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Amayopevetor 1 avTypaen, omofnKevon Kol dtovoun TG TOPOVGAS EPYOciog, €&
OAOKANPOL M TUNHOTOG OVTNG, Yo eumopikd okomd. Emirpémetan m avarvmoon,
amof1KeELOT KO SLOVOUN Y10L OKOTO U] KEPOOGKOTIKO, EKTOOEVTIKNG 1| EPEVVITIKNG
@OONC, VIO TNV TPOVTOOEST VO AVOPEPETOL 1] TNYT TPOEAEVONG KOl VOL ST pEiTOL TO
mopdv uvopa. Epotiuota mov apopodv T ¥pnorn g Epyaciog yio. KEPOOGKOTIKO
oKOTO TPEMEL VAL AmeLBVVOVTOL TPOG TOV GLYYPAUPE.

Ot amoOWELS KOl TO CUUTEPACUATO TOV TEPLEYOVIOL GE OVTO TO £YYPaPOo eKPpdlovv
TOV GLYYPaPEn Kot Ogv TPEMEL Vo epUNVELDE]L OTL OVTITPOCMOTEVOVY TIG EMICNUES
Béoeig Tov EBvikov MetadBiov TTohvteyveiov.
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HHEPIAHYH

H moapodoa didoktopikny OwatpiPr, mov Ttithogopeitan «IIpoPrentikdg ‘Eleyyog vy
Awkontikéc AvopOmTikéc Alotd&elg», amoTerel Lo EVOALOKTIKY TPOTACT GTO TOALGVUVOETO
TPOPANUA TOL EAEYYOVL TV SlokomTIKOV avopbotikdv dwrtdéewv. Kopio emdioén g
epyaciog amotelel N ovadeldn TOV TAEOVEKTNUATOV TOV TPOPAETTIKOD EAEYYOL EVOVTL TOV
YVOOTOV — TOPASOCIOKAOV EAEYKTMOV GE OVTH TNV KOTNYopid TOV UETATPOTED®V TMOV
NAEKTPOVIKOV 1oyvoc. H HEAETN TV GLYKEKPIUEVOV UETATPOTEWV TAPOLGLALEL 1010iTEPO
EVOLOPEPOV Y10 TOVC TMAEKTPOAOYOLC UNYOVIKOVG, KLPImG Yyuoti tomobeteitor o€ dvo
EMOTNUOVIKG Tedio, TNG €VEPYEIDG KOl TOV GCLCTNUATOV ALTOUATOL gAéyyov. O
TPOTEWVOUEVOG TPOPAETTIKOC eAeYKTNG oTNpiletal 6To HOBNUATIKO LOVTELO dloKplToD YPOVOL
TOV UETUTPOTEN, CUUTEPIAAUPOVOUEVOV TNG TNYNG NAEKTPIKNAG EVEPYELNS KOl TOV (POPTIOV.
Méow ovtov, TpoPAENEL TN LEAAOVTIKY TIUN TOV UETARANTAOV EAEYXOV GE Eva €0POC XPOVOL,
mov kaAeital opilovtag TpoPfreyng, EMPAALOVTOC TOVC TN XPOVIKT TOVG SLOKVUAVE EVTOG
npokabopiopévav opimv. H Bértiotn dpdon eréyyov, OV AVTIGTOXEL OE KAMOW EMTPENTN
OLOKOMTIKN] KOTAOGTACY], MPOKLMTEL EMEITOL OMO TNV  EAUYLOTOMOINGCT TOL  KplTnpiov
Beltictomoinong, HECH TOL OTOIOV EMTLYYAVOVTOL Ol OTOLTOVUEVOL AEITOVPYIKOL oTOYOol. H
dwdkacio. avt emavarapPdvetor o kdbe véa derypotonyic. H dopn tng mpoxeipevng
S1OOKTOPIKNG daTpiPng opyavadvetal ®g eENG: £T0 TPAOTO KEQAANLO TUPOVGIALETOL GUVOTTIKA
N 1OTOPIKN OVAOPOUT] TGOV OlOKOTTIKOV 0vOopO®MTIKOV JSoTdEEMY KOl TO  OOPOiTTO
BeopnTikd vIOPabpo 7OV amouTEITOL YL TV OYXESIAOT TV TPOPAEMTIKOV EAEYKTMV
petatifépevou opilovta KoOMG Kot 1] TPOTEWVOUEVT] EVAALOKTIKT GYediOT] TOV TPOPAETTIKOD
EAEYYOV L€ TEPLOPICUOVG. XTO OELTEPO  KEPAAOLO TAPOLCIALETOL 1 OYediaom  TOov
TPOTEWOLEVOD TPOPAETTIKOD EAEYKTN Y10 TIC OLUKOTTIKEG avoplTIKEG SoTAEEIS TANPOLS
YEQUPOG. AVOPOPIKE LLE TNV LOPOT TNG TAOCTG OKPOOEKTMY TOV UETATPOTED, EMLTLYYOVETAL 1)
Aertovpyia o€ tpio emineda ywpic v TpocHNKn onudtov doupdpewong (modulator), pe
okomd tov PEATIoTO Agrtovpykd Tpoémo. o Adyovg afloAdynong, To OmOTEAEGUOTO TOV
TPOTEVOLEVOD EAEYKTH QVTUTOPOPAAOVTOL LE T avTioTOor(d EvOG AAAOL, TOV oTnpileTon ot
TEYVIKN EAEYYOL TNC OAloONoNG eml empdvela. Eival yvowotd 4Tt 0 TOAVETINEDOG LETATPOTENS
TOV &V OEPE OAANAEVIETOV LOVOPAGIKOV TANP®G EAEYYOUEV®V avOPOOTIKOV SloTAEEWY,
glval (o omd TIC To ONUOPIANG TOTOAOYIEG UETOED TMV TOAVEMIMEOW®V UETAPOTEWY, UE
OTUOVTIKG TAEOVEKTALOTO KOl OSLOKPITE UEIOVEKTALOTO. XTNV Topovod  olaTpiPn Kot
OUYKEKPIUEVA OTO KEQAAUO 3, M OCLYKEKPWEVY] TOTOAOYIDL OVOADETOL OE EKOVIKEG
amocvlevypéveg Pabuideg kot KoTdmTY eapUOleTal 0 TPOTEVOUEVOS TPOPAENTIKOC EAEYKTNG
v TN Agrtovpyio g Kabe Pobuidog og idia | SopopeTiky Téom, /Kol SPOPETIKO POPTIO.
Atgpgovator emiong 1 €UPWOTIO TOL TPOPAENMTIKOV €AEYKT GE U1 HLOVIEAOTOWMUEVES
afefodOTNTEC TOV GLUGTAUOTOG KOl 1] EMIOPAUCT] AVTMV GTOVG GUVTEAESTEG TNG TOLOTNTUG TNG
NAEKTPIKNG 10005 O TPOTEWVOUEVOG EAEYKTNG emavooyedldletal oto ke@diaio 3, ywo TNV
TEPIMTMON TOV TOAVENIMES®Y HOVOPACIKAOV OlOKOTTIKOV ovoploTiK®y datdéemy e
aAAnAévoetec Pabuideg kot emPefuidveral AEITOVPYIKE HEGH TPOCOUOIDCEDY OAAY KOt
TMEWPAUATIKOV PETPNoE®Y o TPOTLRN Owdtaln. Téhog, oto kepdAaio 4, o okoun
LOVOPAGIKY S1oKOTTTIKN avopOmTikn d1dtaén, o avopfmTg NULyEQUPOC SITAAGLOC VO MOOTG
™G oLVEYOVS TAOMG, OlEPELVATOL TEIPAUATIKG HECHO TOL TPOTEWVOUEVOL TPOPAETTIKOD
e eyYKT.



AéEeaic kierdid: TlpoPlenticog Ereyyog, PEATIOTOG EAEYYXOC, UM YPOULKOSG ENEYYOG,
LOVOPOUGIKEG SIOKOTTIKES AVOPOMTIKEG SIOTAEELG AVOY®OOTG, OLOKOTTIKOG
avopBmTNG YEQPLPAG, TOAVETIMESOG avopBmTNG aAANAEVOETOV Pabuidmy,
SLOKOTTTIKOG avopBmTAG NUYEPLPA.

ABSTRACT

This Ph.D thesis, entitled “Predictive Control for Switched Mode Rectifiers” illustrates an
alternate proposal to the complex control design aspect of the switch mode rectifiers (SMRs).
The main objective of this work is to highlight the potentials of the model predictive control
on account of the well established — traditional controllers for this type of power electronics
rectifiers. Their study is of particular interest of electrical engineers mainly, because their
subjects are placed in two scientific fields of power electronics and control systems. The
proposed model predictive controller is based on the discrete mathematical model of the
converter, including the voltage source and the load. Through this, it predicts the future value
of the control variables in a time range known as prediction horizon, and demands their
variation within certain bounds. The optimal control decision, which corresponds in to a
specific permissible switching state, is obtained from a minimization process of the cost
function, whereby operational targets are imposed. This process is repeated in each sampling
time. The thesis is organized as follows: The first chapter outlines briefly the history of the
switch mode rectifiers the necessary theoretical basis for the design of a model predictive
controller based on the receding horizon policy, and in consequence, the proposed alternate
design of a constrained model predictive controller is presented. In the second chapter the
introduced model predictive controller is designed for the case of full bridge switch mode
rectifiers. In reference with the AC side reflected voltage, the adopted model predictive
controller exhibits a three level operation without any modulators, optimizing more the
performance of the system. For comparison reasons, the results obtained by the proposed
controller are compared with these of a sliding mode controller by means of simulation. It is
well known that the multilevel cascaded H-Bridge rectifier is one of the most attractive
converters among the multilevel topologies, with several advantages and distinct
disadvantages. In this Ph.D. thesis, and specifically in chapter 3, the specific multilevel
converter is approached by fictitious decoupled cells with independent performance, in terms
of different DC voltages or/and loads. In order to demonstrate the robustness of the
introduced controller, the case of model mismatch due to the existence of several
uncertainties and their effects in power quality factors is investigated. In chapter 4, the
proposed constrained model predictive controller is redesigned for the half bridge dual boost
rectifier, providing the suitability through experimental validation.

Key Words: Predictive Control, Optimal Control, Nonlinear Control, Single Phase Switch
Mode Boost Rectifiers, Single Phase Switch Mode Full Bridge Rectifier,
Single Phase Cascaded H-Bridge Rectifier, Single Phase Double Boost Half
Bridge Rectifier.









IHPOAOI'OX

H mopovca epyacio ekmoveital oto TAGIGIO TOV PETATTUYIOKOD TPOYPEULOTOS CTOVODY TNG
oyoing Hiektpordywmv Mnyovikdv & Mnyavikdv Yroloyiotdv tov E.MLIT. kot amoteAel v
ékbeon teAknc kpioemg ¢ dokToptkng dratpiPrg ne titho «IIpoPrentikog ‘EAieyyog yia
Awxontikés Avopbotikég Alatdéeio». [evikn emdiowén g epyaciag eivar va avadei&el tnv
TPOTEWVOUEVT] TEYVIKT TOL TPOPAETTIKOD EAEYYOV MG LIOYNPLY EVOAAUKTIKN AVOT, Yo TNV
KOTNYOPio TOV HETATPOTEWDY TOV NAEKTPOVIK®V 10YD0G, YVOOTH (OC OOKOTTIKEG OVOPOMTIKES
dwrdéelg. Ilopd v otk AMAGTNTO TOV GCLGTNUAT®V 7OV UEAETOVTIOL, 1 Otebvig
EPELVNTIKY Tpoomdlelnr mOV KOTOPAAAETOL, AVAOEIKVOEL TNV TOAVTAOKOTNTO OVTMOV TOV
CLGTNUATOV MG TPOG TOV TPOTO EAEYYXOV TOVG, TPOPAAAOVTAG VEX {NTHATA Kot VEEC AVGELS.
Me Bdon to tehevtaio, ota Kediowo mov Bo akoAovOGovV, TPoTEIVETOL KATAAANAOG
TPOPAETTIKOG EAEYKTNG VIO TPELS WUETUTPOTEIC TOV MAEKTPOVIKMOV 10YVOG, WHE GKOTO TN
BEATIOTN AELTOVPYIKN CULUTEPIPOPH. Xg ALTO TO EYXEIPNUO, CLVEIGOEPOLV 1 OaKpPPNg
MOONUOTIKA UOVTEAOTOINGT] TOL VIO UEAET] GLOTAUNTOC, M Ol0KPLTH POGN TOV EKACTOTE
LETATPOTEN KOl Ol EUTOPIKA S1BEGIOL YN PLokoi ETEEEPYAGTEG GNLOTOC.

[Toto &ivatl o kivnTpo Yo KATOOV Vo EXEVOVGEL XPOVO, YPNLO KAl TOPOVG YO TNV EPELVA
MOV GE £VaV OLOPOPETIKO TPOTO EAEYYOV TOV SKOTTIKMOV avopHdTIKOV daTdEemy OTaV 01
TEPLOGOTEPES KADIEPMUEVES TEYVIKEG EAEYXOV TKAVOTOLOVV GTO UEYIOTO OAOVG TOVG GTOYOVG
Kol TPaKTIKG kol Oswpnrikd; Emedn m epguvntikn mpoomdbeia dev gival ovtookomog,
exkppdlovpe pe mappnoio 61l Bo mTpémel 610 TEAOG AVTNAG TNG, VO JPAIVETAL TOVAGYIGTOV
KOO0, OVGLOGTIKY KOl TPOKTIKY ¥PNOWOTNTA. XTO EPMOTNHO AOWTOV TG TOPOLOVIS OTO
kabepopéva 1 Oyl, N ardvinon Oa TpEnel va eival TPOPUVAS TEKUNPIOUEVT] KOL GOUTOYNG.

Ot poPremticoi eheyKTég dev givar kdTt Kavovpyto. H emttuyng mopeia Tovg oty meTpelaikn
Kot ynukn Propnyavia, dmuodpynce kivntpo eQopUOYNG TOLS KOt o GAlo medio g
EMOTAUNG KOl TNG €peuvag, KATL mov dAAwote ocvppaivel extevde. H wkoavotnta tov
TPOPAETTIKAOV EAEYKTAOV VO EVOOUATOVOLY TOADTAELPOVG KAl SIOPOPETIKOVG GTOYOVS, TEPAY
TOV KAOEPOUEVOY, VIO TNV HOPPT AEITOVPYIKOV TEPLOPIGUMOV, OONYNCE OTNV TAXLTATN
avAmTLEN KOl EQUPUOYT TOVE KOL GTNV TEPLOYN TOV NMAEKTPOVIKAOV 16300, Advvapieg mov
TPOKOTTOVY OO TNV EPUPUOYN KATO®V GAA®V EAEYKTMV, Ol TPOPAENTIKOL EAEYKTEG TIG
dwyepifovian pe oyetikn evkoAio moapovoidlovtag Pedtiotomompéva anoteréopata. [IEpay
OLMG TOV OPKETOV TAEOVEKTNUAT®V, TO CNUOVTIKOTEPO € AVTMOV Elval 1) TPAKTIKT VAOTOINON
TOVG G€ YOUNA0D KOGTOVS YNOlokoVs eneEepyaoTéS GNUATOG, YEYOVOS TOV CTIOAOYEITAL OO
TNV GXEOI0OTIKY ATAOTNTO TOVE. LTOV OVTITOdn TOV TAEOVEKTIUATOV, TO LELOVEKTIUATO TOV
eyeipovtal, opegilovtol kupimg otV dueon e&dptnon Tov TPOPAENTIKOD €AEYKTN OO TO
HoONUATIKO PLOVTEAD 1) S1POPETIKA ad TO TOGO €ival axpiBng 1 LoONUOTIKN LovTEAOTOINGN
€VOC GLOTNIOTOG VIO TNV TAPOLGio, dlatapaydv. To terevtaio g, LEAETATOL GTNV TOPOVGA
STpiPn, KOTA TNV EPOPUOYT] TOV TPOTEWVOUEVOVL TPOPAENTIKOD EAEYXOL GE GUYKEKPUUEVO
LETOTPOTECL.

H e&EMEN TV TpoPAERTIK®OV EAEYKTOV YIVETOL LE AAULATMON EPELVNTIKA Prpato, o avtibBeon
HE TNV EQOPUOYNG TOVS OCOV aPOPO TIG EUTOPIKO OAOKANP®UEVECG AVGELS YO TOLG
LETATPOTEIG TOV MAEKTPOVIK®OV 10Y00c. To televtaio de, Oev OMOTEAECE GE KOpiol GTUYUN
TPOYOTESN OTNV EKTOVNGY| TNG TAUPOVSAG STPPC, OAAG ONUEID EPEVVITIKNG EMLUOVIG KoL
VTOUOVAC. AVeEOpPTNT®G TOL OV 1 GCULYKEKPIUEVN €PYOCict OONYNOEL GE EMTUYNUEVES
TPOTAGELS, TO OTOTEAEGLOTO OV PEPEL KOTAYEYPOULUUEVO AVOIEIKVOOUY TO AOYO EKTOVNONG
mg.



EYXAPIXTIEX

[pata an’ 6Aa Oa HBeda va guyapiotiom ek Babovg Kopdidg Tov emiPAémovta KabnynTH Lo
K. Xtépavo Mavid, Yo TV VAIKOTEXVIKY VROCTAPEN KOl TG CPETPNTEG GLINTNHOCES TTOV
elyape. H ovvepyacio poali tov amotekel anyn EUmvevong yuo Tov vmoynelo d1ddaxktopo. Avtd
mov ektipnoa Wwitepa, NtV ot TOAATAEG evKapieg mov pov €dmoe, kabmg emiong M
duvaToTnTa, EMAOYNG ToL Béuatoc ¢ apeokeiog pov. Emiong 6o MBeha vo guyopiotiocm
Oeppd tovg kaOnyntég k. Aviovio Kiadd, Zrtavpo [Nomabavoaciov, Kwvotavtivo
Kvprokomovro kot Tpopmva Kovsiovpn yia Tig onpovtikéc vTodei&elg Toug Kotd T d1dpKeL
ekmdvnNoNg NG Tapovoag epyaciog. Xtnv oapyn Kabe véag O1daxtopikng STpipnc, Ta
Tpaypato oev givar KaBorov pddva. [V avtdv 10 AdY0 0Peil® Vo EKPPACH TIC EVYOPLOTIES
pov otov I'ewpylo Homapwtiov, yio TG Anelpeg TMAEPOVIKEG cLINTNCEIS — LIOJEIEEIS TOV,
APIEPDVOVTOC TOAVTIHO YPOVO UE KOO Vo €16EA0M 0T0 TTedio TOL TPOPAETTIKOD EAEYYOL.
O&h® emiong va gVYOPIOTNO®, TOV GUVASEAPO Kol cuvepydtrn pov, k. IHavayuwtn Zdavvn
E.T.E.IT tov gpyaoctnpiov NAEKTPIKOV UNYOVOV Kol NAEKTPOVIKGOV 10%00G Y1 TIG GVUPBOVAES
TOV KO TNV TEYVIKN Tov vroothpién. Idwitepec gvyapiotieg angvbive otovg kk. ABavdacio
Koietodvo, ldkmBo Mavord kot MiyydAn Boacthadidtn yio 1o KAILO cUVOSEAPIKOTNTOG KOl
oLVEPYOOIAG OV KOAMEPYNOOUE JWTNPDOVTIOG GE VYNAO EMinedo KOWOLG EPEVLVNTIKOVG
oTOY0VG. Oepd EMIONG ELYAPIOTO TOVG PIAOVLS Kt cLVAdEAPOLS KK. Kmvotavtivo Tatn kot
[Movayiotn Zaiidpn yo TV BTIKN avTOmOKPLon TOVG 6moTE TOVG (NTHONKE 1| GLVOPOUT TOVG.
Téhog, 0peil® VO EKPPACH OTEPAVTI) EVYVOUOGLVI] GTOVG YOVELG LoV, TOV oL dida&av OTL
«d10L TNG EMPOVIG KO TNG VTOUOVAG TO TV KOTopBovTa.
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D, Tovtekeothig Metatomong
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Xvvtopoypagieg
THD OMKOG 0PLOVIKOG GUVTEAEGTIG TUPOUOPPMONG
IGBT Integrated Gate Bipolar Transistor
MOSFET Metal Oxide Semiconductor Field Effect Transistor
IGCT Integrated Gate Commutated Thyristor
PWM Awpdpomon evpovg tov taiumv (Pulse Width Modulation)
PI Avoloyiog ohokAnpwtikog ereyktc (Proportional Integral)
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Alakomtikeg AVvopBwTIKEG ALOTAEELG

1.1 Awkontikéc avopHotikéc dwotdEerc

H avdyxn yio cuveyn Peitioon T@V GUGTNUATOV UETATPOTNG TNG EVAALIGGOUEVNG EVEPYELOG
oe ovveyn etvan peifovog onpaciog, kabdc VIAPYEL 1OYLPT] CGLOYETION TNG TOLOTNTOS TOV
EUMAEKOUEVOV MAEKTPIKOV UEYEDDY KOl TOL KOGTOLG AglTOVpPYioG Kol Katackevng. H
avamTuén TG TEYVOAOYING TMV OlOKOTMTIKOV GTOLYEIMV O GLVOVLOGUO UE TNV EUTOPIKN
dbeodTTe.  TOYLTOTOV  EMEEEPYOOTAOV  YNPLUKOD ONLOTOG, OONYNOE OTNV  UEPIKN
OVTIKOTAGTACT] TOV TOPAS0CIUKMOV HETOTPOTEDY e BupioTop Kal 51000V and avopO®TIKEG
dTAEELG LYNANG SLOKOTTIKNG vy voTNTaSg. MeydAo poro og autr] TV Kivnon, kabopioe Kol 1
elg Pdbog perétn tov mpoPfAnudtev mov mpoékvaToy omd TNV VmApEN TOV APUOVIKOV
TOPOCIT®V, TO Omoiot 00MyohoOV GE TOIKIAOHOPPa dvcAettovpykd {ntAapata (yopunmAodg
Babuodg amddoone, avikavoTnTo SlYElpong TG TOOTNTAG TNG NAEKTPIKNG 1oYV0G, LVYNAO
KkOGTOC, HEYAAOG OYKOC, avaykn Vrapéng npochetwv kKuklopdtov kAm). H avaykn gdpeong
Kol XpNoMg TOMOAOYIdV ov Ba mpocépepav PEATIGTONOINGCT TOV TOPUTAVED TOPAyOVI®V
evioyvonke emmiéov, pe v emPorn evapudviong pe ta 01ebvi] KpLTiplo TOV APOPOVCAY
Kuplog T BEUATA TOV APUOVIKOV TOPAGITOV KOl TNV TO0TNTA TNG NAEKTPIKNG 101G,

Ot potevoueveg AoeLg apyikd avalntnonkay Kot ETKeVTp®ON KoY 6TV XPNoT| S0KOTTIKOV
oToyelmV e PEIOUEVEG AEITOVPYIKEG OTMAEIEG 10YVOG TOCO KATH TNV Pdom TNng Acttovpyiog
TOLG, 060 Kol Katd Tnv oamokom Tovg. Ilepattépw Peltiotomomoslg emredydnkoy Kot
ouvveyilouv Vo EMLTLYYAVOVTOL E TNV KOTAOKELT SIOKOTTIKMY GTOLEIOV, 1| TEXVOAOYID TMV
omolwv emTpénel TN ypNon Tovg oe eelntnuéveg Agrtovpykés Kotaotdoels (vynmin
SKOTTIKNy  ouyvoTTa, VYNAN Oepuokpacio. TEPPAAAOVTOC, VYNAN  OVOTTUGGOUEVN
Oeppoxpacio oto TUAUA TOvg). ot wopddelypo TETOW OloKOTTIKG oToryeion pe gupeia
EPOPLOYN OTO NAEKTPIKE oyt givol avtd g TeYXvoroyiag kapPidiov tov mupitiov (SiC).
H ypnon tov vyicuyvov SKOTTIKGOV GTOYEIOV EVOVTL TOV TOPASOCIHK®MY, 00NYNGE GTNV
onpovpyia Pag véag KaTnyopiag HETOTPOTEMY YVAOGT G O0KOMTIKOL PETATPOTEIC, UEPOG
NG 0TO10¢ ATOTEAOVY KUl O1 SLUKOTTIKEG avopO®TIKEG S10TAEELC, e TIC TAEOV ONUOPIAEIC TNV
LOVOPAGIKY OLOKOTTIKY avOpOmon TG TANPOVG YEQUPOS Kot TNG NUYEPLPAS.

H Ymapén tov doxontikdv avoplotik®v datdéemv «Olatapdcael To vepdy Tov aviphrmy
TOV MAEKTPOVIKOV 10Y00G, MG KOl 0 EAEYYXOG TV YPOVOV Oy®YNG KOl OTOKOTNG TMV
SLOKOTTIK®V oTolXElV avdyetal g £va ToAVcLVOETO TPOPANLLA, TPOKEEVOL VO EMLTEVYOOVY
ot emPePAnuéEVoL TOAHTAELPOL AEITOLPYIKOL GTOYOL, TOV GE TPMTN (AGCT VOl O LOVASI0I0G
GULVTEAESTNG 10YV0G €16000V Kot 1 dnpovpyia cuveyos téong oe embount tipn. ‘Etot 1o
TPOPANUQ AVAYETAL GE TPMTN TPOGEYYIOT GTNV AVAYKT] TEKUNPIOGNC EVOC TPOTOL TOPAYMYNG
OLOKOTTIKDY ONUAT®V €AEYYOV, OV VO, TPOCPEPEL PEATIOTN AELTOVPYIKT Oloyeipton Tov
GUGTNHOTOC, GLYYXPOVMG OUMS, VYNMANG TOLOTNTOC YOPUKTNPIOTIKG OTO MAEKTPIKA pEYEO.
Inuovtikotepn mpotabeica AOoM kAl ¥povikd HoKpoPlOTEP TAPOVLCIALETOL T TEYVIKN
TOPOYDYNG OOKOTTIKAOV ONUATOV, KAT' €0pOC SOUOPPOUEVAY, YvmoT o PWM n omoia
ovvtopo petebelicoetal pe PEATIOTOTONUEVE ATOTEAEGLLOTO Y10 TIG SIOKOTTIKEG 0vVOPOMTIKEG
dwata&erg wg SPWM (Sinusoidal Pulse Width Modulation).

H mpoovepepbeica teyvikn, GLYKEVIPMVEL OPKETA TAEOVEKTILOTO EOIKE, Y10l TIC OLOKOTTTIKES
avopBoTcég S1oTaEels, Kupimg yaTi EMTUYYAVEL S10YEIPIOT TOL APUOVIKOD TEPLEXOUEVOD TOV
PEVUATOC TNG TPOPOJOGing, eMIPAALEL oTabEPT SLOKOTTIKN GLYVOTNTA KOl TEAOG dnpovpyel
KaTdAANAeg Tpobmobécelg yia v oyediaon TadnNTk®V QiATpoV peOUATOG.
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Keéihatto 1

Amd Vv Gl mhevpd, N VToPEN TOV SOKOTTIKAOV avoplnTikdy datdéemy yevva o véa
KaTnyopio GCLOTNUATOV Y10 HEAETN GTOVG AVOPOTOLG TMV CLUGTNUAT®V ALTOUATOV EAEYYOL
YVOOT] ©¢ OlKOTTIKA cvotiuata. To SKOTTIKE GUOTALOTE, OTOTEAOVV OVTIKEILEVO
peiétng avénuévng dvokoAiag pog kot 1 Oempio Tov KAAGGIKOD OVTONOTOV EAEYYXOL TO
KOAOTTEL gV PEPEL. AQUPAVOVTOS VTTOWYN TN GUUTEPLPOPA TOV GLGTHLOATOSG KVUPIWG AGY® TOV
SLOKOTTTIKOD YapaKTAPO. TOVG, (NTNUATe OTTMOC vl 1| LETOPANTOTNTO TOV HOONUOTIKOD TOVG
HOVTELOVL, M OlOTOPAGGOUEVT AELTOVPYiO. TOLG, 1 UM YPOLKOTNTO TOVG, 1 WEAETN TNg
EVOTAOELNG TOVC, EIGEPYOVTAL GTO TTEDIO TV NAEKTPOVIKDV 15YV0G o1 Bempieg eAEYYOV OTT®G O
€0PMOTOG, O TPOCUPUOCTIKOG, 0 ofevapds, o mpoPAentikdg Kot 0 PEATIoTog €AeyyOC,
avadekvbovtag apketd migovektnuata. Mepikoi €€ avtdv pdiiota, anodeopuedovrat omd v
QpYIKN TPOGEYYIOT TNG ONUIOVPYINS TOV SOKOTTIKOV TOAUMY HECH OLHOPE®ONS KoT’
€0pog, OTMG Yo TOPAdEYUO 1) TEYVIKN OAcOnong emi empdvelog, o éheyyog «Bang-Bangy
(omv mépodo Tov YPOHVOL HETATPEMETOL KATAAANAG Kou ovopaletor €leyyog pe Ppdyo
VOTEPNONG) K.O.

H oyetikd axpipfg poviehomoinon Te@v SIOKOTTIK®Y avopOloTik®dv SaTaEewy, 68 cUVOLOGLO
He TNV OWKPITH QUGN TOLG, OOMNYEL OTNV EQPAPUOYN WNPOKDV TEYVIKOV EAEYXOV OV
omnpifovtal Katd BAcn 610 HoONUATIKO HOVIELO TOV GUGTHUATOG, OTWS 0 PEATIOTOG EAEYYOG
kot 0 amdyovog tov, mpoPrentikdc. H mpocéyyion avt evicyvetal meplocOTEPO UE TNV
eMdLoTn amoKALoN HeTAED TOL TPAYUATIKOD GUGTHIATOG KO TOV LOOMUOTIKOD HOVTEAOD TTOL
ev Téhel Ba dwyepotel o Yynouokog emefepyaoctng onupatos. EmumAéov M avamTuén
KOTOAAMA®V pafnuoatikov epyaieiov Aoylouikod, mapdiinio pe T véeg Oewpieg mepl
BérTioTov €AéyyOL Kol GUYKEKPLUEVO TTepl TPOPAENTIKOD, EVIGYVEL TNV KAVOTNTA TOVG VO
SLXEPLOTOVY SUKOTTIKG GLGTHUATO, TOPOVGLALOVTOC AEIOGTUEIMTO ATOTEAEGLOTA.

1.2 T1 eivon 0 TpoPAremtikdc EAeyyoc:

O mpoPrentikdg Eheyyog (model predictive control) eivar pia poper Bértictov erléyyov [1]
oTovV 0omoio 1 UETOPANTN €AEYYOL TPOKVMTEL OMO TNV EMIALON €VOG TPOPANUOTOC
Beltictomoinong ova derypotoinyia, petotifépevov opifovta (receding horizon control)
eEehooopevov ypovov (on line) avorytov Ppodyov, yYPNCULOTOIOVTUSC TV TPEXOVCO TN TOV
SvVOGUATOG KOTAGTAGNC ¢ apytkn cuvOnkn [2-8]. H Beltictomoinon emttuyydveton pe myv
EMAOYT TNG TPAOTNG UETAPANTAG €AEYYOVL Omd €va. GUVOAO TIU®V UETAPANTOV EAEYYOL, M
omoia akoAoVOmE 0modideTal GTO GVGTNUA TOL UeAETATAL AT elvan Kupimg, N dlopopd pe
TOVG GUUPATIKOVG EAEYYOVG, Ol OTTOI0L YPTGILOTOLOVV EVAV TPO-VTOAOYICUEVO VOLO EAEYYOV.

H dvvopkdtra tov mpoPAenticold EAEYKTN EVIGYVETOL TEPAUUTEP® UECM TNG IKOVOTNTOG TOVL
va dwyelpiletor TOAOTAOKE PN YPOUUIKE GUGTHLOTO TO OTOI0 VTOKEWVTOL GE AELTOVPYIKOVG
nepropiopovg [1], [9-13]. To teAevtaio Oe, amoteAel TO ONUOVIIKOTEPO TAEOVEKTNUA TOV
EvavTl TV VTOAOIm®V  PEATIOTOV EAEYKTMOV OTOL  OdUVATOOV VO EVOOUOTOGOLV
TEPLOPLOTIKOVS OPOVG 1] KL VO EPOPLOGTOVV GE [UN] YPOUUKO GLCTHLLATA.

Yxed0v OAO TOL GLCTHUATO VITOKEVTOL KATO TN AELTOVPYiO. TOVG GE TEPLOPICUOVG, OTMS Yiol
TAPAOELYLO, OTO CLOTNUATO EAEYYOL OEPLOKPOCIONG, GTO GUOTHUOTO EAEYXOL TOYVTNTOG
K@AMoTO pmopovv va tefovv oplor dtokduaveng kot acedielag. To mheovéKTnua ovTo,
odnynoe otV avimtuén odyopiBumv TPoPAERTIKOD €AEYYOVL OTNV TETPEAIKN KOl YNUKN
Brounyavia [14-15], 6mov kot 0 TPoPAENTIKOC EAeYY0G TAPOLGLALETOL V1o TPDTY POPdL.
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Alakomtikeg AVvopBwTIKEG ALOTAEELG

2y TpoyuatikOTTo 0 TPOPAERTIKOC EAEYYOG OV Elval o KOVOUPYLo. TPOGEYYIoN, OAAL

Kopiog o pete&Mén Kot pe emavénuéveg tig duvatdtteg tov Béltiotmv eleyktov H_,
H,[16]. H dwgopd tov pe tovg mpoavapepBivieg BEATIOTOVNG eAeYKTEG EYKELTal GTNV

KAvOTNTA TOV Vo ETIAVEL £va TPOPAN L BEATIOTOL EAEYYOL GE TTpayUaTikd ypovo (on line) yio
TV TPEYOLGO T TOL S0VOCUATOG KATAGTAGNG, TOPA VO ETAVEL VO TPOPANLA 0VAdPAONS
katdotaong (state feedback policy) vekpold ypévov (off line) ywn Oleg Tic petafintég
katdotaong. H exiivon tov mpoPAfuatoc o€ TpayratiKd xpovo, Tpospyetol amd Ty exilvon
TOV OVTIoTOLYOV TPOPAUATOG OVOLXTOV PPOYOL, GTO OMOi0 M OPYIKA KOTASTHGN TOL
CLGTNUOTOC €lvat 1 TpEyovoa. XvvinOmG TO TPONYOVLEVO EMITVYYXAVETAL LECH® TNE XPNONS TNG
Oswpiog TOV SvvapKOD TPOYPOUUATIOUOD. XTnVv ovtifetn zepimtoon, 1 emilvon péow
avadpaoNg KATAGTACNG, AVAYETOL otV avebpeon Adong amd to kpirfiplo Hamilton-Jacobi-
Bellman [17] péom drapopikdv eEiomocwv 1 eEl6OGEOV d0POPAES, OOV GTIG TEPITTOGELG
TOV U1 YPOUUK®OV CUGTNUATOV gival adbvatn 1 avénuévng duokoiiag [18-27]. Eva emimiéov
onueio drapopdc givar 6Tt T0 TPOPANHA TOL KAAEITOL VO AVCEL O TPOPAENTIKOG EAEYKTNG,
TPENEL VO, €lvaLl ETAVGIUO GE VOV TEMEPAGUEVO Ypovikd opilovia kot Oyl o OempnTikd
amepo ypovo.

1.3 MoOnuoatikn dwotdrtwon tov wpoBAnuatoc BéEAtiotov eAEYYOL

avorytov Bpdyov

H apyn oyedioong evdg mpoPrentikol eAeykT| €lval QUESH GLVOEIEUEVT LLE TNV LOOMUOTIKN
TEPLYPOPT TOL GLGTNHLATOC EITE Ad S10POPIKEG EEICMGELG €ite 0md eEIGMOEIC SLOPOPDV.

X(k+1)= f(x(k),u(k)) (1.1)

H meptypagn Tov GLGTAUOTOG CUUTANPDOVETOL LE TNV TOPAKAT® Bedpnon Yo Tig petafAntég
EAEYYOL KO TIG LETOPANTEG KATAGTAGNG TOV OVTIGTOLYOVV GE QUTEG.

u={u(k),uk +1),...u(k+ N -1)} (1.2)
X" = {x(k),x" (k+1),....,x" (k+N)} (1.3)

H petapinm eléyyov tov TPOPAERTIKOV EAEYKTN TPOKVTTEL O TNV EMIAVCOT GE TPAYUOTIKO
YPOVO €vOc mpoPAnuatog PEATIOTOL €AEYYOL avOolTOL PpOYov, EAY(IOTOTOIOVIOSG TO
axolovbo Kkpitplo PelTicTOmOIMGNG Yot TNV TPEYOVOA T TOV Ol0VOCUATOS KUTOGTUGNG

x(K).

P, (x(k)) : minV, (x(K), u) (1.4)

Eav oto mpopAnua tibevron meplopiopol yo v petapinti eréyyov U(i) e U xar yua to
Siivuopo katdotacng X(i) € X, Vi, kabdg eniong kot yio TV 06T TOV GLGTAUATOC
X(k+N)e X, c X, 10te 1 ékgppaon g ovvaptnong Vy (X(K),u) omv e&iowon (1.4)

Aappdver Tnv axdAovdn Ekppacn
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Keéihatto 1

K+N-1
Vi (x(K), 1) =V, (¢ (K+NY) + 7 {V (x40, udi)} (1.5)
i=1
Yy mapordve yevikny Ekepaon o 6pog K+ N avEaver pe to K - deiypo ko avagépetan

Biproypapikd mwg petatifépevog opifovtag.

YroOétovtag 6t 10 cOomue mpooeyyilel to emBuuntd Sidvocpo Katdotaong oe kade
detypatolnyia, upmopodue va Bewpnioovpe 6Tt KABe VEa AEITOLPYIKN  KoTAOTAOM,
apyIKoTolEiTOL YpoviKd oto Pndevikd ypovo. Katd cvvémela, to kpitiplo PeAtiotonoinong

Py (X) €&optartar omd Ty apykn T Tov dtavocpotog katdotacng X = X(0). Me Baon to

TPONYoLUEVO, N BEATIOTH ADOT TOV TPOPANUATOC €ival TO GOHVOAO TIUMV TOV HETAPANTOV
erEyyoL

{u°()(0),u"X)(1),... u" ()N - D)} (1.6)

AxorovBwc, N TN g e&icwong (1.5) Ba divetar omd v TopakdTo oyéon
Vi (X(K), 1) =V, (x,u%(x)) (1.7)
H televtaio oyéon onNAdVEL TNV ETAOYT TOV TPOTOL OPOL and TNV akolovdia TV BEATICTOV

UETAPANTOV EAEYYOV TOV TPOKVATOVV. LT CLUVEXELD, OpileTal LOVOSTILOVTO O VOLOG EAEYYOL
Y10 TOV TPOPAETTIKO ELEYKTY], O OTTOI0C SLOTVTTOVETAL WG EENG

g(x) = u’(x)(0) (1.8)

1.4 Evotdfeia tov tpoPAsmtikon EASYKTN

H anddeién g gvoetdbelog tov mpoPrentikod eheyktn givarl éva amd To MO EVOLLPEPOVTA
Oépata peAétng, 1 duokoiia Tov omoiov avEAVEL OTOV TPOKELTOL Yiol U] YPOLUUKO GUGTILOTO
N CUGTHUATO HE UM YPOUUUIKOVG TEPLOPIOUOVE. ZE OVTEC TIC MEPITTMOGEIS 1 OmddeEn NG
€voTabelog avayetal o€ €vo TOAVGUVOETO Kot TOAVTAEVPO BEpa Kot cuviBwg avTipeTomileTon
LEe TN ypNoN TOL SLVAUIKOD TPOYPAUUOTIGHOD T)/Kat TV Bempia TV KupTdV Guvorov [18-
28]. Znv o1ebvn PipAtoypagio vidpyel po TANOGPA EPEVVNTIKMOV EPYACIOV TOL AVAPEPOVTOL
oTNV €VoTAOELN TOV EKAGTOTE TPOPAETTUCOD EAEYKTY], OVAAOYA LE TO Ti TPOGOOKA VO TETVYEL
0 OYESOTNAG KOl G€ MO0V €100VG GLUOTHLATO OVUPEPETUL TNV TPOKEIUEVI] TOUPAYPAPO,
nopodétovpe ™V amodelEn ™G evoTdfENg Y TOV TPOPAERTIKO EAEYKTH OMMG OVTOC
avaAbONKe Kot GYESIAOTIKE GTIV TPOTYOVUEVT TAPAYPOPO.

Ag vmobécovpe 0TI péocw KoTGAANANG petofAntig eAdyyov U, mov mpoékvye omd TNV

TPocEyylon tov petatiféuevon opifovra, T0 cOoTNUO PpickeTal € GUYKEKPLUEVO emBLuUNTO
onpeio wwoppomiag To omoio divetal amd TV akdAovdn oyéon

X, = f(x.,u,) (1.9)

Me kaTdAANA0 UETAGYNUOTICUO TOV UETAPANTOV KOTAGTOONG Kot EAEYyov, 1 e&icwon (1.9)
umopel va dtoTutmOel EVOALOKTIKA
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Alakomtikeg AVvopBwTIKEG ALOTAEELG

f(0,0)=0 (1.10)

Av Bewpnoovpe, 6t1 0 6pog V (X,U) ¢ e&icwong (1.5) eivar tetpaymvikdc (quadratic) kot

undevikog oto apykod onueio (0,0), tote 1 akdovdn kppacn sivar alnong
V(x,u) 2 c[[(x, u)[, e V(0,0)=0 (1.11)

Edv vrobéoovpe 6t 10 choTUO pHeTaBAAAETOL TEMKE EVTIOC TOV GUVOAOD TOV TEPLOPIGUDV
X , 1o omoio mepigyel 1o onpeio woppomiog (0,0) kar eivar vroovvoro 0V GLVOLOL TV

apywdv mepopopdv X, dnh. 0 € X, < X t61e vndpyer npoPrentikdg eheyktng d; (X)

670 GUVOAO X MOV 1KAVOTOLEL TOV TEPIOPIGHUO TNG HETAPANTAG EAEYY OV

g;,(x)eU, ¥xe X, (1.12)
Kot eEacpariler v mapapovi Tov SravicHaTOg KATAGTOoNG 6T0 GUVOA0 X , £TGL DOTE Va
oYVEL

f(x,9,(x)eX,, ¥xeX, (1.13)
Téte, n cvvaptnon V, (X) eacealilet evotdbeto kheiotod Ppdyov edv
V002V, (F (%9, 00) +V (%, g, (X)), Vxe X, (1.14)

H mponyoduevn oyéon toydet edv n cuvapton V, eivor cuvaptmon Lyapunov [29-30], e
L0l YEITOVIKY TTEPLOYN} TOL apytkod onpeiov kat ot cuvaptioelg g, kot X, eivon emheypéveg
KaTGAANAQL.

A&iler va tovicBel O0tTL M Peltictomoinon Oev cuvemdyetal Kot €VoTAOEl, €0KG GE
wpofAnpata menepacuévov opifovta. Amd v GAAN mhevpd, 1 emrevSuotnta (feasibility),
vreptepel g Peltiotomoinong yo v Ekepacn g evatdfelag. Emmiéov, cuatiuata wov

dev elvar Péitiota, oAAG Oupwg vmoPértiota (suboptimal), pmopovv vo  emrdyOLY
KAvomoINTIkd EAeyy0 €AV 1 PeEATIOTONTOINGN EIVAL TPAKTIKA 0.dOVATY.

1.5 Awokomtikéc oavopOmtikéc otataEelc Kot TpoBAETTIKOC EAEYYOC

H Swtdnmon tov mpofrentikod el&yyov kai 1 anddelln g evotabelag mov mTponynHonKay
oTIg Tapaypaeovg 1.3 kot 1.4 amoteAohV TNV YEVIKN TPOGEYYION TOV TPOPAENTIKOV EAEYKTMV
YW YPOUUIKE CLUGTAUOTO 1 GLUGTHUOTO 7TOV UTOPOVV Vo ypouutkorombovv. H avdykn
oyedlaong mPoPLENTIK®V EAEYY®V GE GLUGTHUOTA OTMMOG Ol PETOTPOTELS TOV MAEKTPOVIKMOV
oyvog dev pmopel oe kopia mepintoon va Bewpndel edxoAn kot tetpyupévn dadikacio. O
AOyog eivol OTL To GUYKEKPEVE cLOTHMATO Yopaktnpilovior ¢ dwkomtikd [31], upe
VPPOIKN cvumepLPopd. (GAAAOTE GUUTEPIPEPOVTOL (MG GLVEXOVG YPOVOL KOl GAAOTE G
dwakprrd). EmumAéov, ot drakontikég HeTafAcelc E10Gyouy Un YPOUUIKOTNTES, OTMC ETIONG OTL,
vl amodldOUEVT] SLOKOTTIKY] KOTAGTOON, TPOKVMTEL £VO OLLPOPETIKO vIocvotnuo. H
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Keéihatto 1

dwadkacio oyedioong evog TPOoPAETTIKOD EAEYKTY], TEPUTAEKETOL TEPOUITEPM LLE TNV OTaiTnON
THPNONG U1 YPOUUKOV TEPLOPICUAOV E€iTE OTIG LETAPANTES KOTAGTAONG, £t OTIC LeTAPANTES
€E600V, N OTIG LETOPANTEG EAEYYOVL.

[Ipokeyévou va apBodv ev pépet, KAmoleg amod TIC Tpoavapepheiceg SLOKOALES, 1| TPOGEYYION
TOV TPOYUATIKOD GLOTAUNTOC UE TO HOVIELD 0oBevovg onuatog [32] Tov O10KOTTIKOD
GULGTHLOTOC Elval U0l TPOTEWOUEVT] ADOT). XTNV TEPINTTOOT 0VTH, Ol SOKOTTIKES PETOPACELS
npoceyyilovtal e CUVEYEIC CLUVOPTNCELS TOL XPOVOV, LE TNV TAPOdOYN OTL 1| CLUTEPLPOPV
TOV GLGTANATOG glvar ypovikd opyn. AxoAovBwg To poviého aocBevolg oMuaTog,
ypopukonotgiton mepi dedopévo omueio Aettovpyiog kot ot cuvéyeld epapudletal m
BeopnTik] avaAivon mov ovorTuxOnke oty mapdypoaeo 1.2. MelovékTnuo autig NG
pebodoroyiog eivar 6Tt T0 povTEAO 0cOgVOVE GNUATOG TOL GLOTHUATOG, TPoceYYilel TO
TPAYULATIKO Kol o€ Kapio mepintwon dev tavtiletal pe avtd. EmmAéov, n ypappkomoinon
TOV UOVTEAOL acBevolhc oNuUaTog av Yyivetol Kot OGOV YIVETOL, 1GYVEL Y10 GUYKEKPIUEVT
TEPLOYN AELTOVPYING KO OTOLTEL EXOVOYPOAUUIKOTTOINGT] Y10 KAOE VEQ AEITOVPYIKT KOTAGTAOT,
dwadikacio apkeTd emimov.

2TV TEPINT®OON OV OAL TOL TPONYOVUEVA EIVOL TPOYUOTOTOU|GIUA, UK ETTAEOV SVGKOAI
wpooTifetal otV S10d1KaGIot GYESIGOD, 1) OTOi0. KATAYPAPETOL amd TNV TPEYOLCH
EPELVNTIKT OPACTNPLOTNTA KO TPOEPYETAL KLPIG Omd TNV axdAovdn amaitnon. H €dm
KaTNyopioh TV HOVOPACIK®Y OSOKOTTIKGOV — avopbwTikdv dwrtdéemv, omattel pio
TOIKIAOLOPPN EMBVUNTA AEITOVPYIKY] GUUTEPLPOPA, OTTMG €lval 1 OYKAON TV PETAPANTOV
KOTAGTOOTG TOL GUGTHLUATOG GE NUTOVOEWDN (PO OO TIG TNYEG TPOPOSOGING) ALY KOl GE
ovoveyn (ovveyeic taoelg) emBountd peyédn. XTiC MEPLOCOTEPEC MEPIMTMOGES O, 1
CLUTEPIPOPE TV TPOaVIEEPHEVTOV YpoviKd petafailopevev peyedav sival cvlevyuévn
AELTOVPYIKA, KATL TO OMOl0 TEPIMAEKEL EMMAEOV TN O)ediaoT. AMOOEEN TOV TEAELTOI®OV
amoTeELEl M EAGYIOTN EPUPUOY TOV TPOPAETTIKOV EAEYKTMV GE UOVOQPUGIKEC OvVOPOMTIKEG
datdéetg, n omoia Kataypdgetal otov axkoiovbo mivaka 112.1.

Movo@aotkég OIaKOTTIKEG avopOmTIKEG dtotdlelg e TpoPArentikd Eleyyo
2008 2009 2010 2011

IEEE Transactions on

Power Electronics 3 > ? 13
IEEE Transactions on
Industrial Electronics 6 10 8 12
IEEE Transactions on | 5 3 4
Industry Applications

Hivakag 2.1: Kataypaen g epeuvntikng dpactnplotntog nept tov mpoPientikod eléyyov (nmyn IEEExplore)

1.6 Ilpotswbduevoc  mpoPremtikdc  eheyKTNC Yo, OLUKOTTIKEC
avopbotikéc drataEelc

AopPavovtog vIoyn To KOTOYEYPOUUEVO TPOPANUATE 7OV GULVOVTA KOVELG KaTtd TNV
oyedlaon evog mpoPremtucod eheykth, mpoteivetanl évag vEog oAyOopipog mpoPAlemticol
EMEYXOV Y10 LOVOQUCIKEG avopBmTIKEG dlotdlelg, wovog vo, dtoyelplotel pe akpifelo
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Alakomtikeg AVvopBwTIKEG ALOTAEELG

AELTOVPYIKT GLUTEPLPOPE TETOIWV GLOTNUATOV. EmmAéov, 0mmg avadelkvueTal 6Ty £KTACT
™G TPOKEINEVNG €PYOCinG, O TPOTEWVOUEVOG TPOPAENTIKOG €AEYKTNG elval OmAGG oTn
BePNTIKT TOL OVAALGT KO TELPOUATIKA EMLTEVEILOG, YWPIG 1O10iTEPO VTOAOYIGTIKO KOGTOG,.

Apy1| oyediaomng Tov TPOTEWVOUEVOL TPOPAENTIKOV EAEYKTI OMOTEAEL TO SLKPLITO [UT] YPOLULKO
HoONUOTIKO HOVTEAO TOL GULOTHUOTOG. XTO GUYKEKPIUEVO UOVTEAO Oev emPaAletal m
YPOLULUKOTTOINGT) TOV, 0AAG 0DTE KOl 1) LETATPOTT TOV € LOVTEAD 0.00EVOVG GTLOTOC.

Q¢ éheyyog TV SOKOTTIKOV avopboTikdv dotaéewv Bewpeitar 1 dtadikacio Topoy®YNS
YPOVIKG LETAPOALOUEVOVY Kal SLapopeouévay Kot gbpog onudtmv S(t, ), mov kiplog 6td og
ToVg givar vo odnynoovy Tig petafintég katdotacng tov cvotiuatog X(t ) oe embountég
Tég X (t,). Kat téroo nopovoialetar oto akdrovbo oynua 1.1, 6mov otig n SlakonTikég
KOTOGTOOELS, GVIIGTOLOUV S, ONHOTO EAEYYOL KOl GE GLVIVAGHO HE TNV METPNOT TOV
dovoopotog katdotaong X(t,) dnuiovpyodv kot’ avtictoyia, TpOPAeyn Tov SavOCHATOS
Katdotaong g emdpevng detypotodnyiog X, (t..), 1=1,2,.n odpewva pe 1o dakpid

LoONUOTIKO PHOVTELD TOV GUGTIUATOG TG TOPAKAT® YEVIKNG OYECNG

X (ta) = £, {X(t),S,} (1.15)

=

—E ——=fg==——— 1= S - —— —i———

E . e ' T 537_“*—5 Tp3(Lrs2)

E xT (t) \‘E S E

E ‘ :Epn( tkH) \ $p'n.( tk+2)

! ! ! '
bk ki1 790

Zynua 1.1: Adyépbpog Bertiotonoinong pe povadiaio opilovto mpoPrewns

[Ipoxeévou va emheyel 1 KOTOAANAITEPT SLOKOMTIKY KATAGTOGT TOL GLGTILOTOG, opileTat
KatdAANAn ovvéptnon PeAitiotonoinong fg , N omolo B0 TPEMEL VO EVOMUOTMVEL TIG

TpoPAemopeves TIHEG TOV Slavdopatog katdotaong X, (t,,) kot Tig avticTtoreg embupmtég

toug TG X (t,,) Omwg 1 axdrovdn oyéon (kpurnipro Bektictonoinong)

g = f, {X t.). X, (¢}, 1=1,2,..n (1.16)

H napaywyn tov emBoupuntod dlovdcHoTog KaTdoToong Lrtopel vo enttevydel pe dvo TpoOTOLG.
Agdopévou 0Tt o1 ypovor detrypatoinyiog T, tov TpoPrentikod eAeykn eivon apKETEG POPES

LKPOTEPOL OO TIG OTAOEPES XPOVOL TOV KUKAMUOTOS, TOTE pmopel va Bewpnbel 611 og o
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Kepéihatto 1

nepiodo Serypotolnyiog woyver X (t,)=X(t.,). Emiong, évag devtepog tpodmOg givor o
VIOAOYIGUOG TV TidV X (t,,,) HEC® AVASPOUIKDOV TPOCEYYIGTIKOV TOTMV.
Mo tumtikr] ékepacn g ocuvaptnong Peitictomoinong Oa pumopodoe vo amoTteAEGOVLY Ta

amolvta opdipato petald emBountodv Kot TPoPAETOUEVOV TILOV Kot 0KoAoVOmG 1 EKppaon
Tov Kpurnpiov fertictonoinong Ba NTov

gi =||X*(tk+1)-xp|(tk+1)| (117)

Aappdévovtag vToYn TIG N EMITPENTEG OLOKONTIKEG KOTOOTACELS, 1| TPONYOUUEVT GYéon Oa
TOPAEEL OTN GUVEXELD N TES YL TO Kptripio BeAtiotonoinong {9,,d,,..d,} . H exthoyn g
puepotepng TG min{g,,d,,..d,} kat n andédoon oto choTNUO EKEivVIG NG SLAKOTTIKNG
Katdotoong S, mov mpokaiel TV ehdyiot) T g ¢, 0o onuaivel ovtopdTOg TNV

obykhon tov petafAntédv kotdotaons X, (t,,,) otig embopntés tég X (t,,).

