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Abstract

The fault current limiter (FCL) is new concept power apparatus that it
does not appear impedance during normal operation of power system and
appears impedance rapidly just after fault of power system and regulates
the fault current. Until now, many kinds of FCL were suggested and
examination test of basic concept were conducted but FCL introduced in real
power system are nothing. Applying the superconducting technology for
FCL, it is possible to reduce loss for normal operation, to detect and to limit
the fault by itself just after fault generation. Especially, the SN transition
type superconducting FCL is simple for both of concept and construction, so
it is possibility to realize. But FCL had tested only examination of operation
test against only fault and many kinds of data not only fault operation are
necessary in order to estimate the FCL to introduce power system.

With regard to YBCO thin film for FCL, high critical current density (J)
and high ./, distribution are realized. For the estimation of ¢/, induced
current method that is contact-less measurement method are used. This
method if effective because it is not necessary the current contact, but the
comparison between induced current method and transport current method
is not enough.

Under this condition, we summarized subjects to introduce SN SCFCL in
power system.

(a) Achievement of high performance of YBCO thin film and evaluation of
characteristic.

(b) Guarantee of high reliability of FCL element.

(¢) Large capacity, by development of series and parallel connection
technology.

(d) Verification and estimation of operation or non-operation of FCL in
power system.

We estimated the YBCO thin film characteristic of the element of SN
SCFCL and verified the behavior of the SN SCFCL in distribution line using
SN SCFCL module connected four elements in power system simulator.

(a) Achievement of high performance of YBCO thin film and evaluation of
characteristic.

In order to evaluate the high performance and characteristics of YBCO
thin film for FCL, the critical current of YBCO thin film fabricated by
coating pyrolysis process (MOD) developed by AIST were measured by
transport current method and compared with induced current method. The
result of critical current measured by transport current method agreed with
the value of induced current method, and it was cleared that using the
critical current density measured by induced current method could use for
the estimation of current capacity. We verified the achievement of high
performance of YBCO thin film and estimation method.

(b) Guarantee of high reliability of FCL element.
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During the critical current measurement, change in quality of YBCO was
observed at the current contact caused by the reaction both of water and
indium. We summarized various factors of change in quality and extracted
subjects and countermeasures. It is important to avoid the contact with
water for example when SCFCL is warmed up to room temperature, it kept
in gas nitrogen until room temperature.

(¢) Large capacity, by development of series and parallel connection
technology.

To achieve large capacity, the series and parallel connection technologies
were developed. To verify the series connection technique, using YBCO thin
film connected to Ni thin film on AIN substrate as SN SCFCL element, four
elements were connected series as SCFCL module, and three modules were
introduced and tested in power system simulator to verify the action of SN
SCFCL in power system. As the model system, we assumed that the short
circuit capacity against near the bus fault became over the capacity of
circuit breaker (CB) at the head of feeder. By setting the SC SCFCL at the
feeder, we verified that it could reduce the fault current below the capacity
of CB and operate or did not operate against various requirement of power
system. For the fault operation tests, we verified the series connection
technology.

(d) Verification and estimation of operation or non-operation of FCL in
power system.

As the Japanese distribution system is non-grounding, fault current of
1LG is small, so FCL is not necessary to operate for 1LG fault and inrush
current of transformer with no-load, and SN SCFCL kept superconducting
condition for the tests of 1LG and inrush. Also SCFCL reduced the fault
current for the 2LLG and 3LG fault that fault currents exceeded CB capacity.
Moreover, as typical operating condition of Japanese distribution system of
after fault, CB closes after 1 minute dead time then the fault will remove, at
this situation SCFCL has to become superconducting condition. By the
power system simulator test, SCFCL could recover superconducting
condition after 1 minute dead time. Finally, we measured critical current
and verified that they did not change before and after current limiting test
over 80 time operations. We assumed that the heat generated by Ni thin
film at fault operation would be stored in AIN substrate, and analyzed test
results. By comparison of analysis and experimental results, they agreed
very well and we demonstrated the simple thermal analysis was effective.
We also made EMTP analysis model and compared with current limiting
analysis and experimental results, and they agreed very well. We verified
the series connection technology by testing 20, 30 and 40 series connection
SCFCL modules by short circuit generator. The voltages per 1 FCL element
that each FCL broke did not change for varying series connected numbers.

From these results, we examined the characteristic of YBCO thin film
and verified the applicability of SCFCL to the distribution power system.
We obtained many data for evaluation of SCFCL to the power system.
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5, HWEOBEIEBEEY Y2 MIVTOY a—)VBRNZEM &35,

(2) =&imEl

BiA > E—F U ATHRETIHEZ SHOZBRI L > THET B &I
K0, U2 ABNSLTEHEHRN=ERBURIREE TH H00, —FHHAE
(1LG) XU TR IOFEENEHTE SN, Mg QLG) , =Ml
(BLG) IZXH LU TII SNEBEFICXLSESREDRKMBE LS, FIRHED
BESZ2HNWT, 180 EMHOITNAERRBRERTBREBIRI O E—F >
R E2GLREERN L THAEDOENE, BEOF v >IN K BREREs DAL
HABETH D, Ihd, BEEAMITEERS > E—F 23U T I MLV THBN,
=EBRTIEEREY Y MVORAICKBEENRH DS 5, ILGITHLTO
FEREL, FRBREBADEEBETDED, BASIELETERN, 20
2%, ERHEAOEAR, BAMERZHFELRTNERSBNENS B SN
5, BRBEELWERBDNS,

(3) WIAFIY Y 7 NIVE

FRRA S E—F D AWCHEBY 727 MV ESLZERBL, BERY Y2 MVCE
REHRZEEL, SOEEMEBICRET DI EICLD, BRI E—F X
ZNEL BREASHRMNRIEEFIU 72 MIVARBRETH 508, EERIBOREDN
BIREE 72BN, IRMEREERFOEFRY 72 M BLOERBRICARETRANM
bBED, TEBNLREEFZ T ENEZON, TOMRIIXREFTTH S,

2.3 FRMEHODERE SN B EEBEERABIOR

BRIEERICH LT, RS ERENDREZ LI TICRRT 209,
- RHERFICE Y BV AERE SR D,
- BARKOBE OERZTIRNTz0ic, BRIEEHEOBIERAERES L
BERH B,
1P 7 INVEUTOTESLETENRBTHREZRE L, RBIEICADC
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- BRRRICEINCHEAINIEEE TH 5720, BEERRDOM > E—%
SAMINENKRERH B, BIIODPRENEBENHERL, UTIF >
ARMRKENEBERERICERZEND S,

- EBROWEREICHES T, BE 1A (ZFL, ZORMIIEER
WIZE > THRRD) THHRARBRENMTON S8, HWEREZITREIC
FREENMEIREEN SBHEIRRBICER TS Z &,

- B L CE ZAMEICH U THRENTES Z &,

- [RREMER D EREIREBAOERFIC, RRICARRBEZFEAEIRIN
Z &,
- BHEBEOMERBEDLED, AT MNTHB T L,

INSDRRRICROENAFEDS 5, BEEREBICBIT>BKENTYO
DIREZERTHIEICLD, BEROERENILSTEHEIENTELZENS,
Bigs OB BESMERANEIN, BEEERBOWERRNED 5NT
W5,

SN B AEEERFRIL, TOMRIEDBEHETIBRBTHD, HIMS
FEMNREIND, HREBFAGEZN, BEEKREBRA S E—F A 2NHIC
BHTHIETHRING, ERITBBEERITERMTENS 20D, K1 E—
YA EEHRERERRTES, BREBRE2BAZHEERNRNS &, BEE
HNEBEIRE (VToF) L, WICHERINZERA > E—¥ > XICEBR
NN, WEBRERKT 2. EERBERMEZBUICRET S EITXD,
WEBROE—KZESHRHEL, VI 2F T3 &Ik THEEZBREEN
M TES, /2, SNEBERHRSIBEK A S E—F > A0BEERE LR
W EED, 2.2 1I0BRED, MOAFRXNTRERLEY Y2 MVEFHEHRLRT
NITBRREE S U THELZWEDHH D, TOHRSERER- > E—F > AP
DFTEYT Y MIVCEEINTLES, RFESBOEAGIRICE ST, BRA >
E—& U ZAMNERICEEINTLES 2 E&NH BB, MoORRERIIEM
TERLIoTLED & ERS,

