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Stuﬂy on AC Loss Reduction in HTS Coils for Armature Winding of AC Rotational
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In this study, to investigate applicability of high temperature
superconducting (HTS) coils to armature winding of AC rotational machines, test devices to evaluate
AC loss characteristics in HTS coils combined with iron core were developed and AC loss reduction in

HTS coils was studied. Based on the electromagnetic field analysis using FEM, it was found that the
perpendicular magnetic field can be reduced by proEerly arranging the magnetic material around the
HTS coil winding. By using test devices for the 1l-phase and 3-phase AC loss measurements, the AC
loss reduction by arranging magnetic materials around the HTS coil winding was demonstrated.



¢ X C—19, F—-19—1, Z—19, CK—19 (#m)

1. WSO 5

WA, EiRBEEEM T OERIZE L, BI
TR, Y SR E b, FERAL-LVOERER
EREERObORHEEIhTWE, 2oL ok
FAMALEIT OBERIZHE, HKKZIZ U D HE
EER OC, AT -2 RS EMR R E DK
A o> [alfis s~ e TR RS 2 06 9 2 AR B % 28
IR SN TS, BIIEFERTTH LT
D iR B EEREEOIE & A ST, BEER O
ZABEEAL U AR SR o [ AN F &
ANETH D, Zhix, RO FRBEERIZEAN
ICHEREIR SN D O T, EiRBRERM OZRE
KOREEZRRETE 5 Z ENEHEHRBHO—DT
B2, BHSEO BT BT =M @EoiEE
L) TEEIEND-0, ZHICEIRBEER
MEBAT D & RERRTBEDPBEET HOT
BIEEAADO A v PBRRWEE R B EEZDL
NTEz, LLens, FRBEERRO & BIRE
b U 72 B R~ s T, KRR ) 5658
P B — Z 72 K O < [R & 7= KA~ D
JGHADORICEE->TLE Y, B mEREMC X
OEEHSIC A ) R— g VEERT AL, TR
BLLF ORI EIRBEE R EAT D 2 LR35
EThDH, TDOITIE, BHEFEROEEBE
EACBSMLEAOHIERRIER TH D, FiIREEER
Mixs—7HikE LTy, HINESh 5B
DT —THIEATOHETIE, FIRTHABEUR
DOIRIEA LR/ N S T USRI RITHFR TE B
LAY E D, L LR s, 7F— 7 HICEE
5 DA TRBER DN B & KIE I A HiH 2 A3 H K
TAHRMENRH B DT, EEEMEAERTERE LT
DERMEFEZ N 72 LBBEOF RN RETE,
B ARZ R R OB O ML MH T H
%

2. WHEOHM

BRRO X D IZHEEKFT TR M EN TV D EIR
AR AR O BFZERRRE D % < 1%, KU o Rk
DEFGNBERE B EELTIHLOTH D, K
L O REDMARARBIIARIR T E TWVRWBLIR T
ROBEELOAY v b aH LT W ARG R
BEICBAENER L TWAE, LvLAaND, &iRid
TS OWEE 2 )5 B 72 01iE, AR
BEWRTDHZENEE LV, TOLDITIE, K
R O FEE T BB OB LR MLETH 5,
ARFFETIL,  [BIEEHE O A BRI BRI R
METAT D 70 O TR IKRIT R T 5 5
BER 72 E 21T H> Z L 2B E LTV,

3. WD kL

A it [E i 0D 53 A A BRI EHRE R (HTS)
SIANVEEAT DA, HTS = A VILEE 80
DAy NHICEESND, ZD& X, HTS 221
NOBMITEEOSRLOREIZL Y, aA LD
oy FAOBLEIC X o THEA O S DR NZE
kL, B LrELENT D, (> T, HTS A /v
DABy NANTORESCA Ry NHOHOBR %
TRLUTHRMIZMD 2R HEHIET 52 & &
ST, RHRBERZERBTE DAl NH 5, A
TTIXET, SRONICEE Sz HTS A VDAL

