NATIONAL TECHNICAL UNIVERSITY OF ATHENS

SCHOOL OF ELECTRICAL AND COMPUTER ENGINEERING
ELECTRIC POWER DIVISION

A2
£

9\‘\,
INa’
/g'
NAPOMHOEVS .
ASH=E(E>
A VpPopos

)

”,

Solid-State Circuit Breaker for

Alternating Current Applications
DIPLOMA THESIS

by
STEFANOS CHRONOPOULOS

Supervisor: Antonios Antonopoulos

Associate Professor N.T.U.A.

Athens, October 2026






NATIONAL TECHNICAL UNIVERSITY OF ATHENS

SCHOOL OF ELECTRICAL AND
COMPUTER ENGINEERING

ELECTRIC POWER DIVISION

Solid-State Circuit Breaker for

Alternating Current Applications

DIPLOMA THESIS
by
STEFANOS CHRONOPOULOS

Supervisor: Antonios Antonopoulos
Associate Professor N.T.U.A.

Approved by the three-member examination committee on 22 October 2026.

Antonios Antonopoulos Vasileios Nikolaidis Stavros Papathanassiou
Associate Professor N.T.U.A.  Assistant Professor N.T.U.A. Professor N.T.U.A.

Athens, October 2026



Stefanos Chronopoulos

Graduate of the School of Electrical and Computer Engineering,
National Technical University of Athens

Copyright © Stefanos Chronopoulos, 2026.
All rights reserved.

Copying, storing and distributing this thesis, in whole or in part, for commercial
purposes is prohibited. Reproduction, storage and distribution for non-commercial edu-
cational or research purposes are permitted, provided that the source is acknowledged
and this notice is retained. Inquiries concerning commercial use should be addressed to
the author.

The views and conclusions expressed in this document are those of the author and
should not be interpreted as representing the official position of the National Technical
University of Athens.



Tepidnyn

H napovoa dumdepatiky epyaocia pedetd toug diakoreg otepedg kataotaong (SSCB) oe
ouotrpata evadlacodpevou pevpatog. H au§avopevn rmapouocia NAEKTPOVIK®V 10XU0G, 1)
nAektpokivnon kat n deicduon katavepnpévng napaymyng dnpioupyouv avaykeg taxute-
png Kat eAeyxopevng npootaoiag. H xprion nuayeyov smipenet ypryopn diaxkomnr, aAdd
€10AYEL ATIAITN0ES OG TIPOG TIS ATINAEIEG AYMYHS, TOV TEPIOPIONO TG UTEPTAONS KAl 1)
Slaxeipilon g evépyelag.

Apxkd avadvovtat ta opadpata oe Siktua evaAAaoooPevoU peUPATOg KAl OUYKPivo-
VIdl 01 NAEKTPOUNXAVIKEG, UBPIOIKEG KAl APy NAEKTIPOVIKEG TeEXVoAoyieg Siakormrg. E-
getddovial o1 NUIAy®Yol ITUPttiou KAl EUPEDS evepyeElakoU Slakévou, ot apdibpoieg toro-
Aoyieg Katl ta KukA@pata 0drynong, avixveuons ocpaipdiov Kal mpootaciag.

Y& povodpaoikda kat tpipacikd poviéda Simulink pedetdvial n arnokornr) opaipdteyv, o
EVEPYOG TIEPLOPIOOG PEVHATOG KAl 1] EVEPYELA TTOU ArtoppopouVv ta Papiotop o§eidiou pe-
tdAdou (MOV). Ta anotedéopata deixvouv taxeia S1akorr) mptv amno tov uolkKo Pndeviopo
TOU PEUPATOG KAl ONUAVIIKY augnorn g ompeutikrg evépyelag twv MOV katd ug emna-
vadapBavopeveg petaywyég. Mia edeyyxopevn Siadpopn eAeuBepng ekpoptiong edetadetat
0€ TIPOCONO1MOT], WOTE VA PETAPEPEL EVEPYELA O AVTIOTAOT] KAl VA PEIOVEL TV KATATIOVI)-
o1 ToUG. XT0 TP1PAOIKO cuotnpa &§etadovial €miong 1 KOwr AIOKOI), 1 S1a(OpPETIKY)
Katanovnon avd @aocr Kat 1] pootacia ToTKNG oUyXpovng apay®yns.

H pelétn ouprnminpaveratl pe MepApata o EUIOPIKEG MAAKEIEG TG onsemi, He e-
EwTepIKO €Aeyxo péowm pikpoedeykt. Efetaloviat n autdépatn arokor) unepéviaong, 1
napdAAnAn Aewtoupyia, n kabuotépnon g Yndlakng aiuoidag kat n oUyKplon pe nie-
KIPOPNXAviKo ernadéa. EruBeBaimveral n ypriyopr AIOKOI| ave§aptnia arnd tov @UOIKO
pndeviopo. Zinv nmapdAAnldn Asttoupyia, o Kadog H1apolpacpog Katd v aywyr] ouvode-
Uetal amno avioda e§IEPIKA PeEUPATA KATtd T 080T, XWPIS va aropovavetal 11 Kupiapyn
attia. H dwaxeipion evépyelag Kat 0 0UVIOVIONOG TNG PETABATIKIG AITOKP10NG AVASEIKVUO-
vtatl @¢ Baoikd kpitrjpla oxXedlaopou. Qg oUuvEXELa TIPOTEivovIal 1] TIEPAPATIKY SOKIUN TNG
dadpoprng expoptiong Kat n Siepevvnorn g apdAAning oBéong.

Aggerg KAe181a: Awakonng otepedg kataotaong, mpootaocia evailacoousvou peUUatog,
SiC, anokonn opaiuatog, mepioptoudg pevpatog, evépyeia MOV, napaiinin Aeitovpyia.






Abstract

This thesis investigates Solid-State Circuit Breakers (SSCBs) for alternating current (AC)
power systems. The increasing use of power electronics, electrification and distributed
renewable generation creates a need for fast, controllable fault protection. SSCBs address
this need through semiconductor switching, while introducing challenges related to
conduction losses, voltage clamping and energy management.

The work reviews AC fault behavior and compares electromechanical, hybrid and
solid-state interruption technologies. Silicon and wide-bandgap power devices are
assessed in terms of their static and dynamic characteristics, voltage and current ratings,
and suitability for SSCB applications. The analysis also examines bidirectional AC
topologies, gate driving, fault detection and auxiliary protection circuits.

Single-phase and three-phase Simulink models are used to study fault interruption,
current limiting and the energy absorbed by metal-oxide varistors (MOVs). The results
demonstrate fast interruption before the natural current zero and show that repeated
switching during current limiting can substantially increase cumulative MOV energy. A
controlled freewheeling path is investigated in simulation to divert energy to a resistive
branch and reduce MOV stress. The three-phase analysis also considers common
tripping, unequal loading of the phase clamping elements and protection of local
synchronous generation.

Laboratory experiments on commercial onsemi SSCB evaluation boards complement
the simulations. The tests include manual and processor-based control, automatic over-
current interruption, parallel operation, response-time measurement and comparison
with an electromechanical contactor. An external controller acquires board measure-
ments through SPI and implements the protection logic. The experiments confirm rapid
interruption independently of the natural current zero and quantify the latency of the
digital control chain. Parallel operation gives close steady-state current sharing but
unequal external branch currents during turn-off despite a common command; the
dominant cause is not isolated. Overall, the work identifies energy management and
transient coordination as essential design considerations alongside interruption speed,
with experimental validation of the freewheeling path and further investigation of
parallel switching remaining as future work.

Keywords: Solid-state circuit breaker, AC protection, SiC, fault interruption, current limiting,
MOV energy, parallel operation.
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Extetapévny EAAnvikn IepiAnwn

1. Ewcayoyn, KivnTpo Kal 0TOXOl TG £pyaociag

H npootaocia 1oV cuotnpdt®v NAEKTIPIKNG EVEPYELAG OTNEIETAL 1I0TOPIKA OTOUG NAEKTPOUN-
Xavikoug 81aKOITIeG 10XU0G, 01 ortoiot ouvduddouv amdrn apyxn Asttoupyiag, IOAU XapnAEg
anwAsieg ayewyng Kat uynir a§lormotia. I'a meptoodtepo aro évav aipva urrpsav ou-
Ola0TIKA 0 POVASIKOG TIPAKTIKOG TPOIT0G S1aKOIMNG PEUHATOV oPpAApatog oe diktua evar-
Aaocoopevou peupatog, os KaBe otabun taong. To 1610 1o cUcINPa NAEKIPIKIG EVEPYELQG,
®OTO00, petaBalAetat: n NAEKTPOKIVNON KAt 1 auavopevn XPror NAEKIPIKAG EVEPYELAG O
Blopnxavikeég Katl OIKIAKEG EPAPHOYEG EVIOXUOVIAL, TO ITOCOOTO TOU EEOMAIONOU NAEKTPO-
VIKQV 10XU0G Péoa 010 SIKTUO au§AVETAl PE EMMTAXUVOHEVO pubpo, ot urodopég taxeiag
(POPTIONG NAEKIPIKAOV OXNHAT®OV g10€pyovIal padika oto diktuo diavoung, kat n dieonap-
HEVI] TAPAY®YI] A0 AVAVERDOIHEG TINYEG £XEL PETATPEWPEL TV AAAote TTAONTIKY Ypappr
dlavourng oe éva evepyo ouotnpa pe apgidpopn por 10XU0G.

Ot €€elielg autég ermBAAAOUV VEEG KAl AUOTNPOTEPES ATIAITOES oty aAuoida mpo-
otaoiag. Ot petatporeig NAEKTPOVIK®V 10XU0G epdavidouv TOAU TEPIOPIOPEVT AVIOXT| O
BpaxukUKA®PA Kal arattouv Xpovoug Ipootaciag g tagng Alywv X1Atooto®v tou Seu-
TEPOAETTTIOU 1] KAl PIKPOTEPOUG, €VM 1] HleoTIapPEV TTAPAYOYL PETaBAAAel 10 PETPO, 1N
d1evbuvon Kat ) popdr) WV PeUpdAtRV odpdApatog, duoxepaivoviag ToV OUVIOVIOHO TRV
oupBaTIKAOV OXNUATEV ITPOoTaciag UIeEpEvIaong.

O1 nAeKTpopunxavikol S1aKOITIeg, mapd v OPIHOTNTA Toug, 6ev PIOPoUV va 1KAVO-
ITO)00UV TAUTOXPova OAeg aUTEG TIG anattrjoelg. O Xpovog Slakorrg Toug, TUTTIKA OtV
rieproxr) 30-80 ms, eivar acupBatog pe v npootacia euaiocdntou e§OMAIOPOU NAeKIPOVL-
KOV 10XU0G" 01 INXAVIKEG EMAPEG TOUG OeipovTal Kal anattouv meplodikr) oUVInenon: to
1680 1oU Tapdyouv mePlopilet ) XPron Ttoug oe KAE10Td 1) erkivbuva nepiBdAdovia. Ot
TIEPIOPIOH01 AUTOL £XOUV OTPEWEL TO EPEUVITIKO EVOLAPEPOV TIPOG TAXUTEPES, EUEAIKTEG KAl
‘tuuelg” Satadelg nmpootaoiag, pe tov draxkom wxvog otepedg kataotaong (Solid-State
Circuit Breaker, SSCB) va arotedei ofjpepa évav arno toug mA€ov evepyd EPEUVOHIEVOUG
unoyn@ioug yla epappoyeg XapnAng Kat péong taong.

O d1aKoINg OTEPEAg KATAOTAONG aAVIIKAO10TA TI§ KIVOUHEVEG £mAQESG HE Evav 1) Tte-
P1O0OTEPOUG £AEYXOHEVOUG NUay®ylkoug dwakortteg, onwg IGBT, IGCT, SiC MOSFET 1
SiC JFET. Mropei va 8iakoyet to peupa péoa os pikpodeutepoddertta, Sev £xel Kivoupeva
Bépn, Hev apdayel To0 Kat PIopel va AEITOUPYHOEL EKATOPPUPLA POPES XWPIS ONUAVIIKE
ynpavor tev dltakontkev ototxeiov. To KUplo pelovéRnpd Tou eivatl o1 arWAEEg Ay®Oyng
ITOU OUVOEOoVTAl PE TNV MO0 TAONS TOV NHIAYRY®OV: AKOUIN Kdl PE ouyXpova ototxeia, 1
IIOOT auty eivat mg taéng v 1-3 'V, yeyovog rou petadpdletal o€ Onuaviikeg OUVEXELS
ATIOAEIEG V1A PEVPATA EKATOVIAOGV 1] X1A1AdV aprep.

Ztoyxot. H epyaoia pedetd ) Xprion 81aKOMIov otepeds KATAOTAONG O OUOCTHHATA &-
vaAAaooopevou peupatog, P ugaon ota diktua dravoprg xapnAng taong. Ot emmpuéPoug
otoyo1 etvat ) Sopnpévn mapouoiaon 1V MPOKANCE®V ITPO0TAOIAg TOV OUYXPOVAV S1IKTURV,
1l AVAOKOINOn Kal OUYKP10L TV TEXVOAOY1dV Slakomnng (NAsKTpopnxavikng, uBpldikng,
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OUVIOVIOHOU Kl OTEPEAG KATAOTAONG) KAl TV OIKOYEVEI®V NUIAYOYIKOV OTOIXEI®V 10¥U0G.
[TeptdapBavoviat emiong 1 availuon g APXITEKTOVIKIG KAl TOV TOTIOAOY1®OV TOU H1aKOTTI
otepedg KATAOTAONG KAl 1] PEAET TG OUPMEPIPOPAS TOUG 08 POVOPACIKA KAl TP1PaAot-
KA ouotuata péow npoocopoioong oto MATLAB/Simulink. Télog, nmpaypatoroteitat
MEPANATIKY €NAANOgU0on 0 epropika d1abéoun makéta agloddynong, Pe EAeyX0 PEO®
Hikpoenegepyaotr), kat egetaloviat n napdAAndn Aettoupyia moAAarmdov povadev kat o
XPOVOG ATtOKP101G.

2. Zuyxpova Siktua evaAAaGOOPEVOU PEURATOG KAl
NMPOKRANOE1G NPootaciag

H dopr| tov Siktuev diavopng xapnAng Kat péong Taong rmapePetve et Sekastieg eSalpett-
Kd otaBepr): povodpoun por 10xXU0g, popTia Kupieg Ypappikd, Katl rpootacia Bactopévn
KUPIRG 0 NAEKTPOVOHOUG UTIEPEVIACTG-XPOVOU KAl aoPAAeleg Ot PEOT TAOT, KAl o Jep-
HOHAYVNTIKOUG HIKPOAUTOPATOUS KAl AOPAAEIEG Ot XaunAr. Xto mAaioclo autd, Xpovol
08£ong TO80U apKetwv dekAb®V MS ftav aroAuteg ArodeKTOol.

Ihpepa n 1d61a vrnodoun Kadeital va tpoPodotr|oel TIOAU €UpUTEPN MOIKIAIA QOPTI®V
KAt va @logevrioel augavopevo aplbpod rmnyov. H onuavukotepn pepoveopévn addayr)
elval n emKPATNON TOV PETATPOIE®V 10XU0G OS KUPA Slenadn Petasl mnywv, @optiov Kat
d1kTUOU. Ze OUYKPLON PE TIG TEPLOTPEPOPEVEG PUNXaveég Tou otadlakd avukabiotaviat, ot
petatporteig nnyng taong eppavidouv tpia Xapaxktnplotikd Kaboplotikda yla tov oxedlaopo
g npootaciag. IIpwtov, £€Xouv MOAU HIKPn NAEKTPIKL adpdvela: 1o peupa £§660U Toug
petaBdAAetal oAU tayxuUtepa aro tov SpopEa Plag oUuyxXPOovng PNnxavng, dAdd 10 PEYoTo
pevpa TTIOU PIOPOUV vd ATTOS®O0UV TIEPIOPIdeETal auotnEd amod T0 OVOUAOTIKO PEUHRA TRV
NUAy®yoVv toug. Asutepov, 11 oupnepipopd toug ota opdipata kabopidetal kuping amo
TOV aAyop1lOpo eA€yxou Kat 01 POVO artd TG OUVOETEG AVIIOTAOEIS TOU KUKA@PIATOG : TUTITL-
KEG VMoo oetg replopidouv to edeyxopevo peupa oto 1,1-1,5 tou ovopaotikou. O éAeyxog
propel emiong va meplopidel EMAEKTIKA OUVIOTOOEG TOU PEUNATOG, OTIOG TI] OUVIOT®OOA ap-
VNTIKNG akoAoubiag oe acuppelpa opdipata, avaloya He ) OTIpatnyikn eA&yxou. Auto
dev arotedel KaBoAKY) oupneplPpopd VAwV TV petatportemv [1]. Tpitov, eivat eyyeveg e-
AeyxoOpevol, YeEyovog Iou eIMTPETEL ITPONYHEVES Aettoupyieg aAAd kabiotd to ouotnpa 1o
€UAAXTO OtV ANWAELd TOUG Otav Tifeviatl eKtog yla autorpootaaoia.

H &ieomtappévn mapaywyr) amno avavedolleg TINYES ATOTeAEl TV IO 0patr] €KpPAOT
autrg g petabaong. Zupgpava pe tov Atebvr) Opyaviopo Avaveonoipev Inyov Evépyeiag,
N naykoopta eykateotnpévn oxug AITE unepbinmdaoctiaotnke ) dekaetia 2015-2025, amno
1.985 GW oe 5.149 GW, pe ta pwtoBodtaikd kat ta atoAlkd va KAAUITIouv 10 PEYAAUTEPO
HEPoG TV Véav mpoodnkav. H éviadr toug oe diktua, mou dev oxedraotnkav ya aut
mv auvdnor, dnuoupyel {Nupata apeidpopung Pong 10XV0G, TOMIKNG aAvUyrong tdong,
au§npévng apPovIKAG ApapopP®ong, NETaBoAng TV ermrEdmv BpaxuKUKA®ONG yia ma-
padetypa pe gaivopeva “tupAmong” tng IPootaciag Kat arnditjoe®v avit-vnoldomnoinong.

Zto 1610 mAaiolo evidooovtal ta pikpodiktua kat ta evepyd diktua Siavopng, mou a-
TTATOUV TaUTOXpovr BeATinon g EMAEKTIKOTNTIAG, NG £UaloOnoiag Kat tng taxutntag tg
pootaciag, umo ouvlrKkeg Aettoupyiag ouvexmwg petaBaAdopeveg. LUVOAIKA, Ol KUPLEG
IIPOKANOE1G ITPOOTACIAG TV OUYXPOVRV HIKTU®OV evaAAaooopevou peupatog ouvoyiloviat
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@G €§ng: l.acupBatowta tayuintag rpootaciag Kat evaicbnoiag @optiov ,6nAadn o £o-
MALOP0G NAEKTPOVIKOV 10XU0G AVIEXEL BPAXUKUKAGUA POVO Yia Alya mS, eve 0 NAEKTIPO-
HENXavikog d1arorming xpetddetal dekdadeg ms, 2.apdidpopun porn 10XU0G, MMoOU ermBaAAest
Kateubuviikd otolxeia rmpootaciag Kat emave£taon 10U CUVIOVIORoU, 3.petaBAntd kat rie-
PlOPIoPEVA Ao TV TNy ernineda opdApatog, e§aptopeva amno 10 An0og Kat Tov TPOrto
€AEYXOU T®V oUVviedeEvaV petatporneémy, 4.61aKp1on ano pevpata eKKivnong Kat petaba-
TIKA QOPTIOU (EKKIVNON KIvNTHp®V, PAYVITION PETACXNPATIOTOV, JEUEH MTUKVOTOV, QOPTL-
On NAEKIPIKOV OXNHUATOV), D.anattroelg nootntag 10XU0g KAl OUVeEXelag tpododooiag os
Kévipa Sebopévav kat Blopnyxavieg Siepyaoiov, 6.cupBatotnta pe Ynlaks rmpootacia Kat
erukowvavieg kata IEC 61850.

Ave€aptnta and 1 AoyiKn g mpootaciag, 1 IIpaypatiki S1akorr) tou opdApatog
eCaroAoubel va extedeitat aro tov §1akOrn 10XV0G, KAl 1) TAXUTNTA KAl EAEYSINOTNTA TOU
kaBopidouv tedikd 11 propei 1] Hev propet va ermruxel 1 mpootaoia.

3. Zupnepipopd cPpaApATKV KAl ANALTNOE1Lg Npootaociag

Ze ovotnpa evaAAaoodpevou peupatog TPoPpodOTOUEVO ATIO CUYXPOVES YEVVITPLEG 1) ATtO
10XUpO avavin 6iktuo, éva PBPaXUKUKA®HA ITAPAYEl KUPATOPopdI) peUpatog pe evaldao-
OOMEVH KA1, VEVIKA, HETABATIKI] OUVEXH] OUVIOTOOA, 1 Oroia €§aptdtal aro T OTyHI)
ekdnAmong tou opaApatog. Me 1o ardoroinpévo poviedo RL, 1o pevpa tou Bpoxou opal-
patog ypdgetat
i(t) = % [sin(wt +a— @) —sin(a — ¢) e_tR/L],

orou Vj,; eivat n péylotn taon mou tpogodotetl tov Bpdxo opdApatog, Z kat ¢ 1o
HETIPO KAl 1 Yovia tng eumednong tou Ppoxou, & 1 QAolKn] yovia g Taong I OTyHi
tou opdApatog kat L/ R 1 otabepd xpdévou tou Bpoxou. O mpwtog 6pog avilotoixel otn
OUPHETPIKY] OUVIOTOOA POVIPNG KATAotaong Kail 0 §sUTepog ot PETaBatiky ouvexr) He-
tatorion. H ouyplaia Kopugr) 10U peupatog PIopet EMOPEVROS va €lval TOAU UWwnAotepn
anod Vv evepyo TII HOVIPNG Katdaotaong, 181og otav 10 opdipa ekdnAovetal Kovid ot
BENdeviopno g tacng — CUVONKL TOU, Yid TIS KATA KAavovd EMAYOYIKEG ePnedroels tov
KUKA®UAT®V 10XU0G, divel T péylotn ouveyxr) petatoron. To kpiowo yla v npootacia
XOPAKINEIOTIKO £ival Otl, POA1G arnooBeotel 1] CUVEXNS HETATOITNON, T0 PeUPaA Undevidetat
KAOe nuuepiodo: auvtr akpBwg ivat n 1810tTa mou ekpeTtaddevoviatl i évav alova ot
pnxavikoi daxkorteg. I'a opdApata pe peydAn petatoron Katl peydn otabepd xpovou,
®OTO00, 01 IPAOTO1 PNdeviopol propel va Kabuotepr)oouv ApKETEG TIEPIOOOUG.

Ze pa ouyxpovn ypappr d1avoprg ouvuridpyouv IoAAEG TiyEG peupatog opAApartog :
1. to avavin diktuo, rmou cuprepiPépetal wg rinyn taong Thévenin xapnlrg spniédnong
Katl propel va anodooet dexadeg kKA, 2.01 oUyxpoveg pnxaveg, TV OIoi®V 1) CUVEIOPOPA
@Oivel anod v vnopetaBatikin Tpn pe otafepeg Xpovou amnod dekadeg mS £wg deutepoAe-
Ita, 3.01 HETATPOIIElg, TV Oroimy 1 ouvelopopd riepilopidetat oto 1,1-1,5 tou ovopactikou
PEVATOG KAl £§APTATAL ATIO TOV TPOIO €AéyXou, 4.1a cuotpata arnobrjkeuong, ta Orto-
ia péow v 6106wV oopatog tou avuotpodea Tpodpodotouv peydda petaBatika peupata
AKOUI KAl OTtdv autog eivatl €Ktog, 5.01 MUKVOTEG aviiotabpiong, rnou arnodidouv moAu
uwnAoug aAdd akapiaioug raApoug, srmBalloviag akpaia katarovnon di/dt.
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AT v avdAuor) auty) IIPOKUIITOUV 01 ATTatthoelg mou 9a £rnperte 18avikd va ouvduddet
éva ouyxpovo ouotnua rnpootaciag: tayxeia Asttoupyia (CUVOAIKOG XpPOVOg aviyveuong, a-
oPaong Kat S1aKoI|g g tadng Alywv ms 1] Jikpotepog), UPnAr) euaiodnoia, apgidpoun
Kavotnta H1aKOMNG KAl ArMopovOonNg TAoNG, EMMAEKTIKOTNTA KAl OUVIOVIONOG, S1aKptlorn a-
o petaBatika gawvopeva, upnln aglormotia kat peyddn Sitdpkeia {wng, XapnAég anmAeieg
ayoyng tou diakormtn Kat oupbatotnta pe Pndlakr) mpootacia Kat ermkowvevieg. Kapia
unidpyouoa texvoAoyia dev 11§ Ikavomolel MANP®S KAl 0Aeg TAUTOXPOVA.

4. TexvolAoyieg S1aKOonTOV 10XU0G — AVACKOMNO1)

HAsktpopnyavikoi drakonteg. Baoidovial oe {eUyog PETAAMK®OV £MAPOV TOU Slaxw-
pidovtat pnxavika kat oe éva péoo oBéong tou togou (aépag, Aadt, SFg 1) kevo) to oroio
eCaoPalidel OT1, OTOV EMOPEVO PUOIKO PNOEVIONO TOU PEUHATOG, TO TOSO €XEL MEPIOPIOTEL
EMAPKAG WOTE va PNV eravavadAeyet uno v taon enavodou. ITAeovektouv oe e§aipe-
TIKA XAPNAEG ATIOAEIEG AYWYNS, KAIPHAK®OT ot oroladnmote otdadun tdong, yaABavikn
ATIOPOV®OOT], GPTHIOTNTA KAl XAPNnAo KOoTog. Q0T000, PEIOVEKTOUV O XPOVOUG AE1TOUpYiag
30-80 ms, pBopd erapodv arndé to ko (turukd 103-10* xepropol), avaykn cuvigpnong Kat
HE®PEVT] ATTOTEAECPATIKOTNTA OTAV TO peupda dev £xel oadeig pndeviopoug.

Y6Bp1dikoi Srardémrteg. Tuvbudadouv évav tayxy pnxaviko diaxoérun (turika Thomson)
o€ Og1pd pe Alyoug nuiayeyoug, pe évav nmapdAAndo kKAAS0 PETay®wyng Iou @EPEL TOUG
KUP10UG NHIAY®YIKOUG O1aKOTIIEG KAl évav Tpito kKAado amoppodnong evépyelag pe Pa-
piotop. XV KaVOViKr] Aetoupyia 10 peupa péel oXeOOV ATMOKAEIOTIKA AITO TOV KAAS0
XAPNAQV an@AEIDV, TIOU TEPAAPBAVEL T PNXAVIKE ertadn Kat Tov Bondntiko Nuiayeyiko
draxkorn. Katd ) diakonn petadépetatl otov mapdaAindo kAado, o pnxavikog d1akormtng
avoiyel xopig 10680 Kat o1 nuIayeyoi o8rjvouv 1o peuja, 1o oroio odnyeitatl tedika oto PBa-
piotop. Ermtuyxavouv xpovoug Aiyov ms pe XapnAég anmAeieg, Pe tipnpa v augnpévn
TOAUIMAOKOTITA KAl TO KOOTOG.

AlarOmnteg ouvtoviopou (e§avayraocpévng petaywyng). Aatnpolv og KUPLo OTotxelo
aywyng éva nuiedeyxopevo Yupiotop kat mpooBétouv Bondnuxd kuxkdepa LC (ripogop-
TIOPEVOG TTUKV@TIG) TIOU Srjpioupyel Katd napayyedia texvnto pndeviopo tou peupatog,
wote 10 YUPloTop va avakINoel TV IKAVOTNTA PPAYHS X®PIS avapiovr) Tou puaolkou pnde-
viopou. KAnpovopouv anod 1o Supiotop moAu xapnlr mroon 1dong ayoyng Kat e§aipetik
aVTOXI] 0€ KPOUOTIKA PEUHATA, KAl IIETUXAiVOUV XpOVOUG S1aKOIMNG KAT® TOU X1A100TOU TOU
deutepoAémtou. Ot meploplopol Toug eivatl 1o Bondnukd KUKA®PA PETAY®YHS, O XPOVOS
aviidpaong mou rnapapével HEyaAutePog Ard autov evog Tpaviiotop, n e§dptnon amnod 1
O®OTH TTOAKOTNTA MTPOPOPTIONG, KAl — KUPI®G — 1) anovoia duvartdtniag evepyoU TePlopt-
ouoU pevparog: 1 Slakoru) eivat pa epAnas, Pn avactpEWn EVEPYELA TTOU UTIAYOPEVETAL
arto v tadavioon LC.

AlaKOMTEG OTEPEAG KATAOTAONG. AVIKAOIOTOUV MANPXS TG KIVOUHEVEG £MAPEG HE €-
Agyxopevoug nuayeyikoug diakorteg. H oBéon tou nuayeyou diapkrel KAdopa tou pt-
KPOOEUTEPOALTITOU, €V 1) TIANPENG H1aKor), ouprieplAapBavopévng tng avixveuong, g
anéoupong g ITUANG Kat tou H1a0tpatog Katd 1o oroio aropayvntidetal 1 enayoy)
TOU 81KTUOU, OAOKANPAOVETAL TUTTIKA O¢ PePIKEG HekAdeg €wg Alyeg ekatoviddeg pikpodeu-
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tepodertta. Ta mAeovektpata eivat ) vrieptayeia diakorn xopig 1050, 1 mAnpng eAeyst-
ponta (o i61og draxkomng Asttoupyel tautoxpova ®g S1aKOmINg Pootaciag, MeEPLOPLOTHS
peupartog Kat tiexelpidopevog raxkorng), n e§aipetky didpkrea {wng (> 106 Xelplopotl),
1] Amouoia KvoUupeveVv pepwv Kat SopuBou, o oupnayng 0ykKog, 1 oUpBoAr] otnv euotdbeila
KAl TV nowdtnta 10XV0G Kadl 1] £yyevng duvatdtnta meploptopou pevpatog. To tipnpa
rataBdaAAetal Kupiwg o anwAelEg ay®yns.

O ITivakag I1.1 cuvoyidetl IOOTIKA T1] OUYKP10T] TOV TEOOAPRDV OIKOYEVEIRDV.

ITivakag I1.1. TIowotikr) oUyKplon T@V TEXVOAOYIOV S1aKOTTIOV 10X UOG.

Xapaxtnplotiko HAsxktpo- Y6p161kog ZUVTOVIOHOU Stepedg katdota-
PANXavikog ong

Xpdvog drakortng 30-80 ms 2-5ms 0,1-1ms 1-100 us

AnoAeieg aymyng IToAu xapnAég Xapniég IToAU xapnAég Meétpleg-uyniég

Anpmoupyia togou Nat EAayiotn ‘Oxt ‘Oxt

Adpxketa {ong (xep.) 103-104 10%-10° > 10° > 10°

TaABavikn Nat Nat Nat Anautet Bond. 6a-

AropovVaeOoT) KOTTI)

Zuvtjpnon ITep1odika) Mewwpévn XapnAn EAdyomn

TxXeuKko KOOTOG Xapnio Métpio-uynio Métplo Ywnio

Alktua pe ITeploplopévn KaAr KaAr ‘Apiotn

petatporteig

5. Hpuaywylkad otolxeia 10XU0G yla S1aKOmteg otePEAg
KATAoTAong

To nuuayeyiko otoixeio Ppioketatl onv Kapdid KaOe H1aKOTIIN OTEPEAG KATAOTACNG: (PEPEL
TO0 peUpa POPTIOU Ot POVIHL KATAotaot), To dlakortel oe Alya pikpodeutepolernta Kat
aviéxet v taon enavodou. Ta otoieia ta§ivopouvial og mpog to uAko (Si, SiC, GaN), )
@UOoN G PETAPopPds QOPTIoU (HOVOIOAKA 1] SIITOAIKA), TV eAeySipotnta (in eleyxope-
va, nuiedsyxopeva, MANP®S EASyXOHEvVa), TNV MOAIKOTNTA AY®YNS, KAl T OUPIEPLPpopd
(normally ON, normally OFF).

Zroyeia nupttiou. To Jupiotop (SCR) mpoopépet e€aipetiky] avioxr) o€ KPOUOTIKA PeUPA-
1a, TIOAU XapnAr rmwon taong (1,0-1,5 V) kat xapnAo kéotog ava apmnép, addd otepeitat
duvatontag o8éong péow muAng. To GTO xkat n €§€AEn tou, 1o ETO, npooBétouv mArpn
éAeyxo oe oAU uynAég taoelg. To IGBT armotelei to otoiyeio avapopdg yia péorn taon Kat
UYPNAT 10XU, XApn otnv amAr] o8rynorn mmUAng, 11§ XapnAEg anwAeleg Ay®yng Kat Tov Xpovo
avroxng oe Bpayxukuxkdopa 5-10 us. To IGCT xkat 16iwg n mapaddayn ou pe avtiotpo-
on gpayn (RB-IGCT) ouvbudlouv moAu xapnAr rmwon taong os pepikd KA pe eyyevn
apgibpopn @payr), 6iotnta dlaitepa eARUoTIK ota evaldaocoopeva Siktua, Omou aro-
@euyetal o SumAaolaopog g nroong tdong pag avi-osipakng Siatadng. To MOSFET
10XU0g rupttiou, 1€Aog, Xapaktinpidetal and OpiKy cupneplpopd aymyng Kat rmoAu taxeia
petdBaor), aAdd n R DS(on) auavetat riepinou pe myv 2,4-2,5 6Uvaun g taong Sidonaong,
YEYOVOG TTOU 10 KaB10Ttd P aviayeviotko rdve aro ta 500-700'V.
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Zrolxeia eupEog evepyelakou drarévou. To kpioto nAekTpiko nedio tou kapBidiou tou
rtupttiou kat tou vitpidiou tou yaddiou eivatl mepinou dekamAdoio ekeivou Tou Iupttiov,
YEYOVOG TTOU EIITPETEL AETTIOTEPES TIEPLOXEG 0A10ONONG, XapnAotepn avtiotaon aymyng Kat
tayutepn petdBaon yia edopévn taon diaoraong. To SiC MOSFET eivat orjpepa to 1o
OPI0 ePOPIKA otoixeio eupéog Srakévou (650 V £ag 3,3 kV), pe xpovo oBéong Kat® twv
200ns kat Seppokpaocia Aettoupyiag éwg mepirtou 200 °C. Tepropietal, Opwg, amod 1o
KOOTOG, TOV XpOvo avioxng oe Ppaxukurkiepa 1oAtg 1-3 s kat {nupata a§loruotiag tou
oge1biou uAng. To SiC JFET 6ev 61abétet 0§eibio UAng, eivat eyyevog avOeKTIKOTEPO Kat,
oty normally ON ex8oxr} tou, dyet xwpig kaBodou 10XV 0drynong g muAng, 1816tta
rou agloroteitatl oe autotpopodotoupeveg TortoAoyieg Srakortwv. I[Ipémetl va toviotel ot
n €A&n tou kavovika ayoypou JFET eSaopalidet 1o pndevikd koot0g avapovig Kat 1
duvatotta aviAnong g evépyelag o6€ong amo 1o 1610 10 opaApa. Tuvenwg, aratteitat
HNXaviopog aocpaloug ekkivnong, urukd pe ev oeipd MOSFET yxapnArg taong oe 6iatadn
cascode 1 aupeong obnynong. To GaN HEMT nipoogpépet petaBdoeig kato tov 10 ns kat
1 Suvatotnta povoAlfikov appidpouev diakomiov, aAAd replopidetal onpepa o€ TACELS
€g 650V kat o xpovo avioxrng oe PpaxUKUKAOPA PEPIKOV ekatoviddwv ns. Tédog, ta
ouofuca otoryeia SiC (SiC IGBT, SiC ETO, SiC GTO) éxouv duvatdtnta sepappoyng os
10-15kV xat arotedouv 1 paxkporpobeopn 086 mpog aAndivoug S1akoreg peéong Kat
uYnAng taorng.

Kpttiipra emdoyng. H ermdoyrn npoxkurtet anod oupBiBacpio moAAarmov Kpunpieav: ovo-
HAOTIKI) TAOT) KAl peEUPA, ATIOAEEG aynyng (ta d1rmoAkda ototxeia urtepéxouv oe UPndda pe-
Upata, td POVOITOAIKA O XapnAd Kat PETpla), S1aKOITTIKY TaXUtnta Kat ikavotnta o8éong,
XPOVOG avioxns o PPaXUKUKAmPa (rou ermBaAAst taxUtepn aviXveuor 000 taXUtepo Yive-
Tal 1o otokeio), apdidpopn Kavotnta, MOAUMAOKOTNTA KAl 10XUG odrynong muAng, Kat
KO0T10G. Ta toug Hlakdrtteg evaAdaooopEvVOU PEVUPATOG TTOU OToXevel 1 gpyaocia (230V
povogaoika kat 400V tpipaocika) n avu-osipraky) diaragn duo SiC MOSFET armoteAei tov
A€oV 1ooppornpévo oupBiBaoio, Katl autn utobeteitatl oug pooopowwoets. H mepapatt-
K1) 6tdtadn xpnowporotei, avt autou, epropiky) mdakéta pe Combo JFET, otnv oroia éva
ravovikd ayoyio SiC JFET torofeteitat oe oeipa pe MOSFET nupttiou xapnArg taong.

