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Reducing Transmission Loss of the High Temperature Superconducting Power Cable
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High temperature superconducting (HTS) cables are expected to be adapted to large power transmission com-
pact type cables. HTS cables have not only high current density and low AC loss but also some enviromental mer-
its such as energy saving, CO, gas reduction and magnetic shielding. In general, HTS tapes of the HTS conductor
and shield layer of the HTS cables are wound in spiral form, and become a multi-layer winding with large current.
As a result, since the HTS conductor and shield layer are a multiple coil structure with different winding pitches,
the internal magnetic flux exists in the longitudinal direction. Therefore, in the AC cable, the eddy current loss is
generated in the former. In addition, since the eddy current is induced in circumferential direction in the cryostat
pipe in the case of the single-core cable, the joule loss is generated. It is considered that the magnitude of the
magnetic flux (loss) depends on the winding direction, winding pitch of the HTS tape and the magnitude of the
current , and comes actualized together with the large current. Therefore, in order to reduce the loss of the entire
cable, each loss reduction for the former, the HTS conductor, the HTS shield and the cryostat pipe is neccessary.
In this paper, we report on these low-loss measures of Fujikura Ltd..
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Fig. 2. Schematic of the structure and photograph of yttrium-based coated conductors.
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Fig. 14. Contact position of a strand wire with
adjacent wires.

BB

29

—7IVOBIEEAL
az+ fB
gl (20)
iz, a, ﬁ, y, 0K
a, B, vy, 0%, zHEEZEEDIBIZL - TREE

ED, A HDORE ﬁl&l%tbé MA, P, Q ROxJ
W EZNnFha p, q r&TsrE

- G-odp-a _pb-q
' Ga-@p-n qlr-p)
tani{tanﬂ — tan ;0 }
2 2 2
b g b -~ (21)
tan 5 { tan7 + tan 5 }
(d) = (e) : Legendre-Jacobi ® & —FfiE M4 (22) X

ZHWCZ¥Eo FPR s %2 B BEIRICE &L,
0, MEBINBIZEE LTS, ZOHBOEE
i3 (23) (24) RoE—FEeBAES T 265,

Z
az
W:f ...... (22)
o N1-2% J1-kiz?
1
&z
Ky = [ e (23)
) o J1-2° 1- K227
1
/ dz
Kk :f e (24)
Ger) o J1-221-K2?
kP+k*=1 k- B8 k) RRREEL - (25)
PlERs, X0MOKEPIRIR 3K HRE 2.
K'(k)
R‘ = ‘— .....................
C pL K(kl) (26)

L7235 T, AR p 13 (18) & (26) K& D

RREZDY, plp., pDHRKEZRLTNS
_ K
pek pc K(klk) ]f pf
tang{tan%—tan — 0 }
k= - (27)
tnd)—{tani+tan — 6 }
2 2
22T, ¢ I 14 \IRTEEEE L D B oH T,
_ o_1m°>
b —2(90 1,
/= din
! 360
VDEEy, 7r—<&fokMERBERIW, &, 17) &

27) XroKE 5.



2016 Vol. 1 7 v

Contact position
(Electrode)

Contact position
(Electrode)

_d/2,'
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(b) w-plane
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Fig. 15. Calculation process of concentrated resistance Rc of a strand wire.
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The ratio of the resistivity of rsistive film on each wire
to wire metal. (g..2,)
(a) Calculation result for 8 =5°
(8 : Central angle of contact length, ®14(a))

100 1000

The ratio of the eddy current loss of rsistive film
former to insulation film former. (W, / W)
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The ratio of the resistivity of rsistive film on each wire
to wire metal. (g2,
(b) Calculation result for 8 =10°
(@ : Central angle of contact length, K14 (a))

W, : Eddy current loss for former with insulation film
W, : Eddy current loss for former with resistive film
t; Thickness of resistive film

0, : Resistivity of film on each wire

0, : Resistivity of wire metal

X16 PO HEHI & ERIBR OB GHERR)
Fig. 16. Calculation result of eddy current loss vs.
resistivity of resistive film.

The ratio of the eddy current loss of rsistive film
former to insulation film former. (W, / W,)
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Fig. 17. Calculation using corrugated shape.
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Fig. 18. Cross section of the thin ring for calculation.
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Table 2. Dimensions of cryostat corrugated pipe.

