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Abstract

MVDC networks present an eff edtaisvead Measrngib
Generators into the power net wor k. Protectio
net works presents significant <chal lienmgges ,r aipn
fault current ri-sempanidbhbel pré&atec¢t MWIDCdevi ces

practical experience.

Sotsitdat e DC Circuit Breakers (DCCBs) have en
for DC networ ks, of fering fast and reliable f
MVDC networks is challenging dlue drd tvhar ydiinwgri
architectures. Furthermore, the | imited curre
limits the fulidstanee®PCLBisord oof MY®DICi cappl i cati
connected | GBT arraysh ctame bree geumprleody edu rtroe nrhat
However, with passive gat ehodma gveense o0 udse vc ucrerse mta !
di stribution aktoopsAtiGBVe. GE&EtesPdives (AGDs)

these chall enges.

This research aims to develop an AGD schem
all owing them to follow a set curHyebrti/dv oCitrague
BreaM@pBar(chi tecture, based on standardized Act

as a flexible protection solution for MVDC ne

Steatdpte current i-cnobnanl eacntceeds i GiB Tpsa rcaalnl ell e ad
conditions and degrade -$tthat é GBUsreConbahanona
device matching and passive gat emodreirme MVoDCc e

applications. The proposed Active Current Bal



drive voltage of each device based on measur e

static operating point.

The integrated-AGpesahiemesofvi ABBn a wunified
practical and scal able solution-DIC&CB wap@lptlt agatar
Experimental unadi dBECBDOBOt mpe confirms- that
AGD system maintains stable switchisngtkReltavi e

i mbal ance.

Collectively, the proposed ACB, AGD, and mo
protection framework capable of delivering er

state current shatiemgupamndnseapradinf dMVIDICTf ot we .
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state and transi.ent operating conditions
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A s. Jayamaha, C. N . M. Ho and A. Raj apakse
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1. bhesi s OQOutline

This thesis $iscxh@amd eammsedesdeardtingrtagjomdtr i but i on o

researioddeg abkbt at g8 hefsoidsthlaished bel ow

Chapter 1 presents the background necessar)
It defines the research probl em, revi ews con

and outlines the objectives and key contri bu
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Chapter 2 presents an extensive review of
research. It exami nes MWVIDe&Ca keepp | ti eccaht n owlnesg i eB3C
voltage and current bal armaiinvgeg tmed hhmidgwevssre da
semiconductor devices. This chapter establis

AGEbased DCCB solution proposed for MVDC netyv

Chapter 3 details the devel opment of t he
validation and the characterization of the p
s maslilgnal mordmelli @aigi @assessing twes ed abamd rt o/l o

introduces the Active Switch Module (ASM) <co

Chappers£nt sbatsheed AHSOMB ar chi peotacteiam aobaah
wide range of MEMCaapp| HCRaerodhesvoel opmerttaland
validation ahes dsfoabt bhesmasmegtt e and transi e

characteri zati on tohfi sHQhBsa pitsereval uated i n

Chapteearmimmes the nestasietyufroenstbeadwncing
Posi Thievre@@mé f f i ci)e rmotm dttAuleCa | ol a Icafrhriiesngs.t udy pr es
detailed analysis of the Activet@Qurer entr rRaltar
among par aChait e raBdtsigoorvser ni ng t he ACB contr
deri ved, and the theoretical framework for
pr es@dctombi neAIGDACBc heme f-x@dlue i aigpdriantei on of
| oops to develop a unpai &ldlnelerct reddVIDEE Arescruei ntf o |
breaker apsplfiucratthi éomnlise >sa nbkxrpgedr € me nt al studi es

combi oear athhent wo xrmoetprod dentsed



Chapotssermmari zes t he key croesssdands iimadsis.nfglista wn
hi ghlights theofmatimi scornegsdéaruah.onsShi s chapter

work that could extend and build upon the fi



Chaptkert@rature Review

2. MVDC Appl ao@avern@iaangdar ds

MVDC net worak sdisvueprpsaep prlaincgaet ioofns i n moadern p
growing body of technical standards and reg
Fiug2els hotwlse typical voltagesimegseli osnusaesy] dnsDE¢
rangfirnoghm gh Vol H¥PEt d&€w (Vol t BYyBP)Calb®d n@ wi th tt
correspondi nMVDeppiyp ichap logmyse d kivinl thek ML .r5ange
power tranahgfirnogme vael fsew MW t o sever al hundr

di stribution s9edlweriksdantdr il alr ger renewabl e e

100kVDC ~

HVD HvDQ AC
Renewable energy
1.5kvDC ~100kvDC -— |
AC |MVD
R .
WD EV Charging
MVDJ LVD et 2KVDC :
AC Microgrids +400VDC LVDC DQ'I;raqion
0 Microgrids LN
Data centers Data centers
Figute Alh. il lustration of varif®wBg DC voltage



