in a direct torque control
algorithm for the minimization of torque ripple in a PM machine prototype.

Introduction

Pulsating torque amplitude is generally dependent on several major factors, such as, non-ideal
spatial distribution of flux density in the airgap leading to field harmonic torque, reluctance torque
that exists between permanent magnet and stator slots resulting in cogging torque and unequal
permeances of the d and ¢ axis. Shape optimization techniques applied [1], [2] tend to decrease the
torque ripple, although not entirely, due to unavoidable non-ideal design features namely airgap
non-uniformity and non-sinusoidal flux deriving from finite number of stator slots. Consequently,
one way to fully eliminate torque pulsation is for the control algorithm to integrate a detailed motor
torque profile [3], [4], [5].

In this paper a 2D finite element model (FEM) for detailed computation of the machine field
distribution is introduced. The model is time stepping inputting motor currents and outputting
instantaneous torque per pole for different loading conditions and rotor positions. Input currents are
calculated with an external equivalent circuit model using experimental data acquired from a
prototype PMSM. The two models are coupled resulting on a detailed calculation of the produced
instantaneous torque which can be parameterized and integrated on a direct torque controller. The
goal is to obtain a more detailed torque response profile to be used on an optimized direct-torque
controller suitable for high performance drive applications.

Fig. 1 shows the block diagram of the proposed model. The external circuit model takes into
account the measured machine EMF, inputs loading conditions and rotor position and outputs line
currents. The timestepping FEM model inputs the latter together with rotor position and loading and
outputs the electromagnetic torque 7.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 147.102.23.27-25/11/10,16:20:29)

a
o
3
@
<
)
a
°
3
3
®
H
B
1
a
°
3
2
&
2

*
o
®
Q
o
Q)
N
r

£


http://www.scientific.net/feedback/92067
http://www.scientific.net/feedback/92067
http://www.ttp.net

266 Applied Electromagnetic Engineering

Experimental setup

(PMSM prototype) -
- - External circuit Finite Element

N model time stepping
: model
Loading EME
condition
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Rotor position Postprocessing
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Fig. 1. Block diagram of the proposed coupled model.
Modeling

The coupled model consists of a 2D finite element model and an external equivalent circuit
model. Simulation software tools and experimental measurements from a PMSM prototype have
been adopted.

Machine Model. A first estimation of PMSM structure and determination of important
parameters is achieved by considering classical machine design techniques. After determining the
basic structure of the machine according to this procedure, 2D finite element model has been
introduced for detailed output parameter calculation. A stator winding involving one slot per pole
and phase has been considered in the 2D finite element model. One pole of the 24-pole machine has
been modeled, as shown in Fig. 2, by using appropriate anti-periodic lateral boundary conditions.
The mesh for the one pole 2D finite element consists of 5543 nodes. Non oriented silicon steel is
used for the machine stator and rotor core while the permanent magnet is NdFeB.

oA
5 Silicon Core Iron

a-C
B\10 MGOe (Boni
= Silicon Core Iron

Air

Fig. 2. 2D finite element model of one pole of the PMSM.

The stator currents shift depending on the rotor displacement in order to model a periodic time-
space phenomenon. FEM iterative calls are generated through Matlab script, which modifies motor
geometry and stator slot current densities. Regarding data acquisition, in order to achieve sufficient
resolution of the computed parameters to be used as model outputs, a convenient rotor — input
current space—time shift has been adopted. One degree rotor angular displacement is implemented
which corresponds to 0.056 msec time shift of the input currents for a supply frequency of 50Hz.
The above time step is a suitable trade-off between computational cost and precision of calculation
needed for the phenomena under study.
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Figure 3 shows three distinctive snapshots of the FEM iterative calls, assuming full load
conditions, where motor geometry and stator slot current densities are properly modified.

1DBIU0D - JUBWIWOD - } NSU0d

[ >]2eqpasy e o

Fig. 3. Distinctive snapshots of the FEM iterative calls.

The model outputs the electromagnetic torque for both sinusoidal and non-sinusoidal input
currents. Maxwell stress tensor is used for the calculation of the instantaneous torque. Current
waveforms are generated through an external circuit model, discussed furthermore in the following
paragraph.

External circuit model. The circuit model accounts for measured parameters and output voltage
of the prototype PMSM used. Regarding the rotor topology, surface permanent magnets are used
while machine power rates at 2kW. The stator is comprised of 24 poles. Phase inductance Lphas. and
resistance Rppase are rated at 17.3 mH and 1.2 Q respectively.

The SPMSM prototype is operated as a generator at no load conditions, and output voltage
waveform was recorded & stored in digital form. The latter is shown in Fig. 4.

Measured EMF
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Fig. 4. Generator voltage under no load conditions.

The currents to be used as FEM model inputs are then calculated using an appropriate three
phase circuit model. The per phase model comprises of an L-R branch linking measured EMF and
input sinusoidal voltage controlled sources. By controlling EMF-input voltage phase and <o
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amplitudes, input currents can be simulated under different operational conditions. Figs. 5 and 6
show input voltage, measured EMF and computed line current under full load and no load
conditions respectively.

Input voltage, measured EMF and computed line current
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Fig. 5. Input voltage, measured EMF and computed line current for full load operation.
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Fig. 6. Input voltage, measured EMF and computed line current for no load operation.

As depicted in Figs. 5 and 6 the simulated current waveform deviates remarkably from sinusoidal
form as motor operates at lighter loads. Thus, coupling of FEM with an external circuit model
enables more precise estimation of motor instantaneous torque under different loading conditions.
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This is crucial for specific drive applications such as vehicle traction, where the motor load varies
significantly.

Results and discussion

Torque profile. Through iterative calls corresponding to one pole rotor step, the coupled model
outputs the machine’s electromagnetic torque. Instantaneous torque waveforms and their FFT
analysis for different loading conditions are shown in Figs. 7and 8.
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Fig. 7 Full load condition. (a) Output torque (b) FFT analysis

Fig. 9 summarizes torque results for three different power angles d. Results clearly demonstrate
that the torque ripple reflects basic machine design characteristics e.g. number of stator slots per
pole, magnet position and formation, so as to allow for its parameterization and convenient
integration on a real time microprocessor-based control system. An increasing declination of the
torque average value can be noticed as motor load increases owing to mutual interaction between
rotor and stator fields.

The resulting torque ripple can be superimposed to the torque command of an optimized
performance control algorithm so as to reduce output toque harmonics.
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Implementation on a control algorithm. The machine’s torque profile is integrated on a control
algorithm as shown in Fig. 10 in order to evaluate its effectiveness in reducing the harmonic
component of the output torque. The controller used accepts a speed command as its primary input.
This is compared to the machine’s actual speed and the result is passed through PI controller which
outputs a torque command. Depending on the machine’s loading conditions and rotor position, a
torque signal, such as the ones depicted in Fig. 9, is then superimposed to the PI controller’s output
and a final torque command is exported. The latter is fed in a vector control algorithm operating on
a maximum torque per ampere logic, controlling a three phase inverter and ultimately the PMSM.

On a first stage the controller is operated without the injection of the torque ripple and the results
are shown in Fig. 11. The 330Hz dominant harmonic resulting from the stator geometry is apparent
and rises to 0.16 compared to the base value corresponding to the DC torque component. On a
second stage the torque ripple deriving from the coupled model analysis is superimposed to the
torque command. The results are shown in Fig. 12.

FFT analysis

Tm  Electromagnetic torque Te (N*m)

pulses Rotor speed wm (rad/sec)

\ 4
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Fig. 10 Block diagram of the controller used to evaluate the model’s effectiveness
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Fig. 11 FFT analysis of the output torque without signal injection
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FFT analyss (Signal injection module "ON")
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Fig. 12 FFT analysis of the output torque with signal injection

In this case the 330Hz dominant harmonic is reduced to 0.06 marking a 62.5% decrease. It is
made clear that the injection of the torque ripple on the controller’s torque command is favorable a
propos to the reduction of the machine’s torque harmonic component.

Conclusion

A coupled field and circuit model for PMSM has been introduced. The model achieves an
accurate representation of the machine’s torque ripple under various loading conditions by
combining precise FEM modelling on one hand and circuit analysis based on real-time data
collected from an actual PMSM prototype on the other. The resulting data is then parameterized and
used for cancelling the remaining torque ripple from the machine design stage through a convenient
controller. The proposed methodology has been validated through a simulation model and the
results demonstrated significant improvement of the machine’s torque harmonic spectrum.
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Dynamic Finite Element Hysteresis Model for Iron Loss Calculation in
Non-Oriented Grain Iron Laminations Under PWM Excitation
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This paper introduces a dynamic finite element model for calculating iron loss in ferromagnetic non-oriented grain laminations under
pulse-width modulation (PWM) excitation. The proposed methodology accounts for static hysteresis, classical eddy currents and anoma-
lous losses and has been validated by measurements in Epstein device in different cases of PWM voltage waveforms. The model is based
on a particular 2-D finite-element technique by using standard static iron lamination characteristics and offers sufficient accuracy in all

studied cases.

Index Terms—Epstein frame, finite-element methods (FEMs), iron losses, non-oriented grain iron laminations, pulse-width modulation

(PWM) techniques.

I. INTRODUCTION

ON-SINUSOIDAL excitation of electromagnetic devices
N is nowadays a common practice due to the extended use of
power electronics [1]. As traditional iron loss calculations and
modeling fail to properly predict dynamic phenomena, a more
sophisticated approach is required [2], [3]. Such an approach
should account for local variations of BH response due to the
different forms of excitation used [4], [S]. Cases of losses due
to low order harmonics [6], [7] as well as pulse-width modula-
tion (PWM) excitation waveforms constitute the subject of im-
portant research analysis both under unidirectional (scalar hys-
teresis) [8], [9] and rotational field variation (vector hysteresis)
[10]-[14].

In this paper a particular finite-element methodology for iron
losses evaluation in iron laminations under unidirectional field
variation is introduced. The proposed method extends the pos-
sibilities of previously presented techniques concerning one di-
mensional geometries [5] to 2-D topologies enabling to repre-
sent more realistically Epstein devices for lamination iron losses
measurements [7]. Both dynamic and excess losses are taken
into consideration enabling to represent arbitrary time variations
of the field inside the laminations.

II. DYNAMIC HYSTERESIS MODEL

Various models that take into account the dynamic ferromag-
netic material response under non-sinusoidal excitation have
been proposed [1]-[4]. More effective representation can be
provided by magnetic field models based on iron losses con-
sideration in laminations by partitioning them into three main
components [15]: static hysteresis, eddy current, and anoma-
lous losses, respectively. The proposed methodology involves
magnetic field analysis by adopting such a partitioning and in-
troduces a particular technique for considering anomalous iron
losses described in detail hereafter.
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Fig. 1. Static hysteresis curve, initial magnetization curve and definitions of
the coercive force H., and the differential reluctivity vais.

A. Magnetic Field Partitioning

The magnetic field involved in dynamic hysteresis loops ob-
served in ferromagnetic materials can be partitioned as follows

[5]:
H=H.+vagB + H, (D

where H is the applied magnetic field strength, H. is the coer-
cive force, vq;g the differential reluctivity, B the magnetic flux
density, and H, an additional source magnetic field strength
term representing the domain wall motion. The first two terms
in relation (1) are associated with the static hysteresis curve,
corresponding to very slow field variations that in practice can
be assimilated to 50 Hz frequency, as shown in Fig. 1. In coun-
terparts, the third term H, represents the dynamic hysteresis
effects associated with the anomalous iron losses [5], reflecting
the time lag of the flux density B behind the applied field H
and can be appropriately approximated by the square root of the
time rate of change of the local flux density, as follows:

OB
H, = ’/W‘ 2)

B. Governing Equations in 2-D Geometries

The magnetostatic field analysis in cases of 2-D geometries,
by adopting a Cartesian coordinate system, can be based on
the following form of Poisson equation expressed in terms of

0018-9464/$26.00 © 2011 IEEE



PATSIOS et al.: DYNAMIC FINITE-ELEMENT HYSTERESIS MODEL FOR IRON LOSS CALCULATION
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Deviation from static hysteresis curve
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(magnetostatic analysis)
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Fig. 2. Static hysteresis curve and dynamic hysteresis curve as well as minor
loop representation.

TABLE I
VALUES OF PARAMETERS FOR DIFFERENT REVERSAL BH CURVES

VALUES OF PARAMETERS FOR DIFFERENT REVERSAL BH CURVES
Curve No e c T o

1 le-4 3e-3 50000 10

2 le-4 3e-3 52000 12

3 le-4 3e-3 54000 14

4 le-4 3e-3 56000 16

the only existing component along z-direction of the magnetic
vector potential A:

V x (Udiﬂv X A) =V x (—Hc). (3)

A magnetostatic analysis based on (3) can provide acceptable
accuracy for typical iron laminations of 0.5 mm width in cases
of sinusoidal magnetic field time variations at the frequency of
50 Hz. However, in cases of important higher frequency con-
tent, eddy currents have to be explicitly considered by using a
magnetodynamic analysis, that is why the following form of dif-
fusion equation has been adopted

0A
VX(’UdiffVXA)—i-O'E:VX(—HC—HQ) “4)
where o is the electric conductivity.

In (4) the term involving the vector potential time deriva-
tive accounts for eddy currents developed macroscopically at
the level of laminations while the term involving H, repre-
sents the domain wall motion (microscopic eddy currents) and
is evaluated by relation (2). The effects of these terms involve
respective deviations from the static hysteresis curve, illustrated
in Fig. 2. The static hysteresis curves are approximated by the
reluctivity expressed by relation (5), exhibiting very good con-
vergence characteristics, which can be used for 50 Hz sinusoidal
excitation [16]. The major BH curve corresponds to the param-
eters given for curve 1 in Table I while the set of three reversals
shown in Fig. 3 correspond to the parameters for curves 2, 3,
and 4 in the same table, respectively

H2a

’U(B) = g e+(C—€)HT_|_T

&)
where e denotes the relative initial reluctivity, c the relative final
reluctivity, while o« and 7 tune the curvature of transition from
the initial to the final reluctivity value.
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Fig. 3. Static hysteresis curve representation and four reversal BH curves cor-
responding to reluctivty variations described by (5) with the parameters given
in Table I.

Fig. 4. Epstein device and iron laminations configuration. a: Epstein device
used. b: Laminations configuration in the device. c: 2-D representation of lam-
inations configuration.
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Fig. 5. Solution domain adopted for the 2-D representation of the Epstein de-
vice.

0A/on =0

Fig. 6. Boundary conditions imposed on the solution domain boundaries.

C. 2-D Finite-Element Model for the Epstein Device

The Epstein device can be sufficiently well represented in
a 2-D geometry by exploiting the existing symmetries and
modelling half width of the iron laminations involved, as shown
in Figs. 4 and 5. Moreover, appropriate Dirichlet conditions of
constant vector potential difference across the upper and lower
boundaries and natural Neumann conditions on the lateral
boundaries are imposed, illustrated in Fig. 6.
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Fig. 7. Distribution of the source vector potential A. corresponding to the co-
ercive force term H . a: Solution domain. b: Detail in the region near the lam-
ination edge.
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Fig. 8. Simulation results of FEM analysis in iron laminations in case of square
wave supply. a: Distribution of flux density. b: Distribution of eddy currents.