6. APYXITERTOVIKI], TOMOAoOyieg Kat Bondntika
KURAOpata

O Slakomng otepeds KATAOTAONG TEPTYPAPETAL ATTO TECOEPIS AEITOUPYIKES Babpideg: tov
KUpo nuiay@ytko diakomtn, tov kiado waAdibiopuov taong Kat anoppognong svépysiag (tu-
mka PBapiotop o&ediou petardou, MOV), tov obnyntn nuAng xrat 1o ovotnua UePnong
Kar eféyyou. Zuxvd mpootibevial évag ev Oelpd PNXAVIKOG aropovetig (yia yadBavikn
aropoveon, agou rnpota pndeviotet 1o pevupa), va ninvio neploptopou di/dt xkat éva
KUKAopa arnooBeong (snubber). H avaykn yia snubber s§aptatatl éviova arné v texvo-
Aoyia: ta SCR xkat GTO ocuyva ypeiadoviat tétola kurkdopata, eve ota IGCT to snubber
oBéong propet va tapadeidOei. Ta IGBT eivat ouyva ipoatpetiko, eve ta MOSFET supéog
dlakévou Asttoupyouv ouvrfwg Xepig snubber oBéong.

H ouvdeon tov Aettoupyikov Babpidov kat tou napdaAAndou kKAAdou anoppopnong
evépyelag niapouotadetat oto Xxnpa I1.1.
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|

Load

Zxnua I1.1. T'svikn apxttektoviky O1aKOmIn Olepeag Kataotaong: kupta otadpoun oyvog, kAadog
anoppoPnong evépyelag Kat ouotnua odnynong Kat eAgyyou.

Paoerg tng Sraronng. (1) Kavovikr Aettoupyia: o Siakorming Ayet, n tdon endve tou
eplopidetatl oy Mo ay®yng Kat 1o fapiotop Ppioketal otnv nieploxn diappong. (2) A-
vixveuorn o@AAPaATog: TO PEUHA ATIOKAIVEL ATIO TNV NUITOVOEST] TpOX1d TOU He pubuo
di/dt = (vs(t) — Varc)/ L emeidn) n vs(t) eivar nuuovoednig, n andtopn avarreudn egap-
Tatatl and 1o onueio tou kupatog. (3) LBéon Tou KUPOU Slakorttr: 1 oBéon ermBalletat
EVEPYQ, X®PIG avapovr] @UOIKoU Pndeviopou, KAl 0OAOKANP®OVETAl O Alyeg EKATOVIADEG NS
€wg Atya us. (4) Anoppodnon evepyelag: HOAG 1 Tdon @tdoet ) otadpun yaldidiopou,
10 PEUA EKTIPETIETAL OTO BapioTop, TO OTI0I0 CUPTIEPIPEPETAL WG OTOIXEID0 OXEDOV oTabepr|g
taong. H evépyela mou anoppodd npooeyyidetat amno ) oxéon :

1

WMOV ~ E L Irznax

Vclamp

clamp — |Us(f()) | ’

He PEY10TN EVEPYELA KOVIA OtV Kopudr) tng Tdong nnyng yia 6edojévo diakomtopevo
peupa. EmutAéov meploplopog, €1861KOG yla to evadlaocodpevo peupa, eivat Ot 1 taon
paAdlopou mpénetl va Bpioketal aopad®g mave aro ) PEYIOoT TAoT ToU H1KTU0OU ®ote
10 Bapiotop va pnv ayet oe kabe nuinepiodo (turikog ocupBiBaopog sivat Vdamp = (1,5-
2,2) VS). (5) Artokatdaotaon Kdtl dropoveon: 1 TAon £navodou ota Adkpd TOU avolXTou
dlakorn eivat mAéov O0An 1 nutovoeldrg TACH TINYG, TV OIoia MIPETEL VA AVIEXOUV TOCO
0 NPAY®YOS 000 Kat to Bapiotop.

To Bapiotop oferdiou petaArdou. IIpoxeital yid KEPAPIKO OYKO AIO MTUPOCUCOMHA-
TOPEVH oKOVH 0§e1diou tou Peudapyupou pe rpododeta petadAikda ofeibia. Ot ayodyipot
KOKKO1 ZnO xwpidoviatl ard Aemtd PHovaTIKA OTp®@UATa raxoug Alyev vavopuEtpav, kabéva
ano 1a omnoia cupmneplpEpetal wg (eUyog aviibeta ouvdedepévav NIAYOYIKOV EMAG®OV HE
tdon 6iaoraong 3-3,5 V. H 61atadn sivat emopévag éva tplodidotato diktuo oelpdg Kat ra-
paAAnAiag €01V PIKPOOKOITIKOV EMAPROV: TO IAX0G TOU KEPAPIKOU Kabopiel tnv taon
10U Bapiotop Kat n ermpavela TV NAeKTPodiev v IKavotnta peupatog Kat evépyelag. H
XAPAKTNP10TIKY TA0NG-PEUNATOG MEPTYPAPETAl Ao ToV UMtk vopo duvapng I = k V4,
HE TOV ouVIeAeoTr) Jn ypappikottag & otnv rieptloxr) 25-50 yia ZnO. Iooduvapa, ot kata-
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oKeuaotég rapabétouv tov avtiotpodo exbét B = 1/a ~ 0,03-0,05 ot popopny V = C 1 B,
Me a = 30, petaBoAr] tou peupatog Katd tpetg tagelg peyeboug petaBadet v tdorn PoAlg
ratda 26 %. AxpiBwg autr n oxedov avefaptnoia Sikalodoyel tnv mpoogyylon otabepng
taong. Alaxkpivoviail Tpelg mePloxEG: 1 meploxr] diapporg (orou PBpioketatl 1o Papiotop
€VOG H1aKOIT OV KAvoVviKn Asttoupylia), 1 reployr] Yaiidiopou (to xprjotpo oxedov o-
p1¢OVTIO PEPOG) KAl 1] TIEPLOXT] AVOdOU ot TIOAU UPNAA pevpdtd, OTIOU 1] WKL avtiotaon
TOV KOKK@V dev eivat mAéov apeAntéa. 'Eva {fmmpa ya v epappoyr) tou diakorn eivat
Ot 10 Bapiotop KATAIOVEITAl KOVIA OV IEPoXn] PWaAldiopou 1ou os KAabe Siakort, [
anotédeopa ) otadlakr] yrpavorn oV @PAyHeV avapeod otoug KOKKOUG.

Y10 Zxnpua I1.2 diakpivovial o1 TIEPIOXES TNG XAPAKINPIOTIKYG ToU Bapiotop, 1€ Xprot-
BN yua ) daxor) v reploxr] yaAdiopou taong.

pre-breakdown region normal operating region up-turn region
[« i ——
10® } \

s=0. :
1 ST | I
10 10‘ Q i Tt i -
| | 1
| I |] +
10° L m‘ | :
1

10% 107 10°% 10° 10* 10° 102 107 10 102 10° 10*

—
<
1]
o
-
|
~

I (A)

Zxnua I1.2. Xapakmnpoukn taong-psuuarog 1ouv Sapiotop ofeidiov ustaiiov kat meploxg Asttovp-
yiag tou.

TomoAoyicg evaddacodpevou peupatog. H avu-oepiakn (back-to-back) &iatagn &vo
povorateubuvTIK®V Stakormtov e aviiBeta npooavatodiopéveg §106oug eivat ) amAouote-
pn kat rmo dwadedopévn ot xapndn taorn, uotepel OP®G Ot HUTAL ITIOON TAONG AY®-
yng. Ot Suatdgelg kowrg riyng (Common Source) yia MOSFET kat kowvou eknoprioy
(Common Emitter) yia IGBT ardoroiotv v 06rynon, kabwg ot §Uo mudeg £xouv Koo
duvapiko avagpopdg. Ta oroixeia avtiotpopng epayrg (RB-IGBT, RB-IGCT) npoogpépouv
KOpWOtepn Auon pe pelwpévo minbog otorxeiwv. H tomoldoyia yépupag 6106wv pe évav
dlaxorn arattei évav povo Kupto diaxkorn kat évav odnyntyy (Driver), aAdd smBdaAdet
1petg Sradoyikég mwoelg tdong. H emBapuvon tov anmAeiov ayoyng eaptdral amo ta
otoixeia, 1o peupa kat ) Yegppokpaocia [2]. Ot Swatageg pe avurapdddnia SCR ago-
IO10UV TNV UPNAn aviox!] 0¢ KPOUOTIKA peUpatd Kadl T0 XapnAo kootog, aAAd anattouv
eSavaykaopévn oBéon. Ot ouyyevelg owkoyéveleg Z-source kat T-source €xouv pedetnOel
KUPIRG yla ouvexég peupa Kat Xpetddovial KatdAAnAn mpooappoyn ylia evalAaooopevo.
Ma tpipaocika ouctpata, n armdouoteprn vAoroinon sivat évag apgibpopog diakomng
avd QAo HE GUVIOVIOHEVO EAEYXO.

Avixveuon opdaApatog. Xpnoiornolouvidl N aviXVeuor] UIEPEVTAOTS PE KATOPAL (TuTikda
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2-3 @opég To ovopaoTikG peupa), 1 avixveuon kAiong di/dt (taxutepn, aAAd pe peyadute-
po Kivbuvo eopadpévng Asttoupyiag) Kat n PETIPNON TG TAONG AMAY®YOU-TINYNG £vaVvTl
KatwpAiou, pe aobnujpeg turnou shunt, rmvia Rogowski, gawvopévou Hall 1y GMR.

Egappoyeg. Biounyavikr) Siavopun kat mnpootacia rkwvnupev, kévipa dedopévav kat
Kplowa @optia, OIKIAKI Kdl EUMOPIKI 61avoplr], UTIOS0PEG (POPTIONG NAEKTIPIKWY OXN-
patev, otabpoi AIE, pikpodiktua, vauTiAlakd Kal agpodlactnpikd cuothpatd, oiénpo-
dpopikn €A%n Katl epappoyeg MaApkng woxvog. Idaitepn onpaoia, yua diktua pe uvynar
Oieloduon AIIE, €xel np duvatdiia neploplopou ToU IIPAYHATIKOU PEUHRATOS OPAAPATOG
Kat g diapreldg tou. O SlakomIng OTEPEAg KATAOTAONG PITOPEL va ATOKROYEL £yKalpa
T OUVELCPOPA H1ag TINYNG 1] VA TEPIOPIoEL TIPOO®PIVA TO0 pevpa tg. H rmbavn avénon
10U TeP1B@PIoU OUVEEONG MAPAYWMYTG ATIATTEl PEAETH TG AVIOXHS TOU €E0MTAIO0U KAl TOU
OUVIOVIOHOU T®V IPOooTaci®v, Pe oeBaopod otug spappootéeg arattioelg LVRT [3]. Aev
OUVETIAYETAl AUTOPAT Pelwon tng SuvnTIKLG otdOfpung BpaxUKUKA®ONG TOU S1KTUOU XOPIg
) S1atadn neploplopov.

7. Movtelonoinon Kat anoteAéopata NPOCoONoiwoNG

7.1 Movo¢paolro cuotnpa

To povopaoiko KUKA®UA Sokiurg aroteAeitatl and nuitovoetdr) rinyr) 230 V (evepyodg tipn),
50Hz, n omoia tpogodotei ev oelpd opiko-craywyiko goptio (R = 4,6 (), L = 10mH)
Réow tou Srakorn® 1 ypappt] poviedornoteitat pe 0,01 () xar 0,5 mH. To opdApa epap-
podetat mapdAAnda oto @optio ) ouypn £ = 0,1s. H péylotn tpr) tou peupatog povipng
rataotaong eivatl mepirou 58 A, apkretd kAt and 1o katwdAt avixvevong v 100 A. H
Babpnida 1oxvog vdoroteitat og avit-oelpraxo euyog SiC MOSFET (ST SCTWA90ON65G2V,
Rds(on) = 17 m{)) pe 10 9epP1KO POVIEAO TOU KATACKEUAOTH)], WOTE Ol ATIVALIEG AYRYHS KAl
petaywyng kat n Seppokpacia enadrng va urnodoyidoviat pe akpibela kat ovvénewa. To
Bapiotop waAdidet ota 480V, 6nAabdr) niepirtou 1,5 gopég ) péyiotn taon nnyng.

H Aoyikn eAéyyxou nepltlapBavet t1petg Pabnideg. H avayvoplon opdApatog ouykpivet
Vv andlutn Tpr tou peupatog pe 1o KatdpAt v 100 A kat 9étet pavbaret) SR, wote
0 dakorming va pnv enavaxkAeivel avtopata. O meploplotng pevpatog datnpel 1o pevpa
eVIOG {Ovng uotépnong, Siakortoviag Kat eravapepoviag tnv muAn. Kpiowyan oxeblaotikn
ermAoyr) eivat 6t ) mapAaperpog rou opidetat dev eivat 1o eUpog g {wvng aAAd o eAdyiotog
XPOVOG TIApAPovIG fmin 0 KABe Katdotaor, o oroiog YEtel ocadeg ave @paypa otn dlako-
UKy ouxvotd, fspmax = 1/(2tmin)* B tmin = 0,2ms mpoxurtet fsymax = 2,5 kHz,
MOTE O1 ATIMAEIEG PETAYWYNS KA I S1AKOTIITIKY OUXVOTTA va reptopidoviat ave§aptnta amno
TG TIAPAPETPOUS TOU KUKAGPatog. H diapkeia tou mapabupou riepioptopou (0,035 s) opide-
1Al Ao X®P10TO HPETPNTL] XPOVOU, HETA TOV OO0 0 S1aKOIING EKTEAEl OPlOTIKI] O1AKOIN
OTOV TIP®TO PUOIKO PUNSEVIORO TOU PEUNATOG, £rMAOYH TOU e§acpadiletl ot n maydeupévn
Hayvntikn evépyela %Li2 eivatl ouolaotikda pundevikn t ouypn g dwaxkorrg. TéAog, 1
9epuikn mpootaoia eruBdAdel 0B8éon av n Seppokpacia erapng vriepBei toug 120 °C, evo
1] OUVOAIKT] £VIOAT Ttepvd aro otabepr) kabuotépnon Sradoong 20 ys mou oupBoAilet tov
XPOVO EVIOTIOHOU TOU 0PAAPATOG.

IIepintwon 1 — apeon dwaronn. MoAig 1o peupa @tdoet ta 100 A, o S raxkoming evep-
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yortoteitatl kat to peupa pundevidetat oe Atydtepo amo éva x1Atooto tou deutepodértou. H
TAOoN POPTIOU KATAPPEEL TAUTOXPOVA, erBeBail®voviag TV dropoveor ToU opAApatog, Kat
1 Yepporpaocia ermaprg @EOivel ekOeTikd.

IIepintwon 2 — diaromnn PE NMEPLOPLORO PEURATOG. To peupia ouyKkpateital evidg g
govng ya 0,04 s rpwv v oprotikr| diakorr). To 0dpelog eivatl 0 EAeYXOHEVOG TIEPIOPIOOG
X®PIg arotopyn 61akortr], TIOU HPEIOVEL Ta PETABATIKA TAONG KAl §ivel XpOvo GUVIOVIOHOU
O€ avavtn Kat Katavin 81atdelg 1o Kootog eivat o1t o draxkoring e§akoAoubel va ayetl kat
EMOPEVAG va deppatvetal og auto 10 XPOVIKO rapdabupo.

Enidpaon tng Stakontikig ocuyxvotnrag. H pedén enavadnebnke yua 1, 2,5 kat 5 kHz
(IMivakag I1.2). H ouyxvotnta eA&yxel KUpimg T0 TIO0O TToTd replopidetat to peupa otn {ovn :
He peyddo tmin T0 pevpa npodaBaivel va §epuyel onpavikd npwv 610p0wOetl. Avtibeta, 1
Yeppokpaoia enagpng napapével oxedov apetdBAntn KAl OTlg TPELG IEPUTIDOELS, TIEPITTOU
otnVv T povipng Katdotaong rptwv to opaipa. To arnotédeopa autod eivatl 1o avapevope-
VO: 0 €AeyKIG UoTEPnONg oxedlaletal wote va diatnpel 10 peUd KOVIA OTNV EVEPYO TIHT)
KAVOVIKNG Altoupyiag, omote 1 PEOT 10XUG TTOU EKAUETAL £ival CUYKPIoIn He eKEvn TG
KAVOVIKNG Aettoupyiag. Qotooo mperet va toviotet 0Tl auty 1) Seppikr) cuprniepipopd eivat
€101K1 Y14 TO OUYKEKPIHIEVO POVIEAO ATIMAEIOV KAl TI§ TTAPAPETIPOUS TOU S1KTUOU.

IMivakag I1.2. Enipaon ¢ UEYLOTNG OLAKOTTIKNG OUXVOTNTAS TOU TIEPLOPLOTN OTO PEUUA YOAUUNG KAl
ot Ygpuokpaoia eragrg.

Méyiotn Swaxontuiky EAdxiotog xpovog na-  Kopudr |ijine| T; oto mapa@upo mne-
ouyxvotnta papovig ploplopou
1kHz 0,5ms ~ 130 A ~ 85-90°C
2,5kHz 0,2ms ~90A ~ 80-85°C
5kHz 0,1ms ~ 65A ~ 82-85°C

Awaxeipion tng evépyelag tou Bapiotop. H orpatnywkn meplopiopov, av kat aBAa-
Bfig yia ToUg nNUIay®youg, €ival KAtaotpodiky yia 10 Bapiotop av autd adebei va ya-
Adider kabe pia amo tg moAAég oBéoelg péoa oto mapdabupo. H Avon mou ulobeteitat
etvat pua edeyxopevn dadpourn edeubepng ekpoptiong: pa yépupa 61086wv yupe arnod 1o
AVIl-0e1p1aKoO {eUYOG avopBwvel 0 peupa yYpappng oe {Uyo ouvexoug, ota akpd Tou O-
oiou ouvdéovial ev oglpd €vag eAsyXOpevog H1aKOIITNG KAl Pld aviiotaor arnoppodnong
Rdump- Ye kdBe oBéon 1o pevpa petariniel oe avtr ) Sadpopr) kat @Oivel pe otabepd
xpovou T = L/ Rdump’ avti va 61€A06e1 amnd 1o Bapiotop. H emdoyr) avopbwong, avti e-
VOGS appidpopou KUKA®PATOG BPaXUKUKA®ONG areubeiag oty mAeupd evalAaooopévou,
Okaloloyeital ylati o Uyog ouvexoug £xel otabepr) MOAKOTTA KAl prtopet va eAeyxOet
arnd éva povo otolyeio pe pn anopovepévn odriynon ruAng (Gate Drive), eve ot téooepig
6i0dot eivatl mabnukég, EOnVEg kat avhektikég. Tloootikd, yia v nepirtoon wv 2,5 kHz:
X0pig m dadpopr), n evépyela tou Papiotop CUCOEPEVUETAL KATPAK®TA KAl PTAVEL TIEPITTOU
ta 450] ota 40 ms, 6ndadn tpravia @opég rmave aro ta 14 ] pag apeong daxkomnng eve
pe ) véa Sabpopn evepyr), pewwvetal oe repinou 12] (ouykpiowan pe pia povo apeon
b6laxkorm)).
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To Zxnua 1.3 deiyvel 6T1 PIKPOTEPO PeVIA KATA TOV ITEPIOPI0HO SV onpaivel ikpOTeEP
OUVOA1KI) evépyela oto Bapiotop.

15 Direct interruption 450 Current limiting - no freewheeling 15Current limiting - with freewheeling
400
350
S S S
310 3300 310
9] 5} 9]
c c c
@ @ @
> > 250 >
o o o
= = =
o o 200 1]
2 2 2
kS kS kS
3 3 3
g 5 g 150 g 5
= 35 =
(@] ] (]
100
50
0 0 0 *
0 0.1 0.2 03 0 0.1 0.2 0.3 0 0.1 0.2 0.3
Time (s) Time (s) Time (s)

Zxnua I1.3. Evépyeia mou amoppogd 10 Bapiotop otn HOvo@aoctkn TeOOOUOI®Oon: AUEOT) ATTOKOTT,
TLEPIOPIOUOS PEVUATOS X WPIC TPOoodetn dradpoun Kat TepIopopog ue eAeyxousvn dtadpoun ekpoptr-
ong.

ZUYKp1On PE H1aROMTI OUVIOVIOPROU Kat NAeRTpopnyaviko. To 1610 opdadpa sdpap-
pootnke oto 1610 diktuo unod téooepig ouvOnkeg (Ilivakag I1.3). Xwpig drakortn, to peupa
egediooetal oe Bpadémg amooBevvupevn) TAAAVIOOT UE PO Kopudn repirtou 1260 A. O
NAEKTPOPNXAVIKOG S1aKOIMTING aKOAOUBel akpib6wg v idta TpoXid — HEXPL vd X®PLoTOUV
0l enad£g TOU €ival AnMA®S £vag KAE10Tog H1aKOITNG — Kat diapoporoteital povo oto 0Tt
10 pevpa pndevidetal tTeAdika oe QUOKO Pndeviopo yupw ota t = 0,137s. H pnyavikn
Tou kabuotépnorn dev PooPEpet TIOte WG MPOg Vv Kopudr. O §1akOIng oUVIoviopou
artodidetl onpavika kadutepa, dakorroviag nepirou ota 680 A. O Siaxkdrng otepedg
KATAOTAONS AVIKEL 0€ AAAnN Katnyopia: H1akortel poAlg 10 peupa MePAoEl T0 KATOMAL
avixveuong, Kpatoviag 1o H1epXOPEVO peupa 0plaKkd nave arno auto. H diadopd otn iep-
XOHEVT eVEpYELd f i2dt (to péyebog ou kabopidel ) YepPiKY KAl PnXaAviKI KATamovnor)
etvat moAu peyadutepn anod 6oo Sa unodnAwve n dadopd KopuPrng, KaO®MG 0 NAEKTPOU)-
Xavikog S1aKOMING EMITPETEL OTO TANPEG PEVHA va MEPATel yia dUo nuuteptodoug.

IMvaxag I1.3. Xpovog Stakomnrg Kkat peyloto SlepxOUEVO PEUUA Yia TIG TOELS TEXVO0YIES.

Texvoloyia Sitaronng Xpovog Srakomnng M<éyioto Siepyxopevo pelpa
Xopig drakorn bev Sraxortetat 1260 A (ripoytn xopugn)
Hlektpopnyavikog 36 ms 1260 A

Zuvroviopou (LC) 5ms 680 A

Y1epedg KATAOTAONS 0,8ms 100 A

7.2 Tpipaoko diktuo Sravoprg

H avdluon enektdBnke oe UTTOSEYHATIKY TPUPACIKY] AKTIVIKI] YPAPPn HEOong tdong, 1
oroia Baoiletat oe uruka dedopéva tou edAnvikou diktvou tov 20kV [4]. H ypappn
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elval avopoloyevrg: 0 KUplog Koppog dopeitat anod evagpieg ypappeg @bivouoag dratoung
He v arnootaoct arnd tov urnootadpo, eve o1 S1akAadroelg XP1O1HO0ITI00UV TV HIKPOTEPT)
diatopr). To avavin diktuo tov 150 kV napiotdvetat pe 10x0 Bpayxukukieong 250 MVA kat
Adyo X /R = 7, xat tpogobotei ) ypappr péow petaoxnpatot 40 MVA, 150/20kV. O
KOPHOG Xwpiletatl o téooepa tpipata v 5 km kat o1 téooepig drarkAadwoeig £xouv prKrog
3km, pe poptia R = 4150 ka1 L = 0,779 H ava gdon.

H torukn povada dieomappévng napaymyng €ivatr ouyxpovn yevvipla KUAvSpikou
dpopéa 5MVA, 800V, pe otabepd abpaveiag H = 3,525s, ouvbebepévn péon peta-
oxnuatot) avuyeong 52MVA, 0,8/20kV, kat mapayet 3MW mpwv 10 opddpa. Eivat
eCorAtopévn pe auvtopato pubutotr taong turnou IEEE ACIC (xépbog K4 = 300) kat
pubuioty otpopmv pe otatiopo 4 %. To oteped TPIPACIKO BPaXUKUKA®HIA TIPOS Y1 epap-
pogetat ota t = 3,8s. H xpovikr] ouypr) emA&yetatl OOTE 1] YEVVATPLA KAl Ol pubuiotég
NG VA £X0UV 100pPOTINOEL OTO TIPO oPaApiatog onpeio Asttoupyiag, Petd v anooBeon tov
NAEKIPOPAYVITIKOV KA1 NAEKTPOPNXAVIKOV PETABATIK®OV 1S APXIKOTIOINONG TOU POVIEAOU.

E&etddovial §uo 9éoeig eykataotaong. H 9¢on ot apxn e yoauurng, apéomng Netd tov
petaoxnuatiotyy 150/20kV, anattei nAektpovikd 10x00g kava va Asttoupyouv os 20kV.
Asdopévou ot ta spropikd SiC MOSFET gtavouv ofjuepa niepinou ta 3,3 kV, auté anattei
OE1P1aKY] OUVOEOT] TIOAAWV OTOIXEIOV Kal TTapapével pia eE@PNTIKY TEPINTOO.

Alapoppwon pe nmadntikra @optia. To tpipacikd arotédeopa ermBeBaimwvel 611 o dia-
KOITING KAl 1] AOY1KI] €EAEYXOU TOU AE1TOUPYOUV 0ROOTA OTAV £MEKTABOUV OTIS TPEIS PAOCELS.
To @awvopevo mou eivat yvrola Ippaciko, Kat £XEl APIEOT MO ot §1a0tao10A0ynon,
etvat np dvion Katanovnon eV Iplewv Baplotop. Av KAl Ot TPelg rodot AapBdavouv Ko
£VIOAT] Katl avoiyouv tautdoxpova, ta tpia pevpata angxouv 120°, orote kabe moAog d1a-
KOTTTIEL H1aPOopPeTIKY ottyplaia tpn. Ot cuvéneleg eivat 1pelg: 1.1 moAKOTTA NG AXHPHS
WwaAidiopou akoAoubel 1o PoOoNIo ToU peupatog, 2.1 didpkela anooBeong 10U PEVUATOG
kaBe MOV &uagépet, kabng e§aptdtal ano ) ouypilaia Tyr) tou peUPatog Katd v aro-
KOITN KAl TV enaywyn tou Bpoxou, 3. n evépyela W = f oMoV Imov di eivat peyaAutepn
ot (AN TIOU TuXaivel va S1aKoTtel Kovid otnv Kopudn tou. Emneldn 1o onpeio tou kupa-
10G Bev eAéyyetal ano tov oxedlaotr], KABe Bapiotop mpémel va Siaotaciodoyeital ya n
XEPOTEPT] NOVOPAOIKY] EVEPYELA KAl OX1 Yld T PEOH TII) TV IPLOV. XT0 POoViEdo, 1 otdb-
1N waAidiopou opiotnke ota 21 kV ava nodo, niepinou 1,3 @opég tn péylot @aoikr) tdon
®G TIPOG Y1), EV® 1] TAon entavodou petda 1) dlakorr) eival NEItovoeldr)g ITAAToug mepinou

16,3 kV.

AwapopPp@on HeE TOMIKI OUYXPOVN YEVVATPLA. [IpOKETAl Yia TV KEVIPIKI IEPIITTROT)
ToU RePadaiou, kKaBag arokauvrttel tnv aAAnAenibpaon petadu tng tayxutntag 61aKorng
KAl TNG NAEKTPOPNXAVIKNG duvapikng plag aneubeiag ouvdedepévng pnyavng. O Swa-
KOrng torobeteital oty mievpa v 800V kat npootatevet tov kKAGS0 g yevvriplag,
eEV® 10 oPpdApa epappodetal otov {uyo Bs tou koppou. O poAog Tou eival ermopévag va
ATIOPOVEOOEL KAl VA TIPOCTATEVUCEL I YEVVATPLA, OX1 va 0Brjoetl T0 opaAjia ToU KOPHOoU.

Me tov Stakorttn otepedg Katdotaong to peupa otdtn pndevidetat péoa oe Atya ms,
pwv poAdBouv va avartuxBouv ol NAEKTIPOPNXAVIKEG duvapikeg. Me tov nAektpoun-
Xaviko dtaxormtn, avtibeta, to pevpa @tdavet niepinou 3,75 p.u. (€81 @opég mave amno v
po opdApartog tur)) kat datnpeitat yia nepirou 40 ms. Apéong petd ) diakorr) and
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TOV 81aKOIT) OtePed§ KATAOTAONG, 1) TAON akpodeKtov aveBaivel ouypiaia ota 1,9 p.u.:
IIPOKELTAL Y1ld TNV TAOoT €EMAVOS0U OTOV avolXTo moAo, Kabwg o pubpiotng taong, mou eixe
apxioet va aveBadet v taon d1€yepong, Ppioketal mAéov va pubpilel pnxavr) Xxopig gpoptio.
H ouykp1on 10V e001epKOV Peyebov tng pnxavng sivat onpaviikr. H taon 6iEyepong
E fd @ravet riepirnov 2,7 @OpEG TNV APXKY| TG T HE TOV NAEKTPOUNXAVIKO S1AKOITT, EVE)
1€ ToV 61aKOTIN OTEPEAG KATAOTAONG 1 ATtOKA101 €ivat apeAntéa. H nAektpikr) portr) taia-
viovetat petagu niepinouv —0,5 kat +2,5 p.u. pe tov nAektpopnXaviko dtaxorr, erBaAAo-
VIAg ONHAVIIKI] KUKAIKT PUNXAVIKT KATATIOVI|ON OTOV A§ova Ve HE TOV S1aKOITt oTtePedg
Katdotaong nEPTel kabapd oto Pndév péoa os pikpodeutepodernita. TEAog, 1 amorAon
Tayuntag tou dpopéa (Pkpr Kat otig dUo mepuTt®oelg A0y® g PNeydAng adpaveiag) ep-
@avidel XapakinplotKy TaAAVI®OT) PE TOV NAEKTPOPNXAVIKO, £V HE TOV S1aKOITI OTEPEAS
KATAoTaong mapatnpeital Povo Povotovr), apyr] EMmtaxuvorn AOy® NG arAElag NAEKIptl-
KoU @optiou. To amotédeopa deiyvel, oe eminedo povadag, meploplopo g didprelag
ouveloPopdg Ing yevvrtplag oto opdaipa. H aoroinon auvtrg tng duvatotntag yia auvin-
on g dieioduong Sieortappévng mapay®yng rpounobEtel peAETn oUVIOVIOHNOoU, EAEYXO TG
KATArovnong Tou €§onAlopou Kat oupBatotta pe g epappootéeg arnattmoelg LVRT.

8. INelpapatiryn enaAnOsuor

8.1 IIeipapatikn Siatadn

H un6 doxpr) iatadn sivat n mlaxéta a§lodoynong onsemi Combo JFET SSCB (EVBUM-
2926 /D), dopnpévn yupe and to otoixeio UG4A4SCO75005L8S oe mepiBAnua TOLL. To
Combo JFET eivat cuvbeto otoiyeio rou evoopatovet MOSFET rupttiou xapnAng taong
oe oelpd pe kavovika aywytpo SiC JFET uynAfg tdong. Ze aviibeon pe ) oupbatkn
d1atadn cascode, omou n UAn tou JFET ouvbéetat povipa ownv ninyry tou MOSFET, to
Combo JFET e§ayet kat tig §Uo mudeg og avetapttoug akpodékieg. O erurdéov autog
Babpog edeubepiag adloroieital yia peiwon g aviiotaong ayoyng, yid ave§aptnto eAey-
X0 TG Tayutntag petdfaong Kat yla €UHEOn eKtipnon tng deppokpaciag snadrng pEowm
g taong ruAng-rinyns (Vgs), eve 1o otoixeio Siatnpei 0UVOAIKA KAVOVIKA 1 AyQYIHAN
ouunepipopd.

H Babpniba oxvog eivat apgibpoyr), dopnpévn ano t€ooepig opoteg kuwédeg (6uo JFET
rapdAAnAa avd moAKota, o€ Oe1plaky] Siatagn Kowrng nnyrg), pe KUKAopata anoobe-
ong RC, 61060 TVS kat Bapiotop yia v evépyela 1oV mapacttikev enayoyov. To peupa
petpatal pe avuotdoelg shunt, eve ocuykpiifig urnepéviaong vAikou pavbadmvet tov da-
KOITtN otnv Katdaotaon oBéong. H mlakéta 6éxetat 0-350 V pe ouvexég ovopaotuko psupa
10 Ams. H mAakéta ouvdednke oe npoypappatiddpevo niektpoviko @optio Chroma 63803,
eve 1) IPoPodooia mpospxotav and petaBAntd avtopstaocXnpatiot otd 55 — 65 V.

[Ma tg Sokég pe eERTEPIKO €Aeyxo Ypnowpornor)Onke n mlaxketa Texas Instruments
LaunchPad F28379D. H Aoykrj vAorow|Onke oe poviédo PLECS. To peupa ypappurg dev
H1aBadetal amod 1oV EVOOPATOPIEVO PETATPOTEA TOU £Meepyaotr] AAAd Ao ToV PETATPOITEA
16 bit tng mlakétag onsemi, péow {euing SPI ota 10 MHz. Kdbe petatpor) @tavel og
tpeig Slaboyikég AéEerg tov 8 bit mou avacuvtiBeviat pe Papn 212, 2% ka1 274, AxodouBei
petatporn) oe QUOIKEG povadeg (kAipaka 3,3V /220, agpaipeon g noAeong pndevikov
peupatog 1,576 V kat euaiobnoia 74,12 A/ V).
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H pon 1oxuog kat ot ouvdéoelg pérpnong Kat eAéyxou ouvoywilovrat oto Exnua I1.4,
1600 yla pia povada 600 kat yla 6Uo povadeg oe mapdaAAndn Asttoupyia.

(a) Laboratory setup

Voltage probe
®
Variac Vbs
65V rms, 50 Hz 4, SSCB Current probe

. g

onsemi Combo JFET O Chroma 63803

Evaluation board Programmable

Manual / external control electronic load

ADC »
T AC input :
,,,,,, B B I SPI ; " s
| Gate drivers | L0 | !
} I
i R i ‘}
' Gate / reset 1 ! , i1 ine o
! ! ! Veate R |
; | L v : ¥ o
12V DC ! : L - :
. F--' TI LaunchPad : Digital oscilloscope o
Auxiliary supply F28379D faeeet !
_— 8379 : Voltage and current !
i PLECS control (ool Gate command |
! Trip logic + DAC _ bac i
o DAC output (delay test) '
USB ! 1
i
PC /laptop  [~————~ ! !
PLECS + load control | _____________________________________ RS282 1
AC power ————> Control / auxiliary - Measurement

(b) Parallel-board experiment

Une = U + B

From Variac To load

Supply, load and measurement equipment are as in (a).

Zxnua I1.4. Zynuauxn nepauaukn dataln yia pia povadba kai yia dvo mwapdijiniesg povadeg, ue
uetabinto avioustacynuatiorn, nASKIPovko goptio Kat e{ROTEPIKO EAEy)O.

8.2 IIeipapata rai anotcsAéopata

(a) Arakomn) pe xepoxrivnto Sraromen. Me 10 @optio pubuiopévo oe 10 Ayyg, 0 Sua-
Korng 81Ekoye 1o pevpa oxedov otnv Kopudr) apvnukrg nuirepiddou (—14,20 A), 6ndadr)
otnv méov anattnukn otypr). Oplotnkav §Uo peyédn : o xpovog péEXPt Tov mMpwto pndevi-
opo Aty = 30,5 us, o oroiog kaBopidet tn PEY10TY KATATIOVN O KAl TV EVEPYELA TTOU ITPETTEL
va arnoppodrioet o KAaSog paAidiopou, Kat o xpovog arokataoctaong Aty = 83,1 us, opt-
OP€VOG G 1) TeAeuTaia OTIyHr] KATA TV Oroid 10 peUPd AmEXEL Ao TNV TEAIKN TOU TIHT)
rieploodtepo arnd 5 % tou Srakortdpevou pevpatog. H Siakpion €xel mpakukr) onpaocia:
n avagopd povo tou Af; Sa unotpovos 1oV XPOVo S1aKOMAG KATA OXEOOV TPEIS POPEG.
Katd 1o petaBatiko n taon anayeyou-ninyhg éprace ta —218 V, moAdarddaocio g tdong
1PoPodooiag — arpBmG T0 PAVOHEVO TIOU Kab1otd tov KAAd0 amoppodnong eveépyelag
anapaiinto.