Epunvedovrag 10 oyfua 1.1, mapatnpovpe 6t 1 mpoPiemdpevn T g HeTaPAnTig
kotdotaong X, (t.,) eivar mnoiéotepn omy embopmty Ty X (t,,) ko emopivag n
Sokomtiky kothotacn S, emAéyetol Kol amodideTol 6TO GUGTNUA TNV YPOVIKY OTIyuUR t, .
AxolovBdvtag v idlo Sadikacio, n Swakontikh katdotacn S, emdéyetar og N PEATIOT
otV emopevn dstypotonyia t,, Kot o aAyopiduoc eEediooetal. e OPKETEC MEPIMTOCELS
OUMG TOPAYOVTEC OTI®G, O XPOVOC SEIYUATOANYING TOV YNPLOKOV ETEEEPYASTAOV GNLUOTOC, O
alyopOpog mpoPreyms, n HETPMNON €VOG peYAAoL aplBpod HETAPANTAOV KOTAGTAONG N M
eKTiumon tovg, kabiotodv addvatn Ty ektélecn Tov odyopibuov mpdPreyng o€ o povo
EPi0d0 dEYHOTOANYING. X& QVTEG TIC TEPMTMCELS, 1 OVAYKY CVOTPOCAPUOYNS TOL opilovta
npoPAeync o100 SmAdolo eival omapaitntn. Muw tétowe Bemdpnon, moapovoidletar 61O
axolovbo oynua 1.2. Xtnv nepintwon avt o adyoppog anodidel v BEATIOTN SLOKOTTIKN
KatdoTtoon avl dumhdoio mepiodo derypatoinyiog, onAadn avd 2T, , dwatnpdviag v idla

SlOKOTTIKY KATAGTAOT 6TO GUGTNHO Yl ¥POVIKO ddotnpa and t, €og t,, .

z1 - 1s - 1, >
(1) 15 1n pdPheym i 2n npoPheym E'*}-l' o)
—IL'JE\. i 'HI:__'__.-—'M?J
F——g === : Sr—=——- —_———

z*() i S
; \:f Liio)

L - » |
Lie1 )

B —————

[ ™
=

Zynua 1.2: Adyépdpog Bertiotonoinong pe opilovia mpofieyng 2
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Alakomtikeg AVvopBwTIKEG ALOTAEELG

CyMUOTIKE, Ol TPONYOVUEVES AEKTIKEG TEPLYpPaPES cuvoyilovtal 6To aKkOAovbo dStdypoppa
pong tov oynuotog 1.3 mov mapovoidlelt T dopr TOL TPAYUATIKOL aAyopiBpov Tov
TPOTEWVOLEVOL TPOPAETTIKOD EAEYYOV KATA TNV €QPOPUOYN TOV GE £VO YNEloKO GOCTNHO
emekepyaciog oNUATOG.

TS eT e < .1 PSR I )
' LA N L b J)
N M
X h
¥ L
Movtédo mpopreyng

7 {2 AP O n]
Lol bl J=Jp) LA Wk L LR T

[ Movtého TpéPreyng

i po—=Flefs ) Q1
i AP P LSPA R 1A

i T
L

. Tuvapnon pektictonoinong

e g=fgl 2*(tes1) Zpi}

Emvoyit  S(t):

'.nin{g.'} =l,..n—Gz
= S(ti1)=5;

t=>ips1

Synua 1.3 Awypappo pong adyopiBpov tov mpotevopevon TpoPAentikod ereykt

A&ilel va onuelmfel 611 0 TPoTEWVOUEVOG TPOPAENTIKOC EAEYKTNG €IVl KUTAAANAOG Yol TV
Swyeipton Oyt UOVOV CUGTNUAT®OV WHe Alyec HETOPANTEG KaTdoTOOMG, OAAG Umopel va
EQUPUOCTEL [l HEeYOAN emTuyio Kol 6€ TOAVUETAPANTA cvoTiuate. Oo wpénel vo TovicHel
emiong, OtTLM Ekepaot Tng cvvaptnong Pertiotonoinong dev gival amapaitnTo Vo TEPEYEL TIG
amolvTEG  TWWEG TOV  OCQOANAT®V, OAAGL KOl  GAAEG  ekQpAoEl  ovTdV  OTMG
fi =X (tkﬂ)_xpi (tm) P fi :|
™G ovuvapTNoNg PerTioTOnOINoNG MOTE VO GLUTEPIAAPEL KOl ETITAEOV GTOYOVE TTOV APOPOHV
Yoo TopddElypo TNy peimon NG OIKOTTIKNG ouyvotntag, TV Oloygipton g 1oy0og,
MEPOPICUDY CGE GPAAUATO, KOl YEVIKOG KdOe amaitnon mov umopel va texunpumbel pe

X*(tm)—Xpi(tkﬂ)Hz. EmnpocOétag, sivor duvarn 1 dapdpewon

puadntikd tpomo.
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MovodaolkEG ALAKOTITIKEG AVOPBWTLKEC

Awatdagetg MARpoug FEdupag

2.1 Ewooymyn

Ot povoQUoIKES OLOKOTTIKEG avopl@TKEG O10TAEEIC €ivol OlOKOMTIKG KUKADUOTO 7TOV
LETATPETOVY TNV LOVOPAGIKN EVOAAOGGOLEVN TACT O GLVEXN. XPNCLOTOOVVTOL KOTH
KOPOV GE EPUPLOYEG YAUNANG 16YVOG AOY® TOVL PIKPOD GYKOL TOVG, TNG UEYAANG aflomoTiog
Kot Tov VYNAOL Pabpod amddoong Tove. Mepikd media epapuoyng Tovg gival To TPOPOSOTIKA
VYNANG GUYVOTNTOG, TO GLUGTILATO AOLAAETTOV TOPOYNG NAEKTPIKNG EVEPYELNG, Ol POPTIOTEG
CLGCOPEVTMV, TO, POUTOTIKA GLOTHUAT, TA eVEPYA @iltpa k.o H pedétn ko n oyedioon
TOVG, TOGO GE AELTOVPYiD avolyToh OGO Kol GE KAEIGTOL PpO)Ov, TPOCEAKVEL TO EPEVLVNTIKO
EVOLOQPEPOV Y10 TEPETAIP® PeATiOON EVOC TETOOL GVGTNUATOG, KVPIWS amd TNV TAELPE, TOL
eAEyyov. Xg £éva TETOO0 GUGTNUO O EAEYKTNAG KoAgitar vo doceoiicer v o&OmoTn
Aertovpyia, eEacporilovtag cuyxpOVME TOADTAELPO AELTOVPYIKH KPLITHPLA.

Ta mpoPAquota mov avtipetonilel Kaveic oyxedialovtag oiyopiBpovg eréyyov yio TOLG
CUYKEKPUEVOVS LETATPOTEIG TPOEPYOVIAL KLPIWG amd TN OKOTTIKY QUOT OVTOV TOV
ovoTnuatoV. ['evikd, ol cuYKEKPIUEVOL PHETATPOTEIG avaihovTal o€ 000 1N TPEic AEITOVPYIKEG
KOTOGTACELS, OOV KAOE Lo TEPLYPAPETOL A0 VO SL0POPETIKO YPOUUUIKO GUOGTILO GUVEYOVG
xpovov. H cuvbeon tov mponyodlUevoy DTOGUGTNUATOV TOPAYEL £VA. (U] YPOUUUIKO GOGTNUO
oLVEXOVG XPOVOL YPOVIKA peTafaliopevo, To omolo mpooeyyiler pe peydin axpifea 1o
TPAYLOTIKO ovotnua. Tlépav Ouwg twv mpoPAnudtov TOv GLVAVTA Kovec Katd Tnv
MOVTELOTIOINGT] €VOG TETOLOL GUOTNUATOG, KOTA TOV GYedooUd Tov oAyopifpov eléyyov Oa
TpEMEL Vo ANEOOLY LILOYT 1 SOKOTTIKN HETAPACT OO TO £VO VIOGVOTNO GTO GAAO, 1| GVOT)
TOL GUVOAIKOD GULOTHHOTOC G Un €Adylomng ¢@domg, M ovlevén tov evaALUGGOUEV®DV
peyebdv pe To TopayopeVa cuveyn LEYEON Kot Ol OTO10ONTOTE AEITOVPYIKOL TEPLOPICUOL TOV
tibevtar OTMG 0 Hovadloiog GUVTIEAESTNG 1oYV0G 16000V, 1 €EACPAMOT] GUVEYXOVG TAOTNG
€€0dov ot embountn TN, N KavOTNTA a&OTIETNG AEITOLPYinG 0€ SUVOUIKA UETAPATIKA
eoawvopeva Onog Pnpoatikég oAiayég g emBountig TIUNAG NG oLVEYOLS TAONG KOl TOL
eopriov, N evpwotia o€ aféfateg peTaforég TV oTOEIOV KAT.

H tomoloyia pog dtaxontikng avopBwtiknig didtaéng anotedeitan omd 10 GIATPO €1G0S0V TOV
OTIC TEPIOCOTEPEG TEPUITAOOELS EIVOL IO OQLTETAYMOYY], VYIGLYVA OlOKOTTIKA GTotKEln
apeidpoung pong pevpatog (IGBT, MOSFET, IGCT) kot 10 ¢iAtpo e€&opdAvvong tng
OUVEYOVG TAOMNG TOL glval YOPNTIKNG @Oong (mukvotig). Ta Saukomtikd ototyeio
EVEPYOTOLOVVTOL — OTEVEPYOTOLOVVTAL OO KATAAANAO CMUOTO TOAMKNAG HOPONG, CUVEXDG
dwpoppopéva kat’ gbpog PWM (Pulse Width Modulation), otafepig 1 petafairopevng
ovyvoétroc. H Aertovpyio tovg (ypovog evepyomoinomng — ypdvoc omevepyomoinong)
e€apTaTol amo TIC TIWES TOV UETAPANTOV KOTACTAONC GE GYECT HE TO AELTOLPYIKA KPLTHpLa
7oV TifevTol og KAOE YPOVIKT GTIYUN.

2.2 Avaoopd otn o1ebvn BifAmoypaoio

H ovvnbéotepn pebodoroyia aviivong kol oyedioong evOog eAeYKTN YO TIG LOVOPUGIKES
OLOKOTTIKEG avopbmTIKEG SL0TAEELG €lval 1) TTEPLYPAPT TOV TPAYUOTIKOD N YPOUUIKOV-
OlKPIToy  CLOTNUATOC Oomd  €vo YPOUUIKO HOONUOTIKO  HOVTEADO, GLVEXOVS YPOVOL.
[pokeywévov va mopakap@dody ot SVGKOAIEG TOV TPOKHTTOLY AMd TN SLOKOTTIKY (VOT| TOV
CULOTHUOTOC, ¥PNOoWomoteitar To HovtéAo ocBevovg onuatog (Small Signal Analysis,
Averaged Model) [32]. Ztv avdAivon avth, TO OPUOVIKO QAGHO TWV EVOAAUCCOUEV®V
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Keéihatto 2

ueyebav eEateipetal Oewpavrog povo ) Oepediddn cuyvdTTa TG TNYNG Kot Ot LETUPANTEG
eréyyov mpooeyyiloviol g GUVEYEIG CLVAPTHOELS TOV YPOVOL. AKOAOVOMG, TO UN YPOUUIKO
HovTéLO ac0eVODC GNOTOC YPUUUIKOTTOLELTAL TTEPT TOL OTUELQ AEITOVPYING TOV GLUGTILATOG KOl
oyxedaletal KaTaAANA0G, Kupimg Ypapukog ereyktie. [1€pav amd 0mo1EGoNTOTE TPOGEYYIGELS
Kot TapadoyES emkolobpoote og po tétolo pebodoroyia, To poviélo 0cBevolg GMUOTOG
KPUPEL ONUOVTIKEG TANPOPOPIEC GYETIKA LE TN OLVOUIKT TOL GLUGTNHLOTOC KAOMDC emiong Kot
LE TO OPUOVIKO TEPIEYOUEVO TMOV EVOAAAGGOUEVOV UEYEDDV 7OV OTU GUYKEKPLUEVO
cvoTHpoTo Eival VYIioTNG oNUACTaG.

EvaAioktikd, mpokepévou va akolovbnbei po o axpiPng Hovielomoinon Tov GUGTHATOG
OTOPEVYOVTOC TNV TAPUTOUTT O HOVIEAD 000evODg GNLOTOG, €EAYETOL TO LN YPOLLUKO
MOONUOTIKO HOVTEAO Ol0KPITOV YPOVOV. XTNV TEPIMTMOON VTN TO TPAYUOTIKO COOGTNHO
nmpooeyyiletar pe peyadvtepn akpifeta, Hiog Kol 1 AEITOVPYIKN KOTAGTAGT TOL TPOKVITEL OO
TN SKPIT KOTAGTAON TOV SKOTTIK®V otolyeimv. Ta dwokpitd pobnuotikd povtéia
nepAappdvoov OAN TNV TANPOEOPic. TOL CPUOVIKOD TEPLEYOUEVOD TOV EVOAAACGOUEVOV
peyebov mapd T SuoKoAio TOV TaPOVSLALOVY GTN LEAETT TOVGS, EWOIKA dE KATd TNV Bedpnon
TV Xpovov kabdvuatépnong.

OepmdVTaG TN AETOVPYi0. TOV HOVOPACIKOV OlOKOTTIKGOV ovopdmTik®v datdéemv oe
KAEoTO Ppoyo eréyyov, €xel avamtuyBel &vag peyahog aplBpog EPELVNTIKOV EPYACLDYV,
KOTNYOPLOTOLMVTIOS TOVG TPOTEWVOUEVOUG EAEYYOVG GE EAEYKTEG PEVUATOS €1GOO0L Kol GF
eleyktéc taong efooov. Kotd mieoyneia, mpokertar Yoo ovoloywkoOg eleyktéc Pl
(Proportional — Integral) mov otnpilovtal 6€ YPOUUIKOTOUIEVE LOVTELD 0G0EVODE GNLOITOG
nepl ta onueia Asttovpyiag tov cvotiuotog [33]. Xty wepintmon avth, ot aféPaieg Tipég
TOV GTOXEI®V Kol 01 EEMTEPIKEG dloTapayEC Tov emPBaAlovTal 6To GO, TEPLOPilovy TNV
aEOMOTN AELITOVPYIN TOV CLGTHUATOC OTN LOVIUN KoTdoTaoTn (amdkAion petald embountomv
KO TPOYUOTIK®OV TIHDV), 0AAG Kot Kotd T petafatikd eowvoueva, ovtiotoryo. [dttépamg,
KOTA TNV araitnon SVVOKOV PNUaTikdv PeTafoimy otny embount T g Tdong £660v
OAAG Kol Tov @opTiov, mapatnpeital avemBOunT vVagpvywon 1N Podion g Tdong £6G60v
OV EYEL GOV ATOTELEGHA TNV ELPAVION AVTICTOLY®OV PAIVOUEVOV GTO PEVLO EIGOOOV.

Ytg gpyaoieg [34-35], avoamtdooetor €vag U YPOUMKOS €AEYKTNG pPeOMOTOC O 0moiog
ompiletor oV TEYVIKN 0AicOnong eni empaveiog [36,30]. Méow Tov gvepyelakol 1colvyiov
vroAoyiletor M emBount TWA TOL PEVUATOS €16000V. AdY® Vmapéng ypovoueTapAnTdv
peyebmv ommv uabnuotiky EKEPacmn LTOAOYIGUOD TOL EmBVUNTOV PEVUATOS E€1GOJ0V, Ol
ovyypageic oyedtdlovv dvo ekTiuntég pe v péEBodo tng oAicnong eni emopdvela, Evav o
TNV TOPUCITIKY OVTIOTOON TNG OVTEMAYOYNG €16000L KOl €vov GAAOV ylo. TNV OLUKNH
avtiotaon tov @optiov. Ilpoxeévovr va emitoyovy 10 Tponyobuevo, Bempovdv OTL M
TOTOAOYIO, TNG LOVOQUGIKNG OKOTTIKNG avopBmong cvvtifetal amd dvo madntikd @iltpa,
éva oty €icodo (r-L) kot éva oty €060 (R-C). To pelovektpoto 7ov TpoKHTTOuY 0md TV
ovykekplévn Bedpnon etvar 6Tt mBOVE CEAALOTO OTOVG EKTIUNTEG 0dnyolv o€ AdBog
VTOAOYIGHO TOVL EMBLUNTOV PEVUOTOC EIGOO0V KOl KATE GUVETEW GTNV EULPAVIOT LOVILOL
oQAOAp0TOC otV Thor €£0dov. EmmAéov ot ypovikég amokpicelg tov dvo Qiktpov eivor
OLPOPETIKEG, YEYOVOG TOV UETAPGAAEL cuveEXDC TNV LROAOYLOUEVN] emBounty TYWR TOL
PELLLOTOC E1GOA0V.

Xpnoomolidvtag t Bewpia TOL TPOCAPUOCTIKOD EAEYYOV GE CLUVOLOGUO pe TN Bewpio
eAEYYOV TNG evepyelokng avaivong [29], ot cuyypaeeic ¢ epyaociag [37], mpoteivovv Evav
TOAOTAOKO aAYOP1OUO EAEYYOL PEVUATOG Y10 TV TOTOAOYIO T®V LOVOPUCIKMV SLOKOTTIKOV
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avopbotikdv datdéemv. Emttvyydvovv, v embount) Aertovpyio tng owdtaéng vad v
mopovcio. aféfoaimv peTafolmdv TOv VEICTATAL TO GUGTNUN OGOV AEOPA TNV UETABOAN NG
TOPAGITIKNG OUIKNG AVTIGTUONC TNG AVTETOYMYNG LGOS0V KOl TOL MUIKOL @opTiov. [Ipopavn
LLELOVEKTNLATO, TNG GUYKEKPLUEVNG EPYOCIOG EIval 1 LYNAR SLOKOTTIKN GUYVOTNTO KAO®DS Kot
10 TPOGOETO OIATPO Yo TO pedpo 10600V mov Tomobeteital mpokeéEVoL va pelwbel to
apuovikd mepieyduevo. Emmiéov, n moAvmlokotnTo ToU aAyopifuov odnyel oy omaitnon
€VOC 1GYLPOD VLTOAOYIOTIKOV GUOTNUATOG, YEYOVOG TOL KaO1GTG TOV €V AOY®m aiyopiOpo
eEAEYYOV EQUPLOGIILO LOVO OE EPEVVITIKO EMIMEDO.

2T0YEVOVTOG OTNV a&lOTIeTN AELTOVPYIiL TNG LOVOQAGTKNG SOKOTTIKNG ovopBmTIKNG didtadng
KATA TIG UETAPOAEG TNG TOPUCITIKNG OVTIOTOONG TNG OVTEMAYWOYNG €GOS0V, GAAL KOl TOV
OUIKOV Qoptiov, TpoTeiveTal oAyOplOPOC TPOGAPUOGTIKOD EAEYYOL PELUOTOC OO TOVG
ovyypageic g epyaciog [38]. T v emitevén avtov, ypnopomoleitor 0 poONUATIKO
pHovtélo ocuveyolhg xpOVOV, GTO OTOI0 GTI GLVEXELN ELGEPYOVTAL Ol TPOGOUPLOGTIKOL KAVOVES
ektiumong tov oféfoiov peyebdv. Me Pdon TO TEWPAUOTIKA OTOTEAEGUATO  TTOV
mapovctdlovtal, To EKTIHMUEVO HeyEdn moapovotdlovy viovn HeTafANnToOTNTA, YEYOVOS TOV
odnyel ot ypnon Tabntikev eidtpov Tpokeévou vo eEaybel n péon tiun toug. Le avtibe
mepinTon, pe angvbelog xpnomn TV EKTILOUEVOV PeyYeddV 6TOV VTOAOYIGHO TOV EMBLUNTOD
PEVLLOTOC €GOS0V, TO APUOVIKO TTEPLEXOEVO Ba Tav onuovtikd. Exmpoctétme, n duvoutkn
CLUTEPIPOPE TOV TPOTEWOUEVOD OAYOpPiOHOL KOTA TNV OAAGYn] TOL OUIKOD (OPTiov,
Tapovctdlel apketd peydAn PvOion g thong e€6dov. Téhog, emonpaivetol 6TL 1| SLUKOTTIKN
GLYVOTNTO TOV TPOTEWVOUEVOL EAEYYOL givan 13kHz.

2.3 IIpo6taon e dworpBnce

Aoppavovtog vToyn TIC TOPATAVE® EPEVVNTIKEG EPYOGIES, TPOTEIVOVLLE OTO TOPOV KEPAANLO
Evay VEO amAd ELEYKTN Y10l TIG HOVOQUGTKES SIAKOTTIKEG ovopOmTiKég dlatdtels, otnplopuevo
otov mpofrentikd €leyyxo. O ocvykekpiuévog aryopiBuog eréyyov, eEacparilel a&iomotn
AerTOVPYicL TOL GLOTNUATOG GE OAEG TIG MOOVEG AELTOVPYIKES KOTAGTAGELC, IKOVOTOLMVTAG TO,
defvn Kpitplo. TOWOTNTOC TOV HOVOQACIK®OV avopbotikdv dwtaéewv [39]. Emumiéov,
TPOGPEPEL Ae1TOVpYio 6€ dVO, OAAG Kot Tpia emimeda TG TAONG OKPOJEKTMV TNG VOPB®TIKNG
owtaéng, e€acpariloviog peioon TtV SwkonTikdv onoieiwv [41]. Evoopotdver
AETOVPYIKOVG TEPLOPIGUOVS TTOL APOPOVV TIG UETAPANTEG KOTAGTOONG TOL GUGTHUOTOG,
eEaoparifovrag evatadn Aettovpyia. H opydvwon tov mapdvtoc keporaiov yivetar og e&NG:
Yy mopdypoeo 2.4 mopovoldletal 1 HOOMUOTIK HOVTEAOTOINGT LG HOVOQOGIKNG
SLOKOMTIKNG avopB®TIKNAG OATaENG KOl 0T CLVEXEWD €EAYETOL TO SLOKPITO LN YPOLLUKO
HOONUOTIKO HOVTELD TOL GUGTHWOTOC, OV OTNV ovoia amotelel Oepelmdeg croyygio Tov
TPOTEVOLLEVOD EAEYKTH. XTI GUVEYELD, OTN TOPAYPAPO 2.5, YIVETOL EVEPYEWNKT AVAALGT] TOV
GUGTNUOTOC, VA OTN Tapdypago 2.6 avoideTar 1 oxediaon evog ekTiunt Katdotaonc. H
oxedlaon Tov TPOPAEmTIKOD €AEYKTN €lval TO OvTIKElpuEvo Tng Toapaypdeov 2.7. Ttnv
Tapaypago 2.8 mwapovcldlovial GULYKPITIKA OTOTEAEGUOTO WETAED TOL TPOTEWVOUEVOL
TPoPAETTIKOD ELEYYOVL KO EVOG EAEYKTN OV oyedtdleTon pe Paon tnv Te)viKn olicOnong eni
emeavelo. To TEPAPOTIKE OTOTEAECUATA TOV TPOTEWVOUEVOL TPOPAENTIKOD EAEYKTN TOL
Aapfavovior amd TPOTOTLAN TEPAPATIKY JdTaEn Katoypdeoviol oty mopdypoeo 2.9.
Téhog, oty mapdypoaeo 2.10 kataypleovtal T0, GCUUTEPACHLOTO OTO TNV EPAPUOYN TOV
TPOTEWVOLEVOV TTPOPAETTIKOD EAEYYOV.

Mpoprentikog Ereyyog
AWKOTTIKAOV AvOpOOTIKAV

Awtatemv



Keéihatto 2

2.4  Avdivon Thc LOVOQOGIKNG OLOKOTTIKNG avopbmtikne ddrtaénc

H tomoAoyia tng povoeosctknig dloKomTikng avoplwtikig d1dtaéng TopovcldleTal 6To oy
2.1. Onwg mopoatnpodue, M TNy EVOAAOCGOUEVNG TAONG V., OULVOEETAL HECH TNG

avtenayoyng L, pe mopoocitiky avtiotaon R, o€ o povoeacikn dtoxontiky avopdotiky
diatagn. To pevpa 16630V mov (nteitar and TV evadlacoduevn Tnyn cvpfolriCeton pe I,
6mov 61NV TAELPE GLVEXOVC Thong, N yopntikdémTa C, dnAdvel To @idtpo eEopdAvveng g
tdong £680v, evd N oKy avtictacn R, 1o poptio Tng dtdtaéng. EmmAéov ta peyéon i e

I, xou I, SNAMVOLV TO GLVEXEG PEVDLLO, TO PEVLOL TNG YOPNTIKOTNTOG KOl TO PEVLO POPTIOV

idc
. S S ic oy
. jK D,j D:
Vs a 5 Co Loadl Vo

S hY
Rt Kt

Zynua 2.1: Movoeaoikn dtokontikn avopBoTiky dtbtadn

avtictoyo. Ta dwoxontikd otogeia S;, i=1,2,3,4, éxovv emheyel 6T0 MAPATAVEO GYAHO VL

eivan teyvoroyiag IGBT, addd umopovv vo givar omolacdnmote GAANG TEYVOAOYiNG OTMC
MOSFET, IGCT, Si-C «Am.

Ot emTpentéc OWOKOMTIKEG KOTOOTUOELS TNG HOVOQAGIKNG ovopBotikng otdtaéng Tov
oyquatog 2.1 mapovcidlovior otov akodiovbo wivaxo. o v copnAnpwon tov mivoka
AapBavovior vIoYn Kol oL dVO AELTOVPYIKEG KOTAGTAGEIS TOV GLGTHLATOS (OC avopOmTIKN
dTaén Kol ¢ avToTpoPEas TPV emmédwv. H Asttovpyla wg aviiotpopéa eivar dvvatn
pUOVO OTIC TEPIMTOGELS OOV 1 POPE EVEPYELNG YiveTal amd TO POPTIO TPOS TNV TNYN, YEYOVOS
oV gival €QIKTO 0TV Yoo Topdderypa tpogodotndel 1o kOKAmpo topmdvov gvog DC
Kvnpao.

a/a i:l?g:::::: Vs I Taon akpodektv V,, | Agitovpyia
1 D,-D, >0 >0 Vo Avophot
2 D;-S; >0 >0 0 Avophot
3 S;3-Dy >0 >0 0 Avophot
4 S>-S5 >0 >0 -V, Avophot
5 S-S, >0 <0 Vo Avtiotpoéa
6 S>-S5 >0 <0 -V, Avtiotpoéa
7 D;-S4 >0 <0 0 Avtiotpoéa
8 Si-D, >0 <0 0 Avtiotpoéa

Hivokag I12.1: Emtpentés S10KONTIKEG KOTOGTAGELG VL0 TV AELTOVPYIO MG OVIGTPOPEN Kol G avopHmTH TPLOV

EMTES OV
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Zynua 2.2 : KukA®UOTIKA 16030V, TOV S10KOTTIKOV KATOGTACEDV
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Ymv avdlvon mov okolovbei Bewpovpe 6Tl 6TO0 QOpTio VmApyel mAONTIKO oTOKElD
KOTAVAA®OTG 16YVOG (OUKT avtioTtaoT) Kot dev eEeTAleTaL 1] TEPIMTOOT TNG AELTOVPYING TOV
CUGTAMOTOC ®G avTIoTpoPéa. 'l TV Asttovpyia ¢ avopOmTIKNG d1dtaEng T0 SOKOTTIKO
oLOTNHO AOUPAVEL TIG AKOAOVOES SLOKPITEC SIUKOTTIKEG KATAGTACELS:

S1 :ON, S2 :OFF, S3 :OFF, S4 :ON (Zympa 2.3 o)

| Vab=Vo|
\ l Ic
L Rs, Ls S1 I Sz

+VS | a b ==Co I Load I Vo

33;\ s4¥

Iyuoe 2.3a S, 0N, S, :OFF, S5 : OFF, S, : ON

Mo v JOKOTTIK) KATACTOOT TOV GYAMATOS 2.30, TPOKVTTEL TO OKOAOLOO YPOLUIKO

GUGTN O GLVEYOVS XPOVOL:

di R. . 1 1
S =5 -—V +—V, 2.1
a LT T @D
av. 1. 1.
0 =1 1 2.2
a C T 22)
V.=V, (2.3)

S1 :OFF, S2 :ON, S3 :ON, S4 :OFF (Zynpa 2.3 B)

lac lo

| Vab=-Vo|
IC
i} Rs,Ls S1 \ S2 I l

S3 ¥ S4 \
!

Synua 2.38 1 S, :0FF, S, 0N, S, : 0N, S, : OFF
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Mo v dokonTik) KaTdoToon TOv GYUatog 2.3B, TPOKVRTEL TO O0KOAOLOO YPOLLULKO

GUGTN O GLVEYOVS XPOVOL:

di, R . 1 1
L=y =V +—V 2.4
a LN e T 24
dv 1 . 1 .
0 = ] -—1 2.5
& C T @3)
Vo=, (2.6)

Mo v dwxontiky KoTAoTOGN TOL OYNUeTOG 2.3y, TPOKOTTEL TO OKOAOLOO YPOpULKO

GUGTN L0 GLVEYOVS XPOVOL:

S,:ON, §,:0N, S, :OFF, S, :OFF (Zypa2.3y)

—>
Vab=0
2z "
Is Rs,Ls S1 I S2 I
Co
+ b a —— V.
Ve b T Load | °

Ss\ 84.\
L1

Iyqua 2.3y : S, :ON, S, :ON, S, : OFF, S, : OFF

di, R . 1

s = 87 4+ "y 2.7
dt LS S LS S ( )
dv 1.

0 =—1 2.8
a C,° 28)
V=0 2.9)
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Mo mmv dokontiky KaTAoTOON TOV OYNUaTOg 2.36, TPOKOATEL TO OKOAOLOO YPapLLKO
GUGTNLO GLVEYOVS XPOVOL:

S| :0FF, S, :0FF, S, :ON, S, :ON (Zxua2.339)

Io
—>
|Vab=o| k k T
Cc
Isl Rs,Ls S1 . SZI
Co
+ a ]
Ve = | Load | | Vo

S3 } S4

Iyua 2.35 ¢ S, :0FF, S, : OFF, S :ON, S, : ON

di, R . 1

oy R (2.10)
d:to :Ciio (2.11)
v, =0 (2.12)

[Ipoceyyilovtag TNV AEITOLPYIKH KOTAGTOGT TOL KAOE Sl0KOTTIKOD GTOLYEIOV Si va Aappdver
YNOLOKNG AOYIKNG TIHES «1» OTav Si :ON kot «0» dtav Si :OFF , opilovpe Vv SL0KOTTIKY|
cuvaptnon Tov cvotiuatog [40] petofinty u=S-S, -S,-S;, o6mov ue{-10,1} yw
dopopemon g taong vV, oe tpia enineda, | U € {11} (mapadeimovtag ) Aertovpyio g
ditadng Ommg avt TEptypaeeTat ota oxnpata 2.3y kot 2.38 Yo Slepope®on g tong Vv,

oe dVo ermineda. AkorloObwg, ol e€icmoelg  (2.1) - (2.12) pmopodv vo ypapodv UE Hopen
eflomoewv Katdotaong:

x(2) = Ax(2)+ B(x(t))u+ Dw(t) 2.13)

y(t) = Cx(¥) (2.14)
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Omov
T -RS 0 T 1 1
|:x(0:| :I:is Vo]’ A= (I)’s O ) |:B(x(t)):| zl:_TSVO Fois :|1
% 0
L [w@] =[v, i,]. C=1,
O -

A&iler vo onuetmBel 6t1 To peyédn 1y, V,, Vi kau 1, eivar xpovopetopAntd.

Me o16y0 ™V oyediaomn Tov TPoPAEnTIKOD gAeykTy|, Ol €€lomoelg Katdotaong (2.13) ko
(2.14) dwaxprromorovvrat pe xpovo derypatoinyiog T, g axorodbwg:

X, =A,x +B,(x )u +Dw, (2.15)
Y. =C.x, (2.16)
OToV
R
-—T 0

0 1 : ’

{s 0
Dd:TsD: s T ,WZ:[VSJ( Io,k:|’ Cd:C:szﬂ le:u

O _ S

v

A&iCer va onuewbel 6mt to peyébn I, V o

ok > kar I, eivar dwokprrd ko

YPOVOLETAPANTA.

2.5 Evepysiokn avAdivon tnc UOVOOUCIKNC OLUKOTTIKNG avopOmTIKNC

ddtaéng

Kpumpto mowdmntag tewv HOVOQOGIK®OV OOKOTTIK®Y ovoploTik®y dwtdéemy eivalr m
Aertovpyio. Tovg VO GYEAOV HOVAdloio GLVIEAESTH 10Y0O0G €16000V (W0aVIKG HOVASLHiO0).
[Ipokeyévov va emitevybel avtd, Bo TPEmel 1 TPAOTN CPUOVIKT] GLUVICTAOCH TOL PEVUOTOG
€16000V VO €lval CUUEUGIKY UE TNV TAOTM €10660V, 1 omoia Oewpeitor MUITOVOEIONG Kot
OTOAAQYUEVT] OO AVAOTEPES Oppovikéc. Me Bdon tnv mponyoduevn amaitnor, Tapdyetal To
emBupuNTd pedo €10600V, 610 0moio Ba TPEMEL VA, CLUYKAVEL TO TPAYLATIKO pedLO, 1GOO0V
Tov ovotNuatog. Ot péBodol VTOAOYICUOD TOV €mMBLUNTOD PEOUATOG €1GO00V 7OV £XOVV
Kkataypagel oty PifAloypagio givat:
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e Xpnomn avaroyik®v eAeykT®v ToTtov PID
e Evepysuokn avaivon

H ypnon avaloyikdv gAeyKTdv yio TOV DTOAOYICUO TOL emBuunTov pedUATOg 10000V glval
TEYVIKT EVPEDS SL0OEOUEVT] Kol TPOGPEPEL SIMAO TAcovEKTNUO. Aloo@olilel apevog OTL M
HEGT TIUN TNG ovveyovg Tdomng Bo cuykAivel otny emBounty| TN, OEETEPOV UE KATAAANAN
EMIAOYN TOV OVOAOYIKOV KEPOIDV TOV EMUEPOVG EAEYKTOV TOPAYEL 0TN ££000 TOL NAEKTPIKO
onua 1o omoio tavtiletor pe to emtBuunTd TAGTOG TOL PEVUATOC €160J0V. To PLEIOVEKTALLOTA
TOL TPOKVMTOLV GUECH OmO TN OCLYKEKPUYEVI] TPOCEYYION €lval OTL GE TEPIMTOON
AavBaouévng emAOYNGC TOV KEPODV TMV OVUAOYIKOV EAEYKTAOV 00nyel 10 cvotnua, 6Gov
aopd v taon e£00ov, o€ amdKAIoN 1| G UOVILO GOAAUD, LE GUECT] EMITTMON GTO TANTOC
TOL emBLUNTOL PEVUATOC €16000V. EmumAéov okdpo Kou o€ TEPITTOON  ACPOAOVG
VTOAOYIGLOD TV KEPODYV TOL GVOAOYIKOD EAEYKTN, N EVPWOTIO TOV GE TEPLOYES AEITOVPYING
eKTOC TV onueiov 1ooppomiog meplopiletal odnydviag 10 cvoTue o€ actadn Asttovpyia,
KAt EMEKTOOT 0 AVOUCUEVO VTTOAOYICUO TOV EMLOVUNTOV PELLLOTOG EIGOSOV.

. l:dc l
. S S iC‘V io\!
. L. RSJI\/. . Ia¥p.
s a bCo-: R0§ Vo

"It Kt

VO
@
«— PI <—©l—vg
o

Zynua 2.3: YToAoyiopog Tov entBupuntol mAATOVG TOV PEVUOTOG EIGOS0V HEGM OVOAOYIKOD EAEYKTY|

EvaAloktikd pe tnv mponyovuevn pebodoroyia, 0 vIOAOYICUOS TOV EXOVUNTOL PEVUATOC
€16000V umopel vo emitevyfel péoc® NG EVEPYEWNKNG OVAALONG TOL GLOTHUOTOC. XTNV
nepintmon avt) AouPdvovtar vawoyn POVo 1 TPDTN OPLOVIKH CLUVICTMOGO TOV HEYEDDV
€16000V KOl yVOELTaL TO appoviKd meplexopevo tove. Katd cuvénela,

(P.)= (P (i - RV = v =

<([:psina)t)(l/s,psincut) -R ;) sinza)t> = <V:IO> &
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e A R Ok

R, -V, I, +2V ] =0

PSP

.V, V2 ov
— 5 + P oo
Lep 2R, 4R’ R,

2.17)

Omov 'V, n péyiot tyu g téomg £16630v, V. n emBounti Tiuy g téong eE6dov, R, n
TOPOCLTIKY] OVTIOTOON TG OVTETAY®YNG €16000v kat [, to pedpa tov @optiov. Xtig
TOPOTAV® GYEGEIC TO GUUPOAO () dMAMVEL TN HEOT TN UIOG TEPIOOIKNG GLVAPTNONG

nep16dov T 1 onoia divetal wg akoAovBmg

(f0)=% j (@)

Amd ) oyéon (2.17), mapotmpovpe 6tt ot ThAvES TWEG TOV eXBVUNTOV PEOLUOTOG EIGOO0V
elvar dVo, oAAd otV TPALN YPNOLOTOOVUE TN WKPOTEPN BTk AVOT, ©OC EvEPYELOKA
oupPot e TNV AELTOVPYIO TOV GLGTHHATOC. ZVVETMG, 1) T TOL EXBLUNTOD PEVUATOG Elval

.V Ve 2V
I — SP SP o~ o 2 . 1
sp ZRS 4Rf R, (2.18)

[Ipopavég mAgovEKTNO TS TOPATAV® HeBOOOV elval amoQLYN AVOIAOYIKMY EAEYKTMV Kol
KOTO GUVETELD, ] EDGTAONG AEITOVPYIO TOV GUGTHIOTOG GE EVPV TESIO EMTPENTOV UETAPOADV
NG oLVEXOVG Taonc. Ta LELOVEKTANATO TOV TPOKVTTTOVV 0td TNV Bemdpnon g oxéong (2.18)
Y0 TOV VTTOAOYIGUO TOL EMOLUNTOV PEVUATOG 16000V EYKEIVTOL OPEVOS GTIV TOPOVSIN TNG
nopacttikig aviiotaons R, kabdg kou tng anaitnong g pétpnong tov pedraTog Goptiov
I, . T pev myv mapaottikn avtiotaon (~ 10 — 150 mQ),  petafoAr] TG OVOUAGTIKNG TS
¢ eival apeAntéa Kol OV EMPEPEL OVOLOOTIKN AAAOIMON GTO AmoTéEAEGUA. ATevavTiog M
TOPOVGI, TOL PEVUOATOS QOPTioOL dNAMVEL TNV omaitnon HETPNoNG MUECH  UETPNTIKOD
GLGTHHOTOC TO OTOT0 AVEAVEL TNV TOALTAOKOTNTA KOt TO KOGTOG TOL GUGTHOTOC.

2.6 Xyedlaom eKTUNTN PELUATOC GOPTIOV

[pokeyévov va, enttevydei a&lOmIoTOC VIOAOYICUOS TOL EXBVUNTOL PELHOTOG EIGOOOV LE TO
eMdiyoto dvvatd KOGTOG KOl TNV EAAYIOTN KOTOGKELAGTIKY] TOALTAOKOTNTA, 1 TN TOL
pedpatog optiov I, dvvaror vo mopoybei amd katdAAnio ektynt ovti TG GpEONG
puétpnong. H ypnon evdg exktyunty pevpatog @optiov dievpbvel ) duvatdtnta. Tov
CULGTHLOTOC VO TPOPOOOTEL OMO0ONTOTE (POPTIO YPOUUMIKO (OUIKEC OVTIGTACES) N U
ypoppikd (avtiotpopeic DC/AC). Ztnplopevol oty epeuvntikn epyacio [41], oyxedidleTon
KOTOAANAOC ekTUNTG Katd Luenberger. Xpnollomoumvtag KOVOVES aVAALONG NAEKTPIKMV
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KUKA@UATOV 6Ty £€£000 TOL GLGTHIOTOC, TPOKVTTEL TO OKOAOVOO GVGTNUE GLVEXOVS XPOVOL
o€ Lopo1| eEI0DCEMV KATAOTOONG

2= Fx(t)+ G(z(0)u (2.19)
Yo() = Mz(®) (2.20)
Omov
(2] =[v, i,]. F= 0 % , [G(z(t))]’{ii o}, M=[10]
o Lo o c b

ALKPITOTOIMVTOG TO GUGTILLO GLUVEXOVG YPOVOL TV oxEcEV (2.19) kar (2.20), TpokvmTel TO
TAPAKAT® SLAKPLTOV YPOVOV, UUT| YPOLUIKO COUGTNLLA.

2., =F,2,+G,(z, Ju, (2.21)
Vo =Mz, (2.22)
‘Onov
T,
T _ _ 1 -
o' =[V,, 1,|. F,=a+Fr,)=" C,|
0 1
T T Ts —_ —_
G =TG —{Tls’k O},Md—M—[l 0]

To ocOompa mwov meprypdpeton ond T1g e€iodoel katdotaong (2.21) ko (2.22) eivon
TOPOTNPNOO, Kol KOTd GUVETELD pmopel vo oyedtooBel katdAAnAog extiuntg Luenberger.
[Ipokewévov va emrevybel avtd, oto dGvvcpa TV pETABANTOV KATAOTAONG  Z,,,

TPOoTIOETOL 0 OPOC AVOTPOPOSITNONG TOV GOAAUNTOC TG €000V UE KEPOOG TOV TivoKa
avatpoeoddmong H omwg mapokdto:

=Fd2k +Gduk +Hj}o

K

(2.23)

2k+1
j)o,k =Mz, (2.24)

Omov ot 6pot Z, Kat j/o’k ONA®VOLV TO EKTIUMOUEVO OLIVUGUA KOTAGTOONG KOl TNV
ektipmpevn £€0do avtiotoya. O wivakag H' =[h, h,] meptypdpet 10 KEPGOG TOV EKTIUNTN TO
omoio akorovBwg mposdopitetat. O dpog Y, dNAdVeL TO GOAAUO HETAED TNG HETPOVUEVNG

KOl TNG EKTILMUEVNC TIUNG TNG €000V Kol o cuvdvLAcUO e TN oxéon (2.22)

Yox =Yor Yo =M, (z,-2,)=M 7, (2.25)
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2,=2,-2, (2.26)

Enovadiatundvovtog ™ oxéon (2.26) ot xpovikh otiypry (k +1)T mpokdmter n oxolovdn

EKQPACT TOV GOAALOTOS KATAOTOONG:

zZ 2, =(F,-HM )z, (2.27)

i1 = Cprr " S

To opdipa z,,, omd ™ oyéon (2.27) o undevicOei uovov 6tov egacpuiotel chykiion tov
EKTIHDUEVOD S1vOGHOTOG £, ,, KOl TOV TPAYMATIKOD Z,,,. IIpoketpévon va ducpalotel T0

televtaio, apkei ot wdotywég A, 6mov 1=1,2 tov wivaka [F L, -HM d] vo. Bpiokovtat evtog

o0V povodtaiov KOKAov,

Xi| <1. Mg Bdon 11 TponyodUeVES SUTVLIDGELS, Ol BIOTIHES TG

oyxéong (2.27) kot xotd ovvénela ko g (2.23) tomoBetovvtar avbaipeta oe BEoelg mov
opifovtol amd v adyePpikn enilvon tng endUEVNG GYEONG:

oI - F,+ HM,|=(p-2,)(p-1,) (2.28)

N omoia avdyeTal TEMKE 6TV akOAoLON Ekppaocn:

T,
C,

pz_p(z_h1)+(1_h1_h2 )Z(p_)\‘l)(p_}\’z)zpz_p(}\‘1+)\‘2)+}\’1}\'2 (229)

Aidovtog Tég otn yopnTkdTTa ToVv PidTpov €660V TOL cuothuatog T C, =2200uF
Ko emhéyovrag ypovo derypatornyiog T =50us, n oxéon (2.29) didel Moelg:

h, =2-(k +1,)
C, (2.30)
h,==(1-h,-12,)

EmiAéyovtag avbaipeta wwotipég A, = 0.8 kar A, = 0.8 o mivakag képdovg Tov GEAAATOG

avaTpoPodoTnoNg opiletar:
H" =04 -1.76] (2.31)

Aappdvovtoc vdym v tponyoduevn oyéon (2.31), ot eKTIUOUEVEC LETAPANTEG KATAGTAONG
™m¢ (2.23) elvan:

A

V=06V, ~(T,/C)(uI, -1 ,)+0.4V (232)

o.k+l1

A~

Io,k+1 =-1 '76(V0,k - Vo,k) + Io,k (2.33)
H oyéon (2.33) pag mapéyet tn duvatdtTa TG EKTIUNONG TOV PEOLOTOC TOV (POPTIOL KOL TNV
KOVOTNTO  TPOPOSOTNONG OTOOLAINTOTE €idovg @optiov. Me Pdon 1O mpoONyovuEVO,
avtikaBictatol otn oxéon (2.18) n petpoduevn T TOV PELLATOS POPTIOV UE TO EKTILMUEVO
peoua TG oxéong (2.33) Ko TPoKOTTEL N VEX EKOPOCT) TOL EMBLUNTOV PEVUOTOC E16OO0V
O MG TOPUKAT:
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(2.34)

2.7 TpoPAlentiKOC EAEYKTNC LUE TEPLOPIGUOVC

Ot o100l oV B TPEmel va ANEOOHV VTTOYT Y10 TOV GYESIOGHO TOL TPOPAETTIKOD EAEYKTN
etvan (1) n dnpovpyic NUITOVOEBOVE PEVUATOG €G0S0V, (ii) Tdomn e£660v e péon Tiun ion pe
mv emBounty, (iil) povadiaiog ovVVIEAESTNG 1oY00G €16000v Kot (iv) emitevén Twv
TEPOPIOUOV OV Tifevtarl Y To pedue 16600V OAAG Kol yio. TV cvveyn tdorn €£6dov.
Eniong vyiotng onuaciog onueio gival, n kavomoinon OA®V TV aveoTtépmv e Hovadloio
opilovta TpoPreyng, Sdpketog pog detypotornyiog T, .

H opyn oxediaong tov mpofrentikon ereykt omnpiletal 6To daKpItd HLaONUOTIKO LOVTELD
TOV GLGTHLOTOC, OTMG AVTO TeEKUNPLOONKE oty mopdypapo 2.4, oxécelg (2.15) kot (2.16).
210 povtédo autd, n ton €6080v V ,, 10 pedpa gicddov I ko n taon £6dov V

A

HETPOVTOL GUESH , eVO TO pedpo goptiov I, extipdror, Ola tn ypovikn otiyun KT, .

AxorovBwg, yivetal mpdPreyn ya Tig TIHES Tov Ba Eyovv ot peTafAntég katdotaong I, ., wot

v

0,k+1

s,k+1

omv enduevn Oeypatonyioa (k+1)T,. Me Bbon 7t tpég toOv petafintov

KOTAoTOONG KOl e OESOUEVEG TIG EMOVUNTEC TOVG TIUEG I:kﬂ (to emBuuntd peduo 16630V

*

givon GLYYPOVIGHEVO pE TV TGO E16O30V) KotV ,,, OpICOVLE TOV TEPLOPIGHO Yia TO PEDUN

=0.99-T", . o I =1.01-

s,k+1 (s,k+1)max s,k+1

glc060v I e[l

s,k+1

], 6mov 1 KOl UE

ke Lkt (s X+ min
EPAMAAY TPOGEYYION Ol TTEPLOPIGHOL oV TiBevTon Yo TV PEST] TN TNG GLVEXOVS TAGNG
e&000v V. € V.. Viwn, ] 0mo0 Vi =0.99-V, ko V., =1.01-V,, . Ta
KPUTploL EMAOYNG TOV Opimdv TOGO Yo TO PeLHO 10600V 0G0 Kot Yo TV Tdomn ££600v
TPOEPYOVTOL OO TIG OMALTNOELS YO, Lovodloio GLVTEAESTH 1oY0OG €16000V Kal Yo TAGN
€€0d0v oty emBount . A&ilel vo onpeiwbei, 611 | exthoyn opiwv pe eEldyiot dapopd. (
Lo Toin > Vi ™ Viekin,, ) EMPEALEL  otov  mpoPAemtucd  eheykth  Suvopukh

CUUTEPLPOPE LE TAVTOYPOVN AOENCT] TG OLOKOTTTIKNG GUYVOTITOG.

¥t ovvéyela, opilovpe Ta oTIyUIOi0 GRAAUOTO TOV PEVUATOG EIGOO0V Kt TG Tdomg €£600V
amo TIG avtiotoyeg emBuuntég TWES Tovg. Mio amd TiG KOLVOTOUIEG TOV GUYKEKPLUEVOL
TPOPAETTIKOD ELEYKT EIVOL 1] EKPPUGT] TOV GOAALOTOC TOV PEVUATOS EIGOO0VL KOl TNG TAGNS
€£000V avaAloya LE TNV TTEPLOYN UETOPOANG TOV TPOYUATIKOD PEVUOTOC KOL TNG TPOYHOTIKNG
tdong avtictorya. Opilovpe £161 TO GEAALN PEVIATOS WG EENG

q;, (Is,kﬂ - I(s,k+l)max) if Is,k+1 2 I(s,k+1)max
81 - an (I(s,kﬂ)min - Is,k+l) lf Is,k+1 S I(s,kJrl)min (235)
I if 1 <1

<I
(k)i — sk = HskH)max

I*
skl Tsk+

A
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Kot yio, TV téon €£660v avticTorya

dv, (Vo,k+l - V(o,k+l )max) if 'V, 2

ok+l = 7 (0,k*t)max

&y =1%v Voo = Vore) 1 Vi = (2.36)

okt T 7 (0,kH) i

if V <V .=

0.k min ok+l = 7 (0,k+)max

vy ‘Vo,kﬂ - V:

[Mapotnpodpe OtL Ko To VO GEGApATO, PEVHOTOG € KOl TAONG &, dev ek@pdlovton

v
HOVOSTLOVTO, OAAL AUBEVOUY S1OpOPETIKEC EKPPACELS, EEQPTMUIEVES OO TNV CTIYLUOio TN
TOV PEVUOTOC KOL TNG TACNG o€ oyéomn Me TIG ovriotowyeg embountéc tés. EmmAiéov,
XPNOILOTOLOVVTOL GUVTEAEGTEG PapdTTag (,» qyy» dy,» Ay, € R 0mOL TPoGdidovv avd
TEPLOYN, YOALPOUKTPO CLOVTIKNG 1] AYOTEPO GNUAVTIKNG VOTG TOL YEVOUEVOL GPAaApatos. H
EMAOYN TV TTPONYOOUEVDV SuvTEAESTOV Papitnrog [42] yivetor pe KPITHplo TV GUYKAION
TOV PETPOOUEVOV PeYEDDV Ue TIg avTioTol e EMBLUNTEG TOVG.

[Tpokewévov va opicovpe Eva mpdPAnua BELTIGTOV EAEYYOL YO TOV EAEYYO UIOG SLOKOTTTIKNG
avopBoTikng ddToéng, omotTeital 0 TPOGAOPIGUOG €VOG Kpitnpiov PeAtioTomoinong oto
omolo Oa mepi€yetar 1 mANpoopic. TV HETAPANTOV KATACTAONG N TO CEAALATO TMOV
petaPintov katdotaong kor emmAéov Oa dwacpoAiler v evotabn Aesitovpyio. TOv
ocvotiuotoc. H pafnpotiky dwtdmwon tov  kpumpiov  PeAtictomoinong  eivor  éva
moAvceuvleTo TPOPANUE Kot yivetar cvvOETOTEPO, OTAV TO VIO UEAETN GUGTNUO Eivol un
YPOUUIKO KOl VTOKELTOL GE UN YPOUMKOVS TEPLOPIGHOVS. ZOUGMVA LE TNV TPEYOLCQ
EPELVNTIKY SPpacTNPOTNTA Eva TETO0 TPOPANKA Tpooeyyiletar e T Bempio TOV dSVVOULKOD
wpoypoupatiopov [20-21], [25] ko tn padnupatikn Oempio g PeAticTomoinone Tov KupTtov
ocuvolmv (convex optimization) [18-19], [22-25], avtikeipevo to omoio dev omotehel HEPOG
™G mapovoog datpiPnic. o tov mpotevdpevo mpoPrentikd Eleyyo n akdAovdn cuvaptnon
BelticTomoinong doTuTmvETOL

J. (st ,sv’k) =&, +Ey, (2.37)

Omov 100 cQdApata € €y, Otvovran amd Tig oygoeig (2.35) kou (2.36) avtictoyo. X

Lk’
OULVEYELD, OVOTTOOOETAL KOTAAANAOG oAyopOpog eléyyov pe v &€ng Aoywkn: Xe Kabe
detypotodnyio kT, petpovvior m tdom ewwodov V,,, 10 pevpa gwsodov [ xor n thon
g€odov V. AxorovBmg ekTipudtar To pedUE POPTIOv ioskﬂ (2.33) ko1 vmoloyiletor 1
embounti TWA TOL PEVUOTOC €GOS0V I:k .- Meténerto, apykomoteitar To  KPITHplo
Bertiotonoinong J, ot péyotn dvvarn tun (Beopntikd Grepn, oo ) kot amodidovar dheg
ot mBavEg Tipég g SakomTikiig cuvdpong u €{-1,0,1} yw Aertovpyia oe Tpio emineda 1
ue{-L1}yio Aerwovpyio oe Vo emineda, oTIG dokpTéG €SIGDGEG KOTAGTAONG TOV

ovotnuatog (2.15) xor (2.16). T'e kd&be pio T g OKOMTIKNAG ovLVAPTHONG U,
vroloyiCovrar avtictoyo tpeig Tnég Y ™ petofint katdotoong x,,, (=1, ) ko tpeig

TIEG Yo T peTaPANTH KotdoTtaons X, .., (=V, .., ) . Me dedopéves tig embountég Tipég tov
petafAnToOV Kotdotaong X, (= I:kﬂ) Ko X, (= V:k+1 ), opilovtor Ta Oplo. SUKVUAVOTNG

TOV TPAYLOTIKOV TIL®OV Kol VTOAOYILoVTOL T0 avTioTOl 0 GOAALNTO 0V TTEPLOYT| AELTOVPYING.
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Axolovbwg voroyiletal 1 cuvdpmon Peltictomoinong Yo Kabe pia TIun TG SIKOTTIKNG
OULVAPTNONG KOl EMALYETAL 1] EAGYLOTY. XT1 GUYKEKPIUEV TIUN OVTIGTOUXEITAL 1] SLOKOTTTIKN
KOTAGTAOT Kol amodidovtal KATAAANAN ONLLATO EAEYYOV TPOG TO, OLOKOTTIKG GTOLYELN 150G
Tov cvotipotog. H dwdikacio emavaiapfavetol o kdbe véa derypotoinyio. Zvvoyilovpe
TNV TOPATAVE TEPLYPAPT GTO 0KOAOVOO Sdypappia pong Tov oyfuatos 2.4.

