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Fig. 1-1. Schematic diagram of the relationship between maximum flux density and iron loss.
W,: iron loss when flux distributes uniformly. Wy: iron loss when flux distributes ununiformly.
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Fig. 1-2. Definition of o and [ angle.
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Fig. 1-3. Various factors of deterioration in core magnetic properties of rotating machine.
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HOT, FEEHT 12 X —2 D¥EY a4 VYT 5,

BESke, BREHEIXBREBR O R TR e KRR O RIEE & L T6T L b —iNicfiibin s kT
1372 <, AR RHARE RS T OREKIECS WO Lo e BRE O 7O DRER L, —HIC
HE STV 9110, ZOEBHOOEDE LT, BEHEIC X 2 MIEE OB 72 LA A~ +5
TholtZENBITFBND, ZHUTs Lilm Hix, J5 ik i o 7 AT 72 s s B ) 2 B
LERA A2 & O CTEGR R 21T > TV D [11], S HIZER O ITEERIC L FREHEDORIE
FEZRGET 5 & &I, BIRN OB & -9 5 72 D ORE FIEE fer Lz [12],

ARETIE, FT W0 I X 2 HREHEZ V7 5P 8E I8 o0 R B2 E O BERRIORHIE (11712
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WTREB L, W TR O 03 I BRI R URE 2 xb e & U CERENE D IE RS B A BRFE L 7o/ 2R
BIRRD, FTo, BRENE & RPTHEIKOREFAE Z MG o CTRPTHY e SHRHIEE & /et L 724
RIZOWTER LD, ZNDIC LY, BRI O RFTHY a8 3 L OB ORIE HEZ S L
7= [12],

6 5 o\‘
v Needle 6\‘

Ry
&%‘é‘@/
/ Eddy curre
z Ba 2

‘ Zd‘ ( ‘4/’/ 3 \} Cross-section
Y B

Fig. 2-1. Schematic view of needle probe method.

2-1 PREHEDOHEEX

2.2 HREHERIC & B AT HRIE O R R E 45 FE 0D B B i 5l

2.2.1 BEED— MR

ARE T D ST & B EREHEOBIEFELR X OWIERE OB GRAFHmIC DWW Tk~ 25 [11],
X 2-1 D X D IZEH 2d OEBIARKD 2 51 (L& 1, 2) ICHESFE LS, RFBHAIZ L > T
12 MIECHEEELNET 26D LT D, HEHZ L DI TIERE D OEBEEH %
BEST D7) — FREERT2L4ER’H Y, RERHE 0V — FROMICV—7 %2405 2
EDBET SRR, ZTOXIRY = RRIC KB L—TE 5,0 1-2-5-6-1 L L, ZOA—TETe
ﬁ@%&&#éouF?@,um44:%#ht%@n%»:;éﬂiﬁ&@%@%ﬁﬁo

B 2-1 IZR W TRERE D 12 [k~ 1B xR e, & T5 &, RETTHIESNSE ES

e =e, - [(oB, /ar)ds
Se 2.1)

=e, —e,

TEREIND, ZZIZ, BlIN—7 1-2-56-1 @A ZEMERTH D, 7=, V—FRIZILB1—
78y 1 1-2-5-6-1 i D ZERIEHRIC L > TE L DEEITX FRoRQR2)TREND,

e,=[ (0B, /or)ds 2.2)
S
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ZD e TMEMDREAEL R D THY, kS, : 1-2-5-6-1 OEFHII 0T/ E < T H0HRN
b, ZITD e [ FFEHT L DK E IV —T OO HABETH LD T, REOMKIZL D
BELBT HBURICH D 2 LICEB L) BENR D B,

AREINIOBHREE L B LT 2L, e (TRBREICIH - 2B RO TH - T, B DORFHZE
b dB/dt 12 K-> TREIEREICHFE SN D2MEIRICEHBEERE T E LTSN DO TH D, iy
ZARERE COMBIREE, p 2R OBXIEIER, E(ERABIRETOERLT DL,

e, = [ E,(d)dy = [piy dy 2.3)

1-2 1-2

LB, —J0, B aA MKV AELDEET] e iZN—7 §:1-2-3-4-1 THENTZWHEAE (5, T
FHEN-fEEE S &9 %) TOMKROIFRHIZLIZELWO T, —"7 s> =B R E OFEY
ELT, RQYHYTREN, EOD 8T 25N HHQSDETEI LD,

e, = [(-0B/at)ds =§ Edl 24
S; S;

e, =2 j E, (d)dy+( j E_(z)dz + j E_(2)dz)

=2e, t+e, (2.5)

L7=RoT, e Ho/ NS T VTEHORIET HEEBEINIEY A NVD 12 L72BDT, BH 12
DR aA )V Ll & 729 ENTE D,

2.2.2 — L ETIVIC &K 5T

2-112BWT, BXMEIELZ S 2T x FIIS—RRRBEET 5 & L, BRI X 2 HEW
HCOWMEIRDOERNRZ B RE L 7T2E 7 WA CTEREHEREM & AR ARG L 72/ ROV TR
(b7

AREHIRK O BELSIY IR E p & L, TOBELEu BN —ETHD LT 5L, Maxwell FEERIZES
W, UTFOXQ.6)MEANLT D,

2
0B _u0B 2.6)
oz p ot

BN OB FE N IETLNE B = Bee ' THRAZILT2b0ELTD L, o 2AFANKE LT,
QR.OIFKXQ.NE 72D,
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o’B, j
20 _ Jou B, 2.7
Oz p

z BT A RIFRED D, RQ)OMEE, HERE COMKREESY By &35 &, Tit8)THX
YR

cosh{ 1+ )Hpz }

B, = B
¢ cosh{(1+ j)pd }

0

(2.8)

ZIT, p=(ou2p)? T D, BRENOEL OREHREE B, 1L, .85 FiE(RI)THx b5,

d ) B h 1 . Jjor
BaV :L J‘Boe]wtdz — d tan {( +.])pde } (29)
2d ¢, 1+ j)pd

L7=MRoT, WA DEY a4 VOFEETEIL, L—7 1-2-3-4-1 NOBRORERIZA(LEN D, &
XThHzZbNS,

(1+ j)haB e’

e, =%(2hd B,) = tanh{ (1+ /) pd } (2.10)

—7, RUEOBEHOELE, Q)X LROLIICRD,

hl2 . Jjor
e =P j (a_B _ %mh{(lﬂ)pd} 2.11)
7.

d
» az) ly

hl2 z=d

(210)E AN D, ey=(1/2)e. BFDHI, FREHIFRICIED 12 Z —2 DY a4 LV EETH D
WML, THUX, By HFANZ—kkE Liclz® z FROERBBELZRONDOT, 2.5D
92 HOMNE e, NP u LR TH D, ZIUCK L, HEOBEE CIEEHEI X AR T
B0, RELOMITEE CIX z R OWBRES DA T D, 207, HEEHT K 2 RIE EBALAS
iR B 05E, ep=(12)e, DBMEN O OTEMEDER & LT e, ODFENA LD, LinL, &
ST 2 A OIREIRE 3 DBAFAET D DIIEDBEREE TTHDH DT, o DB THES
HEICLDEEDAELDDIE, ZOL) REHEZZOHGICREIND EEXBND,

F 2, WEF AR B3d 555 ep= (12)e. DBIRN D DFEEEAET 5 5, HH DI,
PREH AR Y 3 2 ME S 1 & 3B O BTl b a2 2 LIS X0, RS AR DR D A3
B 556 T b RPTHI 2R BEHE BE Z @ O RS L CRIE WTRE R FiE 24822 L, SIW0IN T4 17 - 7230k
ERAH T DOREA YA A HE LTV D [10],
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2.2.3 BRETIVIZ & BT

() FATHRETIVICEDREREENOMEN  HI BRI NSO 10 mmigFEE O J5
SEI DREHES JE A BREHZ K - THIET 256, HItEERIR D 180° BEEED MR (FEXIE) |
0.1~1 mmfEE TH 5D T, FEHT X DMERPNAFAET DX ORI D I & 72D, 2D
£ 5 A COBREHNT L DA EEOREE 2 33 2 121E, MK OTF(E 2 B8 LI i E ) off
MrosmhBi & 72 % [13][14],

%] 2-2 (2R ME AN ERR C/E A 2d DOFREHT 180° BEEEDS 2D DERINEIZ TIFET DX ET L%
BR Do K22 TR EEERIZIW T, B RIR D IR B B =0 OWREICHEEEL y= £D,
+3D, £5D - + « DALEIZH Y, B OEACIZHE > THEEET 2 BEBEIL BT 7 [l R
BE L, WRBE BN FioR(2.12) CIEREN L ET 5 LT 5,

B = B, cos(w?) (2.12)
Bs
/ g / /
Areal| Area?2
2d 0 >y
2D Yo

Fig. 2-2.  Model of the domain structure.
B 2-2 BEXET L

ZDE X, X 22 OFR O OENEDREEDNE yo 1L, BERMBEREELZ B T5 L, kA
Q.D)ITENBET D,

Vo= D{Z—m cos(or) + 1} (2.13)

S

WEBENLE yo DM OFEER 1 &AM OME 2 I8 2 EMBEREZNETN Y, LETHE, Zh
51X2.14), Q.15DT 77 AR ETMET D,

yn+ym

=0 (2.14)
oy’ 0z’
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o, o,

-0 (2.15)
oy’ oz’

TWALD y i, z @S AR S, (2.14), 2.15)F =TT, ROMEBE T2 b5,

= . Ay, . NIz
V.=» C  sinh(—)sin(— (2.16)
1 Z  sinh(Z) sin(2=)

(0dd)

= ., nx(y-2D), . nmz
V,=Y C ,sinh(————%)sin(—) +V, (2.17)
2; 2 SINA(—="—==)sin(——0) +7,

(0dd)

J::Tit@ Cnl: an &iﬁ*ﬂifiﬁy =)o &:%U' éﬁﬁ%ﬁ:;

A ﬁizo (2.18)
v oy
ov, ov,
9 Y 2.19
0z 0z sVp ( )

N5, WA(220), Q22HDEY E7eD, T I T, vplIMEEDHE dyy/dt TH 5,

_16Bv, d s'n(n” cosh{nz(y,—2D)/2d}

C,=—F——si ) : (2.20)
n°r 2 sinh(nzD / d)

C. - 16stv]2) d sin(ﬂ cos'h{nny0 /2d)} 2.21)
n°m 2~ sinh(nnD/d)

QRANDRITEBNT, y=p 2B BRIE TOBEBMOERNEID, Vo=2Bypd ETEE D,

(i) FEHUBEELREYIMLER K(2.16), QINICESE, ot =12, ThbbERENNK
K& 72 D BREOMWEIR AR 2K 2-3 1277, ZOREBIZENT, K231 7-TL91C, y=0 DL
EE il LCHEEL, y=ynDOMEEZ S ) bl T80 a4 V%X 2-3 PO &3
D, Flm, y=0% y=y, ODMEICEHZERIELLDLTD, ZOLEXBEYaMNVELD
EEEE, KeHickEksnT, %ﬁ?é@ﬁ@ﬁWWM$iki@ﬁ®%“ﬁ#6ﬁw6mé
—F, BEOBIEIL, KQRIHTRENDEROBRIEY, T72bH2.16), 2.17)DENEIEKIC
DWTCEERETHZ ENTE D,
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y_O (fixed) y—ym

~

= \*.;y
a\\ \/

Fig. 2-3. Calculated distribution of eddy currents at ot = Tc/2
X 2-3  EETRAT OFH B (o =1/2)

WX DIFAE DR, BEhE & WIEF & ORI RALEIZ X 2 EEDOEIZBIN D, ZhEPIxR

T 570, K23 1R LEEEENRRKOBEM (o= 72) OREIZBNT, HIETO—% (y=0)
ZEEL, i (v=yn) Zy#OEDOFR~BEIS L X @Eﬁfﬂ)wﬁt%uﬁf\m‘*%%l 2-4
ZRT, 22T, BETOELITFHFIC 2 5L TORL TV, X 2-4@)DHE 0 a1 LD
TeRE DAL E CTHEBORICEIEDN LT 5, TS, BALDSREBENL (& TR 2B, 77 Tﬁﬂm“é yip
5THD, ZHITH LT, EEOEAIL, X 2-40b), ()D& O ITHEEENLE 2 Fl & L CHEgERY 722
PAbER LTS, ZAUS, BEENLELZ O LT 2MEIROIEN Y ORETHL, DX 5%
ki, Y a4 LV CIIMXKIEMEL (DId) [ZX 60 Dlckt L, B TIEDd P REL D L
BB TR L 70D,

M 2-4 1ZRENDEDIT, Y a1, SENWT I bR BRI IREENL E T TR E < BT
D78, HIE S & RERLE O BIRIZ LY, BB OFMRE RN R D, RIZ, 3B TR
XAEIE DIEN—ER AL BN E T T e T 5 &, FHEEIEIINE y, & & BICEMRIICEN
L, B2-4 HHOMARD K o 7ok Z R L, BEHEE O MR RITHENE yn 12X D722V,

ZHIUCK LT, M22 0 BEEKHEED S EIHRYD 2 A LV E TSN X D RERIE A 1T 2 B h
M*E#%sd)Or%ﬁ)ﬁﬁb%mg®*bK%ék%ﬁ,%$:Mﬁ?ﬁb’*%@m
DGETHRT 22520 TH Y, JIESABERENE O A NN E T 2 B A I E A O F-E, 72
BNZALE T D5 AT/ NG & 72 5,

ZOXI RO b &, RITHE R A A ICE L SB35, WEEOFEEIT Rt

HlES<, T2 5, X 2-4 FOMBFROMEITRE S OFRALEIZET 51X 6 >E 2R L7z
FHETHY, LT TIEInE RS LY, BB oA ik, BREHEOHIEM MmN O L1
L5,
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(a) Search coil

oa.rbitrar:srm
'._ 3
: =

D 2D 3D 4D
MEASURING REGION Yy,

o
3
=4

(b) Needle probe
D/d=1

1 J

3D 4D

L

arbitrary
Or—TT—7

D 2D
MEASURING REGION yq

o
3
H1

(c) Needle probe
Did=4

arbitrary

1 1 1 ]

4D

o
(&)
o

D 2D
MEASURING REGION ¥nm
Fig. 2-4. Calculated distribution of eddy currents at @t = /2.
2-4 MEBERSMOHFELR (ot =n/2)

FeuN T, BEREE DRI DWW TR D, FHERIZE T D HREEOBEIEE, (2.16), (2.17)
KATB W THIE Sy ZEE L, (2.20), 221 & v=dyy/dt O TBHR ST B D RERENLE y, %,
QINES TR S Z LIk VBN EEREEZE ST ik vskoong, X 2-5
IR 2 A VB LOREHZ L 0 5 DN 2 FEEILE O ER % 7T, IEFEIEIZ OV T, 2e,
Zat, WIRITRIE FEIC LD B o TRV, 0 aA L CITBEENHIEN & 285 & ZI2R
B R BN AE U D OITKt L, BREFCIXRTR OB OIL 0 OFT, Rt 2 b
DREFS TN D, X 2-6 IZHRENEIC X 2 BIERIB 2 R0 U CREARE I & LIk R AR~
2-5 DRMRIZAVITRI WL TIRIT & A ERNLTZ720,

Y 3 A Vi JOERENT K 2 BEAUE B EME 0O SE-AMUAR ) & DA SHFE Z2ZAB/BL (ZBA L, HIE -+
DO—¥aX 2-3 Dy =0IZ[EE L, fhy, B8 W7 & & DAB/B, DEALZ K 2-7 1277,
2-7(a), (b)Tl, Did=4, B./B,=075 & L=t EDOfERERT, X 2-7 OFfIZ 2D 2 1 HEY
ELTERLTEY, WAPEOSGITEAMEIC S L CRKRRMED, ADGE 1308/ N2 A
ESNDZLa2EHRLTWD, yu=nD mIEE) OFEH L L TELMEISH L TRADIEE A
ERZHICHYIRLTEY, ZORE SITEMBOEME & HIZHDT 52 2R3 5, 20X
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O IRHIANFER Y = A L EEREFCRIBRTH 5,

(a) Search coil
emf Did=4
Y =8.5D

L

(

St (b) Needle probe
- Did=4
Y =8.5D

:

Fig. 2-5. Calculated emf waveforms.
(a) Search coil. (b) Needle probe.

2-5 FHREICKDFBEILINIE
(a) BEY=AL (b)) )

A

Fig. 2-6. Calculated flux waveform (needle probe).
2-6 WAV OFES] (PREH

2-4 R LTIk DT, EHED D DIREIX DId B REVIZFEREL 25, £z, —ICHE
fEV~Uv BB, BEWWEE, RANNSL 725, By/B, DFEEIZOWTIE, L ~LoEmnc
Pt > THEBE DR BYEEIH AN L, BEEE & JIE £ & OFSHLE NN END -0 TH D,
2-7(c), (/"9 D/d=4, B,/B,=0.5 TORAIL, 2-7(a), BIUZHERTREL 2o TV,

WE, JIETRHEREE 10 mm, FEHOKEE 030 mm & L, BEXIEZ 0.6 mm 35 XY 1.2 mm (D/d
=2, 4) L L7z EOFEHMALN L DOBRY a1 VB X OB OREMORAELE K 2-1 1T d, T
PHUAE D D DIRZEZ T 2 DZRIFIZOWTHIRT 2 & BEHED FRRD 24 WEL D 00K
VMEANZ B 5208, AR ARG LT, Wb % NI E->TW5, T772bb,
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ELLDOIFETHIE LT, RFTEEIC I 2 B B ORI EEI X EZ RN REE 2 WEPHICH 5
ZENEGRHICH LI ENTZ, £, I 2 COlBITESMEA UL LT To72h, ¥ o
AV EBREREITCOREMDEE, ENENOFEUUEN S DAL I /&N &35 2-1 [TR
ENTWAD,

AB/Bm (%)
10 Search coil
) (a) B, /B,=0.75
A Dld=4
0 V VY ] 20
% % Yo (2D)
—-10
| |
AB/Bm (%)
1Cr Needle probe
i (b) B,/B,=0.75
0 i A N AN A ﬂvfej_ i_zliv,.“ PRI
TA'ALAY 20
Va (2D)
—-10t
AB/Bm (%) ! s
10r Search coil
( © B./B,=0.5
¢ Dld=4
0 i ﬂ ‘r\ AWANA WA N\ Uhvr;unv A
NI A LA AN 20
- ¥a(2D)
—lO: z
1
AB/Bm (%) ;
s Needle probe
10¢ ' {\ (d) B,/B,=0.5
I Did=4
0 I n A AWANA Fa A /\Vf\:\!av N
[ | VVVVVVEEEYE 20
[ ¥ (2D)
—10!L 3 3

Fig. 2-7. Deviations of local flux measurement from the average value.

2-7 JR T R B U TE AL OO SR B D O 7
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Table 2-1. Maximum deviation of localized flux measurement from the average value.
Distance between needles: 10 mm, thickness of sample: 0.3 mm.

