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Ab~tract

A novel circuit, consisting of rrolid-state diodea
and a biased superconducting coil, for limiting the
fault currents in three-pha8e ac ❑yatema ia presented.
A modification of the baaic circuit results in a
solid-state ac breaker with current-limiting featurea.
The operating characteriatica of the fault-current
limiter and the ac breaker are analyzed. An

optimization procedure for sizing the superconducting
coil is derived.

Introduction-——-.

Contlnucd growth of electrical power generation
and tr~nsmisaion system~ hna resulted in higher levels
of avnilablc fault currenLa and correapondlngly greater
dcmnnds 1)n aystcm procecttve componcntn. The problem
aasoclntcd with increaaed fault currents may be
nttackt,d 111 the following wnys: (1) develop higher
interruption rating circuit breakers and retrofit
rxlstlng ~ub~taLions with higher racing
hreaker!i; (2) re~tructure the power Hyatem to reduce
aVJII Inhlc fnult currcntti; or (3) innerL current
llmlllng dl.vlres in tllr RyIILenlri that limit fnult

r~irr CnllL!i L() lrvr]s compntfblc with cxiHltnp lnfiLnlled

p~(]Lvrtlv L, dl, Vi C(. H. HccnuH(~ thr firRL approach hlrn

hrvl) rt,co}:nizrd ns being very cot)lly and tllv !iPrtlll(t
appr(mcll 01 Imlnillvri LIII! d(. Hlr(lbl@ ndvnntn Rrn UHHOC 1,1 Lo(I

wlttl ll~h[ly llltrrr(lnnrrL(*d ~rn(.rnLl(ln nn~l .rnntimlnfitnrr

nrt.wjrks , cmphnslH hns he(.n ~lurrd , 0 ~rarch:ng for n

r\lrrt, nl llmllln~ [Iovicu tha L IN rcnnomlrnlly

c[mrfrl,tl L Iv(, w[th tlw ntLrrnnt[vr of c[rrult hrvukrr

r(.plnrom(,ul i!ild IH (!ompntlhlo wttlt l,rc~onl pnwrr NyHlcm

(10s lY, II 1111[ lII*IIpl Iy ;IIIII opvr;ll Ing prnct [cr. l)ur I ng Lllu

1:1s1 I“t,w yt,llr N, 11 Illlmlll, r or progrmmq Ilnvc boon

al],>ilH!]ri.(1 I II ;nv(!s L [Mnl to VJlrlo(l!l Lo(”llll[qur N all{: 111’V[(’(’N

;Ippl Irlll)l(, 1!) Ilmll Inllll cilrrvillN ill powt.r Hyli LOiilH. 1

111(, dllivrv I)l pr,~poood Nrhrma,ll f!lr N rllllll rurrvnl

Ilmllvr (F(:l, ) (n.. III. clnfIIIlflrd nN ,Iwllcllt.41 Iln{l

11,111 -!lkll I 1 111.(1 dl, vlrv H.~ -r Ill, mn 10r I.fl Ilrl 1II F(,l,
da,v(.labllmt,lll !ln H a,t)llrul)l riit$ it I)n NwI i rhed dovlcrll, I 11

Wlll(, h I 111, . tirrvlil lH r(umm,t ,,1,.,1 very rnpldly hy II

wwll I.hl It~ II I,vl,.11 I r(]m n III,J Imllvdanir mnl Il pntl} III u

hly,l I Imlli,tlilllt,i, linr~il 101 pnl Il. TIIO ndvmnln~r III n
Hwllrll(,(l 11:1. It< 11,1 IIIW HylA[a. m l~lH1l ,Illrlllg nt~rmtil

f)prr.11 1,)11, A mn],,r dll; a,l J,’.llln~r Or n Mwll[, hl. d Fl:l, IN

!1),. I,,)rll r,)l a.a)ml)lt-:.11 y Ill ,iy11rllr4blll 7.1.(1 oprrnl I(1u (If

!l(, ,,1,,,,,1 I ;,1 .Iwl I ,,11 [1,,?, tl,. vll.l~rl. In 1111111! 1,111, I 111,

.:kll t Iilllt,, IBI,BIIS.4,A 1#.,llllrrf4 n I I1lIIc, nmlltllll tjr 1 Ilw
11111’I 11}: 41,,11 Illt, ln~lll ,,tirl-t.[lt In tNlly I Imllrd hy 111!,

!Iy, il 1,,,, Implwl,ll l,,,,.