N Amdd00M oNnuUdTOV EAEYYOV GTO
SLOKOTTIKG. GTOXELL

Métpnon V. I, Vi,

v

A

Extipnon £, ;. [e€ 2.33]

¥

Ynoloyopog 1 st

v

Apyuconoinon J opt

| [£8.2.34]

V

TIpoPreyn 1 o0k+1

s,k+1 2

v

lepopopot &y, &, [€E. 2.35,2.36]

v

Yvvaptnon Pektictonoinong J [€&. 2.37] ‘

v
If (Jopt < J) then (Jopt :J’iopt = l)

Zynua 2.4: Awdypappo. porg Tov TpoPAERTIKOD ELeYKT

[€€. 2.15]

Noi

2.8 Avdivon tnc evotddeloc

H peiétn g guotdbelog Tov TPOTEWVOUEVOD EAEYKTY, LLE TOV TPOTO OV VAOTOWONKE, deV
amotelel TeTppévo onueio kKo o kapio mepimtwon edkoAn dwdkacio. H avalntnon
KATAAANANG cuvapTNnong PeATioTOmOINGNG, 1| OTOl0L VO OTOTEAEL GUYXPOVMOG KOl GLVAPTNON
Lyapunov, dev eivar BéPato 6ti umopet mavta va emttevydei. O Adyog ivar 0Tt 1o podnuotiKod
LOVTELO TOV GUGTAUOTOG, TO OTOI0 OMOTEAEL GLYYPOVMG Kl TOV EAEYKTH TOV GUGTHLOTOC,
glvar pn ypopukod, 1o SGVOGHO KOTACTUGNG TOV GUOTNHOTOG X, EI0EPYETOL GTOV Tivaka

B,(x, ), xaBdg emiong, n petafint eléyyov u, AauPaver Tipég amd 10 drkpitd cHvoro
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{~1,0,1} . EmmpocOitmg, N N YPOLIIKOTNTO TOV TPOTEWVOUEVOD ELEYKTI] EVIGYOETOL VIO THY

TOPOVGI0, TOV U YPOUUK®DV TEPLOPLGUMY, O 00101 EIVOL SIAKOTTIKNG VOTG.

H Bewpntikn diepedhivnon g evotdbelag mov emtyepeital okoAovBmS, avayeTal oty LeAET
TOV VTOGLGTAUATOV TOL TPOKVLITTOVV KOTO TNV omdd0oT TOV EXITPERTOV TULOV TNV
OLOKOTLTIKY] GUVAPTNON U, GTO GVGTNUO TV EEI0MOGEMV Katdotaong (2.15) ko (2.16), yopic

ovtd ev terel va pmopel vo BewpnBel wg amddelEn G GLVOMKNG €voTdBelG TOL
TPOTEVOLEVOD EAEYKTY.

Me Bdon 1o mponyodpuevo, anodidovtag otnv oxeon (2.15) v tf u, =1 oty petofinm

EAEYYOL TTPOKVTTEL TO aKOAOVHO VITOGVGTN A

x,.,=Ax +B (x )+Dw, (2.38)
1 HETé omd TPAEES
B BB ]
X, = S 1 x, + oo Lk] (2.39)
C, C,
4

To mpokVTTOV VTOGVOTNY EXEL YOPUAKTNPLOTIKO TOAVDVULO

P(A)=|AI - 4| =27 -1.99684 +0.9970 (2.40)

Kot 10Tpeg 4, = 0.9984 + j0.0168 , 4, = 0.9984 - j0.0168 pe pétpa |4 |=|1,[=0.99854<1.

To televtaio dnAdvel 6Tl Ppickovtorl evtog Tov povadiaiov KOKAOV, apd TO GUYKEKPIUEVO
VITOGVOTN A EIVAL EVOTAOES.

Me v {610 Swadicacia, amodidovrag tnv Tun U, =0, TpokdzTel £va £0TEPO VTOGVGTNLOL

x,=Ax +Dw, (2.41)
Kot PETA amd TPAEELG
T

_1-%1 o .| T O lrv,
X, = s X, T |1 (2.42)

0 1 0 - |l

e o
AZ

To yopaKTNPIGTIKO TOAVMVVIO TOV GLGTHLLOTOC

p(A)=|AI - 4,

=17 -1.99681 +0.9968 (2.43)
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éxer wWotpég 4, =1,4, =0.9968. Ze avt v mepintoon vrapyel por pOvov 1310TIUn He
povadioio pETpo (|/1]|=1) KOl KOTO CUVETELL TO TPOKVTOV LTOGVOTNUO €XEL KPIioUn

gvotadsio.

Me o6poto. mpocéyyion 1o Tpito vmocvotnuo, U, =-1, meprypleetor amd TG oKkdOAovOEg

e€lomaoelg KaTdoTaong

x.,=Ax -B,(x)+Dw, (2.44)
N EVOAAOKTIKA
I- li T, { { 0 |y,
X, = T 1 x, + N (2.45)
C, C,
4

To yopaKTNPIoTIKO TOAVMOVULLO TOV GLGTHLATOG (2.45) diveTar akoloVBmG
p(A)= |/”LI - A3| =17 -1.99681 +0.9970 (2.46)

Ot wotipég tov ocvotrpatog etvar culuyeic 4 =0.9984 + j0.0168 , 4, = 0.9984 - j0.0168 ue

4,1 =0.99854 <1 gvtdg tov povadiaiov KOKAOVL, ETOUEVMOS TO GUOTNUHO £ivat

uétpa |/11| =

evoTabéc.

Ta amoteléopota tng Topamdve Slepeuvnong, Oglyvouv OTL TO GUCTNUO OVAYETOL OE
EMUEPOVS TPIO VTTOGVOTHUATA, OVO €K TOV OToimV yopaktnpilovtal and evotadn Asttovpyia
Kot évo oo Kpiown gvotdfeta. [a v amddelén g evoTdbELNg TOL GVVOMKOD GLOTHATOG
YPTOLLOTO0VLE TO akOAovBo Bemdpnpa

Ocopnpa: To un ypouypuxo cvotnuo ue mivoxo kortaoroons A,, eivar evoralés kard Lyapunov
eav vrapyer Oetikd opiopévos mivaxas P, étor dote o mivokag AP+ PA va eivar Ostia
opiouévos kou o1 yewuetpikoi omor A'P+ PA <-Q, émov Q ovuuetpikés koi Oetikd

opiouEvog mivakas, amo k&be vroovotnua A, éxovv kowvi yewuetpiky meproyn [31].

To mapamdve Bedpnua pumopel va QApPUOCTEL AKOUN KOL OV Ol TIVOKEG TOV VITOCLGTNUATOV

A, dev etvon Hiirwitz.

Amo T g@appoyn tov mapandve Bewpruatog (eviodn ektéheong Matlab lyap(A;,Q) ) dev
TpoKOTTEL BTG OpIopéVOg Tivakag P, omdte T0 choTnUo Oev givan votabég katd Lyapunov.
[Mog 6pmg to cvotua mapovstdlel votadn Aertovpyio, avVOEEPOUEVOL OTA OTOTEAECLOTO
NG TPOCOUOIMONG KOl TOV TEPOUATIKOV UETPHOEDV TOL TAPOLGLALOVTIOL OTIS EMOUEVEG
mopaypdeovg; O mivakag A tov 0pyKoL ovotiuatog eivon Hirwitz. To oldotnua
yopaktnpiletol amd TayOToTEG SIUKOMTIKEC LETAYMYEG LETOED T®MV EVOTAODY VTOGVGTNUATOV
LE OTOTEAEGO 1) GUVOMKT AEITOLPYIO TOL GLOTHUATOG VO 00MYEL TO GVGTNUO GE EVGTUON
Aertovpyikd copmepipopd [31].
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2.9  AmnoteAéoupoTo TPOGOUOIMONC

[pokeyévov va eheyybel n BepnTikn AvAALGT TOL TPOTEWOUEVOD TPOPAENTIKOD EAEYKTH,
yxpnoonoteitor to Aoywopkdé MATLAB/SIMULINK kot mpocopoidvetor 1 LLOVOQPOGIKY
dwakomtikn avopBwtikn didtaén. EmimAiéov, o eheyktng g epyaciog [35] o omolog otnpiletan
oV Bewpia oAicOnong emi EMPAVEING TPOGOUOIDVETUL UE LETATPOTH TOV OAyopiBiov ToL,
wote vo mopdystar oty €icodo g Odtang Tom TPV EMTEOWOV. XTN CULVEXELD TO
OTOTELECUOTA TOV OVO KATOYPAPOVTOL Kol avtitopapdilovioal. Ov Tpocopoidcels Elafov
YOpa 0Tl akdlovbeg Agttovpyikéc Kataotdoels : (o) Moviun kotdotaon, (B) Bnuatikn
aAdoyn ¢ embountg thong €€6dov amd 350V oe 500V xor (y) Bnuotikn aAloyn tov
eoptiov and 2016W (Ro=1240hm) og 2778 W (Ro=900hm). Ot Tipéc TV ool El®V Kol OTIC
dvo mepumtdoel; mopovotdlovial otov akdéAovBo mivaxa [12.2. H petpoduevn SoKomTIKn
oLYVOTNTO ad TNV XPNoT ToL TpoPAentikov ereykt eivon 5.7kHz pe gvpog £200Hz, evod n
SLKOTTIKT GLYVOTNTA OO TNV YPNoTn Tov AeYKT oMoOnong eni empdvewn givon 4.8kHz pe

peyaAvtepo evpoc, mepimov £1100Hz.

Ilpocouoiwacy Hewpouatikn Aiaraéy
Tdon tpopodociag (V;) 230V, 50Hz 230V, 50Hz
Avtenoyoyn 16600V (L, Ry) 4mH, 0.6 Ohm 4mH, 0.6 Ohm, mopivos

tomov E, viiko gpepitng (N87)

Awaxontikd otoryeia (S)

[davikd otoyeia, IGBT

4 X IXGH25N120A

didtpo g£660v (C,) 2200puF 2200uF/600 V
Quud poprtio(R,) 124 Ohm, 90 Ohm 124 Ohm, 90 Ohm
Xpbvog derypatoinyiog T=50 us T=50 us
. , TI DSP TMSF28335,
Extéleon alyopibuov MATLAB/SIMULINK 150MHz
Msrpnc?n oS e16300, Voltage probe LEM, LV-25P
160ong eE6d0v
Métpnon pevpatog 16600V Current probe LEM, LA-25NP
2VVTEAESTES qrasqibqva sdvb 70,0.01,58,1 70,0.01,58,1
Opilovrtag tpdPrewng Np 1 1
Opa draxvpavong e DC
téong (uéon Ty 0.99-V',, 1.01-V", 0.99-V",, 1.01-V",
V(o,kﬂ)min, V(o,k+l)max
Opo S10KOUOVENC TNG

BepeMDOOVE GLVIGTAOGAG TOV
PEVUATOC E10OO0V
I(s k+1)mins I(s,k+1)max

0.99-1", 1.011',

0.99-1", 1.01-T',

[Tapovoicon amotelespdTOV

Matlab/Scope/Figure

Oscilloscope Tektronix, TDS
2000

ITapovcioon cuvteleoTdV

Fluke

Hivaxag 12.2: Tipég ototyeimv TpocopoimoTg Kot TEWPOUATIKNAG S1dTaéng
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2.9.1 Aswrtovpyio otn noéviun Kotdotacn

Mo v Aertovpyia ot poOVIUN Katdotaon enAéyOnke 1 emBountn g téong e£6dov va givar
550V. H doxontikn avopbotikn didtaén tpoeodotnoe opukd eoptio 1240hm amodidovrog
oLVOMIKT o0 og avtd 2440W. Ta amoteAéGLOTO TPOGOUOIMONG OO TOV TPOTEWOUEVO
TpoPArenTikd eleykt Topovclalovtal oTo oYUOTe 2.5-0, Y, €, 1, EVA TOL GLYKPIVOLEVOD
eleyktn ota oynuata 2.5-B, 6, {, 0. A&iler va tovicbel 0Tl ka1 OTIC VO TEPIMTOGELS OV
ypnowomomonke eiktpo eEopdlvveng Tov peduaTog 16650V, KATL TOV YiVETAL OTNV EpyOTia
[34]. Zuykekpéva, 6TO GYNUO 2.5-0, UTOPEL VO TOPATNPNGEL KOVELG OTL TO pedUA E1GOS0V
OV SLUUOPPAOVEL O TPOPAETTIKOG EAEYKTNG PpiokeTal o€ ACT LE TNV TAUOT] TPOPOSOGING, GE
avtifeon pe Tov £TEPO EAEYKTH OTOL TO PEVUO €16000V (oynpa 2.5-B) €xel apevog Evrovn
OPLOVIKT] TOPOUOPP®SN AGY® TNG oLVEYXOLS OKOMTIKNG EVOAAUYNG, OQETEPOVL (QUGIKN
petatoémion. Emmpocétme, o mpotevouevoc TpoPAEnTIKOC EAEYKTNG, Ue KATAAANAN emiloyn
TOV EMTPENTAOV OOKOTTIKAOV KATACTOCEWMY, TAPAYEL TAoN otV €60d0 NG dUTOENG TPUDV
emmédwv (oynuo 2.5-y) KoAOTEPNG TOWOTNTAG GE GYEOT LE TV KVUUTOUOPPY] TOL GYNHOTOC
2.5-0 OV TOPAYETOL OO GUYKPIVOUEVO EAEYKT. AVTO cupPaivel, Yot 0 E0p®OTOG EAEYKTNG
dnovpyel Tétola Opaon EAEYYOL MOTE Vo TPooeyYilel TV Tpoyld oAlcONoNG Tov avTioToLyKEl
ot embountn AETOLPYIO TOL GLOTNUATOG TNV OTolo TPOSIYPAPEL TO PedUA. Xg TANPN
avtifeon Le TO TPONYOLUEVO O TPOPAEMTIKOG EAEYKTNG EMALYEL TNV EMITPENT OLOKOTTIKN
KATAGTACT EKEIvN TOL Sc@aAilel TO LIKPOTEPO COALUN OTIG LETAPANTEG KatdoTtaons. Eva
emiong onuavtikd otoyyeio mov TifeTol g TPOSIAYPAPT Y10 TIC CUYKEKPUUEVES SLOKOTTIKEG
avopBwtucég dotdelg etvar  mapayopevn tdon e£66ov. Onwg mapatnpel Kaveic ond Ta
oyfquota 2.5-¢ (mpoPrentikdg eheyktng) kou 2.5-C (oAicOnong eni emdveln) kot ot dvo
EAEYKTEC, EMTVYYAVOLV KPP pOuIoT Tng Thomng 50600V, e péom T tepl tnv embount.

400,
40

20

-20

400’ L L 40 L L i L 1 _
2 201 202 2m 204 205 206 -400, 201 202 203 204 205 208°
time, s time, s

(o) ®

600,
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Vab, V
=
Vab, V
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|
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555 5551

& >
y 950 = 550/
s S

545 545

L ; L 54 L L L
2 20 202 203 2.04 2.05 2.06 s ] 2.01 2,02 2.03 2.04 2.05 2.06
time, s time, s

(® ©

Zynua 2.5: Moviun katdotoon AErtovpyiog

Avoldovtag Kovelg TNV moldTnTa 1oYVoS Kot TV AETovpyia TNG LOVOQPAGIKNG SIOKOTTTIKNG
avopOOTIKNG OATOENC KO LE TOVG OLO EAEYKTEG KATOANYEL OTIC akOAovOeg uetproels. O
TPUYUOTIKOG GUVTEAESTNG 10YVOG €1GO00V NG dATOENG VIO TOV TPOPAETTIKO €AEYKTH EYEL
T 0.987 evd pe tov gheykth olMobnong eni empdvela 0.869. Ta mponyodueva peyedn,
TPOEPYOVTAL OTO VO CNUAVTIKOVG TOPAYOVTEG, YVMGTOVG ¢ GUVTEAEGTG TOPUUOPPDCNG
Kol ouvTeELESTNG petatomone. [ Tov pev mpoPAemtikd €AEYKT] O OLVIEAEGTNG
Tapapopewong AapfPdaver Ty 0.99976, ywo tov gheyktr] olMoOnong eni empdveia dg, £xel
T 0.87356. Emiong o cuvieAeoTNG WHETATOMIONG UE TOV TPOTEWVOUEVO EAEYKTN &ival
0.98724, evéd pe tov €tepo 0.99576. EmmpocBétmc, o yopunAog olMkog apUoVIKOG GUVIELECTNG
7oV enmttvyydveton pe Tov TpoPrentikd eleykt (0.022 or 2.2 %) daywpilel Ty mo10TIKOTEP
AgLTOLPYICL TOL PETATPOTED GE GYECT LLE QUTH TOV EMTLYYXAVETOL Pe TOV deVTEPO AeyKTr. Ot
TILEG TV TPOAVAPEPHEVTOV GUVTELEGTAOV KATAYOPOVVTOL 6TOV 0kOAovBOo Tivaka 112.3.

Ipopremrtucog Eleyxktiig OrhicOnong eni
Ekeyktg Emeavera
AlKonTikn ZuyvoTnto 5.7kHZ + 200Hz 4.8kHZ + 1100Hz
[payupatikdg Zuvieheotg Ioydog 0.987 0.869
Eic6d0v

2vvteleotig [apapdpewong 0.99976 0.87356
Yvvteheotg MetoTomIonG 0.98724 0.99576

Ol Zvvtehes g APUOVIKNG 0.022 0r2.2 % 0.0924 or 9.24 %

Hopapdpemong (THD;)

Hivaxag [12.3: Tipég TV GUVTEAESTOV TOLOTNTAS 1GYDOG OO TOV TPOTEWVOUEVO TPOPAETTIKO EAEYKTI| KOl 0t TOV
gleyktn oAloOnong et emedveia
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2.9.2 Bnuotikn oArayn the embountne Twne e taonc e£600v

e éva devtepo Pripa BepNTIKNG OVAAVONG, TO GUGTNUO EAEYXETAL OE OLUVOULKT LETAPOAN
g emBoung Tipng g tdong €£6dov. I'a tov Adyo avtdv, emifdiietor Prpatiky aAloyn
g taong €£0dov amd 350V oe 500V, vd opwd eoptio tiung 1000hm. Ta aroteléouata
OV TTPOKVITOVV amEKOVILovTal oTa oynuato 2.6-0,y, Yo TOV TPOPAENTIKO EAEYKTH KOl OTA
oynpato 2.6-B, 6 ywo tov eleyktn TG OoAloOnong emi empaveiog. XvyKekpiuéva, Omwg
TOPOTNPOVUE 0O TO oYU 2.6-0, 0 TPOPAETTIKOG EAEYKTNG, TPOGOPUOLETAL GTIV JLUTOPOYN
OV VPIGTATOL TO GVOTNHA Kot TPocapuolel v Tdomn e£66ov pe akpifela oty véa Tiun. H
dudpkelo Tov petafotikod Qovopévov ektipdrol ota 150ms. Xe avtibeon pe tov gleykm
oAioOnong emi emoedvein (oyquo 2.6-f) o omoiog emdekvoel €&icov KOAN SLVOULKN
CUUTEPLPOPA LE OLdpKeELD LeTABOTIKOD TOAD uKpdTepn, S0ms. A&ilel va mopatnpfoel Kaveis,
OTL KOTG TNV YPOVIKN OTIYUn NG €MPOANC TOV SLVOUIKOD (OIVOUEVOD, O TPOPAENTIKOC
eleyknG Sooeaiilel gvotdfelo oto ovuotnua. Avtd TPoEpyeTon Amd TO YEYOVOS OTL, Ol
EMPOAAOLEVOL TTEPLOPIGLOL TOV APOPOVY TO GPAALL TNG TAONG €600V, OEV EMITPETOVY GTOV
EAEYKTN VO, OmOdMOEL OLOKOTTIKY] KATAOTOON TETOWN, TOL VO ovTuapotifeton pe Tovug
TEPLOPIGLOVG. € avTifeon e TOV €VTEPO EAEYKTY], O OTTO10C 0ONYEL TO GVGTNLA, GE CTUYLLON
Booion g taong e£660v mepinov 10V. To mponyovueVo gival YOPAKTNPIGTIKO YVAPIGO TOV
CLOTNUATOV EAAYIOTNG Pdong Omwe Kataypdeetal otnv PifAloypapio Kot mapotnpeitol og
OMEG OYEDOV TIG TOMOAOYIEG TMV NAEKTPOVIK®V 10YVOC. AVAPEPOLEVOL GTNV TAELPE €16OO0V
TOV UETATPOTED, 1] LETAPOAN TOV PELHOTOG EIGOOOL LE TOV TPOPAENTIKO EAEYKTN TAPOVOIALEL
otuypaio vrepévraot g Taéng tov 27A (oynua 2.6-y), eved 1o avtiotoro péyebog Eemepva
ta 40A (oynua 2.6-0) pe tov cuykpvouevo ereykt. Kat og avtd 1o onueio, 1 enidpacn tov
TEPLOPICUAOV Y10 TO GOPAAUN TOV PEVUATOG €1GO00V oL Tifevtal PHEG® TOV TPOPAENTIKOV
ereyKT Tmapovctdlel mAovEKTNUO TEPLOPILOVTOG TNV VLREPEVTACT, EVOVTL TOU EAEYKTN
oAiocOnong eni emoaveiog.

e 185 13 195 2 2.05 21 215 22 33 185 19 195 2 205 241 215 22
time, s time, s

() ®
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Zynua 2.6: Avvopik GUUTEPIPOPE TOV GLOTALOTOG 6 PUaTIKN pHeToorn ™ Taong eE6dov omd 350V og S00V.

2.9.3 Bnuotikn aAAayn TOL @OPTIOV

[pokeyévou va gheyyel  SVVOLIKT GUUTEPIPOPA TOL GLGTHUATOG KATH T ¥PNOT TOV OVO
EAEYKTMV, TO oVOTNUA LVTOPAAAETOL GE PnuoTiky] aAlayr tov eoptiov Tov, amd 1240hm
(2016W) ce 900hm (2778W), evd 1 taon €£6dov pubuiletan ota S00V. To amoterécpota
TPOCOUOIMOTNG KATAY®POOVTOL 6TO oYnua 2.7-0, ¥ Yo TOV TPOPAENTIKO EAEYKTN KOl OTO
oynpata 2.7-p, & yio Tov eheyktr| oAloOnong eni empaveiog. LuyKekpyLéva, 6to oynua 2.7-a
TOPOTNPOVUE OTL 1] TAoM €£600V pE YpNoN TOV TPOPAETTIKOD EAEYKTH ALEAVEL TV KUUATOON
™mg, dltnpavtag v péon T g mepi Ta SO0V, evd 1 avticTolyn KVUATOUOPPY| OO TOV
eleyktn oAloOnong enl emeavewn (oynua 2.7-p) mapovoidlel fvbion 6V mepinmov. Eniong, n
EMIOPAONG TNG CLYKEKPIUEVNG SUVOUIKNG HETOPOANG, EMOPE Kol OTA PEVUATO EIGOSOV OTMG
amewkoviletar ota oynuata 2.7-y kot 2.7-0 pe Tov TPOPAENTIKO EAEYKTN VO TOPOVGLALEL
WUTEPMG TOLOTIKN cvpmeplpopd. A&ilel emiong va tovicOel OTL kol GE QUTH TNV TEPITTOOTN 1
EVOOUATOOT TOV TEPLOPICUDY GTOV aAyopldpo €A&yyov Tov TPOPAEnTIKOD €AEYKTH dpa
TAEOVEKTIKA KOl Ol TN PEL TO VTN GE EVGTAON AgtTovpYia.

510 . . ; ! ! ! , 510
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Zynua 2.7: Avvapukn GOUTEPIPOPE TOV GLGTHATOG G€ PrHaTtikn LeTaffoAr] Tov @optiov amd 1240hm oe 900Ohm.

2.10 Iewpouatukd omoTeAECLUOTO

Yto mAaicw TG TEWPAPOTIKNG  emPePaimons, VAOTOLEITOL TPMOTOTLMN EPYOCTNPLOKTY|
nmepapatikny ddtaén, n onoio ewoviletal oto oynua 2.8. O mpotevdpuevog TPoPAETTIKOC
EAEYKTNG VAOTOLEITOL LECH YNOLoKoD enelepyaotn oNpoTog ouniov koécstovg (F28335) g
etanpeiog Texas Instruments kol og yhdooa mpoypappatiocpod C. Ov Tpég tov otoyeinv
OAAG KO TOV TOPOUETP®V TOV olyopiBuov gival idiec ue avtéc Tov ypnopomomonKay Kotd
Vv Tpocopoimon kot Aapfdavovtal and tov mivaka [12.2 g mapaypdeov 2.8. Xto mhaicia
m¢ mepapatikng emiPepainong eEetdlovtal tpeic Aertovpykés Kotaotdoels : (o) Moviun
katdotaon, (B) Bnuatium oAkayn g embountng tdong e£6dov amd 350V oe 500V ko (y)
Bnuatwn odroyr Tov goptiov and 2016W (Ro=1240hm) ce 2778W (Ro=900hm). Této1ec
MEPIMTMOGELS EIVOL  AVTITPOCMOTEVTIKEG TOV  TPAYUOTIKOV cLVONKOV Aettovpyiog g
GUYKEKPIUEVNG OldTalng, mopovoldlovtog TOPAAANAG, Tr SUVOUIKT] TOL TPOTEWVOUEVOL
TPoPAETTIKOD EAEYKTH.

Measurement
System

Zynua 2.8: TIpotdtonn epyactnplokn TEPUUOTIKY StTan LOVOPAGIKNG SIUKOTTIKNG avopOmTikng dtdtaéng
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2.10.1 Agttovpyio oTn LOVILUN KATAGTOON

H amaitnon o MUItovogdég pedpa 160000 VIO GYedOV Hovadlaio GLVTEAEST 10%0OG,
napovotdletor oto oynuae 2.9. A&ilel va tovicBel OTL T0 pedua €16000V TPOEPYETAL OO
Gueon pétpmnon ko dev ypnoiuomomdnke emimAéov @idtpo pedpotoc. EmimAiéov, pe
Bonfelo epyaoTNPLOKOY TOAVUETPTTIKOD OPYEVOL KOTAYPAPTKOV Ol TIES TV GUVTEAESTAOV
7oV €lval cLVOEOEUEVOL e TNV TTOLOTNTA 1Y V0G. Tétotot elvar 1 drakontiky cuyvotnta (fyy), 0
ovvtedeoTthg 1oyxbog €166d0v (PF), o ocvvieheotic mapapdpemong (PF,), o ovvieheotnc
petatomong (PFy) kor o ouvteleotig OMKNG OPUOVIKNAG TOPAUOPO®ONG TOV PEVUATOS
e166o0v (THD;), o Twég Tov omoiwv kataywpobviar otov wivaka [12.4. 1o oyfuo 2.10
TOPOVGIALETOL ) AVAAVOT] PAGHOTOC TOL PEVUATOG EIGOS0V, LETPOVIEVO OO TNV TTEIPOLOTIKN
dudtaén. Awmiot®vovpe 0TL, 1 SIKOTTTIKY cuyvotnTo, emtkevipavetol ota 5.7KHz pe edpog
petapoing £ 200Hz kot mhdtog emkpatovong oprovikng 0.26A.

Méye0og merpapatikig nETpnong Twn epopatikig péTpnong
Awkontiky cvyvotto (fw) 5.7kHZ + 200Hz
ZUVTEAEGTNG 1oYVOG 16060V (PF) 0.987
Yvvteheomc mapoudpewonc (PFy) 0.99976
Yvvtedeotc petotomiong (PFy) 0.98724
Z})vrskscrﬁg f)kucﬂg ap ulovucﬁg 0.022 or 2.2 %
TOPALOpPmSNS pevpatog 1666ov (THD;)

Hivaxag [12.4: Telpopatikég LETPNOEIS TMV GUVIEAEGTMOV TOLOTNTOG 1GYVOG

| s00.00 M <0.000]]
vs(v) Is(A)
300.00 30.000

200.00 20.000

-200.00 -20.000
) | SRR R, e SRR R R i T R LR

-_l‘.F : . - : : - . e 2 (%]

0.00 s 10.00 ms 20.00ms 30.00 ms 40.00 ms 50.00 ms |

Zynua 2.9: Tepapatikd anoTeAESUATA TG TAONS TPOPOSOGIOG KOt TOV PEVILOTOS IGO0V
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Zynua 2.10: Avalvon QAGHOTOS TOV PEVLATOG EIGOOOV

Y10 oynua 2.11 mapatnpodue 61t  DC tdon (uéon tiun) axorovdel tnv embount) Tiun pe
axpifela. Qot6G0, N KLUATOGN TNG TAONS ££600V KOl TO APUOVIKO TEPLEYOUEVO TOV PEVLOTOC
€10600V o@eileTal OTO YEYOVOG OTL TO. GLYKEKPLUEVA Leyédn dnuovpyodvtal amd Eva
SLOKOTTTIKO KOKAMUO. ZVYKEKPIUEVO 1] KUUAT®OON Eval Eva YopaKTNPIOTIKO YVAPIGHO TMV
CLOTNUATOV AVTOV Kot g&aptdtol omd To PilTtpo €£0d0v (YOPNTIKOTNTA eE0UAAVVOTG) Kot
omd 1o TMAATOC TOL PEVUOTOC €160d0V Ogv pmopel va eorelptel omd TNV Opdomn Tov
nwpoPrenticon ereykt. Opoimg To0 apHOVIKO TEPIEXOUEVO TOV PEVUATOS EIGOO0V TPOEPYETOL
OO TNV OlOKOMTIKN CLYVOTNTO LE TNV ONOi0. EVEPYOMOWOVVIOL — ONEVEPYOTOLOVVIOL T
dtakomtikd otoyyeia. Ot TpoTtewdpueveg ADGELS YO, TNV OVIIUETOTIOT NG KVUATOONG TNG
ouvveYoVg Taomg etvat 1 avénon Tov eiktpov 5650V (YOPNTIKOTNTA) Kol OVTIGTOLYE Y10 TOV
PEVUATOC M aENOT TNG AVTETAYWYNS €160d0v. Emiong 1 avénon ¢ S10KOTTIKNG GUYVOTNTOG
GUVTEAEL KOl GTIV TOVTOYPOVY] LEIDOT] TOV SVO TUPUTAV®D PAIVOUEV®V.

Vo (V)
700.00

500.00

<400.00
B 22 ek B e EEE S0 Ronedie 5 5 0 X ecE BE E 58 e B 3§ teneal]
a00.00f e ioe i Tt
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Zynua 2.11: Mepopotikny pétpnon g tdong e£6dov
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H wavéomta mapaywyng taong €16660v0 TOv UETATPOTEN TPLOV emmédov (oynuoe 2.12),
TPOCPEPEL GNUOVTIKA TAEOVEKTIUATOA TO OTO0L O OVAYVAOOTNG Umopel va. TAnpoeopnOel pe
HEYOADTEPT AENTOUEPELD TNV €PELYNTIKY] gpyacia [43]. Mepikd amd Ta TAEOVEKTAHATO TNG
Aertovpyiag VO TAOT] AKPOSEKTAOV TPLOV EMIESV givat: (1) HIKPOTEPT SLAPOPE SLVOULKOV
OTNV OLTETAY®YN €16000V, KOT' EMEKTAON UEIMON TOV GUVIEAECTM®V TMAEKTPOUMYVITIKNG
mopevoyinone (EMI) ko ekmoumic (EMC), (il) pkpotepn KATATOVNGON TOV OOKOTTIKOV
otoyyeimv oe avdotpoen tdon (katd to Mov), (iil) PKPOTEPT T NG OVTETUYDYNG
€10600v, (1v) emMA0YN SUKOTTIK®V GTOLEIOV LE HUKPOTEPO KOGTOG Kol (V) LUKpOTEPO PACLA
OPUOVIKOV GLVICTOGMY TOL PEVUATOS EIGOO0V MG OMOTEAECUN KOADTEPNG TPOGEYYIONG TG
BepeAMDdOOVE NUITOVOEIBO0VG GLUVIGTAOGCAS TNG TAGTG AKPOSEKTMV E1GAOO0V.

[ 50000 | — : : - . . . s - '

Vab (V) - : - : 4 : 1 i 5

SO0, DD

400,00

200,00
0.00 [ -

=200.00

~500. 00

S| .,

1=

0.00 5 10.00 ms 20.00 ms 30.00 ms “40.00 ms S0.00 ms

Zyua 2.12: TMepapoticy LETpnon g Tdons 0KpodeKTdV £L6050V TNG SKOTTTIKNG avopBTikig Stbtaéng

2.10.2 Bnuotikn aAiayn e tdonc eE60ov

[Mpokewévoyv vo avaderybel N KOVOTNTO TOL TPOTEWVOUEVOL TPOPAENTIKOD EAEYKTH] GE
OUVOIKG AELTOVPYIKA (OIVOUEVO, TPOYUOTOTOlEITOL HEYAANG KAIpoKag Pnuatiki] oAAoyn
otV emtBoun T g téong e€60ov amd 350V oe 500V, evd 10 ouIKd poptio dratnpeital
otofepd oto 1000hm. To amoteléopata and TV TPOGOUOIMOT KOl TNV TEWPATIKN O1dtaén
napovotdlovral ota akdrovba oynuota 2.13-2.14.
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Vo (V)
700.00

-l

500.00ms 564.00ms 628.00ms 692.00ms 756.00ms 820.00ms ‘

Zynua 2.13: Mepapatikny andkpion g téong e£68ov og Pnpatikn oAlayn arnd 350V oe 500V

Is (A)
300.00 60.000

200.00 40.000

100.00  20.000

0.00 » 0.000

Output voltage
reference change
-200.00 -40.000 -

- BRI

600.00ms 628.00ms 656.00ms 684.00ms 712.00ms 740.00ms

-100.00 -20.000

Zynua 2.14: MetafoAn Tov peLLOTOS EIGOJ0V GE GXECT e TNV TAOT TPOPOdoGiog Eveka TG PNUATIKAG AAAAYNS
g DC 1dong: (o) Anoterécpata tpocopoionong, (B) Hepapotikés petpioetc.

Mopatnpovue 6t1, 0 TpoPrentikdc eleyktg pvbuiler v DC tdon ot véa tun péca oe
¥povikéd ddotnua 150 ms (mpocopoimon) kot 90ms (wepapatikny HETPNon), STNPAOVIOS TO
pEVU €1GOO0L GE MUITOVOELDN KVLUATOUOPPT] VIO OYEOOV HOVOSIOi0 CUVTEAESTH 1GYVOG.
A&woonueioto gival emiong to yeyovog OTL mopd Tr QUGN TOV GLOTHLOTOS G EAAYIGTNG
@aong [36], n andkpion g DC thong xatd Ty ¥povikh ottypn TG Prpatikng aAAoyng, dev
Topovctdlel gavopevo POOong, To omoio ival YopaKTNPIOTIKO YVAOPIGHO amd TNV ¥pNon
eleyktov PI. H meportépm pelémn tov mpooavapepbBéviog (ovouéVov, OTUEIMVETOL O
ONUOVTIKO TPOPANUA OTIC JATAEEIS TOV SLUKOTTIKAOV avopOmTIKGV S1aTAEEDY aVOY®OONG,
Kot artoloyeitan Aoym g pvbong tov kepdmv otovg Pl eheyktéc oe pikpn meployn yopw
a6 To ornueio ovouaoTiKng Asttovpyiag. Amotedel évav amd TOvg Tapdyovies aoTafovg
AELTOVPYIOG TOV UETATPOTEDV.
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MovodaolkEG ALAKOTITIKEG AVOPBWTLKEC

Awatdagetg MARpoug FEdupag

2.10.3 Bnuotikn aAAayn TOL @OPTion

2y mopohoo TopaypaPo UEAETATAL 1) GUUTEPLPOPE TOV TPOPAETTIKOD EAEYKTH KATH TNV
Pnuoatikn petaPoin tov wpikod eoptiov. Ipaypatomoteiton po peyding KMpokog aAloyn, n
omoia. avtiotoyel oe povadeg woybog and 2016W (1240hm) oe 2778W (900hm). Onwg
TOPOTNPOVLE amd To oynua 2.15, N puetafoin Tov eoptiov aw&avel To TAGTOG TOV PEVUATOG
€10600V SLUVOUIKE TPOKEWEVOL Vo KaALEBel 1 evepyelakn (ntnomn tov @optiov amd TNV
TPOP0J0Gia. e avtiBeoT LE TO PUIVOUEVO TOL TAPOTNPEL KAVEIC OTNV TEPITTO®GN NG YPNONS
eheyktov Pl [44-48], n petaforn tov @optiov dev dnuovpysl @owvopeve PvBong M
vrepOywong g DC tdong (oynua 2.13), arid avénon g koudtoong tg. Kot o€ avti v
TEPIMTOOT, TA TEWPAUATIKA ATOTELEGHOTO EXPERULDOVOVY TO ATOTEAEGLOTA TPOGOUOIMONG,

-100.00 -10.000

-200.00 -20.000

-300.00 -30.000

50.00ms 68.00ms 86.00ms 104.00ms 122.00 ms 140.00 ms

Zynua 2.15: Tepapatikn pETpnom Tov peOUATOS EL6OS0V GE GYXEOT LE TNV TAGT TPOPOd0Giag o€ PrLaTikn ahloyn
oV goptiov amd 2016W (124 Ohm) og 2778W (90 Ohm)

Vo (V)
700.00

600.00

50.00 ms 80.00 ms 110.00ms 140.00ms 170.00ms 200.00 ms

Zynua 2.16: Mepapatikn pérpnomn g taong e£6dov o€ Pripatikn adiayn tov eoptiov and 2016W (124 Ohm) oe
2778W (90 Ohm)
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2.11 Zvumegpdouoto Kot LEAAOVTIKEC TPOTAGELS

YoprepdopaTo.

Y10 mopdv KePOAUO0 TPOTAONKE EVvag EVOAAOKTIKOG KOl TEIPOUATIKG  EQOPUOCUOG
aAyOpIOLOG EAEYXOV Y10 TIG LOVOPACIKEG OloKoTTIKEG ovopBmTikég drataéelg . H oyediaon
oV Baciletor oTov TPoPAENTIKO EAEYYO. ZVYKEKPIUEVA, OYEOIAOONKE TPOPAETTIKOC EAEYKTNG
0 omoiog tovTileTor e TO WU YPOUMIKO HobMuUoTikd povtédo, SloKprtod ypOvov, TOL
GULOTILLOTOC, XWPIG VO OTOLTEITOL 1] TAPATOUTH G€ HoVTEAL aoBevovg onpatog. Eionybnocav
Ol KOVOVEG TEPLOPICUOD Yo TIC UETAPANTEG KATACTOONC TOV GULGTHUATOS, Ol OTOiol OTN
cuvéyeln omEdEEaV TOG0 o€ EMMESO TPOGOUOI®ONG OAAG Kot TepapatTikig emPePainong, 0T
TPOGPEPOLYV CNUAVTIKH TAEOVEKTILLOTOL.

Evota0n Aertovpyio 1000 0T pOVIUN KOTAOTAON OGO KOl GTO SUVOUIKG UETAROTIKE
QOLVOLEVOL

A oyediacn Paciouévn oto akpiPéc padnuatikd poviého

Hepopotikd spappoopog olyoplOpoc eA&yyov oe yapnAoy KOGTOVG HIKPOETEEEPYAOTES,
®G OTOTELEGUA TOV ATADV LOONUATIKOV TPAEemv

[Tépov Oumg TOV TOPOTAV® TAEOVEKTNUATOV 7OV ovoeipOnkay, o0 TPOTEWVOUEVOS
mpoPAenTikOg €leyxog KaODC kot OAol ot ereyktég mov Paciloviol GYESICTIKO O©TO
HoONUoTIKO HOVTELD TOV GUGTAUATOS, TAPOVGIALOVY GUYKEKPIUEVO LELOVEKTILLOTA.

Apeon egaptnon omd TIS TIHEG TOV GTOLYEI®MV KAl TNV SIOKVUOVOT TOVE GTO TPUYLOTIKO
KOKA®O

Metafint) S1oKOTTIKN CLYVOTNTO e UIKPO €0POG dlakdUAVOTg

Melhovtikég [Ipotaoerg

H Bektictomoinon tov mpotevopevov aAyopifuov mpokeévov vo emitevydel Bértio
AETOLPYIKN CLUTEPLPOPE TOV GLOTNUATOG gival €va BEpo epeuvNTIKNG SlEPELVNONG TOL
{nreitar ovveydg OmO TOLG AVOPOTOVE TOV MAEKTPOVIK®YV 1oyvo¢. [ 10 Adyo autd
nwpoteivovpe TIg akdAoVOEG TBOVEG LEALOVTIKEG TPOTAGELS.

MpoPrentikég EAEYKTIG UE EVOOUATOUEVO TPOGUPUOCTIKO HOVTEAO YOl TNV EKTIUNGT TOV
petafordv TV ototyeimv

M poPrentikog ELEYYOG |LE TPOGAPUOYN TOV CLUVTEAEGTAOV PaphTnTag LEGH AGAPOVG AOYIKNG
N Aoywkng gain scheduling

Awaxktopukn AveTpipn
Kovoetavrivog I'. ITavrov
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NpoPAENTIKAG EAEYKTAG yLoL LOVODACLKO

noAveninedo avopOwtn ue aAAnAévdeteg BaBuideg

3.1 Ewcoymyn

Yxedov Tpeig deKOETIEG £XOVV TEPAGEL IO TNV KAVOTOUO gpyacia [49] pe tnv omoia glomyon
1N £€VVOol0 TOV TOAVETIMEDOV UETATPOTEN VIO TNV HOPON TPLpactkov avtiotpopéa (DC/AC).
‘Extote, évog onuovtikdg oplBpdc epeuvvnTikdv gpyooidv tébnkoav v diebvn kpion,
TPOTEIVOVTAG U0l VEQ TOAVETIMENT LOVOPAGIKN/TPIPACIKY TOTOAOYiN, €ite ™G avopHOTIKN
odrtaln, site oc avtiotpoeéa. IapdAinia, KaTaypdeNKAY TO GNUOVTIKA TAEOVEKTILLOTO TOV
moAvETinedV petatponé@v [SO0] kot Spoporoynoniav véa eUmopiKd TTPOIOVTO TO OTOid
OVTIKOTEGTNGOV TV TPOTYOVUEVT] YEVICL.

O 010)0G TOV TOAVETIMEd®V WETATPOTE®V €ivol 11 oOVOESN EVOALOGCOUEVNG TAOMG ME
OloKPLTd TOAMOTAG emimeda, 10aviKd amepo to mANBog, £tol wote va mpooeyyiletor pe
axpifela o NUITOVOELONG KUUOTOUOPOT UE GLYKEKPIUEVO TAATOG Kot cuyvotnto. Kat’ avtdv
TOV TPOTO, TO OPLOVIKO TEPLEYOUEVO TNG TOAVEMIMEING TAOTG Elval APKETA PIKPO KOl KOT
EMEKTOON 1 XPNON QIATpOV €EAAEYNC TOV OpUOVIK®V gite dev givor avaykaia, €ite eival
VTOJIUOTOCIOAOYNUEVD, UE TEPUITEP®D OPEAOG TNV UEIMON TOL KOGTOLG KOlL NG
moAvmlokotntoc. Ilpocheta mheovektiuoto amd Ty ypnomn Tovg &ivor M HIKpNAG TG
ePapUolOUEVT] OVAGTPOPT TAGCT] GTO SIOKOTTIKG GTOLYEIN TOV UETOTPOTED, YEYOVOG TTOV TOVG
KoO10TA AVOVTIKOTAGTATOVG GE EPAPUOYES OV OMALTELTOL VYNAN TAoT /KOl LEYOAN 1GYVG,
OTMC YL TOPASELYLLOL GTO GUCTHUOTO LETAPOPAS MAEKTPIKNG EVEPYELNS. XVVETEWD TOV
TPOTYOVLEVOD €iVOL 0 TEPIOPICUOS TOV OLOKOTTIKAV OTOAEIDV KOl KOTO GUVETELD 1) ovENom
10V Bafpov amddoons tov petatponéa. EmmAéov, n xpnor Sl0KOTTIKOV GTOXEI®MV HELOUEVOL
KOGTOVUG KOl 1 EAQYIOTOMOINGT TOPEAKOUEVOV Ootdéewy, 1 wKovotnTa  dloyeipong
UEYOAVTEPNC 10YV0G, 1 UEIMON TOV QAUIVOUEVOV TTOV GYETICOVTOL IE TNV NAEKTPOUOYVITIKN
TAPEVOYANGOT, N AOENCT TOV OEKTMV TNG TOLOTNTOG TNG NAEKTPIKNG 1oYVOC Elval PEPIKA amO
TO GUVETAKOAOVOO TAEOVEKTNLOTO, TOVC.

Mo amd TIG €uPOTEPO YPTCLLOTOLOVIEVES TOTOAOYIEG TOAVLETITESOL peTaTpomEd givar M
LOVOPAGIKT/TPLpactkn avopfaTikh oidtaén Tov oAAnAévostov Pabuidwv, n omoia amotelel
TO OVTIKEIPEVO aAVATTLENG TOV TPEYOVTOG KEPUANiOV.

3.2 Avaoopd otn d1ebvn BiBAoypaoio

H moAveninedn tomoloyia tov aArnAévoetov Pabpidwy amotehel Lo omd TIC TO ONUOVTIKEG
AOGEIC GE EQUPUOYEC GLGTNUATOV MAEKTPIKNG Kiviong e Agrtovpyio. ®G AVTIGTPOPEN, GE
POUTOTIKAL GULGTILOTO, TPOPOSOTIKA OSIIAEITTNG TAPOYNG EVEPYEWS KOL GE (POPTICTEG
oVGoMPEVTOY ¢ ovopbwTikny diataln [60-69]. O AdYog mpoépyetal Kupimg omd Ta
OTUOVTIKG TAEOVEKTAUATA TTOV TPOCPEPEL OMMG EMEKTOCIUOTNTA, TKOVOTNTO TOPOYDYNG
OLLPOPETIKAOV KOl OVEEAPTNTOV TACEWV OLVEYOVLS TIUNG, OYEIPION CPUAUATOV KAT.
Evtoitolg, n Aettovpyikn amaitmon evog TETO0L UETATPOTEN MC avopBwTiKNG dtdtatng gival
AVENUEVN GE TOALTAOKOTNTO KLPIMG MG TPOG TOV OAYOPlOUo €AEYYOV. ZVYKEKPIUEVO, L0
LOVOQOGIKY SLOKOTTTIKY avopBmTiky 01dtaén avtov tov €idovg Ba Tpémel amapatT)Tmg va.
KOVOTIOlEL TOL KPLTAPLeL TNG To0TNTAG TNG 10)(00g (LoVadliog GUVTEAESTHG 1GYVOG €GOS0V,
YOUNAOG OMKOGC OPUOVIKOG GUVIEAESTNG TOL PELHOTOS €16000V), KabBMG emiong Kot
TopAyovVTeg oL oyeTilovtal pe TV €VoTAOEIR TOV GLUGTAOTOC, TN OLVOUIKY GUUTEPIPOPU,
TNV €VPMOOTIO, TNV TOPOYDYH CLVEYDV TACEWV, 101V 1 OLPOPETIKOV TIU®V, Yo TNV
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TPOPOO0Gin, iO1mV 1 SLPOPETIKOV QOPTIOY KL TNV TOPAY®YN TOAVETINEONG TAONG. XTOYOL
OT®G Ol TPOTYOVUEVOL, GUVOETOVV €va TOADTAELPO Kol TOAVTAOKO TTPOPANUO EAEYYOL, TOV
Omm¢ omodeikvoetal otn diebvn PipAloypagia, ot KAUCOIKEG TEXVIKEG EAEYYXOV AOLVATOVY VO
KOADWOLV TOVTOYPOVO OAES TIG TPOOVOPEPDEIGEG AEITOVPYIKEG ATAITIOELS.

SVYKEKPIUEVA, TO OO EAEYYOL TNG OLOOYIKNG OOUNE TV dVO EAEYKTMV 1 TV dVO Ppoymv,
glvar To guplhTEPA YPTCILOTOLOVUEVO. € OVTO TO GYNUO EVOG OVOAOYIKOG-OAOKATPMTIKOG
eleyktig (PI) avd Babuida, eEacearilel T cvyKMoN NG GLVEXOVE TAONG OTNV emBounti
TN, ZTN GUVEYELD, £Vag OEVTEPOG, YPOUMKOS 1| 1N, EAEYKTNG (PEVUOTOC) AauPavel mg onua
€16000V 10 ABpooUE TOV CNUATOV €E600V TOV OVOAOYIKMOV-OAOKAPOTIKOV EAEYKTAOV, TO
omolo amoteAel TO MAGTOG TOV EMOLUNTOV PEVUATOG €GOS0V TNG GLVOAIKNG OVOPOOTIKNG
dutaéng kar e&acporilel tn ochyKAon TOL TPAYUATIKOD PEOUATOG GE GVTH TNV TW. AvTtd
avadelkvOeTol oTIG gpyacieg [62-65], 6mov o eheyktng peduatog otnpiletor emiong oe
AVOAOYIKO-OAOKANP®TIKO €AeyKT. Méow avtod Ttov oynfuatog e€ac@aAiletar undevikd
OQUALO OTN LOVIUN KOTAGTACT TOGO GTIG GUVEXEIG TAGELG OGO Kol GTO PEVUA E16000V, KAOMDG
kol amoovlevén twv Pabuidov. ITleovéktnuo ovtng g mpdtaong eivar 1 yyunuévn
evotabelo og emleypéveg ioeg Taoelg Kat ioo poptio. Ztnv idta Aoyikn, 1 epyacio Tov [67]
TPOTEIVEL EVOAAUKTIKG, ELEYKTN PELHOTOC TTOV eEACOAUALEL TN HETAPOAT TOV GOAAUATOG TOL
PEVLOTOC E1GO00V Kol TNG EMOLVUNTAC TIUNG TOV, EVTOC GLYKEKPUEVOY opimv (VGTEPNOTG).
Me 10 GUYKEKPIUEVO GYNUO. EAEYXOV, 1| GUUTEPLUPOPE TOL GLOTHLOTOS OTOKTE SUVOLKE
YOPOKTNPIOTIKA KOl EVPWOTIO 0€ UETUPOAEG TOV GUVEYDY TAGEMV KOl TV QOPTIOV, ALY devV
emtuyyaveton amocvlevén tav Pabuidov. Evoliaktikd, oty epyacio tov [66] Tpoteiveton
EAEYKTNG PELLOTOC OTNPLOUEVOG OTNV TEXVIKN €AEYYOL NG oAlcOnong emi empaveiog, o
omoiog e€acparilel v amocvlevén Tov Paduidwv kot emtvyydvel emmAiéov éupecn poouon
TOV Tace®v ove Pabuida. Mewovékmpuo g ovykekpluévng pebodoloyiog eivar 1
OVIKOVOTNTO TOPOYMYNG TOAVERINEONG TAONS, KOOMG Kot 1 TOAVOTNTA EUPAVIONS UOVILOV
OQAUALOTOC OTIG GVVEXEIC ThoNg TV Pabuidwv. Xty epyacia tav [64], oxedialetor eAeYKTNG
OV GUVOETEL TNV EVEPYELOKT TEXVIKT EAEYYOV KO TOV TPOCAPUOOTIKO EAeyyo. Emuyydvetan,
N amoocvlevén tov Pabuidwv, ToPAyETOL TOAVEMITESN TAGCMN, VM O EAEYKTNG UEC® TOL
TPOCAPUOCTIKOD EAEYXOV EKTIUG TIC TIMEC TOV AYVOOT®V QOpTiov Kol Tov oféfoimv
napapétpov. To ovykekpluévo oynpo eAEyyov eivar moAOTAOKO, Tapdyel emiBopntd
amoteléopata VIO LYNAN SKOTTIKN ovyvotnto Kot £xel  e€elntnuévec oMot oELS
VTOAOYLIOTIKOD KOGTOVG. )¢ €K TOVTOL Kobiotatal KATGAANAO HOVOV Yo £PEVVNTIKOVG
OKOTOVC.