7 2-1 R FTREACE E O A S D e KR 7
PEEHIE 10 mm, #UEHO/E A 0.3 mm DE

D/ Bw/Bs Serch coil (%) | Needle probe (%)
0.9 0.1 0.1
) 0.75 0.2 0.4
0.6 0.2 0.6
0.4 0.3 0.9
0.9 0.3 0.4
4 0.75 0.8 1.1
0.6 1.3 1.8
0.4 2.0 2.6

LA b DOFAG TS iIC & 2 BER ORI R 2 B8 L 72\ CREBEEBNIC L 2 BN O T %
1T TWD N, BLICIIREEEEB) IR EIERCI RN 5 & EI B 23 L, (2.18), (2.19)
DX O MRS Z N TE T, BEATIEIC K> THORERAFFOBEHES DT OITHET 5
RPN TV, 20 X 5 Z2BERED S h A B 8 L CIEREZR MBI 04 2 R 5 = LI
TN, 11H 51 Polivanov |2 K 2 /MR (FIZEREER) ORI T O LIRS [15]2 8 H L
T, MEIER R IR ORI IT DIMERD M KIETRBELHRFT L TVD, ZOREER,
THETTERZ BB LR VEHRRE (K 2-4(c) EIEE A EERORWEHEL A (QE A E
KA BELRTWD [11],

PLEGR A7 IR S K HMHTIC LD, 180° BEX % WL & 3 2 Fim sl xf LIREHEIC
KV JRFTEIROBEARBPE R FTRE CTd 2 2 L BNBERAIT R STz, — 75, B M BRI O JR T
HI 72 B5 AORN E \REHE 2 3 2 553, 55 1 EERESRAAR C I3RS fhi Bt 46 L OB 23 +43 12
MWD T, EFEO X D72 180° WEXIRITER L7oiRAE RN Z 5 2 5 0EN <, 222 Tk
T2 —FRRALE T AT KA EY RO FIRE &\ 2 5, B A FEREERAR C O ERE B DRRFER] & L
T STHR[16]3 % 5,

PLEzx L, ik 2.3 HiClE, SEBR0> 7 A dERESRAR PNES 0D JRIPIT A 72 6 SR B2 D 53 AT % R
THIE LTz & & DR & FEBRAITHRGE L 72 S RIC oW Tk B,

2.2.4 REFTEEOSKEBAIEE

ABFFECUL, HARGURHRR 2 T E OBEHUE I AR BRAL S/ 7 & CRIE L 72 RPTE IR O R R
T L RRE S < BH AV — 7 OWNRIO TG S RFEEZ B Uiz, 20 X 5 72 mETekiE &
WEE SN DR EEOFHBOMDOBERICONTIE, AALICIVERIATWD [17], UL
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TTIHEAHGIZEDZBEREEZHHT S [17]
T OERICE T, RFTEROBRBEERY hL i B, BARENY MLad HC 45 L
%, TroX@2)I2T, #REHND 2 kT2 hLEEE LTI REEHE W N EZSN D,

Wzlgc — §H loc | dB loc (222)

HABCA R B 2 R FTER O <o *>1E, SRR 1 JEHIYS 0 Ok & LTk (2.23)
DEIITHEZBND, ZIZT, VITEEREOERHE, v IZRFTEHE L RN 5 RETEk O RFE,
m LRk OBAL~ 27 FLTH D, E“—m+mH“®%Mﬁm¢¢é F7o, HMBRES R
XY MV E He, RO RFTRI 2B ORI —IZ K o TH UTo i 040 12 K IR (&
DUNIRER) 7 bVvE hge & T 5 &, HC=Hy + hyen DEIRICH

<> = Vo [widy
=V favfH™ -aB™ =V avfH"™ -d(m+p,H"™)

=V [avfH"™ -dm =V [avf(H,, +h,,)-dm

dem

=V {[dvfH, -dm+ [dvfh,, -dm } (2.23)

Raeml ZJRATRAA EM' (BEEm & B7r D8RSy ORAE) 2 BIRRAET HBIBEDORI TH LD T, KA
Q4 TERKEND,

ﬂVern (2.24)
dmp, [r-r [

R=r-r, R=|r-r|&T5L, 223D 2 HITFHHEBIICHKT o8B THY, K(2.23)
DEFE2IEE, UToRQ225ERD,

[avfh,, -dm = [av[av jsw 225)

22, divICBET A RO RE AV, my, mp' & RATRALRZ R m, m'® R RO/ &
T5 &,

§(V m')R-dm ;§(m'k—mk)dmR _ §m'R dmy

(2.26)
4rp, R’ 4mp, R’ 4np, R’

21



Lipb, LEEnioT, (2.23)0% 2 HIEQ2.26)DIRFERE Y & LT,

[avfh,,, -dm = [dv §w (1/2)[ dv] dv §3m"‘ dimy + my dm'y

Amp, R 4mp R’ (2.27)
d(m'y m )
= (1/2)| dv|dv ¢ —2 22
- ]
LD, XoT, 2WIERAEHEOEHMEE LT, 22306 FOR Q.28 T 5,
<Wlrs=py{wdv =V " dvoH_ -dm
2D .[ 2D .[ § ex (228)

=y [av§H, -dm =§H M

FREETIE, AN TR H.,, RPTEME m 22 o sm GREHRFH M) Oy %
Hy m L LTHEY, Hy mORBREFLHMEELZTHHMIEEATEDLL LTS, £, M
IERELRIR OB DTSy & L, M= V'fdvfdn TH D, K285, FAEHE (Tk
Jt) OFEEDS, WEHIE S5 REFRIR DR FH MO [HodM \ZITERNIZE LW &R
e,

WICARZED I T D 1 RITRFEHAD EHEIC O TRIBRICR® 5, DR B E B
DM ST Sy & B, JRFTRLRRIE H ORI MRy 2 H L35 L&, B, H )Lk
END TR W UE, H = Hox + haemsy B =m + ol =m + pty (Hex + haem) D BIRZ N T,

WIOC = §H|°°dBIOC :§(Hex + hdem)d(m + “’Ohdem + “’OHex)

= §H dm +u, §H dhyg, + 1o §H  AH o + g dm +10 § o@Dy, + 1ty § hydH

dem dem

(2.29)

LD, HWR2MHEEFCHEOAGR, BIOEIHE, SHIZEe TH D, 64 THT (2.27) & ARSI
B 2 LW, LI > T, (22976 FRLOBfRQ2.30)235 b, e M O —IRIe/RpT
PRAR O fE< 1L, WEHIE SN D REFERORE T I M OSGE [H dM (SRR L,

<W'> =y {dv§H dm=§H dM (2.30)

LLED B, i o BB SE NS & 2 BERIESIE T T, B 0 )R AT sk oD 1% S 5 B2 oD Jih s
Fpksy (H™) L WA E R sy (B™) 7o 52 RFTEHA0, BRI ORIE
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R A B D S, H = A /BRI L & W o 7, 185 OREKUITIEC K %3k o
PR L TP FE LW Z &R ST,

2.3 F#EICESBAFHEIAE LD

2.3.1 BIEAEORKLF MDA

A B K DT ORERIZE Y, BRENEIZ X 2 /AT RNE CTHo 2R E 215 2 72 D 5k
O oo, REITTIRARDHIETIEL, T D X 5 2254 T CHMH L5 22 e B CIE R
ENFRETH D Z EEMEET D & &I, IER MR D72 DI EER LB 8 2 B 52T
HTEERHAWE LT,

AREOWFTIE, A TR 72 A K2 MEHI IS &, 180° BEX & EREIX & 92 JrmitkEdE
BESRAR I 35T, ZRENEDWERE OMGEEZ T o 72, £z, HEHE L A —VFE I X 28K
DJRFER OWPE ZMAGDOED Z LIk 0, RFSEORIE I E S O TBR% - BEE L7,

2.3.2 FEBMK
() BAESBETO—D 2-1 (T 2R L7 BREHE 2 VT, EHBY e R TG <R
PERIE 7 7 — 7 2 BUYE L7z, 2 2Tl 2-8 [TR T K 912 2 ROBEHOMIZHA — /L FE 2 H0 £+
F, BREHC L D RPTHE O R EERIE SN 2, [A) CREI O SRR s O 2 MIE & 5 &
T U7z, HREHTIZIeI RS 25 um, JEIRASE 100 O X AT U RIO AR L, 2 AOHES
OFFEIZ 10 mm & L7z, F7z, 2 KOS — 1 FF2RE L, HEEITEF CHEkoR
OB RE GRUEIO R S H M) OREZARRIC L., K2-8 D7 m—TIZBW\T, 24KD
Bet 2RO BT & EAZT 2 HAICEE L, REIOR S FHOBHEE, BRERE O %
HE LT,

A Current input and output line
=] for Hall probe

:) Lead line for needle prove
output voltage

Hall probe

v

| ___— Needle

<46 [

f—ﬁ l€2.0>

Surface of sample

N 10.0 | Unit: mm |

Fig. 2-8. Probe for local magnetic measurement.
2-8 JEFTESRE S m—
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BEHE N ARG T 5 2 LIC Ko TR DN DMHEE &, AR — LRI L0 RIE 425 B R E
D, JRPTHEEIC ST 5480 B-H v—7 %24 < 2 LR TE LD, ZON—7NOEMEITRETE
OB YT D, 22T, R— AR X DEIFREORIE L, SRPNERD A 2R O
ZOHOTIEHRL, REHARORFLFE THUESINTZ DO THL Z LICHEETHILEND D, W
PEIREE S C OREFIREE DJERENED &, FIHUS 5382 U 7o (2 CRIE S AU 7o BE SR EE | T HRA N
WAEH L T2 A 2R & 5 LS, EERICITEIR R 2> & & 2 BREfE 72 T B 720 TR
FREZRE L TWD, Lo T, SR EI AT 2R I7 M OB IR RSy 23, FBHH AR SR i 7
O OFREIIS U TRIBICEM L TR Y, ZOELDES W REINOG TR 554, KT
FRAR ORE M VTR E O HIBRIC BN T HAELZ AL 9 5,

BH%E L7 JRATHESRIE 7' m — 7 T, AT OB, OO T H i [ o
R Ay ZRE ST DRERL L Uiz, RFTRY R R E R 7 bV & BESRREEN T N VIR T [ LA Dk
DEALTWDZERMBLILTWDA [18], AWFFETIXH(2.28), (2.30)I2HD X, HhEESTIH D
W LR ZNE L, W8 O Z i 1 BIICE VS5 2 Lic X RprEskoskE & L,
JRYPIT RELIB D R SRS BE & R S BE 0D b 5 1) D B 53 7 > R T ISR oD 848 & L I T 2 VI, BEARSE
RMEITIBNTE, BAREZLZ H 2 L THET 2 5EICHE T 5, H a4 VECBNTY,
TGS BRI & G FE D iR 7 TR il o3 70> & BRI O 8RHE 2 BET 5.

VL EIR A7 RIS OBE w [Wikellx, RFTEROBREE, BRMELThZh B,
H &L, oEEE £, SROBEE% §kgm’ 1L +5 L&, kRQR3DICTEEND,

. 1 f . dBloc
W =(f/8)| H* ——dt (2.31)
(f 1) j 7

PREHEIC X DIV TIE, BReE & ik (BRI Offikx = —7 1 v 7 & RO T BRILER
53) % AN HEfh S D MED B Do AMFIE TITTT VBRI 5 L T oetn D8R e BREHT
MEZMAD Z LI THtfg = —T 4 7 RS, PREF & ik & P S & 2 5iE2 R L
oo PRENTH U THRIEZ A THIEZAT 5 By, PREMEm~ DM EIC L 05U B RO BANZAL
T2 ENEREIND, L T TERENTINA 2 A BN R FTHIR ORERH E MBI B IF T IO T
BT T,

(i) #EE%  WET D HAGUEL O K O SRS & i L CRUBHR T 05 T T — Ze btk g
FHLT D 7o DITHRER 2 B & T 5, RGN~ O SR TR R E 7' 1 — 7 DA Z B 51
T 5720, BRIOMSEZRMAT 528 &L, X 2-9 57T 2 FEOBHMERIC >V TR Z1T-
Tzo Thebb, REIO R D HAkSENREHZ Bt T~ 2 B 0fkek (K 2-9(a)) & FEHIxI LT
TSR BN BT 2 TR OMkER (K 2-9(b)) TH 5, MEKIE 0.3 mm JE & OS5 [EPEER:
PR EEE L, JES Smm (K 2-9b)D5AE, Ml Smm, Bl Smm) & L7,

X 2-9 127~ L7z 2 FEOMEERIZ K LT, SBHRIRIC D7z 2B E 1 & — 2 2 A )L OREHUE E ORI
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EMOKZ{To7-, 1 X —raA I Y=0mm (ESHHAEFHR), 30 mm, 60 mm, 90 mm P
P CRUEFRIE IR &, (AL @ I RHE & R CRIM O R 2 5% Lz, 2 2 CTOWRETIE, &
R 11 D FEFRAFNE D 22 WA I B AT T U 7B 8w 2 BREF O R & U TV TRUB iR o
HAEEARE L, BERED OOV — R ZREO Ll Bl U7 e 2 OB EmEiRlE ),
U — Mgz et FrEflicil L=E s e FmlE) & L,

Yoke

(a) Yoke A \ (b) Yoke B
400— by

Sample

Magnetizing coil
Fig. 2-9. Types of yokes.
(a) Single yoke type A. (b) Double yoke type B.

[ 2-9 kLD
(a) i5—2% A7 A (b) WI—2% 17 B

2.3.3 FHMEDHE

() B S S TCRIEAZE  WE TIEECEHIR & BIRS B 1 IZH A LT 50 Hz OREHRIELX
WA CRBHAL S, 20 L X ORI B CTORKERBELE L B, & Lz, KXoV T
B RIR O FhBEIRIE 2 3% E LIRIBIZIR W T, TR SIS C O RCRIEHUE B, SR OREHR X
HROZREL, b Z2ZNENRFTHERERE, RS e LTz, (RFTEB OB R
FEIZOWTIE, REBHREMETORKIE L WFEEZ TN, B, B L RLLE)

JR TR D BEHE FEREIZ B\ TUE, BREHEORIE RS IZ B9 2 BamREE [11IckS X,
BEFORHBEILFE CEOBEY a4 VORHELED 12 TH D E LTI ZTTo 72,

(i) HEM AETRANBERICBWL L, SR XL 0 [EES R ORKE X 400 mm, & 100 mm
WY H U728 X 0.23 mm Ofafa Rz AT & o 5 RS 230 e L CHW =,

2.3.4 RAEFHOBEER
() EEHCMABFMEOBEESEHE  HAMEERMKSKOMER 2 —T ¢ > 71%, ERoft
ROBH OGS, $t1ARKHZD 150 g BBEDHMEIZ L > TRIEDLZ LN TE, WolcAZDIR
REIZ72 D & 10~20 g/ RDOME CERNEMZROZ LN TEDLZ ERHLMNIR ST, D%
BOBEEHI X DB 2 I S B/ & & OJRPTRCRE £ X ORI O 2 &2 RIE L7z, ik
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ML, AW A 50 Hz, OKBORBEIE B, 2 17T & Uiz, ¥ESHIHTEZ M A 2N HHEETTH
B, RUBHIATEIC L HREIA 2N K S FHED O+ RFF L7z, B 2-10 ICEESHTEIC L D
HIEMEORSy (RPTRREE: AB, RIFTEE: AW) 1225\, FEEHTE 20 g OHAEORIER (H
TGRS FE: By, JRETERIE: W) ICkT D LTRT, X 2-10 205, BEEHIIN 2 2 ff SN GRS
1 ARY 720 300 g LLF ThIVUE, RFHREE, RFEOLEE T2 1.5% , 3% FRE
TITHHIT 2 Z EWARETH D, L3> T, LUF TS I A7 TN DA EZ 200 g &
L CIRPT BB OB D MIE 217 - 72,

(@) (b)
0.5.“"I“"l""l""l""_ 8! T T T ]
3 Grain | | Grain ]
[ ° ] [| ® A ]
o:{%}@l og . | o B dr 1
PR % QL oc _4fjoc } i
&\o/-o.s} : [qu - éo, : ; Hé f
§O E ai@%} @ §02: ]
-1.0_‘ E & ]
5 5 o < 5 5
15k h}g} : .
; -4r ]
20000 200 300 400 500 000 200 300 400 500

Load (g/needle) Load (g/needle)

Fig. 2-10. Variation of measured local magnetic properties due to the load on needle.
(a) Variation of flux density. (b) Variation of iron loss.

2-10 PREHTINA DA EIZ &2 R AT IR OB R D 22k
(a) BAHIEEDIAL (b) SHDLAL

(i) MEHBEDFE  IE 100 mm OFUELO 2R CTHIE L7 BREHS JOHRY 2 A /L OREAHE
HEMIZHOWT, WEtOE S FACx4 522X 2-11 1273, X 2-11 TIEREHE T A1 (Jib
Bem) & Y#hiAmE L, oA AHiEE Y=0128 > T 5D, BEHIIEMOHED 21 L
BIEAE D D O 2% IR(2.32) TERE LTz,

B - B
AB/BC — Needle Coil % 100 [%] (232)

Coil

PRENEIZ X0 JTE U 7o fie RIEREE JE
CRY A VTIE U T i RIS

B Needle -

Beoil
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Sk A O, (LEDSE S G PR BRI D I > THREHAIEM OBR Y =2 A L O RIEE )
SOMRENAK L, By=1.7T TIEHREEDS 90 mm OLET 13 % IZELTWD, £72, HEE
(& 2 BB LR E A & BORE T T R E Wbﬂ4wﬂﬁﬁﬁﬂbfﬁwﬁﬁ%%tﬂﬁ%®$
PIEDER Y = A A K 2 REM ISR —Bod 2 BRI

( Yoke A (Single yoke) ) (Yoke B (Double yoke))
1.2 T T T T T T T T T
a)Bn=10T ) Bn=10T © Needle probe
11F @) ;D/D/D 1F (€) B 4| (measured at top surface)
O Needle probe
Esﬁﬁa ]| (measured at bottom surface)
—~ [ 1| e Coil
=
N’
> [ ]
=
B
8 1 f RPN U U BT SN I BT R
Mo T T T T T
% (d)Bn=1.7T
— - -4
S
N E—! _
1.6 1F ]
1.5F 1F ]

14 L L L L L L L VRN PR R
: 0 20 40 60 80 100 0 20 40 60 80 100

Position in longitudinal direction, ¥ (mm)

Fig. 2-11. Variation of measured flux density with respect to position in longitudinal direction.
(a) Yoke A, at B,,= 1.0 T. (b) Yoke A, at B,,= 1.7 T. (¢) Yoke B, at B,,= 1.0T. (d) Yoke B, at B,,=1.7T.

X 2-11  FRELO T J5 18 OALE 5 D AR B E i D 284k
(a) ML A, Bn=10T (b) M8k A, B.=1.7T (c) ##LB, B,=10T (d) #EB, B,=17T

TS Likgk B o%a, BB L FEO
L, By, =1.0THEUB, =17T TiZ,
ZIRK1T% , 09% FRETHD,

[ 2-12 IZHEEHIEE DR U 2 A VRITEGE D D DA 2= AB/B. D e KIEHEE JE By (25T DA AFE
Z R S HANLE Y=0mm, 90 mm ([ZOWT/RT, K2-12 XY, fkkB 2Lz &, B,=0.1
T OEEERITIE, EEHIEMOBRY a4 VREMD S ORI, Y=0mm THRK 1.7 % FRE
(Bh=1.0T), Y=90mm THK 1.5% FLE (By=20T) ThH2, LIV, #EHZRLTET
KRR TEROMER B 2 H L7254, 02 T LAED BBV T, BREHT X 2 BEAE R E Mmoo
FEEROBAEEN D DIRAL 1T % LT Thd, M2- 1206860 ThD LT, MekA, ik
g B OWTNEHHT 256 ThoTh, Rklo bl e FEOEEH I OFELHEIT, (ZIFEM

-1
Eanlill

HIXFNFNEY a4 LOREMITIFIE—
O 2 A VRIEMD S DIRAEE, i

M M

7S
7S
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WZBRY a4 W KX DMEMEIZ—E L TS, LT, N ETRHTHLH55ThH, 1B
T IO T E T OREHE ) 2 D GBI TH D, L L2 b, EHMIZITRET
TR DREAR @E%kbfiiﬂ@ﬁﬁb%@W%@E%?éﬁ#%@@%@,Kﬁnfiﬁ%B
DR K> THE O Rrifi 2 b OEREF Ok 217 5 L2 R LT,

( Yoke A (Single yoke) ) (Yoke B (Double yoke)j
1 T T F

() Y=0mm

E | —— Measured at bottom surface

| —o—Measured at top surface
F| —0— Average of top and bottom

"(d) Y=90 mm

()
i
i

Deviation of measured flux density , A B/B, (%)
)

)
S

05 L0 15 200 05 10 15 20
Maximum flux density, Bm (T) Maximum flux density, Bm (T)

Fig. 2-12. Dependence of the deviation of flux density measured by needle probe from coil method
AB/B. on maximum flux density B,.
(a) Yoke A, at Y= 0 mm. (b) Yoke A, at Y=90 mm. (c) Yoke B, at Y=0 mm. (d) Yoke B, at Y=90 mm.