B MU SB R HBBEGM 2 H W2 SN BB BB E R TS FARNMT
b6, —269 COWEANI TLATHEHTAILRERNDD NG, RO
RFEEDEBNBEERRETH o 2. HBEBBEAOHE L LD, ZlT
BOFHANES R EZ 2N BHNTREE B &0 5, SN%@@E
%&@ﬁ%%mmﬁﬁﬁﬁﬂéﬂﬁﬁéﬁﬁ WWEb-> TER. SR oM

ENMEL, ARBEROLI RTFHEULEICEWEREBEEROI L FOREEII
&5$vbzﬁybﬁwﬁﬁﬁ£ﬁa6htﬁ,%@%,%mmmmﬁﬁwﬁ
ek, ERICESREEREZETEIT I 747 (ALO;) ZHWVWAI EIZLD
M@ Mg R E&Ic kD, BIETIR KV KA ROBRHRET ORI
HHENTWNABGY, SN EBHREEERTGLS OREND 5 ITBEBEEAROME 22
R EIZmnD, EEEERLEEZCERT S EP—F AR HIRS
E5EDIZE, BEEAOEINAZINCENEELNWI ENS, B —2
RN MBI EZ NS LD YBCO EEEAWERIRSOFNEEEEZS
ns,




2.4 SN EEBIEERERSOEE

SN iz REBEERMARE, YBCO EEDMAEM L & XMBEEE IR AE
BRI 0P 2 7 M XA EROEMFEHRERORREICELD, &8
£+ RERBEOHDNHFEINDDH DN, EEEOEEND B,

SN EBRIEEERIBICHERT S YBCO #EOREE LTI, BABRE
EHDZVEERABROB END S, FIRO YBCO BEOEMERIL 70 A/1 cm
TRRRE LMW, Ehtkaa s LT3 EHHENS kA RO BREEMN
WBETHD, ZORDITE, BRAEREEZRA LIS HEEKEBICKS
KEBALOWHND BN, RREHERDOBEFLORRE DO DIIZHERABRE
EoREOHNREELWY, £k, BRABROFE—-DRKEIBZWETHS. Th
IZiE, 1 D0 YBCO EEDHROARE—&, THITERY S YBCO BRI D
REY—NH5, ZN5IE, BHEEERICHEREIMENERD TORROERER &>
720, O YBCO EEZEe U -BRICEERBEREDIXS DE R EICEE
2RIFT AR D B, 8 L7 YBCO BIEOHBABRBEIIFEIERICL-T
A—HEDEEEINTNEY, FEECIIBERABREE L BBEICXSER
BRBEOMILIFR T TH B, LHL, GHEICHED BTFOHLL, EEOO
w RTEDRY—D7-, ERRERBREZMET S ZDIEY > TV EE
DERBRTEATOTHDN, 2EERBREBEEBETHET 572DITIXEBRY
— RRVBEY v TR EZWO T HMLEND D, ZUIHAE I U TIEEF
RINZWV, TOED, BHRATIIHMNREOFEIRIC L SMHERIELNTER
VIRIRICH B,

F/m, TNETORBRNS, HLDRETO YBCO OEREEKTNALSN TN
5, RERTFHBICXABRENZEABROKT, KIMBECLZ2EEREND
D, FOXMRIZTHITHEFT TN TS EITNnZ RN,

FRIFES & LTI, BfERMBEROREDENH TN, Tk, RiE
AL, BAEFHERCEERMREAEBRE, BRBICIIEBEZHRLRNESR
HdHD, FHITH L T SN EBEEEERERBVERICEELZOANE DI NE
FERMICRT ZENTELREIIELSRN, i, ERCESRERZETS
75717 (AlkOs3) ZHWNWSZ EICLD, FEFOBBMENHM EL TWEA,
BEOBENERIIGREINTW WD, ERMARERMENHS NI/ T
Wiy, 75, [RREEROERICEL T, BRBROET—INOITNMNIHD
HOD, EHMICHERZEBETETVAN, INET, FEAEDERNE
R BREEIC DN THRIETAETICEEE>THD, RRITEALEED
B 2 BB 2 HE TESE T 0T —F137R0,

51T, EMlFEHEEMRICOWTS, LCHIRBIRE AW BEERE K
TOFERRIITDONTNWSE D0, WEERINEE T 5L D BHEEBRIITON
THE5T, BTG OARRN BRI ThN TWaRN,

NS OBEEAEE X, YBCO BHOBMETMOET I RKICH TS SNk
BRSO R EATTREE R AR 2L, BRESE L TORMLEZHER
T5HEEHIT, BABERITHNTS YBCO BEBIVOZNEZFIFHL /= SN =
BB EERRROEH ZHAS NI L. SIS DONWTRELRICEERT 2.
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S5 3E YBCO BRI EEEM ™

3.1 [FUBIC

YBCO BIEZFIFH LU= BHHEERINH & U T SN 5 B8 B SRR 28 0 BRF
ThhTnwsg, ZITid, SNEBABEBERRIROER THS YBCO EED
Tl 2N EITOBICHB L Z8E2E L0, RREREZERT 2 EToEHEE:
IZDOWTRIRT 5,

YBCO &, EiREICHEERES 2 E#EEDHEFETHEINTWS,
ERO&BER EIC YBCO Z#ERERE X /i — TG MR 0 R4 _EIi2k
FRE S 72 YBCO Bz EMNHEFEINTNS, YBCO MEDOHEEIX, T—
TR ERD, BT O A THBLEN WD, TR EOHKIZ/N
L, BEEMEIER2BRDIOBRETES, LML, BVERBREBEZERTS
=12, YBCO id c #hi7ZV T Tldin<, ali& b BIOW A & LM X5 HNE
MNHB, TDY, YBCO LB TFHEENEWEERERZHWEZD, AR
W EWCHBINY 7 7 —BED, BEREMERREEZEHTE28EMHN LN
W3,

BIRTIE, —8DA—HITXD YBCO BEbEMELINTNSAH, YBCO
BEIELE O X ORBIEAH. SN EEN AT, MGEIN-BERNOR
RERBEOARE PG IN-EKEOBERBREEORY - END S,
D, EROSBREBEREOEHINTELKRERDY > TIVIcLD
RS BIRIMIC & A RERIENTE LR NWRIRICH D, 00, HEETIES
FRENDLE LR TNVBER, BREBRAE DD IC2EHENTEBRZ D 17
TEHIL TWED TR, BRELUTHRT S ZEIETERN, 20D, %k
T 5 FHEIRIC K D IEEMR R R BIREE O MM —DOERERIEE 2> T3,
UL, BERERICE> TRENBEREEMNRIEINTD, ERIGEETES
END ZEIFBEEEINTWRN, i, FEEICL > EEFAEBEREEIITN
FNOREEBIANC BT D&M LIIREA TE 50, KEERECERBER O X
HIREFEREETBVWTER/SADHER N, BEABRINAIEEDN E D NI
AETETHRNWEZDTH S,

ZF T, BBECIIEABREZAEL, FERICLIBERERFELESE
BICEAERBHROAEBROLLEICKD, SN IGBAEEERKIEOHRE
FETHSYBCO BEOKMIMEZER L, £z, TOBIC, BMELD ATEE
BEREEBRDBRPICHA BRELE2RRL, TN5ICHEDTE, SN EGRBEEEERE
TERCHWS 0O YBCO BEDEEMEICED 2EE2MH L. ZZTER
L7z YBCO I, FEEBRMEAMERINEIE L -BMESHE (MOD) i
EBHDTH 3., HiEBIURRELTIORT.
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3.2 BEBAIWEEY

YBCO 2&BEROHERER LIcBET 5 hkE LT, &&EE (PLD: |
Pulse Laser Deposition) #%%%. PLD I3@EMZERTHOLEDDHIETH
208, RERREICHELAANS D, HBEMNICOZ MEL<IED I EITDRR
%, 2T, HRoOREESHET & BRI & ATL T, YBCO 0%
HEbia BHRENMTFbhTVS, £05350—D& LT, Bf#ASRE (CP:
Coating Pyrolysis & % VA [ MOD: Metal Organic Deposition) RhHiFshsde
0, ZOT O AIELENRAMENRVHRELEZBOTHS. JOWEE,
SRR OE LS EBRICEN L TH—BREL, IhERREICBAL,
TNEBE L TENMRETD T & THER(LYMIEEERTSTO0 A TS
%, THIIHEZEBEALELLAEWEIR M7 OBATH D, KEMERE
ANDOHENHBNES THEEVSEERZAL TS,

