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H ypnuotoddtnon e dateiBrc npayuatonojinxe and tov Ewixd Aoyopiaoud Kovoulionvy
‘Epeuvoc (EAKE) tou EMII vy ta €11 2019-2022 xou and 1o Topupa Keatixadv Trotpopudv
(IKY), o710 mhaioto tng yenuatodétnon twv «Qeiuwyv Abaxtoptxadvy, yia to étn 2022-2023.

ex pépoug tou IKT:

H vhomoinom tng dudaxtopixhc dlatei3ric ouyyenuatodothinxe and tnv EAAGSo xou tnv Evpwmoixy
‘Evwon (Evpwnoixd Kowwvixd Tayeio) péow tou Emyepnotoxot Ipoypdupoatoc «Avdmtuén
Avdpwmvou Avvouixol, Exnaldeuon xoaw Aw Blou Mddnorn», 2014-2020, cto miaioo tng
Ipdéne «Evioyvon tou avipdmivou duvauxol péow tng ulomoinong Sbaxtopxic €peuvag
Trodpdon 2: Ilpdypouua yoerynone urnotpopudv IKYT ce vnodngplovg dddxtopec twv AEI
e EANGDag.

-~
Emixeipnoiako Mpoéypauua 3 EZ"A
Avarrtuén AvBpwirivou Auvapikou, =g 20‘]4-2020
SO Ekmaidsuon kai Aid Biou Maénon

Eupwraikr Evwon
Eupwnaiké Kowwvikd Tapeio Me t ouyxphpatoddtnon tng EAAGdag kat tng Eupwraikrig Evwong
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H epeuvnunr Swaduaoctor etvon pior xate€oy v cuAAoyYixY| epyacio xou 1 Tapoloo SLdoxTopXN
otatelBr) dev amotehel e€alpeot. Aweliydn oto Epyaoctrpio Hiextoudy Mnyoavdodv xon Hiex-
Teovixev loylog, tng Myohvic Hihextpohdywv Mnyovixdv xaw Mnyovixcyv Trohoylotedy tou
EMII, and tov Oxtofelo tou 2018 €w¢ tov Oxtaofeto tou 2023. Kaddg extelveton o didpopa
avTIXeldeva Tou XAADOU, and TOUC UETATEOTEIC CUVTOVIOUOU %ol T WOty VITIX G ToLyElo €WG TIC
TEYVIXES BEATIOTOTOMONS KoL TNV CTATIOTXY, YPEWOTNXE 1) CUUBOAT CEXETCOV CUVIBEAPLV,

EVTOC 0L EXTOC TOU EQYAC TNEloL.

Apywd, Yo Hdeho var euyoploThow tov emBAénovia xodnynth x. Aviedvio Aviwvérouio
v TNV eEoupeTin| cuvepyaoio mou elyoue 6o autd To ddotnua. H othpln mou mopelye,
Ol ETOLXODOUNTIXEC TUPAUTNENOELS TOU XOU 1) EVOEAEYNC ETLUEAELN TWV ETUCTNUOVIX®Y SplpwV
mou dnuoactedooye, ahAd ot NS TopoVoos daTEBhE, ATOTENETUY XAUTAADTN Yiot TNV AVATTUEN
TWY EPEUVNTIXMV OV LXAVOTATOY OAAS %ot YLt TNV 660 TO BUVATOV OUUNOTERT] TERATWOT TNG

gpyaoiog.

Enloneg, 9o Hlela va euyoptotiow tov xadnynti x. Avidvio Khadd, dievduvty tou Ep-
yaotnelou, yio Ti¢ CUUBOUAES TOU Xa TG dNULOUPYXES (ETLo TNHOVIXES Xan Un)) culnTAoELS Tou
elyape. Kadog xan tov xadnynt x. Ytadpo Hanodoavasiov yio tnv eniBiedn tov mpdto ypdvo
EVTaCHC UOU GTO UETATTUYLIXO TROYQOUUN TNG Uy OMAC.

Aev Yo pnopovoa va mapaheldw 0 cuufolr Tou xodnynth x. Epuavounh Totdxrn, t6c0
XOTA TNV OLdpxeld TERATWONG NS Oimhwuatixig epyaociog oo Epyacthpio Hiextpounyovinrc
Metatponric Evépyelog, aAld xou yia TG YENOWES TUPATNENOELS %ot GUUBOUAEC TOU GTNV
empélela Tng mopodoog Slotefric. Mto (Blo mhaloto, Yo ek var UYL THOL X0t TOV XNy NTH
x. Anpocdévn Ilegtiton, yio tic xolplec mapatneRoels Tou xan TNy YeTixr avatpo@oddtnon mou
napelye. Oa Hleha, enlong, va exgpdon TiC euyaploTiec wou atoug xadnyNnTtég x. Iwdvvn I'ndvo
xou %x. Twdvvn IIpoucaAldn yio Tov Ypdvo Tou aPLEpmoay wE UEAN TNG EMTUMEAOUS ETUTEOTNC,

oANG xou Yo Tov e€omhioud nou aglonoioape and to Epyoacthpio Tdmhov Tdoewv.

Ewue avagopd mpénel va yiver otn cupBoAt| tou x. lavayidtn Zdavvr, uéhog ETEII tou
Epyaocthplou, o onolog Borince ouclactixd e TNV SNULOLEYIXOTNTA TOU XU TIG TEYVIXEC TOU
YVOOES GTNY AVATTUEY TOV HAYVNTIXOV OTOYEIDY, TOV UETATPOTEWY Xol OTIG XOUUNUEPIVES
avdyxeg tou epyaoctnelov. Koadde xar otov dwbdxtopa tng oyorc x. Iavayidtn PoPokin,
wéhoc EAIII tou topéa, yior TNV dplotn cuVERYAGId TOU ELYOE.



viii

Téhog, Yo ideha Vo ELYOELGTACEL TOUC TEOTTUYLAXOUE QPOLTNTES Xou LTOYNPLOUE BLBAXTOPES
Tou gpyacTNelou Yio TNV eEaupeTLXY| cuveEpYAsio Tou Elyoue OAa AUTA Tal YEOVLYL, LOITERKS OE
tov x. Kwvotaviivo Mdvo xou tov x. Anurtpio Kovté. Eide va cuveylotel n xouktolpa
OUCLAC TIXNG CUVERYICLAS, ONUOURYIXOTNTAS X XUATS BLAUEOTC TOU UTEEYEL GTO ERYACTHELO
X0 TTOU OAOL ol OAEC €Y OLUE ETUTOYEL.

Aev Yo umopolLoo vo xAelcw TOV TEOAOYO YWElS UL AVAPOEd GTO OLXOVOUXO TAdiCLO
EVTOC TOU OTOIOU EXTOVAUNXE 1) CUYXEXQUEVT BLaTEL3Y), AN X0l GUVOMXOTERX Ol BLOUXTOPLXES
gpyaoteg oty EAAGda. To xuplopyo mhaioto, autd TV LUTOTEOPLODY, elvon AvVETUEXES Yol VoL
avtanoxpwlel oTIC TEAYHATIXES AVAYXES TNG EPEUVOC Xl TV LUTOPYNPLLY BLBUXTOPWY TOL TNV
npaypatonooly. To mhaiolo 8ev mEOPAETEL GTOLYELWOELS AVAYHES, OIS AUTH TNS ACPIALONG,
e ayopdc eE0TAIGHOU Y| TNG CUUUETOYAS OF ETLC TNUOVIXE CUVEDELYL. 2E OPLOUEVES TEPLTTWOELS,
oL 6oL TNE UToTEOPIAG Elval dxEME BECUEUTIXOL, TOCO K TPOG TO YEOVIXO TOUG TAXCLO, OGO %o
WS TEOC TO TEPIEYOUEVO TV TopadoTéWY. AuTd €yel w¢ anoTéAeoua NS doxNoY EEUPETIXAC
nieong Tou unodhploue, N omola elvor AVTITOEAYWYLXY XOl OE TOAAEG TEPLTTWOELS UELDVEL TNV
duvnuixy| epeuvnuixy) ouuBoln. Amautelton €va yevixd mhaloto otodepric epyaocioc, oto omolo
Yo amOTUTMVOVTOL Ol LWBLUTEROTNTES XAde aVTIXEWEVOU, WOTE Vo Umopoly oL LTOYHPLIOL Vol
gpYUoTOOV AMPOCXOTTA, YwelC TMEQITTA dyyn ot Vo avamTOZoUY TNV SNUIOVEYIXOTNTE TOUC,

7 omola anoteAel anopaltnTo xou douixd ototyelo xde epeuvnTg epyaoiog.

Agqueowuévo oe éAovs xar dles
nov e otnobay avtd Ta yoona,
Oedpuroc lomadémovrog
Adrva, OxtodBerog 2023
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3OvToun Iepiindn tng AwxtefBre

H mapoloo dudaxtopix; dlateBry ouufdiier oty avdAuoy Xol TOV CYEBIAOUO UETATEO-
TEWV GLYTOVIGHOU LYNANC CUYVOTNTAG, UE EUPAOT) GTOV GYEDLUCUO TWV LAY VNTIXWY CTOLYEIWY.
YUVEICPEREL UE TIC TPOTIOTOLACELS VPO TAUEVWY EELOMOEMY X0l TNV ELCAYWYY VEWY YloL TNV
oxpB3n) extiunon e emaywyYNS TUPOAANAOYRUUUGY ETINEdWY TEQLENEEWY, EVOC O TOAAGY
eMNEDWY, EMTEETOVINS TN YPTYoen o)ediaon xan TNy e@apuoyy| ahyopituwy BeAticTonolnone.
Emniéov, n napoloa Sotpldr) mopéyel ACEC XAELOTAS HOPPNE TWV BLopopIX®Y EELOMCEWY
TIOU TEPLYEAPOUY OAeC TIG TEPLOYES Aettoupyiag Twv yetatponény cuvtoviopol LC xou LLC,
TUEEYOVTOG AETTOUERT EXOVAL TNG CUUTERLPORAS TOUS Xo FETOVTOC ToL XELTHELAL Yo TNV EMAOYN
TodnTIXOV X evepy®V otolyelwy. Ipaypatomoieiton obyxpion uetold TV TepLOYOY xou opl-
Covton ot oplaxég cuviixeg petall xdlde meploync Aertovpyiag. H Bour éyel g e€hc:

Apywd, ocuyxevipwvovton xou mopatilevtol XUAEC TEOXTIXES CYEBLACHOU TAUXETOV TUTL-
wévou xuxhopatoc (IITK), nou dwyepillovtar udicuyves tdoee xou pedUAT, TWV OTOIWY N
duoxola oyedlaopol Eyxeltal aTo OTL TEpLhopBdvouy oruata UPNATEC Loybog xou cuyVOTNTAC,
%xo0OC o avahoyed xan Pnplaxd ofuaTa EAEYYOU xou UETEHoEWY. Ol TpoxTnég auTéC eppovi-
Lovran Sudonaptes o1 Pihoypapia (o ouyypdupata xan pdpa), ahhd xou o cUVEVTENEELS ot
TOPOVGLICELS EUTELRWY CYEBLAC TV TAAXETOV UPNADY GUYVOTATWY XAl NAEXTEOVIXMY Loy VOG.

X1 ouvéyela, TEOTEVOVTOL TEOTOTOWNCEL, GE UTdpY0UCES €ELOWOELS YLOL TOV UTOAOYLOUO
NS EMAYWYHS ETUTESWY TALUAANAOYROUUOY TUALYUATWY EVOG ETUTEDOL, UE TO GPANUA EXTIUNOT
VoL TOROUEVEL U0, OTwe xou oTIg apyxég e€lodoelg. H ypron napahAnAdypoumy TUAYUSTWY
otver évav emmhéov Badud eheudeplog 6ToV OYEBIGTH, EVO N axEPBNC YVOOT TG ETXAYOYNS
Oadpouatilel oNUAVTIXG PONO GTOV UTOAOYIOUO TWV YUEUXTNELO TIXOV TLOV TOU UETATEOTEN
ouvtoviouol. Ilpoteiveton plar véa povivuun e€lowo yiot ToV UTOAOYLOUS TNE ETOYWYNE TTARAA-
ANAOY PV TUMYUETWY TOAGDY eminédwy, 1 onola Slatneel Tnv LYMAY axpeifeia extiunong twyv
e€loWoewy yior T TUALYUoTa Tou evog emnédou. Ilpaypatonoleiton cuyxpltixn HEAETN yia TNV
oxp{Bela TV SLdpopwy EELCMOENMY GE TUALYHATO EVOS X0l TOMAATADY ETTEDMV, AVAOEXVVOVTAS
QUTHY TOU TOREYEL TO UXPOTEPO Gpaiua, Yio xdle mepintwor. [ivetoaw cOvtoun avdhuon tng
enidpoone e eloaywyhc mupriva (TOTOU QeEE(TN) OTN CUUTEELPOES XaL TNV ETAYWYY EVOC
emimedou TUAlypoToC.

Téloc, nopouoidlovtor avahuTiXd LOVTENX 0TO TEDIO TOL YPOVOU YId TOUS UETATEOTELS

ouvtoviopol oelpde xou LLC, vy dhec tic meployée Aettovpyiog (Emaywyixr, cLVIOVIOUOU,



YWENTXT), OTWE AUTES TTPOXVTTOLY od TS AJOELS TWY DAPOPXOY EELCMOEWY TOU TEELYPAPOLV
T0 xUxhwyo. Idwaitepn éupaon Sivetow oTIC oplaxés oUVINXES TWVY TEPLOYWY XL EWBIXE GTOV
daywplopd Yetoll meployc ouveY0UC xo acLVEYOUC aywYNhc. And Tic MoEE TEOXVOTTOLY oL
TWES TNS TAOTE Xl TOU PEVUATOC Yot XAUE XOUB0 TOU UETATPOTEN CUVTOVIGHOU, XadmdS XaL oL
amopalTNTES SLUVIAXES Yior TNV eNITELEN OMAANG HETABAONE TKV BLIXOTTAOY LTO UNdEVLXY Tdom 1
eelua. Ipaypatonoteiton obyxpion yetold dwoxomtixwdv ctolyelwyv tonou MOSFET xou IGBT
xaL ovodEXVOETOL 1) To amodoTixt| meployr) Aettoupyiag Yo To xdde otoweio. Me Bdon Tic
TWES TV NAEXTEXWY PEYEV®Y, TpoTelveTon Wiar dtadixacior eTAOYAE TadNTIXWY Xl EVEQYWV

oToLyElwy, N onolol CUUTEPLAOUBAVEL TAl TUPAGLTIXG G TOLYEIL TWV NULAYWYIXOY BLIXOTTEV.
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Extevrc Ilepiindn tng AwateB7c

H yprion twv opuxtddv xouolunv o unyavée apyixd eEmTERIXAC ot DOTERN ECMOTEPIXAC
%xAVONG CHUAVE UL TEQACTIOL AAAXYY| TOQUDOEYIATOC OTOUG TOMELS TNG TUpAYWYNHS Xou NG
owovopioc (Bropnyavio, petapopés, xatooxevés, eundplo, x.0.x.). Edixd ov eZehiec Tou
TeEheuTAloL ULoOY cuwva 08NYNoaY o Wa TEYVohoYXn aviioT), 1 omola €xel ETAVATEOGOI0PIOEL
xqe TTUYY TS XaINUEEVOTNTAS TV avlpOTWY, and TNV exmaldevor xat TNy epyasia, péyet

TNV ETUXOVWVIAL XA TNV TOATLXY).

Q01600, 1) eupelo xan oYEDOV AVEEEREYHTY XENOTN TWV OPUXTOV XAUCIUWY QEREL TN Baoixn
eudOVN Yot T extouny aepiwy tou Yeppoxnniov (UeTall dhhwy droeldo tou dvidpaxa, @vo-
coyhwpdvipaxes, ofeidior Tou vatpiou x.o.), To omolo 0dNYolv oTo Qouvduevo ToL GruEpa
ovopdouye “xhpatixr) olhoyry”. H 81d800m Twv obtaxdy nAEXTEOVIXGY xou 1) n@Loroinoy Tou
GUVOAOU TWV UTNEECLOY EMOELVWVEL TEPAUTERW TNV XATAGTACT), UECK TNG ovayxng Yo e€6pUET
TEATLY VROV VoY XodmV YLl TIC NAEXTPOVIXES cuoxeVES (TAaxéTeES, MuLorywyolc, auoUnThpEC,

umotaples, %.0.x.), xaddg xou pe TNV EAREWPN AmOTENESUATIXAG oVaXUXADCTG TOUG.

H avdryxn yio amoudixpuven amd tn YeHor 0pUX TGV XoUGIUeY ExEL avadely Vel TohOTEOTKC,
xa €YEL TAEOV AVALY VWRLOTEL HECWL TwV 0 TOYwWV Tou €yel Yéoel 1 EE yia pelwon tng exnounic
eVUTLVY xatd 55% wéyer to 2029 xou tov TARen undevioud touc péyet to 2050. H eniteudn avtod
TOU dpXETA oUoL600E0u 0TOY oL TEPVAEL YET amd TOV EENAEXTEIOUO TWV TOUEWY TOU aXOU
XENOWOTOL00Y 0pUXTA XAVGLUA, XURIWS Ol UETAPORES, 1) TUEAY WY NAEXTEXNG EVERYELUS, XM

xan o€ évay Bardud n Vépuavon twv xtneiwy.

Ot nhextpovixol HeTATEOTELS Loy VO AMOTEAODY G TOLYELDDES BOULXO XOUUATL TG TEOCTAVELS
e&nhextplopol. H BlachvOESN aVOVEDCIUWY TNYWV EVEQYELNG UE TO BIXTUO amoutel XUTIAANAN
UETATEOTY) NS TAONC XU TOU EEVUATOC, XS Xt EAEYYO TN TOLOTNTAC oL TNS TOCOTNTAS
e mapeEYOUEVNS Woyvog. H @opTion TV UnatapldV TV NAEXTEXOV OYNUATWY, Xoddg xou
TV oTadEp®V YoVABWY anoUfxeucng, amoutel cuYxexpWEVT axolouvdio popTIoNe LTO oToERO
eELMA Xou EMELTAL UTO G ToERT] TAOT, X.0.%. Emopévwe, elvon amapaltntn 1 ovdntudn UETATROTEWY
VYNNG anddooTG, MO TE VO EMITUYYAVETOL 1) HEYLO TN EXUETAAAEUCT] TNG TOROYOUEVNC EVEQYELOC,
oA T TOY POV UE UEYENO Ypovo CwNc. e auTthy TNV xatevduvor, 1 adEnon tng dlaxonTixng
ouyvétnrag (and ta dexddec kHz ota exatoviddec kHz) odnyel oe uwixpdtepo 6yxo xou oe
vmAoteen anddoor. Amouteiton TapdhAnia xaTIAAN oG OyedlaouoS ooy agopd Tic TThaxéteg

Tunwpévou Kuxhopatoc (IITK) xou thv emthoyn tov EVERYHOV Xat TadnTixdy o ToLyElwv.

Ou ullouyvol petatponels cuvtoviopol cuureplofBdvouy xaL €vor dixTuo TNViKY XoL TUX-
VOTOV, T0 omolo, Umd TIC xatdhinhec mpobnodéoels, emtuyydvel undevixés (1 ueiwpéves)
dlaxontixée amwieiec. O petatpomnelc cuvTOVIoPoU amotehoLY TNV evOedelypévn Abon yia
TEOPOBOTIXA, Uéyel TNV TAEN TwV dexddwyv kW. Qotdoo, ta teheutaia ypdvia €xel mpotadel uia
TANDOEA VEWY EQUOUOYDY, OTWS 1) PORTICT NAEXTEIXWY OYNUATWY, 1) TEOPOBOTNOT XEVIPWV

OEDOUEVOYV, XWVNTAPLWY CUCTNUATOY AEPOTAAVWY o Tholwy, xadwg xou 1 yeron Toug oe



METATEOTEL GTEPEAS XATAG TAONC, OL oTofoL dUVaTAL Vo Elvol TOAUTERUATIXOL Xa VoL EAEYYOUY T
eoY| Tng toyvog.

H mapoloo didaxtopix; date3ry ouuBdiier oty avdAuon XoL TOV CYEBIAOUO UETUTEO-
TEWV GUYTOVIGHOU LYNAAC CUYVOTNTAG, UE EUPAOT) GTOV OYEDBLUCUO TWV LAY VITIXWV CTOLYEIWY.
YUVElo@EpEL UE TIC TPOTOTONCELS VPO TIUEVWY EELCOCEMY X0 TNV ELCAYOYT VEWV YLoL TNV
a3 extiunomn g emaywYNg ToURoAANAGYeUUUwY ETUTEdwY TepleMEewy, eVOC Xol TOAAGDY
eMNEDWY, EMTEETOVINS TN YPHYoen oyediaon xar Ty epapuoyy| ahyopituwy BeAtictonolnone.
Emniéov, n napoloa Satpldh mopéyel ACEC XAELOTAC HOPPNG TWV BLopoptXiY EELOMCEWY
TIOU TEPLYPAPOUY OAeC TG TEpLOoYES Aettoupyiag Twv yetatpoménwy cuvtoviopol LC xo LLC,
TAUPEYOVTOG AETTOUERT EXOVOL TNG CUUTERLPOEAS TOUC Xo FETOVTOC ToL XELTHELAL Yo TNV ETLAOYN
TadINTIXOV xou evepydV ototyelwv. Ilpayuoatomoleiton olyxpion uetald TwV TEQLOY WY xaL 0pi-

Covtar ou oploxéc cuvixee Yetoll xde meployfc Aeltovpylog.
IToaxtinés Yyediaouov IMAaxetwy Tvrwuévov Kvxiduarog

O oyedlaoudc TAAXETOV TUTOUEVOU XUXAWUATOS, OTOV TOUEN TWV NAEXTROVIXWOV Loy Vog,
arotehel éva mohmhoxo €pyo. Ou IITK ouvbudlouv oruata toybog cuveyols xal evahhao-
COUEVOU PEVUATOS XL UAAIGTO UPNAMY GUYVOTAT®Y, CHUATA YoUNAAS Loy VoS Yol TOV EAEY YO
TOU PETATEOTEN, XM xou avahoyixd ofuata Yetposwy. Evag Bacixdg otéyoc evog xarod
oyedlaouol elvan eaytoTononon e ahAnAenidpoong HETAED TWV TELOV XATNYOPLOY, (OTE VA
unv olhowwvovtan To evaiodnTo orjuoTa.

‘Evog 6e0tepog otdy0g elvan 1 ehayloToTolncT TNG TApAoLTixXg ETaYwYhE, 1 ool dlvorton
VO TTPOXOAETEL UTEQTACELS OTA AP0 TWV OLUXOTTAOV OTAV TO pelua Exel Tayelec puetaBolés, e
AMOTEAEOUA TNV XATATOVNOT 1 XU TNV xaTaoTeogt Touc. H mopacitin ywentxdtnta unopet
vau glva Vepity), otnyv mepintwon Twy dpdunmy cuveyolc Tdong, 1) aéuLtn, oTny TepinTwon Twv
OPOUWY EVUANACCOUEVNS Tdong. Xe xde TepinTwot, 1 eXTUNoT TWV TUPACLTIXWY CTOLYEWY
elvon onuovTix| xou mopatidevion ol eELOMOELC YLl TOV UTOAOYIOUO TOUG, YL TIC Bactxéc apyi-
TEXTOVIXES VETIXWY XU AEVITIXDV BROUWY.

Ewud 600v agopd TNy mopaotTixy] YwenTixoTnTd, o€ dpOHouS UE LPIoLUYVO PUCUATIXG
TEPLEYOUEVO, TORAUTNEEITOL EVaL Loy LR PelUA UeTaToOTIoNS. To pedua emoTEOPNC axdUa xou GTNY
nepinTtewon mou €xel dlodéoydn OAOXANEY TNV ETLPAVELX, TEIVEL VO CUYXEVTRWVETOL XATL AT6 TOV
Yetnd dpépo. Autd audvel TNV TOCO TNV TEAYHATIXH avTOTACT, 6C0 Xou TNV EUTEDNOY TOU
Bpopou, ahAd TauTOY POV TEPLOPIlEL Xou T BUVATOTNTA TOU PEVUATOS ETUC TEOPNS VO AAAOLOCEL
dhha mo acVevi| orjuaTa.

Ao napdhiniol dpduot, oL onolol Pépouv BlapopeTnd oruata, Wxene xou LPNiig wydoc,
TAUTOYPOVA, OPELAOLY VL £YOUV Wal AEXOVVTWS UEYEAT andoTaon UETHED TOUC, WOTE VA UNV
oMNAeTdeo0Y. AuTH 1 amOCTACT) TEOXUTTEL AMd TOV EUTELRIXO Xavova Tou 3-5 w, o omoiog
onuaivel Tog TEETEL VoL ANEYOUV TEELS UE TEVTE QOPEC TO MAGTOC Toug w. Edv autd dev elvan
EQPIXTO, 1) TOTOVETNON EVOC YEWWUEVOU BROUOU GTO EVOIIUECO ATOTEAEL TNV OPECWS ETOUEVT

xaAUTERN AOoT. e xdide meplnTwoT, TEENEL Vol ATOPEVYETAUL 1) TAUPOUGIA AY WYUKV OPOUMY Ol
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omolot dev éyouv avapopd, ahhd to duvauxd toug awwpeitan (floating). Enlong, n ydpoén twv
OpOu®Y OTIC BVO MAELEES TNC TAUXETAS, UE xqUeTeG DleLIUVOELS UTOREL VO UEWDTEL CNUAVTIXG
v ahAnAenidpact| Toug.

Me tov oyedlaopsd Vol ATOUOVVEL GHUTA XowoU eldoug (avoloyxd, ¢nelaxd, woyboc) oe
ouyxexpéva uéen e mAoxétog, elvon duvatd vo amewovicouue xdde eldog wg évav dpoduo,
oe éva ouyxexplévo eninedo. H oepd pe tnv onola tonodetolvian awtol ol dpduol xaL To
avtiotolya enineda, diadpapatiler onuavtind pdho otny ehayiotonolinoy e aAAnAenidpacnc
Toug. Xto Lydua 1 nopovoidleton pla and tic BéATIoTEC BuVaTEG eMAOYEC Yo TAaxETES BLO

X0l TEOOHPWY ETUTEOWV.

SIG PWR

SIG GND

GND GND

SIG GND
(a) 2-eninedo (b) 4-enineda

Figure 1 Touy mhaxétoc 500 xau Tecodpwy emnédwy. Ilpotewvduevr oelpd emnédwy.

[Mo v mepoutépw pelwon e enidpaong Tng ToUEACITIXNAG ETAYWYHS XAk TWY QPOUVOUEVGY TOU
oty Tpoxahel, evielxvuton 1 TOTOVETNON TUXVKTHOY XOVTE 6 Ta EVERYE o Totyela (OMoXANPwUéVaL
xuxhopota, Luyol ocuveyolc pelpatoc dloxontdy, x.0.x.). Ot Tuxvetéc €xouy dittd pdho:
OnuLovEYolY évay BEOUOo Yol TO PEVUA, OTAY OUTO BLUXOTTETOL ATOTOUN OTO XATOLOV BLAXOTTY,
XATAC TEANNOVTOC TNV UTEPTOOT] Xl UTOROUY ETIONG Vo AEITOURYHOOUY w¢ ToTxh ano¥rxeuon
evépyelog, HoTe OTtay amoutelton andtoun adénon Tou pedaTog, auTd av unv épyeton €&’ olo-
Xx\pou amd TNV TINYN.

ISwoitepn mpoooyh ypeldleton 0ToV OYEBLOWUS TrV SloxonTxmv xOuPwv (onueio cuvdvinong
enaywyol, daxdmtn xar 8i6dou), ol omoiot eivon umeYUVOL Yo TNV TUEAUOEPWOY TWV XU-
HOTOROPPAMY XL TNV eXTOUTY Nhextpouayvnuxol HoplfBou. Yto Nynua 2 mopoucidleton TO
OYNUATIXOG xalk 1) SLETAEN €VOS BloxonTixol xOufou, ue Téoceplc dlaopeTixég dlapoppnoelg. EE’
TV, N Sdtadn 4 mopouctdlel TNV XahOTERY CUUTEELPOES amd TAELEAS VepUxng amaywYhc,
NAEXTEOUOY VNTIXAC GLUBATOTNTAS XAt TOAAVTOCEWY GToV LUYO.

‘Evoc tponog yia tny adénom e anddoong Tou UETATPOTEN EVOL 1) YPHOT TOMATAGY GTOL-
Yelwv ToTo¥eTNUéVLY ToEdAANAa.  AUTH 1 TAXTIX) UELOVEL TIC ATOAEIES AYWYNG XL UTO TOV
XATAAANAO OyYeBOUO, ALEAVEL TNV amaywY? VepUOTNTAS XL UELWVEL TIC UTEPTACEL Yol TIC
olaxonTixé anAeieg. Boowr| mpolmddeon elvon 0 cuupeTends oyedloouog, €Tol Hote xdie
NUayeYxod otoyelo va €xel v Bl (topacttiny) enoywyy oe xdde dpbduo xou to pedua vo

dlonpeltan 600 TO BUVUTOV THO OUOLOUOEPI UETAEY TWV O TOLYEIWY.

Eninteba TvAlyuara
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Y

Q1 Ql
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Design 1 junction Design 2

:
Switching

[
Gate Driver

Ql Ql
o Y Design 3 Design 4
(a) Synuotxé (b) Awpédppuon IITK

Figure 2 Iapaoitixt enoywnyr tonoloylog nu-yépueos.

Tao eninedo TUAlypaTa amoteholy €vay EVOANAXTIXO TEOTO OYEOLAOUO) UAYVNTIXWOY GTOL-
yelov. Ta cuyfoatixd otoryela €youv TUliyUoTta To oTolo EXTEIVOVTUL GTOUS TEELWS GEOVES, UE
%xévtpo ouvidwe to dxpo evog muprva (EI, UL x.0.x.). Ta enineda tuliypoto exteivovton
TNV XY-ETULPAVELN, EVE BTNEolV éva uixpd DPog TNg TAENG TWV HEPIXWY YLIAMOCT®Y GTNY 2Z-
oo taor. Mnopolv va yenowornoindody o TEQITTOOELS XAl EQUPUOYES OTIC OTOLES TO YoUNAO
npogik elvan emuuntd, OTwWe oL xoUTVES BOUNUEVNE XOAWDIWONG TWV XEVTPWY BEBOUEVKY, Ol
EVOWUATOUEVOL GTO NAEXTEIXO OYNUO POPTICTES, X.0.X.

[Tépav tou younhol meo@iA, to eminedo TUAlYHOTA THEOVGLELOUY XUAUTERY ATAYWYH TNG
YepudtnTag AdYw TN T YeyohliTepne emipdvelds toug. Mmopolv enione va napaydolyv
palixd ye younio x6ctog, xadmg xan e oxplBn xon emovokiduun Tiwn etaywyrc. Enlong, Adyw
Twv 35-70 um Udoug Tou Yakxol, Bev ToEOVGLALOLY ETULBEQUIXO QPUUVOUEVO Yidl GLUYVOTNTES €W
xou 3.5 MHz.

H enayoyh twv eninedwyv tulypdtwy eaptdtor oTevd and TNV YEWUETEIXT TOUC Lop®T).
[N tetpdywva TUAlYHoTa eVEg emmEdOL TEelg dladedouévol TuTol etvon twv Wheeler, Rosa »ou

o Monomial, xou opilovton ¢

D+d
Lyy = 2'34M0N2;D—d’ (1)
1+2755-4
1.27 ,D+d 2.07 D-d D—d\?
Lo = N (22 ) 4018 +0.13< ) , 2
RS = 5 HN T <n<D_—d) D+d D+d ) (2)
D+d
2.4
Ly = 1.62 - 107312170147 (D-de> N 1785003 (3)
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omou D 7 e€wtepur) TAeLEd, d 1 €0WTEPXN, W TO TAATOC TOL BEdUOoL, s 1 andcTooY UeTAE)
TV dpduwy, xar N to thfdoc twv neptediéewy. Tao yeyédn autd mapouvcidlovion 6To Lyhua

3a xau 1 EcWTEPXY) TAELVPA, CUVAPTACEL TV GAAWY Peyedwy dlveton amd

d=D-2N(w + s) — 2s. (4)
A A
— <« S
W >
d dl S DI
>
D . > N
—> «— w ) ¢ "
Wy ) D: i
(a) Tetpdywvo (b) Moaporknhéypoppo

Figure 3 I'ewyetpxd yopoxtnelotixd eninedou TUAYHATOS.

H avdntugn mopohAnAdyeaey TUAMYUATeY Teocdidel otov oyediaoud dhhov évay Badud
eheudeplog, xoodg oL 600 TAEUEEC umopoLY va exTelvovTal aveldptnTa 1 plot omd TNV GAAD.
261600, 0 UTOAOYIGUOC TNE ETAYWYNE TOUC efvon TOAUTAOXOC, XS BEV UTAEY 0LV AVTIo TOLYES
eixolec oTn yenon xou tnv epunvelo eCilotoeic. H mapoloa diater) mpotelvel xotdhinieg
TPOTOTIOLAOELS WO TE Vot YIVEL BUVATA 1) EXTIUNOT TUPUAANAGY POUUGY TUALYUETWY Ao TIC EELOOCELS
(1) - (3), ehoryloTOTOLOVTAC TO OQIAUA TNG EXTIUNONG.

Me 0 yehon Tou YeEVIXELUEVOU UEGOU 6pov, Sivatal 1) e€wTeptxt| Theupd D Tov e€lomoewy
(1) - (3) va avixartastadel amd e vépua p twv thevpdy Dy xau D, (||D]], = (D} + Dg)i)
TOU TPAAANAGY pooL TURlYPaTOS, OTwe tapouotdletar oto Lyhua 3b. H emhoyy tne vopuac

aroteAel éva tpdPBAnua BektioTonolnong, xpithplo Tou onolou unopel va eivan  RMS Ty tou

| SSE
Ep _ S(P) (5)

CPANLATOS YOl EVOL GUVORO TUALYUATGV

1} T0 H€CO AMOAUTO CQAAUAL

s
1 | Lgim; — Lpwa,rs,vnyil
MAE,% = < 3 "

i=1 sim,i

- 100 (6)

7 2 7 7 e
6mou SSE(p) = ZIS=1 (Lsim’l- — L{WH,R&MN},,-(p)) , § 70 6UVOMXS TAHOC TOV TUNYUETOY, Ly, ;
T0 UmOTEAEOUA TNC TPOGOUOlwoNE Yo To i Bebypa (TOMypa) xon Ly rs MmNy, TO Anotéheopa

v eglokoewyv Wheeler, Rosa xow Monomial, avtiotowya, yio to i delyyo.
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Mean Abs Error %

05

(a) (b)

Figure 4 RMS xou péoo andhuto o@dhpo cuvapTHOEL TOU p Yot TO TuYaio UTOGUVORO (Slaxexoupévn
Yooun) xou yiot To Thipec ovolo (cuveyhic Yeouun), yia xdle eZicwon. To BéltioTo p,, e€uptdron and
TO EXJOTOTE LTOGUVONO, OAAS Ohat ToEOUGLELOUY OAXO EAGYLOTO oTNV Teploy) Tou 0 Yo Tic eElotoELg
Wheeler xou Rosa xou tou -1 vy to Monomial.

To anoteréopota TN BeATioTOTONONG Yiot VORUES amtd -5 €we 5 TapouctdlovTtol GTo Ly
4. Tlpoximtel mwe ol 800 mpteg eElowoelc mopouatdlouy BérTioTto yia TNV vopua p = 0 ue
pé€oo ambdAuTO opdhua Lixpdtepo Tou 1.1% , evdd 1 tpitn yiot TNV vopua p = —1 ye péoo andluto

o@dhua uxpotepo tou 4.6%. Buvenme oL Tpononouéves eELOOOELS Elval

Lyy = 2.34;40N21+%2T|p”0, (7)

L = 220 5oN21Dl (10 (257 ) + 01810l + 0130013 ). (5)

Lyiy = 154284 N VT8 DI DI 72 =147 5700, (9)
o D1, = e = S

Ta anoteréopata emBeBardvovTal and EpYAC TNELUXES UETENOELS, UE CQANULO UXPOTERO TOU
1.5% yw tnv eZiowon Wheeler, uixpdtepo tou 1.3% v tnv eZiowon Rosa, xou wxpbdtepo tou
5.5.% vy v e&lowon Monomial.

ISaitepo evdlapépov moapouatdlel 1 CUUTERLPOPE TOU CPIAUATOS GUVORTHOEL TOU AGYOU
D,/D,, o onolog avtinpoownelel Tov Badud Topoudepuons and To TETEAYWVO TEOE TO Td-
POAANAGYEAUUUO Oy AU XT0 LyNuo 5 Topouctdlovial Ta ATOTEAECUATO TOU UEGOU ATOAUTOU
opdhpatog, pe oyadonoinan tov Aoyo D/D,, yia TiC TEELC EELOMOELS XU YL TEELS OLUPORETIXES
vopuee p = {—1,0,1}. ‘Ocov agopd ta PérTiIoTal p, Yot TIc TEWTES dVo elotoec (p = 0) To
o@dhua e veTar 660 0 Aoyog Telvel Tpog TNV wovdda (Tetpdywvo oyfua), eved 1 teity (p = —1)

dev TaPOUGLALEL HOVOTOVY] GUUTERLPORT.
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Figure 5 Méco anéhuto opdhua % cuvopthoel tou D,/D,, 10 ontolo aviinpoowreleL TRy Topopdp@won
TOU TETPAYMVOL TPOS TO TopoAANAGYpoppo oyfua. Xto (d) napoucidletar 0 Yéco andhuto o@dlua
% Yo T avtioTol o GTROYYUROTOMPEVY P,y xdle eElowong, Ue To avTioToL(0 OmGAUTO GOAMLL TWV
TELRUUATIXDV ATOTEAECUATWY.

Me yerion e e€iowone tou Wheeler umopel va yivel extiunon g enaywyhc xdde onelpag
evog TUMYpaTog, divovTag xah0TeEN EOVAL YLl TNV XUTAVOUY TNG TAONG OF AUTEC, XOL ETL-
TEETOVTOG XAUAUTEPO OYEBLIOUS amd TAEURAS NAexTpxic uovwons.  Apywxd vrnoloyiletan 7
QUTETOYWYT) WaC OTElPAC | Xo OTN GUVEYELX 1) ETAYWYY) TNS | PE xqe GAAN omelpa j, CUV-
OedEUEVES OE OELPY XA UE TIC YEWUETPIXES TOPAUUETEOUS Tou auTég oynuatiCouv. Xtn cuvéyela
unohoy(leTon N opolBolor ETAYWYT TWV OTERWY | XL j APAEOVTIC TNV AUTETAYWYY TNS I, Xou
TENOC YlveTow SuVATOS O LTOAOYLOUOS TNG CUVORXNAG emarywYNg Tne i onelpac. Ou e€wtepixée
onelpeg eupoavi{ovy cUCTNUATIXG UEYUADTERY EMAYWYT XUl AVOAOYWS UE TO GUVOAMXO TOUG
mafdog, ol omelpeg 2, 3 xou 4 eupovilouv TV pueyahlTepn TTWOT) TAONS.

