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Anayopeleton 1 avTiypopy), amotixeucn xou dlavour| Tne mapolous epyastag, €€
ohOXAiPOU 1) TUAUOTOC AUTAS, Yiot EUTOoPXG oxomd. Emteénetar n avatinwon,
amoVMELOT) XL DLAVOUT| YIo OXOTO 1) XEEOOGKOTUXO, EXTUOEUTIXNG 1) EPEUVNTIXNS
pLOMG, UTO TNV TEOUTOVEST) VoL AVUPEQETOL 1) TNYT) TEOEAEUCTS XAl VoL BLaTrpeiton TO
Topov urvuua. EpwtAupato mou agopolv Tn yerorn tne epyaciog yio xEpdooxomIx
ox0oT6 TEETEL VoL ameLYOVOVTOL TEOC TOV GUYYQPOPE.

Ov amdelc xon Tor GUUTERIOUATO TTOU TEQLEYOVTAL OE AUTO TO £YYEOPO EXPEALOLY TOV

oLYYEAUPED XL OEV TEETEL Vo epUNVeELTel OTL avTITEooKTEDOLY TIC ETlonUeS VECELS

Tou Edvixol Metodfiou HoAuteyveiov.



ITepirndm

H napotoa Aimhwpatind) Epyacto diepeuvd tnv duvouixr Aettovpyla ot Ty omd-
door twv Holveninedwyv Apdpwtdv Metatponéwy (MMCs), divovtag éupacn otny
eqappoyy toug wg Metatponeic Hnyrc Tdone (VSCs) oe Xtatxolc Liyypovoug
Avuotaduotéc Aépyou loyboc (STATCOMs) nou cuvbéovton oto dixtuvo. Ot
ITohveninedolr AptpwTtol Metatpomneic V€Ttouy ovadixéc TeoxAoEIC EAEYYOU AOYW TNG
apVpwThc Bourc Toug xot Tou aLENUEVOL aEtdo) BLaXOTTMY Xot TuxVLToY. To xlplo
AVTIXELPEVO TNG OIMAWUOTIXAS Elvon Vo xaTavoroel xavelg TNV BUVOULXY CUUTIERLPOES
v MMCs xou vo oyedidoet otpatnyixés ehéyyou yio pla oTtodepr xou amodotixy

Aertouvpria.

H épeuva emixevipwveta otig egopuoyéc MMC-STATCOM, eetdlovtog extevidg
0 ouvdedepévn hertoupyio Tou STATCOM oto dixtuo ye 6té)0 TNV Behtiotonolnon
¢ oTEEOTNTUC TOU BIXTUOU, TOV EAEYYO TNG TAONEG XOL TN GUVOAXT TOLOTNTA TNG
nhexteowhc evépyelac. Ewwodtepa, o STATCOM Aettovpyel w¢ duvauixdg avTloTo-
Yuotre, mallovtag xpioyo pdho GTOV EAEYYO TNG apYou Loy Uog Xou TNV UTOoTHELEN
e Ttdong.  H wavdTntd Tou Yoo ypriyopn amdxplon EMTEETEL TNV OVTWUETMOTLON
TV OLXUPAVOEWY TG Tdong xat Ty avTiodiuion aépyou toyvog, cuuBdAlovTog

4 4 7 4 4 4
ONMUAVTIXA OTT) OTO(ﬂEPOTY]TO( TOU OXTUOU XOUL my O(ELOTELOTY] TAPOY T EVEQYELAC.

To amoteAéopata TwY TPOCOUOIOOEWY Tou dielrydncay oto tepiBdiiov Simulink,
emPBefoudvouy T YewpnTinés avahloeS xon UTOYEUUUICOLY TNV ATOTEAECUATIXOTHTA
TWV TEOTEWVOUEVDY PEVOdWY eréyyou. Tlapéyovtac par extevy) puerétn tng ouvo-
edepévne hertovpylac tou STATCOM o710 dixtuo, 1 Tapolo SITAWUTIXY £YEL GTOYO
Vo Tpoo@épel ToAUTWES yvooelg Yy Ty vAomoinon STATCOMs ocuvdedepévev
oto oixtvo. Tétoeg eleMiewg elvon xpioweg yioo v evioyuorn tng otadepdtnTog
TOU NAEXTEIXOU GUOTAUATOS, TNV ELACPIALOT AllOTUGTNG AMOOOOTC TOU BIXTOOU %ol

TNV AVTYETOTLON TV EEEAOGOUEVOY ATOLTACEWY TWV GUYYLOVELY NAEXTEXWDY OLXTUMV.

Aé€eig Khewdid: Awpopgpwor, Ereyxtic PI, 'Eieyyoc Avowytol Bpdyou, Ioop-
comiar Tdoewv Huxvwtoy, Ecwtepind Pelua, Médodoc Emioyrc SM, Ilohvenine-
oot Ap¥pwtol Metatponels, Ytoatinde Xiyypovog Avtictoductic Aépyou loylog,
Movddec Metatponewy Yuveyoig Tdone.






Abstract

This thesis investigates the operational dynamics and the performance of
Modular Multilevel Converters (MMCs), specifically emphasizing their application
as Voltage Source Converters (VSCs) in grid-connected Static Synchronous Com-
pensators (STATCOMSs). Widely recognized for their effectiveness in High-Voltage
DC (HVDC) applications and Flexible AC Transmission Systems (FACTS), MMCs
pose unique control challenges due to their modular structure and increased
number of switches and capacitors. The primary objective of this thesis is to
understand the internal dynamics of MMCs and design control strategies for stable
and high-performance operation. Crucial parameters for the control system design
are identified, and innovative approaches are proposed to address the inherent

complexities of the MMC topology.

The research focuses on MMC-STATCOM applications, thoroughly examining
the interconnected operation of the STATCOM within the grid to enhance grid
stability, voltage regulation, and overall power quality. Specifically, the STATCOM
serves as a dynamic compensator, playing a critical role in reactive power control
and voltage support. Its rapid response capability allows for the mitigation of
voltage fluctuations and the provision of reactive power compensation, contributing
significantly to the dynamic stability of the grid and ensuring a resilient and reliable

power supply in grid imbalances.

Simulation results, conducted meticulously in the Simulink environment,
validate the theoretical analyses and underscore the effectiveness of the proposed
control methods. By providing a thorough examination of the interconnected
operation of the STATCOM within the grid, this thesis aims to contribute valuable
insights and practical solutions for implementing grid-connected STATCOMs.
Such advancements are pivotal for enhancing power system stability, ensuring reli-

able grid performance, and meeting the evolving demands of modern electrical grids.

Keywords: Capacitor Voltage Balancing, Circulating Current, Modular Multilevel
Converters, Modulation, Open Loop Control, PI Controller, Static Synchronous
Compensator, Submodule, SM Selection Method.






Euyaplotieg

Hpdta and dha, Yo fdeha vo exppdow tny Bahd pouv extiunon npog tov uteduvo
xou emPBAETWY auTAC TN gpyaciog, Tov xieto Aviwvonovio. To teyvind Tou umdPBo-
Upo, N xadodRynoy| Tou, xodmg xot 1 cuveyhc evdEELUVCT) TOU GUVEBUAAY CTUAVTIXG
xod” OAn TN Sudpxeta Tng epyaoiog. Xwplc TNV oThpEn oL TNV EUTIGTOOUVY TOU, oUTH

1 gpyaotia dev Va elye mporypotomomnet.

Emunicov, eluan bialtepa EUYVOUGY TEOC TOUG GIAOUS OU XU TOUC CUUPOLTNTEG
wou. H evidppuvon xar n utootheLl Toug YeTéTpeday To meviaeTéc TagldL you oTo

TOVETLOTAULO OE [LOL GUVOPTIUOTIXT), EVOLAPELOUGH XAl ONULOUEYLXY EuTELplaL.

Téhog, Vo fleha vo exppdow Tig VEQUES HoU EUYAPLOTIEC TEOC TOUG YOVELS [HOU,
Lwdvva xan Téoo, xon Tov adep@d pou, IIdvo yia Tnv uTopoVY|, TNV XATAVONOY) XU TNV

7 ’ A v 7 ’ ’
Loy ven TloTn Toug og Péva xor)’ OAT) T1) BLEIEXELN TGV GTIOUBKY UOU.
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Eugela ITepiAndn

Kegdiawo 1: Etcaywyn

Eiwocaywyn otig Pacixég €vvoleg

To tekevtaio ypovia, 1 {ATNOT xou 1 TOLOTNTA TNG NAEXTEXAC Lo 00G TWV MUO TN
udtov Hiextpuic Evépyeac (NHE) anoteholv xplowa {nthuoata, Aoyw g cuveyolc
ELOYMPENONG OVAVEDCOY TNYOV EVERYELNS 0T BixTuo ou tng adénong tng {Rtnong
nhextowhc evépyetog. Ou e€ehiec autéc amoutolv TNy elac@dhion Tng moldTNToC
xoL TG oToEPOTNTOG TNG TAPEYOUEVNG NAexTewc evepyelag.  Mia xadoploturg
onuaoctag B1dTagn Tou aVTETWTILEL QUTES TIC TROXANOELS lvol 0 TATIXOS LUy YPOVOS
Avuotoduotic Aépyou Ioyvoc (STATCOM).

O Yratxde YNoyypovoe Avtstoduotic Aépyou Ioydog elvon pior cuoxeur| mou
GUVOEETOL UECEL EVOG ETAYWYIXOL GTOLYEIOLU GTO B{XTUO UETUPORAS XAl YENOLHLOTOLELTOL
Yior TOV EAEY YO xou TNV oTadepoTolnoT TG TAoMG, ATOPEOPOVTAS 1| EYYEOVTAS HEQYO
woy0. H dudraén outh xatatdooeton oty xatnyopio tov Euélixtov Yuotnudtwy

Metagopdc Evalhacoouévou Pedpotoc (FACTS).

H evowudtwon tou cuyxexpiuévou avtiotadulo ) 1oy 0og oTo dixtuo cuufBdhhet
otnv Peitiwon e odomoTiag xou TG AmOBOTIXOTNTUC TWV NAEXTOIXWY OLXTUWY,
dltnewvtac oTtadepd Ta emineda TEONC XU PELOVOVTOC TIC Oloxupdvoels tne. H
Aertoupyla tou Poacileton oTNY TEYVOAOYIO NAEXTEOVIXWY LOYVOS, EMITEENOVTAS TOU
Yenyopes xan axpiBeic mpocupuoyEe oTig cuvixeg Tou dixtvou. Ilo cuyxexpéva, o
STATCOM ypnowonotet évav Metatponéo IInyne Tdone (VSC) nou unopel eite va
Topdyel elte vor amoppogd depyo toyl. H mopoloa Simhwpatiny epyacio mapovotdlet
évay Ilohuveninedo Apdpwtd Metatponéa (MMC) we pépoc Tou GUGTAUATOC TOU

avTioTado T Loy voc.

O Iohveninedoc Aplpwtdc Metatponéoc Vewpeiton plar oamd T Mo TOAAG uT-
0GYOUEVEC TOTOAOYIEC Yot EQUPUOYES LPMATC Tdomg xou LMAYC Loybog oTov Touéa
e nhextpovixrc oyVoc.  AuTOC 0 TUTOC UETATEOTEN €YEL EMAVATPOCOLOPICEL TIC

OUVOTOTNTEC TWV TEYVOAOYLWDY UETATEOTAC LoYVOC ol ATOTEAEL TAEOV TEOTUTO YL

19



OLGC THUATY PETAPORES LPNAYC cuveyols tdone (HVDC).

O Iohveninedog Apdpwtoc Metatporméac mpotdinxe yio mpwtn gopd to 2003
om6 toug Marquardt, Lesnicar xou Glinka. Autr n xouvotopio Bactotnxe xupiwe
oty Yeuehwdn évvola Twv aplonTdv Tomohoyuwy, 1 onola elye mpotodel opyixd
om6 toug Alesina xar Venturini to 1981. Autd mou Zeywpellel tov yetatpoméa omd
dAAec mohVeTiEdEG TomoAOYiES efvan 1) WBLdTERT DoUY| TOU: O UETATEOTENS AMOTEAELTOL
and  TONUGELIUES  XAUTUOXEVUOTIXES HOVAdEC ueTatpoméwy  (Submodules - SMs)
oLVOEdEUEVES o OElpd PeTAC) Toug. AuTO TO UOVOOIXO YURUXTNEIOTIXG OYL UOVO
omAOTIOLEL TOV GYEDIUOUO KAl TNV XATUACKEVY) TOU PETATEOTEN, AAAS TopEYEL eTlomng xau
évay Bodud avoyric oe opdidata, dedouévou 6Tl 1) Aettoupyia Tou dev e€apTdTal omd
%(40e PEUOVWUEVY XATAOKEVUOTIXY Hovdda. Emmhéov, n tomohoylo autr mpocpépet
v a&romiotio xon TaEoLGCLAlEl TOAMATAES EUXALEIES VLol TNV EQUOUOYY| OTRUTNYIXWOY

AVTWUETOTUOTG CPUAUSTOV.

O MMC xartatdoostar otoug Metatponeic IInyAg Tdong xou yernowonoteiton
EUPEMC OE OLAPORES EQPUPUOYES, TOOCPEPOVTIS UEYAUNITERT AMOBOTIXOTNTA Xat eVEALEia
o€ G0YXQLOT UE TOUC ToRadOGLax0UE UETATEOTEIC V0 ot TELY EmEdwy. Emniéov, T
YOEAUXTNEIO TS TOL, OTWG 1) YAUNAT) OLOXOTITIXY| CUYVOTNTA, 1) EALYLOTY] TURUUOLPMOT
QPUOVIXWY, 0 apUEWTOC GYEBLACUOS TOU CUCTHUNTOS, EYOUV ETEXTEIVEL TO EVOLUPEQOY
QUTOY TV UETATPOTEMY X0l TEQOL OO TIG EPUPUOYEC O GUC THUTO HETAPORAS UPNATC

oLVEYOUS TAoTC.

Yxomog TN Awnmiwpatixie Epyaciog

Yxonog e mopovoas Aimhwpoatixrc Epyootoc eivon va e€etdoel extevie tnv
evowudtwon tov Holveninedwy Aplpwtdy MeTtatpoméwy 010 TANUGIO TV LTATIXOVY
Yoyypovev Avtiotaduiotov Aépyou Ioyboc ota cuoTAUNTA NAEXTEXNC EVERYELOC.
Meéow plag eUneplo TUTWREVNS HEAETNG TWVY VEUEMWBMOY YOV, TNG DUVOULXTAG CUUTER-
LpoEdC xa TV PEVOdWY EAEYYOUL, auTH 1 epyacio anooxonel oTr diepedvnor Tng Act-
Tovpylag Twv [loluveninedwy Apdowtiv Metatponéwy cav Metatponeic IInync Tdone
evog Loyypeovou Xtatxol Avuotaduoth Aépyou loyloc mou cuvdéetan oTo Oix-
two. H viomoinorn npocopoioewy oo mep3dihov Tou Simulink emPeBaicyver Ty
Aertoupyla xou Tig apyéc evog cuothdatog MMC-STATCOM. Yuvenog, n mopolvou
OLmAwpaTixy epyocio oToyeleEL 0TV XUADTERT) XATAVONOT] TWV GUO TNUATOV OUTMY Xl
avolYEL TO BpOUO YLot TNV gLPVTEPT EPUPUOYY TOUS OTU GOYYEOVI CUC THUNTO NAEX-

TEWXC EVEPYELOG.