Ma,aa,lll Iv I. nnlnlI~QI*, F(:l. m~,lll,)d wnn pralpnnr, l. i Thi N

ma,l IItbul I .Iki..i .Illv; llll ,Itil. lit hl~ll Illlu(, r Mlllll~r(,l)ll( lll!.1 IIIH

,111,1 ,1, ,11,1 ,,1 ,11,. I I.(,ll,l, )l,lp, y II 1111 Ill I VIII I,4)NIM I,lvr tilt lo

.It; v:llll ,1~1..l I II nlm;ll 1 {.1 I v t,vt,l I Ilt. pl-rvl(]lthly llt’I)l~tlnv I

M(,1 11,)(1,:. Ill Illlrl 1)111)1.1 (Illly 1111. C, II*I. I Irl(. nl a)llrrnl Illu

SI1(II:IIII.1 1,11 Ir..l ,11 t 111. Iltlvm. I F(:l, t.lri~ill ,lIld ill 4711r

Iwlnl I I 1,,:11 1,)1) all 1111, Illlfllt. <.lr~llll , Ivnllll 111~ Ill n

*
;;llllpllll 4.,1 I II 111111 Ily !11,, Il.!;. Ilvl)l . 111 EIII, IMV.

Mmt!lY1,N 11,1 m,., I.Iv(,,I Nti,vrml,, n 11), 1,111:1.

solid-state ac switch, are deacr:bed. In a companion

paper an economic evaluation of all components of the
FCL are presented in form of a parameter study chat
includes the superconducting coil design.4

Solid-State Faulc_,Current Limiter—

The solid-state fault current limiter uses, aa
ahown in Fig. 1, a diode bridge D] to D4, and a biased
superconducting cOi~, L, JIS a switched lmpednnce in
each phaae of a three phane system. A circul! !w-sker’,
CB, ia installed in ❑eriea with the FCL and interrupts
the reduced fault current. The biaa voltage supply,
Vb, that can be implemented as n full wave controlled
Graetz bridge, provides the coil bias current,

‘L-
The

nmplltude of the bias volcagc in just high enough to

overcome the voltage drop of a pair of diode strlng~,
D1 and M or D2 and D3. The coil bian current

ncn’fi~;t~~
adjuated to a value 10 during normal, -
operntion of the trannmiaaion line. The vnlue I la
chosen to bc higher than the peak amplithde of the ‘i [ ne
current, I allow ovcrlnading of tile llne. Am

lonl; na tllcm!Y;e ~~rrent at any time ifi ❑malLer Lhmn

the blira current, l., the dindc hrtdge Ill fllWnyH

conducting nrrd, ntllcr thnn for Lhc Rmall forwnrd

voltiigr drnp lmpcdnncc of the dlrde Htringn Ill tn D4,
drrcn no[ prcHC.lL nny fmpcdnncc to the curreut rlow or’

the llne currvnt, Ftguru 2 deplr.ta thr rurrunt-ttme

relnttnnnhlp OVCI ono 60 IIn cycle for Lllr COII nnd 1 lnl.

rurrrnl nnd for Lhr dlffcrrnt cflrufc curruntH. For l)oLll

pntiltlvc nrrd nrgnt[vo hnlf prrlodH of Lhr llnc rllrrcnt ,

lhr cllodv currt!nrn nrr pnn[tlvo nn(i Lht,ri,ror(. Iht,

dlndr H nrr condurtln~ nN lonK ntI lho hln H rllrr(, nl , 1,,,

In lnrRr. r Lhnn Ill!, po;lk nmpl[llldv nl tlII. Ilnr (,llrr~,ni ,
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Fig. 2. Steady Etflte currcntm of aolld-state,
superconducting fault current Ilmiter.