2.1.1 MVDC Applications
MVDC networ ks are i ncrveaarsiaopugsl y cdaateipdtrosy etdh ea

I nher ent .Tahdev aimmatiang ebsenef it s include fewer powt
sizing requirements, enhanced controllabil it
storageTBbByst exmatmi mes various applications f

being utilfoneéedyreasrwaldls. as

2.1.1.1 ShipboardPowerSystems
Shipboard el ectricalfrrmoent wornkvsegpnaw e ntasl yasisE mg

DC powersThdgesmamnsrehsoprasier integration of
ESSs, ewhinddn actoensv er s iroenct dsch @ gw e igmadid @ uarnede d f or t
equi pemd.l Nt wor ks are the sprebheatr@ardawdc hi t e

caet a,thfeaudlItt ed zone i s k[sl]l,at[ed4]f,r ojnB%]he net

2.1.1.2 MVDC CollectorGrids
Due toncrlkeasing peneittrfroat é mer go/fc onNRIXSsE o r gr

i nt er c osnenveetrtsaitlm genbeursgeydr ,c @€ lwi amasl t ur bi negbawad so
gai mped mi .nVhx@o Icl ectsorf f gr i d everiahclawdiedmgt ages
conversion stages, lsoave Fu c bl &8l pae ramgmbeehres noa | |

conversion sdawgre se fiifBibaiears®eys p

2.1.1.3 TractionPowerNetworks
MVDC hawi dempl oyedcitmosumdt wsr ks ams and r a

due to the speed conVYalotlapgrékoa barle tuys eodd iDnC tnhoet
Active rectifienntoittdeaere nishetaeng keastse dplolwoewi nt

bet ween t heseahltdide med sdlo,r k[s3 6 ]

10



2.1.1.4 MVDCInterfacefor Interconnecting AQletworks
Il nt erconnecAG ome towbirskdsr eatrallt e di eemeelrigeyn esiotug c e

frequency hair imoenrnpehrsmcsees ,dntif prenhees i smuclhi mist asthi
circui tHoweaewemn,hstdvwakwspl e the ACfent ar fsaod aug i
i nt ersfeacctiinpgme t ovpp B.A G

2.1.1.5 MVDC in EVCharging Sationsand Data CenterNetworks.

Whi MeDC networks serve as a platforesfor in
higplower | oads such as EV chargpogersrachdh bns
MVDCyBeliminabConagnvtehresiAoh st age, net wkvlkeneff
though these networks are r gtghueipreerda tteo acso nsnteacn

systiemosst si[t3bgdt i qrBs]

2.1.2 MVDC Networks: Relevant Standards
Tabllepr vi des a summary of relevamctr ossawvaal o

applications.

Tabll&u2z2nmary of relevant standards for MV

Standar Descripti Hi ghlights

E Std!l EEE Recomme § St andatridngs of MVD,/C
38] Practice for operating devices,
Medi-Wuonl t age 1 Recommendations fo
Power System short circuit cur
considerations.
T MVDC testing shoul «
t hepproved test prot
Std 2668, | EXC5 6,0 0dr
st d20®2
i s r etchoh¥hiDeOn dneedtb \s
on Power EI e
), with each
I

I
b
(
(o and protect

| EC 6[1%%]01 EC st@&mamctrud 1 Par-tCall cul ati on of
currents in

11



install ation e Par tCalllcul ation of
and substati crcuit current on e
T Part-Addilti onal con:
circuit current cal

| EEE . A0/l EEE Sthada T Covepsefemrateidngs a

[ 40] (3200V and I requirements of e
circuit bre. brealk@aviangted maxi
encl osures. ump o. kY.

| EC TS-2611 EC starmPobar § St andalr etke sfiogni ng a

[ 29] install ati én el ectricianlst pbWwat i o
kv DC with nominal v ol ttac

povi de safety and i

2. RQC Breaker ®BerdhrChlad dieeng e s

2.2.1 DC Breaker Technologies
DC cibrrceuakter technol ogies can be -brate] yawcd

hybrid designs, each offering distinct oper
application constraints
2211 MechanicalDC Circuit Breakers

Due to the absenceslokad&ng Iy akeexmeirnogda resehsi snign
not occuirmeahal@CBRe sonance circuindwsr mgrt usend
crosisn npechani cdMecb&@€Bs al D C CBlsa sceathh ebrep acsasti evge
and active resonahiceutajidwsitode ¢ haebyC @RS |uiszien g

passive and a@ict gruecistpsegdldvaen ge

The main amdeamdbegClsth olff ude hiaghhd d folfw wceowset Ic y
compainéed other DCCB technologies, mechani cal

l'i mitedndercaptthohity 8]

12



2.2.1.2 Solid State Circuit Breaker
Solsitdat e CBedcdm Ipeg ouect DC nsdtowo rrkess,p oonvseer c

Sbased semiconductorl GOWTs,ch@BOHOESHMERs drGBTsQ
uséead SsotlaitddFiQR@)[ Z] , [ 8] Thdalrmn] ,dr[adslo]ésit khst eo f
CBs include higlnh gdohwpldeménoat l ossessts, cool i

lack of galyagije¢e [20]ation

2.2.1.3 Hybrid DC Breaker
Whil e Mechani cal h@eéenChBesr eanntd dS SXCHdIsvcamn baigrees |, |

t woa d loif awsd c ekrirnegn,t hbirgeh e fafrfcceencyyrleow cos$ te/f
gal vani d lildqgl 4dTih3gjGB [s4 T sttt user at 2(dd )i WhiF8 g utr le
structure has ba&aviec abpermat amgmrsgh aAwee HH cewnr einmm
Fi gu2(egHEZB consi sparMesc:hd SmiztigavhS ) Cu Cornermutt at i on
Swi t(cdhCa8hd Brae aakMBuni 1] ,,Ufhdd] nor maclurcroenndti tpi aosns:
thhogh MSheaendDKCICiShcgur rent Jj ntleer MPt waahdi €ECBur n
I's taftfoedommut ate thmaiourpradgmt tfdrBd e etniVBBnpas h
conduct <curr enotpeunnctamidt MSwh & d.Wblelhpgbde MB i s t