20



Yuvelopopd TN AwnAwpatixng Epyaciog

H nopotoo Aimhwpoatin Epyacta cuufBdiher otny evoehey ) UEAETN TNG BUVOUXAG
OLUTERLPORAC Xat TNE Aettovpyiog Twv Holveninedwy Aptpwtdyv Metatponéwy, eo-
Tdlovtag 6T0 pdho Toug we Metatporelc Inyrc Tdong evog Xtoatixol Xiyypovou
Avuotaduoth Aépyou Ioyboc mou cuvdéetan oto dixtuo. H xlplo cuvelopopd autrg
g epyaotag eivon 1 avdmTuEn EVOC BUVAULXO) HOVTEAOU TPOCOUOIWONG OTO TER3dA-
hov tou Simulink, mou vAiormolel Tic TOAITAOXEC BUVUUIXEC AELTOVPYIEC QUTWOV TWV
Olatdewy ot mpaypaTixd oevdpta dthou. To LROTOINUEVO LOVTENO EVOWUITMVEL Lot
TEONYUEVT TEYVIXT| DUUOLPWOTNS YENOWOTOIWVTAS Xxwdwa YAwooug C, eviaylovtog
™V axpiBela TWV TEOGOUOWGEWY TOL GUGTANNTOS EAEYYOoU. Méow extetauévwy mpo-
OOUOWWCERY, EMBEBUOVETUL aXOUT 1) ATOTEAEOUATIXOTNTA TWV TEYVIXWY EAEY YOV, €&-
acarilovtag tn otadepr Aertoupyio Twv MMC-STATCOMs. Emimiéov, e€etdletar o
PONOC TOV CLYHEXPUEVWY AVTIC THIUG TOV Loy Uog ot Bedtiwon tne otadepdTnTag Tou
OutOoL, TNE PLVULIONE TNE TAoME Xou TNE ToLoTNTAC NG Loy Voc. H evowudtwon npony-
UEVGY DUVITOTATWY TPOCOUOIOTS UE XUVOTOUES TEYVIXES OLUUOPPMOTS OTUUTOB0TEL
EVaL OTUAVTIXG Biua TPOGBOU GTNY XATavONoT| Xl TN BEATIoTOTOINoT TNE ATOBOCTS THV
MMC-STATCOMs, cupfdhhoviac 6Tny mpoaywyr e aviexTixic xou alldToTnG UT-

000U NAEXTELXOU BXTUOL.

Aoun tng AwrmAwpatixng Epyaciog

Keg@dhowo 2: mpoogépel gl AETTOUERT XATAVONGCT TWV VEUEAWOWY 0Oy MY
mou Oémouv toug llohueminedoug Apdpwrtolc Metatpomeic xar epeuvd TeyVIXEC

Olopoppuong mou yenoyloroovviar o MMC Satdlelc.

Kegdhowo 3: mopéyel mhnpo@oplec OYeTIXd PE TNV OUVOUIXY| CUUTERLPOQED
Twv MMCs, 6ivovtag éugaon ot avtioToryeg podnuotixéc e€lo®oels, xou avohleL
OLapopeTXeg PedodouUg EAEYYOL Yoo TNV pUlulon Tng amotekeouaTixhc Asttoupyiog

Twv MMC cuotnudtemy.

Kegdhowo 4: eotdler otougc STATCOMs, meprypdpovtag Tic Baowés opyéc
Toug xou ToviCovTag ToV XEioWo POAO TWV CUCTNUATLY EAEYYOU 0T BLICYIMCT TNG

BéhTioTNg ambd0GHS TOUG.

Keg@dhowo 5: peketd extevidg tnv uvhornoinon evoc MMC-STATCOM povtéhou
oto mep3dihov tou Simulink xou mopouvcidlel v pedoroyla mou yenowonoifinxe

yior TNV LAOTOINOT TNG TEOGOPOIWONG, xAME Xt TNY AVIAUGCT] TWV ATOTEASCUATWY.

Kegdhowo 6: cuvolilel Ta xOplo onueiar TG SIMAOUATIXNAC EQYACTAC Xou TEOTELVEL

VEEC LOEEC YLoL UEAAOVTIXT| EQEUVAL
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Kegpdiowo 2: Ilolverninedor Apdpwrol Metat-

comelg

ITepiypapn evog Ilohveninedouv ApBpwtod Metatponéa

‘Evoc Ilolverinedoc Aplpnmtdc Metatponéog oe o Odtoln Oimhod aoctépa
omotekeiton amd €vay apriud BacXOV  HATACHEUUCTIXGY UOVEOWY UETUTROTEWY
ouveyolc tdone (Submodules - SMs) niextpovixdv oyloc. N PBoaoixéc dopxég
MOVEOEG UETATPOTIEWY CUVOEDEUEVEG OE OELREL UE L0l ETOYWYT) (Larm) oynuatiCouy pa
Lovddo Tou uetatponéo mou ovoudletar Beoylovag (arm). Avo Beayioves Tou petat-
pOTE, EVaC TAVK Xt EVog XETw, BNUoueYoly wa gdon tou uetatporéa (phase-leg).
YUVOEOVTAC TEAXA TEELC PACELS TORAAANAL HETAUED TOUC WS TEOS TNV TAEUEE GUVEY0UC

eevuatog, tpoxunTel évag Towpaoixde Iolveninedoc Aplpwtoc Metatpomnéag [20].

‘Onwe avapépinne Topamdve, oL LOVEDES UETATPOTEWY CUVEYOUE TAOTG AmOTEAOLY
Tov mupnva evog Tohueninedouv Apdpwtold Metatponéa. Avdueca oTic mohudpriyeg
TOTOAOY{EC AUTOV TV BACIXMY LOVADWY UETATEOTEMY, OL TLO OLUOEDOUEVES DLUTAEELC
etvan exeivee e mhipoug yégupae (FB) xon tng nuyégpupac (HB). Eyeuxd ye my
OLdToE T TNG MNULYEPUEACS, 1) OV UETATEOTEN UTTOPEL Vo ToRdYEL OVO VETIXG o UT-
devind emimedo Tdong, EVE 1) SldTadn TAYPOUS YEPUEOC UTOREL Vo SnutovpyioeL VeTixd,

7 7 4 7
oEVNTXE xa UNOEVIXd entimeda Tdomng.

Teyvixég Awopodppwong evog Ilohverninedouv ApYpwtol

Metatponéa

[a vor emtevydet 1) emduunty tdon otny €€000 TOU PETATEOTEN, Ol XUTAUC TUOELS
TOV OLIXOTTOV XAVE UOVAOOS UETATEOTEWY TEETEL VO TEOCUQUOCTOUY AVAAOYO UE
TIC AMAUTACE TOU cuoTAUAToc. Me TNV XaTtdAANAY eloaywyy| 1 Topdxoudn evog
emAeYUEVOL ool UoVadwY UeTatpoTéwy otov Bepayiova, umopel vo mopay el Eva
ofua €€600U TOU CUUPKVEL UE Lol TEOXUOPLOUEVT] XUPATOUORPY| TAONG avapOpdc.
Auth n €yxonpn ahhoryr) TWY XUTACTACEWY TV dloxontwy ovopdleton ” Alaudppuwon”.
O xdprog 01oY0¢ NG BLPOEPKOTS EVOL VO EAEYYEL TIC TACELS TV TUXVOTOY TGV

HOVEOWY UETATROTIEWY, WOTE VA TURUUEVOUY OE LOOPEOT.

Luvidwe, ot TEYVIXES BlaopPwone TEQLAAUBAVOLY TN GUYXELOT) EVOS oVaPORIXOU
ofuatog Pe éva LPNATC cuyvoTNTag oY, Tou ovoudleta Popéag 1| Pépov (Carrier).
Auth 1 obyxpion xadopller TNV xATIANAN OTLYUH 0AAoY S TOV XATACTICEWY TGV
OLXOTITMY.  AUTEC OL TEYVIXES DLIUOPPOOTE TEOXELTAL Yol TIC TLO OLUOESOUEVES Yid
touc Ilohueninedouc Apdpwrtolc Metatponeic Adyw tng anidtntde Toug, xadoc

xou e evxohne vhornoinorc touc [20]. Xuvhdwe, exelveg amoutolv TV yeron evog
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PEEOVTOC OAUATOS Yl XGUE UOVOOLIXY| UOVADN UETATEOTEWY, YENOULOTOLWVTISC EVa
XOLVO GHUOL OVAPORAS VLol OAEC AUTES TIC UoVAdeES oe xdie Poayiova. (lotdéco, 660 0
oErIUOC AUTOY TV LOVABWY OF EVaY UETUTEOTEN QUEAVETOL, UTHRYEL ONUAVTIXT abénom
oToV dpWiUd TV POPEMY TOU AmoUTOLVTAL Yo Tr Onuioupyior evog orjuatog e£680u
ue éva peydho aprdud emmédwy. To yeyovog autd xadotd Wiadtepa ToAOTAOXY TNV

oladacior LAoTolnone TN BladEPLeTNC.

Kegpdiowo 3: Avvopixr,  2uuTeplpopd Xl
MeOoodor Eréyyou Ilolveninedwyv ApVpowtdv

MeTatponewy

Avvauixr Xvuneprpopd IToAveninedwy Agfpwtody Meto-
TEOTEWYV

oty Bertiotonoinom tng Aertovpyiag evog Hohueninedou Aplpwtol Metatpoméa
xadloTatan amapaltnTn 1 XATAVONOT TN OUVOIXTC CUUTIEQLPORAS TV UETUBANTOV
AATEOTACAS TOU, OTWG TEOXUTTEL OO TI UEAETH TOU UOVOPAUCLXOU LGOBUVHUOU XUX-
Aopotog. To mapoxdte oyAua avaraploté Tn o @dor evog Ilohveninedou Apdpwto

MeTatponéa:

@i
Vge! 2 C) Rarm § ’
:

H
5
2

Vdcf2<> Rarm§
T +

Iy

Yyfuo 1: Movogaoixd Ioodivauo Koxioue evog MMC
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AvahOwVTAS TO TOEAUTEVE XOXAWUAL XL XAVOVTUS UEPIXEC TOPUOOYESC OYETIXY UE
TNV AELTOLEYIO TOU PETATEOTEN, TEOXVTTEL TO TUQUXATE OLSYEUUMO TTIOU TEQLYQPAPEL 1)

OLVAULXY) CUUTIERLPOREL LA PAOTIC TOU UETUTROTEN:

Vd(‘

Ny

ny

J—

+
+

1

Laiff
o +
l + Larm s ; _+Ei

arm

€
<
=
b
A
Y

Y
L’IZII - >®—> 1/2Ra.rm

Y| =

“

Yoo 2: Awdrypapor TG BUVAULXTIG CUUTERLPORAS Uiag @dong Tou MMC

Ecwtepixd Pedua

‘Omedg QalveTon %ol GTO TRV OLEY UM, ONUOVTIXG POAO GTY) DUVOLXT] CUUTER-
1popd twv Ilohuveninedwv Aplpwtdyv Metatpoméwy dladpauatilel To pedua igiff, TO
omolo TEOXELTAL YIo TO E0WTERIXO EEVUA TIOU PEEL PETOED TWV UOVAOWY UETATROTEWY
eVTOC oG pdong Tou petatporéa. To pedua autd 6ev cUVELTPEREL GTO PELUA POETIOU,
(®OTOCO0 UTOREL Vo ELGAYEL OPUOVIXES YouNAnc TAEng oTo abotnua. Ot apuovixéc autéc
ogeilovTton o TAVES OVICOPEOTIHES X0 BLUXUUAVOELS TNG TAONG TV TUXVLTOV TGV
HOVEBWY UETATEOTEWY, XM xou TNV EMAOYT TV UEVOdwY eAéyyou. H dwthenon
TOU E0WTERIXOU PEVUOTOS OE YUUNAES TUES, Xxaddg xou 1) eEdAeL)n Tou apuovIXO) Tou
TepLeyopEVOL ebval xooplo TIXAC GNUAGENS Yo THY ATOQPUYT) AUENUEVLY ATWAELDY, Vep-

WXOV TEOBANUETOY %o UELWUEVNE UTOBOTIXOTNTAUS TOU YETUTPOTE.

EAeyxtric Avoiytol Beodyyou

[a tov €heyyo TV UETOUBANTOV XATACTACNE TOU CUCTAUNTOS, Xadde xou T
UELWOT TWV QEUOVIX®Y TOU ECKTEEIXOU EEOUOTOC, OmAULTETOL 1) VAOTOINoY E€VOQ
ouoTHaTog EAyyou. O €leyyog autog unopel vo vhomomdel Yeow plag oTEaTNYIXhC
avorytol Bpdyyou, n omola Poucileton GTIC EXTYWACEIS TWV UETIPANTOV XATACTACTC
XL TEAXE OTOV XoJOPIoUO TOV XATIAANAWY TYOV TV DETOV ECUAYWYHAC My X0
ng. XT6y0¢ Tou Edeyxth) Avolytol Bpdyyou ebvar va meplopiCel to pelua Zg:pf xou vor

emEpEL L1ooppOoTio UETAEY TV TACEWY TWV UOVAOWY PETATEOTEWY, Xodng Xl UETAUL)
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TV 000 Beaytdévwy. o tnv viomoinorn tou eheyxTh VewEOLUE OTL O PETUTRPOTENS

Beloxeton otn wovIUn xotdoTocT Aettovpylag Tou.

O mpoodloploPoS TOV XATIAANAGY TAoEWY avopopds ard Tov eheyxTr Bacileton
OTOV UTOAOYIOPO TNG OLUVONXTC EVERYElG Tou xdie Pooylovo.  Muyxexpiuéva,
0 eheyxThg exTid TN oTwymoda dtaxbuovon Tng evépyelag ot xde [Bpaylovo xou
UEow auTAC TN OlaxOUoVeT TNG TUONG TUXVOTGVY YL TOV TAVe %ol TOV XATw
Beaytova avtioTorya. Ol eXTUACES AUTEC YENOWOTOLOUYTOL GTO GHUA AVUPOEES TOU

UETUTEOTEN X0 £YOLY GTOYO TNV EAEYYOUEVY Xai 6 TodERY| AEtToURY ol TOU UG THUATOC.

Phase

;abc
»| Estimator [€ %
Rarm C l’,\, @
l l A Y
z
Wewo ™ Weu ]S — Ueu
wWE ) &
Lo ) Arm Energy
Estimator
Udiff,0
uabc
v —» PLL ot )
v uref
- Cu
- > up
+ b
_ Converter
ref
+ Uc N
—_— 3 _)igbc
) + > b
Vdc /2

Eyfuer 30 Adrypoppa Tou Edeyxty) Avorytol Bedyyou

Anotelécpata Tou EAEyyou Avoirytod Beodyyou

Y10 oxf]pcx ametxoviCeTtar évar oTLYULOTUTIO ToU pEVUATOS EE600U TOU UETATPOTE,
%xo0OG AL TOL PEVHATOC Tg; ¢ f XUTA TNV EVERYOTOINGT TOU EAéYyy0u Avorytol Bedyyou
oto lsec. Eivow goavepd 611 1 ypron tou Eheyxts) Avorytol Bpdyyou odnyel otov
TEPLOPLOUO TWV UPUOVIXMY CUVICTOOMY GTO PEUUN TOU UETUTROTEN, xadne emiong xou
otnyv dtrhenom otadepol ecwtepo) peluotoc. Auth 1 andxplon emBefoudvel Ty

ATOTEAEOUATIXOTNTA TNG CUYXEXPUEVNC OTRATNYIXNC EAEYYOU.

