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Study on full superconductivity and enlargement of output power

of high temperature superconductor squirrel-cage induction/synch

—ronous generator
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WFFERL R DOBEZE (3€30) :  In this study, performance improvement of induction/synchronous
machine for generator application, which has been proposed by representative researcher,
was studied based on analysis and experiment. Firstly, the hybrid double-cage windings for
the continuous operation from room temperature was proposed, and then enlargement of
the output power was realized. Further, the high efficiency synchronous generation was
succeeded and fully superconducting machine was realized.

SR TERR
(BREHAT - 1)
[ERESE LiEESE & @t
2008 fFE 1, 700, 000 510, 000 2,210, 000
2009 “FAE 1,100, 000 330, 000 1,430, 000
2010 B 800, 000 240, 000 1, 040, 000
FHE
FEE
gl 3, 600, 000 1,080, 000 4,680, 000

WFFE455 8« i T
Baf#E o8 - ME @ 5101

F—U— R miEEE, EEE > DRHEE, RgEES, JB)RE, AL,

A~ ZRminanE, afngl

1. WFFERHAG S W OH 5

TEOREEROEE & b, B3
BREDT Y — R F—~DOHREN
RWINZEE > TWD, JESIFEERE DB IR
MAFEATLTEY GEFETIFE MW 7 7 20D
KEBIRBHIAEN L —7 v MTh oo
b5, —F, AR EKE LTIE, 1EkiX
AWM TRFHEREN T TH o725, AC
U 2 7T D ZENE T O B K0 E E o JE i
WZPE S TREZNRENEN R Y FERER D -

2o 1o T U TIRBHRALR I3 B 7K
AASEBEEOBEM L, DC U712k 5
RN L LA D A V7 PRI A
TEEFE ORI N ER TH D, — T, K
IR AT SR8 FE R IR (S R BB TR
(RS2 D) | TR E U o AT (R R
T R L OEE L IO TRELS 2o
TLEW, BUREFEIARE L Ebhd, o
T, ABFETIE, BEFOIRITREL SRS
SNe & b5 s TR B E A N —
2T, MBIOBLEN S 7 L—7 ZV—% X5



L, BiRBEERER Y RFTT 5, B)%
B O SRR EEIZOWN T, LIETL Y F
& U TR E R R A I DV TR
NEINTEY, ENTHL 74— YT
S —ALT =D T, BRI 5O
WL 7 BRI DWW THRE SR TW5S &
W TV 5, L#Lﬁﬁ%\wfh%ﬁﬁﬂ
RHIBHFICIZE > TR, —F, KHZET
&dﬁémmﬁmﬁﬁ%m%%ﬁw oW

. BURITHFES D ORI 2 <R
piéhXW\&u\

2. WMEOBER

AWFFE T, WFFEARERE DB HR 2S5 L T
VN % o i B s RS R HE (High
Temperature Superconductor Induction
/Synchronous Machine : 2L, HTS-ISM)
DI ERICH 2 B LIt 2 Ehid 2, Bl
b, HTS-ISM o& ik, S#fsEt, B
LU mE#Rb R L, BRRS e 4 R
R

3. WHEDTTik

ML, Mﬁk%%®ﬁﬁ#%%%b
Too FRERFAATICER L Cld, ATRE#HEIE (B
FW%W\#ﬁ%%ﬁ@%%ﬁ\%RPMM%
WA L7z, F£72. EBRICEE L Tix, Hokw ik
FEHEAREL, MAREHR P TR AL £ cx
HYUARAT WS LT,