3.1 ICBRAANMRED TREEZRT . BAAHRSAE TISRERAN HiEE &
YBCO 5 L EREMDEELTHBD, Wb ex-situ i END—DLENZ D,

FPHEOLEBI (Y:Ba:Cu=1:2:3) O&BAKEE (T2FIL7EMIF—
RREEE) DAY ) — ) EREREURMAERE T 50, 28R LI
A¥>a—b (E#ERA, 3000 rpm, 10%8) L, ZEXH 500 CTORBERL
(25 THY, 500°C, ZOHEMNSHLTRY) XD AERBEORHE2IT
5T, Y203-BaCO3-CuO 5725 ERHERBAEZERNT S, 1 EREAORED
R OBEDEERE THREL, ¥ 05~1pm THD. REZI SITHCT
BAR, FETOO®RM - SR TEZER VKR U CERME I RBERIEZ R
TBh, HBEVWIRT4 v Fa— b @BiEsIE L) EEEA L Tl FRRA
O EHARETH S,

CP is a chemical solution process
requires no high vacuums
is easily applicable to large substrates

coatina solutions

B
| & |
| £ 500° il
¢ multiple q
!l E coating I
i E and ;
% pyrolysis {
Time |

3.1 BAERIMEEDOTE
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(RBERRIEZ EHE TRKRBWE 2175 2 & TEHBKIGICE D YBCO BZERT
%, YBCO EO#E&EM SR MM, BRECEUER ORE EBEDEITR KT
35, idkHE, Ar-OBEHA [p(02)=104atm] Z 70— BLEBRFH,
#1770 CTH 2 B ELE 2175 & & T ¢ BiBLA IE A& YBCO 2k d &
I, BESZBRERCYOEZ THERFRUE BAHRE, 3000 2fF>52&
TEWBBEEMEZET 5 c @ifdm YBCO EZ/ERIL TW5W,

BRI & MBI 2R T2 2 ENARETH 5, YBCO Okl S S #
FEHMIZIER C LaAlOs ZHEH L T YBCO i A/FERIL /=,

3.3 YBCO AR R

MOD 12X % YBCO #IEICBE L T, \EmESEERL, FEikick3IEE
oRFEIC L AEEABREENRE SN TR, ERICEREZHR L ZHIE
BlTIFEAERRMho Tz, £ T, MOD i%IC X% YBCO #IRO M ER T % #8
FTHEEDIC, REELBEBBEOUKET /.

FEEIT, BAEMAaTI I EEOERERBT a1 ok N5,
BB NWVEEKROTICAH T > 740 A (0.13mm) ZHRATEEIN
%5, BHIAIVIIEEREO EICEEL, #RIIEGEZERLETHHAINS., B
Eiina- L SRMBERZEINT 508, BANNEL, bHBEREEEI X
TIBEEERIC L > TRANEANINS, HIRAZHINL ThE, EE
DERBHREZBA S EFFZBEOE—INED., ZOEEKBENREATZEZDE
SXREREESOHRBREEEZBEL, BABREZROSHETHSZO, JHIE
HROFIZK 3.2 1TRT. E=RKEFEA 50 pVIELZRFOMEN J. &755.
COMEIZABITEETH D, HERENVHETH S, ZOHEICLDHK 5 mm
ROERAT > MBI 2EABREEELRDS ZENTE, ROGRBREE
D ZEERITHZENTES,
4 ' N\

150

red yellow (0.3.75)

.= 2.2 MA/cm?
100 {0 7pm thick, /

50 uV criterion)

/

0 1 2 3
J [MA/em?]

N J

3rd harmonic signal [ S
(41
o

<025

e (17.3K)
M3 WEEICESERRAEENGOMERN
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LML, BdLzLSic, 27 0fBOBREREEZWT S0, K
ROBERERBETIRTESN, SHRBAONAZEBEERRIRNLGNE
SMMICEAL TIFHETE Y, 2RICHBELZLEOEZRDL I LETERN,

1.3.1 HEHOBREBERYMFITARCLSFAELREDOHL

MOD #1241, 0.5~1mm &, BEE 21 >F ¢ D LaAlOs FAK LI 0.5~
0.8 pm JE® YBCO #IEZER L, 3~6 mmiED 2~3ADA b v 7 &Mk
IwF 7 THEEL, REELTECEREOREREEE LB ZEHEUE
ML, MR SERERAEZ{To 7. B OHAKNREIREZRK 3.3 1
N I

WA Y71, 2, 3)

=l =

g ‘:_,,-'7.1.:,,"_7.‘_”3
X35 HEOBBERDHFIO—F (No. 7)
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IVvFITIZEBA NI TMIORTH B NIHEIZ, FERIILSEREBR
BESMEREL TS, SEEWEL 2B OBABROMOMBIN R 2
X 3.4 2R, £z, BEEZEOMIEZ—FIEK 3.5 IR, REBOEREKE
®ITIL, €8 & YBCO EOFAMKI 2 T 54, BEFHKF TEULM % i

LTWwa,

0.5 mm JED LaAlOs E#R % FHWWT YBCO #fiE 4 3 fEEERIL /-,

BB

TLZEF 3.1I1TRT, ikl No. 1 & No. 2 IZEROMEIC YBCO BEZ2BMAL T

B, TNENNLICHESEEDT, A MU TERERMLTNS,

22 3.1 0.5 mm JED LaAlOs EMR EIC/ER L =3Bl O#ET

No. 1 (®) 1 (F) 2 (F) 2 (&) 3
YBCO E (pm) 0.5 0.5 0.5 0.5 0.5
Strip % 3 3 3 3 3
Strip 18 (mm) |6.1,5.9,5.9|5.8,6.0,5.2|5.9,5.8,5.95.9,5.9,6.0 | 6.1,5.6,6.1
IR AR Ag Ag Ag Ag Ag
HEL L (A) 5.4-14.1 | 3.6-13.5 | 7.8-24.6 4.5-15 7.8-45.9

AMEHCBRZB DM, s TEREREMETLREIYE, TOREMWRE
TH— ATHEHRBEBZT>7Z. BEOED MIAHERE, &RBTEAT
Folz. BB No. 1, 2, 3IZDWTIE, BEY Y T3 > POULBNE, AR
LU, SfRZED )7,

No. 113, EEHORBRO-, BEEED 1) 5 YBCO MNEMNR Z EEN
7Zo
FAENo. 1 () GEhizgoiRE) , No. 231 >PULzm&L, AR
BCEMED T 2i7o%k. BIEKRTHE, —HEEEELERIK, BR2Tok
LA, BENRLILLTWBZENHBAL, BRIZKD, 122U AZRO
&R (BEY — REBLIOEBESY v7) @ YBCO 23%f8 (YBCO ERITE,
FEEIIHEAR) LTHD, YBCOMWEHALTWAS I MR IN. R’RB,
AT AN DNTWRWERITER-BERBERELZEZA, AT
DoENEMOT, TDOTEMNS, 1P ABEMIETYBCO BEIZED 417
HIBE, BHEENDBEETH YBCO 28E I B5A[HEMENH D, BHRY R
BEXOBEY Y T2ROMTZHEELUTHRLULBRWI ENHENER -,

No.1, 2 () , 3 DEREHME L (1 pViem EFH) X 1~3AThHo /.
No.2 (&, LXvESTORENRbEN>ZHD) L0.5~0.7TARETH
577, No. 2 () ORMEITBEED MITROMBIC KDY A—J O aREENH
%, No.1 () O2AKDA NI T IABRZBEBLZEE, 12A & 20 A TH
WU, 12AFA 70099 0XST, BRETIEY v ZHETERL
ofr. BT, AP EF—TINCBWEBROHEE TE Nz, 20 ABELZHKE
1320 AICEL T 1 HBOBICBENRBICERL, BRI EENE,

Bl No. 3I2DoWTiE, BB2Y > TIVFRINY B (1 PTALENL
TR EEDE) TERISE7 IV IBAD, BELE. 2561, mAIL, HR
KTRIZEEN 5B HITEERIC, DM RIBRMmboRRICY T 7 E
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ERELR, £, 799 I7RNRERICBRICERT S HEADER SN, Th
X, HBROBEIROMERZ X—2 1 MIERE L TWz/®), LaAlOsEik,
R—27 T4 MEIOBIHERDEWNZIED, BEHCHNMD D, V7 IvIIINTE
FECERLERED, 759 INERLEDBDEZZS5NS,