25



| Output & Circylating Current |

Yo 4: AwagopoTmolnon Tou pelHATOC g f WECK Tou EAéyyou Avolytol Bedyyou

Kegdhawo 4: Xratixdg XOyypeovog AvTioTo-
Juiotrg Agpyou loydog

Ilepiypapn evog 2tatixol XOyypovou AvVTIoTAVULCTA
Agpyovu Ioybocg

O Yratixde Xoyypovoe Avtstoduotic Aépyou Ioybog elvon po cuoxeur| mou
Bootleton oty ypron NAEXTEOVIXWY LoYLOC XaL YENOWOTOLE(TOL GTA CUC TAUNTY
NAEXTEIMNC EVEQRYELNG YLOL TNV AVTIOTAUULOT) TNEG o€EYOL LoY VoG oL TOV EAEYYO TIG
tdone. H ouvoxeur| auty| ebvan oyediacuévn yia vor puduiler v tdon evog {uyol Tou
NAEXTEOU) GUCTAUATOS HEGK TNG BUVAUIXTC TTROCURUOYHC TNE PONG aépyou toylog. O
STATCOM elvon ieavog elte var mapdiyet elte vo amoppo@d depyo oyd amd To dixTuo
OVIAOYOL UE TLC OVYXES BlATAENONS TwV ETJLUNTEOY ETMTEdWY Tdong ot feATiwong Tne
euotdielog Tou cvothuatog. H tomoloyio authg tng Sudtadng amoptileton cuvidng

amo évay Metoatponéa Inyrc Tdong cuvdedeuévo oe Gelpd Ue Eva emaywyixd otolyeto.

Katd tnv olvdeon evée Ltatxod Xoyypovou Avtictaduots Aépyou loylocg
UE TO BixTVO, TO CUOTNUA EAEYYOL TOu avTioToUo T SdpauatiCel xadoploTind
e6ho, cuufBdrlovtoc otny Pehtiwon Tng euoTddeiog xal TG anddooNne TOU GUVORLXOU
ovothuatoc.  To clotnuo eréyyou amoterel to "uvahd” tou STATCOM xou
elvon oyediaopévo Yo vor xadodnyel tn Aettovpyia tou Metatponéa IInyng Tdone.
Emmiéov, eivon umebuvo yio va tpocopudlel duvauxd T por) agpyou Loy o Yo TNy
XAUTEANAN eV TS TdoME Xou TN BEATIWOT) TWV YUEAXTNELO TIXGY TOU GUC TAUATOC.

‘Evog anoteheoyatindg éheyyog eacpourilel ypriyopn avtidpuon o petoSarhoueveg
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ouvirixec Tou BTOoL, BlaTapayES xou UETUBUAAOUEVY QopTid, BLUTNEMVTISG T ETI-

Yuuntd eninedo Tdong xou Loy vog.

Trdpyouv opxetéc otpatnyés ehéyyou mou egapuolovia ot évav STATCOM
TOU GUVBEETOL GTO BiXTOU Xou UmopolV Vo eCacpuiicouvy v evotdleta, T pUdulon
TAoNC %o TN CLYOAXT] TOLOTNTA Lo DOC TOU GUVOEDEUEVOL OXTUoU. Mepixeg amod Tig
o Onuogikelc oTpaTNYXES EAEYYOL TEpL apPdvouy Tov Eleyyo Tdong, tov ‘Eieyyo
Pedpoatoc xau tov ‘Eheyyo Ioyloc.

Kegdiawo 5: Yioroinon Ilpocoupoiwong xou

Arcors:)\écpoc'coc

Teyvixr, Awapdppwong tou IloAveninedouv ApYpwtol

Metatponéa

H Médodoc Awaudppmwong mou yenoylomoleitol oTny Tapolod SITAGUATXY epyasi
Baotleton oty TEYVIXY| SLodRProTS £VOC Yépovtog orjuatoc. 1o cuyxexpyéva, xotd
TNV TEYVIXT| QUTY| YPTOULOTIOLOUVTOL TEELS OUOLOL BLOPPWTES, EVAS Yiot xdUE pdor Tou
uetatponéa. Thomomnuévol e xwdwa YAnooag C evtog tou epiBdhhovtog Simulink,
oL SLILopPOTEC AAUBAVOUY GV €(GOB0 XOVOVIXOTIONUEVY GRUATA avopopds (éva yia
x&e Peayiovar), 800 terywvixd @épovta ofjuata (éva yio xdle Ppayiova pe Blapopd
@pdong rad), xoddc xou TiC TdoEC xou ToL PELHATA TWV BEaylOVEY, TEOXEWEVOL VA
dwoouv oTny €£000 T TEEyouoes xatactdoel Twv IGBTs duxontdv. Asttouvpymyv-
TG OE BloELT6 YPEoViXG Thalolo ue xadoplopévo ypovo detyatolndiog, o SlopoppnThAc
umohoyilel o xdie ypovixd Priua T660 TO ax€pano 6CO XL TO BEXAOXO UEQPOS TOU
OUOTOC AvVaPoRAS Yiol TOV TV xou x4t Peoyiova. Tmovétovtac ToxTixy| Oelypo-
Tohnla, To Sexadd U€pog unopet va Yewpenidel otodepd péoa oe xdde ypovind xevo.
Kdévovtag hotmdv olyxpiorn Tou SetyUaTOANTTNUEVOL BEXABIXOU HEPOUS UE TO OTUd TOU
(POREN, EVNUEQWVOVTAL GUVEYMS Ol XATUO TAOCELS UETAY WY NS TwV dtaxontov. O apriudg
TWV LOVIDWY UETATPOTEWY TOU ELGEYOVTOL 6TO XOXAWUO EEXETATOL amd TNV TEEYoUoH
TIT) TOU oXEPOLOL UEEOUG TNG AVaPORAS Xou EAEYYETOL amd Tig ouvapThoelg “floor” xou

"ceiling” yia TNV TEOGEYYLON TOU GHUATOS GTO TANCLECTERO EMENEDO TUOTC.

Meg9dodog Enthoync Tou xatdAiniouv SM

o v datrenon g euoTdlelag xaL TNV AmodoTIXOTNTA TOU GUC THUNTOS
omouTe(Ton 160pEOTIO PETAUED TWY TUACEWY TWYV TUXVWTOY TWYV HOVIOWY UETUTROTEWY,
TEOXEWEVOU Vo UELWIOUY Ol TUPUUOPPWOELS TWV XUUUTOULORP®Y ot Vo BeATieel
n ouvohxr) ollomiotia Tou petotponéa. H tooppomion TwV TUXVEOTOV emTUYYdvETOL

UECL GUVEYMV UETEPACEWY Xl TUEVOUNCEWY TWV TAGEWY TWV TUXVWTOY TWY UOVIDKY
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UETUTEOTE®Y, TEOXEWEVOLU Vo emheyVel 1 %aTdAANAY HOVABN UETATEOTEWY Yid
Elooy YN 1) Topdopdn xaL Vo EYOUUE TEMXE OUOLOUORYT] XATAVOUT| EVEQYELNG HEC OF

éva Peaylova.

H Swduasto xadoplopold tng xatdAANANG povadog YeTateonémy anoTehel xplown

TTUY N xaT TNV UAOTOINoT TOL TELaooU peTatponéa xat Bactleton ot Téooepa facind
xpLThpLaL:

o Tnv allouca OelEd TWV TACEWY TUXVGTGY TWV UOVIOWY UETUATROTEWY TOU

TEOXUTTEL amd TOV aAYOpLIUo Taglvounong
o Tnv xatedYuvorn TV PELUATWY TwY BV Beaytdvwy
o TV TpE€y0ucH AELTOURYIXNA XATACTACT] TGV BLUXOTTOY TWY UOVAdWY UETATPOTEWY

e Tov aprdud TV HOVABWY UETATEOTEWY TOU TEETEL VoL ELGoyVOUY 1 Vol TUEOXa-
pOolyv

Apywd, oL yovéadec UeTATEOTEWY TUEVOUOUVTOL OVIAOYA UE TIC TAOES TWV
TUXVOTOV. AVIAOYA AOLTOV UE TNV avayXTn ECAYOYNS 1 Toedxoudne Uiog Lovadog
UETATEOTEWY, TNV POEE TOL PEVUATOC, XAMS Xl TNV TEEYOUGI XUTAG TUCT) THV OLUXOT-
TV TV HOVAdWY, ETAEYETAUL 1) XUTAAANAN povdda. 't mopdderyyo, dtav amonteito
ELCOY WYY OIS LOVAOE UETATEOTEWY X0l TO pEVUA €YEL POopd TETOLN oL YopPTILEL TOUC
TUXVWTES, ETAEYETAL 1) LOVADX TOU BElOXETOL EXTOC XUXAGUATOC XU EYEL TNV YO
Aotepn duvatt| Tdor. H yédodoc auth epopuoleton oe xdie ypovixd Briua, SlatnedvTog

€T0L TNV L00EEOTA TWY TACEWY TWY TUXVWTOV.

YTAoroinon touv STATCOM oc7to nepiBdAAov Tou Simulink

‘Onwe avapépinne xow Teonyouuévme, éva cLoTNUA EAEYYOU Bladpapatilel xploo
e6lo 1660 o1 puluion TNe Tdong 600 xon GTOV EAEYYO TNS AVTUANXYHC 0€pyou Loy bog
UE TO BIXTLO. LTNY CUYXEXPWEVT) DITAWUAUTIXY €pYciol UAOTIOLOUVTOL YRAUUUIXOL EAEYX-
Téc avohoyeol xon ohoxhnewtixol wépous (PI eheyxtéc), mpoxeiyevou vo ehéyyeton
1 Aettoupylo Tou petatponéa. ‘BEvoag PI eheyxthc amoteheiton and 6Vo xdpta pépen:
10 7Avohoywd” pépog, mou avtidpd ancudelog 6To o@diua, xar To T ORoXANEOTING”
UEEOC, TOU OUGOWEEVEL TEONYOUNEVE O@dAuaTta.  Autdg 0 CUVOUNOUOS ETLTEETEL

euotord) xou axeB3n pUduion Tou peyétdoug mou eréyyeton (pedua, tdon # loyD).

Y10 Povtého mpocopoinong, to clotnua eréyyou Tou STATCOM omoptileton
and tpla Paowd otouyela: évav Bedyyo xhewbwpoatog gdone (Phase-Locked Loop -
PLL), moiota petaoynuotiopod and abe o€ dq cuVIOTOOES TAoNE %ot PEUUATOS Xl
800 PI eheyxtéc pedpatog (évav yio Ty ouVioTdoo d xat €voy Yo THY CUVIGTOO

q tou pevpatog). Apywxd, to PLL ouyypovileton ye v tdon tou Luyou qopTtiou
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xou 6iver oty €€0066 Tou TNV ywvia 0 = wt. H yovio auth eivor amopoitnTn yioo Tov
OWOTO PETACY NUATIONS amd abe oTic avtioTolyeg dq ouviothoeg. NTnyv Tpocouoiwon,
yenowonowlvTtal dLo Thaiola peTaoyNuaTionoy abce-dq:  €var yioo TV TdoTm TOu
Cuyol gopTtiou xon éva Yo To peUua Tou petatpoméa. Ou tocdtntee dq mepvolv amd

EVOL YOUNAOTIEQUTO PIATEO Xou 0B YOUVTOL 6T GLUVEYELXL 6ToUG avTioTotyoug PI ehextéc.

OcWEOVTAC AOITOV TIEOCAUVATOAOUO, TETOLO MOTE Vo undevileton CUVLOTOOO
)

¢ tdone (UZ

conv

=0) xou hopfdvovtog umodn Tig eELOMOELS TNG EVERYOU XL AEpYOU

Loy VOC TEOXVTTEL OTL:

3 3 3

P = 5 Re(qu ;d) - §<Ucdon'ulgonv + chon'ulgonv> - éUcdonvIgonv (1)
3 * 3 q d d q 3 d q

Q = 5 Im(ququ) = E(Ucmw[conv - Ucmw]conv) = _§Uconv]co7w (2)

Efvow govepd 611 péow ehéyyou g d ouvloTt)oag Tou pEUUNTOS UTOPEl va
ovdutotel 1 evepydc Loy 0g, eved 0 €AYy 0C TNG apYou Loy DOg ETUTUYYAVETAL UE TOV
EAEYYO TNC ¢ ouvloTOoaS Tou pelupatoc. loTboo, 1 evepydg oylc Vo mpénel va
TOPUUELVEL LOOVIXG UNBEVIXA, Xot ETOL 1) d CUVIOTMOOW TOU PEUHATOS TEETEL VoL LOOUTAL
pe undev (I, = 0).

Kotd tnv vhomoinon tou poviéhou oto mepi3dhhov tou Simulink, o eieyxtic
pevuaToC 4, 6mov © = d 1| ¢ (Yo Tov eheyuTh pedpotoc d xou ¢ avtioTowyo), hauPBdvet
®¢ €l0000 TNV TEAYUOTIXY| CUVLGTMON 1 TOU PEVUATOC TIOU PEEL GTOV UETATOOTEN XAl UL
otadept| avapopd pelpatog. Ye xdde ypovixd Brua utoroyilel Ta oAt UETUL)
LOUVIXOU X0 TROYUOTIXOU PEOUATOS XAl YENOUWOTOLE! TO oVIAOYIXG X0 OAOXANEOTINO
TOU UEQOC YLOL VAL TPOGOLOPICEL TNV AMOUTOUHEVTY) THLY TAONC Yiol TO UNOEVIOUO TOU GQAA-
uotoc. Avdloyo pe to emduuntéd eninedo Tou PEUUNTOC TOU EEEL OTOV UETATEOTEX,
ETUAEYOVTOL XAUTIAANAES TUIEC YLOL TOL PEVUOTA OVAUPORAS.  LUYXEXPUUEVA, oL YLl TLG
000 CcLVIOTWOoES d XU ¢ TOU EEVHATOC, TO PEVUN avaopds opiletar oTo undév. Na
ornuewwdel 6Tl elwtepd Tou xde eheyuTh TpooTiieTan xan évag 6pog Tou amoTeRE
TNV TPOCOTEOPOJOTNOT NS Tdomne Tou Luyol goptiou, Ue oxomd TN BeATioTonolnom
NG AMOXPIONG TOU CUCTAUATOC OF TWUUVEC OLOTUQUYES.  LYETIXS UE TIC TWES TwVY
AEEOWY TOU avVahOYIXOU Xl OAOXANEOTIXOU PEPOUS (K, and K; avtictotya), ofilet
vor Toviotel 6Tl 1) emAoyY| Toug anoTeAel xadoploTixy Bladacio Yol TNV AmodoTIXY

AErTOUEY oL XOU T YT YORT] ATOXEIOT] TV EASYXTOV PEVUAUTOC.
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Anoteléocpata Ilpocopolwong

To povtého mpoocopoinong mou uloroleltan 6to epBdihov Tou Simulink yenot-

HOTIOLEL TIC TOPAUETEOUE TOU XUXAWUAUTOS TIOU TEELYRAPOVTOL GTOV Tvoa .