JERR

AWFFE I, HTS-ISM O &gk & Bk
W7 7Y r— a0y B L-E
BRI OFRNTRORR R 2 5206 L, R X 9 7epk
RBEGEDLZENTE,

(1) =ZBiR2> 5 oOE e S rTREME D FREE
DT IR BB A IR AR R
TR LIanNA 7 Uy R2EMEETHZ
Ll X IEEREIRREIC IV T b RIS A HE
7R EiRB R E R A YO THEIA L, X
1@ ZiI A 7V v K2 B ZIEEELRF Ok
ﬁﬁﬁl% F 2R (b)) I XWEGE A%
nNENTRYT, £, 2 TITIRE LR ER
VT B BEA TR D — il 2R, RIS
5232 K 912, HTS-ISM DRI EFRITIRIR
REBIZ & AR (sw< 150 ) 1R [E1#5 4 #E
FLTEBY, O KERL 3.6 ARELEZR
LTWb, —F, WKREZE2RF IS E
TuW< & HTS-ISM DR ENRREIC EH L,
190 min F2E CTE T REREICFE S ENRAET T
W5, 5T, 200 min FEERIE —RER D
2.5 A BREIZHEICIKE T LTS, HIb, =
DT HTS-ISM 235820 B EHEE L7

HTS endring  HTS bars Iron rotor core

Copper bars
(a)

Copper endring

Conventional stator
Hybrid rotor

(b) BH
X 1 iR/ a7 ) v K2 Eh
T Bl - O W i X

h T T T T T 5-0
1800 fgmoseves-seosoong A
e 40
= 1780?@%&0@%&3@9&@%@% gl
z A 13.02
2 1760/ ; o
3 mm@f =
21740, 205
s =
2 1720f 10 »
17000l 100
0 50 100 150 200 250 300

Elapsed time for warming up t / min

X2 X1 olaks1256EH Lz F RIS
B M fnr e sl Bt B oD — 1.

EEZOND, 7o, HinEKEE
& HTS-ISM 1% 100 min LA %2 5EL
AMERF L7z, 2o &1k, HTS-ISM 23 3R
RERIE ISR W T b R r iR 2 & &
IR E b,

B LT
Nl 7N S

(2) FHLOBF

HTS-ISM 1%, BRAKIIIE L Tr—4
S— BRI % Bl T 5 = LI &
5T WL THER = & 2RI



B 3 AEL 10 kW #siB B g ) 2 a]
I OANBIEE (BIEBEERM & LT,
Bi-2223 7 —7 M & ).

100

80.5 Nm
80 |

(2]
o
T

N
o
T

Torque 7/ Nm

 T=77K

f=40Hz

V. =250V

O 1 1 1 1 1

1 08 06 04 02 0
Slip s

X4 X3 Dlais -2/ Lz ARG 2o
—] (FEIHEAE#ERE: 1800 rpm, EBRIEEL: 77
K (RIFKZERZREGHD).

N
o

rms

BN LTWAS, 22Tl BEfFEOFEH
WX L C—HMiLL Eo| v 7 EE R 2 —
7y & LT, HTS-ISM O/ & EBiR
AEEIT o7, K312, BRIEL 7= & ) HTS
L - ONBEEZRT, Fo, K4 123E
EETT KIZEB T ARG RO 6 %2/~
Hl@%%%m&ioc ﬁ@bt
HTS-ISM (¥R [FEE (> 1796 rpm) |
wbgﬁﬁkbw&%NmMﬁ Fzm
—WRJE WS 40 Hz) ZERKT 5 Z LR T

%ko:®&%®mﬁm%1OMVf&éo
SOERTO T V2 XA B A NEEEF 2B 5
ERET D LT N 8 Nm FRJE (E8) kL2
#122Nm) THHZ LEEZDHE K 1HD
BNV B EER T H I ENTE I, e
B, AHFETIE. ¥y 7 Ml oOBSRAmED
DEE D Z VLA E O AR akER 13 50 L 72 »»
ST, E67p 50 MV Y BEEAE AR
EHIREEN D,

Torque(7)

HTS-ISM _ Generator mode

Conventional 3

induction., 7N

machine 2% i\
- |

-

1 slip (s)

Motor mode

X5 HTS-ISM (257 % [FIH# % %8 D JFEE ] (7]
Wi EI UL FCEEE L X 9 & A AN
%Ezé& B D MV BAEITEO R E
AIREIZ 72 D).