R ERET 2 FEERHF L., =24 VAR O
R 2 RIS 5 5B E LT, A VBRERY
O JE P8 Y 22 IR D RGNV B 2 Bl iE 5 k%
Ana, wHEMEZEET 2 Licky, a1
BARA~DOEEBA 2K L, FR L O 2 I
ST, FEMERRREEE LT, A VA TOHEK
TR B2 MGE L, #00 & ME b - HAEHS T
TR 3RS ET ARG - BIEL, FERIC
BERABN R ERFE L2, 2 b OfRICES %,
SFHET NVERZ R L, B M 21T - 72,

4. WFFERE
4.1 A JVHR T O RAKPE) F DO FGE

I A VB E P A B A B LT, 3 A
JVERT NI DRGSR A A B L, TSRy
5 2 LIC L ARMIKESI R A, A LH
IKCHEELTZ, Y M2 AW, Do —2
N v 7 RORB AV ERELZ, 8ELE
A VOIS L Ot e X 1.1 L O 11T
7

GFRP ##; —
e
y B — S|

4.8

(mm) EAREETE
X 1.1 HTS =1 OIS

# 1.1 HTS =A VDT

BREA YBCO
AL I 4 mm
WA TR A 0.1mm
H— 26
i S e 64 A

FT, KA N OERIBEDICBEEAR A FLE Lz
LE ORIy Ai % FEM AT L, TERERE SR AMEKHE T
XD L EMER LIz, MRNTIZ = A VERE > O
KW o> 2 WITEIT E LT, fESTET L& X 1.2
WRT, BLE A R ONBIE, TNENREMERE &%
BRSO ETICEET 2546 LELE L WA Xt
ST D MM BHI AR E S I v 7 DM TH Y,
BIROPEIZHN LD LR ETH D, K 1.3 1T
fEATRE R A R, X 1.3 OfEEIE, X 1.2 D X-X
MEICBITD, aA VEROBHM I 2 TE R
HBy & A VRN L OREHED OBIfREZ R LTZ b
DTHD, A NERREmIZ, KR 280 AT Xtk
T HYE IR BREE 5 2 THNTEIT> T 5,
K137 L9108, BlE AFEGE Clckk~xT=

B a8 HHHE 48
i d —p
4 I
™™ gww A & B

B 1.2 BESYENTET L (A VEE)



£ o003

= BEE A 280 AT
2 0025
R BE B
o 0021
|2
g 0.015|-
N i
E 001 _--7 S~
<
g 0.005 |
S ol — | L —
g 0 1 2 3 4 5
o Distance from inner surface D (mm)

1.3 A VERNOREERBR A (2 A /L HIK)

A VBN O HTS BRI 2 T ELRESR AMETR L
TWAZ ENRDLND,

RN RN O EONIZHMRICESE, Ay b
PN OREMERELE IZ X 5 HTS 22 A L DAL D4
(L& FEBRIZ LV BEET 5, RIMEKRIZ T — X —
ZEADZ X0 PE L, B 1.4 IZRE R & 779
BIOFENCIX, U —XA—=FHHICERHT S
WFE sy v MRV, £, RmEEIENT
b, ERERERZIE L, K15 IChE A K&
BTG T D HTS 22 A /LD AZFi AR I O E #E F
oY, Mo, asroREhThy, ¥
— VBB L Z— OB TH D, BB A T,
B B 1T~ TR LD 30%JHA LCTED,
PESRARAT C TR L7t & — 59 5 2 & D3R T
X7,

IR —A—4H

R Hl— (@

AR o b

HTS a4 L

LS

X 1.4 &R

BE A
— — EBESB V.