ofMet al OxioMOJ¥aamp,proivVding plBusyreatl] path

Selecting a Il ow conduction | oss switch for
CCS only needs to generate a r euveartse vwdIttagge
Hence,vaol leegveed switch can be Belscmadnl yhdep

on the speed attM8g N&NCs,[rklgsii red for HCB

13



¢, 7 L c, 7 L
—| ! y g
(o, MS O (e, O
MS
@) (b)
MOV
MOV 4 T MB]
< p-{ Snubberl—e— Snubbe}—¢
¢—{ Snubber |—¢ | |
oy B
i \ A
S gt 5 Y N 5
1 1 [
(e, \ A O
L
() (d)
Fi gux(ea)2.Mechani cal DCCB with passive resonance cir

resonance cbBtatiet CB(¢pSEa8)i dqJd,y] Hyp8] d [£B1] HCB)

2.2.2 DC Breaker Testing
Testing of DCCBs over the, fhudtlh ruamdgeer onfo ronpx

conditions, requires acsoogcuceée capéableuvuetenodl
Utilizispuaapawée of sourcing the t.esStevceurrarle
tesatpparbhave pbogpmsed in theDQCGBseruwandiere mMorrmale .

conditions.

Utilizing a capedirtcar tbamk tarhd fea r sHDWOGB et e s
23, i's widely @emplcoayne dp Ithoedceanes epugbes [ 8F br e
Howevéi s appromadchanbbmBGengnabil ity tompodbet ee
curibermrtaki ng cycle, to test the breaker's abi
to fault conditions, and to assessnbheabr epk

conditions.

A test cirichdietdp ptreosppostende DCCBs at rated cur

the pulse capacitor eciirrccudiitt tcourgreennetr,a tteh ear ehbi

14



fatuint erruptiisn shépvanbdiTeh ilsutiemalel es t he tnsert.i
voltage pulse into the circuit while the DCC

emul at i Acgec ua tsHucaratheh imer appr caemdalt leowdh er mal

of the DCCB

Ls Lsys
~ N ~Y N switch |5 fest
‘/test
ey DCCB
(DUT)

Figux@i r2cuit for short [8fcuit testing of

MVDC

MV Thyristor
supply g _stack Loy
y = S 2008
|_ R | L
. MV Capacitor DCCB
Discharg bank (DUT)
resistor Lo
LVDC MV dlodeé
Supp|y stack T
7 L
| ~ T * LV diode
<

FigukeMPdi fied short circuit test setup [f4®r] both

The inability to generate TIV for an extenit
significant drawback of the previous test <co
a synthetic testf 4@addhod| bsgpmegleepgarmal | el ¢
of -t ewwel voltage sources ensures that the TI

with actual DC breaking.
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Arc time Two level voltage

Current  prolongation AUX
_source_ T i Breaker SRR, L -
L L
Caze
N DCCB
g ~LM oV (DUT) o
- (== l[
. |
--------------- T

Fi guxMo®i.fied short circuit test|[] 42tup to gene

2.2.3 DC Circuit Breaker Practical Challenges
Whil e DC networks arth@@andvagt pgpsel abvCeQBy AG u e c

technologies stilThéamei seschehl ¢ myidnlelt ecaug & se.m ft
and voltageeowreat isregrsi cofnduc tlo@B Tsswi tM@&EEE TSSs@ ¢ h
deviTcheisss. requngeandomatching serieshearcdirpamdl

and voltage requiremédafs ¢6B]the3MyYDC net wor k

Semi conducitnocru rd esviigcneisf i cdot i aogtdateda dgme 1 @tsis
the DCCBs. Specializedtaoaclsiiip@ataeaegat e mshoanhe e

significantl y ionsctr ecafs etghlg heQ @B sz e[ 440 c

Breaking highreGufiasgl|l t nc wiem iya this ugpnt e tquualmts anggen:
| arge MOVs eameragdyhers @ riteiOd/rsd ehei g aset aadsoci at e

DCCBsr;t hfeurrneopreeartt rerdent iopeeat upnbsn[glgle, t[h2e] MOVs

Most DCCBardeessitginlsl at otrhd i pri dstechtogyepsd @ @sielhoetm
unviable for commerci BC awptcbhgebonsackar uhe

test stawhdarhdssl ows the adoptobecoioD|CEBkRIABO
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There is aDWwiapplIniamaglttewmnelgar gi ng, Data cent
DC shi,pbdaptif shore pl atf opronwdea nkEld ad m gp saensglain tr € i
adi s tfianucltt .sHpeencatee,quunti teescustom tail owrdiinvg dafal D

appl isouehti wdhesae nsti gni fi ¢ 81t dHW4gl |l enge
2. 80l tage adBall LucirergqptfTec hhGBU e s