[ Ty eniteun peyahbtepen emaywyhc, dlatnedvTag Ti¢ eEwTepIXég dlac Tdoels (Bleg, elvan
duvaTH N oOVOEST] TOAGDY EMNEDWY OE OElPd, €TOL WOTE 1) PAYYNTIXY eoY| va €xel TNy (Bl

xateduvor v xdde eninedd. Autd Sopoppdvel évo tolueninedo TOMYUQ, TO onolo Ouwg
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Figure 6 Iotéypouua tou opdhuatosc % xou 1o mARlog twv Serypdtwv ye o@dhuo > 5%.

ouveyilel va el uixpd TEoGih GTNY XATIXOELYO, GTNY TEEN TWV UEPIXWOY YIAooTHOY. 20Té00,
oUTE GE AUTAY TNV TEP(MTWAT, UTAPYOLY EELCMOOELS YL TOV EUXONO UTOAOYIOUO TNG ETAYWYHS
TOUG.

Mio extiunon umopel va yivel ge TNy avTixotdo taon Tou TARY0US TOV OTIELRMOY UE TO YIVOUEVO
TV eMnEdwyY el TIC omelpeg avd eninedo, xaL TNV AVTXATACGTACT OTIS TEES eElooElS. AuTh
N mpocéyyion dlvel €yxupa amoteAéopata Yo 2 eNINESA X OE OPLOUEVEC TEQLTTWOELS TUALY-
pdtwv tewv emnédwy. IlpoxOnter 0 avdyxn yia v Unapln woc véog eElowong, Ue tny
onolo xad{ototan duvatd vor extiuniel N ETaywY TUMYUATOV TEQLOCOTERWY ETUTESWY XOU UE
ueyalvTeE axpelfBeia.

Xenotwonowwvtag €va 6UVoro dedouévey and nepinou 6,000 TUAMYUATOY BlapopETIXGY dlo-

OTEoEWY, XU PE YEHOT TOAMATAAS YRoUUUXc TaAvdpdunone, tpoxinTtel 1 e&iowon

—1.175—1.072
LMN — 1.602M0D1_0'592D;0'378D1 D2 w_0'183S_O'Ol1N;‘794Ni'8040_0'006(NL_1), (10)

omou Nr 1o mhdog twv omelpny avd eninedo, Ny 1o mhfdog twv emmédwy, xou O 1 ando oo
petagl Toug.

Y10 Xyfua 6, topouctdletal TO Lo TOYRAUUHUN TOU CPIAUATOS Xk TO TARUOC TwY TUALYUSTWY
ue o@dhua peyarhitepo tou 5%. H yéon T tou ogdhyatoc eivan u = 0% xou 1 Sloaomopd Tou
o = 1.77%, ev¢d 1o yéoo andhuto o@dhua 1.24%. H axplBeia tng e&lowong emBeoucdveton xou
UE TELQOUOTIXEG UETENOELS, AXOUOL XOlk YLOL TUALYUOTA UE DLUO TAOELS EXTOS TOU dp)tx00 GUVOAOU
dedopévmv, ue opdhua wxpodtepo tou 6.1%.

H ebpeon wog e€lowong umopel va ouyfdiet xou ot BeAtioTonolnon Tou oyedlacuol, 6Tou
yio dedopévee elwtepinéc dlaotdoelg umopel va Bpedel n péyiotn emaywyy, B yio dedouévn
enaywyy) unopolyv va Beedolv ol eAdyloteg e€wtepnég mhcupés. A&ilel va onuewwdel twg To
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TeoBAnua fehtioTonoinong meog entAuct elvol PN xUETO, OTOTE AMATOVVTOL TEYVIXEC AVTUIETWM-
TUONG NG ERPAVIONG TOTUXWDY AXEOTATWY, OTWS 1) ENAVEANYN Tou alyoplduou Yo SlopopeTixég
opYIUEC CUVUXEC.

Y10 mhadolo TNg SLaTEBNC TEAYUATOTOLE(TOL GUYXQELON TV TROTOTOMNUEVWY XL TWYV VEWV
e€looEWY, 600V apopd TNV oxplBeld TwV EXTWNACEWY Yo TUALYUOTO EVOC Yol TOAAATAGY
emnédwv. o Tor TUAlypoTo evog emmédou 1 Tpotonomuévn e€icwan tou Rosa divel ta xolltepa
anoteENéoUaTa, PE HEco andhuto opdhpa 0.65%, evéd tou Wheeler ye 1.05%. H véa povdvuun
elowon Biver o tpltar xahUtepa amoteAéopato e péoo andhuto opdiua 2.01%.

‘Ocov apopd tar TUAlYPoTo TOAAATAGY ETLTEDWY, XAl Ol TEElC Tpononotnuéves ellotaels (7)
- (9), ue N = NpNp, éxouv yéco anbluto o@dhpo Yeyohitepo tou 7.5%, xou pn undevixy
wéon tuh. Me ) véa povavoun eZiowon (10) emtuyydvetar Yoo amdAUTO o@dhud WXpOTERO
tou 1.5% pe oyeddév undevinr| uéomn tuh. BUVENOC, Yo TUALYUOTo EVOC EMTESOU TTpoTElvETAL 1)
XEY oM TWV TPOTOTONUEVKY eElowoewy Twv Rosa xaw Wheeler, eved yio aved Tou evog emmédou
TpoTelveTAL M) YENOM TNS VEUS LOVOVLUTNG e&lowang.

Télog, mapoucidleton 1 enidpoaot TNE eloaywyNc TupYva TOToL QepEity, cuvidwe oy uaTtog
UI xou EL Tivetonw oOvtoun avaoxomnom g eXTiUnong TV anwhewdy xot TS Loy vnTixig pohe
evtog Tou muprva. Ewduxd yio Ty neplntwon tou mtuprva EI Beioxeton to 10000vauo poryvntixd

HOUAWUAL, 1) Loy YNTIX AVTIOTUOT XOU 1) POT] YOl TIC TEQLITWOELS TURTIVOL UE Xl Y WpElC BLdXEVO.
Merarpomeic Yvvroviouov

Me 1 yenon Twv LPloLYVEOY UETATPOTEWY CUVTOVIOUOU TUREYETAL 1) BUVATOTNTA Uelwong,
oXOUOL X Vo EEGAELPNG, TOV DUXOTTIXOV ATWAELDY TOV MUY WYIXOY BIXOTTOY, YEYOVOS
TOL ETUTEENEL TNV aLENON TNG AmOBOCNE TOU UETATEOTEN VLol G ToERY] BLoXOTTiXY) cuYVOTNTY,
N evohhaxTixd adEnom e ouyvOTNToG xat YElwoT Tou OYXou Tou UETaTEOoTEN Yo oToadepéS
anwhieeg. O petatponelc autol yenotuonoloy éva XUXAWUN GLUVTOVIOUOD, To onolo anoteheital
oo €vol BIXTUO TOUAAYLOTOV EVOC ETAYWYOV XU EVOC TUXVKTA ot ovopdleton dixtuo Leding
udmiic ouyvotntoc (High Frequency Link - HFL). Ot mo diadedopévol yetatponelc cuvtovi-

ouoL elvan o oelpde xar o LLC, 6nwe napovoidlovion 6to Lyfuo 7, UE GUYVOTNTA CUVTOVIGUOU

fo=1Q2n+\/L,C,).

0 —

D% D
i,
| I—‘ : CL| RL|*
Cr ! Ly u -
Lm QFL,() - UL

- » Do D4z%
i

| | 1
Src Inverter High-Freq Link  Rectifier Load Sre Inverter ' High-Freq Link Rectifier ~ Load

(a) Xuvtoviopol-cepdc (LX) (b) LLC

Figure 7 Metoatponelc ouvtoviouoo.
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O petatponéac cuvtoviopol-celpds (XX) anotehel pio and Tic o anhéc xou dladedouéves
HOPYES, €A TNV TEPITTWOTN Tou Oev YEedleTon NAEXTEIXY AMOUOVWOT UETOED ELGOOOU-
e€6dou. LNy TEPINTWOY TOU UTHPYEL UETUOYNUATIOTAS, EAV 1 QUTETAYWYN payvhAtione L,
elvon TouhdyloTov Blo TaEelc ueyéVoug ueyalitepn g oxédaong L,, n poyviTion unopel va
apeiniel xou o yetatpoméas unopel var avahudel dnweg o cuvtoviouol-celpdc. No onueiwidel 6Tt
otav 1) poryvition unopel vo aeiniel, to xépdog tdone U, /U; eivan (oo A wxpdtepo tou éva, Ue

U, = U, ctov cuvtoviouo.

(a) COM (b) DCM

Figure 8 Am\omoinuévo uovtého UETATEOTEN GUVTOVIOUOU-GELRHC.

Y10 Eyfua 8 moagoucidlovian ta 800 amlonoinuéva LovTéla Tou UeTatponéa XX, yiol THV
nepinTwon cuveyolc aywyhc pedpatoc (CCM) oto nnvio cuvtoviopol L,, xou yio Ty Tepintwon
e aouveyolg aywyhc (DCM). H Aettovpyia tou petatponéa e€aptdton and tn Slaxontixy| ouy-
votnta (f) Twv Slaxomtdv: yiol fi > f( 0 UETATPOTENG AELTOLRYEL oTNY EnaywYx Teptoy),
v fy = fo 0TOV cuVTOVIoUO, VD Yo fi < fo oTn ywentx Tepoyr. Mdvo otny teheutaia
uropel To pedua Tou Tnviou vo undevio tel yia xdmoto (un-otiypaio) ypovixd didotnua. H Adon

e dlaopixhc e€lowaong

Ui_UozULr+UCr (illL + 1 /lert (].].)

odnyel oTov xodoplopd TV AVAALTIXOY EEIGHOOEWY TOU TEELYRAPOUY TNV TAoT XaL To pedud
yia xdde onuelo tou yetatponéa. H elpeon twv apyxdv cuvinxdy yivetou péow tne cuvihxng
GUVEYELNG YLa TO PEVUA XoU YiaL TNV Tdo™ ot p€ow Tou looluyiou toylog.

Y10 Yyfua 9 mapoucidlovion ol xupatodoppés tdong xou pebpatog tou HFL vy xdde
neploy )| Aettovpylag. LTNV enoywYLx| AELToupyia EMTUYYAVETOL UETAPAOY TWV DIAXOTTWY UTO
UNOEVIXY| TAOT) XUTA TNV EVOUCT) XU UETHBUOT UE amWAEIES XaTd TN oéon. TN cuyvoTnTa
GUVTOVLOUOU X0l G TN YWENTIXT ACUVEY T AELTOVEY (0l ETULTUY Y EvETOL HETEBaoT UTO UNBEVIXO pELUA
1600 xatd TNV of3¢om 600 xaL XATE TNV EVAUoT). TN YweNTix Aettovpyia cuveYoUS aywYhC,
oL dlaxomTeg ofrivouy LTS UNdEVLXY) TAGT EVE N €VOUGT| TOUC TOROUGCLALEL ATMOAELES.

To 6plo Aertovpyiag petalld twv nepoydv CCM xaw DCM, eloptdtar and tnv yopoxtn-
plotxry eunednon tou HFL Zj, to goptio R;, xou Tov AOYo CUYVOTNTAC CUVTOVIOUOU Xal

’ 7 14
SloxomTixnc, xou divetan and

, R; >R = DCM
RLBD—Z()” 0 = L L,BD
45 |R, <Ry, pp=>CCM
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Figure 9 Kupatopopgéc LC-oeipde yior xdie meployt| Aettovpyloc.

CLVOPTNOEL TOU POETIOU, Xou aTo

fsBp = fo%% = fs> o0 > DM (13)
L fs < fs.p > CCM
CLVOPTHOEL TN CUYVOTNTOG.

To avtxelpyevo tng dateBric mepthopfBdvel, exiong, v newpoapatxy emBeBaiwon tng Aet-
Toupyiag Tou petatponéa. Ilopatneeiton nelpapoatind nwe 1 Asttovpyia oe CCM elvan Avydtepo
amodoTixy) and TN Aertovpyion oe DCM oe xde nepintwor, 6nne nopovoidletar oto Myfua 10.
‘Ocov agopd ta MOSFETS, n anodotixdtepn Aettoupylo Toug mopatneeiton TNy Emoywyxn
TEELOY N Xl UGMO T Ue TOAD pixer) alénom TWV ATWAEWWY Tdve oTo oToyela o oyéon ue
v adénon e TapeYOuEYNC toyLog. Autd ogelheton otV évauor und Undevixn Tdom xaL TNV
e€dheudn TV anwAeLdY Tou Tapacttixol Tuxveth e€bdou. Io ta IGBTSs, n Bértiotn hettouvpyia
napatneeitar oty DCM neployy, xodog 1 offéon und undevixd pedua e€aheipel Ti¢ andAeleg and
T0 PEdUN OLEAC.

[Mopodyota avdhuon mpayuatonojinxe vy tov petatponéo LLC, n avdiuorn tou onolou
TEPLAAUPBAVEL TNV ETAYWYT) HAYVATIONG TOL YeTaoyNUaTo . Ewixd otny mepintwon mou 1 tun
e ebvon ocuyxplown pe v auTETAY WYY oXEdAOTG, UTOPEl Vo TETUYEL *EPOOC TAOTG dEXETA
ueyahbtepo g wovddag. ‘Omwe xou oty mepintwon tou XX, 1o xépdog elvan (0o e v
HOVABA 6T LY VOTNTA GUVTOVIOUOV. AUVATHL, WO TOCO0, VoL UTEEYEL xou Pict EMTAEOY cUYVOTNTA

novadidou x€pdoug Tng Tdong, 1 T TS onolug efvon apxeTd WXEOTERT TOU GUVTOVLOUOD,
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e€opTdTon amd TV THY TRV TORUUETEMY TOU XUXAOUATOC GUVTOVIOUOU Xal TOU QOETIOL Xou BeV
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Ou nepoyée CCM xan DCM Suaxpivovton amd 0 ouveyn 1 acuvey aywyh TS avopUunTxhc
YEQUEAS xou OYL TOL XUXAGEATOS cuvtoviopoL. Optlovton Teelg teployég Aettoupyiag, N onoleg
xadopllovton and TNy TapeEYOUEVT oY) XAl TEOXVUTTOLY OL UETUPRACELS TV SLUXOTTEY, xoddg
X0l 0L GUVOPLUXES TEPLOYES UeTadd Toug.

Y10 mhadolo Tne SlatplBric, Yivetan mapouciosT) Twy Taviy TUTKY TUXVEOTEOVY YL TO XOXAGUL
oLVTOVIOUOU Xl TparypaTonolelton plor ouyxpltixr ueAétn. Toviletow 1 Suoxola tne yerong
EUTIOPXYV ETMAYWYOYV, YL TN CUYXEXQUEVT EQUEUOYT], XaMC Xl T TAEOVEXTAUATO XL OL
Teploployol Twv eminedwy TUAYpdTLY. Télog, TpayuaTonolelTon plor cUYXELITIXY OlepebYNoT TNG
TOEOGLTIXAS YOENTXOTNTAS EEOB0U TWY NULAYWYIXWY CTOLYEIWY, (KE CUVERTNOT TNE CLOXEVUGIAS

TOUC Xl TOL TUTOU TOUC.
Yvumepdouara

H SiatpBnr otoyevel vo cuUBAAeL 0TOV XAADO TWV UETATEOTEWY GUVTOVIOUOU, 6COV apopd.
Tov oyedloopd Twv IITK xau twv payvntixdv otouyeiwy, e€etdlovtac napdAAnia tn Aettoupyia
X0 TNV XUTAOXELT] TwV petatponéwy UX xar LLC. Ou npaxtixée xohol oyedlacpol Tou cuy-
xevtpwinxay and tn PBAoypaplo xou mapatidevton SOVATOL VO UELCOUY ONUAVTIXE TNV oA~
Ahentidpaom TV oNUATWY eVIOC TNG TAUXETAC, OAAG XU TNG NAEXTEOUNY VITIXAC TUPEUBOANC,
£V 00MYOVV GE XVUATOUORPES UE UIXPOTEQO UPUOVLXO TIERLEYOUEVO XOU DIEUXOAUVOLY T1) UElWOT)
TWVY ATWAELDY TWV SLXOTTIX)V otolyelwy. ‘Ocov agopd T0 oyediaoud TV TapahAnAdYEa-
WV ETUTEOWY EMAYWYWYV, EVOC X0l TOMODV ETUTEDWY, TopATIUEVTOL TPOTOTONUEVES YO VEEC
e€lOWOELS, OL OTO(EC UTOPOUY VoL EXTIUNCOLY UE PEYAAT oxp(Bela TNV ETaywYY|, UE UECO AmdOAUTO
o@dhpa uxpbdtepo tou 1.5% oe xdde nepintwon. Télog, avantioooviar xou emBeBocrvovTol,
o eninedo TPOCOUOIWONC Yol EQYUC TNELAXMY TELOUAT®Y, Ol AVOAUTIXES ADCELC Tou BIVOLY TIC
XUUOUOPPES TNG TAoNE XL TOu pevuatog yia xdle xoufo Ttou uetatpoméa XX, Vétoviag Tic
Bdoeic Yoo TV eXTUNOTN TV ATWAELDY xou TS eVpeoNe BENTIOTNG AetTovpyiag cuVoETACEL TOU
TUTOU TV dlaxon TV otolyeiwy. Iopduola avdluorn xar emPBefainon, oe eninedo Tpocouoiw-
ong, mpayuotonoeiton yio tov petatponéo LLC, 6mou Aopfdvovton ou xatdAAnieg npoceyyioelg
O TG TEQUTTWOELS OTOU 1) avathAUTLXY) ADOT BEV EVOL EQPLXTY OO TE 1) EXTIUNOTN TWV AEY XDV TYOV VoL
oxpBrc. Xe aUPOTERES TIC TEPLTTMOELS BlveTon BLTERT EUQaoT GTNV EVPECT) TV GUVORLIXWY
TEPLOY WV GUVEYOUE Xl ACLVEYOUG oY WYNS, YIa DLUXOTTLIXY) CUYVOTNTO ULXPOTERY) OO QUTH TOU

CLVTOVIOUOU.

AéZeic KAewdd: Beltiotonoinon Xxediacwo' IITK (PCB), Extiunorn Eno-
Ywynig, Extiunon Anwieidv, Metatponéag Zuvioviopon






Summary

This PhD thesis contributes to the analysis and design of high-frequency resonant converters,
with emphasis on the design of the magnetic components. The contributions lie on the mod-
ifications of existing equations and the introduction of new ones to for accurately estimating
the inductance of rectangle-shaped single-layer and multilayer planar windings, enabling fast
design and optimization processes. Furthermore, this thesis provides closed-form solutions of
the differential equations that describe all the operation regions of the LC and LLC resonant
converters, providing insight to their behavior and setting the criteria for the selection of
passive and active components. A comparison between the regions is carried out and the
boundary conditions between each operating region are defined. The structure is as follows:

First, good design practices are presented for high-frequency power electronics printed
circuit boards (PCBs), whose design difficulty lies in the fact that they include high-power
signals, as well as analog and digital control and measurement signals. The difference on the
power level and frequency spectrum can lead to crosstalk between signals inside the board,
and to electromagnetic interference between the converter and other electronics devices. The
design practices appear scattered in the literature (in books and scientific articles), but also
in interviews and presentations of experienced designers of high-frequency boards and power
electronics.

The topic of planar windings (PWs) is discussed. Their inductance is affected by the
geometrical shape of the winding, and several equations for regular-polygons have been pro-
posed in the literature. However, the use of rectangle-shaped windings provides an additional
degree of freedom to the designer, while the exact knowledge of the inductance plays a seri-
ous role in calculating the characteristic values of the resonant converter. Modifications to
three well-established equations, namely Wheeler, Rosa, and the Monomial, are developed to
calculate the inductance of single-layer rectangle-shaped planar windings, without affecting
the estimation accuracy. The mean absolute error is less than 1% for the first two equations
and less than 5% for the third. In addition, an algorithm for estimating the inductance per
turn is presented and validated, providing less than 7% error in the worst case.

A new monomial-like equation for calculating the inductance of multilayer rectangle-
shaped inductors is proposed, which retains the high estimation accuracy of the equations
for single-level windings. The mean error u = 0%, the standard deviation o = 1.77%, and the

mean absolute error is less than 1.5%. Moreover, a comparative study is carried out on the
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accuracy of the various equations in single and multi-level windings, highlighting the most
accurate equation for each case. For single-layer PWs, modified Rosa and Wheeler provide
a mean absolute error of less than 1.1% and the new proposed Monomial equation less than
2.1%. In the case of multilayer PWs, all modified equations provide a mean absolute error
greater than 7.5%, while the new proposed monomial equation has an error of less than
1.5%. In addition, a brief analysis is made of the effect the insertion of the ferrite core has
on the inductance of a planar winding, calculating the magnetic flux of an EI core with and
without an air-gap.

The common denominator of the aforementioned topics is the resonant converters. An-
alytical models are presented in the time domain for series-resonant and LLC converters,
for all operating regions (inductive, resonant, capacitive), and the initial conditions are de-
duced. Particular emphasis is given to the boundary conditions of the regions, and especially
on the operation between continuous and discontinuous current mode. The solutions yield
the values of voltage and current for every node of the converter, as well as the conditions
necessary to achieve soft-switching under zero-voltage or zero-current.

Furthermore, a comparison between MOSFET and IGBT devices is carried out for the
series-resonant converter, highlighting the most efficient region for each device respectively.
The conduction and switching losses models are presented, enabling the estimation of the
converter’s efficiency under any condition and operation. Based on the analytical solutions
and waveforms, a passive and active component selection procedure is proposed, which in-

cludes the parasitic components of semiconductor switches.

Keywords: PCB Layout Optimization, Resonant Converter, LLC Converter,

Planar Windings, Inductance Estimation, Semiconductor Losses Estimation
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Chapter 1

Introduction

1.1 Decarbonization and Electrical Power

Fossil fuels have enabled one of the biggest revolutions in human history, acting as a source
of energy for external and internal combustion engines (ICE). The transition from human
or animal-powered, to hydrocarbon-powered machines allowed a rapid development of all
productive and economic sectors (industrial, transportation, construction, commercial, etc.).
The developments of the last half century led to a technological bloom that has changed
everyday life, from education and work, to communication and politics.

However, to a large degree, the irrational and almost unregulated extraction and use of
fossil fuels, led to an also rapid shift in climate, what is now called “climate change”. This
change is exacerbated by the poor management of electronic raw materials and waste and
the increased electricity needs for hardware to support the digital transition.

The reduction and eventually the elimination of greenhouse gases (carbon dioxide (CO,),
hydro/chlorofluorocarbons (H/CFCs), and nitrous oxides (NOx)), which are largely respon-
sible for the climate change, seems to be a high priority for many counties, including all
European Union (EU) states, north America states and China. Especially for the EU, the
European Green Deal [1] aims to reduce greenhouse gas emissions by at least 55% by the
end of the current decade, and totally eliminate them by 2050, a very optimistic plan.

The electrification of all sectors is presented as a partial solution to the climate change
threat. The production of electrical energy in central power plants, with optimized cycles,
can help to reduce the emissions in general, especially when the produced electrical energy
replaces energy which traditionally comes from fossil fuels, like the transportation sector.
Also, the electrical energy can be produced locally from renewable energy sources (RES),
as a part of a decentralized network or in large photovoltaic (PV) and wind farms, where
the emissions during operation are almost zero. The utilization of RES also comes with
the added benefit of partial or total power autonomy in the level of a state, a region or a

municipality.
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However, the ecological and economical cost of a transition like this should be considered,
as it would require large changes on the power grid, the construction of new electric motors,
PVs, wind turbines, batteries, and power converters. Especially when it comes to traditional
electric batteries, the mining of the necessary materials (like lithium and nickel) is a big
concern [2]. The emitted CO, during lithium battery production for an electric vehicle (EV)
can range from 2,400 to 16,000 kg [3|, while the average new passenger vehicle emits 1,000
kg of CO, every 7,000 to 9,000 km (110g to 140g of CO, per km) [4]. Therefore, with the
current technology, the life-cycle of an EV should be large enough in order to offset the
CO, emitted for the construction of its battery, with the nearly-zero emissions during its
operation.

Energy storage can enhance the abilities of an all-electrical power society, by saving and
providing power when the demand is low and high, respectively. This simple method can
flatten the consumption “duck curve” [5], and overall reduce the production cost of electricity.
In Greece pumped storage systems for hydroelectric power plants are a relative inexpensive
and easy method to store energy, which can be better exploited as PV power increases [6].
Current plans include 5 new storage plants of total 1.5 GW power capability [7], which is
close to the optimal for a 60% RES penetration [8, 9]. Increasing the penetration up to 80%,
and including pumped storage and lithium battery storage systems, the optimal has been
found to be up to 3.5 GW, and up to 15-20 GWh [9].

Autonomous grids and microgrids can also greatly benefit from energy storage, especially
in Greece, where more than 30 non-interconnected power systems exist [10]. As an example,
the island of Tilos, which is not connected to the mainland grid, has deployed a hybrid
energy production system. This includes an 800 kW wind-turbine and an 160 kW PV park,
with a 2.4 MWh battery energy storage [11]. A similar method is used in the Azores island
complex, where a 50% RES penetration is achieved, with a 15 MWh energy storage [12].

Alternatives to store energy, which are less material-intense, like production of hydrogen,
which is then used in a fuel cell or an hydrogen-based ICE are examined [13, 14, 15]. When
hydrogen is produced from the excess energy of RES, it is called “green” and has low to zero
CO, emissions, during its production and consumption.

Hydrogen is a good candidate for facilitating the electrification of ships, airplanes and
heavy vehicles, where the power density of batteries is not high enough. Hydrogen can also
be transported via the existent natural gas grid, which in Greece is hydrogen-ready and can
be utilized with some minor modifications [16, 17]. However, they are not considered mature
technologies for mass production that can totally replace the conventional means, like diesel
ICEs, and further research is required.

Geopolitical conflicts are also a factor that can accelerate or decelerate the electrification
process. On the one hand, countries with access to cheap fossil-fuel, put pressure on the
relaxation of the commitments at the transnational level. On the other hand, conflicts in the

European region has forced EU to generate plans for a more rapid transition [18]. Moreover,
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raw materials and minerals, which are necessary for any electrification process, are another
point of armed or diplomatic conflicts, like the restrictions China forced in gallium and
germanium export, in response to chip export restrictions from the EU [19, 20]. Attempts
to mitigate the continuous exploitation of African countries is also a factor that will test the
feasibility of rapid electrification [21].

In any case, electrification requires converters of high efficiency, low volume and weight,
and capable of monitoring and controlling the power level and flow. At the same time,
power converters should comply with the several EU standards of safety and electromagnetic
interference. Traditional 50 Hz power transformers are optimized for more than a century,
and provide high reliability, high efficiency figures, and relatively low cost. However, they
are bulky and heavy equipment, incapable of monitoring and controlling the power flow.

The research on solid-state technology has enabled the development of high-power high-
frequency (HP-HF') converters, capable of monitoring and transmitting power in a control-
lable way, while also offering galvanic isolation between their sides. As switching frequency
increases, the values of the necessary capacitors and inductors decreases, along with their
volume and mass, reducing the need for copper, aluminium and core materials. The same is
true for the high-frequency medium- or high-voltage transformers (DCX), when isolation is
required. This leads to an overall more compact and lighter power converter.

The benefits that are introduced by HP-HF converters does not only make them suitable
candidates for replacing the traditional low-frequency equipment, but has motivated engi-
neers and designers to re-imagine the power transmission and distribution grid. Typically,
energy harvested from RES passes through a rectifying stage and enters the grid via an
inverter (DC-to-AC converter). With the ability of HP-HF converters to step-up and down
the voltage level, DC power grids become of particular interest, which is enhanced by the
installation of battery energy storage (BES) systems. Furthermore, DC power-intense loads,
such as data centers and DC charging stations, start to become an important part of the

total power consumption.
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1.2 Resonant Converter

The transition from low-frequency to high-frequency systems is restricted by three main
factors: (i) efficiency, (ii) reliability, and (iii) economic cost. Resonant converters can po-
tentially provide better performance and be more reliable compared to their hard-switching
low- or high-frequency counterparts. They consists of at least one active (full or half) bridge
and a resonant circuit, capable of operating near the resonant frequency and enabling the
switching devices to reduce and even eliminate the switching losses. Thus, the efficiency of
a DC/AC/DC, AC/AC [22], and DC/AC converter can increase from the range of 90-95%
to 97% or more.

The switching elements of resonant converters are subjected to less thermal stress due to
lower losses and less non-active current, which can increase their life expectancy. Further-
more, resonant converters produce waveforms closer to sinusoidal, which means less electro-
magnetic interference and greater compatibility between devices. As for the economic cost,
converters are difficult to compete with passive equipment, but as the technology matures
and economies of scale are developed, a counterbalance is expected.

However, it should be highlighted that if not properly designed (layout and component se-
lection), HP-HF converters can be less efficient or even unreliable, compared to conventional
hard-switching counterparts. Resonant phenomena can produce high-voltage oscillations
across the semiconductor switches, increasing their stress and even lead to their destruction.
As it is discussed in Chapter 4, the steady-state voltage and current can be larger compared
to other non-resonant topologies, for certain regions of operation. Nevertheless, it should be
noted that direct comparisons are not always meaningful, as different topologies have sepa-
rate properties that may or may not be suitable for a specific application. For example, the
LC-series converter has a voltage gain less or equal to one, and can auto-regulate the output
voltage when the switching frequency is equal to the resonant or the converter operates in
the discontinuous-current region. These features do not necessarily exist for non-resonant
converters.

The most common topologies of the resonant LC, LLC and CLLC converters are pre-
sented in Fig. 1.1. These topologies can be used as a conventional power converter, feeding
a load with energy, or as a DC transformer (DCX), which galvanically isolates its ports,
steps up or down the voltage via a HF transformer, controls the power level and even its
direction.

If only an L is utilized to form the high-frequency link (HFL) topology (L-HFL) is non-
resonant, but under specific conditions it can turn-on the primary-bridge transistors pair with
zero losses. During the dead-time and as the current cannot change instantly, the current
passes through the anti-parallel diodes, clamping the voltage to approximately zero, and
thus no losses are produced during turn-on. This is a simple example of lossless switching,

and further types of zero-voltage and zero-current transitions are discussed in Appendix A.
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The LC series resonant topology is the most basic resonant HFL, which consists of an
inductor and a capacitor. This can represent two distinct physical components, or a capacitor
and a transformer, which has a much larger magnetizing inductance (L,,) compared to its
leakage (L,), as it is discussed in Chapter 4. When L, is greater or nearly equal to L,, the
HFL is modeled as an LLC circuit.

The primary bridge necessarily consists of active components, and can be a half-bridge,
full-bridge, neutral-point, or multi-level topology. Other topologies, like the T-type LLC
have been proposed [23], but an exhaustive presentation is beyond the scope of this study.
The same is true for the secondary bridge, which can consist of diodes when unidirectional
power flow is enough, or active transistors when bidirectional power flow is required. When

both bridges are active, CLLC HFL may be preferable due to its symmetry.

The operation of a resonant converters is far from trivial, especially when the parasitic
elements of the components and the traces are considered. As new topologies are developed
and get more complex, trying to be more efficient and reliable, parallel and series branches are
added to handle larger levels of voltage and current, a systematic and intuitive understanding
of the basic building blocks is of paramount importance. In this effort, time- and frequency-
domain analyses can be useful, to better understand the behavior of the voltages and currents,
the ZVS/ZCS conditions, as well as the HFL response.

1.2.1 Applications

Ultimately, any power converter is as useful as the applications it can handle. Resonant
converters are currently dominant in power supply (PS) applications, from hundreds of watts
up to the kW range, like in computer and television PS. Studies over the last decade have
shown that they are good candidates for applications that require higher power levels, like
EV charging, and data center PS units. They are, also, considered as the core of any solid-
state transformer, incorporating high-power medium- and low-voltage handling capabilities,
power flow control, and high-efficiency. Other applications include the generation of high-
voltage, utilizing an isolated LLC resonant converter with voltage multiplier rectifier at the
output of the transformer. A simplified steady-state equivalent circuit is proposed, along

with the power factor, electrical stress and possible voltage gain in [24].

For several applications, the utilization of planar magnetics is beneficial. Planar inductors
and transformers are low profile components, and easy to construct and reproduce in large
quantities. Additionally, they offer precise inductance values, repeatable in mass production,
properties that are vital for resonant converters. The integration of planar magnetics in
power converters is a very interesting topic, with hundreds of recent publications, aiming for
designs that further decrease the cost and increase their efficiency. An indicative example is

presented in [25, 26] for data-center and telecommunication applications.
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1.2.1.1 EV Charging

Electrification of the transportation sector requires chargers for the EV batteries, which can
respond to the two fundamental scenarios: slow charging during a long period of time (4 to
8 hours) and fast charging to enable long distance travel (15 to 45 minutes or even less).
For the first scenario, an on-board charger (OBC) of 10 kW is enough, and there are already
available LLC converters, capable for constant-current constant-voltage charging, like in [27].
However, there is still a large margin for power-level and efficiency improvements, regarding
the bridges and their modulation, as it is presented in [28], where a variable-frequency phase-
shift method is compared to other state-of-the-art modulations. A comprehensive review of
two-stage resonant converters for EV charging is presented in [29], for various HFLs and
modulation schemes.

Nevertheless, fast DC-DC chargers, which can supply up to 350 kW [30], can greatly
benefit from resonant converters. The high-frequency transformer can reduce the massive
grid-side transformer, and the higher efficiency can reduce the required heatsinks. While the
community seems to be interested in this emerging application [31, 32|, it is not a mature
technology yet. This does not indicate any inability of resonant converter to handle hundreds
of kW, as it is presented in [33], but there are many steps to be taken in order to produce
reliable prototypes.

Another reason the topologies of Fig. 1.1 are preferable, is their ability to reverse the flow
of the power when the secondary bridge consists of active components. Many activities can
be found in the area of bidirectional power flow between EVs and the power grid. Numerous
vehicles, from French, Japanese, Korean, and USA manufacturers, have been modified to
enable vehicle-to-grid (V2G) or vehicle-to-anything (V2X) services, and have been field tested
[34]. Although the details of a fair pricing and responsibility scheme for the battery wear
caused be the additional charging-discharging cycles are under negotiation, V2X seems to

be a promising service, capable of supporting the grid both in a local and central level.

1.2.1.2 Marine and Aviation

High-power high-frequency converters can stand as pivotal components to ship and harbor
electrification, as well as the emergence of more electric aircrafts. Modern propulsion and
auxiliary systems, shore-to-ship power (cold ironing) [35], and air-propellers can greatly
benefit from these converters. In the context of ship electrification, resonant converters can
seamlessly integrate with the power distribution networks [36] required for electric propulsion
systems, enabling high-frequency operation to efficiently manage power flow. This enables
enhanced maneuverability, reduced emissions, and improved fuel efficiency. Similarly, within
the realm of more electric aircraft, resonant converters offer the potential to optimize the
electrical power architecture by providing high-frequency power conversion, reducing weight,

and improving the overall system efficiency [37, 38, 39|. As resonant converters continue to
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evolve, their versatile application in ship electrification and more electric aircraft can usher
to a paradigm of sustainable and efficient transportation systems.

A major challenge is thermal management of power converters in high-altitude or in
space environment. Thermal dissipation via natural convection is greatly reduced due to
the density of the air, and special consideration are required, as it is discussed in [40].
Another issue, especially critical for aircrafts, is the power density of the energy storage
unit. Regardless of the power converters utilized, conventional lithium batteries create a

bottleneck, which researchers try to overcome, considering hydrogen or solid-state batteries
[41].

1.2.1.3 Data Centers

Another sector that can greatly benefit from the low-volume and high-efficiency and scala-
bility of HP-HF converters is data centers [42, 43]. Through their ability to reduce losses,
resonant converters address the critical energy consumption concerns of data centers, align-
ing with the industry drive to reduce carbon footprints and operational costs [44]. It should
be noted that some estimations [45] predict that the emissions from data centers will increase
to the levels of the airline industry.

The adaptability of resonant converters to diverse load conditions and precise control
over output voltage and current make them an ideal choice for powering servers, networking
equipment, and cooling systems, ensuring stability and minimizing downtime. Their com-
pact, lightweight design aligns with the demand for high-density power solutions, optimizing
space utilization and supporting data center scalability. As data centers expand, resonant
converters emerge as a transformative solution that enhances energy performance, reliability,

and environmental sustainability.

1.2.1.4 Solid-State Transformer as Power Router

The most promising and emerging device that can take advantage of resonant converters is
the solid-state transformer (SST). This device introduces a new paradigm on power man-
agement and routing by being capable of multi-port input-output interface connections and
combining buses with different characteristics, as it is illustrated in Fig. 1.2. SST can oper-
ate as a power routing [46] device, capable of interconnecting low- and medium-voltage grids
and control the power flow depending on the requirements at any specific time. This can
assists with the implementation of the V2X and battery storage systems, both industrial and
residential [47]. Moreover, it can channel the regenerative braking energy from rail transport
and operate as a intermediary between off-shore grid and ships. The building blocks of an
SST are illustrated in Fig. 1.1. Note that the terms SST and DCX are used interchangeably

in the context of the work.
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Figure 1.2 The solid-state transformer (SST) as the heart of a new concept of power routing. The
SST can control the power flow from generators (power grid and RES) to the loads (residential,
commercial, data centers, etc.), as well as control the power flow to and from EVs and batteries.

As in conventional inverters, placing multiple in series, as parts of a greater converter,
can increase the voltage-handling capability. Moreover, placing multiple resonant branches
in parallel can increase the current-handling capability, without resorting to oversized and
expensive resonant components. These techniques can also enable for interconnections be-
tween medium-voltage and low-voltage (MV-LV) buses, utilizing input-series output-parallel
(ISOP) architectures. Further discussion on the building blocks, modularity, ISOP-IPOS,
and partial power handling for the DCX, along with specific applications, can be found in
[48, 49].

Resonant converters can be used in a ISOP architecture to isolate the MV AC grid from
the LV DC and step-down voltage levels, as in [50]. Modular multilevel converter (MMC) is
another way to step down the medium-voltage to lower levers. Other studies [51] propose a
hybrid modular multilevel converter, acting as a front-end between the MV grid and different
DC loads, like fast-charging stations and data centers. The proposed converters claims 20%
losses reduction compared to conventional full-bridge MMC and fault-ride through capability.

However, as the converter is unidirectional, the system is unable to take advantage of V2X.
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1.3 Scope and Contributions of the Dissertation

This dissertation aims to contribute to the vast field of resonant converter technology, more
specifically DC-AC-DC topologies, offering suitable PCB layout strategies, planar magnetic
components design and time-domain converter analysis. The specific contributions in each
area are presented along with the structure of the document.