(B) Autopatn amoromi pe pirpoene§epyaoty Texas Instruments. Me goptio 5 A
Kat KatwPAt Aoyopkou 11 A, petpnbnkav At; = 19,6 us kat Aty = 84,3 us. O mpwtog
HNdeVIoNOg ertUyXAveTatl tTaxutepd, OIOG AVAPEVETAL ATTO TO PIKPOTEPO S1AKOITIOPEVO PE-
UHd, eV 01 XPOVOl artoKATAoTAoT§ £1val IIPAKTIKA TAUTOOTHOL HE TO XEPOKivNTo Ieipapd.
AuTto eival 10 QUOIKA AvapevOPEVO : 1] TAAAVIOOT PETd Tov pndeviopo kabopidetal amo n
X@PNUKOTNTA 6080V, T0 KUKA®UA aArooBeong KAl Vv IAPACITIKY EMAY®OYL Tou Bpdxou,
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peyedn mou Sev aAddadouv petadu v duo dokipov. H avukataotaon tou xeipilotr) and
eleyktn pe enegepyaotr) 6ev uroBabpidel kabBoAou 1 dakomnn.

Zto Zxnpa I1.5 n andkplon perpdtal anod v arnooupor) g EVIOALG nulng: dev mept-
AapBavetat n mponyoupevn KaBuotépnon avixveuong.

iline & Vgate
At, =84.3 us
current settled
15 A
(1)
S
~ 10_
2
S
~ At; =19.6 us — Vgare
-~ 5 first current zero .
7] — lline

<
g
= O 4

_5 -

—0.00010 —0.00005 0.00000  0.00005 0.00010  0.00015  0.00020  0.00025
Time (s)

Zxnpa IL.5. Hepauatkn avtopatn anokony pue katwg il ouyuaiov pevpatog 11 A: mporog undevt-
ouog ota 19,6 us war anokaraotaon ota 84,3 yus psta mv evtofin.

(v) HapaAAnAn Asttoupyia 800 povadev. Avo miakéteg ouvoédnkav rmapdadinda pe
KOWVI)] EVIOAT TIUANG, He @optio 12 Arms kat kat®dAt 10 A ot pia povo povada. Kata v
ayoyn o diapoipacpog tou peupatog ivat: 5,93 évavu 5,64 Arms, 6ndadr) avicokatavo-
nn nepirou 5 %, xopig kapia evepyo e§ioopponnon. Katd 1o petaBatko oBéong, opwg,
n oupgevia Katappéel: evw o évag KAAadog kiveital ipog +5,2 A, o deutepog odnyeitat
ota —17,8 A, oxeb6v SumAdoio tou peUpatog mnou £pepe mpv ) dakor). Iapatnpndnke
euawobnoia ot @uoikn 6tacuvdeon, KabBwg aldayrn Tou PNKoug evog Kailwdiou addale
aiwoBnta 1o potiBo. H mapatrpnon autr] dev amopovovel, OPg, TOV KUpiapxo pnxavi-
opo. IMBaveg ouvelopopEg ival 01 TIAPACITIKEG EPTIEDTOELG, TA PEUHATA TOV KUKA®UAT®OV
anooBeong Kat MEPLOPIOPOU TAong, KaBwg kat d1adopég otnv TOrKy 0dnynon tov Iu-
Awv. H krowvr] evioAr] tou gAeyKtr] 6ev anodelkvuet 161e¢ KUPATONOPPEG TTUANG-TINYLG OTIg
U0 mlaxkéteg. Emiong, ta petpovupeva eEwtepikd pevpata tov KAAdwv dev dayxwpidouv to
peUA TV KUPIOV NPIAYRYOV ATIO EKEIVO TRV ITAPAAANAGV KUKAOPATOV. ATAttouvidl Oto-
XEUpéveg petprioelg yua v embeBainon tov attiwv. To tekpnplopévo oupnépaopa eivat
0Tl 0 KaAOG drapolpaocpog oty aywyr) dev eyyudtat idia petaBatike anokplon : xpetadetat
IIPOOOYXT] Ot CUPHETPIA TRV 61a8p0p®V 10XU0G KAl EAEYX0U KAl £AEYX0G TG KATATIOVI|ONG
KdaBe povadag kata ) drakor).

Zto Zxnpa I1.6 gaivovratl ta perpovpeva peupata v 6Uo napdAAndev kKAadev katd
v anoxkortr). H kowvr] evioAr] TUANG ouvodevstal amno 51apopeTikeG PeTaBATIKEG KUPATO-
HopdEg, pe kopudr] —17,8 A otov Seutepo kKAAS0 TPV ATTO TOV MPATO KOO Pndeviopo.
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iline,l: i/ine,Z & Vgate

15
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Zxnua I1.6. Epyaotnpiaxn tapdiinin Asttovpyia 6Uo povadwv: psupara kAadwv kat kowr) svtofn
TUAng kata mv anokonn. O MP@TOg KOO UNOEVIOUOS eugavidetar 55,2 Us peta mu anéovpon mg
evtojing, pe avion puetabatkn anokpion v kAadov.

(8) Métpnon Xpovou andrpiong. Aropovebnke ) KabBuoTEPN O IOV £10AYEL I YHPLAKT)
aduoida edéyxou. To mpaypatko pevpa Kataypdpnke tautoxpova arod duo ave§aptnta
KavdAwa: €va Kavadl avadopdg pe aprepotopmida kat éva KavdaAl SoKipng, mou mnpo-
Kurttet ano detypatoAnyia, enegepyaocia oto PLECS pe Brjpa Ts kat avakataokeur) PEO®
TOU petatporieéa ynplakou-avaloyikou. H kabuotépnon e€§rxOn amo ) diapopd @aong
ot 9epedindn ouxvotnta, T = —A@(fo)/ (27tfp), pébodog g onoiag n kavota Sakpt-
ong dev meplopidetal anod myv nepiodo derypatoAnyiag tou naipoypdadou. AUo oUuveloPpopESg
rAtpakovovrat pe to Braupa: Ts/2 amno mn ouykpdtnon pndevikng tagng kat 1 - Ty amno
b61ox€teuon evog Bripatog 10U TAPAYOPEVOU KOd1Ka, dnAadn

delay(Ts) = 3T+ 1 Ts + tg = 1,5 Ts + to.

H nipooappoyr) eAaxiot®v TEIpAy®VeOV O TIEVIE PETPIOELS, Ol OIT0ieg KAAUITTIOUV £UPOG
25x, €¢dwoe 1,50 Ts + 18 s o0 1eTpoUlEVOG OUVIEAEOTHG AvATIAPAYEL TOV ITIPOBAENOPEVO
1,5 pe opdApa xkAdopatog g exkatootiaiag povadag. a oxediaoukr) xpron npoteivetat
10 auotnpd dve gpaypa delay(Ts) < 1,5 T; 4 50 ps, to onoto kavoroweitat and 6Aeg Tig
HETPNOEIS KAl ETMTPEIIEL TOV UTTOAOYIOHO NG XEPOTEPNS MEPITI®ONG XWPig e§aptnon and
16 akp1Beig TIpég pag rmaAvépopnong.

(€) Zuyrplon pe nAsktpopnyaviko enagéa. To i610 pevpa (6 Apns ota 65 Vi) d1a-
KOTINKE XPNOTHOnoloviag £évav Kupto 1mmoAo tou tpuodikou enapéa Schneider Electric
TeSys D LC1IDO09P5 [5]. H ouowddng diapopd @aivetat apéomg: 1n tdorn otg enadég
6ev aveBaivel yla va aropoveoet v tpopodooia, addd napapével nepirou oo 1V, e-
re1dr) PoAg xwpidoviat ot emadég eppavidetatl 160 mMou KPatd 10 KUKAOUA KAE0TO. X1a
t = 7,51 ms 10 pevpa @tdvel otov QUOIKO tou PUNdeviopo, Orou da avépeve KAveig
6lakor] — aAAd 1o 61dkevo Hev €€l KON AVAKINOEL EMAPKI] OINAEKIPIKI] AVIOXT], TO
1080 UTIAPXEL aKOPA KAl T0 peUpa ouveyidel otnv aviibetn kateubuvor. Autd 1ou TeAka
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10 otapatd dev eival pndeviopdg addda n avdnon g 161ag tng tAong Tou TtoOgou, 1 oroia
petpnbnke ota ~ 39V ota 10,0 ms kat = 67V ota 10,7 ms, peiovoviag rmpoodsutikd 1o
pevpa. To oo yivetar pun datnprowo ota t = 10,92 ms.

O A6yog tev Xpovav péxpt tov tediko undeviopod eivatr 10,91 ms évavu 0,139 ms, 6n-
Aadny 78x. O Aoyog ng OtepxOUeEVng evépyelag f i2dt, opwg, sivar 0,348 A%s évavu
3,39 x 10~* A?s, 8nAadn nepinou 1000x. H ducavadoyia einyeitat and o 6t 1 diep-
XOHEvVH evépyela €§aptdtal and 10 TEPAYOUVO TOU PEUPATOS Katl ot ot §uo Swatagelg Sev
dlakortouv oto 1610 onpeio g kupatopopdng. O IMivakag I1.4 cuvoyidel ta melpapatka

arnoteAéopara.
ITivaxag I1.4. Zuvoyn ToV TEWAUATIKOV ATOTEAEOUATOV.

IIeipapa ZuvOnKeg Baoiko anotéAsopa

Xelpoxivnt diaxor) 10 Ayms, Sraxor) otnv Kopudn Aty = 30,5 us, Aty = 83,1 us

Autopatn aroxortr) pe 5 Aims, katogAt 11 A Aty = 19,6 us, Aty = 84,3 us

HIKpoOETESEpyaotn

IMapdAAnAn Asttoupyia 12 Arms, KO eViodr) Avicokatavopn =~ 5% oy ayeyn’
—17,8 A oto petaBatiko

XpO6Vog armokpiong Ts = 20-500 us delay ~ 1,50 Ts + 18 us

ZUYKPLOn P enapéa 6 Arms 78 X tayutepn Swakor) &~ 1000X -

kpoétepn [ i2dt

9. IIpoxAnoeig, avoiytd {nrnpata Kat PeAAOVTIREG

RateuvOuvoelg

[Mapd v aloonpeiotn poodo tng tedeutaiag dSerastiag, apKetd avorXtd {nuata eQro-
61¢ouv onfpepa Vv EMKPATNON T®V H1AKOIIOV OTEPEAS KATACTAONS OTNV MMAEIOVOTTA TOV
epappoyav diavoung.

Ot andAeieg aywyng Kat 1 draxeipion Seppodintag nmapapévouv 0 onPAvItKOTEPOS TTe-
ploplopog: akoun kat pe ta o nponypéva SiC MOSFET, 1 mioon taong oto ovopaotiko
pevpa eivat 1-2V, 6ndadn éva éwg 6vo watt ava apnép. Ta Saxkorn 600 A, otov o-
oio évag moAog aratteil HUo otoxeia ot H1adpopr| ToU PEVUPATOG, AUTO ONEAivel EKAUON
1-2kW avd modo kat ouvenwg uniepdiactaciodoynpévn Puktpa 1 evepyr wusn. H avioxn
TOU KAAS0U anoppoPnong evépyelag ivatl meploplopog e01koOg yla v texvoloyia: o n-
H1ay®yog aviexel EKATOPHUPLA XEIPIOP0UG, T0 Bapiotop opwg oxXl. AKoAoubouv 10 KOOTOG
Kal 1] TUTTIOIOINorn — He v eKmovnorn 61eBvov mpotunev and opddeg gpyaociag g IEC
kat ou [EEE oe €§¢A€n. H kAipdakworn pe oe1plakr) Kat apdAAnAn ouvdeor), mou eyeipet
{ntjpata Katavoprg tdong Kat peUPatog aviiotolxa — oneg ermbeBainoe MeElpapdtika 1)
napovoa epyaocia. H evoopdtoon pe ynelakn npootacia Kat erukovovieg. O ouviovi-
OHOG M€ TNV UMapXouod Ipootacia Kat 1 avtopatn enavagopd, orou n idia n taxutnta
10U Srakorn dnpoupyel véa {ninpata, orwg 1 anopuyr] avermOupunng Asttoupyiag Katd
1a pevpata ekkivnong. TéAog, n e§€A€n mpog eudueig kKatl autotpopodotoupevoug dia-
Korteg. O OUVIOVIONOG TIPETIEL Miong va AapBavel umoyn T1g ePAPOCTIEEG ATIAITNOEIG
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adiaAeuting Asttoupyiag oe Pubion tdong (LVRT) tov povadev napayeyng [3]. Epdcov
XPTOTHOIOLEITAl TIEPIOPIOOG PEVHATOG KATA TO ATIAITOUHEVO XPOoViKO Sidotnua, to MOV
TIPETIEL VA AVIEXEL T OWPEUTIKY EVEPYELD TRV enAvAAapBavopevav MTAAPOV, € CUVEKTIHN-
on g Yuéng tou. H napovoa pedétn dev tekpnpiovel cuppopgoon pe anattjoelg LVRT.

Qg rateuBuvoelg ouvéxelag mpoteivoviat: mAnpeg, Babpovopnpévo nAekrpoBeppikod
poviédo rou va AapBdavel uroyn Kat ta dUo ototxeia ToU avil-oelplakou {eUyoug, ImOCOoTL-
KOG UTIOAOY10H0G TNG £VEPYELAG KADE TTIOAOU OTO TPIPACIKO POVIEAO, 1€ OAP®OT] NG XPOVL-
KIS OTIYHIG OPAAPATOG KAl EMAVAATNITTIKEG TIPOCOHOIN0ELS AVOXAV HE SNAOPEVES TUTTIKEG
ATIORAIOE1G, MOTE 1] AVION KATATIOVNON TV Baplotop va tekpnpledel apiOpnuka, diepe-
UV o1 ToroAoyiag PEong Taong Ue OEIP1aKT] OUVOEDT] OTOLXEI®V KAl EVEPYT) £§100PPOTOT)
TAoNg KAt IEPAPATIKY] UAOIIOINOr TOU €vEPYOU IEPLOPLOPOU Peupatog pe T dadpoun
eAeubepng eKPOpPTIONG, 1 o1toia €66 PeAETONKe POVO 0L TIPOCOHNOIWOT.

10. Zupnepaopata

H epyacia kdAuye 1oV TIANP1 KUKAO PEALING €VOG O1aKOTITN 10XU0G OTEPEAS KATAOTAONG
yla epappoyEg evadAaoodpevou peupatog: arno ) fB8A0ypadiKy| avaoKOIon TV TEXVO-
Aoyiov Slakomrg Kal 1oV NUIAYOYIKOV OTOXEIDV, Ot POVIEAOTIOINOonN Kal IPOCON0inon
HOVOPAOIK®OV KAl TPIPACIKOV CUCTNHAT®V, KAl TEAIKA OV MEPAPATIKY enaAnfeuon oe
eprnopikn mlakéta a§lodoynong. Ta kupla cuprnepdopata cuvoyidovial wg eEng. Ipotov,
10 TIAEOVEKTINHA TAXUTINTAG TOU H1aKOrn otepedg Katdotaong Hev €ival OooTKO aAdd
IO10TIKO | OTNV IIPOCON0IROT, T0 PEY1oTo SiepXOpevo peupa petwdnke ard 1260 A o 100 A
KAt 0 Xpovog Sraxkor)g artd 36 ms oe 0,8 Ms £évavit Tou NAEKTPOUNXAVIKOU §1aKOITTY, EVE
MEPapatika n Siepxopevn evépyela Pewdnke katd tpelg taselg peyéboug. Agutepov, o
EVEPYOG TIEPIOPIOPOG PEUHATOG £lval EPIKTOG Yid TOV NPIAYRYO, AaAAd €ival acuubarog pe
éva oupBatikd Papiotop povou MaApou: Xopig npoBleyn diadpoung ekPpoptiong, 1 ow-
PEUTIKI) EVEPYELQ TOU PBaplotop SEMmepvA KATA TPLAVIA (POPES EKEIVI Plag APEoNS dlakomng.
H eAeyxopevn 6tadpoypir) eAetbepng eKPOPTIONG TOU MPOTAONKE emavadEPEL TV EVEPYELA
autr) oe emnineda piag povo dakornr)g. Tpitov, o TP1PACIKO TIEPIBAAAOV 1] KO1VI] EVIOAT)
0B¢ong dev CUVETIAYETAL KO1VI] KATATovnon : Kabe @don npénetl va Siactaciodoyeitatl yia
) XEPOotepn povodaoikn evépyela. Téraptov, n taxeia Siaxorr| tng ouvelopopdg Hiag
TOIUKNG OUYXPOVIG YEVVITPLAG ATTAAEIPEL TNV TAAAVI®OT) POTITG KAl TNV UTEPd1EYEPOT TTIOU
epgavidovrat pe Bpadutepo dakodmn. H rmbavr) adlornoinon yla avgnon g wwavotntag
@l ogeviag apaywyng anattei exmplotr peAdétn nmpootaciag Kat oupBatotntag pe tg a-
nattjoelg LVRT. TTéumtov, oto nelpapatkéd eminedo, o édeyxog péow ernegepyaotr] Sev
utoBaBpidel kabBolou ) duvapiky tng diakormrg, 1 KABUCTEPNON NS Pndlakng aluoibag
neplypagdetal mirpwg arnod tov vopo 1,5 Ts, eve otnv mapdAAnin ouvdeon napatnpndnkav
avioa eERTEPIKA peupata KAAdwv katd 1) o8éor), rmapd tnv Koy evioAn odnynong. H at-
tia 6ev anmopovebnke Kat anatteital EAeyXog g PETaBatiKng Katanovnong Kabe povadag,
pe ouveEetaon ng draouvdeong, g 061yNonNg Kat 10V KUKAOPAT®V arndoBeong. To kKUp1o
EPIOS10 MAPAPEVEL OIKOVOUIKO KAl YEPHIKO, OX1 AEITOUPYIKO: Ol AIIMAEIEG AYDYS KAl TO
KOOTOG TRV NUIAYRYOV eupéog dtakévou. Kabag kat ta 6uo BeAtidvovial otabepd, o dia-
KOITNG OTEPEAS KATAOTAONG avapéverat va e§eAiyel anod mabnukr) Sidradn npootaciag oe
EVeEPYO KOPBO TOU gUdPuUoUg dikTuou.
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Chapter 1

Introduction

1.1 Motivation and background

The protection of electric power systems has historically relied on electromechanical
circuit breakers, which combine simple operating principles with very low conduction
losses and excellent reliability. For more than a century these devices have been the only
practical means of interrupting fault currents in AC networks at virtually every voltage
class. Yet the electric power system itself is changing. Industrial and residential loads are
being increasingly electrified, the proportion of power-electronic equipment inside the
grid is growing at an accelerating pace, electric vehicles and fast-charging infrastructure
are entering the distribution network in large numbers, and distributed generation from
renewable energy sources has shifted the once-passive distribution feeder into an active,
bidirectional system. In parallel, end-users expect an ever higher quality of supply and
a lower tolerance for outages, particularly in data centers, industrial automation and
critical infrastructure [2, 6].

These trends place new and more demanding requirements on the protection chain.
Power-electronic converters, which today represent a significant share of the connected
load and an even larger share of the new generation capacity, exhibit very limited
short-circuit withstand capability and require protection times on the order of a few
milliseconds or less. The widespread adoption of distributed generation also changes
the magnitude, direction and waveform of the fault currents that the breakers have to
interrupt, complicating the coordination of conventional time-overcurrent protection
schemes [2, 7]. At the same time, the move toward digital, communications-based
substations imposes additional requirements on the controllability and observability of
the protection equipment [8].

Conventional electromechanical breakers, despite their maturity, cannot meet all
these requirements simultaneously. Their clearing time, typically in the range of 30—
80ms, is incompatible with the protection of sensitive power-electronic equipment;
their mechanical contacts wear out and require periodic maintenance; the arc they
produce limits their use in confined or hazardous environments. These limitations
have motivated significant research interest in faster, more flexible and more intelligent
protection devices, of which the solid-state circuit breaker (SSCB) is currently one of the
most actively researched candidates for low- and medium-voltage applications [2].

1.2 The role of the circuit breaker in modern grids

A circuit breaker is the element of the protection chain that is ultimately responsible for
interrupting fault currents and isolating the faulted section of the network. Electrome-
chanical breakers achieve this by mechanically separating a pair of metallic contacts
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and extinguishing the resulting electric arc using oil, SFs, vacuum or air as an insu-
lating medium. Electromechanical breakers have several properties that are hard to
match: very low conduction losses during normal operation (the contact resistance is
typically below 100 u() for molded-case and air circuit breakers, and a few milliohms
for miniature circuit breakers), virtually unlimited voltage scalability, and a long service
lifetime when used at moderate switching rates. However, they also have well-known
limitations: the operating times mentioned above, the mechanical wear of the contacts,
the need for periodic maintenance, the large physical volume, and the production of an
arc that limits their use in some environments [2, 9].

Solid-state circuit breakers, on the other hand, replace the mechanical contacts with
one or more controllable semiconductor switches such as IGBTs, IGCTs, SiC MOSFETs
or SiC JFETs [10]. They can interrupt the current within microseconds, are inherently
free of moving parts, do not produce an arc, and can be operated millions of times
without significant aging of the switching elements [2]. These advantages are partic-
ularly valuable in applications where the protected system contains power-electronic
converters with limited short-circuit withstand capability, where mechanical breakers
are too slow, or where mechanical complexity must be minimized. The continuous im-
provement of wide-bandgap (WBG) semiconductors, in particular silicon carbide (SiC),
has substantially increased the voltage and current ratings achievable with practical
solid-state designs, opening the door to commercial AC SSCB products for low-voltage
distribution [11, 12] and to laboratory prototypes for medium-voltage applications [13].

The main drawback of solid-state breakers is the conduction loss associated with the
on-state voltage drop of the semiconductor switches. Even with modern devices, the
on-state voltage is on the order of 1-3 V, which translates into significant continuous
losses for currents of hundreds or thousands of amperes. Mitigating this loss is one of
the main areas of active research, together with cost reduction, miniaturization, thermal
management and standardization [2, 14].

1.3 Objectives of this thesis

Against this background, this thesis investigates the use of solid-state circuit breakers in
AC power systems, with particular emphasis on low-voltage distribution applications.
The main objectives of the work are:

* To present a structured overview of modern AC power systems and the protection
challenges that arise from their continuing evolution, with attention to the role
played by electrification, power-electronic loads and distributed generation.

* To review and compare the main circuit-breaker technologies currently used or
proposed in the literature—electromechanical, hybrid, resonant and solid-state—
and to clarify the regions of operation for which each technology is best suited.

¢ To examine in detail the families of power semiconductor devices that can be used
in the realization of solid-state circuit breakers, with particular attention to their
operating principles, their static and dynamic characteristics, and their respective
advantages and limitations.
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¢ To analyze the architecture and operating principle of solid-state circuit break-
ers and to discuss the principal AC SSCB topologies proposed in the literature,
together with their auxiliary subsystems.

¢ To investigate, through simulation in MATLAB/Simulink, the behavior of rep-
resentative SSCB topologies in single-phase and three-phase AC systems under
normal operating conditions and during typical fault scenarios.

* To validate the SSCB concept experimentally on a commercially available eval-
uation platform, and to characterize aspects of its practical operation — such as
processor-based control, parallel operation of multiple units and overall response
time — that complement the theoretical and simulation-based analysis.

The thesis therefore spans the full arc of the subject: a critical comparison of the com-
peting protection technologies, a modeling and simulation study of the resulting design
trade-offs, and an experimental validation of the concept on commercial hardware.

1.4 Thesis outline

The remainder of this document is organized as follows. Chapter 2 introduces mod-
ern AC power systems and discusses the operational and protection challenges that
arise from their ongoing evolution, including a dedicated section on the integration
of renewable energy sources. Chapter 3 examines the fault behavior of AC systems
and the contributions of the different fault-current sources that may be encountered
in a contemporary distribution feeder. Chapter 4 reviews the main families of circuit-
breaker technologies (electromechanical, hybrid, resonant and solid-state) and provides
a comparative summary. Chapter 5 is devoted to the power semiconductor devices
that can be used in SSCB realizations; each device family is analyzed in detail and
a comparative discussion is provided. Chapter 6 focuses on the SSCB itself: generic
architecture, operating principle, AC topologies, auxiliary circuits and representative
applications. Chapter 7 presents the modeling and simulation work: a single-phase test
circuit used to study direct interruption, current limiting and the energy absorbed by the
clamping varistor, followed by a three-phase distribution network studied with passive
loads and with a local synchronous generator. Chapter 8 presents the experimental
validation of the SSCB concept on a commercial evaluation platform, describing the test
setup and the experiments that were carried out. Chapter 9 summarizes the main open
challenges and the future directions for SSCB technology.
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Chapter 2

Modern AC Power Systems and
Protection Challenges

AC three-phase power systems have been the dominant form of electric power trans-
mission and distribution worldwide for more than a century. Their success rests on
two technological cornerstones: the transformer, which allows efficient stepping-up
and stepping-down of voltage levels, and the synchronous machine, which provides
a robust voltage source with substantial rotational inertia. For decades the structure
of these systems was largely uniform: large, centralized power plants located near
primary energy resources fed power through long high-voltage transmission lines to
step-down substations and from there, through radial distribution feeders, to predomi-
nantly passive loads. Protection coordination, voltage regulation and frequency control
were designed under this paradigm.

Over the last two decades several simultaneous developments have started to chal-
lenge this picture. Industrial automation, building electrification, information technol-
ogy infrastructure and the rise of electric mobility have profoundly changed the nature
and the dynamics of the loads connected to the grid. At the same time, the shift from
rotating machines to power-electronic converters as the dominant interface between
primary energy sources and the grid, along with the rapid growth of distributed gen-
eration, has transformed the distribution network from a passive recipient of energy
into an active, bidirectional system. The implications for the design and operation of
power systems—and especially for their protection—are far-reaching and have moti-
vated significant research and engineering effort. This chapter reviews those of these
developments that are most relevant to the design of modern protection devices, and in
particular of solid-state circuit breakers.

2.1 The evolution of AC distribution networks

The structure of low- and medium-voltage AC distribution networks was, until re-
cently, very stable. Industrial plants drew power from medium-voltage feeders through
dedicated step-down transformers, residential and commercial buildings were fed by
radial low-voltage feeders, and the loads themselves were dominated by linear loads
(incandescent lighting, resistive heating and directly connected induction motors), with
only a small share of power-electronic appliances. Protection of these networks re-
lied mainly on time-overcurrent relays and fuses at the medium-voltage level, and on
thermal-magnetic miniature circuit breakers (MCBs) and fuses at the low-voltage level,
with arc-extinction times of several tens of milliseconds being entirely acceptable for
the dominant electromechanical and thermal loads.

In modern AC distribution networks, the same backbone is being asked to feed a
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much wider variety of loads and to host an increasing number of sources. The ratio
between peak and average load has grown as a result of the electrification of heating,
cooling and cooking, and the addition of electric vehicle (EV) charging at residential
level. Industrial facilities increasingly rely on variable-speed drives, controllable recti-
tiers and uninterruptible power supplies, all of which behave as nonlinear, controllable
loads with strict requirements on power quality. Critical infrastructure such as data
centers, hospitals, semiconductor fabs and railway substations demands uninterrupted,
high-quality supply with stringent voltage and frequency tolerances. Together, these
trends have raised the bar that any protection device must meet, in terms of speed,
selectivity, controllability and reliability [2, 6].

Figure 2.1 contrasts the two situations. In the traditional feeder of Figure 2.1(a) there
is a single source of fault current and it always flows in the same direction, which is
what makes a graded set of overcurrent thresholds a sufficient protection scheme. In
the feeder of Figure 2.1(b) neither assumption survives: several sources can feed the
same fault from either direction, and the converter-interfaced ones contribute a current
only marginally above their rated value.

2.2 The shift to power-electronic interfaces

Perhaps the most important single change in modern AC systems is the proliferation
of static power-electronic converters as the primary interface between sources, loads
and the grid. The reasons for this proliferation are many: photovoltaic plants, full-
converter wind turbines and battery energy storage systems all produce DC power
that must be inverted to AC; EV chargers, data-center power supplies and industrial
drives benefit from the efficiency and controllability of converter-based interfaces; and
high-voltage direct current (HVDC) links connect entire regions of the AC grid through
power-electronic terminals.

Compared with the rotating machines that they progressively displace, voltage-
source converters (VSCs) exhibit several distinctive features that are highly relevant for
protection design [2, 7]. Firstly, they have very small electrical inertia: their output cur-
rent can change much faster than the rotor of a synchronous machine, but the maximum
current they can deliver is strictly limited by the rated current of their semiconductor
switches. Secondly, their behavior during faults is determined primarily by their control
algorithm rather than by circuit impedances alone: typical implementations limit the
short-circuit current contribution to 1.1-1.5 p.u. of the rated current and to sustain this
limited current for the duration required by the fault ride-through requirements of the
grid code, blocking only if the fault persists beyond it. Thirdly, converters are inherently
controllable: their switching elements can be turned on and off within microseconds,
which allows a wide range of advanced functions (active and reactive power control,
fault ride-through, harmonic compensation, virtual inertia emulation), but also means
that the system is more vulnerable to the loss of the converters if they shut down to
protect themselves. These controlled current limits do not bound every initial tran-
sient: short-duration peaks depend on the converter topology, filters and protection
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(a) traditional passive feeder

power flows in one direction only

R

load load load load

one fault-current source, always the same direction — a current threshold with time grading suffices

(b) modern active feeder power flows in both directions

| PV [ storage ]
|
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HV grid
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several sources, either direction — and each converter contributes only 1.1-1.5p.u.,
barely above the load current, so magnitude alone no longer identifies the fault

Figure 2.1. Evolution of the low- and medium-voltage distribution feeder. (a) The traditional passive feeder:
one source, radial flow, and a fault current that is both large and unidirectional. (b) The contemporary
active feeder, hosting distributed generation, storage and electric-vehicle charging behind voltage-source
converters: power flows in both directions and a fault is fed from several points at once, each converter
contributing only 1.1-1.5p.u.

response [15]. Under unbalanced faults, the controller can also shape the sequence
composition of the current: some strategies suppress the negative-sequence component,
whereas others deliberately inject a controlled negative-sequence current. Sequence
suppression is therefore control-dependent, not a universal inverter characteristic [1].

These properties shape the requirements of the protection chain in two fundamental
ways. First, the protection device must be able to detect and clear faults much faster
than the short-circuit withstand time of the converters, which is typically in the mil-
lisecond range; conventional electromechanical breakers, with clearing times of tens
of milliseconds, are simply too slow. Second, the protection device must be able to
discriminate between true faults and the much smaller fault-current contributions of
inverter-based sources, which may be only marginally distinguishable from normal
load currents [8, 15].
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2.3 Renewable energy integration

Distributed generation from renewable energy sources is one of the most visible and
most rapidly growing manifestations of the power-electronic revolution discussed
above. According to the International Renewable Energy Agency [16], the installed
capacity of renewable energy worldwide more than doubled in the decade between 2015
and 2025, growing from 1,985 GW to 5,149 GW, with photovoltaic (PV) systems and
wind farms accounting for the bulk of the new additions. Residential and commercial
rooftop PV installations alone now exceed several hundred gigawatts of installed
capacity, and the trend is strongly upward.

The integration of renewable distributed generation into existing distribution net-
works brings well-documented benefits: it reduces transmission losses, defers invest-
ments in new transmission and distribution infrastructure, increases resilience by allow-
ing islanded operation of portions of the network, and contributes to the decarboniza-
tion of electricity supply. On the technical side, however, the connection of significant
amounts of distributed generation to networks that were not originally designed for it
raises a number of issues including [8, 15]:

¢ Bidirectional power flow on feeders that were traditionally designed as radial and
unidirectional, requiring revision of voltage-regulation strategies and protection
settings.

* Local voltage rise during periods of high generation and low local consumption,
particularly at the end of long rural feeders.

¢ Increased harmonic distortion caused by switching converters, especially when
many small units are aggregated on the same feeder.

¢ Altered fault levels — increased at the point of connection, but with a reduced and
direction-dependent contribution seen by upstream relays — which cause protec-
tion blinding and sympathetic tripping and complicate overcurrent coordination.

¢ Anti-islanding requirements that introduce additional constraints on the converter
control algorithms and on the protection scheme.

From the standpoint of protection design, the most important of these issues are the
change in fault-current magnitude and direction, and the consequent need for much
faster and more selective protection. Fast, fully controllable SSCBs are an enabling
technology in this context: they allow individual converters and strings to be protected
without affecting the rest of the plant, enable seamless transition between grid-connected
and islanded operation, and support the implementation of adaptive protection schemes
that follow the changing topology of the active distribution network [17]. Renewable
integration is therefore one of the strongest drivers, but by no means the only one, of
the current research interest in solid-state circuit breakers.
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2.4 Microgrids and active distribution networks

A microgrid is a local electric power system that combines distributed generation,
energy storage and controllable loads, and that is capable of operating either connected
to the main grid (grid-connected mode) or in isolation from it (islanded mode). The
microgrid concept emerged in the early 2000s as a way of organizing the integration
of distributed energy resources at the distribution level, and has since been adopted
in a variety of contexts ranging from university campuses and military bases to entire
industrial complexes and remote communities [8, 18].

From an architectural perspective, microgrids can be classified as AC, DC, or hybrid
AC/DC, depending on the type of bus used to interconnect the various resources.
AC microgrids retain compatibility with existing AC infrastructure and standards but
require synchronization of all converters and benefit less from the natural DC character
of PV panels and batteries. DC microgrids eliminate synchronization and reactive-
power management issues and can be more efficient when most sources and loads
are DC in nature, but require the development of new DC protection devices and
standards [19, 20]. Hybrid AC/DC microgrids combine the two structures and are often
considered the most flexible solution for future systems [8].

Regardless of the bus topology, the operation of microgrids—and more generally of
active distribution networks containing significant amounts of distributed generation
and storage—imposes much more stringent requirements on the protection devices
than those typical of conventional passive distribution networks. Selectivity, sensitivity
and speed must all be improved simultaneously, and protection must remain effective
under operating conditions that may differ substantially from one moment to the next
(e.g., grid-connected versus islanded mode, high versus low local generation, motor
starting transients, EV-charging inrush). It is precisely in such contexts that solid-state
circuit breakers are expected to find their natural domain of application, providing
protection at the level of individual feeders, individual converters, or individual loads,
and enabling fast, autonomous reconfiguration of the network in response to faults [19].

2.5 General protection challenges in modern AC systems

The trends discussed in the previous sections combine to define a set of interrelated
protection challenges that conventional schemes are not always well equipped to ad-
dress [2,7, 8]:

* Mismatch between protection speed and load sensitivity. Power-electronic
equipment—variable-speed drives, EV chargers, UPS units, telecom rectifiers, and
inverter-based generation—has a very limited short-circuit withstand capability,
typically in the millisecond range. Electromechanical breakers with 30-80 ms
clearing time cannot prevent damage to such equipment during severe faults; fast
tripping by SSCBs reduces the let-through energy and improves the survival rate
of downstream components.

* Bidirectional power flow. Distributed generation, energy storage and vehicle-to-
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grid systems can cause power to flow in either direction along a feeder. Directional
protection elements must be added or reconfigured, and the coordination of
breakers must be re-examined.

¢ Variable and source-limited fault levels. Both the magnitude and the angle of
the fault current depend on the number of inverter-based resources currently con-
nected and on their control mode. Protection settings that are optimal under one
operating condition may become inadequate when the topology or the generation
mix changes [15].

¢ Inrush and load-transient discrimination. Modern AC systems feature increas-
ingly frequent and severe transient phenomena—motor starting, transformer
energization, capacitor-bank switching, EV-charger inrush—whose initial current
peaks may be comparable to moderate fault currents. The protection device must
combine sensitivity with discrimination, ideally exploiting waveform features
such as the current rate of rise rather than the magnitude alone.

¢ Power-quality and continuity requirements. Data centers, semiconductor manu-
facturing and other process industries require clearing times short enough to avoid
the propagation of voltage sags to sensitive loads. Reclosing schemes must also
be fast and reliable to minimize the interruption time perceived by the end-user.

¢ Anti-islanding and fault ride-through. Grid-connection codes increasingly re-
quire distributed generators both to disconnect rapidly during anti-islanding
events and to ride through short-duration faults without disconnecting. These
contradictory requirements must be coordinated with the protection of the sur-
rounding feeder [8].

¢ Integration with digital protection and communications. Modern protection
schemes rely on IEC 61850 and similar standards to exchange measurement data
and trip commands between protection devices in real time. The breaker must be
able to participate in this communication, accept remote commands and report its
own status.

