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SUPERCOtJTW~LWC FAULT CUERCH LIMITER AND IwWCTOR DESIbW*

J. D. iogcrc, H. J. Bnamig, P. Chtihurj. , R. I. Scharmr, J. J. Wllan, ●d D. ~. Utldon
bs Almmoa %tional 1.ab9ratory
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Abstract——

.1 supmrconductiny fault currant limltor (SPCL)

rhat usam ● biasad superconducting inductor in ● diodm
or thyriotor bridga circuit Wa8 amalyzad for

crsnnission systmm.s in 69, 138, ●nd 230 = kV u:ility

cransmisaion systmms. TIM limitar wo# cvalumtod for
cO-ts with ●ll componanto-suparconduct:ng COil, diOd*
●rid/or SCR powar clmccronlcs, high voltaga ino,dacion,

high Voltmla tmshings ●nd vapor coolad leads, dawar,
and rafrigaracor—includad . A dasign wao undartakan
for the cuparconducting cable and coils for both dioda
and SCR 69 kV lidtcr circuits.

scoping 6L.dy

Tha suparconduccing fault currant limitar amdar
●tudy is bxsad upon a circuit proposad by WasLingh~u#a

Elactric Corporation and modifiad in an ●lLa-CQ
circuit by raplacini Lha diodoo with chyristoxs.1 Sma
F~g. 1. tipnnantc in tha diagram Dl, D2, D3, ●nd D4
● ‘ra tlla dioda or SCR bridge; Al, AZ, ●nd A3 arc st,rga
arraatarm; L 10 cht cuparconducting raactor; ‘b
rapraaanta tha bias power supply; and CD is tha two
cycla circuic brmakar or low currant dinconnact svicch.
X repraaantn tha gerarator ●ida impadanco, V 10 tha
voltaga ganarator ●ourcm, i

is th. lo.d curranc, ●n~ ~~a ~~~k.~’:~~~~ ~~~~:~~i
:Uioad sido fault.

TtM coil funcLionB so ● d.c. raa.1 o: with a ●U1l
a.c. rippla @uparimpo-ad, ●xcapt during faults, when ●

currant ●urga muaL k mupprasaod. Mmitars for
operation o~ clOcLrlc ULility powar cystmm nomiiully
rsred 69, 138, or 230 k“ ● t 1.2 M rmm Iuvo baan
conaidarc~. Tha corramponding otaady ● caca raactor
currant concidarcd bacoma- 2.0 U for tha SFCL COil.
Tt,c Optimum cranaiant mur~a currant can then bQ shown
to br 4 kA.

The dioda circuit of HcstlnJhousa :aqulrac no
●xtarrul -witching cont:ol~ co limit the fault currant
surgm; howcvar, this current limltot -cc h su~ntad
with ●n inllne cArcuit braakar. 8uch braak~ra ● ra
known to ba aingln or two CYC1O braakars. SinglaCyclo
braakarn, winich can ba triSgarod to lntorr~pt cha
currant on cha first CYC1O of cho fault current mur~a,
● ha no: #ufficianLly raliabla for curr.nt limltar

rig. 1+ IFCL circuic.

●8uppnrt~d in part by U.S. Dmpt. cf Lnarly.

Mnuscrlpt racaivad Novmmbar 30, 1982.

application ●md tha dacign nucc bm for a twc cycle
currant Intarruptar.

ALI improvmmmnt on the dlc-dc circuic cubstitucls
SCPJ for [ha dio.dcs ●nd raquiros switching cnpabilitj.
Tha ●dvantaga of cha SCR cir.uit i- chmL cha f,~ult
currant can b auppracsad in One-half cycla snd uiJl h
laro in out and ● half cycles. War tbaso conditions,
a high currant intcrruptar or circuit brukar 1s not
naadcd; ●nd a low currant diaconnact ●witch can lM IIaad
to claar tho faulted pa-r line. F~r tba condition
prcsantad, the scoping psrmmaters of Tabla I wra
●ctablishad.