Tonohoyla Movddac Metatpoméwy Huvyégupa
Apiudc Movddwy Metatpoméwy avd Beaylova N=3
Oczuehwone Ioyic S=43kVA
Ocuehddeg Pooind Pedua I, = 9.9304 A
OeuehddNe XUy voTnTa fnv =50Hz
Yuyvotnta Popéa fear = DkHz
Huxvwthc Movddag Metatponény C=5mF
Avtenoywyt| Beoytova Loyrm = 2mH
Avtiotaon Bpaylova Ry = 0.102
Avtenaywyr AwcOvoeong Ly =0.0069H
Avtiotaon Awcivoeorng R =10.05(2
Avaroyind Képdog tou Eheyxntr) Peduatog K, =1.5249
Ohoxhnpwtind Képdoc tou Edeyxts Pebuatoc || K; = 54.9306

Hivoxag 1: Hapdpetpor Ipocopoinong

[N va o&oroyniel 1 anotekeopoatinotnta v PI eheyutddv xon va emoknieutet
N owoTh %xatedYUVoT TWV CUVICTWOWY PEVUATOC, VAOTOLE(TOL Ui Bty aAloy

OTNY VOPORE TNG ¢ CUVLGTWOAS ToU peVaTog oTa t = 3.5sec, auldvovtdg tny oto 1A.

To oyfua 5 Tapovoidler Tic d o ¢ CUVLOTKOOES TOU PEUUATOS TOU UETUTEOTE.
Ko ot 800 cuvict®oeg tou EelUATOC TUEOUEVOLY GTO UNdEY, CUUPWVL UE TIC
avtioTolyeg avaopés Toug. Metd and Ty Brdatind) oAAay 6TV ¢ CUVLGTOON TOU
PEVHATOG, O AVTIOTOLYOC EASYATAC PEVHATOS avTIOEE YR YOopd OF auTY| T PETUPBOAY,
OBNYWVTAS TNV ¢ CUVIOTOOU OTNY owoTh xatedduvon.  lotdoo, moapatneolvIaL
OPIOUEVES TUAAVIWOELS XAl OTIC 0U0 CUVIGTWOES PEVNATOC Tou Tavoey ogethovton

oTNV VhoTolNoN NS SLPORPMCTS GTO TEPYBAANOY TN TEOGOUOIWOTNC.
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Lyfo 5: d %o ¢ CUVIOTWOES TOU PEVPNTOG PETATPOTE
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To oyfua @ oetyvel Tic d xou ¢ ouVIoTWoES TN Tdone Tou Luyol @opTiou XoTd
TN Oudpxelor TG Teonyoluevng Uetofornc. ‘Omwe avouevoTay, 1 ¢ CUVIOTOON NG
Tdone Tou Luyol mapauével oTadepd 0TO UNBEV XaTd TN BLdEXEL TG TEOCOUOIKOTNC,
oxohoudvTog Tov emuuntd Tpocavatolops. Avtideta, 1 d cuVoTOoN TG TAoTC
Tou Luyol euavilel TTOoT YETE amd TNV oaAAayr) 0Ty avopopd pedpatoc. AZilel va
onuewwdel 6L Aoyw amousiog eAéyyou tng Tdong, 1 téomn tou Luyol amoxhivel amd
TNV OVOUAOTIX TNG T 6Tay Tpoxahouvton Tétolo YetafBatind. To amotéheoya elvou
AVUUEVOUEVO, %G TO GOOTNUA YENOWOTOLEL HOVO eAeYxTEC peluaTog Ywele xaula
eVduLom tdong.

d&qC of Load Bus Violtage

200 —

150 —

T T T T T
33 34 35 36 37 3.8 39 4
Time (seconds)

Yyfua 6: d xan ¢ cuvoTOoES TNE Tdome Tou Luyol opTiou
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Kegpdiowo 6: Yvunepdouato xow Ilpoontixeg

2uunepdopaTa

H napotoa Atmiwuater) Epyaota e€etdlel extevide tnv Tonoroyla tou Iohuenine-
oou Ap¥pnwtol Metatpornéa, Ue EUpaoT oTig EQUPUOYES TOU O LTaTX0oUE L0YYPOVOUg
Avtictaduotéc Aépyou Ioyloc mou cuvdéovtow oto bixtuo. H épeuva mpoopépet
TOMATAES BUVITOTNTES, WLATEPA O TEYVIXES Dloudppwong xat pedodoug teoppoTiog
TAONC TWV TUXVOTOV TV LOVAdwY petatponéwy. H mpotevduevn pédodoc emhoyiic
NG XATAAANANG  UOVABUEC UETUTEOTEWY  TOEOUCLACEL LUPNAY  OmOTEAEOUATIXOTNTA,
BEATIOTOTOWMVTOG TNV YEOVIXT] TOAUTAOXOTNTA TOU CUC TAUATOS, axXOUoL XaL Yiol UPNAG
aprduod povddwy. H dimhwuatind| epyaocio emxevtpmveTtal eniong otn duvouxr| avdhuon
¢ ouumeplpopdc Twv MMCs, avadewviovtog Ty vAormoinon evoc Eheyxth Avoixto)
Bpdyou ue vpniéc emddoeg oty ooppoTia EVERYEIG Xal TOV EAEYYO TOV TACEWY

TUXVOTOV.

Emnpocdeta, tovileton n onuacia tng Aettovpyiog evéog MMC-STATCOM,
o omolog oe axohouvdia PE TO BIXTUO, XATAPERVEL Vo oLYYEOVI(ETaL UE TNV TdOT
Tou xau vo otadeporotel T cuyvoTnTa xan TV @dom tou. H vhomoinom twv PI
eEAEYXTOV pelpaTog eCacarilel axplBr) EAeyyo ot BlaThHENoT TS TAoNS Tou BLXTUOU
eVTOg 0ploévewy opiwv.  Xuvolxd, o MMC-STATCOM emtuyydvel va Behtidoet
TNV AEtToupYiol TOU CUGTHUNTOS, HELWYOVTOG TIG OLUXUUAVOELS TG TAoNG UECL TN

avToAay g a€pyou Loy 0og UE To dixTuo.

‘Okeg o mapamdvey Aettovpyleg vhomowinxay péow mpocouoiwons oTo TEPLBAA-
hov tou Simulink, xou emBeBarddnxay xou ce unoloyiotixd eninedo. H Sdixaocio
vioroinone tou MMC oto Simulink, xou edwdtepa 1 VAOTOINGT TN BLUUOPPWONS
uéow yenone xwoixa oe Yhoooo C, Atav mpdyuatt yeovoBoea xar dnuLoleynoe ToA-
hamhéc mpoxhroes. [lopd Tig BuoxoAlee, 1 Yo XOOXA TEOCEPERE TOAAUTAS OQEAT),
%S TO YOVTELO eXTEAELTAL OTMOBOTIXG, EVE Ol TUPAUETEO! TOU UTOPOLUY VO YEVIXEU-
Yoy xou va Tpomtomotndoly ebxoha. Emimiéoy, n diadacio uhonolnong tne evahhayrg
TWV OLOXOTTOVY ATV WUTERWS BUoXOAN Xt mdavotota anotehel Tov AOYO yia TOV
0T0l0 TUPUTNEOVYTOL TOANATAES TUAXVTOOELS OTLE XUUATOUORPES. 10TOCO, XATAPEQUUE
VO UAOTIOLOOUUE ETULTUY GG EVOL aXEIBEC HOVTENO TROGOUOIWONG CUUTEQLAUSBOVOUEVGY

TWV OLOXOTITIXDY PUVOUEVGY XAl TNG OLUORPWOTC.

MeAhovTixég IlpoonTinég

H nopotoa Amdopotix Epyacio armooxonel otny uerétn twv Paouodv apyov
Aertovpylag g tomoloyiag evoc MMC, npoc@épovtoc TOMATAES BUVITOTNTES Yol

TEPAUTERW €peuva 0ToV Topéa. Ot x0pIEC TPOOTTIXES Yiol TO PEANOY TepLAaBdvouy:
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Behtiotonoifoelg otov oyedacud towv PI eheyxtov
Xpnfon PI eheyxty| tdong
Eqgapuoyég dlopdppmong dixtiou

Enfdpoaon tne petaoric Tou ypovixol BAUNTOC GTN GUUTEELPORE TG TEOCOo-

uolwone xou TNV amddoCT ToU EAEYYOU

ITpocouolwon Tpaypatixol yedVou TOU UETATEOTEN
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Chapter 1

Introduction

1.1 Introduction to STATCOMs and MMCs

In recent years, the demand and quality of the electricity of the Electric Power
Systems (EPS) have been critical issues, due to the continuous integration of
renewable energy sources into the grid and the increase in electricity demand.
These developments require ensuring the quality and stability of the supplied
electric power. A key device addressing these challenges is the Static Synchronous
Compensator (STATCOM).

A Static Synchronous Compensator is a shunt-connected device which is used in
transmission networks to control and stabilize voltage by compensating for reactive
power. The STATCOM is categorized under Flexible AC Transmission Systems
(FACTYS).

The STATCOM is utilized to enhance the reliability and efficiency of electrical
grids by maintaining voltage levels and reducing voltage fluctuations. Its operation
relies on power electronics technology, enabling it to make rapid and precise
adjustments to grid conditions. Specifically, it employs a Voltage-Source Converter

(VSC) that can either generate or absorb reactive power. This thesis introduces a
Modular Multilevel Converter (MMC) as part of the STATCOM system.

The Modular Multilevel Converter is considered one of the most promising
topologies for high-voltage and high-power applications in power electronics. This
type of converter has revolutionised the capabilities of power conversion technologies
and has become the global standard for High-Voltage DC (HVDC) transmission

systems.

The Modular Multilevel Converter was first proposed in 2003 by Marquardt,
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Lesnicar and Glinka [10]. This breakthrough was largely built upon the founda-
tional concept of modular topologies, initially suggested by Alesina and Venturini
in 1981 [3]. What sets the MMC apart from other multilevel topologies is its
construction: the converter comprises series-connected submodules (SMs). This
unique feature not only simplifies design and manufacturing, but also provides a
degree of fault tolerance, given that the converter’s operation is not dependent on
each individual submodule. Additionally, this topology offers high reliability and

presents opportunities to implement fault handling strategies.

The MMC is categorized under VSCs and is widely utilized in various ap-
plications, offering greater efficiency and flexibility compared to traditional two-
and three-level VSCs. Moreover, its attributes, such as low switching frequency,
minimal harmonic distortion, scalable system design, and adaptable control, have

expanded the MMC'’s appeal beyond just HVDC applications.

1.2 Objective of this Thesis

The objective of this thesis is to comprehensively explore the dynamic behaviour
of Modular Multilevel Converters, utilized as Voltage-Source Converters in a Static
Synchronous Compensator connected to the grid. Through an in-depth examina-
tion of fundamental principles, modulation and control methods, this research aims
to clarify how MMCs work as VSCs in grid-connected STATCOMs. The imple-
mentation of simulations using the Simulink environment provides validation of the
proposed MMC-STATCOM model. Ultimately, this thesis targets to advance the
understanding of MMC-STATCOM systems and pave the way for their broader

application in modern power systems engineering.
1.3 Contributions of this Thesis

This thesis presents detailed research on MMCs, focusing on their application
as VSCs in grid-connected STATCOMs. A pivotal contribution of this work
is the development of a dynamic simulation model in Simulink environment,
meticulously implemented to capture the complex operational dynamics of MMC-
STATCOMs within real-world grid scenarios. Central to this simulation setup
is the integration of a sophisticated modulation technique, implemented using
C code, which enhances the accuracy of control system simulations. Through

extensive simulation studies conducted with this model, control strategies have
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been evaluated, proving their effectiveness in ensuring stable and high-performance
operation of MMC-STATCOMSs. The thesis further explores the interconnected
operation of MMC-STATCOMSs within the grid, shedding light on their pivotal role
in enhancing grid stability, voltage regulation, and power quality. Moreover, by
validating proposed control algorithms through simulations, this research provides
practical insights and solutions for the effective deployment of grid-connected
MMC-STATCOMs. The integration of advanced simulation capabilities with
innovative modulation techniques marks a significant step forward in the under-
standing and optimization of MMC-STATCOM performance, contributing to the

advancement of resilient and reliable electrical grid infrastructure.

1.4 Structure of this Thesis

Chapter 2: provides an in-depth understanding of the fundamental principles
of Modular Multilevel Converters and explores modulation techniques employed in
MMC systems.

Chapter 3: gives insight into the dynamic behavior of MMCs, based on
mathematical equations, and analyzes different control methods utilized to regulate

the operation of MMC systems effectively.

Chapter 4: focuses on Static Synchronous Compensators, describing the main
principles of a Static Synchronous Compensator and emphasizing the critical role

of control systems in ensuring the optimal performance of STATCOM devices.

Chapter 5: details the implementation of an MMC-STATCOM model
within the Simulink environment, presents the methodology employed for the simu-

lations and provides an analysis of the results obtained from the implemented model.

Chapter 6: summarizes the key points described in this project and suggests

new ideas for future research.
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Chapter 2

Modular Multilevel Converters
(MMCs)

2.1 Topological Structure of MMCs

2.1.1 Description of the MMC topology

A generalized configuration of a three-phase Modular Multilevel Converter is

illustrated in Figure [2.1

Upper

arm

Lower

arm

Figure 2.1: Generalized configuration of a three-phase MMC [1]
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As previously mentioned, an MMC in a double star configuration consists
of a number of basic building blocks, called ”submodules” (SMs) or "cells”. A
number of N submodules connected in series together with an arm inductor (Lgm,)
form a converter unit called an "arm”. Two converter arms, one upper and one
lower, are used to build the so-called ”leg”. Ultimately, by connecting three legs
(each representing a phase) in parallel towards a DC link, we obtain a three-phase
Modular Multilevel Converter [18].

In an MMC configuration, the arm inductors, denoted as L., primarily serve
to restrict the circulating current that flows within the converter, a consequence
of voltage differences between the upper and the lower arm. Specifically, when
the SMs switch states, a voltage step occurs across the arm. These instantaneous
voltage shifts can lead to large current peaks, which the arm inductors effectively
curtail. Additionally, these inductors play a role in filtering out high-frequency

current components.

The output voltage of the arm is derived from the cumulative voltages of the
SMs active in the circuit. Thus, if an MMC incorporates a large number of SMs,
the output voltage will be very close to a sinusoidal waveform, attributable to the

multitude of voltage levels the converter can generate.

2.1.2 MMC Submodules (SMs)

The submodules are considered the core of a Modular Multilevel Converter.
Among the many SM topologies and configurations available, the half-bridge (HB)
and full-bridge (FB) configurations are most commonly used [24]. While the
half-bridge SM can produce only positive or zero voltage levels, the full-bridge SM
is capable of generating positive, negative, and zero voltage levels. However, the

full-bridge SM requires a greater number of electronic components.
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Half-Bridge SMs

The HB-Submodule illustrated in Figure [2.2] represents the simplest and most com-
monly used SM topology for an MMC [§].