~upcrconducc Lng Cr)ll cnnnrtt l~mlt Lhe current

lndrfinitcly. Thcrcforc, the circuit hrcaker mutrt hp

opened to Ilmtt tllr current wIth~n a rennonnblc time,

In the order of onc or two cycle~, depcndlng upon the
mcchauir.ri of the hrenker dctilgn, Operation (II thr FCI.

is entlrcly niltumntic without thr need for nennlng rrnd

control . In ndd[ttnn, tho fntilt currcnl lH Itmltrd In

tllo flrHl hnlf Cyclf?. A nuprrconduct[ng rnll Is

nt,l L,rta, d ovc. r II normnl roll tn mlnlmlzr Lhr r4yHtrm

lnHHctt. Fl~uru 3 HhowrI tllc cllrrent-t Ime deprndrncy for

vnrltmn clrclllt curruntH (or N f~ult c(ndlrlon. For

~lml)llclry, LIIV nrinllmpl lon IH mnde thnt t IIC rlllll I

orctlr~ n[ lhr zcrc (,r(mwln~ n; thv lmd curronr. Thr

dtlvln~ V(11 I IIM!., v ,
1,

ror t llr (-01 I rurrrnl In n

rrcrlflt. d H [ !1(, Wnvr Vollngt., Tht*rrr(]rr, 1 hu (,(}1 I

rllrrrul lnrr,.n~o~ ! rt]m Illo [nit Inl I Vn 1114, nrl. ord I ng
11

I II I 1)!, Oqull: I 011

b’
‘n!’? [ 1 - ,,), ,,1) ,

‘1, - ‘1111 ‘ (1)
WI,

UIII1 1,),, I Ill, 11111 IJ II ViII III, nr’lvr IIIU IItlH 111111 pt. rliul

II ,1,1 V,n,, x 1111, pvilk ,llnll] 1 I 1111,. ,,1 I 11,1 phnnu V()) I nx(,.

!;(II Id-:; lnfv A{: !iWl I(. II

A mt,tlll itill 11111(II 1)111 hIIP III. Plolld-rllnlv Y(:l, WllII

$lll):~r!il !*II , 111;11 rll&illl l!, I n n 1101 111-HI 1110 n{. I)ri. nkrr

Ullll rlll’rl,lll Ilmlll{lp. Illlllllla.f+.’ N y r{lpln(,lll~ I IIV

111,1, 1,. !1 all IIIIS I’(!l, rlr(. illt II; I.11111 r(.1 lrIl 111. vI(,oH, HIII, II
1111t l]yrl!tli~r~i 4 I Ml I 11.1111 ,. U,III VIII 14.,1 rr,.1 If Ii, rn (!i(:lrn) ,

:1 011.vlI, Iu I II It I,Ilt *.rl I lInl ,.1111 rI. tlIIa. I. I III. I I II., rtlrrg,lll I tI
71, 11 .11 (,.1. “ I I 11s. I,htltl, lhnnl)llrl.d Wllh I 110 ,1 I 1)11,*
1,11 ,1111, I 11(. !i(:tr (11(.! 111 r4. !IIIl IOf: I.11111 r!)l lIIql I$ I I~r
.,.,1 lllj., (If I 11~. !;I:M,l (11)11 11 i 11111 I rtlrl,,,ul ,11.1 m-l-l 11111

t.lrt. ,lil ,

‘111, Illvll!ll!ll II ra,tlll bIUIIIIVf h 1111,111 11.111 I y III 1111.

(Illlmlr (.11, 1111 Illlllllp. Ill,. 11,)11 I.llllt I limo ,,1 ablut.r:ll 11111.
11111 .n!ly ,111 I Ilt, I Ilyrllll *II ,1 ,11 I Ill, f 11111 111II llNII Illlv(,
I II 1),. ~1:1 r.1 fl Imlll 1 ,11,,,t),ltlly Il. 1.111111)11!111 n 1$111.1,.111 .

Alll.1 11,,. !111 I 1,11 )?,1111 plllll!$, 1,1) ,11111,1 Nrll 1. plllll,.11 11)4,
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ltt, t,lll I ,,114,,, ,11 I Ill. Inllll. Ulll,ll III)*, pnl 1 Ill I I,vl I 111 all 14

*II 111#11 1,4,,1 1,, ,. 1,) 4,111,111,.1 I Ill, 1111 11.111, 111!. !:(:N I. 11,1111
Illln I 111. ,1,1,11I 1,,, ),11 l#. #11111#. (1I ,11 Ii)wll l,!. ph,,,l,. ,1, !lnv
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lNOf AN~ OF PAUL1 OCCURRENCE

Cur rcnl H nncl vnlttlgr?H 111 Siil)(.rc.f)ndilcl I IIK

rwrrvnl 1 Imltrr dur[ng FIIU!L rI)Iidlt~(l IIH.