With the ioMVRP@eHWDEuElei cati ons r etdd ClBan &lr e
currents okibpammesewnét alges &f | s & ovehtiadh heuxncder
the ratings of avdill alHént 6RARBrhawtt phes | GBT
arranged in series and parallel to 8ecvemabda
ttechniqgues atrhkRedegmdamedrienvol tage and curren
and paoahHetRgIA5], [32], [45], [46], [47], [ 4
2.3.1 Series Connectd®BTs

Passi vedewiudbdsrare promachigvempolbtsage eshar
| GBT aSmwuabypsempensate for | GBT padameeedemny m:
i miting the voltaaffg 451 o p ¢14@&BIT,s 1hidn0 [E3HIB 't uardne
to hhndheshaorutigandursweanh hi gh currentsdhegive r
shubbepireguired i s propwoidéeivo rcael ctuot htemd esqddudanree
capamudber several times | arger t h[aln5]d,ur[i3ny] ,n O]
Tl shei glo!| thaiggela pasciubybi ng capacitor sAdarid iloarad d
snubber performance tends to depeoroval eagee

bet ween 4163GBT df ésnduebchoenrn d cGtBeElda c ks requi re. signi

Act Gart€ amp(iM@C) rcui t s as &p poweprovsoel dh atlyoe e \vaen d

voltage bakeaenaceshedGddgEd n] . AGLCHLs3de ndkeirode@e spr ovi de
17



direct oftereadtb d ekt or voltage to the tihGd&BTgat e.
exceaedsfined | i mit, tihwatges eancd ainmdjilre@gB I'i & ccuu

gawé i ch Ilriantid soft hehaeamiet toé rdu dltde7z]d ® r

Due to the direct feedbachkypfaditdigemtygeolkcbatt o
circuitry, mguntleead ampi miggdn d od ¢ migEe otverssthommea .
t hppoor vol t,zg@enbs heANGICwig thlaessi vevehuéddper bal anci

di scué&s gda(egn24] . [ 55]

Adv angetde cl amping schemas hiwmoing rsotbd/tabs t fheee/d
cl ampr Bg pr o[p5o3s]e,@ h[ebn6s]e n s i ndje tdaarttdnuei ta cctdrirat i on
clamp cittheuimaganidnujdeec toefdi tghuer( &)dhteat e dri ve con

circuit can calculate the compensation facto

External
L compensation
] AGC
Vee + Coc Ve .
| Vee 3 | Vee
_ 5 0 _
Vee Vee

@) (b)

Fi gua(ea)2.Combined active gate clamping with passi Ve
Active gate clampi[ibd]wi {m63tatus feedback

Thetlkrdaitsucrteh s edsei gk Gat e Dr i vweo |[(tAaGPe Isaclhaemm
bet ween s Amicaas vieG@Bteamt r oli smeptrhoopdo sed t o achi
vol tage sharings[beAlweelmalsemc¢ e si duGdBdhe etvierde biy
takes fon oeaictsclhdcBsTat.AAc @ad i dilreg lgya,h i) ciusr raedn tu s(t

sot hat al | | GB Ttsh esitra rict-@ hil nectr eeparsdisml gh wialgteaTnheeo u s |
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maidm awlbbdck hi s schemeluill $ippha&t metasmueleimestenanc
i ndi viiGBiTal measur ement scuanment ecuwilndshagaldo@BTb a

desaturation period

An ca iga@& el t ag e chanmalse @in ogpd fi5hi s approach ap
predefined voltwbadd eslgapgeae hdirgnreadgler ence voltag
referenaoceanv dlet Bagddj eupsetneddt e pp éayd strhde r esponse of
| GBA lgo b al cso ngthraddislveirdual tgat madcmédiriovdoll e mag e

sl ope to achieve voltage bal ance.

Si mi,Jaaasgaded vol tfolg@B T oxnwirdod il oojppbpd ETdh ri ene
c as c adbeac ki gleowepasndlyd darues ddcBTs i n acasrerfelsl cwr
predefined voltagacheteereedyaamampiviod AGBRg. bal

schemes will OieB d wtRit dAre r di scusse

2.3.2 Parallel Connected IGBTs
Dynamic anmdl| sinaesbe coll ect-oonpnectedt| GBT®

result in devuvoébalfantesesel Stadi €¢o parametr
di fferent parasitic resistarmDyensamiial ame ewi e
mai nbeg died ays in the gate drivedotctaoces ah
connecting cirg¢eeiltl , b¢WEgsen [6&PTsi ng both dyn
state current -cboanl naencctee di nl GBAr amoldeul e s requir

compensation strategies.

The |l oop inductance of the circsutiat el sc ucrrruec
sharing GBriieng nAmpaumbdlednced gate drive i mpe

currémbance dur i[rBdgFjusrwihtesrtimobrgele il mgy s kierwd iavmoduwa |
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gate drives canswietseGhitneg mr a vemmetl miyc stkeews mt
connect | GBTsSIhiem mahre&lwleegh i nGBTs connected in

a similar ther mal proffi4e] capn6dfrevent ther ma

Usiargeturn tgr&kd) @i ges(edd)d. dampen parasducedos
by coowsmhbengle@BlT gdt esufstdAdh[db.BIn t hi s eaacphpr oac
| GBiTapar xlolmdli nat idoa vewonremb hdcenf i gtuo addmmensat e
di ffermodelseansf er cThhaerawalegil s ntgichhs eved by mot

| GBTs in the same heat sink

Tharocent that ciommbmowt rg Cconsegateooasciahl at
To over comsheet difi s-mo themo swiotkhbe sa common gate dr.i
| GBFS gun(di)®d. di st bhisisteedr Gi¥jo marmo dceh o b e & fle oW
i mpedance to tdhei gghathnemtpeeudtathentc ubhimntemhef gawien@r

|l oop.