Figure 2.2: Half-Bridge Submodule

The HB-SM is a simple circuit comprising a capacitor and two insulated-gate
bipolar transistor (IGBT) switches, S; and S, each paired with antiparallel diodes,
Dy and D, respectively. This submodule can produce two voltage levels: Vi
when the capacitor is inserted into the current path, and 0V when the capacitor
is bypassed. Table details the different switching states of the HB-SM, while
Figure [2.3| shows the current paths in the different switching states. This thesis
utilizes HB-SMs in the implemented Simulink model.

Subfigure || S1 | S || usyr || SMstate || SMCapacitor || CurrentPath
(a) 110 Ve || inserted charged ism >0
(b) 1 10| Ve || inserted discharged ism <0
(c) 0|1 bypassed - isp >0
(d) 0|1 bypassed - ism <0

Table 2.1: Different switching states for a HB-SM
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fSM I'SM
+ o Ve + 0
Usm J S, Usm J S,
— 0D - O
(a) Switch S on, igp > 0, (b) Switch Sy on, igy <0,
usm = Ve usm = Ve

J S J S
. + .
Isy Isy
+ o p— VC + o p—

Usm S, Usm J < S,

(¢) Switch Sy on, igpr > 0, (d) Switch Sy on, igyr <0,

uspy =0 usy =0

Figure 2.3: Different switching states for a HB-SM
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Full-Bridge SMs

A FB-Submodule is presented in Figure [2.4]

ng

S4 |

Figure 2.4: Full-Bridge Submodule

The FB-SM consists of a capacitor and four IGBT switches, S;, each paired
with antiparallel diodes, D;, where i € {1,2,3,4}. This submodule can produce

three voltage levels: Vi or 0V. A detailed overview of the switching states for the
FB-SM can be found in Table 2.2l For clarity, Figure 2.5 illustrates the current
paths for these states.

Subfigure || S1 | So | Sg | Sy || usn || SMstate || SMCapacitor || CurrentPath
(a) 11001 Ve || inserted charged tsp >0
(b) 1 {0]0] 11| Vo | inserted discharged ism <0
(c) O] 1] 10| =Vol| inserted charged isnm >0
(d) 01 ] 1] 0| —Vo| inserted discharged ism <0
(e) 1{0[1]0 0 || bypassed - ism >0
(f) 1j0]1]0 0 bypassed - ism <0
(2) 01071 0 bypassed - isnm >0
(h) 0O|1]0/|1 0 bypassed - tsm <0

Table 2.2: Different switching states for a FB-SM
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(e) Switches S; and S3 on,
ism >0, usy =0

) o&s s

Hsm } > B J

(g) Switches Sz and Sy on,
tspm >0, ugpy =0

+
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=
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(b) Switches S7 and Sy on,
ism <0, usy = Ve

J 5 53J
. +
Ism
+ Ve ==
Usy J Sz S J
-0

(d) Switches Sz and S3 on,

ism <0, usy = Vo
%s, 53J<
R +
Ism
+ o0 Ve =—

ven | s s. |

(f) Switches S; and S5 on,
ispm <0, uspy =0

)Wo&s s

. +
Ism
+ o

Ve =
Hsm J ( > B }

(h) Switches Sz and S4 on,
sy <0, ugpy =0

Figure 2.5: Different switching states for a FB-SM



2.2 Modulation Techniques for MMCs

2.2.1 General Principles

To attain a specific output voltage, the states of individual switches in the
converter can be adjusted as needed. By appropriately inserting or bypassing a
selected number of SMs in the arm, an output signal aligned with a predefined
voltage reference waveform can be generated. This timely alteration of switch
states is called ”Modulation”. Furthermore, the primary objective of modulation is

to control the SM capacitor voltages in order to remain balanced.

Typically, modulation techniques involve comparing a reference signal to a
high-frequency signal, called ”Carrier”. This comparison dictates the optimal

moment to change the states of the switches [20} [21].

2.2.2 Key Modulation Techniques for MMCs
Carrier-Based Modulation Techniques

Carrier-based modulation techniques are among the most commonly used for
MMCs because of their simple and easy implementation. Usually, these methods
allocate a distinct carrier to every single SM, using a shared reference signal for
all SMs in each arm. The way carriers are assigned to SMs can vary, as described
below, specifically in the Phase-Shifted [11] and Phase-Disposition Modulation

Techniques.

However, as the number of SMs in an MMC increases, there is a significant
increase in the number of carriers needed for creating an output signal with a
large number of levels |[16]. This need complicates the modulation process, leading

to the implementation of a Single-Carrier Modulation Technique, as described below.
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(a) Phase-Shifted Modulation Technique (PS-Modulation)

The Phase-Shifted Modulation Technique implements carriers equivalent to the
number of SMs per arm. While these carriers maintain the same amplitude, they

are symmetrically phase-shifted, as shown in Figure [2.6

N A A /N /\ /\
| X X R Carrier
PN P \
Reference
3 —— — — ——
o IR BN N | | | Numberof
1 A0 I A N T A H S SN £ A = R S B - inserted SMs

Figure 2.6: Phase-Shifted Modulation Technique

The reference signal is compared to each carrier, and the switching states change
whenever the reference intersects with a carrier. As previously mentioned, each
SM is allocated to each carrier. When a carrier falls below the reference, the SM
allocated to that carrier is inserted into the circuit. Conversely, when a carrier rises
above the reference, the SM allocated to that carrier is excluded from the circuit.
Thus, the current number of inserted SMs is determined by comparing all carriers

to the reference signal at every instance [12].
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(b) Phase-Disposition Modulation Technique (PD-Modulation)

The Phase-Disposition Modulation Technique uses carriers equivalent in number
to the SMs per arm. Unlike the Phase-Shifted Modulation Technique, these carriers
maintain the same amplitude and phase. However, they are vertically shifted with
a fixed offset. Figure illustrates the Phase-Disposition Modulation Technique.

3 /\/\/\ M Reference
AN

2 Number of
inserted SMs

Figure 2.7: Phase-Disposition Modulation Technique

Similarly to the Phase-Shifted Modulation Technique, the reference signal is
compared to each carrier. If a carrier falls below the reference, its SM is inserted;
if it rises above, the SM is bypassed. The total number of inserted SMs is updated

based on these continuous comparisons to the reference.

Distinguishing between the two, the previously-mentioned modulation methods
exhibit several key differences. Beyond the most noteworthy ones, PS-Modulation
reduces harmonic distortions due to its phase shifts, while PD-Modulation’s

harmonics center around its switching frequency [16].
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(c) Single-Carrier Modulation Technique

The Single-Carrier Modulation is a simpler method compared to multiple-carrier
techniques like PS- and PD-Modulation. As noted earlier, this technique can ad-
dress challenges associated with managing a large number of SMs and, consequently,

numerous carriers. Figure [2.8illustrates the Single-Carrier Modulation Technique.

Carrier

Decimal part
of Reference

Integer part
of Reference

-]

) s T

Number of
[nserted SMs

Figure 2.8: Single-Carrier Modulation Technique

B i e T

In this modulation approach, both the integer and decimal parts of the nor-
malized reference are utilized to dictate the switching states. The decimal part of
the reference is compared to the carrier. If it is lower than the carrier, one SM is
removed from the circuit. On the other hand, if it is greater than the carrier, one

SM is inserted into the circuit.

It is worth noting that the number of SMs connecting during a switch depends
on the reference’s integer value. Two prevalent functions, "floor” and ”ceiling”,
control the total of inserted SMs. The ”"floor” function pinpoints the highest integer
less than or equal to the reference, and the ”ceiling” function the smallest integer

exceeding it.
Thus, if the reference’s decimal part is below the carrier, the total inserted SMs
matches the "floor” function’s output. If it is above, it aligns with the ”ceiling”

function.
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(d) Nearest Level Modulation (NLM)

Nearest Level Modulation (NLM) is a modulation technique that selects the
closest available level to approximate the output sine wave. A notable advantage of
NLM is its elimination of the need for carrier signals. Additionally, this modulation
is particularly beneficial for MMCs with numerous SMs. Figure [2.9| illustrates the
Nearest Level Modulation Method.

u

U2 | [ —] Staircase wave

U. Zé AN Reference wave -
0

Figure 2.9: Nearest Level Modulation [26]

2.2.3 The extraction of the reference signal

The extraction of the reference signal is based on the single-phase equivalent
circuit diagram of an MMC, as shown in Figure [2.10l The voltages of the upper and

lower arm can be defined as:

(2.1)

Ve

where u, is the output phase voltage and Vi, is the voltage drop on the arm

inductor which is equal to

diy,
V = Loyrm—o 2.3
La'rm,u dt ( )
for the upper arm and
di
VLarmJ - Larm% (24)

for the lower arm, respectively.
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Figure 2.10: Single-phase equivalent circuit diagram of an MMC
The output phase voltage for a single-phase MMC topology can be formulated as:

Uy = ma% sin (wt + 6) (2.5)

where m,, w and 0 are the modulation index, fundamental angular frequency and

phase angle, respectively.

Neglecting the voltage drop across each Lg.,, the equations (2.1) and (2.2) can be

changed into:

Ucy(t) = V;c - ma% sin (wt + 0) (2.6)
Vae Vie .
uc(t) = ; + maTd sin (wt + ) (2.7)

The sum of the SM capacitor voltages in one arm is on average equal to the DC bus

voltage:

Vie = NV, (2.8)

So, replacing (2.8) into (2.6) and (2.7) gives the voltages of the upper and lower

arim:

ucy(t) = N%(l — mg sin (wt 4 0)) (2.9)
Ve :
ue(t) = NE(l + mg sin (wt + 0)) (2.10)

49



The instantaneous voltage level for both the upper and lower arm is determined at

every sampling cycle using the round function as described below:

Uievetu(t) = round(uc,(t))Ve (2.11)

Uiever,1 (1) = round(uc(t)) Ve (2.12)

The round function can be mathematically represented as follows:

floor(x), if x < floor(z) + 0.5

round(x) =
ceiling(x), if x > floor(z) + 0.5

2.2.4 SM Selection Method in Modulation

As previously described, whenever the decimal part of the reference intersects
with the carrier, it is necessary to either insert or remove an SM from the circuit.
While comparing these two signals does indicate the precise moments for switching,
calculating the integer part of the reference denotes the total number of SMs
required to be connected in the circuit. However, simply knowing the number is not
sufficient; it is crucial to identify which specific SM should be inserted or bypassed.
The decision to choose the appropriate SM is made through an active-selection

process [9, 10} 5].

The active-selection method operates continuously, factoring in the SM voltages,
as well as the direction of the upper, or lower, respectively, arm current. Specifically,
when an SM has to be inserted and the current is charging the capacitors of the
arm (i.e. Zypper > 0, OF djouer < 0, respectively), the bypassed SM with the lowest
capacitor voltage becomes the primary insertion candidate. Conversely, when an
SM has to be removed from the circuit and the current charges the arm’s capacitors,
the inserted SM with the highest capacitor voltage is prioritized for bypassing. On
the other hand, when the current is discharging the arm’s capacitors (i.e. Zypper < 0,
or diper > 0, respectively), the bypassed SM with the highest capacitor voltage
should be inserted, while the inserted SM with the lowest capacitor voltage should

be removed from the circuit.
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In conclusion, this method plays a crucial role in maintaining the balance of
capacitor voltages. The SM Selection Process prevents any of the capacitors from
becoming overcharged or fully discharged, thereby facilitating a balanced power

distribution between the two arms.
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Chapter 3

Dynamic Behavior and Control
Methods of MMCs

3.1 Dynamic Behavior and MMC Continuous
Modelling

To optimize the operation of an MMC, a rigorous understanding of its internal
dynamics is essential. Tracking the performance of every single SM, capacitor, and
specific switch is crucial. As a result, a detailed modelling of the MMC system is

necessary.

Based on paragraph [2.2.4] it is paramount to regulate the total voltage across
each capacitor and ensure its even distribution across the SMs within an arm. The
SM Selection Method plays an important role in guaranteeing the balance of ca-
pacitor voltages. Consequently, it is reasonable to assume that every capacitor in a
converter arm charges equally. Moreover, when an arm includes a significant num-
ber of SMs, the output voltage tends towards a continuous waveform rather than a
discrete one. These assumptions can lead to the development of a continuous model
of the MMC [6, 2]. This model is detailed further, drawing reference from Figure
which illustrates the single-phase equivalent circuit for an MMC using an arm

resistance.
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Figure 3.1: Single-phase equivalent circuit for an MMC using arm resistance

Let’s assume that N is the number of SMs per arm and C' the capacitance of
each SM. Let n be the insertion index, which ranges from 0 to 1. This implies that
when n = 0, none of the SMs are inserted, and when n = 1, all the SMs are inserted
into the arm. In case all N SMs are inserted into the circuit, the total capacitance
of the arm arises from all N capacitors connected in series and is equal to:

C

Carm = N (31)

Let’s also assume that the position of the arm in relation to its connected output
dc terminal is indicated by the term m, from "multivalve”. When this position
pertains to the connection between ac-side and the positive dc-side terminal, m takes
on the value u, representing the "upper” arm. Conversely, when the connection is
between the ac-side and the negative dc-side terminal, m is assigned the value I,
signifying the ”lower” arm. Thus, the derivative of the total available capacitor

voltage uZ,, with respect to the arm current is equal to:

dug I

L 3.2

dt Cm (3:2)
where C,, is the effective capacitance of the series-connected SMs in one arm and is

given by:
C
Cn = 3.3
N (3.3)
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The proposed model operates on the premise that the arm is composed of three
key elements: the arm’s resistance, its inductance, and an internal voltage source.
This arm voltage source depicts the voltage generated by the SM capacitors inserted

within the arm and is equal to:

UCy = nmugm (3.4)

As illustrated in Figure [B.I] the arm voltages can be represented using AC
voltage sources, with values contingent on the number of SMs inserted. However,
while the current approach views each arm as an independent unit, it’s crucial to
account for the interaction between the two arms. Consequently, the direction of

the arm currents must be meticulously studied.
Applying Kirchhoff’s current law in Figure |3.1] gives the equations below:

by = iy + i (3.5)

Zdiff = 5 (36)

where 4, and 7; represent the arm currents for the upper and the lower arm,
respectively; 4, denotes the output phase current; and i4,¢; indicates the circulating

current.

The upper and lower arm currents, when expressed as functions of the output

phase current and the circulating current, are equal to:

Ty = B + laiff (3.7)
oty
U= 9 Ldiff (3.8)

So, replacing (3.3), (3.7) and (3.8) into (3.2) gives the total available capacitor

voltage for the upper and the lower arm:

dug, Nn, .

o = o (3.9)

duf, Nny.

o _ T 1
. (3.10)
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Applying Kirchhoft’s voltage law in Figure [3.1] yields the following equations:

Vie , di,,

Up = - = Ryrmiv — La,ﬂm% — UG, (3.11)
‘/dc . dll

Uy = — 5 Rormi — Lm«ma + mugl (3.12)

Eventually, the continuous model of the MMC can be described by the first-order
differential equation system below:

i . _ Raorm _ Ny _ Z . Vie
d dlff Larm 2Larm 2Larm dlff 1 Larm
_ b)) _ Nn, b)) - Nn,
dt Ucy | = C 0 0 Uy, + 5 C (313)
Dy Ny by __ Nny
Ucy C 0 0 Uy c

Figure illustrates the block diagram of the continuous model of an MMC [2].
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Figure 3.2: Block diagram of the dynamic behavior of an MMC leg

This block diagram represents the interaction between the upper and the lower
arm within an MMC leg. The variables Vy., n,, n; and i, are the input signals.
Considering equation (3.13), the system is linear and time-varying due to the inser-
tion indices n, and n;. These variables are provided by the modulator used in the

circuit; thus they are not subject to randomness.
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3.2 Direct Modulation

3.2.1 Equations of insertion indices

As highlighted in the previous section, the modulator produces specific insertion
indices that play a crucial role in affecting the operational dynamics of the MMC.
The significance of these signals cannot be understated. To pinpoint the precise
expression of these signals, it becomes imperative to thoroughly investigate Direct
Modulation and its effects on the MMC [6} |5]. This examination will shed light on
the intricate interactions between the modulator’s insertion indices and the overall
performance and stability of the MMC.