3.3 I[IpOtaon e dwrpBne

Y10, TAaiclo TG Topovcag dTpiPne, Tpokeévov va apbodv Katd to uéyloto duvatdv Ta
Aertovpyikd  TpoPANUATO OV  WOPOLGLALOVIOL GTNV  TWOAVLEMIMESN TOMOAOYiD TOV
OAANAEVOET®VY Pabuidv KaTd T Asttovpyion MG LOVOPUGTKNG avopBmTIKNG dtdTaéng (oo
3.1), mpoteivetar KoTAAANAOG TTpoPAentikdc eheyktng. Mia té€tola tomoloyia, amaptileTot
a6 éva TAN00G LOVOPUGTKAOV SIOKOTTIKOV avoplaTIKdV Slotdéewmy, cuvoedeévmy Ge GEPA
®C TPOG TOVG UKPOSEKTES EIGOO0V TNG KUOEULAC.
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Zynua 3.1: TToAveninedn povogactkn Stakomtikn avopbmtikn didtaén pe aliniévdetes Pabpideg

O wpoTevOEVOG EAEYKTNG EXEL VO GUVOECEL VOl TOADTAELPO KOl OPKETA OVGKOAO TPOPAN LA
eléyyov. O mpdTog 6TOYOC oV Ba TPEmEL va emtOYEL €ivol M ElKOVIKT amoovlevén TV
Babuidmv. Kat tétowo Oa emttpéyet Ty ave&dptnen Aettovpyio g kdbe Pabuidog £To1 dote
vo umopet vo Topa&el cuveyn TAoT JPOPETIKN 1 101 HE TIG TAGELS TV VIToAOIT®V Pabuidwv,
kaOd¢ emiong va Tpo@odothostl gite dapopetikd eite 1010 niektpukd goptia. O debtepog
e€loov onUavTIKOG oTOY0G €ival 1 TOPAY®YN EVOALOCCOUEVNG TOAVERITEING TAONG GTOVG
OKPOOEKTEG €10000V TOV WETATPOMEN Y10 TOLG AOYOUG oL ovapépdnkav mopamdve. Evog
Tpitog otdyog eivor ekeivoc mov Oa e€acpalilel To KPP TOWOTNTOC TNG OYVOC TOV
amortovvtal oo o debvi mpotuma [39]. E&etdloviag Tov GUYKEKPIUEVO LETATPOTEN MG TPOG
TN AELTOVPYIKY) TOL TAELPE, €va TETOO CVOTNUA Elval EMPPENEC o datapouyés, Om®S M
oAdoyn g embountig Tdong f/kot Tov eoptiov tng kabe Pabuidoag, kvpiowg AdYw® NG
aydyng dtacvvoeonsg Tov Pabuidov peta&d tovg. To televtaio, amotelel koppikd onueio
Y. Tov vIoynelo oAyopipo elEyyov, pe tovg molvpetaPintovg (multivariable) ot Tovg
€0PMOOTOVG ELEYKTES VO AVAOEIKVOOVV TO, TAEOVEKTILLOTO, TOVG EVOVTL TV VITOAOITOV.
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3.4  Avdivon Tov LOVOQOGIKOU TTOAVETITEOOV ovopHWTN TOV
aAAnAévoetov Baduidwv

H tomoloyia g povopacikng otakomtikng avopfotikng ddtaéng pe 6vo oAANAEVOETEG
Babuidec mapovoidlerar oto oynua 3.2. Onwg mopatnpodUe, o TNy EVUALICCOUEVNG
tdong Vs, ovvdéetar péow tng avtemoywyns Ly pe mopacutiky avtictaon R;, oe o
HOVOQOGIKY OlaKomTiky avopBotiky dtdtaén. To pedua €106d0v mov {nreiton amd TNV
eVOALOGGOLEV TNy GVUPOAILETar pe I, Tty €080 g KGBE Sidtagng, N yopntikomta C,

dniavel 1o piktpo egopdlvvong g Taong eE66ov V. ., |

oi > glval 1o ovveyég pevLa TNG KAOe

(o]

dwitagdng, |l to pevpa optiong Tov kGbe TkveT ko | ; T0 pedpa Tov kabe poptiov dmov

CJl
i=1,2. Ilpokeévor va povielomomOel 1o vrd perétn ovotnuo yivetor ypron NG
dwkonTikng ovvaptnong U [40]. H evoopdtwon tng OlKOTTIKAG GLVAPTNONG OTO
HoONUaTIKO HOVTEAO TOL GCUGTHMOTOC &£ivol ovaykoio, €161 MOTE v, Yivel QKT M
AVOTOPAGTOCT) TOV GUOTHUATOG VIO HopPn elomdoewv katdotaong. o v cvykekpuévn
TomoAoyia 1 EKEPACT TNG SOKOTTIKNG GLVAPTNONG Elvar 1 akdAovN:

u=u,+u, 3.1)
1;0,1
S 12 ic,l Y iL,l y
A o P < Y
—>—W\—""N——s a Co= [] Vo,1
Sis \Y?
JS}D”J D
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Vs (@

ic,2 \
D::

Co= [] Vo,2
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JS}DZSJ

Zynua 3.2: Movoeaoikn dtokontikh avopfotikh dtdtaén dvo ariniévdetmv Pabuidov

S
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N

Onov U, ko1 U, ot dakontikég cuvapmoeis g kabe Pabuidag pe

U, =S,S,, -S,S

11914 T P12°13 T

S,-S, 3.2)
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U,=$,,S,,-S,,S, =S, - S

21724 2%23 T

(3.3)

22
omov U ,U, € {-1,0,1}

Xpnoomoldvtog ta fempniuato avaAveng NAEKTPIKOV KUKA@UAT®V yio Ty AC TAgupd TOL
GULGTHLOITOC TPOKVTTEL 1) akOA0VOT drapopikn e&icwon:

1 1
=V, (3.4)

WL

H taon V,, eaptarar and 116 cvveyeis taoeis tov dvo fabuidov copuemva pe v akoiovtn

di, R,

éKkppaon
V= UIVOF1L + UZVOY2 (3.5
AopPavovtog vwoyn OTL 0L TAPAYOUEVEC GUVEYEIG TAGELG UTOPEl va ival 10EC 1) SIOPOPETIKES,

npokdmToVY TO. akdrovba emineda Tng Taong V, Ta omoia mopovclaloviar 6Tovg mivokeg
I13.1, T13.2, T13.3 xou I13.4.

A0KOTTIKEG KOTOOTAGELS Kot emimeda TAoNG €16050V avopHmTikng didtaéng dvo aAiniévdetmv Pabuidwv

AwoxonTikn AKonTIKEG KOTAOTAGEL

KOTAGTOOT Si Si» Sy Sy Vo U, Vyo Vab
1 0 0 0 0 0 0 0
2 0 0 0 1 0 -V, -V,
3 0 0 1 0 0 V, V,
4 0 0 1 1 0 0 0
5 0 1 0 0 -V, 0 -V,
6 0 1 0 1 -V, -V, -2V,
7 0 1 1 0 -V, V, 0
8 0 1 1 1 -V, 0 -V,
9 1 0 0 0 V, 0 V,
10 1 0 0 1 V, -V, 0
11 1 0 1 0 V, V, 2V,
12 1 0 1 1 V, 0 V,
13 1 1 0 0 0 0 0
14 1 1 0 1 0 -V, -V,
15 1 1 1 0 0 V, V,
16 1 1 1 1 0 0 0

Hivakag I13.1: AloKOTTIKEG KATAGTACELS Kot Eninedo Taong 16660V avopbmTikhg didtaéng dvo aAnAévdetmv
Babpidwv pe logg tdoeig Vo 1= Vo=V,

Ipopirentucéc Edreyyog
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ALKOTTIKEG KOTAGTAGELS Kol EMITEIA TAOTG £1GO30V 0vopHmTikng d1dtaéng dvo aAlerévdetwv Badbuidmv

Al0KOTTTIKN AWKOTTIKEG KOTAOTAGELS

KOTAOoTOON Sii Si Sy Sy wVoi U,y Veo Vab
1 0 0 0 0 0 0 0
2 0 0 0 1 0 -2V, -2V,
3 0 0 1 0 0 2V, 2V,
4 0 0 1 1 0 0 0
5 0 1 0 0 -V, 0 -V,
6 0 1 0 1 -V, -2V, -3V,
7 0 1 1 0 -V, 2V, V,
8 0 1 1 1 -Vo 0 -Vo
9 1 0 0 0 Vo 0 Vo
10 1 0 0 1 V, -2V, -Vo
11 1 0 1 0 V, 2V, 3V,
12 1 0 1 1 V, 0 V,
13 1 1 0 0 0 0 0
14 1 1 0 1 0 -2V, -2V,
15 1 1 1 0 0 2V, 2V,
16 1 1 1 1 0 0 0

Hivaxag I13.2: AloKomTiKéG KOTAGTACELS Kot enimeda Téong 16060V avopboTikig dtdtang dvo aAnrévdetmv
Babuidwv pe dragpopetikég taoelg Vo 1= Vo, Voor=2V,

AKOTTIKEG KOTAGTAGELS Kot EMINEd TAONG £1G030V ovopbmTikng d1dtaéng dvo aArerévdetwv Babuidmv

Aaxontikng AWKOTTIKEG KOTAGTAGELS
KATAGTAGT| Sy S Sy Sy WV WVo Vab
1 0 0 0 0 0 0 0
2 0 0 0 1 0 Vo2 Vo2
3 0 0 1 0 0 Voo Voa
4 0 0 1 1 0 0 0
5 0 1 0 0 -Vou 0 -Vou
6 0 1 0 1 Vo Voo “(Vo1tVo2)
7 0 1 1 0 'Vo.l V0.2 '(Vo.l' VO.Z)
8 0 1 1 1 -Voi 0 -Vou
9 1 0 0 0 Vi 0 Vou
10 1 0 0 1 Vo -Vo2 Vo1-Vor
11 1 0 1 0 Vo,l Vo,2 \/o,l+ Vo,2
12 1 0 1 1 Vi 0 Vo
13 1 1 0 0 0 0 0
14 1 1 0 1 0 -Voo Voo
15 1 1 1 0 0 Voo Voo
16 1 1 1 1 0 0 0

Hivaxag I13.3: AlokonTiKEG KOTACTAGELS Kot EMMEIA TAONS £1GOS0V avopOHmTIKAG S1ATAENG VO AAANAEVIETOV
Babuidwv pe téoeig Vo 1> Vi,
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AL0KOTTIKEG KOTAGTAGELG Kol EMITEI TAOTG £1GO30V 0vopHmTikng d14TaéNg Vo aAleAévdeTv Baduidmv

Awxontikn A0KOTTIKEG KATOGTAGELS
K(XT(’I,GTU,GT] Sll SIZ S21 S22 U1Vo 1 u2V0 2 Vab
1 0 0 0 0 0 0 0
2 0 0 0 1 0 -Voa -Vo2
3 0 0 1 0 0 Voo Voo
4 0 0 1 1 0 0 0
5 0 1 0 0 -Vou 0 -Vou
6 0 1 0 1 'Vo.l 'Vo.z '(Vo.l+ VO.Z)
7 0 1 1 0 -Vou Vo2 Vo2~ Vou
8 0 1 1 1 -Vou 0 -Vou
9 1 0 0 0 Vou 0 Vo
10 1 0 0 1 Vo Voo “(Voa Vo)
11 1 0 1 0 Vour Vo2 Voit Voo
12 1 0 1 1 Vou 0 Vo
13 1 1 0 0 0 0 0
14 1 1 0 1 0 Vo2 Vo
15 1 1 1 0 0 Voo Voo
16 1 1 1 1 0 0 0

Hivaxag I13.4: Aokontikég KOTAoTAGELS Kot EXINEID TAONG £16000V avopOmTiKNG d14T0ENG V0 AAANAEVIETOV
Babpidwv pe tdoeig Vo1 < Vo

210G TopanAve Tivokeg dlomoTOvETaL OTL | Tapayy KATowwV emmédwy g Tdong V,

umopel vo. amodobel pe TOAAATAODG Ol0KOTTIKOVG GLVOVAGHOVS. Avtd, Bo pmopovoe va
00MYNoEL OTN COUTTUEN TOV GCLYKEKPIUEVOV OOKOTTIKOV KOTOCTACE®Y LOG KOl TO
omotéAecpa  glval to 1d10. XNV TPOYUATIKOTNTO 1 TOAAATAOTNTO TOV OLOKOTTIK®Y
KOTAGTACE®MV L TO 1010 0mOTEAEGUA, KPVPEL TNV TANPOQOPia TNG POPTIONG-EKPOPTIONG TMV
XOPNTIKOTATOV ONAad TN dttipnon g Héong Tiung Kabepdg cvveyovg Taong oe otadepn
TN G GUVOVAGHO UE TIG UETAPOAEG KOl TOV AAA®DY NAEKTPIKAOV PEYEDDV OTT®G gival 1 Taom
TPOPOJOOGIOG KOl TO PELUO E10000V. TUVETMG, U0 TETOW TPOcEyyilon, Oa odnyodoe TO
oUGTNUO OE 0oTAOEL. XNV TapodoU TEPIMTMOT TOL TPOTEWVOUEVOD TPOPAETTIKOD EAEYKTH,
OAEG Ol OLOKOTTTIKEG KATOOTACELS AapPdvovTat vdyn kal To KpiTnplo PeAtiotomoinong eival
ekeivo mov Ba amopavOel o Tov KATOAANAGTEPO SLOKOTTTIKO GLUVOVAGUO OTMS TAPOLGLALETL
TNV TOPAYPAPO .

Avoloovtag tn duvopkn tov €£0dwv g kabe Pabuidag mpokdmTovv ol akdAovOeg
LOONUOTIKEG GYEGELG VTTO LOPPT SLUPOPIKDY EEICHCEDY

Vo o 1L

d G G (3.6)

vy, 1 . 1. '
02 — = iy - =1

d C, *° C, ‘2

O1 e&omoelg (3.4), (3.5) xar (3.6) pmopovv va ypaeohv vd popen e£lo®oe®V KaTdoTaong
®¢ aKolovBwg

Ipopirentucéc Edreyyog
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x(2) = Ax(t)+ B(x()u + Dw(?) 3.7)
y(t) =Cx(?) (3.8)
Omov
_ - | Vo,l _ V0,2 |
Koo L, L
i L, : ’
x®=|v, [. 4= 0 0 o [Bx@®)]-| & O ,u{u‘}
V 0 O (o] 2
0,2 0 15
L . ] CO |
L0 o
L, v.
D=| 0 —% 0 ) W(l): iL,l s C:I3x3
0 0 | L e
- CO -

E& optopov ta peyéon i, Vors Voo Vs 15 ko il_'2 glvat ypovouetaPfAnTa.

Me otdyo ™ oyedioon tov TpoPAentikod gleykTy, ot e&lodoelg Kotdaotaong (3.7) kat (3.8)
draxprromorodvron (1™ ta€ng drakprronoinomn) pe ypovo derypatonyiog T, wg axorovbwg:

x,,=Ax +B,(x)u +Dw, (3.9)
y, =C,x, (3.10)
Omov
I LﬁTs 0 0
s,k LS
X, =V, 4,=(I+AT)=] 0 1 0,
V02,k 0 0
TV, TV, | T |
-2 ok __° o <0 0
LS LS Ls
T — — T,
B,=TB = C L, 0 D, =TD=| 0 _E 0 |,
T T
0 o | 0 0 -
CO s,k | Co_
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T,
L O s,k u
Dd = TSD — s T , wk e ILl,k , Cd = C = Ijx\g , uk - |:ul,k :|
O ___S8 2.k
C ILZ,k

o

ToviCetan 6t taw peyedn I, , V, , V,, wau I efvar Swxpred kon ypovopetafintd.

3.5 Evepyglokn availvuon, sikcovikn orocvlevén tov Baduidmv

Kpuipo modttog tov HOVOQOCIK®OV JKOTTIK®V  avoplotikdv dwtdéewv glvar 1
Aertovpyio oe LYNAO GLVTEAESTT 1oYVOC €160d0VL (Wavikd povadiaio). Tovto emTvyydveton
pe v mpovmobeon OTL 1 OepeMMONG OPLOVIKT] GUVIGTMOGEO TOL PEVLHATOG E10O00V va gival
CULQAGCIKY PE TNV TACT €16000V, 1N omoia Bempeitol MUTOVOEWNG Kot amaAlayuévn omd
avVAOTEPES apUOVIKEC. Me PBdon tnv mponyoduevn omaitnon, Tapdyetatl to embuunTtod pevua
€16000V, 670 0moi0 Oa TPEmEL VoL GLYKAIVEL TO AVTIGTOLYO TPAYLOTIKO PEVILE, TOV GUGTHILOTOG.
Ot pébodotl voAOYIGHOD TOL EMBVUNTOV PEVUATOC €1GOO0V OV EYOVV KATOYPAPEL OTNV
Bproypapia givor:

o Xpnomn avoroyik®dv greyktadv tomov PID
e Evepysuokn avaivon

H ypnon avaloyikdv gAeyKT®V Y10 TOV DTOAOYICUO TOL emBuunTov PEdUATOG 10000V Elval
TEYVIKN EVPEMG OLOEOUEVT] KOl TPOCPEPEL SMAO mAsovEKTNIA. Atoc@aAilel apevog OtTL M
HEGT TIUN NG ovveyovg Tdomng o cuykAivel oty emBounty| TN, OEETEPOL UE KATAAANAN
EMAOYY TOV OVOAOYIKOV KEPOMV TMV EMUEPOVS EAEYKTMV TTapdyel ot ££000 TOV NAEKTPIKO
onua 1o omoio tavtiletor pe to emBuuntd TAGTOG TOV PEVUATOC €16050V. To PEIOVEKTALLOTA
OV TPOKVTTOLV AUECH OO 1Tn OCLYKEKPWEV] TPocEyylon eglval 01l o€ mepintoon
AavBaouévng eMAOYNGC TOV KEPODV TMV OVOAOYIKOV EAEYKTOV 0dnyel 10 cvotnua, 6Gov
aopd v taon e£0dov, o€ amdKAIoN 1| 68 UOVILO GOAAUO, LE GUECT] EMITTMON GTO TANTOC
ToV  emBuuntovy PevUOTOC €16000V. EmmAéov okdpa Kot og mEPITT®ON  OoPOAODS
VTOAOYIGLOD TV KEPSDYV TOL GVOAOYIKOD EAEYKTN, 1 EVPWOTIO TOV GE TEPLOYES AEITOVPYING
mépav TOV onpeiov woppomiag mepropiletar 0dNYOVIOG T0 VTN GE 0oTadn Agttovpyia
KOl KOT EMEKTOON GE AAVOUGUEVO VLITOAOYICUO TOL EMBLUNTOV PEVUATOS €160d0V. Ommg
avaeépOnkKe otV Tapdypoeo 3.2 1 ¥pPNoT AVULOYIKOV-0AOKAN POTIKOV YPUUUIKDY EAEYKTOV
Bo mapdaEetl oty €£0d0 Tovg, avd Pabuida, To TAATOG TOV EMBLUNTOD PEVIOTOG TO OO0 GTN
ocuvéyelo Ba mpémel va aBpolotel e To LTOAOWTO £TGL OGTE Vo OMpovpyndel 10 cuVOMKO
emBountd mAdTog Tov peduatog mov Bo amortmbel amd TV Tpoeodocia. Kdrti tétolo
TEPUTAEKEL TNV EMITELEN TOV TEMKOD GTOYXOV oL givar 1 amocVlevén TV Pabuidwv, e1dkd
OTOV  OTaLTOVVTOL OlPOPETIKEC oLveXElg Thoelg o€ «dOe Pabuida, va TPo@odotovv
SPOPETIKA popTia.

EvaAloktikd pe v mopomdveo tpocséyyion, n amocienén tov Pabuidmv yp1oiontoidviog
10 gvepyelokd 100L0y0 amotedel o O SOKIUN TPOGEYYIOTN. ZINV TEPITTMGCT 0OLTH,
Oswpovpe 6TL M Kabe Pabuida Aoaufdavel évo TOGOGTO TNG GUVOAKNG EVEPYOD 1GYVOG TNG
TPpoPodociog To omoio umopel vo kabopiotei, T10606TO T0 omoio Ba ypnoyomonbel Yo va
ovvBéoel TIG €IKOVIKEG TOoOoTIiEG TNYEC Tpoodociag tng kdbe Pabuidag. 'Etct, kdabe

Ipopirentucéc Edreyyog
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Babuida tpo@odoteital EIKOVIKG OO e TNy OUOLIC XPOVIKAG UETOPOANG, ME TAGTOC TOL
opifetar omd TO TPONYOVUEVO TOCOGTO Kol OlOpPEETal OMO TO PEVUO TOV TOPEXEL M
TOPOYLOTIKN TNYN 6TO0 GLVOAKO Gulevypévo cvotna. Me Tov TpOTO aVTO EMLTLYYAVETOL 1)
TPOCEYYION  TNG OLVOMKNG ovlevypévng Ttomoloyiog o€ N-mANBog amocvlgvyuéveg
LOVOPACIKEG S1OKOTTIKEG 0vOPOMTIKES JATAEELS. AVOAVTIKG TO TOPATAVED TALPOLGIALOVTOL
oTNV ENOUEVT TTOPAYPOPO.

3.5.1 Anoovlevén tov Bobuidowv

Mo v avélvon mov axoiovBel Bempoldue To ocvOTNUA TOV TOAVEMITESOVL GvOpPHOTY
n-Babuidov tov oyfuatog 3.1. Oewpovrag ta peyebn V ; (DC tdon) o 1o peopa |
(poptiov) avd Pabuida yvootd, gite péow aueong uétpmong ite péow ektipunong, eivou
EPIKTOG O VITOAOYIGHOG TNG UEGTC 1OYVOG TOV OTOSIOETOL OO TNV TNYN GTO POPTIC, GUVOAIKAL,
CUUPOVA [LE TNV aKOAOVON oyéon

P =SV 3.11)

o, total oi = Li
i=l

Eniong n péon oyde mov katavaidveral 6to poptio g i-ootic Pabuidag sival

P =VI (3.12)

oi " Li

To moc0otd ™G Héomng 1oyvog ovd Pabuido pmopel vo LTOAOYIOTEL GTI GUVEXEIX OO TNV
axolovin oyxéon

V'ILi P(Ji
ﬂi:"#zw (313)
VI o

oi " Li
i=1

n
OmOL gtvat TPOPAVES OTL z B =1.

i=1

AopPavovtog vrdyn to T0c0oTd ToL TPOKLTTEL and TV oyéon (3.13), Bewpovue kovikeg,
oot YPOVIKA HeTABOAAOUEVEC TNYEG TPOPOdOGiaG avd Pabuida, cOUPOVE LE TNV ETOUEVN
oyéon

V,=pV. . i=12.n (3.14)

Kot avtdv 1ov 1pdno TpokvmTEl T0 VEO €IKOVIKG amoovlgvypuévo cuatnua N-fabuidov tov
oxfrotog  3.3-B, pe ta ewovikd mobnTikd otoyeio va hapfdvovv twés R =R /n kat

L=L/n.

[Ipokeyévov va vroloylotel 1 Ty Tov emBountol PedUATog (PELLA AVAPOPAS) EIGOSOV,
Aappdvoviar voyn ot akolovbec Topadoyés: (i) 01 MUKEG UVTIGTAGEI TOV OVTETAYDYDV
el00660v R, Bewpodvton apeintéeg kat (i) To emBuUNTod PedLA E1IGO30V dEV TEPLEYEL AVATEPES
appovikég TANV tng BepeMmoovs. Katd cvvéneia to 160Ldylo evepyow 16Y00¢ £16660V-e£050V
ava Paduioa SlatvTOVETUL OTMG TOPUKAT®
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=P°m.iz>%liﬂiVS=VI o1, = Balu (3.15)

in,i oi - Li

i's

H mponyoduevn oyéon (3.15) mopéyel v ektipnomn tov emBuuntod TAATOVS TOV PEVIOTOS
€10600v ava Pabuida, amd To 0moio TEAMKE EKTIHLATOL TO CLVOMKO ETBVUNTO PELLA 16000V
TOL OMOGVLLEVYILEVOL GUGTYLLOTOG

I, =1 sinat, (3.16)

«
I =1
-

omov

L ¥ R Li

Vo,1 H-Bridge 1
ﬁ”‘ﬂ' L “d 1
oa
it I
a2z * g
Sis Siz ic,i iLi i
_]a}pu K¥p. ol R Li
Vs @ Co= |:| Vo,i {: ) H-Brildge r'
Sis S Vi~ I +
—IH}DU j%DN ﬁﬂ * . Loadi
i |
@i+1 -
ion H
Y, Sz ic,n iL,n i R" Ln-
_I Dnl_] D.: [/ .—l\: ﬁ,\,—l‘"“—l
b Co= |:| Vo,n H-Bridge n
+
S”j}ﬁ}l,ﬁ'ﬂl{fl} ’ N
» fntl In |
(o) ®

Zynua 3.3: (o) [Tolverinedog avopBwtig N-fabuidav, (B) Ewovikd arocvlevypévo cvotnpa N-fadpidov

3.6 [1p0Go10pIoUOC TMV OLUKOTTTIKOV TEPLOYDV

Onwc avaeépdnke oty mapdypago 3.4 1 dapopikn &lcmon oV TEPLYPAPEL TV TAELPA
TOV EVOAAOGGOUEVOV UEYEDDV TOL VIO UEAETT) TOAVETINEOOV UETOTPOTTEN OIVETAL OO TNV
oyxéon (3.4). Aappdavovtag wg ypdvo derypotornyiog Ts kot dtakpitomoinon tpdg tééng,
npoavapepbeioa oyéon yivetal

L
Vab,k = Vs.k - Iskas - TS [Is,k*l - Is,kJ (3‘17)

s

Edv vrobécovpe 611 eGacorileton cOyKAoN HeTaED TOL TpaypoTikod pevpatog I Ko g

embopntig TG Tov ot emdpevn derypotornyio, I ., ~ I:)kﬂ, tote glvar dvvatdg o

Ipopirentucéc Edreyyog
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VTOAOYIGHOG TG emBupuNg TING G Tdong €16ddov tov petatporéa V., n omoia Ha
diveton amd v akdlovdn oyéon
V:b.k = Vs,k - Is,kRs - LS [I:,k—l - Is,k:| (318)
T

s

Amo v tehevtaia oyxéon (3.18) damotdvoupe 6tL 1 emBounTy TAOoN V:b)k glval péyebog
nurtovoedmg petafoiidpevo, pe BepeMmon cvyvotnto N omoia kabopiletar and v Tdom

Tpopodociag V,, kot mAatog Bepeddovg cuvieTdOcg EEaPTMUEVO OO To. TAATN, TG TAOTG

tpopodociog V , , Tov embountod I, . ot Tov mpoypoticov pedpotog £16680v 1, , kabag

1
Kat omd tovg vodrormovg mapdyovieg R, L o T, (o1 omoior Bewpovvion otadepng Tiung).
Me Bdon 1 ovykekpuévn mpocEyylon Kot yvopiloviag pe okpifela To emimedo mov
oLVOETOLY TNV TPAYUOTIKY TGoN V| TOV HETATPOTEN, SLOTLITMVOVLE, GE HETOYEVECSTEP

TOPAYPOPO, TO GOAAUN peTalld Tng emBuUNTAC KOl TG TPUYUOTIKNAG TAGNES €16030V TOV
LLETOTPOTEQ.

3.7 Xyedioon EKTIUNTA PELUOTOC OOPTIOV

[Ipokeywévov va meplopiotel 10 KOGTOG OAAGL KOU 1) TOALTAOKOTNTO TNG MEPOUATIKNG
owatalng, oyxeddaletor KATOAANAOG EKTIUNTAC PEVUOTOC  (POPTIO IL’i ovd  Padpioa.

Ymplopevol oty gpevvntikn epyacio [41], viomoteiton 1 oyediooT KOTAAANAOD EXTIUNTY
kotd Luenberger. Xpnotpomoidvrag kavoveg avilvuong NAEKTPIKOV KUKA®UATOY otV ££080
TOV GUGTNUOTOG, TPOKLATEL TO OKOAOVOO GVUGTNUA GUVEXOVG XPOVOL GE LOPPT EEICDCEDY
KOTAGTACTG

é(t) = Fz(1)+ G(z(H)u (3.19)

Yo () =Mz(1) (3.20)

‘Onov

1
r 0 -— r .
[z@] =|v,, i, F= . (():O . [Gew)] {%15 0}, M=[10]

[}

AWKPITOTOIHVTOG TO GUGTILLO GLUVEXOVG XPOVOL TV oxécewV (3.19) kar (3.20), Tpokvmtel TO
TOPOKATO U1 YPOUUKO GOGTN O S1KPLTOD YPOVOU.

. =Fa'zk +Gd(zk)uk (3:21)
yo,k — Md z, (3.22)
Omov
Awaktopiki AveTpifi
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T
_| Vo _ e lererer=| T
5, =| " | F,=(+FT,)= oGl =T.G"=| 21, 0|
Lik 0 0
M,=M=[10]

To ocbomua mwov meprypdopeton ond T1g e&iodoel katdotaong (3.21) ko (3.22) eivon
TOPATNPHGIUO, KOl KOTO cLvEREln, pumopei va oyedlacbel katdAiniog extiuntic Luenberger
omwg otnv avaeopd [41]. Ilpokeévov va emitevydel avtd, 610 SdvLoUE TOV HETOPANTOV
KOTAOTAONG Z,,, TPootidetar o Opog avaTpoPosOTNoNG TOV GOAALNTOG NG ££000V e

KéPOOG ToV Tivaka avotpooddtmone H omwg mopokdto:

%, =F%, +Gu +Hy, (3.23)

K

A

Vou = Mz, (3.24)

Onov o1 6pot ?.k Ko yo'k OMNA®VOLV TO EKTYUMUEVO OlAVUOUO KOTAGTOONG KOl TNV
ektipmpevn taon e£6dov avtiotoyya. O mivakag H' =[h, h,] mepryphosr 10 KEPSOG TOL
EKTIUNTA TO omoio axolovbwg mpocdiopiletat. O dpog Yolk OMADVEL TO CEAALN LETOED TNG

UETPOVUEVNG KOl TNG EKTIHMUEVNG TIUNG TNS €£600VL Kol € GUVOLOGUO LE TN oo (3.24)

yO,k - yo,k - S\,o,k = Md (zk - ék) = Mdzk (325)

%, =%, -%, (3.26)

Enavadiotondvovtog m oyéon (3.26) ot ypoviky otypry (k +1)T wpokvmter 1 akdrovdn

EKQPACT] TOV GOAALATOS KATACTOONG

=(F,-HM, )7, (3.27)

Lps1 — Cper " Spar

To oedhuo z,,, omd m oxfon (3.27) Bo pundevichel uovov otav eCocpariotel n chykiion
TOV EKTILMUEVOV SLOVOGLLOTOG 2/{ +7 M€ TO TpaypoTikd gz, ., . Ilpoxepévov va doceariotel to

televtaio, apkel ot otués A, 6mov 1= 1,2 tov mivaka [F -HM d] va Bpiokovtar eviog

TOV pHovadloiov KOKAOL, Xi| <1. Me Bdon tic TPOoNyOVUEVEC ATVTMOGELS, Ol WOIOTIUES TNG

oxéong (3.27) ko xotd ovvéneln ko g (3.23) tomoBetovvtanr avbaipeta oe BEoelg mov
opifovtol amd v adyePpikn enilvom Tng EXOUEVNG GYECTC

pI - F,+ HM |=(p-},)(p-1,) (3.28)

N omoia avdyeTal TEMKE TNV akOAoLON Ekepacn

T,
C,

p’-p(2-h)+(1-h -h,—=)=(p-A)(p-A,)=p*-p(A, TA)+A LA, (3.29)
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Atdovtag Tég oty YopNTIKOTNTO TOL PIATPOL €650V TOL cuotipatog TN C, = 2200uF

Ko emAEyovag ypovo derypatoinyiag T, =50us, n oxéon (3.29) diver 11 axdrlovbeg AdoELS

h =2-(A, +1))
C, (3.30)
h,==>(I-h,-A1,)

S

Emdéyovtog avBaipeta wotés A =0.8 xar A, =0.8 eviog tov povadiaiov kdkiov, o

Tivakag KEPOOVG TOL COUALOTOS AVATPOPOSOTNONG OpileTal ™G
H"=[0.4 -1.76] (3.31)

Aappdvovtoc vdym v tponyoduevn oyéon (3.31), ot eKTIU®pEVEC HETAPANTEG KATAGTAONG
™mc¢ (3.23) eivan

A

Vit =06V, ~(T,/C)(u,I, -1,,)+04V (3.32)

oi,k+1

I =-176(V,, -V, )+1, (333)

Lik+1

H oyéon (3.33) oe cvvdvaopod pe v oxéon (3.15) pog mapéyel o TAATOG Tov emBuUNTO
PEVLLLOTOC E1GOO0V

| = 2aly (3.34)

S

3.8 Xyediaon mtpoPAETTIKOD EAEYKTN UE TEPLOPIGLOVC

INa v dwdwacio oxedioong Tov TPOTEWVOUEVOL TPOPAETTIKOD EAEYKTH omouteitol, Ommg
avaEEPONKE Kol 6TO KEPAANLO 2, TO HAONUATIKO LOVTEAD SLOKPITOV XPOVOL TOV TPOYIOTIKOD
CUGTAMOTOC. AVTO TOPEYETAL Amd TNV avdAvcoT Tov mponyndnke otnv mopdypapo 3.4 tov
TOPOVTOG KEQOANIOL Kot cuyKekpluéva omd Ti¢ oxéoels (3.9) kan (3.10).

Ot ot6Y0L oL Bor TPEMEL EMTLYYAVOVTOL OO TOV VITOYNPLO TPoPAEnTIKO eleykTn €ivar: (i)
Hovad1iog GUVTEAEGTNC 10YVOG €100V, (ii) cuveyelg taoelg avd Pabuido cvykekpluévng
g, (i) amoovlevypévn Aeutovpyia oe tdoelg M/kor @option kot (iv) TOALETIMEST
EVOALOCGOUEV TAGT oTNV €l6000 Tov petotponéa. EmmAéov, 1 gvotabng Aettovpyion Tov
GULGTHLOTOC, 1] EVPWOTio o€ afefatdTnTeg KOOMG KAl 1) SVVOUIKT) CUUTEPLPOPE TOV EAEYKTY,
OTOTEAOVV  OVOTTOCTOGTO OYEOOTIKO Opo. Ilépav Tov ovetépm Texvikav {nnuitov,
€YEIPOVTOL KOl GUVIVAGTIKG TEYVIKOOIKOVOULKY Béuata Onme gival 1 amaitnorn tov eAeyk
0€ VIOAOYIOTIKO KOGTOG, 1| DAOTOINGN TOL G& YNPKd cLoTHUOTo enelepyaciog oNHOTOG
(DSPs) yapunAod KOGTOLG Kol TEXVIKMOV OmAITHCE®Y, KOOMG Kot 1| LEALOVTIKT LAOTTOINGT TOV
ot0. mAoiol evog eumopwol mpoidvtoc. EmimpocOétmg, m vAomoinon pog Sounpévng
dwdikaciog peTpiioemv Kol vroAoyioumy on-line vrd povadiaio opilovia mpdPAeyng
kT, > (k+1DT,, T, =100us dmuovpyet eniong mepartépw mpoPAnpata vAOTOINoNC.
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3.8.1 Awatdmmon Kol 6YeSLacT TOV TEPLOPLGUDV

Ao TO, OTUOVTIKOTEPO, TAEOVEKTILOTO TOV TPOPAENTIKOD EAEYYOV EVOVTL T®V VTOAOITMV
BérTioT@V eAeYKTOV, €ival 1 EVOOUATMOON UN YPOUUKAOV TEPIOPIOUDY TOGO OTIG HETOPANTEG
Katdotaong, 000 kot ot €£660vg Tov cvotnuatog. Emiong, vmdpyer kot n duvatdtnta
VAOTOINONG TEPLOPICUDY Yo TIC UETAPANTEG EAEYYOVL TOVL cuotiuatog. Ot meplopicpol mov
UTOPOVV Vo, TEBOVV O€ £vol GUGTNLO AEKTPOVIK®DV 16Y00¢ OTTMC 1 avopOwtikn didtaln Tov
aAAnAévoeTov Pabuidov gival n amaitnon g peTafoAng T@V HETAPANTOV KATACTOONG Kot
TV ££600V €vTOg opiwv (soft constraints), 1 Lo 1OTOTOINGN TOV SUKOTTIKGOV UETARACEDV,
1N €vePYOTOINGN SOKOTTAOV 1GYVOC Yo TNV amdLEVEN TOV GLOTHATOC AT TNV TPOPOSOGia 1
mv  omoppyn  Pabuidag Adyw oedipatog (hard constraints). XTov  GUYKEKPUEVO
TPOTEWVOUEVO  TPOPAENTIKO EAEYKTH EVOMUOTOVOVIOL TEPLOPICUOL OV  APOPOVV  TIC
petaPintéc xotaotaone, TG METOPANTéG €660V TOL GLGTAMATOS KOOMG Emiong Kot
OLOKOTTIKMY HETOPACEWDV.

Opowa pe v emtvoyn pebodoroyion mov akolovOnbnke otnv mopdypapo 2.7 yw TOV
oXEOOOUO TOV TEPLOPICUMY TOV PEVUATOG EIGOO0V, O TEPLOPICUOG OV SLTLTMVETOL Y10 TO
PELLLOL E1GOS0V NG avopBOTIKNG d1aTaENG TV OAANAEVOETOV Pabuidmv £xel ®g akohovO®C

qla (Is,kﬂ (s,k+1)max ) 1f Is k+1 2 I(s,kﬂ)max
&= an (I(S,kﬂ)min - s,kH) if Is,k+1 < I(S,k+l)min (335)
qlb Is,kJrl s,k+l lf I(s K*+Dmin — Is K+ T I(s k+1)max

Opilovtar o dvo kol kKat® Oplo TG TEPLOYNG UETABOANG TOL PEOUATOG €LGOOOV, O(POD
TPOTICTOG €Yl LIOAOYIGTEL TO emBuuntd pedua 16640V, oyéon (3.16), To omoia divovral

=051+, xou I =-0.5-1. + I, . H enhoyf tov

oamd T akdAovOeg oyéoelg : 1 kD)

(s:k+Dmax
oplov ovTOV yivetal pHe KPUTNPLO TNV SIOKOTTIKY GLYVOTNTO KOl TOV TEPLOPIGUO TOL
OPUOVIKOD TEPLEXOUEVOL (EVpUTEPY] TEPLOYY] OKVUOVONG 0ONYel o HEYAAO apUOVIKO
TEPIEYOUEVO KOl YOUNAT OLOKOTTIKY GLYVOTNTO, EVD GTEVN TEPLOYN OTA aKPIPmg avtifeta
OTOTELECUOTA). XTI GUVEYEW TO OQAAUN TOL PedUATOG TOAAOTAaCLAleTOl UE Evav
ovviekeotn Papvmtag avo meployn €16l 0 Opog €, mov o evoopatwbei 6To KprTNplo

Beltiotomoinong va kabopilel v dpdon eAéyyov ce avAAOYEC TEPITTOGELS.

Me v 10100 erhoco@ia, opiletal T0 ELAYIOTO KOL HEYIOTO OPLO TNG OLOKVUAVONG TNG TAoMNS

£€080v cvvapthicel g embBounthg téong Aertovpyiog avé Bobuida : V., =0.99- V01 -
KoLV, =101 VOk+l Ta wponyodueva opla opiovv clomAd Vv meployn SakdUavong

™G LEoMG TIUNG NG Téomg eE6d0v g Kabe Pabuidag kot og kapio mepinT®oN devV EMPEPOVLY
TEPLOPIOUO TNG KLUATOONG TNG. Z€ TANPN ovoroyio pe to pedua, opiletar n ékepacn Tov
OQAALOTOC TNG TAOTC OTMG TOUPUKATD

an (V01 k- (01 k+1)max) lf Vm k+1 — " (oi,k+)max
Evi = an( ©ikH)min o, k+1) if V01 e < i k)min (3.36)
qu Voi,k+1 oi lf V(m K*+Dmin — V01 k+1 — " (oi,k*t)max
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Ot ovvteheotéc PapvTnTOoC GTO CEAAUO TNG TAOMC, TPOGOIOOVY TNV ONUAVTIKOTTO TOL
CUYKEKPIHEVOD KOl KOT  EMEKTACY] TNV OmOGOCT ToL Kpitnpiov PeAtiotonoinong vo o
OVOLPECEL, LEG® KOTAAANANG OpAong EAEYYOVL.

EmBopdvtag v  dnuovpyla moAveminedng TAONG OTOVG OKPOJEKTEG €10O00VL  TOV
UETATPOTEN, SLOTVTTMVOVLE TNV £KQPOCT] TOV GTIYHOIOV GQAAUATOS TG, TOAMATAAGIOCUEVO

ue Bapog q,, ©g arxorovdmg

81’11 :qm

V:b,k - Vab,k‘ (3.37)

[Tépov TOV OVOTEPOV TEPLOPIGUDY, EIGAYETOL EMTAEOV KOl O TEPLOPICUOS TOV SLUKOTTIKMV
petapdoemv, 0 0moiog S1UTLTOVETAL OO TNV AKOAOVON oYéon

& =q Y, U (3.38)

1

O meploptopdg TV SUKOTTIKMV PETAPAGENDY OMOCKOTEL 6TV AvaipeEST ATOd00NG oNUAT®V
eMEYYOV TPOG T OOKOMTIKA OTOlXElo KATA TIG TEPMTMOEL; OMOL 1 AgLTOLPYiR TOL
ocvotfuatog v ypovikny otiypr] (k+DT, etvor Spota pe ovt) TG TPONYOOUEVNG
derypatoAnyiag kT, . Etol o gheyktng mepropilel Tig drakontikés LeTafAoElg Kot Tov ypovo

EKTELEGTG TOV aAyopiOuov.

Ot ovvtedeotég Bapovs (., dys Ayv,s Qv Am KO q, ETAEYOVTOL HE KPITAPLO TNV THPNON

TPOTEPALOTNTOG KOl EEAGPAMONG TV GTOY®V OV £X0VV 10l GTOV TPOPAETTIKG EAEYKTN Yial
™ Aerrovpyio tov petatponéa [42]. o To ovykekpuévo petatpoméa, peilovog onpaciog
amoteAel 1 Onpovpyio TOAVERITESNG TAGNG Kol KOT® 0KOAOVBIoY NUTOVOEINES pedLal 16600V
LE GUYKEKPIUEVO YOPOKTNPLOTIKG (EMBVUNTO TAATOG, CUUPAGIKO LE TNV TACT TPOPOSOGING),
ouveyelg Taoelg kabopiopévev TIHMV, Kot XounAn S10KOTTIK GLYVOTNTO (TEPLOPIGUOG TOV
SLOKOTTIKDY UETAPACE®MV). AVTI M lEPAPYNOT TOV GTOY®V OTMG dloTLTOONKAY, dNADVEL
EUUECHOG KAL TNV TIUN TOV OVTIGTOY®V GUVTEAESTAV Pdpovc, mov oty mepintwon pog o

TPETEL VOL 16Y0EL .y > G, > (- 9y) > (v, s Dy -

3.9 Kpimpro Beltictomoinonc

H pobnupotuc) datdnwon tov kpirnpiov Peltictomoinong eivar éva molvovvleto tpodfinua
Kol yivetol cuvBeTOTEPO, OTOV TO VIO PEAETN GVOTNUO EIVAL LN YPOUUIKO KOl DVTOKELTOL GE LN
YPOULUKOVG TTEPLOPIGHOVE. Me Baomn tn Oswpia Tov TPoPAENTIKOD EAEYYOL TOL CvOTTUYONKE
010 Ke@Aahato 1, 1 dSuokoAin £yKeLTaL GTO YEYOVOG OTL TO KPLTNplo elaylotomoinong Ba mpémet
cLYYPOV®G VO amoTeAEl cuvaptnor Tov Bewpnuatog g evotddeiag Lyapunov. H diapknig
EPELVITIKT OPACTNPLOTNTA €L TOL CLYKEKPIUEVOL BEpaTog delyvel v eEopetikn SLGKOAIN
™G QUECNG EPOPHOYNG TOVL €V AOY® BempNUATOC Kol TOPATEUTEL 68 HEBOSOVE dSLVALLKOD
wpoypoupatiopov [18], [20-21], [25] kot ot pebnuatikn Bswpia g Pertictomoinong twv
KUPTAOV cLVOA®V (convex optimization) [19], [22-24].

To kpuiplo PeAtiotonoinong mov ¥PNCYOMOLEITOL VIO TNV GUYKAIGT TOV TPOYUATIKOV
peyebaov pe tig emBounTég Toug TIHEG EXEL TNV aKkOAOVON HabNUOTIKY £EKPpaoT
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n
Ji (Sl,k 2EyokoCuke 8m,k) TE e ek T ;SVoi,k (3.39)

3.10 AvdAivon tnc svotabeioc

H Oegopnrtikn avdivon kot omddein g evoTadElng TV TPOPAENTIKMV EAEYKTOV OVAYETAL GE
petfovog onpoaciog gpgovntikd Bépa avénuévng moALTAOKOTNTOG EWOIKA GE JKOTTIKA
ocvotipata. H dvckolio avt) mpoépyetal kupimg amd  dtodikacioo avedpeonc KATAAANANG
ouvaptnong feltictomoinong mov va TAnpol Tig Tpoimobicelg Tov Bewpnuatog Lyapunov. To
yeYovOg OTL TO OOKOTTIKO GUGTNUO OVOAVETAL OE €VOTADN VITOCLGTHUATO OEV LITOPEL Vo
OTOTELECEL GUUTEPUOUO YLO. TNV GLUVOMKY gvotdfeln tov cvotiuotog. Opota pe v
dodikacio mov akolovdnonke oty mapdypogo 2.8 tov 2% KePUAAiIOV, OVOADOVUE KoL
UEAETAUE TNV €VOTADEID TOV VTOGLOTNUATOV OV TPOKVTTOLV Y10, OAOVE TOVG TBAVOVC
SLOKOTTIKOVS GUVOLOUGOVG.

1" Iepintowon: u=1, u,=1

H oyéon (3.9) yiveron

1 Rs Ts Ts
LS : LS LS
_| T +D
X, = v 1 0 |x, W, (3.40)
N
| - Co -
Ag

O mivakog A, &xel 10 akd6AovO0 YAPAKTNPIGTIKO TOAVAVOLO
P(A)=|A - A|= A° -2.99421% +2.99051 - 0.9962

kot wotés 4 =1, 4, =0.9971+j0.0449 war A, =0.9971-j0.0449 . ITapatnpodue O6tL M
wiotiun 4, Ppioketonr méve otov povadiaio kOKAO (|ﬂl| =1) ev®d ot dhAeg dvo Ppickovtar

/12

evtog tov povadiaiov kdvxkiov (|4,|= |/13| =0.9981). Enouévmg to vrosdotnua Topovctalet

0ploKN N KPIGIUN EVoTADEL.
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2" lepintwon: u=1, u=0

H oyéon (3.9) yiveron

R
L
LS ‘ LS
X, = 1 1 0|x +D,w, (3.41)
0 0 1
i i

O nivakog A, &yel 10 akdAovho XoPAKTNPIGTIKO TOAVAVORO

P(A) = |AI - A,|= 2° -2.99422* +3.01074 -1.0164

kot Wwotés 4 =1, 4, =0.9971+j0.1490 xar A, =0.9971-j0.1490 . ITapatnpodue 611 M
Wt 4 Ppioketor mdve otov povadaio KHKAO (|/11| =1) ev®d ot dAleg dvo Ppickovtan

€KTOC TOV povadiaiov KOKAOV (|/12| = |/13| =1.0082). Emopévmg to vrocvotua ivot aotadéc.

3" epinrwon: u=1, uy="1

H oyéon (3.9) yiveton

R
R, T
LS ’ LS LS
X,=| & 1 0|x+Dw, (3.42)
T
_— 0 1
- CO -
A3

O mivaxog A3 €x€1 T0 aKOAOVO0 YOPOKTNPLETIKO TOAVMDVVLO
P(A)=|A - A|= 2° - 2.99422% +2.99052 - 0.9962

kot Wwotés 4 =1, 4, =0.9971+j0.0449 xar A, =0.9971-j0.0449 . ITopatnpodue 611 M
Wt 4 Ppioketor wdve otov povadiaio KOkAo (|/11| =1) ev®d ot dAleg dvo Ppickovtan

22

€VTOG TOV povadtlaiov kokiov (|4,|= |/13| =0.9981). Enopévog 10 vrocvotnuo £YEl OpLOKN

gvotadeia.
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4" Ilepinrwon: u=0, u,=1

H oyéon (3.9) yiveron

Ry L
s A LS
X, = 0 1 0 |x +Dw, (3.43)
L 0 1
- Co —
Ay

O mivakog A, €yel 10 akdrovbo XoPAKTNPIGTIO TOAVAVORO
P(A)=|AL - A|=2° -2.99422* +2.98951 - 0.9952

Kot wiotipég A4 =1, 4, =0.9971+j0.0317 ko A, =0.9971-j0.0317 . [Tapoatnpodpe 6t N
wiotiun A Ppiloketon méve otov povadiaio kOKAo (|/11| =1) evd o1 GAAeg dvo Ppiokovral
€VTOG TOV povadiaiov KOKAov (|/12| = |/13| =0.9976). Emopévag to vmocuoTnio £XEL OPLOKN
gvotadeto.

5" Hepintwon: u;=0, u,=0

H oyéon (3.9) yiveton

-2 0 0
LS
X, = 0 1 0|x, +D,w, (3.44)
0 0
i : |

O mivakag A, &yel 1o 0k6Lovbo XAPUKTNPIGTIKG TOAOVVUO
P(A)=|AT - A|= 2°-2.99422° +2.98841 - 0.9942

kot wotipég 4 =4, =1 ko A, =0.9942. ITopammpovpe 61t ot Wwotpés 4,4, Ppiokovra
ndve otov povadlaio KOKAO (|/11| = |12| =1) evod n Wotyn A, evtdg. Emiong o mivakog A

elvat d1oydVIog Kol ETOUEVOG TO DITOGVGTIILA EIVOL OPlaKd EVOTOOEC.
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6" Hepintwon: u;=0, u,="1

H oyéon (3.9) yiveron

1o -
L, L,
X, = 0 1 0 |x, +Dw, (3.45)
L 0 1
- Co -
4

O mivaxag A, &yel 1o 0k6Lovho XAPUKTNPIGTIKG TOAVOVVUO
P(A)=|AI - A,|= 2° -2.994227 +2.98951 - 0.9952

kot wotipég 4, =1, 4, =0.9971+j0.0317xar A, = 0.9971-j0.0317 . INapatnpodue Ot M
Wt 4 Pploketor mdve otov povadiaio kOKAO (|/11| =1) eved ot Wotpég A, 4, evtodg

(|/12| = |13| =0.9976) . Eropévac 10 vrocvotua Topovctdlel oplakr gvotdbeia.

7" Hepintwon: u;=0, u,="1

H oyéon (3.9) yiveton

R L L
LS : LS LS
_| oz +D
X, =| o 10 % +Dw, (3.46)
T
=0 1
- CO -

O mivakag A, €yel 1o ak6LovOo XAPUKTNPIGTIKG TOAOVVUO
P(A)=|AT - A|= A° -2.994247 +2.99051 - 0.9962

kot wotpég A, =1, 4, =0.9971+j0.0449 ko A, =0.9971- j0.0449 . ITapatnpodue 6TL M
wiotipn 4 Ppioketor ndve otov povodiaio kdkAo (|/11| =1) eved ot Wotpég 4,4, evtdg

(|ﬁz| = |13| =0.9981) . Emopévmg 10 vrocvotnpa topovctdlel oplokn evotadsia.
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8" Ilepintwon: ui="1, u,= 0

H oyéon (3.9) yiveron

LRy T
L L
- T
X1 =| G 1 0lx,+Dw, (3.47)
0 0 1

O mivakag A, €xel 1o 0k6Lovbo YAPUKTNPIGTIKG TOAOVVUO
P(A)=|AI - A= A° -2.994227 +2.98951 - 0.9952

Kot wotipég 4, =1, 4, =0.9971+j0.0317xanr A, = 0.9971-j0.0317 . INapatmpodue Ot M
Wt 4 Pploketol mdve otov povadiaio kOKAo (|/11| =1) ev ot Wwotpég 4,4, evidg

(|/12| = |23| =0.9976) . Eropévac 10 vrocvotua Tapovctdlel oplakr gvotdbeia.

9" lepinrwon: u;="1, u,='1

H oyéon (3.9) yiveton

_1 Rs Ts Ts 1
L, L, L
= L +D 3.48
Xiwr = C 1 0 1%, Wk (3.48)
_L 0 1
L Cn i
Ag

O mivaxag A, &xel 1o 0k6Lovho YAPUKTNPIGTIKG TOAVGYVLO
P(A)=|AT - A= 2° -2.99422% +2.9884.1 - 0.9942

kot Wotpés 4 =4, =1, ko 4, =0.9942. ITopatnpodue 6t ov Wotpég 4,4, Ppiokovran
Tédveo oTovV povadloio KOUKAO (|Zl|:|/12|:1) evd mn oty A, evtog (|/13|=0.9942) .

Emopévog 1o vrocvotnuo tapovcialel aotddeia.

Opota pe N doTvmmon Tov BempAuaTog TG Tapaypaov 2.9 tov 2°° kepoaiov, avalntodue
Beticd opiopévo mivaka P €6t dote 0 mivakag A’ P+ PA, vo givol BeTikd optopévog Kot ot

yeopetpwcoi tomor A'P+ PA <-Q, 6mov Q cuppetpikods kot OeTikd oplopévog mivakog,

and kéOe vrocvoTUa A, £XOVV KOV YEMUETPIKT) TEPLOYN.
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Me ypion g evioAng lyap(4; ,Q) dev mpoxvmtel Oetikd opiopévog mivakag P, ondte 1o
cvomua A, eivor actafég katd Lyapunov. Tovto dev onpaiverl kat’ avdykn 0Tt 10 GOSN
elvar aotafég, mpdypo To omoio delyvetol Kol UEC® TMOV TPOCOUOIDCEMV OAAA KOl TOV
TEWPAPOTIKOV petpnoewv. H gvotdbeid Tov GLOTAHOTOC Kol KOTE GCULVETEW KOl TOV
TPOTEWVOLEVOD EAEYKTN, OLTIOAOYEITAL OO TNV TPOGEYYIoN OTL Ol SOKOTTIKES METAPACELS
petald evotafdv cvotnUatOV givol ToyOTOTEC, TPOGOIOOVINS OTO GLUVOMKO CUOTNUO
€voTafN AEITOVPYIKY GLUTEPLPOPA.

3.11 Ieprypoon Tov aAyopiOuov

2y mopodoo mopdypapo, mopovcowdletor oe Prpoata 1 OdIKocio EKTEAEONG TOV
alyopiBuov eréyyov mov okoAovOnOnke TOGO ot eminedo TMPOGOUOI®ONG OCO Kol OE
nepapatiko. Emmiéov, napovoidletol To Sidypappo porg tov adyopifuov mov cuvoyilel tnv
Tapovciaon Tov aiyopiduov.