Substantial effort is dedicated on concentrating and presenting a useful collection of
design rules that define the landscape of practices for high-power high-frequency convert-
ers operating in the range of hundreds of kHz to tens of MHz [52, 53, 54, 55, 56|. These
practices encompass prudent trace routing, meticulous layout planning, and proper compo-
nent placement. Moreover, the issues of paralleling power devices is briefly discussed. The
culmination of these efforts leads to enhanced reliability, reducing voltage and current over-
shoots of power converters operating in the dynamic high-frequency domain. Furthermore,
literature has shown that the efficiency is improved, especially in hard-switched converters,
decreasing in some cases the switching losses up to 26% [57].

A novel facet of the dissertation lies in the vigilant analysis of planar magnetic com-
ponents — a cornerstone of modern high-frequency power converters. The study carefully
examines the geometric parameters of planar windings, namely the outer- and inner-side
lengths, the number of turns, the trace width, and the spacing between them, providing an
intuitive explanation of their effect on the inductance.

The estimation of the inductance for regular-shaped single-layer windings has been ex-
plored in [58, 59| and is presented collectively in [60]. For the rectangle-shaped windings
the proposed equations are complex, hard to utilize, and are referred to windings of small
dimensions and very-high-frequency [61]. Others [62] considers larger windings for power
applications but make arbitrary simplifications without considering any other promising al-
ternative. This work proposes methods for estimating the overall inductance, as well as the
inductance per turn, for single-layer windings, by modifying existent well-established equa-
tions presented in [59]. These equations provide accurate results with less than 2% mean
absolute error, for a dataset of more than 2,600 samples. Since other studies are either not
considering power windings or do not have a large enough set, comparisons between the mean
absolute error (or any other estimation metric) is impossible. However, the three proposed
modified equations provide the same error as the initial regular-shaped low-power equations,
as they are presented in [59].

The inductance estimation for multi-layer high-power windings is also considered in this
thesis, and two additional geometrical parameters are employed, the number of layers and
the distance between them. After comparing different equations and structures, a novel
equation is proposed, with less than 1.5% mean absolute error, for a dataset of more than
5,500 samples. Moreover, an optimization methodology is introduced, enabling the selection

of geometrical dimensions, that maximize the inductance for a given set of dimensions.
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Understanding the effect of geometrical parameters on the electrical characteristics of planar
magnetic components allows for the development of proper designs for high-performance
power converter systems.

This dissertation further extends to present a comprehensive time-domain analysis for LC
series-resonant and LLC converters. Previous studies have presented time-domain analyses
for specific operating conditions of the neutral-point half bridge [63, 64, 65| and full-bridge
primary bridges [66, 67, 68] or with simplified models [69]. This study deduces closed-form
expressions for the initial values of current and voltage waveforms, from the full-order dif-
ferential equations, and across all operating regions, encompassing inductive, resonant, and
capacitive states. Moreover, the dissertation unveils the boundary conditions that separate
the transitions between these regions, providing a holistic understanding of the converter
behavior. The elucidation of zero-voltage zero-current switching conditions is of particular
significance [70], as it comprises a fundamental aspect in converter operation. This rigorous
analysis, supported by experimental results, deepens the comprehension of converter dy-
namics and paves the way for the appropriate component selection in high-frequency power
converters.

The state-of-the-art studies on the planar magnetics technology and on the resonant
converters are presented in the corresponding points of the text, to assist with the reading
flow. More specifically, the analytical, empirical, and arithmetical approaches towards the
estimation of single-layer and multilayer windings, are presented in Section 3.2 and 3.3,
respectively. The effects of the magnetic core and the equivalent circuits are presented in
Section 3.5. Finally, the state-of-the-art on frequency- and time-domain models for LC and

LLC resonant converters are presented in Section 4.2.

To summarize the contributions of this dissertation:

- The effects of every geometrical parameter of PWs on the inductance. The necessary
modifications on the square-shaped single-layer PWs estimation equations, in order
to be applicable to rectangle-shaped PWs (RPWs). The modified equations require
the same computational effort and provide similar estimation errors with the original

equations.
- The deduction of a new equation, capable of estimating the inductance of multilayer

RPWs (MLRPWs). A monomial-like equation form is utilized and its coefficients are

extracted using the multiple linear regression algorithm.
- The time-domain analysis of LC series-resonant (LC-SR) and the LLC converter, for

all switching regions (switching frequency greater, equal of less than the resonant fre-
quency). This analysis provides closed-form expressions for the voltage and current on
every node of the converter. Special consideration is given to the f, < f, operational
region, where the converter can operate between DCM and CCM, depending on the

switching frequency and the load. The boundary between the two operation modes is
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extracted. Furthermore, the proper conditions that should be met in order to achieve

zero-voltage or zero-current switching (ZVS or ZCS) are defined.

1.4 Related Publications
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1. T. Papadopoulos and A. Antonopoulos, "Inductance Estimation for High-Power Mul-
tilayer Rectangle Planar Windings”, under review.

2. T. Papadopoulos and A. Antonopoulos, "Extension of Simple and Accurate Inductance
Estimation for Rectangular Planar Windings,” in IEFEE Journal of Emerging and Se-
lected Topics in Industrial Electronics, doi: 10.1109/JESTIE.2023.3276349.

Conferences:

1. T. Papadopoulos and A. Antonopoulos, "Time-Domain Analysis of Full-Bridge Series-
Resonant Converter and Boundary Conditions for DCM Operation”;, 2028 25th Fu-
ropean Conference on Power Electronics and Applications (EPE’23 ECCE Europe),
Aalborg, Denmark, 2023, pp. 1-10.

2. T. Papadopoulos and A. Antonopoulos, "Inductance Estimation for Square-Shaped
Multilayer Planar Windings”, 2022 24th European Conference on Power Electronics
and Applications (EPE’22 ECCE Europe), Hanover, Germany, 2022, pp. 1-10.

3. T. Papadopoulos and A. Antonopoulos, "Formula Evaluation and Voltage Distribution
of Planar Transformers Using Rectangular Windings”, 2021 23rd European Conference
on Power Electronics and Applications (EPE’21 ECCE Europe), Ghent, Belgium, 2021,
pp. 1-10, doi: 10.23919/EPE21ECCEEurope50061.2021.9570558.
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Chapter 2

PCB Design Rules

2.1 Introduction

In modern power electronics, the pursuit for higher efficiency, increased power density, and
improved performance has led to the ascendancy of high-frequency converters. These con-
verters, operating in the kHz to MHz frequency range, have become pivotal components
in a plethora of applications, ranging from renewable energy systems and electric vehicles
to power supplies and telecommunications infrastructure. As the operating frequencies in-
crease, the significance of printed circuit board (PCB) planning and layout in achieving
optimal converter performance is paramount.

The PCB, once considered a mere substrate for mounting components, has now evolved
into a critical medium intricately intertwined with the efficiency, electromagnetic compatibil-
ity (EMC), thermal management, and overall reliability of the converter. Properly designing
and implementing a PCB layout for high-frequency converters demands attention to detail, as
even minor design choices can exert profound impact to the converter functionality. Various
common and popular design methods have passed from the field of low-power high-frequency

PCB designs to that of power converters, potentially creating controversies.

2.1.1 PCB Design Issues for Power Converters

A typical power converter consists of a few power semiconductor devices, several active
components such as gate drivers and sensors, and numerous passive components. These
elements are necessary for the proper operation and control of the converter. The connections
between the components are implemented via copper (or in some cases aluminum) traces,
etched on a PCB, and vias to pass signals between layers. Every conduction path and the
total layout presents some unwanted properties, which can potentially lead to the reduction
of the converter efficiency and reliability.

Power electronic converters design includes all types of signals, namely
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- High-power traces and planes (high-voltage and current),

Low-voltage PWM traces (gate driver input),
- Driving PWM traces (gate driver output),

- Isolated supplies for driving high-side transistors,

Low-voltage low-frequency controls (gate drivers disable, relay controls, etc.),

Low-voltage input analog signals (e.g. voltage/current from sensors),

meaning that the PCB design is challenging, since in the same board co-exist signals with a
wide frequency and voltage range.

Furthermore, in high-frequency power PCB designs, grounding and return path design
is a critical factor. The complexities introduced by high-frequency operation can lead to
significant challenges in establishing effective grounding schemes and return planes. These
challenges arise due to the existence of inductive loops, signal interference, and voltage
fluctuations that can impact the converter performance.

Proper grounding and return path design is essential for minimizing voltage induction,
control noise, and maintain signal integrity. In high-frequency converters, the currents flow-
ing through different parts of the circuit can induce voltage fluctuations across the ground
plane, resulting in unwanted noise, interference and potential ground bounce. Strategic
placement of the components and the ground vias, as well as careful consideration of current
paths can help mitigate these issues.

Moreover, high-frequency converters often involve square-shaped switching waveforms
that can generate transient currents and voltages in other places of the board. These tran-
sients need clear pathways to return to their source, without causing interference with other
components or sensitive signals. The reduction of electromagnetic (EM) emissions is partic-
ularly important for commercial and industrial devices, since they should not exceed specific
levels of EMI to not interfere with other electronic converters and devices (like computers)
in their vicinity.

Despite the importance of the layout, literature is still relatively poor on scientific studies
and recommendations regarding the placement of the components, the engraving and etch-
ing of the traces, the necessary distance between planes and traces of the same and different
signals, etc. The main source of information, other than books considering high-frequency
mixed signal boards, which do not have to handle high-voltage or high-current like power
converters do, are practicing engineers specializing in PCB design. Their opinions and find-
ings are usually shared in seminars, whitepapers, interviews etc. This creates a difficulty
in establishing a strong scientific consensus on the topic, and in some cases even produce
contradictory results.

For this chapter, the analysis of the parasitic components, the suppression methods

and the good design practices are extracted from ECPE lectures [52, 53], textbooks [54,
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55|, interviews and presentations, like [56], of experts in the field of PCB design. Peer
reviewed IEEE articles, discussing some specific problems have been also used, and are cited
in the respective text parts. While the topic of PCB design is one that artificial intelligence
algorithms, like genetic algorithms [71], could assist greatly, there is much work to be done

until they can be considered reliable, and will not be discussed any further.

2.1.2 Purpose and Structure

This chapter aims to delve into the multifaceted domain of PCB planning and layout for high-
frequency converters, briefly explaining the development of parasitic elements and suggesting
methods and practices to minimize them and reduce their effect, increasing the reliability
of the converter. By presenting the issues, and judicious use of layout, parasitic effects
can be mitigated, enhancing the converter reliability and reducing losses. Moreover, the
chapter elucidates how thoughtful PCB layout can deter the propagation of electromagnetic
interference, both internally within the board and externally to the surrounding environment.
Techniques for minimizing the switching loop area, controlling signal paths, and strategically
positioning critical components are unveiled to create a harmonic coexistence of circuits on
the board.

This chapter is structured as follows. First, the equations for parasitic capacitance and
inductance are deduced for a two-wire transmission line, along with two PCB trace lines and
a trace with ground return plane. The issue of inductive and capacitive coupling is discussed
and the effect of displacement current for high-frequency PCB and crosstalk are examined.
A set of good design practices is presented, containing recommendations on component
placement, trace and layout planning, and the proper layer order for multilayer PCBs. In
addition, special attention is given to the design of the switching node, which every power
converter has, and the effects of symmetrical PCB design, focusing on the challenges that

arise when semiconductor devices are placed in parallel.
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2.2 Parasitic Components on a PCB

Every copper wire or trace presents an inherent inductance which increases with length and
decreases with its cross-sectional area. Furthermore, the inductance is also determined by
the return path of the current. The closer the return path is to the positive trace, the
enclosed area between the two gets smaller, and their mutual inductance gets larger, factors
that can significantly decrease the inherent parasitic inductance.

The most simple example of parasitic inductance is presented in Fig. 2.1, where two
parallel cylindrical lines are illustrated. The total inductance per unit length of the system

is given in [72] as

L=%(%+ln<%—l)>, (2.1)

where py = 471077 is the magnetic permeability of free space, R the radius of each wire,
and D the distance between their centers. The term 1/4 corresponds to the self-inductance
of each line, caused by the magnetic flux inside the copper. If the internal self-inductance is
ignored, and the radius is much smaller compered to the distance separating the two lines
(D> R), (2.1) is simplified to

Lz@m(g). (2.2)
V4 R

Another way to approximate the inductance of the two parallel lines is by calculating the

capacitance between them, as in [72],
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Figure 2.1 Two cylindrical parallel conduction lines.
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(a) Pair of traces (b) Trace with ground plane return path

Figure 2.2 Most common signal transmission lines in PCBs.

Again, if D> R, (2.4) can be simplified to (2.2).
For estimating the inductance of two parallel traces (of the same current loop), a slight
modification of (2.1), is sufficient. The distance between the centers of the two parallel traces

is D = w+ s, where w is the trace width, and s the spacing between them, as illustrated

in Fig. 2.2. The radius R = \/WTh, where h is the trace height, is typically 35 or 70 ym for
PCBs. The modified equation is

L=%<%+m<¢g%w+w—0>. (2.6)

which gives the inductance per unit length.

In the case of a ground plane return path, as illustrated in Fig. 2.2b, and given that
the width of the trace w is much greater than the height of the substrate h, the parasitic
capacitance is

(2.7)

and the corresponding inductance

d
L= popr (2.8)

where p, is the relative permeability of the substrate (FR4).
Another way to transmit signals is with copper wires outside the PCB, which offers

more flexibility, but can introduce more parasitics. The less noisy way is utilizing coaxial
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2

(a) Isometric view (b) Cross-section

Figure 2.3 Co-axial cable.

cables, as the one illustrated in Fig. 2.3. The negative signal usually uses the cylindrical
shell, surrounding the internal wire, offering noise reduction. Furthermore, the coaxial cable
significantly reduces the EM radiation, as the magnetic fields of the positive and negative
wires cancel each other out, as illustrated in Fig. 2.3b. The corresponding inductance per

unit length is

L= g—f[ (m%), (2.9)

which is the half of the two-wire setup.

A detailed analysis of the impedances of various practical designs, like two parallel traces,
a trace with a ground plane return path, etc. can be found in [73]. Matching the impedance of
the line with that of the termination component can be useful, especially for high-frequency
signals, in order to reduce transient phenomena like signal reflections.

Two traces carrying different signals (belonging to different current loops) can interact
with each other due to the intrinsic parasitic inductance and capacitance, as illustrated in
Fig. 2.4. Depending on the rate of change of voltage and current, the one or the other can
be more significant. This is called crosstalk and leads to signal distortion, inducing smaller
signals in the neighboring trace.

In the case of power converters, when power and control traces are close, the distortion
can be significant enough to totally disfigure the control signal, potentially causing instability
to the control loop. This type of crosstalk should be avoided at any cost, since it can cause
malfunction of the whole converter, or even destruction.

Another issue that arises is the displacement current, caused from the parasitic capaci-

tance in high-frequency signals, resulting in the non-uniformity of the current distribution
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(a) Parasitic inductance (b) Parasitic capacitance

Figure 2.4 Parasitic elements on two parallel PCB traces, with two different signals (different current
loops).

on the return plane path. Even when a wide ground plane is available, return current prefers
to occupy the area underneath the positive signal trace, as it is illustrated for an indicative
S-shaped trace, in Fig. 2.5d and 2.5e. In Fig. 2.5b and 2.5¢, the same effect is presented
but for a relative low-frequency signal of 20 kHz, in order to highlight the significance of this
phenomenon as frequency increases.

This phenomenon increases the impedance of the return path and can intensify the
crosstalk between two lines. Its mitigation is not trivial. The increase of copper height is
not always possible, as manufacturers have specific capabilities, and the cost is dramatically
increased when custom orders are placed. Removing the copper from the area that is right
below the positive trace can reduce the phenomenon, but is a controversial method, as it is
allegedly improves some aspects, like common-mode EMI [74], while making others worse,
like impedance mismatch and trace routing [75]. When dealing with mixed signals, like in
power converters, it is advised to separate the ground planes of high-power and low-power
control signals. Furthermore, when possible, separating high-frequency digital signal plane
from that of the analog signals can reduce the crosstalk.

In conclusion, parasitic elements are present everywhere and can cause significant prob-
lems if they are not taken into account and no mitigation techniques are applied. The next
section discusses the effect that those elements have in real PCBs, along with ways to prevent

or reduce their effects.
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Ansys

(a) isometric view

(b) z-axis view (c) y-axis view
(d) z-axis view (e) y-axis view

Figure 2.5 PCB with one S-shaped trace and a copper plane return path, and a sinusoidal current
of 20 kHz for (b) and (c) and 200 kHz for (d) and (e). The return current does not occupy the whole
area of the return plane, but prefers the path right underneath the S-shaped positive path.
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2.3 Good Design Practices

The goal of a good design is to reduce unwanted parasitic elements, namely inductors and
capacitors, as well as reduce the unwanted communication between paths, typically known
as crosstalk. The analytical approach to such a problem is practically difficult, as it requires
excellent knowledge of electromagnetic analysis and time-consuming processes. Addition-
ally, the complexity of the problem increases exponentially with the inclusion of additional
elements and paths. Certain software packages such as Maxwell3D, HFSS, and Q3D by AN-
SYS are more attractive solution, but require familiarity with the software and a powerful
computing system to analyze real boards with tens of components and traces.

The previous section described the underlying causes that present undesirable effects on
a power PCB. This section aims to establish a set of empirical rules (rules of thumb) which
can be applied, without having to resort to complex EM analytical approaches. This can be
useful, especially during the first phase of the design, in order to achieve good operation of the
converter and to reduce the undesirable effects. The design of traces and overall PCB layout
is discussed and suggestions are made on layer order for multilayer boards. Furthermore,
the proper placement of bypass/decoupling capacitor is presented. Finally, the treatment of

switching nodes and the paralleling of discrete semiconductor devices is examined.

2.3.1 Traces and Layout

As discussed in the previous section, crosstalk can appear between two or more signal traces.
Signals with high harmonic content can interact with any other, due to electromagnetic
phenomena. The severity of the phenomenon increases between high-frequency high-power
traces and low-power control traces, and the possibility of instability is significant. In the
context of this work, traces that tend to produce EM noise are referred to as aggressors, and
traces that are most susceptible to this are referred as victims.

A common rule to reduce crosstalk is to keep a distance of at least 3w to 5w between
traces, where w is the width of the trace. In Fig. 2.6, three cases are presented, where the
distance between the aggressor and the victim is the same, but in the first two cases a copper
island exists between them, and in the third all the copper has been removed. The first case,
where the copper island is floating (it has no reference), can present the largest crosstalk.
When current passes through the aggressor, electric charges also flow through the floating
island, causing noise to the victim.

The existence of a grounded copper island is controversial. On the one hand ground
is considered capable of sinking noise from high-frequency traces. On the other hand, the
parasitic inductance of the ground in combination with large di/dt of the power side, can
cause bouncing, which will induce noise to the victim trace. The debate is still open on
whether a grounded island or the removal of any copper is the best choice for reducing
crosstalk and EMI.
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Figure 2.6 Parasitic capacitance and mutual inductance leading to crosstalk between two different
signal traces, with (a) a floating copper island and (b) a grounded two-layer island between them,
and (c) lack of copper island.

When the design does not allow for a spacing large enough, splitting the planes can
restrict the return current to a smaller region. As illustrated in Fig. 2.7a, if the return
path is under a potential-victim trace, the crosstalk is maximized. In Fig. 2.7b the plane
surface increases and the current concentrates under the positive signal path, the crosstalk
is limited. Separating the two grounds, contains the return current to a neighborhood far
from the potential-victim trace, as presented in Fig. 2.7c. This return current containment

can also reduce the loop area and ground bounce, as discussed in [76].

It should be noted that increasing the distance between the two layers results in reduction
of the phenomenon of the displacement current. This may seem like a desired effect but
is actually a bad practice, as it increases the fringe on the magnetic field and increases
crosstalk. As it is discussed in the subsection 2.3.2, each trace and its corresponding ground

plane should be kept as close as possible.

Another effective way of drastically reducing the crosstalk is designing the traces of the
two consecutive layers perpendicular to each other, as illustrated in Fig. 2.8. This way the
overlapping of the copper and therefore the parasitic capacitance is decreased. In addition,
the magnetic fields generated by each trace are also perpendicular to each other minimizing

their interaction.

Generally, overlaying low-frequency DC traces of the same conduction path is advised,
as it decreases the parasitic inductance, due to the negative mutual flux, and increases the
parasitic capacitance. This can assist with fast current transients, since the distributed
parasitic capacitor can work as a low equivalent series capacitor energy storage. For high-
frequency DC and AC traces the issue is more complex. When the positive and negative

traces are close, the magnetic field is confined and the EMI is reduced. However, the parasitic

© (0] (0]

® ®

(a) (b) (c)

Figure 2.7 Crosstalk between two different signal traces, and methods to mitigate it when there is
not enough distance between them.
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(a) Improper pathing (b) Proper pathing

Figure 2.8 Possible layouts of traces in two different layers. Designing the traces with 90° rotation
between layers minimizes the crosstalk.

capacitance that is developed between the traces can cause undesirable effects, like filter or
resonant circuit degradation.

Utilizing FEM simulation programs is a relative fast and inexpensive way to evaluate
the EMI and try-out different layouts. To compare multiple laboratory prototypes, as in
[77] and [78], is also an effective way to settle this subject for a specific application. The
comparison can be made directly, based on the response of the converter, or indirectly,
based on the parasitic inductance and capacitance. In [79] a set of techniques for measuring
parasitic elements for SiC half-bridge configurations is presented. It is possible to modify
these techniques for different types of converter and semiconductor devices. In any case,

further research is needed, especially for power converter layouts.

2.3.2 Layer Order

To understand the necessity for specific layer order, it is important to remember that the
energy of any circuit does not travel in the current, but in the electromagnetic field. When
the levels, of a multilayer boards, have the proper sequence, the transmission line is set
between a trace an the ground plane, the fields are contained within the two layers and the
radiation to other loops is mitigated. It is crucial to ensure that grounding is one dielectric
space away from the corresponding signal. The same is true for the power supply plane; it
should be one dielectric space away from the corresponding ground.

The simplest case is illustrated in Fig. 2.9 for a two-layer board. The high-power, and
low-power digital and analog traces can be on the the first layer, with the corresponding
ground plane right underneath. As already discussed, surrounding the positive traces with
the respective ground in the same layer is controversial. However, if enough space is available
to create large-width ground traces parallel to the positive one, it is probably the best design

choice.
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GND GND

Figure 2.9 Recommended layer order for a 2-layer board.

L1
L2
L1 GND  PWR
L2 PWR  GND
L3 L3 SIG GND
L4 14 GND SIG
(a) (b)

Figure 2.10 Layer order recommendations for a 4-layer board.

Four-layer boards are widely available from large manufacturers and can be used to
increase the power density of the converter. The cross-section and the optimal layer order
is illustrated in Fig. 2.10. As can be seen, the layers are not equally distanced within the
board, but are grouped together in groups of two, namely L1-L2 and L3-L4. Placing the
ground planes on the external layers can reduce the EMI and provide close reference to high-
and low-power signals. Placing the positive traces on the external layers and the ground
planes on the internal is also an acceptable tactic. It can assist with the thermal dissipation
of the traces, but it is more probable to increase the EMI.

As the components can only be placed in the external layers, it is possible that the
design will require to mix of high- and low-power, digital and analog signals, to the first L1
or last L4 layers. This is permitted, but proper measures should be taken, namely providing
the corresponding ground in the internal layers, and draw a corresponding parallel negative
via close the any positive one. The last recommendation is usually overlooked, leading to
fringing of the magnetic flux and potentially increasing crosstalk and EMI.

It should be noted that passive and active components can be designed as embedded
parts in a PCB, reducing the parasitic elements. For example, in [80], a 3.3 kW power-factor
correction buck converter is presented, with embedded SiC diodes are MOSFETS, as well as
gate drives and passive elements. Nevertheless, this design makes any repairs impossible,
and increases the cost significantly.

In [57] the effect of parasitic capacitance between the layers of a 4-layered full-bridge
inverter board, is explored. It has been found that by reducing the overlaps between the

negative DC bus, AC traces and control-ground plane, the parasitic-capacitance related losses
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L1
L2
L1 GND PWR PWR
L3 L2 PWR GND GND
L4 L3 GND SIG SIG
L4 GND GND SIG
L5 L5 SIG SIG GND
L6

L6 GND GND PWR

(a) (b)

Figure 2.11 Layer order recommendations for a 6-layer board.

L1 PWR PWR PWR
- L2 GND GND  GND
b— Ls jie pSG Sie
E L4 SIG GND GND
D, o (cio oo o
Lo L6 SIG PWR  SIG
M 17 GND  GND  GND
T,g L8 PWR SIG PWR

(b)

Figure 2.12 Layer order recommendations for a 8-layer board.
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are decreased by 40% and the switching losses by 26%. These numbers are not necessarily
reproducible in other setups, but are indicative of the effect a proper layout and the correct

order have on the efficiency of the converter.

Six-layer boards have also become inexpensive over the last years. Power converters do
not usually rely on such high-layer count, and utilize modular two- or four-layer boards,
which are connected perpendicular to each other or stacked one upon the other. The biggest
asset of six-layer boards is that they are capable to enclose all high-frequency signals within
the board, by grounding the external layers L1 and L6, as illustrated in Fig. 2.11, and draw

multiple vias between them, a technique that is called fencing.

Other orders are also appropriate, such as pairing each positive line with the respective
ground reference. As stated in the case of two- and four-layer boards, it is possible to split
each layer to carry multiple high- and low-frequency signals, as long as the corresponding
ground reference layer is in the vicinity of the positive trace, together with the parallel

positive-negative vias, where they are required.

Eight- and higher-order-layer boards are mostly utilized in high-frequency mixed signal
low-power boards, like computer motherboards, and not in power electronics. Some indica-

tive proper layer-orders are presented in Fig. 2.12, for the sake of completeness.
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(a) (b)

(c) (d)

(e) (f)

Figure 2.13 Cross-section and top-view of the position of a capacitor in a multilayer board, with
(a) high, (c) medium, and (e) low parasitic inductance. The closest the via are to the terminals of
the capacitor the lower the cross-sectional area and, hence, the inductance. Multiple vias increase
the current-handling capability of the trace and the capacitor.

2.3.3 Capacitors

Capacitors are usually connected between the supply voltage and the ground of the integrated
circuit (IC) and have a dual role. Since their impedance is inversely proportional to frequency,
they are capable of providing a low impedance path for the typically high-frequency noise
coming from the power supply, acting as a bypass line. Furthermore, they can provide
energy in the form of bursts of current when they are needed by the IC, for example when a
gate driver tries to turn on a MOSFET, acting like decoupling devices. Their abilities are,
however, limited by the equivalent series inductance (ESL) and the parasitic inductance of

the traces.

To compensate this, many designs place capacitors of low intrinsic ESL, or multiple
capacitors in parallel in order to artificially reduce it. Furthermore, the traces that connect
the capacitor play a significant role on the additional parasitic inductance. As it is illustrated
in Fig. 2.13, manipulating the traces and the vias so that the cross-sectional area and the
length are minimized can provide a better bypass effect. Another commonly used method
is the placement of two different type of capacitors in parallel, one electrolytic and one
ceramic. The first has greater ESR and ESL but can store more energy, which is suitable
for lower-frequency higher-power demands of the IC. Contrary to that, the second can store
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Figure 2.14 Parallel connection of capacitors on a DC Bus.

less energy but due to the lower ESR and ESL can provide higher-frequency current, for the
nano- to micro-second transients.

The effect that proper layout, layer order, and capacitor placement has to the performance
of the converter is highlighted in [81], where the parasitic inductance of high-frequency GaN
converter is reduced by 40%, along with the transient voltage overshoot by 35 %, and power
losses by 10%.

In most cases, a single 100 nF' ceramic capacitor, typically an MLCC, is enough to ensure
both the bypass and decoupling functions that are required by the IC to work properly. If
two capacitors are placed in parallel, the electrolytic is usually 10 uF and the ceramic 100
nF.

However, special consideration is needed for capacitors on the DC bus, used to stabilize
the direct voltage. When the capacitors are connected on the one side of the DC bus, as it is
depicted in Fig. 2.14a, an impedance mismatch is created, since each capacitor has different
trace length. Creating a third trace parallel to the first two, as in Fig. 2.14b, can reduce the

mismatching.

2.3.4 Switching Nodes

Switching node is the point where one transistor, one diode, and one inductor meet, as
illustrated for an indicative case in Fig. 2.15a. Every DC-DC switching configuration
encompasses this node, which serves as a pivotal point where the current of the inductor can
be commutated towards either the diode or the switch, depending on the switch state, and
causes EMI.

As the current at this node alternates between the diode and the switch, it needs to
alternately force the diode to change state too. The diode commutates from being reverse-
biased when the switch is ON, to forward-biased when the switch is OFF. As a result, the
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Figure 2.15 Parasitic inductance present in a typical half-bridge converter layout.

voltage at this node exhibits a characteristic oscillation. Attaching a probe at this location
— where the ground clip of the probe is linked to the power supply ground (0 V) — will
consistently reveal a voltage waveform characterized by sharp transitions (like a square-
wave). This waveform closely resembles the inductor voltage waveform, albeit with a DC
level-shift that varies according to the specific topology employed.

On a practical level during the PCB design phase, careful consideration must be given
to the allocation of copper around the switching node, due to the high du/dt and di/dr it
experiences. Excessive copper in this vicinity can inadvertently transform it into an efficient
EM-field antenna, dispersing interference into the surrounding environment. Consequently,
the radiated noise can be intercepted by other traces, subsequently propagating it directly
to sensitive low-power electronics or to the load [82, 83].

However, there is a delicate balance between thermal management of the node and EMI,
as it is discussed in [84]. As presented in Fig. 2.15b, four different layouts are experimentally
tested, where: (1) a thin trace connects the source and the drain of the high- and low-side
transistors, (2) the trace in enlarged, and (3) and (4) thermal relief vias are placed between
the top and bottom layers. Designs 2 and 3 occupy the same surface area, but the trace of 4
is enlarged up to the point where the inductor is connected. The results reveal that design
4 has the best performance regarding the thermal dissipation, EMI and Up¢ oscillations of
the low-side MOSFET, with designs 3 and 2 following behind.

These results verify the general advice that components should be as close as possible to
the switching node and the trace should be as wide enough to handle the nominal current,
without changing width along the path.

Manipulating the parasitic elements, especially at a switching node, can be very useful.
As discussed in subsection 2.3.3, the placement of each component and the arrival and

departure traces play a significant role on the parasitic inductance. Designing the traces close
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(a) High loop inductance (b) Low loop inductance

Figure 2.16 Layout of high-power traces for semiconductor switch [52].

to each other and taking advantage of the very small distance between L1-L2 and L3-L4 can
drastically reduce the cross-section and the inductance. However, it may also increase the
parasitic capacitance between the two signals, which is not an issue when placing a capacitor,
but can be for other components.

Two techniques that can influence the parasitics are presented in Fig. 2.16. In Fig.
2.16a an example of high-loop inductance with low parasitic capacitance is shown, for a
semiconductor device and the bondwires. By designing a set of vias at the end of the device
and the return path right underneath the positive path, the loop inductance decreases, as

presented in 2.16b, but leads to greater loop capacitance.

2.3.5 Transistors in Parallel Operation

A well-established method for increasing the power-handling capability of a converter is
increasing the current that the semiconductor devices can handle. This can be achieved by
devices of higher nominal current, or by paralleling devices of lower nominal current than the
required value. The paralleling process can by less expensive and even increase the overall
efficiency, by reducing conduction losses. Yet, the placement and the routing of the devices
affect the transients and even the steady-state current sharing between them, if the switching
frequency is high enough.

As it is illustrated in Fig. 2.17, another advantage of paralleling discrete components or
modules is the multiple vias through which the current passes. This prevents the creation
of bottlenecks and reduces both the parasitic resistance and inductance. For this particular
case, high-power modules with copper plates are used, instead of PCB embedded traces.
The proper setup is presented in Fig. 2.17c¢, which is uncoincidentally identical to that of a
PCB design.

Decisions that might seem minor during the design of a PCB can lead to notable asym-
metries, as it is illustrated in Fig. 2.18a and 2.18b, where the layout and the equivalent

circuit are presented. The same layout, with the same amount of copper can be designed in
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oo i

(a) Three parallel half-bridge (b) One high-power module (c) Proper placement of DC
modules plates

Figure 2.17 Connecting three half-bridge modules in parallel offers greater overall trace width and
more vias, compared to one high-power module. The vias can present [52].
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Figure 2.18 Layout of three parallel semiconductor devices and the corresponding circuit diagrams.
An asymmetrical layout is presented in (a) and (b), where the parasitic inductance from the positive
to negative of the DC bus is different for each branch. The symmetrical version is presented in (c)
and (d), where the total inductance is almost the same for each branch [52].
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Figure 2.19 Current response of (a) and (b) an asymmetrical parallel topology of two devices, and
(c) and (d) a symmetrical one. The current is shared more equally in the symmetrical design [52].

a symmetrical fashion, as presented in Fig. 2.18c and 2.18d. The significance of the symme-
try of the components is also highlighted in [78, 85|, for an LLC resonant converter, which
is discussed in Chapter 4. Moving the switching component from the front layer to the back
enables a more symmetric routing of the traces, and therefore a more efficient operation.

To further emphasize the importance of these issues when paralleling semiconductor
devices, the current response of two parallel IGBTs is presented in Fig. 2.19, for a double
pulse circuit topology. Even a minimal 1 nH parasitic inductance on the emitter of Q4 can
lead to a 2/3 — 1/3 current distribution for Q; and Q,, respectively. Designing the traces in
a more symmetrical manner, even if this results in an increase in emitter inductance (4 nH
for this particular case), leads to a more even distribution of the current between the two
IGBTs, as illustrated in Fig. 2.19d.
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2.4 Conclusions

A good PCB design does not only aim to minimize the length of each trace, but also to
minimize the cross sectional area that is formed by the trace and its ground reference.
Larger cross-section means increased parasitic inductance, which can lead to an increase in
noise induced internally from the board and by external factors. To reduce internal noise
between different signals, there should be adequate distance between noisy and sensitive
traces to reduce crosstalk. For example, high-frequency high-power and low-power digital
traces should not be near each other, neither near analog-carrying traces, as the first can
distort the signal of the second. Reducing EMI to and from external devices is relatively
easier and requires shielding, like a Faraday cage.

Of special note is the meticulous attention devoted to the intricate design of the switching
node—an omnipresent facet in every power converter. Moreover, the ramifications of sym-
metrical PCB designs are critically appraised, focusing particularly on the intricate challenge
of effectively paralleling semiconductor devices—an aspect that assumes paramount signif-
icance in converter performance enhancement. In total, this chapter serves as a set of sug-
gestions, unraveling the complexities of high-frequency converter PCB layout and offering a
practical roadmap towards optimizing their performance, efficiency, and robustness.

There is still much work to be done on this topic. A set of generic rules on designing
power converters must be produced, which further specializes in specific converter types, like
buck/boost, inverter, resonant, multilevel etc. The accumulated knowledge that is provided
by experts of the field, and in some degree in the literature, should be tested in a greater
extend and published in peer-reviewed papers to start building the scientific consensus, on

this multi-variable topic.



Chapter 3

Planar Windings

3.1 Introduction

Magnetic components constitute a cornerstone of the electrical circuits, converters and the
power grid. Inductors operate by generating and storing the magnetic energy. Galvanic
isolation, voltage level change and multi-terminal capability can be achieved via a trans-
former, which converts electrical energy to magnetic and then back to electrical. Utilizing
the same principle, chokes can reduce the common and differential mode noise by increasing

the apparent impedance for the undesirable frequencies.

Magnetic components regularly represent a large portion of total volume and weight of
a power converter and power systems, especially for low-frequency operation. Increasing
the frequency leads to windings of smaller dimensions without affecting the corresponding
impedance. Furthermore, high-frequency cored windings reduce the necessary peak mag-
netic flux (for the same induced voltage), hence require cores of smaller cross-section area.

However, as frequency increases, so do the losses of the windings and the core.

For high-frequency current, its density decreases exponentially from the surface to the
core of the conductor, a phenomenon known as skin effect. This results to the increase of
the ohmic resistance, usually symbolized as Ry, leading to increased losses and reduced
efficiency. In this case, special attention is required to the shape of the conductors. The
utilization of solid conductors thinner than the skin depth é of the conductor material or

Litz wires, can significantly reduce the Ry¢.

In the case a magnetic core is used, core losses increase with higher switching frequency.
Magnetic materials of greater resistivity and narrower B-H loops are necessary to reduce the
creation of eddy currents within the material and reduce the hysteresis losses. Such materials
are NiZn and MnZn alloys, which are broadly available in many sizes and shapes by major

and small manufacturers, and can also be produced on-demand for practically any shape.
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7
7

(a) Conventional winding (b) Conventional winding cross-section

(c) Planar winding (d) Planar winding cross-section

Figure 3.1 High-frequency conventional and planar windings with the respective cross-sections.

Another aspect is the physical design of the components, which has to consider the spatial
limitations and the desired inductance value, as well as the thermal limitations. Those are

usually dictated by the actual application the component is meant to be used.

3.1.1 Architecture of High-Frequency Magnetic Components

Magnetic components can be classified into two main categories with respect to the construc-
tion architecture: (i) the predominant “conventional” windings wrapped around an axis and
(ii) planar windings, where each turn extends outwards, on the same plane. Both categories
are illustrated in Fig. 3.1, along with the window cross-sections and the way new turns
are introduced. Toroidal architectures are also available, but are usually utilized in chokes,
for common and differential mode noise rejection, and will not be further discussed in this
context.

Conventional designs extend by almost the same length in all directions, as it is illustrated

in Fig. 3.1a. Typically, they use solid, stranded or Litz type wires depending on the nominal
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power and frequency. Usually the windings are wrapped around a ferrite core and turns are
added parallel to the z-axis, hence each turn (of the same column) encloses the same loop
area. When the column is fully filled, a new column can be used for adding new turns, which
have a slightly greater loop area, as presented in Fig. 3.1b. Depending on the available space
on the z-axis and the total number of turns, the first and last column can enclose areas of

considerably different sizes.

Planar designs expand mostly in the xy-plane, as presented in Fig. 3.1c. Turns are added
in the same row (on the same plane), next to each other, meaning that every new turn encloses
a different loop area. In the case of multilayer designs, when the row is fully covered, the
new turns are added in a separate row, adjacent to the previous, as it is illustrated in Fig.
3.1d.

In the case of cored windings illustrated in Fig. 3.1, as the window A, becomes fully
filled, the electrical behavior of the conventional and planar architectures becomes similar.
The differentiation stands on the mechanical construction process, the occupied space and

the thermal dissipation capabilities.

Planar Windings (PWs) can be categorized according to the shape, i.e., square, hexago-
nal, circular, rectangular, etc. Regular-polygon single-layer shapes present symmetries that
facilitate the analysis and have been extensively discussed in literature [58, 59, 60, 86, 87].
Other shapes, namely rectangular, have been discussed mainly for Wireless Power Transfer
(WPT) systems [62, 88, 89|.

Another way of categorization depends on the manufacturing process: high-current pla-
nar windings can be constructed with copper bars properly bended (leadframes), and low-
current windings can be directly printed on a standard insulating substrate (like FR-4) as
any other PCB. Traces can be solid, or entangled in a way that is representing Litz type
conductor [88, 90, 91, 92, 93|. Wireless Power Transfer (WTP) devices tend to use planar
designs, placed upon a plastic of ferrite plate, for structural reasons. Illustrations of the

those categories are presented in Fig. 3.2.