INSIRIBEAODTN2ATHD, LaAlOsEROERMEICHERL TS
EEZS5N, 5 mm ODEID LaAlOs ER TIIEBHRENAEL TS D,
1mm BEOERICEZSZEELE, 1 mm ED LaAlOs HEiREFHWTHEES
N B DT EER 3.2 1TRT,

# 3.2 YBCO #RHE DT

No. 4 5 6 7 8
YBCO E (pm) 0.7 0.7 0.7 0.8 0.6
Strip # 3 2 3 3 2
Strip 1@ (mm) 55,5 5, 6 3.0,3.3, | 3.7,3.7, | 10,10
3.5 3.7

RERRE Ag Ag Au Ag+Au Ag
REREE (am) 100 100 100 100 2000
Fi#Ek . (MA/em?2) |1.21-2.04 | 1.84-2.17|1.79-2.33 | 0.83-1.68 | 1.82-2.80

BT, LHEBEZ2EMEL, ABOFYE 20 mm 8 5 mm, 10 mm, 5
mm OERT, BR—AFE2HVWT4AROEBESY v T2ROMTTe, KBES
w IS DBEESE, ERAINS, V4 Vee V-ELTWD, 5BMNTTE
HREPREMETLRIY, TOBRBPRFEITSS—F A TEHRBEZT S/,

REEOBECEMOWD T FEELTHIEEZT> 2. Bl OBBRED
I FBIIFEDERIZTOWTEL NIRRT,

B No. 4 THE, 1PV AICERELET B0, B — FORD
FITIREBAN T2 RWn/=4, YBCO R EDERDOREEN YBCO SHIBEL T
LEW, BEIERD AT NN, TDD, 1 ITLEN LR
JFEBICEELED, BRY— REEENSRELEZBEICEKD, HBOEMNE
BORRIETET, VIUFIIDEBRHE Lz, JZLFERIESEDA
VwFEDH40AFEETHD, BETIZI40A ZBZS2ENBRNDD LN
BEERINE, TOMEIE, Ly ETORREEBIZERICHEREZRLTBD,
FEEICID JOMANEBRCXAERBROTANCGEMA TS Z ENAETDH
B EBEREBLTNWS,

ikl No. 5 1%, BMIL, K& YBCO BEORIZA > P UL — RIS A,
ETHULAAT 2%, BEOSEKER—2F1 FT, XPOFMO TEIHIZ
7o TRICED, EBEERBOBENIFT[ DD, EROY Tv U 2Mfild
BIEERBEHLZ-ODTHD, ZORBHIBITDEMNBIREIEHKRIIKET
WARBH, ZOFRBHIDWTH, HREBKTHYBCO OEEMNR SN, FEMIE
®Bikd 5,

HE No. 7I22o0WTE, 12PUABLIUNYOREELT, 53y )
N OFTRESEDE SV )LTH143 2R, BEEN Y IT7E2ERL T
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EBMAETD T2, SARIIFEEDAREL, BEENFITFTIHABSENED
o, BEONYIATERAWTEIVIILTEDI1F=, YBCO EIZD
WTIE, BEENYIT72HNWTESVIVTEET, FHEBEMOHEHRMAIN SN
CHF AT TRD, MAHICDOTEEIVIINTEEBEEIRE (K3.55E2H)
LML, ZORBHIDWTIE, V4 Vee V-OETOMEET, HEERBNSH
WRBENFEELE (K3.62H) . KEREKTOmMNES S 7 EOBERKR—
BEOEZIZNFIZ1THAIENS, BIEMNEEL TS EEZISNS,
ARy T 1E313 BRNEZISEERELBENREEL, BEHEORSN
BoTWBIEERLE, AN T 2816 AHETOZFNREEL, £
N EOBREZBETERN D, IERELRBEIZHETE RN, &
DARUw T 2 TOBRKIERT S, AbUvT1E3DEBHiRDZFES3IC
R,

1.0E+00

1.0E-01

1.0E-02

v+ (V)
Vsc (V)

1.0E-03

Voltage (V)

—V-(V)
1.0E-04
1.0E-05 S
1.0E-06 .
1 10 100
Current (A)
36 BREBEERE (No.7, ARJwT3)
% 3.3 AHOEHIRS (No.7)
V+ Vse V-
Strip 1 (Q) 1.2X10% 5.2X104 1.6X103
Strip 3 (Q) 8.8 X106 5.5X103 3.0X103
7% 3.4 ¥l No. 7 DEEAEN, BABREEL nl
I Iero Jer Jelo nff
1 V+ 37.8 423 1.28 14.83 20.7
Vse 30.5 34.6 1.03 1.17 18.5
V- 96 15.2 0.32 0.51 4.9
3 V+ 29.7 32.8 1.00 1.11 28.8
Vse 27.4 31.0 0.93 1.05 22.4
V- 15.2 19.8 051 0.67 8.7

=L, fEoBFIE, BN SRD Bl L& Jaid 1 pViem EFE,
L& 10l 10 pV/iem EBOBRABRPB LR BREE. BABROBALII

(A) BEREBREEOHNMIZ (MA/cm2) , nfid 1 pV/iem & 10 pV/iem OKf
DBFRMEM SR,
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ZDOEBIRT ZZLSINWTRD 6N IERERER —BERENS, BHRE
WRICHB T BEZ RO, 2720, BREBELBRWEY, 1pViem HEADES
/A XIZEbNTLE S/, ERITE/Z0I 10 nViem BAE, &K T 10
mV/iem DETH 3., £z, BIEHEORZIFLELNS 1 nViem OROEEZE
HLEHDEE 34 IR,

WADA R TDVIZDWTIE, BRI D nflANI WD, EBROETF
FDBHNEIDICHBEBO SN TS EEZSNS, 1~10 mV/em TEHEISNTW
ZEFENSHIT D E, HET V4 VeekD/AIWH, R34 DEFIDITKE
VY,

AR T 2100 TIE, 16 ABETI I FRRELEN, TORTEDH
EFROBEDOREDORTEHNSE, VI OFLIEHBOERT, REBENT
MBEGNAZTONE, ZORKIZDODWTIERATHS, LML, TOH¥3
BOY I FIZLD, BEBENKELRY, VI FITLEHENREL =
EEZOLND, ZOLIRBIRIE, YBCO —RICAESNEOMN, FHRHIDEDIC
MBI L BHCICTERT 5 HDONIARHATH 5,

MBI THE, b— b ACTHEZRED, BRBEMIZITWER— 51
MRZIZTL, MBAZETTWEEDZS, @EERNITITN, 27 VT Tk
L7z—ED YBCO BEMEMNSHEL TLESEHEA R SN,

AEI O E Z eSO REIENHE TN, fimEidWh AN,
HWE YBCO OHEFHU LD DD ZEME YBCO OEFEICHNS &, YBCO
TEREETHIENH D, 6T, ABENSEMERDILLZRIC, KOS
EWD, FIU—FITTRELED, 2 HE, — YBCO NEHE L &R0 15538
Yoz, EIVINTH143 DR EMBELIZEZA, 12V ULEFEEIN
TH5F, Sn:45~51%, Pb:26~32%, Zn:2~4%, Cd: 16~22 %,
In:—, THAHBDT, 1> LDMITH YBCO Z2RHIHIMENH B &
ZREBL TS, MBREROHRHOEEZX3.712, 2 HROEREZK 3.8IC
R,

: g i
3.7 HBREEOWE (No.7)

ikl No. 712DWTIE, BESY v TED TR E IS RBBAE LIz I
NTLEW, NRUTIZRETH- .

COREITHICHEAL TWAEHRSE, SRED FTFRFOEHICEK 5 s
DEELABRINS,
RBRATROBEBRIEICLIEAERSHZR 3.9ITRT . BLD, fBiE
DERBEBREBENZIFE—RRITETLTWS Z &b 5,
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REH

3.8 2H#EDHEE (No.7)

RE No. 7TORB LD, £5VILTH YBCO DEEAMNRDHNT2®, il
No. 6 TIZEEA UL — 2R EVHETHRREZTo 2. BRBIUE
EY v TEBOMT, ERZRBLEE, BEY Y THENTLE 2D,
ZRUw T 1D Vee & V-E2—ICLTEEZHAE L. TOMIZDONTIE,
L2TOBESY Y THNANTLE-AkD, APMUyT1DRAEDHAZITO .