O aAyop1Bu0g ELEYYOV TOV TPOTEVOLEVOD TPOPAETTIKOD EAEYKTN £YEL OG AKOAOVOMG :

1. Mérpnon tov petafintov V,, , [, V,

oi,k

2. Exrtiunon tov pevpatog poptiov I

oi,k+1

Y7rohoyiopdg tov entfountod pedpaTog 16600V IS -

4. Ymohoyiopdc tng emtBountmg tédong €10660v g d1dtaéng V:b’k

5. YToAOYIGUOC TV EKPPAGEDY &1 koEvok Cuk Emk

6. Apywomoinon tov kpttnpiov Peltiotomoinong J (8I k> EvorEuk: €m k)

7. ApBuntucog VTOAOYIGUOGC TOV Kpumpiov BektioTomoinong

J (e

n
k> Evok: Euk-€ m’k) TELHE L FE ngm,k Yo KGO EMTPENTY] SLOKOTTIKN
i=

KOTAOTOOT Kot 0ToONKEVOT GE LOVASES VUG

8. Emoyn g ehdyotng J (8 €

uk’ mk)
9. Amddoon g dwekomtikng katdotaong (I13.1, 113.2, I13.3, I13.4,) mwov avtieTotyEel

oTNV eAGYLOT T TOL Kprtnpiov Bertiotonoinong
10. Brjpa 1

Lk Vok’

Ola ta mapordve cuvoyilovial oto akdAovdo didypapa pong tov oynuatog 3.4
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Amddoon onpdtev eLEyyov ot
SloKomTIKG GTOLYE L

v
Métpnon Vv

0i,k Is,k Vs,k

\/

v

Extipnon | oik+1
* *
Ymoloyiopdg I S,k+12 Vab,k

v

Apyconoinon J opt

poBreyn Is,k+1 9V0i,k+1

v

[epopopol &, E,E,,&,

v

Zyvdpmon Beltistonoinong  J

v
< J) then (‘Jopt = ‘J’iopt = I)

If (J

opt

Noi

Zynua 3.4: Adypoppo pong Tov TPOoPAETTIKOD ELEYKTH

3.12 AroteréonoTo otd TNV TPOGOUOIMOT KOl TNV TEPOLOTIKN OLAToEN

2y mopodoo TOPAYPOPO ToPoLCIAlovTal To OTOTEAECUATO OO TNV TPOGOUOI®MOoN NG
HOVOQOGIKNG  TOAVLETINEdNG ovopbwtikng Odtaéng tov  aAnAévoectov  Pabuidwv,
GULYKPIVOUEVO UE TO avTioToy Tepopatikd. [o v mepapatikn enifefainon avomtdydnke
0TO €PYUOTNPIO TPOTOTLRN dtdtaln, oynfua 3.5, amoteloduevo amd dvo Pabuidec. Ta
otolyeio Tov emAEYONKaY Kot Yo TV Oe@PNTIKN TPOGOUOIMOT GAAG KoL VI TV TEPAUATIKN
emPePaionon, Tpooeyyilovv TIG TPAYUATIKEG AEITOVPYIKEG KATAGTACELS OAAG KO TO dtabécipa
gUTopIKA Tpoidvta. Zuvoyilovror dg, atov akoilovbo mivaxa I13.5.

E&etdlovtonr tpeic S10popeTIKEG AEITOVPYIKES KOTOOTAGEL TOGO OE EMIMESO TPOGOUOIMONG
000 KOl 6€ TEPAUATIKEG PeETPNoelS : (1) Asttovpyia o€ OVOLOOTIKEG cuvOnKeg, (1) Prraticég
petaforég T@v ovveymv thoemv avd Pabuida xar téhog (iii) Pnpoticés peToforéc TV

Ipopirentucéc Edreyyog
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T R

eoptiov  ové Pabuida. Ov mpoavapepbeiceg Tpeig AEITOLPYIKEG TEPIMTOOELS Elvon
OVIUTPOCMTEVTIKEG T®MV oLVONKOV Agtovpylag mov veiotator pio tétowe ddtaln oe
TPAYLOTIKO YpOVO.

Cascaded Rectifier
Prototype

vvvvvv

Zynua 3.5: Mpetétoan nepoapoatikn dtdtaén tng LovoPactknig avopmTikig d1dtaéng e vo aAAnAévdetes Pabpides,
TEVTE EMMES DOV

Ilpocouoicwan Hepouatiky Awgraln
Téon tpogodociag (V) 230V, 50Hz 230V, 50Hz
4.5 mH, 0.6 Ohm, KuKAIKOG
Avtenoyoyn e166d0v (L, Ry) 4.5 mH, 0.26 Ohm TLUPNVOG, VAIKO QePPITNG
(N87)
Awxkontikd otoyeia (S) [davikd otoyyeia, IGBT 8 X IXGH25N120A
diktpo e&£doov (C,) avd
Babuida 2200pF 2200puF/600 V
Quika poprtia (Ry) 100 Ohm, 60 Ohm 100 Ohm, 60 Ohm
Xpbvog derypotoinyiog T=100 ps T=100 ps
. , dSPACE RTI 1104, DSP
Extéheon aiyopibuov MATLAB/SIMULINK TMSF240, 40MHz
Métpnon taong 16050V,
taoe@v €000V (ava Voltage probe LEM, LV-25P
Babuida)
Métpnon pedpoTog £166560v Current probe LEM, LA-25NP
E"V“"S“TZ@ qg’q“”q“ Ve 1510, 10°,3:10%, 3-10%,14-10° | 5:10%, 10°,3:10°, 3:10,14-10°
Opilovrag TpdPreyng Np 1 1
Op1a draxvuavong g DC
thong avd Bobuido (uéon 0.99-V',, 1.01-V", 0.99-V',, 1.01-V",
TWN) Vot mins Y (ot Dmax
Opuo draxvpaveng g
98].18)\,l0)§01)g GUVIGTOGOG TOV 05T AT, 05T 4T,
pEVLLATOG E1GOJ0V

s * Ak *
051 +T1, 0.5 1 +T
I(s k+1)mins I(s k+1)max

[opovcioon anotehecudtov

. dSPACE RTI 1104, Data
Matlab/Scope/Figure Acquisition Control Desk

Hivaxag 13.5: Tipég otoryeimv Tpocopoimong Kot TEWPOUATIKNG StiTaéng
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3.13 Asgtrtovpyia ot LOVIU KOTAGTOON

Kotd v Aettovpyio otnv poviun katdotoor, eEeTlovTal TEGGEPIS VTOTEPUTTOGCEL

e Asttovpyio vtd OpO1EG TAGELS KOt OpLOo popTiol

e Acttovpyio VIO OLOIEG TAGELS KOl SLUPOPETIKA POPTIN

e Acttovpyio VIO SOPOPETIKES TACELS KOt OLLOL0L POPTIN

o Aetovpyio vd SLOPOPETIKEG TAGELS Kol SLOUPOPETIKG QOPTIQ

3.13.1 Aettovpyio vtO OUOLEC TAGELC KOl OLOLN QOPTIOL

O1 Tpod1aypaPES TOL TEOMNKOV Y10 TNV EKTEAECT] TV TPOGOLOIDNCENDY KOl TMV TEPALATIKMOY
UETPNOE®MV amd TNV TPOTOTLTN O1ATaEN Yo TNV AEITOLPYIN VIO OUOLEG TAGELS KOl OUOL
eoptia, eivar: (i) DC tdon oavéd Pabuida 250V, (i) opkd goptio avd Pabuida ioyvoc
P,=1042W (R,=600hm). To oamoteAécpato mpocouoimong aviuapofdiiovtal pe To
OVTIGTO(O TEWPAPATIKG GTO GYNUOTO TTOL akoAovBovv 3.6-3.9.

H amoitmon yio nputovoeldéc pevua 166600 Vo6 6YedOV Hovadloio GUVTEAEGT 16Y0O0C,
mopovstdleTol oto oynfuota 3.6a (Tpocopoimon) kot 3.6B (rewpoapatikés petpnoelc). A&ilet
va. TovicBel 6Tl To pevpa E10000V TPOEPYETOL Ao GpLecn UETPNOT KOl OEV YPNCUYLOTOIONKE
emmAéov @iktpo pedpotog. O 6tdY0g TOL TEOMKE GTOV TPOTEIVOUEVO EAEYKTI Y10, TTOPOYDYN
TOAVETINEONG TAOMNG KOl oLyKekpéva Tdong mévte emumédwv oty AC mhevpd g
avopBoTIKNG dldtaéng, emrvyydvetal 1660 KoTd TV Tpocopoioon (oyfua 3.7a) aAAd Kot
Katd TV mEpapatikn Asttovpyio (oynue 3.7 B). Emmhéov, ot cuveyeig tdoeilg ava Pabuida
pvOuilovton pe amodivtn akpifeta (1 PHESN T TOVG) OTNV amoutoVueVN TN (oynuata 3.80-
B-y-0). H amaitnon ¢ SakOUOVENG TOV PEDUNTOS E1GOO0V EVIOC TMV TEPLOPICUDY TTOV
TEONKAY KavOTOlElTOl TANPWS, OTmG amekoviletor ota oynuata 3.90 kot 3.9B. Me 1
BonBela epyasTnPLOKOD TOADUETPNTIKOD OPYEAVOL KATAYPAPNKOV Ol TIHLEC TV GLVTEAECTMV
OV APOPOVV TNV To10TNTA 1oYVoCc. Tétotot eivar n dtokontikny cuxvotNTa (fiw), 0 CLVIEAEGTNG
woyvog ewwodov (PF), o cuvteleotic mopapopemong (PFL), o cuvtedeotrg petatomong (PFy)
KOl O GUVTEAEGTIG OAIKNG OPLLOVIKNC TOPAUOPP®ANS TOL pevpatog elcodov (THD;) (IMivakoag
3.4). 1o oynua 3.10 topovsialetor N aviAvon GAGLOTOC APUOVIKAOV TOL PEOUOTOG EIGOS0VL,
LETPOVUEVO OO TNV TEWPARATIKY OdTaEn. Atomiotdvovue Otl, 1 O0KOTTIKY GLYVOTNTA
emkevipovetor oto 1.1kHz, pe mhdtog emkpatovong appovikng 7% g Bepeiiddovc.
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20

400

Vs [V]

2,02

2,04 2,06

Time [s]

()

2,08

-20

Is [A]

400
300
200
100

s V]
=

-100
-200
-300

-400

20
10
T
E 0
-0
=20
] 0.02 0.04 0.06 008 010
Time [s]
®

Zynua 3.6: Taom €16650vV Kot pedpa 16060V avopBOTIKNAG dtbtaéng Tévte eMmESOV (0) AMOTEAEGLOTO TPOGOUOIMONC,
(B) mepopaticd omoteAEcpATO

600 T

400

200

Vab [V]
o

-200F

400+

-600

2]
400
200

vab [V]

200
-400

-600

omooom

004 006 008
Time [g]

®

Zynua 3.7: Taon 166600 avopbmtikng d1dtoéng névie emmédmv (o) omoTeAésTA TPOcOpoi®oNS, (B) TEpapaTKd

amoteAécpOTOL
300 : : . T 300
250;[ \
200F " . _ 200
5 \ A A 2
E.‘_ 150+ = ' L —
] (=]
> € =
100F ’ 100
50F L 20 2 T
Trels]
0
Il
0 1 2 3 5 6
Time [s]
(o)
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300 T T 300
250 /._ T N e i Tt o M P T s
200t - \ 7 _ 200
< L N T T S 2
E‘N 150F . s | Fi - e . i r;
0 -
> a,;zso‘ | | 1 =
100+ ginani . ] 1o
50r ’ W M e am i ’ ’ 1
Time 5] 0
0 1 ) 3 s 5 5 0 poz 0.04 0.0R 0.o& 010
Time [s] Time [g]
6] )

Zynua 3.8: DC téoeig (o) Tdon e£6d0v mpmdtg Pabpidag (amotéheoua tpocopoinong), (B) Tadon e£66ov TpdTNg
Pabpidag (mewpopotikd amroteréopota), (Y) Tdon e£6d0v devtepng Padpidag (amotéheopa tpocopoinong), (8) Tdon
€000V dedTEPNG Padpidas (TepapatiKd anoTeAEcLaToL)

20 T 20

Iz max |z |l min
()

=20
— 0o 0.0m 0.0z 0.03 0.04 0.05

20 : i Time [3]
Time [s]

() ®

Zynua 3.9: Xpovikn Letaforn Tov peOIATOS E16000V EVIOS TMV TEPLOPIUAV (0) AmOTEAEGHOTO Tpocopoinons, (B)
TEPOUOTIKG OTOTEAEGLATOL

Méye0og merpapatikig nETpnong Twn epopatikig péTpnong
Awkontiky cvyvotto (fw) ~1.1kHz
ZuvTeAEGTNG 1oYV0G 16660V (PF) 0.987
Yvvteheomc mapoudpewonc (PFy) 0.99976
Yvvteleotg petotomiong (PFy) 0.98724
Z})vrskscrng f)?mcng OPHOVIKNG 0.022 or 2.2 %
TOPALOpPmSNS pevpatog 1666ov (THD;)
[ivaxag [13.6 : Métpnon cuvigleoTdv TOOTNTOS 16YV0C (TEWAUATIKA ATOTELEGLLOTOL)

Ao Tic TIég Tov mivaka 113.6, mopatnpovpe OTL EMTLYYAVETOL VYNAOS CUVTEAECTNG 1OYV0G
€16000V, KOG 0 GUVTEAEGTNG OAIKNG OPUOVIKNAG Tapaudpe®ong sival pukpdtepog and 3%
[39] 6nwg opilovv ta diebvn mpdTLTAL.
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100 ! !

40 :

Harmonics Amplitude (%)

0 20 40 60 a0 100
Harmonic Order

Zynua 3.10: AviAvon @ACLOTOG TOV PEVIOTOG EIGOS0V (TEPAUUTIKO ATOTELEG|LOL)

3.13.2 Asttovpyio vitd OUOLEC TAGELC KO OLOPOPETIKA QOPTIO

Xy mapovoa mapdypapo eEetdletal n Asttovpyia Tov avopBwt dvo Pabpidwv VIO duoteg
Téoelg Kol dpopeTikd eoptia. o Tov okomd avtd 1 embBounty T TG GLVEXOVS TAONS
ava Paduida tibetor ota 250V, gved 10 @optio ™¢ mpatng Pabuidag pvBuileror ota
P,1=1042W (R,;=600hm) ko1 tng 6evtepng ota P, ,=625W (R,=1000hm).

To amoteréopata omd TV TPOCOUOIMON OALG Kl AT TV TEPALATIKY AElTovpyia (oynpaTo
3.11 émg 3.15) omodeikvoouy OTL O TPOTEWVOUEVOS TPOPAETTIKOG eAeyKTNG e&aopalilel
evotadn Asrtovpyio tov cvotiuotog (oynue 3.13, 3.14), Asttovpyikn amocvlevén (oynua
3.15) kaBdg xor wovomoinon OAwvV TV TPodypap®v Tov &xovv Tebel OmME oYEOOV
povadiaiog cvuvtedeotng woyvog (oynua 3.11), AC tdon avopbwt mévie emmédwv (oynuo

3.12) kAm.
400 ‘ \ T ‘ 20 400 0
300
200 10
100
= -
R I
:\;. —_
00
200 A0
300
-400 .20
- i I i 5
400 25 S0 25 268 20 o 002 004 006 008 040
Time [s] Time [=]
(@) ®

Zynua 3.11: Taon el0dd0v Kot pedpa 16000V avopbmTikng didtaéng mévie emmédmv (o) anoterécata
mpocopoinong, (B) mepapatikd orotelécato
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Time [s] Time [s]
(o) ®
Zynua 3.12: Téon g0V avopBoTikig dtbtaéng tévte emmédwv (o) amotedéopota mpocopoinons, (B) telpapotikd
OTOTEAEG LT
300 . 6 300 B
250 5 RV A W
200 f 4 200 E R T e e Tl i
- - = -
Z 150 s = 23
<0 i 2 =
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50+ 1 1
0 1 Il Il U D D
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Time s [ n o0 00z 004 006 008 0410
() ®

Zynua 3.13: Taon e£660v Kol EKTILMUEVO peVpa PopTiov TpdTG Paduidac (o) anoteléopata Tpocopoioong, (B)
TEPOLOTIKG OTOTELEGLOTOL

300 6 a0 g
250 I g T i P P N
200 — 4 00 4
- = <
2 < = =3
150 35 o
>° o :g g T e i L P h el e e
4 100 2
100 : b
1
50~ 1
o 0ttt
0 i i i i i oo 00z2 o004 008 008 000
1 2 3 4 5 )
Time [s] Time [s]
() ®

Zynua 3.14: Tdon e£6d0v Kat exTiudpevo pedpa poptiov devtepng Pabdpidas (o) amotedéopota tpocopoioons, (B)
TEPALOTIKO OTOTEAEGLLALTOL
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Zynua 3.15: Tuvteleotés KaTavoung woybog ovd Badpuida, Bi: mpmtn Paduida, By: devtepn Pabuida (o) anoteléopata
mpocopoinons, (P) melpapatikd anotelécpaTa

3.13.3 Ascttovpyio v1td O10QOPETIKEC TAGELC Kol OLLOL0 QOPTIOL

Mo endpevn mbavi) AETOVPYIK) KOTAoTOon Tov avopbmth Teov dvo Pabuidwv givor m
Aertovpyia g kdOe Pobuidog oe SoPOPETIKN TAGT), VD TO. QopTia Tapauévouy ouowa. Ta
OTOTELECLLOTA TNG TPOGOUOIMONG OAAG KOl TV TEPAUOTIKOV UETPTCEMY OTOJEIKVOOVY TV
KOVOTNTO TOV TPOTEWOUEVOD TPOPAENTIKOV EAEYKTN VO IKOVOTOWOEL TIC OTALTHOEL OV
tibevtol. Zvykekpyéva to oynpa 3.16 mapovcidlel ™V amaitnon yiwo AgTovpyio VIO
Hovad1l0io GUVTELESTT 10Y00C £16000V, evd To oynpa 3.17 amekovilel tnv moAveninedn tdon,
omwg avt dlapopeavertal. A&ilel va onuelmbel 0Tt 1 Tolveninedn tdon madel TAEOV Vo £xEL
TEVTE O10KPLTE EMIMESD OAAL EXTA, COUPOVA LE TV BEPNTIKT AVAALGT TOV TAPOVGLAGTIKE
otov mivaka [13.2. EmmAéov, ot ouveyeic tdoeic mpooeyyilovv pe peydin axpifeia (n péon
TN TOVG) TIG EMOVUNTES TYEG TPOPOSOTAOVTOG TO. OvTioTOL o PopTio. avd Pabuida (oynuo
3.18, 3.19). H amocOlevén mov EMITLYYAVETOL OTOOEIKVOETOL HECH TMOV GULVIEAECTMOV
KOTOVOUNG TNG 10Y00¢, OTm¢ Tapovstaletal oto oynua 3.20.

Toco omv dwdikacio g OBswpntikng emPePainong (mpocsoupoimon) 660 Kol KOTE TIG
TMEPOOATIKEG LETPNOELS O TAGELG TV Pabuidwv pvbuictniay, yioo v pev mpotn Paduida
ota 250V eved yo v devtepn ota 200V, amodidovrag oxeic 1042W (R, ;=600hm) ot
667W (R,,=600hm) avtictouyo.

400y ! ' 2 400 0
300
200 10
100
> = =
100
-200 -10
-300
-400 20 + + + + + + + + + 1l
-400 20 208 506 o 20 A0 012 014 046 018 020
Time [s] Time: [=]
(o) (B)

Téon 16650V Kot pedLa E1GO30V VIO SOPOPETIKEG TAGELG KoL Opota poptia (o) amotelécpata Tpocopoinons, (B)
TEPOUOTIKG OTOTEAEGUOATOL
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Zynua 3.17: Taon 16650V avopBoTikng dtdtaéng vId SaEopeTiKég TAoELS Kot Opoto Poptia (o) anoTeAESLATO
mpocopoinons, (P) melpapatikd anotelécpaTa

300 30, 300
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Zynua 3.18: Yvveyelg tdoeig £6d0v TpOT™S Kot devTepns Pabpidag Vo SroPopeTikég TAceS Kot dpota poptio (o)
omoteAéopata Tpocopoiwons, (B) mewpopatikd aroteréopoto
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Zynua 3.19: TuvteleoTéc KOTAVOUNS 1000 VIO SLUPOPETIKES TAGELS Kot Opota poptio, Bi: TpdTn Paduida, Bo:
devtepn Pabuida (o) amoteréopato Tpocopoinongs, (B) nelpapatikd oroteAéopato
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3.13.4 Asttovpyia vtd SLAQOPETIKEC TAGELC KOl OLAPOPETIKA ©GOPTIOL

H Aerrovpyia g avopBmtiknig S14taéng vmd S10pOopETIKEG TAGELS KOl OLUPOPETIKA POPTIiOL
elvat to ovTikeipevo peAETNG TG TapoVoAG TOPAYPAPOV. TVYKEKPLUEVO, Ol GUVEXEIG TACELS
emAéyOnkav ota 200V kot ota 250V yuo v tpd kol v devtepn Pabuida avtictoryo.
Emumiéov 1a goptia pubuiotmkav og woyeig 667W (R, ;=600hm) yia v tpdn Pabuida xon
625W (R,,=1000hm) yia v devtepn. Ta amoteléopata mov mpoxkvmToLV TG0 and TNV
TPOCOUOIOT 060 KOl OO TIG TEWPUUOTIKEG LETPNOELS, ATOOEIKVDOLV OTL O TPOTEVOUEVOS
npoPAentikdg eleyktg e€acpariler tn Asttovpyio g ddtaéng vwd oyedov povadiaio
OULVTEAEST 1oY00¢ €16000Vv (oyfuo 3.20), kabohc emiong emttuyydvel vo oynuotiost
moAveninedn tdon (oynua 3.21) oty gicodo Tov cvotiratoc. Emmpoctétme, ol mapaydueveg
ovveyeic téoelg (oynuo 3.22), amodeikvbiovv gvotabn Aertovpyio. TOL GLOTHLOTOS OTIC
embountég TG pe SlopopeTiKG QopTtia, YeEYovog mov e£ac@aAileTor UESM TNG EMLTLYOVC
arocvlevéng tov Pabuidov (oynua 3.23).
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Zynua 3.20: Tdon 166500V kot pedL E1GOS0V VIO SLOPOPETIKEG TAGELG KOl POPTIO. (0) ATOTEAEGILOTO TPOGOLOIOOTG,
(B) mepopaticd omoteAEcHATO
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Zynua 3.21: Tdon 16650V avoploTikng dtdtaéng vd Sopopetiég TAGELS Kot popTia (o) amoTELEGHATA
mpocopoinons, (P) melpapatikd anotelécpaTa
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Zynua 3.22: Tvveyelg tdoeig e£6d0v mpmtng Kot devTepns Pabpidag vd Srapopetikés Taoels kot poptia (o)
OmOTELEGLOTO. TPOGOLOioNG, (B) TEPAUATIKA 0TOTELEGLATA
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Zynua 3.23: YuvteAeoTég KOTAVOUNG 10Y00G VIO SOPOPETIKEG TAGELG Kol popTtia, Bi: TpdTn Pabuida, B,: devtepn
Babuida (0) amoteléopata TPOGOHOIMONG, (B) TEPAUOTIKG ATOTEAEGLOTO,

3.14 Avvoukéc petoBotikéc AEITOVPYIEC TOL GLGTNUOTOC

Ot AelTOVPYIKEG KOTOGTACELG OV EEETAGTNKOV GTNV TPONYoOUeEV Tapdypoeo 3.13 Kot Tig
vromapaypdovg g, ovédelle v evotafn Asrtovpyid TOL GLOTNUATOG VWO  TOV
TPOTEWOUEVO EAEYKTN] o€ uoOviun katdotaon. H Asttovpyics ovti TOV GLYKEKPLUEVOL
GULOTILOTOG OTOTEAEL 10AVIKY] KOTAGTOOT AEITOLPYIOG, UG Kot ivar cuvnbeg pavopevo va
amoutovvtar Plateg HeTaforéc PUaTIKOD YOPAKTAPO, TOGO OTIC EMOLUNTEG TACELS 0G0 Kol
oto eoprtia g Kabe Paduidag. I'a tov Adyo avtod, 6TIG EMOUEVEG TAPAYPAPOVE dlepEVVATL M
SUVOLIKT] GUUTEPLPOPA KOL 1) EVPDOTIO TOV GUGTHLUOTOG GE TPALYLOTIKG QALVOUEVA.

3.14.1 Bnuotikéc allayéc tov emtbountov TdcE®V

[pokeyévov va avaderyBei 1 SVVOLIKT GLUTEPIPOPE TOV GLGTHLOTOC VIO TOV TPOTEVOLEVO
TPOPAENTIKO EAEYKTI], TO GUGTNUO VIOKELTAL OE PNUATIKES 0AAAYEG TV TAoE®MV VIO oTadepd
Kol OO, QopTio. ApylKA TO cOGTNUC AEITOVPYEL GTNV HOVIUN KOTAGTOOT HE TOCELS
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V=250 V kor V=250V ko @optia R,;=600hm kot R,,=600hm yw tv mpodTn o
ogvtepn Pobuido  avtiotorya. AxoAoVBmg mpaypotomoleitol  PMUOTIKA Al OTIG
emMOBLUNTEG TIWEG TV TAcemv (oynua 3.24), mov yio v pev tpodtn Poadbuida sivor 200V
(t=2 s) kot yo. v devTePN 300V (t=3.5 3). Onwg mapatnpovpe amod ta oynuate 3.25 kot 3.26
0 mpoPrentikdc eheyKtig mpocsappolel v DC tdon e npdng Pabuidag péca og ypovikd
dtomnua 80ms (oyfuo 3.25) eved yio v dgvtepn Pobuido m xpovikn OlGpKEW TOL
petafatikov eavouévov ektipdrarl ota 200ms (oynpa 3.26). Afloonueioto eivor eniong To
yeyovog 0Tt apd v ayodyyun ovlevén tov Pobuidov, to cvotnuo mopovctdlel pKpov
YPOVIKOL €0povg ootabn Aettovpyio, yeyovog mov OiKoloAoyeital omd v QOGN TOV
OLOTNUOTOC ®G MUN ghayiotov @daong [31]. H dwtipnon Tov cLGTAUNTOS VIO GYEOOV
HOVOOIi0 GUVTEAEGTN 10YVOC OKOUN Kol META TS Puotikés oAAayéC TV TAGEWDV
mopovstileTor 6to oynua 3.27. Emmpocbétmg, n Oewpntik) Tpocéyyion TG EVEPYELOKNG
EIKOVIKNG amocVeVENG TPOYUUTOTOLEITOL KOl AVAOEIKVIETOL LEC® TOV oynpatog 3.28, dmov
0l GUVTEAEOTEG KATOVOUNG 10YV0G OVOTPOGOPUOLOUV TIC TIHMEC TOVG OTN VEO AELTOVPYIKN
KaTdoTOoT).
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Zynua 3.24: Bnuatwkn petapoin tov DC tdoemv (o) Anotélesa mpocopoinong Kot (B) Telpapatikd anoTteAEGHAT.
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Zynua 3.25: MeyéBuvon g Pnpotikng petafoing g téong oty npet Paduida : (o) Amoteléopoto mpocopoinong,
(B) Hepaparikn pérpnon.
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Zynua 3.26: MeyéBuvon g Pnpoatikng petafoing g taong otny dgdtepn Pabuida : (o) Amotedéopata
mpocopoinong, (B) [epapaticn pérpnon.
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Zynua 3.27: Ardkpion Tov pedUATOC €16000V Kot T Prpatikég petaforés tov DC tdosmv (o) Pedpa gic6dov
(mpocopoinon), (B) Pevpa ei66dov (neipapa), (y) Taon e1o6d0v Kot pedpa 16660V Katd TV Prpotikny petafoin mge
DC téong g mpotng Paduidog (rpocopoinen), (8) Tdaorn 16660V Kol pedpo 16650V Katd ™V Pnuotikny HeToBoAn
¢ DC tdong g npodmg Paduidog (neipapa), (€) Tdomn 166500 Kot pedpo £16600V KaTd TNV Prpatiky HETOBOAN TG
DC tdong g devtepng Pabuidog (rpocsopoinon), (£) Tdon e166d0v kot pedpa 166300 Katd v Pnpatiky petafoin
g DC 1dong g devtepng Pabpuidag (teipapa).
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Zynua 3.28: Metafoin T@V GUVTEAEGTMV KATAVOUNG 10x00¢ Katd Tig fnpatikés DC tdoewv tov adbuidov, Bi: tphdt
Babpioa, By: devtepn Pabuida (o) omoteréopata TPOGOUOIMOTS, (B) TEPAUATIKG OTOTEAEGULOTO

3.14.2 Bnuotikn aAAayn TOV @OPTIOL

210 TAaiolo ¢ £0COAAIONC TNG SVVUULKNG CUUTEPLPOPAS TOV TPOTEWVOUEVOL TPOPAENTIKOD
eAEYKTN, TTpaypatomolobvTol PnUatikéc aAlayég ota eoptia g kdbe Pabuidoac. Apyikd to
@optio ¢ mpdtng Pabuidag pubuiletar ota 480W (R,1=1300hm) evd tng devtepnc ota
416W (R,;1=1000hm). H DC tdon kot yia 11 000 Paduideg pvbuileton ota 250V. Katdmy,
TPAYUOTOTOEITAL Pripatik) aAlayr] 610 @optio g Tpdtg Paduidag amd 1300hm ce 80
Ohm (P,=781W) katd v ypovikn otiyun t=2s kol &v ocvveyeio Pnuotiky oAloyn oto
poptio g devtepng Pabuidoag and 1000hm ce S00hm (P, ;1=1250W) v ypovikny otiyun
t=2.5s. Ta amoteréopato oL TPOKOHATOLV TOGO ONO TNV TPOCOUOIMSEN OGO Kol Omd TIG
TMEWPOUATIKEC  UETPNOELS, avadelkvOovy v gvotafdn Asttovpyia mov efacpariler o
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TPOPAETTIKOG EAEYKTNG SLOTPOVTOS TOVG AELTOVPYIKOVG GTOYOVS, OTm¢ evoTodn Aettovpyioa,
povadlio GuvteAeoTn 10Y00g €16000v, datinpnon twv DC tdoewv tov Pabuideov ot
OUYKEKPUEVEG TILES, AEITOVPYIKT amocLLEVEN TV dvo Pabuidmy Kot ToAvERinEdT TAoT OTNV
€16000 TOV GLGTANATOG.

Yvykekpyéva, OnTmg mopatnpeital and to oyfue 3.29, katd ™ Pnuatikn petafoAn tov
eoprtiov n DC tdon tng npdg Paduidac tapovoidlel fudion 6V ypovikng didpkeiag 400ms,
eved mapatnpeiton emmAéov Pubion 12V ddpkelag S00ms ) ypovikny otiypr t=2.5s 6mov
ocvopuPaiver n Pnpoatiky aAloyn tov @optiov ¢ debtepng Pabuidoac. To yeyovdg avtd
dwatoloyeitar Ady® TG oydyung ovvdeong tov dvo Pabuidwv, mapd ™ Oswpnrikn
amoovlevén. Opoiwg, oty DC tdon g devtepng Padbuidag mapatnpeitoan fubion tdong 7V
dudpketog 400ms Kotd TV oAlayr Tov EOPTIOL TNg TPOTNG Pabuidag Kol oV cuvExEl
Bubion 13V dudpretog 400ms kotd v adkiayn tov goptiov ¢ (oxnua 3.30). Ot Pnuatucég
0AAOYEG TOV POPTI®MV EMPEPOVY OAAUYEG OTIG TIUEG TOV GUVIEAEGTMV KOTAVOUNG TNG 1GYVOG
avd PBabuida, eavopevo mov kataypdeetor oto oynue 3.31. H dwwtmpnon tov povadiaiov
OUVTEAESTH] 10Y00C €16000V KOl KATA TIG OAOYEG TOV QopTiov dlatnpeitor  Onmg
amewovifetor oto oynua 3.32. To pevpa €16600V TOPAUEVEL UITOVOEIDEG, OE PACT] LE TNV
TdoM €16000V, AEAVOVTOS TO TAATOG TOV OTMG AVOUEVETOL.
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Zynua 3.29: Andkpion g DC 1dong kot Tov pevpatog eoptiov g mpmtng Pabuidog e fnpatiky aAiayn tov
eoptiov and 480W (R,;=1300hm) o 781 W (R,;=80 Ohm) kotd tnv ypovikh otryun t=2s : (o) Amotéheopa

mpocopoinons Kot () TEPUUATIKE ATOTEAEGLOTO.
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Zynua 3.30: Andkpion g DC tdong kot Tov pedpotog eoptiov g devtepns Paduidog e fnpoatkn aAlayn Tov
poptiov and 625W (R,,=1000hm) 6g 1250W (R,=500hm) tnv ypovikr otrypn t=2.5s: (a) Anotérecpa

nmpocopoinons Kot () TEPUUATIKG ATOTEAEGHLOTO.
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Zynua 3.31: MetafoAn TV GUVIEAESTOV KATAVOUNG 16YV0G KOTA TIG PNUOTIKES 0ALAYEG TV QopTiV, Bi: TPpMOTN
Babpida, By: devtepn Pabduida (o) omoteréopata TPOGOUOIMOTS, (B) TEPAUATIKG OTOTEAEGHLOTO
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Zymua 3.32: Xpoviky HeTaBOAN TOV PEVIOTOG KOl TNG TAONG E16030V KOTA TIG PNUOTIKEG 0ALAUYES TV QoPTIDV: (01)
Amotélecpa TPocopoimong Kot () TEPAUATIKG OTOTEAEGUATAL.

3.15 Agpgvvnon tov TapauéTp®V TOLV GUGTHLLOTOC

2TV Topovca TUPAYPUPO SIEPEVVATOL 1 TEPUUATIKT LETAPOAT TOV TILOV TOV GUVIEAEGTMOV
g mowwtntog ¢ oxvog (THD;, PF, Dy, Dg) tov ovotiuatog vmd Tov TPOTEWVOUEVO
TPOPAETTIKO EAEYKTN] CLUVOPTNGEL TNG ECKEUUEVNG METAPOANG TNG TEPLOYNG OLOUKOUAVOT|G TOV
GOAALLOTOG TOL PEVLOTOC EIGOJ0V Kol TNG OTOKAIONG HETOED TOL HoBNUOTIKOD HOVTEAOL Kot
TOL TPAYLATIKOD GVOTHHATOS. OG0V 0popd TO de0TEPO, TPAYIATOTOIEITOL LEYAANG KAILOKOG
QTOKAIGN GTNV TN TG ovtemayoyng Ly petadd pobnuotikov poviédov (Kot EToUEVMG Kot
TOV TPOPAETTIKOV EAEYKTY]) KOl TPAYUATIKOV GLOTHRATOC. Ta amoteléopata Kataypdpovtol
GTO GYNIOTO TOV AKOAOVOOVV.

Yvuykekpyéva, n avénon Tov opiov petafoing 6To GPEALN TOV PELHOTOS E1GOO0V, EXEL MG
OTOTELECUO TNV UEIDOT TNG SOKOTTIKNG cLYVOTNTOG KOl dpo TNV adéNoT TOL GLVIEAEGTN
OMKNG OPUOVIKNG TOPAUOPP®ONG TOL peduatog €106d0v (oynua 3.33). EmmAiéov, o6mwmg
mopatnpovpe ond 1o oynue 3.34, ot ovvieheotég mov oyetiovionl HE TNV TOWOTNTO TNG
NAEKTPIKNG 1OYVOC OTMOG O GUVTEAECTIG TOPAUOpPmong Dy, 0 cuvtedeotig petatoniong Dy
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KO KOTO GUVETELD O TPUYUOTIKOG GUVTEAEGTNG 1oYVO¢ €16000v PF, vpiotavial tavtdypovn
peioon pe v advénon tv opiov S10KOLOVGTG TOL GOAALNTOS TOV PEVUATOG E1IGOS0V.

_ _ : | _
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Current Constraints Al [A]

Zynua 3.33: Metafoln] ToL GUVIEAEGTH OMKNG QPLOVIKNG TOPUUOPPOGTG TOV PEVUATOS ELGOS0V GLVOPTNGEL TNG
LETOPOANG TOV EDPOVE TV TEPIOPIGUMY TOV 1510V HEYEDOVG (AUTOTEAEGLLO TEPAWOTOS)

. —— ]
Lo Ma_m _____________________________________________________________________________________________ 1
0,98} - .
0,96_ ..... +Distortion Factor Dh ........................................................... .
- ——Displacement Factor Dd
0,94 Tru.e Powe_r Factor PF |

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Current Constraints Al [A]

Zynua 3.34: Metapoln tov cvvieheotdv napopdpeoong (Dy), petatdniong (Dg) kot okikod cuvteheot 1oyH0g
£16000V GLUVAPTNGEL TG LETABOANG TOV EDPOVG TOV TEPLOPLGUDY TOV PEOUATOS 16000V (ATOTELEGLO TEPAUOATOC)
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[Ipokeipevov va digpeuvnbei n Aettovpyio. TOL TPOTEWOUEVOD TPOPAETTIKOD EAEYKTN GE
mbavr] omOKAIoN TOL  poONUOTICOD  HOVTEAOL KOL TOVL  TPOYUOTIKOD GUGTHUOTOG,
npoypatomoteiton  peydAng kiipoxog Swrapayn (+40% 1tng OVOROOTIKNG TIUNG) OTO
MOONUOTIKO HOVTEAO TOL GUOTNUOTOG KOl ETOUEVMG KOl GTOV TPOTEWOUEVO TPOPAETTIKO
eleyktn. Kot and dvo oynpata 3.35 kot 3.36 mopatnpode po «KOKNG TodTNTog 16Y005»
GUUTEPIPOPE TOV GUGTNUOTOS, KATL TOV CGAAMGOTE OVOUEVOTOV HIOG KOL 1 OVTETOY®YN
€16000V G€ GLVOLAGCUO LE TNV ECOTEPIKN TNG avTioTooT, amoterel fabumepatd ¢idTpo Yo TO
pevua €10000v. 'Etol, kpng TIWNAG OuTEMAY®YN €600V ONAMVEL EUUECH KOl KOKNG
oo pev €16000v (oyxnua 3.35). Amd v GAAn mhevpd, peilovog onpaciog givat ta
ocvopnepdopata mov eEdyoviar amd 1o oynuo 3.36. Tvykekpiuévo, 1M HEYAANG KAipakog
OTOKALGT TTOV TPOKUAEITAL, OEV UETOPAALEL TNV GUUTEPLUPOPE TOV GVGTNUATOS, YEYOVOS TOL
INAmveTon Kupimg amd TOV GUVIEAEGTN UETATOMIONG KOl KOT  ETEKTOGCT] OO TOV TPUYUATIKO
OUVTEAEST 10Y0OC €16000V. Avtd epunvedetal, amd To YEYOVOS OTL TO VIO HEAETN Un
YPOUUKO GUOTNU OVOADETAL GE EMUEPOVS YPOLUUIKG CUGTILLOTA, TO 0010 G GLVOVAGUO UE
TNV JTOTOOT TOV TEPLOPICUDV (Ppaypéveg €E0d01) aAld kot TV peTAfANTdV X&YYoV
(ppaypévec €lcod0l) OMNUIOVPYOVV TIC ATOPAITNTEG GLVONKEG TNG €LOTAOEWG PPAYLEVNC
€16000V — Qpaypévng e£0dov. Q¢ ek TOVvTOV TO KABE emUEPOVE CUOTNUO — EAEYKTNG
apovctdlel evotadn Asttovpyia.

THD (%)
(93]
o
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(&)
T

i | I i i |
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Percentage variation of boost inductance LQ

Zynua 3.35: MetafoAn Tov GUVTEAEGTI] OAIKNG OPLOVIKNG TAPALOPPOONS TOV PEVLOATOG EIGOG0V GUVOPTHGEL TNG
LETAPOANG TOL EVPOVG TOV TEPLOPIGUMV TOL {010V peyEBovg (AmoTéAEC O TEPAUATOC)

Awaxktopucn) AveTpipiy
Kovoetavrivog I'. ITavrov
H.M.M.Y - E.M.II 2012



NpoPAENTIKAG EAEYKTAG yLoL LOVODACLKO

noAveninedo avopOwtn ue aAAnAévdeteg BaBuideg

Pl S OS PP SFSSISTPFs FOPPY SN OV SO A 4
IRt R e e
089 e
0,985 ..... ..... ...... o ............ ............ ...... _
0. Q8 i ........... ............ ;___e_Distortidn Factor I:)h | i

S L Lo - ——Displacement Factor Dd
0,975F = it .............. ............. True Power Factor PF -

| | I I I | | I I | | I I I | | | I I | | | I I | |
-40% -30% -20% -10% 0% 10% 20% 30% 40%
Percentage variation of boost inductance Ls

Zynua 3.36: Metafoin T@V GUVTEAEGTMV TOLOTNTAG 1GYVOG EIGOG0V GUVOPTIHGEL TOV EVPOVG SLOKVLOVOTS TNG
TING TNG AVTETAY®YNG €000V (ATOTEAEGILOL TTELPAUATOS)

3.16 Zvumepaocuoto Kot LEAAOVTIKEC TPOTAGELC

Younepaopata

Y10 mopdv KePOAoo avardBnke OewpnTikd Kot oyxedldoTNKE KOTAAANAOG TPOPAETTIKOS
EAEYKTNG Y10 TNV TOTOAOYIO TOL HOVOPOAGIKOD TOAVETITESOV OvOPOOTH TOV AAANAEVOET®V
Babuidwv. H oyedioon tov Paciletor oto un ypopuuko dokpitd pobnuatikd HoviéAo Tov
GULOTILOTOC, XMOPIG VO OTOLTEITOL 1) TOPOTOUT] OE YPOUUIKOTOUUEVE HOVTELD acOgvolg
onuatog. O mpotevoOuEVOg TPOPAERTIKOC EAEYKTNG, TAAICIOONKE 0O TOV €0POOTO EAEYKTN
TNG VOTEPNOTG PELHOTOC, HEGH KATAAANAO GYESIAGUEVOV TEPIOPIGUMY Y10 TO PEVUA ELGOSOV
Kol TIG ovveyeig tdoelg avd Pabuida. Amo To amoTEAEGLOTO TPOCOUOI®MOoNG KaOMS Kot amd
v mepapatikn empPefaionon, avadeiybnkov to TAEOVEKTALOTO TOV TPOTEWVOUEVOD EAEYYOV
1660 KoTé TNV AEITOVPYIO VIO OVOUAOTIKEG GLVONKES OGO KOl KATH To SUVOLKAE (OIVOUEVAL.
Emumiéov Siepeuvinkay mepopatikd ot PeTafoAEG TOL VPICTOVIOL Ol GUVIEAECTEG TOV
oyetiCovTol [e TNV TTOL0TNTO TN NAEKTPIKNG 1oY00G, kKabmg emiong kot 1 wepint®on 6mov o
EAEYKTNG KO TO TTPAYUATIKO cOoTNA dtopépovy. H pukpr| amaitnorn og vmoAoyiotikd KOGTOg
OAAG KO 1) TEWPOUOTIKT DAOTTOINGT GE HKPOETEEEPYUGTES YOUUNAOD KOGTOVE GUVIEAODYV GTNV
Aoy TG EVOALOKTIKNG TPOTAONG EAEYYXOV TV GUYKEKPIUEVOVY dlaTdEemV.

Ipopirentucéc Edreyyog
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Merhovtikég [lpotacerg

Awygipion c@aiparov (Fault detection, Fault tolerance): H mpocsOnkn otov
TPOTEWVOUEVO TPOPAENTIKO EAEYKTN KATAAANA®V TTEPLopioidv mov Ba diayepilovion
Vv ELEAVIon ceaApdTeV avd Baduida £T161 MOTE Vo ATOTPENETAL 1) KATAPPELGT TOV
OLUVOMKOU GUOTNUOTOG, €lval aitnuo 7ov wPoépyetal omd TS VTAPYOVCEG
Bropnyovikéc epopuroyec.

Algpgivnon TG GVYKEKPUEVIS TOTTOAOYiaS vitd Tpr@acikn popen: H eméktoon
TOL TPOTEWOUEVOL TPOPAENTIKOD EAEYKTN] GE TPLPUCIKE GULOTNAUOTO Yo TNV
UETOPOPE NAEKTPIKNG EVEPYELNG OO OVOVEDGIUES TTNYEC.

Xpion ¢ wpoOT) Podpida o€ oVOTNHATE NAEKTPIKIG KIVIIGNG E0IKOV
NAEKTPOUNYOVIKAOY  SVSTNRATOV: O  KOTAAANAOG  EMOVOCYESIOGUOG  TOV
TPOTEWVOLEVOL TPOPAENTIKOD EAEYKTH VIO TNV TOMOAOYIO TOV OAANAEVIETOV YO TNV
TPOPOOOGI0 NAEKTPIKMY UNYAVAOV LETAPANTAC LOyVITIKNG OVTIGTAGNC.

Awdoxtopiki AvaTpifn
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MNPoPAENTIKOG EAEYKTIG VLA TNV SLOKOTITIKI

povodaokn avopBwtikn didtagn nuyEdupag

4.1 Ewooymyn

4.1.1 Awokortikéc oavopOmTIKEC OLATAEELC NULYEQLPOC

Ot LovoQaotkég SLKOTTIKES avopBTIKEG O10TAEEIS MULYEQLPOG, OTOTEAOVY TNV ATAOVGTEPN
TomoAoYioL amd TAELPAC apPlBHOV SOKOTTIKMY oTolyEiwy. Amotelel cuvibmg TV TPMOTN
Babuido oe cvoTiuaTo MAEKTPIKNG Kivnomng, €W0wd 6tav 1 Tpo@odocia gival LOVOPAGIKY
[70], kaBog emiong ka1 o€ cvotHuate adGAemTng Tapoyns evépyewog [71]. E&aopaiilovv
TOPOYOYN GLUVEXOVC TAONG HE T SmANCIO GO TO TAGTOC TNG EVUAALUCCOUEVNG TAGNMG
TPOPOO0Ging, AOY® TNG VTOPENS VO Y®PNTIKOTHTOV GTNV TAEVPA GLVEXOVG TAoNG. EmmAtoy,
HEGH KATAAANAOL adyopiBuov eAEYYOV, EMTLYYAVOLV TA KPLTHPLO TOLOTNTOG oL TifevTon
OM®C HOVadloio GULVTEAESTN 10Y0V0G €16000V, YOUNAO GUVTEAESTN] OAIKNG OPUOVIKNG
TOPOUOPO®ONG TOV PELUATOG 10000V, kabdg emiong kol evotadn Aettovpyio 6€ dVVOKA
petapatikd @owvopevo. Eyyevn pelovektipoto Tovg gival M amoitnon Yo oVTETAY®YN
€16000V UEYOADTEPNG TIUNG OE GYECT UE TIG OVTIGTOLYEG SIKOTTIKEG ovopOmTIKEG dlaTaEelg
TANPOVS YEQLPAG, LYNAN OlOKOTTIKY] GLyvOTNTa, KABMG €Miong TOAVTAOKOTNTA GTOV
aAyopOuo eréyyov. To televtaio mPOKHATEL OO TNV OMOITNGN IGOKOTAVOUNG TOV TAGEDV
OTOVG OVO TLKVMOTEG KOl KOTO CUVETEWN £EACPAAIOT TNG TAGNG TOL KOwoL Tovg kKOpUPov, ot
unodevikn taon (néon tn). H evpeio epappoyn g o SatdEelg GOTNUATOV NAEKTPIKNG
Kivnong, TpoPodoTikKd AOIIALEITTON TOPOYNG TACNG, EVEPYA QIATpa TV BEToLV GE LYNAO
Babud Tpotipunong Kot EpEVVNTIKNG SIEPEVVIOTG.

4.1.2 Avogopad otn otebvn BiBAoypaoia

H gpevvntikn dpactnplotra tov TEAELTAi®V XpOVOV aVASEIKVIEL TO TPOPAN LA TOV EAEYYOV
TOV JOKOTTIKOV ovopbmtikdv dlatdéemv muiyépupag, ®¢ evepyd 0Oépo depedvnong,
TPOKEWEVOD VO OVTILETOTIGTOVV ovoLyTd Agitovpykd Bépata pe Pértioto kot a&dOmoTo
Tpomo. H mhieloymoeio Tov TpoTEVOUEVOV EAEYKTMV, YPTCILOTOLEL OC apyn TG oXediaoNg TO
HOVTELO 0o0EVODG GNUATOG TOV GLOTAOTOC [32], TOV OTN GUYKEKPIUEVN] TEPITTOOT OEV
OTOTEAEL IKAVOTOMTIKY TPOGEYYIOT TOL TPUyHOTIKOV. O AOYOg mPospyeTal Kupimg amd T0
YEYOVOG, OTL 01 &V AOY® d1Ta&elg Aettovpyohy otV TPA&N He LYNAN SLOKOTTIKY GLYVOTNTA
EVD TO POVTELO a.60EVOVG ONLOTOC AQUPAvVEL VTTOWYT LOVO T BepeM®ON GLYVOTNTA TG TAGTG
tpopodocioc. EmmAéov, ou katayeypopupévor ereyktéc otnpilovrol oto StadoyIKe GYNUATO
TOV EMUEPOVG GLLEVYUEVOV EAEYKTMV LE OLOPOPETIKOVG YPOVOVG OTOKPIONG, LLE OTOTEAECUA
va meplopiletal n dvvapkn tovg [70-76]. [eportépm PeAtioTomoinon Tov TPOTYOVUEVOL
GYNMATOC, amOTEAEL 1] DAOTOINGN TOV EAEYYOL HEC® drodoyikmdv cbevapav ereyktmv [70-71],
e TO TiUNpa TG auENUEVNS Kol LETAPAALOUEVIC SIOKOTTIKNG GUYVOTNTOG.

4.1.3 IIpdToon tnc otatpiBne

Yto mAaicwo Tng mpokeipevng SatpiPng, mpokewévoy vo. apbovv KOTA TO HEYISTO 1|
TOALTAOKOTNTO. 6T oYediaon kat va avénbei n afdmiotn Aetovpyio TOV GLGTHUATOG,
TPOTEIVETAL KATUAANAOG TPOPAENTIKOG EAEYKTAG YO TNV OOKOMTIKY ovopOmTikny dtdTaén

nuyépupog (oxnpa 4.1).
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Vo

QO 0 I-

Zynua 4.1: Awxontiky ovopOoTikn d1dtaén Nyépupag

Ye avtifeon pe TIg VIAPYOVGEG TEYVIKES EAEYYOL (GYNua 4.2), O TPOTEVOUEVOG TPOPAENTTIKOG
eleyktng ompiletal 610 SLOKPITd PLABNUATIKO LOVTEAO TOV GUGTHUATOC Kol O)L GTO LOVTELO
ac0evovg onuatoc. Awyelpiletal To pn YPOoUUKo Hanuatikd HoVTELD Kot EKTEAEL TPOPAEYN
TOV UETAPANTAOV KATACTOONG TOV GLOTNHUOTOC GE TpEYovta ¥povo (on line) (oynuo 4.3).
Evoopatdver otov alyopiBuo eA&yyov TePLOPIGHOVS VOTEPNONG PPOYov TOL APOPOLY TO
PELLLOL E1IGOO0V KOl TIG EMUEPOVS TAGELS GTOVS TUKVAOTES, TPOGdidovTag oBevapsd Kol EVPOGTO
yopoktipo. EmumAiéov elodyst ot ouvdptnon Pektiotomoinong v omaitnon  ng
GOKOTAVOUNG TOV TACEDY GTOVG TUKVOTEG LEGM TNG OTOATNONG Yo CUYKMGT TNG TAONS TOV
KowoU tovg kOpuPov oe pndevikn péon . To onuoviikdtepo OU®G TAEOVEKTNHO TOV,
gyKertat oty amidTnTo TG oYediaong Kobmg ETIONG KOl GTNV TELPULOTIKT EPOPLLOYN.

S,
Current [
>

Controller

SZ

14 sinwt

Zynua 4.2: Zypo eAEYXOL 000 KOV ELEYKTOV

Awaxktopucn) AveTpipiy
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n TpOPheyng

TIpoPrenticdg eheyKTig

T*(t '

L.:_} Awdikocio | S{ 11,}
: Bektiotomoinong _| Load

—— P fori=l,.,n !
! |
I
: Metatpornéag
| "
IP!'[ fhll}: . | Awxprd poviéro : LMétpncn ’

I
|
I
L

o tx)

Zynua 4.3 Aopkod Stdypopipto EAEYYOL TOV TPOTEWVOLEVOD TPOPAETTIKOD EAEYKTN

4.2  Avdlvon tnc ULOVOQUGCIKNG OOKOTTIKNG avopHoTikne owditaénc
NUWyEQLPOG

Amopaitnto o yioo TNV oxediaon TOL TPOTEWOUEVOD TPOPAETTIKOD EAEYKTN GMOTEAEL M
HOONUOTIKY LOVTEAOTOINGT TOV GLGTHATOC 0€ eEICMGEIC KOTAGTAGNG GLUVEXOVG XPOVOL Kol
01N ouvéreln og eEloMaElS SlaPopdv dakpltod ypovov. ' Tov Adyo avtdv, yivoviar ot
akolovBec mapadoyés @ Ta dukonTikd ototyeio BempovvTol 100VIKE KAl Ol YWPNTIKOTNTES
TV mukvotov ioec. H Asttovpyla tov dwaxontikav ctoyeiov S kar S, eivar cvluyrg, kTt

OV SLUTLTMOVETAL OO TV AKOAOLOT S1OKOTTIKY] GLVAPTNON

1, 6tav S, Kheotog KL S, avoryTdg
u= 4.1)

0, 6tav S, avorytog kat S, is KAEGTOG

Xpnowonowdvtag Oeopipote ovaAvong MAEKTPIKOV KUKA®UATOV GTO KOKA®UO TOV
oynuatog 4.1, tpokdnTovy o1 aKkOAovhes dSlopopikég EI0MGELG

A (42)
dt
dv
C—L=i -i 4.3
d 77 4.3)
dv
cZ - 4.4
D (@4

XpNOWOTOIOVTOG TNV S10KOTTIKY GLUVAPTNOT NG oxéong (4.1), TpokvmTovy ot akdAovBEg
EKQPAGCELS Y10 TNV TAON V,, KOl Y10 To pedpata I iy I .