PWs are suitable for both inductor and transformer utilization, especially in the case of
limited space on the z-axis. They can be integrated in the power PCB (even flex [95]) or
discretely placed as a separate component, with the respective cases presented in Fig. 3.3.
When leadframes are used as conductors, the height can be adjusted to reduce or totally

suppress the skin effect phenomenon.

Direct PCB etching, where the copper height is typically 35 to 70 um, can handle fre-
quencies up to 3.5 and 1.6 MHz [96], respectively. When higher frequency current is present,
it is possible to arrange traces properly and represent Litz-type wire or use Litz-wire as in
conventional components. The shape of the corner for the copper traces (square, trapezoid,
round) seems to affect the Ryc, but only slightly [97]. The main issue that arises with sharp

corners is the increase of the electric field and, therefore, the higher chance of voltage break-
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(a) Leadframes [94] (b) PCB copper traces
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Figure 3.2 Conductor types for PWs.

down between the two adjacent turns. In this work only round corners are considered, which

are the default selection for any Computer-Aided Design (CAD) program, i.e., KiCAD.

Furthermore, PWs present greater surface area increasing the heat dissipation [98], a
very useful property for high-power magnetic components. The thermal behavior of PWs
is extensively discussed in [99], where the copper traces, the FR4 insulation layers and the

ferrite core are taken into account.

A discussion on the optimal design, based on the tradeoffs that are presented when re-
garding the skin effect, the winding and core losses, the leakage inductance and the stray
capacitance, is presented in [100|. Interleaved architectures, where the primary and sec-
ondary windings are introduced alternately are proposed, as the optimal tradeoff between
the different problem aspects.
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Figure 3.3 PTFs core assembly as a part of the converter PCB (embedded), or a discrete PCB with
proper connectors [101].
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Figure 3.4 Approximation of the number of scientific articles discussing planar magnetics from 1993
to 2022 [102].

3.1.2 Commercial and Industrial Applications of PWs

Real-world applications of planar magnetics lag behind when compared to conventional de-
signs. However, in recent years they have gained market-share, a fact that can be backed
up by the growth of established companies and the emergence of new ones. Also, they have
gained an interest in scientific research articles, as it is illustrated in Fig. 3.4, separately for
IEEE journals and in total, respectively.

Many applications can benefit from the use of planar windings, like spaces with limited z-
axis, such as rack-mounted power supplies and EV power converters, wireless power transfer
systems for charging mobile devices and vehicles. Other real-world applications, according
to two major manufacturers, Payton [103] and Himag [104], are aviation [105, 106], traction
and automotive, medical (in both heavy machines, like CT scanners and implanted medical
devices, like artificial cardiac pacemaker for charging and communication purposes), telecom-
munications, data centers [107] and industrial applications. Furthermore, planar windings

can be used as common and differential mode filters, as suggested in [108]. Two indicative
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(a) PTF 1.0 kW, 1.0 kV, 250 kHz, 50:1 ratio [115]  (b) PTF 350 kW, 800 V, 50kHz, 6:4:4 ratio [116]

Figure 3.5 Two indicative cases of commercially available PTFs from HIMAG Planar Magnetics.

off-the-shelf PTFs are presented in Fig. 3.5, one for a 1 kW, 1kV 50:1 ratio system and the
other for a 350 kW, 800 V, 6:4:4 ratio system.

PTFs and planar inductors can be used in resonant converters, such as LC, LLC, and
CLLC, with several related application notes published from major semiconductor manufac-
turers. For example, design applications for an 1.4 kW LLC [109], and a 6 kW DAB [110]
have been published from Infineon and Texas Instruments, respectively. DC/DC converters
can also benefit, like the synchronous buck-boost 500 W converter, which has been devel-
oped around an LTC3779 from Analog Devices [111], and the low-power high-voltage-gain
multilevel flyback converter [112], utilizing a PTF from Coilcraft [113].

Other niche applications include coreless long-distance isolated power transfer for auxil-
iary supplies in medium-voltage converters, demonstrating 81% peak efficiency at 15 Watts
[114].

High-power transformers, even with high-efficiency, are required to dissipate considerable
amounts of wasted power. For example, the 350 kW Himag PTF, illustrated in Fig. 3.5Db,
presents approximately 1.4 kW of core and winding losses under nominal operation. The
larger surface area of the PTF offers an important advantage for dissipating the heat, even
without forced air flow. Payton claims a thermal resistance as low as 0.5 °C/W [117].

Although HIMAG claims accurate inductance values, most available PTFs are produced
with an +25% primary inductance tolerance. Payton reduces the tolerance to +10% and
+20%, depending on the model. The most probable cause of these relatively high tolerances
is the ferrite material used and not the planar windings themselves. Cores even from the same
batch can present large tolerances to the relative permeability u, (or u,), which translates to
a large inductance deviation. Cores with proper properties should be used, typically found in
the datasheet of each manufacturer, in conformity with IEC 62358. Another possible point
that can introduce inaccuracies, is the air-gap created between the two-part core. This effect

can be minimized by carefully handling the core and consistent tightening the outer shell. In
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any case, these inaccuracies are present in both conventional and planar designs and further
research on these issues is mandatory.

To summarize, planar magnetics:

1. Offer low profile, preferable for certain applications.

2. Are the default solution for wireless or inductive power transfer and wireless charging,

regardless of the power level.
3. Offer better thermal characteristics, due to larger surface area.
4. Can be produced without the need of specialized winding equipment.

5. Hold easily predictable electrical characteristics, repeatable for an arbitrary amount of

windings, due to the well-defined geometry.

6. Offer high degree of integration on power PCBs, where the default copper height of
35-70 um offers reduction of HF losses (and R¢), leading to high-efficiency figures, for
frequencies up to 3.5 MHz.

PWs are also accompanied by some restrictions in the design and usability. As the current
increases, so does the necessary width for the conductor, leading to larger occupied area or
less turns. Increasing the frequency beyond a certain point (that depends on the height of
the trace) increases the resistance (Ryc). This can be partially compensated with proper
planning of the layer stack, as presented in detail in [118, 119].

Furthermore, the construction of a three-phase inductor or transformer requires good
planning, and in the case a core is utilized, a custom order must be made [120]. To avoid
the extra cost that custom-made ferrites introduce, off-the-shelf parts can be used. In [118]
and [121] this is shown for single-phase windings, but it is easy to adjust to the three-phase
case.

Due to the close proximity of the conductors and especially in multilayer topologies, the
parasitic (stray) capacitance is not negligible. Various methods of dealing with this issue
have been developed, mainly by introducing thicker dielectric material with lower €, and
by designing the two layer with a slight offset, so that there in no symmetry in the z-axis
[119, 122, 123, 124, 125|. This technique can also increase the insulation level of the winding.
An online experimental method of estimating the parasitic capacitance is proposed in [126].

Other studies [127] propose methods of exploiting the parasitic capacitance of the planar
windings as an integrated series capacitor for resonant converters. By leaving the stacked
layers of the transformer open-ended, the capacitance that is developed between them can act
as a part of the resonant circuit for frequencies up to hundreds of kHz. The same technique
is possible for planar transformers, meaning that it is possible to integrate the whole LLC
resonant circuit and isolation in one device.

Despite the fact that many transformers and inductors are available in the market, some

times it is quite difficult to find magnetic components that can handle the desired application
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requirements. For example, as it will be discussed in a later chapter, it is difficult to find
inductors for HF AC applications, even from global distributors like Mouser. For those cases,
a custom design can be deployed, as long as there are methods to determine the inductance
and the margins of good operation of the components.

An exploration of the effects of the geometrical parameters, and a fast, simple and ac-
curate estimation of the inductance for rectangle-shaped, single- and multi-layer windings is
crucial and has not been fully-explored in the literature. The main focus of the vast major-
ity of the papers is regular-polygon shaped windings (spirals, squares, hexagonals etc.), and
mostly single-layered. When rectangular and multilayer windings are discussed, there are
arbitrary assumptions for the estimation of the inductance, without any simulation or ex-
perimental verification. Others attempt to approach the estimation problem with analytical
solutions, resulting in piecewise, difficult to use equations, which require exact knowledge of
several electrical and mechanical parameters of the winding.

There is a need for simple and accurate equations, that rely only on the geometrical
parameters and have relatively high tolerance on the inaccuracies that are introduced during
the manufacturing process. This can enable the better utilization of the available space,
effectively address the potential disadvantages of planar windings and set the basis for op-

timization techniques.

3.1.3 Structure and Contributions

In this chapter, the design process and dimensioning of the rectangle-shaped single- and
multi-layer planar windings is presented, adding one more degree of freedom to the design.
Three established equations, namely Wheeler’s, Rosa’s and the Monomial, as they are col-
lectively presented in [59] for square-shaped windings, are utilized and modified in order
to be able to estimate the inductance of air-core single-layer rectangle-shaped windings.
The inductance per turn is approximated, providing insight to the voltage distribution and
the required distance between two consecutive turns. The accuracy of these estimations is
evaluated also by experimental measurements.

Furthermore, additional modifications are examined to estimate the inductance of mul-
tilayer rectangular windings. A novel monomial-like equation is derived, via multiple linear
regression (MLR) with approximately 6,000 samples, minimizing the error between the es-
timation equation and FEM simulations, and providing accurate results. This enables the
use of optimization algorithms, aiming for maximizing the inductance or minimizing the
geometrical dimensions of the winding. The accuracy of the new equation is also evaluated
via laboratory measurements. A comparison is made between the modified and the new
equations for windings up to 4 layers. The selection of a ferrite core is discussed along with

the effects it has on the winding.
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3.2 Single-Layer Planar Winding
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Figure 3.6 Typical layouts of planar windings and the geometrical characteristics.

Planar windings were first introduced as single layer coils of regular-polygon shapes
(square, hexagonal, octagonal, circle), as illustrated in Fig 3.6. The applications were mainly
RF-oriented, operating in the MHz region. With the recent developments in power electronics
and the need for high-efficiency high-power-density converters, as well as the ongoing interest
on WPT, more PW designs have been adopted for power applications, in the frequency range
of 50 kHz to 5 MHz.

3.2.1 Geometrical Characteristics and Design of Regular-Polygon Shapes

For the regular polygon shapes, many equations have been proposed in literature, and are
collectively presented in [60], namely Bryan, Wheeler, Greenhouse, Grover, Rosa, Cranin,
and Terman. Most of the equations are derived to estimate the inductance of RF designs

incorporating integrated circuits (ICs) and RFID and telemetry antennas.
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Table 3.1 Coefficients for Wheeler, Rosa and the Monomial Equations [59]

Layout Square Hexagonal Octagonal Circular

K, 2.340 2.330 2.250 -
K, 2.750 2.820 3.550 -
1 1.270 1.090 1.070 1.000
cy 2.070 2.230 2.290 2.460
c3 0.180 0.000 0.000 0.000
cy 0.130 0.170 0.190 0.200
a 1.620 1.280 1.330 -
a -1.210 -1.240 -1.210 -
a -0.147 -0.174 -0.163 -
a3 2.400 2.470 2.430 -
ay 1.780 1.770 1.750 -
as -0.030 -0.049 -0.490 -

A comparative study between Crol, Ronkainen, Wheeler, Rosa, Jenei and the Monomial
equations, suitable for estimating the inductance of RF square-shaped PWs, is presented
in [128]. Rosa (referred in [59] as current sheet approximation) provides the most accurate

results regarding RF ICs, while the Monomial presents margins for improvement.

In the context of this work, three equations are discussed, namely (i) the empirical
Wheeler’s equation, which was originally presented for single-layer helical coils [58], and was
later modified to also estimate the inductance of other regular polygon layouts [59], (ii)
Rosa’s equation [86], which was derived by the current-sheet approximation, and (iii) the
Monomial equation [59], which was derived by multiple linear regression from a dataset of

approximately 19k samples. The equations are collectively presented in [59]| and are:
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where D and d are the outer- and inner- side lengths, N the number of turns, w the width of
the conductor and s the spacing between two consecutive turns. The values of each coefficient

K;, c¢;, and «@; are presented in Table 3.1, with respect to the winding layout.

For the square-shape case, Egs. (3.1), (3.2), and (3.3), can be rewritten as,
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D
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where D = % and p = 11;_;;1‘ It can be noted that in [59], the geometrical parameters of

the Monomial are in mm and the resulting inductance in nH. Eq (3.6) as it appears here has
been modified in order to be in SI units. The first term of 1.5428 has been rounded up from
1.542784.

Various observations can be made from (3.4), (3.5), and (3.6) regarding the behavior of
the inductance. As expected, the inductance increases with the square of the number of turns
N, except for the Monomial equation, where the coefficient is slightly lower. All equations
include a relation to the average side length term D = (D + d)/2: a proportional in the
first two cases, and an exponential increase in the third case. This term can be considered
a byproduct of the current sheet approximation: traces that run along one direction share
a positive mutual inductance with the ones conducting current in the same direction (and
are on the same side of the winding). Negative mutual inductance is developed among
traces of the opposite sides (conducting current in the opposite direction). Determining
the mutual inductance among conductors on the opposite sides of the winding requires the
arithmetic mean distance between the two groups, hence, this term appears. Traces that are
perpendicular to each other have zero mutual inductance [86, 87].

The filling factor p, which represents the amount of free space in the center of the winding,
appears in (3.4) and (3.5). If D is kept constant, the ratio p decreases as d increases. For
two windings with the same D and N, the one with the greater d is expected to have greater
inductance, since its turns are concentrated closer to the outer side, have slightly greater
length, and interact more efficiently with their adjacent turns, concluding in higher mutual
inductance. Small filling factor can also accommodate for an EI or EE ferrite core, further
increasing the inductance and drastically reducing the EMI, by restricting the magnetic
field inside the core. According to (3.4), where p appears in the denominator, increasing
d increases the inductance. A similar behavior can be observed in (3.5): As p < 1, the
term A(p) = In(2.07/p) + 0.18p + 0.13p2 increases with increasing d, as the (In(2.07/p))-term
is stronger than (0.18p + 0.13p%)-term.

In the Monomial approximation, D appears in both the numerator and the denominator.
Since the exponent of the first is larger than the second, the total inductance tends to increase

with D. On the contrary, the total inductance decreases as the width of the trace w and the
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spacing between the turns s increase, but almost insignificantly. More specifically, the effect
of s can be neglected, since it is raised to a power of almost zero.

In conclusion, the inductance increases with N, D, and d, which means that for any
magnetic component where high inductance is desirable, these terms must receive their
greatest possible values. It must be noted that these parameters are not fully-independent:
D and N can be considered independent, although restricted by the physical-dimension
limitations. The parameters w and s are dictated, however, by the nominal current and
voltage of the winding, respectively. The IPC standards 2221, 2222 and 2152 describe
the minimum trace width on a rigid PCB as a function of the nominal current and the
temperature rise AT, as well as the minimum separation between two traces with a specific
voltage difference AV. The necessary voltage difference between adjacent turns in PWs is
discussed in the next subsection.

Considering the above, d is dependent on the aforementioned parameters, as in

d=D—2Nw+s)—2s. (3.7)

In typical designs, w is larger than s by one order of magnitude, thus 2N (w+ s) > 2s, which
means that for given values of N and D, d is strongly dependent on the sum (w + s). A
fast design process can be based on the geometrical parameters of the winding, matching

the needs of each specific application.

3.2.2 Rectangular Shape

Contrary to regular polygons, rectangle-shaped planar windings (RPWs) can extend to the
xy-plane by different lengths in each direction, offering one more degree of freedom and
greater flexibility to the designer, as it is illustrated in Fig. 3.7. This allows for better use
of space for both embedded and discrete planar magnetics. Furthermore, most off-the-shelf
core shapes (I, UI and EI) are not symmetrical but extend more in one axis, making RPWs
a better match.

The estimation of the inductance in RPWs cannot be done by the equations of subsection
3.2.1. Greenhouse proposes a method in [129], which estimates the mutual inductance of
parallel traces and the total inductance of the winding, for relatively small dimensions (order
of ym). In [61] an equation for estimating the inductance of considerably larger RPWs (order
of mm) is proposed, for RFIC and RFID applications with frequencies in the order of MHz.
However due to its complexity it is hard to utilize and requires strictly determined values
for the geometrical parameters.

Inventing equations as simple as (3.4) - (3.6) for estimating the inductance of RPWs would
be desirable. As [121] indicated, by using some form of mean value of the two outer-side
lengths D; and D, can be used to replace the variable D. Also, in [62] the GeoMetric Mean
Value (GMMYV) of the outer-sides D; and D, is utilized and substituted in Rosa equation,
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Figure 3.7 Geometrical parameters of rectangle-shaped planar windings.

in order to estimate the inductance of a single-layer RPW. However, no further explanation
is given, other than the GMMYV occupies the same surface area as D;, D, do. Furthermore,
no other solution is discussed and the estimation error is not considered.

A thorough search for the mean value which minimizes the estimation error can be con-
ducted by employing the generalized mean value. By creating a large dataset of windings
with different geometrical characteristics and knowing (or simulating) the respective induc-

tance, it is possible to modify each equation to provide accurate results for RPW designs.

3.2.2.1 Generalized Mean Value (GMYV)

The generalized Mean Value (GMV) of Power Mean (PM) is defined as

N )
- - 1
GMV, (&) = II3ll, = |+ 2/ | - (3.8)
i=1

where X =[x, Xy, ..., xy] is a vector of dimensions N X 1, and p is the p-norm of X. For the
case of p =0, the GMV becomes the well-known geometric mean value (GMMV), as in
N N
GMVo(®) = IZllo =[] x| - (3.9)
i=1

Other well-known and widely used p-norm examples include:

- p = —oo: the minimum value,

- p=—1: the harmonic mean value,
- p =0: the geometric mean value,
- p = 1: the arithmetic mean value,



3.2 Single-Layer Planar Winding 47

- p = 2: the root-mean-square value,

- p — oo: the maximum value.

For a two-component vector X;.,, as is the one composed by two independent outer-side
lengths D; and D,, (3.8) becomes

1

| !
GMV,(D;. Dy) = IDll, = (5 (D7 + D))", (3.10)

and (3.10) for p=0
GMV,(Dy, Dy) = || Dlly = v/D; D;. (3.11)

3.2.2.2 Dimensions of the Windings and Simulation Setup

The physical dimensions of high-power planar windings vary from a few mm to a few hundred
mm. In the context of this investigation the outer side dimensions vary from 100 mm to 210
mm, close to one side of the A4 paper size, a PCB size widely available and relatively cheap.

The width of the trace w is determined by the IPC-2221/2 and IPC-2152 standards,
using as parameters the maximum current and the acceptable temperature increase AT
in the copper. The placement of the traces on external or internal PCB layers must be
considered, as the ones enclosed inside the FR-4 can dissipate less heat, hence for a given
AT they can carry less current. The width varies from 3 mm to 5 mm, which for a copper
height of 35 pm can handle between 5 A and 7 A, for a AT of 10°C, according to SaturnPCB
[96] which follows the IPC-2152 standard. By relaxing the restriction of AT = 10°C, higher
current handling capability is possible.

Similarly to the above procedure, the spacing between two adjacent turns s is determined
using the IPC standards. In this study, spacings from 0.1 mm to 2 mm are considered, which
correspond to a voltage difference AV from 15 V to 400 V. These values are valid for external
uncoated conductors (B2) and can be greatly increased for external coated conductors (B4).
The dimensions of the simulated windings are presented in Table 3.2. It shall be kept in mind
that the voltage is not following an equal distribution on each turn, but tends to concentrate
more on the first few external turns, as it will be discussed in subsection 3.2.3.

It should be noted that the proposed width of a trace when considering the current
capability and the temperature increase, works under the assumption that the trace has
sufficient distance to any other trace. A design with small s can lead to considerably larger
temperatures. In that case, a low-profile heat sink may be considered.

The number of turns N vary from 6 to 10 in order achieve two main goals: Firstly, to
reach values for the coreless winding inductance in the the order of a few pH, which can be

further increased to a few mH with the introduction of a core, and secondly, to achieve a
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Table 3.2 Dimensions of Simulated RPWs

Variable Values

D [110:10:210] mm
w 3,4, 5 mm

s 0.1, 0.5, 1, 2 mm
N 6, 8, 10 turns

relatively large d, which not only increases the inductance, but offers a central aperture to
accommodate a proper core leg.

The orientation of the winding is irrelevant, hence for a pair {D;, D,} only one combi-
nation is considered. Furthermore, some combinations of D, w, s, and N are impossible to
implement as they conclude to a d < 0 and therefore are neglected. The combinations of the
aforementioned parameter values constitute a large dataset, which, excluding the duplicate
pairs and the impossible setups, contains 2633 samples.

The region of analysis is defined by a cube with fixed sides of 700x700x700 mm?, applying
a solution region cut-off technique which contains the vast majority of the magnetic flux. The
generated tetrahedras (Tets) are smaller near and between the copper traces, and become
larger as they extend towards the boundaries of the analysis region, as it is illustrated in
Fig. 3.8. On average, 40,000 Tets are generated, 36,000 on the empty space and 4,000 on
the coil. The geometrical parameters D;, D,, N, w, and s are defined as parameters which
can change easily, to facilitate a repetitive simulation process. The energy error and delta
energy were set to 1%, as an acceptable compromise between accuracy of the model and its

runtime. The excitation current was set to 1 A peak sinusoidal wave with a frequency of 100

kHz.

3.2.2.3 Optimization and Assessment Criteria

Provided a dataset of L
find the optimal parameter p that will provide the best possible results. The function used

sim = f(D, N,w,s), an optimization algorithm is required in order to

for this optimization is

S

2
SSE(p) = Z (Lgmi — Liwnrsany.i(®) (3.12)
i=1
where S is the total population of the selected dataset and i is a single sample. The term
(Lsim,i - L{WH,RSJ\IN}J([)))Z is the Squared Error (SE) between the respective equation and
the simulation results. The Sum of Squared Errors (SSE) represents the sum of these errors
for the entire dataset. For different p-values, there is a different combination of D; and D,

substituted in (3.4)-(3.6), creating different estimation results, indicating different levels of
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Figure 3.8 The simulation setup for the planar windings. The region is set to 700x700x700 mm and
a subregion is defined for a more dense and accurate FEM analysis.

accuracy for each estimation. The parameter p is selected to vary in a range from [p,,;,,» Pymax]

with a fixed step increment. The steps of the algorithm are the following:

i. define dataset,
. p = Puyin;
iii. calculate ||D||, and d from (3.7) ,
iv. calculate Ly, Lpg, and Ly from (3.4)-(3.6),
v. calculate SE = (L, ; — L{WH,R&MN}J(I’))Z for each sample i,
and SSE for the entire dataset from (3.12),
vi. p < p+ increment,
] return to (iii.), otherwise continue,

vii. if p in range [pins Prmax

viil. find minimum SSE and corresponding pqy;.

The equivalent inner side length d in step (iii.), can either be found from (3.7), or from
lldll, = GMV (d;,d,). The second way does not offer any significant improvement in the

results and will not be considered in the following.
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The optimization algorithm performs an exhaustive search for the optimal p in the pre-
determined space [pi,» Pmaxl, Which is set to [=5,5] with a step size of 0.001. For each p,
the SSE is calculated as in (3.12) and the min|SSE(p)| = SSE(p,y) is found. In order to

illustrate the results, either
SSE(p)
E,= 1/ 5 (3.13)

s
1 | Lgim; — Lywn,rs,Mnyil
MAE,% = < > "

i=1 sim,i

or

- 100 (3.14)

can be used. Eq. (3.13) essentially presents the RMS error between the simulation results
and the equation approximation. While the SSE(p) value is H> and does not have any
significant physical meaning, E, presents the root of mean squared error for every sample in
a given dataset, measured in ntH. Equivalently, the results can be illustrated by (3.14), which
is dimensionless, but presents the mean absolute error as a percentage, using the simulated
inductance result as reference value. While p,,; will be selected based on the minimization
of E,, the results will be presented based on MAE,, as a normalized value is more effective
in visualization. The two metrics may results in slightly different p,, but the difference is

negligible.

3.2.2.4 Selection of Optimal p-norm

To easily categorize each dataset, their names represent the parameters that remain the
same throughout the optimization process. For example N8w4 represents a dataset, which
has a constant number of N = 8 turns and traces with w = 4 mm width, while all other
parameters vary according to the specifications given in Table 3.2.

All datasets present one global minimum (for the search region) with regard to p, as
illustrated in Fig. 3.9, where the continuous lines represent the E, and MAE of all simulated
windings, and the dashed lines the respective values for a single subset (N10w5). The latter
is illustrated only as an indicative case; all subsets behave similarly, with a global minimum
around 0 for (3.4) and (3.5) and around -1 for (3.6).

The Monomial seems to have a slightly different behavior compared to the other two
equations, as its MAE is significantly higher for positive p values, and presents the optimal
p in a different area. This can be mainly attributed to the coefficient values shown in (3.6),
which are derived using a linear regression algorithm for a specific dataset of planar inductors,
targeting RF applications. It should be noted that it is possible to recalculate its coefficients,
based on the given dataset of Table 3.2, in which case, the behavior is more similar to these

of Wheeler and Rosa, which is discussed in Section 3.4.
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Figure 3.9 Metrics with respect to p for N10w5 (dashed line) and all samples (continuous line),
for each equations. The optimal p,, depends on the specific dataset but all lines present a global
minimum, in the neighborhood of 0 for Wheeler and Rosa, and of -1 for the Monomial.

Table 3.3 summarizes ten dataset categories with the corresponding p,,; and the MAE%,
for each equation separately. One observation that can be made for Wheeler’s and Rosa’s
equations is that as N or w increases, p,,; decreases by a small amount, but generally is
located in the neighborhood of 0+ 0.45. For the entire dataset of simulated windings, p, is
at -0.16 and -0.05, respectively. The MAE is less than 1.2 % and 0.7 % for the first and second
equations, respectively, values that are within the simulation accuracy. The maximum error

observed in the whole dataset for a single simulated winding is 7.2% for these two equations.

The Monomial, however, does not present a consistent trend regarding the p, with
respect to N and w. Furthermore, its estimation is less accurate compared to the other two
equations. Its p, is also located elsewhere, i.e., in the neighborhood of —1.25 +0.25, and
the MAE is in the range of 3.5% - 5%.

In order to simplify the calculations for the the inductance estimation, integer p values
are preferred, namely p = —1 as the optimal p for the Monomial, p = 0 as the optimal p for
Wheeler’s and Rosa’s equations, and p = 1 as the most intuitive value (arithmetic mean)
which can be used in the context of RPWs. The results for these values of p are presented in
Table 3.4. For Wheeler’s and Rosa’s equations the MAE . is very close to that of MAE],:],opt
of each individual case, as it is expected, and in any other case is less than 5 %. Similarly,
the Monomial MAEpz_l is close to MAEP=Popt’ but p = 0 still provides relatively accurate
results. Egs (3.4) - (3.6) can be modified as
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Table 3.3 MAE% and p,,, for different datasets

WH RS MN
Popt MAE%  po.  MAE%  p,, MAE%

N6w3  0.446 1.18  0.209 0.36 -1.170 4.89
N6w4  0.160 0.54 0.214 0.34 -1.198 4.95
N6wd  0.018 0.38 0.172 0.61 -1.211 4.86
N8w3  0.004 0.81  0.080 0.42 -1.080 4.59
N8w4 -0.170 0.74 -0.011 0.43 -1.104 4.32
N8wd -0.267 0.69 -0.129 0.53 -1.201 4.09
N10w3 -0.233 1.06 -0.085 0.60 -1.008 4.00
N10w4 -0.348 0.86 -0.212 0.40 -1.142 3.66
N10wd -0.437 0.71 -0.346 0.28 -1.532 3.50
All Data -0.162 0.97 -0.049 0.63 -1.130 4.58

Dataset®

“ This column illustrates the parameters that remain constant and their respective values.
For example N8w4 represents a dataset which has a constant N = 8 turns and w = 4 mm,
while all other parameters vary.

Table 3.4 MAE% for p=—1, p=0 and p = 1 for different datasets

p=-1 p=0 p=1
WH RS MN WH RS MN WH RS MN

N6éw3 3.22 242 516 143 0.62 6.49 182 186 8.63
N6éw4 2.49 2.75 520 0.57 0.69 6.70 2.07 1.83 9.05
N6éwd 2.40 3.12 5.09 0.38 0.86 6.80 2.53 2.09 9.37
N8w3 2.21 235 480 0.82 043 6.28 2.81 238 8.68
N8w4 2.15 247 450 090 044 6.29 354 273 9.02
N8wb 2.14 232 425 0.09 060 6.33 3.72 297 9.11
N1Ow3 2.10 2.14 4.17 143 0.68 5.88 4.01 3.17 8.61
N1Ow4 190 1.78 3.80 145 0.73 5.73 395 3.15 834
N1Owd 1.44 1.12 3.87 1.27 0.68 5.60 291 234 7.43
All Data  2.27 2.33 4.58 1.05 0.63 6.27 3.03 2.50 8.75
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Table 3.5 Simulation and Experimental Results

% Dimensions
CEG D1 D2 N W S Sim Lab Er.
N [mm| [mm] [mm] [mm] [uH] [uH] %
#1 100 150 6 4 0.1 6.159 6.174 0.24
#2 100 163 8 4 0.5 8369 8402 0.39
#3 100 163 10 3 0.5 13.456 13.478 0.16
#4 210 266 6 5 1.0 14.553 14.396 -1.08
#5 210 297 10 5 0.5 32.122 32.015 -0.33
DI,
Ly = 2.34ugN? ————, (3.15
Wi O 1+275pll, )
1.27 — 2.07
Lrs = —~ #oN?IDllg <1n <—”p“ ) 0.18]lpllo + 0-13IIPII§) ,and (3.16)
0
Ly = 1.5428ug N7 || D|| | D|| 7} 2 w0147 570053, (3.17)
h =i _ DI+l . . .
where || D], = — | DIl is the y-norm of the outer sides D} and Dy, ||d]|, is the y-norm

of the inner sides d; and d,, which can be also calculated from (3.7) since the difference is
negligible, and ||p|l, = (I DIl, — l41l,)/(IIDIl, + lld]l,). The modified equations (3.15)-(3.17)
can be used directly, for windings within the specified dimensions or in the near vicinity.

It is interesting to investigate how accurate each approximation will be for the selected
p values, when the outer lengths of the rectangle differ significantly. The deviation from the
square shape can be expressed by the ratio D;/D,, and the MAE% for the selected p values
is shown in Fig. 3.10, as a function of the D,/D, ratio. For Wheeler’s and Rosa’s equations,
the MAE% for p = 0 is significantly lower compared to that for p =1 and p = —1, especially
when the ratio is small. As it is expected and illustrated in Fig. 3.10, MAE% tends to
decrease as the ratio increases, i.e., as the windings are getting closer to a square shape. The
Monomial approximation does not show the same consistency in its behavior, however, it

presents the lowest MAE% at p = —1, as expected from Fig. 3.9.

3.2.2.5 Experimental Results

Five indicative cases, presented in Table 3.5, are selected to be constructed and measured
in the lab, in order to evaluate both the simulation results and the equations. The selected
dimensions of three windings are within the scope of the simulations, as defined in Table 3.2,

while two of them are intentionally outside the dataset used to evaluate the optimal p.
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Figure 3.10 MAE % for as a function of the ratio D,/D,, which represents the deformation of
the square shape. As D,/D, increases, Wheeler’s and Rosa’s equation MAE decreases, while the
Monomial does not present a consistent behavior. (d) presents the MAE% for the respective rounded
Popt Of each equation, with the corresponding absolute error of the experimental vs. equation results.

A modified power amplifier is used, capable of producing 30 V peak voltage, with fre-
quency up to 50 kHz and a current up to 1.5 A. The inductance is calculated by correlating
the voltage excitation to the current response (amplitude and phase difference) at 50 kHz,
and the experimental setup is presented in Fig. 3.11. The error between the simulation
and the experimental results is less than 1.1%, and it is presented in Table 3.5, in order
to evaluate the accuracy of the simulation results. The inductance is also verified with an
HP 4284A precision LCR meter. It should be noted that since the self-resonant frequency
of the winding is expected to be several orders of magnitude higher than the operating fre-
quency, the inductance will not vary with respect to the latter (up to a reasonable operating
frequency, e.g. 200 kHz).

The comparison between the equations and the experimental results is presented in Table
3.6, for the same windings, where the physical dimensions have been omitted. The error is

less than 1.5% for Wheeler’s and Rosa’s equations and less than 5.5% for the Monomial,



3.2 Single-Layer Planar Winding 55

Rectangular
| Planar Winding

(b)

Figure 3.11 Experimental setup for measuring the inductance of RPWs using the amplitude and
the phase difference of the voltage and the current.

Table 3.6 Equations and Experimental Results for the corresponding p, of each equation

% Wheeler Rosa Mono
% Lab Ind. Er. Ind. Er. Ind. Er.
@ [pH]  [pH] % [nH] % [nH] %o

#1  6.174 6.145 -047 6.098 -1.25 6.464 4.49
#2  8.402 8424 0.26 8333 -0.83 8.223 -2.18
#3 13.478 13.575 0.71 13424 -0.40 13.111 -2.80
#4 14396 14421 0.17 14532 0.94 15.230 5.48
#5 32.015 32.479 143 32.155 044 32984 2.94

even when considering windings with dimensions outside the initial dataset for which p is
optimized. Furthermore, the same comparison is made, based on the ratio D{/D,, and as it
can be seen in Fig. 3.10d, the absolute error between the measurements and corresponding
equation follows the trend of MAE%. Note that the optimal p value is used for each equation,
i.e., p =0 for Wheeler and Rosa, and p = —1 for the Monomial, to produce the best possible
results. The utilization of other p values is possible, but would increase the estimation error,

especially in cases of small D;/D,, as shown in Fig. 3.10.

3.2.3 Voltage Distribution on each Turn

Due to the nature of PWs, each turn does not present the same inductance and hence
experiences a different voltage drop. It is possible to use the equations (3.15)-(3.17) to
estimate the inductance of each turn. Since the current that flows in every turn of the
winding creates a magnetic field in the same direction, the inductance of each turn is given
by
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N
Li=Lyr;+ Z M;;, (3.18)
J=Lj#i
where L; is the total inductance of the i turn, L;; is the self-inductance of the i turn, and
M;; is the mutual inductance between the i turn and every other j turn.
The calculation of the self-inductance is straightforward, by utilizing any equation for

the specific dimensions of the i turn with

Dy =D-=2>(—-1D(w+s)
T : (3.19)
dip = Dyr = 2w
for i € [1, N1.
The calculation of mutual inductance requires additionally the knowledge of the induc-

tance of turns i and j, connected in series, which can be approximated by

Dyr = D —2(i— D(w + s)

(3.20)
dor = Doy = 2jw —2(j — 1)s
forie[l,N—1],and j€[i+ 1, N].
Finally, the mutual inductance can be calculated from
1
M;; = E(LZT,ij = Lyp;— Lir ), (3.21)

and the total inductance of each turn L; from (3.15). The steps of the algorithm are pre-
sented in Fig. 3.12. A comparison between the approximation algorithm and laboratory
measurements is carried out to verify the accuracy of the process, and it is presented in
Table 3.7.

Geometric Calculate the
Calculate the Calculate the . i :
dimensions and # of celf-inductance of celf-inductance of mutual-inductance of De1 ive the tC{t‘AI
burns of the eaéh turn se ei':atel ;a(‘ll air’ ;)f t’urns each turn with every [ ) inductance for
winding i perately achp other turn each turn

Figure 3.12 Flowchart of the proposed algorithm for calculating the inductance of each turn.

It can be noted that in both the estimated and measured results, the second turn presents
greater inductance compared to the outermost (first), even though the surface area is smaller.
The inductance of the third turn is also equal or greater of the outermost. This observation
can be explained by considering the effect of the mutual inductance in combination with the
surface area of each turn. The mutual inductance is significant between turns of long length,
which are placed closed to each other. The exception is the first turn (outermost), which
has no other turn surrounding it. From the fourth turn and inwards, the inductance rapidly

declines.
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Table 3.7 Laboratory and algorithm estimation results for 2 square- and 2 rectangle-shape coreless
windings of 6 turns.

Square Rectangle
D1 = 266 mm D1 = 292 mm
D = 185 mm D =210 mm D2 — 210 mm D2 — 210 mm
L [uH] L [uH] L [uH] L [uH]
& \):é" Q;\ & \):é" Q;\ & \;‘vd fc;\ & \7&9 @f\

1.26 131 -3.89 1.60 164 -250 243 244 -043 2.63 255 3.11
1.35 041 1.72 1.71 054 255 252 133 276 284 -282
1.31 135 -3.06 1.67 164 180 2.56 253 117 277 285 -2.62
1.13 107 531 150 140 6.67 246 241 2.03 267 270 -0.96
0.86 084 180 1.21 1.16 4.13 226 221 221 247 243 1.64
0.52 055 -5.77 082 0.84 -192 196 207 -561 216 211 2.14
6.44 6.48 8.52 8.39 14.22  14.18 15.47 15.48

MO ok w o = g
01-0
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To explore in more depth this observation, in Fig. 3.13 the calculated and measured
inductance per turn as a percentage of the total inductance is presented, based on the
proposed algorithm. The geometrical characteristics of the winding are constant and equal
to D =210 mm, w =3 mm, s = 1 mm. The number of turns N varies and consequently varies
the inner-side length d. Changing the geometrical parameters would result in changes to the
absolute values of the inductance distribution, but the fact that the inductance increases for

the first few turns and then rapidly decreases, still stands true.
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Figure 3.13 Inductance per turn as a percentage of the total inductance, for windings with different
number of turns.
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A repetitive process may be used when designing PWs, where in the first iteration the
inductance for a specific set of geometrical parameters { D, D,, N, w, s} is estimated, and
the spacing between the first turns is validated as adequate or not. If the spacing cannot
withstand the applied voltage, in the second iteration s increases, the other parameters Dy,
D,, or N are readjusted to comply with the desired characteristics of the windings and the
new inductance is estimated. This process is repeated until the winding has the proper
spacing and the desired inductance, as it is illustrated in Fig. 3.14. The width of the trace w
is considered constant, as it depends on the maximum current passing through the winding.
If it is not possible to achieve the desired inductance, while also comply with the geometrical

restrictions of the application, multilayer planar windings should be considered.

Initial Calculate L I'S L YES Fod
Dimensions and L/turn sufficient?
Increase s
NO
ves Can in-
Increase D crease D7
NO

Y

vEs ~Can in- NO | Consider

Increase NV
W—' MLRPW

Figure 3.14 Design flowchart for an LIRPW.

