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DESIGN AND OPERATING EXPERIENCE OF AN AC-DC POUER CONVERTER

FOR A SUPERCONDUCTING MAGNETIC ENERGY STOfUCE UNIT

H. J. SOENIG, Member, IEEE, R. C. NIELSEN, Member, IEEE, AND K. H. SfJEKER

AfWTRACT-The design phllonophy and the operatinR
hehav~or of n 5.5U, *2.5 kV converter, being the

●lectrical interface between a high voltage tranamin-
aion ayatem and n 30 HJ superconducting COI1, nre
documented in thlg paper. Converter :hort circuit
tents, load teata under varloua control condlttona, de
breaker teata for magnet current lnterruptlnn, and con-

verter failure modes are described.

1. INTRODUCTION

A 30 YJ aupercnnductlir~: magnetic energv atorngr
(S!fES) system wns commtaaloncd nnd field tented in 1983

in Tacnmn, wa~hfngcnn, [n b uacd aa a tnnl for system
idcntificntion nnd tr.qn~ml~~lnn line ntnhlllznrlnn
rl,2]. The unit cnnslqt~ of threr majnr componrntn: a
i.6 11, 30 W mprrcondurring roll mounred in itK
cryogenir vPN*el, n cloned rycle heltum refrl~rratnr
thfrr mnintnlns chr roll .qI nn nporntln~ temprrn[urr of
4.+ K, arm+ q twelvo-pulmc llnr rommut~itr~ cnnvf”rtrr.
TtIe ronvcrter, whl.-l) In cnlinerted tn n 1?.8 kl’ btln Vlil
two h !.fV,\ rrnnsforrner~, re~ulaten rhv pnwrr flow hr-
t~i=rn lilt, rI)ll and rhr thrri, phnsr ❑vntrm. Flgurr I
❑llnu!i .; clrcttlr d[ngrnm III the SWS wnlt. Thv two
rM!v,l 01 , rtlll!l. d trnnufnrmc,rs hnvp 41 r.lrlng nf
h/17,\ ,:~,~, n w)lr ny,v r.!! III r. 11.Fl/11.Q:’1, nnrf n ~hort
clrrlllt Imprd, inrt, nf H.R. . Eartl rr;l,l~fnrmvr I* t.#ll\-

nrrtrd tn +1 HI x-l,lllnr hrl(!j:v. I’hr rwt, hrldy, r~ nri, ci]tl-.
norrrrl III qt,rie* ,Ind p.rt~llndrd ar lhr crntor poltrl . 711V
m;ln,l I:t=wa.n! nf 111(. l,lrj:~. ;Imotln[ of cm,r~v •l(br~,d IU.Olhr
I-,)11 rqul F{*X T hvlmM* p:lrh for rnrll hrld~.i,. 1;1 r hr
I.:ll!l, nl n t-rlr;iqL~,)phi(. fnlltlrrl rh rft- hru,lkrr riin
Inl,. rrup[ rhl, [.01 I . lrr,,llf h,. ,,)mmtil ,1! Inr f!!,, rh)l I rur -
i-,.lll Inl,j .1 l.i rf. u[q:t)r.

A S}ft’!: I+vsIt.m ,,,11: ,Ih<,,rl, vlrc!rl(”,il t.nrryv xnd

4t,)r~, IL In 111,, f,lrr 4,1 nti):u\,,l If. vnvr R\, !11 Ilh,. *.,,1 I ttntl

r,.l,,. tur m,l,:ql, r I ,, on,. r):v f r(,m II!ii r,]l I h:!,.L lm, , rti,.
t,lO. rrl,.4il u\,ul,i.!. flt,l. 411,;,, I IN,. i.,)nva,rt rr !Illllww (Ill I v
il,]lill rorl IC,l]lll ,-, lrr. .nl I Ilk,, i Ill! o.u~.r,,,: f Ii)w tn rha.
S’lF\ u,:xto- 1+ con! r,l l,, d hv ~I,t, t~,,l)\.0.rl#.r Vllltx)!i, m
IJI,*[I iv,. , ,,,)i,,,rla,t \J!ll : :1}:1, [n,. r,. nuos ll).. tall I a Nlrrvnt
;tnil (.li,lrNi.,i I 1,,s ?%l),!11.1 ; n~,):,ir I VI, ,..,N$ ,.rl ,,r VIII I ,1):1,