Studias wart parfomd LO ●xamina optimum supar-
conductina coil Sica ●nd ●nergy acorage. E41aLivc
COSLS wart davolo~d co dacormioa oansitivity to field
from 1 co 10 T. Cmscs ●ra lowar ● L J.OW ficlda, - 1 to
3 T, by ● factor of about 2, ccmparod with cost: IL
high fialds, - 8 to 10 T. Costs vary only about 20 to
30X ● s ● function of coil langLh fr- - 60 to 250 cm in
tha low fiald ragion ●nd with corraoponding coil
thickness fr- - 8 CO 2 cm. Tha lowar coscs ● rm for
tha ahorcar langchs. For chaso reaaonn ● nd cha low
cost soosicivity to fiald ● t 1 to 3 T, a molanoida.
langth to maan diamatar of unity ●nd ● maximumfiald of
2.5 T during fault wora cho-cn for mar- rafiuad otudy.

optimi~acion for mi~lmum otorcd enargy ●nd for
minimum inducranca, in this casa with ● fixad uximum
curranc of 4 kA, co Mat raaoommbla utility power lina
raquiramanta ramulcad in paak ●nor&y #coraga valuto of
4.8 and 9.6 M- for tnm 1 aml 2 cycla diode circulc ●nd
2.4 W for cha half cycla 6CR circuic. Thuo , cha ~U-
porc>nducting raactor is appreciably ●mmllar for tha
half cycle SCR circuit.

Tha rcnulcs of tho ra”lnad #cudy ● ra given in
Tablo 11 for tha scopins Pmramctaro of Tabla I ●nd
unity ltngth co Man dis-cor racjo. Fixing Lha fiald
● c 2.5 T cauaoa cha inductance ●nd •nar~y storod to
daviato oma from ch~ optimum. Tha inductance wat
doccrminad from

F

“t

L ‘+ 3 *“
Tha chicknass is nearly constant to tha praciaion of
tha calculation and is bmsad upon cryostablllcy
conaidaraciona . Tl,o@c conaidmrntlonm arc thAL
two-thirds of tha conductor aurfaco i. ●vailabla for
heat crancfo- ●nd clItL rho haat tranafar coafficiant
fr- cha con~uccor nurfaca to tha liquid helium 10
0.25 il/cnl.

TABL.I 1

BFCL 8COP1HC PAMJUTCRS

Volcagc, kv, m 69,118,230
AC aurrant, U, ru 1.2
W raaator currant, U 2.0
RaactGr MXlu *urCa curron. , kA 4.0
Circuit. conaidmrcd

Dioda, CyCl < 2
KE, Cycloa O*3



IAMB II

RSPINBD S?CL COIL PAEAM!TBRS

69
138
230

69
13!3
230

Cycho

——
Circuit Inductmica bngth ThickM@fi

mkl a cm

2 diodm 330
2 dioda 660
2 dioda 110’0

0.5 SCR 05
0.5 SCR 165
0.5 Scn 275

Caot study

A nupmrconductor coat of $2.75 /kA-m ● t 2.5 T i-
uaad . ma powar ●la tronlca coot- ● ra for nmuhat
improvod c~rcial components. High Voltaga
insulation coat- for acccptad BIL rating- ● rt daviaad
frm a coordinmt~d insulation conceptual da-ign for a
halicml wound layer coil. High voltmga bunhing costs
for introducing currant into tha dawar am from tha nu-
p~rconductlng trarumicoion line progrmm. Tha vapor
roolad laada, which arc hou~ad within tha buahingop ● ra
cootad frm both Brookhmvon National hboratory ●nd Lm
.Uamm ●xpericnca. Dawmr cost- ara ●ntablichad fr~
knowladga of meny c~rcially availabla matal f.awaro
and tha known coata of a faw opmcialty plaatic dawmrm.
Th@ rafrigarator coot is s suppliar’a quotation of
$175,000 ●nd 1S the ●- for ●ll caoao. Tcbulatad com-
pmant comtn ● rk in Tablaa 111 through VII, and tha
ovcrd;l SFCL coot- ● rc givan in Tmbla VIII for ● full
thrca phasa limltrr.

IAnmca given in rablo 111 ● ro high by ● factor of
● bout two hcauoa thay wara calculacod for tha ●ntire
coils going from 1.25 to 2.5 T in 8 ■ a and raturning to
1.25 T in 8 mo with no field gradimta connidarad. Tha
corrcoponding currant changa iafrom2t04t02U.
Coupling loa~ao d-innt-.

TM protection factoro of Tabla IV ● r@ tho ration
of tha ●ariso conrmccmd diodaa or SCRe blocking
Volcagas to tha braak-awmy volcagac of t ha nursa
● rrcatara.