H H N E o E
ME (mm) 64 100
A% (mm) 70 110
SEE 20 e, (mm) 67 105
Ny — kR SA (mm) 25 5
JEX ¢t (mm) 0.5 0.6
anvy—r¥yFEp (mm) 75 9

vy —{==N
MERIR .
M R ERIER

A FISI |\OvoA 7T
2 MEFT Zan | H v
%waﬁ AEAIAI

I
BRAERBDmFEU—F B8
(BFLEEY—)VRL)

19 KBRS O W B FEAE R
Fig. 19. Layout of measurement circuit of
cryostat pipe loss.
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4 e Measured
35 [ x Calculated for corrugated pipe
= s+ Calculated for cylindrical pipe
¥
~ 3+
= at 60 Hz
® 25 |Innerpipe: 77 K
o Outer pipe: 77 K A
v ooer *
o
5 15+ A
(@]
3 1t ¥
2 N
05 - *
O * | | | | J

o] 0.00001 0.00002 0.00003 0.00004 0.00005
Inner longitudinal magnetic flux of stainless-steel pipe ® (Wb)

20 SUSWr#is o fERBIFENME & 5RO K
(BB DN EHME & B LN, )
Fig. 20. Comparison of measurement and calculation for
eddy current loss of SUS cryostat pipe.

®3 B - v FX )TN E KREOTRIEOEE T — A
Table 3. Assumed cases for stranding direction and
current branch ratio of each layer.

. #RGD X J5ih KGOS (%)
Bika g | Y-NVF2 | B4R | Y-NVF2

I S.S.S. S S.S 25,25, 25, 25 -50, —50
II A 1 7] | 28,42,26, 4 —-65, —35
I S,S.S. S 7.7 25,25, 25, 25 -50, —50

r—21 1 FRTS &Y - B bixEt

=21 1 §XRTS Y - REOHGE SEh tHEXY

r—Z 1 : SSSS+ZZ & V) - i biks ZEY kXD

CDF=THRANL IV Ve LTHL EESHRIC
FRETEVPRETLIOTHET HLEND 5.

5. 3. 4 EFERABOHAES
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HEEZZD. Bk Y=V FOX Y FHERBSRILED
MEF—A%E 3IIRT. EFr—A0 LYYy FIT#EE
g L7, T ok & OB B T ) o 38 B BUE
X 21 OIS RENTR L. 7 — 7 VEKHEME%
2 W/mé L7223y, &7 — 2 e$ 2 mEiEskiz
WpEr—2MEEHTE LW, L7225 T, HLT—
TN, KEHALE & b ICHEE O MEBERIEL D%
FHCZEB LT RENH L EEZO5NE. REINIZE
ke v=NVEFoXYEyF, XhHEkEDREFNEr —
TN OBEME, BWARED FE L TRAICHITT 5.

6. BEEHS — JIEEK{EDOEE?
LR — TNV EERIOBEBERALD T HRIZIFEAL
MEICERENZNEDOTT Y 27 F [£ v P Y AR
BEEEDEBEMER] o—8E LT [KER - K%
WIS — 7 VAL | OBIFSIEH S 7z,
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Case | : All S stranding, uniform current distribution

Case I : All S stranding,
non-uniform current distribution

Case II: SSSS+ZZ stranding,

25~ uniform current distribution
£ 2f
= at 50 Hz, 5 kArms
w 15L Inner pipe : 77 K
g QOuter pipe : room temperature Casell
=
s 1r
5
(@]
> 0.5 Case ICalseH
O
ie)
3 |

0 L L L L |
0 0.0001 0.0002 0.0003 0.0004 0.0005
Inner longitudinal magnetic flux of SUS pipe ® (Wb)
K21 SUSKrEE oI KO BRI A S
(MBI LN, B3, A5 I3HER)
Fig. 21. Estimated results of the eddy current loss of
stainless-steel cryostat pipe for actual use.

F4 66 kV/5 kA, R OIBEL S — 7V OFE
Table 4. Specifications of 66 kV / 5 kA, class
single-core HTS cable.

H H [N
7+ —= Xy (140 mm?) 20 mm ¢
iR EON 4 Jg, F+—)v 4 mmlEgH 59 &
(I.=14 kA) 1.=240 A /4 mmiE
A A 757 MK (6 mm/E )
BB —VNE | 2 8, =)V 4 mmIEHM 53 &
(I.=127 kA) I.=240 A /4 mmig
> — ) Mg 4% (100 mm®) 2§ EFHE%
PR kA 45 mm ¢
e TEAF LRIV — MNE
i BLZEWi BT X
bl £ g PE 114 mm ¢

6. 1 F—7IBELEHOEEEXE

66 kVH.L 5 KARGBEE Yy — 7V oOfEEZ K 4 &k
4ICRT. =7 NaTEitlo BER AR
66 kV /5 kArms#h =.0—HEHEO 1 M4, RiE
%02 W/m - fHat 5 kArms L, I 744% 150 mm ¢
HERICDUN TR 2 S0 — i Eo a TAME] L T
— 7V IEARICIINEDO [ 4 v MV 7 A RBEEE
TR EMSE TV 27 b OB CHER L TEF
L. F—=7NVEHOBEELEE S5 IIRT. b
T, Bak§ 2 EE D kA7 SUSHIEE DRIV T
B0 —FERITIEFES Lawd, SEIERBO#Ae L, 1
MO =70 a7 OHWBE I L THOR — 7
V& LUCRRl L 7=