In conclusion, for coreless designs, special considerations must be made for the spacing
between each turn. Unlike conventional windings, in planar architectures, the voltage drop
per turn is not simply given by the ratio of the applied voltage over the total number of turns.
If the voltage distribution is not considered, it can lead to oversized windings or electrical
breakdown between turns, most probably the outermost. It is important to ensure that the

first turns are sufficiently far apart.
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3.3 Multilayer Planar Winding

High-power PWs are generally designed with less turns, compared to conventional wind-
ings. However, via proper folding of similar single-layer windings, so that the magnetic flux
of each layer is generated in the same direction, multilayer PWs (MLPWSs) are possible.
These designs can increase the inductance exponentially, while achieving a high coupling
factor and maintaining the z-profile low. The utilization of multilayer rectangle-shaped PWs
(MLRPWs) provides further benefits, by adding one more degree of freedom, which can be
crucial for applications with limited space availability.

As in single-layer RPWs (L1RPWs), a simple and accurate method for estimating the
inductance of MLRPW:s is important. However, based on the current analytical equations
of LIRPWs, a similar approach for MLRPWSs, would result in a complex and inconvenient
form difficult to use.

The utilization of Wheeler’s and Rosa’s equations, where the number of turn N is sub-
stituted by the product of number of layers (N;) times the number of turns per layer (N7 ),
has shown promising results, but the estimation gets worse as the number of layers or the
distance between them increases [130]. The Monomial equation, as it is presented in the
previous section, provides worse results, but due to its form it is easily expandable to ac-

commodate for the required additional variables.

3.3.1 Candidate Forms of Equations

The form of the new monomial-like equation should include all the geometrical parameters,
which previous analyses have shown to have an impact on the resulting inductance of the
winding. In this direction, a discussion on the single-layer winding monomial equation (3.6)
or (3.17), would be useful to highlight the effect of each variable.

The variable that affects the inductance the most is the mean value of the perimeter of
the winding D = #, which is raised to 2.4. The importance of this parameter was already
identified in the first estimation attempts [87]. It derives from the Current Sheet Approxi-
mation (CSA), where copper traces on the same side (being close to each other and carrying
current in the same direction) create a strong positive mutual inductance. Accordingly,
traces on opposite sides carry current in opposing directions, generating a negative mutual
inductance. The strength of the negative mutual inductance decreases as the distance be-
tween the two sides increases, as for CSA the two sides of the winding can be regarded as two
conductors with opposite currents. This reveals the important role of d when considering
the total inductance of a winding.

The outer-side length D is present in the numerator (as a sum) raised to 2.4 and in the
denominator raised to 1.21, hence the total inductance increases with D. The number of turns
N also has a strong impact on inductance, as it is raised to 1.78. Therefore, the variables

D, d and N play the most significant role in the determination of the total inductance.
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The inductance decreases with the width of the copper w (raised to -0.147), since (with
D and N constants) larger w results to smaller d. The impact of the spacing between traces
s is almost negligible, at least for the dimensions this work considers. In practice, the spacing
between the traces is not an important design issue for relatively low voltage, since a few um
of clearance, especially when coating is present, can isolate more than 100 V (IPC-2221B,

B4 external conductors with polymer coating [96]).

In conclusion, as it is intuitively expected, larger external dimensions (larger D) increase
the inductance. The inductance also increases by adding more turns (larger N) which, for
a constant D, can be done either by decreasing w or d. In the first case the inductance
will exponentially increase as long as d is kept approximately the same. However, reducing
w may have adverse effects on the winding temperature, which will increase as well, since
the same amount of current will run through a narrower trace. In case d is decreased it is
uncertain if the inductance will increase, since D gets decreased (traces carrying currents in

opposite directions get closer).

Based on the single-layer planar winding (L1PW) monomial equation and the analysis
of its variables and coefficients, first of all, D and d need to be separated into D;, D, and
d, d,, respectively, as presented in Fig. 3.7. In addition, two new parameters need to
be introduced: the first is the number of layers N; and the second is the vertical distance
between two consecutive layers O, as illustrated in Fig. 3.15. Three candidate forms of a

monomial-like equation are examined

Lygxe1 = ago DY Dy d | dy* w s N7 NP O%Ne=h), (3.22)
L.z = %t D} D3> D) Dy ws% NyT N1 0%, (3.23)
Lyixcs = aoHo D} D3 Dy’ Dy w % Ny7 NE0%NL=D) (3.24)
where D, D,, and d|, d,, are the outer- and inner-side lengths, respectively, D_l = Dl;d‘,

Y D,+d
D2= 27¢2

turns on one layer, N; the number of layers, and O the distance between two consecutive

, w the width of the conductor, s the spacing between turns, Ny the number of

layers.

The three candidates are close to, but with two crucial differences. The first one considers
the inner-side length d, while the second and third the mean perimeters D. The other
difference is that the exponent of O depends on the number of layers for the first and third
equations, but it is independent of them for the second. This means that the effect of O

becomes greater as the number of layer increases.

After running the multiple linear regression (MLR) algorithm for all three equations,

with a dataset as defined in the next subsection, the results are close but not identical. The
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Figure 3.15 The simulation setup for the multilayer planar windings. The distance between two
consecutive layers is O. The vias connecting the different layers has been modeled as well.

metrics utilized to evaluate the equation are the mean absolute error and the number of
samples with error greater than 5%. The latter is crucial in order to guarantee that the
proposed equation is not biased toward any specific subset (i.e., windings with 4 layers).
Out of the three candidates, the MLR adaptation of (3.24) is presented in subsection 3.3.2,

as it provided the best results.

3.3.1.1 Dimensions of Simulated Windings

As stated in the previous section, the orientation of the winding is irrelevant, so the induc-
tance for a winding with dimensions { D}, D3} is the same with {DJ, D}. This observation
reduces the number of necessary simulations by a factor of 2. The outer-side lengths D; and
D, of the simulated windings are presented in Table 3.8, and the full list of dimensions in
Table 3.9. The dimensions set {D, D,} = {70 : 110,120 : 160} has been omitted to reduce
the total simulation time that is requires to generate the training dataset. As will be shown
later, the proposed equation can accurately estimate the inductance of the windings with
dimensions within the aforementioned omitted set.

The finite-element model developed in Maxwell3D (ANSYS) is presented in Fig. 3.15, for
the four-layer case. Similarly to the single-layer models, the analysis region is 700x700x700
mm?, and a denser parallelepiped encloses the winding, to provide more accurate results
between the traces and the layers. The vias have been modeled as copper connections

between the layers.

3.3.2 MLR Adaptation and Results

Applying log;, in both sides of (3.24) results in the following linear equation
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Table 3.8 D, and D, dimensions, measured in [mm]|, for MLR training.

D, D, 70 80 90 100 110 120 130 140 150 160
] x x X X X
80 X X X X
90 X X X
100 X X
110 X
120 X X X X X
130 X X X X
140 X X X
150 X X
160 X

Table 3.9 Simulated Datasets for MLR Training

Dataset A Dataset B
D 70:10:110 mm  120:10:160 mm
' D,<D, D, <D,
D, 70:10:110 mm 120:10:160 mm
d, from (3.7), d; >17 mm
d, from (3.7), dp >17 mm
w 3,4, 5 mm
s 0.1, 0.3, 0.5 mm
Nr 6, 8, 10 turns
Ny 1, 2, 3, 4 layers
o 0.5, 1.0, 1.5 mm

not defined for N; =1

logo(Lyy) = o + a; log (D)) + @, log o(D,) + a3 logyo(D)) + a4 log o(D,)
+ a5 logo(w) + aglog;(s) + a; logo(N7) + aglog;o(Ny) (3.25)

where ¢ = log;o(ag) +10g,0(4g). Eq. (3.25) is a linear equation with the form y = ¢y +¢;x; +
CyXy + - + CoXyg.

Generally, in MLR algorithms (y = Zfio(cixi)) the dataset is split into two subsets:
one for the calculation of the coefficients ¢; (training) and the other to assess the behavior
of the equation to samples it has not been exposed to (evaluation). In this case, 80% of
the samples (4680 samples) from the Datasets A and B (as given in Table 3.9) comprise

the training subset, and the remaining 20% of the samples (1170 samples) comprise the
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evaluation subset. Each sample is randomly assigned to either of the subsets, which is a
common practice in MLR applications.

The resulting coefficients of the training process ; are presented in Table 3.10, along
with their corresponding variable (geometrical parameter). The asymmetry that is caused
by the restriction D; < D, is pronounced by the fact that the exponents of D, D, and Dy, D,

are not equal, and more specifically |a;| > |a,| and a3 > 4. So, the equation

—1.175—1.072
Ll\,[N — 1602M0D1_0592D2_0378D1 D2 w—0.183s—0.011N%.794Ni.8040—0.006(NL—1)’ (326)

is valid when the restriction D; < D, is followed.

Table 3.10 Monomial Equation Coefficients

Variable Coeflficient Value

constant a, 1.602
D, a -0.592
D, a, -0.378
D, as 1.175
D, ay 1.072
w as -0.183
s ag -0.011
N a; 1.794
N; ag 1.804
oWL=b ay -0.006

Several metrics can be used to determine the accuracy of the new equation. In Fig. 3.16a
the histogram of the error
errort = ZSIM T EMN 00 (3.27)
Lsim
is presented, where Lgras and L,y are the simulated and estimated inductance, respectively.
The histogram is close to a normal distribution with mean value p = 0% and deviation of
o = 1.77%. The total number of samples with error greater that 5% is presented in Fig.
3.16b, grouped according to the number of its layers. This is done in order to ensure that
the equation is not biased against any subset of the original dataset. Another reliable metric

is the resulting Mean Absolute Error (MAE), as given by

MAE:—Z

s
1 <|LSIM — Lol
S =

> -100 = 1.24% (3.28)
Lgim

where S is the number of evaluation samples.
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Figure 3.16 Error % histogram and # of samples with > 5% error.

Usually, inductance equations contain an N 2 term, which means that for doubling the
turns, the inductance is quadrupled. This is to be expected, since adding two inductors
in series (adding N more turns to an inductor is practically connected two inductors of
N turns in series) the total inductance is the self-inductance of each inductor, plus the
mutual inductance between them. When the coupling factor is perfect (all the magnetic flux
generated by one passes through the other and vice-versa), the mutual inductance is equal
=L+ L+2kyVL-L=4L.

In this case, MLR provides for both terms Ny (turns on each layer) and N; (number

to the self inductance, hence L, ;.
of layer) a coefficient of 1.794 and 1.804 (practically equal to 1.8), respectively. This means
that the equation compensates for the non-perfect coupling factor between turns and layers.
The term O0~%%WV.=D 6nly fine tunes this effect, based on the vertical distance between two
consecutive layers, and receives values in the interval [1.0398, 1.1466|, which means that can
affect the estimation by approximately 11%. Another geometrical parameter with a small
coefficient is w (width of the trace), which is raised to -0.183, and varies within [2.6369,
2.8953|, affecting the estimation by approximately 10%. Finally, s (spacing between turns)
is raised to -0.011 and varies with in [1.0872, 1.1066|, affecting the estimation by less that 2%,
which means that it can be neglected without affecting the estimation. Hence, the simplified

form of the proposed equation is

—1.175—1.072
LMN — 1.7274/10D1_0'592D;0'378D1 Dz LU_O'183(NTNL)1'80_0'006(NL_1), (329)

with mean error u = 0%, deviation o = 1.97% and MAE = 1.43%.
In Fig. 3.17 the estimated simulated inductance is presented, with respect to D; and
D,, for two different subsets of windings: the first (solid line) with NpN; =3 -8 = 24 and
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Figure 3.17 The inductance of windings with NN, =3 -8 =24 (solid line) and Nz N; =4-6 =24
(dashed line), with respect to D; and D,.

the second (dashed line) with N N; =4 -6 = 24. The other geometric parameters are kept
constant and equal to w =3 mm, s = 0.3 mm, and O = 1.5 mm.

As it is shown, the inductance of Ny N; = 4-6 windings is larger from the corresponding
NyN; =3 -8, due to the fact that the windings with 8 turns have smaller d (for the same
D). Furthermore, it seems that inductance increases linearly with D, which was difficult to
derive directly from the equation. The parameters that play the most significant role in the
total inductance are the outer- and inner- lengths, as well as the number of turns and layers.
The width of the trace and the spacing slightly affect the inductance, but are responsible for
the reduction of the inner-side lengths (under the assumption that the outer-side and the
number of turns are constant).

In the case of square-shape windings, where D; = D, = D and d; = d, = d, Eq. (3.30)

simplifies to

LNIN = aoﬂoDﬂlﬁﬂz wa5 Sa6N;7NZSOa9(NL_1) (330)

where f; = a; + a, = =097 and f, = a3 + a4 = 2.247. In this case, exponential values of
(3.30) are reasonably close to those of (3.6).

3.3.2.1 Experimental Verification

To confirm the validity of the derived equation in practical windings, ten samples of different
geometrical dimensions are examined. The experimental setup, as it is presented in Fig.
3.18, consists of a modified power amplifier, capable of producing 30 V peak, for current
and frequency up to 1.5 A peak and 50 kHz, respectively. The parasitic capacitance is
small enough to not affect the impedance in any measurable way for frequencies up to 200

kHz. The impedance of the winding is calculated by correlating the voltage excitation to



66 Planar Windings

(a) Laboratory setup (b) AA cross-section

Figure 3.18 (a)The experimental setup for inductance measurement of MLRPWs at 50 kHz and
current up to 1 A, and (b) the AA cross-section of an industrial LARPW, where the layers are not
equally spaced.

the amplitude and phase of the current response. To verify the measured inductance the HP
4284 A precision LCR meter has also been utilized.

Nine of the windings were printed and folded properly in the lab. Custom printing is
preferred to ensure that in multilayer design the distance O between each layer is the same.
In commercially printed multilayer boards, copper layers are typically placed near the surface
of the board, leaving larger vertical separation in the middle. The exact widths of copper
layers, prepreg and core depend on the PCB manufacturer. In this case a 10th sample was
ordered by a commercial manufacturer. Its values are measured and presented in Fig. 3.18b,
and are in good agreement with the specifications given by the manufacturer.

The resulting inductances and the error with respect to (3.26) are presented in Table
3.11. It must be noted that even though most of the experimental windings do not belong to
the training and evaluation datasets (at least one geometrical parameter is outside datasets
A and B), there is only one where the equation estimates an inductance value with 6% error,
compared to the experimentally measured one and all the others present significantly lower
errors. KEspecially for the case of the commercial MLRPW, if O is replaced by the mean
value of the prepreg and core, i.e., (2-0.17 + 1)/3 = 0.45 mm, the equation provides very

accurate estimation with only 3.15% error from the measured value.

3.3.3 Non-Linear Optimization with Non-Linear Constrains

The derived monomial-like equation in its general form

—1.175—1.072
Lapy = 1.60244 D052 p3 0378 17, 7% =0.183 =001 N1.794 py 1804 0=0.006(N. 1) (3 37
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Table 3.11 Simulation and Experimental Results
Dimensions [mm| Inductance [uH|
D, D, d dy w s O Ny N, Lyy Lpap Error %
o (100.0 100.0 44.0 44.0 4.0 2.0 1.60 5) 2 9.69 9.38 3.31
= ) 100.0 100.0 42.0 420 5.0 1.0 1.60 ) 4 34.09 33.51 1.71
Ug; 100.0 100.0 42.0 42.0 5.0 1.0 1.60 ) 2 9.09 8.91 1.95
( 100.0 100.0 42.0 42.0 5.0 1.0 3.20 5) 2 9.05 8.53 6.08
(100.0 163.0 31.0 940 3.0 0.5 - 10 1 13.74 13.48 1.97
o 210.0 294.0 101.0 185.0 5.0 0.5 1.50 10 2 12570 120.80 4.05
Eo 120.0 160.0 33.0 73.0 5.0 0.5 - 8 1 8.19 8.26 -0.77
=4 1200 1600 330 73.0 5.0 0.5 1.60 8 2 29.65 30.87 -3.95
qu% 120.0 160.0 33.0 73.0 50 0.5 1.60 8 3 63.87 66.40 -3.81
100.0 165.0 38.2 1032 3.0 0.1 045 10 4 215.55  222.57 -3.15
53.0 99.8 11.6 584 25 0.1 040 8 4  61.97 63.43 -2.35

L

can be utilized in an non-linear optimization algorithm in order to derive the best possible

design with regard to one criterion, within a set of linear or non-linear constrains.

A specific example is examined to better illustrate the structure of the optimization
problem and the benefit of using (3.31) to design an MLRPW. From the multiple linear

regression data-fitted monomial equation the linear constrain

D, <D, (3.32)

must hold. Furthermore, since the variables of the equation represent the geometrical pa-

rameters of the windings, which interact with each other, the non-linear restriction

d] = Dl - ZNT(LU + S) + 2s (333)
dy = Dy — 2Ny (w + 5) + 25 (3.34)

should, also, be valid. The optimization process is taking place within the boundaries that
are defined in Table 3.12.

Finally, the number of turns should be an integer number

Ny €{3,4,...9,10} ¢ N* (3.35)

It should be noted that in some designs fractional turns (k + 0.5,k € N*) are preferable,
mainly due to structural reasons and reduction of the ohmic resistance of the windings
[131]. It is possible to relax this constrain by including more valid values for N, when such

necessity arises.
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Table 3.12 Lower and upper boundaries for the optimization process.

lower upper .

boundary boundary units
D1 12.0 54.0 mm
D2 55.0 101 mm
dl 10.5 52.0 mm
d2 54.0 99.0 mm
w 2.5 5.0 mm
S 0.1 1.0 mm

The number of layers N; is not considered in this optimization process, as it is inde-
pendent of the other variables and as it increases, so does the total inductance. Similarly,
the vertical distance between two consecutive layers O is not considered, since it depends on
the production capabilities of the PCB manufacturer, and its increase leads to inductance

reduction.

The non-linear programming solver fmincon is offered by Matlab and utilizes the interior-
point algorithm, explained in detail in [132], properly modified by [133, 134, 135]. The

algorithm finds the minimum of

(%) <0

Ceg(® =0

min, (~Lyn(X) : JA4-X<b (3.36)
Aeq - X = b,,

(/b <% <ub

where ¢(x) < 0 and ¢,,(x) = 0 describe the non-linear constrain inequalities and equalities,
respectively, A-X < band Aeq-X = be, describe the linear constrain inequalities and equalities,
respectively, and /b < x < ub define the lower and upper boundaries for vector X. Note that
the algorithm tries to find the minimum L, so the —L,, 5 is utilized to find the maximum.
The linear constrains of (3.32) can be easily implemented as A(1,1) = 1; A(1,2) = -1;

and b = 0;.The vector X is defined as

Xq D,
X) D,
X3 d;
X=|x,|=|d, (3.37)
X5 w
X6 s
[x7]  LNT]
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and the lower and upper limits of each x; are

1b = [0.012 0.055 0.0105 0.054 0.0024 0.0001 03]; and

ub = [0.054 0.101 0.0520 0.099 0.0060 0.0010 10];, respectively.

The non-linear constrains of (3.33) and (3.34) are implemented as

ceq(1) = x(1) - x(3) - 2xx(7)*(x(5)+x(6)) + 2xx(6); and

ceq(2) = x(2) - x(4) - 2xx(7)*(x(5)+x(6)) + 2*x(6) ;.

Finally, the constrain (3.35) is implemented as

ceq(3) = x(M)-v(1)) * x(7T)-v(2)) * x(7)-v(3)) * (x(7)-v(4)) * (x(7)-v(B)) *
(M) -v(6)) * x(7)-v(7)) * (x(7)-v(8));

where vector v = [3 4 5 6 7 8 9 10];. This forces the algorithm to consider only the
values of v as valid for the Np.

The problem is characterized as non-linear mixed integer optimization, which is non-
convex in the general case, and may lead to several local maxima. One way to overcome
this issue is running the optimization algorithm for different initial points x0, which can be
randomized for each iteration.

For each iteration the optimization algorithm converges to a specific state vector x; and

returns a local maximum of L,y ;. When the L),y ; is greater than the temporary Lysn 5y

and the constraints are not violated, the temporary x,, is updated to the current x,, = Xy,

and Ly o = L ;- 1t must be noted that this method does not mathematically guarantee
that the global maximum is achieved. However, practically, running the algorithm for a large
number of iterations, provides a very good solution.

The optimal results are presented in Table 3.13, and its dimensions are very close to

those of the winding presented in the last row of Table 3.11.

Table 3.13 Optimization algorithm results.

[mm)] turns  [uH]
Dl D2 dl d2 w S NT L
54.0 101 126 596 25 0.1 8 63.82

It can be noted that the max(L) is achieved for max(D,) and max(D,), but not for max(d,),
max(d,), or max(Ny). A winding of these dimensions has been designed and commercially
printed, with a measured inductance of 63.43 uH, resulting in 0.7% error compared to the

equation.
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3.4 Comparison of L1 Modified and MLR Equations

To illustrate the potential of each equation, modified or data-fitted, a comparison between
them is useful. In this section, the two datasets as they are presented in subsections 3.2.2
and 3.3.2 are combined and used to compare the MAE and the error distribution of each
equation and highlight the context in which they provide the best results.

Two sets of comparisons are carried out. The first one is considering single-layer rectangle-
shaped planar windings (LIRPW). Five equations are compared, the three modified equa-
tions of subsection 3.2.2, the novel monomial equation of subsection 3.3.2, and one additional
monomial equation with recalculated coefficients. The second comparison considers multi-
layer rectangle-shaped windings. Four equations are compared, the three modified with the
assumption that the total number of turns is equal to the product of the number of layers

and the turns per layer, and the novel multilayer monomial equation.

3.4.1 Single-Layer

The equations under consideration are presented again in this section for the sake of com-

pleteness,

IDllo
Ly = 2.34pgN* ———_——, 3.38
Wi = 20N T s T, (3.38)
1.27 — 2.07
Lps = —5- HoN?IDlly (m (—”p” > +0.18]|pllo +0.13||p||g> , (3.39)
0
Ly = 1.5428ug N 78| DI || D|| 2} w0147 57003, (3.40)

along with the a modified data-fitted monomial-like equation. Since the original equation
is fitted for small (dimensions of um) windings, its coefficients are recalculated via MLR
algorithm to fit the square-shaped windings of dataset presented in Tables 3.2 and 3.9 (di-
mensions of mm), and then optimized for the RPW case. It is denoted with an RL1 subscript,

as in

Ll\[NJ{Ll — 1.3677M0N1'774 ”5”3255 ”D”81.064w—0.165s—0.021 . (341)

The monomial-like equation derived in subsection 3.3.2 is adjusted for single-layer winding

estimation, as in
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—0.592 4—0.378 11751072 - 183 171794
Lynyir = 1.51pg Dy D7Dy Dy w™ " Ny ™ (3.42)

In Fig. 3.19 the error histogram is presented for each equation separately, and in Table
3.14 the respective MAE%, mean value p, and deviation 6. With the exception of (3.40)
(modified Monomial), all error distributions are close to the normal, with small deviation
o, and have a MAE of less than 3%. Eq. (3.39) (modified Rosa) presents the best induc-
tance estimation, with (3.38) (modified Wheeler), (3.42) (Monomial MLRPW), and (3.41)
(Monomial RL1) following.

Table 3.14 MAE%, mean value, and deviation for LIRPWs

Equation MAE u o

Mod. Wheeler ~ (3.38) 1.05% -0.38 1.33
Mod. Rosa (3.39) 0.64 % -0.02 1.00
Mod. Monomial (3.40) 4.54 % -3.68 3.52
(3.41)
(3.42)

Monomial RL1 259 % 223 2.94
Monomial MLR 2.01 % -0.20 2.33

However, when considering the MAE% with respect to the ratio D,/D,, only (3.38) and
(3.39) provide results with less than 3%, and (3.42) with less than 4.1 %, as it is presented

in Fig. 3.20, which makes these equations practically similar.

3.4.2 Multi-Layer

Based on the results presented in [130], and the fact that (3.26) has almost the same expo-
nential values for Ny and N, a comparison between the equations of Sections 3.2 and 3.3 is
possible, by substituting the number of turns N with the product of number of turns times

the number of layers Ny - N, as in

Ly = 2.34uy(Ny - Nﬁﬂ, (3.43)
1+2.75]Iplly
1.27 — 2.07
Lps = =5~ #o(Nr - Np)2IDllg <1n <—”p” > +0.18]Ipll +0.13||p||3> : (3.44)
0
Ly = 1.5428(Ny - N B ID|| | D)| 2 w0147 57003, (3.45)

—1.175—1.072
LMN — 1.602M0D1_0'592D2_0'378D1 D2 w—0.183s—0.01 1 N}'794N£'8040_0'006(NL_l). (3.46)



72 Planar Windings

350 400
300 350 1
250 300y
2 £250 -
g* 200 é‘
& Z200}
5150 + o
$ = 150 |
100 ¢ 100k
50 50 -
0 0 -
-8 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2
Error % Error %
(a) Modified Wheeler (b) Modified Rosa
200 T T : : T 250
180
160 200
140
5 3
<120 <150
g g
2100 &
3 g0 S 100
+* =
60
40 50
20
0 0
-10 -5 0 5 10 0 5 10 15
Error % Error %
(c) Modified Monomial (d) Monomial RL1

140

120

100 +

80

60 +

# of Samples

40 +

20 |

-8 -6 -4 -2 0 2 4 6
Error %

(e) Monomial MLR

Figure 3.19 Error% histogram for each separate equation for LIRPWs.
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Figure 3.20 Comparison of MAE % for as a function of the ratio D,/D,, which represents the
deformation of the square shape.

The error% histograms are presented in Fig. 3.21 for each equation respectively. As it was

expected and presented in Table 3.15, (3.43) and (3.44) overestimate the total inductance,

with a mean value of -10%, while (3.45) underestimates it, with a mean value of 8%. Only

(3.46) provides accurate results, with a mean value of approximately 0% and small standard

deviation.

Table 3.15 MAE% and mean value for MLRPWs

Equation MAE u
Mod. Wheeler  (3.43) 10.55 % -10.53
Mod. Rosa (3.44) 995 %  -9.93
Mod. Monomial (3.45) 7.96 %  7.89
Monomial MLR ~ (3.46)  1.35%  -0.76
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3.5 Selection and Effect of Ferrite Core

Planar inductors and transformers can operate without a core since they usually present high
coupling factor and have structural support from the PCB. However, when a specific appli-
cation requires large inductance values in a small volume, electromagnetic field containment,
and even higher coupling factor, the use of a ferrite core is advised. Especially in the case of
high current, traces must have large width leading to windings of few turns, ferrite cores are
utilized to increase the inductance. In this section the introduction of a core is discussed,
the basic relations that describe the cored inductor are presented, and an example of an EI
ferrite core from Fair-Rite 7895400721 is considered.

3.5.1 Core Loss Estimation

Magnetic cores for high-frequency designs are usually soft ferrites, namely alloys of Mn-Zn
(frequencies < 2 MHz) and Ni-Zn (> 1-2 MHz) [136, 137]. Manufacturers generally cat-
egorize them with respect to a specific application or usage (switch-mode power supplies,
telecommunications, EM filters, etc.), the frequency range, the geometrical shape (EI, UI,
PQ, toroid, etc.), and the material properties (permeability u, saturation flux density B,
power loss Py, etc.) [101, 138, 139, 140]. The categorization can act as a first filter of selec-
tion from a plethora of potential cores, based on a rough estimate of the desired inductance
value, frequency range, and volume.

After reducing the range of options to a few candidates, a more detailed analysis on the
losses of the core with respect to the magnetic flux and the frequency is useful. Generally,
the losses (per unit volume) are given by the Steinmetz equation [141]:

Peore = Physt. = KC(AB)m(fs)n, (3.47)

where

- Py, the core losses per unit volume

K. a constant depending on the core

A B the magnetic flux density swing

- f, the switching frequency

- m a constant between 1.5 and 3

n a constant between 1 and 2 [94, 142]

which is valid for sinusoidal excitation. For non-sinusoidal excitations the improved Stein-

metz equation is developed [143]:

Pcore = KC(AB)mfenq_lfr’ (348)

where


https://fair-rite.com/product/planar-cores-7895400721/
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o = m /OT(m)zdt, is the equivalent frequency

dt
_ dB®

P the core loss magnetization rate.

A more detailed comparison between the various empirical models (original, modified, gen-
eralized, improved-generalized and natural Steinmetz equations) is presented in [142].
Another way of estimating the core losses is through the measurements that are provided
from the manufacturers. The vast majority of cores are accompanied by the power loss
) and the

magnetic flux density (B) increases, as illustrated in Fig. 3.22a, for an indicative case (Fair-

per unit volume Py, in the datasheet. P, increases as the switching frequency (f,
Rite 95). It also depends on the temperature, as illustrated in 3.22b, for the same material,
presenting an optimum area of operation in the neighborhood of 60-80 °C. Utilizing the
datasheet figures, a rough estimate of the losses can be derived without the knowledge of
material constants like K., m, and n.
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Figure 3.22 Core losses per unit volume for the Fair-Rite 95 material (7895400721).

Core losses can also be estimated via proper simulation methods, i.e., FEM models
utilizing the BH hysteresis loop. Maxwell3D of ANSYS enables this calculation when the
initial magnetization curve and the H,, B, are known. As illustrated in Fig. 3.23, using the
BH curve from the datasheet, converting all variables to the SI, and importing them to the

hysteresis loop properties, can result in an accurate model.

3.5.2 Advantages and Disadvantages of Core Utilization in PWs

Both (3.47) and (3.48) imply that an increase in the switching frequency would require a
decrease in the magnetic flux swing to maintain the same loss level. The magnetic flux

density (B) inside the material depends on the product of (A4, - N) as in
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where

- B is the magnetic flux density [T]
- K, a dimensional constant

- my the excitation [Vs| or [AH]

- N the number of turns

- A, the effective cross-section of the core [m?].

Hence, to decrease the magnetic flux swing, an increase in the cross-section A, is required,
while maintaining the same amount of turns. However, increased A, suggests larger core
volume V,, which increases the core losses. Due to their shape, cores for PWs can achieve
large cross-section area but with a relatively small total volume, meaning that the ratio A,/V,
is larger compared to most conventional cores. For the same reason, heat dissipation is more
efficient for PWs cores.

However, the utilization of a ferrite core comes with various disadvantages. The cost
of an off-the-shelf core is several times that of the winding, which can further increase if
a custom design is required. The estimation of the inductance becomes significantly less
accurate due to the uncertainty, the non-linearity, and the temperature-dependence of the
relative permeability. Furthermore, the surface of the materials is not perfectly flat, hence,
for two-piece cores (EI, EE, UI, etc.) inconsistent and small air-gaps are created in the point
of contact. The applied pressure which holds the two pieces affects the total inductance,
meaning that inductance can start drifting with time.

It is, therefore, difficult to accurately calculate the magnetizing and leakage inductance
of a cored MLRPW. Many approaches have been developed, presenting analytical solutions

[144] and designing tools for optimization [145, 146], or rely on computational intelligence
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methods, like differential evolution algorithms [147]. Others propose asymmetrical winding
designs with core air-gaps to control the leakage inductance, which is crucial for active bridge

and resonant converters [148].

3.5.3 Analysis, Simulation and Experimental Results

For the sake of completeness, an indicative example of a cored MLRPW with dimensions
D= 53 mm, D,= 99.8 mm, w= 2.5 mm, s= 0.1 mm, Ny= 8 turns, and N;= 4 layers is
presented. The equivalent reluctance model for the Fair-Rite 7895400721 core is illustrated
in Fig. 3.24 and the corresponding values in Table 3.16. It is known that the reluctance is
given by

[.

Ri=- /410A (3.50)

where [; is the effective length of the i core segment, p, the relative permeability, and A the
effective cross-section. The equivalent length of the corner reluctance is discussed in [149].
The lengths and areas of each core segment are defined in Table 3.16, where d, is the depth
of the core, and the absolute dimensions of the core are given by the manufacturer in [150].
In the case of the air-gap section p, = 1 and the fringe effect is considered too small to play

a significant role.

lel lel le2 lel

lel

Hcore

Lcore

Figure 3.24 Reluctance model of Fair-Rite 7895400721.
The equivalent reluctance model is presented in Fig. 3.25, where

R)=Rgepp + Rpy+ Rgey + Ry + R+ Ry + Ry + Ryeo,
RC = RE2 + RG, (351)
R, =R+ Rpp + Rgep + Rpo + Rg + Ry + Ry + Ry,

and the corresponding magnetic fluxes are given by
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Table 3.16 Lengths are areas of the core segments.

Segment Length Area
formula [ m] formula A [m?]
Ry, l,, 21.75¢-3 I, -d, 260.10e-6
Rp» l,  5.30e-3 I, -d, 260.10e-6
Ry 2l +1,)/8 4013 (I, +1,)2-d, 260.10e-6
Rpp ally + 1,728 3.000-3 (I +1,/2)/2-d, 195.080-6
R, I, I, -d,
R, I, 21.75e-3 I, -d, 260.10e-6
R, 2y +1,)/8  4.0le3 (I, +1,))/2-d, 260.10e-6
Ry, ally +1,472)/8  3.000-3 (L +1.,/2)/2-d, 195.08¢-6
R;R
d)[ — l [N r NI,
2RR,+ R.R, +R/R,
b, = RiR, NI (3.52)
" RR.+R.R.+RR, '
5] R/R,

= NI
2R R, + R.R, +R/R,

[ R Re R
Lo wi] ol

NI

Figure 3.25 Reluctance model of Fair-Rite 7895400721.

The 3D model of the winding in Maxwell3D (ANSYS) is presented in Fig. 3.26a, while
the laboratory prototype is constructed and presented in Fig. 3.26b. As already explained,
the imperfections on the connection of the EI core are modeled as a small air-gap, in the
order of um. The magnetic field density B and intensity H are presented in Fig. 3.27a, while
in Fig. 3.27b the H fringe effect of a 100 ym air-gap is illustrated. The simulation verifies
the assumption that small air-gaps do not experience significant fringing, and the magnetic
flux passes though an effective area equal to that of the ferrite core.

Ranging the /, from 20 to 100 ym air-gap, the results of the simulation do not vary
more that 4%. For [, = 50 ym, the simulation estimates an inductance Lgp; = 15.650
mH. It should be noted that simulation results are as accurate as the precise knowledge of
the relative permeability and the BH curve, especially its slope. In this case, the region of

analysis can be reduced as the vast majority of the magnetic flux is detained inside the core.
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(a) Simulated MLRPW with core. (b) Laboratory MLRPW with core.

Figure 3.26 Cored multi-layer rectangle shaped winding.

B-field

(a) X-axis oriented view. (b) Zoomed at the air-gap.

Figure 3.27 Simulated cored multi-layer rectangle shaped winding.

The experimentally measured inductance was found Lpxp = 15.200 mH. However, the
pressure applied to the real-world core, can affect the measured inductance by 7%. In this
case, the two parts of the EI core are mildly pressed and held together by paper tape. If
the winding is designed to operate under extreme temperature differences, metal clips and

adhesive paste shall be used.
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3.6 Conclusions

In this chapter the design and inductance estimation of planar windings is discussed, along
with their advantages and disadvantages. Several applications that can make use of the low
z-profile of the PWs are presented, in commercial and industrial applications.

The effect of each geometrical parameter is discussed, and the state-of-the-art estimation
equations are presented for single-layer square- and rectangle-shape windings. By slightly
modifying three well-known equations, namely Wheeler, Rosa, and the Monomial, it is pos-
sible to estimate the inductance of rectangle-shaped windings without the need of complex
analytical solutions.

The modified equations, especially Wheeler and Rosa, provide accurate results, with less
than 1.5% mean absolute error for the specified dataset of high-power windings. In addition,
an algorithm for estimating the inductance per turn is presented, in order to ensure the safe
operation of the winding.

In the case of multi-layer RPWs, a monomial-like equation is developed and its coefficients
are adjusted to a large dataset of windings via multiple linear regression. The new equation
provide accurate results with mean value yu = 0%, standard deviation o = 1.77%, and mean
absolute error less than 1.5%.

A comparison between the aforementioned equations is carried out for single-layer and
multi-layer RPWs separately. Rosa and Wheeler equations outperform all the others for the
single-layer case, with the new monomial equation, introduced in this thesis, following close.
The deformation factor D;/D, does not seem to play a significant role for these equations.
However, the new monomial equations outperforms any other equation for the multilayer
case, by a large factor.

Finally, a brief discussion on the introduction of a ferrite core is made. The advan-
tages and disadvantages are presented and an indicative example of Fair-Rite 7895400721 is

analyzed, simulated and experimentally verified.






Chapter 4

Resonant Converter

4.1 Introduction

The current trends in power electronic converters demand for high-energy density, compact
solutions [151, 152, 153, often requiring galvanic isolation between the input and the output
stages for safety and protection purposes [154, 155|. This can be achieved by raising the
switching frequency and the voltage and current ratings of the switching devices. It also
demands good spatial planing of the PCB and special consideration for the magnetic com-
ponents [156, 157, 158|, issues that are discussed in detail in the previous chapters. Magnetic

integration of planar windings [120] can lead to further volume and cost reduction.

From the switching components side, the main restriction to increase the switching fre-
quency and the current handling capability of a converter is the heat dissipation. High-power
high-frequency hard-switching converters suffer from both increased conduction and switch-
ing losses, due to the large current passing through (limited area of) the transistors, as well
as the voltage and current they have to frequently interrupt. In order to assure the proper
operation of the converter, either the switching frequency is limited or large heatsinks are

deployed, increasing the volume and reducing the power density.

To compensate these issues, resonant power converters have emerged as a compelling so-
lution for achieving high efficiency levels, increasing power density, and reducing switching
losses. Resonant power converters, designed more than a half century ago for turning-off
thyristors [159], utilize the principles of resonant circuits to optimize energy transfer and min-
imize losses, making them well-suited for a wide range of applications, from high-frequency
power supplies to renewable energy systems and electric vehicle chargers. The structure
of some indicative cases of these unidirectional and bidirectional power flow converters are

illustrated in Fig. 1.1, and discussed in subsection 1.2.1.
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4.1.1 Design Aspects

One of the primary benefits of resonant converters is their ability to achieve high efficiency
through zero-voltage (ZVS) or zero-current switching (ZCS). This switching technique signif-
icantly reduces switching losses, resulting in an improved overall efficiency and reduced heat
production. As a result, the voltage, the current and eventually the thermal stress on the
semiconductor devices (such as MOSFETs or IGBTS) can be reduced. Some studies have
shown that replacing the Si-based semiconductors with SiC-based can lead to even more

efficient energy conversion [160, 161].

Resonant converters emit lower electromagnetic radiation and cause less interference
(less EMI) due to their inherent ability to produce more sinusoidal waveforms (less harmonic
content), minimizing the need for additional EMI filtering [162, 163]. Moreover, due to the
resonant components, they provide an inherent protection against output short-circuit faults.
Control methods that can protect against short-circuits and overloads have been proposed
from the early days of resonant converters [164], but is still an interesting research topic. As
proposed in [165], with proper modifications, they can also achieve fault protection against

short- and open-circuit faults of the semiconductor devices.

However, resonant power converters do come with certain limitations. One notable draw-
back is the larger peak current they exhibit compared to traditional converters and the large
voltage levels that can be developed in the resonant circuit. This can lead to significant in-
crease in losses and challenges in designing the magnetic components. Control plays a crucial
role on the correct and efficient operation of the converter, and an inappropriate implementa-
tion can cause less efficient performance, even when compared to hard-switching converters.
A detailed review on the modulation strategies can be found in [166], where various config-
urations of LLC circuits are considered, including variable resonant inductors [167, 168] and
capacitors. The impact of the dead-time, regarding unipolar and bipolar switching devices
can be found in [169]. Moreover, in [170] an extremely simple control scheme is proposed,
where the two active bridges of a CLLC converter operate in synchronization, and can achieve

up to 98.7% efficiency.