V, —uv -v,

(4.5)
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i =ui (4.6)

P

i =u-1) 4.7

Avtikofotovtog Tig oyéoelg (4.5), (4.6) kar (4.7) otig oyéoeig (4.2), (4.3) o (4.4)
avTIoTO 0, TPOKVITOLV 01 TAPUKAT® GYEcel (4.8), (4.9) ko (4.10)

di

L —=Ri -uv +tv, +v 4.8
s dt s' s o 2 s ( )
dv
C—Lt=ui -i 4.9
dt v (49)
oD -i (4.10)
dt

H tdon tov kowvov koppov TV mukvetdv V, KaO®Og kot 1 cvvolkn thon e&ddov v,

e&apTOVTOL GUECH OO TIG TAGEIS TV TUKVOTMOV V, Kol V, OTOG QaivETOL TOPAKATM
v, =V -v,, v =y 1y, (4.11)

H avtikatdotoon tov tponyodueveyv ekppdoemv otig oyéoelc (4.8), (4.9) ko (4.10) divel Tig
EKQPACELS TOV TEMKOV GYEGEDY TOV GLGTNHOTOG

di 11
L—=-Ri -uv +—=v -—v, +v 4.12
s dt s's 0 2 0 2 d K3 ( )
e mui -i 220 4.13)
dt ‘
e (4.14)
dr

Ov Jwgpopikéc eflonoelg (4.12), (4.13) ko (4.14), pmopodv ypagodv ¢ eEloMOELS
KOTAGTOOTG KOl VO OTOTEAECOVV L0 GUVOTITIKTY TTEPLYPOPT| TOV GUGTHLATOG OTTMG TOPUKAT®

x()= Ax()+ B(x(®)u+ Dw(1) (4.15)

omov

[x®]=[i, v, v,] . [B(x(t))]{-Livo %z; 0} [wol=[v, i,]
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R 1 L
L 2L, 2L I
I 2

A=|-% 0 0 - 2

C ’ LG
I

=~ 0 0

C | 0 0

T Adyovug dtevkpiviong toviCeton Tt Tor peysbn pe pikpovg AaTvikoig yapouktipes (I, V, ,

v

1> Iy s Vs ) Nhdvouy ypovopetofintd peyéom.

X1 ovvéyeln, emiéyovtag xpovo detypotoinyiog 7,, dtakpiromorovpe o chotnua (4.15) pe
dwakprromoinon mpO™S TaéNe, omdte Kol TPOKOTTEL TO aKkOAovOo cuoTnua elo®eE®V

dlpopmV
X, =Ax +B,(x )u +Dw, (4.16)

OOV Ol TVOAKEC TOV SLUKPITOVGVGTHUOTOC OIVOVTAL TOPAKATED

L,
, T,
x,=[1, V, V] A=a+4aT)=| - 1 0],
T,

= 1
c 0
T T
Y ! . V0 r
Bd =TSB={_fSVo,k CS Is,k O:I > Dd :T;D: i 2T > W, :[Vs,k I(),k:|
* 0 - CS 0

Arevkpwviletan emiong 0t ta peyébn pe Ke@oAoiovg AaTvViKoDS YOPUKTNPES Is,k , Vo,k, V i

I,V nkovooy Sroxprd peyéom.

4.3 Evepyslokn avaivon

Kputiplo modttog Ttov HOVOQOCIK®V JKOTTIK®V avopbotikdv dwtaéewv givar 1
Aettovpyio 6e VYNAO GUVTELESTY| 1GYVOG £16000V (1O0VIKAE PLovadlaio). AvTd EmTLYYAVETOL LLE
Vv Tpoimodeom OTL 1 BEUEMMDONG OPLOVIKT] GLVIGTMGO TOV PEVIATOC EIGOS0V UETOPAALETOL
OLUPOCIKG HE TNV TAoN €106d0V, N omola Bewpeiton NUITOVOEWNG KAl ATOAACYHEVT] OO
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avVAOTEPEC OpUOVIKEC. Me Bdom tnv mponyovuevn araitnon, vroioyiletol To extbountd pevpa
€16000V, GTO 0010 ATALTEITAL VAL GUYKAVEL TO OVTIGTOLO TPAYUATIKO PEVLLO TOV GUGTHLLOTOG.
Ot pébodot vroroyiopod Tov emBuuntod pedHOTOg €16600V TOV KATOYPAPOVTOL GTNV
Biproypapia givor:

e Xpnomn avaroyik®v eAeykt®mv Tomov PID
e Evepysuokn avaivon

H ypnon avaloyikdv gAeyKTdV y1o TOV LTOAOYICUO TOL emBuunTov PedUATOG 10000V Elval
TEYVIKN EVPEMG OOEOUEVT] KOl TPOCPEPEL OMAO TAsovEKTNIA. Atoc@aAilel apevog OtTL M
HEGT TIUN NG ovveyovg Tdomng Bo cuykAivel atnv emBounty| TIUY, OEETEPOL UE KATAAANAN
EMAOYT TOV OVOAOYIKOV KEPIMV TMV EMUEPOVS EAEYKTMV TTapdyel ot ££000 TOV NAEKTPIKO
onua 1o omoio tavtiletor pe to emtBuuntd TAGTOG TOV PEVUATOC €16050V. Ta PEIOVEKTALLOTA
MOV TPOKVTTOLV GUECH OmO 1Tr OCLYKEKPUEV] TPOcEyylon eglval 01l o€ mepintoon
AavBaouévng emAOYNGC TOV KEPODV TOV OVUAOYIKOV EAEYKTOV 00nyel 10 cvotnua, 6Gov
aopd v taon e£0dov, o€ amdKAIoN 1| 68 UOVILO GOAAUD, LE GUECT] EMITTMON GTO TANTOC
Tov  emBuuntov pevHOTOC €16000v. EmmAéov okdpo Kou og mEPIMTOON  OoPOAODS
VTOAOYIGLOD TV KEPODYV TOV GVOAOYIKOD EAEYKTN, 1 EVPWOTIO TOV GE TEPLOYES AEITOVPYING
mépav TOV onpeiov 1oppomiag meplopiletar 0dNYOVIOG T0 VTN GE aoTadn Agttovpyia
KOl KOT’ EMEKTOON GE AAVOUGUEVO VLIOAOYICUO TOL EMBLUNTOV PEVUATOG €160d0V. Ommg
TOPOTNPOVLE KO GTO GYNHA 4.2 1 YPNOT AVAAOYIKOV-OAOKANPOTIKOD YPOUUIKOD EAEYKTY Oa
mopaéel oty €000 Tov, TO TAATOG TOL €mMBLUNTOD PEVUATOG TO ONOI0 OTN GLVEYELL
SIOUOPPDVETOL TLULTOVOELDMDG, DOTE VO EIVOL GUUPAGIKO LE TNV TAGN TPOPOSOGiag.

EvoAloktikd pe v mopomdve TPocEyylon, O LROAOYICUOC TOL emBupntov PevUOTOG
€16000V umopei vo, emttevydel pe ™ ypnom tov evepyelakod 16olvuyiov TV EVEPYROV 10YD®V
€16000v — €E6dov. Melovéktnua ovtig g pebodov eivar 1 Bsdpnon TV WavikdV
SLOKOTTIK®Y OTOYEI®MV KABMG KOl AAL®Y OTOAELDY TOL EVOEXOUEVAS VO DITAPYOVY OTMG Yo,
TOPASEIY LD O ATMAEIEG GTOVS YPNCLUOTOIOVUEVOVG aymyovs. H poabnuatikny datvmmon tov
evepyelakob 1ooluyiov eivan

(P)=(P.) e (vi -R (i)} =(vi,) &

o

<(I:psina)t)(Vs,psinwt) -R(I.,) sinza)t> = <V*Io> o

<I:PVc.p - (I:p )2R“> * <%> - <V:’*1"> <

R(L,Y -V, I', + 2V, =0

s,prsp

. vV V: 2viI
IF =_sp g |Zsp _£Vods
P 2R “\4R’ R,

4.17)

Amd v mponyoduevn oxéon (4.17), amodekth gival 1 akdAovdn Ty Yo To TAATOG TOL
PEVLATOG E10000V KAOMDC ATOdEIKVVETAL 1] BEATIOTN EVEPYELOKE
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o _V, Ve 27,1,
IS’P_2RS_ R (4.18)

omov 'V, 10 mAGTOG NG TAONG £1G030V, V. n embount tun g téong e£6dov, R, 1
TOPACITIKY  OVTIGTOOY TNG OVTERAY®YNS €106d0v kot I, to pgdpo tov @optiov. Ztig
Tapandve oyxEcelg To ovUPoAO <> ONAGOVEL TN HEON TN UG TEPLOOIKNG GLVAPTNONG

neplodov T m omoia divetar g akoAovdmg
(f@)= j f(@)de

Koatd ovvéneto, n emBounti tov pedpotog 16050v Ba gival

I, =1 sinwt, (4.19)

4.4 Yyedlaon TpoPAERTIKOD EAEYKTN UE TTEPLOPIGUOVC

Ot otéyol ov Ba Tpémel va ANeOoVY VIOY™ Yo TOV GYESUGUO TOV TPOPAENTIKOD EAEYKTN
etvan (1) povadiaiog cuVTEAESTNG 1oYVOG 10000V, (i1) Tdon £6dov pe péomn Tun ion pe myv
emBounty, (iii) e&acpdiion OV Tdoe®V 6TOLG TUKVEOTES, (V) PO TN TG TAONG TOL
Kooy KOuPov TV mukveot®v pndevikn. Emiong vyiotng onpaocioag onpeio eivar, m
wKovomoinon 6AMV TV oveaTépwV og pLovadiaio opilovta mpoPreyns duipkewag T, .

H opyn ™c¢ oyxedioong tov mpoPremticod eleykty ompiletor 6T0 SoKpltd HabnuoTiKd
LOVTELO TOV GLGTNUATOG, OTMG AVTO TEKUNPLDONKE otV Topdypapo 4.2, oxéon (4.16). Z10
HOVTELO 0VTO, M TAoN €16080v V,, , 10 pevpa g16od0L |

o » M Taon g&odov V,  , 10 pedpa

ooptiov I, perpovial. Axorovbwg, yiveror mpoPreyn y tig tpég mov Ba £xovv ot

Vs Kot Vi omy endpevn derypotoinyio (k+1)T,. Me

v

0,k+1

HeTaPANTéC KaTAoTOONG IS o>

Baon 115 TG mpoPreyns Tov petafintov I Kot pe 0edopéves TIg emBupuNTEG TOLG

s,k+ 2

TES IS,k+l (to emBountd pevpa 10660V gival cLYYPOVICUEVO UE TNV TAOT €10000V) Kot

V:,kﬂ, opiCovpe tov meplopiopd yia 1o pevpo £166d0v L, € Iy L, 1, 6mov
1 kit = 05 L+I w1 skt = 0-3 1 +1; kot pe QauAAn TPOcEYYIoN Ol TEPLOPIGHOT

mov tifevron yoo TNV péon T g ovvexovg taong €6600v V., € [V Vi, 1 0mov

\Y =099 V.. ko 'V, —IOIV

©kH )y (0kH g ok - L0 KPP EMAOYHG TOV 0pimv TGO Y10 TO

pevLLL 8106801) 0060 Kot Yo TNV Téor 5600V Tpoépyovtal and TG OMALTIOEL Yio LoVadLoio
GUVTEAEGTY| 1GYVOG €160J0L Kal Yo Taomn €E60ov otnv emBount Tyn. A&ilel vo onuelmei,
6tL m emdhoyn opiov pe ehdyiotn Sweopd ( Ly Lo o Vi, = Vi, ) ETPEAReL
OTOV TTPOPAENTIKO EAEYKTY] SUVOUIKT] GLUTEPLPOPE LE TavTOHYPOVI aOENCT TNG OKOTTIKNG
ovyYvOTNTOC.

Mpoprentikog Ereyyog
AWKOTTIKAOV AvopOOTIKAV

Awtatemv



Kegéhoto 4

¥t ovvéyela, opilovpe Ta oTIyUIoio GOAAUOTO TOV PEVUATOG EIGOO0V Kl TNG Tdomg ££600V
amo TIG avtiotoyeg emBuuntég TWES Tovg. Mio amd TiG KOIVOTOUIEG TOV GUYKEKPLUEVOL
TPOPAENTIKOD €AeYKTN €lval 1| £EKPPOGT TOV COAALATOC TOL PEVIATOG ELGOSOL Kot TNG TAOMG
€£000V avaAloya [E TNV TEPLOYN UETAPOANG TOV TPOUYUATIKOD PEVUOTOC KOL TNG TPOYIOTIKNG
tdong avtiotorya. Opilovpe €161 TO0 COAANLO PEOIOTOG OC

q[g(ly,k+]-1(gk+])m ) lf ]vkﬂz (sk+Dmax
& = qla(l(s,k+1)m,-n sk+1) lf Isk+1— (sk+Dyin (4.20)
I

sk+l I sk

qn if I(s,k+1)mm Lo = L

KoL € OUOL0 TPOTO Yo TNV TAon €£0d0V

an(V yar (ok+1)max) l~f Vk+1 = " (0ktDmax
8 - an( (ok+1)mm 0k+1) lf‘ Vk+1— (0k+Dmin (421)

V.

ok+l ‘ f 0k min < Vo,k+1 < (0k+Dmax

EmmAéov, n ovykhon g tong V,,,, o6& pundevikh péon tun, Ho mpénel anaputitog vo

eEaopaiotel, kaBhg oe avtiBern nepinTton o1 TACES T®V TVKVOTOV Ogv gival OHOLEG Kot
KOTA GUVETELDL ONULOVPYELTUL TO POIVOLEVO GUVEXOVG GLVIGTMGOS GTO PEVIA 10000V, )G ek

10010V évog emmAéov 0pog AV, mpokerton va npootebel 6to kprriplo Pertictomoinong pe tov

avTioTOr(0 GLVTEAEDTT PapVTNTOC.

A&iler va Ttoviobel 0Tl Ol TWEG TV GUVIEAESTOV PBapOtNtos ¢q,,,4 ;s GyusQyy eR’

EMAEYOVTAL LE TO KPUTNPLO va d0OEl TPOTEPAOTNTO GTO GUYKEKPIUEVO GPAApa [42], doTe O
EAEYKTNG VO TOPA&EL OpdioT EAEYXOV TETOLO (OGTE VAL TO EACYLOTOTOOEL

4.5 Kprtnpo Bertictonoinonc

H pobnpotc) datdnwon tov kpirnpiov Peltictomoinong eivar éva molvcvvieto Tpdpfinua
Kot yiveror ouvOeTdTEPO, GTOV TO VO UEAETN CUGTNUO EIVOL LT YPOUUKO KOl VTOKELTOL GE [N
YPOUUIKOVG TEPLOPIGUOVG. AToTeAel {0MC TO MO ONUOVIIKO TUNUO oYedlaong TV
wpoPrentik@v gheyktdv. Me Baon ™ Bempio Tov mpoPrenticod eléyyov mov avamTUyONnKE
010 Ke@ahato 1, 1 dSuokoAio £yKeLTal 6TO YEYOVOG OTL TO KPTNplo elaylotomoinong Ba mpémet
oLYYPOVOS VO omoTeAEl cuvaptnon Tov Bempuatog g gvotdbelag Lyapunov. H dtopkng
EPELVNTIKN OpOCTNPOTNTO YOPp® omd TO OLYKEKPUEVO Béua mapovotdlel e&oupetikn
dvoKoMa TNG GUECNG EQUPUOYNG TOV, YEYOVOC OV TAPUTEUTEL o€ HeBOOOVE OLVOULKOD
mpoypoppatiopov [18], [20-21], [25] kot ot pobnuatikn Bswpia g PeitioTonoinong tov
KUPTAOV oLVOA®V (convex optimization) [19], [22-24]. To kpumpilo PeiticTomoinong mov
TPOTEIVETOL, Y10, TOV GUYKEKPIUEVO EAEYKTY] OLOTVTTOVETAL OKOAOVOWOE MG
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J(&,.&. V) por, =€ t& TRV, (4.22)

[Mopatnpodpe 0Tl T0 GEAAUATO TOV HETAPANTOV KOTAGTOGY, OT®OC dloTtunddnKay otV
TPONYOULEVT] TOpAypoapo 4.4, elG€pyovtal otV EKEPOACT TOL Kputnpiov PeiticTomoinong.
EnumpooBétmg o 6pog AV, mov avapépeton oy embopio g evoopdT@ong Kot TG TEomg

TOV KOWVOU KOUPOL TOV TUKVOTOV, EIGEPYETAL GTO KPLTAPLO PEATIGTONOINGNG £TCL MGTE 1)
petafinty eléyyov mov Ba TPOKLWYEL VO, IKAVOTOLlEL OAOVG TOVG AEITOVPYIKOVG GTOHYOVS TOV
GUGTNLOTOC.

4.6 Avdlvon tnc evotddeloc

AxorovBdvTag v dadikacio avaAivong NG VoTAdelg Yo To SIKOTTIKG GUGTI 0T TOV
Kepolaiov 2 Kal 3, avaAVOVUE TO GLVOAMKO GVGTNLLO GTO ETUEPOVS YPOUULUKE DVTTOGLGTILLOTOL
aodidovtag TIg 6vo TOAVES TIUES TNG OLUKOTTIKIG GLUVAPTNONG U,

1" Ilepintwon: u=I

To ypappkd LVTOGHLOTNHO TOV TPOKLATEL OO TNV oyéomn (4.16) meprypdpetor omd TNV
axolovin e&iocmon dopopmv

1 Rs Ts Ts
L, 2L 2L
—_ Ts +D
X, = e 1 0 |x, W, 4.23)
L0
C
Ap

O mivokag A, el 10 ak6AovH0 YOPAKTNPLOTIKO TOAVGVLLO
p(A)=|AI-A|=2"-2.99751 +2.99731 - 0.9998

kot wotés 4 =1, 4, =0.9987 +j0.0477 wor A, =0.9971-30.0477 . Iapatmpodue 6Tt M
wiotiun 4, Ppioketonr méve otov povadiaio kOKAO (|ﬂl| =1) evd ot GAAeg dvo Ppiorkovtan

evtog Tov povadiaiov kokiov (|4,

= |/13| =0.9998). Enouévmg to vrocdotnua Topovuctalet
oplax 1 kpiowyn gvotdbeta.
2" [lepintwon: u=0

To ypopukd vroocvotNUe 7OV TPOKLTTTEL amd v oyéon (4.16) meprypdagpetor and v
axolovin eicmon dopopmv
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1_ Rs T Ts - Ts
L ' 2L 2L
T
X, = ——é 1 0 |x, +Dw, (4.24)
Lo
C

O mivokag A, &gl 10 akOAoLHO KOPAKTNPIOTIKO TOAVGVLO
p(A)=|AI-A|=2"-2.99751" +2.99731 - 0.9998

kot wotés 4 =1, 4, =0.9987 +j0.0477 wor A, =0.9971-30.0477 . Hapatmpodue 6TL M
wiotiun 4 Pploketonr mve otov povadiaio kOKAo (|)u]| =1) egv®d ot GAleg dvo Ppickovton

/12

evtog tov povadiaiov kdvxkiov (|4,|= |/13| =0.9998). Enrouévmg to vrocdotnue Topovctalet

0ploKN N KPIGIUN EVoTADELN.

Me ypnon g eviolng lyap(A; ,Q) o€ Kabéva vTocVGTIO OV TPOKLATEL BETIKA OPLGUEVOS
nivaxag P, ondte 1o cvotmua A, etvar aotabég xatd Lyapunov. Tovto dev onuaivel xat’
avaykn Otl 10 ovotmuo elvar aotabéc, mpAyuo TO omoio delyvetol Kol UEC® TOV
TPOGOLOIDCEDY OALG KOl TOV TEWPANATIKOV peTpnoemy. H gvuotdbelo tov cuetuotog Kot
KOTO OUVETEW KOl TOV TPOTEWOUEVOD EAEYKTN, ouTloAoyeital amd TO0 Yyeyovdg OTL Ol
OlokomTikég  petafacelc  pHeTaEd TV evoTafdV  VTOCLGTNUATOV  givol  TaXOTATEG,
TPOGSIBOVTOG GTO GLUVOAIKO GUGTNUA EVOTAON AELTOVPYIKT CLUUTEPIPOPUL.

4.7 eprypaon tov alyopiduov

Xmv mapovoa TapAypapo, mopovoldletor oe Prjpata 1 Sadikacio EKTEAEONC TOL
aAyopiBuov eléyyov mov akoAiovdndnke 1000 Ge EMimESO TMPOGOUOI®ONG 0CO KOl GTNV
nepapatiky depevvnon. Emmiéov, mapovsidletar to ddypappa pong tov aiyopibpov mov
cuvoyilel ToV TPOTEWOUEVO OAYOPOLLO.

O aAyop1Buog ELEYYOV TOV TPOTEVOUEVOD TPOPAETTIKOD EAEYKTN EYEL G AKOAOVOM®G :
1. Mérpnon twv petofintov V., L[, V., [,
Ymohoyiopdg mg taong V,

Ynoloyiopdc Tov emfupnton pedpaTog E16060L I: -

2

3

4. TIp6Preyn twv petaPintov L., V., Vi,

5. TIpocdlopiopds Tmv EKPPACEDY €,&y,

6. Apywonoinon tov kprrnpiov fertictonoinong J (g, , ¢, .V, )(,{+ o

7. Appntikdg vroroywopds tov kpunplov Pertictonoinong J(e,,8,,V, ), pr. Y

KGOE EMTPENTN SIOKOTTIKY KATAGTOOT Kot 00O KELGT G€ LOVADEG VNG
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8. Emhom g J(&,,&,,V, ) BE TV EAGIOT TYIN

9. Amddoon g SWKOMTIKNG KOTAGTOGNG 7OV COVIIGTOLEL OTNnV €AAYLOTN TIU TOL
Kkputnpiov BertioTonoinong tov Prjpartog 8
10. Brua 1

O\ to Topoandve cvvoyiloviotl 6To akdAovBo Sidypapo. pong

Anddoon onudtmv eErEyyov ota
SloKomTIKG oTOoXEl0L

v

‘Mérpncn Voi,k I;,k Vs,k Iu,k

\2

Yrohoytopog |4

\ 4

d .k ‘

*

Ynohloyiopnog 1 s h+l ‘

‘ Apyucomoinon Jopt

tpopreyn L s Va,k+1 > Vd,k+1

v

TIepropropoi Ey,&;

v

Yvvéptnon Bedtictonoinong  J

v
If (Jopt < J) then (Jopt =J,i = l)

> “opt

Zynua 4.4: Aldypoppo pong Tov TPOPAETTIKOD EAEYKTH Y100 TNV SLOKOTTIKY ovopBmTikn Sidtaén nutyépupag

Nai

4.8 AmoterAéoLOTO TPOGOUOIMONC KOl TELPAUATIKNG Otdtaénc

H Beopntikn avimtuén tov mpotevopevov mpofrentikod aAdyopifuov, erainbevetor péom
TPOCOUOIDCEMY LE TNV XPNON TOL TPOYPAUUATog Tpocopoiwong MATLAB/Simulink. O
aAyoplOuog eAEyYov TOL TPOPAENTIKOL €AeykTn Ypdpetalr vmod popen kmddwko C, Kot
VTOPAALETOL GE U0 GEPA TPOGOUOIDCE®MYV UETAED TV OTOIV €ivol : HOVIUN KOTAGTOON
Aettovpyiag, Pnuatikéc petafoAéc T cuveyovg Tdomng Kot fuatikéc HeTaPoréC Tov QopTiov.
Ta amoteléopata ™G TPOGOUOIMONG OvTITapaBAALovTal UE EKEIVOL TOV TPOKVLITOLV OO
TPOTOTLTY TEPAUATIKY ddTasn (oynpa 4.5) mov vAomombnke GTO €PYACTIPLO NAEKTPIKMV
UNYOVOV Kol NAEKTPOVIKOV 1oyvog Tov EMII, amodsikvoovtag tnv €0otoyn oyediaon Tov
TPOTEVOLLEVOV EAEYYOV.
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Zynua 4.5: Mpotdtoan telpapatikn Stdtaén S1oKonTiknig ovoplmTikig S1dtaéng NuUtyEeupag

O aAyopiBuog eréyyov viomomdnke péow yAmooag mpoypoupatiopod C Kot akoAovdmg
TPOYpOUUATICTNKE o8 Yynowko emeepyaotr onuotog tomov TMS320F240, 40MHz g
etoupiog Texas Instruments. O cvykekpévog enelepyaoctne, omotedel LEPOG TOL YNELOKOV
cvatipartog eAéyyov RTI1104 CP tng etaupiag dSPACE. To cuykekpipévo cOGTNHO TOPEYEL
v dvvaTOTNTO OlOYEIPIONG AVAAOYIKAOV KOl YNOoKdV onudtov, kabdg kot Asttovpyla —
TPOYPOUUATIOUO HEG® TOV Aoyiouikod MATLAB. Eriong, uropei va ypnoyomomdei kot wg
petpnTikd ovotnua (Data Acquisition), kaOd¢ cuvodevetar and to Aoyiopkd Control Desk
mg 1dwg etapiog. Ot pPeTPOES TOV OVOAOYIKOV ONUATOV, PEOUATOS KOlL TAOTG,
Tpaypatomoinkay pécw aictntipov eawvouévov Hall ko emdéyOnkav amd v etoupio
LEM. T'w v pétpnon tov pevpdtov ypnoyomrodnke o tomog LA25-NP (uéyioto tiun
pétpnong 25 A) evo ywou v pétpnon tev tdoswv o tomog LV-1000P (péyiotn tiun
pétpnong 1000V). To mnvio €166d0v (boost inductance) KATUCKELAGTNKE OTO EPYNOTIPLO
ond gepiteg oyquatoc E, vikod N87, ayoyod AWG 12 (Swtopy pe poévoon 1.8 mm?).
Emumiéov otoyeio g kotaokevng oAAd Kot Tov adyopiBuov mapatiBevior otov axdAovdo
nivaxa [14.1.
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XTOIXEIA ITPOZOMOIQXHX KAI TIEIPAMATIKOQON

METPHXZEQN
MéyeBog Ene&ijynon Twn
Vs Téon tpoodosiag (rms) 230V, 50Hz
R Avtiotaon autenoyoyng 0.1 Ohm
Ly Avtenaywnyn 160500 4 mH
S1, S Awxontikd ototyeio (IGBT) IXGH20N100
c, G IMokveté 1100 pF
v, EmBountég tdosig Aettovpyiog 700 V. — 900 V
Vomax Méyioto 6p1o draxvpavong g 1.01-V,
péong Tng g téong e£660v
Vo min EMdyioto 6pio daxvpoveng g 0.99-V,
£0M¢ NG TS Tdong €600V P
HEONG TIUNG TNG TAOMS €8 0.5 41
Lo Méy15T0 6p1o SloKHUAVONG TOL
PEVLLOTOG ELGOOOV .
-0.5%[."+1,
L oin EXdyioto 6pio daxvpoveng tov
PEVLLOTOG €GOS0V
500,10
SuvTedeoTEG fapOTNTOG VIO TOVG
1w 91 TEPLOPIGUOVE TOL PEVLOTOG
€16000V
Gve qm YuvTedeoTEG fapOTNTOG YO TOVG 113
TEPLOPIGLOVS TNG TAOTG 5650V
5. , , . 850
A VVTELEOTNG PapOTNTag TG TAONG
Va
. . 100 ps
T, Xpdvog derypatoinyiog Tov

alyopiBuov

Hivaxag 14.1: Tipég ototyeimv TpOcOUOImOTG Kot TEWPOUATIKNAG StdTaéng
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4.8.1 Méviun katdotoon AEITovpyioc

Mo mv pévyun M ovopaotikny Asttovpyio ¢ ddtaéng T€nkav ta akdAovbo Aettovpyikd
KpLTpl

e Tdon Tpogodociag 230V , S0Hz
e Ooptio, opikd 300Q
e  Embount téon e£d650v 700V

Xe OUTH TNV AETOVPYIKN KOTAGTACT), ONOLTEITOL GO TOV EAEYKTN] VO 1GOPPOTNGEL TO
ocvotnuo o€ emifount tdon €£ddov 700V, vo ouwkd goptio 300Q (~1.6kW). Emmiéov
amoteiton 1 AETovpyiot VIO POVOSIIO GUVTEAESTH 10YV0G €10000V. Amapaitntn cvvinkn
Aertovpyiag givor 1 emitevén g e€lcoppdmnong TV TACEDV TOV TLUKVOTOV, GLVONAKN N
omoia Kpivel TNV Agttovpyio g ddtaéng cvvolkd. Ta amotedéopuato oVt TG Acttovpyiog
TapovoldovTal 6Ta GYNUATE TOV aKoAOVOOVV.

Yuykekpéva 1 Aertovpyic VIO GYEdOGV HOVAOLNI0 GUVTEAEGT] IGYVOC EIGOO0V TUPOLGLALETOL
ot10 oynuo 4.6 pe v p€Tpnon Tng TAoMS Kol TOv Pevpatog €160d0v. [Mapoatmpovue OtL
VRAPYEL CLUP®VID UETOED TMOV OMOTEAECUAT®V TNG TPocouoimong (oynuo 4.6a) kot Tov
TEWPAUATIKOV petprioewv (oxfuo 4.6p). To pevpa €16600V0 UETAPAAAETOL MULTOVOEIDMG Kol
elval CLHEAGIKO e TNV TACT E1G0J0V.

400

NAAAE SRR

-40
8, Time Is] ,9 . |_
(o) B

s [N]
= [4]

Is [A1]

Zynua 4.6: Tdomn €16650v kot pedpa 16650V (0) amoteAéopata TPOcOpoimons, (B) TEpapaTIKd amoteléopoto

H avdivon appovik®v 1ov pedpatog 16000V anekoviletal oto oynuo 4.7 mov akoAovbet.
Toviletar 0Tl TO CULYKEKPUEVO GYNUO. TPOEPYETAL OMO TIG TMEPUUATIKEG LETPNOES TOV
PEVLOTOG €16000V e o mePiodo ypovov 20ms oty omoia eAnednoav 400 delypota
(mepiodoc/ypodvog derypatonyiog) . Katomy, ot Tipég avtéc enelepydotnioy amd olyopiduo
Fourier mov avantoydnke oto Aoywopkdé MATLAB. To cvykekpyévo oynpo, Topovuctdalel
wikpod mAdtoug edopa appovikav (<1% g Bspehddovg), pe emkpatovoa v 35" mov
avtiotoyel og cvyvotnta 1750Hz. To nhdtog g 35™ apuovikic petpionke kot &yt Tun ion
ne 1o 8% g Bepelddovg. Xt cuvéreln o Tpoavapepbeic adyopiOog VTOAOYIGE TOV OAIKO
apLoOVIKO GuVTEAEST TOL peduatog ewodov (THD%) o omoiog eivor 4.83% wxor tovg
ovvteleotés, mapopopewong DFj, =0.998 ko peratomong DF=0.991. Amotéhecpa tov
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TPONYOVUEVOV VTOAOYIGUMOV €val M TIUA TOL TPOUYUATIKOD GUVIEAEGTN 1GYVOC €GOS0V
cosp = DF,* DF;= 0.989, o onoiog eivau apketd kovtd oty wovikr tun 1.

100 \ I I \ I I \ \ \
BOf
N | | | | | | | | |
PN 60—+t -—-=-=-= -—=== F-————ft-———t+-—-—-—--
w | | | | | | | | |
2 | | | | | | | | |
S S
< | | | | | | | | |
) R e L S
ORI YN S SR T SV I N
0 20 40 60 80 100 120 140 160 180 200

Harmonic order

Zyua 4.7: ®aopo oppHoVIKOY ToV pEOULATOS E16O50V

H ypovikrp dSwkdpaven g thong €£6dov cvvapmoel ¢ embountig TWNAS ™G
mapovctdleton oto oynue 4.8. Kat’ apydg mopotnpovpe OTL LIAPYXEL TANPNG CLUUPOViIL
petald TV omoteAecpdtov  mpooouoimong (oynpo  4.80) Kol TOV  TEPOUATIKOV
arotelecpdtov (oynua 4.8p). H tdon e£60ov (uéon tiun) pubuileton pe akpifeia ota 700V
Tapovoldovtag YpoviKY LETAPOAN Le dSUTAACLO GLYVOTNTA Kol TAATOG Tov e&0pTdTol amd Tig
EMAEYUEVEC YOPNTIKOTNTEC.

800 ' v, a0 IR SRRRREE e AR R :
v, : : : ; :
750+ - ] fal FF’SU ------ RRLEES SERRRCERLERRREY SRRREEE :
) Emﬂgmﬁﬁhf\mﬂnhnﬁﬂ
EYDOW }'3 5 V'ﬁ'\f“u’\*‘\n‘\d"ﬂw\.
° a
X B0 650y [ : -------- S : ------- :
= g0 ROD —
a0 082 0B 088 089
s 082 068 _ 0.85 0.68 09 .
Time [s] T|rne [3]
() ®

Zynua 4.8: Taon e£6d0v o€ oyéon pe v embount T (o) anotedéopata Tpocopoioong, (B) nepoaparticd
OTOTEAEGLOLTOL

H efaopdhion g e€icoppomnong tov tdoemv Tov Tokvetdv (oynua 4.9) ce Tun mov
1600TOL LE TO NGV TNG CLUVOAKNG gival éva amd To o onuavTikd (NTHOTO TOV EAEYYOV,
KoODC o€ SUPOPETIKY TEPIMTTOOT AVICOKATAVOUNG, O dNUIOVPYOVTOV GUVEXNG GLVIGTAOGCH
070 peLLO. €16000V. To YEYOVOG TG IGOKATAVOUNG TV TAGEMV TAPOVCIALETOL ETIONG KOt 0o

Mpoprentikog Ereyyog
AWKOTTIKAOV AvopOOTIKAV

Awtatemv



Kegéhoto 4

mv uétpnon g téong Vs (oyquo 4.10), onAadn ¢ TAGNG TOL KOWOL KOUBOL TMV
TUKVOTOV. OTmg mopatnpodue amd To GYNLOTO TOV 0KOAOLOOUV G OAEG TIG TEPUTTMOGELS
eEacpoMleTon TANPNG avTIoTOLY N LETAED BEMPNTIKOV KOl TEPUUOTIKMDY LETPNOEDV.

500

07 BO0YTe e
—V, .
VoZ
H’é s P P . . T o \-J l\‘u'r \‘-.v‘l
>‘5 = < L AT LA g 300 g a0 \""" ................... ..............
> 300
ad 200 —t
a0 082 084 088 089
2004 462 4b4 466 468 41 .
Time [s] TIITIE! [3]
(@) ®

Zynua 4.9: Tacelg tov Tukvetodv (o) anotelécuata Tpocopoioons, (B) tepapatikd anotehécpuato

0 082 084 0.86 088

Time 5] ’ ' Time 3]
(o) ®

Zynua 4.10: Awekopoven g Téong Tov kKovov KOUBov TV Tukveatdv V, @ (o) omoTéAeso TPOcOHoimoTS,
(B) mepapatikn pétpnon

H evepyetiki] mapovcic. Tov TEPOPICUOY TOL PEVUOATOG €GOS0V KOl 1| OTOTEAEGUOTIKY|
EVOOUATWOOT TOVG GTOV TPOTEWVOUEVO TPOPAENTIKO eAeykTH| mapovotdletatl oto oyfua 4.11.
Eivar mpogavég 6Tt M evooudT®ON TGOV TEPOPICUDV ETMPAAAEL TNV SlokOUOVOT NG
OeEMMOOVE OPUOVIKNG CLVIOTMOGOS TOL PEVUOTOC €600V €VIOC T®V TPOKUOOPIGUEVMY
opimv yopig avtd va mapofralovrar.
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20 2 FIRE SRR e SRR R .
10 T 10 T 10
T b c
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ml L
A0 = <101 = A0
N a0 nd ————
040 0845 0850 0BS5S Q86D
(¥ 02 022 023 023 Time [3]
Time [s]
() (®)

Zynua 4.11: Atakdpoveon Tov pedpoTog 16000V EVTOS TOV TEPLOPICUAOV: () ATOTELEGILA TPOGOUOIMONG,
(B) mepapatikn pétpnon

4.8.2 Bnuotikn netafoAn tTov ©optiov

Me oxomd va avaderyBei 1 SuvapKy CLUTEPLPOPE TOV TPOTEWOUEVOL EAEYXOV GE LETAROTIKA
Qawvopeva, emPailetal 6To cOOTNHA PNUATIKY GAAOYT] TOV QOPTIOL. APYIKA TO GUCTNLO
Tpoodotel wUkd goptio 1800hm vrd tdon 700V amodidovtag woyd 2720W. Ztn cuvéyelo,
t0 @Qoptio petafdiietor Pnuotikd oto 3300hm (1460W) Satnpaviag v tdon 5600V
otofepn. H petaforn tov @optiov, emQEPEL (o vEO AEITOVPYIKT KOTAGTAON HE TO PEVLA
€16000V VO LEUDVETAL, SOTNPAOVTIOG OUWOG TNV Agttovpyio vd povadiaio GLVIEAESTN 1GYVOG
€10600v KTl Tov dAAAwote amoatteitol. Ta BewpnTikd amoteAéouato tov oynpotog 4.12 (o)
elvar og TANPN SLHE®ViO, e TO AVTIOTOU(O TEPOUATIKE Tov oynuatog 4.12 (B). Onwg
SLMIOTAOVETAL TO PETOPATIKO PAIVOUEVO Elval PIKPNG dtdpKelag, pikpotepo omd S0ms, kot dgv
emnpealel Tnv evatafdn Aettovpyio TOL GLGTAUOTOC.
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Zynua 4.12: Téon e16650v kot pedpa 16030V o€ Prpatiky oAroyr Tov eoptiov amd 330Q og 180Q (o)) amoteléopoto
mpocopoinong, (B) mepapatikd orotelécpato

Ev avtiBéoel pe tovg avaroyukoOc YPOUIKOVUG EAEYKTEG TOL TAPOLGLAlovV QavOpEVa
BuBiong Kot vITEPHYMONG TOL PEVUATOG EIGOO0V GE TAPOUOIEG LETUPATIKEG KATUOTACELS [], O

Mpoprentikog Ereyyog
AWKOTTIKAOV AvopOOTIKAV

Awtatemv



Kegéhoto 4

TPOTEWOUEVOG TPOPAETTIKOG EAEYKTNG TPOGUPUOLEL TN SLOKDILOVGT) TOV PEVUATOS EVTOC TOV
opiov dwkduaveng oe kpod ypovikd didotnuae (LKkpodtepo omd S0ms), datnpmdvtag To
ovoTnUo o€ guatadn Aecttovpyia. H ev Adym petafatikr Katdotoon tov pedpoTog 166500
AmOTUTIOVETOL oT0. BempnTikd omotedéopata (oynua 4.13 (a)) Kol OTIS TEPAPOTIKEG
petpnoeig (oynua 4.13 (B)), ta omoia Ppickoviorl 6€ TANPN GLUPOVIA.
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Zynua 4.13: Alwkdpoven Tov peDIOTOg 1600V Kol TMV TEPLOPIGUMV KOTA TN Puatiky oAAoy ToV GopTiov
(o) amotelécpata Tpocopoimong, (B) meEpapaTiKd oToTEAEGHATO

Yy DC mhevpd 100 CUGTUOTOG TO. NAEKTPIKG HEYEDN EMOEIKVOOVV EMIONG OPKETE KOAN|
ovumepipopd. H peimon tov @optiov, €xel o¢ emakdAovBo v Uel®on TG KUUATOONS TNG
Thong €£0600v. Avtd avadeikvoetal ota Oempntikd amoteréopato (oyxnua 4.14 o) 6mov 1
péon Ty g thong €&ddov datnpeitor oe ovykion pe v embountn. Iopopow
GUUTEPIPOPA TOAPOVGIALETUL KOl OO TG TEPANOTIKEG HeTpnoelc (oynua 4.14 B) ue eAdyiot
0AAG amodekth amdkion (~ SV). EeduAin petaforn mapovcidlovy Kot ot EXUEPOVG TAGELS
TOV TUKVOTOV OTTOC PaiveTol amd To anmoteAéspato Tov oynuatoc 4.15 (a) ko (B).
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Zynua 4.14: Atokopaven g tdong e£66ov katd ™ Prpatikn aAloyn Tov eoptiov
(a) amoteléopata Tpocsopoinong, (B) melpopotikd aroteléopoTa
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NpoPAENTIKOG EAEYKTIG YLOL TNV SLOAKOTITLKI

povodaokn avopBwtikn didtagn nuyEdupag
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Zynua 4.15: Alkdpovon TV TEcEMV TOV TVAVAT®OV KOTd T1 BrHatikn aAAoyn Tov goptiov
(o) amotelécpata Tposopoimong, (B) mEPaATIKG OTOTEAEGHLATOL

Kaipto onueio mov yapaxtnpiler v ouvolikr Aettovpyic. TOL GLOTAUOTOC &ival 1
Stokduaven g Téong Tov Kool KOUPov TV TVKVOTOV. OTMG TUPUTNPOVUE OO TO YU
4.16, 1660 amd o Bepnrikd amoteléopata (4.16 o) 000 Kal amd TIC TEIPOUUATIKES LETPTGELS
(4.16 B), n péon TN TG TAONS OVTNAG TAPAUEVEL TEPT TN UNOEVIKN TN, YEYOVOS OV OEV
ELGAYEL GLVEYN CLVIGTMOGN GTO PEVILN ELGOOOV.
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Zynua 4.16: Awekdpoven g Tions Tov Kool KOUBoL TV Tukveotdv V; katd ) Pnpotikny petofoin tov eoptiov:
(o) amotélecpa Tpocopoinang, (B) Telpopatikn pétpnon
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Kegéhoto 4

4.8.3 Bnuotikn petofoin e taonc e£E660v

Mia emimhéov Ae1TovpyIkn Katdotaot mov uropel va {ntnoel and pia S10KomTIKn avopOmTIKY
dutaén nuyépupag elvon ekeivn g Pnpatikng oAloyng tng taong €£0dov. e avty v
nepintoon emPordeton Pnuatiky petafoArn g emBountig TWNG ¢ Taong €£600V amo
700V og 900V vnd otabepd @optio 3300hm. Ta amoteréopota amd TNV GLYKEKPIUEVN
dokin, mapovstdlovror ot oynua 4.17 t6co o Bewpnrtikn Tpocséyyion (4.17 o) 660 KoL g
nmepopoatiky pétpnon (4.17 B). Ta ocvykekpyuéva oyquate SNAOVOLY TNV 1KOVOTNTO TOV
TPOTEWVOLEVOL €AEYXOV VO TPocapuolel 1o cOGTNUE OTN VEN AELITOVPYIKN KATAOTOON,
ToPOoVGIALOVTOC LETAPATIKY GUUTEPLPOPA, YPOVIKTG dtdpkelag tepimov 100ms. H gvuepyetikn
YPNON TOV TEPLOPIGUDV TNG TAoNS €600V, eacaAilel opaAr petdfacn ot véo TN Kol
SLTPNON TNG LEGNC TIUNG EVTOC TV OPimV.
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Zynua 4.17: Awkopovon g téong e£600v Katd T Prpatiky HetafoAn g embuunge Tng
(o) amoteléopata Tposopoimong, (B) mePapaTiKd anoTEAEGHLATO

AVAAOYN GUUTEPLPOPA EMLOEIKVVOVY KO Ol EMUEPOVG TAGELS TOV TUKVOT®V, OTMOC PAiveTal
oto oynuo 4.18 (o) xat (B).
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Zynua 4.18: Taoelg Tov Tukveotdv katd ™ Pnpoatikn petaforn g tdong e£6dov
(a) amoteléopata Tpocsopoinong, (B) melpopotikd aroteléopoTa
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NpoPAENTIKOG EAEYKTIG YLOL TNV SLOAKOTITLKI

povodaokn avopBwtikn didtagn nuyEdupag

"Exovtag o¢ otdyo v guctafn Aeitovpyios TOL GLUOTHUOTOC, TOPUTNPOVUE OO TO GYNUO
4.19 (0) (amoteréopata Tpocopoimong) Kot (B) (Telpapatikd amroteAéGHATA) OTL 1| TACT] TOV
KooV KOUPOL TV TUKVOTOV, TAPoLGLalel avénon tov mAATovg TG, aALG dtaTnpel T péon

TN TNG O€ UNOEVIKT TIUN.
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Zynua 4.19: Awkopoven g Téong Tov Kovod KOUBov Tav Tukveatdv V, katd ) fnuotikny petooAin me tdons
€E0dov: (o) amotélecpa mpocopoinaong, (B) mewpopatiky pétpnon

Ocov agopd v AC mhevpd T0UV GLOTAUATOG, T PuoTiky petaforn ¢ tdong e€6dov,
avampocapUolel T0 TAATOG TOV PEVUATOG E1GOO0V GE VEQ TN OTMG TPOKVTTEL GO TNV
EVEPYELOKN OvAALGON TOL akoAovdnOnke otmmv moapdypapo 4.3. Emumiéov, o oTdY0C NG
Aertovpyiog oe povadlaio cvvieheotn 1ox00¢ €l06dov, eoceoriletal TOGO KATO TNV
Bewpnrtikn avaivon (oxiua 4.20 a) 660 Kot amd Tig TEWPUUATIKEG petpnoelg (oyxnua 4.20 B)
Kol et v Pnpatikny petafoin g téong €£6060v, IKOVOTOIMVTAG TO KPLTHPLL TNG TOLOTNTOG
100G,
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Zynua 4.20: Awakopoven g Téong Kot Tov pELUATOS E16000V KOTA T Ppatiki HeTafoAn TG Téons €050V
(o) amoteléopata Tposopoimong, (B) mEPapATKd OTOTEAEGLLATO
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Kegéhoto 4

4.9 YoumepdoUoTa Kol LEALOVTIKEC TTPOTAGELC

YoprepdopaTo.

Y10 mopdv KePOAao avardOnke OempnTikd Kol GYeSAOTNKE KOTAAANAOG TPOPAETTIKOG
EAEYKTNG YO TNV TOTMOAOYi®L TOL HOVOPOAGIKOD OlOKOTTIKOV avopbwt] muryépupag. H
oyedioon tov Pociletor oTo U YPOUUKO SKPITO HOBNUOTIKO HOVIELO TOV GULGTILOTOG,
YOPIG VO OTOLTEITOL 1] TOPOTOUTT GE YPOUUUIKOTOINUEVE, HovTédo acBevoig onuatog. O
TPOTEWVOUEVOS TPOPAENTIKOG EAEYKTNG, TANICIOONKE A0 TOV €VPWOTO EAEYKTN 1TNG
VOTEPNONG, HEC® KOTAAANAC OYESICUEVOV TEPLOPIGUMOV YO TO PELUA ELGOOOL KOl TIG
ouvveyeig taoelg ava Pabuida. Amd ta amotelécpata TPocouoimong Kabdg Kol amd v
TEWPOUOTIKY eMPBePaimon, avadelydnKoay To TAEOVEKTHLOTO TOL TPOTEWOUEVOL EAEYYOV TOGO
Katé TV Agrtovpyic. VIO OVOUOGTIKEG cLVONKEG OGO Kol KATO TO. SLUVOUIKG QUVOUEVA.
XopoKINPIoTIKO YVOPIOUE TOV TPOTEWVOUEVOL €AEYYOL €lval 1 WMIKPY omaitnorn o€
VIOAOYIOTIKO KOGTOG OAAG KOl 1) TEPOUATIK VAOTOINCT 0 UIKPOEMEEEPYACTES YOUNAOD
KOGTOLC.

Mehrovtikég llpotaocelg

o TlpoPrentikdg £LEYY0G LLE TPOCUPUOYN TOV GUVIEAECTOV PopOTNTg HEGHD OOAPOVS
Aoykng M Aoywng gain scheduling

e Xpion ¢ wpadT™ PoOpide o6& CVGTNHOTE MNAEKTPIKNG KIVoNS E10IKAOV
NAEKTPOUNYOVIKOY  SVoTNUATOV: O KOTAAANAOG  EMOVOCYEOINGUOG  TOV
TPOTEWVOLEVOD TPOPAETTIKOD EAEYKTN G€ £va TANPES GVOTNLO NAEKTPIKNG Kiviiong
&yovtog og Tpotn Paduida v dtoukortikn avopbwtikn didtaén nuyéevpag, Bo NTav
éva aKpac evolapépov BEpa.

Awaxktopucn) AveTpipiy
Kovoetavrivog I'. ITavrov
H.M.M.Y - E.M.II 2012
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Zupnepdopata — uvelodpopa tng Statppng

2VUTEPACLLOLTOL

H mopovca dwtpipn mopovoialer évo véo aiyoplBpo mpoPAremtikod €Aéyyov Yo TIG
drokomtikég avopbotikég drutdéelg. O mpotevopevog alyopiBpog eAEyyov epapudoTNKE O
TPEIC EVPEMG YVMOOTEG LOVOPUCIKES SLOKOTTTIKEG avopOmTikég dlatdéelc, otnv Tomoloyia g
TANPOVG YEPLPOG, GTNV TOAVETIMESN TOTMOAOYiD T®V oAANAEVOET®OV Pobuidmv Kol otnv
tomoloyia Tng nuyépupoc. H Bewpntikn avdivon mov tponysital avé LEAETOUEVO GVOTNLA,
TEKUNPLOVETOL APEVOS HECEO EKTEVAOV TPOCOUOUDGEMY, OPETEPOV HECEH TEPAUATIKOV
emoAnBevoewv. Ta amoTeAéopaTa TOV TPOKVITOLY dNUIOVPYOVV aicOnua EAodo&iag 6Tl 0
TPOTEWVOUEVOG €AEYYOG Hmopel VO OTOTEAECEL EVOAAOKTIKY TPOTOGT EAEYYOL YO TIC
dwakomtikée avopbotikég dwatdéels. Ta kupidtepa cvunepdopoto mwov e€ayovial amd TV
GUYKEKPULEVT] EPEVVNTIKN EPYOGIO KATAYPAPOVTAL AKOAOVOWC,.

Mo v Tomoloyia TG HOVOPUGIKNG S10KOTTIKNG avopOMOTIKNG dtdTtasng TANPOVG YEPLPAG
EMITLYYAVETAL 1) AstTOoVpYin o€ Tpiol EMIMESU AVAPOPIKE LLE TV LOPPT TNG TAOTG AKPOSEKTMV
€16000V NG O01ataéne pe oyetkd amid tpomo. H mpooéyyion ovth emttuyydvel, Kotd
Biproypapio, PKpOTEPEG AEITOVPYIKES OMMAELES KOl UIKPOTEPO OPUOVIKO TEPLEYOUEVO GTO
PELLLOL EIGOJ0V KOTL TOV TEKUNPIDVETOL LEGH TMOV TEPOUATIKDV PETPoe®V. Emmpoctétmg,
SooeoAilel evotadn Aeltovpyic TOL GLOTAUATOG KATA TNV EMPOAT] SVVAIKOV HETOPOADY
™G eMBLUNTAG TIUNAG TNG CLVEYOVLS TAOMG M/KUL TOL POPTIOV. EMUAVTIKO TAEOVEKTNO TOV
TPOTEVOLEVO EAEYYOV EIVOL 1| GUECT] XPTOT] TOL [N YPOUUIKOD HOOTUOTIKOD HOVTELOV, XWOPIg
VO OTOLTELTOL YPOULLKOTOINGT KOl TOPOTOUNT GE TPOGEYYIOTIKA HoVTELD a.60gvoDg oNaTOG.
"Eva. amd o, onuovTikOTEPO TAEOVEKTNLOTO TOV TPOTEWVOLEVOD TPOPAETTIKOD EAEYKTN &ivol M
Gpeon VAOTOINGT TOV GE YAUNAOD KOGTOVG YNOLUKOUS EMEEEPYACTEG ONLATOC, YEYOVOS TOV
OLEVKOAVVEL OPKETE GTNV TEIPULLATIKT] EPOPUOYT| TOV.

[pokeyévov va avaderydel 1 eVOAAAKTIKT TPOTOCT) ELEYYOV, O TPOTEWVOUEVOS TPOPAETTIKOG
eAEYKTNG Tpomomoteital kol oyedtdletar ek PBaBpwv yio TV TOAVEMiNEdN TOTOAOYiO TMV
aAAnAévoetov Pobuidov. H Asttoupyikny TOADTAOKOTNTA TNG GUYKEKPIUEVNG OdTaENG
TPOKVTTEL GO TOVG TOADTAELPOVG GTOYOVS TTOL TiBeVTaL, OTT®G 1 S1UGPAAICT] TV KPLTNpidv
TOWTNTAG TNG 1oYV0¢ €100600V, M wKavoTnTe, aveEdpTneg Asttovpyiag TV ETUEPOVS
ovlevyuévov Pabuidov ce Tdoelg Kol Qoptio Kol TEAOG 1 TOPOY®YT TOAVETITEING TAGNG
OKPOJEKTMV €16000V NG drdtatng. [Iépav avtdv, amorteital Katd Tov oYeSIUOUO 1) EAAYLOTN
KOTATOVION TOV SKOTTIKMY GTOWEIV, TPAYO TO 0T0i0 EMTLYYAVETOL PE TNV dlaxeipion
TOV SOKOTTIKOV LETAPOCEDV.

Mo v tomoloyion TG MyEeLPOC TTapovotldletol alyoplOpoc TPoPAERTIKOD EAEYYOL UE
ONUAVTIKA TEWPAPATIKE amotedéspata. H oyetikd anin oyediaon tov eleyktn, eEacealilel
TV €uoTtadn AsrTovpyic TOL GLGTHUATOC TOGO 6T UOVIUN KOTAGTAOT) AErTovpYiog OGO Kot G
duvapkég petaforéc. Emroyydver tv e€looppdmnon TovV TACEDV TOV YWOPNTIKOTHTOV,
onueio mov amotehel To AYKAOL TNG CLYKEKPYEVNC TOMOAOYiOG, YWPIg TNV Tpochnkm
OVOAOYIKOV — OAOKANPOTIKOV €AEYKT®V. TO TAEOVEKTNUO TOV TPOTEWVOUEVOL EAEYKTN
OTOTILATOL TNV OTTAT oYXESIAOT KOl GTNV TEWPAUATIKG EQAPHOCIUT TPOTAOT).

Ipopirentucéc Edreyyog
AWKOTTIKOV AvopOOTIKAV
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YUVEIGQOPA THC doTplBNC — Znueia yio LEAAOVTIKN £pEVVOL

Amd TV peAETN TOVL TPOTEWVOUEVOL TPOPAETTIKOD odlyopiBpov Tpofékvyav Ta akdAovOa
Oépata mov amotelovv TBavA onpeio LEAAOVTIKNG EpEvvag

1. Awepebvnon ¢ eninTOONg 0T AELTOVPYIC TOL GUGTAUATOG KOTA TNV SUVOUIKN
HETAPOAN TV GUVTEAESTAOV Bépovg 6To Kpltrplo PerTioTonoinonc.