X 2-12  BEEHAEMOLR Y = A WVBEIEM D & OIF7E AB/B, D KIEHEEE B, - A7E
(a) B A, Y=0mm (b) ##kA, Y=90mm (c) #EB, Y=0mm (d) & B, Y=90mm

TV T, ARBRDTER D AT K 2 BREHIE D 22D A R IRIC DWW Tl 5, FIAGEER o W P
DIEIRDHZAE LTz & &, REFEEITRY a4 VORMEED 172 L7220, WrikiNLsto
TR DMFAE L7236, T OBMRIZARNE Lavy, IR - O 3RO A KO H 5

W DK A Bt S B 72 35 A OB DA OV TEEM 2 T 217\, B [ ) O Jkek 2 52
filt S B & kSR D B FEF~ DI W BRI L o CTHIM TN OB FET D OITKE L, 37k
D 7> B fkEk & Hefih < 2 AT T, BER OV Y 5oy I3ARRE S AL Tk i N O BT 3
FAELRL D LR L TWD [19], X 2-11(a), (bITA LIZZREHAIEMOIE Y = A VBIEE D
5 ORZEDFRIRNEHNOWEI EZZNE, TOFEMEHETHZLENTED, LER-T,
AL O HE D BT RFRCEA S S 58k B O HIC IV, SN O EN O AR
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X, BB S OBREHAEI X AR B EDOFlNFREL 725, M8k B 2V TH 2B
TFET DEREHH DO FFEIT, WSRO BRIk EE- B O B2l 72 & D b3 )72 I FRIC
THAL TR EEZXLN, SHOBFT - UELETHETH D,

2.3.5 BEHEIT & 5 BT E EAIEED RIS R

2.3.4 THESL U7o FIEIC X 2 R AT fEIR OO U8 FE I E HIEA 22 CTho D 2 & & FEBRAVICHRAE S
L72%, [k 10 mm OLEEHHT L DMEM LR a4 M K HHEMO L2 T >72, 22
TIXATEIOMRFIFE RIS E, BREF 1 AM7-0 200 ¢ (451400 g) OWEZEH LooHIE
ZAT o 70, FT-MEERIZX 2-9 OFkEE B & V=, EBRITILLFOO~@D FNEIZHE - TIT-o 7=,
OO@D T OfbfeSAIE, JEE S0Hz, RARBEAEE B,= 1.7T & L, JHPTHEROBEKH
DALE TR ORI L S8 72, X 2-13 (SHEEHR L ONEY =1 VT K B BRI
DALIEBIR 2~

E
iE

@O #EF (10 mm i) 128> C, 3B U7tk ERGHIMR, #JZ 0.23 mm, §E 100 mm, & & 400 mm)
D JRPTER OB H I A WET D,

@ OOBEOBRSHEMALE D B 220 1 mm 72 SMANZ B 0.5 mm OBAFLAfE L, 800 °C, 3
e OB Y Babl 2 5,

@ D& [Fl—DfrE IR 2 i S, TREFEZ AW THIEZTT 5,

@ @THEALZME 12 mm O 2O RIZEL 0.2 mm OFEEERIC L > TR o/ L2k X,
RO a3 A )W K 5 RFTHEE O R E 21T 9,

Needles’ Attaching point o
Holes for search coil (diameter: 0.5mm)

10.0mm
Area of needle
probe measurement

11.5mm—
Area of search coil
measurement

122.0mm——*
Distance between holes

Magnetizing direction

Fig. 2-13. Relation between needles’ attaching points and the holes for search coil.

2-13 PREHEMLE LERD = AL LIE O BIFR

e KO Y a A Wiz X 2 E T 2 U E 7 A1 10.0 mm, 11.5mm CTH 5, il
TEVEIZ IS T 2 0 E pE Ik D 3E iﬁﬁzﬁ%f;ﬁ@%mc:&ﬁ:oﬂﬁft%ﬁ@Lﬂ\éoif:%ﬁﬂ:ié?ﬁﬂ
TE CHRIE SRR EIIC A & 72 s> 72 A FF 1.5 mm OEEOfEIE COMRBE DL LITEHR x5 & L
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THENT 24T - 72,

LUEDRIE TH B LT SR FTHE R EE DU TT [0 O 534 22 (X 2-14 1R $, [X 2-14 TIIEREHE 72
TR 2 A VOO TR CTHEMBEZRFIETND, K 2-14 IR THRERICBWT, HEHE
(2K D R E O AAITRY 24 MK D040 SIRIERETH Y, HRENEIZ X 2 RIEILIE
10 mm OFERTORPTANEIZENTS, Y aA LV EREDOF/KRETEZTND eV D, T2
CHAFLATH OBREHT K D R PR RE E ORI EE & L3 5 & BALE DO TR R E WD, BALE O
FITRSS SO B D BE N B (R EHRENR) 13, BAFLIC & 2 8K/ O Wikl O BAITIFITFY LT\ 5,
L7232 T, BIFLR IR Z RO - E 5 T OB RO T KV, BOREEOHEMAE T L
Wz 5,

—{F Needle probe (before making holes)
—(O— Needle probe (after making holes)

—e— Search coil method
2.0.'|'|'|'|'I'I'|'|'|'__'I‘I'I'|'|' L

1.9F 1F
1.8F ~] 1F
1.7F €§

Local flux density, B> (T)

(a) Y=30mm {}

(b) Y=-30 mm ]

P P
-40 0 40  -40 0 40

1.3¢

Position in width direction, X (mm)

Fig. 2-14. Distribution of local flux density along width direction of sample sheet measured by
needle probe and search coil.
(a) Y=30 mm. (b) Y=-30 mm.

2-14  BREHE, TRV A WIEIC K 2 BRI 5 181 0D R BT RS R I RE A1 0D 43 AT
(@) Y=30mm (b) Y=-30mm

WIZ, RO A ) K 2 R s s FE E eI k3 % B LA O BREHIEM O Btk 2 X 2-15
T, X 2-15 TIXBHALZ OBEHAIEM L B Y = A VREMBOMIZ RV —B3@Bd bivd, =
MK L, BASLETOBRSHAEM & 2RV 2 A VRTEME OBIR TIE, mHlEEOMBICRRIE L &
DROHID, ZAUTHIBEUEHIBIL A IE T Z LI L o T, ROJELOBER A DAL A Uz
LA LTEY, BILATNCEREHT L0 15 5 7o A B AR R ORERE L34 & W 2 D,

WITEREHS LV = A W L0 15 6 v 7o R ik C OGRS LI TE 2 4 2-16 127§, 2 2T,
B aAq L, BEEHC X DMHREBE ZZ N2, +0.025T, —0.025T §°6 L CHERLTWD, 3k
AR Z ERLHE TR L7256 Thd - T RPTHEB ORI 2-16 D X D ITEA TV DA,
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PREFIE IS K WA T = A VRTEIC K DR ORIRZBHI L TV, Mo Th bR bh
IR\ LT3 » THREHAES X 2 /P RE O BB 2 R P S O B HIE (2 WV CRIEZR WV &
W2 D,

2.0

OBefore making holes
O After making holes

—_
=)
=TT

—_
e e]
L

B, ¢ measured
by needle probe (T)
>
A .

—_
(9]
=TT

1 NPT AP PRI BT R
'1.4 15 16 17 18 19 20
B,l°° measured by search coil (T)

Fig. 2-15. Relation in local maximum flux density measured by search coil and those by needle
probe before and after making holes.

2-15 ZRVIA VAL D RS R B LB FL AT OIREHT L5 R ET i3 0 B KRR FE D BA %

Flux waveform obtained by search coil
/ Flux waveform obtained by needle probe

1.0T

Local flux density (T)

0.01s Time (s)

Fig. 2-16. Flux density wave forms in local area obtained by search coil and needle probe.

2-16 PRENEETRD A VBT I 5 SR i sE s o PR

31



UL EDOFERINS, HEEHEIC X 2 RFTHEEL (10 mm) BEAEEEHIEII0ERIETH DD a1 Lk
T EBIEREORREE G252 &, B0 a1 WEIEBIFLIZ X o THBRNE ORI B o sy A ik g
EEAESETNWD ZERPA LN o7, £, BAALZEOBEE L RV 24 L CORIEM D 2 ILH
Hi TR BN TERENEDNIERZE (kEkE L Txfe LTHAELLIREE) ThoHrEERLN,
PREMET & 2 R PTRER A B OB AN VA T ORMBEZ KT, LN L2235 Z0ZRITBAFLIC
K VAT DBHREEELITHASTR LANS L, ZORTHEENEITRY 24 /MEXVAFRITH S
LWz D,

2.3.6 FEHEER—IVHRFIC KL D EFABHBATEEOBRIER

¥ 2-8 127 L7 JR AT HIE 77 1 — 71 & 2 TR E M O MGRE 2 AT > 72, RIFTEE I3 ERET
B X0 E ST RPTRER R B B & AR — VB IZ K 0 E LT R FTRER SR IE H' 12 X 0 fins
N5 BT A B-H LV — 7 O bR T 5 2 & & Uiz, SR E O /AT ORELT

¥ 2-17 127~ B ERIESEE 2 AV, BUBHR S 771 150 mm GREHRF5m ), #7710 100 mm
(RUBHIE /7 M 0 2fk) ORI T, Bt &J5H, #EHFEICH LTHWFid 10 mm By F
TAT o7, ABHEROSBRITHBBRMHIE L (SST) 2LV HIE Lz,

Z-table
(Control of arm part)

Probe for local magnetic measurement

Magnetizing coil
Control of

7 i )ﬁ ﬁ?/ ; Yoke
-position / : /
E | ' a

I 5
o s /ZQ&\ ég:‘ S Arm
'//,"\\', Sample sheet
)/C(ontrol of X-position

Control of Y-position

X-Table Y-Table

Fig. 2-17. Outline of automatic measurement system for local magnetic properties.

X 2-17 H Bh)F TR E R E OB
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b SRt IE, RFTIIE R K OVSSTIZ LD HEWT 1L h, JEHE 50 Hz, S ARBREE 1.7 T O
RBEREHRAE & Uiz, [ 2-18 (ZFRER A h TR TS E DRIE 21T - 7o fElds K ORI AT R
ETa—TONE, SST O H a2 A VOLEIZHOWTRT, BFEEKNE Y 72— 712 X 2 HlEHE
WX SST D H 2 A VORI L 1T B L Tnb, Fo, FHMEICHWZREEBICBW T, /
FEIE 7 e —7 DR —NV#E 1% H aA L L0 LRBREIGIEIE TV D720, RKEEE
FF I ORERIREIACIZ KX BDREZER IOV T, H 2 A v & [RIZELL E O EE CRpTiEk oA 2his
SRoRE & Rl LTV D

FREORIE & AR 2 B2 AR 0.23 mm OEE D 5 AP ERER IS L TIT, BT
ERIRE O L H =2 A EIC K D BB GRS (SST) THIE L7848 1H % b L 7=,

UEDHIEZ L > THONTRFTEEOFEEE & SST 12 X 5 Hitk#ii GBI RAE0#E) o
BAfR A X 2-19 1T T, 2 2 CITHMREIR Wihs0 & RPTEHBEIME ORI RWFERIA GO 5T
W5, ¥7z, 224 HilCFE LA H L OHGRIRBLR TIL, RUFEOHIEIC K 2 /PrEE 0 %)
A FEHI R OB E I E LN ERREN TN D, LT o T, ZILH DOFEREN D
AWFFED FIEZ L0 RFTEEOSHOWPEM E L TELWERE LN TWD EfiimTx 5,772
LIX 2-19 TiE, SST (2 X 2ABRMNEM & RPFTER OFEIE & DO RNTHEHE L ~L OFHIED TR
HIVD, ZAUTIEMHIE VAR T OB ORE IR OIENC, MEERIR OFHIEIC K 2 50
DIAADZETR L, BERRE ORI T 2 MBENEK & LTEZ b b, 6k, RFr$dE oM
TR FIERHWLND Z L NS 7203, Z Ok SHB ORI 2 5 9 5 1213 5 h
DOFENBETH 0Tz, ZO LI RUERIEITKT L, TREHE & A — VR T2 AWz R Prga e L
VEHE OBEMEOSTHAIE WZ D,

Area of local iron loss measurement
Iron loss measurement area in SST

(a) (Area of H coil)
F
ZZV g
G
& HE
Magnetizing direction % E"
150
400 >
(b) Probe for local
magnetic \ Magnetizing direction
measurement 3 Sample sheet ®
=L 1]
I >
H-coil T

2
Fig. 2-18. Measurement area in a sample sheet for magnetic measurement (SST measurement and

local iron loss measurement).

(a) Top view. (b) Cross-sectional view orthogonal to magnetizing direction.
2-18  BEKGAIER R ORIERIR (SST RIE, RATEEHIE)
(@) L (b) BT ENICEAS L7 i X
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1.6 —
14;
12;

0.8}

Average of local iron loss (W/kg)

08608 1o 12 14 16
Iron loss, W5, (W/kg)

Fig. 2-19. Relation between iron loss #,7;59 measured by SST and the average of local iron
loss.

X 2-19  SST HIEIZ L D8R Wyys0 & RIFTERAEEIME O BR

2.3.7 BFEEESHEOEBAEEE

SRR O NER C ORGSR AT O JRIN & BfET 2 72 0121E, IR BIE 2 FTREZRBR ¥ =% B
TITHOMERDH Y, ZEOMEEITHIMENEL D, £2 T, K 2-17 (TRt RAMSRED A
BAEEE AR L, ZOMEEICEWTIE, XY T— 7T & o THESR & iR 2 BB S &
THENMEOBE 21T\, Z T — 7 M Ko TR RMAE 7 r—7 0O ET#%E179, LLED X
O R PENE OBE) & MER X OT — R fF O —HOBETa v Ea— X 2 Lo THIE &L 5,
MRERIL 2.3.2 BIORFHIE S W TEREE E T OEATL IO BAURER A5 Lz, £7o, B
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3.1 #8

07 TP FE R AR 38 Sz 5 LS = A JTAL{0111<100>7 H35° DTN A F T DMK IR EHE
BRRINDER Y, ABFZECRIBE & L 72 ~HE L~V TORE—1ED @ OFRR O 725, SN ER DR
BRI R — 72 0 AIRRE 2 LD B2 DD, 2D K 9 A R — RIS IR O 88 2 8 < &
DIRR L 72> T D LHEE 4L D 728, SN ER ORERRFEAN T /0 I 72 2 B 2 B & T
5 L THTE RSB UETFIEORRBIZEN D LEZHND,

5 OWFFELIRNE, J7 P BEREHRAR PN ORI 22 AR 2 — O JFU R 2SR 72 Al ob 28 0 2 O i
BLOFEGRITEDIXH D EIZ LD LEBREEZZ LN TN b DD, FEEDOREIZ X > THIHAHE D
BERIE A & 2 O JFIK Z ISR T 2 503 T L TV R o T RN = 6 L F — (1265
WC IR AR A ORAIRAE 2 FHRIC K 0 Reo7=mgt & LC, R & ORI 512 X 20 48
HBBDHN (1] [2], FEFICRS NIRRTz b, 7ty MERZR
E DOIEHEILBEXARE DAL DT T AL 43 Tl Ve &, SRR 2 &3 5 72 & O EZ A 722K
HEIZITIE L TR0,

AT LEHR I, SREHEIC K o THEM L 72 SBR S O 3R 72 BEURFIE 53 A0 22 YR G Stk
XS EED 2 LT, AT R BERFFEZECDOIRIR 2304 L7z [3] - [7]. AF THlA~720F5E Tl
ﬁﬁﬁ%Mﬁwmﬂ®%%m&wmﬁﬁ@Mm%ﬁ9%W@frbt&ﬁ&&f~w$%&ﬁ
HE DR RIEERIE 7 —7 (K2-8) LHBHES AT LA (K2-17) ZH L7z,

05 TR EERESRIAR O SR F A 22 e SRR M E A AT DRI &2 FR A T 212 7o o T, PHEAFES LTV D
AP B RLERAR DAL SRR mm 2> 5 30 mm F2EE LM, Flz, TIRFEAESREERID 2 A iz
BEWONTRETITON D T2 O/ BRINT B AN LTS [8], Z D78, HREHE 10 mm
D JRFTERME 7 7 — 7 % O TR 22 B E AR OJRIN 2 A 35 2 &1, (&S fiRE D
RTHE TRV, £Z T, RRETEHRETO “RERHSEBEM 21T O 2 &I X 0 /ER L 72 ik
EREESREM, AU SLEESRIIR (2 S OfEARI S22 530k, B X OB ShEER SR & KRl
M U7z, 2006 OFEHIMR TIE LIRS T o Z RIS 2 1T - 52 T SE TV D T2 O fE RO N
T B A DEALIR TR, SR S BRI T IR FR RS SR BESL D SR 2 A T2 Z LT K v o
mn £ 0 B HRZRRE AR & LTz,

RETIL, 5k BRI D BAGURHAR 2 BT E O i REEHE BE By \IC TG L 72 & & D
JRFTREIR ORERUFEIEZ, UL BTl 7o 7RIS X0 3§34 - BT L7, SRR % T E DO R B S
- ClibRk L 7R A8 THRIE S 412 SAR P ER oD Jr) T REI OO R SR8 B 2, 2 2 B & [RIRRIC R ek o i
B LR L, JRFTHEIR ORISR & RFTRERIRE B L UTe, £ BRSBTS D R
WEEE, RFTRERIRE O KMEE TN ZEH By, Hy & L7z, B & H (2 X 0 linn s [T
B-H /L — 7 CHEN D ERED O RFTEIROBIE W' 25 H Uiz, £72, 1 A OSBRGEN O BIE
B AIRIC B D B, OEHEFEE op & LT,
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3.2 REAEK

3 % EEFRBROBFESARE OGRS SIS, EEREE O BERF I IR 2 521 72 R A b
BESLZATUY [9], TREMRT AN R AR R A R S5 Z LTk o> TIERIL L 72,

Fiz, ZREEAIE, FEEREBESUF I TR MR A 5 I FHLRRE © R R s e 2175 2 &
WCEVIER U7, Z OS5I T R AR s BEsti OB, IREBIE 2 S35 2 & 12 LV #dkL
P 8H OS5 PR ERGHIR J 0 HHKRIC U7e, #ENE H OFEF O ~HEIZ R £ 400 mm, 1§ 100
mm, JEX023mm & L7z, 3% EEREROBFERAUT DUV T, IR RS Sl Bes 4 O Sk & i
T A INVAT T A b MgaSiOq DYENEANTE AL S VT RAE D SRR 2 P E N FH N2, Z OARBE D SR 1%~
FIVAT T A MERIZ K> T, ZOMEERy GEEROE ) (TRADDPHMS TV HIREEIZH
Do ZORIBRTHNAT T A MHEDH DG, 8% OJ5 mMEERMR O X 5 1otk a—7 1
VT BITE AL S T G AT R TR AT 5 S DRIV b DD, 180° BEXAEED
LEIZIE T TH D120, BHREEOSMRELZFHET 270 0EHE L TERICH L, —
Ui, PHEGaA, SRR EHE 7 4 VAT T A MEIEP AL S AU T kAt b BEST A OS2k L
T, MRS a—7 ¢ RS - BEEMTTHZ LI R VER LT,

TTE N 72 BRE SR, OBORE L akeh, 4G ekl By (JEIEL 50 Hz, B RBEFTRE 800 A/m
TREWALSH- L EOMHFBEORKME) BLWafh & BAZETNTNEI-1I~E33ITRT,

Table 3-1. Bg and o, B angle of single crystal sample.
#3-1 HphEalEO B, aff, B

Sample By(T) o (deg) | B (deg)
A 1.850 -13.5 33
B 1.950 -8.9 0.3
C 1.920 2.1 4.2
D 1.980 2.9 0.6

Table 3-2. Bgand a, p angle of bi-crystal sample.
# 32 PGSR Bs, o ff, B

Number of
Sample Bg(T) crystal a (deg.) P (deg.)

1 -3.2 2.1
E 1.961 ()

?2) 5.6 -1.8

1 -3.2 1.1
F 1.946 )

) -11.3 0.4

1 -2.8 1.6
G 1.936 )

2 15.5 3.1
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Table 3-3. Bg, a angle and domain width in poly-crystal sample.
#3-3 ZAEAEID By & o A3 LUK IE

Sample By(T) Sycnr];;;)f a (deg.) Donzanllnm\;mdth

a 0.1 0.74

b 19.0 0.18

¢ 0.9 0.15

d -2.9 0.10

e -5.5 0.79

f -0.4 0.20

o 1153 0.14

h 1.3 0.27

i -3.3 0.45

H 1.919 ] 0.4 0.70
k -6.1 0.88

1 5.6 0.75

m -16.4 0.35

n 1.3 0.99

0 -4.5 0.27

D 16.4 0.18

q 0.8 0.13

r 0.2 0.48

S -0.8 0.89

X 3-1 121 NER O SR TR KR E O EREI S L Ve — 7 (Jkgk) L oBfitfEsZ R L, X
32~ 3-4 | ZIXE N EAFE 3-1~F 3-3 1T L7 it O b b & S i N 0<100>J5 368 K o
fy, BAERT,

JRFTREHUE BE O JIE XK 2-1, X 2-8 TR LIcBREHEIZ X - T T o 7, ARBFFEICEW T, 2
AROBEE 10 mm O CELES [ & TEIZHSTEE L, 05 2 RO CORREE
ZHGE LTz, LIcido TRE TR R RS IX T X THELES MO Th 5,

REHRR A 50 Hz OZZEMHRGAT TbiE L, SRR B, %, 04T, 07T, 1.0T, 1.3 T,
17T, 19T E&E LT,

Pl EoHIE Z#E omE ), EXHFMICR L TEAFNSmm B> F, 10 mm ¥ v F TITW,
X 3-1 12k atE, EHR S5 150 mm (R S 7w gei) ofEEkIZ 3517 5 Jm Pl o B
D3RR R DT, FFTBEHRE T 2 ROLEEHRI OV OBREE L L THESNAETH 50,
AREIZIBNTIE, 2 ROBEEH O R OERE (B 3-1 o0 X-Y JERE) CTRUEHAN T OESHIEN & &
RFEZHT,

F7o, ERBALFEORNE L, HW T — 7 24T 2 BRBESERBRGIC L - T, R E
1.7T TiTo 72, HIINT 28R O 50 E 1 X BEE R BB Lz,
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Fig. 3-1. Measurement area of local magnetic properties in a sample.
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Fig. 3-4. Secondary recrystallized grains and their grain orientations of poly-crystal sample.
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Fig. 3-5. Distributions of the averaged local flux density B, * over whole width of the sample
<B,,°*> in longitudinal position of the sample.