1 CONVERTER lBAldSrOFIMEllS, SMVA EACH
2 0-PbLSE BHIDGE [?1 ?5 kV, 55 RA)
3 O-PULSE BRILIGE [?1 25 kV, 5 5 !IAI

4 BYPAS8 8CR8

S DUMP BESISTOH(I Oil)
0 D(: nm~nrn
7. SUPEflCOhDUCTINO COIL (?UH)

decreases the coil current anti dischnrRen the ma~net.
After *O Inltinl charge co 4.5 kA, the rntl current of

the ‘I(1 MJ coil la controlled between 4 kA and ‘, kA.

Occasionally, currents up to 5.1 kA mupf alan be
accommodated.

Figure 2 deplrtn rhe phyuical Inat.qllnr inn of the

converter flanked hy the two power tran~formerfi. The

thyriatora of ●ach rnnverter bridge arc mounrcri on the
Inner aapect of the cnnverter wmllfi, vhlcl nre fid~nr~nt

to the trnnnformrrs. The dc breaker is housrri nt nnv

●nd of the convertrr c~hinet , Lwlnw the I J dump

renlntor. The dump reniqtnf Is mounted on thr rnn( ,)f
the cnnvrrter in n aepnr,t[r drip-proof cnmp;lrlmt.nl .

The nix .qc humme!r and the tun dc htlssvs r~ll [ht.

cnhlnrt throuRh the roof.

2.1 Cfrrtllr -Lwmt, and Tl)vrfn{or .%lort Ini!——.— --————. —



networkn and ❑etal oxide varlator tranalent auppreaalon

alemantn installed.
When the nttmber of parallel thyriatore in one

bridge leg was determined, the ona-half-cycle short
circuit current through the bridge and not the ❑te.zdy
❑cate currant waa found to determine the min!tmm number
of parallel SCR9. For zero impedanc~ of the 13.E kV

bun and negligible converter impedance, th- tMnEfOrMZr
short circuit current, which occurs when an SCR falla

to block, can he calculnterl to be 62.6 kA. To this
value, the maximum dc current muac be added to cnver

the maximum current nltuatlan. Thin short circuit cur-

rent requires eight SCRE in pnrallel In ench bridge

leg. SIX SCKS in parallel ~re required to prnvide the
1.5 kA s:endy arntr rurrpnr.

The 30 ~J SWIS syutero In tnatalled in a awbntatlnn
which in manned nnly part of the ffnv. All cnmpnnentn
must hr verv reilnhle, ns rrimple maintenance tanka

cnnnnt IWJ perfnrmrd on n rnutlnc h,qnts. The convertor
hnwgin~ cho.mrn :s switmhlc for an outalde innL.illmtinn.
?nrred nir cnnling is preferred over water rnnling fnr
h,.rrrr rellnhllfrv.

‘ ‘ r%ol~---.—

.in, ,,,,, \,l h ] ,,w,. r I11 n 11 :111!IIm.11 1(.

The linear indurtora allow a relatively fixed cur-
rent difference which decreaaea thair balancing ●ffec-
tiveneaa at low load currents. Under these conditlon~,

however, current balance la only II matter of academic
Interest ao long am no thyriacor haa ●xceaaive
temperature rise. Current maaauramentm at light load
confirmed a steadily decre~ning current in ●ach

thyrlator aa load current warn decreaaed.
Inductorn are made from grain orle.lted, Rappad,

silicon iron ~,cu Coren ❑ountad around the ar hu~ feeds

to the plus and mlnua thyriator palm. Gnp length was

chonen to provide linenr operation tn ahrmt 125% of

rated current nt full ll,ad. Thyri6tor forwalrl voltage

drnp baromen incre~aingly remlative nt fault Cwrre,ltn,
ao the saturated induc!anrc mtill prnvldrn aurflcient

aharlng for nurcenmful clenrinR nf load faults by gntc
interruption. Each thyrlnnr [n fused wlch nn extremely

fnot nctlnR lflOo A fune. netIIRn techniques devrlnped

hy Balrnnvlch nnd Knrst.qerft were uBerf for .Innlysln nf

fnult clrurlnR~3j.