The Direct Modulation uses a sinusoidal reference signal for each MMC arm,
comparing it to a carrier signal. This reference signal, denoted as u,, is given by the

following equation:
w, = u' = 1, sin (wt) (3.14)

where u, is the peak value and w the angular frequency of the signal.

Let’s also assume that the output current is represented by an alternating current

source 1, and is described by the following equation:
iy = iy sin (Wt + @) (3.15)

Here, 4, is the peak value, w the angular frequency and ¢ is the phase angle of
the signal. Regarding the value of the phase angle ¢, it is considered that it can be

selected randomly, because it represents both inductive and capacitive loads.

Adding equations (3.11]) and (3.12)) gives the output voltage w,, which is equal

to:
Ucy — Ucu Rarm . Larm dZv

=775 2 T Ty at

(3.16)

Assuming that the voltage drop across the arm resistor and inductance is in-

significant, the output voltage approaches the given equation:

__ Uct — Ucu

R 1
u 5 (3.17)
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Considering equation (3.14)), the voltages of the upper and lower arms are re-
spectively described by:

Ve

Ucw = 2d — Uy sin (wt) (3.18)
Vae | . .

Ucr = Td + 1y, sin (wt) (3.19)

The average insertion index for each arm should be set at 0.5, thus an average
of N series-connected SMs arises throughout the leg. So, the average of the total

available capacitor voltage for each arm is equal to:
b b
Ucu,av = UClav = Vie (320)

Using equations (3.4)) and (3.20]), the insertion indices for the upper and the

lower arm can be given by:

1 —mygsin (wt)

w = 3.21
n : (3.21)
1 o Si t
- +m 2sm (wt) (3.22)
where m, is the modulation index, ranges from [0, 1] and is equal to:
21,
L 3.23
ma = 7, (3.23)

Equations (3.21)) and (3.22)) are similar to the ones described in paragraph
depicting the Direct Modulation Technique. These expressions illustrate the inser-

tion indices as time signals that vary sinusoidally based on the output reference

signal.
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3.2.2 Circulating Current

As mentioned in paragraph [3.1 the term ”Circulating Current” in an MMC
refers to the internal current that circulates between the SMs of a phase leg in
the converter. This current does not contribute to the load current; instead, it flows
withing the converter and can introduce low-order harmonics into the system. These

harmonics can be caused by several factors:

e Voltage Imbalances: The currents that flow through the upper and the lower
arm can cause voltage differences among the SMs, as well as imbalances be-
tween the sum of the voltages inserted by the two arms and the DC link. These
variations result in the flow of circulating current to balance out these voltage

differences.

e Capacitor Voltage Ripple: Due to the alternating component in i, and i,
the SM capacitor voltages develop ripples. These ripples provoke circulating
currents between the SMs.

e Control Methods: Certain control techniques cause circulating currents to

balance SM capacitor voltages or meet different control goals.

It is of great importance to manage and reduce the circulating currents, as they
can increase the losses in the converter, lead to thermal issues, and reduce the
overall efficiency of the system. Various control methods have been proposed to

manipulate these currents.

All aspects previously mentioned regarding the circulating current, voltage
imbalances, and ripples will be elaborated upon and validated in the following

paragraph, where the continuous model is implemented in the Simulink environment.

3.2.3 Simulation of Direct Modulation

Direct Modulation is implemented based on the assumptions made previously.

Table presents the simulation parameters employed to instantiate the continuous

model of the MMC.
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Topology of SMs Half Bridges
Number of SMs per arm N=3
Input (DC) Voltage Vie =500V
Rated Power S=4.3kVA
Rated Current Ly pr = 9.9304A4
Fundamental Frequency fn =50Hz
Carrier Frequency fear = DkHz
Modulation Index me = 0.8
SM Capacitance C=>5mF
Arm Inductance Loyrm = 2mH
Arm Resistance Ryrm = 0.182

Table 3.1: Simulation parameters for Direct Modulation

It should be noted that the ratings used in the simulation are small in compari-
son to typical high-voltage applications, offering several practical purposes. Firstly,
it significantly reduces the computational resources needed, thus enabling faster
simulation runs. Not to mention that this approach simplifies implementation,
particularly in testing control techniques and modulation processes. Lastly, working
with small ratings can effectively confirm MMC operational dynamics as well as

control principles, without addressing the complexities and challenges associated

with high-voltage applications.

Figure illustrates the obtained total capacitor voltages using the Direct Mod-

ulation.
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Figure 3.3: Total capacitor voltages - Direct Modulation

It can be observed that the total capacitor voltages exhibit similar behavior
across all arms, with their average total hovering around the DC Voltage. Addi-
tionally, it is crucial to visually represent the SM capacitor voltages from a single
arm. This validates the effective operation of the SM selection method. Figure [3.4
illustrates the SM capacitor voltages from phase A, while Figure depicts the
output voltage and the output and circulating current from phase A using Direct
Modulation.

Based on Figure [3.4] it can be inferred that the deviations in SM capacitor
voltages between the upper and lower arms of phase A are negligible, underscoring
the effectiveness of the implemented SM Selection Method in modulation. As for
the circulating current, it is apparent that this waveform exhibits a ripple with a

274 harmonic component, necessitating complete suppression.
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Figure 3.4: SM capacitor voltages - Direct Modulation
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Figure 3.5: Output voltage, output and circulating current - Direct Modulation
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The current objective is to control the circulating current and address the over-
all voltage imbalances that occur between the SMs and the two arms. Given the
importance of achieving this balance, the insertion indices for the upper and the

lower arm can be described using the following equations:

ref

Uc

= —== 3.24

", &2
ref

ny = —CL (3.25)
Ucy

Based on equation (3.13)), the circulating current can be expressed as follows:

digisf : uga gt Vae
Lorm = —Ryrmldiff — —% — —=— + — 3.26
arm =t armdiff — g 2 9 (3.26)
Also, the output voltage u, is equal to:

ref ref .

UCZ - ucu Rarm . Larm dlv
o = — v — — 3.27
" 2 2 VT T2 4t (3:27)

Drawing conclusions from equations (3.26)) and (3.27)), it can be inferred that:

e Circulating Current: It is expressed as a function of the DC Voltage (Vj.) and

the sum of the arm voltages (ups/ + ups)).

e Output Voltage: It is expressed as a function of the output phase current (i)

and the difference between the arm voltages (u}s/ — ufs)).

e Arm Voltages: The difference between these voltages operates as the internal
back electromotive force (emf) voltage in the converter, ey. At this case, the
inductance together with the resistance make a fix, passive internal impedance

for the output phase current.

Based on the conclusions drawn before, the reference voltage for both the upper

and lower arms could be expressed as a function of the reference of ey, as follows:

re ‘/dc re
ugs = =55 = &~ waig g (3.28)
re VC re
Here, e?ff is given by:
erel = e, = é,sin (wt) (3.30)

where €, is the peak value and w the angular frequency of the signal.
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The terms ug;f,, and ug; s ¢, are equal in magnitude, but opposite in sign, because

the two arms are supposed to be symmetrical to each other. So:

Udiffu = —Udiffi = Udiff (3.31)
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3.3 Open-Loop Control

3.3.1 Description of Open-Loop Control
Given the equations (3.28]) and (3.29)), the equation (3.26)) for the circulating

current is expressed as follows:

Larm
dt

+ Rormidiff = Udiff (3.32)

The equation above indicates that the circulating current depends on the voltage
drop across the arm impedance. This dependency can be really advantageous,
because, as long as ug;rs remains controlled and limited, the circulating current
follows suit. Taking into consideration equations and , the voltage drop
across the arm impedance is part of the voltage reference expression. Consequently,
to prevent constraints on the available output voltage, it is vital to ensure that the
value of ug;ss remains small. The subsequent discussion introduces an Open-Loop
Controller designed to estimate the appropriate voltage reference [4, 5]. This
controller is based on the estimation of the total energy variation in each arm, as

described below.

Specifically, for the implementation of this controller, it is assumed that the
converter operates in steady state. By assuming a constant circulating current, the
resistive losses in the converter phase leg are minimized. Moreover, with a constant

voltage drop across the arm impedance, equation (3.32)) yields the following results:

taiff = laifyo (3.33)

Ugiff = Rarmlaif o (3.34)

Any instant disturbance in the circulating current can have an impact either on
the overall energy stored or on the energy balance within the converter arms. The

total energy variation in each arm can be expressed as follows:

AW % ref . Vie e 7 )
dto v = ugd iy = ( ; ey’ — Uaiff)(= + idifs) (3.35)
dWE re dc re 1
dtCl = —ugii = —( 5+ ey — udz’ff)(g — laify) (3.36)
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Let’s assume equations (3.15)) and (3.30)), and consider that the instantaneous
active power on the ac-side is equal to the respective average active power. Thus,

the circulating current will be equal to:

P ugle + uply + uclc
Vdc ‘/;lc

where u,, u; and u. are the output phase voltages, and i,, i, and i, are the output

phase currents.

By taking into consideration the equations above, the expressions of the total

energy in each arm are:

oL ) (% — Ry luiggo)i, cos(wt +
WE, = W, 4 Selarsocos @) (5 df2f0) (wt + )
w A w (3.38)
N Evly Sin(2wt + )

8w

€vlaif o cos (wt) n (%= — Rarmlaiyso)iy cos(wt + )

w . 2w (3.39)
N Evly Sin(2wt + )

8w

S T
Wer=Weio —

Here, W3, o and W, constitute the average values of the total energy in the
upper and lower arm, respectively. These values operate as references for the total

average energy in each arm and can be freely defined.

The expressions of the total energy in each arm provide the estimations for the

total available capacitor voltages for both the upper and lower arms, as follows:

[ONW X

ug’ft = —c Cu (3.40)
[2NW X

ug’lm = —c cl (3.41)
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u;lbc

3.3.2 Implementation of Open-Loop Control

Figure 3.6 shows a block diagram of the Open-Loop Controller.
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Figure 3.6: Block diagram of the Open-Loop Controller

As described earlier, the Open-Loop Controller is based on steady-state equa-
tions, assuming symmetry and balance among the SMs in each arm and between

the two arms, alongside a constant voltage source in the DC link.

To define the insertion indices, n, and n;, as described in equations (3.24)) and

1' respectively, it is necessary to determine the values of urcej , ugelf , ug, and

u¥,. Utilizing equations (3.28)) and (3.29)) and assuming steady-state operation with

a constant circulating current, the arm voltage references become functions of the

constant voltage source in the DC link, the internal back emf voltage reference e?ff ,
and the voltage drop ug;¢s and are given by:
re Vd re
ugs, = 5 " = Rapmliigso (3.42)
Te ‘/dc TE
’LLle = 5 + evf — Rarmfdiffo (343)
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As for the values of uZ, and ug,, it is worth noting that they can be estimated
using equations —. Specifically, the quantities involved in these equations
need to be calculated, as follows: The values of N, C' and R,,,, are parameters
of the converter, while €,, V4. and w are already determined based on the desired
reference. However, the peak value of the output current i, and the phase angle ¢
remain unknown. The method used in this thesis for the calculation of these two

variables is described as follows:

As it is already known, the output current in the three-phase converter used
in this thesis is AC. In order to take advantage of the quantities’ constancy over
time and reduce errors in steady-state operation, the phase quantities are converted
to direct quantities using an abc-to-dq0 transformation block. This transformation
block utilizes the phase reference wt, which is estimated by a PLL (Phase-Locked
Loop), and extracts the direct and quadrature components I; and I, of the output
current. These current values are then utilized for the calculation of i, and ¢, as it

is described by the following equations:

jiu| = \/ 13+ 12 (3.44)

o =4I+ jl,) (3.45)

Eventually, the insertion indices, n, and n;, that are utilized by the Open-Loop

Controller are expressed as follows:

ref
Uy,

Ny = E?est (346)
Cu

ref
ny = —Cl (3.47)
! 3,est .
Uy
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3.3.3 Simulation of Open-Loop Control

Figure illustrates the voltages across the capacitors in each SM in the
upper and lower arms of phase A. The variances in their waveforms are very small,
consistent with expectations arising from the employed SM Selection Process. This
observation underscores once again the effectiveness of this control method and its

independence from the overlying voltage control method.

Figure|3.8|depicts the converter voltage and the converter and circulating current
from phase A during the steady-state using the Open-Loop Control. The converter
voltage approaches the expected sinusoidal waveform, and the desired voltage level
is achieved. In the lower diagram, it is evident that the circulating current is almost

purely DC, while the converter current closely resembles a pure sinusoidal waveform.
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Figure 3.7: SM capacitor voltages - Open-Loop Control
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In order to validate the effectiveness of the Open-Loop Control strategy and
confirm the improvement in the responses, a transient is implemented at 1 sec.
Specifically, Direct Modulation is utilized from the beginning of the simulation until
1 sec, after which the Open-Loop Controller is introduced. Figure [3.9] illustrates
this transient. It should be noted that the utilization of Open-Loop Control at
1sec results in the significant suppression of the 2"® order harmonic components
in the output current. Additionally, the circulating current remains stable during
the steady-state operation of the Open-Loop Control. These results show that the
operation of the Open-Loop Controller is stable and can produce smooth responses

in the current, even during transient conditions |7, 5].

| Output & Circylating Current |

Current (A)
S
4
TS
P
T
P

09 082 094 096 098 1 102 104 1.06 1.08 1.1

Figure 3.9: Different i4 s between Direct Modulation and Open-Loop Control
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Chapter 4

Static Synchronous Compensator

(STATCOM)

4.1 Topological Structure of STATCOMs

As described in chapter |1} a Static Synchronous Compensator is a type of a
power-electronics based device utilized in electrical power systems for reactive
power compensation and voltage control. This device is designed to regulate the
voltage of an electrical system by dynamically adjusting the flow of reactive power.
It is capable of either providing or absorbing reactive power as needed to maintain

the desired voltage levels and improve system stability [22].

The topology of a STATCOM typically consists of a Voltage-Source Converter

connected in series with a reactive component, as illustrated in Figure 4.1}

i

—r—

Figure 4.1: Topology of a STATCOM
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Voltage-Source Converter:

The VSC serves as the central element of a STATCOM, responsible for dynami-
cally controlling reactive power and voltage. It converts direct voltage to alternating
and regulates both the amplitude and phase of the output voltage. Several types
of VSCs, including two-level, multilevel, neutral-point-clamped (NPC), cascaded
H-bridge, and flying capacitor multilevel can be used for a STATCOM, depending
on various factors, such as specific application requirements, system voltage levels,
and the desired control performance 23|, [17]. This thesis specifically examines a
STATCOM where the VSC is an MMC.