Furthermore, the design of resonant converters can prove challenging when parallel mul-
tiple branches or three-phase topologies are employed [171], to handle higher power levels.
Proper synchronization and control become crucial in parallel operation to prevent unde-
sired interactions and ensure stable performance. This issue has been analyzed in depth in
[172], where the resonant capacitor is connected on the DC side of a full bridge. Therefore,
the effective capacitance can be regulated by the control of the full bridge, and compensate
for any mismatch between the interleaved branches. Another method has been proposed
in [173], where a phase-shift modulation technique is used to regulate the current between
mismatched components of each high-frequency link. The stability of such topologies is ex-

plored in [174], utilizing large- and small-signal models of the parallel-connecting converters
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in closed-loop control. Partial power processing techniques have been proposed, like in [175],
where each parallel branch can be decoupled and designed separately, simplifying the control
and the optimization process.

Additionally, resonant converters may exhibit a narrower operating range compared to
some other converter topologies, necessitating careful design considerations to match the
converter to the specific application requirements. For example large voltage swings in the
input can lead to significant reduction in efficiency. Countermeasures have been proposed
[176], which include proper control of the converter in the boundary DCM region. Ongoing
research and advancements in resonant converter technologies aim to address these draw-

backs, further enhancing their appeal in high-performance power conversion applications.

4.1.2 Time and Frequency-Domain Analysis

To understand the fundamental concepts, working principles, and design considerations of
series-resonant (LC-SR) and LLC resonant power converters, frequency- and time-domain
analyses (FDA and TDA) can be useful.

From the first steps of resonant converters, state-space models for unidirectional, LC-
SR half-primary-bridge topologies have been proposed [64, 177]. The same work assisted
with simplifying the non-linear rectifier bridge and load with an equivalent resistance, which
consumes the same amount of power as the non-linear model. However, it should be noted
that the waveforms of the simplified circuit do not correspond to those of the real converter.
Other researchers proposed analytical solutions for the neutral-point half-bridge [63] and
full-bridge [66] LC-SR converters, however only for capacitive continuous and discontinuous
current modes.

Large- and small-signal analyses [178, 179] have been proposed for the neutral-point half-
bridge LC-SR converter, again, only for the capacitive operation. For the same converter,
steady-state analyses have been proposed [65, 180], as well as closed-form expressions from
the infinite Fourier series [181], however, restricted to the same operational region.

FDA provides simple equations that can be used to understand the behavior of the res-
onant circuit [182]. Nevertheless, several challenges arise when the operation of the whole
converter is analyzed in the frequency domain. The non-linear behavior of the output stage
and the operation under switching frequencies away from the resonant can generate inaccu-
racies, as it is presented in [183]. In [184] an improved first harmonic approximation (FHA)
is proposed, utilizing an equivalent output impedance, making the equations more composite
but providing more accurate results.

TDA provides more complex equations, which are capable to accurately describe the
voltage and current at any node of the converter, a critical information when ZVS or ZCS
should be achieved [70]. Reducing the order of the differential equations to simplify them

has been proposed in [69], and provides adequate results. Other work has developed models
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for operation under light-load conditions [67]. Furthermore, as presented in [185], TDA can
model the parasitic capacitances and the dead-time of the modulation signal of the LLC
converter, leading to more accurate models. Even dual-active CLLC models are available, as
a general purpose converter [186] or orienting around a specific application like EV charging
[187].

Other works have developed vector-based FHA [188] and TDA [68] to highlight LLC
and LC-SR converter operation as a buck-mode current source. This mode can be used in
certain applications like LCD and LED power supplies, PV, fuel cell and battery charging
applications. The same work also comments on the disadvantages of the practical designs,
like the significant overrating of the primary bridge transistors and the increase in the cur-
rent stress. Other application-based TDA models are available for DCM boost mode LLC
converters [189].

Generally, FDA provides models that are described by simple equations with low com-
putational cost but are susceptible to inaccuracies when not properly used. On the other
hand, TDA provides models with complex equations which are computationally demanding,
but also capable of describing any operational region of the converter and provide the most
accurate results.

However, there is a lack of closed-form solutions for the differential equations that describe
the predominant resonant converters, like the full-bridge LC-SR and LLC, with a current-
driven rectifying bridge, for the whole switching frequency range (greater, equal and less than
the resonant). Furthermore, the conditions that separate each operating region within the
capacitive operation are not analytically deduced, but only described as light- or heavy-load

operation.

4.1.3 Structure and Contributions

In this chapter, the analytical time-domain model for the LC series-resonant (LC-SR) and
LLC resonant single-active bridge converter is presented and the initial conditions are de-
rived. This provides the exact voltage, current and instantaneous power waveforms for every
switching region. Utilizing these equations allows for an in-depth understanding of the oper-
ation of the converter, and the voltage and current that the passive and active components
should withstand.

For the LC-SR converter the boundary condition between the continuous and discontin-
uous current mode of the capacitive region is derived. This condition has as parameters the
LC resonant circuit values, the load and the switching frequency, and it is experimentally
verified. As long as the converter operates in the capacitive region, the DCM operation
should be always be preferred compared to CCM, as it is more efficient. Also, from the
time-domain analysis, the conditions that should be met in order to achieve zero-voltage or

zero-current switching are obtained for each operation region.
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For the LLC converter, the distinction between inductive and capacitive region is not as
simple as in the LC-SR converter. For f; < f; the LLC can still behave like operating in
the inductive region, meaning that the current of the resonant circuit is lagging and during
dead-time it passes through the antiparallel diodes of the switches, hence they experience
ZVS-on. The different sub-regions of f, < f, operations are explored (namely type A, B,
and C), and the boundary conditions between them are discussed.

Furthermore, the criteria for proper selection of the passive components are presented, for
a converter with switching frequency around 100 kHz, approximately 1 kW power-handling
capability, DC bus voltage up to 400 V and peak currents up to 8 A. Several capacitor
types are considered, but only two are proper for high-frequency applications with large
alternating voltage swings. Off-the-shelf commercial inductors for high-frequency resonant
applications are difficult to obtain. The tested cored inductors, even though oversized for
this application, exceeded 100 °C, reducing the total efficiency. Hence, custom designs are
mandatory in order to keep the temperatures relatively low and the efficiency high. Finally,
a comparison between MOSFETs and IGBTs is made, along with differences introduced by

the packaging of the components.

Publications:

T. Papadopoulos and A. Antonopoulos, "Optimization of Gate Resistance and Dead-Time

for ZVS and ZCS Operation based on the LC Series-Resonant Converter,” under preparation.

T. Papadopoulos, D. Kontos, and A. Antonopoulos, "Time-Domain Analysis of Full-Bridge
Series-Resonant Converter and Boundary Conditions for DCM Operation,” in 2023 25th Fu-
ropean Conference on Power Electronics and Applications (EPE’23 ECCE Europe), Aalborg,
Denmark, 2023, pp. 1-10.
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Figure 4.1 LC resonant converter.

4.2 LC Resonant Converter

The LC-series resonant (LC-SR) converter consists of an H-bridge inverter, a High-Frequency
Link (HFL), a Full-Bridge Rectifier (FBR), and the load, as presented in Fig. 4.1. The H-
bridge consists of two half-bridges and it is responsible for controlling the uypy ;, exciting
the LC tank with a switching frequency f;. The main advantage of this topology is that
under certain conditions, the HFL enables the active components to switch state with zero
(or nearly zero) losses. Furthermore, operating close to the resonant frequency can reduce
the non-active power component and the electromagnetic radiation. The FBR converts the
alternating current of the HFL to direct, and supplies it to the load, while the capacitor C,
is large enough to stabilize the output voltage.

The circuit of Fig. 4.1 represents either a non-isolated resonant converter, or an isolated
converter where the magnetizing inductance is much larger than the series-resonance induc-
tance L, and the components of the secondary side have been adjusted to the primary, as it

will be discussed later.

4.2.1 LC-SR Converter Subsystems
4.2.1.1 Inverter Stage

The inverter stage consists of two half-bridges and four switching elements Q; to Q4. This
topology can achieve either two-level {+U;, —U,} or three-level {+U;, 0, —=U;} output voltage,
when the pairs {Q}, 04}, {05, O3} or {0}, 04}, {Q1. 03}, {02, O3}, {Q,, 04} are conducting,
respectively, as it is illustrated in Fig. 4.2.

Switching elements of the same half-bridge are prohibited to conduct at the same time, as

this would result to short-circuit of the source. Real-world semiconductors cannot commutate
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Figure 4.2 Pulses and output voltage of the inverter stage.
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Figure 4.3 LC resonant high-frequency link circuit with power-equivalent load.

instantly from one state to the other, hence, a dead-time (or blanking-time) is required
between each commutation, where the two control signals of the half-bridge are both set to
low for a short time, as illustrated in Fig. 4.2. The dead-time is not taken into consideration
for the time-domain model of the converter, but is examined during commutations, as it

plays a major role on the (partial or full) soft-switching process.

4.2.1.2 High-Frequency Link (LC-Series)

The HFL consists of a capacitor C, and an inductor L, connected in series. As it is proved
in [177], and extended in [190], the resistive load R; can be adjusted to the output of the
HFL, as it will be discussed later. The circuit is presented in Fig. 4.3, where the R, is the
power equivalent resistance of R;.

The transfer function of the HFL, as presented in Fig. 4.3, can be easily deduced

GLols) = $CRe , (4.1)
s2L,C, + sC,R, + 1
and therefore the steady-state amplitude is
ﬂ _ oC.R, (4.2)
Ui (1 -=@?L,C,)? + (wC,R,)?

and the phase

1-w’L,C
6 = arctan [ ———r=r ). (4.3)
oR,C,
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Figure 4.4 Bode diagram for f, ~ 112 kHz, L =20 pH, C = 100 nF resonant circuit, with respect
to different loads.

The Egs. (4.2) and (4.3) can be rewritten as

U,
—° = 1 , and

Ui 1+L5<3_@>2
RZ C, \ ®
L
0=arctan i _r @_2 s
R, VC. \ow

where the amplitude and the phase are given as a function of w with respect to the resonance

angular frequency @y = 1/ \/E . From (4.4) it is easy to conclude that the global maximum
is achieved for = w,, while for any other value of w, the voltage gain will be less than 1.
This observation is verified in Fig. 4.4, where the voltage gain U, /U; and the phase
difference 6 are presented, with respect to different loads R,. As the load increases (as the
resistance decreases), the voltage gain curve becomes more steep. This means that for high
loads small changes in the switching frequency results in large changes in output voltage.
For smaller loads the output voltage remain almost constant in the vicinity of the resonance

frequency.
L,C

rr

While the quality factor Q = I is commonly used to describe the stored vs. the

dissipated energy of a filter, there is no benefit for utilizing it in power applications, since

the resistance R, does not represent the parasitics of the LC components, but an actual load.



4.2 LC Resonant Converter 91

0 —» rWY\ lO —_
Di| D3 D%L Dy Lo
I iy
'FBR.i IR i
+o—— 4 Cr| R [t fo——= 4 Cr| R |t
<uFBR,z‘ T §UL < UrRR.i T §UL
—o AN - o A —
Do Dy Dg| Dy
AN N\ Z'E yaN
(a) Current driven (b) Voltage driven

Figure 4.5 Full-bridge rectifier stage, with (a) a capacitor and (b) an inductor and a capacitor at
the output.

Similarly, the bandwidth (BW) of a filter is a typical characteristic, which describes the
frequency for which the amplitude is equal to 1/ \/5 In resonant converters is not as useful,
as the intension of the HFL is not to remove unwanted frequencies, but to create the proper
conditions to achieve zero-voltage or zero-current switching. The BW is presented only for

completeness sake, and it arises from

resulting in

BW = Wy — W = —e, (45)

-
which also concludes that as R, decreases, the curve becomes more steep and the BW
decreases. The opposite is true for the inductance L,, as it decreases, the BW increases.

Furthermore, from (4.5) it can be seen that the BW is independent of the capacitance C,.

4.2.1.3 Full-Bridge Rectifier and Load

The behavior of the FBR depends on the circuitry at the output, which can be seen as the
load of the converter. When the output stage of the bridge consists only of a capacitor C;
and a resistance Ry, as it is illustrated in Fig. 4.5a, the FBR acts like a current driven
rectifier. When the current ipgg; > 0 (enters the + of the bridge), diodes D, and D, are
conducting, and the input voltage is +U;. When ipgr; < 0 (exits the + of the bridge),
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diodes D, and Dj are conducting, and the input voltage is —U; . In the case that ipgg; =0,

the voltage uppp ; is defined by the previous stage circuit. Conclusively,

+UL’ iFBR,i > 0
uppr,i = \~Up, ipgr; <0 (4.6)

depends on previous stage, ippg; = 0.

The relation between R; and R, in this case is

R, = 2Ry, (4.7)
T

as [177] provides by finding an equivalent alternating current resistance R, that consumes
the same amount of power as the direct current R; does.

When the output stage contains also an inductor Ly, as illustrated in Fig. 4.5b, the FBR
acts like a voltage-driven rectifier. When uppg; > 0, the diodes D; and D, are conducting,
therefore the current ippgr; = +i,. When uppr; < 0, the diodes D, and D5 are conducting,
therefore the current ipgg; = —i

0*

+i,  UppR, > 0

IFBR; =\ (4.8)
~io> Uppgr,; <0
The relation between R; and R, in this case is
2
R, = %RL. (4.9)

The introduction of the inductor L, can substantially reduce the output current i, ripple,
but requires more space and increases the weight and losses of the converter. Therefore, in
the context of this work, only the current driven FBR of Fig. 4.5a is considered. However,

the following analysis can be easily adjusted to consider a voltage driven FBR.

4.2.2 Analysis and Operation

The conduction mode of the converter is defined by the shape of the current of the resonant
inductor iy,, as follows: Discontinuous-Current Mode (DCM) when i;, is zero for an arbi-
trary time interval, and Continuous-Current Mode (CCM) when i, crosses the zero point
instantaneously. DCM operation is possible only when the switching frequency is below
the resonance and the load is up to a certain value, as it will be proven later. In case the
switching half-period is smaller than the natural half-period of the current, the converter
operates in CCM.

The input voltage of the HFL (Uygy, ;) is dictated directly by the pair of switches which

are conducting on the inverter side. The output voltage (Uygy,,) depends on the resonant
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Figure 4.6 Simplified model of full-bridge LC-series circuit when resonant current i;, is (a) non-zero
and the rectifier bridge is conducting, and (b) zero and the rectifier bridge is not conducting.

current. The rectifier bridge and the output capacitor C; behave like a current-driven
rectifier. When the diodes D; and D, are conducting, the output voltage of the HFL is U, =
Uypr,.- Accordingly, when D, and D; are conducting the output voltage is U, = —Uygpp,,.
When the diodes are in cut-off state, the output voltage is equal the input voltage, as it is
proven in subsection 4.2.2.3. In any case, all diodes change state under zero-current.

The equivalent simplified circuit under CCM is illustrated in Fig. 4.6a. In the case
of DCM, the rectifier bridge is not conducting and the simplified circuit of this mode is
presented in Fig. 4.6b.

The circuit of Fig. 4.6a can be described by

Ui - UO = ULr + UCr = Lr%iLr + é/iert. (410)

For U; — U, = const., differentiating (4.10) with respect to ¢ yields

LS (4.11)
rdtz L, Cr L, . .
The solution of (4.11) is
U -U,-U
iLr = IL,O COS C()Oz + +C’O sin th’ (412)
0

where:

- I, =1, (0) is the initial condition of the inductor current,
- Ucy = U (0) is the initial condition of the capacitor voltage,

- Wy = = is the resonance angular frequency,
r=r
- Zy= ,/% is the characteristic impedance.

The voltage of the individual components of the HFL is

qu = (Ul - UO - UC,O) COS C()ot - ZOIL,O sin C()Ot, (413)

and
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HFL Voltages & Currents Above Resonance
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Figure 4.7 Current (i;,) and voltages (Ugpy,;, Ugpr,0» Uc,) of the HFL for the inductance region.

ucr = Ui — UO - (Ul - UO - UC,O) COS Cl)ot + ZOIL,O sin C()Ot. (414)

4.2.2.1 Operation at f, > f, (Inductive Region)

This region is defined as inductive because (i) X; > X and (ii) the zero-crossing of the
current through the HFL is lagging to the corresponding crossing of the HFL input voltage
(Unpr,;), as illustrated in Fig. 4.7.

Four time intervals are defined, based on the states of the input and the output voltages of
the HFL, as follows

I {u(t)=+U, | u()=-U,}, 0<t < 2T,
L {u,(t) = +U; | u,(1) = +U,}, =T, <

1ML {u;(t) = —U, | u,(t) = +U,)}, -
IV: {y;(t) = =U; | u,(t) = -U,}, ==T, <t <T,.

(4.15)

The terms Iy ; — I ;p and Uc; — I¢ p represent the final conditions of the inductor L,
currents and the capacitor C, voltages, for each respective time interval. If operation in the
steady state is assumed Iy = I o and Uc y = Uc. The sign of the current iy, dictates
the sign of Uypy, ,- Current continuity conditions dictate

IL,I=IL,III=O‘ (416)

The current of the HFL is described by
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1: I} o coswyt + Ui+U;; €0 sin wt,
I 222 sinay(r — £T),
iLr =19 ’ T, U+U,+Uc ;. T (4.17)
II: Iy ppcoswy(t — 75) - "’Z—O’ sin wy(t — 75),
IV %OUC’” sin wy(f — ?—””TS),
and the resonant inductor voltage by
I (U;+U,—=Ucp)coswyt — Zyl; sinwt,
u, = Il: (U; =U,—Uc)coswy(t — %TST), ) (4.18)
I = (U; + U, + Uc jp)coswy(t = 5) = ZoI, ry sinwy(t = ),

IV: (U, = U; = Uc ypp) cos gt — 22T,

Since iy, = i, and in steady-state operation the mean value of the current (i;,) = (ic,) =0
and voltage (u;,) = 0, the following conditions apply:

Iro=—Ipr1> Ucop==Ucyr Ucyr=-Ucrr-

(4.19)
From the final condition of i;, in interval I
W U+U —-U, w w, Znl
I =0=1Igcos—0+ ———2 —Cin 09 5 an g = —2 L0 (420
W ZO W Wy UC,O - Ui - Uo
Similarly, from the final conditions of interval IV
Uy=U=Ucir .
Ipywy=10=———F——sin—0 ZyI
Ucry =Ucy=U,=U; = WU, = U; = Ug, 1)) cos =(x = ) @s co= ™%
Finally, from (4.20) and (4.21), the initial conditions (¢ = 0) are given as
U;
I o= i (4.22)
Lo cot 220 + cot 2 (x — ) '
wS wS
2tan 2(z — 0)
Uco=U,+U;|1 - - , 4.23
0 ? ' tan %9 + tan %(n’ -0) ( )

while the initial conditions for intervals I and III are
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@ . g
’ ’ ’ w ’ w

N N
The power transfer is given from p;(¢) = u;(#)i;,(¢) and p,(t) = u,(¢)i,.(t) for the input and
output ports, respectively. Using (4.17) and (4.18) and applying the mean value, the active

power is given

1

U, 1) U+U,-U o,
P=—— <1Losin—09+;c’0 <1—cos—09)
T w

Z,
TN Uy 0 @ (4.25)
i 0 C.I )
+— (1 —cos — (& — 9)>> ,
ZO [N
P = (—ILosin g 2L~ 0 D <1 —cos —09>
T g ’ @y ZO s
U—-U -U (4.26)
i 0 C,I W
+— <1 —cos — (7w — 9)>> .
ZO o

In this region, the converter achieves ZVS during turn-on commutations, but turn-off
commutations are forced through hard switching. For example, O and Q, are forced to turn-
off when the current passing through is I ;;. During the dead time this current flows through
the antiparallel diodes of O, and Qs, which then turn-on with zero-voltage drop across. Note
that as f; approaches fj, I ;; becomes smaller and the hard turn-off commutations produce

less losses.

4.2.2.2 Operation at f, = f, (Resonant Frequency)

As the inverter excites the HFL with its self-resonant frequency, (i) X; = X and (ii) the
zero-crossing of the resonance current is in-phase to the corresponding crossing of the HFL
input voltage (Uygry,;), as illustrated in Fig. 4.8. As Uygy , is in-phase with the HFL current,
only two time intervals are defined, as in

I {u,(t) = +U,|u,(t) = +U,}, ng r< o, (427
IL: {w; (1) = =Uilu,() = =U,}, 5 <t <Ti.

N

As in the previous mode, due to current and voltage continuity conditions, the following

relations hold:

IL,0=IL,I =IL,II =0, (4 28)
Uco=Ucrr=-Uc-

Egs. (4.17) and (4.18) can be simplified, using Eq. (4.28)
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HFL Voltages & Currents @ Resonance
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Figure 4.8 Current (i;,) and voltages (Uggy;, Ugp ., Uc,) of the HFL at the resonance point.

Ui_Uo_UCO .
I. ——2—=sinwyt U, -U,-U,
i, = Zo si,=——2 DCina, (4.29)
Lr— Ui-U,=Ucy . T, Lr— Z o '
I — 9200 gin gy (1 — 2y 0
0

I (U;-U,—Ucgy)coswyt
Uy, = T = U, = (Ul - Uo - UC,O) COS wot (430)
II. - (Ul - Uo - UC,O) Cos a)o(l - 73)

The voltage of the resonant capacitor is given by

ucr(t) = Ui - UO - (Ul - UO - UC,O) COos a)ot. (431)

The active power through the HFL can be found as the mean value of the instantaneous

power

2U;-U,-Ucy

P =U,—- 7
z 0
4.32
2Ui=U,=Ucy (4.32)
P=U~-———FF—,
T ZO
and since P, = P, = U; = U,. Hence, Eq. (4.32) can be rewritten as
2UiUcyp
P=P=-=-—" 4.33
1 o e ZO ( )
Finally, the initial condition of the resonance capacitor is given by
2UUcy Uy £y
L - 2 U =-UZ==. 4.34
r Z0 R, €0 2R, (434)
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Figure 4.9 Current (i;,) and voltages (Uypy,;» Unpr,, Uc,) of the HFL for the capacitive region and
CCM operation.

Hence, Egs. (4.29) and (4.30) take their final form, as

U.
i ()= Z L in wot,

2R,

U (4.35)
i
uc,(t) = —uy,(t) = —=—27Zycos wyt.
cr(®) (0 2R, 20 0

In resonant operation all switches operate under ZCS, since the resonant current performs
one half-cycle during each state of the inverter. When considering the effect of the dead-
time, switches turn-off at a near-zero current, since the half-cycle has not been completed.
In practice, knowing precisely the resonant frequency is not a trivial task since parasitic
component come into play, and deviation from the nominal values of C, and L, is possible

due to changes in temperature.

4.2.2.3 Operation at % < f, < fy (Capacitive Region)

This region is defined as capacitive because (i) X > X; and (ii) the fact that the first
harmonic of the resonant current, in both CCM and DCM operations is leading the input
voltage of the HFL. Switching frequencies below f,/2 will not be considered in this analysis,
since the RMS current is significantly increased, and resonant converters are not usually

designed to operate in such low frequencies.

Continuous Current Mode (CCM) An indicative case of this operation is presented
in Fig. 4.9, along with the intervals for each switching state of the converter. The voltages

of the simplified model of Fig. 4.6a are
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L {u(t)==U; | () =+U,}, 0<1 < T,
IL{Mg:HLhMﬂzﬂghingtg%, (436
I {u,(t) = +U; | u,(0) = U, }, = <t < ZIT,
IV: () = =U; | u,() = U, }, ZET, <t <T,

As explained in the inductive region subsection, by definition I} ;, = I} g and Uy = Uc .

The sign of the current i;, dictates the sign of U, and by current continuity conditions

The current through the HFL, in the four different intervals, is described by

( . _ Ui+U0+UC,O .
I: —,  sm wyt,
9 U;-U,~Uc; . 9
oI Iy peoswg(t — 5T + TCI sinw(t — 5-T), 138
'Lr =1 . YtloetlUenr T (4.38)
: Z—() Slna)o( - 7),
0+ U,~-U;-Uc, . 0+
IV Iy ypp cosog(t — S=T) + # sinwy(t — =T,
and the resonant inductor voltage by
I: —(Ui+UO+UC’0)COSC()0t,
I (U, —U,-Ug ) coswyt — =T,) — ZyI; ; sinwy(t — =T,),
up, = ( i 0 C,I) 0( o Ts) 0+ LI 0( o s) (439)
II: (U; + U, = Uc 1) cos awy(t — 75),
0+ : 0+
IV: (Uo — Ui - UC,III)COS a)o(t - Z_;ETS) - ZOIL,III Slna)o(t - 2_71'7[Ts)
Since (i) = (ic,) =0 and (u;,) =0
Iy ==Ipg11- Uco==Ucyr» Ucy ==Ucqir (4.40)
Following the same steps as before, the initial conditions of interval II are
Ui
I, ;= 270 (4.41)
LI cot 229 — cot L (x — 9)’ '
[oR [oR
2tan %
UC,I = _Uo + Ui 1 - - (442)

tan 220 — tan 22(z — 6) '
COS wS

while the initial conditions for intervals I and III are
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w w
Uco=-Uc  =U,—U —U, - U +Uc)cos —(x — 0) + Zyl} ;sin—(x — ). (4.43)
’ ’ ’ wS ' a)S

The active power passing through the HFL

U.a) Wy U+U,+U, ,
P=—— <ILIsm—(7r )+ ———2 <0 1—cos—09>
b AON ;g Z, W,
(4.44)
+M 1 — cos _(7[_9)
Zy
UCO a) U+U +UC0
P0=__ ILISIH—(ﬂ'— )_ 1—C S_g
T @
(4.45)

U -U -U, o
+—L—l——£i<l—am—%n—00>.
ZO K

In the CCM operation, all switches experience hard switching at turn-on and ZVS at
turn-off. For example, when Q; and Q, are conducting, the commutation occurs under a
negative current Iy ;;;, which means that the voltage across the switch is clamped by the

antiparallel (or body) diode.

Discontinuous Current Mode (DCM) DCM is possible only in the capacitive region
and for specific combinations of output power and switching frequency, as it will be presented
later. In this mode, when i;, # 0 and the rectifier diodes are conducting, the simplified model
of Fig. 4.6a applies. When the current goes to zero, the rectifier is cut off and the voltage
of the load differs from the output voltage of the HFL, as it is illustrated in Fig. 4.6b. The
duration under which the current is zero depends only on the switching frequency and the

resonance frequency of the HFL, as in

1 1
Tpem = (- = 00—0)' (4.46)

During this time, Uypy, , = U; — Uc . An indicative case of DCM operation is presented in

Fig. 4.10, along with the intervals where the converter operates in different states.

rL{u®—+U|um—+U}0<t<—

200}
I {u,(1) = +U; | uy(t) = U, +Ugp), = <1< L

L,
o)
kwqwm=—Q|%m=—m—Ua¢n(;+;)5tsn

0

<
1 (4.47)

t
1L {u,(0) = ~U, | u,(t) = ~U, S<t<ﬂ<

By definition of DCM, the initial current of each region is zero, hence I} o= I, ; = I} ;; =

Iy i =11y =0. The voltage and current of the resonant inductor are
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Figure 4.10 Current (i;,) and voltages (Uygy;, Uy, Ue,) of the HFL for the capacitive region

and DCM operation.

( U;—U,

I: 7 sin wyt,
) II: 0,
fLr =9 —
T - PR i gy - ),
0
[IV: 0,
I (U;—=U,—-Uc)cosmyt,
II: 0,
U, = T,
II: —(U; = U, +Uc p)cosmy(t — ),
IV: 0.

Due to voltage continuity conditions, and since (i;,) = (i¢,) =0

Ucr=Ucir Uco=Ucrrr =Ucv, Uco=-Uc

apply.
Similarly to resonance region subsection, the active power is given by

o U -U —-U,
Pl:Uig_s i 0 C,O’
ﬂ'CUO ZO

o U —-U —-U,
P0=Uog—s i 0 C,O’
ﬂ'CUO ZO

and since P, = P, = U; = U,. Hence, Eq. (4.51) can be written as

_20 Uilco

P =P,
rwy Z0

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)
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Finally, the initial condition of the resonant capacitor is given by

w, U;U, U? wy Z
28700 o Ly =y 2020 (4.53)
rw, Z0 R; ’ 2w, Ry
Hence, i;,(¢) and uc,(t) can be written as
1. %%ﬂ sin wt,
) II: 0, (4.50)
TLr =9 7wy U, ’
. _zo U _ L
IIT: Yo, R, sin g, (t 2)
IV: 0,
(1. _yz®Z
I U5 o, &, 0 wyt,
I UzZ%Zo
_ 2 wg Ry
Uc, =3 B - (4.55)
. 220 20 _ s
I U;5 o, R, SO wo(t = 3,
. _UE®Z
\IV. o R,

The peak current of the HFL and the peak voltage of the capacitor can be easily deduced

as in
I _xwy U;
LrMAX = 53— 5>
2o Ry (4.56)
Ty Zy
Ucrnax = Do R,
S

As already explained, in the DCM operation all switches commutate under ZCS, since
the current is zero during turn-off of the switches, and has a relatively small slope (when

compared to the corresponding voltage drop) during turn-on.

Boundary Condition Below a specific switching frequency f, and for a load higher than
a certain value (below a specific R; ), the converter operates at CCM. The conditions for this
transition between CCM and DCM are interesting for controlling the converter and optimize
the switching losses.

Starting from CCM conditions, as shown in Fig. 4.9, the boundary between the CCM-
DCM can be deduced from the instants when the current is zero, i.e., Iy, Iy ;;. From
Kirchhoff voltage law U; + U, + Uc o = 0 at the boundary operation. However, the property
U, = U, of DCM region is also true. Furthermore the voltage of the resonant capacitor is
given from (4.53), hence
z® Zo  x® Zo _

2, = -Ucy=UZ

= = 4.57
"2w,R; " 4w, R, (4.57)
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Inverter

Figure 4.11 Experimental setup.

Table 4.1 Experimental setup parameters.

Cr Lr fO Z() RBD
25.33 Q
39nF 63.4uH 100 kHz 40.32 Q @ 80 kHz

Eq. (4.57) provides the boundary between DCM and CCM operation. By solving for any

variable, the corresponding boundary value can be extracted as

7'[600 RL>RL,BD$DCM

% (4.58)
4oy |R, <Ry pp=>CCM

Ry gp =2

T Z fs> fs.p > DCM
fsBD = fOZR_O =370 (4.59)
L fs < fs.pp > CCM
Note that for R; < %ZO, the boundary condition of switching frequency f, exceeds that of

the resonant f, therefore, the converter operates in CCM region, for any f, value.

4.2.2.4 Experimental Verification

For the laboratory verification, a high-frequency high-density inverter is developed. The HFL
and the rectifier bridge are designed as separate boards in order to facilitate the measuring
procedures. The converter and the measuring devices are illustrated in Fig. 4.11 and the
experimental parameters are given in Table 4.1.

The CCM operation of the converter is illustrated in Fig. 4.12a and is in agreement

with the previous analysis and Fig. 4.9. In the DCM operation, however, the parasitic
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Figure 4.12 Experimental waveforms of the current and the input and the output voltage of the
HFL for approximately Py = 1 kW, (a) CCM operation with R, = 23.3 Q and f;, = 80 kHz, (b)

DCM operation with R, = 32.6 Q and f, = 80 kHz, (c) resonance operation at f, = 100 kHz, and
(d) inductive operation with f, = 120 kHz.

capacitances of the circuit, in combination with the HFL inductor, result in a small oscillation
of the current during the zero-current intervals, as illustrated in Fig. 4.12b. This also affects
the Uypy,,, since the rectifier bridge does not fully turn off. Nevertheless, the oscillation is
quickly damped and the commutation of the switches occurs with iy, < 0.1 A, thus under
near-zero current. The different voltage levels of Uypy ; and Uyyy,, are caused due to the
voltage drop at the inductor and it depends on the current Iypy,.

The resonant and inductive operation regions are illustrated in Fig. 4.12c¢ and 4.12d,
respectively. The laboratory behavior is in agreement with the aforementioned analysis and
simulations. As it is expected, voltage overshoots are present when the converter changes

state and the current commutates from one leg of the inverter or the rectifier bridge to the
other.
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(a) CCM operation (b) DCM operation

Figure 4.13 Thermal image of the inverter switches, illustrating the case temperature of one switch,
for (a) CCM and (b) DCM operation.

For the same amount of input power P, = 150 W, the thermal image of the inverter is
illustrated in Fig. 4.13, for CCM and DCM operation, respectively. The images are caught
with a FLIR E60 thermal camera.

It can be noted that heatsinks are not employed in these experiments, so the thermal effect
on the case temperature is amplified at relatively low power levels. The case temperature
increases with semiconductor losses (conduction and switching), meaning that higher losses
lead to higher case temperature. Hence, as it is presented in Fig. 4.13 the CCM operation
is less efficient compared to the DCM.

A rough estimate of the losses can be given based on the junction to ambient thermal
resistance Ry j 5. For the Si(HP25N50E MOSFET Ry, j o = 61.5 °C/W and for an ambient
temperature of 20 °C, the losses on the illustrated switch are roughly 1.07 W for the CCM
and 0.87 W for the DCM operation, respectively. This difference is partially caused by the
non-zero switching loss of the CCM operation, but also from the slightly higher RMS current
(since the output voltage is slightly reduced), as can be observed in Fig. 4.12a.

It is worth mentioning that experimentally demonstrating the effect of the switching losses
individually is not easy. A fair comparison would require not just equal amount of input
power, but also equal output voltage and RMS current. However, each operating region has
different characteristics, i.e., DCM capacitive and resonant regions present U; = U, while
CCM capacitive and inductive regions exhibit U; > U;. In order to maintain a constant
power level for all regions, the load, the input voltage or the switching frequency should be
adjusted.

Keeping the input voltage constant, a comparison is made, for different input-power levels
to confirm the more efficient behavior of DCM. The experiments were performed on two im-
plementations: one using the SiHP25N50E MOSFETs and a second the FGPF15N60UNDF
IGBTs. The bipolar device was employed in order to amplify loss effects due to the switch-
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Figure 4.14 Losses for MOS and IGBT switches, with respect to the operation region and the input
power.

ing behavior. As can be observed in Fig. 4.13 the DCM operation is always preferable to
the CCM, both for the unipolar and for the bipolar device, since the case temperature is
lower. However, when comparing DCM to inductive region of operation, the type of the
semiconductor has a significant effect.

An interesting observation made from Fig. 4.13 is that the MOSFET device, while
operating in the inductive region, presents a small rise in case temperature as the input
power increases. This remark provides promising results for achieving high-power levels with
very high-efficiency figures. Without employing a heatsink or forced-air cooling, inductive
operation achieved 1.1 kW of power with an efficiency approximately 95%, as it is electrically
measured from the two DC sides. It should also be noted that while the inductive operation
provides the best results for the MOSFET, in the IGBT case the inductive operation is the

less efficient.
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Figure 4.15 LLC resonant converter.

4.3 LC Resonant Converter with Isolation (LLC)

The LLC topology is a resonant converter, capable of zero-voltage or zero-current switching
when operating under the proper conditions, hence providing high-efficiency figures. Like
LC-SR converter, it consists of a primary and a secondary bridge and a resonant tank (or
high-frequency link) connecting the two. The resonant tank consists of a capacitor and a
inductor connected in series, with an additional transverse inductor, as illustrated in Fig.
4.15. This inductor corresponds to the magnetizing inductance of the isolation transformer.
In order to further reduce the cost and total volume, the resonant and magnetizing inductors

can both be parts of one transformer, taking advantage of the inherent leakage inductance.

The role of the primary and secondary bridges stand the same as in the LC-SR case, and
are not rediscussed here. The behavior of the high-frequency link (HFL) changes, especially
for switching frequencies f; below the resonant f, as it is shown in subsection 4.3.1. The
effect it has on the operation of the bridges is considered in subsection 4.3.2, along with the

time-domain model and the mandatory conditions for ZVS or ZCS for the semiconductors.

4.3.1 High-Frequency Link (LLC)

The HFL consists of a capacitor C, and an inductor L, connected in series, and a second
typically larger transverse inductor L,,, as it is illustrated in Fig. 4.16. The transfer function

18

s’L,,C,R,

(4.60)
s3L.L,C,+s*(L,,+ L,)C,R,+sL, +R,

Grrc(s) =

and therefore, the steady-state amplitude is
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U, w’L,,C,R
UO = AN (4.61)
i y(0*L,,+L,)C,R,— R,)?+ (0*L,,L,C, —wL,)?
and the phase
wL, —w’L, L.C
6 = arctan = LA : (4.62)
o*(L,,+L,)R,C.— R,
| Y'Y
(e, O
+ I +
Cr Ly
Ui ng § Re U,
- =
Figure 4.16 LLC resonant high-frequency link circuit with power-equivalent load.
The LLC presents two resonant frequencies, one is produced by L, and C, as in
fo= —— (4.63)
2z4/L,C,
and the other by the sum L.+ L,, and C, as in
1
Sm (4.64)

2L+ L,C,

The power equivalent resistance R, = %ZR 7 remains the same as in the LC case.

Another major difference between LC and LLC HFLs is illustrated in Fig. 4.17, where
different ratios of L, /L, are considered. When the ratio is less than 30, operating in the
region f; < f results in an increase of the output voltage. However, when the ratio is greater
than 30, the bode diagram resembles that of the LC-SR converter, with a global maximum
gain of 1 near the resonant frequency f.

Similar observations can be made when different R, loads are considered, as it is presented
in Fig. 4.18. For low loads (high R, values), switching at frequencies below resonant can
result in a voltage gain much higher than 1. As the load increases (R, becomes smaller), the

HFL resembles more that of the LC-SR converter, which maximum voltage gain of 1 at f,.

4.3.2 Analysis and Operation

The LLC converter can be analyzed in a similar manner as the LC-SR converter of Section
4.2. There are two simplified circuits, illustrated in Fig. 4.19, depending on the state of the
converter. When power flows from the primary to the secondary bridge Fig. 4.19a applies,

and the converter is described by
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Figure 4.17 Bode diagram for f, ~ 112 kHz, L =20 yH, C = 100 nF resonant circuit, with respect
to different ratios L, /L,.

d . 1 .
Ui - UO =Ucy + Ur, = LralLr + E / lert. (465)

r

Similar to the LC-SR case, for U; — U, = const., differentiating (4.65) with respect to ¢ yields

Ld—zi +ii =0 (4.66)
rdt2 L, Cr L, . .
The solution of (4.66) is
Uu-u,-U
iy, =1y gcosmyt + %C’O sin wyt, (4.67)
0

where:

- I, =1, (0) is the initial condition of the inductor current,

- Ucy = U¢ (0) is the initial condition of the capacitor voltage,
- W)= == is the resonance angular frequency,

L is the characteristic impedance.

r

jH

- Zy=

<
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Figure 4.18 Bode diagram for f, ~ 112 kHz, L =20 uH, C = 100 nF resonant circuit, with respect
to different loads.
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Figure 4.19 Simplified model of full-bridge LLC circuit when the rectifier bridge is (a) conducting,
and (b) not conducting.