2.A r%tr rlri~-.

Th~ clrrufr vnlrnRr* wi~l!ln oncll nf L~IIO s,,rl(~~

ronnrrtewl slx-pulsr cnnvrrtcr qertinnn 11 low tllr u%( nf

tnroltlml pulmr traurformvrq for I:ate rfrive. Tl,eR,.

t rnrrRfnrmer~, rlrlvcn hy trnrw.[stor rircuit~, .qr(, u.qv(f
tn provldo II rnntinunun drlv. nf 120 clvrtrirnl dr~rt,vq
in rnrh rnnriucrlnn prrlod. A cnpnritnr di~rhnr~:v

rirrlli~ prnvlrlwr4 J ffiml rlnc time nnd nvcrrfrivo r II

Inmwrv nuffiripnt (il/rlL cnpnh!ilty. Thr lligh np.ir,lt Ing

vnlrnucn nf twn converlern [n nrrien nnd r 11P pn#qlhi-

Iirv ot Innd trnnriirrtth, hnbW\.Fr, prvclllrles thu tIUII nf
lllofi(, t rnnfiformi.rw fnr tlIv 5 kV rlnns ,t)mm,,n I-1,,11,.
Ifini.ltlnn from }:rnuntl.

Illj. h v(llr,lgr rnnt r,)l rlr,.1111~ nri. II IIppl I(III fr, im lull

l?’} V tsnlnrlnn lrnnnfnrmvr*, or,. fnr a.n,.1, r,btvvrl, ,.
Mvr! inn. All fill! ,. i,rlvc,, fVI1d!~.l{.L , :IIII! nnn,ln,. I.ll i,,,,
rir,. u[! r,v n~st)r;,lft,d wirl] P1hvh rnnvrrt I, r *48t,l [1111 IN

p,w,. rrd f rf,m 1 III. Iqt,lrl! I,*1 tr;bnrr,lrm+,rm Fl,lr’ lqlllr
r,,slrlrr~ arv rllrn tlmrd II, d.ntlplc *i Rnnls ! 11 1111,1 I ro,m

~r,ul,ld 11.uc. i rIIIIt rol ciri.~lita. Thlw sv~t~,m II: .NI~,

rfrl.., wn~ fir<l Ilnull a,n iI IIlrkv rnkil=+.lb rf)nva, rl ,,r

PVN! ,,~ di:ll n 10 kl’ hlpnl rqIIi rornrn! I II ):r,l~ll,i!, ,11111
Il:lh %11%,.,111,.11! I v h-on Ilql.11 ! n prnvi(lf, If kv

l~fllil’ 11111. %11
I.i,lw%

llIlllnll P 1 ,Jpor,lt I n; prt)hlt,mu 11,IvI. hI,I.1,
VII,.IMIIII ,. rod, rIlihIIuEh ~t~mt 11111II-III Iillkq l,l\J, $.1[ 11,1!

hrrnllqv of I,KII drf vrl,)rnl I*MI WI III III:V.