3-5  JRFTREHUEE By OFEHRIEIC b7 5 EEHIE<B, > O REHR F 05 101 043 A

2.0 T T T
—_ Sample
»E oA
RZIWAY B
FZIA R i
g < 1.5 AC
; ;\'/3 #D
& o
8% ]
w9
© o
5
g B 05f y
> =
< © o
[e]
L L L
0'00 0.5 1.0 1.5 2.0

Maximum flux density, B,, (T)
Fig. 3-6. Relation between maximum flux density B, and the averaged local flux density over whole
width of the sample <B,,**>
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BEIE OXEEE EORBEN HA U, & By TIEHAB D OIMBARIC L D AT 2 U — Pt L 3k
FEROL—TIZAECHEREN (F28E LQ2.D)De) BEBLTWLAHREMENREZ HND,
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Fig. 3-7. Distributions of local flux density B,,* in sample A and C.
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Fig. 3-8. Distribution of local flux density in width direction of sample A and C.
3-8 FBHA, C DRI O R P HE E O 5340

AN TN D DI L, B C TORMREE S MOFEMRIT, FIESFIIEIEHTTH D,
AEFA L FBED o O I AN T2 R TR B A 1, BB (a=8.9° ), D (a=2.9°)
CBWTHBHI SN, Lo, BLED XD RFFRREE DAL o AZFKE LTED
TWoEEZBND,

3-7IR LT o DR E WEGREREEE GUE A) O JR TG FE S5 i 0 5 1, B KGR
BEENE L 7R DI O TIERE S ICUTSE, By=1.7T BLETIX, EHES A EIZIF AT E 72> T
W5, £72Bn=0.7T O X 5 72 e KB FE M ARSI IBWCUE, RPTEU  4 E ik
DFENTANTFATTIEAR <, ARV By (Y 3 25 msIE CIEAE 71 & 7238 FE DS/ S OMH
Mz 5,

3-9 | T JRPTREHE BE DR, B R OE SR LIS MOMDAE 6 1IZOWTRT, o &
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WEEL L, 0, 0 O1ZZIFEN By, Bu®™, B (YS9 555 S AMB NS 71 & EAE 5
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FE MRS T 0 (BIZIX 6) D/ EL B DIE, 180° MEEOBENZ L - T a AlZih-72
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Fig. 3-9. Definition of contour direction é in local flux density distribution.
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Fig. 3-10. Dependence of the contour direction of local flux density 8 on maximum flux density B,,.
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BAFIRG AR PE LD < Te D JRPTRE RS FE N B — (LI D T2 L 2 D, a AANIZIER—KHEIC
HLRAEC LHAEID Doy T DL, BANNIND OFN o BREV, F7ilE A LK
BB OB TIE, BAD/NIWVEEBIX a ARN/NIWIZH 0D 5T a1 dF—DOKHEICH D
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3-13 O RFTBEHE BT & 3R O RIRIC B - CFEY LI RITIERE TH 0, 3B BEHR
RIS T SN TV D EELBEA L TWD, X =6 mm (& O KT HE B IE % Hilic &
%L, t=0.0025 s T TIERPTREREE EE DML D 5y £ 0 HAKR<, EDH#%, t=0.0050 s £1HT TRIK
IR LTWD, 20k ) 72Ele v DT CORPTEREE OB 22K OGN 3-13 O
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Fig. 3-11. Dependence of the standard deviation of local flux density oz on maximum flux
density By,
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Fig. 3-12. DC hysteresis loops of single crystal sample A and C.
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Fig. 3-13. Waveforms of local flux density in sample A at B, = 1.7 T, f = 50 Hz,
longitudinal position Y= 5 mm.
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Fig. 3-14. Change of domain pattern depending on maximum flux density.

(a) Area A, demagnetized state. (b) Area A, 0.2 T. (¢) Area A, 1.5 T. (d) Area B, demagnetized state.
(e) Area B, 0.2 T. (f) Area B, 1.5 T. (g) Schematic view of observation area in sample B.
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Fig. 3-15. Model of domain structure proposed by Kawasaki and Hashi et al. [11] [12].
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Fig 3-16. Simple model of local flux distribution in single crystal sheet.
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Fig. 3-17. Domain patterns obtained by scanning electron micrography (SEM).
(a) Demagnetized state. (b) H= 150 A/m. (c) H =300 A/m. (d) H= 600 A/m. (e) Sample and observed area.
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Fig. 3-18. Distribution of local flux density B,,** in bi-crystal sample.
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Fig. 3-19. Main flux flow in bi-crystal samples.
() : grain number. [ ] : number of flux flow.
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Fig. 3-20. Distribution of local flux density B,,*° in width direction (Sample B) at B,,=0.7 T, 1.0 T,
1.3T,15T,1.7T, Y=5 mm, 75 mm, 145 mm.
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Fig. 3-21. DC hysteresis curves of bi-crystal samples (measured by SST).
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Fig. 3-22. Distribution of local flux density B,* and local iron loss W',
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Fig. 3-23. Crystal grain having large a angle (o = 11° ) and surrounding grains.
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Fig. 3-24. Distribution of local flux density B,,* around large o angle grain (o= 11°).
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Fig. 3-25.  Flux flow around the grain having large a-angle (o = 11°).
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Fig. 3-26. Grain having large a angle (10° ) and surrounding grains.
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Fig. 3-27. Distribution of local flux density B, around large o grain (10°).
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Fig. 3-28. Distribution of local flux density and local iron loss in width direction (Sample H,
Y=0 mm).
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Fig. 3-29. Relation between local flux density By,
Data are limited to the grains having smaller a than 10° .
X 3-29  JRPTREREE K & JRATEE O BFR GUEH H)
o =10° ORLDHETR

and local iron loss in sample H.

(i) REIBOFE X 3-29 R L2 & 912, JRFTEE13 R FTs o B O BN AF L CTHIn
TOBMRICH D05, ZOMIZ 180° BEXIEDKE ST H LB BN D, LT CIIBXIED 8
%G L7z,

X 3-30 12, ZAEaaE H 2 834k £= 50 Hz, HRBEHREE B, = 1.7 T Thbl L7856 Okt
H OWNEOBXIE & RPTEOBR %, JRIFEHREE B8 1.4 T~15T, 1.6 T~17T, 18T
~19T O#FPHTES LTRT, 22 THIX 329 & RIS a A28 10° X0 &K E WSRO K55
RO Uiz, F72, BB CTHREKIENZEN L TWAEEIE, Z OMEEAN TONFEOREXIEZ KD
77

2.0 T T r O

| e

Local iron loss, W' (W/kg)

30 [ d mil] ==
g oY
05F E’J B oo
—---1.4~15T
—— 1.6~1.7T | |
—0O—1.8~19T | |

0.0 ===
00 02 04 06 08 10 12 14
Domain width (mm)

Fig. 3-30. Relation between domain width and local iron loss in sample H at B,,= 1.7 T.
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Fig.3-31. Relation between local flux density (average in each range) and coefficients a, b.
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Fig. 3-32. Relation between o angle and local iron loss in sample H at B,,= 1.7 T.
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Fig. 3-33. Relation between local flux density and local iron loss in sample H when maximum
flux density B,,, was changed.
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Fig. 3-34. Relation between a angle and local iron loss at B,,°°= 1.7 T in sample H.
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Fig. 3-35. Local B-H loops in sample H.
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Fig. 3-36. Location of local magnetic measurement and domain pattern.
(a)(c) Grain boundary and measured points. (b)(d) Domain patterns of measured area.

X1 3-36  JRPTRES I ENL B & R AR
()(c) FEAmRLI & JEALE  (b)(d) HIAE SISO RE AR

(V) o BAOREVERFLAEDRERA X 3-38 12 a AOTNMEEKL b B X OZEDEOf
mki a, ¢ NI JRFTEL C O /B B-W #ift (B,=10T, 13T, 15T, 1.7T,1.8T,19T) %/,
B 3-38 I B2 K 51, a ORI WEEEERLD (0=19.0° ) DJELOFKEEHRL a, ¢ D TIL,
JRFT B-W HIHRD LU B Y, R O 2 LSO JFIK CRFTERE D223 4 L T
WD EWR D, fEdRRL a, ¢ NEBOJEET B-W H#RIZIIENLE AN KESRL b (2T ME & @E#E i
Y7 ML EMD, MR b DX D7 o FAOKEVEESRLYNE P ORI SR T B S
ERIFLTND EHETE D, 22T, fidwhla TIE, #EdRL b 225 OBEEEA 5 mm FREREN 2
& RSO Sy & [F IS/ 5 DITK L, FEAHL ¢ TIE 10 # mm BN 7200 C 6 JmPTekis
LAOLE L, FERRLIZ Lo T aADORKE VR D OREBFRHN LR > T D,

67



2.5 T T T T T T

[ Measured points ]
—{1F21 ]
—e—23
526
—O-27

g
=3
T

—_
(=]

LIS S B S S B S S S S B S e ¢

Local iron loss ¢ (W/kg)

IR TN TR W N N N W W SN TN T T |

1 L L 1 L

0

06 08 10 12 14 16 18 20
Local flux density, B_loc (T)

Fig. 3-37. Relation between local flux density and local iron loss inside the fine domain grain f

obtained at B,,=0,1.3,1.5,1.7,1.8, 1.9T.
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Fig. 3-38. Relation between local flux density and local iron loss inside the grain having large a angle
(grain b), and inside the adjacent grains (grain a,c) obtained at B,,=1.0,1.3,1.5,1.7,1.8, 1.9 T.
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Fig. 3-39. Waveforms of local flux density and local magnetic field strength inside and around grain
b having large a angle.

(a) Locations of measurement. (b) Local flux density waveforms. (c¢) Local magnetic field strength waveforms.
B4 3-39 o DK EVEEAL b OPEES X OVE L T 0 R AT e B, J5 s S o HE oo IR 1
(a) RWPTHEDALE  (b) KPR LY (o) KPR R ERTE

Local magnetic field strength, Hl°c (A/m)
(=)

69



2.0 LN I L NN E N NN RN LA R N
~~ L
b 1.5 F B
3 E
QA 10F k
> F
=05 F
5 o
< 00¢ . E
X 3 Location
3 -05F : ]
E - —o—5(Grain b)
§ -1.0 1 ——7(Grain ¢)
= 15 F = ~-0--9(Grain ¢) |
20"

200 200 0 200 400
Local magnetic field strength, H°° (A/m)
Fig. 3-40. Local alternate B-H loops measured in grain b and c.
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Fig. 3-42. Relation between local flux density and local iron loss inside the grain e having wide
domain width obtained at B,,—1.0,1.3,1.5,1.7,1.8, 19 T.
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Fig. 3-44.  Waveforms of local flux density and local magnetic field strength in grain e having wide
domain width.

(a) Locations of local measurement. (b) Local flux density waveforms. (¢) Local magnetic field strength
waveforms.
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Fig. 3-46. Schematic view of flux distribution in bi-crystal sample due to o angle and grain boundary.
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Fig. 3-47. Schematic view of flux distribution around the grain having large o angle.
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Fig.3-48. Model of bi-crystal for estimation of flux distribution.
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Fig. 3-49. Degree of domain wall movement based on magnetic energy: 2kl/H.

Horizontal axis indicates the cross points of flux path (narrow portion in Fig. 3-48) with grain boundary or
sample edges. (a) Schematic view of sample and flux path. (b) Distribution of 2kl/H with respect to location
of flux path.

X 3-49 IR RV X —IC X D RIBERR B O S E 2kI/H
REBH IR R (K] 3-48 DHIERELR) ASFE AL E 72 133 » ¥ L 2855 T A (78
(a) #BHS X UOWEHRIE ORI (b) REHRISALE IR D 2kI/H D43AR

LL_E o> Bk S EESR SR O & SR U B 1T 5 s = 1 L X — O Rl & FEBRFE R O Ll &, Z4E
i O 75 [V VE PR REBRAR PN BB OB /0 A b i sabifl 0 o 1 &SRR O T ALBIRRICER L TV 5 &
BEZohb,

FRE O S TR SR BRI X D BOR AT ORI T LA 3-26 DX D IR EFAICHEART a
AR EZVFESSRL (REERRL 1 &9 2) IZHEH Lz, 20 X9 bl &7 V%X 3-50 1277,
ZIZTIE, KRR L O afs, BAE a, B, FEFHOREERIO G Z oy frb L, RI4AITRLTE
o FN 8 TG A (Casel), BAMN S THI-md (Case2) I[TOWTHEILTZ,

¥ 3-50 C, 2AEM<100>F AN > TR T TH—IZ b L2 SET H L %, FEHT D aff
IR E WSRO AE AL RICRAET DWMEEZ o &35 &, fhdbhL 1 NEID<100>J5 ik
o 7o iR (B 3-50) OHALR S Y720 O 2L —I%, AIEGEBO Wbl AT D
Wiz ZE L CUTFORGCHITRTEFHHET RLX R ¢, ICK VEHMEARECTH D, EBEOEHH T

78



FNF— (KI00>IZIR -T2 RE &Y D) DI e, [CHBILIZEE 72D, 22T, kiR Eo
Wit o 13@.)TI=1 & LTEHET 5,

g, = (0'12 +a22)/L (3.5)

5 J a5,
E A e
HEEDE s
21|V z
S G B

45° : (JC)

o, Stripe region
Grain boundary 2 along <100> 10mm

Fig. 3-50. Model of grain having large o angle.
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Table 3-4. Grain orientation of the grains having large o angle and surrounding grain.
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Fig. 3-51. Estimated flux distribution around the grain having large a angle.
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Fig. 3-52. Comparison of magnetostatic energy index &m at each region in Fig.3-51.
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Fig. 4-1. Schematic view of punching.
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Fig. 4-2. Schematic view of motor core (stator) punching using progressive die.
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Fig. 4-4. Schematic view of shearing by using shearing machine.
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Fig. 4-5. Evaluation of influence by shearing using Epstein sample.
(a) Division method of Epstein sample. (b) Strain region in narrow stripe sample.

X 4-5 =7 2AHA LR OB DN T2
(a) =7 AZALRER R D4 EITIE (b)) MbEY 7 VN DB IR

(i) 5FMf 2 : EEBEE LHIIFEOBROBE  EEIEE L MRFHEORBRE S HIZHE
MICHRET 5720, HONUOERYEESL (750TC*3 h, Ar FFHKH) 2 L CTHENE O #IH]
DE & 2 U= EBRGERNR (ELE 7 1 OF & 180 mm) 2> 5, EFEE A J5 [ OF w; = 30 mm, 15 mm,
10mm, Smm, 3mm, 2mm & L7=HiEOFE %2 EFE &R USilgic K v 81v L7, fMiEO
AEAIE30mm L 72D Ko icEr T —7TRY Gbt, BS 180 mm x 1§ 30 mm ~HEMA O
SST THRMEZ1To7z, £z, EHEIBROBENRERT 25572012, £X 180 mm x iF 30 mm

20 H U= BR T ISR LTI BERE (750T =3 h,  Ar FFKH) &L, SIWNTIcX 5
EEFREL TH B 50 Hz DASEREAR RN TRESE 217> 72,

(iv) BBATDAE - At GG 1 3 KO 2 Tilk~7-, STWHEIC K 5 E MR o gk & F
B 55T, REHNOERFEERE LT, Sk Tl%Esham (K44 A &, TH
RIS (K 4-4 BES) O2FBF(ET D, ZHDITHEITITRR 5 B0 & 72 5 ATREM:
MDD, AimOFHLTIEMmE 2 X TICIR Y F>72, #1830 mm &722 K5Il o8 T
FERL L7oRUBR A o Wi, 2h o 2 OFTHR SR REGFET 5 2 L1220, /5o 5HE

88



EIX S OFBENEEe SNl E 72D, K 4-50)%, ZO X5 72BN TH A & B 2NRET
HRMOEAK TH %,

STWTIN T K 2 SR 3 K OWEHE E D BN rp 13, HEHE L L7z 30 mm i O FRER T OREUR;
PEE A X, AREICSTHr L7 ofiz X &L, TOXRG.DICTER LT,

X-X
rp = ¢ %100 [%)] 4.1)
X

4.2.2 THREHBOBES

42.1 LA UAELE BTS2 FIVY, X 4-4 (SR 890N T4 fe U Call Akt 4 & 3 2 sy irin 150
kT, 18 8mm, &S 10mm OFEMAREZYIV ML, 22T, K44 183 & 5128k
ITRRC T RMNCE DM OR T ZE R e Lz, ZopkE, BT O TD Wrim (8
RO JESE B A J7 16 & AT D) ABIEH & 725 £ O BRI DIAL, = X U —H{AFEE D,
BA YT NIRRLZ XD/ 7HFBE 20 U 7-1%, STWOIN T2 52 (3 7o S 7> © O RE BE 43 A 2 U= H e
HTHE Lz, 22 TvA 278y —AMEFHT X D EEREITINE 50 g, fERHRH 10 74
L, 50 um OMREIZTITo7e, 2O XD 72 EE 8 HOFEHIKR L TITV, FHHEZRDT=,
B OHENNER g 13, IO EED 72 Sy &R DA% £ U730 O 2 2 EVH, H &
L, FR@2)TEH£LE,

H-H
ry = & %100 [%] (4.2)
H

0

Ho: VLD 52BN R oy OREE, H : FTHE N bl 40 O

I3

4.2.3 HWESBRESIUVEBSDICXI2ESTDHAE
42.1~422 L[F UERERI (50A400 82 OFERESNR) (2% L, 824 72 AN Tk, X
IZ PRI (A)E LTRSS TD Wikl (BIMROIEIEE A R & EART D) ([CxTA Y —
#E (#700—-#1000) |2 K HHFEEAH L CHEE L TH D, 750 C, 2 KR OERY Badl % it L 72
%, 42.1 L[A USilEE s AV TR 4-6 OFEFCEWIIN T L7z, ZoOEHIX L T= A Y —fK%&
AW L0, o> 7V ER D HK 2 mm O S F T IRFEE (#700-#1000—#1500)
ATV, BV TR DX A Y& RIRRIS— R MZ LD T L, &%ZIZT VI Tk
RIZ K D T —RIFBBIC L A ENHICBRESND ETITH 2 & T, BIERB)EHET,
Z 2 TONTHHEEIIRERAERR IR U TR A RIS 2N 2 & & PR IR L 0 sl L7z,
BN T, ERROFTHRE AR LT EBSD (2 & A& HALMHIE 3 um By F) &1T\,
B2 T R O SEY N5 T dh D KAM il (Kernel Average Misorientation) [17] D457 &2 3K 7=,
X 4-7 12 KAM B DS L% 77T, 22 TOKAMEIZAE B4 28 & 2 OB HORIE Iz
WC, FALZE S ° KD HNZEDYEEETH D, fdmhi R 2 sete kil O HNi 2L S UL EDGEE

&9



MWREHTHHDT, KAMAHIIHESKIROR LT L A EZIT R0,

Sample for EBSD and domain observation

)

Steel sheet Steel sheet

Observation face (B)

Polishing depth: 2.0 mm
Rolling direction
+—>

Preliminary polished face (A)

Lower blade
Fig. 4-6. Shearing and sampling method for hardness test, domain observation and EBSD.
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Fig. 4-7. Definition of KAM based on measured results of EBSD.
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Fig. 4-8. Effect of the density of strain region on the increase rate of iron loss.
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Fig. 4-9. Effect of the density of strain region on the increase rate of flux density.
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Fig. 4-10. Effect of the density of strain region on flux densities and iron losses.
1 indicates onset point where the inclination changes denoted by Dy*.
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Fig. 4-12. Measurement points of hardness near shared edges.
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Fig. 4-13. Distribution of the increase rate of hardness from sheared edge toward the direction of
sheet plane.
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Fig. 4-14. Distribution of the increase rate of hardness in thickness direction.
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Fig. 4-15. Change in hardness and iron loss due to cold rolling of electrical steel.
(a) Change in hardness. (b) Change in iron loss.
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Fig. 4-16. Effect of the increase rate of hardness due to cold rolling on the ratio of iron loss.
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Fig. 4-17. DC magnetization curves of cold rolled electrical steel.
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Fig. 4-20. Domain patterns near sheared edge before and after stress-relief annealing.
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Fig. 4-21. Distribution of angle difference, KAM, and domain pattern.
(a) Crystal orientation difference (1° - 180°). (b) KAM. (c) Domain pattern.
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Fig. 4-22. Schematic view of d1v1ded sample by shearing.
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Fig. 4-23. Schematic view of magnetic property distribution in the sample containing degradation area
due to shearing.