’ ™
¥ =
b 3

gl g R
ESesesebeienes

B o= = ko koL ouww
BB JBRBIABESEFIENR &I

K39 HRAEOEMEICLS LA (No. 7, AR, HAHERE)

VTIIHLV Y MRS R T 7y —BERBEBII NN N, Vsek V-TiE
BHlxhz, TOEZIBROIZIT 1 RHAT S, 1.3X104 QY DEHIR
NREEL, BRERZEHLE. ZORBHIDOWTH /1 XBKEL, 10
nViem A FOBERFE OHIEIIHKT, RSTELUXNSEAEREZFEHL
2o TOMREREZE 35 ITRT. 40 AFEEICKD, 1 mViem X THEZTO /.

#35 HENo6 AbUw710ERER, EBAEBREEL nfl

Ies Lo Jei Jeio nfa
V+ 27.3 298 118 1.29 25.7
Vsct+ V- 28.0 30.7 121 1.33 25.8

=L, fMEo¥FEE, 1 HERMENS5RDZE. L& Jaid 1 pViem EEK,
Lio& Je10ld 10 pViem EHBOBERABRBLIVEABHREE. BREROBEMIX

(A) ERBHRAEOHEMII (MA/cm?2) , nfliX1pViem & 10 pViem DK
OBERMMNSEE LTz,
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BESY v TREDRED, dBZROHL, E—bHTRD, BEFY T2
MA—Z P THO 72112, BEERE T2, BRESFEPITHEIZ AN
2o T, 1EXEREITH 1M THo=, LL, BR—Z MM+48E{EL
TE5T, WERREPICANEZBRICHERN TLE 220, EBREHIEL,
RELZERDALZEZ A, YBCOMNEHAL TWAHEINAZIT NS, TOE
HZX 3.10 IZ7R7,

B sk _T&';‘
B 3.10 HBEDHEFE No. 6

AMUwT1E3OABTEELTWSN, ANy 72 EIEEMHEITIIARY
LTWwil, I/, FREERODVWTVARAINSIE, HRHTERBLENFED SN
BN, TOZEMS, @bMEFRKEIC YBCO 2REXI 5D (BHKEHTIZA
PTVIULEKDEBZEND) EBRITETNASIENDMNS,

iREl No. 8IZDWT, 41 U PUALESBTEREIND V), BESRICEREL
%, TOEEOREBTRAPT1IHRELZA, TYBCO DEHITED S
highof, ZOZENS, 1um BEOREDITNIYBCO &1 2T LD
KENLU TORIGEMFHTESZEZ2RLE.

3.3.2 MUEZLBBEDLLE

#Et No. 5 Z iV, HlEABROWEZ1To7z. WE L 2B —BEB
DOFERO—F 2K 3.11 IZTRT .

1.E-02
1.E-03
% 1.E-04
=
EIEIE—OE | ¢ ESC
— <+ —Et
LE-06 — o
1.E-07
10 100
B/ (A

X3.11 HEHEO—H (No.5, AMUYT1)
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X311 K0, VFEBLD VAL, EHEORSZEATVWS Z ENDNS, T
NXBBENS YBCONDAL VNI UAT 7y —DEBELEZOND, 2D
HZIIMENER TS 7 ETIEX1THB NS, TOBFEITEFRO 1 R|ICHH
LTHY, TOREIIENITHYT S, FAMIYTOHL >RSI ATy
—BEDEDIRD 2% 3.6 ITRT,

#2386 NWL2FRIURT77y—BEOENRKRS No.5)

EAE =L
AFUwT1(Q) 4.7X107 3.9X106
AMUwT2 (Q) 2.1X 107 4.7X 106

V+ VAZTDWTIE, R36ITRLEEGIRSZZEZLEINWTHL MRS X
77 —DEEBEROKRE, BABREZRDZ. 1uViem & 10 nViem OFFOE
WL, WIS 7 ETOREFREUNSEHR L nfE2E 3.7 I12RT.

ZAPUY 71X 100A ETEBETE, 1uViem EBEOHERABIRILIB0ATH
o7z 72, 1uV/iem & 10 pViem QR DERMN S nfE %KD S & 31.3 TH-o
oo ARMUW T 21380AFTEETE, REBDHEAETIL66A, nfElT
2583 Tho7. IBABREEICHRETSEAN) v 7 1011.90 MA/em2, A b
Uw 720 1.89 MA/em2 THDIFERLCTH S,

FEEICIDERABREBEIL, A MUY 71 T1.98~2.17 MA/em2, A kU
w7 208 1.84~2.16 MA/cm2 TH B Z EN S, MEFikEHFEREICLIHER
BENFERICTH B ZEbhd, ZHiE, FEBRETHELZBENSE
BILLBEREBREEEHETICENETHIIEEZRBLTNSEEEZ
%,

PIEKTHE, RIA Vv —TCHpaE, BREIETIr—FICAN, —AKIC
HEIZEELEEZA, K312ITRTEDIC, BEHRICEREGNR SN, BIFE
WIEEN N &, BRI O OTANEBALEML TWEETIZER
MASNBNZENS, 1P T 5EYBCO DRELRERE, K& T
WeE TR DDILERNEC T EEZ BENS,

%37 BREHBIVCERAENRBEL nfE (No. 5)

Strip No I Lo Je1 Je1o nfE T
V+ | 80.5 90.8 1.92 2.16 19.1
1 Vse | 80.0 86.1 1.90 2.05 31.3 1.98-2.17
V- 86.2 90.6 2.05 2.16 46.3
V+ | 55.6 61.3 1.59 1.75 23.6
2 Vsc| 66.1 72.4 1.89 2.07 25.3 1.84-2.16
V- 56.0 63.3 1.60 1.81 18.8

ZlZU, In& Jald 1 uViem B8, L& Jeold 10 nViem EROEABRS
FOEABREE. WABROBEAMIL (A) ENEIREEORALT
(MA/cm?2) , nfHEiX 1pViem & 10 pViem OROBHRMEN SEHE L7,
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BB ORE

A B
40,000 40,000
35000 F 9] g 15000 P 9 5 2
@ 0000 | |- g %000 | - SO
£ 25000 £ 25000 }
%’ 20000 | o 5 % 20000 F E .
& 15000 - R § 15000 5 &
E 10000 | Pl E 0000 F ;
so00 v v so00 b l
0 il o LE A
20 30 40 50 60 200 30 40 5 60
20 (deg) 26 (deg)

K 3.13 MBI ORRE (No.5 AU w72, AELB)

375
]
..3.50
=325

3.00
275

2.50
225
..2.00

175

A1.50

L1228
100
.0.7%

T ;;"E;
- g e

H3.14 HHEKCLSEAEHBEENE (No.5)

PERTHC TR 217> 2668, X 3.13 THA THALZABOZEERD

(A) TY123 DL ao TWB Z ENbh-o Tz, ZEES (A) e
4 (B) QMO OMRZK 3.8I1IRT. £k, FEETHEABRIMMZH
WELEEZS, ZEALTWAEFNIERBERVDINWCEOHERL L, TOR
R%EM 3.14 TR,
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3.4 &

BIORIEZERML 223, EE LT, MOD EICL 3 YBCO HEEAE W E
REBRBEEZATHEEDIE, FEECIIEABRBEOIMMISEBIEICL
SERBRZTFHTEEMETHD ZE2RUE. LML, BEROBEGEH
BB X OREEOHME OBRBELR T2 TH B ENbho Tz,

P& IR BAE D T HEB I OREREOEER E 22X CREBREZITMEL
HER, BRY - FBIOEBESY v 7O 1) 5%, BEOEEEICELT
T ORR A2,

- BHERICL o TEBEAER O T 380203, EBROBECHOEZE LR
NLTR 5T, BBRAATZEA P ANTDERE N, B & ORMZ AT
BDIIEHHBEOIMAENNNHETH DN, ISHEFPEMEIC L BDHR
WO owINELSELEEOYBCO b5, LaAlOsEMRKDIES, 0.5 mm
TIIEBRENR DT, Db 1mm U EOEINKRETH 5,