D. Evaluation of the Newly Defined Source Terms

The evaluation of the coercive force H,. distribution in the so-
lution domain corresponding to a major static hysteresis loop is
obtained by solving a fictitious magnetostatic problem consid-
ering negligible permeability in the iron parts and the usual pg
value in the air regions. In practice a permeability one thousand
times less than yo has been implemented in iron laminations, in
order to produce H,. without B in these regions.

In this way the respective vector potential A distribution can
be obtained involving no contribution in flux density values in
iron laminations. Such a distribution in the solution domain and
in a detail near the lamination edge is shown in Fig. 7(a) and (b),
respectively. Moreover, the term H,, corresponding to anoma-
lous losses is determined through a similar distribution, which is
based on time derivative of the flux in the laminations. As (2) is
solved by using time stepping techniques, it is easy to evaluate
such a time derivative by using first-order approximation.

The novelty of our methodology relies on the numerical eval-
uation of these particular terms in case of 2-D geometries.

III. RESULTS AND DISCUSSION

The model developed has been implemented in predicting dy-
namic hysteresis loops and iron losses in 0.5 mm thick, non-ori-
ented grain electrical steel laminations. The simulated results
have been validated by measurements in an Epstein device.

Fig. 8(a) and (b) show the simulated field distribution and
eddy current distribution respectively, in the laminations under
square wave excitation of 50 Hz fundamental frequency. These
figures illustrate the eddy current concentration in the edges of
laminations. The measured hysteresis loop under square wave
excitation at 50 Hz fundamental frequency is compared to the
one measured under sinusoidal excitation in Fig. 9. It may be
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Fig. 9. Comparison of measured hysteresis loop under sinusoidal excitation to
the one obtained for square wave excitation at 50 Hz fundamental frequency.
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Fig. 10. Comparison of simulated hysteresis loop under sinusoidal excitation
to the one obtained by PWM excitation at 50 Hz fundamental frequency and
500 Hz switching frequency.
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Fig. 11. Comparison of measured hysteresis loop under sinusoidal excitation
to the one obtained by PWM excitation at 50 Hz fundamental frequency and
500 Hz switching frequency.

noted the relatively enlarged hysteresis loop area in the case
of square wave excitation. Fig. 10 compares the simulated hys-
teresis loop under sinusoidal excitation to the one obtained by
PWM excitation at 50 Hz fundamental frequency and 500 Hz
switching frequency. The same results measured in the Epstein
device are compared in Fig. 11.

These figures illustrate the good agreement between simu-
lated and measured hysteresis loops. The relatively dissymmet-
rical configuration of the measured hysteresis loop under PWM
excitation observed in Fig. 11 can be explained by the supply
waveform deviations.
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Fig. 12. Comparison of measured and simulated iron losses in non-oriented
grain iron laminations of 0.5 mm width for fundamental frequency of 50 Hz.

Lmmm=- x: measured under PWM excitation at switching frequency of 5 kHz.
- . - . -: simulated under PWM excitation at switching frequency of 5 kHz.
0----- o: measured under sinusoidal excitation. ----- : simulated under sinu-
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Fig. 13. Measured iron losses, for non-oriented grain laminations under PWM
excitation at fundamental frequency of 50 Hz and different switching frequen-
cies and flux densities.

The simulated and measured iron losses with flux density for
both sinusoidal and PWM excitation at fundamental frequency
of 50 Hz and switching frequency of 5 kHz in non-oriented grain
laminations of width 0.5 mm are compared in Fig. 12. A good
agreement between the simulated and measured losses values
can be noted in all cases. Moreover, this figure shows that the
PWM excitation case involves an important iron loss increase
in all flux density levels.

Fig. 13 shows the variation of losses versus switching fre-
quency, with the peak value of the first harmonic flux density as
parameter, keeping constant the fundamental output frequency
at 50 Hz as well as the modulation index, in non-oriented iron
laminations. In Fig. 13 it may be noted that iron losses are prac-
tically independent on the switching frequency, at least up to the
5 kHz case considered.

IV. CONCLUSION

A methodology for simulation of hysteresis loops and re-
spective iron losses in non-oriented grain ferromagnetic lami-
nations under PWM excitation has been introduced. It is based
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on a novel formulation involving two dimensional finite ele-
ment analysis for the simulation of Epstein device accounting
for static hysteresis, eddy current and anomalous losses. Such a
representation is necessary in order to consider lamination over-
lapping existing in the magnetic circuits of many devices. The
method has been validated by measurements while loss varia-
tions with switching frequency and supply type have been com-
pared. It was shown that iron losses are not practically affected
by switching frequency under PWM supply while they are im-
portantly greater when compared to the ones resulting under si-
nusoidal excitation for the same fundamental frequency and flux
density level.
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Abstract— In this paper a maximum power point tracking
(MPPT) control system for wind-generator (WG) power
applications is presented. The power electronics part
consists of a boost DC/DC converter, a DC/AC three phase
inverter and two control units: one controlling the boost
converter ensuring the MPPT process and one controlling
the inverter enabling the grid-connection and power flows
control. The presented MPPT controller combines the
benefits of two of the most commonly applied trends in the
MPPT processes namely: The tracking method based on the
optimum power versus speed characteristic and the
perturbation and observation (P&O) of the output power
method. Simulation and experimental results illustrate that
the proposed hybrid control system can cope efficiently with
difficulties arising from the separate use of the
aforementioned techniques i.e. problems of detuning due to
parameter changes or miscalculations encountered in the
fixed optimum power characteristic tracking process, and
P&O method deficiencies in rapid wind changes or fault
recovery. The proposed method is evaluated by using a 2.5
kW experimental prototype.

L INTRODUCTION

Following European and worldwide guidelines
concerning environmental issues, renewable energy
sources are gaining increased interest in the energy
market. Wind generators (WGs) have a lower installation
cost compared to photovoltaics thus representing a
significantly larger portion of the currently installed
electrical power from renewables. Subsequently, WGs
today constitute a favored renewable energy application
both from investment and research aspects.

Harnessing the maximum available wind power
represents an issue of significant importance regarding
WGs. A propos to that, it has been shown that variable-
speed (VS) configurations generate more total annual
energy at any wind speed than constant speed
configurations [1]-[2]. In VS configurations the WG’s
rotating speed is changed guiding the acrodynamic system
to operate at the maximum power point (MPP) for every
wind speed. The latter can nowadays be performed with
the use of power converters due to recent advances in
power electronics and reduction of their overall cost.
Following a review of up-to-date bibliography reveals that
existing MPP tracking (MPPT) methods can be classified
in two main categories: Those that are based on tracking
the WG’s optimum power versus speed characteristic

978-1-4244-1668-4/08/$25.00 ©2008 IEEE

(Fig. 1la) [2]-[4],[9] and those that use constant
perturbation and observation (P&O) of the WG’s output
power (Fig. 2a) [5]-[8]. Separate use of either of the two
above mentioned control strategies may present several
difficulties under specific conditions as will be discussed
later. In this paper a control system combining a pre-
calculated characteristic on one hand and power P&O on
the other is described.

II. SYSTEM OVERVIEW

The wind power captured by the wind turbine can be
expressed as:

1 3
By = AV, Cpy(2.0) ()

where p is the air density, 4 = 7R’ is the area covered by
the blades’ rotation, C,(4,0) the wind turbine’s power
coefficient, R the blade radius, 6 is the blade pitch angle
and V,, the wind speed. 4 is the tip speed ratio:

A=QRIV,, Q)

where Q is the rotational speed. It can be shown that for
each wind speed, there exists an optimum tip speed ratio
Aopr that maximizes C, and consequently from (1), P,.
Combining (1) and (2) for 4, yields:

3 3)

_pmax 1 eSe
i 32
opt
The system of Fig. 1a uses an optimum power versus
speed characteristic stored in a microcontroller memory.
The rotating speed is measured and the desired power is
determined. The latter is compared to the actual power
and the error is fed to a system controlling a power
converter and ultimately the WG’s output power. Similar
controllers [9] use speed commands.

Fig. 1b shows output power versus rotating speed
characteristics of a wind turbine for different wind speeds
while the dotted line shows the maximum power points
for different values of 2 and V,. An optimum torque
versus rotating speed curve can also be established as
shown in Fig. 2c that corresponds to the maximum power
curve of Fig. 2b [5], [12].

On the other hand, the system of Fig. 2a uses constant
perturbations of the output power, based on power
measurements of previous states in order to perform the

m,max
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MPPT process. A version of the P&O algorithm is shown

The block diagram of the proposed control system is
depicted in Fig. 3. The MPPT process is performed by
properly adjusting the DC/DC converter’s duty cycle D
and thus the WG’s output power. The system measures
the generator’s rotating speed and calculates the optimum
torque 7, i.e. the torque that maximizes the WG’s output
power according to Fig. lc. Actual torque 7, is also
calculated. For a small error between the above, the
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Figure 3. Block diagram of the proposed hybrid system
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system performs a P&O process, based on the calculation
of actual power P, overlooking the use of the optimum 7 -
Q characteristic. However, if the difference between the T,
and T7,, exceeds a certain limit the duty cycle is
commanded according the optimum characteristic. In
other words, the system tracks the MPP accurately
through a P&O process, while in the same time it uses the
predefined 7T - Q characteristic for self-adjustment in case
the P&O algorithm is thrown off due to heavy
disturbances such as sudden wind speed changes or
improper initialization.

A detailed diagram of the proposed system is shown in
Fig. 4. For the prototype set-up a DC motor is used to
emulate the wind turbine and rotate a 2.5kW Permanent
Magnet Synchronous Generator (PMSG). The generator’s
output voltage of 400 V,, nominal value is rectified
through a three phase full bridge rectifier rated at 1200V
and 30A. The rectifier’s output is fed as input on a boost
DC/DC converter. Inductance L, is not directly
implemented but rather the inductance of each of the
generator’s phases of 17.3mH each, was proven to be
adequate for this purpose. S/ is an IGBT rated at 1200V
35A and diode D/ is rated at 1200V 16A with a reverse
recovery time ¢, = 30ns. Capacitance C,, totals 470uF.
The boost converter outputs a 600V dc voltage which is
fed to a three phase inverter ensuring the grid connection
of the system and handling both active and reactive power
flows. The inverter operates in standard voltage control
SPWM mode using IGBTs rated at 1200V 15A. The
inverter’s controller adjusts the amplitude modulation
ratio m, and the power angle J for ensuring the
appropriate reactive and active power flows control
respectively, while on the same time the control algorithm
insures that the 600V dc voltage in the inverter’s input is
kept constant. Filter inductances, L; of 15.2mH for each
phase are used between the inverter’s output and the grid.
A dump load of 250Q is also considered in order to
protect against overvoltages at the dc bus. S2 is an IGBT
rated at 1200V 35A.

The boost converter and the dump load are controlled
through a PIC18F452 microcontroller implementing the

Initialization

el Measure Vi ¢ Vyc 1, lict |(7
Calculate T¢, R,

Calculate Tyt ¢

-No:

Complement AD sign

Figure 5. MPPT process algorithm

MPPT process while a DSPIC30F4011 is used to control
the inverter and handle grid connection and power
transfer. The microcontrollers communicate through a
Serial Peripheral Interface (SPI). If not otherwise
commanded, the system transfers all active power
available from the aerodynamic part of the WG to the grid
keeping the reactive power minimal.

The control process algorithm for the MPPT is shown
in Fig. 5. After initialization voltages V,,, V, and current
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1, are measured and rotating speed £, actual output
power P, actual torque 7; and optimum torque 7o, are
calculated. The error between 7, and Ty, is compared to
a threshold 7j,. If Ty, is exceeded the boost converter’s
duty cycle is adjusted to the optimum value defined by the
T — Q characteristic. If not then the system performs a
P&O process. The actual output power P, is compared to
the previous value P, ;. If P, is greater than P,;, then the
sign of 4D is unchanged, an observation flag is set to
“True”, 4D is added to D, and the process is repeated.
Otherwise the flag is checked. If “True” than the sign of
4D is changed, the flag is set to “False” and the process
continues. In each case if maximum or minimum values of
D, D,,,. and D,,;, respectively, are exceeded the sign of 4D
is also complemented. The P&O process resembles the
one of Fig. 2b as implemented in [5] stating that in order
to achieve MPP the duty cycle is changed towards a
specific course (increase or decrease) until actual power
decreases and the course is reversed.

Compared to the algorithm presented in [5] the authors
have added a flag that prevents 4D from changing sign
before the output power actually increases. The authors
have observed that the algorithm described in [5] may
indeed change the sign of 4D as a result of a recorded
power decrease, however, when the P&O process is
rapidly repeated and due to the relatively slow dynamic
response of the system, the effect of this change may fail
to yield a power increase, consequently the sign of 4D is
erroneously re-complemented on the next cycle and the
system is disorientated. Due to the flag’s presence the
above defect is neutralized in the proposed algorithm. If
the system, however, strays significantly from the
predefined optimum torque as a result of certain events
such as sudden wind speed changes or improper
initialization, the control loop is switched from the P&O
process to the optimum characteristic logic until 7}, isn’t
exceeded and the control loop is switched back.

IV. RESULTS AND DISCUSSION

As a first step the control system based on the optimum
steady state characteristic, the P&O system as well as the
proposed hybrid system are simulated separately. Then the
control systems are tested on the prototype set-up
described in the previous paragraph. Fig. 7 exhibits the
WG’s output power P, both simulated and experimental,
for the aforementioned systems for a specific measured
wind time variation shown in Fig. 6. The maximum wind
power, P, ..., captured by the turbine is also displayed in
Fig. 7a as a reference. As shown in Fig. 7a, the system
based on the optimum steady state characteristic produces
almost the maximum power available and can cope
efficiently with the considered wind variation having
displayed almost identical results both in simulations as in
practice. The experimental average value of generated
power, P,, is measured at 515W, very close to the average
P, max Which is 528W. However, a major drawback of the
system 1is its dependence on a pre-defined characteristic
that may result in considerable detuning of the latter due
to changes by aging [5] or possible miscalculations in the
optimum characteristic.

Fig. 7b shows the results for the previous control
system when a deviation from the optimum characteristic
is applied. The average P, is reduced to 380W. The P&O
system doesn’t suffer from this drawback. On the other
hand, the choice of the 4D step in the P&O algorithm is
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Figure 6. Measured wind time variation

crucial. A small step means a more accurate but slower
system, while a large step means a faster but less accurate
response. Furthermore initialization parameters can highly
affect the system’s overall performance. As shown in Fig.
7¢ the P&O system appears to track effectively the MPP
for the given time resulting in a measured average P,
value of 415W which is lower than the optimum system of
Fig. 7a but higher than the detuned system of Fig. 7b. Fig.
7d displays the results for the same P&O system save for a
difference of initial conditions regarding the boost
converter’s duty cycle D. It is evident, especially in the
experimental case, that the system cannot track the MPP
effectively, for the given wind variation resulting in a
measured average P, value of 256W.

Furthermore, the results for the proposed hybrid system
are shown in Fig. 7e. Initial conditions are the same with
those used in the case presented in Fig. 7d for reasons of
comparison. The system manages to maintain track of the
maximum power point while it can rapidly adapt to
sudden wind changes despite the poor initialization. The
instances when the control is switched from the P&O
method to the control based on the optimum characteristic
are also displayed. It is noted that the system uses the
optimum characteristic control loop only for self
adjustment and only for a slight period of time i.e. 1 - 4
sec. in this case. The system attains an average P, value of
400W which is almost as high as the standard P&O
system of Fig 7d but having avoided straying from the
MPP. The average P, is kept at a lower value compared to
that of the optimum characteristic based system shown in
Fig. 7a but higher than that of the detuned system of Fig.
7b.