Reactive Components:

Connected in series with the VSC, the reactive components play a critical
role in providing the necessary electrical separation for a voltage source to be
connected on a grid bus. Two commonly employed configurations include the use of
a fixed inductor and a power transformer. The choice between these configurations
depends on factors such as system requirements, scalability, and overall performance

objectives.
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4.2 Connection to the grid

Figure [4.2] illustrates a single line diagram of an MMC-STATCOM connected to
the grid [22].

Transmission Line

Infinita SoUrce e e—————

/_\ Bus 1 ir i Bus 2 Indusinial Load
: - P |

@ —WW | | WW

f
fconv

¥ ¥

STATCOM Control Vies Modular Multilevel
System Converier

h

Figure 4.2: Topology of a grid-connected STATCOM

As shown in Figure [4.2] this power system topology starts with an infinite
power generation source, which serves as the primary energy supply and forms
the fundamental element of the network. Connected in series with this source is a
transmission line, a vital structure that conveys electrical power from the generator
to downstream components. Following the transmission line, a significant point is
marked by a bus, which acts as a crucial meeting point for various components in
the network. At this bus, the MMC is connected, illustrating its role in dynamically
influencing the electrical characteristics of the system. Simultaneously, the output
load is also linked to this bus, symbolizing the point where the electrical power is
delivered to meet the demand of end-users or industrial consumers. In addition to
the components described above, a control system is integral to the STATCOM

topology. This control system will be described later on.

Overall, this topology provides a structured representation of the flow of
electrical energy from an infinite source, through a transmission line, to a central
bus, where the converter and load are interconnected. The integration of these
components creates a flexible and controllable power system, setting the stage for

the effective regulation of voltage, reactive power, and system stability.

75



4.3 Overview of Control Strategies

As previously mentioned, control strategies play a pivotal role in the operation of
STATCOMs, contributing to their effectiveness in enhancing power system stability
and performance. The control system is the brain of the STATCOM, designed to
govern the operation of the VSC and responsible for dynamically adjusting reactive
power injection to regulate voltage and improve system characteristics. Efficient
control ensures a rapid response to changing grid conditions, disturbances, and

varying loads, maintaining desired power quality levels.

There are several control strategies applied for a grid-connected STATCOM
and can ensure the stability, voltage regulation, and overall power quality of the
connected grid. Some of the most popular control strategies include voltage control,

current control, and power control.

Voltage Control: Voltage control is a fundamental aspect of STATCOM oper-
ation, ensuring that the connected bus voltage is maintained within acceptable
limits and promoting the stability and reliability of the power system. This control
method focuses on maintaining a stable and desired voltage level at the point of

connection to the grid.

Current Control: Current control is responsible for regulating the STATCOM
output current and thus, actively influencing the reactive power flow in the power
system. Its main goal is to adjust the output current of the STATCOM based on

the system requirements and reactive power demands of the connected load or grid.

Power Control: Power control concentrates on dynamic compensation for reactive
power imbalances, improving power factor and voltage stability. By dynamically ad-
justing the exchange of reactive power with the grid, the STATCOM contributes to
maintaining a consistent and desired voltage profile at the point of connection. This
reactive power control strategy plays a pivotal role in mitigating voltage fluctua-

tions, improving power factor, and ensuring the overall stability of the power system.

Overall, voltage and power control are linked, often considered two sides of
the same coin. This means that they are often combined in order to control the
operation of the STATCOM, while current control is essential in both cases. In
the simulation model, we focus on current control, whereas in most applications, a

combination of these three control strategies is utilized.
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Figure illustrates this

Simulated Implementation and
Simulated Implementation of the MMC
5.1.1 Modulation Technique for the MMC
The modulation technique utilized in this thesis is based on the Single-Carrier

Modulation Technique, as described in paragraph [2.2.2
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This technique is based on three similar modulators, one for each phase of the
converter. Each modulator is implemented using a C-code block in the Simulink
environment. The modulator takes the normalised (upper, or lower, respectively)
reference and two high-frequency triangular carrier waves (one for each arm with
phase difference equal to m rad), as well as the voltages and the currents of each
arm as inputs. It then outputs the states of the IGBTs for each SM. The C-code

block functions in a discrete-time domain, with a specific sample time.

At each time step, the C-code block computes both the integer and decimal
portion of the reference for either the upper, or the lower arm. As shown in Figure
the sampling frequency of the reference’s decimal part is initially determined.
This leads to time gaps between consecutive vertical lines. If we assume the
sampling is sufficiently frequent, the decimal part can be considered constant within
each time gap. Concurrently, the sampled decimal part of the reference is compared
to the carrier. The switching states are updated whenever the reference and the
carrier intersect. If the sampled decimal part of the reference falls below the carrier,
one SM is removed from the circuit. Conversely, when it rises above the carrier,

one SM is inserted into the circuit.
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5.1.2 Capacitor Voltage Balancing using Sorting Algorithm

SM capacitor voltage balancing refers to the management and control of the
voltages across the capacitors in each SM, ensuring that they remain consistent and
equal. This process is of great importance, as it provides stability to the circuit.
Specifically, each SM contributes its share of the direct voltage to produce the
desired alternating output voltage waveform. Variations in the capacitor voltages
can distort this output waveform. As such, SM capacitor voltage balancing is
pivotal in ensuring the reliable operation of the converter. This balancing process
also prevents capacitors from experiencing overstress, thereby enhancing the safety
to the topology. Moreover, when the capacitor voltages are balanced, the stored

energy across all SMs is utilized uniformly, maximizing the efficiency of the MMC.

The basic idea of this process is described below: As previously noted, MMCs
comprise a significant number of SMs, and the capacitor voltages within these SMs
can vary. Such variations in capacitor voltages can lead to circulating currents, sub-
sequently increasing arm current and, in turn, circuit losses. Thus, for the MMC to

operate optimally and maintain balance, it is necessary to control these SM voltages.

Capacitor voltage balancing is implemented using a sorting algorithm. In
particular, the capacitor voltages of all SMs are continuously measured. Based on
these measurements, the SMs are then sorted by their capacitor voltages. In this
thesis the sorting is arranged from the lowest to the highest capacitor voltage. By
sorting the SMs in this manner, it is possible to determine which SM to insert or

bypass in order to achieve the desired voltage level at any given time [9].

To sum up, this method helps in redistributing the energy among the capacitors
and thus aids in voltage balancing. However, the need for high sampling frequency
makes the sorting process resource demanding. Consequently, increasing the number

of SMs can complicate the implementation.
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5.1.3 SM Selection Method

Figure [5.2] represents the flowchart of SM Selection Method used in this thesis.
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Figure 5.2: Flowchart of SM selection method
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The SM Selection Method plays a pivotal role in the MMC implementation,
because it identifies which submodule should be inserted or bypassed in each
arm. This method is elaborated upon in paragraph and is referred to as the

active-selection process.

The SM Selection Method is governed by four primary criteria:

e The ascending order of SM capacitor voltages determined by the sorting algo-

rithm
e The direction of the arm current
e The current operational states of the SMs
e The number of SMs that need to be inserted or bypassed

As a result of the sorting algorithm, the SMs are classified based on their
capacitor voltages in ascending order. The initial step in the SM Selection Method
is to determine the required action for the SMs: insertion, bypass, or no action.
If the current required number of SMs, denoted as ncyrrent, 1S greater than the
previous number of SMs, n,4, then at least an SM needs to be inserted. Conversely,
if Newrrent 18 less than ngyg, at least an SM should be bypassed. If the difference

between Neyrrent and ngq is zero, no action is necessary.

For example, when a SM needs to be inserted and the current is charging the
capacitors of the arm (i4m, > 0), the method begins by examining the SM with
the lowest capacitor voltage. It then checks if this specific SM has already been
inserted into the circuit. If so, the process advances to the first bypassed SM with
the next lowest capacitor voltage. As a result, the current operational states of this
SM are complementarily altered, leading to its insertion into the circuit. Similarly,
at each time step, this process checks the ascending order determined by the sorting
algorithm, the direction of the arm current, and the number of SMs that need to
be inserted or bypassed. It also examines the operational states of the SMs and

change them if necessary.
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5.1.4 Modulation Outcomes

Figure depicts the upper arm current from phase A, alongside the SM

capacitor voltages from the same arm.
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Figure 5.3: Implementation of SM selection method

It is obvious that the SM selection method implemented in the Simulink Model
operates effectively. Notably, when the upper arm current charges the capacitors of
the arm (44, > 0), the corresponding SM capacitor voltages increase, aligning with
the expected behavior dictated by the method’s criteria. During each insertion of
an SM, the one with the lowest voltage is consistently selected. The implemented
method plays a crucial role in the capacitor voltage balancing and the overall

stability of the system.
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5.2 Simulated Implementation of the STATCOM

5.2.1 Control System of STATCOM - PI Control

As described in paragraph [4.2) a control system plays a pivotal role in the op-
eration of a grid-connected STATCOM. This control system is an integral part of
STATCOM topology and is responsible for regulating the voltage and the exchanged
reactive power. The goal of its operation is to ensure that the STATCOM will swiftly
respond to dynamic grid conditions, disturbances, and varying loads. The control
strategy employed in this thesis focuses on the current and utilizes proportional-
integral (PI) controllers, which receive feedback from sensors and adjust the VSC

parameters accordingly [§]. Figure shows the block diagram of a PI Controller.

setpoint error

»

Process

process variable

Figure 5.4: Block diagram of a PI controller

A PI controller is a type of feedback control system commonly used in engi-
neering and control applications. Designed to regulate a system’s output, the PI
controller adjusts the input based on the error signal, representing the difference
between the desired setpoint and the measured process variable. The ” proportional”
part is identified with the gain factor 7 K,,” and responds to the current error, while
the ”integral” part is characterised by the gain factor ” K;” and accumulates past

errors over time.

In the context of the grid-connected STATCOM, the PI current controllers
are responsible for adjusting the output of the VSC, namely the MMC. The
proportional component responds to the instantaneous error between the measured
and desired values, and the integral component addresses accumulated errors
over time. This combination allows the controller to achieve stable and accurate
regulation of current, contributing to the overall effectiveness of the STATCOM in

maintaining grid stability.
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5.2.2 Implementation of Current PI Controllers

Let’s consider the topology of a grid-connected MMC-STATCOM, as illustrated
in Figure[4.2] In this configuration, the MMC functions as an ideal, fully-controlled,
three-phase voltage source connected to the load bus. The MMC’s primary
objective is to compensate for the reactive power exchanged with the grid, thereby
regulating and maintaining the voltage at the bus stable and equal to its nominal
value. The converter is connected to the load bus through an inductive element

with a reactance equal to X = 0.15p.u..

Let’s also denote Vj,s as the voltage at the load bus and V., as the output
voltage of the converter. Thus, the following expressions for active and reactive
power, respectively, arise:

_ ‘/bus‘/conv Sin5

e (5.1)

o %us(‘/conv COs 5 - %us)
= XS

where ¢ is the angle of the voltage at the output of the converter (as long as the

Q@ (5.2)

load bus angle is zero).

As described above, the goal of the STATCOM is to control the reactive power
and maintain the exchanged active power at zero. Given the equation (5.1), the
angle ¢ should be set to zero and thus, three different cases between the converter

output voltage V,.,, and the load bus voltage Vj,s arise:

o Vi.onw > Viust In this case, the grid absorbs reactive power from the converter,
and the converter behaves as a capacitor (similarly, the network acts as an

inductor).

o V.o < Viust Here, the grid injects reactive power into the converter, and the

converter acts as an inductor (similarly, the network behaves like a capacitor).

® Viono = Viust When V., is equal to Vj,, , there is no current flow, and thus,

no transfer of electrical power.
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As mentioned earlier, the implementation of the STATCOM control system
relies on PI current controllers. However, to implement a vector current controller
using PI controllers, it is necessary to utilize the components in a synchronously
rotating reference frame. This approach takes advantage of the constancy of
quantities over time and reduces errors in steady-state operation. Therefore,
since the three-phase voltages V,, V;, and V. are time-dependent, they should be
transformed into of quantities through the Clarke transformation initially, and

then into time-independent dq quantities through the Park transformation.

Furthermore, to synchronize the converter with the grid and align the dq frame
with the bus voltage, a Phase-Locked Loop (PLL) is required. This is a controller
that monitors the phase angle of the grid and then aligns the voltage in the dq
frame accordingly. In our case, the orientation is defined so that the ¢ component

of the voltage is nullified.

In detail, the STATCOM control system implemented in the Simulink simulation
receives, as its input, the three-phase voltage of the load bus and the three-phase
current flowing out of the converter. In particular, this control system consists
of three main components: a Phase-Locked-Loop, abc-to-dq transformation blocks
and PI controllers. Initially, the PLL takes Vj,s as input and synchronizes with
this three-phase voltage to output the angle § = wt. This angle is necessary for
the abc-to-dq transformation blocks used for the voltage at the load bus and the
converter current. Specifically, two abc-to-dq transformation blocks are utilized: one
for Vi, and one for I.,,,. These blocks compute the direct-axis and quadrature-axis
components of the AC three-phase voltage and currents, labeled as Vy, V; and I, 1.
It is worth mentioning that the dq quantities pass through a low-pass filter in order
to eliminate potential noise sourcing from the converter switching events. Figure

5.5| illustrates these two basic components of the STATCOM control system.
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Figure 5.5: PLL and abc-to-dq transformation block in simulation

Based on the selected orientation (UZ, . = 0) and given the expression of the

total power for this system

SR Ta—

S = §qu o (5.3)
the following expressions for the active and the reactive power in the dq frame
occur [3]:

3 * 3 d d q q 3 d d

P = 5 Re(qu qd) = i(Uconv[conv + Ucom)[conv) = éUconv[conv (54)
3 * 3 d d 3 d

Q = 5 Im(qu qd) = §<Ugom)]comj - Uconngonv) = _§Uconvjcqom) (55)

Considering the equations above, it is obvious that controlling the d component
of the converter current allows for control of the active power, while regulating the
g component of this current leads to the control of reactive power. However, as
mentioned earlier, the active power should be set to zero, and thus the d component

of the current should be equal to zero (I¢,, = 0).
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Figure [5.6|illustrates the implementation of the current PI controllers, presented

as subsystems within the larger system.
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Figure 5.6: Current PI controllers

As first step, the implementation of the current controllers is required. Specif-
ically, the i-current controller, where ¢ = d or ¢ (for d-current controller and
g-current controller, respectively), takes as input the actual respective i-component
of the current flowing through the converter and a fixed reference current. Depend-
ing on the desired level of the current flowing through the converter, appropriate
values for the reference currents are chosen. In particular, a zero reference is set

initially for both the d and ¢ components of the current.

Within the i-current controller, the error between the ideal and the actual
current is calculated at each time instant during the simulation. The i-controller
utilizes the proportional and integral behaviors of this error to determine the cor-
responding voltage components needed at the load bus to nullify the error. Figure

5.7|illustrates the internal processes of both d and ¢ current controllers, respectively.
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Figure 5.7: Internals of PI current controllers

As shown in Figure [5.6| at the output of each controller, a feedforward term
representing the bus voltage is added to the current controller output to improve
possible load-disturbance rejections in the system. In general, this additional term
enables precise current regulation, ensures dynamic response to system changes,

and enhances overall system performance.