10°

t

10°

AC Loss Q [J/cycle]

60Hz

4 2 3
10 10

Magnetomotive force [AT]

K15 ZRyBlERSR (A VEER)
4.2 HAREDET VI XKL ED
TR AIE

X211 T &L 9 2 b AR 7280 & HTS =
A NVDMMBEDEIZE T, HTS A LOXTIE
KRBT 2 FiEE2mGHT 5, B 22 127759
2, BRI TS Ls 1 gk DI E IR O
2ay MR, FIWCL—A RS v 7 RIHTS =
ANVEBLE L, ZEBAFRTT 2 WAL &kt &
HTCHWREREER LT-ETVEEZ D, BHE
DA =72y FBEOEICREPEAR 2B LT

WRS M ZRET ALY, afV~DEHE
MR L, RMBROKEEZRD - L5252
%, ¥ 2.2 1R 3 FRIHOME (K& A, B 21X C)
{22\ T FEM IS & 0 BER 0 A &2 54 5, B
B C IR B2 A2 FRICHA L7 — 2R
ThbH, HTS A iE, %iboOREY > 7 EH
U~HEE L, Coil 11 Bi-2223 =21 Vi, Coil 2 1%
YBCO A MZENZENxST 5, £, T
WTTHIN D 2 IRITHEAT CIT o 72, BRGEMAIE T B 8%
#4 35H360, A 12w FPNICHE AT 2 BEMERMBHET B A
7 Iy 7D 5M THY, FEERIZHBOREEIZH
Wb D ERLTLTHD,

X 2.3 IMTfE R 2R, K 23 OFERIE, K
22 O X-XHEWCBTD, a4 EROBRMIN
D MEMET B, & A VNS D EREED OB
ERLIELOTHD, aA /VERMHEIZ, Coil 1
KO8 Coil 2 I2DOWT, - EHEERE ) 495 AT (27.5
Ax18 #—>) KN 280 AT (10 Ax28 Z—>) (Txt
Gt B8 RBHRBEE S5 X CRITE2IT> T 5D,
23T EoICHaA BT, BlE A L
B IR {E C T~ T oA VBB O HTS B4 12
b HEEMFAMEB L TWD, X2412, Coilliz
BB 20 v MNOBRELOREHFIR AR % R~ T,

{"‘* ;
Y

et 2 HTS a1 L
STWEEHT HEBIETI

21 HAEHSET IV

HTS a4I)L

HEEHKD
D

VzZzZ2
i N

SN
N

g
L 77

=

Coil 2
RE C (m)

X 2.2 RBIFFENTET LV (BAREET V)

B A &K OVB TlE, BEHAVEMEPHICEE L7
PR 2 - CERIT 2 Z &Ly, B~ E
ERANMEIR L TERTF 005, LLans,
BEMEATE 2l L CEMAN T 2 — T 52 &1
X, 2 WHANCHZ T DRRSEAD L CLE D &
EZoND, 2 WABRLA~HEZ T D BOR doore & 1XI
220D AATRLETHE LR E2% 2.1 12D 5,
BUE A T, HTS BAchinb 2 BB TR bIK
W22, 2oy MIEE UZBERZ A L TR
WHAEDYVAALTLEY, ERRNEADLTLE
9, ZhucxtL, BRE B TIIAE C izl T, E
RETR O 1T 3UFLEEIZ B F 5> TV B, $E-C, =
A TN B mERER Z AR LoD, FERERDN



£ 012

o Bl A Coil 1
5 0l —-— ®mESB 495 AT
L | ----- BLE C

o 0.08 —

2

006  _om--mmmmmmen -

©

E 004

K

3 0.02 |-

e}

c

s ol | | |
= 0 1 2 3 4 5 6
o (a) Distance from inner surface D (mm)

£ 0.06

o™ EE A Coil 2
o 005 ——— FEEB 280 AT
L | ----- BLE C

o004

g - -

5 0.03 [~

©

E 002

K

3 001 |-

e}

g ol \ \ | |
= 0 1 2 3 4
o (b) Distance from inner surface D (mm)