6. 1. 1 74—%

EBEOT + =< ZEHEER I TEES Y E=F R
L2325 720 FRHiiE D 5 I IPUR BRI 5 72 5
DEHEAEREAE LV OMEL 2L, FHOMERBLA
i (13) RICZOXVFEEL LT, LVAKEEROE
EHMOMBERBEDMEKL TRD L. 7+ —<vDOHEM
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&5 66 kV /5 kArms B HLOARBEE 7 — 7 V&0
H A e & FEAEfE
Table 5. Target loss value of each part of 66 kV/
5 kA, class single-core HTS cable and the
measured values.

at 77 K, kArms

A BRI S i %
74+—=< |01 W/mBLF BEFEM S 003 W/m
- SR —7 Vo 1M
ﬁ?ﬁﬁ%& 18 W/mBTF ¢ 14 W/m |55 OHEIH L (7 4+ —< -
Y —vFEY &)
i —n FE 0 BRI E R, 5
SUSKI#4 101 W/mBLT 005 W/m BB 2 5
&tk (AED 120 W/mBLF 145 W/m

* FRAERIIAINGBEIEZEAR GREZR L) Do gRite L.

BERNRTA—=FIZLTHMAMBRERE L 7+ —<DOE
TAREOFHERERZ R 22 1TRT. FHBIIHHA I~
OWRBEORENEPERCELHMEICH L. WER
HEAMBAOEMKT 52 HMTHE 01 WmbBl Fat-
5kArms & L7z, WA Obo b m L b r—R1
GEAA - ¥ — )V FAISSSS+7ZZ%) OE T HiE 72
FICRFEBEE 03 mm ¢ 12T 54%HH 5. NEDO 71
Vx 7 NTIEAFEDPED BT AV L7
%8, 03 mmo DHIFEE LIV ET LI LT, WA
PEANE L e ) r — TV BEGETE AR & S 7228, FRICH
I o7,

6. 1. 2 BEEBMFLEI—INE

NEDOZ7u ¥ =2 b [4 v MY v A RWEEEIELS
i3t | <T@ 5 kArms HSEARO BT AM R & L OM

P icHequ L, difke v — ) FAMEEZZhEN
50 %. 55 % &35 & TRAHIAKD 1.8 W/mBL T

hHE Ll L7z2-T, HERRERMIE, X 23 IR
TEIHICEMART 14 kA, ¥— WV FT 127 kA (at 77 K,

sf) EERELL. EBEK Y= FOBMIZTXT 4 mm
& L, Bk, Y=V FE@ZhEi 59 & (4 E%), 53

A2 EE) L 1 XYY OFEHIEENRER
260 A/4 mm-w, 243 A/4 mm-w<T, 1 cmlg#i T

ZFNZFEN 650 A/cm-w, 610 A/cm-w& %), ZNhFT
WCHO LG WEIcHEMOMER & o/ BR- V=L K
E@;Dk/%ua_u,%Ewﬁm,v~wFE®ﬁ

REINC X BB RDOE~NCE, 7+ — < K OSUS KT
BAE OMERIAK S ZE S .

6. 1. 3 Y —ILKNE
ZRAROMGAE L LR MOFEERSEL VLS,
1 KoAifiigT — 75 E LHEOERNV — T E Mo 72,
T, ERAFNOFEEEZIHT 20, #KE 2
J&) K& LTSZOmFELX L L.

6. 1. 4 W#E

COFEIAETV Y =27 FTOr =T VO HEKHIEIX
2 W/mBlFat 5 kArms TH 5 DT, 534 fiTH~R72z &
I 21 Dy —ZA 0, MOBETEHTELVWETD
bho FZT, Fr—A1DOF—NSX ) TORREETALH
FHERH L7z, #H%E 005 WmEE 2 5.
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Heo#t #1295
Case I : All S stranding & Equal current branch
Case II: All S stranding &
Uneqgual current branch
Case II: SSSS+ZZ stranding &
Tr Equal current branch
09l (See Table3) X
0.8 at50Hz 5 kArms and 77 K
€ 07r N
> Wire diameter
s 06¢ (mm) *
8 05F x 1
2 04l *08 x .
S 03 =06 -
g U2 +03 Casel N .
S 02r Casell
2 ase . . Casell
B 0.1+ l x . . l °
0 ¥ 3 * b | | J
0] 0.01 002 003 004 005 006 007

Inner longitudinal magnetic flux density B (Wb/m?)