A doaesbbhge gate drive[ 2Zzipcachi ewve peagppalsedyi
sharThregat e fde atvtewoe sl ow -raensdi sioadpdege!| i t t1iGBgT t he
switching opet atPgmm niuetrent whbabagdakt ®ectichg
current efdgtehd iiméBadasdjaspanghtakbdtfuoninmes of

i ndi vidual | GBTs accordingly

An cai ve gateislrprvepcsdme whheh64phti c current
| GBTdonnected in parallel i temat aeceddbhg agen |
coll ectomughtbrire@Bi itsh esti mated ugi®oddsetthay i nt

I nduc(thrayucwhpcbpbg dé/dbthilaé contr ol lceorr rceacltciuolna tfea
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for eachncueagnhg oweacdteor eNd@E@Digrsgc htennee s  wi | | b

di scu#s dneedx t Secti on

Vee
Ry Rez *
AMP N | M ° | VC £

> Q2
Vee Ree1= Q Ree22 -

Vee

RGl Le1 RGZ LGZ
P VCE
Ve IJ-_NW\_ Q1 QZ _

resi st eroutpd i hagmmpdn t

Fi gun e rn gate
I bhokleihg damppa9parp6B8iic os

2) Using a
par al I

r
| GBTac g anme @

L))

(
e

2. Mctive Gate Drive Technol ogy

2.4.1 Openloop ActiveGate Drives
AGD coswheptygatt ke current i s controlled by en

(Figu8(eéa B4Rt e cur rringudcdaudc[e@ hgat e voltage s

(Figu8(al)pbh feedfmmammwaprdesent ed

The underlying idea i s itnot odigvieisdieoudtsli@aa £wi t c
current vaélt @agned scluope At spgéoipfei ¢ gat eorr egsaitset o

voltage i s ianppelrivead itno edchai n the desired swi

Without ,1 &8db-amcokrear i ti es and temperatur e
c omp e nasd tgenddfriacnebnath le s@f 9 b hasaeise Wiengef i ned cur

vol savge ching trajectories is impossible
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OF 73 L
% S

+
| Vee
0 _
/ g + =+
| Ve
Q —
- |

L
g g

(b)

v A?
CE
[ »!

/ g
(©) (@)

Fi gug@pennop AGD i mplSyménhadl bygAdpusteabbkbeogate(blr
operating t hhbhseaMQSFaBETisoAd jnuesd iadbbh e (@@t e current by cur
Adjustable galt@d4dvolt@agyle, sjo@d ] e

2.4.2 Closedloop ActiveGate Drives
Clos4edp Ad&zmscompensat e nfearr iltGBRTS monmd t emper ¢

to achieve desiredDisfwfi @drcdintn gi raplaelraotge aA @h n £ S

showhi gux e 2.

Direct ocewittrtol a offeeidlblaw &tFii agtad@@ealne r ef er enc
i nput dbEGBMmes Vvbket aggdnytnraani ecc fs@uAyY}i sdhiilmmg appr oe
to voltagweheaeadctadkdatntef eedbaclerkesp he i nne

feedbaclk dosfg 686ed in

ThRGD schedikt dhmtlyghdteedbacéant obbusb & ggtug e i2n
(bhe proposed techniqguacorgquolreso@apgt wyengead
other circuitryhcautr rtemeat tedoadmsa geioosnl oopfe and vi

requires a tceoampurext eliy cug¢®d&¢t | GBT status
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A digital i mpl eimMelnu satfri aptn@(da B &BAJBDea iniglv al ue s

are sampAeeadl dgy t o Di ADOsl a@dnaecbedsn@gl y, the
cal cul ates the gate voltage profile. The pro
anbi gital to ADAICognCenmssautgdn@uriant & ncontr ol

and adaptive control met hodol og[ 68] arp68tild.i

The AGD scheme, which utilizes compl ement al
current i nto the | BBJgudyedt 8.9 ] Spse ciilfliucs ttrraatnesdi e
stages are accelerated by injecting via the
control scheme requires complex circuitry fo

4
Vee +
- e
V; Q -
|/ref =
CY)
{ADC] }
vee ‘; Vcc +
CE
E’ﬁ_g’ DAC o _ FPGA/ K} Vee
Vee CPLD Q —
Vee ]
\DEMU)7
[aDc] pAC ——
{ADC] P

© @

Figux e(2a) AGDwvwuieterd bchiykehtntid¥)dteedback | oops with act
Di gital i mpl emendsirt nwdei eefd bAmGX ,wi(td) AGD with compl el
[32], [67], [68], [69]
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DC Circui(tDCErBe akteerchnol ogi es can MVD@®iIide r
net wor ks. However, the chall engtehsel mstsedi atued
and voltage capskemicondsctodr ddesvcireeARGDneed
technebaud d predvsiadbdueéai on t o overanamevitiHe e ehg

i n the next chapter.
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ChaptAct Bve Gate DriVoet dgpe @Orn
CurrBahtancing

This chapt edewdlIscpumertsf caehAe®D dd gme f or vol
curséepnppe,camntmi mlg to achieve dynamic voltage
as wel he adevel aptmemd aAodfiizveed Swi t cASMFheModul ¢
fundamenuadetrhgonyg the proposed concept of A

experiment al tshdeldhtredby# dd nitdraotli ecga.pabi | it
3. Devel opmArctt ivfe Gate Drive Schen

Current Balancing Operation.