(Iovronnow r rt]m I I H mnxlmllm Vnl IIII nf I or tII14. 11.111 t.vt, III

(Mm”l”l mH)m ThIIl I [m, IH I 111, mnx I mllm 11~.t.ofi~l;bry Wllll

propvr CIJI1l rol t 1) IIrlny I 11{, phllfll, ;Illp, I 1, (1I I 11(,

lhyrlHlor~. IIOCIIIIHI, 11111 II IIlld-Hlnl I, MWIICII II(,I!I I Ikt, JI
Illrlr ryc 10 hrviik(. r, n nm. bl Irr PIIIIIII r~, II II II II(Sl IIIN I.111 I mIIl

n I owvr (wrrrurrrnl rill IIIK ,1, I III. fl(ll Id-ill ill 1, I,, ]W,. r

Ilrvlt I.Pl ilrI, rrIIIIl rrd t,omllnri.,1 WI I II I III. II 11111(. I. I rIIIl I .

TIIII rlrcult Iwhilvl(lr II! 1111, mIl ld-~IlnlI, null I.11 I! I

II II IIWII Ill FIR. ~1. TIII, n~fl,lrnlll 1,111 I I{ ,1~11111 mil(l~. IIIJII I III,
fnllll (It.t,tlrtd III I III. XVIII (.r~III~I I III; III I 11.J I II I,. V,II I iiu,,,

l)urlll~ Illr rlrnl 11{,11 ryrlv III tvr I 111, !,11111, I Ill,

Ilf ~111 Ivr twllf l.yrl, , 01 I III, I lm, VIII I n):u IN lml~l,,nuoil 1~11

I )111 Mllllanra-tllttllll.l Ilt$ (,111 I IIlltl thi, tqall 1 :Ilttl I Ill,. I,llrrl,lll 1,

1111.ll,n!lr. I l] I III. Mnm,. wnv nll Ii] I hi. tl ltMli. t.1 r,lll I . 1), $,,

ill, t f ,. Vl. tli llf I Ill ! Ill, f 1111] I (1,1,111.11,11,,,, , ! II(S K,l! 1- Illllly,

plllnl. fl ;Ira (11. lllyl. d I II I h!. Ill V,. 1114)11 1.11,1 111,l\l (11 ;ll), )1,1

1[)()”. “rho n!. ~ilt I Vr Ilnll l~vl, Il. 411 1111. I Illm. Vl)l I 11):1.

Ilppv 11 II ncra)n!i thr. rIIl 1 , IIIIIM I IIrrl IIH lhI. 1,111 I ~,IIrIIUIIl

I ,1 111.,, 1’1,11118.. NY I I 1 Illp. I 111, Ill Ilul,, r,l
7

,1 I I Ill, ,1,11,,
l,,llnllllll Ill I 1111 11. v,. l tll Ilhllttl I 1,()’ , I II,. I 111!. 1.111 14,111 , ,111

118, I’1,lllll ,1,41I tl r.1,111 I It 11.,1!1 I Ill Ill I Wll Ivt, Irfl, 4,1 Wllll

I 111. II I 1)11!, I.llt, till, I Ill, ,1,. n~ll(.11 Ilmfl.! I Ill. t ;Illl I

,,111 11,111 1 1111,, 1 tl,. mttm8,1)l I Ill, 1,11111 ,,tlrlt.111 tn. t.#lllt,.,1

Iii 11(1.1’ Illnll 1111. 1,111I Illnll ,.!11 1,.111 I)v Illtlt,l I 111}: II I II ~1,

Impvll,lll cl, , l., 1111,, 11,,, ,. 11,,1111, 111.4..111111. I 111. 41,, IIwll,,ll

11.dill.oll 1111, I, Ill 11,111 Ill tl, ill, nll I filI.YI14,111t I VI. II I 111111111,.1,1 ,

111111 Ibllaullll WI II, II I lit, I.lml II-III 1!1 r,,,l,v, 1.,111 Iw, l!lll .,1 I 11

pl,l, r ,11 1111 1. Y,l,.,111 Iv,, ,. I Irt, i I I Ill a,,lh, .t .
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(.(),1[1 I 1 lnrl H .