Coat and LuDa cru~riaon

A ●tudy parforud for the Kloctric Powor ~ooarch
Inoticuta (ISPRI) by Uoatinghouaa Mactric Corporationz
etiminmd resonant circuit fault currant limitars with
norul conducting raactora. risllra S-3 Ot tha EPRI
rryrt givoo cotto in 1978 doll~ro for ● 145 kV,
300 MVAcurrant limitar which can be compared with tha
13A kV, 287 HVA SFCL of thin ttudy. Th prafarrad lr,w
loo~ circulco of tha EPR1 ●ludy at 13 LA peak lat
through curranc followad by ticaady fault currant of
2.8 kA romt ir- $050 to 920 thousand. Thaaa aama
clrcuito coat fr- $760 to 1160 thounand for ●taady
fault currauta ran~i~ from 2 co 4.4 U ●fter thu paak

lot through currant occuro. Thaaa 1978 coata should b
lnflatad by 3? to 402 for compmrlmon with tha 1982
●ounco liotad in Tabla VIII for tha 130 kV circuito.
On this bmnia tha t7FCL IBCRcircuits coot c.lost
saw (33X faccor) or -how a-o raal ●dvan
factor).

Full load lotiuao for tha KPR1 ranonant
limitar ratad mt 145 kU and 300 HVA ● ro s
fumotion O( octady ftult currant ● t ●bout 0.07

of tha throushpuc ratin~. Full lomd Lonaan,

to tha
•~a (401

Cirucit
van ●n a
to 0,14%
b.amad on

Turns Energy
KI

55 5.2 680 2.5
70

2.6
5.2 845 2.5 5,3

83 5.2 1000 2.5 6.8

35 5.2 430 2.5 0.7
44 5.2 545 2.5 1.3
52 5.2 640 2.5 2.2

Tabla IV, ● ra 0.16 ● nd 0.29%, raopactivaly, for tha
.iioda ●nd SCII SFCL 138 kV, 187 KVA circuitn,

Tha povar ●lactronics of tha SCR circuits for tha
SFCL coot 60 to 80% more than for tha dioda circuit-.
Bacauaa tha SCR circuic~ permit ●uppraonion of the
fault currant in ono-half cycle inataad of two, tha su-
perconducting coils ● ra ●ullar ●nd tha circuit
braakara ara raplacad by much Iaaa costly diaconnact
svitchac. Tho ramulc, ●aa Tabla VIII, it chat the SCR
circuito hava coat ●dvantagmn of 79, 77, and 75X,
raapactivaly, ● t 69, 138, and 230 kV.

Superconducting Coil Maign

Tha ●uparconducting coil daaign waa dovalopad for
tha 69 kV currrnt lim.itar for both tha 1/2 and 2 cycle

fault duration, SCR ●nd dioda CirCUiCL, raapactively.
Tha coil daaign la dominmtad by tha high voltaga
inculatiou raquirammnta.

Tha ●tandard dialaccric taata for ● 69 kV currant
limiting raactor, nuparconducting coil in thio caoa,
call for ● 10V fraquoncy caat at 160 kV and ● Basic
Impuloa Insulation Laal (BIL) toot of 350 kv full
vada, including ● 400 kV r.hoppbd wava toot. Tha
preliminary daoi~na wnro bmtcd only on tha 350 kV BIL.
Tha ●ssumption wma mada tha: auparcritical halium mt
4.5 K and 3.0 ● tm will ba uuad co cool tha auparcondur-
ting coil.

T/pa 300 A Hylar, iJ.003 in., woo aalactad for tha
layar insulation. A minimum of thirty nina laycra of
Hylar will h wrappad ●rmnd ●ach of tha sight layars
of tha coil. Tha conductor turn to turn inaulacion
will be providad by cha tracking diatanca batwaan curna
●long tha winding. Diman@iona of tha daaign wara
datarmlnad to •a~.lra voltaga atraaaaa ●qual to or lata
than thoaa Sivan in Tabla IX. Tha coil daolgn 10 ●hoti
in Fis. 2. Tabla X giv~a tha coil charactarlatico for
both cha 1/2 ●nd 2 cycla fault durmtion cir:uita. Not
ohon in Fig. 2 la tha ●ttachment of tha 0.030 in.
thick inr.sr ●nd oucar ●loctroitatic #hioldo to tha
Jnnarmott ●nd oucarmont coil layar wlndlnss #t tha
poinca whara cha cuparconducting cablan will so from
t ha COII co tha vapor coolad laada. Thaoa connacciona
aaoura uniform volta~a grmditr~ through tha Cuil. Tha
●lactroctatlc ●hialds do not cluaa ●laccrically upon

thamaalvma ●c cylindart but must hava an Insulacad lap
joints VoltaSa braakdon batwaan turns 10 ●aaily
pravantad by ● craapaga path ~raattr than 0.040 in.
only tha inncrmoat of tha ai~ht conductor wlndin~,
spacar, ●nd incu,lation lmyara i- shown in datoil in
ri~, 2. Tha ●traosas ii-tad in tha tabla for tha
Stainiaoa ●taal otrap, co-vound wi:h tha cab!a, lnclud~
tha 100 lb praload, tba di(farantial tharmal

-ontraction load for coolin~ to 4.3 K, and the magnatic
Lorantn forca hoop load.