3.1.1 Active Gate Drive&Concept
| mor i nci pl e, AGD con(igrtclrsoutgthe tdat d GBUr rgean te

desired dynamic sWwi22d¢hi féd Blyh acrfodh@tfedrielsiitni gc estr h e
vol tlveepiecan be owmhntcrholdleeadkr mi nes t he odpuerriantgi ng

bot h-on Bandhf ople4@lt. on61]

Typi aalel y,GBT switchinmpt ¢oxside preandgeag fomomh®0
constructi ommomft r blicet of GEchse v e dldy dabndijwel sdtu rti mey
| GBT switchi mperealquwiorngs oHi.cahdctuirda hhelb ynotrlee AGDH |

dd/ catndly¢ diteasur ement s are I mper-aooypeMBOr, i[nbpdl]e

The oppobededp AGD t eecnhanbilgeu ei ncdainvad Wluradhmtc ont r
vol tagendépepmdmnheafi ties, temper atopree adea mgn

points off 6ilTGBRTd GBAMsur hisgh i aawittheh earcd i lved aregad
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hi gh .st rmag easislpptiteadd tamdheturrent hogging
resul tinmoden flainleuarre of the | GBT duwel]to [[7T@] ¢
Henté@ége Safe Op8OAK mMhgs Apeavided by the manuf
t.Power Ic@BToiprrbhe attomeseevegmiabr sedomds t o
millisecondsatkbdl owrt BOpier and ngehhegge SBEmn de d
perimdt he active region i s an i m@durrttahretr mbea i,
t deevel oped AIGEDmMS ficeowntinob nbdemd dlé tartehres it eSBtid nal s

[ 7.1]

3.1.2 Proposed Active Gate Driver dic/dt and dvcg/dt Control.
Thsehemati c dpragroasmn do fA GiDRie gultJehe3wdy nami ¢ s wi t

period must be extended to allow thempeanmrgatnit
f onro-lni neari ties and del ay skews during | GBT s
(Cec,)ntand egmHttd er ccCaprcat-einnean adiedp evnodetnatg.e | n
proposed AGD schewmenj t aer e paamodt amgaéet er nal
capaCsctarare connected ampbssdaahnigsS&SBaddsedo
avoid oscil Cateaxn@:s,.iQue tavdedesn Gse, atnhde i ncreases t
chadugrei ng t he c wrar eniHselsod@pdeti i hoetr signi ficant
d y¢ dpte r.iSo ani ICad, lay,ds €ce, ighthde i ncreasedbuhengatke

vol sdagope per sbidwg Tt iedeye i t hout dd fdfteercita ch g

External capacitances behave I|inearly over
dd/ datndlyg cctont r ol . Thi s icnocnrteracsle scdal/pbeh ddyi bt aymi ocf
resulmomeg homogeneous curr entl GBTdh ev od avargsei e ¢

addiCoicgegan@ce,iing t he i nmdradasgat s wtc hdhpsd®dhd
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Nonet hel ess, t hd ®n d estr meont ) CaC Bd rdgowh awdkd tcihon he A
desi.g P€ECBs, the primary role ofswiGiBfIswher & o
they absorb the trans$G8is aneusbtcexpentednt

switched as in switebjnhgl pdWwer applications

RC Differentiator

- ——— -

V, ! \
dv/dt . : RC I :
I P ' Re i Cr |
/ V \ | ]
| Active Gate el [ G ) +
| Drive |
Lo ! L Cocext ||:} v
cE
VREFT, ’( E >_’ P ; 0
LT . R T
}
| | RK
I‘__. _________________ ! Ceee
Vifdt s
Rogowski Coil/'

Fi gulr e SBhematic diagram of the proposed Act]|

3.1.3 dic/dt and d¢e/dt SensingCircuitry.
Thmg posed AGDhirgehq ubi adngdsivtndlgghdnie asur . @dme stho wn i n

Fi gulaen 3d@RICf f e rmeena si tahideas catc rtolaGBT dur i nhewi t ch
out put di ffbkeiesRChgradparti onal to the derivat.i
operating bandwidt h, thereby prohidi mpproas«a
el i minates t he nsepeede df ovro Idteadg ec asteends ohrisghand e x p
which are often sensitive .FbdIl theori s@&9 saimallt abnacne

capac(Ch)eacebe t ve lacdditieedremmgasuedment bandwi dt h

Wh etnhe meas sae dyddpigds,alt he out phe RElI dafgéeobr

can be written as;

b o Y6 31)
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Hi gh bandwipdtGChAr@mplIfi fi es the induced voltag

0 5°Y 8 (32)