V. CONCLUSIONS

A hybrid MPPT system for WG grid-connected
applications has been proposed. The system combines a
P&O algorithm and a controller based on optimum steady
state characteristic. Simulation results have demonstrated
that the system tracks the MPP accurately and additionally
handles large wind perturbations while its level of
complexity is kept minimal. An experimental set up has
been used to validate the above analysis. The hybrid
system exhibits a firm operation, avoids system detuning
due to parameter changes or miscalculations in the
optimum characteristic while it does not get thrown off in
rapid wind changes as a result of improper parameter set-

up.
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Figure 7. Simulated and measured WG output power, P, a) Controller based on optimum steady state characteristic b) Controller based on a detuned
steady state characteristic ¢) P&O controller d) P&O controller in case of improper initialization e) Hybrid controller.
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ABSTRACT: In this paper an integrated system for grid-
connected, variable-speed, wind power applications is presented.
The system consists of a salient pole synchronous generator, a
boost DC/DC converter acting as a maximum power point tracker
(MPPT) for the generator’s output power and a DC/AC three
phase inverter handling the grid connection. The generator is
based on a 2D finite element model for reasons of design
optimization. As for the power electronics part, the presented
MPPT controller combines the benefits of two of the most
commonly applied trends in the MPPT processes namely: The
tracking method based on the optimum power versus speed
characteristic and the perturbation and observation (P&O) of the
output power method. Simulation and experimental results
illustrate that the proposed hybrid control system can cope
efficiently with difficulties arising from the separate use of the
aforementioned techniques. The proposed method is evaluated by
using a 3 kW experimental prototype.

Keywords: Wind generator (WG), salient pole synchronous
generator, variable speed, maximum power point tracking
(MPPT).

[. INTRODUCTION

As a cause of worldwide concern for environmental
issues, renewable energy sources are nowadays gaining
increased interest in the energy market. Wind generators
(WGs) have a lower installation cost compared to
photovoltaics thus representing a significantly larger
portion of the currently installed electrical power from
renewables. Subsequently, WGs today constitute a favored
renewable energy application both from investment and
research aspects.

Harnessing the maximum available wind power
represents an issue of significant importance regarding
WGs. A propos to that, it has been shown that variable-
speed (VS) configurations generate more total annual
energy at any wind speed than constant speed
configurations [1]-[2]. In VS configurations the WG’s
rotating speed is changed guiding the acrodynamic system
to operate at the maximum power point (MPP) for every
wind speed. The latter can nowadays be performed with the
use of power converters due to recent advances in power
electronics and reduction of their overall cost.

In this paper, MPPT control is achieved through an
algorithm combining the use of a predefined optimum
torque versus speed characteristic on one hand and the
perturbation and observation (P&O) of the WG’s output
power on the other. It will be shown that separate use of
either of the two above mentioned control strategies may
present several difficulties under specific conditions.

The proposed system’s modeling is attempted to be as
accurate as possible in order to ensure overall actual system
efficiency. Following this course, a 2D finite element of the
generator is used for parameter evaluation.

II. CONTROL CHARACTERISTICS OF WGs

The wind power captured by the wind turbine can be
expressed as:

1 3
B = AV, Cp(2.0) (1

where p is the air density, 4 = 7R’ is the area covered by
the blades’ rotation, C,(4,6) the wind turbine’s power
coefficient, R the blade radius, 0 is the blade pitch angle
and V,, the wind speed. 4 is the tip speed ratio:

A=QR/V, @)

where Q is the rotational speed. It can be shown that for
each wind speed, there exists an optimum tip speed ratio
Jopr that maximizes C, and consequently from (1), P,.
Combining (1) and (2) for 4,,, yields:

c
_pmax 153 (€))

i 32
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Equation (3) denotes that for each wind speed there exists
an optimum value of Q and thus A, which maximizes C,
and thus the captured wind power. The latter can be shown
in Fig. 1 exhibiting P—Q characteristics of a wind turbine.
Using the P—Q characteristics, a maximum power curve
can be calculated for every wind turbine.
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Fig.1 Wind turbine P—Q characteristics and maximum power curve
different wind speeds

One of the most common MPPT controllers applied are
based on these pre-calculated maximum power curves or
their corresponding optimum torque versus speed curves.
An example is given in Fig. 2. The system uses an optimum
power versus speed characteristic stored in a
microcontroller memory. The rotating speed is measured
and the desired power is determined. The latter is compared
to the actual power and the error is fed to a system
controlling a power converter and ultimately the WG’s
output power.

Load
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woltage i '
imeasurement, 1adjustment,

________

Control
logic

P
‘“M
Q

Fig. 2 MPPT controller using an optimum power versus speed
characteristic.

On the other hand control systems overlooking the use of
a predefined characteristic are also reported in the
bibliography. Such controllers use constant perturbations
and observations (P&Os) of the output power, based on
power measurements of previous states in order to perform
the MPPT process. In general, the DC/DC converter’s duty
cycle is constantly perturbed towards a single course,
increase or decrease, until a power decrease is sensed and
the course is reversed. A P&O controller for WG
applications is comprehensively described in [5], while a
simplified version of a P&O algorithm is shown in Fig. 3.
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Nu—)l Complement AD sign

Yes

Dy~ D, + 4D

Fig. 3 P&O algorithm

III. PROPOSED SYSTEM
A. Machine Design

Model accuracy is essential for ensuring overall system
efficiency. The use of power electronics for electrical
load adjustment during the MPPT process occasionally
results in the exceeding of the machines nominal currents
and causes for short time non-linear phenomena, such as
local saturation, to appear. In order to achieve increased
accuracy for the introduction of simulation parameters as
well as design optimization, a 2D finite element of the
generator is used for parameter evaluation.

A first estimation of the generator structure can be
obtained by using standard formulae for the machine
considered. The preliminary design of main dimensions
is performed by means of the following procedure: the
magnetic flux per pole is determined by considering the
machine’s characteristics and the air gap geometry while
the appropriate number of turns of the stator windings by
applying the flux cutting rule in order to ensure the
desired voltage level with respect to the rotor speed; the
loading current is then derived by the machine output
characteristics.

Once the basic structure of the machine has been
determined the second step of the shape optimization is
performed by introducing a finite element model. A 2D
model is implemented enabling the performance
determination of the machine through a detailed field
analysis including the torque variation with the rotor
rotation as well as the design improvement by means of
the shape modification.

A stator winding involving one slot per pole and phase
has been considered in the 2D finite element model. One
pole part of the machine has been modeled by using
appropriate anti-periodic lateral boundary conditions.
Fig. 4 depicts the magnetic flux both under full and no
load conditions.

(b
Fig. 4 Magnetic flux a) No load conditions b) Maximum torque
conditions.

B. Converter and controller design

The block diagram of the proposed control system is
depicted in Fig. 5, while the control algorithm is shown in
Fig 6. The MPPT process is performed by properly



adjusting the DC/DC converter’s duty cycle D and thus the
WG’s output power.

After initialization voltages V,,, V, and current I, are
measured and rotating speed £, actual output power P,
actual torque 7, and optimum torque 7,,, are calculated.
The error between T, and T,,,, is compared to a threshold
Ty If Ty, is exceeded the boost converter’s duty cycle is
adjusted to the value defined by a pre-calculated optimum 7
— Q characteristic, corresponding to the WGs maximum
power curve. If Ty, is not exceeded then the system
performs a P&O process. The actual output power P, is
compared to the previous value P ;. If P;is greater than Py,
then the sign of 4D is unchanged, an observation flag is set
to “True”, 4D is added to D, and the process is repeated.
Otherwise the flag is checked. If “True” than the sign of
AD is changed, the flag is set to “False” and the process
continues. In each case if maximum or minimum values of
D, D, and D,;, respectively, are exceeded the sign of 4D
is also complemented. The P&O process states that in order
to achieve MPP the duty cycle is changed towards a
specific course (increase or decrease) until actual power
decreases and the course is reversed.

In other words, the system tracks the MPP accurately
through a P&O process, while in the same time it uses the
predefined T - Q characteristic for self-adjustment in case
the P&O algorithm is thrown off due to heavy disturbances
such as sudden wind speed changes or improper
initialization.

Compared to the algorithm presented in [5] the authors
have added a flag that prevents 4D from changing sign
before the output power actually increases. The authors
have observed that the algorithm described in [5] may
indeed change the sign of 4D as a result of a recorded
power decrease, however, when the P&O process is rapidly
repeated and due to the relatively slow dynamic response of
the system, the effect of this change may fail to yield a
power increase, consequently the sign of 4D is erroneously
re-complemented on the next cycle and the system is
disorientated. Due to the flag’s presence the above defect is
neutralized in the proposed algorithm. If the system,
however, strays significantly from the predefined optimum
torque as a result of certain events such as sudden wind
speed changes or improper initialization, the control loop is
switched from the P&O process to the optimum
characteristic logic until 7}, isn’t exceeded and the control
loop is switched back.
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Fig. 5 Block diagram of the proposed hybrid system.
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Fig. 6 MPPT process algorithm.

A detailed diagram of the proposed system is shown in
Fig. 7. For the prototype set-up a DC motor is used to
emulate the wind turbine and rotate the generator. The
generator’s output voltage of 450 V., nominal value is
rectified through a three phase full bridge rectifier rated at
1200V and 30A. The rectifier’s output is fed as input on a
boost DC/DC converter. Inductance L, is not directly
implemented but rather the inductance of each of the
generator’s phases of 20 mH each, was proven to be
adequate for this purpose. S/ is an IGBT rated at 1200V
35A and diode D/ is rated at 1200V 16A with a reverse
recovery time ¢,. = 30ns. Capacitance C,,, totals 470uF. The
boost converter outputs a 600V dc voltage which is fed to a
three phase inverter ensuring the grid connection of the
system and handling both active and reactive power flows.
The inverter operates in standard voltage control SPWM
mode using IGBTs rated at 1200V 15A. The inverter’s
controller adjusts the amplitude modulation ratio m, and
the power angle ¢ for ensuring the appropriate reactive and
active power flows control respectively, while on the same
time the control algorithm insures that the 600V dc voltage
in the inverter’s input is kept constant. Filter inductances,
L, of 152mH for each phase are used between the
inverter’s output and the grid. A dump load of 250Q is also
considered in order to protect against overvoltages at the dc
bus. S2 is an IGBT rated at 1200V 35A.

The boost converter and the dump load are controlled
through a PIC18F452 microcontroller implementing the
MPPT process while a DSPIC30F4011 is used to control
the inverter and handle grid connection and power transfer.
The microcontrollers communicate through a Serial
Peripheral Interface (SPI). If not otherwise commanded, the
system transfers all active power available from the



aerodynamic part of the WG to the grid keeping the
reactive power minimal.
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Fig. 7. Detailed diagram of the proposed hybrid system

IV. RESULTS AND DISCUSSION

As a first step the control system based on the optimum
steady state characteristic, the P&O system as well as the
proposed hybrid system are simulated. Then the control
systems are tested on the prototype set-up described in the
previous paragraph. Fig. 9 exhibits the WG’s output power
P, both simulated and experimental, for the
aforementioned systems for a specific measured wind time
variation shown in Fig. 8. As shown in Fig. 9a, the system
based on the optimum steady state characteristic produces
almost the maximum power available and can cope
efficiently with the considered wind variation having
displayed almost identical results both in simulations as in
practice.
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Fig. 8 Measured wind time variation.

The experimental average value of generated power, Py,
is measured at 515W, very close to the average P,
which is 528W. However, a major drawback of the system
is its dependence on a pre-defined characteristic that may
result in considerable detuning of the latter due to changes
by aging [5] or possible miscalculations in the optimum
characteristic. Fig. 9b shows the results for the previous
control system when a deviation from the optimum
characteristic is applied. The average P, is reduced to
380W.

The P&O system doesn’t suffer from this drawback. On
the other hand, the choice of the 4D step in the P&O
algorithm is crucial. A small step means a more accurate
but slower system, while a large step means a faster but less
accurate response. Furthermore initialization parameters
can highly affect the system’s overall performance. As
shown in Fig. 9c the P&O system appears to track
effectively the MPP for the given time resulting in a
measured average P, value of 415W which is lower than
the optimum system of Fig. 8a but higher than the detuned
system of Fig. 9b. Fig. 9d displays the results for the same
P&O system save for a difference of initial conditions
regarding the boost converter’s duty cycle D. It is evident,
especially in the experimental case, that the system cannot
track the MPP effectively, for the given wind variation
resulting in a measured average P, value of 256 W.

Furthermore, the results for the proposed hybrid system
are shown in Fig. 10. Initial conditions are the same with
those used in the case presented in Fig. 8d for reasons of
comparison. The system manages to maintain track of the
maximum power point while it can rapidly adapt to sudden
wind changes despite the poor initialization. The instances
when the control is switched from the P&O method to the
control based on the optimum characteristic are also
displayed. It is noted that the system uses the optimum
characteristic control loop only for self adjustment and only
for a slight period of time i.e. 1 - 4 sec. in this case. The
system attains an average P, value of 400W which is
almost as high as the standard P&O system of Fig 9d but
having avoided straying from the MPP. The average P, is
kept at a lower value compared to that of the optimum
characteristic based system shown in Fig. 9a but higher
than that of the detuned system of Fig. 9b.
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Fig. 9 Simulated and measured WG output power, P, a) Controller based
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Abstract— In this paper three maximum power point
tracking (MPPT) control techniques for low power variable
speed wind generators are evaluated. The three methods
perform the MPPT process through load variation and
consist of an optimal torque versus speed curve tracking
algorithm, a perturbation and observation of the output
power algorithm and a fuzzy logic-based algorithm. The
methods are evaluated through both simulation and
experimental results regarding transient response and
power output in order to asses the pros and cons of each
MPPT technique.

I. INTRODUCTION

Worldwide environmental concern is pushing both
research and investment interest toward renewable energy
sources. Following this, wind generators (WGs) today
constitute a favored renewable energy form and represent
a significant portion of the currently installed electrical
power from renewables.

In wind generator applications capturing the maximum
available wind power is essential. Regarding that, it has
been shown that variable-speed (VS) configurations
generate more total annual energy at any wind speed than
constant speed configurations [1]-[2] becoming more and
more attractive especially in low power applications. In
VS configurations the WG’s rotating speed is changed
guiding the aerodynamic system to operate at the
maximum power point (MPP) for every wind speed. The
latter is usually achieved through the generator’s load
variation by means of power converters. Reviewing of up-
to-date bibliography reveals that existing MPP tracking
(MPPT) methodologies vary, consisting of both
deterministic approaches such as the optimal power versus
speed characteristic trackers (OCT) and more abstract
approaches such as fuzzy logic or neural networks.
Whatever the case, the interest is focused in keeping the
interlaced vectors of robustness, applicability and
simplicity as high as possible.

The OCT is one of the most common MPPT control
techniques [2]-[4],[9] and uses the optimum power versus
speed characteristic of the wind generator. This can be a
quite simple and robust method although it lacks in
applicability and is furthermore subject to imprecision
resulting from mechanical deteriorating or parameter
miscalculation [5]. A more flexible MPPT technique is the
perturbation and observation (P&O) of the WG’s output

power [5]-[7], a common trend in photovoltaic
applications, which throws out the need for a predefined
characteristic. The major drawback of the latter method is
that its innate volatility renders it susceptible to
deficiencies in rapid wind changes or fault recovery as a
result of parameter set-up. In order to counter the
aforementioned problems the application of controllers
applying fuzzy logic [12]-[15] has been reported. In this
paper an assessment of the three aforementioned control
techniques is performed through the development and
separate testing of each.