A VUL RERLUTERELIRD T H8ICIE, YBCO RERET 3, Z0
FRIZA PULEKTERLTBD, WERSBRNOSWMOHLZEZOMNET
BRAETIEP<WMOBR ZEDRBETH N, 12V TLBN LIk &
YBCO ORIBHEL 1 FFENTH . 2720, TORBED AN A LRER
DNTHARATH S, £/, ZORBIIECREZBD HWIE R —)V%iHE
LTEISEEZON, REFEEZELLT2ERINEZNHITESEEEND B,
AT LBEDBITITERNLETH S, £z, 1 PUAATHE YBCO
EEBITLIMEL DD, K EDORIGENHITEFREELT, WEBEND
YBCO HEZM DY, WMABRERE, R Z2RFHIF TERI TR
ENEN-/2EZATROMTREDHENEZ S5ND, £/, YBCO EED
RHICSE T WRNMREREZ®MA L, YBCO IZKDINMAELRVWELDIT
THHEDEZEZILOND, FELIOHE, BEICKGREEEZRDMTTLE
HEBRBERNHRTERL > TLESDT, KEREEDE DR THE
THEMNEBRNC TR T A2HEND S,

I IVINYERNERS, MBICLBLEOMEEND S, BEEHE
2T K DEE TESRREEND 5 0%, FAK TR </R57=0,
RERROHTIC220EEdH B, iz, NoTDBWESZHDR-H, HiR
CEBRNHBET HHENA SN, BEEE YBCO OESIZIIHINH S
BNEDITTAILRBMBETH S,

AV IRI ATy —BENEBRTERN, LIS AT 7 —0%
AT HEIFIIBBNS 5 mm BEQHHANTH S, IV I A T7—0
KEIX, YBCO LAREROEMIEPIDEELRKITT. FIRTIE, BAlEF 2
AT 5780 DERRFHKF QBB 5 NT/R o TN BR%Z REBEIC
ANZIEIPFELNED TH S,

- YBCO #XIZ 100 pViem~1 mV/em BE X THEL NI L F Lianig
ENHolz, LML, JIFULERIZ, ERICZ Sy 7 E2ECIEBIIFED
FA—DEZITBIEDHO,

- BERIC I B ERBREESMILEBRCLIEREROWEEITEN TH S,
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B EDHRANES NIz,

SHROBELLT, RBRILOEREEDIZ, BRU-RBLUBESY YT
DE DM HE, TLREZEN S ORENHSNE TR .

BT, RERAREIEEEE/R YBCO BIZOWTIE, BRY — ROBHERED
RELRD, HEEORERICNBREELLRS720, SBROBEERBETH 5,
Kz, 1P TLADERITDONTIE, YBCO DEBEDRNND D 05, &
BERNTO2LREND D LEOND, HEROBERRNELS LT, EBEITORRE
EOREEZESTEHIENEZ NS,
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(1) S. Torii, S. Akita, T. Manabe, T. Kumagai, K. Inoue: “Transport
critical current measurement of Y-Ba-Cu-O thin film fabricated by coating
pyrolysis process” , Physica C, 392-396, pp. 932-936, 2003

(2) T.Kumagai, T. Manabe, W. Kondo, H. Minamiue and S. Mizuta:

“Effects of heat treatment conditions on the critical current densities of
Ba2YCusO7-y films prepared by the dipping-pyrolysis process” , Jpn. J. Appl.
Phys. Pt. 2 vol. No. 6, L940-1.942, 1990

(3) T.Kumagai, T. Manabe, W. Kondo, K. Murayama, T. Hashimoto, Y.
Kobayashi, I. Yamaguchi, M. Sohma, T. Tsuchiya, K. Tsukada, S. Mizuta:

“Characterization of 50-mm-diameter Y123 films prepared by a coating-
pyrolysis process using and inferred image furnace” , Physica C, Vol. 378-
381, pt. 2, pp. 1236-1240, 2002

(@ B, o, 8%, B, #hl, KE, gL [bEERKR 7ot x (&
MEDME) ICLD Y RRKEFEEEROMEEE] , F11E v 70
~¥ AREHESER, HARFMRES, YR 13446 A

(5) J.H. Claassen, M. E. Reeves and R. J. Soulen Jr.: “A contactless
method for measurement of the critical current density and critical
temperature of superconducting films” , Rev. Sci. Instrum. 62, pp. 996-1004,
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B4R SNEBRIUBERRFBZOHEBR

4.1 IFUBHIC

INFETITEHRA IRBIRBVFAFEINTNBD, TOFEAERBRED/NS T
DK DRAENEZ R T HRERIEFHBRICEEE>TWB, 2L, BE
BORBULITHEY, BEBRICHERBENARBLTSEEDIT, ERIFICRET
HEMBRMANTIE R LR NI DI T IHEND 5720, EIREERAEMICT
H5ZEH—REROTNS,

UL, RIGESNRMICEBAINSZDICIE, HEOBERIROAR ST,
REACRMICEL 2ik& IRBRITVEICEED 5 WIEIFRBIEZ2H#ZRT S 2
EEREETDMNENDH D, ZITHE, SNEGBRBBERKRL2HYN, HER
MIT BT DHk & IERACHEIC T 2B Z2HOSNTT B EEDIT, ZRHEAD
BATRRMEEZMRIE T 507> E&ERBRERICOWTERRT 5,

4.2 BHRML I aL—9ZRWVEETIVNRHHR

R BEEHEBARENAFARE 7022/ MaBWT, HEMNYBCO
WIRZ AWz SN BB EERIRER Z AR L 2. 20 SN IS EBEERT
a2V, RREOERCHEICHN T 2BBERBBOBEHZHLNTT B L

W, EEBRMANOEAWREEZRIET 22BN E LT, BH PRI
FIOBHRMY I 2 L—F I TEBRBREIT o 7,

4.2.1 EMERABRAIBIEZ 21—

RTFORBELRBREY 2 INVOEEEK 4.1 1R, ZORKEFIL, Y7
7ATHEREICEELZYBCOHEE (lBElecm, X 12cm, EX 0.3 um) &,
5mm ED AIN RIZEEBELENANZAHDO NI B (lE5cm, £ 14cem, E
E 0.2pm) NHMEREINDS, YBCO EKE Ni #EIL, 1em MBTA > O
LZNLUTEFL TERIEIHERZ Lo TNS, YBCOBEMB ED1 I A
DOHEME & BREIICIIEEZREL TWD, 1T AEEHREZRAY, ZORRK
RTZ2AKEINCEREL, —HOZDORRED 22—V ELE, ZORBEY
a—)UE, BRREE TELETH 1.6 Q, SR TH .6 QDIEFZRETS, B
REDa—I)V2=M, PHRAELTESICEHSOEH 6 ES 2 —IVERD

TITEBICREL, V51T XSy MR TRESHEPICREL THBR2To 2,

FEEIZ XD YBCO BIEOBABRMEIZH 70~80 ABREOHHE TIESDEN
H5,
RBRICHWERRBES 2 —IVOREIIR 42 ITRTEDIC, ZTFLE
BRI AT DIPTSR 5 Z ENERTO THHABRIC L DRI T
Do
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VAR 2o 4

A ﬂ
R - 5o
THIr47
& = o )L R
X
B TekTIL
Il

X 4.1 BRATFOWMEEBRES 2—IVOEE
(BRAMLHEBRA, E0IXTFREA

R [
RZ
(BRI L
]
R (CBEMER
(ol LR |
]ﬂ
FHHETHIAS
BAORKI

T'\ -

top E3: 5
BRREE (MR B A

4.2 SNEGBREBERBOREL/NTA—F

- BiEBRGAE TR : FRIRBIEZBIGA I S8R
- T.EH B : RISV EMERMGHINICRET ST, ZORKROHS
1377 KiigED Ni BIEO#H
- BIYERFRE - BRIGESDBRIEMEZBRGAL TH S T.E EIEHIICET 5 £ TOR
il
- HIREFR - SEIORBR TIITORMEEZRET S LE2BNELRWED,
HELAZWN '
- BARBRIRIEL | AR R L —2VEE SRR (BURFEAER 0.2 MRk
M ZOEBEERKICER SN TWSERREEY L — OEER /iR
HiEFH) TIRFEZSRTEY 2 —IVNET 5N
RES 12— ) OERBR IV T5ATH, PHREINSEERHBERME
BEBRANICEABHRD 15KBELBIENS, EIEBET 75 Arms (E— Vi
TH110A) Ths.
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4.2.2 ETFINFRE

BHRK 2L —%1, SEREFORE 2B T 5EBICHET A2RE
B, ZEREZEFEIDV TV MVEFY NI RAENSERENTBD, *
NoZHAEDOEBRZEICKD, BALBREEBR TS Z ENWiey oy
PIXal—FTHB, ZHNITKD, EBORK TRET 4 RER L RN
WCHETSHZENnREE LS,