‘ ‘ ‘ ‘ ‘ 2000
1 N

—r 00—

kW
o
0

r Synchronous speed (1,800 rpm) 11500

out

-
(o)
T

+1000

wdl / N paads uoneioy

Generated power P
o
£

+500

-
N
T

0 | | | | | 0
00 02 04 06 08 10 12
Mechanical input of DC motor P, kW

B 6 HTS-ISM (2817 5 [F# % Ealr o — 4
(JEE: 77K).

@)%%%ﬁ%%%®%ﬁ

HTS-ISM %, 7> ZTE#5 58 O AN %
ﬁb@ﬁ%%\ﬁ%ﬁﬁ%iﬁﬁﬁf%éo
—J. ZTOZ &L, B TICR L TERD
MR EORB AL HIfF SN D, £
ZTC RTAT T EFEBROITKRAE LT, X 5
121, HTS-ISM @ kL7 — 30 ek % 4
KN, HERIE L DN S LR &
212, HTS-ISM 3B A 112 %F L C IRl
[BHEEAFEETH V. RIS Z olalfisfEis 2 Fi H
THZEICL ST, RMRENAETH D,
6 121k, FRVEMIC L B3BBG RO
(GEHEE: 77TK) 2779, £7. HTS-ISM
% WA CIRIMIE AL 125 & A4 (1800 rpm) .
T DBFEWAINT) (BEh) (23 2 Feik 2 )
ELTWD, RN, #AIAJICx LT,
HTS-ISM A3 [EI3#HE 2 4R L7 & $3En
BETHDLZENHELMNI R T, k. AR
BRY AT LTI, X7 U v T OBAER YK
X<HENPKRELRSTVWLEDT, ZOUE



v

(b) =A A EREE T2 7 A LT dRhE

Phase a

Phase b

(c) FERRIX
7 Bi-2223 [ E T

& KV IEMERNHRT — 2 OWAHIA % DR
BTH D,

(4) B EE/LORET)

HTS-ISM D ek @mzh={b 72 & NS & HY
T BT AT OICIE., BETERETH
e R SR TR R T 2 A R E L DR
MNARAIRTHD, LPLERGL, TIET
RSB LTk, THI BNFE &
IR D B —Z 12OV T B R a5 R

2000

IS
[y 1500 —=—Experiment (V increase)
- —e— Analysis  (V increase)
=z —— Experiment (V decrease)
3 ——Analysis  (V decrease)
083_ 1000
g
IS
S 500
o
0 J L L
0 50 100 150 200
Input Voltage SUZV1 A
(a) MEA R ABRA R
14
12 - i
10 - |
5
T 8 \
S 6.
g
o —a—F i
=4 =R
2L
O L L L L
025 02 015 01 0.05 0

Slip s

(b) Afar RS 5
X 8 HTS-ISM (23317 2 FEBufk 5 & bt 5
D RE: 7T7K).

R L= THY, VTV y v B
WZOWTHKRII L7=2BliZ N To, £ 2T,
Bi-2223 & iRBmE T — 7 & L7z
TE BB ORR & Tz 540 L7,
FEFERIT. L—ARNT Y I X TN
— XA NVOMAEDOETHETDZ LI
L7z, M 7@ICiTi8ELIZV—A T v o ¥
TN —Faf )VOEEEY, £7-[FX
M i aA W EFEET = 7 I A LI2IRE
NIRRT, 7(c)ITiX, 3 FH 2 Mo
E LTS A OERXZ 7T,

BEREE 2 Bi-2223 [HlEs - A2 A S bE
., [E#EH 150 rpm FEEE ISV B [AlEEERER I
B LTc, EHIT, KRR EZN—R & B
DHFFERIR 2 FEiE L= & 2 A, REHIIZIREE
%1800 rpm O EHAFERIZ H KN LTV 5,