II.  SYSTEM OVERVIEW

The wind power captured by the wind turbine can be
expressed as:

1 3
By = AV, Cp(2.6) (6]

where p is the air density, 4 = 7R’ is the area covered by
the blades’ rotation, C,(4,6) the wind turbine’s power
coefficient, R the blade radius, € is the blade pitch angle
and V,, the wind speed. 1 is the tip speed ratio:

A=QRIV,, Q)

where € is the rotational speed. It can be shown that for
each wind speed, there exists an optimum tip speed ratio
Aopt that maximizes C, and consequently from (1), P,.
Combining (1) and (2) for 4, yields:

_ Cpmax 1 prreres (€)
m, max 1 3 2
opt

Fig. la shows output power versus rotating speed
characteristics of a wind turbine for different wind speeds
while the dotted line shows the maximum power points
for different values of Q and V,. An optimum torque
versus rotating speed curve can also be established as
shown in Fig. 1b that corresponds to the maximum power
curve of Fig. la [5], [11]. The MPPT controller should
drive the turbine to operate at the optimum torque points
shown in Fig. 1b. The latter can be achieved by adjusting
the generator’s apparent load through a power electronics
interface. Fig. 2 shows the block diagram of the system
used to evaluate the three controllers. The DC-side voltage
and current are measured and fed to the system’s
controller which accordingly adjusts a DC/DC converter’s

duty cycle and thus the generator’s apparent load.

978-1-4244-5152-4/09/$26.00 ©2009 IEEE
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III. MPPT CONTROLLERS

A. Optimal Characteristic Tracking Controller

The OCT block diagram can be seen in Fig. 3. It
presents one of the simplest and least computationally
demanding MPPT techniques. The optimal T, — Q
characteristic is stored in a microcontroller memory where
T, is calculated from (4) by solving (3) as for torque.

Wind
Generator

Q

T
Tref Iref + D
DCiDC
i @ . @ Converter > Load
a lact

Fig. 3. OCT block diagram

p,max 1 5
T, =—f_
ref 1 3 2p7rR Q
opt
Then the DC/DC converter’s duty cycle D can be
calculated from (5) as

D=1, dK, ©)

2 “)

where

1, =1, -1, (6)

[ref B Tref Kl M
1,ris the reference current and /,., the actual current while
K, and K, are gains.

The OCT measures the generator’s rotating speed.
Supposing that the system operates at point A of the
characteristic of Fig. 1b and the wind speed increases
from Vy; to V. The turbine torque will jump to point B
and the rotating speed Q will begin to increase. The OCT
should adjust the converter’s duty cycle D according to (5)
so as to drive the system to optimal point C.

B. Perturbation and Observation (P&O) Controller

The MPPT controller’s dependence on a predefined
optimal characteristic presents certain disadvantages.
Firstly, the characteristic may be degraded due to
mechanical aging of the system [5] while on the other
hand it being optimal depends on the precision of the
initial calculations. Due to the latter drawbacks,
approaches to MPPT controllers operating independently
from a predefined characteristic have been reported [5]-
[7]. In such applications the controller performs constant
perturbations and observations (P&Os) of the output
power in search of the MPP.

The P&O controller algorithm used in this case is
shown in Fig. 4. After initialization the voltage and
current on the DC side V. and /. are measured and actual
output power P; is calculated. P, is compared to the
previous value P, ;. If P, is greater than P, ;, then the sign
of 4D is unchanged, 4D is added to D, and the process is
repeated. Otherwise the sign of 4D is changed and the
process continues. In each case, if maximum or minimum
values of D, D, and D,;, respectively, are exceeded the
sign of 4D is also complemented.

The P&O process main concept, as a general rule, states
that in order to achieve MPP the duty cycle is changed
towards a specific course (increase or decrease) until
actual power decreases and the course is reversed.
However, the authors have observed that the typical
algorithm, such as in [5], may indeed change the sign of
AD as a result of a recorded power decrease, yet, when the
P&O process is rapidly repeated and due to the relatively
slow dynamic response of the system, the effect of this
change may fail to yield a power increase, consequently
the sign of 4D is erroneously re-complemented on the
next cycle and the system is disorientated.

Compared to the algorithm presented in [5] the authors
have added a flag that prevents 4D from changing sign
before the output power actually increases. Due to the
flag’s presence the above defect is neutralized in the
proposed algorithm. Furthermore, a counter, j, is added in
order to ensure that the system doesn’t get caught in a
single direction loop. That is, if the sign of D remains
unchanged after n repeated cycles of decreasing power
output, then the flag is set to “true”, allowing the D sign to
be complemented regardless of the power measurement.



C. Fuzzy Logic Controller

While the P&O controller achieves control
independence from a predefined characteristic without
lacking in simplicity, it can suffer from errors under
specific conditions. Initialization of parameters as well as
step size and timings are crucial to the system’s overall
performance [16]. Cases where the P&O controller has
failed to function properly under rapid wind changes as a
result of improper initialization have been observed [16].
In an attempt to counter such difficulties the application of
fuzzy logic on the P&O concept can be applied.

The FL controller (FLC) uses the same philosophy as
the P&O controller meaning that it performs constant
perturbations of the duty cycle in order to track the MPP.
The block diagram of the controller used in this case is
shown in Fig. 5.

Initialization
Measure Vc ¢, luct

Calculate B
No‘)@Yesal Complement AD sign

No
j=i+1 Flag=False

Complement AD sign

Fig. 4. P&O algorithm

Fuzzification

During the fuzzification process membership functions
are used to convert the controller’s input variables to
membership values ranging between 0 and 1. For the
controller used, membership functions are chosen to be of
triangular form for reasons of simplicity since they are
less demanding in computational resources. The inputs
used are the output power variation, 4P,, between
instances n and n-1 and the converter’s output duty cycle
difference, 4D,_; between instances n-/ and n-2.

AP =P -P
n. n n (8)
AD' =p° -p°
n n—1 n—2
Fuzzy rules

The FLC operates in rules expressed in the form of IF —
THEN, to which the fuzzified inputs are related by a
logical AND operator. Table 1 displays the rules
governing the controller’s operation. The system will
measure the output power difference 4P, and adjust D in
order to track the MPP. Fig. 6 displays the membership

functions for the inputs of AP, AD' and output D°,
normalized in the range of [-1,1].

If for example a medium power increase is measured
having resulted from a previous duty cycle increase i.e.
AP = pm AND AD', = pm, then a large duty cycle is
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where inputs: nl = negative large
nm = negative medium
ns = negative small
pl = positive large

Z = Zero
ps = positive small
pm = positive medium

output: vs = very small
ms = medium small
bav = below average
vl = very large

av = average
aav = above average
ml = medium large

Fig. 6. FLC membership functions



commanded, i.e. D° = ml, to keep the system on the same
course. However, if for example a large power decrease is
measured having resulted from a previous large duty cycle
increase i.e. AP = nl AND AD', = pl, then a small duty
cycle is commanded i.e. D° = vs to counter this effect.

TABLE L.
Fuzzy RULES

AD' /AP, | nl | nm | ns z ps | pm | pl
nl vl | vl | ml [ bav | ms | vs Vs

nm vl | ml | aav | bav | bav | ms | vs

ns ml | aav | aav | av | bav | bav | vs

z vs | ms | bav | av | aav | ml vl

ps ms | bav | bav | av | aav | aav | ml

pm vs | ms | bav | aav | aav | ml | vl

pl vs | vs | ms | aav | ml | vl vl

Defuzzification

Defuzzification is the process through which the single
output fuzzy set, deriving from the aggregation of the
outputs of each rule, is converted to a single value. Here,
the centroid (or center of gravity) defuzzification method,
which returns as output the centre of the area under the
curve of the output fuzzy set, is used.

IV. RESULTS AND DISCUSSION

The three controllers are firstly evaluated through
simulations and then tested on a prototype set-up. A
detailed diagram of the system used is shown in Fig. 7.
For the prototype set-up a DC motor is used to emulate the
wind turbine and rotate a 2.5kW Permanent Magnet
Synchronous Generator (PMSG). The generator’s output
voltage of 400 V,,, nominal value is rectified through a
three phase full bridge rectifier rated at 1200V and 30A.
The rectifier’s output is fed as input on a boost DC/DC
converter. Inductance L, is not directly implemented
but rather the inductance of each of the generator’s phases
of 17.3mH each, was proven to be adequate for this
purpose. S/ is an IGBT rated at 1200V 35A and diode D1
is rated at 1200V 16A with a reverse recovery time ¢, =
30ns. Capacitance C,,, totals 470uF. The boost converter
outputs a 600V dc voltage which is directed to a resistor
load. Power flow is regulated through switch S2 which
ensures that capacitor voltage is maintained constant. A
freewheeling diode, D2, is used for protection against
voltage spikes on the load.

As a first step the controllers are tested for a step
variation of the wind speed, V,, from 6 to 9 m/sec as
displayed in Fig. 8a. Fig. 8b shows simulation results of
the aerodynamic coefficient Cp. The P&O controller
appears to be the slowest in achieving steady state having
a response time of approximately 35 sec. The OCT
controller achieves steady state in 6.15 sec while the FLC
is the fastest with 2.4 sec. However, it can be observed
that the OCT obtains the highest C, of an average value of
0.499 while the same values for the FL and P&O
controllers are 0.492 and 0.429 respectively.

A propos to the drawbacks of the OCT and the P&O
controller discussed in the previous section, a second
scenario is examined. The same step wind variation is

applied but this time the T — Q characteristic is deviated
considering an error of 20% while initialization
parameters are given extreme values. Results are shown in
Fig. 8c. The response time for the OCT is now at 9.88 sec
and as for the FL controller it remains practically the same
as before, at 2.24 sec. The P&O response time has
increased to 66 sec. Average values of C, for the OCT, the
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Fig. 7. Detailed system diagram
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FL and the P&O controllers are 0.486, 0.492 and 0.44
respectively. Fig. 9 displays experimental results of the
generator’s output power, P, for the above wind
variation. The output power of the system applying the
optimum characteristic is stabilized at approximately 3.8
sec for the fuzzy controller, at 4.8 sec for the OCT while
in the case of the P&O controller stabilization is achieved
at approximately 22 sec. Table II summarizes the results
regarding the aerodynamic constant C, for the two cases
of Fig. 8. Experimental results in Table II are put in
parenthesis.
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Fig. 10. Measured wind time variation
V. CONCLUSIONS

In this paper three MPPT controllers were developed
and compared. It was shown that the FL controller
managed to perform adequately being the fastest in terms
of step response, regardless of initial parameter set-up
while on the same time disposing of the need for a
predefined steady state characteristic. However, the
optimum characteristic tracker remains the least
computational demanding method yielding almost the
same maximum average power provided that the steady
state characteristic used is optimum. The P&O controller,
while easier to implement than its fuzzy logic equivalent,
faces problems associated with parameter tuning.

TABLE III.
P, AVERAGE VALUES

1200
1000~
5
g 800
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Fig. 9. Experimental results of output power P,
TABLE II.
C, AVERAGE VALUES AND RESPONSE TIMES
. Average Response Average Response
‘ﬁ/ﬁfz}lllsg Valueg time value time
(Case 1) (Case 1) (Case 2) (Case 2)
Optimum
Characte- 0.499 6.15 sec 0.486 9.88 sec
e (4.8 sec)
35 sec
P&O 0.492 0.44 66
(22 sec) see
Fuzzy logic | 0429 24 sec 0.492 2.24 sec
Z: . . .
uzzy 10g (3.8 sec)

At a second stage the three controllers are tested under a
specific measured wind time variation shown in Fig. 10
for the two above cases. Fig. 11 displays the generator’s
output power results. As shown in Fig. 11a the OCT
displays a firm operation yielding an average generator
output power, P,, of 520W. However, in the case of Fig.
11b where the characteristic is deviated the power drops to
an average of 380W. As for the P&O controller its
inability to track the MPPT, as displayed in the case of
Fig. 11d, clearly demonstrates its dependence on proper
parameter set-up. Simulation results displayed in Fig.
1le,f show that the system using the FLC appears
practically unaffected by parameter initialization.
Furthermore, several simulation runs have displayed that
the membership functions’ area and weight may vary on a
small scale without having significant effect on system
behavior, provided that the rules are properly established.

The latter suggests that parameter set-up, in the case of
the FLC, is not as strict and prohibiting as in the case of
the simple P&O controller suggesting a greater flexibility
and applicability of control. Table III summarizes the
simulation results regarding the generator’s average
output power P,. Once again, experimental results are
shown in parenthesis.

Applied Method | Average Povalue | Average P value
(Case 1) (Case 2)
e 520W 382W
Characte-ristic (463W) (379W)
475W
P 305W
0 (419W)
Fuzzy logic S12w S1aw
Y08 (476W) (476W)
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Fig. 11. Simulated and measured WG output power, P, a) OCT controller; b) OCT controller, detuned steady state characteristic; ¢) P&O controller;
d) P&O controller in case of improper initialization; e) FL controller; f) FL controller in case of improper initialization



AvaAuon AsiToupyiag kal ‘EAEYX0G ZuoTNHATWV AVEHOYEVVNTPIOV
MeTaBAnToVv ZTpoPwVv Alacuvdedepévwv oTo AikTuo.

M. NTpéko, X. Matoioc!, A. Xaviotng, A. KAadac
EBvikO MeTaopio MoAuTeyveio
Tunua HAekTpoAOywv Mnxavikwv kal Mnxavikwv YNoAoyloTwv
Epyaotipio HAekTpikwv Mnxavwv kai HAektpovikwv IoxUog

NEPIANAHWH

H epyacia npaypaTeleTal TEXVIKEG EAEYXOU OUOTNUATWV AVEPOYEVVNTPIWV HETABANTWV OTPOPOV
dlaouvdedepeévwv oTo OikTuo. H d1ata&n nou e&eTdletal anoteAsital and éva kivnmipa DC o onoiog
NMPOCOUOIWVEI TN AEITOUPYid TOU AVEMOKIVNTHAPA KAl MEPIOTPEPEI Wia yeEVVATPIA HoVipwv payvnTov. Evag
heTaTponéag aviywong Taoncg (boost converter) xpnoigonoisital yia va avuywoel Tnv TAon Kkai va
npaydaronoinosl Tn diadikacia €UpeonG Tou onueiou PEYIOTNG 1oxUoc (maximum power point tracking,
MPPT) evw &vag avTioTpopEas NnNyng Taonc avaiaypBavel tn diacUvOeon He To OikTUO. MeAETWVTAl TPEIG
OIaQOopeTIKEC PEBODOI eAEyxou MPPT evw O00ov agopd oTov €\eyX0 TOU avTioTpogEa, Xpnoidonolsital d-q
nAaiolo enITpEnovTag Tnv €UKoAn pUBUION TNG WETAyouevnG evepyolU Kal depyou loxUoc. EmnpooBeta o
£AEYXOC TOU aVTIOTPOPEA NAPAKOAOUBEI TNV TAON Tou JIKTUOU ENITPENOVTAC TNV adiGAeinTn dlIaouvOedEPEVN
Aeiroupyia Tng OIGTAENG UNO OUYKEKPIPEVEC OUVONKeC PBuBIoNC TAong oUPPWva HeE OIEBVEIC Kavoveg
AerToupyiac, eve nepiopilel Ta pelpaTa o anodekTa eningda.