These challenges have led to the development of new protection schemes based
on communication-assisted differential protection, adaptive overcurrent protection,
distance protection and centralized protection systems. Independently of the protection
logic, however, the actual interruption of the fault must still be performed by a circuit
breaker, and the speed and controllability of that breaker ultimately determine what the
protection scheme can or cannot achieve. This is the main reason why solid-state circuit
breakers are increasingly regarded as a key enabling technology for the protection of
modern AC distribution systems—both those dominated by renewable distributed
generation and those whose evolution is driven by electrification, by power-electronic
loads or by the demand for higher power quality [6].
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Chapter 3

Fault Behavior and Protection
Requirements in AC Systems

The design of any protection device—and of a solid-state circuit breaker in particular—
must start from a clear understanding of the fault phenomena that the device is sup-
posed to interrupt. This chapter reviews the nature of short-circuit currents in AC
systems, the contributions of the principal fault-current sources found in modern dis-
tribution feeders, and the resulting requirements that a contemporary AC protection
system must satisfy [8, 9, 15].

3.1 Short-circuit currents in AC systems

In an AC system fed by synchronous generators or by a stiff upstream grid, a short
circuit produces a current waveform that contains both an alternating component and,
in general, a transient direct component related to the instant of fault occurrence. Using
a simplified RL model, the fault-loop current can be written as

i(t) = % [sin(wt +a— @) —sin(a — ¢) e*tR/L] , (3.1)

where V), is the peak driving voltage of the fault loop, Z and ¢ are the magnitude
and angle of the loop impedance, « is the voltage phase angle at the instant of fault
occurrence, and R/ L is the inverse of the loop time constant. The first term represents
the steady-state symmetrical component, while the second represents the transient DC
offset. The peak instantaneous current may therefore be substantially higher than the
steady-state value, especially when the fault occurs near a voltage zero crossing, which
for the predominantly inductive loop impedances typical of power circuits gives the
largest DC offset, as illustrated in Figure 3.1 [9].

The most important feature of this waveform for protection purposes is that, once
the DC offset has decayed, the current crosses zero every half cycle. For faults with a
large offset and a long loop time constant the first zero crossings may be delayed by
several cycles, a condition for which mechanical breakers must be explicitly rated. This
property has been exploited for over a century by AC mechanical circuit breakers, which
open their contacts and rely on the natural zero crossing to extinguish the resulting
electric arc. The combination of well-defined zero crossings, large and predictable fault
currents, and tolerance of synchronous generators to short-duration overcurrents has
been the basis of conventional AC overcurrent protection.

Faults in AC systems are conventionally classified into three-phase symmetric faults,
line-to-line faults, double line-to-ground faults and single line-to-ground faults. The last
category, the most frequent in real distribution networks, involves the zero-sequence
network and is typically detected by dedicated ground-fault protection schemes. From
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Figure 3.1. Asymmetrical short-circuit current for a fault initiated at the instant of maximum DC offset.
The curve follows Equation (3.1), with the symmetrical component given a decaying amplitude so as to
represent a machine-fed fault: it falls with the sub-transient and transient time constants of the machine,
whereas the DC offset falls with the slower loop time constant L/ R. Because the offset outlives the a.c.
component, the total current keeps one polarity for about five cycles and offers no zero crossing at which a
mechanical breaker could clear. The first peak reaches 2.1 times that of the same fault initiated without
offset, shown for comparison.

the standpoint of the breaker, all four fault types impose qualitatively similar require-
ments: the device must be able to interrupt currents that may be several times the rated
current, with controlled overvoltage at the moment of interruption and with sufficient
dielectric recovery to avoid re-strikes [9].

3.2 Fault-current sources in a contemporary distribution
feeder

A contemporary low- or medium-voltage AC feeder may contain several different
fault-current sources, each with its own dynamic characteristics; they are the sources
shown schematically in Figure 2.1(b). The protection device must be designed to handle
the worst-case combination of all of them. The most important sources, in approximate
order of fault-current contribution, are:

The upstream grid. In a grid-connected feeder, the bulk of the fault current is supplied
by the upstream transmission and sub-transmission network, which behaves approxi-
mately as a Thévenin-equivalent voltage source with a low impedance. The available
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short-circuit current is dictated by the network impedance up to the point of common
coupling and may reach tens of kiloamperes in a typical low-voltage installation. This
current is sustained and contains well-defined zero crossings, in accordance with the
analysis of the previous section [9].

Synchronous and induction machines. Rotating machines connected to the feeder,
including large industrial synchronous generators and induction motors, contribute to
the short-circuit current as the flux trapped in their windings decays. For synchronous
machines, the contribution decays from a subtransient peak (several times the rated
current) through transient and steady-state regimes with time constants of tens of
milliseconds to seconds. For induction motors, the contribution decays more rapidly,
typically within a few cycles, but can still be significant in plants with large installed
motor capacity. These machine contributions add to the upstream fault current and
must be considered in the breaker sizing [9, 15].

Inverter-interfaced resources. Voltage-source converters used to interface PV systems,
wind turbines, battery storage and increasingly EV-to-grid services to the AC grid are
typically rated only marginally above their nominal current. The control algorithm
explicitly limits the output current to a maximum value, typically 1.1-1.5 p.u. of the
rated current, in order to protect the semiconductor switches from damage. Depending
on the control mode—grid following, grid forming or grid supporting—the converter
response may take several forms [15, 18]:

* Grid-following converters synchronize to the grid voltage, typically through
a phase-locked loop, and inject a current of controlled magnitude and phase
angle. During a fault, they reduce their active current and may inject a controlled
reactive current proportional to the voltage drop. If the voltage drop is severe, the
converter rides through the fault for a limited time and disconnects if the fault
persists.

¢ Grid-forming converters behave as controlled voltage sources and may attempt to
maintain the voltage at their terminals. Their fault current contribution is therefore
determined primarily by the source impedance and the maximum allowed current
of the switches, similarly to a synchronous machine with very low inertia and a
hard saturation limit.

¢ Grid-supporting converters combine features of the two above, providing droop-
based voltage and frequency support during normal operation and switching to a
current-limiting mode during severe faults.

Storage and DC links. Battery energy storage systems contribute to an AC fault
through their inverter while it remains enabled, with the response governed by its
control and current limits [15, 18]. A different mechanism applies to a DC-bus fault
in a conventional grid-connected two-level voltage-source converter: its antiparallel
diodes may form an uncontrolled rectifier path from the AC grid to the DC fault even
after the gates are blocked. This must not be confused with an unrestricted DC-to-AC
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diode path after blocking; the available paths depend on converter topology and fault
location [18, 20].

Capacitor banks and DC-link capacitors. Capacitor banks installed for power-factor
correction or harmonic filtering, as well as the DC-link capacitors of converters, can
deliver very high but short-lived fault-current pulses. These pulses are limited only
by the parasitic inductance of the wiring and may reach tens of kA for a few tens of
microseconds. Their main effect on the protection device is to impose very high di/dt
stress at fault inception [9, 20].

In a passive feeder dominated by a stiff grid and rotating machines, the above
contributions add up to a well-defined and large fault current, with clear zero crossings
and a predictable waveform. In a converter-dominated feeder, however, this convenient
picture is much less reliable. Several phenomena combine to undermine the assumptions
on which conventional overcurrent protection is built: the magnitude of the fault current
may be only slightly higher than the rated current of the source, its waveform may be
heavily distorted by the converter’s current-limiting control, its angle may differ from
that of a synchronous machine, and the time available before the converters shut down
may be only a few milliseconds. The protection device must therefore be able to detect
and clear such faults much faster than was acceptable in the past [8, 15].

3.3 Requirements for a modern AC protection system

The discussion of the previous sections suggests that a protection system intended
for use in modern AC distribution systems should ideally combine the following
properties [2, 8]:

* Fast operation. The total fault-clearing time, including detection, decision and
interruption, should be on the order of a few milliseconds or less, so as not
to exceed the short-circuit withstand capability of power-electronic loads and
inverter-based sources, and to minimize the let-through energy delivered to the
faulted equipment.

* High sensitivity. The device must be able to detect fault currents that are only
slightly higher than the rated current, taking advantage of additional information
such as voltage waveform distortion, current rate of rise, or communications with
other devices in the network.

¢ Bidirectional capability. Because power can flow in either direction along a
feeder—due to distributed generation, storage, regenerative drives or vehicle-to-
grid systems—the breaker must be able to interrupt currents in both directions
and to withstand voltages of both polarities.

¢ Selectivity and coordination. Despite the speed requirement, the device must
coordinate with other protection devices upstream and downstream so that only
the smallest possible portion of the network is disconnected for each fault [8, 9].
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¢ Discrimination against inrush and transient phenomena. Motor starting, trans-
former energization, capacitor-bank switching and EV-charger inrush produce
transient currents that should not cause nuisance tripping. Waveform-based cri-
teria can supplement current thresholds. For example, transformer differential
relays use harmonic restraint or blocking to discriminate magnetizing inrush from
internal faults [21]. An SSCB implementation must account for the measurement
window and decision latency of any such criterion.

¢ High reliability and long lifetime. Modern AC systems may require very frequent
reconfiguration operations, especially in microgrids and at the interface with
distributed generation, so the breaker must be capable of millions of operations
without significant aging or maintenance.

* Low conduction losses. Because the breaker is continuously carrying load current,
its on-state losses directly affect the efficiency of the protected system and the cost
of the cooling system.

¢ Compatibility with digital protection and communications. The breaker should
be able to report its status, receive trip and reset commands remotely, and integrate
with substation automation systems based on IEC 61850 and similar standards.

As Chapter 4 shows, no existing technology fully satisfies all of these requirements.
Electromechanical breakers are efficient and inexpensive but too slow; solid-state break-
ers are fast and controllable but have non-negligible conduction losses; hybrid breakers
attempt to combine the best of both worlds at the price of additional complexity. The
most promising solution for any given application therefore depends on the relative
weight of the different requirements in that application, and this is one of the main
themes of the chapters that follow.
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Chapter 4

Circuit Breaker Technologies —
A Review

This chapter presents a structured overview of the four main families of AC circuit
breakers currently available or under active development: electromechanical breakers,
hybrid breakers, resonant (forced-commutation) breakers and solid-state breakers. For
each family the working principle, the main components, the typical performance fig-
ures, and the most important advantages and limitations are discussed. A comparative
summary closes the chapter [2, 22].

4,1 Electromechanical circuit breakers

Electromechanical circuit breakers, often abbreviated as EMCBs and sometimes referred
to as conventional or molded-case breakers depending on the voltage and current rating,
dominate the market in essentially all voltage classes from low voltage up to extra-high
voltage. They are based on a pair of metallic contacts that are mechanically separated
when a fault is detected, and on an arc-extinction medium that assists the interruption
of the current, in the simplest case at the next natural zero crossing (Figure 4.1). In
practice the arc may reignite at that zero and be extinguished only once the arc voltage
has risen far enough, as the measurement on a single pole of a contactor in Section 8.2.5
illustrates.

«— 10p Terminal
Insulating Housing\ = Upper Operating Shaft

Contacts in
" cigsed position

Main Linkage Shaft

Vacuum Interrupter
(V.1.) Chamber ™~

Fixed Contact

————— Mechanism
Entry Shaft

Moving Contact

Operating Mechanism
(Linkage, Springs,
Solenoid)

P 1
Flexible Bellows -

_ * Direction of
Bottom Terminal 4>OJ movement

Figure 4.1. Schematic representation of a vacuum electromechanical circuit breaker, showing the fixed
and moving contacts inside a vacuum chamber, the operating mechanism and the housing.
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4.1.1 Operating principle and arc extinction

Under normal operating conditions the contacts of the breaker are closed and the current
flows through them with very low resistance, typically below 1 m(). The contacts are
held in the closed position either by mechanical springs or by latching mechanisms,
sometimes assisted by an electromagnetic solenoid. When a fault is detected by an
external protection relay (or by a built-in thermal-magnetic element in molded-case
breakers), the operating mechanism receives a trip command and rapidly separates the
contacts [9].

As the contacts move apart, the strong electric field at their surface, combined with
the inductive nature of the circuit, ionizes the medium between them and an electric
arc is established. The current keeps flowing through the arc, which dissipates energy
primarily as heat and light. The interruption of the current is achieved by ensuring that,
when the AC waveform reaches its next natural zero crossing, the arc is sufficiently
de-ionized to prevent it from re-striking under the recovery voltage that appears across
the contacts. The medium surrounding the contacts therefore plays a fundamental role
in determining the performance of the breaker [22]. The most common technologies are:

* Air-magnetic breakers, in which the arc is cooled and stretched by a magnetic field
applied perpendicular to its axis. These breakers are inexpensive but bulky and
limited to low and medium voltages.

* QOil breakers, in which the arc forms inside mineral oil. The arc decomposes a small
amount of oil, producing a gas pocket that extinguishes the arc. Oil breakers have
largely been replaced by other technologies due to environmental and fire-safety
concerns.

* SF6 breakers, in which the contacts open inside a chamber filled with pressurized
sulfur hexafluoride. SF6 has excellent insulating and arc-quenching properties,
but it is also a powerful greenhouse gas, which has led to international restrictions
on its use.

e Vacuum breakers, in which the contacts are enclosed in a sealed vacuum cham-
ber. In the absence of a gaseous medium, the arc is sustained by metallic vapor
evaporated from the contacts themselves and is extinguished quickly at current
zero. Vacuum breakers are now the dominant technology for medium-voltage
applications because they combine excellent performance with the absence of any
environmentally harmful medium.

4.1.2 Advantages and limitations

Electromechanical breakers are the result of more than a century of incremental devel-
opment and represent a mature technology. Their main advantages are:

¢ Extremely low conduction losses, which are essentially limited by the metallic
resistance of the closed contacts and busbars.

¢ High voltage and current scalability, with commercial products available for any
rating from a few amperes at low voltage up to several kiloamperes at hundreds
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of kilovolts.

¢ Galvanic isolation between the two sides of the breaker when it is in the open
state.

* Maturity, low cost, and a well-developed ecosystem of standards, protective relays
and accessories.

On the other hand, the technology has some intrinsic limitations:

¢ Typical operating times in the range of 30-80 ms, dominated by the mechanical
movement of the contacts and the time required to reach the next current zero
crossing. This is several orders of magnitude longer than the response time of
power-electronic converters.

¢ Production of an electric arc that gradually erodes the contacts and limits the
number of fault interruptions that the breaker can perform before maintenance or
replacement. Typical figures are in the range of 10,000 mechanical operations and
a few dozen interruptions at the rated short-circuit breaking current.

* Generation of electromagnetic noise and pressure waves during arc-quenching,
which may be unacceptable in some applications.

* Need for periodic maintenance, including inspection of the contacts and possibly
replacement of gases or oils.

* Reduced effectiveness in applications where the current does not have well-
defined zero crossings, in particular DC systems [9].

4.2 Hybrid circuit breakers

Hybrid circuit breakers (HCBs) attempt to combine the low conduction losses of me-
chanical breakers with the fast response of semiconductor switches. In the most com-
mon architecture, a fast mechanical switch (typically a vacuum switch operated by a
Thomson-coil actuator) [23] is placed in series with a small number of semiconductor
switches, while a parallel branch containing a larger group of semiconductors is used to
carry the current during the interruption transient. A third parallel branch, containing a
metal-oxide varistor (MOV), is used to absorb the magnetic energy stored in the network
inductance once the semiconductor branch has turned off [24]. The arrangement is
shown in Figure 4.2.

During normal operation, the current flows almost exclusively through the mechan-
ical branch, ensuring very low conduction losses. When a fault is detected, the main
semiconductor switches of the commutation branch are first turned on, providing a
low-impedance parallel path. The auxiliary semiconductor switch in the mechanical
branch is then turned off, forcing the current to commutate to the parallel path. The
fast mechanical switch can now open without any current flowing through it, so no
arc is formed. Once the mechanical switch has reached a sufficient open distance, the
main semiconductor switches are turned off and the current is forced into the MOV,
which absorbs the energy stored in the network inductance and drives the current to
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Figure 4.2. Generic architecture of a hybrid circuit breaker, showing the nominal-current branch with the
fast mechanical switch and the auxiliary semiconductor switch, the parallel commutation branch with the
main semiconductor switches, and the energy-absorption branch with the MOV.

zero [2, 24].

Hybrid breakers can achieve clearing times of a few milliseconds while keeping
the conduction losses at a small fraction of those of a pure solid-state breaker. The
main drawbacks are the increased complexity of the device (with several semiconduc-
tors, a fast mechanical switch and a dedicated control system) and the corresponding
cost. Hybrid breakers were originally developed for HVDC applications, where pure
solid-state breakers would be prohibitively expensive due to the very high number of
semiconductors required, but the same architecture has more recently been proposed
for AC medium-voltage applications as well [2, 23, 24].

4.3 Resonant (forced-commutation) circuit breakers

A distinct family of breakers occupies the conceptual space between the hybrid and the
tully solid-state devices: the resonant, or forced-commutation, circuit breaker. Its central
idea is to keep a robust, low-loss semi-controlled switch—almost invariably a thyristor
(SCR)—as the main current-carrying element, and to add an auxiliary LC resonant circuit
whose only purpose is to create, on command, an artificial zero crossing of the current
through that switch. Thyristors are attractive as the main switch because they combine
a very low on-state voltage drop, a high surge-current capability and a low cost per
ampere; their well-known drawback is that they cannot be turned off through the gate
and instead require the anode current to fall below the holding value before they recover
their blocking state [25]. In an AC system this would normally mean waiting for the
natural zero crossing of the line current—precisely the limitation that makes mechanical
interruption slow. The resonant circuit removes this dependence by forcing a current
zero whenever it is needed, as illustrated in Figure 4.3.

4.3.1 Operating principle

The interruption proceeds through a short sequence of phases:
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Figure 4.3. Architecture of a resonant circuit breaker, showing the main thyristor switch carrying the
load current, the auxiliary commutation branch (precharged capacitor, resonant inductor and auxiliary
thyristor) that injects the counter-current, the voltage-clamping (MOV) branch and the series mechanical
isolator.

* Normal conduction. The load current flows through the main thyristor—in an
AC breaker, through an anti-parallel pair of thyristors or through a single thyristor
inside a diode bridge—with conduction losses limited to a single 1.2-2.0 V drop
in the anti-parallel arrangement, or to three device drops in the diode-bridge
arrangement. The commutation capacitor is kept precharged to a known polarity.

¢ Current injection. When a trip is required, the auxiliary thyristor is fired and
the precharged capacitor discharges through the resonant inductor. The LC pair
produces a half-sinusoidal current pulse, whose peak is by design larger than the
current to be interrupted, injected in opposition to the main current.

¢ Artificial current zero. As the injected counter-current grows, the net current
through the main thyristor falls and momentarily reaches zero. With the current
below its holding value and a brief reverse bias applied by the capacitor, the
main thyristor recovers its forward-blocking capability and turns off, without any
natural zero crossing being required.

* Energy absorption and isolation. Once the main switch blocks, the network
inductance drives the voltage up until the parallel MOV conducts and absorbs the
stored magnetic energy, exactly as in a solid-state breaker. A series mechanical
isolator can then be opened at zero current to provide galvanic isolation.

The peak and the duration of the injected pulse are fixed by the resonant values L
and C and by the capacitor pre-charge voltage; these are chosen so that the counter-
current exceeds the maximum prospective fault current and so that the resulting reverse-
recovery interval is long enough for the thyristor to regain its blocking capability. In
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AC applications the polarity of the injection must match the half-cycle in which the in-
terruption occurs, which is why practical realizations adopt bidirectional arrangements
(anti-parallel thyristors with a reversible commutation capacitor, or a diode bridge
feeding a single thyristor) so that a current zero can be forced in either direction of the
line current [22, 25].

4.3.2 Advantages and limitations

Resonant breakers were among the earliest attempts to obtain near-electronic interrup-
tion speeds using the rugged, inexpensive devices available before fully-controllable
high-power transistors became practical, and the same principle underlies several mod-
ern thyristor-based SSCB topologies (anti-parallel SCR with auxiliary commutation,
Z-source and T-source breakers) discussed in Chapter 6. Their main advantages are:

* Very low conduction losses and high surge-current capability, inherited directly
from the thyristor main switch and markedly better than those of transistor-based
solid-state breakers of the same rating.

¢ Interruption that does not have to wait for the natural zero crossing, giving
clearing times well below those of a mechanical breaker (typically a fraction of a
millisecond) while using only low-cost, highly robust semiconductors.

* A simple and very reliable main switch, with the active turn-off function delegated
to an auxiliary branch that does not carry the load current continuously.

The principal limitations are:

* The need for an auxiliary commutation circuit—a precharged capacitor, a resonant
inductor, an auxiliary thyristor and a charging supply—which adds volume and
cost and must be dimensioned for the maximum prospective fault current.

* A reaction time still longer than that of a transistor-based solid-state breaker
(tens to hundreds of microseconds rather than a few microseconds), because the
artificial zero is produced by an LC oscillation of finite period rather than by a
direct gate turn-off.

¢ A residual dependence on the correct precharge polarity and timing, which com-
plicates the control compared with a simple gate-off command, particularly in AC
where the required polarity changes every half-cycle.

* No active current-limiting or modulating capability. Once the auxiliary branch
fires, the resonant breaker performs a single, all-or-nothing interruption dictated
by the LC oscillation; it cannot regulate the current it carries. A transistor-based
SSCB, by contrast, can use its controllable gate drive to hold the current within
a prescribed band—switching the main device on and off, or operating it in a
linear current-limiting mode—for a short interval. This allows the SSCB to ride
through transient overcurrents and to discriminate a genuine fault from an inrush
or load transient before committing to a trip, a fault-identification strategy that
the thyristor main switch, lacking gate turn-off, cannot reproduce.
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These trade-offs place the resonant breaker between the hybrid breaker, which
relies on a moving contact for the actual interruption, and the fully solid-state breaker
discussed in the next section, which dispenses with both the moving contact and the
resonant circuit at the price of higher conduction losses.

4.4 Solid-state circuit breakers

Solid-state circuit breakers (SSCBs) replace the moving contacts of conventional breakers
entirely with controllable semiconductor switches. The interruption of the current is no
longer based on the mechanical separation of contacts and on the natural zero crossing
of the AC waveform, but is instead achieved by turning off the semiconductor switches
in a fraction of a microsecond. The absence of moving parts and arcing gives the device
a unique combination of properties that are highly attractive across essentially every
class of modern AC application [2, 6]:

¢ Ultra-fast interruption. The semiconductor turn-off itself takes a fraction of a mi-
crosecond, while the complete interruption — including detection, gate withdrawal
and the clamping interval during which the network inductance is de-energized —
is typically completed within some tens to a few hundred microseconds, several
orders of magnitude faster than electromechanical breakers. This reduces the
let-through energy and the voltage-sag depth seen by downstream loads by orders
of magnitude.

¢ Arc-free operation. The interruption takes place inside the semiconductor without
the formation of an electric arc. Contact erosion, mechanical noise, ionized-gas
emissions and pressure waves are eliminated. This makes the device intrinsically
suitable for explosive or sealed environments and for crowded enclosures where
the acoustic and electromagnetic disturbances of a conventional breaker would be
unacceptable.

¢ Full controllability. The on/off state of the device is commanded electronically by
a digital signal. The breaker can therefore act simultaneously as a circuit breaker,
a current limiter and a remotely operated switch; it can implement adjustable
current-time tripping characteristics; and it can be integrated seamlessly into
IEC 61850-based substation automation, accepting remote trip and reset com-
mands, reporting its own status and coordinating with other protection devices
through fast communication links.

* Longevity. The number of operations is limited only by the thermal cycling of
the semiconductor packages, which typically allows more than 10° switching
events—two to three orders of magnitude above the 103-10* operations of an
electromechanical breaker. The absence of contact wear and of arc-quenching
media also removes the need for periodic maintenance, which is particularly
valuable in remote or hard-to-access installations.

* No moving parts and silent operation. The breaker has no mechanical linkage
and produces no audible noise during operation. This is decisive in noise-sensitive
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environments, on board ships and aircraft where vibration and mechanical wear
are particularly damaging, and in compact enclosures where the mechanical
clearance required by a conventional breaker is unavailable.

Compact and lightweight design. The elimination of arc-quenching chambers,
contacts and operating mechanisms, together with the increasing power density
of modern wide-bandgap semiconductors, results in devices that are typically
much smaller and lighter than electromechanical breakers of equivalent rating.
This is essential in transportation, aerospace and naval applications.

Contribution to system stability and power quality. Fast fault clearing limits
the duration and depth of voltage sags propagated to the rest of the network. In
converter-dominated systems, in particular, it allows converters to ride through
the fault rather than disconnect, preserving generation and contributing to fre-
quency stability [26, 27]. The same speed allows fast and selective fault location,
which further reduces the affected area.

Inherent current-limiting capability. Because the device can be commanded
to turn off at any instant, it can implement active current limiting: as soon as
the current exceeds a programmed threshold, the SSCB modulates its on-state or
transfers the current to a dedicated limiting path, effectively imposing an upper
bound on the fault current that the rest of the network sees. The same gate-level
control allows the breaker to hold the current within a prescribed band for a
short interval rather than committing immediately to a trip, so that a genuine
fault can be discriminated from an inrush or load transient before the device
interrupts. This reduces the short-circuit stress on transformers, cables, busbars
and downstream switchgear, and may allow the use of equipment with lower
short-circuit ratings [28].

Suitability for fast reclosing and autonomous reconfiguration. The absence of
arc-related aging and the very short tripping time make rapid reclosing schemes
feasible: the breaker can perform several test operations within a fraction of a
second, which is valuable wherever there is no arc path to de-ionize, such as in
microgrid reconfiguration; on overhead lines the dead time remains dictated by arc
de-ionization rather than by the breaker and for the autonomous reconfiguration
of microgrids following a disturbance.

Environmental friendliness. The technology requires no SFs, mineral oil or
other environmentally harmful insulating media, in line with the international
restrictions that are progressively being imposed on the use of such substances.

The price for these advantages is paid mainly in conduction losses. The on-state

voltage drop of a single IGBT or SiC MOSFET is typically in the range of 1-3 V, which
produces continuous losses that can become significant for currents of several hundreds
of amperes. In a 400V / 600 A SSCB based on Si IGBTs, for example, the steady-state
losses can easily reach 1 kW per pole, requiring an active cooling system. This is a much
larger figure than for an electromechanical breaker of the same rating, and it directly
affects the economic viability of the technology. The choice of the power semiconductor
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Figure 4.4. Generic architecture of a solid-state circuit breaker, showing the main semiconductor switch,
the voltage-clamping (MOV/TVS) branch and the gate driver / sensing block.

device—and in particular the migration from silicon to wide-bandgap devices—is
therefore one of the central design decisions for any SSCB, and is discussed in detail in
Chapter 5 [2, 6].

Additional considerations for SSCBs include the need to absorb the magnetic energy
stored in the network inductance when the current is interrupted, the protection of the
semiconductors against the resulting overvoltage, the design of fast and accurate fault-
detection circuits, and the management of bidirectional power flow in AC applications.
All of these aspects are discussed in detail in the following chapters [2, 20].

4.5 Comparative discussion

Table 4.1 summarizes the main characteristics of the four families of circuit breakers
reviewed in this chapter. The comparison is qualitative and indicative; precise figures
depend strongly on the rated voltage, the rated current, and the specific implementation
of each technology [2, 22, 24].

Table 4.1. Qualitative comparison of circuit-breaker technologies

Characteristic Electro-mech. Hybrid Resonant Solid-state
Interruption time 30-80ms 2-5ms 0.1-1ms 1-100 s

Conduction losses Very low Low Very low Moderate-high

Arc generation Yes (managed) Minimal None None

Lifetime (operations) 10%-10* 10%-10° > 10° > 10°

Galvanic isolation Yes Yes Yes (isolator) Requires aux. switch
Maintenance Periodic Reduced Low Minimal

Cost (relative) Low Medium-high Medium High

Maturity Mature Emerging Established Emerging (LV comm.)
Converter-based grids Limited Good Good Excellent

Several conclusions can be drawn from the comparison. Electromechanical breakers
remain the most economical and most efficient solution in terms of conduction losses,
but their relatively slow response makes them increasingly inadequate for the protection
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of converter-dominated systems. Hybrid breakers occupy an intermediate position,
offering a substantial improvement in speed while retaining most of the efficiency of me-
chanical breakers, at the cost of a more complex device. Resonant (forced-commutation)
breakers chart a middle path of their own: by keeping a low-loss thyristor as the main
switch they preserve the efficiency of mechanical interruption while reaching sub-
millisecond clearing times, at the price of an auxiliary commutation circuit and a speed
that is still well short of a transistor-based device. Solid-state breakers are the fastest
and most flexible solution, with millions of operations achievable without maintenance
and with full controllability, but their conduction losses and cost are currently higher
than those of competing technologies. The continuing improvement of wide-bandgap
semiconductors is gradually closing this gap, and several manufacturers have started to
introduce commercial low-voltage AC SSCBs aimed at applications such as data centers,
battery storage systems, and electric vehicle charging infrastructure; ABB demonstrated
a low-voltage SSCB concept as early as 2019 [11], and evaluation-grade commercial
hardware is now available from semiconductor vendors [12].
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Chapter 5

Power Semiconductor Devices for SSCBs

The power semiconductor device is at the very heart of every solid-state circuit breaker.
It is the element that physically carries the load current during normal operation,
interrupts it in a few microseconds when a fault is detected, and—together with the
voltage-clamping branch—withstands the recovery voltage in the off-state. Because the
breaker is permanently inserted in series with the protected line, its on-state losses, its
rated voltage and current, its turn-off capability and its short-circuit withstand time
all map directly onto fundamental design parameters of the SSCB, such as efficiency,
footprint, cost and reliability.

Modern power electronics offers a wide catalog of devices, each of which represents
a different compromise among these requirements. Silicon-based technologies, refined
over more than fifty years, dominate the medium- and high-power range thanks to
their maturity, robustness and cost-effectiveness. Wide-bandgap (WBG) technologies,
in particular silicon carbide (SiC) and gallium nitride (GaN), are rapidly displacing
silicon in low- and medium-voltage applications where superior switching speed and
high-temperature operation matter most. This chapter examines the principal devices
of each family, with particular emphasis on AC SSCB applications, and concludes with
a comparative discussion intended to guide the selection of the most appropriate device
for a given specification.

5.1 Classification of power semiconductor devices

Power semiconductor devices can be classified along several orthogonal axes, each of
which has direct implications for SSCB design [25]:

* By semiconductor material: silicon (Si), silicon carbide (SiC), gallium nitride
(GaN), and, more recently, gallium oxide (Ga;O3) and diamond. The material de-
termines the maximum electric field that the device can withstand, the maximum
operating temperature, the achievable switching speed, and the cost per ampere.

* By the nature of charge transport: unipolar devices (such as MOSFETs and
JFETs) conduct only one type of carrier (electrons), while bipolar devices (such as
thyristors, IGBTs and GTOs) rely on conductivity modulation through minority-
carrier injection. Bipolar devices typically achieve lower on-state voltage drops at
high currents, though stored-charge effects make their switching slower.

* By controllability: devices may be uncontrolled (diodes), semi-controlled (clas-
sical thyristors, which can be turned on but not off through the gate), or fully
controlled (IGBTs, MOSFETs, GTOs, IGCTs, ETOs). For an SSCB, full gate control
is essential because the breaker must be able to interrupt the current on command
without relying on natural zero crossings.
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¢ By the polarity of the conduction: most power semiconductors conduct current
in only one direction, while a few specialized devices (e.g. TRIACs, anti-parallel
SCR pairs, monolithic bidirectional GaN switches) are intrinsically bidirectional.
In AC SSCBs, where current must be interrupted in both directions, this property
strongly influences the topology choice.

¢ By the normally-on or normally-off behavior: most modern devices are normally-
off, which is generally regarded as a safer default. SiC JFETs are an important
exception: they can be designed as normally-on devices, which conduct without
any gate drive power and are therefore attractive for SSCB applications where
minimal standby consumption is desired.

From the standpoint of an AC SSCB, the device must in addition withstand the
system voltage in both polarities during the off-state. With few exceptions, conventional
unipolar and bipolar devices block voltage in only one direction; bidirectional blocking
is therefore typically achieved at the topology level (back-to-back arrangements), as
discussed in Chapter 6. In what follows, each device family is presented with its
physical operating principle and its specific advantages and limitations for AC SSCB
use.

5.2 Silicon-based devices

Silicon-based power semiconductors remain the dominant choice in medium- and
high-power applications. Decades of process refinement have led to extremely high
reliability, well-understood failure mechanisms, mature packaging technologies, and a
competitive cost per ampere. For SSCB applications, the main silicon devices of interest
are the classical thyristor (SCR), the gate turn-off thyristor (GTO), the insulated-gate
bipolar transistor (IGBT), the integrated gate-commutated thyristor (IGCT), the emitter
turn-off thyristor (ETO), and the power MOSFET.

5.2.1 Thyristors (SCRs)

The silicon-controlled rectifier (SCR), commonly referred to simply as a thyristor, is a
four-layer (PNPN) bipolar device with three terminals: anode, cathode and gate. When
a positive voltage is applied between anode and cathode and a short current pulse is
injected into the gate, the device latches into a low-impedance state and continues to
conduct even after the gate signal is removed. The conduction can only be interrupted
by reducing the anode current below a holding threshold, typically by means of an
external commutation circuit or by the natural zero crossing of an AC current [25, 29].
In SSCB applications, thyristors are normally used in pairs connected in anti-parallel,
so that current can flow in both halves of the AC waveform. Because thyristors lack
inherent turn-off capability, they are most often employed in topologies that exploit
auxiliary commutation circuits (e.g. capacitor-based forced commutation, Z-source or
T-source breakers) to create the artificial zero-current crossing required for turn-off.
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Advantages: extremely high surge-current capability, low on-state voltage drop
(typically around 1.0-1.5V even at several kA), excellent ruggedness and reliability,
very high rated voltages up to several kV per device, and low cost per ampere. These
properties make SCRs attractive whenever the breaker has to withstand large transient
overcurrents during the brief interval before turn-off.

Limitations: lack of inherent turn-off capability through the gate, requiring external
commutation circuits that increase complexity, cost and conduction losses; relatively
slow recovery; and limited suitability for switching at high frequency. In a pure SSCB
context, the use of SCRs is therefore typically restricted to specialized topologies (Z-
source, current-source, anti-parallel SCR with auxiliary commutation) where their high
surge capability and low cost outweigh the added complexity.

5.2.2 Gate Turn-Off thyristors (GTO and ETO)

The gate turn-off thyristor (GTO) is a development of the classical SCR in which the
gate—cathode structure has been modified so that a large negative gate-current pulse
can extract enough carriers from the cathode region to switch the device off. GTOs were
historically the first family of fully controllable high-power semiconductors and have
been used extensively in railway traction, industrial drives and FACTS applications.
In SSCB contexts, GTOs can be used directly to interrupt the load current without
an auxiliary commutation network, although they require very substantial gate-drive
power.

The emitter turn-off thyristor (ETO) is a more recent device that combines a GTO with
a series MOSFET in a single package. The MOSFET diverts the cathode current to the
gate terminal during turn-off, removing the need for the very large negative gate-current
pulse that the bare GTO demands and improving the turn-off speed [25]. SiC-based
ETOs have been demonstrated in 15 kV-class breakers and represent a promising option
for medium-voltage SSCBs [13].

Advantages: high blocking voltage (up to 6-10kV per device for silicon, even higher
for SiC-ETO variants), large turn-off current capability, and—compared with SCRs—the
ability to interrupt the current without external commutation. The ETO variant further
offers low gate-drive power requirements and substantially faster switching than the
bare GTO.

Limitations: large minimum on-time and off-time (typically tens of microseconds),
high gate-drive power requirements for the bare GTO, sensitivity to dV /dt at turn-off
and to di/dt at turn-on, and the need for snubber circuits that limit the switching
trajectory inside the safe operating area. In modern designs, GTOs have largely been
supplanted by IGCTs (described in Section 5.2.4) which retain the low on-state voltage
drop of the GTO while offering substantially improved switching behavior.

5.2.3 Insulated-Gate Bipolar Transistors (IGBT)

The insulated-gate bipolar transistor, introduced commercially in the mid-1980s, has
become the workhorse of medium- and high-power electronics. It combines the high
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input impedance and easy gate-drive of a MOSFET with the conductivity-modulated,
low on-state voltage drop of a bipolar transistor. Structurally, an IGBT can be thought of
as a wide-base PNP transistor whose base current is supplied by an n-channel MOSFET,
with the MOSFET providing the gate control and the PNP providing the conductivity
modulation. Modern silicon IGBTs are commercially available with rated voltages from
600V up to 6.5kV and rated currents up to several kA per module, often integrated
with anti-parallel freewheeling diodes [30].