2. Texunpuopévn avalvon evaicdnoiog tov eréyyov og petaPorés tov otoeiov pe
KkaBopiopd TV opimv dloKOUAVONG TOVG.

3. Evooudtoon TpocoprosTiKoy LOVIEAOD Y0 TNV OVTILETONTION TV apéBalov TIH®V
TOV GTOLYEI®V.

4. Evooudtoon povtéAov aca@ovg AOYIKNG Yo TNV PEATIOTN EMAOYT TOV GUVIEAEGTMV
BapdtnTog ava AEITovpyIKY KATAGTOOT).

Awdoxtopiki AvaTpifn
Kovoetavrivog I'. ITavrov
H.M.M.Y - E.M.II 2012
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Abstract: This study presents a new approach to the control problem of single-phase switch-mode rectifiers. The proposed
approach is based on a particular model predictive control scheme, incorporated with soft constraints for the errors of the key
control targets. This control system is free of portional integral (PI) controllers, which are responsible for poor dynamic
performance. Control objectives of sinusoidal input current, approximately unity input power factor, and output voltage
regulation are successfully met under both steady state and load or setpoint changes. Considering the significant advantages of
multilevel operation, the reflected AC side voltage exhibits an appropriate three-level modulation. The developed control strategy
involves improved performance compared with a model-based sliding mode one. The theoretical analysis is validated by
measurements on a laboratory prototype, illustrating the feasibility and suitability of the proposed controller for this type of rectifiers.

1 Introduction

The key requirement for modern rectifiers is to deliver the
required level of output voltage at the possibly highest
quality of input currents by means of improved control
techniques. The problems associated with the analysis and
design of a control loop for single-phase switch-mode
rectifiers (SMRs) (Fig. 1) in boost operation are
commonly reported and, therefore attract a significant
research interest. The difficulties in controlling these
systems arise from their non-linear, non-minimum phase
nature [1]. Moreover, the control problem is further
complicated by substantial changes of the operating point
because of output voltage and load variations, as well as
model uncertainties. This persistent scientific research leads
to the development of enhanced techniques for the effective
control of SMRs.

A wide range of different control strategies has been
proposed in the literature to overcome the aforementioned
issues. The majority of the established control techniques
employ Pl-type controllers tuned by using linearised
average models of the system [2, 3]. This approach
deteriorates the dynamic response significantly leading to
overshoots or undershoots in the output voltage
during load or setpoint changes. On the other hand, novel
approaches are based on non-linear control techniques and
specifically sliding mode control [4—6], hysteresis
control [7, 8] or passivity theory combined with adaptive
control [9, 10], in order to improve the system’s
robustness and dynamic performance. These control
techniques are characterised by either complexity or high
switching frequency, as well as the demand of an input
current filter.
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This work focuses on designing a model predictive
control (MPC) scheme, incorporated with soft constraints
for the errors between the key state variables and their
references. The aim is to generate the appropriate pulse
width-modulated signals that will drive the semi-conductor
devices to fulfil certain objectives. In particular, the input
power factor of the system is required to be approximately
unity, whereas the output voltage is required to track its
setpoint, with a DC component higher than the peak value
of the input voltage (boost operation). This regulation
needs to be maintained under all operating conditions,
including output load or voltage changes. Moreover,
considering the significant advantages of multilevel
operation [11], the reflected AC side voltage exhibits an
appropriate three-level modulation. The design procedure
is carried out as follows: in each sampling period the
finite set of possible switching states of the rectifier is
taken into account and an explicit mathematical model of
the system predicts the state variables under consideration.
Next, extending other MPC schemes proposed mainly for
three-phase SMRs [12-21], the instantaneous errors
between the predicted state variables and their references
are bounded by the imposed soft constraints [22]. These
errors are included in an objective function and the
switching state, which minimises this objective function, is
selected and applied in the next sampling period. An
extended second-order Luenberger observer [23] is adopted
for the accurate estimation of the load current regardless
of the load type. This leads to cost and complexity
reduction and increases the total reliability of the system.
The effectiveness of the proposed controller is highlighted
by a comparison with the model-based sliding mode
controller as analysed in [5], in all operation conditions by
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Fig. 1  Switch mode rectifier

means of simulations. The feasibility of the proposed
controller is validated through experimental measurements
on a laboratory single-phase SMR setup of 2.78 kW
nominal power.

2 SMR modelling analysis

The model of the SMR is developed by describing the
continuous-time state-space formulation and the operation
principle of the system in order to derive the respective
discrete-time state-space equations. Moreover, the input
current reference is evaluated by considering that the
input—output active power are equal when high-order
harmonics are neglected, and a suitable load current
observer is used.

2.1 Main characteristics

The topology of the SMR considered is shown in Fig. 1. In
this figure, the input voltage vy is connected to the full-
bridge semi-conductor circuit through a boost inductance
L, with an internal resistance R;. The input current is
denoted by i, whereas on the DC side, C, denotes the
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Fig. 2 Permissible switching states during positive cycle operation
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output filter capacitor and R, represents the resistive load.
In addition, the DC current, capacitor’s current and load
current are denoted by i4., i and i,, respectively.
Commonly, the SMRs feature four different permissible
modes of operation, as illustrated in Fig. 2.

2.2 Continuous-time state-space model

The state equations of the SMR operating schemes shown in
Fig. 2, can be expressed in continuous-time state-space as
follows

x(t) = Ax(t) + B(x(t))u + Dw(t) (1)
(1) = Cx(?) )
where
RS 0
O =i, v, A= | L
0 0
1
— 0
1 1.7 L,
[B(x(t))]Tz[—L—svoa)zs}, D= . 1
CO
Wl =[v, i,l, C=[0 1]

and variables is, v, and vy denote continuous-time-varying
physical quantities.

The variable « defines the switching function of the SMR
and can be expressed as

U=588-58%=5-5 3

where §; €{0, 1} and j =1, 2, 3, 4.
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Depending on the chosen switching pattern u € {—1, 0, 1}
for a three-level AC side voltage v,, €{—v,, 0, v,} or
u € {—1, 1} for a two-level AC side voltage v,, €{—v,, V,}.

2.3 Discrete-time state-space model

In order to design and apply the MPC strategy, the developed
continuous-time  state-space  mathematical model is
discretised using first-order approximation [24]. This leads
to the following discrete-time state-space model, defined as

X = Ay + By(xpuy + Dgwy )
Ve = Cyxye (%)
where
1 RST 0
xp =Ly Vorl, Ag=T+AT)+ L
0 1
T. T.
Bg: TsBT = I:_L_Z 0,k Fz skj|
% 0
Dd:TsD: ) T 5 wk—[Vs,k ]ok]
0 —-=s
CO

and variables V4, I and I, denote discrete-time-varying
physical quantities.

2.4 Power balance consideration

In order to estimate the power flow from the input to the load,
the approximation of ideal power switches has been
considered. Hence, the active input and output power are
considered equal when high-order harmonics are neglected,
enabling to evaluate the reference peak of the input current
(Appendix 1) as follows

2 *
]* — VS,D _ VS,P _ 2V0 10 (6)
2R, V4R T R,

where, V5, is the peak of the input voltage, ¥ the output
voltage reference and /, the load current.

2.5 Load current observer

The efficient estimation of variables included in the control
scheme is essential for reasons of load independency, as
well as cost reduction and reliability increase. In the
majority of existing papers for SMRs, the load is a variable
resistor. However, this is not always the case, since the load
can be highly non-linear (i.e. a power converter). For these
reasons, an extended second-order Luenberger observer has

www.ietdl.org

been used [23]. The estimated load current can be
expressed as follows (Appendix 2)

[o,k+l = _1'76(I>o,k - Vo,k) + jo,k (7)

where
Vokr = 0.6V = (T/C)ulyye — 1) + 04V, (8)
Under this consideration, the estimated current fo,kﬂ will be

used instead of the actual I,, both in (4) and (6).
Furthermore, (6) will be reformulated as follows

B ~
A Vs,p _ Vs,p _ 2V:[o,k+l (9)
SP 2R\ 4R R,

while the reference input current in (k + 1)7; will be of the
form

(10)

* 7% :
skl = lgpsin oty

3 Optimal control design
3.1 Model predictive control

MPC has been used successfully for a long time in the
process industry and during the last decade in the area
also of power electronics. In addition, MPC is well suited
for the control of power electronic converters in various
applications [12-22, 24-26]. The control action is
obtained by minimising an objective function over a finite
or infinite horizon Np. The major advantage of MPC is its
straight-forward design procedure. Given a model of the
system, one only needs to set up an objective function that
incorporates the control objectives. Additional hard
(physical) constraints can be easily dealt with by adding
them as inequality constraints, whereas soft constraints
(manipulated variables errors) can be taken into account in
the objective function by using large penalties. Further
details concerning the setup of the MPC objective function
formulation are given in [27].

3.2 Optimal constrained MPC

The novelty of the proposed controller lies in the adoption of
a particular composite cost function, involving soft
constraints on errors implementation described hereafter.

In order to express the aforementioned control objectives
in a cost function, the penalty coefficients q., ¢, qva> 41
are introduced, where ¢, ¢m» Gra» gy € R and define
respective costs [28]. In a first step, for the minimisation of
the output voltage error the following sub-regions are
considered (see (11))

where the terms Vo s 1ymin and V(o t+1)max are specified as a
percentage of the reference V,, and V,;,; denotes the
predicted value of the output voltage at instant (k+ 1)75.

9vaVors1 = Vo), )s
an(V(O,k+1)min _* o,k+1)7
qu|Vo,k+1 - Vo l,

8V:
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lf Vo,k+1 > I/(o,k+1)max
ff Voss1 = Vot 1)
1 Vot = Vo1 = Viost 1

(11
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Fig. 3 Flowchart of the implemented constrained MPC algorithm

Subsequently, the error terms Vo1 — Vot 1ymax> Yot 1ymin —
Vosr1 and  |Vosyr — V3| weighted with the penalty
coefficients above, are enforcing the error € to vary practically
into the bounded area [V(o,k+1)mina V(o,k+1)max ]

In a second step, the input current error term in the cost
function, has been similarly formulated as follows (see (12))

where the terms /(s st 1ymin and I 4 1)max are specified as a
percentage of the reference I;,,, and I, denotes the
predicted value of the input current at instant (k4 1)7.
Thereafter, the error terms Igjp1 = L 1ymax> L(sjot Dymin —
Ljry and  |Lgy) — Is*, ws1l  weighted with the penalty
coefficients above, are enforcing the error g; to vary practically
into the bounded area [/s s+ 1)min»> L(s -+ 1)max]-

It may be noted that very small bounds (It 1)mins
[(s,k+ 1)max> V(o,k+ 1)min>» V(o,k+ 1 )max) selection lead to
excessive switching frequency.

Considering the errors mentioned in (11) and (12), the cost
function to be minimised in each sampling period can be
expressed as follows

J=¢g+¢gy (13)

A flowchart of the implemented constrained MPC algorithm
is illustrated in Fig. 3, summarising the theoretical analysis
introduced in Sections 2 and 3.

4 Simulation results

In order to check the feasibility of the proposed model
predictive controller, different performance conditions are
examined by means of simulation in Matlab/Simulink
software. In addition, its simulated results have been
compared with the ones of an appropriate sliding mode
controller for the same topology as analysed in [5]. The
simulations performed for both controllers concern the
following cases: (i) steady state, (ii) setpoint step change
from 350 to 500V and (iii) load-step change from
Py =2016 W (R, =124 Q) to P, =2778 W (R, =90 Q).
The adopted parameters, for both the system and the
controllers are: vy = 230 V (RMS), R, = 0.6 (), L, = 4 mH,
Co = 2200 wF, Ty =50 ps, g = 70, g = 0.01, gy, = 58,
qdve = 1, V(o,k+1)min =0.99 Vo*a V(o,k—o—l)max = 1.01 Vo* and
Ls e vymin = 0.99-I5 ki1, Lot 1ymax = 1.01-15 44y, prediction
horizon Np = 1. The resulting switching frequency in the
case of the predictive controller is fgw = 5.7 kHz with a
variation of +200Hz, whereas in the sliding-mode
controller case is fgw =4.8kHz with a wvariation of
+ 1100 Hz approximately.

In a first step, the steady-state performance is investigated
for both controllers. The setpoint is chosen at V" = 550 V
and the load at R, = 124 ) (P, = 2440 W). The simulation
results of the predictive controller are presented in
Figs. 4a—c, whereas the ones of the sliding mode controller
are shown in Figs. Sa—c. It is worth noting that the input
current is unfiltered in both cases of controllers. In
particular, Fig. 4a (MPC) illustrates clearly the sinusoidal
waveform of the input current, which is in phase with the
input voltage, whereas the input current achieved by the
sliding mode controller (Fig. 5a) has a significant harmonic
distortion. In addition, the proposed MPC exhibits, under
an appropriate switching pattern, multilevel operating
advantages [11], and produces a better shape of the three-
level reflected AC side voltage (Fig. 4b), than the one
obtained by the sliding mode controller (Fig. 5b0). A
second important issue that concerns this type of rectifiers
is the accurate regulation of the output voltage. As
illustrated in Figs. 4c and 5c corresponding to MPC
and sliding mode controllers, respectively, both of them
achieve a good regulation of the DC component of the
output voltage.

In terms of power quality, the performance of the SMR is
considered by evaluating the input power factor (PF), the
distortion factor (PFp,) and the displacement factor (PFy).
The values of these factors, as well as the switching
frequency obtained by both controllers, are presented in
Table 1. Specifically, all power-quality factors obtained by
the proposed MPC scheme are much better than those
determined by the sliding mode controller considered. This
is obvious if one considers the difference between the two
controllers. The proposed MPC scheme is choosing at the
end of each sampling time the switching state, which

qla([s,k+1 - [(s,k+1)max),
g = q[a([(s,k+l)min n ]s,k+l)’
Irolls 1 = Logr ],
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%f Ly = Lspy,,,
i L = Lgpr,y, (12)
i Ly, <L
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Fig. 4 Simulation results of the proposed MPC at steady state

a Input voltage with input current
b Three-level reflected AC side voltage
¢ Output voltage waveform

satisfies simultaneously the constraints imposed for the errors
of the input current and the DC output voltage. In contrast, the
sliding mode controller always chooses a switching state to
ensure fast reaching of the sliding mode regime, resulting in
unnecessary increase of the total harmonic distortion (THD)
and the switching frequency.

In a second step, the robustness of both controllers is
investigated under load variations. For this purpose, the
setpoint is kept constant at ¥, = 500 V, when a load step is
considered from R, = 124 Q) (P, = 2016 W) to R, =90 Q)
(P, = 2778 W). The simulation results of the output voltage
for the proposed controller and the sliding mode one are
presented in Figs. 6a and 7a, respectively. In particular, the
incorporated voltage constraints in the cost function of the
MPC lead to a stable performance of the system, without
any observable overshoots or undershoots. In contrast, the
DC output voltage achieved by the sliding mode controller
presents a 6 V undershoot. In addition, the waveform of
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Fig.5 Simulation results of the sliding mode controller at steady
state
a Input voltage with input current

b Three-level reflected AC side voltage
¢ Output voltage waveform

Table 1 Comparison of features

Model predictive controller Sliding mode controller
fow 5.7 kHz + 200 Hz 4.8 kHz + 1100 Hz
PF 0.987 0.869
PFy, 0.99976 0.99576
PF4 0.98724 0.87356
THD; 0.022 or 2.2% 0.0924 or 9.24%

the input current by the proposed MPC controller remains
sinusoidal and in phase with the input voltage as it is
shown in Fig. 6b. On the other hand, the sliding mode
controller response is robust, but unsuccessful to achieve a
better waveform quality of the input current as it is shown
in Fig. 7b.
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Fig. 6 Simulation results of dynamic performance during
transients with MPC

a Output voltage response to a load change from R, = 124 ) to R, =90 Q
b Input voltage with input current during load change from R, = 124 Q) to
R,=90Q

¢ Output voltage response during setpoint change from 350 to 500 V

d Input voltage with input current during setpoint change from 350 to 500 V
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Fig. 7 Simulation results of dynamic performance during
transients with sliding mode controller

a Output voltage response to a load change from R, = 124 to R, = 90 ()

b Input voltage with input current during load change from R, = 124 to
R, =90 Q

¢ Output voltage response during setpoint change from 350 to 500 V

d Input voltage with input current during setpoint change from 350 to 500 V

IET Power Electron., 2012, Vol. 5, Iss. 1, pp. 31-40
doi: 10.1049/iet-pel.2010.0253



In a third step, the dynamic performance of the introduced
controller is tested under setpoint changes, and is compared
with the sliding mode one. Initially, the output voltage is
fixed at 350 V and the load is selected at R, = 100 Q).
Then, a step change of the setpoint is imposed at 500 V.
The proposed controller achieves a good regulation of the
output voltage to the new setpoint in approximately 150 ms
(Fig. 6c¢), whereas the input current is in phase with the
supply voltage (Fig. 6d). On the other hand, the sliding
mode controller regulates the output voltage to the desired
value in approximately 50 ms (Fig. 7c), whereas a 10V
undershoot is observable approximately at the instant of the
setpoint change. The input current obtained by the sliding
mode controller has a significant harmonic distortion,
(Fig. 7d), and presents a large overshoot of more than 40 A,
at the instant of the setpoint change.

5 Experimental results

The proposed control scheme has been validated on a
laboratory prototype single-phase SMR as shown in Fig. 8,
with rated nominal input voltage 230 V (RMS), nominal
output voltage of 550V (DC), and sampling time
Ty = 50 ps. The inductance of the ferrite coil is Ly = 4 mH,
the filter capacitor value is C, = 2200 wF. The penalty
weights of the constraints are defined as ¢, = 70,
qmn = 0.01, gyn = 58, g, = 1, and the bounds of the errors
gy, g, at V(o,k+1)min = O~99'V0*s V(o,k+1)max = 101V:)<9
L et 1ymin = 0.99-I 41, (s gt 1ymax = 1.01-15 4y, respectively.
For the measurement of the input voltage, output voltage and
input current two voltage transducers (LV25-P) and a current
transducer (LA-25 NP) are used, respectively. The control
platform is a standalone board, featuring a 16-bit floating
point low-cost DSP (Experiment kit F28335 from Texas
Instruments) and the algorithm is written in C. The
measurements have been taken by a four-channel USB
oscilloscope.

At first, the steady-state operation has been analysed
choosing a resistive load of R, = 124 (), while the setpoint
is chosen at 550 V. Fig. 9a illustrates experimental results
concerning input voltage and current time variations. This
figure clarifies the sinusoidal shape of the input current,
while the input power factor is measured at 0.987. It may
be noted that the input current is unfiltered. The spectral
analysis of the input current is shown in Fig. 9b. It is
obvious that the switching frequency varies about

Fig. 8 Experimental setup
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Fig.9 Experimental results at steady state

a Input voltage and input current

b Harmonic spectrum of input current (THD = 2.83%)
¢ Three-level reflected AC side voltage

d Output voltage
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Fig. 10 Experimental results during transients

a Response of the output voltage during setpoint change from 350 to 500 V
b Input voltage and input current during setpoint change from 350 to 500 V
¢ Input voltage and input current during load-step change from 2016 W
(R, =124 Q) to 2778 W (R, = 90 )

d Output voltage during load-step change from 2016 W (R, = 124 Q) to
2778 W (R, = 90 Q)
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4300 Hz, centralised at 5.7 kHz. The value of the THD is
measured at 2.83%. Fig. 9¢ shows the three-level reflected
AC voltage time variation of the SMR. The output voltage
is shown in Fig. 9d illustrating the satisfactory regulation
achieved at 550 V.

Second, the dynamic performance of the introduced
controller is tested under output voltage and load changes.
Initially, the output voltage is fixed at 350 V. Then a step
change of the setpoint requested to 500 V as illustrated in
Fig. 10a. The duration of the output voltage response is
approximately 90 ms with the input current remaining
sinusoidal and in phase with the input voltage, as depicted
in Fig. 10b.

At third, a load-step change from R, = 124 () (2016 W) to
R, =90 Q (2778 W), while the DC output voltage setpoint is
adjusted at 550 V. This operation is presented in Fig. 10c,
illustrating the robustness of the proposed controller. In
Fig. 10d, one can remark that the output voltage presents
no consequential undershoots or overshoots during load
change, exhibiting the significant advantage of the
constrained MPC.

6 Conclusions

In this paper, a novel constrained MPC strategy for single-
phase SMRs under three-level operation is introduced. The
proposed control scheme is free from PI controller and
modulator. This is possible owing to the development of a
particular objective function, incorporating soft constraints
for the input current and the output voltage errors. This
approach leads the system to a reliable operation under all
operating conditions, and presents significant power quality
advantages compared with the sliding mode controller
considered. The experimental results are in good agreement
with the simulations, illustrating the suitability of the
developed constrained MPC strategy as an alternate
proposal to the control problem of such systems.
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8 Appendix 1

Assuming ideal power switches, the input and output active
power can be considered equal in one period when high-
order harmonics are neglected, thus

<Pin> = <P0ut> < <vsi: - Rs(l:)2> = <vzio> <

(2, sin wt)(V, sin wf) — R(IZ,) sin® wt) = (VI1,) <

. X 1 —cos2wt N
<Is*p Vs’p o (IS»P)ZRS> . <f> = <Vo Io> <
R — VoI5 + 2V, =0 &

(14)
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where, ¥, is the peak of input voltage, ¥ the output voltage
reference, R the internal resistance of boost inductance and /,
the load current.

The symbol (--) denotes the average value of a periodic
function with period 7 as follows

G =7| s

Furthermore, both solutions of I:p are positive and both
seem to be mathematically acceptable. From the technical
point view, one out of two possible solutions is accepted
as it involves minimal energy consumption (with ‘—’ sign)
and has been adopted as the desirable peak of the input
current. Thus, the reference peak of the input current is
given by

(15)

I* _ VS;P _
sp

Numerical example: For ¥V, =500V (dc component),
R, =0.6 Q) and I, = 5 A the solutions of (14) are

If, = 501.86 A, I, = 16.6 A

> Ts,p
9 Appendix 2

Following the analysis in [23], and using Kirchhoff’s current
law at the DC side, the following continuous-time, state-space
model is defined as

(1) = Fz(t) + G(z()u (16)
Yo(t) = Mz(1) (17
where
0 _ 1

O] =, i,]", F= G,
0

0

T
[G(z(t))]T=[Clis 0}, M=[1 0]

[}

The continuous-time state-space mathematical model
described by (16) and (17) is discretised using first-order
approximation as in [24].

Trr = Fazi + Gy(z)uy (18)
Yor =M gz (19)
where
TS
4=V l) Fo=U+FT)= (1) 5

T,
Gy =TG" = |:Csls,k 0} My=M=[1 0]
o

The system described in (18) and (19) is non-linear and
observable, and therefore an extended Luenberger observer
[23] can be implemented. With these limitations, the
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following discrete-time state-space model is introduced,
which is a copy of the system in (18) and (19), with a
feedback added, coming from the measured output voltage
through the gain vector H to correct the state

Zhrr = Folp + Gauyp + Hy, (20)
ﬁo,k = Mdfk (2 1)

where the terms £, and y, , denote the observed state and the
output, respectively. The vector H' = [h, h,] describes the
constant observer gain that has to be verified. The term y, ;
denotes the error between the measured and the observed
value of the output defined in combination with (19) as

Yok =Yor — Vo = My(zy — Z) = M2y (22)
L=z — % (23)

Similarly with (23), we can express the error between the
measured and the observed state at (k+ 1)7 as follows

Zpr1 = Tgpr — Sk = (Fqg — HMy)g, (24)

The error defined in (24) approaches zero when 7,
convergences to zj, ;. This is true if the system described
by (24) is stable. The latter occurs if only the eigenvalues
A; of matrix [Fq — HMj] lie inside the unity circle, that is,
Al <1, i=1, 2. With this assumption, the eigenvalues of
the system in (24), and consequently of (20), have been
placed to specific locations, defined by

lpl —Fq + HM 4| = (p — A))(p— Ay)
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which after some manipulations becomes

T
P —p2—h)+ (1 —h —’%ﬁ) =(P—=A)p—A;)

o
=p" = p(A +A)+ A4
(25)

and finally gives

hy=2—(+Ay)

C
hz :70(1 _hl - )\1/\2)

S

(26)

Assuming any set of locations in the complex plane in the unit
circle, and selecting arbitrarily A; = A, = 0.8 in (26) the gain
matrix is defined as

H" =[04 -1.76] (27)

With the definition in (27), and the matrices F4 and Gy, then
(20) is decomposed in separate state equations as follows

Vogsr = 0.6V, — (T,/C)u Ly — I,,) + 0.4V, (28)

Iyjpr = =176V = Vo) + 1o (29)

Equation (29) is suitable for the efficient estimation of the
load current.
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Abstract—The cascaded H-Bridge multilevel active rectifier is
an emerging converter topology, which offers significant advan-
tages, such as modularity and high flexibility for a wide range of
applications, including traction systems, industrial automation
plants, uninterruptable power supplies, and battery chargers.
However, the need for stable operation of the H-Bridge cells at
asymmetrical voltage potentials and unbalanced loads imposes
demanding requirements, in terms of an advanced and accurate
control strategy. This paper introduces a simple and powerful
solution to the mentioned problems, based on constrained Model
Predictive Control (MPC). The proposed nonlinear controller
achieves low input current harmonic distortion with almost unity
power factor, as well as independent regulation of the H-Bridge
cells, both under steady state and transient conditions. The
effectiveness of the novel control algorithm is demonstrated by
means of simulations as well as preliminary experimentation on
a single-phase laboratory setup.

Index Terms—Model Predictive Control (MPC), Cascaded H-
Bridges, Multilevel Converters, Active Rectifiers

I. INTRODUCTION

The need for efficient solutions in medium voltage and
high power industrial and utility applications has attracted
the focus of the power electronics research community over
the recent years. Multilevel converters have drawn a lot of
attention due to their superior properties over traditional power
conversion technologies. In the field of active rectifiers, the
cascaded H-Bridge topology features a number of advantages.
The modularized circuit layout offers great simplicity in the
design and hardware expandability, since no complex solutions
are needed, such as excessive numbers of clamping diodes
or balancing capacitors. In addition, the existence of several
floating DC buses implies the ability of independent load
feeding in a rectifier operation, contrary to the respective case
of inverting mode, where isolated power supplies are needed.

However, the control of such a converter system is not an
easy task, due to its nonlinear dynamics and the inherent cou-
pling of such series-connected converter cells on the common
AC side. An accurate controller is to ensure a sinusoidal input
current with low harmonic content, as well as stability of the
output cell voltages, which are to be capable of operating at
different reference values and load conditions.

Several works have been presented, discussing the control
approaches to such a problem. In [1,2], the simplest cases

2Electrical Machines and Power Electronics Laboratory

National Technical University of Athens (NTUA)

Iroon Polytechniou 9, 15780 Zografou, Athens, Greece

kpavlou@central.ntua.gr, manias @central.ntua.gr

of Pl-based solutions are presented. The passivity-based the-
ory and adaptive control have been introduced as alternative
solutions to handle such issues [3]. The authors in [4] first
present an interesting average formulation of the power flow
to achieve decoupling of the cells. A similar approach is
followed in [5], applying the sliding mode control theory.
Finally in [6], a hybrid modulation concept is described to
handle unequal loads. However, the majority of the papers
show results under a limited range of operation, i.e. balanced
output cell voltages and loads, or incapability of maintaining
a symmetric AC terminal voltage, consisting of several levels.
Another interesting subject, which has not been yet widely dis-
cussed, is the possibility of independent cell boost conditions
compared to the peak value of the common AC voltage. As a
consequence, the need of more advanced control schemes is
obviously derived.

Model Predictive Control (MPC) belongs to the class of dig-
ital optimal controllers and was first introduced in the process
industry over thirty years ago. However, the rapid development
of control hardware, such as powerful microprocessors and
FPGAs, has given space to its application on power electronic
systems as well. An important step was performed when a
model predictive controller was implemented for a medium
voltage drive application [7], proving thus a developing in-
dustrial interest for modern control techniques.

There has been a wide literature on this area recently,
with a variety of approaches. In [8,9], the authors use the
simplest case of an MPC structure by evaluating online a
cost function, which incorporates all control objectives, and
using a unity prediction horizon. More sophisticated control
and online solution methods with long prediction horizons can
be found in [10-12], mainly focusing on medium voltage drive
applications with multilevel converters. In both above cases,
the switching signals are derived directly as a result of the
control functions. In other works, the use of a modulator is
maintained [13]. In most of such approaches the constrained
finite time optimal control problem is evaluated offline over
the whole state space operation points and the precomputed
solutions are stored in a lookup table [14-16]. However, as
the complexity of a control problem increases, these storing
structures can end up having very large dimensions.

In this paper, a novel method for the control of cascaded
H-Bridge active rectifiers is proposed, based on an approach
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of Model Predictive Control (MPC) with soft constraints [17-
19]. This control structure features design simplicity, as well
as superior dynamic performance to large-signal disturbances,
where small-signal linearization controllers are no longer
effective. The MPC scheme is based on a nonlinear internal
model, which is used to formulate a constrained optimal
control problem. The control targets are incorporated in a
single objective function. The minimization of this function
over a prediction horizon of N gives the control law, according
to a) the additional physical constraints, which represent the
permissible switching transitions in order to obtain a multilevel
waveform, and b) the receding horizon policy. The proposed
nonlinear controller is capable of stabilizing the system in a
wide operation range. It is furthermore shown that by exploit-
ing the control options through the removal of the switching
constraints, an operation with high cell independent boost
factors and heavy load unbalances can be achieved. However,
this gives a tradeoff between high decoupling performance and
asymmetric voltage in the converter AC terminals.

This paper is organized as follows. Section (II) introduces
the topology and its mathematical formulation. The system
active power balancing as well as a dedicated load current
observer design procedure are also described in detail. Section
(III) introduces the control problem, leading thus to Section
(IV), where the model predictive controller is thorougly ex-
plained. Section (V) evaluates the performance of the con-
troller by means of simulation and preliminary experimental

results. A discussion about implementation issues and future
research is also made. Finally, Section (VI) concludes the

paper.

1. Cascapep H-BRIDGE MULTILEVEL ACTIVE
RECTIFIER

A. Topology and Mathematical Modeling

The topology of the studied single-phase converter structure
is illustrated in Fig. 1, where the small letters denote the
continuous-time physical quantities. Therefore, vg represents
the supply voltage, is is the input current and Lg the input
inductance with an internal resistance of Rg. On the DC
side, i,; represents the output current of each cell, which
consists of two components: a) i.;, controlling the charging
level of each filter capacitor C, and b) i;;, flowing through the
respective loads. In order to design and apply the innovative
control strategy, the need of an accurate mathematical model
derivation is arised. By defining the switching state variable as
Sij €10, 1}, where i € {1, 2} refers to the number of H-Bridge
cell, and j € {1, 2, 3,4} to the number of the respective switch,
a final control variable u; is formulated in (1).

=SSy —SpSn = u; €{-1,0,1} (D

The most common and practical approach in cases of such
electrical circuits is to consider the input inductor current ig
and the individual output DC voltages v,; as state variables
of the system. Thus and by applying Kirchoft’s laws, the fol-
lowing continuous-time instantaneous dynamics of the system
are obtained in (2) and (3), which consist of a total number
of n + 1 states.

dis 1 , ! RN
o = T s Rsl = v = (v = Rsi - Zl uves) (2)
dV,;,,' 1 . . 1 . .
dr = C_U(lo,z - lL,l) = C_O(ullS - lL,l) 3)

From (2), it is obvious to observe that the input current is re-
lated to the output voltage of each individual cell. As the main
control task is to regulate the H-Bridge cells independently,
as well as to ensure a sinusoidal and practically decoupled
input current with almost unity power factor, the difficulties
that arise from such a physical system behavior have to be
overcome. Hence, an accurate power balancing between the
AC and DC sides is considered in average. Then, the respective
equations are properly incorporated in the general control
algorithm through the state space equations. In [4], a very
efficient way for the comprehension of the system power flow
was proposed and analyzed. This specific approach is adopted
for the scopes of the present work as well.

The main idea is to split the system into a number of n
individual subsystems, which offers the opportunity of inde-
pendent control of each cell. Hence, an equivalent simplified
converter representation is introduced, which is depicted in
Fig. 2. In this scheme, each converter cell is considered to be
a single-phase H-Bridge rectifier, with an equivalent supply
voltage of B;vs and a respective inductor current ig;, which
is equal to the actual converter input current ig. It is of
course implied that since the cells are assumed to be perfectly
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Fig. 2. Equivalent simplified diagram of single-phase cascaded H-Bridge
multilevel active rectifier for decoupled power flow formulation.

connected in series, the equivalent resistance and inductance
of each subsystem is R; = Rg/n and L; = Lg /n respectively.

The power ratio factor ; is of major importance, since it
represents the contribution of each H-Bridge cell subsystem
to the whole system, in terms of power balancing. As a first
step for the definition of this parameter, it is obvious that the
following equation (4) holds.

iﬁi =1 @)
i=1

Combing (2), (3), and (4), the continuous-time differential
equations are easily formulated. Since the proposed controller
belongs to the family of digital controllers, the derivation of
the discrete-time state-space model is necessary. Therefore, the
system equations are discretized, using first-order discretiza-
tion method [17], leading to (5),

xi(k + 1) = Ajxi(k) + Bi(x;(k))ui(k) + Diw;(k) )

where
(1=-Rr 0 [ —7Voilk)
A; = ( OLI | ), Bi(xi(k)) = [ g—;ls,i(k) ],
T,
(B 0 | Isi(k) [ V(b
Di‘[ o o-n ] x"(")‘( Vos(h) ) W"(")‘( 1.4(K) )

In the above equations, the capital letters are used to denote
the discrete-time physical quantities, and T represents the
sampling time. The state-space form of (5) describes a time-
varying nonlinear system.

B. Active Power Balancing Considerations

The estimation of the input-output active power balance of
each i — th subsystem is derived through the assumption of
ideal power switches. Hence, the converter is considered to be

lossless and the following expression (6) is obtained in average
modeling,

(Pini) = (Pouri) © BiVsls; — Rslf,,) =VoilLi) &

(Is,8;Vs sin*(wt) — Rs I”é,,- sin®(wt)) = (V1) &

1 . N
5 s ipiVs = R )=V, (©6)

where the symbol (..) denotes the steady state DC-component.
The magnitudes IAS,,- and Vs represent the peak values of the
cell input current and converter supply voltage respectively.

The second-order equation of (6) leads to two possible
and physically meaningful solutions for fs;, but it also puts
a mathematical restriction on the boost capability of each
H-Bridge. Normally, the smallest one is chosen, since it
constitutes the stable equilibrium, as well as has the advantage
of less power consumption, due to lower input current values
[20].

The next step is to fully define the values for the power
ratio factors ;. However, the aforementioned approach leads
to complex mathematical expressions, which increase signifi-
cantly the computational time and effort. Therefore, some fur-
ther simplification is essential. The latter is overcome under the
assumption of practically negligible internal resistance values
Rg /n of the respective input inductors Lg/n, especially for
a large number n of series-connected H-Bridge cells. Hence,
it is considered that there is no power consumption on the
resistors, which finally leads to the following approximation
of the i —th cell input current in (7).

Is; = ZVDLIILJ (N
BiVs

In order to specify the values for the power ratio factors f3;,

the following equality of (8) is considered.

o N VoilLi
Is; =I5 © Bi = L g, ()
VoirtILiv1
Finally, from (4) and (8), the relation (9) is obtained.
VoilLi P,
Bi= 2t = ©
'21 Vo,lL,i Zl Py

C. Load Current Observer Design

The analysis in the previous paragraphs has shown that, in
order to calculate the power ratio factors g; for each converter
cell as well as the peak value for the input currents Is,
information about the load is essential. For sake of simplicity,
the loads have been assumed to be purely resistive throughout
the simulation and experimental results. This is not true for
most real applications though, where loads are often nonlinear,
such as power converters. Therefore in a general case, their
respective currents have to be known. The direct measurement
of the load currents using sensors is a procedure, which implies
increased costs and hardware complexity as well as additional
low-pass filtering to remove noise. To overcome the afore-
mentioned problems, the design of second-order Luenberger
observers was chosen for the specific application [21]. This is
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Fig. 3. AC side power balancing equivalent electrical diagram.

a straightforward task, but the basic steps are also mentioned
here for purposes of completeness.

The discrete-time state-space model of the DC side dynam-
ics is given by (10) and (11) for the i-th cell,

zitk + 1) = Fizi(k) + Gi(zi(k))ui(k)
Yo,i(k) = M;z;(k)

_ ([ Voilk) (1 -
s =y ) m=(y F)

(10)
(11

where

T .
G,(z,-(k)):( C_ol““o"(k) ) Mi=(10)

Since the nonlinear system, which is described in (10) and
(11) is observable [17], an extended Luenberger observer may
be introduced. Adding a feedback from the measured output
voltage leads to (12) and (13), where H = ( H, H, ) denotes
the constant observer gain vector, which corrects the state.

Zi(k + 1) = FiZi(k) + Gi(zi(k))u;i(k) + HY, ;(k) (12)
Fo,i(k) = Mz;(k) (13)

In the above equations, Z; and J,; represent the observed
state and output respectively. The term y,; denotes the error
between the measured and the observed value of the output
variable and is defined in (14),

Vo,i(k) = yo,i(k) = Fo,i(k) = Mi(z;(k) — Zi(k)) = M;Z;(k)

where 7; = z; — Z;, accordingly. Similarly, at time instant k + 1
equation (15) holds.

Zitk + 1) = zi(k + 1) = Zi(k + 1) = (F; — HM;)Z;(k)

(14)

15)

The gains H; and H, are chosen to achieve fast convergence
of the nonlinear observer. In order to facilitate the implemen-
tation and get faster state estimation during voltage reference
changes, the observed output voltage can be set as V,,; = Vi

A more detailed analysis on the design and stability of the
observer can be found in the Appendix of [19].

D. Restrictions in Switching Transitions

Since there is no modulator in the proposed control struc-
ture, restrictions are posed to the switching transitions, in
order to achieve a multilevel voltage waveform V,, in the AC
side converter terminals. Fig. 3 shows the equivalent electrical
diagram of the AC side dynamics. The discretized reference
value of V7 is obtained by (16).

L
Vi, (k) = Vs(k) — R I (k) — T—Z(l;(@ ~Lik=1)  (16)

In (16), the reference current I3 (k) is evaluated as the mean
value of the individual input current references /5 ;(k), in order
to achieve better accuracy. The expressions of the latter are
derived through the global power balancing considerations
described in the previous paragraphs, and are fully defined
in the next section.

The voltage V,;, is essentially a reflection of the dedicated
switching of the converter cells. When the cell voltages are
equal, a total number of 2n + 1 levels can be produced. This
consideration can easily lead to the mathematical formulation
of the switching constraints. According to the values of
output cell voltages and V;,, a staircase reference sequence
is computed. Each step of this sequence corresponds to the
equivalent number of active cells in the circuit, which is
actually translated into the sum of the respective control
variables !, u;. Therefore, if the converter is to switch
between levels n—1 and n, the controller will evaluate only the
states which fulfill the set of Y7, u; € {n — 1,n}. Accordingly
for negative parts of the reference sequence, if the converter
is to switch between levels —n + 1 and —n, only the values of
the set }.7, u; € {—n + 1,—n} will be taken into consideration
and so on.

When the cells operate at different potentials, the number of
the possible AC terminal waveform levels increases, due to the
existence of additional switching combinations. Therefore, two
different operation modes can generally be adopted. However,
the goal of the proposed controller is not to achieve all possible
level combinations in such cases. In fact, such an approach
would significantly decrease the redundant states, leading to
less degrees of freedom in fulfilling the rest of the control
objectives. Hence, the same switching transition modeling is
applied for both the cases of equal cell voltages and operation
with slight voltage asymmetries.

As it will be shown throughout the next paragraphs, it is in-
teresting to observe that by removing the switching constraints,
an extended decoupling capability and control performance is
gained. This includes big independent cell boost factors and
heavy load unbalances, leading however to a tradeoff of higher
voltage step stressing of the input inductor.

NI. Tue CoNTROL PROBLEM

The control problem consists of several objectives, which
are to be handled simultaneously. The main difficulty lies in
the fact that the number of controlled physical magnitudes
feature dynamics with different time constants. On the top
control level, the rectifier input current Ig has to be purely
sinusoidal with very low harmonic content (THD under 5 %)
and in phase with the supply voltage Vs, thus ensuring a unity
input power factor. This is achieved by setting a reference
to be tracked, as well as imposing upper and lower current
bounds, which should not be excessively violated. At the
same time and on a second control level, the converter output
voltages V,; should also be stable and follow their reference
values accurately, regardless of any load variations. Finally
and on the lowest control level, the switching frequency of
the converter should remain reasonably low, leading thus to
decreased switching losses, which is very important in cases
of high power applications.
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TABLE I
STUDIED SYSTEM PARAMETERS

[ Quantity || Value [[ Comment
Vs 230 V Supply Voltage (RMS)
Lg 10 mH Input Inductance
Rs 0.26 Q Internal Resistance of Input Inductance
C, 2.2 mF || Cell Capacitance
Ty 25 us Sampling Time
w 314.15 rad/s || Nominal Angular Frequency

At the same time, a symmetric multilevel voltage waveform
V. should be maintained in the converter AC terminals. This
keeps the average voltage value across the input inductor close
to zero, thus decreasing any excessive stresses.

IV. CoNSTRAINED MODEL PrEDICTIVE CONTROL

The proposed control strategy is based on Model Predictive
Control (MPC) with soft constraints [18]. The reasons for
choosing MPC for this specific application is basically its
straightforward design, as well as the fact that all control
objectives can be incorporated into a single function with a
weighting factor, according to their respective priority levels.

Based on the control problem that was analyzed in the
previous section, the mathematical expression of the objective
function is formulated, consisting of several cost expressions.
The reference trajectory of the input current of each H-Bridge
cell is expressed by (17),

I5 (k) = I ; sin(wiy + ¢s) 17
where the peak reference value IA;i is calculated by (7). For
unity power factor operation, ¢s is set to zero. The soft
constraints for the upper and lower current bounds /s ; ., and
Is i min respectively, lead to the cost expression of (18) for the
input current of each cell,

qloz(IS,i([) - IS,i,max) lf IS,i(f) = IS,i,max
qraUIs imin — Isi(0)) if Isi(€) < Isimin
qmlls i(0) — I ||

where ¢q;, >> g, are the weighting factors of the soft
constraints. For short prediction horizons, more than one
switching states may lead to the same associated costs. There-
fore, the third term in (18) has been added, which acts by
bringing the input current closer to its reference value in such
cases, where several control options occur.

The output voltage of each H-Bridge cell physically consists
of a DC plus a double-frequency components. The latter
forms an inherent ripple, which depends on the input current
peak value, as shown in (7), as well as the cell capacitance.
Therefore, the use of soft constraints for upper and lower
bounds of the output voltages is not a necessity, and would in
fact lead to a possible contradiction to the fulfillment of both
control objectives. Instead, only the deviation from the voltage
references is penalized with a weighting factor of gy > 0,
leading to the cost expression of (19).

&g, (0) = (18)

else

&vo,i(€) = qvIVoi(0) = V, | (19)
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Fig. 4. Simulation results of supply voltage Vs, input current /g, and AC
side converter voltage V,; in steady state operation with equal cell voltages
and unbalanced loads.

The switching transitions are also penalized, using a weight
factor of ¢, > 0 in (20).

E,i(0) = qului () — ui(€ = 1)l

Finally, the vector & = [g,; &, é&v,,]” and the objective

function in (21) are defined for each H-Bridge cell i.

(20)

N-1
JiUi(k), xi(k), ui(k — 1)) = Z llek + €l 20
=0

The above mathematical expression penalizes the predicted
evolution of &(k + £|k) over the horizon N, using the 1 —norm.
Since the system is also subject to restrictions for the AC
terminal multilevel voltage, it is finally essential to express
the objective function of the whole system, as in (22).

JU k), x(k), utk — 1)) = Z Ji(Ui(k), xi(k), ui(k — 1)) (22)
i=1

There are a number of ways to solve such an optimal
control problem. In a general case, the objective function
of (22) is minimized over the sequence of control moves
U(k) = [(u(k), u(k + 1), ...,u(k + N — 1)]”. From this sequence,
only the first vector is applied, leading to the so-called receding
horizon policy. It is clear that using a long prediction horizon
would lead to better dynamic performance, as well as have the
benefit of reduced average switching transitions. However for
the scopes of the current work, a short prediction horizon of
N =1 was implemented, where the predictions are performed
online based on the nonlinear model of (5).

V. PERFORMANCE EvaLUATION

In order to verify the effectiveness of the proposed control
algorithm, a discrete simulation model has been initially built
regarding a single-phase converter structure, consisting of four
series-connected H-Bridges. The respective simulation results
prove the expandability of the control design to a large number
of levels.

In addition, preliminary experimentation has been carried
out on a laboratory setup, featuring two H-Bridge cells.
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Fig. 5. Simulation results of consecutive cell voltage reference and load step
changes without considering the restrictions in the switching transitions: (a)
cell voltage responses, and (b) input current response.
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Fig. 6. Evolution of power ratio factors §8; during consecutive cell voltage
reference and load step changes.

The control algorithms have been implemented using a low-
cost TMS320F28335 Delfino Microcontroller by Texas Instru-
ments, which is programmed in C. The controller has been
tested under steady state and transient conditions, including
voltage reference steps and load changes. The main system
parameters are summarized in Table I and regard the specifi-
cations of the down-scaled laboratory prototype. The penalty
weighting factors have been tuned empirically.

A. Simulation Results

Initially, the converter is tested in steady state conditions
with unbalanced loads. More specifically, the values for the
individual output cell voltage references are set to V), =
100 V. In addition, two of the converter cells are operating
with full loads, whereas the two remaining with half loads.
Figure 4 shows that the controller is able to ensure a sinusoidal
input current /g with almost unity power factor. Moreover
and since the sum of the output cell voltages is not much

200 F ., y » b 1-50

30
Time [ms]

Fig. 7. Simulation results of a simultaneous heavy load step change from
half to full load in all cells: (a) supply voltage Vs and input current s, and
(b) detail of input current response in regard with respective upper and lower
bounds Is yax and I, in.

higher than the input voltage peak value, the AC side converter
voltage consists of a total number of nine levels. The second
test regards the effectiveness of the active power balancing
considerations. Figure 5 illustrates the high performance of the
controller through consecutive voltage reference steps and load
changes. At first, the cells operate in the same voltage potential
of 130 V. Att = 0.8 s and t = 1.3 s, the voltage reference
values are changed according to Fig. 5(a). In addition, at t =
1.7 s, a 25 % load increase is executed in cell 1, followed by
a respective change in cell 3 at t = 2 s. Figure 5(b) depicts
the input current response to all aforementioned changes. The
evolution of the power ratio factors f; is clearly shown in
Fig. 6. The independent values ensure an accurate power
sharing between the H-Bridge cells. At the same time, the
condition of Z?:l Bi = 1, which holds at each time instant,
ensures the input-output active power balancing. The slopes
and overshoots during the transients depend on the choice of
the observer gains.

As verified throughout the dynamic performance tests, the
controller achieves practical DC-side decoupling as well as
a very stable input AC current. During the voltage reference
changes, the cell voltages track their references very accurately
and in the range of less than 100 ms. On the other hand
and during load changes, only the ripple of the respective
cell voltage is slightly increased in regard with the input
current increase, as expected. In addition, no steady state
errors and considerable undershoots or oscillatory behaviors
are observed. This is a very significant asset, compared to
the conventional use of Pl-based controllers in such non-
minimum phase systems. It is noted, however, that throughout
this specific performance test, the switching constraints were
removed. This is due to the fact that such a case is interesting
from a control performance point of view, rather than a real
application scenario.

Finally, the use of soft constraints in the input current /g
is better depicted in Fig. 7. Specifically, a heavy load step
increase of 50 % is executed simultaneously in all cells, when
the input current is at its peak value. It is interesting to observe
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state operation with equal cell voltages and unbalanced loads.
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Fig. 9. Experimental results of voltage responses to (a) load step change in
cell 2 (t = 0.31 s) as well as (b) voltage reference step change in cell 1 (t =
4.055 s).

that the current is capable of tracking the new reference
within a few milliseconds, without excessively violating the
respective upper and lower bounds I .,y and Is ,;,, and while
remaining in phase with the supply voltage V.

B. Preliminary Experimental Results

In this paragraph, some preliminary experimental results in
low power are presented. Similar tests as the ones described
in the previous paragraphs have been carried out on a single-
phase setup, consisting of two cascaded H-Bridge cells. Fig-
ure 8 depicts the supply voltage and input current waveforms,
when the converter is operating in steady state conditions with
V,; = 25 V. The results are in good agreement with the
simulations, since the input current /g is a sinusoidal waveform
with low harmonic content and the input power factor remains
close to unity. The current Total Harmonic Distortion (THD)
is measured to have a value of 3.47 %, a value well below the
limit.

Figure 9 validates the controller performance through dy-
namic behavior tests, when cells 1 and 2 are operating at
60 V and 38 V respectively. More specifically at t = 0.31

AC Side Converter Voltage Without Switching Constraints
60 . . . . . . . .

Voltage [V]
o

AC Side Converter Voltage With Switching Constraints
60 T T T T T
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o
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Fig. 10. Experimental results of AC side converter voltage with equal cell
voltages and unbalanced loads, not taking into account the restrictions in
switching transitions (upper figure) and considering them (lower figure).

s, the load power in cell 1 is doubled, while the second
cell remains unaltered. It is therefore shown that each cell
is unaffected by any load variations. In addition at t = 4.055
s, the voltage reference of the first cell is changed to V;, =
50 V. It is clear that the voltages track their reference values
very accurately. Except from an almost negligible undershoot
of cell 2, when the reference of cell 1 is changed, it can be
said that the control approach achieves practical decoupling of
the DC side magnitudes, allowing independent operation of the
different cascaded H-Bridges. Moreover, this test has validated
the independent boosting capabilities of each H-bridge cell,
compared to the peak value of the supply voltage V.

The final experimental result in Fig. 10 shows the dif-
ference in the multilevel waveform of the converter, when
the switching constraints are imposed in the controller and
when they are not. In this test, the converter operates with
the same cell voltages but unbalanced load conditions. The
restrictions in the switching transitions ensure a symmetric
AC side converter voltage. When the constraints are removed,
the controller has more options in choosing switching states
to fulfill the further control objectives, leading thus to higher
decoupling capabilities. However, this has the cost of higher
voltage steps and stresses on the input inductor, as depicted
clearly in Fig. 10. It is noted that the dynamic performance
experimental tests were carried out without taking into account
the restrictions in the switching transitions.

C. Discussion and Potential Research Lines

Although the prototype has not been yet operated in full
power, the preliminary experimental results provide an initial
proof of concept. The controller is capable of fulfilling all
objectives, while the assumption of negligible input inductor
resistance Rg brings no mathematical restriction to the boost-
ing capability of each independent H-Bridge cell.

From the overall analysis, some very useful conclusions
have been drawn. The input-output power balancing consid-
erations, together with the application of Model Predictive
Control on the studied system achieve independent operation
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of the cells as well as high performance. However, the switch-
ing constraints pose some practical limitations on voltage and
load unbalances, the margins of which are to be investigated.
Removing these constraints is interesting from a control design
demonstration point of view. The sizing and volume of the
input inductor in such cases will be different, due to the higher
stresses. Moreover in a real application, such big differences in
the cell voltages are not expected due to additional hardware
restrictions, such as switching device and capacitor voltage
ratings.

The main issue with MPC regarding implementation is
the computational need, especially when the number of cells
and the prediction horizons increase. In the studied case, a
unity prediction horizon was implemented for two cells in a
commercial low cost microcontroller, where the computational
power was proven to be sufficient. However, the modularity
of the topology offers the freedom of choosing different
configurations. These include using separate control platforms
for each phase of the converter, or even for several cells
within the same converter phase, if it is chosen to solve (21)
independently, instead of (22).

One of the main advantages of MPC is the flexibility in
the problem formulation and choice of objectives. The control
performance can be furtherly improved by increasing the
prediction horizon N, while modifying the algorithm to reduce
its computational complexity. Another attractive concept is the
possibility to produce dynamically all the level combinations
in the AC side voltage waveform, when a slight change in the
cell voltages occurs.

VI. CONCLUSIONS

In this paper, a novel approach to the control problem
of cascaded H-Bridge multilevel active rectifiers has been
proposed and analyzed, based on constrained Model Predictive
Control. The presented controller is able to stabilize the system
throughout a wide operation range. Certain tradeoffs have been
discussed, regarding the ability to maintain a symmetric AC
side converter voltage waveform and achieving high voltage
and load unbalances. Although a single-phase converter was
considered, the controller can easily be extended to a three-
phase converter as well. The results validate the high steady
state and dynamic performance of the novel strategy. Finally,
preliminary experimentation shows that MPC can be applica-
ble to such power electronics systems.
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Abstract—This paper introduces a robust nonlinear controller for
a switch mode DC-DC boost converter. This innovative controller
is employed to achieve the desired dynamic performance during
steady state and transient operations. Step changes are
considered in the load, the input and the desired output voltages,
while unknown, but bounded disturbances corrupt the output
load and the supply voltage. Practical stability of the converter is
assured in the presence of those disturbances provided their
maximum possible variation is known. Simulation results are
provided to substantiate the applicability of the proposed control
scheme.

Keywords- robust control, nonlinear control, dc-dc converter

L

DC-DC boost converters are widespread power electronics
circuits with significant advantages, such as small size, light
weight, and high efficiency, used as interfaces between DC
systems of different voltage levels. Examples of their
applications are power supplies in computers, and other
electronic equipment, as well as PV’s and DC motor drive
systems. Despite their advantages, they have inherent
drawbacks. The main disadvantage established in the literature
[1] is the difficulty in controlling the converter. This difficulty
derives from its hybrid nature as its switched circuit topology
implies different modes of operation, each with its own related
affine continuous-time dynamics.

INTRODUCTION

The main control objective is to regulate the output voltage
at a reference value despite changes in the load and the voltage
source. In recent years many control techniques have been
proposed focusing on this target. Many of them rely on PID
controllers based on linearized average models [2][3].
Different nonlinear control strategies are given in [4][5] but
they lack in presenting the hybrid dynamics of the DC-DC
boost converter. Other proposed nonlinear techniques [6],7]
guarantee stability and robustness, but their inherently high and
variable switching frequency causes excessive power losses,
electromagnetic-interference (EMI) generation, and filter
design complication.