(a) Average flux density : low, w; > 2wy. (b) Average flux density : low, w; <2 wy.

(c) Average flux density : high, w; > 2w,. (d) Average flux density : high, w; <2 wy.
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MWELTEEZEZ DD,

[ 4-10 (a) L 0, BEFBEREE 50 A/m OGE AR E, BRI BT RT 2 A E O BROSHIE /e
BN LTS & ED DF1E0.5~08 THY, D& EOHMIEREI O w,* 1% 2.5 mm~4.0 mm
Thod, LizhdoT, FIHRE I LIS OBKFHEL LB O w1E 1.25 mm~2.0 mm (HJE 0.5
mm D 2.5~4 %) CHEESND, —J7, K420 137 LIZRXKBIERE R T, BEEES LA
U 7= OMEIE 1.4 mm FE & WD S, X4-10@2 5550 255E% (1.25 mm~2.0 mm) &
VTV E 22> T D, —J7, BERHEE 50 A/m OFMETIE w IX3.5mmEETH Y, ZHITHRE
0.5 mm O 7fFIZHYET 5, DO END, MRMEIMET T 513 EREFHEICEEZ RFTE
VZIRFEPHIZIES > TH Y, 50 A/m TIEMTI 72 EDBEEAER DZEAL DGR DAL E D B IRV
HPHICE> TOM LTS EHEE SRS,

LG, $TH & bl C OBSRAFES (LI ORIV 72 < &b, WED 2~3 FREITH Y,
KB AL D SAFTIIMED 755 L IZZNU LD NEERL T D EEX LD,

L
37
=]
L
37
=]

442 HRERERSIUHERALEDIN

[ 4-20 THER S N7 BEEEIEMNDFED ARV CORBEXBREDZE L, HIEEOFE L&
ZHiD [7] [8], FIHREMTIC X DHMEDREDRK & LCIX, SliofhoEmErEO K
WS BRI & RET RN EZZ DD, £, BRI SRLR T O AL — 70
PEER /2 E b B L CW D ARMENHEE SN D, 20 K 9 e ltEE A2 WIET 2 5B MEAR L
SHREOET DI TIRR > TVND ETFHRIND, K 4-21 1T L7z KAM i TI3fT# & bnihic
TR A ONTBIZ KAM AN @y S TFE(E Lz, E£72, fElk B 08I C oz b5
KAM EA @ W 2580 bz, 2O X 51T, Sl A IZTRERBUER 22T TWDH 2w, i3
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NOZEREORER & UTHEEN AT 5 DR TR, Fid AN OEBRKRE VN, Lei-> T, Eik
A OEWERNEMZRET 52 L X0, B, C TORBXMEEDELIA LT 5 aTREMEAR
Bz bbb, £z, KAM ETRD LMK B, C N CTOMOMIRER (HiZl) b,
TN IS S a2 R S § THRIEE Z 2B S D JRA & 72 > TW D ATREMED B 5,

DL Bl R 7 PR SRR I ST T B A E BIICEME T2 Z L1, BIERS CIXREECH 573,
L%, BEAEEDOEEBE ST 5 2 & THMARERPEONL DO MRS D, Fo, B
MEEZ LU O ETEIMEIR 7L LSO 7 VT 7 U AW & W o T2 NI B9 5 4404
13, SRR X ORRAEEICE2 DEBEZ KIFLTWD EPREND D, 5%I1%, Zhbfco
RADOEBEHONZIL TV MERHL EEZXBND,

4.5, E—4HEOFH

451 BHW

AT C ORI 72 T 3RBR A DRE GV MELZ B LT, ARSI & 5 L 5B DI & WA (i
BE) 12 B BRIE TR AT o o0 AT LD O T 1A — & B OMRATICE A L 755 B2 o0
THAZ, RECHE, FTHH S ST OB & - TRl LI b 8 L 7= R
VA1 % & — 2 BHEARNT SR T % = & 23k, RIS REGIE AEBR CoitE I,
EONTRD I 5 ZEOREE RS % T T E RN LB 5 2o 7238, AERD 171k %
VNS A 0 — 2 R O TS FE (3855) B MREE L7z, = = T L7 — X B AT TR,
Lotth, VLTS R A B0 7o T HE X N TSI O TERE 72 B SR M A B B Ao T % = L 8 T &
PUE, L0 RS ORENE— & B0 TIRICE A THE & TR S5 0T, AEORFITRRDE—
BRAT TR D T AT & (ST 72,

SBIT, B X ERLORLY &R UIEICSIMINT L 7= 3K H O RE &R 2 & — & AT 1258
FB T LT, TR E M TS ORREHED S & B 2 L 7K T— X SR A TRIT 5 2 &
INTTHEZ T IR A Mt LT,

4.5.2 E—AHBBEOAES &S WITRZIHEBOETIFEDHE

e —& & LTIk [19]1& A CEREAABATRI T Z 2 L ADC E—4% (EMHETL 48V, F
¥ U7 JE%3.2 kHz) OTiflinds KO OBRBIRIEK 2 Wiz, 27 —=28R00T ¢+ —AE, 3
— 7 EIZFNF, 90 mm, 9.5 mm TH5DH, ZOFE—FDOHEEF 41 IR, FRLBERO
W& % (%] 4-24 12~

AT — B FHF L LTI JFE A F— /L8 50IN230 (Wyss0=2.16 W/kg, Bso=1.67T) %>, T
HARR O 2 W CTHHRE M TIC K R U7 AT E M L2 L7 £ £ O8O 2/ L7z
AT —H &, FTHREINTZIC 750°C, 2 R OERY Besli 2 it L7k AER LI AT —2 0 2
FEZHE L, SCEk [19]1& RO FIET, [BlEREL 1580 rpm, h/L2 1.5 Nm TOE— ¥ fpik % Il E
L7, 425128 —% UMOBREE 27T, X 8#8I1%, 2EKI DHER L UWHE %
WL D ZEITR VRO, 50IN230 [ THLE TR CHEiR O PR AIT > T\ D720, EHY BE
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Wi CORERLOKEIE LA LRI ST, IMOMN LEDHNFRINDDT, L 2D AT
— 2 N5 LT, FHREEOHENRE— 2RI T TR EZET 5 Z LR RETH D,
FIRE N L 2AT o 7o TR E Il ORGSR, 4.3.3 i & RIARICFTH & I Lm0 CHlE L7z
WEEE Do AT D B THl L7z,

Table 4-1.  Specifications of tested brushless DC motor.

# 4-1 WP 77V ADC E—F DA
Rated power 300 W
Driving voltage 48V
Driving voltage waveform | 120° requtangular
Number of slot in stator 12
Number of poles in rotor | 8

Dimension od¢ 159 mm x id$ 75 mm x h 23 mm
Type of motor Concentrated windings, Surface magnet
Magnet Neodymium

Length of gap 0.5 mm

Fig 4-24. Outline of the core of tested brushless DC motor.
4-24 BRI 7T A DC B—Z DR LOEME

4.5.3 EWRMEN

WL ST AR NS FE SN RO T4 THR S I OBERURFE  (K14-17 DR IR 2 AV CHIREESRIEIC
£ D ERESIENT 24T o T FRAT FVEIT ZRTERRERNT & L, 4250 B & AN Uiz, fi#
I — & OXFRPED 5900 & L, [BIHRA90° 248 AT v FITHEIL CHEEZITo 7o, AT
— Z NERNE3246(H DFEFE A » v 2 125 EI LTz, BRI OFE Y 7 MIIMAG & L7z,

PRI, EREFYRNTIC L DA v ¥ 2 OBREET S ORKENG, SOME (50IN230)
DORHRFEE — PR EZ AWV CEE Lz, FRREBARDOT T LA DCE—F ThHHIZD,
O— X CRAETAHHBIFEHRTEIL LT, AT —¥HHEORELZET—XEE L LT,

R E SR OPEE DN % BB LT — 2 OFfEfir & LT, K426 IZRTEHICAT—
K DOYFERIZHE 0.125 mm O 2 D OREKEES (LagEs (FMI : FEREEk(1), P EREIRQ)) %1,
ZNENDEY DO OEE EHN G, WBHEENEASHMECOBLiRE X 4-17 &Rk
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(R, ThET— X OB R ICEH L CEOLNEOBHREE D04 2 R 7=,

F£72, 4.5.7 il «5;9_,MﬁMﬁfﬁ%Mtﬁu%%(%4%x a7 Ry 7)) Ok
FEFE TR LT, X 4-5 g O s HHREER 7 I X 2 BEARERS F (X 4-8, X 4-9) 3 H L C,
R EMTIC L 28450 BIEE +HMEE) 2B E LIt — S0 EH 21T 72,

w
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(=]
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::\ . [\/\\
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Fig. 4-25. Current waveform of tested blushless DC motor.
X 4-25 HERH 7731 A DC ©—4DERIKIE

Without strain

9.0) l‘

- Area with strain(1)
t:
= Area with strain(2)

Fig. 4-26. Model of stator core considering strain near edge.
B4 4-26 SHEBOMLEAEBE LIZFHHET NV

4.5.4 E—ZFMEOFF@EER
X 4-27 \ZER Y BESIA T TOET—FIRB LT HEADO LB A RT, ERY FEMICL -
T, B—HZBEN 05 % ~0.6 % [ LELTNDA, ZIUXERY HEMIC LW 27— OFIEN
16% KT L2 Llc kD, $RLEFEM E LTHVZ 50IN230 1%, BIHTE OB Z FR - FEMHIC
B BESIIZ L DR Wi550 DIK T 1.5% FRETH o7z, LI -> T, RFEFRTILER
D BESIIC X DB OB OSBRI L A CER L TEL, A7 =2 OERY BESiIC X 28450
KT (16% ) IFMTICTX Y 726 SNTZENMFHRINTBRENZ D,
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Fig. 4-27. Comparison of motor efficiency and iron loss with and without stress-relief annealing.

X 4-27 ZEEY BESLOA M TOE — ¥ RIS L OB O b

4.5.5 SDOITHREMIIZE D E—2FHEDHIL

4 4-28, X 4-29 22N Eh, E—ZEOLOFTHRE O OEBEHI T 2 E D5 (HRE
0.50 mm #4, 0.35 mm #4), HBUEIF R OMEEHEMNFLOSA RIE 0.5 mm #) 2R3, ZhbHd )
B, WE 0.50 mm O EZE—Z 8D (A7 —%) ([T, X428 1385k X 2 8900 T
CNFIERE DO 34 & 72> TE Y, HUE 0.35 mm, HJF 0.50 mm W OERERICHE N TS,
WIE DK 1/2 OFEIBIHEE EANRO LTV D, Fio, WEHBEOME A (X 4-29) & 57k
BT LULESGEOME (X 4-14) LREROSAATH T, Zb X0, SiEgI K 2N TiX
FRODITHRE ML E PO TEAFTH Y, TR E M LAFRE T 2 FEL LTEHLTWD Lk
D

X 4-28 DHJE 0.50 mm DA BFOREFE 4347 2 IV T, X 4-26 DA (T4 S 2> 6 0.125
mm] 3 X OEREQ) [FTHk & W2 S 0.125 mm~0.25 mm] OEE DHNNFRE 493 % , 11.6 %
LT,
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T T T
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Increase rate of hardness, ry (%)

Fig. 4-28. Distribution of the increase rate of hardness with respect to the distance
from sheared edge in the direction of sheet plane.
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Fig. 4-29. Distribution of the increase rate of hardness with respect to the distance from
surface in thickness direction (0.50 mm thick sheet).

X 4-29 FiEHHOFEEE R A8 FEOBEINZROMRE 5 B O 454 (0.50 mm JE4)

4.5.6 BHAMHITICKIE—2BBOHERR

BRETYRHTIC L0 RO IR & FRMOE—FFHIZONWT, FIHREBICE2IME (ERL

TOFERITKT D HE) O#kE X 4-30 1279, BRFRITHE R TIE, FTHE N TARH o 8Pk

WK DBHEOPIEITE—FEFHED 6 % BETHoT-, —F, EEOET—XELTOMTIZ
ié?%ﬁ%@@%mﬁi B BESLRTHE OF— X EIDEND 16 % FRELHEESINT, L
7o o T, TR E I TR OPMEE ORI IED N T — X B OFERERIL, 433 Ho
HRGUBF CORER & RIERIC, FEBRIED 13 FREE L 70D,

X 4-26 FIZRT T ¢ —AOMES M (0 F70) BLOI—27 OHFM (r J7H) ORI RK
T ARG FE & §RA8 D 73 AR & BERE RN IZ K D RO TFERZ K 431 1-T, ZZIWTmRanbd L 91g,
T A — AVES CITER M BEE NS 2 DICkt L, 3 — 7 TSSO SEMMER, 2k, X
417 TR LTe £ DIT, BRBEREE By WMRWSRMETIL, EOREL XT84y & EF OB
ENRRKRESERDDOIK L, @B TIEMEOEN NS RDP6ThHD, T7obbH, 7

A — A TIRER) OREAFE D @, S DR % 8 A TEARBREE « @8R O DRER

18
16
14
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Increase rate of iron loss
due to strain (%)

S N A O
T T T T
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Fig. 4-30. Comparison of the increase rate of iron loss between measurement and calculation.

B 4-30 FTHE B|IC X 25— Z SHEBMRO IR & FHEE O Hlk
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(a) Tooth (b) Yoke

‘E_dge genter Edg Inner edge Outer ed_gf

? 1.5 S
[ [—o—Without strain
I |—e— With strain

0.5

—O— Without strain
—e— With strain

15

100

Tron loss, W (W/kg) Maximum flux density, B (T)

sk

Iron loss, W (W/kg) Maximum flux density, B (T)

5 4 3 2 1% 1 2 3 45 -5 432 1% 1 2 3 45
Circumferential position in a tooth (mm) Radial position in a yoke (mm)

Fig. 4-31. Distribution of flux density and iron loss in tooth and yoke calculated by increment of
hardness near sheared edge.
(a) Distribution in width direction of tooth. (b) Distribution in width direction in yoke.

% 4-31 FTHEBEOTE LRSF LI T 1 — R+ 3—2 I ORLIE I L4H D 5y A
() TA—RIET D5 (b) S—20EI7 D534

BENEL Y, @OSIREZ R, BRI 2 RO BIR % X 4-23 ORXIXIZ X 0t
L7z, X 4-31(a) TIET 4 — AUE O b AMU O EREE(1) & 0 EFEKQ)O T BEHENE N, =
FUTEIZ K BBREFIRT EEEMONT AL D 5D TH Y, WNHIOEEQ2)D 5 53 8k
(&Y BREAREBEER N Z & BNRECRATMIZREEREM LT L W2 5, 2 2 TORERITMEM
BEOHOIESEHEGAAO TR TH 505, WEEDOREE G AT BLEOSIE 4 T HHELEL OS5
HBELCTWDAREERB Z HILD,

B4 4-32 \ZHTH & i (GREER(1) & (2) LIRSV CAE L 8L T 4 — R L I — 71231
TR, K431 EEYS 72V OEEXTH Y, X 4-310) T EHBELOGEHETH 2, X 4-32
(R L7z X D1, BALEE Y720 OSHIL, RRBERE L 85T 4 — AMOUGE I TR
MT DR EIRoT, Thbh, RKIFROE—F 27 2N Ll O 34012 K - TEBMT L
ToAERIZBWTIE, fTHREE (2 2 CIIEEICBN 2 MEE) IS X288z L A E1ET +
— A TELTWND ENZD,

4.5.7 EBIERINT L=-3AMOBMIIFEICLSE—2#KIEDFE

LUEoR UTERBEE I K B 4THk & B OB AE I, EBEOT—ZEHEDLO 1/3 FLEE LA
TERV, £ T, MMLIZ &K > TA L 5 EHHR O KFES OB EZ BRE LIt 2175 A
BT, 4.2.1 8, 43.1 L FEROTIEC LY, SHWEIC CTEBHN 2 fE 4 ObE O HRREER A &
L7 & EOWMRFEZREL, ZO/EEZHOWTCUTOFIERCTE—XS$BORELITS T,
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Fig. 4-32. Comparison of motor iron loss in teeth and yoke calculated from the increase rate of
hardness near sheared edge.

432 74—, S=URHIOFT—FHE FTHRHES OIS FHEMR) Ok

(1) 4.5.3 Hi CRARIZ BRI LV T — X BONEBOREHTE E0AG 2R, gOEE (74—
AER, =T E, T4 — ASEER) OV OMHKBEEEZ R Lz, 205, k&N T
HOMMEDL LINBE S TWRWD, Biat LIcE—42 TIET 1 — X, 39— 27 OEHN147
JRNTZ 8, BRI BN T — Z ORI B RTINSV e L,

(2) SHEEIC T 4-5 & [RRRD 572 2R O RRGBR A A2 (EEY U, B KGR 2 fl 2 28 b S
THREXMEZITY, RBHE— 200Ky (T4 —A, 3—7) LEUHE, [
WEEL Lo L 2 OSBE (BHEESY) 2RDi,

B)(HEQRQDFERN OB AT —ZZIMOBIZ KD, ZNHEEFH L TE—ZEIH L L,

FHRE T X 2 BHEHINFICHONT, OFEHME, OFTHREHMOMELIC L D5HE, B
@ O HRERER 72> B EHR L7 B0 g 2 X 4-33 124, @O B & 2k o
BEREED D HE LT — 2 SO IR ERER & — B L, L7eno ¢, FTHk & i
5 D T e RS E D A A 7 B 72 Th, B— X $ROAER & R UlE & L7-$THk & T otk
B ORI EZ AT 5 2 & T HIRE M TIC X 2 E— 2SO REE XL FHIT S 2
EMARETH 5,

FRE DT — Z HEHEEIL, WEASRLFAHLICLk > TIThNTW A, K S IZBIWIN T L7z
B BRI OBALREZ R D, ThE b L ICEBTEIT 21T, EHICELN SO D
ARG AR BEV BTN T U 7= 3B O R A RIS S TE— X SEERE L TV D (18], FH
O HERROFIEICLY, E—FFHEPRBELI PR TEL Z LE2MHERLTWD [20]

I THRAREFHED, T2 OOTHICARTHL DD, ZOHEZNNDITITE—X
AR & R IR T U723k 2 (3 5 20, & L < IEASFOBRICIN T L 723k 2 ¥ L CE
— X GBI OBRFFHEZ R ET DUNERDH D, SHIT, TOFETORMER T, 27V 77
VAR A LWV TS EEBEOE—FBLOTIRE M TR CIZT 52 ENNETH LT
D, FIHEMLIC L 28 BHEZFEVBETTRIL L LT 2581XMER DL, 51, B
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HEZRBR DR DG BT I DR ZREST D Z L BNEEL 725, L7eh o T, FTE LI LS
T FRHETRIOTZDIZ0E, NI OB IED /341 2 BRI L, ZHzX 4-26 D
£ OB ORER I R E D Bl & 5 T T G R AT & L CE 9 2 O BRI & 2 D,

due to punching strain (%)

Increase rate of motor iron loss
— e e e = N
SN B N0 O N DA OO

@ Hardness @ Sheared sample

(D Measurement Calculation
Fig.4-33. Comparison of the increment of motor iron loss between measurement and calculation.