2.3 TEELRES AT O REATRE R

RIS

2 R4
[ Somo=—. o TN
BRE A EBE B BE C
K 24 Ay hNOIA VBB OB
K7 (AR T L)

F21 2 WMERLOBIR (A-A'LE)

oA JUECE A-A' FOREHR
BliE A 7.81X10° Wh/m
Bli&E B 8.05 <10 Whb/m
fidi& C 8.07 X10° Whb/m

DLWV E D RELE CAEY E B HND,

RN R DB O N AICESE, Ay b
N OREGHERELE 2 L 5 HTS 2 A L DASFR R D
{bZEBRIC LV RFE L7z, X 25 ICHED DI
ERL L2/ L — A T v 7 af L EgboX %
KL, R22DZFNLOHTLEED D, JEITIE 2
O aA NV EHE Lz, Coil 11X, Bi-2223 ##4f

ERWCIERI L= v IRy r—%Eaf LT,

Coil 21X YBCO #f & H Wb D TH D, 1Kk
OV 2 AR L, EEREEAM (BT H 8k 35H360) %
FEEL, V=ATEHERLTER Lz, 1RMED2
WANR DR D 22213 1mm T 5, #6080 O ERIc i
AT DRI ATORG END, Y7 72T
A4~ (AXREZIv 78 5M) &MV, il
s, EREAEBRZIE L, BT
BB, A VERANOFLEBR 10* Vim 12
ol b EOEBMETESR Lz, KB RIZ Y
—A—FEICEVHIE L, X 2.6 IZHIEREEE
R, EIROFHANCIE, NU—A—ZHRICHRE
SINFEEFHE v bRV,

X 2.7 I[ZECE A, B, CIZHIGT D HTS 224 LD

R OBER R E2 7T, KoL, =11
DRI THY, B—IFEREE X —BORET
H5, BlE A KB TlE, BE CITH~TAHE
KAWL TRY, BT CTHRLUIFEE —
ﬁzj‘é kz]‘ﬁﬁumf%ﬁ_o % Coil 2 IZFBWTiX

BiE A KON B O KIIALE C IZH~T 50%
BEEBIN TS, X, YBCO MR
Bi MR IC T, BERA OIS L 0 2FE %k
BRI ST D EnbHEETE D, EimmiaA
JTEWT, BE A EEE B T, 2B KIZF
BETHD, M IIRTHRIAAMRN OFERN D

1 %48 HTS a4 )L

2RH GFRP 2R—3
6 o 4
P
(mm) Coil 1 Coil 2

X 2.5 AFEIRAEHY 7 (BARESET V)

I AL

A " Ak
{%l fREES v b
HTS 34 JL t

2.6 AL E A1 #S

ol (Jlcycle)
5
T
3
&
»e

e

/z.g/

' RE s
o
3 2 L]
c 2
£ E= _
5 0 wd E
8 BRiE A ]
O [ ]
< F -
10" | |
107 10°
(@) Magnetomotive force (AT)
" coil 2 RE
o 60 Hz EEC ° i
S )
2 10%°F L4 E
fe F e & =
3 F ° o & ]
ot f o%u mEE |
3 L L |
o ° &
= [ ]
S 10k e® ¥ -
@ Fe & & E
k=] [ @& fE A ]
Q [ & ]
10" | |
107 10°
(b) Magnetomotive force (AT)