Buporccmducti u Cmbla DOOIW Rsfaroncos

Table XI Sivos tba cabla ch4ractcrictic-.
Dlnnmionm of tha cable ● re on thm high ●ida huum
Cc+acticm occurs during tha ractan@ar forming
throqh a Sat of Turk- had rollaru. Tbo utant of
c~clon is datarminad omLy tin r~blo is mctully
-de . Figure 3 chow tho cabla c-poaad of ●ixtaen
●ubcmblec urappmd ●round ● Mylar Strip in ● Ru:.horford
ractangubr twlstd by. The Mylar ●trip pravantm
•horti~ mng ●ubcablm on oppo-ita •ido~ of tha cmblm
and, thus , raducao ●ddy cuxrantm. Mch subcmbla IS
compomad of ●ix coppmr virac vrappad ●round ● supercon-
ducting strmnd all ●olderod togathar with Stabrita to
raduca ●ddy currcntm in tho subcabla.

1. R. J. knig, D. A. Paico, “Fault Currant Mtar
using ● Supmrcotiuctiq coil,”
Supmrcorhctiu

19s2 APP.
Conf., Knox-Jill@, m;

Uovnbmr 30-kccmbcr 3, 1982.

2. D. A. Paica, R. P. ?%tkovich, J. Zub.mk, J. M,
L. &OVO, “tintrollod I.mpodanca Short Circuit
Umitor,” llloctric pourer Bmmarch Imtituta r-port
EPRI EL-857, August 1978.

Fis. 3. Suparcnnducti~ cabla.

Fis. 2. !lupnrconductlng coil, dimensions in inchoa.

SFCL COSTS FOR O!TC CAIIL AND MM

coil’
s(lo)~

Inrulacion
$(10)3

69 dioda 2350 12.4 23.5
138 dlodo 3716 ]?.6 37.2
23o diode 5215 27s3 52.:

6.t2
16.5
31.6

147,8
213.6
344.8

69 BCR 946 5.0 9.3
138 8CR 1507 7.9 1>.1
230 6CR 2091 ll.(- 20.9

2.8
6.5

12.4

59. e
$3.3

129.4

● Includas suparconductint cablo ●nd insulation,

TMLJ! 7V

POWER ELECTRONICS PARAMETERSFOR S!NCL.C PIME S?CL

Arroctor
Braak-Avay lkmkr Protection
VoltaSal kV Diodoa/UCBa Facto.”

volto~,
kv, ru

Circuit

69
138
23o

dinda
did,
dioda

75 64 1.54
150 120 1.>4
190 208 1.50

83
13(I
247

69
J30
230

SCM
SCR
Ku

75 80 1.57
150 160 1.57
lPO 256 1.31

14J
2?6
4J3

.



TABLEV

POWERELECTRONICSCOSTS20R

Volt*se “cult Bias SU PIY
kv, rme

Br#
$( 10) %

69 diode 60
138 diode 100
230 diode 1s0

69 SCR 100
13s SCR 160
230 SCR 290

Voltage
W, rme

69
13s
230

69
138
230

Voltage
kV, rmo

69
13s
230

69
138
230

INSULATIONAND

Circuit

diode
diode
diode

SCR
SCR
SCR

25
30
35

25
30
35

TASLSVI

31NGLB P-MSESFCL

Arrester Breaker Total
$(10)3 Q,loj 3 j(lo)3

5 30 120
8 60 198

12 100 327

~ Ao 140
6 20 218

12 33 370

ELECTROSTATICSHIELDINGFORONESUPERCONDUCTINGCOIL

BIL Insulation Cost, $( 10) 3
kV !laterf,al Lebor Sl&eldm Totel— —. ——

350 0.6 4.2 2.0
550 10.1 4.8
750 ::: !9.4 9.2

350 0.3 1.7 0.8
550 0.6 4.0 1*9
750 1.2 7.6 3.6

TABLEVII

DEWAR,BUSHINGS,ANDVAPORCOOLEDIFADS FORONECOIL

Circuit Dewmr , $( 10) 3 Bu$hin @
a P148CIC !
—— ~

diode J.o.o 27.0 2.0
diode 16.0 43.0 4.0
diode 22.5 62.0 6.0

SCR 5*O 12.0 2.0
SCR 6s5 18.0 4.0
SCR 900 24.u 6.0

Volta&c

.~Le.