AR
[ wmram O\ —@-@@ AWRRE
i 3300villia 90KVAB1kW
’ i SMETE
H(peri(~)  amana

100kVA90kW

B

| | | 2 >
smnsm |
L
"l 1650/220

MEB XA 220/3300 =
(300kVA) Trd

3300/1650

PT4 PTS

M43 BRISMEEERRE S| AR

BRI 2L —FIZBIP2RBOETINRHKEZH 4.3 1R, EEAR
BN S, 3,300 VEERDWTT 2 FI#RFFE R (100 MVA,66 kV X— X T 60 km
HY) »o, EREES (3,300/1,650 V) 2L T, 1,650 VEEZEDOEELR 7
4 —% (1 MVA, 6.6k VX—ZATH 6 km fH4) M5|EHan, Kmicibia
RN INS, BEHAREFRRICIIBR 2 B0 BNERZEEL-RE
B (ZFRIX 100 kVA &£ 90 kVA) MG INS, RkRIE 7 —FHNOICHE
IN5, BRIEEE EMEHOHERES CB6 1, RERALEFRBRICH W TR
AEETLHE2BIT BN THRELE. £/, KEGE 7 —FEBHOK
PRI 1 ERH =D EREIR 10 Arms THS7-0, BAOEHARN (120 kW)
R A AEL 4 AR E THAER T 5k E L,

4.2.3 HRIAE EHRRMG

MBROBMHERHELTIE, H4.3I1TRTEDIT, 6.6 kV ORFRICHBERED
BRI EICXD, BRmEMEICEERE 7  — 580K BT AN 5
CB5 DEMBRZBATN, TO7 4 —FHBIZ SN B UBEEEGRE2HEA
THIEITKD, HMEBRVEMSZRU FICHHI IS WIS RRZREL =,

£41E, BHRM I 2L — Y TEBLEZRBRERZRLTWS, SEE
ML ZHBREBIIAREIT4DII2F605%, bbb, BIENROYZLERIC
X9 5B MR T SRIEHER, RRSOBEARKICBITERICHL TOME
Mtz EE (FITERREE) T2FHMEERRAR, REEOBERRKEICBIT
DAEELHERF T REFRITH LU TRFABORNEZ R T IIENRERAD
IEEAER, BRBRIC, RIEHROEEEMED D NIIRAMEEZ KR T 5 EEMER
BThd, 7220, BEBNITA—¥ OBRBIIARKEED SELRHITRD 5729,
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# 41 1CI3BHN S DEREEERITT 2HE & RBAEOMEDLERLT
W5, UFICHBREHICTOWTHHAT S,

#41 HBREE—E
HilgFEsE : 3LG, 2LG
R 7t Ak B HMGKGSA - 3~200 1 7)1
B : FO~F4
HHFESE : 3LG
HMREEERERE - 10917 7)1 (0.2 8)
EHS : Fo, F1
BT 1 9~108
HWEE . 1LG
EHCHERME c 1051 200 (0.28) ~18
FE# S Fo, F1
A1>Iwvia
BRE . |AWT 1,650 Vrms £ T
EE  AWER : 10, 20, 40 Arms
B 1~15 %
HEFZ e

AR

FENRER

EEtk

(1) PRy

X 4.3 DIRFidr 2 RE L2 RTISIEEMTH 5720, 1 HMEER L)
THEEERIIANEREEDLD, RRBEIEELZN, DD, Rt
DR OMNRFHIT 3 HMAE (BLG) & 2 HHAE (2LG) & U7z, HhGH
BRI DWW, EERMTOEKEROREFERN 02 THEINS, &
K10 91 7))V E THRRBINE T2 TH N, FRFHEEMEOFEOHR
BHORUMREEIR EDTYD, 3 YA ZIVING 20 Y1 7))V DFEM TERL /2.

CORER T, BfEBMERU LOMEERICHN T 58EOHKER, 2LG T
REMENFEL, ZOHOBRIZEEMBERUT THED, ZOHDORKE
B OREEMRD, S 5ITHRETORLYMORIENERBNTH S, RRBHIE
BOBRIZOWTH, sz —BEFEEREBEL, ToaRRERERL TH
SHIRBETORBREL 2D, ZORBRTIIERNE LN,

(2) EAMARE ORI

ZZTHELZ 6.6kVDEEBRHTIX, 7+ —FiEWiEZ 3 HIEML TH
WZERELER, 1 00EBERERICENBZRALEET 5ERMNMTDON
T3, ZOEMIC SN BB EBEERINIEIEM TE 5 etk 2RRICH
WIBILEHME L, BMEHEERLIR (FOHD5WILF1) TO3LGZ
0.2 WMk L, WEBEERMZER 1ONSIRKESL, B/NT 10X TEE
L7z, %IT SN BB BERFE CTII—EBET L LERTELINEDI N E
WRLINIFEAE WY, INE 3HEREHFTHRRI S EE L.

iz, CORBRTIE, 74— ~RRBERETDE2B/ELED, BR
NOBEADBEEEIN, ZOHEITIEEHRERILT U DRRESVEEEDIR
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RRICRD LIRS, IN2EEL CTEBTERELL CENBE2HEEBATS
HEBRBITo =,

728, EBRORKETIINEBROKRZSIZOOONERD, LENS THRE
BWANDEWIRA NV, BHRGEREBHET D NG, BEIROBHEITRL
5EEZONBDW, EROBRICH > TITERBEL X))V THRET D HREN
HB,

(8) FEXMZFERITH T 2B DISEHE R

EREORMICBNWTIE, SEIEREENHD, BRBITETOLTOERIC
HUTEHEZERE INS EIZRE S0, £77, SN EBREEE BRI
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Operation Tests for SN Transition Superconducting
Fault Current Limiter in the Power System Simulator

S. Torii, H. Kameda, T. Kumano, H.

Abstract—One of important problems to be solved in Japanese
trunk transmission systems is the reduction of short-circuit ca-
pacity. As one solution, double buses are split into two buses in
some substations. In recent years, dispersed generators have been
introduced in lower voltage classes due to the deregulation of the
electricity. A fault current exceeding the capacity flows during a
short-circuit fault by the connection of dispersed generators. One
of the key technologies for solving the above problem is the fault
current limiter. We are presently conducting research on the effect
of the introduction of fault current limiters into a power system.
In this paper, we describe the results of operation tests of the SN
transition superconducting fault current limiter (SCFCL) using 3
phases of SCFCL modules against various kinds of system faults or
inrush current in the power system simulator installed at Central
Research Institute of Electric Power Industry (CRIEPI).

Index Terms—Dispersed generator, power system simulator, su-
perconducting fault current limiter, YBCO thin film.

1. INTRODUCTION

HE superconducting fault current limiter is promising as a

countermeasure against the increment of short-circuit ca-
pacity, and for the protection of power apparatus and the im-
provement of transient stability, so many researchers worldwide
have been developing many kinds of SCFCL [1]. Most of them
have been tested in small electrical circuits in laboratories, but
few SCFCLs have been tested in a power system [2]. In order
to introduce SCFCL into a power system, not only its behavior
under fault conditions but also many properties must be verified.
For example, SCFCL must not operate when an inrush current
flows through it.

In order to verify the behavior of SCFCL in a power system,
various operation tests of the SN transition resistive SCECL
were conducted in the power system simulator installed at
CRIEPI [3], [4].
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Fig. 1. Structure of SCFCL element.

TABLE 1
SPECIFICATIONS OF SCFCL MODULE
Critical current: I; (Arms) 50
Limiting start current: I; ¢(Arms) 75

Resistance at 7;.: R, ) 1.6 / | module

II. SPECIFICATIONS OF SCFCL AND POWER
SYSTEM SIMULATOR

A. Specifications of SCFCL

The SCFCL consists of bypass circuit made of YBCO thin
film and Ni thin film [5]. The structure of the SCFCL element
is shown in Fig. 1.

The YBCO on a sapphire substrate is 0.3 pm thick, 1 cm wide
and 12 cm long. The thickness of Ni thin film is 0.2 pm, and the
AIN substrate is 5 mm thick, 5 cm wide and 14 cm long. The
YBCO is partly covered by Ag and connected to Ni thin film by
indium.

One SCFCL module consists of four elements connected
in series. The specifications of a SCFCL module are listed in
Table L.

Three SCFCL modules are immersed in liquid N2, and tested
in the power system simulator described in the next section.