This paper examines DC-DC boost converters whose
mathematical representation involves uncertain inputs. These
are the fluctuations of the supply voltage and the variations of
the load which occur in an unpredictable manner. In particular,
we consider an unknown, but bounded variation superimposed
on the constant supply voltage as a disturbing input. This may
consist of step changes due to say aging or faulty operation
accompanied by random, but norm bounded, parasitics.
Similarly, it is assumed that there is an unknown variation at
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the load level. Unknown parameters and other uncertainties
may be easily incorporated at the expense of more control
requirements. The control technique described in this paper
yields a feedback controller whose characteristics depend on
knowledge of the bounds of the uncertain quantities in the
system description. The proposed deterministic nonlinear
robust controller assures arbitrarily small deviations of the
voltage delivered in the presence of the uncertainties.

II.

A model of the boost converter considered is shown in
Fig.1.

MODEL DESCRIPTION

L D
T =
L

Figure 1. DC-DC boost conveter topology

The circuit has the following mathematical representation:

i =—(1—q<z))%vo<z)+%vs(r) W
: 1. 1
v, =(1—C](f))ElL(f)‘%Vo(f) )

where R(t) is the load resistance, C the filter capacitance, L
the circuit inductance, i (t) the inductor current, v,(t) the
output voltage, and v;(t) the supply voltage. The switch
position function q(t) acts as the control input and takes
values from the set {0,1}. Given the supply voltage v;(t), the
output v, (t) should be regulated at some desired value with
suitable choice of control.

In the following, the time argument t will be omitted when
no confusion is likely to arise. Assuming the state to be
x = [i; v,]7, and considering (1) and (2), the state space of
the system in average, is given in matrix form as in [8]
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0 _l_dR(t) l
X = 1—d, (1) ) ) x+| L v 3)
C CR(?)

where dg(t) is the duty cycle represented by a continuous
function which takes values in [0 1). The equilibrium point
which represents steady state operating conditions can be
determined from the following

vi H v()

d i, = =
P T Ra—ay)

A%

R(1-d,)

vV =

°1-d,

(4)

for some given value of dg. Equations (1) and (2) may be
linearized about some chosen operating point where the values
of iy, v,,dg are designated by i ¢, v, ., dge respectively. The
linearized equations are of the form

X=Ax+Bu+Cvd ©)
where
0 B 1-d,, Voo
A = L B B - L B
I-dy, 1 P
C CR C
% 0
C=
vo,e
CR?

and u = dj is the control input, and v, = [v; R]T are the
unknown disturbances. Based on this formulation a suitable
control, dp, is designed in order for the state x of (5) to
approach sufficiently close to the desired reference level in the
presence of the unknown disturbances v,. In conformity with
the controller theory in [9] we assume that v; € V, a known
compact set. This assumption is reasonable, since maximum
values of the supply voltage fluctuation v;*** and of the load
variations R™** are known for the worse cases. Thus,

V={v, e R |[v|<v™,|R|< ™.

III. CONTROLLER DESIGN

It is readily verified that the system described by (5) does
not satisfy the matching assumption C = BF as in [9].
According to [10], one may proceed by defining constant
matrices C,,, and C such that C = C,,, + C. This decomposition
divides C into two parts. One matched, C,, = BF for some F
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which yields uncertainty that can be controlled by the existing
technique, and the mismatched portion € which represents
residual uncertainty. The above decomposition is not unique
and one such choice results from F = [1/v,, 0]. It is shown
in [10] that practical stability (see Appendix) can be assured
by considering the matched portion of the uncertainty alone.
Explicit expressions for the uniform boundedness and uniform
ultimate boundedness constants are contained in [10].

The matrix pair (4, B) is controllable and A = A + BK is
an appropriate choice for some designed K which yields
satisfactory convergence characteristics. Thus, the control that
assures practical stability for the system of (5), for all
disturbances v; whose values range in V, given € > 0, is

d, = Kx + p(x) (6)
where
—_ r
ﬁp if |57
px)=y" Q)
2 i 5P <
and P is the solution of
PA+A"P+0=0 )

forgiven O>0and p= max del = vimax/vo’e
V4 €

The control given by (6) refers to the linear system (5)

which approximates the nonlinear system (3) near some

desired operating point. In order to drive the nonlinear system

at this point where the linearization takes effect we need to
supplement control (6) with the corresponding additional term

dge. The resulting control action is:

d

Rtotal

=dy, +d, )

The control given by (9) is applied to the nonlinear system
described by (3) using a PWM modulator and can be readily
implemented since all pertinent parameters are known a priori.
Information about the state can be obtained in real time during
operation. The control strategy followed for the simulations is
to apply the control given by (9), which is adjusted on line.
This involves a new linearization for each of the desired
output voltages v, , and the calculation of a corresponding P
in (8).



IV. SIMULATION RESULTS

In order to demonstrate the feasibility of the proposed
nonlinear controller, the following performance conditions are
investigated by means of computer simulations using the
Matlab/Simulink software: (i) output reference voltage step
changes, (ii) supply voltage variations and (iii) load changes.
During all operating conditions the switching frequency, f;, is
constant at 50 kHz and the parameters L = 600 uH and
C =220puF . It is assumed that there are unknown
disturbances superimposed on the nominal values of the load
and the input voltage. These undesired inputs are bounded by
prespecified constants and their variation is shown in Figs. 2
and 3.

-
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Fig. 3. Unknown input voltage disturbance

A. Output reference voltage step changes

In order to investigate the dynamic response of the
proposed controller due to changes of the desired output level,
the nominal values of the load and the input voltage are taken
to be 55 0hm and 20 V respectively. Initially, the output
reference is set at 40 VV with subsequent step changes to 60 IV
at 0.1s and 50V at 0.2s. During those periods, the DC
output voltage is regulated accurately at the desired values. It
exhibits satisfactory transient and steady state characteristics.
The results are shown in Fig. 4.

B. Supply voltage variations

For this part, the desired output level is set at 50 V. The
nominal value of the load is 55 Ohm and the supply voltage is
allowed to take a number of step and ramp changes as shown
in Fig. 5. In particular, the input voltage is held initially
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around 20 V until 0.1 s when it is dropped to about 15 V. At
t =0.15s it experiences a continuous increase until
t =0.25s when it reaches 20V near which it remains
thereafter. The corresponding output voltage time history
indicates small digressions from the desired value.

60
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Voltage [V]
a
o
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a
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Fig. 4. Reference and actual output voltage step changes
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Fig. 5. Input voltage variations and corresponding output voltage

C. Load changes

The robustness of the proposed controller is further tested
under a load step change occurring at t = 0.15s. The step
change lowers the value of the resistance from about 55 Ohm
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Fig. 6. Load resistance variations and corresponding output voltage



to approximately half its value. Again, the desired output level
is 50 V and the simulation results demonstrate that the output
voltage remains close to that value irrespective of the load step
and the disturbing inputs. This is illustrated in Fig. 6.

V. CONCLUSIONS

The proposed nonlinear controller differs from other
customary controllers in a number of respects. It is designed to
operate in an uncertain environment where, in the case
examined, the voltage and load resistance fluctuations are
considered as unknown. The only information needed about
the uncertainties is the maximum of their possible range of
variation, a figure readily available and no knowledge of the
exact characteristics is assumed. In particular, an a priori
statistical description is not required. This is advantageous
since there is no reliable statistical description for such
uncertainties.

The output voltage shows reasonable set point tracking
characteristics with no overshoot and minimal deviations from
the desired value. The transition times while moving between
the desired output values are reasonably short and can be
influenced by the controller gains. The required control input
is readily implemented in real time.

APPENDIX

Property PI1: Uniform Boundedness. Given x, € R", there is
a positive d(x,) <o such that, for all solutions
x(D:[tot) » R x(t) =%, ,  llx@ll <d(x,),Vt €
[tO' tl)-

Property P2: Uniform Ultimate Boundedness. Given x, € R™
and /] ={x € R™|||x|| <6 > 0}, there is a nonnegative
T(x,,]) < oosuch that, for all solutions x(t) € ], Vt =ty +
T (X0, ).

Loosely speaking, uniform boundedness implies that every
solution emanating from initial state x, remains within a
bounded neighborhood whose radius may depend on x, .
Uniform ultimate boundedness implies that every solution
starting at x, will enter and remain within a neighborhood of
prescribed radius J, after a finite time which may depend on
X, and d. These two properties, sometimes stated in a slightly
different but equivalent form, are the main ingredients of
practical stability [9], [10].
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Abstract - The control of cascaded H-bridge boost rectifiers is a
challenging task, due to the inherent coupling of the H-bridge
modules. This property highlights the demand for a robust
control technique, appropriate for this nonlinear and non-
minimum phase system. This paper introduces an approach that
combines a deeper understanding of the system’s power flow
with the well known robustness of the sliding mode control
theory. The system’s control requirements are met and the
employed algorithm allows for stable and independent control of
each H-bridge. Moreover, the proposed control technique
achieves unity power factor and precise regulation of the DC
voltages, even in cases of different voltage references and/or
loads. These characteristics are very interesting for power
conversion applications in traction systems, battery chargers
and uninterruptible power supplies.

1. INTRODUCTION

Among the well-established modular rectifier topologies,
the cascaded H-bridge boost rectifiers exhibit significant
advantages and inherent drawbacks. As described in [3], [4],
[16], [19] and [20] this topology requires the least number of
components among all equivalent converters and exhibits a
modularized circuit layout, since each level has exactly the
same structure (requires no extra clamping diodes or
balancing capacitors). On the other hand, two essential
disadvantages of this topology are the inherent coupling of
the H-bridges on the AC side and the nonlinear and non-
minimum phase characteristics of the system.

The latter has been widely reported in the literature and
many interesting approaches have emerged. In [1]-[3], [7], [8]
and [20] the passivity-based control theory has been
employed to formulate the average power flow of the system
and to allow for decoupled control of each H-bridge. For
controlling the system’s dynamics and achieving unity power
factor and DC voltage regulation, several nonlinear control
techniques have been proposed [5], [7], [15]. In particular,
[2], [6] and [21] present an adaptive control scheme, in [12] a
PI controller regulates the DC voltages and feeds an inner
hysteresis current controller, and [14] employs the sliding
mode control theory. However, in [21] each H-bridge does
not present a boosted output voltage and in [12] the system
operates only under symmetrical conditions.

978-1-4244-6392-3/10/$26.00 ©2010 IEEE
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In this paper, a cascaded H-bridge boost rectifier with two
modules is analyzed and an appropriate controller based on
the sliding mode control theory is introduced. The analysis
can be expanded to n-modules in a straightforward way. The
goal of the control algorithm is the independent and robust
control of each H-bridge, the regulation of the DC voltages
and the operation with unity power factor, even in cases of
different voltage references and/or loads. Simulation results
are presented to exhibit the fulfillment of the above
requirements and the feasibility of the proposed control
algorithm.

II. CONTROL OF CASCADED H-BRIDGE BOOST RECTIFIER

A. Mathematical Model

The first step of the analysis is the formulation of the
system’s mathematical model. Figure 1 presents a multilevel
converter topology, consisting of two H-bridge rectifier
modules connected in series on the AC side (cascaded). The
instantaneous dynamics of the system can be described via
the following set of equations formulated in the state space:

1

i, = (vin _Sa 'VIDC _Sh 'Vzl)c) (1)
in
—— e Iy
Sas iipc [T
L o
cr (2 2
D
Saa
v
| 4
Sb3 I2pCc 2
b Q
v C/< ]
A
B ol I
Sb2 Sba
v

Fig. 1. Cascaded boost rectifier circuit with two H-bridges in series.
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; . . 1 .

Vch :E(lch —Iy ) :E(Sa 1, _lLl) 2)
. 1. . 1 ..
Vch = E(lch _le) :E(S/ 1, _le) (3)

where: vi, stands for the input AC voltage, R, and L;, for the
internal (parasitic) resistance and inductance of the input
inductor, respectively, i, is the AC input current, Vpc, Vapc
and iy, i, are the output DC voltages and load currents of H-
bridge 1 and 2, respectively, and C is the output capacitance.
The variables S, and S, define the switching state of each H-
bridge as follows:

Sj = Sjl 'Sj4 _sz 'Sjs = Sjl _Sj3 4
where S, €{0,1}, S, €{-1,0,1}and i=1..4, j=a,b.

The system under consideration is a non-minimum phase
nonlinear system [1, 11, 18]. This is an inherent characteristic
of boost rectifiers, since the output voltage is controlled
indirectly via the AC current state variable. Following the
analysis of [9], one approach to obtain tracking control for
non-minimum phase systems is the output redefinition
method. The output of the system in question is defined as:

Y=[% %1 =Vpe Vanel' (6))
V2 V2 T
and is redefined as: Y'=[Y'Y,7" :[<%> <%>} (6)

The symbol <...> denotes the average value or DC
component of a periodic function with period T as follows:

()2 %J f(2)dr ™)

The specifications of the control algorithm comprise the
tracking of the output variables Y' and Y,' along with an AC
with

i, =1,sinot for v, = Esinot .

current  waveform fundamental =~ component:

— A
iLl
L
SHE
D >
v
— A
L2
i2pc - o
. <1> cr= |9||&
e,=E,sinwt <+ Va2 D >
B
v

Fig. 2. Equivalent electrical circuit of the cascaded boost rectifier with two
H-bridges in series.

B. Input-Output Active Power Balance

The power balance is a general principle that can be
applied to every system. In the case of the cascaded H-bridge
boost rectifier, a balance of the active input and output power,
in average, can be used to overcome the difficulties that arise
from the coupled nature of the system. The goal is to control
the two H-bridges independently through proper formulation
of the input-output active power balance equations. For this
reason, the equivalent electrical circuit depicted in Fig. 2 is
developed.

From (1), (2) and (3) the following equations can be
formulated:

E . ol 1

S, =—sinwt ——*cos wt ®)
1DC 1DC
E, . oL, 1

S, = —2-sin ot ———*cos it 9
2DC 2DC

Moreover, the redefined output variable dynamics are
calculated from the equations:

2
(ViocVine) == a)LCII“ (sin ot cos ot ) + %<sin2 o) -

(10)
_Vwclu N Yv:El[a _i 1
' 2¢ RC'
. L 1I* EI
<VchVch> = —w—é“<sin Wt cos cot) +#<sin2 cot>—
(11)

_ Vinclps

7o E2Ia 2
*2C RCC

where R; and R, are the loads of the two H-bridges,
respectively. For the reference outputs 7;,. and V,,. we

1

define the errors:
* 2
}/} — Yiv_ iDC , i:1,2
2

(12)

The deviation dynamics 7 using the equation E.[, = EI is

given by:

e, - Ve :
RC 2C RC

In the above relation the variable I, is used as a control

variable to force 7; to zero. Under the selection:

i=1,2 (13)

Vi

u, :% i R’—Dé, i=1,2 (14)

we can write: = _R_Cl/; +u,;, i=1,2 (15)
|85

and 1, :%ui +2R’—Dé, i=1,2 (16)

The control target is obtained if 7, = -A,r, i=1,2, where 4, is
a positive constant. In order to satisfy the latter equation we

with k= 2, ———
RC

i

select wu, =—kr, i=1,2, ,1=1,2. By

substitution in (16) we conclude that:
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. 2V,
I=1,=-pur+ ’DEC L where u, :%ki, i=12 (17)

and x4 must

A >i
RC
By considering the equivalent circuit of Fig. 2, one can
notice that the AC side comprises two circuits with
independent voltage sources and common currents. The
power equivalence of the circuits of Figs. 1 and 2 yields:

P, =P, +P, —>E=E+E,

in inl

be positive, which means that k£ >0 or

(18)
Moreover, for the two independent circuits of Fig. 2 the
input-output active power balance states that:

1

})inl I)outl - 2[ E VleC[Ll (19)
1

F,=F,,— EIuEZ =Vipelps (20)

Thus, from (18), (19) and (20) the output power ratio of each
H-bridge is calculated as:

H-bridge 1:
})outl _ VlDCI — 5 (2 1)
Poutl + Pout2 I/]DC[LI + I/ZDC]LZ E
H-bridge 2:
})auIZ — VZD( I — ﬂ (22)
P()utl + PoutZ I/IDCILI + VZDC[LZ E

Since the circuits of Figs. 1 and 2 are considered
equivalent, the same power ratios will be valid also for the
circuit of Fig. 1. Therefore, for the latter circuit it is possible
to consider that the AC current can be divided, in average,
into two components, each of which will be responsible for
transferring the average output active power of each H-
bridge. The power ratios of (21) and (22) are appropriate for
this division. Thus, we have the following equation:

E E

[a =Ial+]a2 =EIIH+FZIH (23)

This division of the AC current is the key feature to attain
independent control of the two H-bridges and to achieve the
indirect regulation of their DC voltages via the AC current
control.

C. Sliding Mode Control

The above analysis concludes that the control of the

cascaded H-bridge boost rectifier can be reduced to
effectively controlling the AC input current. The latter can be
achieved by switching the two H-bridges appropriately.
However, the two H-bridges are cascaded and their operation
is inherently non-independent. Thus, it is necessary to assign
each H-bridge to control only that component of the AC
current, which is required in order to satisfy its average active
power balance. Hence, the instantaneous error of the current
of each H-bridge is:

* *

%(z ~ I sin o) (24)

i

. * .
o =—i — I sinwt=
E a ai

2V .1, . )
% and ie{1,2}. Using (8) and (9) we have:

a

with Ej=

E V. E . X
=-S, iDC +—Lsinwt —wl, cos wt

i in

where i=1,2 and j=a,b. Requiring ¢, =0 for the equivalent

(25)

*

control variable S, =S, we have that:

E (. L1
S =—’(sm wt—hcos a)tj (26)
iDC i
Substituting (26) into (25) leads to:
e E
0: = ECE (S Sjeq ) -, (Sj - Sjeq ) 27)

where i=1,2 and j=a,b and d; a positive number. The control
selection (S Sjeq) psgno,, p>0 yields to:
0.0, = —dl.p|0',.| <0 (28)
The above condition implies that o, — 0 ([9]-[11], [13]) and
thus the control target i, — I, sin et is feasible.
Therefore, the switching selections are:
Ifo,20—>S5,=1c¢elseifo, <0>S, =-1

. (29)
Ifo,20—> S5, =1 celseifc,<0>S, =

Under the above selections and according to the sliding mode
control theory, the system is stable and the current of each H-
bridge slides to its reference value.

II1. ESTIMATION OF THE OUTPUT VOLTAGE & CURRENT

The efficient estimation of the output variables, especially
the output current, is fundamental for the independent control

Vnbc
Sj-ia + 1] Vibc
. —
/¢ s +

JT .ID_._.\L.

2" Order
Low-Pass Filter

11

:j=a,b
@ n=1,2
. Estimation

Fig. 3. Sliding mode observer for estimating the load current (i) and the DC voltage (Vpc) of each H-bridge, for any type of load.
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of each H-bridge. This estimation is essential for the proper
calculation of the power ratios and significantly reduces the
necessary measurements. In the majority of existing papers
addressing this estimation problem, the estimation algorithm
is developed considering that the system’s load is a variable
resistor. However, this is not always the case, since the load
can be highly non-linear (e.g. a power converter). In this
paper the general load case is considered. The sliding mode-
based observer, depicted in Fig. 3, is introduced to estimate
the value of the load current for each H-bridge. Based on (2)

and (3), the proposed observer has the following
mathematical description:
C'ViDc:Sj'ia_iu (30)
' G31)

C-Vpe =81, —(-sgn(IZ)
where ¥, =V, Ve, (ij)€{(1,a).(2b)} stands for the

estimated voltage error. The deviation ¥, dynamics can be

formulated as follows:

V.= I}iDC Ve

i

Ir, _\q
:E[zu—z.sgn(l/[)],le{l,z} (32)

Considering that:

V.-V,

i

Z[7ei=t7 (33)

],ie{Lz}

and by choosing ¢>|i,,| ,ie{l1,2} zero error dynamics is

max

achieved and:
(34)
which means that:

Ve = Ve and 1, = £sgn(7), ie{1,2}. (35)

By low-pass second-order filtering of the signali,,, the

estimated value of the load current of each bridge is
evaluated. The convergence of the estimator is guaranteed
from (34) and (35), given that the output current of each H-

bridge does not exceed a preset maximum value |z‘Ll.| The

max "

latter is a pretty straightforward constraint.

IV.SIMULATION RESULTS

The application of the above analyzed control algorithm
has been investigated through simulations with the
MATLAB/SIMULINK  software. Two H-bridges are
connected in series on the AC side and different DC voltage
references are required under variable loads. The goal of this
presentation is to demonstrate the robustness of the control
algorithm and the successful independent control of each H-
bridge. The initial loads are R=25Q for each H-bridge. The
RMS value of the grid voltage is 230V and its frequency is
50Hz. We choose R;;=0,007Q, L;;=5mH and C=10000pF.
Each H-bridge undergoes a voltage reference change and a
load change. For the first H-bridge the voltage reference is

initially ¥;,. =600V and at t=1s it changes to ¥;,.=700V.
For the second H-bridge the initial reference V,,.=500V
changes to ,,,.=600V at t=2. The load doubles (R'=12.5Q)

T T
b MM
600 r o
S
& 400 =
e
200 &
0 Il Il Il L Il Il Il Il
0 0.5 1 1.8 2 25 3 3.5 4 45 5
800 T T T T T T T
600~ : / w MmmJ
s L
g 400 : .
>
200
0 L Il L L Il Il L

0 05 1 15 2 25 3 35 4 45 5
Time (s)

Fig. 4. Output DC voltage of the two H-bridges during the prescribed
voltage reference and load changes.
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Fig. 5. Output DC voltage of the two H-bridges in detail. (a) H-bridge 1
voltage reference change, and (b) H-bridge 1 load change.

N AN A RA N
WA NN VAN
YANARANAWANANANA
SEVEVAVEVANRYRYE
MMM MUY MWY
VARV AV I

voltage reference change.

1073



v, (V) and i)

P W ‘l“l N T W W O Y S
RRREER

|
94 1.96 198 2 202 2,04 2,06 208
Time (s)

@

300

200

100

v, (V)and L&)
o

-100

-200

-300

Time (s)

(b)

v, Vandi ()

4
Time (s)
©
Fig. 7. Input voltage (green) and current (blue) in detail:
(a) At H-bridge 2 voltage reference change.
(b) At H-bridge 1 load change.
(c) At H-bridge 2 load change.
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Fig. 8. Power ratio of H-bridge 1 (blue) and 2 (green) during DC voltage and
load changes.

at t=3s and t=4s for the first and the second H-bridge,
respectively. The key waveforms of the system are presented
in detail in Figs. 4-9.
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Fig. 9. Actual (blue) and estimated (green) load current of H-bridges 1 and
2, respectively.

By carefully examining the presented waveforms, one can
notice that the control algorithm achieves robust and
independent control of each H-bridge. The reference voltages
are followed with an inherent ripple and the dynamic
performance during the voltage and load changes is rather
satisfactory. From Figs. 6 and 7 it is clear that the cascaded
boost H-bridge rectifier works with unity power factor, under
every operating condition, even during transients. In Fig. 8
the power ratio of each H-bridge is presented during its
operation. Finally, in Fig. 9 the actual and estimated values of
the load currents for the two H-bridges are presented. The
latter figure highlights the successful tracking of the output
current that the proposed estimator yields. Given that the
switching frequency of the system (variable) has a maximum
value of 500Hz, the above presented simulation results are
rather satisfactory and all the preset goals are successfully
met.

V. CONCLUSION

In this paper, a sliding-mode controller for cascaded H-
bridge boost rectifiers is introduced. The proposed controller
is analyzed theoretically and its convergence is
mathematically proven. The presented simulation results
indicate the feasibility of the proposed algorithm, while
critical requirements such as unity power factor, stability,
robustness and precise regulation of the dc voltages have
been met successfully.
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Abstract - The paper analyses the inductance saturation effects
of an induction motor in order to be considered in the nonlinear
control drive technique. The involved inductances are determined
through finite element modeling of the induction machine. The
impact of coupled field and circuit approach on the derived
parameter variation has also been examined. The methodology is
suitable for control techniques concerning inverter fed induction
motors.

I. INTRODUCTION

Non linear control techniques appeared to be more attractive
than linear in most electric drives due to robustness and
dynamic performance.

This paper is based on a finite element field analysis of an
induction machine for saturated inductances determination to
be considered in a nonlinear control scheme. The numerical
methods for a coupled-field circuit approach are reviewed [1-4]
and their impact is checked on the calculation of the saturated
inductances on the motor operation under transient conditions.
These parameters are tabulated in form of look-up tables in
order to be introduced in a nonlinear controller and investigate
their effects on the drive performance [6-7].

II. METHODOLOGY

The electrical equations per phase for the examined machine
can take the form [1]:

do
=r-i+——» 1
v=r-i m 1)

where vectors v, i,® and r have widely established
meanings. The flux linkage in the winding “d” in (1) can be
written under the form:

Vo= Z VYax @

where x represents the different windings in the machine. The
flux linkages y,, in (2) can be written as:

\lldx =f;lx 'ix (3)

where f, represents the equivalent saturated inductances.

978-1-4244-1736-0/08/$25.00 ©2008 IEEE

The values of f, for phase d, may be expressed as follows:

C'f mg+N
. Ak
)

oy
Id k=mg

fu(8)= @)

where N is the number of phase turns, ¢ is the conductor
length in the rotor iron, ¢ is a constant that depends on the
number of winding layers and accounts approximately for the

end winding, id the peak value of current in phase “d”, A,
is the vector potential of the phase turn k for the position 6,
and m, is the first phase turn in the corresponding slot to the

relative position 0 . By expanding (4) in Fourier series, we can
deduce:

f(8,v)= i{gu (1‘1,1:)-0052n(-)+hn (Iq,‘r)~sin2n9}

n=0

0<0<2n ®)

where the functions g, and h, depend on the operating point
(1, is the stator current and t the rotor reaction). Following

the proposed method by [4], the Norton equivalent circuit can
be expressed in matrix form as follows :

Gcc Gcn u° lsc
G, G,+G, ) u | i +i,

where u, and u, are internal nodal voltage vector and

©

coupling nodal voltage vector respectively. From (6) i, and
i, +i,, are source current vector oriented toward internal

nodes and coupling nodes. Furthermore, the conductance sub-
matrix G, and the source current i, correspond to the

Norton equivalent representation of the windings.

The induction motor model developed is intended for
implementation in drives involving voltage source inverters
(VSI) controlled by non linear control techniques, such as the
ones based on the Sliding Mode (SM) theory [5]. These control
techniques exhibit fast dynamic performance and robustness,
especially under transient conditions, and motor non-linearities
consideration can substantially improve their performance.
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III. APPLICATION

Simulation has been performed for an induction motor with
the following specifications:

Rotor

Rotor core outer diameter : 4.585 inches.
Rotor core net length : 3.0 inches.
Number of rotor slots : 24.

Material : Electrical sheet steel.
Thickness : 0.025 inches.

Silicon content : 1.0 — 1.3 %.

Area : 11.9 sq. inches.

Number of rotor inductors : 560
Number of turns per single coil : 5
Rotor resistance at 25°C : 0.46 Ohm

Stator

Stator inner diameter : 4.631 inches.

Stator outer diameter : 7.5 inches.

Width of stator iron : 3.0 inches

Number of stator slots : 36.

Material : Electrical sheet steel.

Thickness : 0.025 inches.

Silicon content : 1.0 — 1.3 %.

Winding Scheme : 4 winding groups, 9 coils per group, 18
turns per coil.

e Stator resistance at 25°C : 1.4 Ohm per winding.

The mesh implemented in the FEM model comprises 15000
nodes and is shown in Fig. 1. The respective flux distribution
under nominal operating conditions is shown in Fig. 2.

8
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Fig. 2. Flux distribution in the induction motor

The magnetizing inductance calculated for different loading
conditions is shown in Fig. 3. The calculated inductance
variations with stator current and motor loading, have been
appropriately introduced in look-up table forms and considered
in the motor drive model.
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Fig. 3. Magnetizing inductance L., variation with the motor line input current.

In order to examine the effects of the saturated inductances
on the transient performance of the induction machine the
following case has been considered: an abrupt increase of the
mechanical torque has been applied in the initially unloaded
motor. The simulation results comparing the electromagnetic
torque response both by assuming linear magnetizing
inductance and by taking into consideration the magnetizing
inductance saturation are shown in Fig. 4. In this figure it may
be noted that when neglecting saturation effects the transient
electromagnetic torque is substantially overestimated.
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Fig. 4. Electromagnetic torque response versus time in case of abrupt
mechanical torque application at t=0.5 s.

: inductance saturation considered

- - - : inductance saturation ignored

Figures 5 and 6 illustrate the transient response of the stator
winding current due to the variation of the mechanical torque
both by assuming linear magnetizing inductance and by taking
into consideration the saturation effects. Figure 5 demonstrates
the response of the instantaneous line input current, while
Fig. 6 gives the respective RMS value time variation,
respectively. These figures illustrate that the saturation effects

12
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cause an important increase in the current value. This increase
is more clearly shown in Fig. 7, showing the waveform of the
stator current after the motor has reached the final steady state
operation.
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Fig. 5. Stator winding current response versus time in case of abrupt
mechanical torque application at t=0.5 s.
—: inductance saturation considered

- - - : inductance saturation ignored
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Fig. 6. RMS value of line input stator current response versus time in case of
abrupt mechanical torque application at t=0.5 s.
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Fig. 7. Final stator winding steady state current versus time.
: inductance saturation considered
- : inductance saturation ignored

The simulation results comparing the stator winding flux
response both by assuming linear magnetizing inductance and
by taking into consideration the magnetizing inductance

saturation are shown in Fig. 8. In this figure it may be observed
that when neglecting saturation effects the transient stator
winding flux is substantially overestimated.
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Fig. 8. Stator winding flux response versus time in case of abrupt mechanical
torque application at t=0.5 s.
— inductance saturation considered

- - - : inductance saturation ignored

Fig. 9 gives the stator winding magnetizing inductance
variation during the mechanical torque transient compared to
the unsaturated value. It is obvious that there is a great change
when the saturation effect is considered.
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Fig. 9. Stator winding magnetizing inductance time variation in case of abrupt
mechanical torque application at t=0.5 s.

— : saturation considered

- - - : unsaturated value

From the above simulation, it was shown that it is important
to account for saturation effects in case of substantial torque
changes. This has to be taken into consideration in the design
and development of voltage source inverters supplying
induction motors as the scheme shown in Fig. 10.

T =KE = Mn@

Fig. 10. Topology of the Voltage Source Inverter supplying the Induction
Motor.
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In particular, such a consideration can provide considerable
services when non linear control techniques are adopted, as the
one illustrated in Fig. 11, based on Sliding Mode Theory
combined with fuzzy logic.
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Fig. 11. General structure of a control system based on Sliding Mode Theory
combined with fuzzy logic.

IV. CONCLUSIONS

In this paper a methodology for considering magnetizing
inductance saturation effects has been developed. Appropriate
look-up tables have been introduced enabling accounting of the
inductance variation with loading determined through finite
element modeling of the induction machine.

The impact of coupled field and circuit approach on the
derived parameter variations has also been investigated.

The results obtained from the simulations bring into
evidence the significant effects of saturation in the magnetic
circuit and illustrate the method suitability for implementation
in nonlinear control voltage source induction motor drive
systems.
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Abstract—This paper presents a non linear control
technique, based on the sliding mode theory, for a modular
series cascade HVDC conversion topology. The proposed
control technique exhibits bidirectional power flow,
minimum line input current THD factor, unity input true
power factor, minimum ripple at the DC side and robust
performance at transient conditions. The above mentioned
advantages are equally achieved under variation of DC
voltage and load. Moreover such a technique does not
require neither phase shift transformers at the grid side, nor
input harmonic filters. The feasibility and robustness of the
technique introduced is demonstrated by implementation
results of a prototype construction concerning load sudden
changes and voltage dips.

1. INTRODUCTION

Voltage and current harmonics in power transmission
and distribution systems have become a serious problem
especially for DC high voltage — high power topologies,
consisted of a number of rectification modules. In the past,
many research works have been formulated introducing
either new power conversion topologies or new control
techniques [1]. Some of these methods in order to improve
the input power quality of power converter are utilizing
hybrid or active harmonic filters [2] while other
techniques require input phase shift transformers for each
module [1], [3], [4]. Such techniques involve
disadvantages tabulated in Table I:

TABLE 1.
DISADVANTAGES OF CONVENTIONAL TECHNIQUES

Hybrid and active filters Phase shift transformers

High cost depending on the
demanded level of the DC output
voltage

Increment of switching elements
and losses

High design requirements on
control methodology of active
filters depending on the order of
harmonic distortion

Limited harmonic elimination
ability

Two separated units (active

filter, rectifier) Input harmonic filter requirement

Lower power density

The present paper introduces and analyzes a modular
transformerless HVDC topology enabling to overcome the

978-1-4244-1668-4/08/$25.00 ©2008 IEEE

mentioned disadvantages. Each module involves a three
phase AC/DC boost rectifier controlled by a non linear
control system based on the sliding mode theory [5-8].
The power conversion topology has four modules of
rectification isolated from the network supply with their
DC outputs (1200 V each) connected in series. Thereby a
4.8 kV DC voltage is obtained while critical requirements
such as unity input true power factor, sinusoidal input line
currents, regenerative capability, minimum ripple at DC
output voltage, control robustness to unknown varying
load and high dynamic performance are achieved
effectively.

II.  MODELLING OF THE POWER CONVERTER

A modular transformerless HVDC topology with four
modules and an AC/DC boost rectifier in each module are
shown in Fig. 1, 2 respectively.

For analysis purposes, input control variables are

defined as:
. S | } SZJK} SEJK}

L
H e Y

84 sﬂﬁ sﬂ{_}

&‘r.TSETS:A].SaT\Ss,ISﬁT

M OTMS320030 DSP

B A
>

V)
v

Figure 1. Module topology. Three phase AC/DC boost rectifier

1:$,=1S8,=0 1:5,=15,=0

u = 5 u, = 5
-1:5,=0,8, =1 -1:5,=0,5; =1
1:5.=1S =0

U, = 3 6 )]
-1:5,=0,5; =1

The switched electric circuit of Fig. 2, regarding the (1)
has the dynamic model described in (2) [5] and the
corresponding model in d-q coordinate frame
synchronized with the supply angular frequency o,
considering V,=Vo4, Voq= 0 is that described in (3).
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where ug, ug are the transformed control variables from the
stationary ones uy, U, Uj.

IIIl. CONTROLLER DESIGN

Based on the idea of two step converters control design,
current control in an inner loop and voltage control in an
outer loop, the cascaded control structure shown in Fig. 3
for each module, is proposed.

Assuming that the state variables are the DC voltage

V, and the transformed phase currents ig4, i, while the
. LI oK .
reference variables are V,i4,i, we may introduce the

following definitions [10]:

“)
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Figure 3 Cascaded control structure

A. Sliding mode current control

The starting point for the sliding mode current control
design is in (5) [9]:

u Uy
od +g

: R. o

Iy=——lg+o-i4—

d d d
L

2-L L
: . . U4 Ugq
l,=——1, -1, — u, +—— 5
L T T ©

With  definitions ~ x, =i, —iy,

substitution in (5) is obtained:

. o %
=i, — an
X, =i —ig d

R Vv
X, =——X;+®- X, ———u, +F 6
1 L 275t 1 (6)
) R \'A
Xzz—fxz—m-xl —Huq-l—Fz (7)
where:
V, " R .«
F = Ld+co-1q—1d —f'ld
Vs o ¥ R
F2: Lq— 'ld—lq—f'lq

Considering (6) as a forced motion of state variable x;,
the control uy is choosen as: uy = ugt ugs where the
component Uy, stabilizes the free oscillation:

R V
X =——X, +® X, ——=Ug4 )
1 L 275 Y
and the component uys stabilizes the forced oscillation:
A%
X, =——>u, +F 9
1 oL e T 9
Stabilization in (8), (9) is obtained with conditions:

X, (—Exl +o-X, —Ludxjso
L 2-L

(10)

y
and xl(_ﬁudﬁa]so (a1

Control uy =K, -|x2|~sgn(x1) is a solution for (10) if

2-L .
only KIZV_.(D. Control y =1, -F_ -sgn(x,) 1s a

o

solution for (11) if only 1, > 2—L The control obtained
for stabilization has the following form:

Uy =Ugy +Uy = (K1 -|x2|+l1 -Flmx)-sgn(xl) (12)

Similarly in (7), the obtained control law is:

uq :uqx +uqf :(K2 -|X1|+12 .Fzmax).sgn(xz) (13)
where: K, =K, =K2&.m, L, =1, :12—2'L and
V, Vv,
1 forx>0
sgn(x) =
-1 for x<0

B. DC Voltage Controller

Analyzing DC voltage controller stability, the current
d,q components should be taken as references. Setting

iy = i:; sig = i* the DC voltage dynamics are:

q
i 1 3k *
vl by st (14)
o C 2. C ( d d q q )
In steady  state (i =0) and  considering

R- iz =R- i: ~ (0 from (5) is obtained:

2 E 2 S
uy :V—O-(Vsd+u)-L-1q),uq =V—0-(Vsq -o-L-1y)

(15)
Substituting values uy, uq from (15) to (14), the latter
takes the following form:

. i | . L
V, :—1—L+7(1d~Vsd+1q-Vsq) (16)

o

Power balance for each module can be expressed as:

Vg ig + Vg iy =V, -ip (17)
Considering that load current is i, = I\{O and assuming
L
(17), (16) becomes: ®)
*. - \Y
V= \'A + 1 .Vo A or V,=——2_ (18)
R,-C C-V, R, R, -C
Using the definitions:
V,=V,-V.orV,=V, -V, =V, (19)

In (18) is indicated that Vo converges asymptotically
to zero or V, — V: with time constant T = R, C as the
result of fast current convergence and power balance
condition. The current phase angle p* =tan' (i; / i; ) as
another control variable, is used for power factor
correction. Substituting i; = i:, -tan( p*) to (17) is
obtained:

. Vi . Vi tan(p)
q - *
I/Sq+Kd-tan(p )

= Vsd+Vsq-tan(p*)’ :
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from which: i; = ”i*H-cos(p*), i; = Hi*H-sin(p*)
v, -

where: o lL
Vi +Vyq - tan

(p*) = HI*H . cos(p*)

The quantity of Hl*

‘ should be the value of the output of a

PI controller that is controlling the DC voltage deviation
(V-v;)

IV. PWM TECHNIQUE

The obtained control law in d,q rotating coordinates is
of the form:

u, :(Kl -|x2|+l1 F )-sgn(x,)

u, :(K2 Jx|+LF )-sgn(xQ)

Transforming from d,q to a,b,c stationary coordinates, the
control variables are: u, u, u. . The discrete valued
control variables u;, u,, us are obtained after modulation
process of control variable u,, uy,, u.. The proposed PWM
method is the Sliding Mode PWM (SMPWM) technique

(20)

[10].  According to this method, three switching
t
functions are selected: S; = I(ui -G-u j),
0
j=123,i=a,b,c (21)
+1if s, >0
Selecting u =sonls.)= 7
J g (]) {_1l.flsj<0}

this control law with condition G ~‘u1‘ > |u| is
forcing the motion on surfaces s; =0 because the above

system solution is s, =0 and §,=0. After that, the

switching result from control variables u, , 3 is equivalent
to the result of variables u,p.. It is proved that the
switching frequency of the power converter is dependent
on the parameters, gain G and hysteresis variable A, so
f,=f (G,A) and may take the form:

G u%2
fg=——-—J>— 22
ST 4.A 4-A-G (22)

V. EXPERIMENTAL RESULTS

The power topology and the proposed control have
been implemented on a four module laboratory prototype
construction to verify feasibility. Due to some laboratory
equipments and elements limitations it was not possible
to implement a greater than 480 V apparatus. However,
experimental results which have been predicted in theory,
as well as have been verified by simulation.

A digital system based on the TMS320C30 DSP
microprocessor has been used to perform the four module
HVDC topology. Full parameters details are given to the
following Table II

TABLE IL
EXPERIMENTAL PARMETERS

Element Description
C 1200pF/250V
L 4mH ferrite core
Si—S6 G4PH40UD (IGBTs)
Resistive load 10022, 20092
Proportional gain Kp=0.002
Integral gain Ki=0.08
Hysteresis A=0.001
Switching frequency fs=1200 Hz
Sampling time Ts=1/10000
Input AC RMS voltage Vs=23V
Nomirila(}l?glgtsut DC Vo480 V

VI. CONCLUSIONS

In this paper a novel modulation technique for a
transformerless HVDC conversion system was presented,
analyzed and implemented. From experimental results the
proposed control appeared to be very promising due to
very good behaviour to distinct transient conditions such
as load variation and output voltage reference change.
Important issues like robustness, minimum line input
current THD factor, almost unity true input power fa
have been successfully addressed.
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Simulation results: Experimental results:
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Abstract

In this paper a novel modulation technique for a three phase buck rectifier is presented and analyzed.
The proposed control technique compared to the conventional control techniques exhibits a higher true
power factor while providing an equivalent dynamic response. The dynamic performance of the
proposed control technique is checked experimentally in a d.c. motor drive system and the results are
compared to those of the classical current space vector technique. The experimental validation
illustrates that the technique introduced improves significantly the input line current THD factor and
achieves a greater power factor with respect to the conventional method even in cases involving
important motor torque variations.

Introduction

Three Phase PWM rectifiers are the core of an AC-DC conversion system. The two alternative types
of PWM rectifiers regarding the source type (voltage or current) have advantages and disadvantages
that have been very well analyzed in [1]. Various research studies propose modern control methods
which achieve control of reactive power without load dependence, power factor correction, low
switching frequency, good dynamics and steady state accuracy [1],[2],[3],[4],[5]. This paper examines
the buck type three phase PWM rectifier. It’s topology is shown in figure (1). The analysis focuses
mainly on the modeling of the system and the novel proposed modulation control technique. The
system’s performance is tested in relation to power factor correction, total harmonic distortion and DC
power regulation both at the steady state and in transient conditions.

(&

l":n@() Ul‘n:j_’ l‘luﬁ‘u}

| Input Filter |

1 a 1 b Y
a e b [ 1& 1

Fig. 1: Power AC-DC Buck Rectifier

The matrix-type topology is the basis for the analysis of Voltage Source Rectifiers. The concepts of
the revolving space vector play also a main role in the system analysis and modeling. The designed
modulator utilizes the sliding mode control technique and a finite state machine is used to select the
suitable switching combinations among the nine permissible ones. The most interesting characteristic



of the proposed scheme is the significantly reduced THD of the input current waveforms. Moreover
good dynamic response and power factor correction (PFC) is achieved. The proposed control
technique is verified with simulation results. A separately excited DC motor (SHP, 240V, 1750 RPM)
is used for experimental confirmation.

Analysis of Matrix-type converter

A simplified topology is shown in figure 2.

e O
u o u A,)
bo co
T, <Li .
be Ce

Fig. 2 Voltage Source Rectifier
Each switch has the following operation function:

S (t)=4L switch closed| where /e {p,n}, kela,b,c} (1)
’k 0, switch open

Given these six binary elements, the matrix-type converter of figure 2 has 2°=64 different possible
states. The acceptable switching states are only the ones that:

i. Do not short-circuit the input phases

ii. Do not open-circuit the DC output lines
Formally these constraints can be written:

S,,(0+S, (D+S, (D=1, refp,n} (2)

These two constraint equations, one for each row of the matrix topology, have the meaning that only
one switch must be closed at each row. As a result, there are only nine acceptable switching
combinations. Thus, for the row with ¢ =p, we can formulate the following equation:

Upo =Spa (V)7 aq +8 1 (078, +Spc(0)-tigq 3)
For the column with k=a, we have also that:
i =Spa "ip +Sna 'in 4)

Therefore for the whole array we can write correspondingly:

. S S
u S S S u 1 pa na|[j
PO | _1%pa “pb “pec|.| 420 i =8 8 |-|.p (%)
u S S .S bo ib pb nb n
no na nb nc] Y, c S S
pc nc

Assuming the following definitions:

ip =iy =ipa UDC:UPO_UHO’ 6)

A
S, :spk =S o ke {a,b,c} (7

the equations in (5) can be rewritten as follows:



Upc =28 vy i =Sk Ipc
Considering the constraints of equation (2), we can write:
%%m=1, %gm=1

1Z{:Sk=0

Given that S ik € {0,1}, from equation (7) we can notice that Sk

k..k .k, e{a,b,c} and k, %k, #k,, equation (10) is formed:

1’273 2
Skl +Sk2 +Sk3 =0
where: S, .S, .S, . e{-1,0.1}
There are two solutions for the system of equations (11), (12):
Solution I: Skl = Sk2 = Sk3 =0
Solution II: Skl = l,Sk2 = —I,Sk3 =0

Based on equations (7), (9) the first solution is equivalent to:

S S =S =0,S =S =0
2 P n

pklzzsnklzl’ pk2 ~ “nk k3~ “nk3

The second solution is correspondingly equivalent to:

Skl :1j(spk1 =1,and Snkl =OJ

Sk2 :—1:>[Spk2 =0,and Snk2 :1]
Sk3 :Oj(spkB =0,and Snk3 =Oj
By defining:
A A
S =1l|=k and (S :1):1( '
pkl 1 nkl 1
equation (15) is equivalent to: (klkl,)

and equation (16) is equivalent to: (klkz'j
The switching combinations that result from equation (18) are:

(wj%%m:%wZQ’®Uﬁ&}b:%mZQ’@dﬁ&}c:%m:q

Likewise the switching combinations that result from equation (19) are:

@mj%$ =1,=S =—Qz(s =1 =q
a b pa nb

e {~1,0,1}. Considering

®)

€)

(10)

(1)
(12)

(13)
(14)

(15)

(16)

(17

(18)
(19)

(20)



b0) (s, =15, :_1)E(spb 1S :1] @1

In general, a space vector is a revolving vector in the complex plane. According to the current space
vector theory the three phase current waveforms at the mains side can be modeled as follows:

> A - ) ) . ‘]q)‘(t
labe =§{1a(t)+a~1b (t)+a .lc(t)} = labc"e il ] @)
where :
Cwi o4 o=siodys i —o N
1a+1b+1C Elk [% kJ 1DC 23)
fave| = .
abc| = 7 e
i—i S-S
-l b_c -1l b ¢
O =tan D__C |-tan ’s
! \/gi \/gs (25)
a a
From equation (22) the inverse relations for the three phase input line currents are written as:
fa = [1abe] oS, 1y, =fiabe 'COS(¢1 ~1200), i =fave 'COS(‘h +1200) (26)

From the above analysis we can conclude that the three switching combinations of equation (20), i.e.
aa’, bb’, cc’, are zero space vectors, while the six vectors of equation (21) are active space vectors,
stationary in the complex plane, as indicated in figure (3).

A q

r

be

Fig. 3: Current Space Vector



The mains voltage space vector is defined as:

— Jd)U\’ t]
Uabe =V, ¢ where (I)U(t) =0 t+ SU(t) 27
Our target is to obtain an input current space vector:

R ke (& IR SR (28)
abc /3 DC i/

So according to the inverse relations in equation (26) the input phase current references must be:

.k 2 . ¢. for k=a
i, =—%—-i___ -cos¢d.. where : i 29
k 3 DC ¢1k 0, = (¢i_1200) for k=b )

(¢i+1200) for k=c

The actual phase currents are evaluated by:

i, =S, i , kefa,b,c} ,Ske{—l,O,l} (30)

Proposed control technique

The actual input line current waveform ik(t) should have a fundamental frequency component equal

to the reference value given in (29): ik (t)= ik*(t). The proposed control and modulation technique is

based on the block diagram in figure (4):

1.

Fig.4 :Block diagram of Sliding Mode Control

This control is a modification of the sliding mode approach to Sigma-Delta modulation [6]. According
to the sliding mode control theory [7], [8], a sliding surface described as :

t toow
o, = ([)ekdt = ([)(11( - lgk)dt (31
is attractive in state space and the system motion is forced to slide on o, = 0 if the following

condition is satisfied:
c;k -sgn(ckj <-n, sgn(ck) € {— 1,1} with k e {a,b,c} (32)

and n is a very small positive number. From figure (4) we can see that the variables satisfy the
following relations:



Gk :1k —1gk R lgk :G~1Dc-sgn(6kj (33)
Gk~sgn(6k):1k -sgn(ckj—GqDC (34)

If G~1D

>l ¥
C |k

characterized in the ideal case by the dynamics:

then Gk . sgn(ck) <-n. The condition (32) is satisfied and the sliding motion is

c =6 =0 (35)

The ideal case exists when:

k

igk(t)z G- iDC -sgn(ck) = ik (36)

. . * .
However, in real sliding conditions the signal igk (t) is equivalent to the reference i i only in

average. The output sgn(ck) € {— 1,1} with k e {a,b,c} is available for switching purposes. For

each k-leg of the bridge the switching variable must be Sk € {-1,0,1}, k e fa,b,c}, in accordance with
the permissible switching combinations of our topology. We need a transformation of 3-legs two-

valued variables, i.e. Sgn(ck) , to 2-legs three-valued variables S . since both switches of the

third leg should be always at open state. The first step is the definition:

Al
Lk :E 1+ sgn(ck )] , Lk e {01} 37
The second step is to select the switching combination:
Either : (k1k2 ):skl =S =1, k.k e {a.,b,c}, k #k, (38)
kK, - =S =1,k
Or ( K, ):sk] 0=8 1 =Sy, =1 K< {a.b,c} (39)

This selection is related with the active sector. In fig.(3), the six active vectors form six sectors in the
complex plane. At any time instant, the angular position of the input current reference space vector can
be known. Thus given the current space vector the active sector can be defined. The switching
selection domain is a set with three elements.

D1 = {(k 1k 2'}(1( 1k 3'), {k 1k 1,} for Sectors [L1IL, V (40)
or:

D, = {[k 2k1’],[k3kl'j,[klkl’j} for Sectors LIV, VI 41)

For both domains D , D , the first two elements are active vectors and the third is a zero vector.
1 2

The first element, called Active 1, is the initial selection (initial state) of each sector. A description of
the states of ko ko ky for sector I may be approached by the following shift right register

(SRR1) in figure (5).
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Fig. 5: Shift right register (SRR1) for current vector selection triggered by active sector
For each Sector the following variables are calculated:
L Ly Lyg € {0.1} (42)
With the following definitions:

A

L =L Ly
b for sectors LIIILV and D=D (43)
A — 1
L =L -L
2 k1 k3
and:
L =L o, Lkl
1 2 for sectors II,LIV,VI and D= D2 (44)
L =L _-L
27k M
we can form the digital variable:
L=LL, e {00,01,10,11} (45)

The next step is the design of a three state machine for each sector which is shown in figure (6)

@. LiLy =01 /1?
S

Fig.6: Three State Machine

A general view of the switching procedure is indicated at the table |



Table I: Modulation strategy

Sector 1 11 11T v \% VI
Angular 30 <é <300 | 30% <. <90” | 90% <. <150° | 150° <9 <210°] 210° <9 <270°| 270° < 4. <330°
position ¢i i ! ! ! ! !
Active (ab')—> (ac') (ac) > (bc)) (bc') > (ba') | (ba')> (ca') | (ca)— (cb) (cb')—> (ab')
Vector
Zero (aa) (cc) (bb') (aa") (ce)) (bb)
Vector
kl klza klzc klzb klza klzc kl:b
k2 k2:b kzza k2:c k2:b kzza kzzc
k3 k3=c k3=b k3=a k3=c k3=b k3=a
L - L - L = L = L = L = 1
1 L1 La Lb L1 La LC Ll Lb LC L1 Lb La L1 LC La Ll LC Lb
L = . T = . T = . T = . T = . ' = . '
2 L2—La Lc L2 Lb LC L2 Lb La L2 LC La L2 LC Lb L2 La Lb

Initial State
Vector

Simul

ation results

The effectiveness of the proposed control technique for a buck rectifier is examined first by computer
simulation and secondly by a prototype construction in our laboratory. The block diagram of fig. (4) is
the basis for the computer model processed in Matlab. The prototype controller is also implemented in
Matlab and contacts with the real world in real time via the NI-6025E (National Instruments) 1I/O card.
Figures (17),(18),(19),(20) show the experimental results. The system parameters are as follows:
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3-phase line to line voltage: 380 V ,

Line frequency: 50Hz, Input filter: 6™ order multistage passive filter

Switching frequency of the proposed technique : f=3.5 kHz (variable)
DC bus inductance Ls=100mH

PWM feedback gain: G=2.185

Separately exited DC motor: 3.7kW, 240V, 1750RPM, field:300V

Sampling frequency: 10kHz
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using the SVM control technique




Rectifier's Output DC Voltage
600 T T T

500

400

300

\%

200

100

Time (s)

Fig.9. Simulation waveform of the dc output

voltage using the proposed control technique
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Fig.11 Simulation waveform of spectrum
analysisof the line input current
using the proposed control technique
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Fig.13 Simulation waveformsusing the proposed control
technique.
(a) DC output voltage, (b) Armature current (Ia)
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Fig.15 Simulation waveforms of the active and
reactive power using the proposed control technique
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voltage using the SVM control technique
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Fig.12. Simulation waveform of spectrum
analysis of the line input current
using the SVM control technique
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Fig.14 Simulation waveformsusing the SVM control
technique .
(a) DC output voltage, (b) Armature current (Ia)
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reactive power using the SVM control technique



Experimental results

Fig.17 Experimental measurement of input phase Fig.18 Experimental measurement of input phase
voltage and line input current unfiltered using voltage and line input current filtered using
the proposed control technique the proposed control technique

Fig.19 Experimental measurement of d.c.output Fig.20 Experimental measurement of the motor's
voltage using the proposed control technique armature current using the proposed control technique
Conclusion

In this paper a novel control technique for a buck rectifier topology is proposed and compared to the
classical current space vector PWM technique. This technique achieves a significant reduction of the
current THD factor and an improved correction of the system true power factor. Moreover the system
dynamic performance remains unaltered even in cases of important load variations. The theoritical
analysis is confirmed through extensive computer simulations and validated in a d.c. drive system
experimental setup. The proposed method is very promissing for imrpoving the input power quality in
buck type rectifier topologies.
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