The voltage of the inductor L, is

up, = U; =U, = Ucg)coswyt — Zyl o sinwt, (4.68)

and the voltage of the capacitor C,

uc, =U; = U, = (U; = U, = Ugg)coswyt + Zyl; o sinwyt. (4.69)

The voltage drop across L,, is constant and equal to U, so
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U
iLm = L_ot + ILm,O’ (470)

m
where Iy, is the initial condition of the magnetizing inductor current. When a square-wave
voltage is applied across it, the current forms a triangular waveform, with zero mean value.

From Kirchhoft’s current law, the current flowing through the equivalent U, source is

iO = iLr_iLm' (471)

When no power is flowing from the primary to the secondary bridge, the converter is in
load cutoff (or freewheeling) operation. The equivalent simplified circuit is presented in Fig.
4.19b. As the current of the rectifier bridge is zero, the bridge does not conduct and the
magnetizing inductor L,, is connected in series with the resonant capacitor C, and inductor

L,,. In this case, the converter is described by

Ui = Ucy + Ur, + Urm = (Lr + Lm)%iLr + CL / iert, (472)

r

and differentiating with respect to ¢

d? 1
L. +L)—i; +—i; =0. 4.73
( r m)dtz lLr CrlLr ( )
The solution of 4.73 is
, U —-Ucp .
i =1 gcosw,t+——=—>—sinw,t, (4.74)
r s Zm

- Iy =i, (0) is the initial condition of the inductor current,

- Ucy = U¢ (0) is the initial condition of the capacitor voltage,

1 .
- w, = ————is the resonance angular frequency,

m= L+L,)C,
- Z, = /% is the characteristic impedance.

The voltages across the passive components are given by

=———(U; = U¢c ) cos ot — 1| ————(Zy1; o) sinw,,t, 4.75

ur, T+ Lr( i —Ucp)cosw, T+ Lr( olro)sinw, (4.75)

up =ﬁ(ui — Uc ) cos w,,t — ————2ZI; osinw,t, and (4.76)
m T Ly vL.(L,+L,)

uc, =U; = (U; = Ucg)cosw,t + Z, I} o Sinw,t. (4.77)

Note that the relation between w,, and @ is
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Figure 4.20 Currents (iy,, iy, i,) and voltages (Uggr,;, Uggr,,) of the HFL for the inductance region.

L,+L,
“0 =\ "L o

r

(4.78)

which means that as L,,/L, increases, w,, becomes significantly smaller than w,. Hence, as
the converter operates in the load cutoff, the corresponding voltages and currents oscillate

significantly slower compared to those in the power-flowing operation.

4.3.2.1 Operation at f, > f;, (Inductive Region)

Similar to the LC-SR case, this region is defined as inductive because (i) X, > X, and (ii)

the zero-crossing of the currents i;, and i, are lagging to the corresponding crossing of the
HFL input voltage Uy gy ;, as illustrated in Fig. 4.20.

Four time intervals are defined, based on the states of the input and the output voltages, as
in

L {u()=+U, | u,(t) = -U,}, 0<t5 ”TS
I {u,(0) = +U; | u,() = +U,}, =T, <1< 2,
I () = =U, | u,(0) = +U,}, = <t < 22T,
IV: {u,(t) = —U, | u,(t) = —U,}, &

(4.79)

Brp <1<T,
T

If stead-state operation is assumed Iy ;, = Iy, Ipuy = Ipmo, and Uc gy = Ucy.
As the voltage Uypp,, changes sign, the output current i, = 0, hence I;,; = I, ; and
Tprgrr = Tpmarr-

Based on the analysis for the conducting simplified model of Fig. 4.19a, the current of
the inductor L,, for each respective time interval, is
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(1 U+U,~Ucy .
I I gcoswyt + 7, sn wot,

U-U,~Uc; .
IT: I ;cosawy(t— ziTs) + =L sinwy(r - ziTs),
ip, =+ ™ 0 w (4.80)

. T, UI'+U0+UC,II . T.
II: Iy ppcoswy(t — 75) - = sin wy(t — 75),

Ui=Upy+Uc 111
Zy

O+r T

. O0+n .
IV: I jpp cosamy(t — =5 1) — sinwy(t = 5=T),

while the voltage

I (U;+U,—-Ucy) coswyt — Zyl| osinwyt,

0 . [4
II: (Ul - Uo - UC’I)COS a)o(t - ZTS) - ZOIL,I Sin (Uo(t - ETS),

Upr = T, . T, (4.81)
II: —(U;+U, +Uc ) coswy(t — 75) = Zolyp ysinwy(t — 73),
0 : 0
IV: (U, = U; = Ug 1) cos oyt = T2T) = Zolp gy sinwg(t — S=T5).
The current of the magnetizing inductance L,, is
( UO
IZ bl L—ml + ILm,O’
U 0
I: =2t —-=T)+ 11,1
ipp=q e T (4.82)

v, T

U, 0+
IV: - E(t - Z_””TS) + ILm,III'

S

In the steady-state, the current of C, and the voltage of L, must have zero mean value,

ie., (i;,) = (ic,) =0 and (u;,) =0, so the following conditions apply:

IL,O = _IL,II’ IL,I = _IL,III’ Uc,o = —Uc,u’ UC,] = —Uc,111- (4-83)

The final values of time intervals I and III are given by

. U+U,~Ucy .
I,; = zL,(ziTs) = I ocos 200 + -—2—25in 29
91 N ® U+0U Ucur N ® (4.84)
_ 4 _ 0 iTYo"™C, : 0
IL,III _ZL"(?Ts)_IL’IICOSU)_SO_Z—OSIH(L)_SQ
and
. [ U, 0
ILm,I = le(ﬂTs) = _L_,ZETS + ILm,O (4 85)
. O+ _ U, 0 ’
Tpmarr =ign(S7T) = 255 Ts + Lpmir

where w, is the switching frequency of the converter.

Substituting the symmetries of the half-period from (4.83) to (4.80) and (4.82) yields
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Iymo=—Tpmirs Lomr = —Limrrr (4.86)
and
U
T
ILm,III = IL,III = _ILm,I = _IL,III = Ea) £ > (4'87)
N m

From (4.87), it turns out that the maximum and minimum magnetizing current is propor-
tional to U, and inversely proportional to the magnetizing inductance L,, and the switching

frequency f,. Substituting (4.87) to (4.85), the initial conditions are derived

Up ., 0 1
I =71 =_0T__—. 488
Lm0 Lm,I1I Lm 3(271_ 4) ( )
The relationship between the initial conditions Iy 5 and I ;; is given in (4.83). However,
aiming for an elegant closed-form equation is challenging. A good approximation is given by
considering that the initial condition is given as the sum of the corresponding initial condition
of the LC-SR converter Iy ;¢ from (4.22) and the initial condition of the magnetizing

current I, o from (4.88), as in

Ino~Irorc+Ipmo =
U.

25
I nr— %0 + ET (i — l) (4.89)
Lo cot %9 + cot %(75 -6 L, 2 4

The magnetizing current crosses zero two times within a period, the first time in interval

IT and the second in interval IV. Solving (4.82) for i;,, = 0 yields

0 1
Ts(g + Z)’

4 3
Ts(g + Z)’

(4.90)

Ti Lm =0

which means that i;,, crosses zero exactly in the middle of the pulse of the output voltage
U,, something that is intuitively expected since the (i;,,) = 0 and is dictated by the output

voltage. The current of the resonant inductor i;, crosses zero at

—Zyl
27 + Larctan —20°LL
T — 27[ s CUO U[_UO_UC,[ (4 91)
=0T ) frap + L arctan ——2ofLarr
27 75w U,=Ui=Uc 1"

The instantaneous input power is



4.3 LC Resonant Converter with Isolation (LLC) 115

( . U;+U _UC,O .
I U1 coswyt + Ui# sin wyt,
U-U,~Uc .
IT: U;I; ;coswy(t — %Ts + U;———2—=* sinwy(t — %TS,
Pin = Uipl 1 = T U+U _[(])CO . T (4'92)
I Uil g cos wo(t — 51) + Ui%o' sinwg(r = ),
U~U,~Uc .
[IV: U cos ay(t — ?—ﬂ”Ts + U;—=——5L sin (1 — 0+T”27TTS.

0

Similarly, the instantaneous output power is

Pour = Uoutlo = YUour' Lr — Your' Lm

but u,,i;,, has a mean value of zero within a period, and its term is omitted for sake of

simplicity. The instantaneous output power, for each time interval, is

- UitU,~Ucq .
I —U,I} coswyt — UOZ—OC’0 sin wt,
U-U,~Uc; .
I U,I, ;coswyt — =T, + U, ~—2CL gin(t — =T,
_ o' L,I 0 S 0 Z, 0 xS 4.93

Dour =9 . T, Ui+Uo_UC,0 . T, ( : )

HI: = Uyl gcoswy(t — 3) —Uy—— sinwy(t = ),

’ 0
0+ U-U,=Ucs . 0+
(IV: Uply j coswy(t — 5Ty + U,~——4—= sinwy(t — T

The active power flowing through the HFL is given by the mean values of p;, and p,,, within

a switching period, as in

Ui Wy . Wy . W
P=——\1;o8in—0+ I} ;sin—(x —0)

F ON ’ w, ’ W,

U +U,-U, o, U -U,-U o,

+ i o C,0 1 = cos _09 + oo el G1 1 —cos —0(71' - 9) >
ZO W Z() Wy
(4.94)
and

po= (_p in®041, 502z —0)
T W : ® : ®

s N
U +U,-U, , U -U,-U @
_Zi* P~ Teo <1_coS_09> b <1—cos—°<n—9>>)-
ZO a)s ZO N

(4.95)

Since the link is considered ideal, without any resistive elements, the input power P, is
equal to the output P, and equal to UOZ/R I

In this region, the converter achieves ZVS during turn-on commutations, but turn-off

commutations are forced through hard switching. For example, O and Q, are forced to turn-

off when the current passing through is I} ;;. During the dead time this current flows through
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Figure 4.21 Currents (iy,, iy, i,) and voltages (Uggy;, Ugpr,) of the HFL at the resonance point.

the antiparallel diodes of Q, and Q3, which then turn-on with zero voltage-drop across. Note
that as f; approaches fj, I ;; becomes smaller and the hard turn-off commutations produce

less losses.

4.3.2.2 Operation at f; = f, (Resonant Region)

When the switching frequency is equal to the resonant frequency wy, (i) X; = X and (ii) the
zero-crossing of the output current i, is in-phase to the corresponding crossing ot the input
and output voltage Uypy,; and Uypy ,, as illustrated in Fig. 4.21. Note that the resonant
current iy, crosses the zero point after the i,, presenting a phase delay.

L () = +U;|u,(0) = +U,}, oTs r< o, (4.96)
I A{w; (1) = =Uilu,() = =U,}, 5 <t <Ti.

Since 8 = 0, the time intervals I and III of subsection 4.3.2.1 are omitted. Due to the

voltage and current continuity conditions, combined with (4.83), and (4.86)

Lio=—Ir =1 =1pmo=—Ipmr = Limir

(4.97)
Uco=Uc,r =-Ucr
Egs. (4.80) and (4.81) can be simplified, using Eq. (4.97)
I I gcoswyt + W sin wyt
fLr = o UUUcy T,
I: =1 gcosawy(t — ?) B sin wy(t — 7)
Uu-0,-17,
ip, = I ocoswyt + %C’O sin wgt, (4.98)

0
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I: - ZOIL,O sin 0)01 + (Ul - UO - UC,O) Cos a)OZ
Upr =

=
. T, T,
I ZyIp gsinewy(t — 5) = (U; = U, = Uc ) cos wy(t = )

Ur, = _ZOIL,O sin COOI + (Ul - UO - UC,O) CosS C()()t. (499)
The main difference compared to the LC-SR converter is that the resonant current i, is

not in-phase with HFL voltages, due to the magnetizing current. The voltage of the resonant
capacitor is

uc, =U; =U,—(U; = U, = Ucp)coswyt + Zyl osin . (4.100)
Regarding the instantaneous power, given in (4.92) and (4.93) can be simplified as

U,~U,~U,
I Ul ycoswpt + Ui—

<0 sin wyt,
Pin = uiniLr = %

4.101)
T, Ui_Uo_U . T? (
IT: U1y cosamy(t — 7“) + U,-TC'O sin wy(t — 7’),
I U,pycoswpt +U, —Ui_U;_UC’O sin g,
pout = T 0 U.-U _UC0 . T (4102)
II: U, ycoswy(t — 73) + UO% sin wy(t — 73).
’ 0

The active power is given by

U.-U —-U,
Pl _ U,E i ; CO’
T 0
4.103
2U;,-U,-Ucyp ( )
P=U———-,
b4 Z

and since the HFL is considered ideal, P, = P, yields U; = U,, for any load.

The zero-crossings of the currents i;, and i;,, take place at

Zyl
T;, =0 = —— arctan l(; Lo (4.104)
' 20 co0
and
L
_ILm O_m’
O,
TiLm=0 = Ll T (4105)
imrgt+ 3

which, from (4.90) and 6 = 0, correspond to the middle

of the half-period voltage square
waveform. Hence
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Figure 4.22 Currents (iy,, iy, i,) and voltages (Uggr;, Ugpr,) of the HFL for the capacitive CCM
operation.

U
T
Tpmg=—Ipmo=—1ro= EwsLom‘ (4.106)

Substituting P, = U2/R; to (4.103), yields

Uco = _U"%%‘ (4.107)
meaning that the initial voltage of C, is proportional to the input voltage U; and inversely
proportional to the output resistor R; .

Contrary to the LC-SR case, the i;, does not present a pure resistive, but an inductive-
resistive behavior, lagging with respect to the input voltage by a time interval defined in
4.104. Hence, the behavior of the primary bridge is similar to that of subsection 4.3.2.1.
The converter experiences ZVS during turn-on and hard switching during turn-off, but the

forced commuted current i;, is as small as possible.

4.3.2.3 Operation at % < f, < foy (Capacitive CCM or Type A Region)

In contrast to the LC-SR converter, for % < fs < fp and from the perspective of the primary
bridge, the HFL can behave as an inductive-resistive or capacitive-resistive load, depending
on the switching frequency f, and the load R; as presented in [191, 192, 193]. In this
subsection the capacitive CCM or type A region (heavy-load) is discussed.

This region is defined as capacitive since (i) X > X; and (ii) the first harmonic of the
ir, is leading the input voltage of the HFL. The angle 0 is defined as the negative of (4.62)
for the sake of simplicity.

An indicative case of this operation is presented in Fig. 4.22, along with the intervals for

each switching state of the converter. The voltages are
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L {u(t)==U; | () =+U,}, 0<1 < T,

IL: {ui(t) = +Ui | uo(t) = +U0}’ %Ts S ! S %’ (4 1()8)
HI: {u,(0) = +U; | () = =U,}, 3 <1< GFT,,

2z
IV: {(u,(1) = U, | u,(t) = =U,}, EET, <1< T,
For every commutation of the rectifying current-driven bridge i, is zero, hence, I}, =
Ipmo> 1.1 = Ipm - Based on the analysis for the conducting simplified model, the current

and the voltage of L, are

-

I. Iy ,coswmyt — % sin wy!,
’ 0
U;-U,~Uc; .
IT: 1 ;cosawg(t — %TS) + 5L sinwy (1 — %TS),
/ — ’ 0
=y T UAU, Ve T (4.109)
III: 1 ;; cos w(t — 7) + 7 sin wy(t — 7),
0+ Ui=U+Uc iy . 0+
(IV: Iy pypcoswy(t — 52T — % sinwy(t — 5=T),
and
I: - (Ul + UO + UC,O) COS a)ot - ZOIL,O sin (Dot,
Il (U, = U, —Uc ) cosay(t — 2T,) = Zol; ;sinwy(t — =T,
up, = i 0 C,1 0 2,; s 04 L, I 0 %ﬁ s (4110)
HL (U; + U, = Uc rp)cos wy(t = 5) = Zolp ppsinwy(t — ),
0 . 0
IV: —(U; = U, + Ug gy cos gt = S=T) = ZoI gy sinwg(t — S=T).
The magnetizing current arises from the integration of the output voltage, as in
( UO
I: L—mt + ILm,O’
U, 0
II: _O(t__T)+IL VE)
ipp=q (4.111)

III - L_m(t - 7) + ILm,II’

IV: - L8271y 4+ 1

L . L, o S LmIII-

In the steady-state, the current of C, and the voltage of L, must have zero mean value,

ie., (i;,) = (ic,) =0and (u;,) =0, so the following conditions apply:

C()O U—U _UC,I
IL,II = IL,I COS a)_(ﬂ' _9)+ #
N

N Ui =U,+Uc 11
1 =I,,=1 cos —(r —0) — - S
Lav = fno = AL o8 o ( ) Z

. o
sin —(z — 0)
a)S

(4.112)

. Wy
in—(x —0)
wS
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U,7-0
Tpmar = L—Oz—Ts Ly
m 27
iy (4.113)
7[ —_—
Timpy = Tmo = _L—;7Ts tlpmrrn
Similar to (4.86), from (4.113) and due to continuity of the current
Timo = ~Temars Lomr = —Limirr (4.114)
The final value of time interval I for the current iy, is
U, 0
ILm,I = L—;%Ts + ILm,O' (4115)
Replacing (4.115) to (4.113), yields
z U,
1 =1 =-1 =—I; == . 4.116
Lmil =L 11 Lm0 LO= oL, ( )
which is the same as (4.87) for the inductive region.
Replacing (4.116) to (4.113), yields
U 0 1
1 =-1 = —"T(=——-). 4.117
Lm,I LI = s(2ﬂ_ 4) ( )

The magnetizing current iy ,, crosses zero two times, first in interval IT and then in interval
IV. The exact time can be found by equating (4.111) to zero and substituting (4.117)

~

4 (4.118)
T

S

i Lm=0 =

(98]

4
which means that i;,, crosses zero exactly in the middle of the output voltage U,, something

that is intuitively expected since the (i;,) = 0 and is dictated by the output voltage. The

current of the resonant inductor i;, crosses zero at

1 Zyl

— arctan ——>L0

[0 Ui+U0+UC,] (4 119)
—ZolLo

Ui+U,=Uc 11

TiLr=0 =

T,
=+ 1 arctan
2 (1)0

The instantaneous input power is
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r UU,+Ucy .
I. —UIgcoswyt + Ui;oc’0 sin wyt,

. 0 Ui-U,=Ucs . 0
II UIIL,I COS C()O(t - ZTS + UZZ—O sSin a)o(t —_ ZTS’
Ui+U,-Ucp

Z

U-U,~Uq; .
—L—2 S ginwy(t — QJFT”ZnTS.

Din = uiniLr =9 (4-120)

T, . T,
II: = U1 cosmy(t — 7’*) +U; sin wy(t — ??),

(IV: U1 cos wg(t — 52T, + U, :

Similarly, the instantaneous output power is

Pour = Uoutlo = Uour' Lr — Your' Lm

but u,,i;,, has a mean value of zero within a period, and its term is omitted for sake of

simplicity. The instantaneous output power, for each time interval, is

( i Ui+U +UC,0 .
I Uyl coswyt — U,,;—O sin wyt,
U-U,~Uc; .
IT: U,I} ;coswy(t — ziTS +U,~——%—=*sinwy(t - ziTs,
Pour = Tj Ui+Uo_l(j)C0 . s " (4.121)

I1I: UOIL,O Cos (Uo(t - 7) - UOT sSin C()O([ - ?),

3 0+r U-U,-Uc . O+r
(IV: U1 cosmy(t — ST+ UOZ—0 sinwg(t = =T

The active power flowing through the HFL is given by the mean values of p;, and p,,, within

a switching period, as in

U; o, . g . @y
P=——\-I;gsin—0+1; ;sin—(x —0)
T ' p ' Wy
U +U,+U 1) U -U,-U )
+;C’0 1 —cos —29 +;C’I l—cos—o(ﬂ—ﬁ) ,
ZO (OF ZO (OF
(4.122)
and

p=2 (1 in@os1,,sin - 0)
= —— sin — Sin — (& —
T O, Lo @ LI w

0
0 s s

U +U,+U ® Ui-U,-U @
e T 70 <1 —cos—09> +— <1 —COS—O(”“)))) '
Z, @, Zo s
(4.123)

Since the link is considered ideal, without any resistive elements, the input power P, is
equal to the output P, and equal to UOZ/R I

Similar to the corresponding operation region of the LC-SR converter, all switches ex-
perience hard switching at turn-on and ZVS at turn-off. For example, when O, and Q, are

conducting, the commutation occurs under a negative current I; ;;;, which means that the
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Figure 4.23 Currents (iy,, i, i,) and voltages (Uygpy,;, Ugp,) of the HFL for the capacitive DCM
operation.

voltage across the switch is clamped by the antiparallel (or body) diode. Then Q, and Q4

turn-on under an initial voltage equal to that of the DC bus, experiencing hard-switching.

4.3.2.4 Operation at % < f, < fy (Discontinuous Power Flow - DCM or Type B
Region)

In this case, DCM is regarded with respect to the output current i,. The current i;, be-
comes instantaneously equal to zero, during zero-crossing. In contrast, i, goes to zero for
an arbitrary time interval before every switching state of the primary bridge. When power
flows from the primary to the secondary bridge (i, # 0) the equivalent circuit is presented
in Fig. 4.19a, while for the load cut-off operation (i, = 0) the equivalent circuit is depicted
in Fig. 4.19b.

The switching frequency remains under the resonant, meaning that X~ > X; and the
first harmonic of i, is still leading the input voltage of the HFL, as illustrated in Fig.
4.23. However, it should be noted that when the load cuts-off and the magnetizing induc-
tor becomes part of the resonant circuit, the resonant frequency f,, is significantly smaller
compared to f. As the switching frequency remains the same, from the perspective of the

primary bridge, the rest of the circuit behaves like an inductive-resistive load.

The four time intervals are defined as

T
I: {ul-(t)=+U,- | Llo(t)=+U0}, OSIS ?_TDCNI’
T T.
IT: {u;(t) =+U; | u,(t) = uy,,}, 7‘ —tpem <t < 75,

T (4.124)
L {u;(1) = =U; | uy(t) = =U,}, 5 <1 <T = 1poyms

IV: {ul(t) = _Ui | uo(t) = l/le}, Ts — TDCM <t< TS’
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where u;,, is the voltage of the magnetizing inductor, for the time interval that the load
is cutoff (i, = 0). In accordance with the previous analyses, due to current continuity and

symmetry, in the steady-state the initial values are given as

Iimo=1Iro=Ipmiv =Iravs Lpmr =10 Limir = Iopr Lomrrr = Lo (4.125)

The current and voltage of L, are

( U,-U,-U, .

I. I} gcoswyt + %OCO sin g,
Ui-Ucs
Zm
Ui-U,+Uc g
Zy

T,
IL: Iy jcosw,(t =3+ 7pom) +

. T,
Sin Cl)m(t - =4 TDCIV[)’
i, = . - 2 (4.126)
HI: Iy gy coswy(t — 3) — sinwy(r = 1),
UitUc 111
Zm

\IV: IL,I[I COS C()m(t — Ts + TDCl\r’I) — sin C()m(t — Ts + TDCM)’

and

I (U, -U,-Ucyp)coswyt — Zyl | osinwpt,

L, T
1I: m(U, - UC,I) CcoS a)m(t - ? + TDCI\’I)

m r

Lr I} ;sinw,,(t L + )
_ L,+L, odr Sy, 5 TDeM)s (12m)

Ur, =1
r IIT: - (Ul - UO + UC,II)COS a)o(t - %) - ZOIL,II Sin(l)o(t — %),
L
IV: — ﬁ(Ul + UC,III)COS C()m(t - TS + TDCl\/I)
m r
L

r .
| — 7T sinw, (t = T. + T,
L+ 2oleim m(t =Ty + Tpom)

while the voltage and current of L,, are
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-

I. U

0°
II. —2 (U, -Ug;)cosw (t—£+r )
* Lm +Lr 1 C,I m 2 DCM
L, . T,
_ﬁZOILm,I sin @, = = + 7pew):
- VL Ly + Ly) (4.128)

uLm =X
. -u,,

v: - —2 (U + U, cosw, (t—T. + )
T+ Lr( i+Ucrrr) m( s + 7o)
L, .
——————Zyl 11 SN0, (1 = T + Tpon),

\ VL@, +L)

and

p

U
I: L_,:t + ILm,O’

Ui-Uc,
Zm

T, : T,
I Iy, g cos®,(t = 5 + 7pom) + sinw,,(t = 5+ + 7pem)

iLm = i - Ve T (4.129)

i+tUc 11
Z

U .
\IVI ILm,III CcoS a)m(t - Ts + TDCI\/I) + sSin a)m(t - Ts + TDCI\I)‘

In the steady-state operation, the current of the capacitor and the voltage drop across
each inductor must have a zero mean value, i.e., (i;,) = (ic,) =0, (u;,) =0, and (u;,,) =0.

For these conditions to be simultaneously valid

ILm,O = IL,O = _ILm,II = —IL,Ih ILm,I = IL,I = _ILm,III = _IL,III’ (4-130)

and

Uco=-Ucyr Ucy=-Ucrr (4.131)

should stand.

The final values of time intervals I and III are

u, T
Ipmr =75 = men) + Limo
’ 2 ’ (4.132)
Iimarr =725 = men) + imi
and for intervals II and IV
UI_UC,I .
Ipmir = 1108 @yTpen + =5 SIN®,TpoM
UlvUc 111 (4.133)

Timo =111 Cos@yTpon — === SIN@,Tpey-
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Utilizing the current equations and the conditions of (4.130), the zero-crossing of i;, and iy,

is obtained, as in

—-Zyl
L arctan —0k0_
— J % Ui=U,=Ucy 4.134
Tip,=0= (4.134)
Lr 3 + L arctan M
2 COO Ui_Uo+UC,II >
and
Lm
—Ing
_ U Lm,O’
Tp=0 =70 p (4.135)

T
>t ol

As in the previous cases, the instantaneous input and output power is given by p;, = u;,i,

and p,,; = Uy, iy, —ir,) and the active input and output power by

P = U; I, | T, I, .
P = s N sin wo(? = Tpem) + o SOy TpeM
n 4.136
U -U,-Ucy T, U —-Uc; ( )
B N >
+W 1 —cos @ ? — TbcM + a)—Z (1 — COS COmTDCM) .
m m

and

U, 1. T, T
P, = =9 I, C‘)_o Sin @, 5 Tem ) TS + TpeM

4.137
Ui - Uo - UC 0 Ts Uo Tsz ( )
+W 1 —cosm, 5 TpeMm ) L, 7 pem(Toom — 1)

2
As in any other case, the HFL is considered ideal, therefore P, = P, = %.
L

Approximation of Inductor Current - Heavy Load To simplify the complex piece-
wise functions that describe the current during load cut-off (i, = 0), it is possible to approx-
imate iy, and i;,, using a linear function (y = ax + b) during this time interval zpcy. This
approximation is valid for heavy-load conditions, meaning that the converter is operating
near the boundary of CCM-DCM regions. The case of light-load operation is considered in
the next paragraph.

The currents of the resonant and magnetizing inductors are

-

U-U,~Ucy .
I. I} gcoswyt + %OCO sin g,

II: ij_a(t_%-i_TDC]\’I)-i_IL,I’
) T, U=UAUci; . T,
HI: Iy gy coswg(t = 5) — —————sinwy(t — 3),
’ 0

Uo
IV: - L_ (t - TS + TDCK{) + IL,[I[’

~ m
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Figure 4.24 Currents (iy,, iy, i,) and voltages (Ugpy;, Ugpr,) of the HFL for the DCM B-type
operation.

and

-

UD
I: L—mt+ ILm,O’

U, T
II: - L_ (t— 7 +TDCM> + ILm,I

— m

i, = (4.139)
ol - L4,

U
LIV: L—; (t -T,+ TDCM) +pmirr-

Following the same procedure as before, the final conditions of time intervals II and IV are
obtained from (4.139) and in combination with (4.130), yields

u, (T
Imo=1r0=—Ipmpr =11 = —L—O (ZS - DCM> . (4.140)

m
Replacing (4.140) to (4.132), yield the approximated expressions for Iy, ; and Iy, ;;,
which are the same for I} ; and Iy ;;;, and are equal to (4.87).

The points that i;, crosses zero remain the same and are given in (4.134), and the
corresponding points of i, are changed to

T beM
—J4 ’
TiLmZO = 3TS (4141)
2 ~ DM

Finally, the active power flowing through the HFL is

Ui UiUo Ts : TS
P =P, = ;ws _wOLm 2 TpcM | S @y 5 TbeM

+ []1 - UO - UC,O 1 TS + UoTDCI\'I TS‘ +
A COS ) TbeM 2L, ) TbeM .

(4.142)
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Approximation of Inductor Current - Light Load When the converter operates under
light-load conditions and is deep in the DCM region, the current of the HFL during load
cut-off (i, = 0) is approximated as a constant. This is illustrated, for a specific operating

point, in Fig. 4.24 for time intervals II and IV.

The resonant current can be approximated as

-

U-U,~Ucy .
I. I} gcoswyt + %OCO sin g,

' T (4.143)
fLr =1 T.. U-U+Ucp . T :
IV Iy i
and the magnetizing current
s UD
I: mt + ILm,O’
II. 1
=4 (4.144)
III - ﬁ(r - 73) + ILm,II’
UV I arr-
In steady-state operation, and due to current continuity, the initial conditions are
Tymo=1ro=1Tp 100 =Tpmirr = —Tpmr =11 = ~Apmpr = —Ipar- (4.145)

Equation (4.46) can be used in this case to approximate the rpcy. The final conditions of

the current for time intervals I and III, are

U

The zero-crossing of the resonant current is given in (4.134), and the corresponding points

of the magnetizing current are

T
2_7
2 s [ '

The active input and output power is approximated by

U, U -U,-U U
P,-=—’&<2’ o 0,2 ”<i—i>>, (4.148)

R On ZO 2Lm (ON @

and



128 Resonant Converter

=2&U Ui_Uo_UC,O

P 4.149
respectively.
2
For an ideal HFL, without any ohmic losses, P, = P, = Z—", and solving for U yields
B )
r @y Zo
Ucop=U,-U,{1+=—— ). 4.150
C,0 i 0 < B w, RL> ( )

With the initial values of the capacitor and the inductors known, Eqgs. (4.143), (4.144), and
(4.147) - (4.149), can be rewritten as

e X _ ]TUD 2%& .
I: ool cos wyt + > o, Ry sin wyt,
. 2%
/ — 2w0Lm >
lLr <III ﬂUO Cos (t—z)—zﬂﬂsu’lw (I_E) (4151)
- 200Ly, N T2 T 20 R, ot — 30,
1Y
[IV: TV
. Yg- =
I: T (t 20’0)’
m: =Y
L P (4.152)
" - Y- Lo ny
' Ly, 2 2wy’
. _ _=Ub,
IV: Tl
wi arctan wglzL,
Tipw=0 = 10 ZgR'Z T (4.153)
o arctan per + 3,
n Wy~ W 1
l ’ s <2Lm w(z) RL)
Finally, the voltage gain of the HFL is given as
wy —w, R
T R (4.155)
Ui 2 (gg Lm

The observations made in subsection 4.3.1 and from Fig. 4.17 and 4.18, are confirmed
from 4.155. The voltage gain decreases as switching frequency f; increases, until f; = f
where U, = U;. It also decreases as the magnetizing inductor L, and the load increase, in

other words, as the ratio L, /L, increases and as R; decreases.

Inverter Switch Commutations In this case, the semiconductor switches of the primary

bridge do not experience the same commutation conditions as the LC-SR converter coun-
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Figure 4.25 Currents (i, iy, i,) and voltages (Ugpy;, Ugpr,) of the HFL for the DCM C-type
operation.

terpart. As explained in the previous paragraph, from the perspective of the inverter, the
load behaves like resistive-inductive, and not resistive-capacitive. During the commutation
at the end of the time interval II, the current that passes through the switches Q; and Q4
is positive, resulting in hard-switching during turn-off. During the course of the dead-time,
this current passes through the anti-parallel diodes of the other two switches Q, and Qj,
clamping the voltage to nearly zero, hence these switches experience ZVS during turn-on.
During the commutation at the end of the time interval IV, the complementary conditions

are true, i.e., @, and Q3 experience hard turn-off, while Q; and Q, turn-on under ZVS.

4.3.2.5 Operation at % < f, < fo (Intermediate Power Flow Operation or Type
C Region)

The LLC converter can operate in CCM (Type A) or deep DCM (Type B) regions, and the
equations that describe its operation were deduced in the previous subsections. However,
between the type A and type B operation, there is an intermediate region (Type C) where
the waveforms present a unique behavior, which is briefly discussed in this subsection. It
should be noted that region types nomenclature (type A, B, and C) is used in the context
of this work, for the sake of simplicity.

As illustrated in Fig. 4.25, an intermediate power flow condition exists where the output
current i, goes to zero for an arbitrary time interval, but becomes non-zero before the primary
bridge changes state, i.e., before the end of the switching half-period and before its output
voltage changes from +Up < FUp.

The output voltage Uypy,, of the HFL is similar to the type A region as it represents
a square-wave with 50% duty cycle that is leading the input voltage Uy, ;. However, the
voltage gain is greater than unity, in contrast with the less than unity gain of region A.

Type C operation is achieved for output resistor R; smaller (greater load) to that of

type B region, but larger (smaller load) to that of type A region, hence, region C is an
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intermediate region between B and A. Within the type C region, the output impedance, from
the primary bridge perspective, can behave as resistive-inductive or resistive-capacitive load,
which corresponds to different kinds of soft switching, described in the previous subsections.

The boundary condition between type A and type C regions is deduced from their defini-
tions. When the LLC converter operates within the type A CCM region, the output current
i, does not become zero and the load is always connected. Consequently, the magnetizing
inductor L,, does not participate in the resonant circuit, and the voltage gain of the HFL
remains under or equal to one. Therefore, the boundary condition is given for the operation
point where the switching frequency is less than the resonant (f; < f;) and the voltage gain
is equal to one (% = 1), which can be approximated by (4.61).

The boundaryl condition between type B and type C regions can be determined by a
different property of the converter. During DCM the voltage Uppy,, is equal to the voltage
of the magnetizing inductor. When its voltage surpasses the voltage U,, the rectifying bridge
becomes conductive, and i, becomes non-zero, hence iy, # iy, From this observation, it is
possible to find the boundary condition as the one that the voltage u;,, reaches U,, at the
end of the switching half-period. From (4.128) of type B region, the final value of u;,, of

time interval II is

L

VL(L +L,)

which is the boundary condition between type C and B regions.

ZOILm,[ sin Dy, TDCM — ﬁ(Ul - UC’I)COS Dy THCM = UO’ (4156)

m r
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4.4 Selection of Passive and Active Components

The analyses presented in Sections 4.2 and 4.3 consider the passive components as ideal and
linear, and do not examine the electrical restrictions and the non-linearities. Regarding the
semiconductor switches, only the output capacitance is considered, indirectly, by commenting
on the non-instantaneous transitions between on and off states.

In this section, the selection of the passive resonant components is discussed, along with
the utilization of proper semiconductor switches for the primary bridge. The most important
criterion that should be satisfied is the operating voltage of each component does not exceed
its breakdown voltage. Current restrictions should be considered in combination with the

existence of a heatsink and forced-air cooling.

4.4.1 Resonant Capacitor

The HFL resonant capacitor of all resonant converters experiences high-voltage drop across
its terminals (even greater from the DC bus voltage for capacitive operation), with a high
alternating current passing though. Therefore, the selection of the proper type of the capac-
itor is of paramount importance. Resonant capacitors should present low equivalent series
resistance (ESR) and inductance (ESL) to maintain the efficiency high and not interfere with
the resonant frequency. These properties also assist in the longevity of the capacitor and
guarantees that the capacitance will not drift over time and over multiple thermal cycles.
Additionally, is should not be polarized, hence electrolytic and tantalum capacitors are not
considered. In [194] a short description of the properties and the application of mica, film

and ceramic capacitors are presented.

Film capacitors employ a thin plastic film as the dielectric material, achieved through
a sophisticated film drawing process. Following the manufacturing process, the film may
undergo metallization or be left untreated, depending on the desired capacitor properties.
Various types of film capacitors exist, such as polyester, metallized, polypropylene, PTFE,
and polystyrene. The crucial distinction between these capacitor variants lies in the dielectric
material employed, necessitating careful selection based on the intended application. A
notable advantage of film capacitors is their non-polarized nature, rendering them suitable
for AC signal and power utilization.

One prominent feature of film capacitors is their ability to achieve high precision capac-
itance values, which also exhibit enhanced stability compared to other capacitor types over
time. Furthermore, film capacitors boast extended shelf life and operational longevity, being
exceptionally reliable with a remarkably low average failure rate. Additionally, they exhibit
characteristics such as low ESR and ESL, and consequently, negligible dissipation factor.
These attributes enable them to withstand high voltages, even reaching the kilovolt range,

while also offering the ability to deliver robust surge current pulses.
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Power film capacitors find widespread application in the realm of power electronics de-
vices, including phase shifters, X-ray flashes, and pulsed lasers. Conversely, their low-power
counterparts serve as essential components in decoupling capacitors, and filters. Notably,
film capacitors serve diverse roles as safety capacitors, mitigating electromagnetic interfer-
ence, operating in fluorescent light ballasts, and fulfilling the function of snubber capacitors.
They excel in storing energy and facilitating its discharge during high-current pulses, a critical
feature employed in powering pulsed lasers and generating lighting discharges. In particular,
snubber capacitors play a protective role in counteracting inductive kickback voltage spikes.
The choice of film capacitors in snubber design is informed by their favorable attributes,
such as low self-inductance, high peak current handling capacity, and low equivalent series
resistance (ESR). Polypropylene film capacitors, in particular, find predominant use in these

circuits.

Ceramic capacitors utilize ceramic material as the dielectric, and owing to its well-known
insulating properties, ceramics were among the earliest materials employed in capacitor pro-
duction. In modern electronics, two common types of ceramic capacitors are prevalent: the
multi-layer ceramic capacitor, also known as the ceramic multi-layer chip capacitor (MLCC),
and the ceramic disc capacitor.

Contemporary ceramic capacitors are categorized into two classes. Class 1 capacitors are
sought after when high stability and minimal losses are essential. They exhibit exceptional
accuracy, with the capacitance value remaining stable across varying applied voltage levels,
temperature ranges, and frequencies. For instance, the NPO series of capacitors offers a
capacitance thermal stability of +0.54% throughout the entire temperature spectrum from
-55 to +125 °C. The tolerances for the nominal capacitance value can be as low as 1%. Class
2 capacitors boast a higher capacitance-to-volume ratio and are utilized in less sensitive
applications. These capacitors typically exhibit thermal stability of around 4+15% within
the operating temperature range, with nominal value tolerances of approximately 20%.