X 4-33 #T4k & I L DR OB ORI EME & FHEE O Lk

4.6 THREMTICKSBWREFELILOHESE

AR TIE, FTHE EOEENHMRIZBN DR 0.50 mm O mPEERMNR 2 x5 & LT
TR & AT 24T o T2, BRSO IS B 70 2 F 2 D FBREHIN CTlE, ARWFZED HFIEIC X 0 FTHE T
2 L DR E DB ORI A AFEIZ T D Z E DN ARETH D, L LR b, fix OFEHZ DN
TAMFFRFRED FEBR L ffNT 21T 5 Z &1, Bl & 5 N &S 5720, (@30 72 FEBRIZE S 312
P E N L% OEREHR OBTFEZ + 00 IR CHEE T 2 TIENREEN D,

AT KU, FTHE NS K0 YR D R 3 2 SEI ORI IARE O 172 OIROFE T d
D, BMEE LB X SN DM EUAOENTERE LT, RIEO 2~3 [ERE OE 2 - T
Too FTHE N TAT K 0 SRR SR A U 7o BB 0 S B ORPEHI R L TR 1 &2 KIF 32 & T
BPE RS A TR STV D &30S, PR s ORI IR Z I L CTHIIN T 2 & B2 b s,
BRI S IX BT WO LI X 2 B O AN EBRESIR OMEIE U THMT 2 2 L 2R L TWD
[21], L72d3>C, MATHIZ L 2BRZ W TIRIEDS B2 DB CORRRMEO R A HEET 5
T LENTE, 4-33@) T/ L 72 R LAE O & [R)hE O 7R F D URHE 2 O 72 [BIRR B8k L D
SRHABYEIN O TEICEA T2 Z E R ARETH D, 71272 L, T DOHTETIIM B OBBRHES 7 U
T T URAIRE, BRI OMELCATIRE M TR OB EBET D Z LT TE A,

FIARWGEE G D, EROWITETIE, FTHEE I L2 L 7= SR SR AT U OB SRR D 5341 %
FRERHEET DITIEESTWRWA, ZTAEEBTL0ESDHEL LT, MRAED /il
MAEIUE L, BEREE R & BAT 5 2 & T & N TR AHT ORLR B E D 0 AR & e e 2 J7iEm
BEZOND, Thbb, I LhmHAT OBEKUEHE D50 2 N E DR E & A% e LTERL,
FBROFERE e b B <A 208504 8T 5 71 Th 2, Steentjes HIXZ D X 9 e BT LY,
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IZHNLD K O RIPMEE DS DT L DA CIEEEOSELHILED 1/3 FBRE LT 52
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—J7, BTN LG C ORI Y BRI OBEXBIZERE RS, WED 2~3 FREICHY TS
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T LT RV B L MR EOBIR A SR ©, W D BAGR DAV AL D BTN T OR% <R
PELCTEIR DR E A D o 72, 2 OJFIETHEE L= B LR ORISR L &IFIc L v B s b 00
WD 25~4 (ERRETh o7z, ZIUIEXBIE» OHOLNIHRITIFE —FH LT,

SN T AT O E A2 5RO 72 MR EIR OME &, BEXKBILESE ) B RO TS L
TR OIEA 72 BIRRE, WMEEORBELE 2 biiz, T70bh, SN TR T4 Uiz
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Fig. 5-1. Schematic view of interlocking.

(a) Round type interlocking. (b) V-type interlocking.
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Fig. 5-2.  Schematic view of interlocking using progressive die.
X 5-2 NEERTL T DA 3 A ik ORI

ERo Xk oz, TEMLRGHAELSERLELED TELE LTH U ABRLL LI THD N, g
FEHZ S U TSRO T2 i3~ 2 &5, SRDORFHEZBILI D Z RN TS [1]
21 [3]e —77, WETIEZRAX—OENEFHOBLEN G, FHEEEE O A F O LENED & F
STHEY, REtOBM LIS OEAMARER AL 0, MAROHEAE T 2720 KH
T 580 IR OMENE L TWD, ZD®), SRLOBREEEBILEIEDE 7 v A Izo0n
TH, ZORELHOREETTHT 2 LEENELT TND,

TR EIM TR OBEEEIC KT T B WL, F4 RN L LIS, [k bHE~
DOBUSTHIZENTONTNDE DD, B ADFBIZOWTOIFZEHNEIR ST, IxT,
PERD I A DEBIZET DRI, B ¥ A K DB EAICET 2 EICE £ > T,
B ZAX, A HIX > A DRI OWTY o 7R A 2 W2 BRI 21TV, 2 AT X
Ve 27U 2 LiMERBOM G ARRESLL TWD Z &R0, B A&l Lz a7 TIEER
D BESITE B REKAFFENERICEE LW 2L TV D (1], £z, BIEHIEH > A L
DFEO BT 5 FEBRIFH 21T\, B ¥ AT TIREED J7 RIS R 3 5 A iR
WZ L ERRTWD [3], TEROWFIEITH LREDIETIE, 72 AKX 28BH R % O

116



FI2 D ERINICHEAET 2 2 L & HIIC, SBBIOER ST E21T o7,

X 5-2 OLBEEFEICBNT, B2 AT K DEROBEKFFEDOLLOFIE & LT, LUFAHEE
INd, T, FROERLF RALOBEDBRICEASNDEIZL DAL TH D, H 4 HR
N7 FERRME OIS, FTHRENT (BRI Tk, MISEBICEEENEAShD &
[ R 2 SEPE A O SR L BRI B SIS B, T D lH OB TERL OBKFHER ST 5 B %
bID, BT AMMLOEE, W L2527 7255 A8 D 6 522280 0 B S AL REE IS Ze 0
HLOO, MTOFREIIFEETH D70, TSN T L REORERNZRMTIZE D AT D LHE
ENb, £, FRRELZEE S LERCH RO B REANCETE L CBEENERSND &
[FIRFIZ, ZARES Lickifoizooindy (BUF, TG LT 2) B RELIIZHEAEL
TWbEEBZ LMD, 2 HOHEBNEEN RO EIZRPTHINAFIET 5 2 & TELORERFEE
WHALT D EHEE SN D,

BT, BRLNECORMEEE O b LR RS LDOIRR E B 2 bd, BEGIL, &
VAT X D BRI O B A EEGHICHRNT L T 503, BRI ZREEIT 2 STV [4],

—J7, MR —F L L THERABEERESE>TNDH 77 L ADCE—4 (BLDCE—%) X°
WAz LNz LICK A HERER STV SRE—# TId, 400Hz & W o 7Rk LY
HEWERBIROSENEE TH D Z LR LR TWD T2 [5]1[6][7], AMFIEETIES >
A DN E IR O SHEICB T T REBICOWT B A L [8][9].

KETIRATBIENE, B AL DEEAEORF 2 ERMICHASL NI TH LT, £—4 -
Fe M e £ O BHEHESR L ORI E O UGE & TR EOM LICHF 5352 L 2B E Lz,

5.2 REAE

ORI RIET I A DRBEZRET HZ L 2B, B AEE LT o 7RORER
R (UAF, Vo ZarEiidar Efd) 2V, FEEEELO T v ARE 2 ff 2 28 L7l
BEITH LI L > TEBOMBICBIT DI ADEBELZWA LT DI ENARETH LN, =
D X5 2 HEOGE, Fix ONELR T D7 1 2 AT L DB %+ /03 7R Tt T Zeu v ATRE
PERE, 2T, AR TIIKIMERORBA IV AT A2 L, ZORBEFHET S Z
EL LI (AN T arElidhyAar Emd), £, MKEEORBRTEL LT,
TS AL A R (SST) Ad 52, il CIIREEEICZER A EET 5721 Tk
<, DA &N LB 2 ERCTAT 5 2 E B NEECH 5, £ 7% E T HR GREVT—H0)
DFHHH TH 5720, 2 KL O Z B> A2 & 0SS SEREBTORER TE R (HiER
H 73— Ko SST 13ikek %z L FIcHT 5w BERG bW 2 Dk 24 A L ChEEIE
EITH ZENARETH Y, AU U AT ZR T 2O FEL S BRFORMBH 5),
ZHUTKE L, BEREFE ORI —ARENCHV SN D U v RO IS A R &3 T T Il
A - T AT, SR OO 2T Ny Z AR LA E 5 2 L TE, RO BINIC
HALTWDW, 2oLl ERELZEA L.

U > 7 a7 OHEIFSME 55 mm, NEE 35 mm, FEREE S 4.9 mm (035 mm X 14 BcfbfE) &L,

117



FENORZEEOFARORS 3mm, 1§ 1mm, ¥ RES BRER NSO ZRZEHEE) 0.25 mm
WED 70% ) OV I A (K 5-1(b) ZhE Uiz, #Hbf L 722 BREMIUZIEL JFE A F— /LD B
07 [ MEFERSERAL 35INE250 (AJE 0.35 mm, Wh@—25WkQ Wi,

T2 A DNLEF X OEB DRI RIETTHEBELHA LT D720, Vo7 arpTH
S3NRTNEIZATREDO T VA ZEE LT, Bl21E, a7 TXa7 UTIEhv Az 7aro
B ORI AEFLTEY, —Fa7 V,W, X1E2 7 O WALE (2 7 55> 5 2.5 mm)
WCH T AZR T2, a7 W TOH Y AETRROBEE Lz, Wihb X RORFT & B
oHm (Ve r7aroEhn) &—BEEi,

RRICHN e AT Y o 7 a7 OfFRICITHE TROFTHRE &M EZ vz, T 2088 T
U2 TIROW - SVEOFTHE L L FRFIZ X R EIT, REEGRED 27 R &2157-, ki
WTRKEG O 2 7 E & —H3 offfs TG RIZERE L, 3.5 MPa O£ CTHIE LC & ARA L% )
B3-S, 2O, & EBICEINZ TR OXROEHSIE, s EICRT b
Te# AR LR TR DZEEIC L » TS IoD, T TITHEG « — ML STV D 1ERLER T o FifE =
TR SND, ZZTHERIND Y 7 a7 ON « AAEEITTHRE M LA STV b 729
RBEFLD 27 TIEA L AT KD BT TG ITHRE BN 27 ONE AMVEATFICHFEL TN D

Fio, ARAKROREL MDD EE2BMIC, 27 T TOREICTHREFLFE 3 mm
X1mm) OREZFFEMLICLVRT 27 2% L7 (=27 TH),

ST, MHEELRE L BROMREMEZ RIS 5 Z & & HIIZ 750°Cx3 h (Ar FRFAK) DE
B Besliz —EH o a2 7 12xt UChe Lz, AR THWE 7 b — ROEREINRIIE TR T8
VNREETRERL L T\ D728, ERLEFOERY Babl CREBRIO R ITE Z 67, BIED LR
EINDELTEW, FEliEON v 2 aT IS SNTZREDO T ETH H720, Kk 103
L7REEICH D

Length: 3.0
35 | Dowel | Width: 1.0 Unit: mm
35 Height: 0.25

199YS [BLIS}BW JO UONORIIP SUI[[OY

Fig. 5-3.  Ring core samples and positions of dowels for interlocking.
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Table 5-1. Factors of iron loss deterioration related to production of ring cores with interlocking.

F5-1 AU AFE Y vy a7 EEEICRE L SRS L0 ER

No. Factors of loss deterioration Increment of iron Targeted core | Reference core
loss (W/kg)
1) Pun'chmg strains around outer and inner edges P T S3
of ring core.
2) Strains due to formation of dowels. D T2 S3
(3) | Strains due to jointing of dowels. J T2 S3
) Re§1dual stra.m due to jointing after stress J T3 S3
relief annealing.
(5) | Influence of holes (core TH). H TH S3
. S3 +
©6) Afddrflona'l eddy c1'1rrent l'oss due to short Ey, Ey, Eyy By UV.W.X uD + nJ
circuit at interlocking points (extra loss). (D +nt )

n indicates the ratio of dowel number with respect to core T2.
For core U, V, and W, n =2, for core X, n =4.
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ITWENFHEC LV SEZREE U, SEOBRERD S B, v 27 U & RN E I He )
L, iEFHESERE SO 2 Fl2 B4 25 & LT 400 Hz & 50 Hz TOEEMN D, JEH % 400 Hz T
Jihtsi 7= 5 OIMENRIR, AT U U AEARE Lz 2 FAESEEE) .

FTo, FREGOBMEEDOEE LML EAICK VI L7z, 2 2T, Muhe » I — R EEEGT
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Table 5-2. Tested ring cores (estimated increase of core loss).

52 FMLIEY T arTH oL (BB S OHE)

Dowel configurations
Symbol S T U \s w X
Core No 1%6
conditions dowel 1x3 1x6 2X3 (Staggered) 2%6
With holes _ TH - _ _ _
[P+H]
Before jointing [SPI] [ PEI DI - - - -
T2 U2 V2 W2 X2
After jointing - [p+D+J] [P+2D [P+2D [P+2D [P+4D
+2J+E;] +2J+E,] +2J+Ey] +4J+ Ey]
After S3 T3 U3 V3 w3 X3
Annealing [-] [J']  [2)'+E,] [2)'+E,] [2)'+E,] [4'+E]

[ ] indicates estimated increase of core loss in each core. The following values P, D, J, J’, H are the
amount of deterioration by each factor defined in core T with respect to core S3. Ey, Evy, Ew, Ex
represent extra loss due to increased eddy current loss in core U, V, W, X, respectively. P: punching
strain, D: strains introduced by dowel formation, J: strains introduced by jointing (before annealing),

J’: strains introduced by jointing (after annealing), H: formation of holes.

5.3 EEHR

S AR T AR T H % AT B -4y BN 7= (i [ C DR 2 3EHE & U7, 4R E C ool
EONM BUE L) &R 54 \RF, BENEROY L 7 EESRO 27 T1 %
oo COREREND, X RTGHE TR A2 755 CHED R LTSI XS5, 20
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Fig. 5-4. Cross sectional view of dowel and hardness distribution inside and around dowel.
(a) Top view of dowel. (b) Cross sectional view along x-axis. (¢) Distribution of hardness along x-axis.

(d) Cross sectional view along y-axis. (e) Distribution of hardness along y-axis.
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Fig. 5-5. Variation of peak flux densities in cores with different dowel conditions

measured at 50 Hz.
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Fig. 5-6. Comparison of iron losses among different core conditions.

(a) 1.0 T, 50 Hz. (b) 1.5 T, 50 Hz.
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Fig. 5-7. Comparison of increase in flux density and iron loss between the core before jointing,
after jointing, and after separation.

(a) Increase in flux density vs. intensity of magnetic field. (b) Increase in iron loss vs. maximum flux density.
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Iron loss

Iron loss

at 1.0 T, 50 Hz (W/kg)

at 1.5 T, 50 Hz (W/kg)

(a) 1.0 T, 50 Hz.
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(a) 1.5 T, 50 Hz.
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Fig. 5-8. Iron losses of cores with different interlocking configuration before annealing.
(a) 1.0 T, 50 Hz. (b) 1.5 T, 50 Hz.
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Fig. 5-9. Comparison of iron loss component at 1.0 T, 400 Hz in different interlocking
configuration.  (a) Non-annealed cores. (b) Annealed cores.
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Fig. 5-10. Effect of the ratio of dowels in the length of circumference and width of ring cores
on their magnetic properties.
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Fig. 5-11. Ratio of iron loss increment due to each factors related to punching and interlocking.
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Fig. 5-12. Ratio of the increment in hysteresis loss and eddy current loss due to factors related to
punching and interlocking (relative to iron loss of core S3).
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Fig. 5-13. Closed loops because of short circuit due to interlocking (path of eddy current).
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Fig. 5-14. Effect of dowel density on hysteresis loss of ring cores.
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Fig. 5-15. Effect of dowel density on eddy current loss of ring cores.
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Fig. 5-16. Effect of the density of interlocking pair on extra loss of annealed ring cores.
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LMD, YA AT TIEBRFFE DA TR E TR0 HIKEIZ IR > T\ D Z L TIEE
P ThHD, LOLR0RG, Iy AHEL OIS E2 2 "R S LTDRECHMET 2 2 L 13E S
TIXRW, £ 2T, AT TR R EIC SV Tl v A BT OBRSESLIREE €T b
L, flixD) 7 ay7 OWKRIERREE SIS SEDH 2 ET, HITEBOHETE 27,

ET, V7 aroy AEEO 2 708 W ORERE E D54 & X 5-17 \ZRTET MTHED
HDE LTz, LT, ZOFETFTMIZOWTEHAT S,

() WO AFREBEOBEE LR DHEIIFFEDHTE V2 A EZITIBAT =7 OB

DJERIIZIE, PRI K VRBEEN B LIS BN EET D, Z OO | 2 w, &35,
TERADES, WHlIRED IR RRETHLDOT, ZZ T W,=0.175mm &5 5, 0§ W, DNER
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ZEIDIZ3FERITHEIL, FRITENG D, KR, Ry, Ry& L, FARNEHOMEEA Ry &
%o BS54 TR LIe X RJEL O AT GEM 7250401 4-13 OFER A B THE T 25 2 &
(X V) G, FRYEE ORI OMREFEZ RIS S5 Z L2 LY, B EREOBKEE
PEZRDTz, T78bH, K517 T, Ry (I ANEHOREK), Ry, Ry, Ry ZHENLOMEE DI
FE50%, 40% , 22% , 6% & LT, X 4-16 OJELEM OBEKFFEZ 10 OB =R 2 T
FREM OB IEAHEE Lz, X 4-16 IOR LI FEREAEOERTIL, HHE L THWERK
HIRCRERIE 1 (=T A2 A kBRI U v 7 a7 E) N D20, W#EM R OBS
PEDL, =722 A LRERIEL Y 7 a7 E COREEO A AV THIIEZ 1TV, T
Too WY ADEEEZIT TORWEMBEOMKFEE LT, 27 S1 (FrkE Lk 7=
T, AR L) OWPERREE Wz, B2 AT XD EOEBNRIROEROBKRHEE LT, Tk
EMTHOaT (S1) OBEEHEEZRNEZ LT, U7 aTl - IS OTk& EORE

Z SRR e R & LT ATz,

. XW‘
Normal area : Area of moderate

Xw

) Normal area :
Total width = W4 deterioration: Total width = W4
width=3 (C) A
(a)
BN IR BN
v/ B Ba
E-" /~ A >
37
o/ R, 8
E / R, o
=5} Dowel or hole R, E
Area where hardness
% increases
Wi Wa w” w2
Total width of ring core (10mm) [€—Total width of ring core (10mm) ——>
Width direction of ring core, Xy g A Width direction of ring core, Xy "
A
(b) (d)
< Bx +Bc
z2 > Ba
2 2
2 E
& 5
- =
4 <>
w1 W -~ Wi w2 _
g Width direction of ring core, Xy, g

Width direction of ring core, Xy,
Fig. 5-17. Model of flux density distribution in width direction around dowels.
(a) Single dowel in width (deteriorated area < total width). (b) Single dowel in width (deteriorated area > total
width). (c) Double dowels in width (deteriorated area < total width). (d) Double dowels in width (deteriorated arca
> total width).
X 5-17 V7 a T OA AEA ORI 0 O By A DE T v
(a) IEHFMOZRE 1 OBE (HLEHOE < a720E) (b) \EHROXRE 1 OBE (HILESOIE
> a7 Eg) (o) \BHmOXRE 2 OFE (HLEoolR = a7 2g) (d) \B7moXRE 2 06
(HALER Sy DIE > 27 220F)
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(i) hO A ZREDOMBLILIMOBRIFE LT, K517 OET/MIESE, B AT v
T DBEHFE IO Tagimd Do X 5-17(a) DFEIER Ry D IMAUNZ ITRERFFHEL (L AN ORISR M7
LTS E L7 BEEHGE S Ry &%), 20X 9 REEKEESILDOIRE & LTy iavEE
RS ROENT L BB ORBENREZ DD, Z Z TIEHILOFRIZ W T L7e v,
ZZT, HE Ry & EHIEE) EMT DL LT D, MIHILEORBARE L, MRk
(g wy) % 3%y Lic & ER/NEDELA T 25 Ry ORREE A F/MEL L, Ry DG H D
FEEEICR U CEMR R0 MA & 20D L L, MESHLEOmEEZ Wy & Lz, B 4-16 DR Z A
TR®T- Re~R;, Ry EEOBALIIRZ X 5-18 1277,

2.0
1.8}
1.6}
1.4}
1.2}
)
~ 1.0
A —e— Region R, (inside of dowel)
0.8 .
—m—Region R,
0.6 ——Region R,
—x—Region R,
04| . L
—*—Region R, (moderate deterioration, average)
0.2} —e—Normal Region

10 V 160 1000 10000 100000
H (A/m)
Fig. 5-18. Magnetizing curves of degraded part and normal part of in a ring core.

5-18 U v a7 WEROBESURFIES LS, IEEH Rk bR

5-17 FUT R TRIIH LIRS D ELE ORERBEE BAIILL FICL VRO b D, EEEA T
WIE B ORER L % By, RIS OB/ NOREFIEE (= 8 R, OREHREE) % By LT
% & &, BAEERME W3 D30 ITHNGE (W + 2Ws+ 2W5+ Wy =W, Z ZIZIX 5-17 D(a) Wy =10
mm, (¢) Wo=5mm), BylZLLTOKXG2)IZEVELND,

B, = By +By (5.2)
2

5-17(b), (DD & D WTHEZBIENGE (W +2Wa+ 205+ Wy > W, Z ZITIK 5-17 D(b) W,

=10mm, (d) Wo=5mm) (X, PRI BEAREE Bolk, X5-17()FD a, fZ2HNTLLTDORX
GIATEVERDBND,
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B, = “BntPBy (5.3)
a+p

TS, a+ B=Ws, B=W2+ Wa+ Wi—2.5[mm] ORMRICH D DT, Wy, W Wy RREN
La, BERETHIENTESL QBEHOBIZETHIRIIL RFLLENY V7 HED 1/4, 3/4
DMEIZHDHZ EITE D),

L7eh o T, HAEESDIENGE TlE, 83505 O OWERE L Bo 1T TR DO R(5.4) T
S,

B, - B. +By, _ (aBN + BBy, +By)/2 (5.4)
2 a+f

FEROEY DT, 18T ANCIEET 2 2 DX ROLCE N ER > THELENINE S
WZ EEREL TN D,

(i) MREIBRETIVICKDEHE K519 IR THAEIEET VERE L, 7Y AL D
SEHERLSRMETY v 7 aT OMRBEZHE Lz, 2OETMCBWTE, V7 a7 @k
ZiE, FRES 2 E R, ZRIEB LU 5-17 DY o Z g I R ORBS L L AEE & [ UIgic T
Vo7 a7 FH AR LIRS O N A5 E LTz, 2O XK O RBEHE 34 OE T )L
\ZC, MMDIENRY ZBEET D88 E UTE S ke, kw UL TFDOR(5.5), G.OICTEEL, Zh
LEfiA LS ETY 7 a7 OMFEENEMS LR X <AT 2EZ RO,

L,=k.L (5.5)
Lg . V> 7 a7 {FROMREER Ty OR S
L: VyZar7EFnoFRES (RERTIE 3 mm)
ke:Lg & LD

W, =kyd (5.6)
Ws : 58 LI O IR
d : MELORIE
by : Wy & dDkt

BRI OFHRIL, W A EEAIES (K5-19 D BHE) %, BEEHESILEY & EFE
OO WHIEREIRE E L, a7 RiECR%EOR S OBALHIMS LS & LT, LLTOFIAIC
STT2 T2, 22 TRY 7 a7 WA - ANE OB R TN & AT X DHERFHES LI~ TR
BN NS N6, L LT,

45
X
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A
A)
o IS : No .1nterlock1ng
region
v
Y@= AR E—" —
Degraded N | B)
. ormal . .
N 4 Le 20?(1’)11;11 ] \reglon\ I |region Beglon 11}clud1ng
g (R RoR interlocking
/ 4
| Wl P,
A R Cogl D SO 0 O B B DU PP y._
Elongated degraded Degraded 4
region along magnetic  region around A)
path direction dowel No interlocking
| \ I region
! Model of v
Flux flow around dowel magnetic circuit

Fig. 5-19. Magnetic circuit model of ring core having interlockings.