Control and Analysis of Grid-Connected Variable-Speed Wind Power

Systems
M. Dreko, C. Patsios!, A. Chaniotis, A. Kladas
NATIONAL TECHNICAL UNIVERSITY OF ATHENS
Faculty of Electrical & Computer Engineering
Laboratory of Electrical Machines and Power Electronics

ABSTRACT

This paper focuses on different control methods for grid-connected, variable-speed, wind power applications.
The system consists of a DC machine used to emulate the wind turbine and rotate a permanent magnet
synchronous generator, a boost DC/DC converter acting as a maximum power point tracker (MPPT) for the
generator’s output power and a DC/AC three phase inverter handling the grid connection. Grid connection is
achieved using classical SPWM technique allowing for both active and reactive power flows. Regarding the
MPPT process three different control schemes are studied while regarding grid connection a d-q controller is
applied allowing for easy adjustment of both active and reactive power flows as well as voltage ride-through
capability according to international standards.
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1. EIZArQrH

Ta TeAeuTaia xpdvia napatnpeital yia €vrovn diGBeon, 101aiTeEpa and TNV NAEUPA TWV MEPICTOTEPO
AQVEMTUYHEVOV XWPWV, Yid €névOuan XpOvou Kal nopwv OTnv £peuva Kal agionoinon Twv avavewoIhwy
nnyov evépyelac. H aioAikn evépyeld anoTeAei To oTuloBATtn Twv AME, Touhdxiotov oTnv Eupwnn,
ayyifovrac 1o 35.6% TNC VEAG EYKATEOTNHEVNC 10XUOC yia To 2008. 3TN Xwpa Hag ol EMNKPAToUGEG CUVONKEG
oTo Aiyaio, oto KpnTikd kai aTo Kapndbio néAayog, OTIC avaToMKEG AKTEC TNG KEVTPIKAG Kal vOTIAg Xwpag,
otn B. KpAtn kai ota Awdekdvnoa kad’ OAn Tn OIGPKEId TOU £TOUGC €UVOOUV TNV EUQAVION aVEHWY
ONUAvVTIKNG EVTACEWG, IKAvAC va dIaTnpel o ASITOUpyia QvEPOYEVVATPIEC YIA PEYAAA XPOVIKA dlaoThaTa.
>Tnv EAAGDa AsiToupyouv onuepa 67 aloAika ndpka GUVOAIKNG 1oxuog 831 MW, dnAadn Aiyotepo and 10%
TNG OUVOAIKNG EYKATESTNHEVNC 10XUOG HE TO OTOXO va BpiokeTal oto 18% £wc To 2010.

Eival pavepd 0TI n aloAikfy anoTeAei oTIG PEPEG pag pia and TIG EAKUCTIKOTEPEG HopPeg AME doov
apopa oTIG enevOUCEIC OTO XWPO TNC EVEPYEIAC. SrUEPA TA CUCTAMATA AVEUOYEVVNTPIOV Mou Ogixvouv va
€niIKpaToUV €ival Ta OUCTAKATA WETABANTWV OTPOP®V HE BACIKOTEPO MAEOVEKTNUA TN MEYAAUTEPN MEON
£TNOI0 NAPAYWYN EVEPYEIAG EVAVTI TWV NAAAIOTEPWV OUOTNUATWY 0TaBepwv oTpopwy [1]-[4]. Baaikd poAo
o€ auTo OIadPAUATIOaV Ol EEENIEEIC OTOV TOUED TWV NAEKTPOVIKWY 10XUOC 01 0Mnoieg kaBioTouv Ta oUCTAUATA
AQVEPOYEVVNTPIWV OAOEVA KAl MIO EUEAIKTA EMITPENOVTAC TAUTOXPOVA TN GUMHOPPWON TOUG HE OIEBVEIC
kavovigpoUG kal NpoTuna nou dIENouv Ta OiKTUA NAEKTPIKNG EVEPYEIAC. ZNUEP, TETOIO CUCTAKATA NEPAV TOU
YEYOVOTOC OTI €yX€OUv OTO JIKTUO £vepYO 10XU €EQIPETIKAC NOIOTNTAC, dUvAvVTal Va EKTEAECOUV EMIKOUPIKEG
UNNPECIEG ONWC avTIoTabUIoN Agpyou I0XUOC Kal UnooTnpIEn Taoswe (uyol oc BuBiosic. STnv KaTelBuvaon
autn, n BEATIOTN aionoinon Twv CUCTNUATWY AVEPOYEVVNTPIWV YIVETAl AVTIKEIMEVO EKTETAUPEVNC EPEUVAC
OIEBvwG. MeyahUTepn dpaoTnpiOTNTA NAPATNPEITAI OTO KOMUMATI TOU €AEYXOU OMOU VEOI ENEYKTEG KAVOUV
JIapKWG TNV EUPAVION TOUG HE aKomnd TOOO va BEATIOOOUV TN CUPMEPIPOPA TOU EKACTOTE CUCTHUATOG 000
Kal va NapEXouV VEEC dUVATOTNTEG.

>Tnv napoloa epyacia PEAETATAI N CUUNEPIPOPA €VOC CUCTAHATOC AVEUOYEVVATPIAC HETABANTOV
oTpoPWV Olaouvdedepévng oTo diKTUO. XpnoidonolgiTal aUyxpovn YEVVNTPIA HOVIHWV HayvnTOV &V TO
oUoTnua nepidapBavel éva oradio DC/DC yia Tnv anoleu&n Tng ouxvoTnTag TN YEVVATPIAC ano auTr Tou
dIkTUOU Kal €va otadio DC/AC yia Tnv €yxuon Tng ioxUoc oTto dikTuo. H epyacia xwpileTal o TEOOEPA OKEAN.
2TOo NpwTo OKENOG avaAletal n Aeiroupyia Tou petatponéa DC/DC kal napaBétovral TPeIG dIAPOPETIKOI
TPOMOI EAEYXOU TOU HE OTOXO TN WEYIOTN Napaywyr evepyou 10XU0G. To deUTEPO OKEAOC MpayuaTeleTal Tn
Aeiroupyia Tou avTioTpopéa DC/AC o onoiog sival uneuBuvog yia Tn (eU&n Tng A/T pe To OIKTUO eV OTO
TpiTo OkEAoC napoucialovral anoTeAéoparta. Ta AMnOTEAECUATA TWV MPOCOMOINOEWY NACICIWVOVTAl ano
NEIPAPATIKA anoTeAéouaTa o€ NpoTunn dIATa&n nou avanTuxdnke aTo epyacTrpio HAEKTPIK®Y Mnxavwv Kal
HAekTpovikwv IoxUoc Tou EBvikoU MeTaoBiou MoAuTexveiou.

'Eva d1Gypappa Tou OUCTAPATOC Mou avantuxdnke ¢aiveral oto 2X. 1. H TAon Tng yevvhTpiac
avopBwveTal kal epappoleTal oTny £i00d0 evog YeTaTponéa aviywwong Taong (boost converter) Tou onoiou
0 €Aeyxo¢ €ival unelBuvog yia TNV Napaywyn HEYIOTNG 10XU0G and Tnv aveUOYEVVATPIA. STn OUVEXEIQ €vag
avTioTpoPEAG avalauBavel va geTayel Tny 1oxU ano To diaulo DC npog To SiKTUO PEGW KAaTAAANAoU QIATpou.
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ZX. 1 Aidypapa Tou oUCTAKATOG Nou avanTUxenke
2. METATPOIMEAZ ANYWQZHZ DC/DC — ANIXNEYZH ZHMEIOY MEIFIZTHZ IZXYOZ

H aioAikry 10xU¢ n onoia kai npooAauBaveTal ano Ta NTepuyia TnG A/l UNopei va eKPppacTei wG:

3

Cp(2.0) (1)
onou p n nukvoTnTa Tou aépa, A = nR? n EMPAVEId NOU CAPMVETAI ANO TNV MEPICTPOPI TWV NTEPUYIWY,
G,(A,6) n agpoduvapikr oTabepd, R n akTiva Twv NTepUyiwv, 8 n kAion Twv nTepuyiwv kar V;, n TaxutnTa
TOU avepou. A gival o AOyog TnG TaxUTNTAC TwV aKPONTEPUYIWV:

1
P = PAVy



A = QR/V,, (2)

onou £2n TaxuTnTa nepioTpoPnc. Mnopei v’ anodeixTei 0TI yia KGBe TaxUTNTA AVEPOU UNAPXEl €vac BEATIOTOC
AOyoG TaxuTnTag aKponTEPUYiwvV Ay O onoiog peyioTonolei To G, kal ouvenwg and Tnv (1) tThv A,
Zuvdualovtag Tnv (1) kai T (2) yia A €€ayeTar:
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>T0 ZX. 2a PaiveTal n 10xXUC eE600U 0 OUVAPTNON TNG TAXUTNTAG NEPIOTPOPNC yia Wia A/T yia JIaPOPETIKES
TaxUTNTEC AvEHUOU eV N OIAKEKOUMEVN YPAUMn OeiXVel Ta anpeia péyioTng 1oXU0G Yia DIaPOPETIKEG TIMEC TwV
2«kal V,. Mia kaunUAn BEATIOTNG ponngG — TaxUTNTAc NEPICTPOPNG UNOPEI EMIONG va NPOKUYEl ONwe (aiveTal
oTO ZX. 2B. N ornoia kal avTIoToIXEl TNV KAPMUAN Tou Zx. 2a.

O peratponéac avUwwonc DC/DC avalauBdavel va odnynosl Tnv A/l oTn Asimoupyia oTn
XAaPaKTNPIOTIKR Tou XX. 2B £T01 WOTE va WPEYIOTOMOIEITAlI N Napayouevn 10XUGC. AUTO KaTOpBWVETAl UECW
KaTaAMNAwV gAEYKTWV avixveuong Tou onueiou PEYIoTNG 1oxuog (Maximum Power Point Trackers, MPPTSs) ol
onoiol puBpifouv To Adyo kataTunong (duty cycle) Tou dlIaKONTIKOU OTOIXEIOU TOU PETATPONEA avUPWOoNG Kal
KaTd ouvéneia TO (AIVOUEVO (POPTIO TNG YEVVATPIac. H aAlayn Tou @opTiou TnG YevvnTpIac €xel Aueon
£nidpaacn oTo peupa £6doU TNE Kal apa aTn PO NMou auTr avanTUooEl.
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2ZX. 2 a) P — Q xapaktnpioTiki A/ kai kaunUAn PEYIOTNG IoXU0G B) T- Q XapakTnpIoTIKN Kal KapnuAn BEATIOTNG ponig
>To ZX. 3a aiveral To dIAypaupa evog TEToIoU cuaThaToc. H DC Taon kal To peUpya PETPWVTAIl anod
£vav EAEYKTH 0 0noio¢ npoodpuodlel kKaTaAAnAa To AOyo KATATPNoNG TOU YETATPOMNEA KAl Apa TO POPTIO TNG
YEVVITPIAG £TOI WOTE TO OUCTNKA va AEITOUpYEl aTnv BEATIOTN KaAunUAn ponng aTpogwy. MNa Tn diadikaaia
MPPT xpnoiponoloUvTtal diapope; HEBODOI AGAAEC MEPIOCOTEPO VTETEPUIVIOTIKEC, GAAEC NEPIOGOTEPO
AQAIPETIKEG Kal NMOAAEC (POPEC POPEC oUVOUAOHOI TOUC. XTnV €pyacia autn Oa napouciacToUv GUVONTIKA
TPEIC ano aTIC Mo ONUOPIAEIC TEXVIKEG eAéyxou MPPT. AvaAuTikr) napouaciaon auTwv YiveTal oTnv avagpopd
[11].
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2x. 3 a) ZUoTnua eAéyxou MPPT B) Aopikd diaypappa eheyktry OCT
o 'EAeyxog e dedopivn xapaxkTnpioTikn Asiroupyiag (optimum characteristic tracker,
OCT)
O €AeyX0oC YEOW DEDOPEVIIV XAPAKTNPIOTIKWY KAUNnUAWV AsiToupyiac €ival n ouvnBeoTepn PEBODOG EAEYXOU.
H BéATIOTN KapnuAn T - Q, 6nw¢ autn Tou X. 2B, BpiokeTal anobnkeuyévn o €va MIKpoeneEepyaoTr). H
TaxuTNTa NEPIOTPOPIG TNG YEVVATPIAC LETPATAI KAl AVTIGTOIXI(ETAI OE WIA GUYKEKPIPEVN PONr ava@opdac 7.s
MECW TNG OXEONC 4 Kal eV TEAEI O€ éva peUPA avaPpopac HEow TNG OXEONG 5.
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onou K; képdoc. To pelpa auTtd OUYKPIVETAI PE TO MNPAYHATIKO pelpa oTnv €i0odo Tou HETATPONEA
avuywong Taong cUPpwva e Tnv (6)
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Kal anod 1o opdAua Tng ouykpiong npokUNTel To duty cycle Tou NUIAYWYIKOU OTOIXEIOU TOU PETATPONEA PECW
TOU KEPDOUG K.
D=[I diK
err 2

(7)

o EAeykTnG avelpeong BEATIOTOU ONHEIOU AEITOUPYIAG HECW HIKPWV HETABOAGV.

H €Eaptnon Tou MPPT egheyktr) anod Tnv BEATIOTN kaunUAN AsiToupyiag napoucialel onuavTika
MEIOVEKTANATA. H kaunUAn pnopei va aAAagel Yopor) eEaitiac Tng ynpavonc Tou pnxavikol ouoThHaToC Ve
gival aueoa €EapTnUévn anod Tov UMOAOYIOHO TwV apXIKWV UMOAOYIOH®V TNG XAPAKTNPIOTIKAG Ol oroiol Kal
dUvavTal va anokAivouv and Tnv npayuatikotnTa [5]. AOYW auT@V TWV UEIOVEKTNMATWY, £XOUV YiVel
npoonabeieg yia Tn oxediaon MPPT eAeykTwv ol onoiol €ival aveEaptnTol and Tnv BEATIOTN KAPNUAN
AeIToupyiac. e TEToIoU €idouc epapuoyEg [5]-[10], o é\eyxog MPPT npayuaTonolei GUVEXEIC CUYKPITEIC Kal
HeTABoAEC TNC 1oxUOG €E000U Npog avalfiTnon onueiou AsIToupyiag Ye Tn WEYIOTN Napayouevn 1oxU. AuToi
Ol €AEYKTEC €ival YVwOTOI KAl WG EAEYKTEC aveUpeonG BEATIOTOU onueiou Asimoupyiac WECW MIKPWV
peTaBoAwv (perturbations and observations ,P&O0s).

