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Fault (j-t Limiter - Predominantly Resistive
Behavior of a BSCCO Shielded-Core Reactor

M. G. ~S, T. J. ‘Ibbin,Y. S. ~ and J. R Hull

4sfrucf-Tests were soadoeted todetermkte the electrical
ad magnetic eharacterletics of a sqwconduetor shielded
core reaetor (SSCRJ The results show tht a ehed-coreSSCR
1Spredomiaaatly a resktive devise sad an opea-mre SSCR ia a
hybrid “mmtivehdtwtive dev- The open-core SSCR appears
to d&aipate leas than the closed-awe SSCR However, the
irnpedaace of the open-sore SSCR is 1sss thaa that of tbe
cksed-core SSCR Megaetie and thermal diffusion are
believedto be the amehaniam that facilitates the penetration
of the snpareonduetortube under fault coditioae.

Jadtx T~fd mmreat ihdter, magoetic diffusion,
SSCR transformer model.

INTRODUCTION

III1974, a onnsensus of Eledric Power Research I@tute
U+et!bnee dtiwafaulteur rentlimiter @CL) as atop
prmrdy mseareh and development (R&D) item 11].

However,ahnost all the devices consideredsome two decades
ago wereeithertechnidly or eeonomioalIyunsuccessful.The
dMeovmyoftigh-Ts s~~m- than a &ada ago
renewed iotemst in FCLsaod there isawodrhvide IUD
efMntaimed at pursuing various concepts of FCLS ~]. A
leading caddate of high-T~ FCL is !he eo-eaMd
S@@OdlMM shielded core reaetor (SSCR). The SSCR is a
passive device endconeieto mainlyof 8dOSt#iKOnCOE
insiiamtpemonduetortubeaad a copper coil wound on the

pemdmhx tube [3.10]. The SSCR usesoutAde of the au
the shielding capability uf a ~tubetokeepthe
inductance low under normeJ opemting conditions. LMer
fault conditions, thelergecllnwl trnthccopper coilexU#s
* shielding eapMity of the supemndWo rtube andthere
issjump inimpedancu because the iron cofsis no longer
shieldedMm the coil by the supercon&otortube. OriginaUy,
it was thought that the SSCRisaninductivedeviibeeauae
thecouphg between the sqemmWor aud the primely
oirmdtismagnetic innature. Forsometims4 however, ith=
beonrealhed ihmtest resuMsthatthoSSCR is reallya
reaidve deviiand thesupemondueter tuheh=taup.coademhly during a~andits rsaweryuaually takes
muehlongerthsnthat ofanlnductive device becauaeh@h
to bemmoved fiomthe~ctor aiterthefkukis
clearecLThemisstiL ingen@ alack ofmbtadingd
howthesqemMMortube behaves bothmagoeticaUy and

!denuscri@recehsdJUM16,2~. _ WOYk WX suppenedin~ by
thsU.S.mputmmtof Easrgy,&equ IMMeaoYad ~0 EIWW.
aspshofaprogrel nfodcvalopelsar iopower’?dudogy,dercon&act
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thenndly during a t%ult.In this paper, we reportthe results cf
testing a SSCR with both a closed and an open core under
symmetric and asymmetric fhultconditions. Testa wue also
codmted to detemine the sc steady+tate shielding
capaM@ of the melt-cast processedBSCCOtube.

T’ESTSECTX3NAND SSCR ASSEMBLY

The assembled SSCR is sketdted in Fig. 1, illuetmtkg
the arrangement of the steel core, the BSCCC) tube, the
exciting coil and the pickup coil. With the omsHnembor m
pti the SSCR is refbd to as %losed-core,”and with it
removed as ‘open-Gore.” Each @m section is about 65 emz,
with the two vertical Hmba some 25 tan km~ having a
Cent&-centerXpmtion Ofarolmd 1s em,
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F@ 1. TWO-piCGS hfnineted COre dlOWi~ _ h rxcitiq ad

PMBP coils sd remvsb)e cfoss-msm&Or.

The two-piece steel care was made * 0.6-mm4hiok. .
hmahons of M22 stee~havingboth coils and die BSCCO
tube mounted on one leg of approximately circular emss-
seetion.Bachof the two coils comprised 100 turns of maguet
wire wound in two hyer& the exciting coil (AWG 10) over a

prdd fbgl= mmdd and the pickup coil (AWG 35)
diraotly onto the std com over a layer of KaptonTMtap.
Notehown inthesketch aretwo bonded-fiber end-rings
whioh aet not only to hold the BSCCO tube and exching
coiiinplacq butalso toparmit LNato flow Mothespaces
between theparta. Theentire aeeemblywaa dmergedin
Ll% fbrthe duratkn of the tests. No special measures wae
tskentoguide theelectrhlcmmeotm ‘nsoutofthe etyogenic
container, exceptto prevent exoedvemeohsnM movement
during the tests.