45-19 W AEER) 73T OBKERKET Vv

¥ 5-19 @ B FICWWHNOBERIERE & U THET 2165, EFHOBihiiz £, B=
By(H), B=B,(H)L¥T5 (ZZTOHIATIILILIE R, Ry, Ry, Ry, Ry DXBNTAEME L), H
%X 5-19 @ BEICHN S AL TV DR OBETH Y, BERIRRE TR U H B3EHIERT 2
ELTWD, BEOEARHEE B lXLL FORGS.7) Ttk s b,

_ SBy(H)+S, B, (H)
B S

B (5.7)

B

T2, SIIMBAROMEE TH Y, HLE, EFHOMmREE ZNEN S, S, &T5L, S=
Sqg+ 8, TH D, Vo 7arThrhoT, £FEICEY 2WEME ST —EliE & 5, NG THE
SND B EHWT, B AHEGATH D Th 2D BEOERF s IXLLTOX(G5.8) 725,

By S4By(H)+S,B,(H)
H SH

(5.8)

Hp =

ABOFEEEFRus (= BH ) LHbDET, DT RAEFAREY 7 a7 BIROBEKIRET R, (ZLLT
DB TEREND,

R —LA+fi- (5.9)

" UpS  pyS

137



ZIAZ, La, Lgl3ZENEI AR, BIOMKOESITHD, A, Bl EINIEN > -
B ETDE, Vo7 ar7OiEEITILLTOXG10)THLND B L b,

-
—

B NI
Ly/py+Ly/py

(5.10)

IS, NIZY T armilBniE — BB OB SR, 13— /kf.%f% (it Lf:“?'-éiﬁﬂﬁf“%éo 7z,
Un, s\ IRERTEE B ICKI T HIERIE BB TH Y, AL BIXESNCHRE S - MREIE TH
L6, AT EETOFEOBKREE BITATE BETH LW, [FUHIREE B 225K L
THUTOXGANZGRET D BD, B AEGATEY 7 a7z W\, BT ORFRE H=
NI(La+Lg) @ F CEIIND EEOBEEETH D,

F(B) = M -B=0 (5.11)

Ly/pu(B)+Ly/ uy(B)

ua(B), ua(B): X 5-19 D A, BESDOEREE (REHRBE B DR

(iv) ZEH# ke, kw DREL #520a7 T2, U2, V2, X2I2OWT, [¥5-17, [X5-19
DETNEANT ke, kw ZFiAZEESEDZEICEY, By, By, Bso DUEMIZH ATV EHHAE
REH 2D ke, kwZRDIZ, FROFSH (Vo7 aTiEhm) OMBLHILEEOREE, &R
L DOEDIANC L B2, i DEHMESAM (H=100, 1000, 5000 A/m) (ZxfLTH—E LT
HZE &L, By, By B ThylZRUAEE Lz, —J7, BARDBALSRMETIZY v 7 a 7 @)
1) DI FE FE AT DG EN BT D LB X HND DT, By, By, Bsg ZALZEIUTK LR D ke
DEEERA LT,

a7 T2, U2, V2, X2 I|ZB87 2 EMHHE & FHRRROTEMEIZ SOV TIE, LT ORI L HE
L7z, 2212, T2, U2, V2, X2 2R3 2 BEaE O ERIME (50 Hz BB SRIFIZIIT DR
WA L) &2 Eh, B(T2), B(U2), B(V2), BX2)& L, #tHEAE% Bea(T2), Bea (U2), Bea (V2),
Bea (X2) & T %,

MaxAB 1%, B(T2) - Bca(T2), B(U2) - Bca(U2), B(V2) = Bca(V2), B(X2) - Bea(X2)D 5 HiffasH i
WEROH O (FFEfhEofdE) &Lz,

SumAB [ZLL FOX G120 TEFE LT,

SumAB = | B(T2) - Be, (T2) |+ | BU2) - B,y (U2) |+

(5.12)
| B(V'2) = By (V2) |+ | B(X2) = B, (X2)]

(v) NEE27 NZex a7 (L5 TH) TOYIERIZBRIMTIC L ViThbh b DT, %4
BEOFERNG, NOMEITEOSILER (IF W) ZHRED 12 L L, hiAa7 LRI
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FBIZ X DWEEHEOLLERE Lz, £72, 3L ILHEK Ry OIE W, 2 HJED 25 L LT (W,
+ Wy =3d), X DERBE N EMEIC T D ke ZRDT=,

5.6.2 RFTOHER

B85 ke, kw &, Bi, By, Bso THMEOERED D OTEEEDFRIE MaxAB, SumAB O Bf% % X
5-20 (2" T, X 5-20 OFEFRN D, MaxAB, SumAB Ol i b/N &S < 72 5% B, B,
Bso FICHIEAT D kwlZ K VRDD &, kyw=16 FRENE L TEY, B, By, Bspllxt LT, 1%
M ke=5.0, 3.0, 2.6 28T MaxAB, SumAB OFfkHEN i b/hS < 725,

kw=16 O%E, FHE EOMEHEERO FMIE w31X 035X16=5.6mm & 725, XK & il
DYPIEE %8 ATy OB 0.175 mm Z 5 25 & RE LA LB O FAEIX 5.8 mm TH 5
DT, V7 a7 OEFENZE RN LEO 27 OBFAETH EROBREES(LEBIX) v 7 a7
DRMEEFE S TND Z LT/ D, K’ 5-17 THRIE LI IR ORECRE A AR £ CHEBIND
ET D&, MEBFIITIENWERL TIE A o A I3 E K T 5.8 mm (2 M SBEHUE B O 4K T gk
WEND Z LD, REROLGET, a7 BRI 1 EOD L AZHT 537 TED T AFEER
RGO FMIIEIL 45 mm ThHDHDT, B3 AHOMGITITD72< &b 4.5 mm ORBERFHES L
FEATFEL TV D EHEEESND, 7o, REBROF RN 25027 TiL, BREFEOHIEY
IFAWFIFACTEZ Y BEL TS LNz b,

RETNVCTOEK by , ke DBPUZITH DFREOILEMNENH D03, JBITB_- X 9 1g, BoRE
FE£ By, Big, Bso COBBEARAFIZISNNT X AT 7] O RS AU FEAR T BRI DWE A kw = 16 IZ[EE L,
JE S R DOWER AT DI DBET D & LTeE, Bi—oBiy—Bsy & IR L~ K E < 72 D12
27T, ke 73523226 LIRT L7z, ZAUE, BEADNBOEME BERBEDEWVEM) 128, BH
BESAADREE DO ONET MR E DL FEEEZ D LY 2B bWz b, £z, Uk
TIXTLHACREIR ONE w3 ZHFITKT D TR LIRS, B2 DRE O AT L L EE OIE
MEDEITEAT DN LN TIERL, SBOBFHEEE S X 5,

Fiz, RBE 2T THIZOW T, AIEOREED D & R [ OMIFHAI -+ E EF O
ERED 3fELTD L, MILCEOMRIIRIED 2.5 % &£ 72D (khy=2.5) . kw & Z OEIZEE L,
By, By, Bo WIEPME L BB H LT ke RO D &, By, Bio, Bso TILEIUZDNT, ke =6.9,
20, LOBELND,

VA BTGBV ke, kw lZ KV RIEZND By, Big, Bsy & EHIE & D2 [X 5-21 12~
BonEHE#EATAZEICED, B Aa7 T2, U2, V2, X2 BI AR E 27 TH O
REE A —EOREICTHETE TV 5D,

UL EORETIX, Bbb UToBAEE A OT T N2 E L, BRI B 04 & BUET 2 KM
BEHETHZLTY U7 ar RIEROBHREESMEWTE Lz, 207, T VOHEME &,
B OHEEBRAEIZ LY, FEORREE A & OTEFERAE T T D ARMERH D, L LR 5,
B A RO TR E REEMEEORBIC LY, BREEENRFTNICE LS HLL TS =
EETRBRT DRERBAMETHLNTEY, &5, 20X ) RBEREEOLIT L RSl
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DI THRAIZFEFM L CTWD EEZDDONERY TH D, LIZRnoT, 5-17, 5-19 TEF
JAL LT2IRIE S & A AT T D EBROBRFF DO SN H RELAND DO TIERWEEZ L
b,

k b) B
0.4 (a)Bl * 4 Og/ + 8 1_4( ) 1
A12 e]6 D24
X 32 1.2

MaxAB (T)
SumAB (T)

2 3 4 6 2 3 4 5 6
ke q ke
c)B Bio
010(€) Bio o ()
4 06 +8
0.05F Al2 16 o24 0.4
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2 3 4 5 6 2 3 k4 5 6
ke c
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F N’
Z 0.0
0.01
g ? 0.03
S R
> -0.02] 0.0
0.0
>
0.03 ‘ 0.0
2 3 4 5 6 2 3 4 5 6
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Fig. 5-20. Relation between parameter kc, kw and MaxAB, SumAB (the indexes of deviation
between experimental values and calculated values).

(a) MaxAB for B;. (b) SumAB for B). (c) MaxAB for Byy. (d) SumAB for By. (¢) Max AB for Bs.

(f) Sum AB for Bsy.

520 RNT A —H ke, ky & EEBR-FHE O TEBEOFEE MaxAB, SumAB O Rf%
(a) B) DFRZEFEIE MaxAB  (b) B; DREZETEIE SumAB () By DiEZTEIE MaxAB
(d) Bjp DFAZEFEEE SUmAB () Bsg DFEAFEHE MaxAB  (f) Bsy DFAZETEAE SumAB
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0.9
Bl (T
| (a) B Measured Cores @ Parameters
0.8 O Calculated Measured | Calculated | kw kc
07t acuiate TH (1:3) 0.809 0.809 25 | 69
—~ | T2 (1x3) 0.602 0.634 16 5.0
0.6
= ™ U2 (1x6) 0.491 0.510 16 | 50
— 05 V2 (2x3) 0.440 0.480 16 5.0
A sl X2 (2x6) 0.369 0334 16 [ 50
03
02f
0.1
0.0
TH(1%x3) T2(1x3) U2(1%x6) V2(2%X3) X2(2%6)
145
(b) B Measured o B10(T) Parameters
O Calculated Measured| Calculated kw kc
TH (1x3) 1.408 1.409 2.5 2.0
T2 (1x3) 1.396 1.404 16 3.0
U2 (1x6) 1.344 1.342 16 3.0
V2 (2x3) 1.373 1.384 16 3.0
X2 (2x6) 1.295 1.287 16 3.0
5 . . . | |
TH(1%3) T2(1%x3) U2(1%X6) V2(2%x3) X2(2x%6)
1.655
Bs0 (T
(C) M Measured Cores @D Parameters
1.650} O Caleulated Measured | Calculated| kw ke
TH (1x3) 1.636 1.635 2.5 1.0
o 1.645 T2 (1:3) 1649 | 1.648 16 | 26
= U2 (1x6) 1.642 1.643 16 2.6
= 1.640 V2(23) | 1646 | 1646 | 16 | 2.6
QE X2 (2x6) 1.637 1.637 16 2.6
1.635
1.6301
1.625

TH(1x3) T2(1x3) U2(1X6) V2(2X3) X2(2X6)

Fig. 5-21. Comparison between measured and calculated flux densities.

B 5-21  FEHME & FHEIC L DR E O

LB DT TG DT I 3 A FRUTR ORGSR B ORI H TR 31X, BT B TIE STl
ﬁﬁ@ﬁ%#%:?@@ﬁﬁﬁ&@@lﬂ%@i,%ﬁﬁt(ﬁﬁmﬁé%aﬁéﬁﬁ)ﬁﬁﬁ
SOIEREDIRNBY Z2Ffo> T, £z, ByDHEEFlIcED L, 27 T2 (XA 3E/)E)
M) OBA, K 5-17 D By=1.064T, Bc=1448T, B)y=1404T OEEFERTH-T=DT, FFT
F) 72 R SR 2 OD e KA — e/ IMIE R D 721 3B By D 27 % 12 %

AL AMFEATITH LT, BUAFXREFUERE SOREFTHREMLIZE VBRI =5HE81E, =
T OWEHFIIHRIZED 2.5 (FFRE, FHFMICA AR IO 2HEREDENRVICEEY, BT ATLD
R FFED A (2 2 CIIMHRBEEOIRT) OfED, k& BICH AN TIEFITEWEFICE
TNDZENRENTND, LI ->T, SRV AT ZET 2 S0k 0, ShONEICRA
RO AR —, $ebb, By AFEEE CORPINRBREE DR T &, Zh2RR L+ DA

141



FELAL DTN TORRBEFEDOHEMNE Z 0, $RLEROSIBEBINSE S 5,

LU ETIT o 725 ¥ A ERED OBERFFEL AL DT TV & fRAT#EJ % [BIRRFEER O O BE SRR AR AT
AT D Z ENARETH D, T b b, SRLICHIN Z N D BER OFRIE & 5 WIXHHE 2GS T,
RN TR B AT ke, kw BT, 2 AR DI REAE FEAR TR A R L, AR
HrEEOFEICHAAT Z L I2 LY, SROABERORMEEZ TRITHZ LN TE S, K 5-17, ¥ 5-19
DWEHRFEENATTT VI L OE S ke, kw EITLT L HBLFEDG & BRI L TRV ATEE
MR B DN, SRODRERRFEZ FHEIC LY TRT 2720 ORBHRERE LTHBIE B 2 5,

5.7 H Y AMADOR/AVGHIIFESTOHTE & ROET~DERA

UL ETIT o 72 3 A ERJED DRSS EL L DT T L LRI % & — 2 O L ORERFE
FENTICHEA S5 2 E XA TH D, Thbb, SRLICHINS D BN OMMEH 5\ TGRS I
JEC, LR TS DR EE OSBRI T 5 /3T A —F ke, kw ZHNT, T AES
D JE DN RS A FEAR TRk & GRE L, BRGSO FH I AT Z LIT LY, SLRIEROR
PZETRTHZ N TE D, K5-17, K5-19 OBRBESAAETT NVE L OEH ke, ky EIZLT
L b BLFED 40 & BRI —F L T RWAEEMENR H 5 723, SR OBKEHE 2 HHREICL Y THIT 572
DORABR B E LTHEEE XD, 2L, RIFRETHE ORI RITRFED D & A TERE TR
LN bDTHLHTED, ZZTOMRERBRDIFMON T AW OTHE LG E, 1Y
A YRED O R PTG SRR FE O3 A7 O FRKEEIC B W CRIENAE L D, F72, I A EREL O R
7RBRB O AEICEE U CUX, 7 & AL OIS L B BERHE DS & R PTG B 5341 O
WS 2720, 5.6 HiOHETIXIEMHRHEENEEELE E2 Hild,

T2 OB KO & AREITBNT, 72 ATRED O JRFTH e SR &+ 22 R CE &
BN TFRT 272121, 4.6 Bi TR0 LRI, B AMTICET2HEEY I 2L —rvay
AT o THIBVEE DN 2R, BRI S 2 A EED O ST 2B E D 4346 & e & S,
THUCHES W BRI S 2 b— g L ERIT O SBERD D, AT, BBk LRE
HDH 2 AT, FARDOIAE X RFALOBEGZENENDORELEZ ZVENDHDH Z LR L)
2ol 22T, Y ANMLOMN T, ETXREROMLICE LT, BRI O
LT VT T AR EDESREMENG, XAROFE (VS - MO ~E) & X R ELOHBMEE D
O3AR B BRAT L, IRV G, B L2 R 2 A S8z & & O E 2 ET 5 FIENEHTH 5.
FEWN T, FHRICE VRO H o A EL OFEBIEE B O SAIIKE L, RSN L 72 HEMEE T C
D FM BRI ORER A B LT > AR O R 22K E D i &2 B H Z &1
FV, DAL AN LD OB RBIEY S a2 b—a VSAREL I D, U AINLT
PIATHRE I SRR, FROEE L WO ML TENFAET D72 O HEER & ILNFPHIZ AN - T
WD EHEE SN D DT, BROBERAFFEDIEME 2 TR G-I 57201, LB XL OERKHI 83K
A2l —ya v OREEZ @O DLLEND D, £z, FTHREM LOHAIIHREIZIG LT
T OBKFENZENT D EBZONDDIR L, ¥ AMLOREX, ¥R ORI W
TAC K DT DWBITIS CTe B b a3 & TRIS LD, X AR OIE TIEA AROME & s kiE
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L& DI SNEME & B DO EZEZ L D720, X AR LOBED 7 U T T 2 ADEENGEN &
HEIND, DX 21T, B AMMTAZBE T DEAEMEAT T, FTHREMT L B 58l TOHL
DFNDBMELENZ B,

5.8 #& 8

T2 AT K BERDBER DO LLIR A 2 52 B 728, 0.35 mm JE O i #k E J7 ra vE FE RS
WAEGLFEM E LT, BaxORETHUAMTE K LZY v 7 a7 2R L, ZORKENEE T
L7z 2 A, B3 AOEEOEIMT LV SOOEBE IS 2 BRNRD bivic, 15 btk
s, I AMMLOK TR TOBKEFES IO ER 2 58T 22175 Z &2k v, BT %
oz L,

ﬁv%m1®1&®¢f R sk (50 Hz FREE) DEHBEHIC RIF T BIL X R DT & i
MCIRIERE CTh o7z, ZHUIxtL, mjEEk (400 Hz) OB L TiE, ¥R OFGEIZ XL 2
oI A Thﬂ‘éﬁk X o855 % BRI 72,

Fo, FRERCHEOREFTHREMTAC L VEIT a7 O8EE B> A a7 OgHE & i L
2o ZORER, 13 AT D HROFEELE U HEDO N X 0 KB HEEIROSIEZ H{b S &
TNWDZENG, XAROFIEIC L DBUEERE N EE AR T 5 2 & CHRBELICAE CTENR,
AT TOHBEBEEZEMIELHK & B2 b, 7o, X RORREIC X > TIRBERE
B D EBREEICEABHEOEMPBO NI Lnh, XARRLZRE - fifiT 52 LITX
D, IDITRMONENRSRLICEA S TEENEML TWD Z EAREBE I N,

RIp DI v AW FE SR E T DR BT D7 2 ARIDBEET 256, BT OB
R BEIMDFED BTz, T OFRILAT ¥ A ERCORKE A RN &3 2 & AR IR S - imE
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)
Before After Inner part Outer part
shrink fitting shrink fitting (corresponding to (corresponding to
stator core) motor housing)
Fig. 6-1. Schematic view of shrink fitting.
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Table 6-1. Specifications of inner and outer parts

7 6-1 PRI L OWMRIE R OfE T

Parts Material Specification
Inner part Electrical Young's modulus £ ,(GPa) 204
(Stator core) steel Poisson ratio 7 , 0.29
Outer part Aluminum Young's modulus £, (GPa)| 70.3
(Housing) alloy Poisson ratio 71, 0.36
Dimensions after srink fitting 7a (Mmm) 30
rp (mm) 40
7 ¢ (mm) 50
Difference of radius in srink fitting 6 (mm) 0.05
0 ;
30 32 34 36 38 40

-10
20 -
30 F
40 |
-50 |

» ./_/_/_,./-/-/P""'

70T

Stress in circumferential
direction, or (MPa)

-80

Location in radial direction, » (mm)
Fig.6-2. Distribution of stress in circumferential direction in inner part.
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Table 6-2. Comparison of various methods for measuring magnetic properties under stresses.