(5) fRMT =2 — R DBH%E
HTS-ISM @& &0 R EREM 2 FTREIC 95

e, BELERA R L M L
ra— REB%E L, K8 iZi%, £h i (a)



I faf BB AS S & (b) B far RS 2R oD He s
SR AT, FRNOHELNRE 9T, &
BRAE I E RIS IR < —E& L T 5, Eo
T, B L7t =2 — RZEHWT, fl2iEw
25 o SR IR oD R MEREAM AL 2 S~ 5 2 & A3
AHEIZ 72 o T,

6) 77V r—a roOE

KIFREFEOBART 7Y r—a vk
Rt Uiz, £, UHEEOR ) E % Mt
L7z BRSO LD A - 7255 Tl d % 23,
5 MW kB ) R 2 et L7 & 2 A, BE
ORI RT L TN @R L 72D
L EIRTZIENTET,

F 7o, EREGEBRE RS~ O S AR
L7z HLEBREICIEH DN, EREE VAT
LN DUWT HTS-ISM D AN R A2 5E3Ed 5 =
LINTET,

(1) £Lo

DL b, ABFFE L. HTS-ISM O3 EHIG
Hua B L2 Lz, ZORE, =
JE> D OHEREEREN O Al REME SRR, & R
FEALORRFE., RIS E D FEAE, SBEE 0,
FexlgRT ooy VT4 —&HEICZT D Z
ENTET, A%lZ, BN 7T 7Y r—ra
NZHOWT, HTS-ISM A DR % & &1
WCHRHTL, Z0FEALEZBHELTHE 0,

5. TR
(WFFEFRAE . WHIE5 8 M ORI 24 |12
(=)

UdERERm 3 (it 6 1)

O hvEEsl, AEE, TEATEGS, WE
Z, Ui A B A FE AUk
M LB AR BT 55
MR, R CEs B, Badh, F
i e

@ T. Konishi, T. Nakamura, T. Nishimura and
N. Amemiya, "Analytic Evaluation of HTS
Induction Motor for Electric Rolling Stock",
IEEE Transactions on Applied
Superconduc- tivity, @t A, FIRIH

@ T. Nakamura, K. Matsumura, T. Nishimura,
K. Nagao, Y. Yamada, N. Amemiya, Y. Itoh,
T. Terazawa and K. Osamura " A high

temperature  superconducting  induction
/synchronous motor with a ten-fold
improvement in torque density",

Superconductor Science and Technology,
vol. 24, no. 1 & #if, 2011, 015014 (6pp)
@ PREE, RIS, AR —ah, TERE
h, REME, EHE ", REBHERK, 7
e il B R ALLEA L [R] IRE D FE E R 1
B9 2 JLanroe”, KI5, vol. 44,
no. 3, #wiff, 2009, pp. 112-119

® T.Nakamura, K. Nagao, T. Nishimura and K.
Matsumura, "An Induction/synchronous
motor having HTS/normal conductor hybrid
double-cage rotor windings",
Superconductor Science and Technology,
vol. 22, #Fift, 2009, 045022(7pp)

® T. Nakamura, T. Nishimura, K. Nagao, K.
Matsumura and Y. Ogama, "Theoretical
Analysis of High Temperature
Superconducting Induction /Synchronous
Machine Based on the Nonlinear Electrical
Equivalent Circuit”, Proceedings of XVIII
International Conference on Electrical
Machines (ICEM'08), Vilamoura, Portugal,
At i, 2008, ID. 1278 (5pp)

ra¥E) G124

@©  HoafeClE, =¥BECRRR, BY O OKE, Ak
M, JINEERAE, MMz, GHERESE,
BIHER, SFEERA, BADEE, “Eii
B FE AL A/ [F) W oo 1R A T e L2 B
% EBREIME”, 2011 FEEEFKIE LT
e HEESS, 20114E5 0 190, W
B - MBI TERERE, < iETT