TABLEVIII TASLElx

3FCLOVEMLLCOSTS?ORT31RSEPNABES INSULATIONANDNSLIUM VOLTACE

69
13s
230

1%
2,30

A m totml coat
B = total co-t

Circuit

diode
diode
diode

SCR
BCR
Sca

with ●etal dawar
uith plastic dowsr

Total Coot, $( 10)$
A B

1134 11s5 Acro.c Mylar
lb90 1670 Croepage
2396 2514 Bulk halium

915 936
1260 1295
1S38 1S83

1;::
31.6

2.8
6.5

12.4

had8
j(lo)s

40.0
40.0
4C.O

40.0
40.0
40.0

STRESSES AT 350 kV BIL

E!@

30
A

10
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TAMS x

COIL CUEMTEUSTICS

DimJo8ion ~
V01ME9, kV, rnx
DC currant, U
Ifaximm ●imga current, M
Turo8
hyarm
Turo8/layar
Intarlayar iomulation

ROtcrisl
TNcknaam/hyar, in.
Ikmbar laycr~
Thickoemm/Layar, in.
lhxmb9r lmyars
)tncarial
Thickoass/layar, in.
NumMr laycra
Length, in.
Ei&hth l~yar out~lda diam., in.
Firmt lw]er oucmide dim., in.

C-10 CR ●poxy fiborglaas mmndrol
Iuide diam., iO.
htsidc diam., in.
LangCh, in.

Shialdo
Mt.rial
Innar, maid. dim., in.
Out@r, oucalda diam., in.

Spacarm
Nmterial
Uycr to layer, in.
Lansth, vartical, in.
First ●at, outnida diam., la. E
Sacond sot, outmlda dlam., in. G
Turn to turn, in.
Langth

Conductor, first layer, outaida dimm., in. F
Strap

Macarial
Dimenaionm, io. d
Strama, k-i
First layar, ~utoidt diam., in. H
Eighth lay-r, out-ids dlam. , in. I

Dmwar
Mtarial
Innar wall, inmida dlae., in. L

● , in.
b, in.
c, radium, in.

N
J
D

A
B
n

c
K

432

54

Both

69
2.0
4.0

8

typa 300 t9yLsr
0.003

39
0.020

1
fibarulaa~+ylar tap

0.010
1

42.13
33.31
25.61

22.25
25.25
34.13

25.31
33.37

34.13
25.77
26.20

26.04

Diamat-r, in.
Suparconduccor
Numb.r filmm~*.a
rilawnt dimmoc~i, ~
Coppar to NbTi ratio
Wiat pitch IanCtli, in.
Criticnl cur:wit ● t 4.5 k ●nd 2.5 T,A
Critic-1 currmo~ dansicy ● t 4.5 U ●nd 2.3 T, A/c=a

●luinum

C-IOCR
0.0S0 H M 0.25

0.125 h M0.J36 U
variabla ●long turns

6S0

id5

61.72
49.38
41.36

38.00
41.00
53.72

41.06
49.44

53.72
41.52
41.95

41.79

0.035 -
,2.6

2b.::7
33.01

45.25

2.75
3.19
2.00

M0.500 0.055 R 0.500
24.3

42.06
49.08

●tainlacc ●rnal
62.50

4.38
4.56

2.W

TABLB XI

SUPERCONDUCTING HIM AND CABLX CHARACTERISTICS

Wire—.

C#bla

Fi:-t law)., wbcabla, 6 Cu ●round 1 ●uparconducti~ strand,
Utabrita ●oldarad, twist pitch - 0.75 in., B.tl.

Second lwo1, 16 first laval in Rutherford lay nromd
Mylar uttip, twistpitch - 3.0 in., L.U.

Cabla dinn~ions, in.
Mvlar strip diwnaiono, in.

LJnppar co NbYi ratio in ●tira cmbla

0.021
NbTi
1250

10
1.3

0.126
250

2.5 (lO)s

0.136 M 0.504
0.010 h 0.3s0

15.1 I