21N YEVIKOTEPN PINOCOPIA TOU 0 EAEYKTNG O KABE KUKAO AsIToupyiag Tou unoAoyilel Tnv 1oxU £E000u
Kal NpayuaTonolei pia Pikpr) MeTaBoAr Tou duty cycle Tou peTaTponéa. ZTov €NOPEVO KUKAO N 10XUG E6D0U
EavalnoAoyileTal kai avahoya Pe To €av auTn €xel auénBei 1 peiwdei, To duty cycle peTaBaleral npog Tnv
i0la katelBuvon (auénon n peiwon) katd Tnv onoia WETABANBNKE OTOV MPONYOUMEVO KUKAO 1} aAAalel
KateuBuvaon avTioToixa. O aAyopiBuog avelpeonc Tou onueiou AsIToupyiag s auTtn Tnv nepinTwon diveral
0TO ZYX. 4 Kal avaAUETal EKTEVQG 0TNV avagopa [11].

Initialization

ZX. 4 A\yOpIBuoc eheykTn P&O..

o EAeykTG avelpeong BEATIOTOU onpEiou AsiToupyiag He aca®n Aoyikn).

O P&O eheykTnc eEaopalilel aveEaptnTn AsiToupyia and Tn BEATIOTN XApaKTNPIOTIKN KAunUAN Xwpic
0 &heyxoc va vyiverar 101aiTepa noAUNAOKOC. MOAAEC (POPEC OMWC KATW and OUYKEKPIJEVOC OUVONKEG
AgIToupyiac, OnNwc n.x. YPNyopec pINEG avéuou, Pnopei va odnynbei oe anonpooavaTtoAiouo Kai aduvapia
gvtoniodoU Tou BEATIOTOU onueiou Asitoupyiag. Oi apXIKOMOINOEIC TWV NAPANETPWV ONWC To PEYEBOG Tou
Bripatog Tou duty cycle aAAa kai o xpdvoc PETAEU dUo dIadoXIKWV OUYKPIoEwV Tou duty cycle, €ival noAU
ONUAVTIKEG YIa TNV OWOoTN EKTEAEON Tou eAéyyou[11]. Mpoc anopuyr TETOIWV JUCXEPEIWV £ival duvaTog O
ouvduadopog Tou P&O  eAeykTn PE TNV acaen Aoyikn. ANOTEAEOPA AUTAG TNG NPoondbeiag €ival 0 EAEYKTAG
aogagnc Aoyiknc, (Fuzzy Logic Controller).

H @iAocoia AsiToupyiac Tou eAeykTr acagouc Aoyikng, €ival napopola e ekeivny Tou P&O, pe Tnv
£vvola OTI npayuaronolei ouvexeic JeTaBoAEc Tou Duty Cycle NpoKEIMEVOU va EVTOMICEl TO Onueio BEATIOTNG
AerToupyiac. 'Onwg kal o P&O £Tol kal 0 eAeykTNG fuzzy xpnoigonol@vTac kataAAnAn Aoyikn eAéyxou €midpa
oTn HETABOAN Tou duty cycle Tou avTioTpo®Ea onwc (paiveral oTo 2X. 5.

O alyopiBuoc avixveuonc PEyIoTou onueiou Asitoupyiag nepiIAapBavel TPeIC XwPIOTEC OIadIKATIEC.
Apxikd npayupartonolsital n diadikacia TnG acagonoinong, OnAadn Tou kaBopiopoU TwV €I00dWV Kal TwV
€€00WV TNG OUVAPTNONG CUUHETOXNG. 2TN CUVEXEID NMPAyUaATonolsiTal n Eaywyrn TwV anoTEAEOPATWY Kal
TENoC n dladikacia TNG anooagonoinang 6rnou XPnoIKonoI®VTAC CUYKEKPIYEVN PEBODO AauBAveTrai n Tiyr Tou
AOoyou kartdtunong and 1o oUvoAo Twv anoTeAeopdtwv. Karta Tn diadikacia Tng acagonoinong , ol
OUVAPTHOEIC CUUKETOXNG METATPENOUV TIC METABANTEC €1I00D0U TOU EAEYKTH| OF TIMEC GUMMETOXNC and 0 wg 1.
1A TOV GUYKEKPILEVO ENEYKTT, OI CUVAPTNOEIC CUMHETOXNG EMNIAEXTNKAV TPIYWVIKEC, YiIa AOyouc anAdTnTag kai
AlyoTepou unoMoyioTikoU kdoTouc. Or €igodol nou Xpnoigonoinenkav €ivar ol SIaKUPAvoeic TnG 1axUoc
€€0d0u, AP, , HETAEU Twv oudPavTwv n Kal n-1 aA\d kai ol PeTaBoAEC Tou AOyou katatunone, 4D0,.;
METAEU Twv oudBavTwv n-1 kai n-2, oxeoelc (8),(9). H Acimoupyia Tou eAeykTn fuzzy avaAuerar otnv
avagopd [11].
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3. ANTIZTPO®EAZ NHIHZ TAZHZ

O SPWM TpIipacikdC avTioTpoPEag TUNOU NNYNG TAoNG £ival o JeTaTponéac 1oXU0G Nou PETATPENEI
Tnv dc Tdon TnG €€6d0oU TOU HETATPONEd aviywong os evaAhaooopevn. AnoteAeital and 6 IGBTs kal
avTinapaAAnAec d1IGdoUC Mou ENITPENOUY TV aywyn and To @opTio Npo¢ Tnv €i0odo Ot NEPINTWON MoU O
ouvTeheaTnG 1oxUoc €ival dIdgopoC TNG povadag. XTOXOC Tou eival va WeTayel Tnv loxU nou divel o
METaTponéag aviywwaong oTo JiKTUO KpaTwvTag oTabepr) TNV TAON TOU MNUKVWTH OTNV €i0od0 Tou. AUTO TO
KATAaQEPVEl XPNOILONOINVTAC dIavuoaTIKO EAeyXo peUpaToc S1adikacia nou UAOMOIEI O avTioTOIXOG EAEYKTNG
nou NepIypAQeTal NApakaTw. 'Eva AAo XapakTnpioTIKO TOU €AEyXOU TOU avTIOTPOQEA &ival N IKavoTnTa
pUBUIONC TOU OUVTEAEDTN 10XUOC TOOO OE ENAYWYIKO 000 Kal O XWPNTIKO. H pUBuIon auTn yiveTal anAd kai
NPOCOUOIWVEI TNV AEITOUPYIa TwV CUPPBATIKOV OTABP®Y NApaywyngc.

¢ EAeykTAG avTioTpo@Ea TUNOU NNYNRG TAONG

O ¢&Aeyxoc TOU avTIOTpOgEd MPAyMATOMNOIEITAl and KATAANAO €AeyKT} O onoio¢ AsIToupyei
epapuolovtac diavuopdTikO €\eyxo TNG Tdonc. Me Tn péBodo auTh KaTagepvel va kpaTtdesl oTabepr), Ot
OUYKEKPIYEVN TIYA, TNV TACN Tou NUkvwTh. Me ataBepry Tnv DC Taon, ol dIaKUPAVOEIG TOU PEUNATOC AOYW
TOU €AEYKTN TOU PeTaTponéa aviywonc, Oa ouvenayovral EUPecd OIaKUPAVOEIG TNG EVEPYOU I0XUOC MOU
EYXEEI 0 avTIOTPOPEAC aTo OikTUo. O EAEYKTNG TOU avTIOTpoPEd, e Aiya Adyia, avaAauPavel anhwg va Kavel
£yxuan evepyoU 10xU0C oTo OiKTUO avaAoya e TnV TIUA TNG TAoNG nou BAENel oTnv €i0odo Tou. 3T OXNua
60 QaiveTal To JOUIKO dIAYPANHA TOU EAEYKTH).

Vabe_grid (pu)
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2X. 6 a) Aopikd diaypaypa Tou eAeykTh Tou avTioTpopéa B) d-q nAaioio avapopdg

H apxn Acimoupyiac Tou eAeykTn BacileTal oe dIavuouaTiko €AeyXo TNG TAONG Mou napdyel o
avTIOTPOMEAG WOTE va VYIVETAI KATAANAN puBUION pelpaToc nou eyxéetal aTo OikTuo. O dIavUOHATIKOC
£\eyX0OC MPAYUATOMOIEITAlI € €va OTPEPOMEVO NAQICIO TO OMOI0 NEPICTPEPETAl WE TN YWVIAKR TaxUuTnTa Tng
TAoNG Tou OIKTUOU. JUYKEKPIPEVA, OelydaToAeinTeiTal n Taon Tou dIkTUOU and Tnv omnoia AauBaveral n
YWVIOKR TaxUTNTa NEPIOTPOPRC TWV TPIOV OIaVUOHATWV TNG. H ywviaky autrh TaxutnTa nepioTpoPns
anoteAei TV TaxUTNTa NEPIOTPOPNG TOU OTPEPOUEVOU NAAICIOU OTO OMoio YIivETal 0 €AeyX0C. Ta TPIPATIKA
peUpaTa ano Tnv NAEUpa Tou SIKTUOU avaAUovTal Kal QuTA JE T OLIpa TOUC OTO CUYKEKPIYEVO MAQICIO ONWCG
(aiveral oTo  oXNHa 6B . 'Onwc ival puoikd anod Tn OTIYWA MoU To NAAICIO NEPICTPEPETAI JE TNV YWVIAKN
TaxUTNTa TNG Taong Tou OikTUoU, 0 d G€ovac Ba oupninTel Ye To ouvioTapevo diAvuopa TnG Taong Taon V
kal kaTa ouvéneia Ba 1oxuel ol |V| = v4 v Vg = 0. Eniong €ival yvwaTo OTI N aTIydidia TiPr TG Evepyou
I0XU0G aTO TPIPAcikd oUaTnua diveral anod Tn oxeon (10)

P(t)=v,i +vi, +v.i, (10)

AV LETAOXNUATIOMO OTO OUYKEKPIPEVO d - g NAaigio TOTE Ba £XOUNE TIGC AKOAOUBEC GXETEIC



P =i(vdid +vqiq)
2 (11)

3 . .
Q—E(leq+vqld) (12)
ra To ouykekpipévo nAaiolo avagopdg onou |V| = vgq evad Vq = 0 AapBavovtal ol TEAIKEG OXEOEIG MoU

divouv Tnv evepyo kai Tnv agpyo 1oxU.

P:§|V|z;,
2 (13)

3
=2yl

Eivar @avepd and TIC oXEoEIC auTéC OTI YIa TO OUYKEKPIPEVO MAAIoIo avapopdc n evepyog Kal n
AgPYoG 10XUC MOu METApEPOVTAl AnO TOV AvTIOTPOPEd OTO OiKTUO €ival ouvaptnon Twv d kai g
OUVIOTWOWV TOU PEUMATOC. Ma To AOYyo autd €AEYXOVTAC TIC OUVIOTWOEC QAUTEC ME KAMOIO EAEYKTR €ival
duvaTn n puBuion TG evepyou Kal depyou I0XUOC. Ek npmTng OWwewc o €AeyXoG TNG evepyoU Kai AEpyou
IoxUo¢ (aiveral va €ivalr aveEApTnToc. 2Tn NPA&n OPWC KATI TEToIo dev I0XUEl yIaTi onoladnnoTe pubuion
yivel oTo éva anod Ta dUo PeyEBn €xel we enakoAouBo kal oTo AAAo.

Mépav TnG pUBUIONG evepyol kal depyou 10XU0OC OTN MOVIUN KATAOTAON O OUYKEKPIPEVOG EAEYKTNG
01a0ETel éva ouoTnua npooTaciag and uneppelpaTa kal éva cuoTnua napakoholBnong Taonc. To NpwTo
oloTnua dpa O€ MPWTN MPOTEPAIOTNTA aAvoiyovTac Toug OIaKONTEC TOU avTIOTPOPEA OTAV QAVIXVEUTEI
unéppeupa. To delTepo oUOTNUA napakoAouBei Tnv TAon Tou JIKTUOU WE OTOXO N OIGTAEN va aKOAOUBEI
OUYKeKpIJEva npdTuna avoxnc oe Bubiosic Taoeic [12]. Me Baon To oUoTNUa €Aeéyxou n JIAGTAgn apevog
napayével ouvdedepevn yia dedopEvo xpdvo, napd Tn Bubion, pe Baon TNV kaunUAn avoxnc Kai apeTEPOU Td
peUaTa nNepIopifovTal OE GUYKEKPIPEVN TIUN £TOI WOTE VA NPOCTATEUTE N SIATAEN.

4. ANOTEAEZMATA

3TNV napaypago auTr napad<TovTal anoTeAECUATA TOOO Yid HOVIUN 000 Kal yid JETapaTikn
karaoraon. H evotnTa xwpiletal og dUo Tunuara: To pépog Tou DC/DC peraTtponéa kal To pépog Tou DC/AC
avTIoTPOPEQ.

4.1 Z0ykpion eAeyktwv MPPT

O1 Tpeig eAeykTeC MPPT ouykpivovTal w¢ npog Tn duvaToTnTa napaywync evepyou 1oXU0C aAAd Kal To

XPOVO anoKpIONG TOUG O€ BNUATIKEC HETABOAEG Tou avepou. Ma Tn dieEaywyr Tou nelpduaTtog n AsiToupyia
TOU QVEHPOKIVNTNAPA NpocgopoimveTal ano £va DC Kivntrpa. EEeTtalovral dU0 NePINTWOEIS. XTNV /TepinTwon 1
(771) o1 TPEIC EAEYKTEC GUYKPIVOVTAI XPNOIKONOIMVTAC TN BEATIOTN XAPAKTNPIOTIKN POMNG — OTPOPWY YId TOV
aveUoKIVNTAPA Ve N apxikonoinon Tou duty cycle Tou petatponéa aviywwong AauBavel pia TP TEToIa WOTE
va dlaopaAilel opalr) ekkivnon Tou OuCTAMATOC. TNV [flgpintwon 2 (7712) n XApakTnpIoTIKA POnnG —
oTpoPwV anokAivel kata 20% Tng BEATIOTNG v n apyikonoinon Tou duty cycle €xer AdBel pia akpaia TiPn.
2TOXOG €ival va avadeixTei ol euaiodbnaia Twv eheykTwv OCT kai P&O aTnv XapakTnpIoTIKN POMNG — OTPOPWV
Kal oTnVv apxikornoinan Tou duty cycle avTioToixa.
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MINAKAZ 1 MINAKAZ 2
' Méqn XPc')voq Méqn ch')voc M&B050c Méon Tiun Po Méon Tiun Po
MeBodoG | TIUN anokpiong TIEN anokpiong (N1 (n2)
(m1) (N1) (n2) (M2) ocT 520W 382w
OCT | 0.499 (f".lsfeecc) 0.486 | 9.8 sec (463W) (379W)
35 sec P&O 475W 305W
P&O 0429 | 33 ceq) 0.44 66 sec (419W) (<205 W)
Fuzzy 512w 512W
Fuzzy | 49y | 2:4seC 0492 | 2.24 sec :
logic : (3.8 sec) : : logic (476W) (476W)

>T0 2X. 7 @aivovTal Ta NeipapaTika anoTeAéoPaTa Tng evepyou 10XUOGC YIa TOUG TPEIG EAEYKTEC yia
™V lepintwon 1 TG00 yia BnUATIK PETABOAN TNG TaxUTNTAG TOU avépou OCO Kal yid Mia NpayuaTikh
Xpovooelpa. Ztov Mivaka 1 cuvowilovTal Ta anoTeAEoUATa TG HEONG TIMAG TNG agpoduvapikng oTabepag G,
aM\d kal Tou XpOvou anokpIong TNG O BnUATIki METABOAN Tou avépou and Ta 6 oTd 9 m/sec evw OToV
Mivaka 2 ouvowilovTal Ta anoTeAEoUaTa TG evepyou 10XUOC yia TNV epapuolohevn xpovoaeipd avepou. Ol
napevOEoeIC e €vTovn YPAMMATOOEIPG UNOONAWVOUV NEIPAPATIKA danoTeAéouaTd. AnO Ta anoTeAéopara
dlapaivetal E&ekabapa a@evoc n euaiodnoia Tou eAeykTry OCT OTn XapakTnpIoTIKR POMNG — GTPOPWV Kal
aQeTEPOU Tou P&O OTIC apxIKEG OUVONKEG eAEyxou. EVTOUTOIC 0 eAeyKTNG fuzzy napapével avennpeaoTog Kal
oTa duo oevapia..