?.5 Fvr,!h,lrk— .- .- -.. . —---

flnrl. I m(.(lllll,. k wl~llNIM ;1rt, I Ilkl.11 f raw, .IU
I Iiql rltntl,t A! lmI nmpl i f I or rtIIInt II.I VOI ! f, iI 51 v-V .;!,,,, ): .
Tl,,. ..ml}l If irtl uly. nnl III UIMI.,! 10 Ar{vr ml ~,)!l rl\l)\,,,r’ t,!

wl)lrh llIr II I!r,)\’lil!*rn n Ill II i I Ilpll! ttI n ‘1i ,:1, .Ip,, ,l,l
m~ynrl)r{)nr,tlq p,lr:ll Irl tqvrl;ll t.t,rvvrl ,~r (l’lj,,r~. Tl),,

l!.iK’r l.rj iii! nt,: p~l~ 1< rilllplod tlir,hi~:li illt ,~1~11,-,,1 I I ,,;

I ,1 II i (IW Ir. vrl IIAHT ~1,,~ n l~lh rtjt\\,8. rl ,*r, V!!l ! l),!,
f ot.dl)n~hk 1. !nkl,li t r(!m n rrwiutlttlt I. dtvl,tt.r ,111,1 ,IIt,,,,, II,, I

i 11 f ht. unmi f {Illhlllll {Ill lhi. {-11110111 fwv,lh.l,, L . N#ll )1

I fnbo omplr, v dwntl I Imll,l ho! tivr II WI rPMq I VI, w(ir,l. lit!

I hnl 1111, mvntt. m i.111111111 HVIN,II,.4UII?V l)\4,4trr,, ,,t Iv a-o, .I

r I no,! dll I II pfl,tl.rll, nltl I w,) ,.l,,l, ),1,. I ., (If :111.1!.,,.,

f r,,dhnl”k hll V1. II h.in.lwlJt 1) 1)1 ‘i kllr, .

~’-.II, .~VJI,ti~~l, .T’l,v.r I:{flUIr.q

Tllr d(. sll-v I)f ltllv ra)llvalrl or n\, v,l,.1. .lllll,l!Yllly ,1

Inruv m.ib:tn, I m~lw t Wt,vur!,trl Iv i IIv,l I \,i, II I.111-ll:lr,.

❑v.tl rm f ,\r m,tn,l~:i!lr mn)!llvl vnwr~v ,Illili,r .lll,lllrw.ll 1,,,,1,11 -
I IIWM . III 3 t.,tnvorl vr wfl ln~utl * :w\s1341*u1,41[II, !,,,,9. ,!!

rlv I i IW W,II IIJ1 r,. utllt III fl)nd ,.llrr,.nt h,,! III, t r. II!,. IIil I II

UIM. phn~v III Iltm r,)n\,,rl or.
(;rtli.r,iltv, [1 :W 11,)1 on ,,a.t)tt,snlvnl Iv D1,II IMOI !!,,.! 1, !1

l,, ❑171J 1lla~ ,.tibI) Va.l,l oar lltvrlnt.lr p;lrli.t 1,1 ll. II IJll~ Ihv
I.111111111111I*I 111111 . ,Irt..nf I ,)r I Ill. It}ll!. I Im,.u r,.,1,11 r.,,1 1(!

I! ! ,t,,tlnrp,,, 111~11 ,. 11, r~v mngn,.1 .,, III, 1 II,. ,,! I,,, r lI,II\ul, I I

I - 11111 Illlmll i h I 1, ! I I, U,. rl Ill ,11!1, Ilvp,lu.1 1*.11!1 Iln t



rasanerata through the bridge by revereina voltage
polarity. The ❑ethod ueed in thie deeigrr ie to inetall
a thyrietor bypaee path which can be gated or. demand.
Reeintora (2mft) are ueed to force current ahering in
the eig”nt paralleled thyriacore.

Two independent gating eyateme are ueed in the
bypese path. One, driven ty a number of fault
det~etora in the converter (loem of line, low line
voltege, phaee lose, over emperature, overcurrent,
●tc.) IB coupled through aptlcally Isolated gate

t’rlvera. Becauae these drivers obtain their power from
the nc nource and have no battery backup or
uninterruptihl~ power supply, a ❑econd completely
independent myntem im used for zafety. Thie 6yetem
conoiete of ● bue overvoltage detector which trtp,serm a
nepar~te gmte firing circuit. Power for thim circuit
i~ deriv~d from a frequency compenented voltmne divider
driven by magnet voltnge. Afialn, the technique had
prevloumly been proven on converters for large tokamiik
mngn~ta.