For SSCBs, the IGBT is the reference device for the medium-voltage and high-power
range. Its voltage-controlled gate allows the use of low-power, isolated drivers, while
its short-circuit withstand time of typically 5-10 us leaves a comfortable margin for fault
detection. Hybrid HVDC breakers commercially deployed by ABB and others rely on
series-connected IGBT stacks rated for several hundred kilovolts [24].

Advantages: simple voltage-controlled gate drive with very low static power
consumption, low conduction losses at high currents thanks to conductivity modulation,
robust short-circuit behavior, wide commercial availability up to multi-kV / multi-kA
ratings, mature packaging and well-developed application know-how, and a strong
ecosystem of gate-drive and protection circuits.

Limitations: moderate switching speed limited by minority-carrier recombination
(a few hundred hertz to a few kilohertz for high-voltage devices, and some tens of kilo-
hertz for 600-1200 V trench devices), a tail-current at turn-off that increases switching
losses, non-zero on-state voltage drop at low currents (typically around 1-2V even at
very low load) and limited operating temperature compared with WBG devices. For
SSCB applications operating continuously near rated current, the constant on-state
voltage drop is the main contributor to conduction losses, often requiring forced-air or
even liquid cooling [25, 30].

5.2.4 Integrated Gate-Commutated Thyristors (IGCT)

The IGCT is a hard-driven, fully-controllable derivative of the GTO in which the gate-
drive unit is integrated with the device in a coaxial low-inductance package. During
turn-off, the entire cathode current is commutated to the gate in less than 1 us, effectively
converting the device into a transistor for the duration of the turn-off transient. This
eliminates the need for a turn-off snubber and cuts the switching losses well below those
of the GTO [31]. IGCTs are commercially available at voltage ratings from 4.5kV to 10kV
and current ratings up to 5kA, making them particularly attractive for medium-voltage
SSCBs and for HVDC applications [24].

Reverse-blocking IGCTs (RB-IGCTs) additionally feature blocking capability in both
directions, which makes them particularly attractive for AC SSCB topologies where
bidirectional voltage blocking is required. Because a single RB-IGCT already blocks both
polarities, an anti-parallel pair used as the main switch of a medium-voltage AC breaker
avoids the doubled on-state voltage drop inherent to a back-to-back arrangement of
unidirectional devices, giving it a clear conduction-loss advantage over an equivalent
back-to-back IGBT realization [2, 25].

Advantages: an on-state voltage drop below 2V even at several kA, excellent
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hard-switching capability, high blocking voltage, robustness against fault currents, and
the elimination of bulky turn-off snubbers thanks to the hard-driven gate. The RB
variant offers intrinsic bidirectional voltage blocking, which is highly desirable in AC
applications.

Limitations: complex and costly integrated gate drive that must supply very large
gate currents during turn-off; relatively slow turn-on; minimum on-time and off-time
of several tens of microseconds; significant cost per device; and limited commercial
supply chain compared with IGBTs. Like all silicon bipolar devices, IGCTs also produce
a tail-current at turn-off and exhibit limited operating temperature.

5.2.5 Power MOSFETs

The power MOSFET is a vertical, majority-carrier device controlled by an insulated gate.
Because conduction relies exclusively on electrons (in the more common n-channel vari-
ant), there is no stored charge to remove during turn-off, allowing very fast switching
transitions (in the order of tens of nanoseconds). The on-state behavior is resistive—the
device exhibits an on-state resistance Rpg(on) rather than a constant voltage drop—
which means that conduction losses are proportional to the square of the current and
are very low for currents below a few amperes [25].

Silicon power MOSFETs are essentially the dominant active switch in low-voltage
SSCBs, particularly below 200V. For AC applications, two devices are typically ar-
ranged back-to-back so that their body diodes face in opposite directions, providing
bidirectional blocking. Their main limitation is the steep increase of Rpg(on) with rated
voltage—approximately as the 2.4-2.5 power of the breakdown voltage—which makes
silicon MOSFETs economically uncompetitive above 500-600V [32].

Advantages: switching transitions in tens of nanoseconds; voltage-controlled, low-
power gate drive; absence of stored-charge tail current; resistive on-state behavior
that yields extremely low conduction losses at low currents; low cost in mainstream
low-voltage classes (< 200 V); and excellent commercial availability [32].

Limitations: rapid growth of Rpgon) With breakdown voltage, which makes the
device unattractive above approximately 600 V; relatively poor body-diode performance;
thermal sensitivity of Rpg(on); and limited surge-current capability compared with
thyristors. For SSCBs operating at line voltages above 500V, silicon MOSFETs are
typically replaced by SiC MOSFETs (see Section 5.3.1).

5.3 Wide-bandgap devices

Wide-bandgap (WBG) semiconductors—principally silicon carbide (SiC) and gallium
nitride (GaN)—have transformed the landscape of power electronics over the past 15
years. Their fundamental physical advantages over silicon stem from a much higher
critical electric field (around ten times that of silicon), which allows much thinner drift
regions, lower on-state resistance and faster switching for a given breakdown voltage.
SiC also offers higher thermal conductivity, which simplifies thermal management,
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while GaN supports lateral structures with extremely low parasitic capacitance and
inductance, enabling very high switching frequencies [14].

For SSCB applications, WBG devices bring three concrete benefits: significantly
lower conduction losses than silicon at moderate to high voltages, much faster turn-off
(often below 100 ns), and the ability to operate at higher junction temperatures, which
reduces cooling-system requirements. The remainder of this section reviews the main
WBG devices currently available or under active development.

5.3.1 SiC MOSFETs

The SiC MOSFET is currently the most commercially mature WBG device. Modern SiC
MOSFETs are available at voltage ratings from 650V to 3.3kV (with 6.5kV and higher
under development) and at currents up to several hundred amperes per discrete device.
Compared with a Si MOSFET of the same rated voltage, a SiC MOSFET has an on-state
resistance one to two orders of magnitude lower; compared with a Si IGBT, it offers
significantly lower conduction losses at low and moderate currents (because Rpg(on) - [
is linear, while Vg (say) is essentially constant) and much faster turn-off [14].

SiC MOSFETs are particularly well suited to low- and medium-voltage AC SSCBs.
Commercial low-voltage AC SSCB products from major manufacturers (e.g. ABB’s
1kV-class concept breaker, several products from second-source vendors targeted at
data-center applications) typically employ SiC MOSFETs in back-to-back configuration
as the main switch [11]. Several research prototypes further explore the extension of
SiC MOSFET-based AC SSCBs towards higher current and voltage classes [33], while
medium-voltage DC breaker demonstrations in the several-kV range have so far relied
on other high-voltage switch technologies, such as a SiC ETO combined with a fast
mechanical switch [13].

What the device buys the designer is a combination that no silicon part offers at the
same time: an on-state resistance one to two orders of magnitude below that of a Si
MOSFET of the same class, a turn-off completed in under 200 ns, a junction temperature
limit near 200 °C that relaxes the cooling problem, a body diode whose reverse recovery
is good enough to be used rather than bypassed, and a die small enough to keep the
module compact. The cost per ampere, historically the objection to SiC, has been falling
steadily with production volume, although it remains above that of a silicon IGBT of
equivalent rating [14, 34].

The objections are of two kinds. The first is practical and will fade: fewer package
options than mature silicon, and the price premium just mentioned. The second is
intrinsic to the technology. Gate-oxide reliability remains the most scrutinized aspect of
the SiC MOSFET, because the oxide field is roughly 2.5 times higher than in a silicon
device, the SiC/SiO, conduction-band offset is smaller and the interface-trap density
higher; the gate-source voltage must therefore be held within a narrower window than
a silicon designer is used to. The very speed that makes the device attractive also works
against it: the high dV/dt at turn-off can drive a displacement current through the
Miller capacitance and turn the device partially back on unless the gate loop is actively
clamped. To these must be added the short circuit withstand time, which for a SiC
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MOSFET is only 1-3 us and which places a correspondingly tight requirement on the
speed of the fault-detection chain [2, 14, 34].

5.3.2 SiC JFETs

The SiC junction field-effect transistor (JFET) is a vertical, majority-carrier device con-
trolled by a reverse-biased PN junction at the gate. Unlike the MOSFET, the SiC JFET
does not have a gate oxide, which makes it inherently more rugged and improves its
long-term reliability. SiC JFETs can be designed either as normally-on devices (conduct-
ing when the gate-source voltage is zero) or as normally-off devices (requiring a positive
gate-source voltage to conduct). The normally-on variant is particularly interesting for
SSCB applications because it conducts without any gate-drive power during normal
operation; this property is exploited in several self-powered SSCB concepts [35].

In a normally-on SSCB, the breaker remains in the on-state by default; a negative
gate-source voltage is applied only when the device must be turned off. This is the
exact opposite of the behavior of an IGBT or MOSFET, where a positive gate-source
voltage is required to maintain conduction. The attraction of the normally-on JFET is
not fail-safe behavior — on the contrary, losing gate-drive power leaves it conducting
— but the fact that it requires no standby gate power to stay on and that the turn-off
energy can be harvested from the fault itself, so that no external auxiliary supply is
needed to trip. The price to pay is that a fail-safe mechanism is required at start-up
to ensure that the device does not conduct uncontrollably before the gate driver is
initialized, typically by cascading the JFET with a small low-voltage Si MOSFET either
in a cascode configuration, in which the JFET gate is tied to the source of the MOSFET,
or in a direct-drive configuration, in which the two gates are driven independently.

The absence of a gate oxide removes at a stroke the reliability concern that dominates
the SiC MOSFET literature, and it lifts the usable junction temperature to around 250 °C.
On-state resistance for the voltage class is comparable to that of a SiC MOSFET, and
the structure is intrinsically rugged. Against this, the gate drive is harder: switching off
a normally-on device requires a negative gate-source voltage held within tight limits,
since the gate is a PN junction and will break down if driven too far. Commercial
availability is narrower than for SiC MOSFETs, and bidirectional blocking still calls for
the same anti-series arrangement that unipolar devices require [12, 35].

The experimental platform of Chapter 8 is built on exactly this device class, in its
direct-drive rather than cascode form: the Combo JFET brings both the JFET gate and
the MOSFET gate out as separate terminals. The extra degree of freedom is not academic.
It allows the JFET gate to be over-driven so that the effective on-state resistance falls
below what a fixed cascode connection would give, it decouples the switching speed
from the low-voltage stage, and it makes the junction temperature observable through
the gate-source voltage without a separate sensor. The device therefore behaves as a
normally-off switch from the outside while retaining, inside, the properties that make
the normally-on JFET attractive in the first place [12].
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5.3.3 GaN HEMTs

The gallium nitride high-electron-mobility transistor (GaN HEMT) is a lateral, majority-
carrier device based on a two-dimensional electron gas formed at the AlIGaN/GaN
heterojunction. The lateral geometry, the absence of stored minority charge, and the very
low parasitic capacitance and inductance allow GaN HEMTs to switch extremely fast,
with transition times below 10ns and switching frequencies easily exceeding 1 MHz.
Commercial GaN HEMTs are currently available with rated voltages up to about 650 V
and rated currents up to a few tens of amperes per discrete device, with 900 V- and
1.2kV-class parts now entering the market.

For SSCB applications, GaN HEMTs are particularly attractive in low-voltage (<
600 V), low-to-medium-current applications where extreme switching speed and com-
pactness dominate the specification: aerospace and avionic systems, data-center DC
distribution, consumer-grade smart breakers, and EV on-board chargers. Monolithic
bidirectional GaN switches—single devices that block voltage and conduct current in
both directions—are a particularly promising development for AC SSCBs, since they can
replace a back-to-back pair of conventional switches with a single component [2, 36].

Advantages: extremely fast switching (below 10ns); very low gate-charge require-
ments; low parasitic inductance thanks to the lateral structure; low on-state resistance
for the voltage class; and the possibility of monolithic bidirectional structures. The
lateral geometry also facilitates monolithic integration of multiple devices on a single
die, including integrated gate drivers.

Limitations: currently restricted to voltage classes below 650V (with 1.2kV under
development); limited current rating compared with vertical devices; need for very
careful gate-drive design due to the low gate-source voltage range (typically only £6 V);
short-circuit withstand time of only a few hundred nanoseconds in many devices; cost
per ampere still higher than for mature silicon devices; and a thermal-management
challenge due to the lateral structure, which concentrates losses in a small volume.

Gate-drive limits must be taken from the chosen device rather than treated as a
single universal GaN voltage range. For example, the CoolGaN GIT guide specifies a
current-injection gate interface, with a small steady on-state gate current and transient
charging and discharging pulses; negative off-state bias is used to improve immunity to
false turn-on [37].

5.3.4 SiC bipolar devices

Beyond the SiC MOSFET and JFET, several bipolar SiC devices are under active de-
velopment for very high voltage applications. Among these, the SiC IGBT and the
SiC ETO have been demonstrated at voltage ratings of 10kV and above, and the SiC
GTO has been shown to operate up to 15kV. These devices combine the conductivity-
modulation benefits of bipolar operation with the wide-bandgap advantages of SiC,
achieving on-state voltage drops comparable to those of silicon devices but at much
higher voltage classes and with significantly faster switching.

In the SSCB context, SiC bipolar devices represent the long-term path towards true
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medium-voltage (10-35kV) and high-voltage (above 35kV) solid-state breakers, in
which the number of series devices needed to reach a given system voltage falls by a
large factor compared with silicon-based stacks. Their main practical limitation today
is the limited commercial availability and the high cost, both of which are expected to
improve as the SiC material technology matures.

Advantages: blocking voltages of 10kV and above in a single device; low on-state
voltage drop thanks to conductivity modulation; faster switching than silicon bipolar
devices of the same voltage class; and high-temperature operating capability.

Limitations: limited commercial availability today; high cost; demanding gate-
drive requirements (similar in nature to those of silicon IGCTs and GTOs); and still-
immature long-term reliability data, which is particularly important for a protective
device that must be available for many years [6, 13].

5.4 Comparative overview and selection criteria

Figure 5.1 summarizes the approximate voltage and current operating ranges of the
principal power semiconductor devices used in SSCB applications. The figure should
be read with caution: device boundaries are continuously being pushed by research and
industrial development, particularly for wide-bandgap devices, and the values shown
here represent the bulk of commercially available products rather than absolute limits.

Beyond the raw voltage and current ratings, the choice of the power semiconductor
device for a specific SSCB application is the result of a multi-criteria trade-off. The most
important criteria can be summarized as follows:

* Rated voltage and current. The device must be able to block the full system
voltage in the off-state, including an appropriate safety margin for transient
overvoltages, and to conduct the rated load current in the on-state. For currents
exceeding the rating of a single device, parallel connection is necessary, which
raises issues of current sharing in steady state and during switching transients.

* Conduction losses. Because the SSCB carries the load current continuously, the
on-state voltage drop is a dominant figure of merit. Bipolar devices (IGBT, IGCT,
thyristor) offer essentially constant on-state voltage and are preferable at high
currents, while unipolar devices (MOSFET, JFET, HEMT) offer resistive behavior
that is advantageous at low and moderate currents.

¢ Switching speed and turn-off capability. The device must be able to turn off
the maximum interrupted current quickly enough to keep the energy dissipated
during the turn-off transient within safe limits. This typically rules out non-
controllable devices such as classical SCRs unless they are combined with external
commutation circuits.

* Short-circuit withstand time. During the interval between the fault inception and
the actuation of the SSCB, the device must withstand the fault current without
being destroyed. Si IGBTs typically withstand short circuits for 5-10 us, SiC MOS-
FETs for 1-3 us, and GaN HEMTs for less than 1 us, which imposes increasingly
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Approximate operating ranges of power semiconductor devices for SSCB applications
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Figure 5.1. Approximate operating ranges (rated blocking voltage versus rated current) of the principal
power semiconductor devices used in SSCB applications. Both axes are logarithmic. Silicon bipolar

devices (top right) dominate the high-power region, silicon and wide-bandgap unipolar devices share the
lower-power region, and emerging SiC bipolar devices (SiC ETO /IGBT) target the highest voltage class.

stringent requirements on the speed of the detection and gate-drive subsystems
as the technology becomes faster.

* Bidirectional capability. In AC applications, the device must be able to block
voltage and conduct current in both directions. Most devices are unidirectional
in one or both senses, leading to the back-to-back arrangements discussed in
Chapter 6; reverse-blocking IGCTs and emerging monolithic bidirectional GaN
switches represent a more compact alternative.

* Gate-drive complexity and power. Voltage-controlled devices (MOSFET, IGBT)
require very low gate-drive power, while current-controlled devices (GTO, clas-
sical IGCT) demand high gate currents during turn-off. For normally-on JFETs,
special start-up provisions are required to keep the device in the off-state until the
gate driver is ready.

* Cost and availability. The price per ampere of WBG devices is decreasing rapidly
but is still higher than that of mature silicon devices. The total cost of an SSCB
also includes the gate driver, the cooling system, the voltage-clamping branch and
the housing, all of which depend on the choice of semiconductor.

Table 5.1 summarizes the principal characteristics of the devices reviewed in this
chapter as a first-pass selection guide. As a rough rule of thumb, low-voltage (< 1kV)
AC SSCBs are dominated by SiC MOSFETs in back-to-back configuration, occasionally
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Table 5.1. Comparative overview of power semiconductor devices for SSCB applications

Device Material Vpax Imax  Gate control Speed Best suited for

Silicon devices

Thyristor (SCR) Si 6kV ~ 5kA Ononly Slow High-surge AC,
Z-source

GTO / ETO Si/SiC 6-15kV  3kA Full Medium High-voltage AC/DC,
MVDC

IGBT Si 6.5kV  3kA Full Medium-fast MV AC/DC SSCBs,
HVDC HCB

IGCT (RB-IGCT) Si 10kV ~ 5kA Ful Medium MV AC SSCBs, low
losses

Power MOSFET Si 1kV  200A Full Fast LV AC SSCBs (< 600V)

Wide-bandgap devices

SiC MOSFET SiC 33kV 500A Full Very fast LV/MV AC SSCBs,
modern

SiC JFET SiC 1.7kV 100 A Full (norm. on) Very fast Self-powered SSCBs

GaN HEMT GaN 650V 50A Full Ultra fast Aerospace, LV, compact

SiCETO /IGBT  SiC 15kV  300A Full Fast Future MV /HV SSCBs

supplemented by Si MOSFETs in the lowest-voltage classes; in the medium-voltage
range (1-35kV) Si IGBTs and Si IGCTs remain the standard choice, with SiC MOSFETs
and SiC bipolar devices gaining ground as their cost decreases; and GaN HEMTs are
restricted today to specialized low-voltage applications where their switching speed
and compactness are worth the restricted voltage range.

The selection of the optimal device is ultimately application-specific. For the AC SS-
CBs targeted in this thesis—operating at line voltages typical of low-voltage distribution
networks (230 V single-phase, 400 V three-phase)—a back-to-back configuration of SiC
MOSFETs represents the most balanced compromise between speed, on-state losses, cost
and commercial availability. This choice is the one adopted for the simulation studies of
Chapter 7. The experimental platform of Chapter 8 instead uses a commercial Combo
JFET board, in which a normally-on SiC JFET is placed in series with a low-voltage
silicon MOSFET — an arrangement that trades the simplicity of a single normally-off
device for a lower on-state resistance.
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Chapter 6

Solid-State Circuit Breakers —
Architecture and Topologies

Building on the device-level analysis of the previous chapter, this chapter examines the
solid-state circuit breaker as a complete subsystem. The generic architecture is presented
tirst, followed by a description of the typical voltage and current waveforms during fault
interruption. The principal AC SSCB topologies are then discussed, together with the
auxiliary subsystems (voltage clamping, gate driver, fault detection) that complete the
design. The chapter closes with a review of the most representative SSCB applications.

6.1 Generic SSCB architecture

A solid-state circuit breaker can be described, at a sufficiently abstract level, as the
combination of the four functional blocks shown in Figure 4.4 [10]:

* Main semiconductor switch. One or more controllable power-electronic devices
arranged so as to be able to interrupt the load current when commanded to
do so. In an AC breaker, the switch must be capable of blocking voltage and
conducting current in both directions, which generally requires either a back-
to-back arrangement of unipolar devices or the use of inherently bidirectional
structures.

¢ Voltage clamping / energy absorption branch. A parallel branch, typically con-
taining a metal-oxide varistor (MOV) or a transient-voltage-suppression (TVS)
device, that absorbs the inductive energy of the network when the semiconductor
switch is turned off and that limits the voltage across the switch to a safe value.

* Gate driver. The electronic interface between the control logic and the main
switch, responsible for delivering the gate-current or gate-voltage pulses required
to drive the device into the on-state and the off-state [38]. The gate driver also
includes isolation barriers, auxiliary power supplies and protection features such
as Miller-clamping and short-circuit detection.

* Sensing and control system. The combination of current and voltage sensors
and digital or analog control circuits that monitors the operating state of the main
circuit, identifies abnormal conditions, and generates the trip command to the
gate driver. The control system may also implement communication with the
supervisory protection system and coordinate with other breakers in the network.

A small number of additional optional elements are commonly found in practical
SSCB designs. The most important is the mechanical isolator, a slow disconnect switch
placed in series with the main semiconductor branch and operated only after the current
has been interrupted. The isolator provides the galvanic isolation that the semiconductor
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switches alone cannot guarantee in their off-state, due to the small but non-zero leakage
current that always flows through them. Another common element is a fault-current-
limiting inductor, which is occasionally inserted in series with the breaker to slow down
the rate of rise of the fault current and to give the control system more time to react;
however, the addition of such inductors increases the energy that the MOV must absorb
at the end of the interruption and is therefore subject to a trade-off [22].

A further auxiliary element, closely related to the voltage-clamping branch but
functionally distinct from it, is the snubber circuit connected directly across the main
semiconductor switch. Whereas the MOV branch is dimensioned to absorb the bulk of
the magnetic energy stored in the network inductance, the snubber has the more local
task of limiting the rate of rise of the voltage (dv/dt) across the device and of damping
the high-frequency oscillations excited by the parasitic inductance and capacitance
of the commutation loop. Whether a snubber is actually necessary is not a universal
property of the SSCB but depends strongly on the device technology chosen for the
main switch [20, 22, 25, 31]:

¢ Thyristor-type devices (SCR, GTO, IGCT). The requirements differ between
device families. Conventional SCRs often use an RC (dv/dt) snubber to prevent
spurious re-triggering caused by a fast re-applied forward voltage, usually com-
plemented by a series di/dt-limiting inductor. Gate turn-off thyristors (GTOs)
additionally need a bulky polarized RCD turn-off snubber to keep the device
within its safe operating area during the turn-off transient, which is one of the
main practical drawbacks of GTO-based designs. The hard, low-inductance gate
drive of an IGCT allows operation without a turn-off snubber. Turn-on di/dt
limitation and the device’s voltage and switching limits must still be respected.

¢ IGBTs. Insulated-gate bipolar transistors can frequently be operated “snubber-
less” when driven by a modern gate driver that provides active clamping and
a controlled turn-off speed. A small RCD clamp snubber is nevertheless often
retained in high-power or series-connected designs, in order to limit the turn-off
overvoltage produced by the stray inductance of the commutation loop and to
assist in the static and dynamic voltage sharing between series devices.

* MOSFET;, in particular wide-bandgap (SiC and GaN) devices. Owing to their
very fast switching and to the protection features built into their gate drivers
(Miller clamp, active gate-voltage clamping), these devices are usually operated
without a turn-off snubber. A small RC snubber is sometimes added solely to damp
the voltage ringing and the associated electromagnetic interference produced by
the high dv/dt, rather than to protect the device itself.

In all cases the snubber complements, but does not replace, the MOV-based energy-
absorption branch: the two elements act on different time scales and absorb very
different amounts of energy. The detailed design of both is treated together with the
other auxiliary subsystems in Section 6.4.
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6.2 Operating principle and typical waveforms

The operation of an SSCB during a fault can be divided into a small number of well-
defined phases, which are best described with reference to the typical waveforms shown
in Figure 6.1. The waveforms correspond to the single-phase AC test case analyzed in
Chapter 7, in which a 230V (RMS), 50 Hz source feeds an inductive load through the
breaker. The defining feature of the AC case, with respect to the more familiar DC one,
is that both the source voltage and the load current are sinusoidal: the instant at which
the fault occurs and at which the breaker is commanded to open — the so-called point
on wave — is therefore not fixed, and the severity of the interruption depends on the
phase angle of the source voltage at that instant.
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Figure 6.1. Typical waveforms of the current through the main switch (lsy), the voltage across the breaker
(Vior) and the current through the MOV (Imoy) during the interruption of a fault.

Phase 1: Normal operation. Under steady-state conditions the main semiconductor
switch — or the bidirectional switch pair, in the AC case — is in the on-state. The
current through the breaker is the sinusoidal load current, the voltage across the breaker
is limited to the small on-state voltage drop of the conducting device(s) (typically a
few volts), and the MOV operates in its leakage region with negligible current. The
power dissipated in the breaker corresponds entirely to the conduction losses of the
semiconductor, which in a bidirectional AC switch are incurred during both half-cycles
of the line current [2].

Phase 2: Fault detection. When a short circuit occurs in the downstream system,
the current through the breaker departs from its sinusoidal trajectory and starts to
rise rapidly. The instantaneous rate of rise is governed by di/dt = (US( t) — varc) /L,
where v;(t) is the instantaneous source voltage, vare the fault arc voltage and L the loop
inductance, and may easily reach hundreds or thousands of amperes per microsecond
in low-inductance circuits. Because vs(t) is sinusoidal, the steepness of the fault current
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depends on the point on wave: a fault occurring near the voltage peak produces the
fastest rate of rise, and therefore the largest let-through current for a given detection
threshold and trip delay, whereas a fault near a voltage zero develops more slowly
but carries the largest DC offset and hence the highest prospective peak. The sensing
system detects the abnormal condition either when the instantaneous current exceeds a
tixed threshold (in the present work 100 A, i.e. somewhat above the ~ 58 A peak of the
normal load current) or when its rate of rise exceeds a predefined value. The detection
time is determined primarily by the bandwidth of the current sensor and the speed of
the comparator or digital processor used to evaluate the trip condition [2, 39].

Phase 3: Turn-off of the main switch. Once the trip condition is satisfied, the gate
driver applies a turn-off command to the main semiconductor switch. A key distinction
with respect to a conventional line-commutated device must be stressed here: a fully
controllable SSCB does not wait for the natural zero crossing of the AC current, but
forces the switch into the blocking state actively, at whatever point of the cycle the
trip command is issued. The turn-off is completed in a few hundred nanoseconds to a
few microseconds, depending on the device technology and on the magnitude of the
current being interrupted. As the current through the switch decreases, the voltage
across it rises rapidly, driven by the inductive voltage L - di/dt of the network. Without
a voltage-clamping device this voltage would easily exceed the breakdown voltage of
the switch and destroy it; in Figure 6.1 it is instead limited to the clamping level of the
MOV, appearing as the short voltage spike at the instant of interruption [2, 20].

Phase 4: Energy absorption. When the voltage across the breaker reaches the clamping
level of the MOV, the varistor enters its conducting region and the current is diverted
from the main semiconductor switch into the MOV branch (the short current pulse
visible in the bottom trace of Figure 6.1). The MOV behaves approximately as a constant-
voltage element, so the current through it is forced to zero at a rate (Vjamp — 0s(t)) /L,
where Vjamp is the clamping voltage of the MOV and vs(t) the instantaneous source
voltage. During this phase the MOV absorbs the magnetic energy stored in the network
inductance, plus the energy supplied by the source until the current is fully extinguished.
Treating the source voltage as approximately constant over the (very short) absorption
interval, the energy absorbed by the MOV can be estimated by

1
WMOV ~ — LIZ

2 maXx

Vclamp

clamp — |Us<t()) | ’

6.1)

where Inax is the maximum interrupted current and vs(tp) the source voltage at the
instant of interruption. Equation (6.1) reduces to the familiar DC expression when
|vs(t0)] is replaced by the constant DC voltage V.. For a given interrupted current, this
approximation gives the highest absorbed energy when the source voltage is near its
peak, |vs(to)| = Vs. The actual worst case must consider both the interrupted current
and the point on wave; their maxima need not coincide. The MOV must be rated for
the resulting energy requirement with adequate margin [20, 40]. As in the DC case, a
higher clamping voltage produces a faster decay of the current and reduces the energy
absorbed, but at the cost of a higher voltage stress on the semiconductor switch and
on the surrounding equipment. A further constraint specific to the AC case is that the
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clamping voltage must lie safely above the peak value of the source voltage, Vijamp > Vs,
so that the MOV does not conduct on every half-cycle during normal operation; a typical
compromise places Vijamp at 1.5-2.2 times the peak system voltage [22].

Phase 5: Recovery and isolation. When the current through the MOV reaches the
leakage level, the breaker has fully interrupted the fault. From this moment the open
breaker must withstand the recovery voltage; in the AC case this is no longer a constant
value but the full sinusoidal source voltage, which now appears across the blocking
switch and oscillates between +V; on every cycle. This is clearly visible in the center
trace of Figure 6.1, where the voltage across the breaker becomes a 50 Hz sinusoid
of amplitude equal to the source peak once the current has been extinguished. The
blocking-voltage rating of the semiconductor and the clamping voltage of the MOV must
both accommodate this recurring peak. The MOV itself returns to its high-resistance
state and carries only its negligible leakage current. If galvanic isolation is required, a
series mechanical isolator can now be opened with no current flowing through it. The
breaker can be subsequently reclosed either by an automatic reclosing algorithm or by a
manual command, once it has been verified that the downstream fault has been cleared.

6.3 Topologies of AC solid-state circuit breakers

The realization of an AC SSCB is complicated by the fact that the breaker must be capable
of blocking voltage and conducting current in both directions. Several topologies have
been proposed to achieve this, each with its own combination of advantages and
limitations. The most representative are described below [2, 10].

Back-to-back (anti-series) configuration. Two unidirectional switches (typically MOS-
FETs or IGBTs) are connected in anti-series, with their internal body diodes (or external
anti-parallel diodes) facing in opposite directions. This configuration is conceptually
simple and is the most widely used in low-voltage AC SSCBs (Figure 6.2). In the
on-state, the load current flows through the channel of one transistor and, since both
devices are gated on, through the channel of the other in the reverse direction; in the
off-state, one transistor blocks the positive half-cycle of the voltage and the other blocks
the negative half-cycle. The main drawbacks are the doubled on-state voltage drop
(the current always flows through two devices in series) and the need to coordinate the
gate-drive of the two switches, which are at different reference potentials [2, 32].

Common-source / common-drain configurations. A practical variation of the back-
to-back topology connects the sources (or the drains) of the two devices together, the
common-source arrangement giving both devices the same gate reference and therefore
allowing a single isolated gate-drive supply. The common-source arrangement is
particularly popular because it places the two gate terminals at approximately the same
potential, simplifying the gate driver. The common-drain arrangement is sometimes
preferred when the package or the layout makes the drain connection easier [2, 25].
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Figure 6.2. Back-to-back (anti-series) AC SSCB topology using two SiC MOSFETs. With both gates
enabled, the MOSFET channels conduct in either current direction; with both gates disabled, the opposing
body diodes allow the pair to block either voltage polarity.

Reverse-blocking devices. A more elegant solution is to use a single bidirectional
or reverse-blocking power semiconductor device. Reverse-blocking IGBTs (RB-IGBTs)
and reverse-blocking IGCTs (RB-IGCTs) can block voltage in both directions and are
well suited for AC SSCB applications. Anti-parallel pairs of RB-IGCTs have been
demonstrated in medium-voltage AC breakers with very low on-state voltage drop
and reduced device count compared with conventional back-to-back arrangements.
Bidirectional vertical MOSFET structures with reverse blocking capability are also under
active development [2, 6].

Diode-bridge with single switch. In this topology, four diodes arranged in a full-
bridge rectifier configuration are placed in front of a single unidirectional power switch
(Figure 6.3) [2, p. 369]. The bridge converts the bidirectional AC current into a unidirec-
tional current flowing through the switch, which can therefore be a simple MOSFET
or IGBT. The advantage of this approach is that only one main switch and one gate
driver are required, irrespective of the polarity of the system. The disadvantage is
the additional conduction loss: the current passes through two bridge diodes and the
main switch. The resulting loss depends on the diode forward voltages, the switch
technology, current and temperature; counting device drops alone does not establish a
tixed percentage penalty relative to a back-to-back arrangement [2, 32].
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Figure 6.3. Diode-bridge AC SSCB topology, in which four rectifier diodes convert the AC current into a
unidirectional current that is interrupted by a single power semiconductor switch.

Thyristor-based topologies (anti-parallel SCR, Z-source, T-source). An anti-parallel
pair of silicon-controlled rectifiers can carry either polarity of AC current with only
one SCR in the conducting path. Removing the gate signal does not turn an SCR off:
the conducting device must be commutated below its holding current and allowed
sufficient recovery time before forward voltage is reapplied [25, 29]. Figure 6.4 shows
a simplified AC arrangement with a controlled resonant commutation branch. A
precharged capacitor and an inductor generate a pulse that diverts current from the
conducting SCR. The capacitor polarity must be selected for the actual line-current
direction; the gate of the opposite SCR remains inhibited throughout the interruption.
The auxiliary branch must subsequently cease conducting, allowing the MOV to absorb
the remaining network energy.

IQI/
1
/%
@ AC line % § Load

Figure 6.4. Anti-parallel-SCR AC breaker with a bidirectional commutation switch S, resonant compo-
nents L., Cc, and MOV. Capacitor precharge and polarity selection, sensing and gate drivers are omitted;
this is not a Z-source or T-source circuit.

Z-source and T-source (coupled-inductor) breakers are related thyristor-based fam-
ilies developed primarily for DC interruption. Their impedance networks create a
current zero in the main SCR during a fault; coupled-inductor variants can improve the
grounding arrangement and the normal-current path [19, 41]. These basic DC circuits
must not be interpreted as directly interchangeable with the anti-parallel AC pair: AC
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operation requires appropriate bidirectional commutation or rectification. Their appeal
is the combination of surge-current capability and low on-state loss, at the expense of
an additional commutation network.

Three-phase configurations. For three-phase AC systems, the simplest realization
is to use one bidirectional SSCB per phase, with coordinated control between the
three breakers. More compact topologies can be obtained by sharing some of the
semiconductor devices among the three phases, or by combining the SSCB function
with that of a static transfer switch [2].

6.4 Auxiliary circuits

6.4.1 Voltage clamping and snubber circuits

As discussed in Section 6.2, the inductive energy stored in the network must be absorbed
by an auxiliary element when the main semiconductor switch is turned off, in order to
keep the voltage across the switch within safe limits. Several types of voltage-clamping
and snubber circuits are used in practice [20, 22]:

* Metal-oxide varistors (MOVs). MOVs are zinc-oxide-based devices that exhibit a
highly non-linear voltage-current characteristic: they behave as an open circuit
below their clamping voltage and as an approximately constant-voltage element
above it. They can absorb very large amounts of energy and are the most common
voltage-clamping element in medium- and high-power SSCBs; because of this
central role they are treated separately and in more detail in Section 6.4.2.

¢ Transient-voltage-suppression (TVS) diodes. TVS diodes are reverse-biased
PN junction diodes optimized to clamp transient overvoltages. They have faster
response than MOV but lower energy-absorption capability. They are therefore
more suitable for low-power circuits, including gate drivers for series-connected
devices.

* RC, RCD and active snubbers. When the rate of change of the voltage across
the switch (dV /dt) must be limited—for example to reduce electromagnetic in-
terference or to keep the displacement current of stray capacitances within safe
limits—a small capacitor in parallel with the switch, possibly in series with a
damping resistor and a freewheeling diode, can be added. Active snubbers using
a small auxiliary switch can also be implemented when the highest performance
is required.

The selection of the clamping voltage is the central design decision for the energy-
absorption branch. A higher clamping voltage reduces the energy to be absorbed and
the interruption time, but increases the voltage stress on the surrounding equipment.
Typical values are between 1.5 and 2.2 times the peak system voltage [22].
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6.4.2 The metal-oxide varistor

Because the metal-oxide varistor is, after the main semiconductor switch itself, the single
most critical component of the breaker — it alone determines the voltage to which the
network is allowed to rise during interruption and it alone absorbs the magnetic energy
released by the network inductance — it deserves a more detailed treatment than the
brief description given above.