4.2 EAeyKTAG avTIoTpOPEA NNYNAG TAoNG

>Tn OUVEXEId NAapouacialovTal Ta anoTEAECUATA NPOCOMOINOEWY YIa TOV EAEYKT TOU AVTIOTPOPEQ.
MapaB&TovTal anoTeAéoPaTa agevog yia JOVIUN KaTaoTaaon, Onou Qpaiverai n 1kavoTnTa Tou avTIoTPogEa yid
HETAYywWYn €vepyou Kal dspyou 10XUOC Kal ApeTEPOU N anodkpior Tou OE Yia BuBion TAon Onou @aiveral n
METABATIKI TOU AnoKpIon.

e Movipn kataoTaon AsiToupyiag

>To 3X. 8a @aivovtal ol TACEIC KAl Ta PEUNATA WETA TO (QIATPO TOU AVTIOTPOPED YId ENAYWYIKO
ouvTeAeaTn 10XU0G. 3To ZX. 8B aiveTal n IKavOTNTA TOU AVTIOTPOPED YIA YETAYWYr AGEPYOU Kal EVEPYOU
IoxU0G o€ hoviun kataoTtaon Aeiroupyiac. To THD nou enituyxaverai yia ¢piAtpo 30mH eivai 0.96.
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2x. 8 a) Taoeic kal pelPATa YETA TO PIATPO Tou avTioTpoPEa B)IKavOTNTA TOU AVTIOTPOPED YIA HETAywyr 10XU0G

e MeTapaTikn kardoraon AsiToupyiag

E€eTaleTal n oupnepIpopd Tou avTioTpo®Ea yia BuBion Taong 0.5 pu onwg auTr) Tou 2X. 9a. XTo 3X.
9B @aiveTal To pelpa yia Tn Yia pacn Tou avTioTpoPEd. MapaTnpeital OTI OTO XPOVO 7sec Ornou GUHBaivel
n BUBIoN To peUua au&averalr aA\a nepiopileTal oTo JINAACIO TOU OVOUAGCTIKOU WECW TOU €AEYKTNH. MeTd
TNV napodo 2sec onoTe kal n BUBIon e€akoAouBei va ugioTaTal, 0 EAEYKTNC ANOKONTEl TOV AVTIOTPOPEQ
MEOW evog diakonTn. MNa Xpovo 10 sec dnou kal n BUBIoN nalel va ugpioTaTal o EAEYKTNG avalaupavel va
EavakAeioel To diakonTn agoU NpwTa £xouv €EaoPaliobei GUVONKES ouyXpoviopou. XTo XX. 9y gaiverai n
evepyoc 10xUC Nou eyxéeTal aTo dikTuo kata Tn diapkeia Tng BUBIoNC.
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2X. 9 a) Tdaon dikTUou B) PeUpa avrioTpo®ea y) IoxUc nou eyxéeTal oTo dikTuo KaTtd Tn dIdpKela TNG BUBIONC.
5. ZYMNEPAZMATA

>Tnv epyacia PeAETABNKE OIATAEN AVEUOYEVVATPIAC OVOMACTIKNG IoXUoC 2kW dlacuvdedepévng oTo
dikTuo. 'Ocov agopd oTnv napaywyrn evepyoU 10XUOG Ta anoTeAéopaTa £0€1Eav NwG 0 €AEYKTNAC aoapouc
AOVIKNC NAPAPEVEI AVENNPEACTOC AMNO TNV APXIKOMNOINoN TWV HETABANTWV EAEYXOU XWPIC TAUTOXPOVA va EXE
anoAUTWG kapia EapTnon and OedOPEVEC XapaKTNPIOTIKEG AEIToupyiac eve TauToxpova dev €ival euaiobnTog
oTn pUBHIoN TwV dIAPOoPwWY NApaueTpwv eAéyxou. O eheyktnc OCT napoucoialel euoTadny AsiToupyia woTdo0
n €&aptnor Tou and JedoWEVN XAPAKTNPIOTIKN AEITOUPYIac €XEl OUYKEKPIPEVA PEIOVEKTAMATA. O EAEYKTHG
P&O eival uaiobnTog oTnv apxikonoinon Twv PETABANTWV EAEYXOU evw yia va €ival euoTadng Ba npénel n
pUBUION TwWV NAPAUETPWY OI OMoieg dIENOUV TN AsIToupyia Tou va €ival 1B1aiTepa akpIBEIC KAl GTOXEUMEVEG
OTa XAapaKTNPIOTIKA TOU €KAOTOTE OUCTRHATOC ‘Ooov agopd aTn diaoUvdeon Pe To OikTuo n dIATagn Oeixvel
IKAVOMOINTIKI| IKAVOTNTA OTN WETAywyr TOOO gvepyoU 000 Kal depyou 10XU0G. O €Aeyxoc OIaBETEI BPOXOUG
npooTaociac and uneppelpaTa evw dUvaTal va napakoAoudei Tnv Taon Tou JIKTUOU UnakoUovTac O KAVOVEC
nou agopouv oc Bubioeig dIaTNPWVTAG Ta PeUNATA O AveKTA £nineda AEIToupyiac.
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Control and analysis of a hybrid renewable
energy-based power system

C. Patsios*, M. Antonakopoulos, A. Chaniotis, and A. Kladas

Abstract — This paper proposes a methodology for the
integration of various energy sources into a hybrid generation
system for stand-alone power applications. The system employs
a wind generator (WG) and photovoltaic (PV) arrays as main
energy sources while a fuel cell (FC) is included for supplying
excess power demand. An ultra-capacitor (UC) bank is also
implemented in order to cover rapid changes of both load
demand and power supply due to changes in wind speed or
solar radiation. The system operation is based not only on the
supply-demand equilibrium but also includes concerns of FC
long-term durability as well as actual constraints regarding
electrolyzer operation and considerations of energy efficiency.
The system performance is evaluated on a 24-hour operating
time period basis under highly-varying load conditions. A
particular control technique is proposed for power flow
regulation ensuring both firm system performance and
uninterrupted supply of load demand.

Index Terms — Energy management, energy storage, fuel
cell, photovoltaic systems, power generation, wind energy.

I. INTRODUCTION

HE ever increasing worldwide concern for sustainable
energy and diversification of power supply has led to
the appearance of several applications where more than one
energy sources are employed to supply loads of individual
consumers. Such loads may originate either from isolated
residential consumptions or interconnected power demands,
as in the case of small power grids. In each case the goal is
primarily to satisfy power demand, regardless of weather
conditions, while meeting power quality requirements with
minimal to no involvement of an auxiliary power supply
such as a power grid. Autonomous operation of small power
systems based on renewables usually calls for an energy
storage system as well as for a power source that can be used
on an on-demand basis. In cases of such requirements, the
use of hydrogen through FCs becomes an attractive choice.
Several applications combining hydrogen with other
renewable energy sources, such as WGs or PVs, have been
reported in the literature [1]-[4]. An FC stack, usually of
proton exchange membrane (PEM) type, is employed in
order to supply excess power demand, combined with fast-
response power sources such as UC banks. In such
applications electrolyzers can provide hydrogen when power
supply exceeds demand in order to produce the hydrogen
consumed by the FC. Usually energy flow takes place
through a common DC bus. Despite the fact that the
application of PEM fuel cells (PEMFCs) and hydrogen
electrolyzers in autonomous system operation has yielded
promising results, their use presents several drawbacks that
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should be taken into account.

On one hand, recent bibliography in the field of FCs
reveals that PEMFC durability is highly dependent on the
type of loading applied. In [5] the authors evaluated the
durability of PEMFCs under load on/off cycling and
observed a decrease in kinetic activity as well as an increase
of the transport losses for certain electrode types. In [6] the
authors demonstrate a dramatic increase of hydrogen
crossover after 500h of current cycling compared to constant
current operation. Similar results have been reported in [7].

On the other hand the use of electrolyzers presents several
difficulties associated with fluctuations of power supply. In
[8] several issues of intermitted electrolyzer operation when
supplied with a variable power source, such as PV arrays,
are quoted e.g. hazardous conditions inside the electrolyzer
due to low current densities or reduced efficiency due to
operation at temperatures lower than nominal. In [2] the
authors comment on the risk of mismatching power supply
with gas delivery control capacity and apply power slopes to
handle transients of the power supply. Moreover the
electrolyzer’s efficiency varies with cell current which is
linked with H, production rate [8] suggesting that
electrolysis as an operation could be characterized as a
tradeoff between maximum efficiency and hydrogen
production rate.

In [9] the authors present a stand-alone renewable energy
system where hydrogen is used for energy storage. Although
the system can achieve autonomous operation, the DC bus
voltage suffers from considerable fluctuations which can
prove unfavorable in terms of power quality. In [1] the
authors describe a similar autonomous hybrid system and
suggest a control scheme that maintains balance between
supply and demand while achieving constant DC bus
voltage. However, no precaution is taken to prevent the FC
from continuous on/off operation which results in dozens of
daily switchings while the electrolyzer is used as a dump
load with no provision against problems related with power
fluctuations and intermitted operation as discussed above.

In the present paper the control strategy and respective
operating analysis of a hybrid renewable energy-based
system employing a WG and PV arrays as main energy
sources are proposed. An FC is used for supplying excess
power demand while a UC bank is utilized to cover rapid
changes of both load demand and power supply due to
changes in wind speed or solar irradiance. The control
scheme developed ensures firm operation regarding power
supply, power quality and efficiency while emphasizing in
operating the FC and electrolyzer in a manner that prevents
hazardous operation through on/off cycling and intermitted
operation respectively.

II. SYSTEM OVERVIEW

Autonomous operation of hybrid systems addresses



mainly small scale power demands such as
telecommunication installations or small residential units.
System sizing is by itself a demanding task requiring site-
specific data over large periods of time. The main objective
of system sizing is to meet the given load demand, fully if
possible, at a least-cost basis. Since the scope of this work is
mainly focused on system control and operation, sizing is
hypothetical, nevertheless based on actual data acquired for a
specific location regarding wind speed and solar irradiance.
Acquired data consists of measurements during a 4 year
period involving several weather conditions. However, for
the purposes of this paper, an average, as to weather
conditions, summer day is selected. The respective data is
shown in Fig. 1. The applied load is based on the demand of
a typical residential unit measured on 15minute intervals.
Load spikes are emulated in order to account for sudden

rises of demand such as motor starting as shown in Fig. 2.
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Fig. 2 Load demand

A. Configuration

The configuration of the proposed system is shown in Fig.
3. Power flows through the main DC bus rated at 550V and
is transferred from the sources to the various loads by means
of DC/DC power converters. The WG is a variable speed 20
kW permanent magnet (PM) synchronous generator. The
generator nominal output voltage of 400 V,, is rectified
through a three-phase full bridge rectifier. The rectifier
output is fed as input on a boost DC/DC converter. The
boost converter outputs a 550V dc voltage which is the main
DC bus voltage level. The boost converter's switching is
controlled in a way that guides the aerodynamic system to
operate at the maximum power point (MPP) for every wind
speed through adjustments of the generator’s apparent load.
The MPP tracking process (MPPT) is based on a fuzzy logic
(FL) controller designed and evaluated by the authors on a
prototype set-up [10]. The PV assembly is rated at 5SkW, and

is connected to the DC bus through a boost DC/DC
converter performing an MPPT process by means of a
perturbation and observation (P&O) controller as described
in [10]. In particular an assembly of 10 parallel sets of 6
modules connected in series has been considered. Each PV
module is capable of delivering a current of 5A at a voltage
of 17V under maximum power operating conditions.

The FC is rated at SkW. It is supplied by a hydrogen
storage tank and provides power to the DC bus through a
boost DC/DC converter. The FC is switched-on to provide
the excess power that cannot be met occasionally by the WG
and PVs. However, FC repetitive on/off cycling is avoided
by prioritizing, on a certain degree, the participation of the
UC bank at meeting the load demand i.e. the FC will be
turned-on only if the UC bank state of charge (SOC) is
reduced below a certain level, as will be further explained in
Section II C. This ensures that the FC won't be turned-on to
satisfy transient loads that can be met by the UC supply.

The electrolyzer is limited at SkW, and is fed by a DC/DC
buck converter that ensures supply in the form of constant
power levels. Transition between these is performed through
power slopes in order to avoid mismatching between power
supply rate and gas delivery control capacity. Limiting of the
electrolyzer at 5kW means that in several cases the energy
produced will be unutilized, however, the device will operate
at a higher capacity factor which is an important aspect in
determining the economics of any power generating or
energy conversion application especially in the case of high
cost devices such as FCs and electrolyzers [8].

The UC module used is based on an actual UC unit and
has a capacitance of 165F and a nominal voltage of 48.6V,
meaning that it can supply an energy of 54.13 Wh. In this
case four such modules are connected in parallel to form a
UC bank.

B. Modeling

The WG model includes the machine’s mechanical part
i.e. blades and masses as well as the electrical i.e. the PM
generator and rectifier. As for the mechanical part, the wind
power captured by the wind turbine can be expressed as:

1 3
By =~ PAVy Cp(2.6) (1

where p is the air density, 4 = 7R’ is the area covered by the
blades’ rotation, C,(4,6) the turbine’s power coefficient, R
the blade radius, 6 is the blade pitch angle and V,, the wind
speed. 4 is the tip speed ratio:

A=QR/V,, 2

where Q is the rotational speed. Thus the aerodynamic
turbine torque can be expressed as:

T, =% 3)

The aerodynamic model takes into account the turbine’s
power coefficient and calculates the aerodynamic torque for
any given wind speed. The electrical part of the WG model
is described in [11]. PM machine modeling is based on
equivalent circuit representation involving variable
electromotive forces. Since the generator is used with a
rectifier, average values sufficiently describe most
interesting phenomena, such as the rectified current that is
charging the DC bus capacitors as well as the
electromagnetic torque. In practice look-up tables have been
used including a number of points adequate to interpolate the
data with minimal error.