(:01 1 Sir, (, OJ)I lmlr, ill 1,)11

(2)

111111 !11 mlt\lm17t.tl. I’111. r~lrr~,nl , I , I PI III,. mnnl,mlrn

l\ll’1, .nl Ill 1111. tall I Ill Ill Ilt, t.111’11 Ill k’RIkrr ,1111 .NIIICI I lmr

I ,)1 I Ill. 1:1:1, III , Ill Ill,, Wllrllt I, II IIV, n~ 4MII, hIIll UVI, Id

1)1 I 8,1 I ,1,111 ,,,.,1,1 1,.l\,.,, [ ,,1 [1,,. ,,,, ,lL)I [,.1,, TIII, I,tll r,.111

I I.lllilfII II III Iw41 I,tml,ttt)a,u)l II, ftII. hlftn 4.lirt,,lhl , l,,,
::;l’’;l,,. ,.,,,,,!,,, I,,r, m.,,,,r, ,,A, , ,,,III!I,I, I hy I Ilr I Illr
VIII! :1~,,, v-v 0,11) ,,,1 , Imlllt!fi)l,.,1 1111 II 111111 I v{lrll

mttx
,111 111,. 4.,,1 1;

1
I!tn{l m

-1 ,, I ,,AI (1)

1)111’1llp, III), * 11,11I ,V, l,! I 1,,, ,,,1 I ,t,, , ,., \l 1,,,., ,.,,,,,.,, ),y 11,,.

nmttttttl ,

Al - ‘avg T— -,

1.2

with the ~inusoida.
cycle 2.,

2“
v

max

av,g = —
w

and the period, ~,
equation (4) into (3)
reaulcs in

Wm=;LI;+Ko

(4)

voltage averaged over ona half

(5)

of the nine wrve. Inbertjng

and equation (3) in turn into (2)

?. T2
‘av8T + nz

v

n—
a v.g

.

2 8L

(6)

The value 10 I.IL determined by the current value to be

llmited and In not a parameter. The magnetic tinergy 16

a function of the inductance, L. Dlfferentiatlng Um

with reepectc to 1. results in

dwm_ - ~,: . ‘2 “:;’ ‘2,

dL 2

(7)

The magnetic energy han its mlnirnum for the coLL

inductnncc

nV avg T
L-——

21” “
(8)

Note that the inductance for a coil with the ❑mallent
ntored energy is only proportional to the nwnber of
half CyCleE of breaker opening elms. Py ci,noeing nn
lnductnnce mccording to Eq, (t3), the breaker current wt

opcrcing time, which la identical to the mnrtimum Cmll

current, in alwmyu 21 . ‘Chin rcprenrnts vsry effecttvr

t:(lrfl,lll lfmftlilg. Th: fnult curre,~t in only nbout
1/3(1:11 M Lllc mnxlmiirn fnult current that could occur
Wf Lllollt :Ilr Itmlccr 1 n thr Clrrulc. Th@ Ilbovr

dcrlvntlnn nhown thnt the oprlmal COII [cr uIl (Ic sdiLch
(n - 1) In nnc hnlf or unv fourLll thr nir.e of LIIr rnfl

fnr L} II. dlndu FC1, rlrcul L, rfrprndln~ on tlir rctiprrtlvc

{lnv of II onr I’yCILI (n - 2) or Lwu cyclr (n - /,)

hrrilkt,r. PlutLlllg nf Lhc! mngn,,l Ir envrgy nH n fullrL[on

of opLl mum [Idur L, Lll,. r w!LI1 II nH Lhr pnrnMt-tvr ~lvo~ i!

N(!! d curvf.~ rO- II,IIH Of V
,,pv~ ;“;,,;1)

vnlllr#l Wllh

Hl)lll I(1W m{,llmil. I%vlntlnn t rom ( I)r

llIVIIrII( [ml opll,mtlm rvN1ll LH In m1ly n Hmnll III, r(,n~f, d
At(lrt,{! mngnu[ l., on(,ry,~ 4111LI CIIl I r(lKL .
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