Regarding the values of the gains K, and K, it is worth noting that their selection
is a crucial element for the proper and effective operation of the current controllers.
Their values are based on the desired rise time of the controllers [14]. Specifically,
the system of the converter, acting as a first-order complex system, is described by
the following transfer function:

, 1
GO =R

Here, L, represents both the inductance or transformer connecting the load bus

(5.6)

with the converter and the internal impedance, while R denotes the resistance of the
converter and is selected arbitrarily. Therefore, the PI controller could be described

by a transfer function, denoted as F'(s), and is given by the following equation:
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F(s) = K, + 25 (5.7)

s

where K, and K; are expressed as follows:
Kp — acLs (58)
K, =a.R (5.9)

Here, a. represents the closed-loop-system bandwidth and is related to the rise time

t,s of the control system by the following equation:

B n9
ot

In reality, the rise time refers to the time needed for the system to transit from

Qe

(5.10)

10% to 90% of its final value, considering a step function as the input.
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5.3 Simulation Outcomes

The simulation model implemented in the Simulink environment uses the main

circuit parameters described in Table [5.1]

Topology of SMs Half Bridges
Number of SMs per arm N=3
Nominal Power S=4.3kVA
Nominal Phase Current I, =9.9304A
Fundamental Frequency fnv =50Hz
Carrier Frequency fear = DkHz
SM Capacitance C=>5mF
Arm Inductance Lo = 2mH
Arm Resistance Ry = 0.102
Converter Inductance L, =0.00609H
Converter Resistance R =0.05(2
Proportional Gain for Current Controller || K, = 1.5249
Integral Gain for Current Controller K; = 54.9306

Table 5.1: Simulation parameters for STATCOM’s operation

To evaluate the effectiveness of the PI controllers and verify the correct direction
of the current components, a step change is introduced to the reference value of the

g-component of the current at t = 3.5 seconds, increasing it to 1A.

The d and ¢ components of the converter current are illustrated in Figure
Both components of the current remain at zero, in accordance with their
respective references. Following a step change in the ¢ component of the current,
the corresponding current controller promptly responds to this transient, accurately
tracking the g-current in the correct direction. However, some oscillations are ob-

served in both components, possibly stemming from the modulation implementation.
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Figure 5.8: d and ¢ components of the converter current
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Figure shows the d and ¢ components of the load bus voltage. As
anticipated, the ¢ component of the bus voltage remains consistently at zero
throughout the simulation, aligning with the desired orientation. In contrast,
the d component of the bus voltage exhibits a decline following changes in
the current reference. It is notable that in the absence of voltage control, the

load bus voltage deviates unsurprisingly from its nominal value during such changes.
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Figure 5.9: d and ¢ components of the converter voltage

The converter output voltage and current from phase A are displayed in Figure
5.10, It is noteworthy that the converter output voltage follows a sinusoidal
waveform, as expected, while the converter output current showcases similar

behavior with an amplitude of nearly 1A.
Finally, the SM capacitor voltages from phase A during the transient are

illustrated in Figure |5.11] whereas Figure displays the total capacitor voltages
of phase A.
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Figure 5.10: Converter output voltage and current
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Figure 5.11: SM capacitor voltages
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Figure 5.12: Total capacitor voltages for phase A

Overall, the simulation results closely match the theoretical analyses described
earlier. It is worth noting that most of the waveforms depicted above exhibit some
oscillations, although their behavior is generally satisfactory, and the expected
outcomes can be verified. These oscillations are likely caused by the multiple
switchings that occur within the MMC. Additionally, the implementation of the

modulation process can also contribute to such oscillating phenomena.
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Chapter 6

Conclusions and Future Research

6.1 Conclusions

In summary, this thesis thoroughly examines the Modular Multilevel Con-
verter topology, with a specific emphasis on its application in grid-connected
MMC-STATCOM scenarios. Acknowledged as one of the most widely adopted
topologies for high-voltage applications and flexible AC transmission systems, the
investigation into MMC operation has revealed unknown and at the same time
significant potentials. Specifically, different modulation techniques are described,
with the Single-Carrier Modulation Technique standing out for its simplicity,
particularly in MMC topologies with an unknown number of submodules.

When it comes to the SM voltage sharing within MMCs, the proposed SM Selec-
tion Method utilized in the modulation process demonstrates high effectiveness and
great importance. This sorting algorithm, meticulously designed in the Simulink
environment, aims to ensure quick and accurate selection of the appropriate SM,
even within MMCs consisting of a big number of SMs. Moreover, the theoretical
analysis of the converter’s dynamic behavior plays a crucial role in designing control
methods. The introduction of a continuous model sheds light on the development
of an Open-Loop Controller. This controller offers great performance in energy
balance and good control over total capacitor voltages. Noteworthy is its effec-

tiveness in suppressing the harmonic content of both circulating and output currents.
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The study of the grid-connected MMC-STATCOM highlights the significance of
its grid-following operation. Specifically, the STATCOM is connected to the load
bus and synchronizes with the grid voltage, adjusting its output to align with the
grid’s frequency and phase. The PI current controllers implemented in the Simulink

environment ensure precise control for maintaining grid voltage within defined limits.

All investigations were conducted through simulations in the Simulink environ-
ment, and an MMC topology was implemented to verify the theoretical analysis.
The process of implementing the MMC in the Simulink environment, specifically
the modulation using C-code block functions, was indeed time-consuming and
challenging. Despite these difficulties, utilizing this block was really beneficial, as
the model runs efficiently and its parameters can be easily generalized and modified.
Additionally, the switching process was particularly difficult to implement and may
be responsible for the multiple oscillations observed in the waveforms. However, a
successful implementation of a detailed simulation model was achieved, including

the switching events and modulation processes.

In conclusion, the meticulous study and implementation of the Modular Multi-
level Converter have demonstrated its potentials and underscored its effectiveness
for grid-connected applications. The validated theoretical analyses, along with
the successful Simulink implementation of the MMC-STATCOM system, provide
valuable insights and lay the groundwork for further advancements in power system

stability and control.
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6.2 Future Research

The goal of this thesis was to provide insights into the basic operation principles
of a Modular Multilevel Converter topology, paving the way for further research
and innovative investigations in this domain. The major future prospects identified

are as follows:

Improvements in PI control design: By applying techniques such as active
resistance R,, anti-windup and saturations into the simulated model, the controller
effectively rejects load disturbances, improving dynamic response, reducing over-
shoot, and promoting overall system stability without increasing total losses. Their
role in ensuring the reliable and efficient functioning of the MMC under varying

conditions and disturbances is remarkable.

The use of voltage PI controller: Incorporating a voltage PI controller
into the STATCOM control system enables regulation of the d component of
the load bus voltage. Similar to current controllers, the voltage PI controller
operates by calculating the error between the ideal and actual values of Vs, To
prevent voltage saturation, limits should be imposed on the converter’s voltage,
implemented through voltage saturation techniques. Additionally, an anti-windup
scheme should be integrated into the controller to mitigate the issue of integral

error accumulation.

Grid-forming applications: Exploring advanced control strategies for grid-
forming MMC-STATCOMs can enhance the ability to autonomously establish and
maintain grid voltage and frequency, contributing to the grid’s resilience during

dynamic conditions.

The impact of time step variation on simulation and control per-
formance: Analyzing the influence of time step changes in simulation provides
valuable insights into system dynamics and result accuracy. Assessing parameters
such as transient response and stability reveals how variations affect system
behavior. Balancing simulation speed and accuracy helps identify optimal time
steps and understand the impact on control system performance. Validating results

against real-world data ensures model accuracy and practical applicability.
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Real-time simulation of the converter: Implementing a real-time simulation
of the converter presents an opportunity for in-depth investigation and validation
of control strategies, grid integration techniques, and system performance. This
platform offers a comprehensive tool for studying system behavior under diverse
operating conditions, facilitating the implementation and evaluation of advanced
control strategies tailored to optimize converter performance. Moreover, the ability
to validate simulation results against experimental data in real-time enhances
confidence in the model’s accuracy and applicability, providing valuable insights for

practical deployment and grid interaction.

99



Bibliography

Mahmoud Abdelsalam et al. “Capacitor voltage balancing strategy based on
sub-module capacitor voltage estimation for modular multilevel converters”.
In: CSEE Journal of Power and Energy Systems 2.1 (2016), pp. 65-73.

Noman Ahmed et al. “A computationally efficient continuous model for the
modular multilevel converter”. In: IEEE Journal of Emerging and Selected
Topics in Power Electronics 2.4 (2014), pp. 1139-1148.

Alberto Alesina and M Venturini. “Solid-state power conversion: A Fourier
analysis approach to generalized transformer synthesis”. In: IEEFE transactions
on circuits and systems 28.4 (1981), pp. 319-330.

Lennart Angquist et al. “Open-loop control of modular multilevel converters
using estimation of stored energy”. In: IEEFE transactions on industry appli-
cations 47.6 (2011), pp. 2516-2524.

Antonios Antonopoulos. On the Internal Dynamics and AC-Motor Drive Ap-
plication of Modular Multilevel Converters. KTH Royal Institute of Technol-
ogy, School of Electrical Engineering, 2014.

Antonios Antonopoulos, Lennart Angquist, and Hans-Peter Nee. “On dynam-
ics and voltage control of the modular multilevel converter”. In: 2009 13th Eu-
ropean Conference on Power Electronics and Applications. IEEE. 2009, pp. 1—
10.

Antonios Antonopoulos et al. “Stability analysis of modular multilevel con-
verters with open-loop control”. In: IECON 2013-39th Annual Conference of
the IEEE Industrial Electronics Society. IEEE. 2013, pp. 6316-6321.

Mansour Baazouzi and Faouzi Bacha. “Control Strategy of Modular Multi-
level Converter: theoretical investigation and performance”. In: 2019 Interna-
tional Conference on Signal, Control and Communication (SCC). IEEE. 2019,
pp- 296-301.

Abhijit Choudhury et al. “Reduced switching loss based cell capacitor voltage
balancing strategy for MMC”. In: 2020 IEEE International Conference on
Power FElectronics, Drives and Energy Systems (PEDES). IEEE. 2020, pp. 1-
5.

100



[10]

M Glinka and R Marquardt. “A new AC/AC-multilevel converter family ap-
plied to a single-phase converter”. In: The Fifth International Conference on
Power FElectronics and Drive Systems, 2003. PEDS 2003. Vol. 1. IEEE. 2003,
pp- 16-23.

Makoto Hagiwara and Hirofumi Akagi. “Control and experiment of
pulsewidth-modulated modular multilevel converters”. In: IEEE transactions
on power electronics 24.7 (2009), pp. 1737-1746.

Makoto Hagiwara and Hirofumi Akagi. “PWM control and experiment of mod-
ular multilevel converters”. In: 2008 IEEE Power Electronics Specialists Con-
ference. IEEE. 2008, pp. 154-161.

Akseli Hakkila, Antonios Antonopoulos, and Petros Karamanakos. “A Direct
Model Predictive Control Strategy of Back-to-Back Modular Multilevel Con-
verters Using Arm Energy Estimation”. In: 2022 24th FEuropean Conference
on Power FElectronics and Applications (EPE’22 ECCE Europe). IEEE. 2022,
pp- 1-10.

Lennart Harnefors et al. “Control of voltage-source converters and variable-

speed drives”. In: Lecture notes, Visteras, Sweden (2014).

Hossein Iman-Eini et al. “A modular strategy for control and voltage balancing
of cascaded H-bridge rectifiers”. In: IEEE Transactions on Power Electronics
23.5 (2008), pp. 2428-2442.

Georgios S Konstantinou and Vassilios G Agelidis. “Performance evaluation
of half-bridge cascaded multilevel converters operated with multicarrier sinu-
soidal PWM techniques”. In: 2009 jth IEEE Conference on Industrial Elec-
tronics and Applications. IEEE. 2009, pp. 3399-3404.

Jih-Sheng Lai and Fang Zheng Peng. “Multilevel converters-a new breed
of power converters”. In: IEEFE Transactions on industry applications 32.3
(1996), pp. 509-517.

Anton Lesnicar and Rainer Marquardt. “An innovative modular multilevel
converter topology suitable for a wide power range”. In: 2003 IEEE Bologna
Power Tech Conference Proceedings, vol. 3. IEEE. 2003, 6—pp.

Yidan Li and Bin Wu. “A novel DC voltage detection technique in the CHB
inverter-based STATCOM?”. In: IEEE Transactions on Power Delivery 23.3
(2008), pp. 1613-1619.

Stephanos Manias. Power Electronics. 3rd ed. Symeon, 2020.

Ned Mohan, Tore M. Undeland, and William P. Robbins. Power FElectronics:
Converters, Applications, and Design. 3rd ed. John Wiley & Sons, 2002.

101



22]

Umesh Kumar Rathod and Bharat Modi. “Simulation and analysis of various
configuration of MMC for new generation STATCOM?”. In: 2017 8th Interna-
tional Conference on Computing, Communication and Networking Technolo-

gies (ICCCNT). IEEE. 2017, pp. 1-4.
Jose Rodriguez, Jih-Sheng Lai, and Fang Zheng Peng. “Multilevel inverters:

a survey of topologies, controls, and applications”. In: IEEE Transactions on
industrial electronics 49.4 (2002), pp. 724-738.

Hani Saad et al. “Modelling of MMC including half-bridge and full-bridge sub-
modules for EMT study”. In: 2016 Power Systems Computation Conference
(PSCC). IEEE. 2016, pp. 1-7.

Weiyao Wang et al. “A simplified capacitor voltage balancing method for mod-
ular multilevel converter with carrier-phase-shift pulse width modulation”. In:
ICPFE (ISPE) (2019), pp. 1192-1197.

Yi Wang et al. “A nearest level PWM method for the MMC in DC distribution
grids”. In: IEEE Transactions on Power Electronics 33.11 (2018), pp. 9209—
9218.

102



	Περίληψη
	Abstract
	Ευχαριστίες
	Acknowledgements
	Ευρεία Περίληψη
	Introduction
	Introduction to STATCOMs and MMCs
	Objective of this Thesis
	Contributions of this Thesis
	Structure of this Thesis

	Modular Multilevel Converters (MMCs)
	Topological Structure of MMCs
	Description of the MMC topology
	MMC Submodules (SMs)

	Modulation Techniques for MMCs
	General Principles
	Key Modulation Techniques for MMCs
	The extraction of the reference signal
	SM Selection Method in Modulation


	Dynamic Behavior and Control Methods of MMCs
	Dynamic Behavior and MMC Continuous Modelling
	Direct Modulation
	Equations of insertion indices
	Circulating Current
	Simulation of Direct Modulation

	Open-Loop Control
	Description of Open-Loop Control
	Implementation of Open-Loop Control
	Simulation of Open-Loop Control


	Static Synchronous Compensator (STATCOM)
	Topological Structure of STATCOMs
	Connection to the grid
	Overview of Control Strategies

	Simulated Implementation and Outcomes
	Simulated Implementation of the MMC
	Modulation Technique for the MMC
	Capacitor Voltage Balancing using Sorting Algorithm
	SM Selection Method
	Modulation Outcomes

	Simulated Implementation of the STATCOM
	Control System of STATCOM - PI Control
	Implementation of Current PI Controllers

	Simulation Outcomes

	Conclusions and Future Research
	Conclusions
	Future Research

	Bibliography