Construction and conduction mechanism. A modern varistor is a ceramic block
formed by sintering zinc-oxide (ZnO) powder together with small quantities of other
metal-oxide additives (most importantly Bi;Os, together with oxides of antimony,
cobalt, manganese and others). During sintering the material organizes itself into highly
conductive ZnO grains, a few tens of micrometers across, separated by thin insulating
intergranular layers. Each individual grain boundary behaves electrically as a pair of
back-to-back semiconductor junctions with a breakdown voltage of the order of 3 to
3.5V, essentially independent of the grain size. The macroscopic device is therefore a
three-dimensional series—parallel network of a very large number of such microscopic
junctions: the number of grains stacked in series across the electrodes fixes the overall
varistor voltage, so that the breakdown voltage of the component can be set, almost at
will, by choosing the thickness of the ceramic, while its current and energy capability
are set by the electrode area. It is this granular, distributed structure — rather than
a single planar junction as in a TVS diode — that gives the MOV its characteristic
combination of high energy-absorption capability and strong non-linearity [40, 42].
Electrically, the device is commonly represented by the parallel combination of the
intergranular capacitance C, and a strongly voltage-dependent resistance Ry, placed
in series with the nearly constant bulk resistance R, of the ZnO grains; at low applied
voltage R, dominates and behaves almost ohmically, whereas at high current the grain
resistance Ry becomes the limiting element [42].

The non-linear V-I characteristic. The defining property of the varistor is the ex-
tremely non-linear relationship between the voltage across it and the current through it,
which over many decades of current is described with good accuracy by the empirical
power law

. ) I 1/0(
I =kV", equivalently V= % , (6.2)

where k is a constant fixed by the geometry and composition of the device and « is
the non-linearity coefficient. For a good ZnO varistor « lies typically in the range 25-50,
to be compared with @ = 1 for an ordinary ohmic resistor and a ~ 3-7 for the older
silicon-carbide varistors. Manufacturers more frequently quote the reciprocal exponent
B = 1/a, which is simply the slope of the characteristic on logarithmic axes and is
written in the equivalent form V = C 1 P where C is the voltage at unit current; for ZnO
B lies around 0.03-0.05, compared with  ~ 0.4 for a silicon-carbide varistor, p = 1
for an ohmic resistor and B = 0 for an ideal constant-voltage clamp [42]. The practical
meaning of such a large exponent (equivalently, such a small ) is best appreciated
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by noting that the voltage changes only as the 1/a power of the current: with & = 30
(B ~ 0.033), a change of the current by three orders of magnitude (a factor of 1000)
produces a change of the voltage of only 1000!/% s 1.26, i.e. about 26 %. It is precisely
this near-independence of the voltage from the current that allows the varistor to behave,
to a first approximation, as the constant-voltage element assumed in the derivation of
Equation (6.1).

The resulting characteristic is shown in Figure 6.5, plotted on logarithmic axes so
that the power law of Equation (6.2) appears as a straight line whose slope equals 1/«.
Three regions can be distinguished:

* Leakage (pre-breakdown) region. At voltages below the varistor voltage the
intergranular barriers are not yet broken down and the device is highly resistive,
conducting only a small, strongly temperature-dependent leakage current of the
order of microamperes. This is the region in which the MOV of an SSCB sits during
normal operation: the clamping voltage is deliberately chosen so that the recurring
peak of the line voltage, V;, falls safely below the knee of the characteristic, so that
the varistor draws negligible current and dissipates negligible power on every
half-cycle.

¢ Normal operating (clamping) region. Above the varistor voltage the intergran-
ular junctions break down and the device enters the strongly non-linear region
described by Equation (6.2). The current rises by many orders of magnitude —
from about 1 mA to several kiloamperes — while the voltage rises only modestly,
producing the nearly flat plateau that constitutes the useful clamping action. This
is the region in which the varistor operates during the energy-absorption phase
(Phase 4 of Section 6.2), and the flat plateau is the direct cause of the flat-topped
voltage spike observed in the breaker-voltage trace of Figure 6.1.

¢ Upturn (high-current) region. At very high currents the voltage drop across
the bulk resistance of the conductive ZnO grains themselves can no longer be
neglected, the characteristic loses its non-linearity and becomes approximately
ohmic again, and the curve turns sharply upward. In this region the characteristic
is well described by V = C 1 P + I Rs, where the added term I R, represents the
ohmic drop across the series grain resistance R; (typically 0.05-0.5 (3) [42]. This
region sets the true maximum clamping voltage of the device and must be taken
into account when the varistor is required to absorb the very large surge currents
of a high-power interruption.

Datasheet parameters relevant to SSCB design. The parameters quoted by manufac-
turers map directly onto the design quantities of the energy-absorption branch [40, 42]:

¢ the varistor voltage Vy, conventionally specified as the voltage measured at a d.c.
current of 1 mA, locates the knee of the characteristic;

¢ the maximum continuous operating voltage (MCOV), the highest a.c. (RMS) or d.c.
voltage that may be applied indefinitely without appreciable heating. The a.c.
rating is compared with the maximum RMS operating voltage and the d.c. rating
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Figure 6.5. Typical V-I curve of a ZnO metal-oxide varistor.

with the maximum steady d.c. voltage, including tolerances. Separately, the clamp-
ing voltage must exceed the instantaneous supply voltage during interruption, as
established in Section 6.2;

¢ the clamping voltage V-, the voltage appearing across the device at a specified surge
current and pulse shape (the standard 8/20 us pulse is common), whose ratio
to the varistor voltage, the clamping ratio Vo / VN ~ 1.5-1.8, fixes the worst-case
voltage stress imposed on the semiconductor switch;

¢ the maximum peak surge current and, most importantly for the breaker, the maximum
absorbed energy (in joules, for a single pulse of stated duration), which must exceed
with adequate margin the energy Wyioy of Equation (6.1) computed for the worst-
case point-on-wave interruption.

Aging and thermal stability. A practical concern specific to the SSCB application
is that, unlike a surge arrester that is called upon only rarely, the varistor of a circuit
breaker is stressed close to its clamping region at every interruption. Repeated high-
energy pulses gradually degrade the intergranular barriers: the leakage current in the
pre-breakdown region slowly increases and the whole characteristic drifts downward,
which in turn raises the standby power dissipation and, in the worst case, can lead to
thermal runaway if the heat generated by the leakage current exceeds the rate at which
it can be removed. For this reason the varistor is normally derated — both in energy
and in operating voltage — relative to its nominal ratings, and the expected number of
interruptions over the service life of the breaker becomes an explicit design parameter.
This finite endurance of the energy-absorption branch is one of the practical limitations
of present-day SSCBs [40, 42] and is discussed further among the open challenges of
Chapter 9.
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6.4.3 Gate driver circuits

The gate driver is the electronic interface between the low-power control system and the
power semiconductor switch. In an SSCB, the gate driver must satisfy several stringent
requirements [25, 38, 39]:

¢ Fast turn-off of the main switch, in order to minimize the time during which
the device is subjected to the fault current. The turn-off transient is typically
completed in less than 1 ps.

¢ Galvanic isolation between the control logic and the power circuit, usually imple-
mented through optocouplers, fiber-optic links or isolated gate-drive transformers.

¢ Self-powered or fail-safe operation, so that the SSCB remains in a defined state
even if the auxiliary power supply is lost during the fault.

¢ Protection features such as desaturation detection, Miller-clamp to prevent unin-
tended turn-on during high dV'/dt transients, and active clamping, in which the
drain-source overvoltage is fed back to the gate through a TVS stack.

For SSCBs employing series-connected devices, the gate driver must additionally
ensure synchronous turn-off of all devices in the stack, in order to avoid uneven voltage
sharing during the transient. Both single gate-drive (centralized) and multiple gate-
drive (distributed) approaches have been proposed in the literature, each with its own
trade-offs in terms of complexity, performance and reliability [43].

6.4.4 Fault detection and current sensing

The performance of an SSCB depends critically on the speed and accuracy with which it
can detect a fault condition. Fault detection is based on the measurement of one or more
electrical quantities and on the comparison of the measured values with predefined
thresholds. The most common methods are:

* Overcurrent detection. The current through the SSCB is continuously measured
and compared with a threshold, typically set at 2-3 times the rated current. As
soon as the current exceeds the threshold, the trip command is issued. This is the
simplest and most widely used method. Its response time depends on how far
the threshold is set above the rated current — a slowly rising fault is detected late —
and on the bandwidth of the current sensor.

¢ Current slope detection (di/dt). Instead of (or in addition to) the absolute value
of the current, the rate of change di/dt can be used as a trip criterion. Because
the rate of change of the current is large from the very beginning of the fault, this
method can provide a faster response than overcurrent detection alone, at the cost
of an increased risk of false tripping due to load transients [39].

e Desaturation detection. In MOSFET- and IGBT-based SSCBs, an indirect indica-
tion of fault current is provided by the rise of the drain-source (or collector-emitter)
voltage above the value corresponding to normal on-state operation. This method,
originally developed for the protection of voltage-source inverters, can provide a
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fast response, although a blanking time of the order of a microsecond is needed to
ride out the turn-on transient. In an SSCB the main device operates permanently
in the ohmic region, so what is implemented is strictly a drain-source voltage
measurement against a threshold rather than desaturation detection in its original
sense [2, 39].

Current sensors used in SSCBs include current shunts, Rogowski coils, Hall-effect sen-
sors and giant-magnetoresistive (GMR) sensors. Shunts provide a very high bandwidth
and good linearity but introduce additional conduction losses; Rogowski coils have a
comparable bandwidth and no losses but cannot measure DC components; Hall-effect
sensors are compact and inexpensive but have limited bandwidth. The choice depends
on the specific requirements of the application [2, 10].

6.5 Applications of SSCBs

The combination of speed, controllability, longevity and arc-free operation makes SSCBs
attractive across a broad spectrum of applications, each emphasizing a different subset
of these benefits. The following list highlights the most representative deployment
scenarios.

¢ Industrial distribution and motor protection. In industrial plants, fast and se-
lective interruption protects sensitive equipment (variable-speed drives, robotics,
controllers, UPS units) against downstream short circuits, limits voltage-sag prop-
agation to the rest of the plant, and minimizes the let-through energy responsible
for cable and transformer damage. The arc-free and maintenance-free character
of the SSCB is especially valuable in continuous-process industries (chemical,
oil-and-gas, steel, mining) where downtime is extremely costly and where the
absence of an electric arc enables installation in classified hazardous areas.

¢ Data centers and mission-critical loads. Modern data centers and similar high-
availability installations (hospitals, semiconductor fabs, telecom hubs, financial
trading floors) require very high reliability and almost zero downtime. The
submillisecond clearing time of SSCBs limits the propagation of voltage sags
below the immunity threshold of sensitive equipment; the millions of operations
supported without aging fit naturally with frequent reconfiguration; and the silent,
vibration-free behavior is compatible with the strict environmental specifications
of these facilities. Commercial low-voltage AC SSCBs are now available from
several manufacturers specifically for data-center applications [11].

* Residential and commercial distribution. In low-voltage residential and com-
mercial circuits, the SSCB can be combined with a residual-current device (RCD)
to form a compact, arc-free and highly reliable protection unit. Adjustable current-
time tripping characteristics, remote operation and self-diagnostics enable smart
protection that adapts to the actual load profile, including increasing penetration
of EV charging, heat pumps and rooftop PV.

¢ Electric vehicle charging infrastructure. Modern fast- and ultra-fast-charging

86



Solid-State Circuit Breakers for AC Power Systems

stations operate at high voltages and currents and demand fast disconnection in
case of a fault, both to protect the vehicle and the charger and to enable plug-and-
play functionality. SSCBs are increasingly used both on the AC input side of the
charger and on the DC output side, where their arc-free operation is particularly
valuable.

* Renewable energy plants and inverter-based generation. PV power stations,
wind farms and battery energy storage systems contain large numbers of power-
electronic converters with limited short-circuit withstand capability. Fast SSCBs
allow individual converters and strings to be protected without affecting the
operation of the rest of the plant, enable arc-free disconnection of DC strings,
contribute to fault ride-through compliance, and support the bidirectional power
tflow typical of these installations [17, 19].

¢ AC and DC microgrids. In microgrids—and especially in islanded microgrids—
the limited fault levels and the high penetration of converters demand fast and
selective protection. SSCBs can be installed at the boundary between the micro-
grid and the main grid (enabling seamless transition between grid-connected and
islanded operation) and at the level of individual feeders or loads (providing se-
lective isolation of faults and supporting autonomous reconfiguration in response
to disturbances).

* Maritime and aerospace power systems. In hybrid- and all-electric ships and
in more-electric aircraft, weight, volume, reliability and the absence of arcing
are at a premium. The compactness, fast operation, silent behavior and very
long lifetime of SSCBs make them especially attractive in these environments,
where mechanical wear and corrosive atmospheres rapidly degrade conventional
switchgear. Wide-bandgap devices further benefit these applications thanks to
their tolerance of elevated ambient temperatures.

* Railway and traction power supply. Railway substations and on-board converters
benefit from fast SSCBs for the protection of catenary feeders, regenerative-braking
converters and auxiliary services. The very high number of switching cycles
encountered in traction service makes the long lifetime of SSCBs particularly
attractive.

* Defense and special applications. Pulsed-power systems, radar installations
and mobile generation units require switchgear capable of operating reliably
under extreme conditions and of responding to events much faster than mechan-
ical breakers permit. SSCBs are well suited to these niche but technologically
demanding applications.

Across this entire spectrum, the same underlying properties—ultra-fast interruption,
arc-free operation, controllability, longevity and integration with digital protection—
translate into concrete benefits: better protection of sensitive equipment, reduced
downtime, lower maintenance, smaller and lighter installations, improved system
stability and a smaller environmental footprint. Their relative importance varies from
one application to another, but the technology is in all cases a single, coherent answer to

87



Solid-State Circuit Breakers for AC Power Systems

the requirements of modern AC power systems.

6.5.1 Fault-level limitation and renewable-energy hosting capacity

A benefit that cuts across several of the applications listed above, and that is of particular
relevance to networks with a high share of renewable energy, deserves separate mention:
the ability of a solid-state breaker to limit the contribution that a source makes to the
short-circuit current of the network.

Every busbar and every piece of switchgear in a distribution network is rated for
a maximum short-circuit current that it can withstand and, in the case of a breaker,
interrupt. As more distributed generation is connected to a feeder, each additional
source contributes to the total fault current, so that the prospective short-circuit level at
the network nodes rises. Once this level approaches the withstand or breaking rating of
the existing equipment, the hosting capacity of the network for further generation is
effectively exhausted, and any additional connection requires the costly replacement
or upgrade of switchgear, busbars and transformers. The fault level—rather than
the thermal or voltage limits of the lines—then becomes the binding constraint on
renewable-energy integration.

A solid-state breaker alleviates this constraint by exploiting the time structure of the
short-circuit current. The fault current does not reach its full magnitude instantaneously:
it builds up from the instant of the fault, passing through a large subtransient peak
before settling. A conventional electromechanical breaker, with a clearing time of the
order of tens of milliseconds, allows this current to develop fully, so that the equipment
must withstand the entire peak and the associated let-through I°t. A solid-state breaker,
by contrast, interrupts within a fraction of a millisecond—Dbefore the current can reach
its peak—and, when operated in the current-limiting mode described in Chapter 7,
actively bounds the current for a prescribed interval within the thermal and energy
limits of the breaker. The peak current and let-through I?t from the protected source
can therefore be reduced.

This potential benefit requires verification of equipment withstand, selective coor-
dination and the applicable fault-ride-through requirements; rapid disconnection of a
healthy generating unit during an external fault cannot be assumed permissible [3]. The
benefit concerns the actual limited current and its duration, rather than an automatic
change in the prospective short-circuit level of the unprotected network.

With these conditions satisfied, fault-current limitation may permit additional dis-
tributed generation where equipment short-circuit withstand is the binding constraint,
potentially avoiding some equipment upgrades [44]. This is a network-specific planning
outcome, not an automatic consequence of installing a fast breaker. Thermal loading
and steady-state voltage limits remain separate constraints. This network-level benefit
is revisited in Chapter 7, where the fast interruption of the fault contribution of a local
synchronous generator is demonstrated in a three-phase distribution feeder.
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Chapter 7

Modeling and Simulation Results

The preceding chapters established the operating principle, the device-level charac-
teristics and the system-level architecture of solid-state circuit breakers. This chapter
complements that theoretical treatment with a set of time-domain simulations car-
ried out in MATLAB/Simulink, using the Simscape Electrical library. The objective
is twofold: first, to verify that the SSCB and its control logic behave as predicted by
the theory; and second, to quantify the advantage of the solid-state breaker over more
conventional interruption technologies under identical fault conditions.

The simulation work is organized in two parts. The present chapter first considers a
single-phase system, which serves as the fundamental test case in which the operation
of the breaker and of its control system is validated in detail (Section 7.1). The single-
phase principle is then extended to a three-phase network, both for a grid-feeding
configuration with passive loads and for a configuration that additionally includes a
local generator (Section 7.2).

7.1 Single-phase system

7.1.1 Test circuit and simulation parameters

The single-phase test circuit consists of a sinusoidal voltage source feeding a series
resistive—inductive load through the solid-state circuit breaker. The source represents a
230V (RMS), 50 Hz low-voltage network, with a small series resistance and inductance
accounting for the line impedance. A fault is introduced in parallel with the load by
means of a controllable fault branch, whose resistance drops from a very high (open-
circuit) value to a small short-circuit value at the instant t = 0.1s. The breaker is placed
in series between the source and the load, so that it carries the full line current and is
able to isolate the fault from the source.

The complete set of parameters used in the single-phase simulations is summarized
in Table 7.1. The load resistance and inductance are chosen so that the steady-state peak
line current is of the order of 58 A, which is well below the 100 A detection threshold of
the breaker and therefore represents normal operating conditions.

7.1.2 Power stage and energy-absorption branch

The power stage of the breaker, shown in Figure 7.1, is implemented as a back-to-back
pair of silicon-carbide power MOSFETs, in accordance with the bidirectional topology
discussed in Section 6.3. The two devices are modeled using the manufacturer-provided
thermal model of the STMicroelectronics SCTWA90N65G2V, so that the conduction
losses, the switching losses and the resulting junction temperature are computed self-
consistently during the simulation. The common-source arrangement of the two tran-
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Table 7.1. Parameters of the single-phase simulation model.

Subsystem Parameter Value
Source Voltage (RMS / peak) 230V / 230v/2 ~ 325V
Frequency 50Hz
Line Resistance 0.01Q)
Inductance 0.5mH
Load Resistance 4.60)
Inductance 10mH
Main switch Device SiC MOSFET, ST SCTWA90ON65G2V
(back-to-back pair)
On-state resistance R (o, 0.017Q)
Switching energy Eon / Eoff 22.86m] / 17.14m]
Clamping MOV clamping voltage 480V
Thermal Ambient temperature 25°C
Junction-to-ambient resistance 2K/W
Initial junction temperature 80°C

sistors allows the breaker to block voltage and to conduct current in either polarity, as
required for an AC breaker.

Ay

MOV

o - . D
Conn1 Normal Conduction Path Conn2
=

T STMicroelectronics:SCTWASONB5G2V P——  STMicroelectronics:SCTWAIONE5G2V
? a

Gate DO—/

| - Temp

Gate Driver

Temp Meas

Figure 7.1. Power stage of the single-phase SSCB: back-to-back SiC MOSFET pair, parallel metal-oxide
varistor for voltage clamping, gate-driver subsystem and thermal-measurement subsystem.

A metal-oxide varistor is connected in parallel with the switch to absorb the inductive
energy of the network at the instant of interruption and to clamp the voltage across the
devices to a safe value, following the principle described in Section 6.2. Its clamping
voltage is set to 480 V; for a 230 V system this corresponds to approximately 1.5 times
the peak source voltage, which keeps the voltage stress on the MOSFETs comfortably
below their rated blocking voltage while still allowing a rapid decay of the interrupted
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current, as discussed in Section 6.2.

7.1.3 Control architecture

The control logic that generates the gate signal of the breaker is shown in Figure 7.2. It
is organized into three functional blocks, which operate on the measured line current
and on the measured switch temperature and which together determine the state of the
gate command.

Temperature Control
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Figure 7.2. Control logic of the single-phase SSCB, comprising the fault-recognition block, the current-
limiter block and the temperature-control block.

¢ Fault recognition. The absolute value of the measured line current is compared
with a fixed threshold of 100 A, which plays the role of the current-sensor trip
level Isens. When the current exceeds this threshold, a set—reset latch is set and a
fault is declared. The latch retains the fault state until it is explicitly cleared by an
external reset command, so that the breaker does not re-close spontaneously while
the fault is still present. This corresponds to the overcurrent-detection method
described in Section 6.2.

* Current limiter. Once a fault has been detected, the breaker does not necessarily
interrupt the current immediately; instead, it can be operated in a current-limiting
mode, in which the gate signal is switched on and off so as to keep the line
current within a predefined hysteresis band. The upper and lower limits of this
band are determined by the circuit characteristics in the same way as in any
classical hysteretic current controller: for a given line inductance L and applied
voltage v, the rate of change of the current during the on- and off-intervals is
di/dt = v/L, and it is this ramp rate—together with the width of the band—that
sets the natural switching frequency of the hysteretic loop. The mechanism is
illustrated schematically in Figure 7.3.

In a standard hysteretic controller this frequency would be determined solely by
the circuit, and could in principle become arbitrarily high if the band is narrow
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or the inductance is small. For a power semiconductor, however, each commuta-
tion incurs a fixed switching energy loss, so an unbounded switching frequency
translates directly into unbounded switching losses and, ultimately, into thermal
destruction of the device. The control strategy adopted here addresses this by
imposing a minimum dwell time tp;, in each switching state, implemented by two
integrators with a comparison threshold in the control logic. This minimum dwell
time is the design parameter that the engineer sets directly; it translates into a
well-defined upper bound on the switching frequency:

1
2 tmin .

f sw,max —

In the present simulation tyij, = 0.2ms, giving fswmax = 2.5 kHz. What the de-
signer therefore controls is not the band width directly, but the worst-case switching
frequency: by choosing tmin the maximum number of commutations per second—
and hence the maximum switching loss contribution—is capped independently of
the circuit parameters, providing an explicit and predictable means of protecting
the semiconductor from excessive switching stress. The band width, on the other
hand, is a consequence of this choice together with the network inductance and
the instantaneous voltage, and determines the quality of the current tracking as
discussed in Section 7.1.6.

The total duration of the current-limiting phase is set by a separate timer (the
discrete integrator at the output of the block); in the results presented below this
duration is set to 0.035 s, after which the breaker performs a definitive interruption
at the first natural current zero. Opening at a current zero means that the magnetic
energy trapped in the line, 3 Li?, is essentially zero at the instant of interruption,
so that almost no energy is forced into the varistor and the MOSFETs commutate
under zero-current conditions. This protects both the power semiconductors and
the metal-oxide varistor from the large turn-off transient that a hard interruption
at an arbitrary point of the cycle would otherwise produce.

* Temperature control. The junction temperature of the switch is monitored and
compared with a thermal limit of 120 °C. If this limit is exceeded, a second set-
reset latch is set and the gate command is forced off, irrespective of the state of the
other two blocks, thus providing an independent over-temperature protection. As
with the fault-recognition latch, the thermal latch is cleared only by an external
reset command.

The outputs of the three blocks are combined so that the gate command is asserted
only when no fault, no current-limiting chopping command and no over-temperature
condition require the switch to be off. The resulting logic signal is scaled to the gate-
drive voltage level and applied to the gate driver of the power stage through a fixed
propagation delay of 20 us, which represents the finite reaction time of the sensing and
gate-drive chain.
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Figure 7.3. Principle of the hysteretic current limiter. While the switch is on, the line current ramps up
with slope +v/ L; when it reaches the upper edge of the band the gate is removed and the current ramps
down with slope —v /L until the lower edge is reached, at which point the switch is turned on again. The
minimum dwell time tmin enforced in each state caps the switching frequency at fowmax = 1/ (2tmin),
while the resulting band width follows from tmin together with the ramp rate v/ L.

7.1.4 Case 1: direct interruption

In the first scenario the current-limiting function is disabled, so that the breaker performs
a direct interruption as soon as the fault is detected. The resulting line current, load
voltage and switch temperature are shown in Figure 7.4.

During normal operation, up to t = 0.1s, the line current is a sinusoid of approx-
imately 58 A peak and the load voltage follows the source voltage. When the fault is
applied at t = 0.1s, the current begins to rise rapidly; as soon as it reaches the 100 A
threshold, the fault-recognition block trips the breaker and the current is forced to
zero in less than a millisecond. The load voltage collapses to zero at the same instant,
confirming that the fault has been isolated from the source. After interruption the switch
no longer dissipates power, and its junction temperature decays exponentially from its
initial value towards the ambient temperature, with a time constant set by the junction-
to-ambient thermal resistance of the thermal model. This scenario demonstrates the
fundamental advantage of the solid-state breaker: the fault current is interrupted almost
instantaneously, before it can reach a destructive magnitude.

7.1.5 Case 2: interruption with current limiting

In the second scenario the current-limiting function is enabled. After the faultis detected,
the breaker enters the current-limiting mode described in Section 7.1.3, in which the
gate signal is chopped at a maximum frequency of 2.5 kHz so as to keep the line current
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Figure 7.4. Single-phase SSCB performing a direct interruption: line current (top), load voltage (middle)
and switch junction temperature (bottom). The fault is applied at t = 0.1s.

within a narrow band centered on the desired RMS level, before performing a definitive
interruption at the end of the limiting window. The corresponding waveforms are
shown in Figure 7.5.
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Figure 7.5. Single-phase SSCB operating in current-limiting mode at a maximum switching frequency of
2.5kHz: line current (top), load voltage (middle) and switch junction temperature (bottom).

The line current is held within the limiting band for the duration of the limiting
window (0.04s), as opposed to being interrupted immediately. The high-frequency
chopping of the current is clearly visible in the top trace. The benefit of this mode is that
the fault current is kept under control without a sudden interruption, which reduces
the voltage transients imposed on the network and gives any upstream or downstream
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protection devices the opportunity to coordinate. The cost is that the switch continues
to conduct—and therefore to dissipate power—during the limiting phase, which is
reflected in the switch temperature: instead of decaying immediately as in Case 1, the
temperature remains elevated for the duration of the limiting window and only decays
once the current has been definitively interrupted. This trade-off between let-through

current and thermal stress is one of the central design considerations for current-limiting
SSCBs.

7.1.6 Effect of the limiting switching frequency

The maximum switching frequency of the current limiter is a free design parameter, set
by the minimum dwell time enforced by the integrators in the control logic (Section 7.1.3).
To investigate its influence, the current-limiting scenario of Section 7.1.5 was repeated
for three values of the maximum switching frequency—1kHz, 2.5kHz and 5kHz—
corresponding to minimum dwell times of 0.5ms, 0.2 ms and 0.1 ms respectively. The
2.5kHz case is the one already presented in Figure 7.5; the 1 kHz and 5 kHz cases are
shown in Figures 7.6 and 7.7.

Line Current

Switch Temperature
100 — T

Temperature (°C)

0.05 0.1 0.15 02
Time (s)

Figure 7.6. Current limiting at a maximum switching frequency of 1 kHz: line current (top) and switch
junction temperature (bottom).

The switching frequency primarily controls how faithfully the hysteretic limiter is
able to confine the line current to the prescribed band. Because the fault current is
driven through the line inductance, its rate of change di/dt = v/L is finite; during each
switching interval the current therefore continues to ramp until the next switching action
takes place. The longer the dwell time—that is, the lower the switching frequency—the
further the current is allowed to deviate from the band before it is corrected. This is
clearly visible in the results: at 1 kHz (Figure 7.6) the long dwell time allows the current
to swing well beyond the band, reaching peaks of the order of 130 A, whereas at 5 kHz
(Figure 7.7) the current is confined closely to the band, with peaks at 65 A, so that it
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Figure 7.7. Current limiting at a maximum switching frequency of 5kHz: line current (top) and switch
junction temperature (bottom).

tracks the underlying sinusoid much more cleanly. The 2.5 kHz case lies between these
two extremes.

The junction temperature of the switch exhibits a qualitatively different behavior
from Case 1, but one that deserves careful interpretation. Rather than decaying immedi-
ately after the fault is detected, the temperature remains approximately at its pre-fault
steady-state value for the entire duration of the limiting window, and only begins to fall
once the definitive interruption has been performed.

This behavior is, in fact, the expected and intended outcome of the current-limiting
strategy. The hysteretic controller is designed to hold the line current close to the
RMS value that would flow under normal operating conditions; it follows that the
average power dissipated in the switch during the limiting phase is comparable to
the dissipation in normal operation. The junction temperature, which responds to
this average power filtered through the thermal inertia of the device, therefore stays at
roughly the same level it would have reached anyway—it neither rises sharply as it would
under a sustained overcurrent, nor falls as it would if the switch were opened. In
this sense the current limiter is thermally transparent: it keeps the device within its
normal operating envelope while actively bounding the fault current delivered to the
network. Table 7.2 summarizes how the maximum limiting switching frequency affects
the let-through current and the resulting switch temperature.

The practical conclusion is that, over the range and for the device model examined
here, the choice of switching frequency is governed essentially by the quality of the
current tracking and the resulting let-through ripple, rather than by a thermal constraint:
a higher switching frequency yields a cleaner, more sinusoidal limited current at the
cost of more frequent commutations, while the junction temperature stays within a safe
and almost constant range in all cases. It should nevertheless be emphasized that this
near-insensitivity is specific to the device loss model and to the network parameters
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Table 7.2. Effect of the maximum limiting switching frequency on the let-through current and on the
switch temperature. The current and temperature values are approximate, read from the simulation
waveforms during the limiting window.

Max. switching Min. dwell Peak |ij;;e| T; during
frequency time (limiting phase) limiting phase
1kHz 0.5ms ~ 130 A ~ 85-90°C
2.5kHz 0.2ms ~90A ~ 80-85°C
5kHz 0.1ms ~ 65A ~ 82-85°C

used; a different ratio of switching to conduction losses, a different line inductance or a
wider band could make the thermal behavior more sensitive to the switching frequency.

Note on the thermal model. The junction-temperature traces need to be read with care,
and this is the first point at which the thermal behavior of the device has been discussed.
The thermal sub-model is used in this work to demonstrate the operation of the thermal-
protection function and to illustrate the qualitative thermal behavior of the breaker
during and after a fault. It is not intended as a calibrated electro-thermal prediction
of the specific device: the junction temperature of a single representative transistor
is monitored, and the thermal inertia of that device has been deliberately reduced so
that the response of the temperature-control loop can be clearly observed within the
simulated time window. A more detailed electro-thermal model, accounting for both
devices of the back-to-back pair and for the realistic thermal masses, is identified as a
possible direction for future work in Chapter 9.

7.1.7 Energy management of the clamping varistor during current
limiting
The current-limiting strategy analyzed so far was described purely from the point of
view of the line current and the switch, without reference to the clamping element.
In that idealized picture the hysteretic chopping confines the fault current to the pre-
scribed band and, as shown in Section 7.1.6, is essentially thermally transparent to the
semiconductor. A practical implementation, however, cannot ignore the metal-oxide
varistor (MOV) connected across the switch: a strategy that is benign for the MOSFETs
may be destructive for the varistor. This subsection therefore re-examines the same
current-limiting scenario with the energy stress on the MOV as the figure of merit, and
introduces the circuit modification required to make the chopping operation sustainable.

Why repetitive chopping is incompatible with a single-shot MOV. In a direct inter-
ruption (Case 1) the MOV absorbs a single pulse of inductive energy %Li2 when the
switch opens under fault current; this single event is the most demanding one and sets
the dimensioning criterion for the varistor. In current-limiting mode, by contrast, the
switch is opened and reclosed many times within the limiting window, and if the MOV
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were left to clamp every one of these turn-off transitions it would be forced to absorb a
comparable energy pulse at each commutation. As the comparison below shows, the
cumulative energy then grows as a staircase that exceeds the single-shot rating of the
device by more than an order of magnitude. The chopping operation is therefore not
viable unless the inductive energy is diverted away from the varistor at each turn-off;
this is the role of the controlled freewheeling discharge path introduced next.

The controlled freewheeling discharge path. The discharge path—shown in Fig-
ure 7.8—diverts the bulk of the commutated inductive energy away from the varistor
at each turn-off. The path consists of a diode bridge placed around the back-to-back
MOSEET pair, rectifying the AC line current onto a DC bus, across which a controlled
switch and dump resistor Rgump are connected in series. When the main switch opens
during a chopping cycle, the line current commutates into this path and decays through
Rgump with time constant T = L/ Rqump, rather than flowing through the MOV. The dis-
charge switch is enabled only during current-limiting mode; in direct-interruption mode
it remains open, leaving the MOV to perform its conventional single-shot clamping
function unaffected.

The rectifying bridge is what makes this arrangement attractive in a single-phase
AC application, and the choice deserves a brief justification. Functionally the branch
behaves as a crowbar: a controlled element is fired to provide a low-impedance bypass
into which the inductive current is dumped, and it conducts until that current decays.
A crowbar connected directly to the AC side, however, would have to conduct the
fault current in both polarities, which requires a bidirectional controlled device—two
anti-series thyristors (or MOSFETSs), or a triac. This doubles the number of controlled
power devices and, more importantly, forces at least one gate drive to be referenced to a
floating node, with its own isolated supply. By rectifying the line current first, the dump
branch instead sits on a DC bus of fixed polarity and can be controlled by a single device
whose reference terminal is tied to the negative rail, so that an ordinary non-isolated
gate drive suffices. The four bridge diodes are passive, inexpensive and rugged against
surge, and add negligible cost and complexity compared with a second controlled
channel and its isolated drive. This is why rectification, rather than a directly-connected
bidirectional crowbar, was adopted for the discharge path.

The MOV therefore acts as a backup voltage clamp during chopping rather than as
a repetitive energy absorber. Its clamping threshold is reached at certain instants—
particularly at the beginning of the limiting window, when the line current is at its
highest within the chopping band—but the varistor current i\joy at those instants
is small, since the freewheeling branch carries the bulk of the commutated energy.
Because the absorbed energy is governed by the product Wiov - imov, the cumulative
varistor stress over the entire limiting window remains low despite the large number of
switching cycles.

Quantitative comparison. The comparison was carried out for the 2.5kHz current-
limiting case (minimum dwell time tpi, = 0.2 ms per switching action) of Section 7.1.6.

Figures 7.9 and 7.10 show the switch current, switch voltage and MOV current without
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Figure 7.8. Topology of the controlled freewheeling discharge path: a diode bridge rectifies the AC line
current to a DC bus across which a controlled switch and Rgump provide a controlled decay path for the
inductive energy at each turn-off, relieving the MOV of repetitive switching stress.

and with the freewheeling path respectively. Without the path (Figure 7.9), a varistor-
current pulse is drawn at almost every turn-off, so that iyjoy tracks the chopping
envelope throughout the limiting window; with the path active (Figure 7.10), the MOV
conducts only a single significant pulse at the very first turn-off and remains essentially
inactive thereafter, while the switch voltage is still clamped at every transition.
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Figure 7.9. Current limiting at fmax = 2.5 kHz without the freewheeling path: switch current (top),
switch voltage (middle) and MOV current (bottom). The varistor draws a current pulse at nearly every
turn-off across the whole limiting window.

Figure 7.11 quantifies the effect. Without the freewheeling path, the MOV energy
accumulates as a staircase over the 40 ms limiting window, reaching approximately
450 J—more than thirty times the 14] absorbed in a direct interruption. With the
freewheeling path active, the cumulative varistor energy is reduced to approximately
12], roughly a factor of forty below the no-freewheeling case and comparable to the
energy of a single direct interruption. This confirms the operating principle described
above: the freewheeling branch carries the bulk of the commutated current at each
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Figure 7.10. Current limiting at fmax = 2.5 kHz with the controlled freewheeling path: switch current
(top), switch voltage (middle) and MOV current (bottom). The varistor conducts only at the first turn-off
and is essentially inactive thereafter, while the switch voltage is still clamped at every transition.

turn-off, so that the varistor conducts only a negligible residual fraction and its energy
absorption is effectively confined to the first fault transient.
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Figure 7.11. Cumulative energy [ Vyov imov dt absorbed by the MOV in the three operating scenarios:
direct interruption, current limiting without freewheeling path, and current limiting with freewheeling
path.

Alternative varistor protection strategies. For completeness, alternative circuit-level
approaches to managing the varistor energy during repetitive switching are noted
here, even though they are not implemented in the present simulation. An active
clamp replaces the passive Rqump with a controlled semiconductor switch, allowing the
discharge current to be regulated precisely and, in principle, a fraction of the inductive
energy to be recovered to a local storage element. An RC or RCD turn-off snubber placed
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directly across the switch reduces the peak dv/dt at turn-off, limiting the instantaneous
voltage stress on the MOV and spreading its energy absorption over a longer interval.
Finally, an LC resonant commutation branch can be designed to drive the switch current to
zero before the gate signal is removed, so that each interruption—whether partial or
tinal—occurs under near-zero-current conditions and releases essentially no inductive
energy into the clamping circuit; this is the operating principle of the hybrid resonant
breaker topologies reviewed in Chapter 4. Each strategy represents a different point on
the design space defined by circuit complexity, energy recovery capability, switching
speed and varistor dimensioning, and the choice among them is ultimately governed
by the specific device ratings and duty-cycle requirements of the application.