?.7 Tranmient Protertlnn.—— —— —

Both RC filter networks nnd wtal OXi dr vnrimtcrn
(WNs) arc IItiod for trnnmlent protection. The RC
filter nvtwork~, 2.5 ohms Ind 15 UF per leg, nre Inatie
f rmm cmrrnutattng Rrnd@, nll flll~d rnparltnrn and nnn-
Inrluc[lv? rcnlmtnrm. Thc reRlmtorn arr mnrfc of

ntnlnlrqn H[rt.1 expanded metal, n ronntructtnn which

rnmhlneN very low i~+tlctancc with excellent hcnt
dfq~lpntf,ml capahllity. TIWnc network~ nre wyr cnn-
nectrd Cn the lncrrm[n~ trnnnfnrmrr hum~en uith nhort
rnhlrm !4fN’ dcvlrcs wcr!, tllo largr~t low vnltn~r Lvpvn

nv;l[lnhlr :11 rfln~[rlla.[!nn t[mr. TW() ~B() v yO\Iq art.

urrlc~ connrrtrd vl:I n ffrltn rnnflgur. )tlnn tn mupprruti
Incnnlny trnll~lcntti. Tllc R~ nrtwnrkn art to rrdurv
flv~dl nf dl~t~irhilnros, limit tllyrLntnr rrrovrry

lrnnw[-nt~ nnd rrlfrvr I’jr WI’ drvlrr~ from II}IB duty.
In Ilddi C!nn, rnrh brld~!r ,)llIptlt vr)l!n~r IR protrrtrd hv
tw{, \75 !f(lVN rnnnot-lrrf In ~rrlc~. Vollngr nur~t.
pr,]tvt.tlon tor I..Irh thyrl~t,)r tN pr,jvldvd hy run Herlrrn
c,)nnrc t I.d fillll V !U1l’N nnil ;In R(’ Rnilhhrr nrtwork (?i 11,
0.1 IIF) pIACIIII ili.r,]Mu r.11-11 SCII to hyllnmw VIIII:IRI, kplkr~

nnIl llm!t dv ‘Ill ncr,]us [III, SCM t,) prt, vrnl ml~rlrfn~,

-!. H IN” Ilr(,,ilit,r 1)0s ljy—. -.. . ------------

one-half cycle, 3-rycle and 10-cycle, 60 HZ eurge cur-

rent ratingn, it waa felt that a eingle pulee,
❑inuaoidal commutation current with a peak of 8 kA anti
● baae tires length of 300 pe could hp carried by the
device. The di/dt value for the plllee is WI l,IIJs,
which im one fifth of the rated ❑inimum value. Equa 1
voltage distribution acrone the fo~~r SCRa connected ir,
aeriee ie forced by a reeiative network. In addition,
●ach SCR ie protected againnt overvoltage by an ?40\F
device. The firing circuits for the SCRg, including
the fiber optic link, were checked for @qual pulme

delay.
Becauae of the Gmall nize of thr= capacitor chnrglng

eupply (30 J/e), which chargen the 130 LF commutation

capacttor in about 20 ❑inutes, a aecnnd chance for dc

current interruption im not prnvlded. .tutomatlc

recloaing Pight ❑ernnde after breaker npenln; was
arranged in the breaker control logic. The time nf
eight necondn in the m~nimum tirr for the nprtnR
Ionding mechanism of the breaker to recln~c. If thF dc
breaker hae functioned properly, only 4.67 of t hr

original current in left in the coil at reclnsing tlmr.
Should the dc brenker fail, for any SIVIIII rea~on, tllr

coil enemy would he deposltecf in thr varulln holll(.~

and remult in n breaker explosf~n. Howrvcr, by
reclnning tlle brenker, an ener~y of nnlv 2nfl k:,
ammumlng nn arc voltagr of 40 v, would hnve hrrn
depontted in the tllrer VaCIIIIm Fattlps within r!~llt
nerrndm. Thin energy is not large ennll~ll tn rfostr,,y

the hrenkrr. it ia mpmllmed thnt ar’trr hrt,.,k,,r
mnlfunctlontng, the COI1 ener~y is rnnvrrted into llt.:11

In thp hrllum bath nnrf ren,lltq [n rxrt,~R[vc 111.IIIIIT

hnll-riff wlchnut dcntroyliig tllc coil.