Printed CiRQCBR0 ¢ o vBolkairedacsqui Haedgs dithr ough . The | GB-
Rogowski coddsti sala at ohsbtagtvdeni t b h Hal | sensor
measur ement addit. B rog v idoeursi vs tnugduigeggessidmogn A GDOvs r e
i nducleapice medds dt edowevenmay il ead tamdmead urbemdr

err,oraspotle@ entlies IoGBT construction

The induced voltagpda;sin the coil terminal
0 0 — (33)
Her-ei s the mutual I Anpdaur cttmafriraoeambd aifc ¢ @lmd ed o it lu.r n
hagparasitic capacitance bet wessonauotcsp7t3d1i ms, f

reguwlpaemr athiRoig o ws kiuscdi lonilsy at f rfe g ueesnocniaensc eb ¢
freqgulehrecyhagttwi dt h Op Amp @papnmipilfiifeire s wihteh ignad un
0 7 00 — (34)
3.1.4 Voltage andCurrent Sope Control
The propogedi A6PD Prao poir@Pgdomnatlr ol | er t hat a L
t ranshetivoiaésdand d yd dDur i ng | GBTvod wiatgehianngd, cur r ¢
periapgoear iwi seguenceer!|l ap. This af bde/wkst us t

andlygd £ on tarski/l dteedback is zero dur,andydtdte vol't

zer o ducruirnrge ntthestiompaea,pauf othati ¢ tr éadh satntdi on b
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dyd cctont r ol | oops tohceeeds f oel iconimp& X GBITF s wi t c

phase detection and feedback signal mul tiple

As shawmultehréf er e n Weedved |i tnabgsedatntlgd ddtur i ng
tur ofofgwi t chi Ref ey e he sddvdthdy satf © rd ed g nmetdi 0 ms

35) &&). (

— — (39)

(36)

Accor dEqruaa t 3@ n s 8ff Yla (n e gvaddi rviet i ates tbod il @BT t
positive current sl o,pae@apaonsdVkrilevgeat i aeesvs ol haglkGl
of(finegative <current sl opeThandi gaams isiteievda $vo | t

compensate for the ctome riohnmpanmitfidnegrpacto nif n weaurr sait

The prho@meosadrol l er is only active during t
per,aedt here 1 s diodthdw/ddbtac & whsetieragdy st ate. Tt

wit ha/dw nddcd dteedback, the AGD functions as a r

3.1.5 HardwarePrototype of the AGD and@lestSetup.
Figu(es)Bowe xplee iDoe bRl # Beest  eDtPubp vtelrd fpyr opos e

AGD dd thtndyd cto ntTrh&lGD pr ot ot ype i s tbnapidediment ed
OpAmptso achieve high control bandwidsh. sdheps
SshowRi go2(ebBAGD wunit is 1 &BdremEB8T ermebaaber em
circuitthteeGDcaond ect i veallyctdores tSwiukt8ell Mdiceu IAS M( i s
i solated from the contr ol unit using an isol

DCpower suppl yomnonr otVeegiish@ei t he start of the
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Switching pullsybceateabetie@RE et{logrOV awidt 60 A)

an inductimhki sl ouasde do.f 2.5

?C
Standardized DL L
Go Active Switch

Module b

________________________

________________________

(b)

Fi gukev a&al.uating platform for the proposed AGD (a) E
di agr am.

The first series of experiments dadkdamidnes t
dyd dth hleGBT f orVrdw d lf.8e &£ o, hlsystelses i ndependent Vv
current balancing capoarbddudtteyd uvsiitnhg AASGDs, c ocensnt

andsemies arrays

3.1.6 SwitchingBehaviorof ASMs
The switchin®AShMedh aevx omihtedcd { ba . s Dadjfé elr @GBTt

switching douei mngebhedn &8M-d st upmoncesses for t
Fi gu3(ea)3d .asnhdo Wwbht)heage and cursmaént GBdo mfaa@dminnigr
of f resphekrcteywilyal @am GBdi opertaatohg in the acti
t ur mirmangdfifs s hBwagud @ D3AtrhAcS & ur mimnngdf, f t he pr ogr es
the | GBT operating point along the | GB¥ outp

showhRi gus(ea)3 .amasdédgti vely
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400

300

200>3

100

Tim‘e (us)

Ao Time (us)
@ ®
Figux eTBansient voltage and curogentbwahA®Mdtrumsnidug i
I m_i
ﬁ CGC,ex CGCjnt .
— > L [AGDp - &
WRer T s Gims Vee
RopT = =
1 R& "|CoEint
Ceeex T
GBT operating i

t of the |

Fi guk e Egui valent <circui
i Vee
< / <
S| VcE.L\_O/
"
[
/2 S— .
Y2 Voe, VeeL
Vee (V) Dc(a) Vee(V)
/ ' Vee
< & 1
e chs
= e
/ v IV ]
|4
VCE(V) Vbe
(b)
n | GABSTM otudtrpnuitn ga n c