A further alternative is to replace the standard single-pulse MOV with a multi-
pulse varistor specifically engineered to withstand a large number of successive energy
injections. Standard varistors are characterized by a single non-repetitive peak current
rating; multi-pulse devices, by contrast, specify a repetitive-pulse energy envelope as
a function of pulse count and inter-pulse cooling interval, achieved through a larger
active cross-section and an improved zinc-oxide microstructure [40]. In principle, such
a device could absorb the repetitive chopping transients directly, without a separate
freewheeling branch, at the cost of a larger and more expensive component compared
to the additional circuit complexity of the controlled discharge path.

7.1.8 Comparison with resonant and electromechanical breakers

To place the performance of the SSCB in context, the same fault was applied to the same
network when protected by three different interruption technologies: the solid-state
breaker studied in this work; a circuit breaker employing an LC resonant commutation
circuit; and an electromechanical circuit breaker (EMCB). A reference case without any
breaker is also included. The resulting line currents are compared in Figure 7.12.

The four cases differ by orders of magnitude. With no breaker present, the fault cur-
rent develops into a large, slowly-decaying oscillation: it follows the natural short-circuit
response of the network, with a first peak of approximately 1260 A and subsequent
peaks of roughly 1130, 1020, 950 and 890 A as the DC offset decays, and it is never
interrupted. The electromechanical breaker follows exactly the same trajectory as the
no-breaker case—because until its contacts part it is simply a closed switch—and is
distinguished from it only by the fact that the current is finally forced to zero at a natural
current zero around t = 0.137s, after two full half-cycles of fault current have already
flowed. The peak let-through current of the EMCB is therefore the same ~ 1260 A first
peak as the uninterrupted case; its mechanical opening delay (of the order of 30 ms) buys
nothing in terms of peak current and merely terminates the oscillation a few cycles in.
The breaker with the LC resonant circuit performs markedly better: it drives the device
current to zero through forced commutation, so that the current is interrupted after
reaching approximately 660 A, roughly half the EMCB peak. The solid-state breaker
interrupts the current almost as soon as it crosses the 100 A detection threshold, holding
the let-through current to a value only marginally above the threshold and clearing the
fault within a fraction of a millisecond.
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Figure 7.12. Line current during the fault for different interruption technologies: without breaker, solid-
state breaker (SSCB), circuit breaker with LC resonant circuit, and electromechanical breaker (EMCB).
The dashed line marks the 100 A detection threshold.

These observations are summarized in Table 7.3, which lists, for each case, the
approximate interruption instant and the peak let-through current read from Figure 7.12.

Table 7.3. Interruption time and peak let-through current for the four cases of Figure 7.12. The fault is
applied at t = 0.1s; values are read from the simulated waveforms.

Interruption technology Interruption instant Peak let-through current
Without breaker not interrupted 1260 A (first peak)
Electromechanical (EMCB) 36 ms 1260 A

LC resonant breaker 5ms 680 A

Solid-state (SSCB) 0.8 ms 100 A

The peak current, however, tells only part of the story. What ultimately stresses the
protected equipment is not the peak alone but the let-through energy—the integral of
the current (squared) over the time for which it is allowed to flow—since this is what
determines the thermal and mechanical loading of conductors, joints and downstream
devices. Because the EMCB allows the full fault current to flow for two half-cycles while
the SSCB interrupts within a fraction of a millisecond, the difference in let-through
energy is far larger than the difference in peak current alone would suggest. Figure 7.13
makes this explicit by plotting the cumulative let-through energy [ i*dt (a quantity
proportional to the thermal stress, and equal to the I?t rating against which conductors
and semiconductors are dimensioned) for each of the four cases.

This comparison quantifies, for the specific network considered, the principal quali-
tative advantage of solid-state breakers that was anticipated in the review of Chapter 4:
their interruption time is several orders of magnitude shorter than that of electromechan-
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Figure 7.13. Cumulative let-through energy [ i*dt for the four cases of Figure 7.12. The solid-state
breaker caps the let-through energy at a negligible value; the resonant breaker accumulates a moderate
amount before forced commutation; the electromechanical breaker and the uninterrupted case follow the
same steeply-rising curve until the EMCB finally clears, by which point the accumulated 1%t is several
orders of magnitude above that of the SSCB.

ical breakers and is substantially shorter even than that of resonant-assisted breakers,
which directly translates into a much lower peak let-through current—and, more impor-
tantly, into a let-through energy that is lower by orders of magnitude, and therefore into
a correspondingly lower thermal and mechanical stress on the protected equipment.

7.2 Three-phase distribution network

The single-phase study of Section 7.1 validated the operating principle of the breaker
and of its control system in the simplest possible setting, in which the topology of the
network plays no role and the breaker is exercised against a single, idealized fault. To
assess the behavior of the breaker in a setting that is representative of a real distribution
system, the analysis is now extended to a complete three-phase medium-voltage feeder,
modeled in MATLAB/Simulink with the Simscape Electrical library.

The network used for this purpose is inspired by the radial distribution feeder
studied by Tsimtsios and Nikolaidis [4], which is based on typical data of the Greek
20kV distribution system. That feeder is attractive as a test network for the present
work for two reasons. First, it is realistic: its main trunk is built from overhead lines
of progressively smaller conductor cross-section as the distance from the substation
increases, and its laterals use a still smaller cross-section, so that the network is genuinely
inhomogeneous in its impedance data, exactly as a real feeder is. Second, it is a network
in which the integration of distributed generation (DG) and the associated protection
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issues have already been studied in the literature, which makes it a natural vehicle
for examining how a solid-state circuit breaker behaves when it is installed in such a
feeder—both when the feeder is purely passive and when it hosts a local synchronous
generator. This section describes the model in detail; the simulation results follow in
Sections 7.2.2 and 7.2.3.

7.2.1 Network description

The single-line diagram of the modeled network is shown in Figure 7.14. An external
150kV transmission grid supplies, through a 150/20kV bulk distribution transformer,
a radial 20kV, 50 Hz overhead feeder. The feeder consists of a main trunk, divided
into four segments (Lg1, L1p, L23, L34) that define the buses By to By, and of four laterals
(Lq to Ly) that tap off the trunk at these buses and each terminate in a load. A local
synchronous generator—representing a dispatchable DG unit such as a small biomass
or hydro plant—is connected to the trunk through a dedicated step-up transformer.

Grid, 150 kV
S_k =250 MVA, X/R =7

Transformer 150/20 kV

40 MVA
L SSCB
(o]
R
LOT -5 km - 95 mm?
B1 > L1-3km- 16 mm?
0.83 MVA, pf 0.86
L12 -5 km - 50 mm?
B2 L2 -3 km- 16 mm?

> 0.83 MVA, pf 0.86

L23 -5 km - 35 mm?

Local synchronous generator 3-ph-to-g|;ound fault

M \7 L3-3 km- 16 mm?
@ J C]D B3 7 > 0.83 MVA, pf 0.86
5MVA, 800V  SSCB 0.8/20 kV
AVR + gov. 5.2 MVA

L34 -5 km - 35 mm?

B4 > L4 -3 km - 16 mm?
0.83 MVA, pf 0.86

[) SSCB candidate location X Fault location

Figure 7.14. Single-line diagram of the modeled three-phase 20kV distribution feeder, with the two
candidate locations for the installation of a solid-state circuit breaker.

External grid and transformers. The upstream 150 kV network is represented by an
equivalent three-phase voltage source behind its short-circuit impedance, with a short-
circuit power of 250 MVA and an X /R ratio of 7. It feeds the feeder through a 40 MVA,
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150/20kV two-winding transformer. The local generator is connected to the 20 kV trunk
through a 5.2 MVA, 0.8/20kV step-up transformer. The ratings of the two transformers
are summarized in Table 7.4.

Table 7.4. Parameters of the two transformers of the three-phase model.

Parameter Bulk transformer Generator step-up
Rated power S, 40 MVA 5.2MVA

Voltage ratio 150/20kV 0.8/20kV
Connection Yg-Yg Yg-Yg

Winding resistance (p.u.) 0.0025 per winding 0.0025 per winding
Rated frequency 50Hz 50Hz

Overhead lines. All line segments are modeled as lumped-parameter three-phase
overhead lines. In accordance with the inhomogeneous character of the reference
feeder [4], the trunk segments use conductors of decreasing cross-section as the distance
from the substation increases, while the laterals use the smallest cross-section of all; this
is reflected in the increasing per-kilometer series resistance of the segments. The lengths
and the per-kilometer series parameters used for each line are given in Table 7.5, where
R, L and M denote respectively the series resistance, the self-inductance and the mutual
inductance per phase and per kilometer.

Table 7.5. Line segments of the three-phase feeder and their per-kilometer series parameters. The trunk
segments Loj—Lay form the main feeder (~ 95, 50, 35 and 35 mm? equivalent cross-sections), while
Li—Ly are the laterals (=~ 16 mm?).

Line Length R L M
(km) (Q/km) (mH/km) (mH/km)

Lo 5 0.2643 2.360 1.297
L1y 5 0.4533 2.500 1.271
L3 5 0.6253 2.535 1.271
L34 5 0.6253 2.535 1.271
Ly 3 1.3173 2.611 1.271
Ly 3 1.3173 2.611 1.271
Ls 3 1.3173 2.611 1.271
Ly 3 1.3173 2.611 1.271

The reference feeder is described in [4] by means of the positive- and zero-sequence
series impedances Z; and Z of each conductor type, rather than by the phase-domain
parameters required by the lumped-parameter line block of the simulation library. The
values of Table 7.5 were therefore obtained from the published sequence impedances
by means of the standard transformation for a balanced three-phase line, in which the
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per-phase self- and mutual inductances are related to the sequence inductances by
Li=L—-M, Lo=L+2M, (7.1)

where L is the phase self-inductance and M the mutual inductance between phases.
Inverting these relations gives L = (Lo +2L1)/3and M = (Lo — L1) /3, which, together
with the series resistance, are the quantities entered in the model. With the values of
Table 7.5 this transformation reproduces the positive- and zero-sequence reactances of
the reference feeder to within rounding, which confirms that the inhomogeneous char-
acter of the original line—and in particular the increase of the zero-sequence relative to
the positive-sequence impedance as the conductor cross-section decreases—is faithfully
preserved in the phase-domain model.

Loads. Each lateral terminates in a three-phase load, modeled as a series resistive—
inductive branch of R = 415Q) and L = 0.779 H per phase. At the nominal phase-to-
phase voltage of 20kV this corresponds to a moderate, lagging power factor load, so
that the feeder operates under realistic loading conditions before the fault is applied.

Local synchronous generator. The DG unit is modeled by a standard round-rotor
synchronous machine, rated at 5MVA, 800V, 50 Hz, with a single pole pair. Its principal
parameters are listed in Table 7.6. The machine is initialized as the swing source of the
local subsystem, delivering an active power of 3 MW at unity power factor before the
fault. Unlike a converter-interfaced source, a directly-connected synchronous generator
contributes a substantial short-circuit current and possesses real mechanical inertia; both
of these properties are essential for the study of Section 7.2.3, in which the interaction
between the breaker and the generator is examined.

The generator is equipped with the two control loops that a real unit would have,
and which are the reason this configuration is of interest for the present study:

* an automatic voltage regulator (AVR) with an exciter of the standard IEEE
Type ACIC alternator-rectifier type, which regulates the terminal voltage of the
machine by acting on the field voltage. During a nearby fault the terminal voltage
collapses, and the AVR responds by driving the field voltage towards its ceiling
in an attempt to support the voltage; the speed with which the fault is cleared
therefore directly affects the excursion that the excitation system undergoes.

* aspeed governor and prime mover, modeled as a speed-droop governor acting
on a first-order prime-mover (turbine) model. The governor regulates the me-
chanical power as a function of the rotor speed deviation, with a steady-state
droop characteristic. Because the electrical torque of the machine drops sharply
during a fault while the mechanical input cannot change instantaneously, the rotor
accelerates; the resulting speed and power swing, and how quickly it is arrested,
again depend strongly on the fault-clearing time.

The numerical settings of the governor (speed droop, governor time constant T and
turbine time constant Tcy) and of the excitation system are summarized in Table 7.7.
The excitation system is a standard IEEE Type AC1C alternator-rectifier exciter, with a
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Table 7.6. Parameters of the local synchronous generator (round-rotor, standard parameterization).

Group Parameter Value
Ratings Rated power S, 5MVA
Rated voltage (line) 800V
Rated frequency 50Hz
Pole pairs 1
Inertia constant H 3.525s
Reactances (p.u.)  Synchronous X; / X, 1.81 / 1.76
Transient X, / X} 0.30 / 0.65
Subtransient X7 / X7 0.23 / 0.25
Leakage / zero-sequence X; / Xp 0.15/0.15
Armature resistance R, 0.003
Time constants (s) T}, / T, 8.0 / 1.326
Ty / T 0.03 / 0.023
Operating point ~ Active power Py 3MW
Reactive power Qo 0Mvar

voltage regulator (K4 = 300) and the usual rate (derivative) feedback for stability; its
output is limited so that the field voltage cannot exceed the exciter ceiling. The governor
is a speed-droop governor with a 4 % droop acting on a non-reheat steam-turbine (first-
order) prime-mover model, with the machine initially loaded to 0.6 p.u. of its rated
torque.

Solid-state breaker and candidate locations. The breaker used in the three-phase
model is the three-phase extension of the power stage validated in Section 7.1: each
phase is interrupted by a back-to-back pair of power MOSFETs (on-state resistance
1mQ) per device), and a metal-oxide varistor across each pole absorbs the inductive
energy of the network at interruption and clamps the pole voltage. The three poles are
commanded simultaneously by the same control logic described in Section 7.1.3, so that
a fault detected on any phase disconnects all three.

Because a solid-state breaker is considerably more expensive than a conventional
one, it is not realistic to install one on every line of the feeder; the more meaningful
engineering question is where a single such device brings the greatest benefit. Following
the same reasoning as in the CIGRE study of a comparable Greek feeder [44], two
candidate locations are considered in this work and are marked in Figure 7.14:

¢ immediately downstream of the 150/20kV transformer, at the head of the feeder,
where the breaker sees the full fault current supplied by the upstream grid; and

¢ immediately at the terminals of the local generator (on the low-voltage, 800 V
side of its step-up transformer), where the breaker protects the generator itself and
limits the contribution that the machine makes to a fault elsewhere in the feeder.
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Table 7.7. Settings of the generator control loops, as taken from the Simulink model. The excitation system
follows the IEEE Type AC1C model.

Loop Parameter Value
Governor Speed droop 4%
Governor time constant T 0.2s
Speed reference 1.0p.u.
Load reference setpoint 0.6p.u.
Prime mover Turbine time constant Ty 0.3s
Initial torque 0.6p.u.
AVR / exciter Regulator gain K4 300
(IEEE AC1C) Regulator time constant T 0.01s
Rate feedback gain K¢ 0.03
Rate feedback time constant Tr 1s
Exciter constant Kg / time const. T 1/0.05s
Regulator output limits V4 max / min +14.5
Field-voltage ceiling Erg max 6.03p.u.
Initial field voltage Erpo l4p.u.

The two configurations expose different aspects of the breaker’s behavior and are used
in the following sections accordingly.

Feasibility of the two locations with present-day devices. The two locations are not
equally realizable with the power semiconductors available today, and it is important
to state this explicitly before the results are discussed. The generator-side location
operates at the 800 V terminal voltage of the machine, i.e. in the low-voltage domain. A
back-to-back pair of commercially mature SiC MOSFETs—of the same kind as the device
used in the single-phase model of Section 7.1, in the 1.2kV rating class appropriate to
an 800V system—comfortably blocks the system voltage, so a solid-state breaker at
this point can be assembled from off-the-shelf components and is representative of the
low-voltage SSCBs that are already reaching the market.

The head-of-feeder location, by contrast, sits on the 20 kV side of the bulk transformer.
As the energy-absorption analysis of Section 7.2.2 shows, each pole is clamped at about
21kV (approximately 1.3 times the peak phase-to-ground voltage), so every pole must
block on the order of 20kV in steady state and survive the clamping excursion at
the instant of interruption. This is far beyond the rating of any single power device
presently on the market: commercial SiC MOSFETs currently extend to about 3.3kV,
with 6.5kV modules only beginning to appear, while devices in the 10-15kV range
remain laboratory demonstrators. A 20kV pole therefore requires several such devices
to be connected in series, with the attendant difficulty of ensuring static and dynamic
voltage sharing—an approach that to date has been realized only in research prototypes
and pilot demonstrators (predominantly for medium-voltage DC systems) rather than
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as a mature, commercially available product for AC distribution.

For this reason, the head-of-feeder (20 kV) configuration should be read as a deliber-
ately theoretical, forward-looking case. It is retained because it cleanly exposes effects
that appear only at the head of the feeder—in particular the unequal energy loading of
the three pole varistors analyzed in Section 7.2.2—and because it indicates the benefit
that a medium-voltage SSCB would bring once the device technology matures; it is not
included on the premise that such a breaker can be procured and installed at 20 kV with
today’s components. The generator-side (800 V) configuration, on the other hand, is
realizable now, and it is on this configuration that the central, quantitative conclusions
of the chapter (Section 7.2.3) rest.

Fault scenario. Unless otherwise stated, the disturbance applied to the network is a
solid three-phase-to-ground fault with a fault resistance of 1 m(). The fault is applied at
t = 3.8 s—that is, well after the initial electromagnetic and electromechanical transients
of the model have settled and the generator has reached its steady operating point—and
would persist for 1s if it were not cleared. This late application instant is deliberate: it
ensures that the pre-fault waveforms shown in the results represent a true steady state,
against which the effect of the fault and of its interruption can be read unambiguously.

7.2.2 Grid-feeding configuration with passive loads

In the first configuration the local generator is left out of service, so that the feeder is
supplied solely by the upstream 150kV grid through the bulk transformer, and the
solid-state breaker is placed at the head of the feeder—the 20kV, forward-looking
location whose practical status was discussed above. Although, as established there,
a 20kV pole cannot be built from a single present-day device, this configuration is
retained deliberately and examined first, for two complementary reasons. As the three-
phase counterpart of the single-phase study of Section 7.1, it confirms that the breaker
and its control logic operate correctly when extended to three phases, before the more
demanding case with a rotating machine is considered; and, being placed at the point
of highest fault current in the network, it is the configuration that most clearly exposes
an effect which is genuinely three-phase in nature and which has a direct bearing on
device sizing—the unequal energy loading of the three pole varistors, analyzed below.
It is precisely because this effect is most pronounced at the head of the feeder that the
otherwise theoretical location earns its place in the analysis. As in the single-phase
study, two interruption modes are examined—a direct interruption and an interruption
with current limiting.

The direct-interruption case is shown in Figure 7.15. Before the fault, the three line
currents form a balanced sinusoidal set and the bus voltages are at their nominal value.
When the three-phase-to-ground fault is applied at t = 3.8s, the currents in all three
phases begin to rise; as soon as the current of any phase crosses the detection threshold,
the control logic commands all three poles off, and the line currents are driven to zero
within a fraction of a millisecond, exactly as in the single-phase case. One feature
that is specific to the three-phase system is worth noting: because the three phases
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Figure 7.15. Grid-feeding configuration, direct interruption: three-phase line currents (top) and bus
voltages (bottom) for a three-phase-to-ground fault cleared by the head-end SSCB.

are at different points of their cycle at the instant of interruption, the instantaneous
current—and therefore the energy that each pole varistor must absorb—differs from
phase to phase, the most heavily loaded pole being the one closest to its current peak
when the breaker trips.

Unequal loading of the three pole varistors. The remark made above—that the energy
each pole has to absorb at interruption is not the same on all three phases—can be made
explicit by inspecting the voltage developed across the three metal-oxide varistors, one
per pole, of the head-end breaker. These voltages are shown in Figure 7.16 for the same
direct-interruption event of Figure 7.15.

Each trace exhibits the same three-stage signature. Before the fault, while the breaker
conducts, the pole voltage is essentially zero. At the instant of interruption (t = 3.8s)
the line inductance forces the current to remain continuous, so the interrupted current is
momentarily diverted into the varistor; the latter responds by clamping at its protection
level—set in the model to 21 kV per pole, i.e. approximately 1.3 times the peak phase-to-
ground voltage of the 20 kV feeder—and holds that voltage for as long as it takes to drive
the trapped current to zero. This is the short, flat-topped excursion visible on each trace.
Once the pole current has reached zero the varistor returns to its high-resistance region
and the voltage across the now-open pole settles into the power-frequency recovery
voltage, a sinusoid of approximately 16.3kV peak (20kV - v/2/+1/3), which is simply the
system phase-to-ground voltage and carries no significant energy into the device.

The key observation is that the clamping excursions are not identical on the three
phases. Although the three poles receive a common trip command and therefore open
simultaneously, the three phase currents are 120° apart in their cycle, so that at the trip
instant each pole is interrupting a different instantaneous current. Three consequences
follow, all of which are visible in Figure 7.16:
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Figure 7.16. Voltage across the pole varistor of each phase (a: top, b: middle, c: bottom) of the head-end
SSCB during the three-phase-to-ground fault, applied at t = 3.8s. The brief, flat-topped spike at the
instant of interruption is the MOV clamping action, during which the varistor absorbs the trapped
magnetic energy of the line; the steady sinusoid that follows is the power-frequency recovery voltage
that now appears across the open pole, at which point the varistor is in its high-resistance region and
dissipates essentially no energy.

¢ Polarity. The varistor develops the voltage required to oppose the decaying pole
current, so the polarity of the clamping spike follows the sign of the current being
interrupted—positive on phases a and b and negative on phase c in this particular
event.

* Duration. The clamp persists until the trapped magnetic energy of the pole has
been dissipated; the larger the current at the trip instant, the longer this takes,
which is why the clamping plateaux differ in width from phase to phase.

* Energy. The energy actually absorbed by a pole is W = [ vyov imov dt. Since
the clamping voltage is practically the same on all three poles (it is fixed by the
varistor characteristic), the energy is governed by the magnitude and duration
of the interrupted current. The pole that is closest to its current peak when the
breaker trips is therefore the one that absorbs the most energy—the most heavily
loaded pole referred to above.

This has a concrete design implication. The point on the voltage cycle at which
a fault occurs—and hence which phase happens to be near its current peak at the
trip instant—is not under the designer’s control and varies from one fault to the next.
Over the population of possible fault instants, any of the three poles can be the most
heavily stressed one. Each pole varistor (and the thermal capability of the associated
semiconductor) must therefore be rated for the worst-case single-phase absorption energy
rather than for the average across the three poles; sizing to the mean would leave the
pole that happens to interrupt near its current peak under-rated.
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Figure 7.17. Grid-feeding configuration, interruption with current limiting: the line currents are held
within the limiting band on all three phases before the definitive interruption.

When the current-limiting function is enabled (Figure 7.17), the breaker holds the
line currents within the prescribed band on all three phases for the duration of the
limiting window before performing the definitive interruption, reproducing on each
phase the chopping behavior established for the single-phase case in Section 7.1.5.
The three-phase results therefore confirm that the breaker behaves as designed in
a balanced three-phase setting, and that the single-phase conclusions regarding the
trade-off between let-through current and switching activity carry over directly to the
three-phase case.

7.2.3 Configuration with a local synchronous generator

The configuration with the local synchronous generator is the central case of this
chapter, because it exposes a phenomenon that neither the single-phase study nor a
purely passive network can reveal: the interaction between the fault-clearing speed
of the breaker and the electromechanical dynamics of a directly-connected rotating
machine equipped with an automatic voltage regulator and a governor.

Scenario. The generator is now in service, delivering 3MW to the feeder with its
AVR and governor active, and the solid-state breaker (SSCB;) is placed on the low-
voltage (800 V) side of the generator step-up transformer, between the machine and the
trunk—that is, it protects the generator branch rather than the head of the feeder. The
disturbance is the standard three-phase-to-ground fault, applied this time at bus B3 of
the trunk, i.e. at a load bus some distance away from the generator rather than at its
terminals. This arrangement reflects a realistic protection philosophy: the expensive
solid-state device is dedicated to the generator, whose contribution it can interrupt very
quickly, while the fault on the trunk continues to be fed by the upstream grid. In other
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words, the role of SSCB; in this scenario is to isolate and protect the generator, not to clear
the trunk fault itself; the latter would, in practice, be cleared by the feeder protection.
The quantities of interest are therefore those internal to the generator: its stator current,
its terminal voltage, the field voltage commanded by the AVR, and the rotor speed and
electrical torque governed by the prime mover.

Generator Terminal Current

sscB
35— EMCB

Current (A)
N
I

o
o

I
=

| | J
375 38 385 39 3.95 4

Generator Terminal Voltage

N
[

Voltage (V)

o o o
= > ®
T 11

375 38 3.85 39 395 4
Time (s)

Figure 7.18. Response of the local generator to a fault at Bs: terminal current (top) and terminal voltage
(bottom) for the solid-state breaker (blue) and the electromechanical breaker (red). The SSCB interrupts
the fault current within a few milliseconds; the brief overvoltage spike immediately after interruption
(= 1.9pu) is the recovery voltage across the now-open pole. With the EMCB the current reaches
approximately six times its pre-fault value before being interrupted some 40 ms after fault inception, and
the terminal voltage remains depressed throughout.

Response with the solid-state breaker. Figure 7.18 shows the terminal current and
voltage of the generator for both interruption technologies. At the instant of the fault
(t = 3.8s) the terminal voltage collapses and the stator current begins to rise as the
generator starts to feed the fault. With the solid-state breaker the current is driven to
zero within a few milliseconds—before any of the electromechanical dynamics of the
machine have time to develop. With the electromechanical breaker, by contrast, the
current reaches approximately 3.75 pu, or roughly six times the pre-fault value, and is
sustained for approximately 40 ms before the mechanical contacts part.

Recovery voltage at the generator terminals. Immediately after the solid-state breaker
opens, the terminal voltage of the machine rises briefly to approximately 1.9 pu before
settling at its no-load value. This transient overvoltage is the recovery voltage across
the open pole: with the stator current forced to zero, the AVR—which had begun to
drive the field voltage upward in response to the initial voltage collapse—now acts on
an unloaded machine, causing a brief overshoot. The excursion is short-lived and well
within the insulation capability of the machine; it is absent in the EMCB case because
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the generator remains connected to the depressed network voltage for the full duration
of the mechanical opening delay.

Field Voltage

ssCB
EMCB

3.75 3.8 3.85 39 3.95 4
Rotor Speed

3.85 39 3.95 4
Electrical Torque

38

2 m

£

<1

: VAN
J

-1
375 38 3.85 3.9 3.95 4
Time (s)

Figure 7.19. Comparison of the generator response for the solid-state breaker (blue) and the electrome-
chanical breaker (red): field voltage E, (top), rotor speed w, (middle) and electrical torque T, (bottom),
for a three-phase-to-ground fault at bus Bs applied at t = 3.8 s. With the EMICB the field voltage reaches
approximately 2.7 times its initial value and the electrical torque oscillates violently between —0.5 and
+2.5 pu; with the SSCB neither excursion develops.

Comparison with a slower breaker. Figure 7.19 overlays the field voltage, rotor
speed and electrical torque of the generator for the solid-state breaker and for the
electromechanical breaker with a mechanical opening delay of approximately 40 ms.
Three differences are immediately apparent.

First, the field voltage commanded by the AVR reaches approximately 2.7 times its
pre-fault value with the electromechanical breaker, as the regulator attempts to restore
the collapsed terminal voltage over the full duration of the fault; with the solid-state
breaker the field voltage dips briefly at the instant of interruption—a consequence of
the instantaneous current interruption—and then rises gently as the AVR regulates the
unloaded machine back to its set-point. The excursion is negligible compared with that
produced by the electromechanical breaker.

Second, the electrical torque oscillates between approximately —0.5 and +2.5 pu
with the electromechanical breaker, imposing a significant cyclic mechanical stress on
the generator shaft during the fault interval. With the solid-state breaker the torque
drops cleanly to zero within microseconds of the trip command and remains there, so
that the shaft is subjected to no oscillatory loading whatsoever.

Third, the rotor speed deviation, though small in both cases over the t = 4s window
shown—a direct consequence of the large inertia constant H = 3.525 s of the machine—
develops differently in the two cases. With the electromechanical breaker the rotor
first decelerates slightly during the fault (the electrical torque momentarily exceeds
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the mechanical input) before accelerating after interruption, producing a characteristic
swing in the speed trace. With the solid-state breaker only a monotonic, slow accel-
eration is observed after the trip, driven by the governor’s gradual response to the
loss of electrical load; no speed swing occurs because the fault is cleared before the
electromechanical dynamics can be excited.

Implication for renewable-energy hosting capacity. This result has a significance
that extends beyond the protection of the individual machine. As discussed in Sec-
tion 6.5.1, the fault current that a generator contributes to the network adds to the
prospective short-circuit level, which is one of the binding constraints on how much
distributed generation a feeder can host. The simulations above show, at the level of a
single unit, how fast interruption shortens the duration of the generator’s fault-current
contribution; current limiting can additionally bound the current that passes through
the protected branch. This reduces actual let-through stress, but does not by itself
reduce the prospective short-circuit level calculated without the limiting device. Any
claimed hosting-capacity benefit requires a network-level assessment of equipment
withstand and protection coordination, as motivated by studies of comparable Greek
distribution networks [44]. In particular, immediate disconnection for an external fault
may conflict with applicable LVRT requirements [3]; the present generator study is a
protection comparison, not a demonstration of connection-code compliance.
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Chapter 8

Experimental Validation

The analysis presented in the previous chapters is based on theoretical considerations
and, for the SSCB topologies of Chapter 6, on simulation studies. In order to comple-
ment this analysis with a first assessment against real hardware, a set of laboratory
experiments was carried out on a commercially available SSCB evaluation platform.
This chapter describes the experimental setup that was used and presents the tests that
were performed, together with the corresponding oscilloscope and simulation captures.

8.1 Experimental setup

The experimental setup consists of three main elements: the SSCB device under test, a
programmable electronic load that emulates the protected circuit and allows the current
to be set and varied in a controlled manner, and a control stage that commands the turn-
on and turn-off (trip) of the SSCB. Two different control paths were used in the course
of the experiments: the manual control switches provided on the evaluation board itself,
and an external, processor-based controller built around a Texas Instruments LaunchPad.
The AC supply for the tests was obtained from a variable-voltage autotransformer
(Variac), set to approximately 65 Vs — the value measured directly across the open
contacts in the comparison test of Section 8.2.5 — and a digital oscilloscope was used
throughout to capture the relevant voltage and current waveforms. Figure 8.1 identifies
the main components of the laboratory bench, while Figure 8.2 summarizes its power,
control and measurement connections, including the parallel-board configuration.

8.1.1 onsemi Combo JFET SSCB evaluation board

The device under test is the onsemi Combo [FET SSCB Evaluation Board (EVBUM2926/D)
[12], built around the UG4SC075005L8S Combo JFET device in a TOLL package. A
Combo JFET is a composite power device that integrates a low-voltage silicon MOSFET
in series with a high-voltage, normally-on silicon-carbide (SiC) JFET. Unlike a conven-
tional cascode arrangement, in which the JFET gate is permanently tied to the source of
the low-voltage MOSFET, the Combo JFET brings out both gates — the MOSFET gate and
the JFET gate — as separate, independently accessible terminals. This additional degree
of freedom is exploited on the evaluation board to over-drive the JFET gate in order to
reduce the effective on-state resistance, to control the switching speed independently of
the low-voltage stage, and to sense the JFET junction temperature indirectly through its
gate-to-source voltage, while the device retains the normally-off behavior of a standard
cascode switch.

The power stage of the board is bidirectional, as required for an AC application: it is
built from four identical power cells, each containing a Combo JFET together with its
own gate-drive resistors and a blocking diode, arranged as two JFETs in parallel per
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Figure 8.1. Laboratory setup in the parallel-board configuration: (1) Chroma 63803 electronic load;
(2) Variac; (3—4) SSCB evaluation boards; (5) Texas Instruments LaunchPad F28379D; (6) 12V DC
auxiliary supply; (7) digital oscilloscope; (8) control PC.

polarity connected in a common-source series configuration. RC snubbers, a transient-
voltage-suppressor (TVS) diode and metal-oxide varistors (MOVs) are placed across
the power stage to absorb the energy stored in stray inductances when the JFETs
turn off. The current is measured with shunt resistors, and a hardware over-current
comparator with an adjustable threshold latches the SSCB into the off state as soon as
the current exceeds the configured limit, until it is reset either manually or through
software. The drain-to-source voltage of each JFET pair is also monitored through
a desaturation-sensing circuit, and the JFET junction temperature is estimated from
the JFET gate-to-source voltage using a dedicated sensing and averaging circuit that
removes the offset introduced by the low-voltage MOSFET stage. Onboard control and
telemetry are provided by a QPG6105 wireless system-on-chip, which also exposes
a manual-control mode (through slide switches and a push button) and an external-
access header that allows the gate-command and reset signals to be driven directly
from external hardware. The board accepts power at its HV+ terminals over a range of
0-350V AC or DC, with a continuous current rating of 10 Ayps.
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Figure 8.2. Schematic of the experimental setup: (a) single-board configuration, showing the Variac,
SSCB evaluation board, programmable electronic load, auxiliary supply, LaunchPad controller, PC and
oscilloscope; (b) parallel connection of two SSCB boards driven by a common gate command. In the
parallel test, only the current of branch 1 is acquired over SPI and compared against the trip threshold.
Line styles distinguish AC power, control/auxiliary and measurement connections.

118



Solid-State Circuit Breakers for AC Power Systems

8.1.2 Programmable electronic load

A programmable electronic load (a Chroma 63803 electronic load) was connected down-
stream of the SSCB to emulate the protected circuit and to provide a controlled, repeat-
able current for each test. The load was configured and operated from a PC over an
RS-232 serial connection, which allowed the desired current level to be set programmat-
ically before each run and kept constant for the duration of the test.

8.1.3 External control: Texas Instruments LaunchPad and PLECS

For the tests in which the SSCB had to be commanded by an external controller rather
than by the manual switches or the onboard MCU of the evaluation board, a Texas
Instruments LaunchPad F28379D development board was used. The control logic was
implemented as a PLECS model and downloaded to the LaunchPad using PLECS’s
automatic code-generation support for this target, so that the LaunchPad could drive
the SSCB'’s external gate-command and reset lines in real time without any hand-written
embedded code. As shown in Figure 8.3, the line current is acquired through the
LaunchPad’s SPI-connected ADC, scaled and offset-corrected, and compared against a
programmable overcurrent threshold; a set-reset latch then holds the gate-command
output low (tripped) once the threshold has been exceeded, until it is reset by the
control script. In parallel, the reconstructed current is also written back out through
the on-board DAC, which is what makes it possible to compare the digitally processed
current against the current measured directly with a current probe, as described in
Section 8.2.4.

Concretely, the line current is not read through the LaunchPad’s own on-chip ADC.
The onsemi board carries its own eight-channel, 16-bit analog-to-digital converter,
which digitizes the output of the shunt-and-amplifier current-sensing stage described in
Section 8.1.1, and the LaunchPad reads its conversions over a 10 MHz SPI link. Because
SPI transfers data one byte at a time, each conversion arrives not as a single number
but as three consecutive 8-bit words, and the first task of the PLECS model is simply to
put them back together: the three words are weighted by 2%, 2¢ and 27* and summed,
which restores each byte to its proper bit position within the frame. This reassembly is
arithmetic bookkeeping rather than scaling — it is equivalent to the ordinary big-endian
concatenation of the two data bytes into the 16-bit conversion word, the third byte
contributing less than one least-significant bit.

Only once the code has been reassembled does the conversion into physical units
take place, in three distinct steps. First, the code is multiplied by 3.3V /2%. The
divisor is 2?0 rather than 2'° because the weights above leave the reassembled code
shifted four bits to the left of the 16-bit conversion word; the net effect is therefore
to map that word onto the converter’s 0-3.3 V input range, one least-significant bit
corresponding to 3.3V /2! ~ 50 uV. Second, the zero-current bias of the sensing stage,
measured as 1.576 V, is subtracted. This step is necessary because the line current is
alternating and therefore takes both signs, whereas the converter accepts only positive
voltages: the sensing stage consequently places zero current near the middle of the
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input range, and that offset must be removed before the sign of the current can be
recovered. Third, the result is multiplied by the sensitivity of the current-sensing stage,
74.12 A/V (equivalently, a shunt-and-amplifier gain of about 13.5mV /A), which yields
the instantaneous line current in amperes, with a resolution of about 3.7mA and a
measurable range of roughly +120 A — far wider than the 10 As continuous rating
of the board, as is necessary if fault currents are to be captured without saturating the
measurement.