3. TEsI s

1.1 Prr-lnntallnt[on Tost~-—..—— .

Thr cnnvcrter waH tested durtn~ ncrrp[nnrr iru[s ;II

I hr m.~.ltlf:irlurer’m plnnt nrrnr+ln~ t 11 t 11(, Axs I

ntilndnrd~ f nr Srmlrnnrftir Lnr Power Ret. r I f frr~. Tut) rI, I ! -,

fr*tH ●.rrt, prrft)rmrll: a ~hnrt rl rrul f IOKI ,,t 10”

ovcrrurr,,nr: fI kA, fnr ll!rrt. hrrlr~ ~nrl {I n,,-ln,l,l IrSI
nt I (): ovrrvoltnRr, 1171 \’, for f I VI* mlnll:os. I !1

ndIll[ Ion, thr untf wa~ IIIEI1 pnt[el nt 1~ kl’ dc. 41 !,1).4
Al,lml)~, tht. rl)nvvrler wnH trmtrd n? rolt. d I.llrre,nl wI! II

n vnltnkv lip to II(J \’ nnd nt 241) \’ ulrl, :! rtlrrrnl ,!1

I.h k,t. A wn(or VOO1OI1, mtnlnlr~q IJLQ.I.! rrnl~l,)r WO.

Ilnr(f nw n li)nd. Thr hlyll rtirrvnt I oqtn wrr,. 1,(.rf,,rmn,,!

mnlrtlv t 1) ma~:hmtlrv rilrrrnl .mI]; irlng hotw,, t,ll I III, ri ,,,111
pnrnllol thvrl~tor~ n( rnrh hrld~r IPR. Thrfii, r!. 11111*

IIIIVF hcru ropnrtcrf onrllrr: 5\. flrrr1,114r III I Inn rll 111:11!
r,lpnhi III IFR n! [III, m,inl, fmcttlrrr’m plan! nnal II I I,I\%
Alnmnp, IIII!II pnurr 11. MI* wrrr tm,t prrf(~rmr,l wl t II f III,
ronvrrti, r uutt I Ihr rnnvrrl wr wn n lrrMt:lll~,A .II I Ill,
suhtn(l n.

q. :; Shnrt -Cl rcul ! TrNt
—-.--—. -------- ___

At t Ill, Tnrnmil %,hn~,lt 1,,!1, thr rI>II\,4 ,1.1 or w,l N

vnrrglzmf lnr LIIC flrrnl I!mr M[mllltPm.ntl*lv wlllI r.~1 I*II
rllrrvnl rllld vIIllm I!I. 111 n mlltlr( rlltillt Ir, ul . TIII II IIIW

nnrf ml mlrn 1vrrnl ml I w III t III. CIIII VII rl rr wt, r,, riIIInl I1. l ,.,1 hv

n mnllti nltlmltulm h,lr, whl II. Ihr =,ll~!.r[.,t!lilii,,! 111)) 1.,,1 I

rrmhtnrd rfl M1,II II IIei. trI!, KII?II MI N- I)IIl~v hrl,ll, i, W,IU I I rut

t rmlrlf mltpi!rnf rlv, WI I II t In, hvpnll,. Sf:RU ,)f tlII. nt,tl~lni,r-

MI zvd hr I dp,r rnndurl I III:. Vi }~~lro “1 .4h,twu ( 1!1. prliwirv

I I Ill rurrrtll
‘f

‘i
I 11 I ho wvv-tlvll J I rmn Mf orml,r II II I1OI,

●htlrl -rlrv!llf rIIII, II I,, nm.
TIIc. prnk powi I IVV ,.tlrri. nf IN %/.Il A, rru,ll f in}. I ,, ,1