Tho BSCCO tube is supplied by Aventia {fbmeriy
Hoe&at). The outside diameter of the BSCCO tube ia
113mm and the wall thickness is 6 mm. The axial length cf
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the tube is 200 mm. To make the tube stronger

y!m~~~f ~tie h - With a ~j~mmuktmr Suppiieddata
that the ac steady:state critical curreot (mdmum

ah$lding eapab@) of the tube is about 5,000 A.

EXFEMMENTAL~LTS

Thaffrstseries oftests wereoondueted todetecminethe x
ste@y-stateeharasMstica of the SSCR and the results are
shcwmin Fig. 2. Tbe vertiosdcowdinate At is definedas tbe
titrleinterwdfi ornthebeghdngo fthetesttothetime when
omb=t limi~ tigins. It can be observed that At decswxa
shsjrpIywith the system voltage. For system voltage less
thim 40 V, ibe superconductoris able to shield the applied

“ tiid oomp~]y. For very ~ S)WtOmVoltages
f?eld pmetmtion occurs quickly. This obsemation

is consistent with the results reported by Cha and Askew
[1~], who fbund that the penetration field depends on tba
raqqI * tithe excitation ourrent. $idlar resuita wem also
=##f=#Y~M:tiSl.ti a -on ~

approximately90 ma [5 Oyclesat do H2).Typii currantaad
*S profiks of a S-r@ test are shown in Fig. 3. l% this

pPodsrteat (closed*), fi=l k** Cumnt
Mitation begins veq earIy (a fbwmilliseconds) m the teat.
Me shown is the inat@aneous power dissipation of the
SSCR. The peak power dwipation occurs shortly after
dgpiileant eurfent bitatim and the pOWCf dissipation
beginstodeofeasefim thencm. Thii iskausetheindud
Current rntbesuperecmduetmt ubebegins todemese as the
temperatmhmasea.Ingeneral,tbeex perimeddatasilow
th*af&r fiddpeaetraticqt bevdtage andaurrentarern
@se ibrthe dosed-cm SSCR whlh the vohage and eument
amoutofpbase ibrtheopen-eore SSCR The phase angle
increaseswith generatorvoltage fbr the open-coretests. This
means that the V SSCR beoomeamore induedw as
thesyatem voitagememaslx l%ornthedata on phase angle
beMmenV and 1 and the 12k0 of V@sk)/@sak)s we cm
Gawatedwdatance Randthe madaooe ~ oftbe SSCR
(asWming Srnusoldal wav@ form). The R and ~ am
det@mii by assuming that these two elements are in
ps$diel.

~ Thne,s

F&3&~cyfIks of mrrenL vdtsge, 2nd POWOIdisdpaiotiof a

(h2SEMhtfi TESTS

Figure4 showstbe oalcdated resistanceR of the SSCR es
afimtion of time. The rdstanm kreaseswithtime aad
the generatorvoltage. Figure 5 sh~ the calculatedmedance
~ of tbe SSCR as a function of time. The mectanmhwreases
fiorn a small value at ihe beginning of the test to wry large
value (say 100Q) as time goes on. Miaiiy. both R and ~
am and. As test goes on, both R and ~ inoresseWith time.

However, ~ inmases much fhsterthan Rand soon ~
beeomesmuch largerthan R. When this heppen%the SSCR
becomesaresistive devioebecause alltheeurrent isgojng
through R. The almond behaviorof test 113 in Fig. 5 is
probably due to the diatmiion of wave shape which alwoys
occursat relatNelyhigh generatorvohage.

CWKN-CORE‘n3s-rs

Figures 6 and 7 show the caMated resistameeR sud
reactance

%
respectively,asa fimethoftime tithe open-

eore test% e resiateneeR of the opeo-coretest (Fig. 6) is
quite similar to that of the close&Ore test (Fig. 4). They
both inctease with time and are of tbe same order &
magnitude (fiwn one to several Ohms). Ths redance X$ cf
the Opan-coretests (Fig- 7) showed quite di@mmtMavior

T&no, faa

Fis_4 Cdu&e$ -ce Rssakwtion oftimefbrokwedam tests.
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fiorn that of the closed-coretests (Rg. 5). Fti the maotauees
m the open-axe tests am much smeller than those of the
Closed-oomwk. seco21d#exeept for the initial Pe2’iod, the
mae18nceintheopeMere tests reaohesabout3Qss3d
remains there for tbe rest of the test unlike that in the cked-
eore tests, whi~ continues to inomase to very large values
(100 Q or higher). Third, the Astenoe and the rwdanoe *
of thesan2c order ofmagoiMetitbe open-core tests.
Beoatse the open-are SSCR is more inductive, it dmipetes

end heats up less thao the closed-em SSCR. The
disadvantageof the open core is, however,that the indudaace
is ve~ Ihnited because the ef%ctivep is relatively !imaU
comperedto that of a closed core. Uis not clearwhy test 129
in Fig. 7 shows the exceptionalbehavior.