Power flow
Control Signal L =/ uc Bank]
(\ H2, 02 flow J
[PID]
(X0
- Vic +
_/_ Vdc,ref
MPPT L =/= Dump
U FL controller Ioad Ve
. %S0C
.
- Main Put
PV )| == : ,,
= Ve ressure
arrays / | © Vderes Controller :Pload
Ppv
MPPT _/LD_ s
P&O controller _/_ | Electrolyzer I
QI
FC Stack H =/= -1+ Pel,ref +
[PID]
Vdc,ref

Fig. 3 System diagram

The PV model consists of several PV arrays connected in
series or parallel. Each array is comprised of several cells
connected in series or parallel where the voltage of each cell
Vpy is given by:

kT -
" c ln(lsc IPV)_R I
e I S PV
based on the PV equivalent circuit representation, where T
is the cell absolute temperature, m is the idealizing factor, e
is the PV electron charge, k is the Boltzmann’s constant, /s¢
is the short circuit cell current, Ipy is the PV cell output
current, Ry is the PV series resistance and /, is the reverse
saturation current.
The PEMFC model used is based on the model

developed in [12]. The model inputs the FC current and
outputs the FC voltage, V.., accounting for activation loss,

“4)

Vpy =

ohmic resistance voltage drop, and concentration
overpotential:
V.n=E -V -V - 5
cell cell ~act conc  ohm )
where:
=50 _ _ RT 0,5 (6)
Eeert = Eqy o =k T =298+ 1n[pH2 (pOz )]

o 1is the standard reference potential at standard state,
0, cell

(298 K and 1-atm pressure), &, is an empirical constant, R is
the gas constant, 7 is the temperature, F is the Faraday
constant, p,, and p,, are the effective values of H, and O,
partial pressures respectively. V., V. and V, are voltage
drops due to activation, concentration and ohmic resistance
respectively. The delays between the change in the load
current and the flow of fuel and oxidant have also been
incorporated according to the method described in [12].

The electrolyzer model used is described in [1]. The

amount of H, produced, n,, is calculated according to

Faraday’s law and is directly proportional to the electrical
current in the equivalent circuit of the electrolyzer:

n.nji
n =t Cel (7
H2 2F
where, 7 is the Faraday efficiency given by:
. 2
(0.09/i —75.5/i%)
n,, =95 e e (3)

i. is the electrolyzer current, and n. is the number of the
electrolyzer cells in series.

The H, produced is directed to a hydrogen storage tank.
The tank is modeled using a simplified model based on the
method described in [1], inputting the rates of H, consumed
and produced by the FC and electrolyzer respectively. The
model outputs the tank pressure and the amount of H, stored.

The UC is modeled by means of an equivalent circuit
representation consisting of a capacitance, and two
resistances, representing charging-discharging resistance and
self-discharging losses respectively. Operation of the
DC/DC converters used throughout the system is modeled
using steady-state equations.

C.  System control

The first concern of the control system of such a
configuration is to achieve uninterrupted autonomous
operation. In this study, a 24h time frame has been
considered as the time period for evaluating the controller
performance. The controller targets are:

a) The load demand must always be satisfied, at least for
loads that are considered usual.

b) All system devices have to be operated in a manner
that neither reduces their normal life expectancy, nor is
proven to be hazardous for the whole system operation.

c) The total stored energy consumed is regenerated after
one cycle of operation.

The controller proposed in this work aims to satisfy all of the
above mentioned criteria.

The main system controller algorithm is depicted in Fig.



4. Two separate controllers are implemented for reasons of
MPPT, controlling the DC/DC converters of the WG and PV
respectively. The MPP tracker for the WG is an FL
controller developed by the authors and presented in [10]
while the PV MPP tracker is a P&O controller also described
in [10]. The main control algorithm dictates power flow in a
manner that should primarily satisfy power demand. The
algorithm can be described as follows:

The controller measures the power generated by the main
energy sources i.e. the WT and PV arrays namely P,, and
P,,. In case of an excess the power is on a first stage directed
to the UC bank. If the UC bank SOC reaches its maximum
then the electrolyzer is turned-on, unless maximum tank
pressure, P,., 1is reached. Electrolyzer operation is
performed in power steps and transition between them is
rate-limited in order to protect the electrolyzer unit from
problems in operation deriving from power fluctuations, as
described in Section I. Here, rather than wusing the
electrolyzer as a dump load, power steps from 500 to 5000W
are performed with 500W intervals and 125W/s power rate-
limiting. The electrolyzer will supply H, to the storage tank
until the maximum tank pressure is reached (here 14000Pa).
Excess power that isn’t directed to the electrolyzer is
dumped on a resistive dump load.

In the proposed algorithm UC operation is prioritized
regarding load supply, i.e. if the power supplied by the WT-
PV combination is lower than the power required by the
load, P.u the UC will deliver the excess power. The FC
will be turned-on only in case the UC bank SOC drops
below 50%. In this way unnecessary turn-on of the FC is
avoided, since the UC will supply low duration demands and
on the same time ensure a high efficiency (up to 99%) of
power delivery, compared to the relatively small efficiencies
of the FC, ranging from 20 to 50%. If the UC bank SOC
falls below 50% then the FC will be turned-on to supply the
excess power. The UC bank will maintain a 50% SOC in
order to act as a support for the FC in case of transient or
excess load demand.

The DC/DC converters of both the UC bank and FC
operate in the principle of DC bus voltage stabilization as
shown in Fig. 3. The same applies for the controller of the
dump load which is considered to be resistive. UC, FC,
electrolyzer and dump load operation is governed by ideal
switches controlled by the main controller.
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Pe = Pwt + Ppv - Pload

| UC charging ‘

YES .
Power mismatch
detected
NO

Fig. 4 Control algorithm

Dump load
in operation

III. RESULTS AND DISCUSSION

The system is simulated by using the data shown in Figs.
1 and 2 regarding wind speed, irradiance and load demand.
The sum of the power supplied by the WT-PV combination,
P,, and P,,, along with the load power is shown in Fig 5a.
As can be observed supply-demand mismatching occurs
twice: mainly during the nighttime peak and on a smaller
scale on the late night hours until morning. The maximum
power can be captured during 0.00h to 3.30h.

Fig. 5b displays the UC bank and FC power, P, and Py
while Fig. 5c displays the power drawn by the electrolyzer
and the dump load, P, and P, respectively. Fig 5d
displays the UC bank SOC and the H, amount in the storage
tank. It is assumed that the UC starts at a 50% SOC resulting
from previous discharging. Initially, the UC bank is charged
over a brief period of less than 3 minutes when the
elecrolyzer begins its operation. By prioritizing UC
operation regarding load supply, as described in Section II
C, the FC is required to turn-on only twice during the 24
hour period and consequently frequent on-off cycling is
avoided. The UC bank supplies all remaining load demand
which is summarized to transient loads such as in several
cases between 8.00h and 15.00h due to the fact that the SOC
remains above 50% thus avoiding unnecessary FC operation.
The UC bank stops discharging when the SOC drops below
50% and is only turned-on if the FC fails to properly track a
load variation such as in six occurrences of the evening
peaks between 15.00h and 20.00h. As can be observed in
Fig. S5c the electrolyzer draws power in steps while
transitions rates are limited to 125W/s in order to avoid the
risk of mismatching between power supply and gas delivery
control capacity. Power below the step size for a power level
transition of the electrolyzer, is dumped. For the purpose of
this analysis a power step of S00W is considered, however,
depending on the electrolyzer used different step sizes can be
implemented. Fig. 5d clearly shows that the amount of H,
produced is greater than the H, consumed and additionally
the UC bank final SOC is 100% having initiated at 50%.
This means that the system accumulated an energy surplus
implying that the 24h cycle can be repeated for the same or
even worse supply-demand conditions. Fig. 6 displays the
DC bus voltage. It is evident that voltage stability is
achieved throughout the whole system operation.

The weather data used here and the respective results
presented refer to an average summer day; however,
simulations have shown that for the same configuration, in
an average winter day, the FC was required to turn-on 3
times instead of 2, due to the lower levels of solar irradiance.
H, levels at the end of the day were 33% lower than those
presented in Fig. 5d yet higher than the initial ones, while
the respective UC bank final SOC was once again 100%,
denoting an energy surplus at the end of the 24h cycle. The
above results imply that the proposed system can perform
adequately regardless of the season of the year, however,
minor adjustments on the sizing of the energy sources and
storage devices could be made if necessary, in case different
weather and load profiles than those examined are applied.

IV. CONCLUSIONS

The present paper investigates conditions for optimal
operation of a hybrid renewable energy-based system. A



Pwt+Ppv
Pload

Ptot (W), Pload (W)

T T O S T T N SO
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

o
N
w bk
~
o b
oL
~E
o
©

time (h)
(a)
5000 T
4000
3000
= 2000
=
L
% 1000
s
o
S
o 0
-1000 - T
-2000 - b
-3000 Il I I I I Il I Il I I I I Il I Il I I I I Il I Il I
01 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
time (h)
(b)
5000 L —
4500 Pel B
Pdump
4000 B
3500 B
s’3000 B
a
£
3
a 2500 B
g
B 2000 - B
'8
1500 -
1000 -
500 i m
L R
0 T 1 T 0y Ny S |
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 2
time (h)

©

150 T T T

nH2 (kmal)

U1 2 3 4 5 6 7 6 9 70 1 1213 14 15 16 17 16 19 20 21 22 23 24
time(h)
(d)
Fig. 5 a) WT-PV supplied power and load demand, b) UC and FC power, c)
electrolyzer power and power dumped, d) UC bank SOC and H, amount.

0

particular control strategy has been proposed with main
targets to provide uninterrupted load supply on one hand and
to ensure increased system reliability on the other hand, by
both avoiding frequent unnecessary on/off cycling of the FC
and transients of power supply for the electrolyzer. The
system performance has been examined on a time frame of
24 hours by using actual data of wind speed, solar radiation
and load variation. The system considered satisfied all the
above mentioned criteria and on the same time appropriate
stored energy management has been performed. Moreover,
the DC bus voltage was very stable during the whole system
operation, ensuring a suitable power quality of load supply.
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Abstract. Microgrids integrating distributed motor-generator units are commonplace in locomotive
and industrial applications. The behaviour of these systems is dependent upon various design-
operating parameters. However there is a distinct relation between power quality and power flow
within these units. This paper presents an analysis of power quality measurements, depicting this
interdependence. Respective results can be taken under consideration during power flow
programming, enabling enhanced system operation.

1. Introduction

Power converters supplying electric motor drive systems are a common component of industrial
microgrids. They interconnect local loads and power supply elements within the microgrid enabling
controllable power flow. In addition, power converters can provide ancillary services, enabling power quality
improvements within the microgrid and facilitating interconnection with the electrical power system [1].

Power quality monitoring within such microgrids is nowadays a matter of factual importance.
Exploitation of the know-how acquired through measurements analysis can enable more efficient operation of
the microgrid, thus minimizing running and maintenance costs [2]. Researchers interest on these subjects is
steadily growing while advances in power electronics technology motivate further investigations.

Many previous works have presented power quality analysis results for converter-electric motor
operation [3]-[4]. This paper focuses on a more complex topology of two AC and DC electrical machines
mechanically coupled and driven by separate converters within a microgrid. In contrast to previous work, this
paper examines the variation of both motor and generator side power quality indexes, and the tradeoffs
between them due to the electromechanical coupling of the machines, provided for different system settings.

2. Microgrid layout and PQ monitoring procedure

The topology, the number and power rating of the local loads required within an industrial microgrid
depend on the power flow variation. A modular approach is possible where electric drives can be paralleled
and operated in a load sharing mode to facilitate optimum operation of equipment within the microgrid. Fig. 1
illustrates a cluster of motor - generator pairs, operating along with other traction equipment.
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Data acquisition equipment has been utilized in order to monitor power quality at points A; and B, of the
microgrid, as illustrated in Fig.1, and convenient power quality indexes have been calculated. In order to
achieve a clear interaction profile between motor and generator side power quality indexes, the number of
mechanically coupled electrical machine pairs has been limited to two (=2), while the main 22KW DC motor
has been operated at nominal speed, no load conditions.

3. Results analysis

Fig. 2a illustrates current waveforms measured at point A; of the experimental setup for 100W and 200W
power flow. Fig. 2b illustrates respective voltage and current waveforms measured at point B,. The resulting

power quality indexes, are summarised in Table I.
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Fig. 2 Recorded waveforms for different loading conditions. (a) Current @ A;. (b) Voltage and current @ B;.
TABLE |
POWER QUALITY INDEXES FOR DIFFERENT LOADING CONDITIONS
100W 200W
THD; (%) @ A, 91.1 68.3
THD, (%) @ B, 27.4 38.6
THD; (%) @ B, 13.8 17.4
Voltage ripple factor / form factor @ B, 0.39/1.07 0.55/1.14
Current ripple factor / form factor @ B, 0.20/1.02 0.25/1.03

The results indicate that in the case of microgrids integrating distributed units of motors-generators
driven by industrial converters, there is a particular dependence linking power flow and power quality both at
motor and generator side.

As can be deduced from Table I, loading of the distributed generators have a serious effect on power
quality indexes variation. More specifically, an increase of 100% of power flow results in 40.8% and 26.1%
increase of the DC voltage and current THD respectively. Additionally, an increase in DC ripple and form
factors is observed, while current THD at point A; has a decrease of 25%.

4. Conclusions

The analysis performed has shown a distinct relationship between power quality and loading established
within units of mechanically coupled electrical motors driven by industrial power converters. Such an
observation can be taken into consideration when respective microgrid power flow is programmed and
optimized through power-sharing algorithms.
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Abstract— Permanent Magnet (PM) machines constitute a
favored drive choice in electric traction applications due to their
increased efficiency. Design optimization of such machines could
enhance their ability to satisfy contradictory static and dynamic
requirements. In this paper a Differential Evolution (DE)
algorithm for PM machine design optimization, coupled with a
finite element analysis (FEA) is employed.

1. INTRODUCTION

Recent literature in the field of traction applications
thoroughly investigates the problem of optimal PM machine
configuration from a performance-efficiency oriented point of
view [1], [2]. Low torque ripple, maximum torque per ampere
and minimum harmonic content back Electromotive Force
(EMF) are key objectives in the optimization of such
applications. However, the highly coupled and nonlinear
nature of these problems, as well as the discontinuity of design
variables and the lack of analytical cost functions, could cause
gradient-based optimizers to fail, thus rendering derivative-
free and heuristic techniques a favorable solution [3].

This paper focuses on appropriate linking of DE strategies
with coupled external circuit - finite element parametric
models, by employing results of FEA and producing harmonic
representation of EMF and torque, suitable for traction
applications.FEM iterative calls are generated through
external script, which modifies rotor angular displacement and
stator slot current densities. The proposed methodology’s
accuracy has been verified under different optimization
scenarios.

II. OPTIMIZATION ALGORITHM

As the dependency of the objective function and its
gradients on the design parameters is unknown, the use of
stochastic methods is recommended for the optimization of
such constrained, nonlinear electromagnetic problems [4].

DE is a population-based optimizer that attacks the starting
point problem by sampling the objective function at multiple,
randomly chosen initial points. On a first stage, DE perturbs
existing vectors with the scaled difference of two randomly
selected population vectors to generate new points (mutation).
Then, in order to produce the trial vector DE adds the scaled,
random vector difference to a third randomly selected
population vector (recombination). On a final stage, the trial
vector competes against the population vector of the same
index (selection). Once the last trial vector has been tested, the
survivors of the pair wise competitions become parents for the
next generation in the evolutionary cycle.

1. METHODOLOGY ADOPTED

In this paper the numerical optimization of an internal PM

978-1-4244-7062-4/10/$26.00 ©2010 IEEE

machine for traction applications, using DE is presented.
Three optimization scenarios are investigated, employing
differently weighted linear combinations of mean torque
values with proper torque and back EMF harmonic indices
values (Total Harmonic Distortion (THD) and ripple factor) in
the cost function, for an angular displacement of one pole part
of the machine. The flowchart of the adopted methodology is
shown in Fig. 1. Figure 2a shows half of the parameterized
machine configuration. Figure 2b illustrates an optimized
instantaneous torque response.
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