Fi guxRr 3dgress of operating
on (b)) ASMIfturning
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As s hoRingui3fea)SM tuomiamg be characterized ir
anal §tsa@a nldAdr epeohdeluri ng which the | GBT's act
sl ope ar eSicronA&@m Iyl,uerdnfi ncgan be i dentified into
Figur(ebD8r Bb glglainildw ol t age and current sl opes a

by voltage @cd/dptandetar eant (dsdkap e srpeefcd ri evred g

A detail ed behfdaS/WM otruarlnianngaloyns itssmelo fA$S ¥, s wil ton iy

equationsi Appefpdbxi ded

The first series odapaxipielitmenafs texa mA@Rdt d h
tédd datndlyd dmi t h d(df jreat e@d v JredF i g uG(ea )3 .asnhdo W bt)h e

measur ement s oo nadf®Mt hud(df ada vt Jreet

The measudeomesmuate the AGD' dd dmpladdtl i ty
during botom la@G®IT ttDuwrnn ng-oh GB & urrarpennd se occur s
the contr dlhlee ddefs diiew viedse iyeGB T | o f tfryarpeieddt a g e

ricsen be observed beforedsdhdt AGD achieves t he

35 35
30 30 pwstevy (di/ dt)rer = - 18A/ s

(di/dt)rer = - 20A/ us
25 25 (di/dt)rer = - 22A/ ps

(di/ dt)rer = - 25A/ ps

<20 (di/dt)rer = 8A/ s <20
o (di/ dt)rer = 10A/ us 2 i/ dt)rer = - 28A/ s
15 (di/ dt)rer = 12A/ p's
10 (di/ dt)rer = 15A/ ps 10
(di/dt)rer = 20A/ p's 5
5 (di/ dt)rer = 25A/ ps
o (di/ dt)rer = 30A/ s
4 5 6 7 8 9
3 4 5 8 ime (uS)7 8 9 10 Time (us)
400 400
(dv/ dt)rer = - 50V/ pus
300 (dv/ dt)rer = - 60V/ s ’_\300
< (dv/ dt)rer = - 70V/ pus >
5200 (dv/ dt)rer = - 80V/ s $200 Yrer= 70V/ s
> (dVFdt)rer = - 100V/ us
100 / dt)reF=--.120V/ 1 s 100 (dv/ dt)rer = 90V/ s
(dv/ dt)rer = 100V/ ps
0 0 (dv/ dt)rer = 120V/p's
2 4 6 8 10 12 14 16 18 20
Time (ps) 2 3 4 Time (us) 5 6 7
(a) (b)
Fi gug@ol3l.ect oi¢) cauwnrdr eenoti Lt (e e t(a® o Wi & & eVAdedf Ufreirregnt ( a) | GE

turoinndgb) | GBITf turni ng
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3.Qurrent and Voltage Babada+tdgz €

ASMIdesting and Verification

I n this yveodttiagre, atnlde current t bhal aArSdisn gwhpermn

i nterconnected in seriisesasthads spe@iDalr legly Idat ean ¢
andlg¢ dditur ing | GBT switching, facilitating dyn
A S Ms . Thi sdepemd emmadleda neemrnbnes and differenc

bet ween | GBTs, all owdmigve othpleaysatheotnwd em AIM

Vol tage balancing in steady state can be a

(Re)as shbwguh aDB3fferences i n 10t aCn& nREar amet

causggnavwdalci anpa Ibeetoveeen | GBTs connect kdftfienctser
unedgnavwmadict age sharing include del ay skew bet
i nductance and capacitance in the circuit.

| ns eard cersn AGStMerdr(RRiygum éy 8ami ¢ voltage sharing
i ncreasing t hrei/fseidamiianev algtt edpe aAGD t o accomm
del Bygud(ea)3.and (b) show the voltage sharing
ofafna@n respectiveVWwvyd owi dhnamifc¢ eveRthagai slfep e
VReval ues resulyd dt dedhohséerantng the capabili:t

regul ate the switching transient over a wide

Ic A
? +
VRER ASM; | veca 7
"/C
A
VREBO-I ASM; IVCB

Fi gunrerdi.es connection of | GBTs for voltage
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300 (dv/ dt) per =60V/ is 50 | 300 (dv/ dt) rer =80V/ pis 50
250 40 250 40
SZOO / 30 3200 30~
%150 Vcez T <150 <
100 Ve 207 2100 207

Vo 10
50 ic 50 10
0 0 0 — 0
0 5 10 0 5 10
Time (us) Time (us)

300 (dV/ dt) per = 100V/ s 50 300 (AV/ dt)ee =50V/ s 50
250 : 40 250 40
20 e a0g s g
5150 v < E 200
>1OO CE1 P 202 <100 90
50 lc 10 50 10

0 0
0 0
0 5 10 '
. Time (us]
Time (us) ®s)
(a)
L Veen(dv/ dt)ger =- 35V/ s yVeEL (dv/ dt)ger =- 50V/ us
T Vcez
Vce2
ic ic
Vcer (dv/ dt)per =- 80V/ s Veg, (OV/dt)rer =- 25V/ s
' <
h
Vcez VcE2
AN X
ic Ic
(b)

Fi gu&\wol3t.age
turwoifAidb)oburning

Dynami cuabaifdamro

del ay times bet we

Current

39i n

ASMssuring

mini mali malraeaoe¢
ASM s ctheateidegyvnea mi c

dur i

s har i n gc obnentewceteend

en g

en gate

| GoBd ntduurrnifirirggs p e AtSiMvIeAlSYWs h ar e

ng

current

| GBTp rsiwma rcihliyngc a s e d

S Wi

t AWBoM §sdevihi et sth u i i § e € @ N t

by

drivesl GBT patamat e

sharingnbetwwedn!| GBTtawd ep & res(Flealu ma& S Nis

DhBRethiipgur®apB. asndow bt)yhehaurngntvet plaeal | e

current

tching. This demor

bal ancé diikidlt e mai n
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