penk nvr[)ndmrv vurr,jnt nl fr971 F. Thl H rurrrn! vnl III.
I M nlmt) f IIV pvitk S(~M I tlrrc.tlt III rnrh hrl,l}tr Ivl:. TII,.
rilrrt.111 In dt, t rrmlm, d hv 1110 hrl(fl:c. drl,,v nn)!lr , whI,.11
t M rll)llr f !1 Ull”, {111,1 1110 I Inr, ! rnuhf ~lrmrr , IIII,! NUvIII\Srr -

t rr I mpt~dnnroti. nllh I I Iv, rllrrvnl II! f ho ~,onvrrl vr WI I h
I,t]t II hrl,l~tlu ,.,)!ln!l,.t ,.,1 1N mrrlrrn 11,111 I lIr d,. (III! 11111

nh{lrl,,d IX KIIIIWII 111 FIK. 4. Thr nmp I I I IIIIr {lf I III. i,ur -
rvnl hnrm, mlra In I 1)1.I IIth, d fall’ 1111, Inllt.r I,IUI. III
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3.3 Load Teetn

3.31 Invcreicn End Stop

In a SMES eystem, it in desirable to have the maximum

‘y
1

f

“1
1] A rl

poeitive and negative converter output voltages as

\ 1,

close to equal as ponsible. While the positive conver-
11 ,,”

\
ter output voltase la determined nolely by the incoming

1. I . I .’ :“ , traneformar volt~ge and the voltage drop due to conver-,. A., ,.,

ter loadinB, the ;egattve output &rltage la determined
by the transformer voltage, the voltnge incrpaee duc to
converter loading, mnd the Invernion ●nd ntop, which
limits the phaee delay angle to value~ considerably
lower than lSOO. A 40° safety anFle proved not too

conaervatlve. According to the manufacturer’o
information, 902 of the SCRa, atatlat~cally, have a

turn-off time of less than 600 un, which correspond~ to
an angle of 13°. At 140°, the ovarlmp angle is nhout
10° an shown in Fig. 5, which deplctH the volts r

#croea un SCR.
8

The delay angle a for LIIIH cr49e in 41 ,
the rnnduction time im 129° at a dc current nf 4.5 kA,
and the overlap angle of 9°. The lRO snfety mar~in
gives allowance for safe c!lrrent cnmnutar[on of dc cur-
rents up co 5.5 kA at a reduced Voltmgo level . The
13.8 kV SMES bus in nharerl with n lar,qe aluminum
reduction plant having n flurtllntlnR load. 1: wag
found experimentally that, whi 1P Cqu.11 delay an~l.e
nperatlon of both bridges allowed an invertilon cnd strip
of 145°, an ●nd atnp of 140° was nrces~nry for
independent hrldgr control.

\
b,

40
lima
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Fig. 1. Tr,
hr

nsformer prima

dgc short clrcu

y current with six-pulse

ted.
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?.32 Power Teritn
10II----
A

1 I
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The SW.S sV~tem wnn unrd for injerf Inl, nnd

nh~nrh[ng renl power pulncn into a lligh vnltngr trnns-

minmlnn ❑ystem with the nlm nf identifying purr ~v%trm
paramet-rn. $totit~ tentn were per furnwd hy in.lut”l ln~

●lther sinunnldnl, low fr~qursncy (P.1 tn 1.2 Hz), rl,~l I
power ptllmoII or n nnrruw h;lnd nolnt mwcr slgnnl into
thv elcctrlc,ql nyMtrm. Uhr.1 Hlrlllnf)l,ill power pil!su~
n r{, lnlerld, thr twn indppundrntlv ,-nntr,,l led wlx-
pulno hrtdR~n nf ,11P rnnvcrler Cm,I nqsumr rlrhnr ;In

~JqII;ll nr n different phnpo dol,ly nn}:l!.. h’1111 (,(111II

phirnc drlny k,lgleti, a rrnl pnwcr VIII liitlnn al~n rnllfi,, u
.1 rrulrLlvr pnwrr vmrlntlmt, whllr WILII [ndoprndrnl

1,

..1,1’/ I
,,

i“
;-,

L-200

,’ .
0

~lr. ~. Tr:lnu!,lrmu.r
hl-[,!~,, titti)r[

TnhlII 1, Ull(lwl .1,. t Ill,

flIl rlui,llfli Il,lrm,, nl ..;,

;!;,
.i

ttnm

l~rlmn r\, r~lrrt.n

r [ r,,tll l.. d.