2.7 RMBRAERE (HEETSET V)
bod Lo, BlE A CBLE B T, a4 V8



&

DFMIIND D BERANEE A ETR L LT
D ENLLTHIEBY OFRERLFZ D,

4.3 3 FEYET W X DA R D
FRFE

3 MRS COR KA T2 ML+ 2 BHY
T, M31ITFRT X I HTS aA 0 3{HZk0L &
HHAEDETZIBE DO HTS 2 A L O R R %2 &
L, iHliziT -7, 32 IIRTLIHIL, Ay
k&L - 7B BRI, 3 HoaA vE4—
N—=F v 7 LTHREL, 3 M5A0ED—Ek%2 ik
LEETNEEZD, ANROEMERS T /L & [F
BRIZ, RFROA—T"2a » M ORI
EEALT, BAGHERETAZ L2k, =
A N~DOIEERGR 2L, ZZFE R DR % X
2Z%Fx2DH, £79, K328 T 2 fHOE
& (B A, B) IT2W\WT FEM MRHTIZ L 0 BERSY
1% 3l %, HTS =4 i, BRoBlEY 7
VLR USTED YBCO oA V&5, £, il
IEEFRIN D 2 IRITTRNT CIT o 72, 80D RGN
EOAw y NNICHEAT DRMEMEI BRI C L 0T
Hb, X 3.3 NS RERT, EREIE 280 AT
(10Ax28 #—>) ThHb, K33 IR T L HIT4H
O aA WZEBNT, Bl ATELE C Ik~ T=
A JVEBRN O HTS #4412 030 2 TEELRE L DM L
TWAHZ ERbad, K 3412, Ary NAOE
BRSO OREAIRY A % 79, BAE TV & [AIRRIS,
BLiE A TiX, BEHHSEIE FHICELE L 72 RerEptkt
o TERITHZ LKLY, BM~DEEHA
MER L TV DR 03b 5,
SMEDET MBI D, Auy NNOREEARED
B2 &L D HTS 2 A VORI DA 2 FERIC &
DIREE L7z, X 3512, 1ERI L7 3 fMEET /L
DR %R, A LZaAV0ETIE, £ 2212
RTHOEELTHD, X 3.6 [ITR-THY, 2
HEE 3NN —RA—=FEHNT{To72, X 3.6
OWPEEFE I RT I DI, T MR F —FERT
BB, 3HETT L ORI ER K2 X 3.7
R, BRI 3 MAEFTH D, 3 HES
ETIIBNT D, BREEIRESRFETE 72,

lron core

432 REFRHTET A (3 FEYET )

0.04

— T

0.03 — U-phase

——e—— Arrangement A(A-A")
0.02 = —=—— Arrangement A(C-C')
—&—— Arrangement B(A-A")

001 - ——— Arrangement B(C-C’)

Perpendicular magnetic field Bp (T)

0 05 1 15 2 25 3 35 4
Distance from inner surface (mm)

X3.3 TEERRIA ORGSR G MESTT L)

Windlrg section Magnetic mafenial Airgep

X 34 Ay hHNO A VERREEOBABRD
v GHEET L)

— Laminated lson core

U-phase cob

V- ot
T ot coll

X35 AHHEAHEHY > 7 v BRIy ET L)

3-phase AC power supply

A HTS coil  Iron core
(Y-connection) i

] 1
QO —
Non-inductive shunt
W
Current
balancing
- impedance
Function @ @
generator Current Voltage
detection detection

AC power meter
436 ZZitfARNIERE (3 FAAMTF)

T T T ™
60 Hz

(Jlcycle)

10t Arrangement B i]

3-coil

107

T
[ )
u
L]
>
3
Qo
p=3
a
5]
3
]
=2
>

10°

02Magnetomotive force per phase (AT)1
37 RWHKIERE GRS ET L)
LRG3 R & 7o B CHRR DARBAN R 3/ & < e