B. Power System Simulator and Model System

CRIEPI has a full-scale real-time simulator, which has elec-
tric characteristics equivalent to these of real-scale generator
units and EHV AC and DC power transmission lines. Using this
simulator, the operational feasibility of the SCFCL in a power
system is verified.

Under the assumption that a short-circuit current exceeds the
breaking capacity of the circuit breaker because of the connec-
tion of dispersed generators of large capacity in distribution

1051-8223/$20.00 © 2005 IEEE
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Fig. 2. The model power system in the simulator. CB7 generates the fault.

TABLE II
TEST ITEMS
Reliability test Applied Voltage: 1,650 V with no load
Load current: 10 Arms to 40Arms
Current carrying time: 1 s to 15 minute
Insulation resistance
Nonoperation Fault type: 1LG
duty test Fault duration: 10 cycle to 1 minute

Fault point: FO, F1
Inrush current
Fault Current  Fault type: 3LG, 2LG
limiting test Fault duration: 3 to 20 cycles
Fault point: FO to F4
System operation Fault type: 3LG
test Fault duration: 10 cycle
Fault point: FO, F1
Dead time: 10 s to 1 minute

lines, we construct the model power system shown in Fig. 2 and
demonstrate that the SCFCL limited the fault current to below
the breaking capacity.

As shown in Fig. 2, the parallel hne for 3,300 V, which simu-
lates a 60 km length of a 66 kV transmission line, is connected to
an infinity bus. A 1,650 V feeder, which simulates a 6 km length
of a 6.6 kV distribution line, is connected to the upper system
through a transformer. The dispersed generators are connected
to the bus, so the current of a short-circuit fault near the bus ex-
ceeds the breaking capacity of CB 5. The SCFCL is installed in
the outlet of the feeder and the fault point is changed from FO,
the nearest point to the bus, to F4 to vary the fault current.

1II. EXPERIMENTAL RESULTS

In order to introduce SCFCL into a power system, we think
that at least the four tests of technical items in Table II, the reli-
ability test, the nonoperation duty test, the fault current limiting
test and the system operation test, must be performed.

A. Reliability Test

First, we tested applied voltage up to 1,650 V with no load
current. The test result verified that voltage up to 1,650 V could
be applied in SCFCL. Next, we inserted the resistive load at the
end of the feeder and load current up to 40 Arms was supplied
to SCFCL.. For excitations of both 10 Arms for 15 minutes and
40 Arms for 1 minute, there was no change in the voltage or
the liquid nitrogen height, so we judged that SCFCL maintained
superconducting condition.
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Fig.3. The test results of 3LG at the fault point F0 and fault duration of 0.2 s.
(a) Voltage and (b) current of three phases. (c) Voltage and the current of phase a.
(d) Calculated resistance of phase a.

B. Nonoperation Duty Test

In a power system, SCFCL must maintain a superconducting
condition in the following states: 1L.G (one line to ground fault)
in this model system (the SCFCL is installed on the secondary
side of a transformer with nongrounding system), and inrush
current in the case of switching in the transformer with no load.
Therefore, we checked the nonoperation duty by the 1LG and
inrush current tests.

Because of the initial phase and residual magnetic flux in the
transformer, the inrush current varies, so we conducted the in-
rush test three times. The maximum peak value of the inrush
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Fig. 4. The test results of 2LG (phases a and b) at fault point F1 with fault
duration of 0.2 s: (a) voltage, (b) current and (c) calculated resistances of three
phases.

current was about 60 A, and the SCFCL maintained a super-
conducting condition.

The 1LG fault tests were also conducted. The magnitudes of
fault current were about 50 Arms, so SCFCL was also super-
conducting.

C. Fault Current Limiting Test

It is most important to verify the high speed and effective op-
eration of SCFCL against various faults, so we tested the re-
sponse of SCFCL when a 2LG or 3LG fault occurred at any
point from FO to F4. The fault current becomes smaller with
distance between the installation point of SCFCL and the fault
point. Therefore, most of the tests were carried out at FO and F1.

The test result of 3LG at the FO point is shown in Fig. 3. The
fault occurs at about 0.18 s, and all SCFCLs of three phases
operate at high speed. The voltage across the SCFCL increases
gradually during the fault (Fig. 3(a)), and the current decreases
gradually (Fig. 3(b)). In Fig. 3(c), the voltage across the SCFCL
becomes resistive after the fault, so it is in the same phase as the
current through SCFCL. The resistance rises by approximately
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Fig. 5. The results of the reclosing test of 3L.G at FO with 0.2 s fault duration,
the system was reclosed after I minute. (a) All waveforms of voltage and
current from fault occurrence to reclosing. (b) The expanding waveforms just
after reclosing.

10 ms to the resistance at T'c, and then it increases gradually,
because of temperature rise of the Ni thin film. In this case, the
temperature of Ni thin film is estimated to become about 220 K.
‘We also conducted with various fault durations up to 0.3 s, We
verified that the maximum temperature became about 270 XK,
but the SCFCL operated without damage.

The test result of 2LG with phases a and b at F1 is shown in
Fig. 4: (a) voltage, (b) current and (¢) calculated resistance. It
is clear that SCFCL of phase c is the healthy phase that does
not operate but maintains the superconducting condition. In
Fig. 4(c), resistances just after the fault are almost the same
as the resistances at T'c in Fig. 3(d), but final resistances are
smaller. This is caused by the difference in the fault currents
between FO and F1. In this case, the temperature rise of each
Ni thin film is estimated to be about 130 K in phase a and about
110 K in phase b.

D. System Operation Test

In overhead lines, reclosing is required after fault clearance.
For SCFCL in the power system, the superconducting condition
must also be recovered after reclosing. However, the recovery
time from the normal condition to the superconducting condi-
tion of SN transition resistive SCFCL has not been evaluated
precisely. Hence, we conducted the reclosing test after the dead
time of 1 minute, which was determined from system opera-
tion in 6.6 kV distribution systems in Japan. The test results are
shown in Fig. 5. The whole measured waveforms of voltage and
current are shown in Fig. 5(a), and the expanded graph just after
reclosing is shown in Fig. 5(b). The phase between voltage and
current shifts about 90 degrees, and the amplitudes of voltage
and current return to almost the same as those before fault oc-
currence. Consequently, we judged that SCECL recovered after
1 minute of dead time has passed.
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‘We shortened the dead time to 10 s, and checked the recovery
of SCECL. Under the condition of 3LG at FO with 0.3 s fault
duration, which were the most severe conditions in this model
system, SCFCL recovered after 20 s of dead time, but it could
not recover after only 10 s of dead time.

E. Additional Test for Recovery

We verified that the recovery characteristics were good
enough for the operation of this model system, so we conducted
an additional recovery test where reclosing was carried out
with no dead time. SCFCL was not damaged under the severe
conditions described above, and it recovered after several cycles
and several seconds. Fig. 6 shows calculated resistances at fault
point FO with the fault duration of 0.2 s and the load current of
10 Arms. All SCFCLs recover by several seconds .after fault
clearance.

The relationship between the final temperature and the re-
covery time in all additional tests is shown in Fig. 7. Only in one
case of fault point FO, fault duration of 0.2 s and load current of
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23 Arms, SCFCL could not recover to the superconducting con-
dition. This point is shown by the symbol X in Fig. 7.

On the basis of the results of the additional recovery test, we
conclude that there is a possibility that SCFCL can be installed
at the bus tie, as proposed in [6].

Finally, we measured Ic and also verified that there was no
change from the Ic measured before the tests. We conducted
fault current limiting tests more than 80 times, but the SCFCL
was not degraded.

IV. CONCLUSION

Through all tests, we could verify the following items:

(a) SCFCL operates at high speed and effectively against
the 3LG or 2LG fault, the current of which exceeds the
limiting start current.

(b) For an unbalanced fault such as 2L.G, SCFCL in the
healthy phase does not operate.

(¢) SCFCL maintains the superconducting condition during
the events in which SCFCL should not operate, such as
1LG in nongrounding distribution systems or inrush cur-
rent.

(d) There is the possibility that SCFCL can recover after 1
minute of dead time, which is adopted in Japanese dis-
tribution systems.

(e) With a suitable design, there is the possibility that
SCFCL can be installed at a bus tie, on the basis of the
recovery results without no dead time obtained in the
additional recovery test.

(f) SCFCL can maintain the initial superconducting char-
acteristics after the occurrence of more than 80 various
faults in the power system simulator.
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