@  HafEClE, =RECRRR, BY O OKE, AbEf
M, JINPEERAE, MM, GHEREZE,
IR, SFEERA, BADEE, “Eii
B FE AR/ [ WA oo 18 A T e L2 B
% EBREIME”, 2011 FEEFKIE LT
o HEESS, 20114E5 0 190, W
B - MBI TERERE, < iETT

@ T. Konishi, T. Nakamura, T. Nishimura and
N. Amemiya, " Analytic Evaluation of HTS
Induction Motor for Electric Rolling Stock ",
Applied  Superconductivity — Conference
2010, Washington, D.C., USA, August 2,
2010

@ ®IFHK, WKL, RS, O
B, PRTRIE, W, e AT

HIEE W DSP Z 5@ L7= VVVF i
(BT 2 ARG, PR 22 FEER TR
AEKE, 201043 A 19 B, B KR,
TARHEX

® VAR, fak—aL, BREE, #BHD
X, BARKEH, WEMZ, 7A@ E R
M % & fE U 72 AR T W R O
PEFRMT”, Rk 22 FEERFAEEEKRE,
2010 %3 A 19 H, HlipRYy, FREX

® HARE, FEAEGE, AL, BIOK
fifi, #HANh, WEWMz, "T—% HEk
ARy MHIZBIT 2 B A~ 2 REIE
BEET — TR bW LV—A T v
7 aA VOB, 2009 FFEFKFL
BT - EEE S, 2009 4 11 H 18
H, LR, M

@ teky—ih, PAEE, PFEATEGG, EIET)
th, BAD K, MEme, miREmE



i/ R R O T E T VI K DA
TR ME D REAMR 7, 2009 4FFEfk Z{KIE T
e HEEE RS 2009 4E 11 A 18 H, [
LR, LT

® VEAESR, kL, BRREE, EBHD
th, BN KEH, WEme, FEEEE &
JIHERE, FFEBEA, “RIEEEE N TR
Y/ [FHT— & o n] A EERED A FRH) L
=~ T T D RE, 2009 AR
PG T - BEEY 2, 2009 4 11
A 18 H, ML, Wbl

© HHRE, AL, ARG, ER
g, FiREZE, FREA, MEE, EA
JeitE, B, 7 E IR E R/ R
& O HHS A~ H AT REMEICBE 4 5
FRET7, 2009 4FFERZGIR T4 - HEE
s 2009 4E 5 H 13 H, BRGH KRS,
B X

© FEAEGR, aA—EL, LR, KR
g, THRE, WEHe, TaEEEN
DR/ R oRER”, R 21 £
ERFEEFEAE, 200943 A 17 H,
AeiE K, AL

@ faf—sL, PAEE, REME, “AE
BRI E A R 0] U7 e IR S/ R
BEOfRNT 2 — RBIR”, k214 ER
FAAEKE, 200943 H 17 A, dkvE
ERT, FLIET

@ EREME, WHEEEE, faf—5L, FEAE
R, PHRIE, WEME, "BEAY R
NITIEER A A LSRR
SRR IZ BT DN TR0 O KSR
fli”, FEk 21 £ BEBRFELEEKRS,
2009 43 A 17 H, JbyfpE K=, kLR

(P 3£ PEME)

OHRERGL GE 1 1)

L7 IR RS KOV B AR o A
T I

A - PARIE, G EE

MERIFE « ENT KRB NTH RS, 74 vk
FERE S AL

EB . HEFE 2009-124940 =

HFE4E A A 2 2009 4£5 A 25 A
EWNs DR - [EHN

(£ Dfth)
O%H

- 2010 FEFEIRIR T U

A PARIE, JEFER. TEATEGE.
A—sL, ERME, EEE ., RERER
ZERI R A SIS Rk
DI ERIEICB T 2 g, (IR L,
vol. 44, no. 3 (2009) pp. 112-119

6. WFIERER

(D) WFFe RS
Rt #fE  (NAKAMURA TAKETSUNE)
TR « KR TR R - dede
M7EE#HK=: 30303861

(2) WFFE55 14
AEEEL

(3) EEEHF TR
ML