AC losses in 3-phase coil P,

i
o
3



STNDDIE, BT E LRk oRix
flzky, BEBADMEBIN 2L Rolzicd L
EZHND,

4.4 3 HHET IVERO R KGN

S VEER OIS ET L TORREREE X, 3
FHET VEBREER L, ZIEKOFHE %17 - 7=,
THEEMMORGN S, TR OFHEKIHERS
% [ TE - D Fr e BRI S AU TRV IREE TREA
LCHEATDZEIC L, £M%EE0 2 D HTS
A VRN 2B 3FEEEIZ /2> T D,
ERBMIZY R TH DL, BUELT 3FET LA
OEEEK 411277, £72, sELEF 411D
oo A0y MRIZIANVERNRFEOIZRD LI
BB DMERH D20, ¥ —8i310 #—2 T
b5, FT, MA2 1R 2FEORE (Bl A,
B) 122U T FEM BHTIZ X 0 BER 545 2 34 5,
FEAT IXHT TR O 2 IR ITTREAT TIT o 72, #LRE 713 400
AT (40 Ax10 ¥ —) Th D, EARWNZBIR A
X, R 1AW TS B e 2 720 TR
W7D 0T, K 43121 UM aA LORERN D
DR T, Rk UMEBERNS E— 71272 DL
ROBAEITHET 5, K43 1T &5, 3ME
TN aA BN TY, BlE A RS B ICHT
WEEAPEIH L TWDZ ERnbnd, ER-LE
3 HET IVEBRORZRABIROBEZIT -T2,
HROWE X, 3 HESET NV ERUFIET
bbb, K a4 IZPEBRERT, REETO 3
ETIBBIIIBNT, —E OB R IR
TEbOD, HHyETMICBITAENLY B
FERHO TR -7z, i, TR O E

U-phase coil

V-phase coil

W-phase coil

B 4.1 3FHET VEMROMNEX

0.07

0.06

0.05

——— B-B'
U-phase

Perpendicular magnetic field Bp (T)

o \ \ \ \
0 0.4 0.8 12 1.6

Distance from inner surface (mm)

X 4.2 FEERESN AT OFEATAE R (3 FHE T LV EHR)
TERLERH W20, 2y MEROFIFID B

PERORE SIZHIFIN H Y, TERR OIME] 23
DETAGBELD G/ holzlzb B2 6N
60

[y

o
°

TTT

60 Hz Arrangement B

-~

" " '] Arrangement A

10"

10°

10°

[T T T T T

AC loss in 3-phase coil (J/cycle)

L L ‘
10°
Magnetomotive force per phase (AT)

4 4.4 ZREEKRIERR GHET VER)

10*

[
o
N

5. FreRFinLE
(WFgef . W s a8 K ONEHERFIEE 1
LR

(MEssamsC) (BF - 317F)

1.J. Ogawa, S. Fukui, T. Oka, Y. Sano, M. Ogawa, S. T.
Ranecky, "Experimental Investigation of AC Loss
Characteristics in HTS Tape With Rotating Magnetic
Field", IEEE Trans. Appl. Supercond., Vol. 27,
5900504, 2017 [#&#HidH Y ].

2. J. Ogawa, S. Fukui, T. Oka, T. Sakurai, Y. Sano, H.
Tada, Y. Yoshii, "Experimental Investigation of AC
Loss Characteristics of Stacked HTS Tapes in an
Iron Core", IEEE Trans. Sppl. Supercond., Vol. 26,
5900204, 2016 [&FtdH Y .

3. S. Fukui, S. Tsukamoto, N. Nohara, J. Ogawa, T.
Sato and T. Nakamura, "Study on AC Loss reduction
on HTS Coil for Armature Winding of AC Rotational
Machines", IEEE Trans. Apple. Supercond., Vol.26,
5203705, 2016 [&E#td Y .

(FyER) GE 240)

1. S. Fukui, J. Ogawa, K. Nohara, Y. Kobu, J.
Takahashi, T. Sato, T. Nakamura, "Study on AC Loss
Reduction in HTS Coils With Iron Core by Flux
Modification Using Magnetic Material in 3-phase
AC Condition", Asian International Cryogenic
Material Conference, The Kanazawa Kageki-za,
Kanazawa, Nov.10 2016.

2. BIHE, /NIHE, BERE, SmhR,
M, TARIE, TEREMERIC KD REARZSR AR L
TR & HTS 2 A VO FAE R, BEF
& BEGHR SR - tT7 Iy AR
2, RBRKRY, KPR, 2016426 H 28 H.

6. HFFEHHGE

(1) WrEREHE
B B (FUKUI SATOSHI)
RS - BRBFR - %
o F 5 70293199