EQUMLJZMCWUIT OFTHESSCR

Figure 8 shows the simplified tmmhner equivalent
circuit where Ibisthecodoss rdstanc4, Xmistheeom
megndzkg impedanoe, XL is the core-leakage_ee, Rz
is the BSCCO tube resistance, RF is the resistance of the
pfimaTY@ding and XPits associatedreaotanoe,

As eao be appreciated darn the figure, the SSCR
impedanceis the total equivalent impedancelooking into ihe
tenninels of the circuit of Fig, 8. Sine@in generalboth Rp
end XP will be both small and constsnt throughout the
operedng ourrem range of the SSCK and the leakage
impedanee is also small because &the close coupling of the
GO@MXl%ntS then the main itlflueneeson the Mavior Ofthe
devicewill come from the intemohn ofttte eom and BSCCO
tube pammetefs.

Based on core parametemderived firm our tes% Fis 9
shows the variation in the apparentimpedaw of the SSCR
es the tube resistance, Ra, inmmes. Forverysmall R% the
SSCR impedance is dominated by the leakagehnpdance cf
the equivalent transfbrmex With increasing Rz, the SSCR
quickly becomesresistive, dleeting the changeswithin the
BSCCO tube during the ma@ic4thermal dithsim prooess
Only when Rt beoomes way large does fhe SSCR again
begin to look induotive, reflecting now the magnetizing

O.mol 0.001 0.01 0.1 1

~It6Aam( 0)

Fis % V- bf the impedanceWith tbe resistanos of thttubeR2.



h@ctana of tbe laminated steel COrO. Ody Wh@l the

T

‘ itionofthti BSCCOtube is both fhstandvery largecsn
th SSCRbetuned inthemanmrn&zredtoby Pauietal
[1 ]. Baeedontheresult80f ourte8& thistunabIe regimeis

toasince eveninthe normal stete, tbe
eftbe13scco tubeis *than the

-~ M@anceoftbS(@l#&mtiymhrmr,
MAONGTIWMSRMAL PENErRATKONOFTHE

SwPERCONDIJCTORTUBEBYTHEAmidfm MAONEmC l?mn

*o@~ Aawe, magneticdiasion becosnt%
@chthsterandtbe difRwkmtimebeoomescomparebleto the

s nxmductor. ’l%isfhrt herincreasestherateofmsgnetic
sd ionsndthe ~r i~ti:: =2:

applied fieldwith s ~
T*s, tbe oombined @@of hwreaaedcument &211Sity(Oti
tbecritM eurrent density) andtempe@m hcrease dueto
di!@pationMMated tbe penetration of the superconductor
tube by the appliedrnagnetiefield,

hAMARY AND@NCLUSIONS

@leirSmhr= model sppetus toaxpiainthe experheskta.1
t’es@s quite we~ betb ibr a closed and en qert-om SSCR.

3
ckd-cereteata areresishely dominated andtheqm-
tests are both inductive end resistive. The ekmkOre

~tik~dy resistive beoause the reaotame Ofthe primely
uabtmtdoore ismuchlargcrthsn theiefkued

res@mc%oftheqemn&ot or tuba The result is that must
Oftheprimar ycurrentisconslmtedin thesupenxmd@ortube
audv~littk eurrentis needed tomagneWe theeore. l%e
o@-core SSCR is both inductive and resistive simply
beeausethe mduemoe Ofaaopeneere ismlsohsmauerthan
thatofaclossdcere aadprimarycurrent issharedbetweenthe
~o=enttmd*se-~ti**
the closd-oom SSCR prmided a higher impedancethan that
ofanopen-core SSCR GlitbOSXphliUedbyt& equivtbt
okuit shown in Fig & The parallel configuration guamtes
thatthenet hnpedanceis snsallertbanthe impedance of either
element Because tbe induomaoe of the qmn—comSSCR
qtdns MdycOnata@fienet@mk@* nxnains

below tit of the &we&ore no matter what the Mected
resistanceis *m the secmdwy circuit The impedanceof the
closed-coreSSCR, on the other han~ cmthmes to inaeeae
with the resistanceof the superconductortube.

Folly, expdmemal evMence indicates that @ficant
cumentlimiting begins* the appiied Mtl has pnekmed
the superconductortube. We believethat the Md petmdon
is therasuh of the oombinedeflkctofmagnetio and thermal
diffbsie nintbesupemmductor .~~ density
[overtbe oriticalcurrentdensity)and hmmasedtempemiurein
thesupsroondlsc@r enbanoemagneric~ Thet’atetf
-~ kreases with the resistiv@ of the
__.Bofi~$i==edcwddedy and the
~~will inoreme tberdetivi iand
MliYate thependmtion of thesupercenductor tube by the
SpptiSdfkld
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