Ceramic capacitors find diverse applications in various scenarios. Notably, they are em-
ployed in high-precision, high-power applications, such as in resonant circuits within trans-
mitter stations. Additionally, they serve a crucial role in DC-DC converters, which subject
components to significant stress in the form of high frequencies and electrical noise. More-
over, ceramic capacitors are commonly utilized as general-purpose capacitors, owing to their
non-polarized nature and wide availability in a broad range of capacitances, voltage ratings,

and sizes.

Silver mica capacitors incorporate mica, a group of sulcate minerals, as the dielectric
medium. They present pronounced high-frequency attributes by virtue of low parasitic in-
ductance and resistance, thereby maintain frequency-independent characteristics, rendering

them useful to high-frequency applications. However, these properties are accompanied by
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Figure 4.26 Capacitance vs frequency and temperature for TDK MLCC [195].

significant trade-offs, as silver mica capacitors exhibit a substantial form factor and com-
mensurate cost. Nonetheless, their indispensability endures in specific domains; for instance,
applications necessitating elevated power levels, such as in the realm of RF transmitters.
Moreover, they remain extensively utilized in high-voltage applications due to mica’s re-

markable breakdown voltage.

In conclusion, all three types of capacitors share common and desired properties, namely
independence of capacitance versus frequency and temperature, low ESR and ESL, low toler-
ance from nominal value, and longevity. Certain manufacturers offer, aside from datasheets,
detailed information on these characteristics, for each capacitor separately, as illustrated in
Fig. 4.26 for an indicative case of an MLCC. This can provide a holistic picture on the

behavior of the capacitor in real-world scenarios.

Regarding the cost, for the same capacitance value and voltage rating, film capacitors are
the most economical solution, with MLCCs following behind. Mica capacitors are extremely
more expensive, especially when considering capacitances in the order of hundreds of nF and

voltages up to 650 V. Therefore, micas are not further considered in this study.

Between film and MLCCs, the first type is generally more bulky for the same capacitance
and rating from the second, but is also less expensive. However, MLCCs have better docu-
mentation and guaranteed to maintain the nominal capacitance regardless of the switching
frequency and the temperature. In practice, both types were tested and they behaved as

expected up to 1 kW of transferred power through the HFL.

Another figure that is regularly provided in datasheets, is the alternating voltage and
current versus the switching frequency, for a family of capacitors. The different capacitance
values are drawn as a parameter, as it is illustrated in Fig. 4.27. Fig. 4.27a and 4.27b carry
complementary information, since the testing circuit consists only from an AC source and
the capacitor. This means that initially, the maximum voltage is equal to the breakdown
voltage of the component. As frequency increases and reactance X, = L decreases, the

2zfC
applied voltage drops as the current passing through the capacitor increases. In the resonant
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Typical AC Voltage Performance, EIA 2220 (CKC21) Typical AC Current Performance, EIA 2220 (CKC21)
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Figure 4.27 Alternating voltage and current versus switching frequency for an indicative Kemet
MLCC family [196].

converter, however, this is not the case, given that the current is set by the power flow and
the impedance of the whole HFL.

As it is presented in the previous subsections, for operation in the resonant and capacitive
regions, the voltage across the capacitor exceed the voltage of the DC bus. This fact should

considered during the selection of the proper capacitor for the HFL.

4.4.2 Resonant Inductor and Transformer

Air-cored inductors are relatively simple components, consisting only of copper wire with
the proper architecture to achieve the desired inductance, as it is discussed in Chapter
3. The ohmic DC resistance (Rpc) can be calculated knowing the cross-section of the
copper and its length. This may increase if the width of the copper is larger than the skin
depth corresponding to the switching frequency of the converter, but can be calculated from
improved Dowell’s model, as in [197, 198, 199] or approximated. Calculating the efficiency is
a straight forward process, since Ppnp = I2-R. Hence, high-power high-frequency air-cored
inductors are relatively easy to either select as an off-the-shelf component or create a custom
design, only by considering the inductance and the nominal current (or resistance).
Acquiring an off-the-shelf cored inductor, with the desired current capability and induc-
tance value, for high-frequency high-power applications in not a trivial task. Ferrite cores
add another layer of complexity, introducing core losses, which depend on the magnetic field
and the switching frequency, and non-linear effects, which are briefly discussed in Section 3.5,
and are in detail analyzed in the literature. Most commercial cored inductors are designed
with DC-DC power converters in mind, where the current has a large direct component with
a small ripple. Utilizing these inductors as parts of the resonant circuit, where the current
is alternating, can result in high temperatures for the ferrite, as illustrated in Fig. 4.28.
More specifically IHLP6767GZER470M51 of Vishay is a 47 uH shielded inductor that
claims a maximum 7.25 A of direct current and 7 A saturation current. Under significantly
lower conditions, operating as the LC-SR inductor with a sinusoidal current of approximately
2.8 A peak (or 2 A RMS), the ferrite develops temperatures up to 135 °C. Exceeding this



4.4 Selection of Passive and Active Components 135

IWET. Y

ATy Bepp. 20

(a) P,=100 W (b) P, =150 W

Figure 4.28 Thermal images of Vishay 47 uH cored inductor [200], at f, = 100 kHz.

value may lead to the destruction of the inductor, so 150 W (approximately 75 V under 2
A) is the maximum power flow for the specific topology for this inductor. The introduction
of a heatsink reduces the temperature and increases the maximum power up to 350 W. Only
forced-air cooling can enable the 1 kW desired power transfer, but it is considered excessive
for this application.

Contrary, a custom made planar inductor of approximately the same inductance can
operate at notably lower temperatures, even for higher amounts of transferred power, as
illustrated in Fig. 4.29. However, it should be noted that the planar windings that are de-
picted have a much larger surface area, compared to IHLP6767GZER470M51, and therefore
can dissipate heat more efficiently.

The temperature of the winding in Fig. 4.29a can reach 80 °C in certain point, for
P, =500 W. To reduce the operating temperature, without placing a heatsink, it is possible
to introduce a ferrite core, like the one that is considered in Section 3.5. By doing so,
the thermal mass is increased along with the surface area, resulting in the reduction of the
temperature, which is also spread much more evenly on the surface of the winding. It should
be noted that as the core produces its own losses, a more extensive study is required, to
optimize the operation of the inductor and the HFL as a whole.

Another way to reduce the operating temperature is to redesign the planar inductor by
removing half of the turns and thus increase the distance between two adjacent traces, as it
is presented in Fig. 4.29c. For convenience, this design is named half-layout, since copper
traces occupy only half of the surface area of the inductor. By reducing the number of turns
per layer, the total inductance is reduced approximately 3.5 times. This can be compensated
by increasing the number of layers, or adjusting the resonant capacitor to maintain the same
resonant frequency.

Furthermore, half-layouts with proper alignment of the layers, as illustrated in Fig. 4.29d

can lead to reduced parasitic capacitance. An alternative way to reduce the intrawind-
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(a) Full-Layout (b) Core & Full-Layout
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Figure 4.29 Thermal images of custom planar windings, at f; = 100 kHz and P, = 500 W.

ing parasitic capacitance is alternating between primary and secondary, which is explored,
specifically for the LLC converter, in [201]. To properly estimate and optimize the thermal
behavior of a PW, a model has been proposed in [202], showing promising results and verified

via FEM simulations and experimental measurements.

In conclusion, acquiring an off-the-self cored inductor for the HFL, while not impossible,
is not trivial. Large distributors within EU, like Mouser, do not specifically categorize
inductors based on their capability of handling pure alternating current or direct current
with ripple. Some manufacturers, like Coilcraft [203], claim that they produce inductors
for high-frequency high-power resonant applications, but the variety of available inductance
values and current handling capability is limited. Utilizing a commercial air-core or designing

one, cored or coreless, for the specific application can provide much better results.

Commercial high-power high-frequency transformers are generally not available from
distributors and must be ordered from a manufacturer. In this case, the leakage inductance
is utilized as the resonant inductor, and its value is usually available in the datasheet.

Designing a custom transformer, tailored to the application needs is also an option, but
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special care must be taken regarding the AC effects and the core (if one is used). Overall
design characteristics and practices can be found in [136, 204, 205].

The voltage and the current for the capacitor and the inductor of the HFL can be derived
from the time-domain analysis of Sections 4.2 and 4.3, for the LC-SR and the LLC converter

respectively.

4.4.3 Switching Components

Losses on the primary bridge can be attributed to conduction Pngnp. and switching losses
Pqyy of the semiconductor devices. Conduction losses depend on the current and the conduc-
tion resistance Rpg oy or saturation voltage Ucg gar for MOSFETS and IGBTS, respectively.
For a given semiconductor device there are no measures the designer can take to reduce them,
other than selecting the lowest possible Rpg on or Ucggar for the nominal power current
and Ugg. Considering the conduction losses, it is generally advised to select IGBTs for high-
current applications since their losses increase linearly with the current, where for MOSFETSs
increase quadratically. However, this selection should take into account the switching fre-
quency and the ratio f/f.

Switching losses depend on multiple factors, like the voltage and the current across the
switch, and the overlap of their waveforms. The overlap is generally given as a function of rise
(t,) and fall () time, but each manufacturer uses slightly different notation. The transient
behavior depends on characteristics of the switching device, like its type (unipolar, bipolar),
the electron mobility, and the parasitic capacitance and inductance. As it is illustrated in
[206], for a specific operating point and resonant circuit parameters, it is possible for one
type of transistors to be much more efficient compared to the other.

Parasitic inductance is always present in any conductive path, bondwire, loop area etc.
Designing as short as possible conduction paths and loop areas is always recommended
for the minimization of voltage overshoots and switching losses. Parasitic inductance is
also affected by the packaging of the semiconductor components. While datasheets do not
provide any relative information, it is well known that larger packages (in volume and surface
area) generally lead to increased inductance. Literature proposes various custom packaging
designs, in order to reduce the parasitic inductance, tailored to the need of a particular
application [207, 208, 209]. Other, off-the-shelf component packages, offer an auxiliary source
or emitter as a forth leg, which can reduce the gate loop inductance and increase the efficiency
of the transistors [210].

However, it would be interesting to investigate if the most popular packages, like TO-220,
247, 252, 263 etc., have an effect on the output parasitic capacitance of the semiconductor
components. In hard-switching converters, in the off-state the output capacitances of the
switch charge up to the DC bus voltage level. As soon the switch turns-on, the stored energy

gets dissipated in the device, further increasing the switching losses. When a soft-switching
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converter operates in inductive or resonant regions, the switches turn-on with the parasitic
capacitances fully discharged, eliminating this issue. However, in the DCM region, the switch
experiences turn-on losses due to this phenomenon.

The output capacitance C,s; = Cyy + Cyy of several IGBTs, Si MOSFETS and SiC MOS-
FETs is considered, categorized by their packaging, and sorted in descending order. The
breakdown voltages of the IGBTs and Si MOSFETs range from 600 to 650 V, and for the
SiC MOSFETs from 650 to 900 V. The maximum current ranges from 15 to 35 A for the
IGBTs, from 15 to 25 A for the Si MOSFETS, and from 25 to 35 A for the SiC. The data

were collected from each datasheet, under similar testing conditions.
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for 600-650 V 15-35 A IGBTs categorized by their packaging.

The capacitances of the selected IGBTs are illustrated in Fig. 4.30. As can be seen, all

categories have components with high and low capacitance C

Lss» and no subgroup presents

systematically smaller C,, values. It is possible to find components with C,; < 25 nF in any

SS
category, although TO-252 (DPAK) appears to have the lowest mean value. This, however,
could be related to the specific set of IGBTs that are selected and compared.

In Fig. 4.31 the capacitances of some selected Si MOSFETs are presented. In this
case TO-252 (DPAK) and PQFN present systematically low C,,, less than 30 and 35 nF,
respectively. Nevertheless, it is possible to find components with the same capacitance for
any other packaging.

Finally, in Fig. 4.32 the capacitances of some SiC MOSFET are illustrated. These
components are rated for higher current and voltage breakdown, hence there are not many

available in the 600-650 V range, in order for the comparison to be fair. Those that were



4.4 Selection of Passive and Active Components 139

TK16V60W

TK14V65W

TK210V65%

PQFN TYPE

FCMT180N65S3

IPL65R130CT

SIHB15N65E

SIHB15N6OE

STB22N60DM6

TO-263 (D2PAK)

R6515KNJ

RE015ENT

IXTY14N60X2

STB1SNG5M5

IPD60R145CFDT

TPDGOR400CE

TO-252 (DPAK)

IPD60R210PFD7S

TPW60R199CP

SIHG15NGOE

TO-247

TK16NGOW

IPW65R155CFDT

SPP15NGOC3

IXKC 20N60C

SiHP15NG5E

TO-220

STF22N60M6
R6015ENX

IPAGOR400CE

-10 %0 110

Output Capacitance Coss [pF]

Figure 4.31 C,,, for 600-650 V 15-25 A Si MOSFETs categorized by their packaging.
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Figure 4.32 C,,, for 650-900 V 25-35 A SiC MOSFETSs categorized by their packaging.

found present larger maximum current (and lower Rpg o), but also generally greater output
capacitance.
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In conclusion, selecting low-profile and volume transistor packaging leads to reduced
parasitic inductance and potentially lower parasitic capacitance. The designer should also
consider the voltage overshoot during commutations in order to properly select the switching
device. The overshoot depends, also, on the parasitic inductance of the PCB, the value of the
gate resistor, and the switching frequency. Experimentally determining the gate resistance
for a given PCB and semiconductor seems the most efficient solution, but further research
is required in order to provide a model that can offer the optimal R; without the need of

exhaustive laboratory experiments.
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4.5 Conclusions

In this chapter the topic of high-energy-density resonant converters is discussed, presenting
their benefits and inherent advantages, including low or zero switching losses, reduced EMI,
easy magnetic integration and possible improvement by utilizing SiC-based transistors. The
most important issues that arise when the converter is not properly designed and controlled
are also discussed, such as increased conduction and switching losses, increased losses in
the magnetic components, and paralleling (or interleaving) for increased power-handling
capability. A brief state-of-the-art review on treating such issues in made, presented the
most recent articles and overviews in controlling schemes. Furthermore, the frequency- and
time- domain mathematical models which have been developed are presented for a wide
variety of LC-SR and LLC, single-active bridge topologies.

The LC-SR converter is analyzed in great detail in the time-domain. The function and
equations of each part are presented and simplified equivalent circuits are derived. The oper-
ation is divided into four separate regions, inductive, resonant and continuous and discontin-
uous conduction capacitive region, focusing on the resonant current that passes through the
high-frequency link and the voltage drop across the resonant capacitor. The initial values
for each region are derived, giving a closed-form solution for every possible operation point.
Based on this analysis, the conditions to commutate under ZVS or ZCS for the primary
bridge components are presented. The boundary conditions between capacitive CCM and
DCM operation are obtained, and an experimental verification is carried out, comparing

MOSFETs and IGBTs for the different operating regions.

The differential equations that describe the operation of the LLC converter are also
presented, like in the LC-SR case. The behavior of the high-frequency link, regarding the
load and the magnetizing inductor, is presented, along with the simplified equivalent circuits.
In the LLC case, the separation between inductive and capacitive operating region is not
defined only by the switching frequency, as in LC-SR, but also from the load and the resonant
tank parameters. The operation under heavy and light load is used to provide insight in the
boundary condition between type A and B regions, corresponding to the CCM and DCM of
the LC-SR. Some of the initial values of the differential equation solutions are challenging to
derive, due to the complexity of the circuit, but good approximation equations are provided,
verified via simulations.

Finally, a guide on the selection of the passive resonant and active components is pre-
sented. Three capacitor type candidates are considered, namely film, ceramic, and mica,
with the third been rejected due to its significantly higher cost. The issues related with
the selection of an off-the-shelf inductor are discussed, and the need for custom design are
presented. Namely, AC commercial inductors are difficult to obtain and high-frequency high-
power transformers are not available from large distributors and require to be ordered from

the manufacturer. The selection of the active components should be based on the specific
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characteristics of the application and the cost. Low profile packaging can be advantageous,
since they reduce the inherent inductance and in some cases the output capacitance. SiC-
based transistors can be considered if the extra cost for the gate driver and the device itself
is acceptable.

The tools developed for the aforementioned analyses can also be used to provide accurate
time-domain models for the LC and LLC dual-active bridge converters, in the future. The
main difference stands in the fact that DABs do not naturally change states with the sign of
the resonant current, but force commutations by controlling the secondary bridge, which has
an active source capable of power production and consumption. Moreover, a more extensive
study on the behavior of different types of transistors is required, to highlight the advantages
and disadvantages as well as the optimal configuration (supply voltage, gate resistance, dead-
time, etc.) for efficient operation, for each separate region.

Parts of this topic are discussed in [211]|, where a method of achieving zero-switching
losses while in DCM operation for the LLC is highlighted. In [70]|, a method for estimat-
ing MOSFET losses for a half-bridge LLC converter is presented. In [212]|, the dead-time
range is calculated for achieving ZVS, via improved TDA for the LLC, with respect to the
output capacitances of the MOSFETs. Further investigation is mandatory to connect these
approaches, include the effect of the gate resistance, and compare the different types of

semiconductors.
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Conclusions and Future Research

5.1 Conclusions

This dissertation aims to contribute to the vast topic of resonant converters, addressing issues
that arise with an improper PCB layout and providing a set of good designing practices. It
is generally advised to design high-frequency traces (independently of their power level) as
short as possible and with small cross-sectional area. However, to minimize the undesirable
parasitic capacitance between AC traces, return paths should not overlay the positive traces.
Placing the bypass/decoupling capacitors close to the components, as well as minimizing the
trace length and loop inductance area, improves their performance.

When multilayer boards are used, optimizing the layer sequence, as discussed in subsec-
tion 2.3.2, can reduce switching losses up to 26%. Special consideration must be given to the
surface area of switching nodes, to improve thermal dissipation, reduce voltage oscillations
across the switching device, and reduce EMI. Placing switching devices in parallel should
also be carefully done, equalizing the parasitic inductances on drain, source and gate traces,
respectively, to improve current sharing between the devices.

Furthermore, this work delves into the field of planar magnetics. This type of windings
can be utilized as inductors and transformers, offering low manufacturing cost, highly re-
peatable inductance in mass production, and low z-profile. The geometric parameters are
analyzed and their effect on the inductance is discussed. Three well-established equations,
for estimating the inductance of square-shaped planar windings, are modified to properly
accommodate for the rectangle-shaped case. The modified Wheeler and Rosa equations pro-
vide as accurate estimations as the original equations with less that 1.5% mean absolute
error. In addition, the developed voltage (or inductance) per turn is presented, a useful
detail for designing robust components.

Multilayer rectangle-shaped windings introduce another designing degree of freedom, as
multiple layers can be stacked one upon the other, increasing the inductance exponentially

while maintain low z-profile, typically from 0.8 to 2.0 mm. The modifications applied on
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Wheeler and Rosa equations can provide accurate results for two-layered boards and for
some cases for three-layered boards. A new data-fitted monomial-like equation is presented,
providing accurate results for a wide range of winding dimensions and up to 4-layer boards.
The error mean value is 0% with a 1.77% standard deviation and a less than 1.5% mean
absolute error.

Custom designs can further decrease the parasitic capacitance by increasing the vertical
distance between the layers, without compromising the low-z profile of the winding. For
example two 1.6 mm two-layered boards connected in series with a blank intermediate 1.6
board, can greatly reduce the capacitance, and keep the its height relative low at 4.8 mm.

A comparison between the modified and new equations shows that for single-layer boards
Wheeler and Rosa provide the most accurate results, with less than 2% mean absolute error,
independently of the deformation ratio D,/D,. The new monomial-like equations follows
closely with less than 4%, but presents systematically the best results for multilayered boards.

This chapter closes with a brief investigation on the effects the ferrite core introduces. A
review of the losses estimation equation is presented, along with the core selection criteria.
The equivalent magnetic circuit, for the most usual case, is presented and the reluctance and
magnetic flux for each leg are derived. The effect of the air-gap is briefly commented. It is,
however, necessary to expand this topic, in order to better describe the behavior of cored
inductors and transformers.

Finally, this research provides an exhaustive analysis for the single-active bridge LC-
SR and LLC converters, in the time-domain. The operation regions of the converters are
defined based on the switching frequency with respect to the resonant frequency of the HFL,
providing an in-depth understanding and closed-form solutions of every voltage and current
of the converter. The properties of each region are discussed, and especially for the capacitive
case, the distinction between continuous and discontinuous current modes is highlighted.

For the SAB LC-SR case, an experimental verification of the theoretical and simulation
analysis is carried out. The advantages of operating in capacitive DCM region over the CCM
are verified, and a comparison of the three CCM, DCM and inductive regions, for MOSFETs
and IGBTs is presented. Depending on the type of the semiconductor switch, inductive or
DCM may be preferable, but further investigation is necessary.

The selection of the proper active and passive components for these types of converter is
discussed. MLC and film capacitors present the best behavior, with constant capacitances
in a wide range of frequencies and peak voltages. The issues with commercial inductors are
presented, along with the behavior of the custom-designed planar windings. A comparison

between different types of semiconductor packaging and output capacitance is presented.
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5.2 Future Research Suggestions

Regarding the analysis and behavior of planar windings, the effect of the parasitic capac-
itance reduction techniques on the accuracy of the proposed modified and new equations
should be discussed. As presented in Chapter 3, designing half-layouts, windings with larger
distance between layers, or interleaved layers, can significantly reduce the capacitance, but
it is undetermined if the estimation equations can still provide accurate results. Further
investigation is also necessary for the accuracy of the proposed equations in windings with
more layers (N; > 8), which are present in interleaved architectures.

In addition, the extension of the equations when a ferrite core is utilized should be
considered. There is an open question if the presented equations are capable of estimating the
inductance of a winding by replacing py with u = pou,. The term p, is not the permeability
of the core, which is usually given in the datasheet, but the effective permeability which
considers the cross-section of the core, the magnetic path length, and any potential air-gap.

As for the resonant converter analysis, it is crucial to develop a detailed power losses
model with respect to the different dominant semiconductor types (IGBT, Si and SiC MOS-
FETs, and GaNs). This will provide a better and in-depth understanding of the conduction
and switching losses, taking into account the specifics of the resonant circuits, and accom-
modate in the better selection of switching devices depending on the application.

The same model must consider the effects of the gate resistance, the parasitic input/output
capacitances, as well as the trace inductance, to provide an optimization tool for selecting
the Rg. The gate resistance should be large enough to suppress the voltage overshoot across
the switching devices, but small enough to enable fast commutations and hence minimization
of the switching losses that are present even in resonant converters. Finally, the same model
should address the switching losses issues that arise with the DCM operation of LC-SR con-
verters, defining the best operating conditions when voltage regulation is needed and the
converter operated below its resonant frequency.

Moreover, the time-domain analysis should extend to the dual-active bridge for the LC-
SR, LLC and CLLC high-frequency links. As it is discussed in Chapter 1, DABs, and in
fact multiple active bridge topologies (TAB, QAB, etc.) are capable of revolutionizing the
power management and routing paradigm. DABs offer high-efficiency low-volume solutions
on power level and flow control, interconnecting different types of electric energy (DC and
AC, LV and MV).

Their operation is similar to that of SAB, which is discussed in Chapter 4, but with two
main differences: (i) the load is not a network of passive components (resistors, capacitors,
and inductors), but an active voltage source capable of sinking and sourcing power, and
(ii) the phase difference between the input and the output of the high-frequency link is not
dictated by the natural commutation of the resonant circuit, but from the phase difference

between the two bridges, which is defined by the control system of the converter, and it is
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in fact the variable that dictates the power level and direction. Nevertheless, the operation
regions are similar to those of the SAB converter, including inductive, and CCM - DCM
capacitive regions.

Finally, it is important for the entire power electronics community to address the issues
that arise with high-power high-frequency converter designs. The practices suggested in
Chapter 2 are the tip of the iceberg, and offer only partial solutions. A more systematic
review is required to direct designers to the best practices regarding: (i) the casing of the
transistor (discrete through-hole and surface mount, modules, PCB embedded, etc.) (ii)
bypass and decoupling capacitors placement, (iii) electromagnetic interference mitigation
within the board and with external boards, with proper via drilling and plane placement and

(iv) the controversial topic of large ground planes within the board and the noise propagation.



Appendix A

Semiconductor Losses

The efficiency of the converter is mostly determined by the losses of the semiconductor
devices. Due to their non-ideal operation, these devices present two types of losses: (i)
conduction losses, which are present when the transistor conducts current, and (ii) switching
losses, which occur on every transition of the transistor (from ON to OFF, and from OFF
to ON). In order to properly model these losses the transistor type (MOSFET, IGBT, etc.)

is important, as each type presents relatively different behavior.

A.1 Conduction Losses

Conduction losses in semiconductor devices, such as MOSFETs and IGBTs, are critical for
the efficiency of the power converter. These losses occur during the device “on” state when
it conducts current, and they manifest as resistive losses due to the finite on-state resistance
Rps on for MOSFETS and the saturation voltage Vg g, for IGBTS.

The magnitude of conduction losses for MOSFETSs is directly proportional to the square

of the current passing through the device,

2
Pcond.,MOS = RDS,onID’ (Al)

resulting in a square increase with increasing current. As a result, the utilization of single
MOSFETSs in high-current application may present issues, such as suboptimal efficiency and
high-temperature operation. Selecting a device with low Rpg , and placing multiple in
parallel can greatly benefit the converter and mitigate the aforementioned issues.

For IGBTs the magnitude of conduction losses are

Peonaicer = VeE salcs (A.2)

resulting in a linear increase with respect to the current. IGBTs generally have a wide range

of breakdown voltages, and can handle tens or even hundreds of amperes. This makes them
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suitable candidates for a wide variety of applications. However, due to their solid-state
physics as bipolar devices, they present significantly less high-frequency operation capabili-
ties, which are limited from their temperature as the frequency increases. This is discussed
in Section A.2.

As an example regarding the conduction losses, consider a MOSFET with Rpg ., = 100
m(2, and an IGBT with Vg ,, = 1.5 V. For sake of simplicity these values remain constant
and are independent of the operating temperature. For currents up to 15 A, the MOSFET
device presents lower losses. If the current is greater than 15 A, the IGBT would be a better

option, at least from a conduction-loss perspective.

A.2 Switching Losses

Switching losses in semiconductor devices, including MOSFETs and IGBTs, are a crucial
aspect of power electronics. These losses arise during the transition periods when the devices
switch between their "on” and "off” states, and they manifest in two components: (i) turn-
on losses, which occur when the device transitions from the off-state to the on-state, and
(ii) turn-off losses, which take place during the shift from the on-state to the off-state.
The magnitude of switching losses is determined by several factors, including the switching

frequency, the operating voltage, and the characteristics of the semiconductor device itself.

A.2.1 MOSFETs

In the case of MOSFETS, switching losses primarily result from the charging and discharging
of the parasitic capacitances during transitions, as it is illustrated in Fig. A.1. These losses
exhibit a proportionality to both the switching frequency and the applied voltage, and they
can be a significant factor in high-frequency applications.

The turn-on switching losses are

Eg, = / ups@ip(ndr, (A.3)

t

on

where, up¢ is the voltage across the source and drain of the device, and ip is the current
passing through. In [213], an approximation has been proposed, as
1 1 1 2
E0n= EUDSIptri'i_E DS <§Iss+§lp>tfv’ (A4)
where, as illustrated in Fig. A.la, Upg is the operating voltage, I, is the steady-state
current, I, is the peak current, #,; is the time interval in which the current rises to I, while
the voltage remains almost constant, and 7, is the time interval in which the voltage drops

to approximately zero and the current sets to its steady-state value. During this period, the
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Figure A.1 Commutation of a MOSFET device.

Miller effect is visible, as the parasitic capacitance for gate-to-drain Cpg discharges from the

operating voltage to zero.

Similarly, the switching losses during turn-off are

Eop= / ups(t)ip(t)dt, (A.5)
t

off

and they can be approximated as

1 1
Eoff = 5 DSIsstrU + EUpIsstfi’ (A6)

where, as illustrated in Fig. A.1b, U, is the peak voltage, t,, is the time interval in which
the voltage across the device raises to its operating value, and ¢fi is the time interval in
which the current drops to zero. This steep current transition di/d¢, in combination with the

parasitic inductance L . of the path, produces an over-voltage across the device, which can

par

by approximated by L,,.di/dz.

The total switching losses are the sum of the turn-on and turn-off losses, as in

Etotal = Eon + Eoff’ (A7)

and the total energy dissipated is
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VVSW = Etotalfs' (AS)

Determining the time intervals #,;, t,¢, 1, and 7, is far from trivial. They depend on
the parasitic capacitances of the device, the internal and external gate resistance, as well as
the current capabilities and voltage of the gate driver. As it is proposed in [213], the rise

and fall time of the current depends on the gate resistance and the input capacitance, as in

ti ~Rg(Cgs + Cgp) (A.9)
tfl' NRG(CGS + CGD)’ (AIO)

and the fall of the voltage
tfl) ~ RGCGD (All)

In [214] an estimation for the time intervals has been proposed. Namely

U~ - U
L = RGCiss In %’ (AIQ)
¢s —Ugp
Ups
t = RGCGD— 5 <A13)
Te Ugs —Ugp
Ups
o = ReCopy— (A.14)
GP
Ugp
t7; = RgCigy In T (A.15)

where C;;, = Cgg + Cgp is the input capacitance, Ugg the gate-source voltage of the gate
driver, Uy g the threshold voltage of the MOSFET, and Ugp the Miller plateau voltage.

Depending on the manufacturer, the datasheet of a device may or may not provide the
necessary variable to accurately estimate the transition time intervals. Especially as the
capacitances are non-linear, the equivalent gate charge may by used instead of the given
datasheet capacitance. The value of C;p can be derived by dividing the gate charge Qgp
with the voltage swing Upg, i.e.,

Cop = @, (A.16)
Ups

which can be replaced in (A.13) and (A.14).

Similar equations have been proposed in [215]|, where the geometric and electrical charac-

teristics of the MOSFET have been incorporated in the equations. This may not be as useful
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as the datasheet-based estimation of switching losses, but can provide a better understanding

on the inner-workings of the losses mechanisms.

A.2.2 IGBTs

Regarding the IGBTS, the turn-on process is similar to that of the MOSFETSs, hence (A.4)

still applies, and can be rewritten as

1 1 1 2
EOH= EUCEIptri-i_EUCE (§ISS+§IP>th (Al?)
However, during turn-off, a tail-current appears as a result of the remaining charge carriers,

as it is illustrated in Fig. A.2.The losses are given by

1 1 1
Eoﬁ = EUCEIsstrU + EUpIsstfi + EItailUCEttail' <A18)

Time interval t,,; can be up to several microseconds, in contrast with the hundreds of
nanoseconds of 7,,, and ;. Thus, although the I,,; is smaller compared to the initial value
of the current for the other regions, the losses that take place in the last section cannot be
ignored. Determining the time interval 7,,;, and the initial value I,,; can be challenging.
Even oscilloscope waveforms contain noise that makes it difficult to define the exact points

where the phenomenon starts and ends.

Usually manufacturers provide E_, and E_g values, for specific operating conditions, so

the switching losses can be estimated directly from these quantities.
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Figure A.3 MOSFET turn-on under ZVS.

As in the MOSFETS case, in [215] the approximation is based on the geometrical and
electrical characteristics for the losses. Furthermore, a comparison is carried out between

the losses in symmetric, asymmetric, and transparent emitter IGBTs.

A.3 Zero-Voltage-Current Switching

As it is discussed in Chapter 4, using proper auxiliary components and under certain con-
ditions, it is possible to reduce or even eliminate switching losses. The mathematical model
for these transitions in the LC-SR and the LLC converter are discussed in detail in the
aforementioned chapter. In this section the exact zero-voltage or zero-current mechanisms

are discussed, from the perspective of the semiconductor device.

A.3.1 Turn-on

As illustrated in Fig. A.3, during dead-time, the inductive current that passes through the
anti-parallel diode of the MOSFET, first discharges the parasitic output capacitor of the
MOSFET. If the dead-time interval and the inductive current are large enough the capacitor
is fully discharged, and the current continue to flow through the diode,clamping the voltage
across the device to almost 0 volts. Hence, when the turn-on pulse is given to the gate of
the MOSFET, the devices turns-on under zero-voltage and presents no losses or zero-losses
switching (ZLS).

In the case that the dead-time is not long-enough and the current is small, the capacitor
will be partially discharged, hence the device experiences some losses, but reduced compared
to the conventional hard-switch transition. This transition is called incomplete- or partial-
zero-voltage-switching (iZVS).

When the switching devices do not interrupt the power current during their transition,
the commutation is called zero-current turn-on. This can be achieved, for example, when the
power path has an inductor strong enough to limit the raise of the current during turn-on,
like in the LC-SR converter which is discussed in Chapter 4. However, the parasitic capacitor
of the MOSFET charge up to the voltage of the DC bus. Since there is no current flowing

in the circuit, the capacitor remains charged up during the dead-time interval. As soon as
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Figure A.5 MOSFET turn-off under ZVS.

a pulse is driven to the gate of the MOSFET, the channel begins to form and the capacitor
discharges, creating a current that passes through the MOSFET, thus producing losses. This
process is presented in Fig. A.4 and the losses are given as
1 2
E, 6 ==-C,U". (A.19)

2 0SS |

A.3.2 Turn-off

The turn-off process can be conducted under zero-voltage switching, as it is illustrated in
Fig. A.5. The current passes from the source to the drain and clamps the voltage across
the device to approximately zero. Then the pulse on the gate goes to zero, the transistor
turn-off without any losses. If the current persist on flowing in the same direction, it passes
through the antiparallel diode. ZVS-off can also be related with small |du/d¢|, compared to
the |di/dt|, which is the case when the capacitance between drain-source is large enough.
However, this can produce significantly larger losses during the turn-on process.

In Fig. A.6 the turn-off process under zero-current switching is illustrated. The current
that initial passes through the transistor reduces to zero, as the gate pulse is still high. Then,
when the gate is grounded, the transistor turns-off without losses. In this case, there are not
any other losses related to the output capacitor, as it was discussed for the ZCS-on case.

When the commutation of the transistor is not under hard- or zero-losses switching, but
performs an incomplete-soft switching, the actual losses can be estimated by the equations

that are presented in Section A.2, and from A.19. In this case, the E_, and E g given in the
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Figure A.6 MOSFET turn-off under ZCS.

datasheet of an IGBT are not particularly useful, and a method is required to estimate the

tail current initial value and duration.

A.3.3 MOSFET and IGBTs

The aforementioned analysis can, at least partially, explain the behavior of the two types
of transistors that is presented in Fig. 4.14 for the LC-SR converter. Since the tail-current
is a predominant form of losses for the IGBTSs, the capacitive DCM operation if beneficial
as it suppresses it. In the inductive operation, where the IGBT experiences ZVS-on and
hard turn-off, presents the greatest losses, but CCM operation, where the IGBT experiences
ZVS-off and hard turn-on is very close. This difference can be mainly attributed to the
switching frequency, since the IGBT turns on and off 50% more (120 kHz compared to 80
kHz) each second.

The MOSFET device can be greatly benefited from the inductive operation, where the
output capacitance has been fully discharged prior the turn-on. Increasing the input power
does not seem to affect the total losses in any significant manner, in contrast to any other
operation region. However, DCM operation is better compared to CCM, although the output
capacitor during DCM discharges through the channel of the MOSFET.
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Acronyms / Abbreviations

ACT
CCM
CT
DAB
DCM
DCX
EMC
EM
EMI
ESL
ESR
ESS
EV
EVC
FEM
GMV
GMMV
GND
FBR
HFL
HP-HF
IPT
IGBT
MOSFET
MLR
OBC
PCB
PTF
PV
PWM
PW
PWR
RES

Air-Cored Transformer
Continuous Current Mode
Cored Transformer

Dual Active Bridge
Discontinuous Current Mode
DC Transformer
Electromagnetic Compatibility
Electromagnetic
Electromagnetic Interference
Equivalent Series Inductance
Equivalent Series Resistance
Energy Storage System
Electric Vehicle

Electric Vehicle Charging
Finite Element Method
Generalized Mean Value
Geometric Mean Value
Ground

Full-Bridge Rectifier

High Frequency Link
High-Power, High-Frequency
Inductive Power Transfer
Insulated Gate Bipolar Transistor
Metal-Oxide-Silicon Field-Effect Transistor
Multiple Linear Regression
On-Board Charging

Printed Circuit Board
Planar Transformer
Photovoltaic

Pulse Width Modulation
Planar Winding

Power

Renewable Energy Sources
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LxRPW
MLRPW
RPW
SAB
SIG
SST
TAB

TF
WPT
ZCS
ZLS
ZVS

x-Layer Rectangle Planar Winding
Multilayer Rectangle Planar Winding
Rectangle Planar Winding

Single Active Bridge

Signal

Solid-State Transformer
Triple-Active Bridge

Transformer

Wireless Power Transfer
Zero-Current Switch

Zero-Losses Switch

Zero-Voltage Switch



Alternating Current (AC)
Capacitive Regions

Continuous Current Mode (CCM)
Direct Current (DC)
Discontinuous Current Mode (DCM)
Dual Active Bridge

Generalized Mean Value
High-Frequency Link
First-Harmonic Approximation
Hard Switching

Inductive Region

Inverter (DC-AC)

Mean Absolute Error

Monomial

Multilayer Planar Winding
Multiple Linear Regression
Printed Circuit Board (PCB)
Pulse Width Modulation
Planar Winding

Plane (in PCB)

Rectifier (AC-DC)

Resonant Converter

Resonant Region (or Operation)
Soft Switching

Switching Node

Time-Domain Analysis

Trace (in PCB)

Zero-Current Switching

Zero-Voltage Switching

Glossary (I'hwoodpelo)

Evaihaooduevo Pedpo (EP)

Xopentn Hepoyn Asitovpyiog
Aertoupyio Yuveyolc Aywyrc

Suveyée Pedya (XP)

Aetovpyio Acuveyoig Aywyhc
Metatponéac Ainirc Evepyot I'égupoc
Tevixevpévoc Méooc Opog

Aixtuo Zebd&ne TdniAc Bvuyvotnroc
Ipocéyyion Hedtng Appovixic
Yxner) Metayowy

Eraywyw Heptoyh Aeitovpylog
Avuotpogéoc (EP-EP)

Méon Twnh Andhutne Tyie Xpodpdtwy
Movdvupo

Eninedo TOAypa HToManidyv Emnédov
ITodhamhy) T'pogaixry Iodvdpdunon
IMaxéta Tunwpévou Kuxhopatoe (ITTK)
Awopbppworn Evpoue Hahuodv

Eninedo TOMypa () Enaywydc)
Avoywn Engdvewa (oe IITK)
Avopdwtic (EP-XP)

Metatponéac (TOnou) Zuvtoviopol
ITepioyxn ¥ Asttoupyla Xuvtoviopol
Opohy Metorywym,

Awoxontinde KéuPoc

Avdhuon oo Iledio Tou Xpdvou
Avydyog Apbpog (oe TITK)
Metaywyr urné Mndevixd Pelua
Metaywyr uné Mndevix Tdon
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