K22 7+ —~<OFEHE L WERBLEAM
Fig. 22. Calculation result on dependence of eddy current
loss of former on the diameter of each wire.

at 77k
20
15.3 kKA 15.1 kA
15+
<
4
< 10F
g -
(@]
}_
5 [
0
Initial After fabrication
(a) HTS conductor
at 77k
20 r
15 +
12.9 kKA 12.8 kKA
<
4
< 10+
©
8 —
'_
5 [
0
Initial After fabrication

(b) HTS shield

R23 s —7na7RERHRO b — 5 Vb I e R
Fig. 23. Measurement result of total Ic of all tapes before
and after manufacturing cable core.
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Fig. 24. Layout of current loading test line of HTS cable.
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Fig. 25. The whole view of verification system.

6. 2 EIEXT—TJIOBEXRIERRE

B 24, 25 (RS & 927 — 7Vl B ERES - %
Wy 27 2 RBREME2 AT 58 22 mEORBHE* #
L, KRB EMGE L 2. SHERRE, (R ®R
W 67 K ~77 K, fEBiiE &K 50 L/min, &%
B 2KkW] ThaH. r—7NVIFEE 3 mO MR %%
i, ZOo0MBHKE —DDOMBELRNITHD LS &
L7z, ol BEEY - FBICIGERER I3
R UCKESOFEMVHOBRIFESINS X9, Bk
Y=V FOXDEy FEFHIOEEL (2 RELES
W), Ao, Y= FERI O ELET 2 WikEHz
TRDELLTA VE—F U 2AZMHILEIELZDD
Thb F72, KRBRMWE IS Loy — T VEE
RE B PR SR T AT 728 ) — N2t
W& WML, BRGNS FEICTHE L. 2o
PR (EEm 7 HIFE) (XX 27 1SR T X912, 8 m
x2 fpT (DE®@) =16 m& L7z, ZoOMEMICIE,
fRIRZE - ¥ — )V N, 7 4 — < SR OFSUS W 8448 0 45 22
b—FHLTHEENA.

Conductor current
—— Shield induced current
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(5kA, . 8 FEHF)
Fig. 26. Conductor current & shield induced current
(at kA,

R Z&E 3800 mm

R E&ET 3800 mm

X 27 IR E T
Fig. 27. Measurement portion of AC loss of HTS cable.
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2 o 77 K (Short sample) *
77 K Target : 2 W/m at BkA .
o067 K
~ 157r Conductor and former loss
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= Shield loss
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Fig. 28. Measurement result of AC loss of HTS cable.
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Appended Fig. 1. Graph of the shape coefficient K of

eddy loss formula.
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Appended Table 1. Numeric table of the shape coefficient K of eddy current loss formula.
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1

h/p K h/p K h/p K h/p K h/p K
0 1 0.2 1.0924 04 1.3207 0.6 1.6186 08 1.9519
0.01 1.0002 0.21 1.1012 041 1.3343 0.61 1.6346 081 1.9692
0.02 1.001 0.22 1.1104 042 1.3481 0.62 1.6507 0.82 1.9865
0.03 1.0022 0.23 1.1199 043 1.3621 0.63 1.6669 0.83 2.0038
0.04 1.0039 0.24 1.1297 044 1.3762 0.64 1.6831 0.84 2.0212
0.05 1.0061 0.25 1.1398 045 1.3904 0.65 1.6994 0.85 2.0387
0.06 1.0088 0.26 1.1502 0.46 1.4048 0.66 1.7158 0.86 2.0562
0.07 1.012 0.27 1.1609 047 1.4194 0.67 1.7323 0.87 20737
0.08 1.0156 0.28 1.1718 048 1.434 0.68 1.7488 0.88 2.0913
0.09 1.0197 0.29 1.183 049 1.4488 0.69 1.7654 0.89 2.1089
0.1 1.0242 0.3 1.1945 05 1.4637 0.7 1.7821 09 2.1265
0.11 1.0292 0.31 1.2061 051 14787 0.71 1.7988 091 2.1442
0.12 1.0346 032 1218 0.52 1.4939 0.72 1.8156 092 2.1619
0.13 1.0405 0.33 1.2302 0.53 1.5091 0.73 1.8324 0.93 21797
0.14 1.0467 0.34 1.2425 0.54 1.5244 0.74 1.8493 094 2.1975
0.15 1.0534 0.35 1.2551 0.55 1.5399 0.75 1.8663 0.95 2.2153
0.16 1.0605 0.36 1.2678 0.56 1.5555 0.76 1.8833 0.96 2.2332
0.17 1.0679 037 1.2807 0.57 15711 0.77 1.9004 097 2.251
0.18 1.0757 0.38 1.2939 0.58 1.5868 0.78 19175 0.98 2.269
0.19 1.0839 0.39 1.3072 0.59 1.6027 0.79 1.9347 0.99 2.2869
1 2.3049
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