Ii,, ml ,lnnt. O, 1)r
TIII KIIRIII Ir

hrldgr rt)nlrfml , t 110 <l?llCt IVI. pnwc r rnn hi. ‘<lail I
crrnmtnnt~ 21. FIRllrv. (I. 7, nnd R ~lIIIw, III rrrll> rll,lrt

rmrorrflnlip, tllrw d[ffrronf r(lnvorl!.r Iond[ III! c,}lldl -

t ionM. Enrh rort}rdl,,h doplrrq thv hrtd)!r ! vnlf ~11:11

(v~l), hr[ t!~:v 2 vol t ,-I)J,(, fvd~), CI1O convrrt rr 1)11[pill

c,, rrunt (1 ), which In IIfwiltlrnl tn tllv CIII I cllrrvnf ,
mrrrl lho ro,,f (PsMEs) nnd r,.nrt !VC (OqHKs) power ,f 11,,.
SY}S unit ,mpnnurrtl n! tilt. I’!.R kl’ bun. In FIX. 6, till,
SWES unll follnwu n nlnunnldfll powrr domnnrl nl~nn! ,111(1
hot h hrlrfgo~ IILIVP vqun I Vrlltngv nllt pllt . Thu

rundnmi-ntnl nnd mrronff hflrma!nlr ron,, t I vrI I,out, r

vnrlml lnnN nrv til~nlf[rnnt. in FIR. 7, IIli. SVFS 11111m

t.abrr..l)l II II IS IIS: nra. c.lll.ll. rl hv mmnl I dtlvl.lr lllll.I #l f Llll,
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qnme dlff!rulty was cxfwcted wfLII tlir d!glrnl r{rr(llrrv

In n nnl~v ronvorlvr envlrnrwm,nt, nonk, was
[n

exp, ,rlonrw$l
the fielll. The rnnvrrler opcr.lllnn wxq ntbt

Intrrruptcd hy r,mtlrw npcrntlon I]f ;Iii I.lcrnf 2 !() ki’

pow~. r clrcllit hrL.;lkcr~ or d[srnnnert s~ltrhvx WiIIIII

thr ~uhsci+t Inn. ‘41sftrlng of hypas- SCRq ocrllrr~.tl S!I{,II
h[~t II Slx-puls(. hrldRt”s wcrr control lcrf in a r,tn~t.~n[
re;l, r lvo fmwrr mt)(lr with brldy. u I nprr.at In!,.

in t!le
prlmnr[lv

rec[ Iffrr Mode nnil hr[dv, 2 in thr [nvl,rLrr
mtldu. In Fle. 10. two HurlI misflrinc~ nru r,.ci,r,l,.,!.

Tlw dr hrr,l!(vr muw! nprrnto tillrln~ H di)~lhlll-r,l!llt
rnndl t!nn, Wht,n n 11 ~lrrtrlrnl Mvqtl.m f;lllllr~. Iu
ronrllrrvllt wltll n rryogonlr qynt rm ‘nl illr~.. hl!llllllfill

nllrh n r(tndftfnn ncvor {J~,rtirre~l tlurlnp flit. Iffot IFICI IJT

!I1O 3(1 WI SFfKS nyrlte,n, CIIII hrvilkvr W:III nevt,rtllrlt.-w

tented UP to $ kA. Tent~ hw}:nn at . l~,w cllrrvtll r.lt 1111:

(11~1111 A), nnd then lnrrrwnod hy 1~1111’ A I(I 61MIII .\.

.%evf.ra I tPnt M I-II L.5 kA nn(l teqt nl 5 kA w,. r,.
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