This reconstructed current is used directly by the overcurrent-detection logic of
Figure 8.3, and, for the response-time measurements of Section 8.2.4, is separately
rescaled and offset to fit the on-board DAC’s unipolar 0-3.3 V output range before being
written back out for comparison with the current probe.
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Figure 8.3. PLECS model of the control algorithm downloaded to the Texas Instruments LaunchPad:
SPI-based acquisition and scaling of the line current, overcurrent detection through a set—reset latch that
drives the digital gate-command outputs, and reconstruction of the acquired current through the on-board
DAC for comparison with the directly measured current.

8.2 [Experiments performed

Using the setup of Section 8.1, five experiments were carried out; they are presented in
the following subsections together with the corresponding oscilloscope captures.

8.2.1 Interruption with a manual switch

As a first, baseline test, the SSCB was operated in its manual-control mode, in which the
turn-on and turn-off (trip) commands are issued directly through the switches provided
on the evaluation board rather than by an external controller. With the programmable
load drawing a steady current of 10 Ay from a 65 Vs supply, the SSCB was manually
commanded to interrupt the current, in order to confirm the basic conduction and
interruption behavior of the board before proceeding to the more elaborate, processor-
controlled tests.

The measurement is presented at two time scales. Figure 8.4 covers a window
of approximately 100 ms, long enough for five complete cycles of the 50 Hz supply
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to be seen, and therefore places the interruption in the context of normal operation;
Figure 8.5 zooms into a window of roughly 320 us around the switching instant, where
the interruption transient itself becomes visible. The same convention — one capture
showing the full sinusoid and one zoomed capture of the transient — is used for the
experiments that follow.

In the wide view of Figure 8.4, the line current ij;,, is a clean sinusoid of approxi-
mately 14 A peak (corresponding to the 10 Ans setting of the programmable load) for
as long as the breaker conducts, while the drain-source voltage Vpg across the SSCB
stays essentially at zero: in the on-state the device behaves as a closed switch and the
whole supply voltage is dropped across the load. The gate-command voltage Vgt sits
at its high level of about 3V throughout this interval. Att ~ —18.2ms the manual
switch is actuated: Vg, steps to zero and the current is chopped essentially instanta-
neously, in the middle of a negative half-cycle and at close to its peak value, which
is the most demanding instant at which an interruption can occur. After the trip the
current remains at zero for the rest of the record while Vg takes over the blocking duty,
the low-amplitude residual oscillation visible on it afterwards being the source voltage
divided between the open device and the remaining circuit impedance.
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Figure 8.4. Interruption of the SSCB using the manual control switch (V = 65 Vs, I = 10 Apms),
shown over several cycles of the supply: drain-source voltage and line current (top), line current and
gate-command voltage (bottom).

The zoomed capture of Figure 8.5 resolves what happens during the switching
transient itself, and three points are marked on it in order to separate the successive
stages of the turn-off. Point (1), at t = —18.1852ms, is the instant at which the gate
command is withdrawn: Ve collapses from its high level of 2.98 V to zero while the
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line current is still flowing at —14.20 A, that is, essentially at the peak of a negative
half-cycle. Point (2), at t = —18.1547 ms, is the instant at which the current first reaches
zero. Point (3), at t = —18.1021 ms, marks the end of the transient. Because the current
does not simply stop at its first zero but rings for some time afterwards, this instant
is not judged by eye but taken as the last moment at which the current still departs
from its final value by more than 5 % of the current that was interrupted. The same rule
is applied to the processor-commanded interruption of Section 8.2.2, so that the two
settling times can be compared directly.

The two intervals defined by these points therefore have distinct physical meanings,
and both are marked directly on the figure:

* Aty = tp) —tq) = 30.5us is the time to the first current zero. It measures how
long the device takes to force the line current down from its full instantaneous
value to zero once the gate command has been removed, and it is the interval
that determines the peak stress imposed on the breaker and the energy that the
clamping branch has to absorb.

* Aty = t(3) —t(1) = 83.1 us is the settling time of the interruption. After the first zero
crossing the current overshoots to about +2.7 A and then undershoots to roughly
—1.4 A, ringing as the output capacitance of the device exchanges energy with
the snubber network and the stray inductance of the loop. Only once this lightly
damped oscillation has decayed is the circuit genuinely de-energized, so At; is
the interval that should be quoted as the interruption time of the breaker.

The distinction matters in practice: quoting only At; would understate the interruption
time by a factor of nearly three.

During the same transient the drain-source voltage, visible in the wide view of
Figure 8.4, swings to —218V, several times the peak of the supply. This happens
because the stray inductance of the loop opposes the rapid change of current and
its stored energy has to be diverted into the clamping and snubber network of the
board. This overvoltage is precisely the phenomenon that makes the energy-absorption
branch discussed in Chapter 6 indispensable in a solid-state breaker. Even on the most
conservative reading, the interruption is already more than two orders of magnitude
faster than that of the electromechanical contactor examined in Section 8.2.5.

8.2.2 Interruption using the Texas Instruments LaunchPad

In the second experiment, the trip command was instead issued by the external, PLECS-
programmed LaunchPad controller described in Section 8.1.3, in place of the manual
switch. With the programmable load set to 5 Ans, the software overcurrent threshold
was configured to 11 A; a current excursion beyond this threshold was then produced
and the resulting automatic trip was captured. This test verifies that the SSCB can
be commanded reliably by an external, processor-based controller through its gate-
command interface, which is the control path that would be used in a realistic protection
application, in which the trip decision is taken by a protection relay or controller rather
than by a human operator.

122



Solid-State Circuit Breakers for AC Power Systems

i/ine & Vgate

At, =83.1 us
current settled

15

— Vgate

— lline

10

At; =30.5 us
first current zero
5 I — < >

(2)

(3)

iline (A) / Vgate (V)
o

_10-

—151 1)

—0.01825 -0.01820 —-0.01815 —0.01810 —0.01805 —0.01800 —0.01795
Time (s)

Figure 8.5. Zoomed view of the interruption of Figure 8.4 around the switching instant, showing the line
current and the gate-command voltage. Point (1) is the withdrawal of the gate command, point (2) the
first current zero and point (3) the instant at which the current has settled; Aty = 30.5 us is therefore the
time to the first current zero and Aty = 83.1 us the settling time of the interruption.

Since what matters in this test is the relationship between the line current and the
trip decision taken by the controller, only the line current i;;,,, and the gate-command
voltage Ve are plotted. The drain-source voltage behaves exactly as already described
in Section 8.2.1 and is omitted, so that the two signals which define the response of the
protection loop can be shown on a single common axis and compared directly.

Figure 8.6 shows the event over a window of 80 ms, that is, four full cycles of the
supply. For most of the record the current is a steady sinusoid and the gate command
is held at its high level of approximately 3.2 V. Over the last cycle before the trip the
load setting is increased and the envelope of the current can be seen to grow, until the
instantaneous value touches the 11 A software threshold — drawn as a dashed line on
the figure — at t = 0. At that instant the gate command drops to zero and the current
is extinguished; for the remaining two cycles both traces stay flat, confirming that the
breaker latches in the off state rather than attempting to re-close. The wide view also
makes clear that the trip is triggered by the instantaneous value of the current crossing
the threshold and not by an rms or averaged quantity, which is what allows the response
to be as fast as it is.

Figure 8.7 zooms into a window of 360 us around the trip, marked with the same
three-point convention and the same settling rule used for the manual switch. Point (1)
is the trip instant: the current reaches 11.00 A, the threshold is crossed and the gate
command is withdrawn. Point (2), At; = 19.6 us later, is the first current zero, and
point (3), At, = 84.3 us after the trip, is the instant at which the current has settled. As in
the manual-switch test the current does not simply stop at the first zero: it undershoots
to about —4.2 A and then rings with the snubber and the stray inductance of the loop
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Figure 8.6. Interruption of the SSCB commanded by the Texas Instruments LaunchPad controller
(V = 65Vims, I =5 Amns, software overcurrent threshold 11 A), shown over several cycles of the supply:
line current and gate-command voltage. The dashed line marks the configured trip threshold.

before settling.

Comparing the two tests separates the two effects, and the comparison is only
meaningful because the same settling rule has been applied to both. The first current
zero is reached in 19.6 us here against 30.5 us for the manual switch, consistent with the
smaller current being interrupted in this case (11.0 A against 14.2 A). The settling times,
on the other hand, are practically identical: 84.3 us against 83.1 us, a difference of under
one and a half percent. This is the result one should expect on physical grounds: the
ringing that follows the current zero is governed by the output capacitance of the device
together with the snubber network and the stray inductance of the loop, and none of
these change between the two tests — the same board, in the same physical arrangement,
is being switched. What changes is only how the turn-off is commanded, and the
measurement confirms that this makes no difference to the decay of the transient.

The essential conclusion, therefore, is that replacing the human operator with
a processor-based controller does not degrade the interruption at all: the complete
detection-to-interruption path remains well inside a millisecond and the turn-off dy-
namics are unchanged. The latency that the digital chain itself contributes to the overall
response is isolated and quantified separately in Section 8.2.4.
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Figure 8.7. Zoomed view of the trip of Figure 8.6, showing the line current and the gate-command voltage.
Point (1) is the crossing of the 11 A threshold and the withdrawal of the gate command, point (2) the first
current zero (Aty = 19.6 us) and point (3) the instant at which the current has settled (Aty = 84.3 us),
determined with the same rule as in Figure 8.5.

8.2.3 Parallel operation of two SSCB units

Realizing SSCBs for current ratings higher than a single commercial module can support
typically requires the parallel connection of several units, which raises the question
of current sharing between the parallel branches. In this experiment, two evaluation
boards were connected in parallel — the same two boards visible side by side on the
bench in Figure 8.1 — and driven by a common gate command issued by the LaunchPad
controller, so that both units would be commanded to turn off simultaneously. With the
programmable load set to 12 A;s and the software overcurrent threshold set to 10 A,
the combined conduction and interruption behavior of the two units was recorded in
order to assess how evenly the load current is shared between them.

It is worth being explicit about how the trip decision is taken here, because the
threshold is not compared against the total line current. The LaunchPad samples the
current of one of the two breakers only, and issues the common gate command as
soon as that single measurement exceeds the configured limit. Since each unit carries
approximately half of the load, a 10 A threshold on one branch corresponds to roughly
20 A of total instantaneous line current. This is why the arrangement conducts for
several cycles at a branch peak of about 8.5 A without tripping, and fires only once the
load is raised far enough for the monitored branch to reach the limit — which is what
the capture shows, the last half-cycle before the trip peaking at —9.95 A on that branch
against the 8.5 A of the preceding ones.

As in the previous test, only the two branch currents 7j;,,, 1 and 7}, » and the common
gate command Vg, are plotted, since these are the quantities that determine the current
sharing. The drain-source voltage of both units showed the same behavior already
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described in Section 8.2.1 and is omitted.

Figure 8.8 shows four cycles of the supply. During conduction the two branch
currents lie almost on top of one another, with peaks of 8.71 A and 8.34 A respectively;
expressed in rms terms over a clean conduction window this is 5.93 A against 5.64 A,
that is, a sharing imbalance of only about 5 % around a combined current of roughly
11.2 Arms. Two nominally identical modules driven by a common gate command
therefore share the load current well, without any active balancing, which is the result
that matters for the practical use of parallelling to reach higher current ratings. Att = 0
the common gate command is withdrawn and both branches are extinguished together.
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Figure 8.8. Parallel operation of two SSCB evaluation boards commanded by a common gate signal
(V = 65Vims, I = 12 Aims, software overcurrent threshold 10 A), shown over several cycles of the
supply: the two branch currents and the common gate-command voltage.

The zoomed capture of Figure 8.9 shows that the good agreement observed during
conduction does not carry over to the switching transient. Point (1) is the withdrawal of
the common gate command, at which both branches are carrying approximately —9.9 A
and —9.3 A; point (2), Aty = 55.2 us later, is the instant at which both currents first reach
zero. In between, the two branches diverge sharply: while 7};,, 1 swings positive to about
+5.2 A, ijine is driven in the opposite direction to a peak of —17.8 A, almost twice the
current it was carrying before the trip. These are external branch-current measurements;
they do not separately resolve the current through the main semiconductor path and
the currents through the parallel snubber and clamping networks.

The observed transient sharing was sensitive to the physical interconnection: chang-
ing the length of one connecting cable between trials produced a noticeably different
sharing pattern. This qualitative observation does not, however, isolate a dominant
mechanism. During conduction, sharing depends on the total on-state resistance of
each branch, including the devices, interconnections and contacts. During interruption,
candidate contributors include unequal parasitic impedances, currents through the RC
snubbers and clamping networks, and differences in the effective gate-drive waveforms
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or driver delays. The board includes separate snubber and gate-drive circuitry in each
module [12]; a common controller command does not establish identical local gate-to-
source waveforms. Signal-integrity effects in the external command wiring are therefore
another hypothesis to test, rather than a demonstrated cause of this capture.

The present measurements establish unequal external branch currents during turn-
off, but do not determine the relative contributions of these mechanisms. Separating
them requires simultaneous measurements of the local gate-drive and terminal voltages
and controlled changes to the interconnections or snubber networks. The practical
conclusion is that good steady-state sharing and a common command are insufficient to
guarantee equal transient stress. Symmetric power and control interconnections and
verification of the peak current stress in each module are needed when SSCB units are
paralleled; neither the internal semiconductor current nor its stress can be inferred from
a branch-current peak alone.
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Figure 8.9. Zoomed view of the interruption of Figure 8.8. Point (1) is the withdrawal of the common
gate command and point (2) the instant at which both branch currents first reach zero, At; = 55.2 us
later. During the transient the two branches diverge strongly, with iy, » reaching —17.8 A against the
—9.3 A it carried before the trip.

8.2.4 Response-time measurement

The overall response time of the SSCB, from the issuing of the trip command to the
actual interruption of the current, depends not only on the intrinsic switching speed of
the power semiconductors but also on the latency introduced by the control chain —in
particular, in the LaunchPad-based configuration, by the discretization of the current-
measurement and control loop at the PLECS simulation time step Ts. This experiment
was designed to isolate and quantify this latter contribution.

127



Solid-State Circuit Breakers for AC Power Systems

Measurement procedure. The real line current was recorded simultaneously, on the
same oscilloscope, through two independent channels: a reference channel, acquired
directly with a current probe, and a test channel, obtained by sampling the current
with the LaunchPad’s ADC, processing it inside the PLECS model with a given time
step Ts, and reconstructing it through the on-board DAC (the same signal path shown
in Figure 8.3). Both channels were exported as full-resolution CSV traces (rather than
the oscilloscope’s reduced on-screen data) and analyzed in MATLAB. Since the recon-
structed channel contains digital reconstruction noise, a moving-average low-pass filter
was applied identically to both channels before any delay computation; this is legitimate
because, if y(t) = x(t — T) and the same linear, time-invariant filter 4 is convolved with
each signal separately, then

(h*y)(t /h (t—s)ds = /h x(t—s—1)ds= (h*xx)(t—1), (8.1)

i.e. the delay 7 passes through the common filtering step unchanged, regardless of the
filter’s phase response, so that the filter can be used freely for noise rejection without
biasing the measured delay.

The delay T between the two channels was then extracted from the phase difference
at the fundamental frequency of the line current. Since a pure time shift satisfies Y(f) =
X(f) e 12T for every frequency f, evaluating this relation at the fundamental f; =
50Hz gives

Ag(fo) = £Y(fo) = £X(fo) = 27mfor — tT= —%}{3), (82)
with X(f) and Y(f) obtained from a full-resolution FFT of the two recordings after
applying a Hann window. This method was chosen because its resolution is not limited
by the sampling period of the oscilloscope — the phase, and hence the delay, is recovered
as a continuous quantity rather than as an integer number of samples — and because the
line current has a very high signal-to-noise ratio precisely at 50 Hz, which is where the
estimate is taken.

Results. With the communication settings (SPI clock) held fixed, the delay was mea-
sured for five values of the PLECS simulation time step T;, spanning a 25X range:

Ts (PLECS time step) Measured delay

20 us 53.2 us
50 us 123.3 us
100 us 166.5 us
200 us 267.7 us
500 us 786.8 uis

These measurements are compared in Figure 8.10 with what the structure of the
measurement chain predicts. Two contributions to the delay scale with the time step,
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and both are standard results for sampled-data measurement and control chains: a con-
tribution of Ts/2 from the zero-order-hold reconstruction performed by the DAC, which
holds each new sample constant until the next one arrives, and a further contribution
of 1 x T from the one-step computational pipeline of the code-generated controller, in
which a sample acquired at step n only becomes available at the output at step n 4 1.
Everything else in the chain — the SPI transfer, the ADC conversion, the analog front
end - is fixed by the hardware and does not depend on Ts. The expected form of the
delay is therefore

delay(Ts) = 3Ts + 1-Ts +ty = 15T+, (8.3)
\ y Nn
7OH pipeline
with g a constant hardware latency. A least-squares fit of the five measurements to
this form gives

delay(T;) ~ 1.50T; + 18 us, (8.4)

so that the measured slope reproduces the predicted coefficient of 1.5 to within a
fraction of a percent. This agreement is the main result of the experiment: it confirms
that the latency of the control chain is governed by the two sampled-data mechanisms
of (8.3) and not by anything else, and it means that the delay can be predicted for any
chosen time step rather than having to be measured again. The constant term of about
18 us collects the fixed latencies of the SPI transfer and the ADC conversion, together
with the residual instrumentation error of the comparison itself, since the reference
channel is measured with a current probe while the test channel is read through a
high-voltage differential probe on a 0-3.3 V signal.

A worst-case bound. The individual measurements scatter about (8.4) by up to some
tens of microseconds, which is of the order of the instrumentation error just described, so
quoting the fitted line as if it were exact would suggest a precision that the measurement
does not support. For design purposes the more useful statement is an upper bound on
the latency that the control chain can introduce. Every measured point satisfies

delay(Ts) < 1.5Ts+50us, (8.5)

which is the form in which the result is best quoted: it states that the digital chain
can never contribute more than one and a half time steps plus 50 ys to the response
of the breaker, and it therefore allows a worst-case trip time to be computed for any
chosen T without relying on the exact numerical values of a regression.

This measurement isolates the contribution of the digital control chain to the overall
response time; as illustrated in Sections 8.2.2 and 8.2.3, the complete, processor-in-
the-loop trip response of the SSCB — including current sampling, threshold detection
and gate-command withdrawal — remains in the sub-millisecond range, two orders of
magnitude faster than the 10.91 ms measured for the electromechanical contactor of
Section 8.2.5.
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Figure 8.10. Reproduction delay of the ADC-PLECS—-DAC current-sensing chain as a function of the
PLECS discretization time step Ts, measured from the phase difference at the fundamental frequency. The
measured points are shown together with the theoretical 1.5 Ty line, the least-squares fit 1.50 Ts + 18 us
and the worst-case bound 1.5 Ts 4 50 ps.

8.2.5 Comparison with an electromechanical contactor

Finally, in order to place the performance of the SSCB in context, the same load current
(6 Arms at 65 Vis) was interrupted using a conventional electromechanical contactor in
place of the SSCB, under otherwise comparable conditions, and the two recordings were
then analyzed with a common procedure so that the comparison would be quantitative
rather than merely visual.

The device was a Schneider Electric TeSys D LC1DO09P5 three-pole contactor, of
which one main pole was used to interrupt the single-phase load. The manufacturer
specifies a 9 A AC-3 operational current (up to 440 V) and a 230V, 50 Hz coil [5]. These
are product ratings, distinct from the 65 Vs, 6 Arms load conditions used here. The
experiment compares interruption of this load; it is not a short-circuit breaking-capacity
test or a characterization of all electromechanical circuit breakers.

Figure 8.11 shows the contactor interruption itself. Three signals are recorded: the
voltage vs;, across the contactor contacts, the line current ij;,, under interruption, and
the current i ,; in the contactor coil, which is the command signal in this case. At
t = 0 the coil is de-energized and i.,; falls, so the contacts begin to separate. What
follows is the essential difference from a solid-state device: the contact voltage does
not rise to block the supply. It remains at about 1V, because an arc strikes between the
separating contacts as soon as they part and holds the circuit closed. With only a volt of
arc voltage opposing it, the line current continues essentially undisturbed to the end of
the half-cycle, reaching its normal peak of —8.3 A.
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At t = 7.51 ms the current reaches its natural zero, and this is the moment at which
a mechanical breaker would be expected to clear. It does not: the gap between the
contacts has not yet recovered enough dielectric strength, the arc reignites, and current
resumes in the opposite direction. What finally stops it is not a current zero but the
growth of the arc voltage itself. During this second half-cycle the contacts continue to
travel apart, and vy, can be seen climbing steeply — roughly 39V at t = 10.0ms and
67V at t = 10.7 ms — so that this rising counter-voltage progressively chokes the current,
which peaks at only +5.2 A against the 8.3 A of the half-cycle before it. The arc becomes
unsustainable at t = 10.92 ms, some 3.4 ms after the first current zero, and only then
does vy, settle at about 90 V peak and the device genuinely become an open switch.

The contactor therefore does not interrupt the current at all in the sense that the
SSCB does: it separates its contacts and then waits, through a full current zero and most
of a further half-cycle, until the arc can no longer sustain itself. The total clearing time of
10.91 ms is set by the mechanics of contact travel and arc extinction, not by any control
decision.

Interruption with an electromechanical relay (6 A5, 65 V)
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Figure 8.11. Interruption of a 6 Ams, 65 Vims load current with a conventional electromechanical
contactor: voltage across the contactor contacts, line current and contactor coil current. The shaded band
is the arcing interval, from contact separation to the final current zero.

Figure 8.12 places the two line currents side by side, both referred to their own trip
command at ¢t = 0. The contrast is immediate: the SSCB current has collapsed to zero
before the plot has advanced appreciably from the origin, while the contactor current
carries on into the negative peak of the half-cycle in which the command was issued,
passes through a zero crossing without clearing, and runs on through most of a further
half-cycle before the arc is finally extinguished. The two dashed lines, which mark the
instant of final current zero for each device, lie at 0.139 ms and 10.91 ms respectively, a
ratio of 78 x. In the first few hundred microseconds after the command - the interval
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over which the whole SSCB interruption of Section 8.2.2 takes place — the contactor has
not reacted at all, and its current is still the undisturbed load current.

Relay vs SSCB — dashed lines mark the final current zero
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Figure 8.12. Line current during interruption of the same 6 Ams load by the electromechanical contactor
and by the SSCB, both referred to their own trip command at t = 0. The dashed lines mark the final
current zero of each device.

Let-through energy. The practical consequence of this difference is best expressed
through the let-through energy, that is, the quantity [ i(t)? dt that the protected circuit is
forced to absorb between the trip command and the final current zero. For each record-
ing the command instant was located as the point of maximum slope of the command
channel, the clearing instant as the last sample at which the current still exceeded 5 %
of its pre-fault peak, and the integral was evaluated by the trapezoidal rule between
the two. Applied to the two captures, this gives 0.348 A?s for the electromechanical
contactor against 3.39 x 10~* AZs for the SSCB (Figure 8.13): a reduction by a factor of
approximately 1000.

The energy ratio (= 1000x) is so much larger than the time ratio (78x). The let-
through energy scales with the integral of the square of the current, and the two devices
do not clear at the same point of the waveform: the SSCB removes the current within
microseconds of the command, while it is still well below its peak, whereas the con-
tactor lets the current run through the whole remainder of the half-cycle, including its
maximum. The solid-state breaker therefore gains twice over — once from being faster,
and once from never allowing the current to reach the values that dominate the integral.
For equipment with limited short-circuit withstand capability, this is the figure of merit
that matters, and it is the clearest single quantitative argument in favor of solid-state
protection that emerges from these experiments.
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Let-through energy — relay vs SSCB (6 A,s)
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Figure 8.13. Let-through energy [ i(t)* dt delivered during interruption of a 6 Awms load current by the
electromechanical contactor and by the SSCB, computed between the trip command and the final current
zero of each device. Note the logarithmic scale.

8.3 Summary

The experiments described in this chapter provide a first hardware validation of the
concepts discussed theoretically and studied in simulation in the previous chapters.
Interruption with the onboard manual switch confirmed the basic conduction and block-
ing behavior of the evaluation board; control through the external, PLECS-programmed
Texas Instruments LaunchPad confirmed that the SSCB can be reliably commanded by
a processor-based controller through its external gate-command interface; the parallel
connection of two units showed close current sharing between branches during conduc-
tion but a pronounced divergence during the turn-off transient, which proved sensitive
to wiring asymmetries and which implies that paralleled modules must be rated for
more than their nominal share of the current; a dedicated measurement isolated and
quantified the latency introduced by the digital control chain as an approximately
1.5 Ts function of the PLECS time step; and a direct comparison with a conventional
electromechanical contactor confirmed, both in the time-domain waveforms and in
the let-through energy delivered to the load, the orders-of-magnitude advantage in
interruption speed that motivates the use of solid-state circuit breakers in applications
with limited fault-current withstand capability.
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Chapter 9

Challenges, Open Issues and
Future Directions

The preceding chapters established that the solid-state circuit breaker interrupts faster
than any competing technology, and quantified by how much: three orders of magnitude
faster than an electromechanical breaker in simulation (Section 7.1.8) and a factor of
78 in measurement, corresponding to a reduction of the let-through It by roughly
three orders of magnitude (Section 8.2.5). None of this is in dispute. What prevents
the technology from displacing mechanical breakers in the majority of distribution
applications is a different set of quantities altogether: conduction losses, component
endurance, cost, and the practical difficulty of assembling devices into a breaker of
useful rating. This chapter examines each of them, drawing where possible on the
specific results obtained in this work.

9.1 Conduction losses and thermal management

The on-state loss is the one figure of merit on which the electromechanical breaker
remains superior by orders of magnitude, and it is the principal obstacle to wider
adoption [2, 6]. Even with the most advanced SiC MOSFETs the on-state voltage drop
at rated current is of the order of 1-2V, and an AC pole places two devices in the
current path. A 600 A breaker therefore dissipates 1-2 kW per pole in steady state. The
comparison with the contact resistance quoted in Section 1.2 is stark: at the same current,
a molded-case breaker with a contact resistance below 100 u() dissipates a few tens of
watts. The solid-state breaker is thus one to two orders of magnitude less efficient in the
state in which it spends essentially all of its life, and this loss must be removed as heat
by an over-dimensioned heatsink or by active cooling, both of which add volume, cost
and a further failure mode.

Three routes out of this constraint are being pursued. The first is device technology:
the on-state resistance of wide-bandgap devices continues to fall for a given voltage
class, and the migration from silicon is the single largest contributor to date [14]. The
second is paralleling, which divides the current among several dies; the experiment
of Section 8.2.3 shows that this works well in conduction but introduces a transient
penalty of its own, discussed in Section 9.4. The third is architectural: the hybrid
breaker of Section 4.2 carries the load current through a mechanical contact and inserts
the semiconductor only during the interruption, which removes the steady-state loss
entirely at the cost of a moving part and a more complex control sequence. Which of
the three prevails is likely to depend on the application: the loss penalty is tolerable in a
low-voltage feeder protecting sensitive converters, and prohibitive in a bulk distribution
substation.
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9.2 Endurance of the energy-absorption branch

A limitation specific to the solid-state breaker, and one that the simulation work of this
thesis brought out clearly, is the finite endurance of the clamping varistor. Unlike a
surge arrester, which is stressed only by rare lightning or switching events, the varistor
of a breaker absorbs the magnetic energy of the network at every interruption and is
driven into its clamping region on each operation. Repeated stress of this kind degrades
the intergranular barriers, raising the leakage current in the pre-breakdown region and
drifting the whole characteristic downward, as described in Section 6.4.2 [40, 42].

The quantitative consequence is that the varistor, not the semiconductor, sets the
duty cycle of the breaker. In the single-phase model a direct interruption deposits
approximately 14] in the varistor; the same fault handled in current-limiting mode,
with the varistor left to clamp every chopping transition, accumulates about 450 ] over
a 40 ms window (Section 7.1.7). A semiconductor rated for 10° operations is therefore
paired with a component that a single current-limiting event can stress thirty times
harder than a normal trip. The controlled freewheeling path proposed in that section
returns the figure to approximately 12], but it does so by adding a rectifier bridge, a
controlled switch and a dump resistor to the breaker. The alternative, a varistor specified
for repetitive rather than single-shot duty [40], trades circuit complexity for component
size and cost. Neither route has yet produced a standard answer, and dimensioning the
energy-absorption branch, or providing for its replacement over the service life of the
breaker, remains an open practical question wherever frequent operation is expected, as
in microgrid reconfiguration.

A related question that this work leaves open is the three-phase case. The per-pole
varistor voltages of Section 7.2.2 show that the three poles do not share the absorbed
energy equally, because they interrupt at different points of their respective cycles, so
each pole must be rated for the worst-case single-phase energy rather than for the mean.
Quantifying that worst case over possible fault instants is a natural extension of the
present model. A systematic sweep of the fault inception angle can be combined with
repeated Monte Carlo simulations of component tolerances, using explicitly stated
distributions and standard deviations. This would quantify the spread of per-pole
energy and identify severe cases for sizing; random sampling alone would not establish
an absolute worst-case bound.

9.3 Cost and standardization

The cost of a solid-state breaker is currently several times that of an electromechanical
breaker of equivalent rating. The semiconductors are only part of it: the gate driver,
the sensing chain, the varistor and the cooling system all scale with the rating, and
production volumes remain low [2]. Commercial low-voltage products and evaluation-
grade hardware are nevertheless now available from both switchgear manufacturers
and semiconductor vendors [11, 12], which is the usual precondition for volume-driven
cost reduction.
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Standardization is the less visible half of the problem. Solid-state breakers are today
qualified against standards written for mechanical devices, whose test procedures
presuppose a moving contact and an arc: making and breaking capacity, mechanical
endurance and dielectric withstand across an open gap. Several of these map awkwardly
onto a device that has no contact, cannot provide galvanic isolation without an auxiliary
disconnector, and whose endurance is limited by the thermal cycling of a package
rather than by contact erosion. Conversely, quantities that are decisive for a solid-state
breaker have no standardized definition: the let-through I*t as a function of the trip
threshold, the repetitive energy rating of the clamping branch, and the latency budget
of the detection chain. Until these are defined, comparing products from different
manufacturers on a common basis is difficult.

9.4 Scalability and series/parallel operation

Reaching useful ratings still requires several devices per pole, and this work encountered
both directions of the problem. Series connection is required by voltage: the head-of-
feeder location examined in Section 7.2.1 demands a pole blocking 20kV, against the
3.3kV of commercially mature SiC MOSFETs, and static and dynamic voltage sharing
across a stack of series devices is the corresponding design problem [24, 43]. Parallel
connection is required by current, and Section 8.2.3 measured what it costs. Two
nominally identical modules driven by a common gate command shared the load
current to within about 5 % in conduction. During the turn-off transient, however, the
two branches diverged sharply, one of them carrying almost twice the current it had
conducted before the trip, and the sharing pattern proved sensitive to the length of a
single connecting cable.

The measurement shows that good steady-state current sharing and a common
controller command do not guarantee equal transient behavior. The recorded external
branch currents do not isolate the semiconductor current from the snubber and clamp-
ing currents, nor do they identify a unique cause of the imbalance. Parasitic impedances,
the snubber networks and differences in local gate-drive behavior are candidate contrib-
utors, as discussed in Section 8.2.3. A paralleled solid-state breaker therefore requires
attention to the symmetry of both power and control interconnections and verification
of the transient stress in each module. The relative contributions of these mechanisms,
and whether gate-level coordination can reduce the imbalance, remain questions for
dedicated measurements.

9.5 Integration with digital protection and
communications

Modern protection schemes are increasingly digital and communications-based, ex-
changing measurements, status and trip commands between devices in real time [8]. A
solid-state breaker fits this paradigm more naturally than a mechanical one, because it
is already an electronic device with a digital control system, and because its trip time
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is short enough that the communication and decision latency, rather than the actuator,
becomes the dominant term in the protection chain.

That shift places a new requirement on the designer, and the measurement of
Section 8.2.4 illustrates it. The latency of the digital chain was found to follow 1.5 T;
plus a fixed hardware term, with the two contributions traceable to the zero-order hold
and to the one-step computational pipeline. Because the relationship is structural rather
than empirical, the latency can be budgeted at design time for any chosen sampling
period instead of being measured after the fact. Extending this kind of accounting to
the full communication-assisted scheme, so that the total time from fault inception to
interruption is predictable end to end, is a prerequisite for using solid-state breakers in
adaptive protection of active distribution networks and microgrids.

9.6 Coordination with existing protection and reclosing

A solid-state breaker will rarely operate alone. It will sit in a protection system that
also contains mechanical breakers, fuses, residual-current devices and protective relays,
whose operating times differ from its own by three orders of magnitude. Selective
coordination across such a spread is not a solved problem: a device that clears in tens of
microseconds will always operate first, which is desirable for a downstream fault and
undesirable when the fault belongs to a neighboring zone.

The speed also creates a discrimination problem that slower devices do not have.
Motor starting, transformer energization and capacitor-bank switching produce current
peaks comparable to moderate faults, and a breaker that trips on the instantaneous value
will not survive normal operation. Two mechanisms are available. The first is waveform-
based discrimination. Harmonic restraint or blocking is already used in transformer
differential relays to distinguish magnetizing inrush from internal faults [21]. Applying
a related criterion to an SSCB requires a suitable measurement window and validation
of its decision latency; it is not an established feature of the controller tested here.
Rate-of-rise information can also supplement a current threshold [39]. The second is
the current-limiting mode analyzed in Section 7.1.3: because the breaker can hold the
current within a prescribed band for a short interval instead of committing immediately
to a trip, it can wait long enough to distinguish a genuine fault from an inrush. This
is a capability that neither a mechanical breaker nor a resonant one possesses, and
the results of Section 7.1.6 suggest it is thermally affordable; what the present work
did not establish is how long the band can be held before the varistor, rather than the
semiconductor, becomes the binding constraint.

Coordination must also respect the applicable low-voltage ride-through (LVRT)
requirements of connected generation. For external faults within the required voltage—
time envelope, protection settings must allow the unit to remain connected where
required by the connection rules [3]. An instantaneous overcurrent trip alone does
not demonstrate this compliance. If current limiting is used during the ride-through
interval, the MOV must be sized for the cumulative energy of all clamping pulses
over that interval, together with cooling and repetitive-pulse limits; any dump resistor
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must be rated for its corresponding duty. The required ride-through duration therefore
enters the energy-absorption design. The present simulations do not establish LVRT
compliance.

9.7 Towards intelligent and self-powered breakers

The last direction concerns what the breaker does besides interrupting. Because it
already contains sensing, a processor and a gate driver, comparatively little needs to
be added for it to perform its own diagnostics, report its accumulated duty, or accept
a tripping characteristic programmed remotely. Self-powered designs, which draw
their auxiliary power from the protected circuit rather than from an external supply,
are a particularly natural fit for normally-on devices such as the SiC JFET [35], and the
Combo JFET platform used in Chapter 8 belongs to exactly that device class: it conducts
with no gate-drive power and can, in principle, harvest the energy required to turn off
from the fault itself.

Beyond protection, the same hardware can act as a controllable element of the
network. Fault-current-limiting converters [28] and the hosting-capacity argument of
Section 6.5.1 point in the same direction: a breaker that can bound the fault contribution
of the source behind it may ease equipment-stress constraints, provided the limiting
behavior is included in the network study and coordinated with applicable LVRT
requirements. The generator study of Section 7.2.3 illustrates shorter fault-current
contribution at unit level; it does not establish a network-wide increase in admissible
generation.

9.8 Closing remarks

Three results of this work bear directly on the questions above. The comparison of
interruption technologies under an identical fault established that the advantage of the
solid-state breaker is not marginal but categorical, and that it is larger in let-through en-
ergy than in either clearing time or peak current, because the device removes the current
before it approaches its peak. The varistor energy analysis established that active current
limiting, which is the most attractive capability the technology offers, is incompatible
with a conventional single-shot clamping branch unless the inductive energy is diverted
elsewhere at each commutation. And the parallel-operation experiment demonstrated
unequal external branch currents during turn-off despite good steady-state sharing and
a common command. The cause was not isolated; module-level transient stress must
be assessed together with the power and control interconnections and the snubber and
clamping networks.

Each of these points to work that remains. A calibrated electro-thermal model
covering both devices of the anti-series pair, with realistic thermal masses, would
replace the qualitative temperature traces of Chapter 7 with quantitative predictions.
A per-pole energy computation in the three-phase model would turn the qualitative
observation of unequal varistor loading into a sizing rule. The controlled freewheeling
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path, studied here only in simulation, would benefit from experimental confirmation on
the same evaluation platform. And the medium-voltage configuration, retained in this
thesis as a deliberately forward-looking case, will become a practical design problem
as soon as series-connected wide-bandgap stacks reach the maturity that low-voltage
devices have already achieved.
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