# 6-2 51T CORKIFED R 7 150D Feig

Method

Advantage

Disadvantage

Stacked ring core

Yamamoto et al., IEEJ Trans. FM,
vol. 117-A, no. 3 (1997)

- Similar condition to
actual motor core.

- Hard to occur buckling.

- Stress control is difficult.

- Sample preparation is
not easy.

Adherent rectangle
sheet

Miyagi et al., IEEE Trans. Magn.
vol. 46 (2010)

- Stress control is easy.
- Hard to occur buckling.

- Sample preparation is
not easy.
- Requires strong force.

Single sheet

K.Ali et.al, J.Appl.Phys.,
vol. 81 (1997)

Tani et al., Journal of the
Magnetic Society of Japan,
vol.30 (2006)

- Stress control is easy.
- Sample preparation is
easy.

—

Senda et al., IEEJ Trans.

FM, vol. 131, 1n0.20 (2011)

- Afraid to occur buckling.

- Influence of friction
between sheet sample
and retainer plate.

Normal load

E/Load cell

Normal pressure

Upper yoke
90mm
Holding part,
Retainer plate 1
NN Nmteageuean i
)zl Ea: \G R

Sample sheet

Retainer plate 2

Lower yoke

Fig. 6-3.
6-3
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Holding part

Load cell

Applied force
h/ (apparent stress)

™Magnetic field

Single sheet frame for magnetic measurement under stress.
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L7z ) (RN 0IST) OBRE K 6-4 1IR3, 2 2 TORBNT OIS SHIIN L 72 7)
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6-3 DEEE L, JEIRP LD 7= DO MIZ L 0, BB EITE S &2 00T 7 REET L Fa ot
NHFIMT 5728, dkE X AROMOBEEIZ LV, S DI Z 72067 & ERRIZEENT D
D FEEH RIS E O OERBA L L, 2k, K 6-4 (R LzsIRIEIITO Hy D2 EF]
L, RITERD (@), 0)D - DDFIEICLAMERAER LRSS SICk VML, =
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i CRHi 21T > 72, LA UL, SN ORUBHI T TS 1% TRENT OIS ) (apparent stress) |
CIPTN, BEEEN OWBEZ RO GREFORAREICEENICHE L TV AIEHE THEOIEH (true
stress) | EFESZ L L L7,

(a) HEZ DT RVIREECTHTED BRI ZEN L-%, WEZ 2 THEKEZITY (K
6-5(a)) .
(b) EEZE T T21%, FTEDSIEIGSIZHML THEKEIEZTT S (X 6-5(b)).

Maximum magnetic field,
H, (kA/m)

150 100 50 0 50 100 150
Apparent stress (MPa)

Fig. 6-4. Variation of maximum magnetic field with respect to apparent stress.
AC magnetizing condition: frequency:50 Hz, maximum flux density:1.5 T.
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20T, BEHIIND 2 FERR 7S INTEER ) OB TR T 5, 207, I K DRSS
PEDOTEALARA @I L R B T2012iE, ONTE W RERIEHEMBELT5H,
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(a) Sam}wle sheet Sample\sheet (b) Normal pressure

/ Holding part

Holding part

. I

Applied

tensile force

Apply tensile force (//L-direction) Apply normal pressure (//N-direction)
ﬂ Normal pressure ﬂ Normal pressure
T =
’_‘ ™ Friction
Apply normal pressure (//N-direction) Apply tensile force (//L-direction)

Fig. 6-5. Schematic view of the order of applying external force and normal pressure.
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- (a) Tensile stress — Normal pressure
-» (b) Normal pressure — Tensile stress

1100 108
10501 (1)Normal pressure: 1060
10001 * 0 01 6MPa 1040f
950 : 1020
900} 1000F
850 i
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o 1% 0.065MPa tosor
e 950| 1020}
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g sl P
g 800}
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g 700 940}
g 6500 920 /
| e T e —
g }ggg’ (3)Normal pressure : 1060f
S g5 0.13MPa rodor
S 1020}
900 L
o 1000
200 980
750 960
2700 940 /‘
650 9200 /
600 ‘

e 900 : : :
0 20 40 60 8 100 120 140 90 100 110 120 130 140
Apparent stress (MPa)

@) |

A
Apparent stress

(under the influence of friction)

—— True stress
(without the influence of friction)

Fig. 6-6. Variation of maximum magnetic field H,, with respect to apparent tensile stress
(Comparison of measuring method (a) and (b)).
AC magnetizing condition: frequency: 50 Hz, maximum flux density: 1.5 T.
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Fig. 6-7. Effect of applied force (nominal stress) on r=a, /o,
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Fig. 6-8.
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ﬁ" Retainer plate 1
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—E (B—) &Il

Variation of 7, with respect to normal pressure (apparent stress along LD = 100 MPa).

X% re Ak (L 7157 100 MPa)

=0.16 or Normal pressure = 0.065 MPa

Normal pressure = 0.13 MPa, i
1= 0.32, thickness = 0.50 mm j
(Basic condition) |

Sheet thickness = 0.35 mm

Fig. 6-9. Distribution of stress in L-direction derived by finite element method.
(a) Schematic view of sample and measuring frame. (b) Stress distribution in LD position.
4 6-9 AREFRIEFEIZED LM D510
(a) BUBFE IS EIIBERE ORI B (b) L 1A OORLENZ K3 2 0 150 Af

T2, 2O LD MR E OEEEOFEL, HIEH DT
—F, WENELS 725 &, WEPREWEEHIXF LCIRIL L R/, [F CHEEE T 72356
\ZHARTIZ AR & OM OB DFENRL 725, UL, L HRONSS (BALBERYS 729 o
71) WECHBE, WENEWVRE TN D I OREN/NES 2D DT, BEESOEBIFH

WCREL DML THD, K691

L7,
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ARREFVEIZ L o TROTZED 72 OFHHEA (14 6-9) ([ZBIL, X 6-7 ORERHIZFEY
TH5M (BRE 0.50 mm, EEESRE 1 0.32, EJE 0.13 MPa) CTHROE T HIH DI OEHEE % 5K
B, R (6.2)D r YT A E 1M A, UTORG63)NTTRDZ,

| <oc,B6 >
rca = P (63)
GApp
o, RN OZT DEBEORET THREOKE TN > TWD L H DI
<op>: FEHEFHM (3—2M) I2ED 0, OFHIE

Oapp SN BEELO L FRNIINZ 72 BT 0IE 1, K(6.2)D o, (THH Y,

KON L DRIEFEREK 6-7 FlTrd (Kb rRmnd), ZZITmEnd X HICEHEIC
FVRDT rIFFERE LY /S, ZhuE, FEEOMEE (6 TREEMNE HBEREIER) <
WX L FROITEMZ S & &, AMEOEM D AWVICERIZEE SV TWRNWZDIS NG
CCTHOPNCEL ZERFKEEZ BN, L EOKFING, #/E CEEZBGIE L2200 1% 0
.2 B ASUANE T E DS E, 11 2R & BRI F D) OB B 20 O WE R H D L v
z %

(i) AEDHRES & VHIEDIES 6-7 TR L= r B, X 6-8 OFEBRFERD 5 VX
6-9 OFFEFERND, 1-r 0%, HE on IZHBIL, L FANHNENSMZ 72080 (RENT OIET)
Oapp (CREHIT 2 B2 bid, ZO L9 RBfRER(6.4)IT7RT,

-7 = K 2N (6.4)

N o
App

X(6.4)TIL, BIE, EMNTNOEED, on, oap OFXHE FFEELOM) AT rad R
HT2b0L 325, 1X6-10 121F, X 6-7 1R L2 KBAERIZ K D onloag & 1 —r DBMRZRT,
[ 6-10 DBIROEYFREIL 36.01 TH 2D DT, AREBRTHA Lo ERSNK BZ 0.50mm) Tl
R(6.4)D Ky1336.01 725,

L O BENT DIET) oapp 23 27 MPa L0 /NS WA, 20 K95 7277380 & 2(6.4) % 3
T5ZET, L HHIEHABDNESWGEOMIERE r, 2RO LR TE D, EBEOWE TIX
KET2 oy longy £ 72 HDMESRMHEBINT D L, nIC X DMERNKEL2Y, FHEEENENT
HEZZHNDHDT, ﬁfwjf‘%%m1%5ti+“_méwmk¢é®ﬂimo_®i
DIRGEE, oapp & onlTIE U TR(6.4) % W THITESREL r 2 E L, RENT OIS oppp & 1 & D
BN EDOIS N ZHEET D Z EBFHRETH 5,

VL EORED S, JEMIS A RO FERE 1% B & UM X BB 5 1M 07154 DL i
D&l
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Fig. 6-10. Relationship between on/oa,, (normal pressure/apparent stress in L direction) and 1-7s.

X 6-10  onfoay, (/L JFHIEFT) & 1-r, OBILR

L H RO EREIS 03 N S WAL, IR ORBEN 7202, HEZ T T L FROIs %
PR, Tk, B3 —7 OBME AT 220 OmEE T IUE LV, REBRTHWZEEO
Wtr, P7e< &b 6.7 MPa DEMEIS I E T, MAREEN S TR < THERITRD bNRno
T2 Ehb, HEE 0 & LIRRET L FMOEMIS ) &2 EH S 72, WEEITAIE L e
a1 2 AIET 2 B 72\,

JEREISF123 6.7 MPa LA _E 27 MPa R OFPH TIL, X 6-7 THIESREL ry BIRE S LTV WD
T, RO6MDTEY rZRET DD, HIENET XD E L HFRIOEMIG I OREEREDRKEZ AR
0T, EWEITEEEZ oI BE g/ o REsE L, ROEHZLVRESND 2LV, L
T3 18D JEAEIS J1 ORI IE 24T 9

27 MPa LA EOJERERS ) 2 EH S 2856, FEIE OBh LS A O T- b, 1 2 I +-47 72 18 E (0.13
MPa) Z N2 CTHHaEL Fric 1z z, X 6-7 128 LIz EBEIZ KX 21%5% r FHOWTINED
SINZ IS % A IE L CEBICEREHI D > TW D IR OFEE (Hoih) #85ET 5, HD
W, BEIEOBREN/ NS WEAE, MARICOT 2EEZET S8, R64HEHOTHES L
FHIRIDIES D S ERREL o ZRE L, AT O EHEL TEOISET 5,

FIBRIG S & FUINS 2 B3R E O DB EE -0, THEZ 2T 2V REET L kS 24 5
L, =0k, WEDLEDZDR/NEDREIEZ N THRKBIEZTT ) ORI,

Fz, a2 OIS OREZNERAT 5 %er, R L I WIS AMEOFLPH CI3H 2k 2 B s
B2 L ROBEEAT D &, WM B3I DEEI) OB THLEDOIG ) Z M EHZHIN S e
WV, 2072, DEDDERMETORIENK T, ROBEIELGE TR E Vo2 AB L
TINBROBEIATT DLERD D,

BE 0.50 mm OFEHI X L CTHE 0.13 MPa 207 CRIEZAT 2 %6, BLEORHEICLY, L
J5 16O FAENT OJERMEIG ) 133 MPa 3 128 MPa [ZHiIE &5,

FABGURI O R IE MR (kg —7 ¢ o 7 OFfME, REHEZR ) 2L L72Sa 13tk &
BEOM O BEESRE S 2T 20T, IEMRISTIOBEHO T2 DITITHEREL ry M EHEIZHET
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LUMEND D, Eio, WEBMIEREE r (THET D, ENELS 2D ERBNEEAZEZ L
RITLLRHDITH L, H6-9 1R T LD ITHARMD KIETEE ) DFRENREL 2D, Lizno
T, BRIEDSENHIMIIE R Z 0 RV, B OB R Bl S O T, HAGRER &
RN TR J) T T ORGSR 2 IEMEIZEHT T 5 2 & I3HEDE W GUBHT FL A~ THREEE DY S,

6.3 WAHICKSMARTEERMROBIFEELE

6.3.1 REHE#H

HEHORENTIE, R 6-31TR LI SiaAE, $E, WMAAKEDES 0.50 mm O EREHNR 2
AW e, Ziub OB & S A F O CEE S MO R S 150 mm, 15 30 mm (28] 0 L
A ZRFERCILD BRWCHIEAOR T & L,

Table 6-3. Materials under test.
63 M —E

Symbol Si content |} 15{50 (W/kg)| Grain size Remarks
(mass%) in RD (um)
A 34 2.0 150 As sheared
B 2.8 2.8 70 As sheared
C 0.8 4.9 20 As sheared
CH 0.8 3.4 70 Annealed sample C
D 0.1 6.4 20 As sheared

# 6-3 DFLE A, B, C, DS LR TH D, T/, fH CH XS C OERIN
W& EROSHEICETWE, Ar HAFIAL T T 750 CIT 2 BT 2 BB A2 i+ = 1ok,
FdRI 2 RE S LIZRECh 2, LT TILEBIOEES 1714 RD, AL N CHELE S A2 B F
72)5 W% TD, WEH % ND T# L, RD LlBtoRFHm (LD) #—HI ¥/, AL LW
JEINEZ o L5 (/RD) WS EATIZEIN L7z,

6.3.2 BIEAHZE

ST COBERFFEDRIEIZR 6-3 (T R ASURIEREE 21 L, 3kt L Fim (ERES
[f]) (Z-2000 N (E.OFEHFEEF] 128 MPa) ~+2000 N (B 5[3EIE 77 133 MPa) &l O I& ) & EN
SHOOIREEHRGAT T TOMKIMREZAT o 72, SMERH & FIIN L 72 JERE IS 71 0~6.7 MPa O #iH
T EZ 2T TISHE 21TV, BT OFEMENS 77 6.7 MPa #8 27 MPa K Cl, MEZ 0.02~
0.03 MPa & LC, (6.4)I2 LV WiiEfR%Ek r, 2K T L HRIOEDEMIG &K=, BT O
JEREIS 7] 27 MPa LA ECIER 6-7 1273 1y (EBRIE) ICX2MIEICLY L HMOEDEMGT) &
L7,

YLD TrikE R, WRBRE O R KAE Hy = 100 A/m, 5000 A/m, 10000 A/m (Z C EhREE 3% 5% 50
Hz TRERAL SET- L & OBRIMBDORKRIE Ji, Jso, Jioo ZHE LT-, T Z TOMKIMRD R
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KA I 1ZUL FOR6.5IC L v Esz LT,

Jx =B, —u,H, (6.5)
Hy: ERSRE O KE [A/m]

Jx ¢ JAEEGS0Hz, H,=Xx 100 A/mCREMAL S W72 & X DMK MO KIE [T]

By : REMIRGATIS T D REHUE FE DI KB [T]

to:  BERGEH (EZEDBWEE) 4nx 107 [H/m]

6.3.3 HRBZAE

WAL T M DI T DRI B 2 R THRE A T DN T 5720, JET) - R T TO 1 —%)
RIAERIC L DX BIZRZ1T -7 [8], Si G A ENK DKW (0.1 HE%) fis D ORE S RD
15mm, TD 8 mm DRXFZTIVHL, X 6-11 ITRTARALZ—ICEE L, TD ([CHEE RIS L
THIEE L SI0 DFRFEZIT > T BHET —2h B L Y RD DBHMLE YT K DBEX DBIEE 21T - 7=,
BEASBE 1 FLEFIX 150 um x 200 pm FREEICIR OGN D728, #HZTH LN o858, Foik
g % D72 G TIRFPHDOBEIXARR & L7z, HXOEH§ILCCD VA ZIZLViRE L, i
RUERAEE 2 W TS IR & D&% L o7z,

BB AL Z =3I EA T L 28 e U, B O A2 EE L, FRH3IR & LRk
DS AT & 22 U T 2 L Ic L 0 B A2 B ih S, Bl o Nl SMAlZ 224 RD O
i, SIRIGAMER LTI2REEZ S 52 6N TE D, TNHDISHENE, 22U OB &N iR
PREFAEL, MEIOY U 7R ER TR,

Specimen
(Observation surface) ittty
\

«— —
Direction of - Compression i
applied magnetic T ' i
field, A, bserved ari Lo o

______________________ :

Pusher screw
— Fixation screw
5 mm

Fig. 6-11. Sample and holder for Kerr-effect domain observation.

B 6-11 W —WRBEXBIEN OY > T v —

S5, BHREEDREBHI M L TR— A B — 2RO BERAIC LY RD IS AT RERBR Ho, %
FUNd % Z & TS » BEAR T CTOMXBRRZ B Lz, 7ok, (KBRS CORXEER T,
THRLREED b OREEEB B B 4 R 9772 O IC S REiG & L CHBRIRRE OREX 5 4 FV o, Z 068,
BESR T M OB L7250 1L AT, B & BOet 7 M OB AN L 725853 13564 T, Bk
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WNEAL L7272 T TR TR 4L D, — 5, BESIREE DSTRO SR CIIREBER B 34 T LoD
B 5720, WALEAFIRIE A S IR & LTz, Z OGEIIRESR T 10 OB LR 5y & R 5y A Al
BCREI7 10 DREAL LSy 2 FEOER 01 F BT 72 V), Bk D RD By DR & I mura&%@ﬁﬁ@
B E D, 2D XD RBIEOTFIE L BRI OV THREEIZIK 6-12 12R T,

Direction of
@) magnetization Background image

Background — ‘

image : — =
demagnetized  gyrface

state

Gray: np change in magnetization

White: increase in
magnetization along
[—] direction

fect : - —
defects Magnetized state Demagnetized state Obtained image
| — Black: increase in
Applied magnetic field magnetization along [<]
direction
(b) Background image
Background T —— —

image : — =

. Noxen
magnetically ~ Surface ——
saturated state ~ defects |

\

Magnetized state  Magnetization saturation = Obtained image

Fig. 6-12. Schematic view of domain observation by Kerr-effect microscope.

X 6-12  H —ZhRBEMEEIC L DR B2 7 iE 0B

SR BB O A7 28 R 0D B 13 S D SR D 72 WD S AMER D BN 2 B IELIRRE R OBREE ey &0 /)N
<D, %:f,ﬁﬁﬁ%®ﬁﬁ%ﬁ§Hﬂ@%%@ﬁf@MLtt%ﬁﬂm%@%ﬁ%mﬁ
DR Hyg %A BREFRIE HEMFEIIIC I OMRE L-, 22T, K 6-13(@im R
YV A RaAf VI ARBIEE & R U-HNEOHERE 48 &, fEix OSNTER He %0 2 THEE
EHDHZ L L,

(a) Periodic boundary condition
Coil length L=1 m Solenoid coil (b)
Number of winding = 10000 Y Modeled portion
< A
| =) /
° | I Magnetic field g /
el
— 0, S
8 >
1 Sample (center of the coil
DC current ple ( ) X : /:) 5
5

Fig. 6-13. Modeling for studying magnetization in rectangular parallelepiped sample.
X 6-13 S hH v PN OB D= DEF L
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AIRERIEIC L DEHAE ﬁﬂ@ﬁﬁi%% LT 6-13(b)R L2kt LTITVY, BEIX
B ZAT o T O A U Db D\ AR LTz, X 6-14 [ZHMNIES Hoy 2 LS E T
k%@ﬁﬂ¢%ﬂ(%@m@TXﬂ»fw,ﬁﬂﬁiﬁﬁ(%@m@ﬁzﬁm)@@m@%ﬁ

R, %@m@%iw@:iwzﬁ%%ﬁok%m%%bko:@%ﬁf@@ﬁ@ﬁﬁﬁ@
XEZEL D WAEH L T DA DOBETH 5,

Observation area
(a) — J—

H, =200 kA/

ey
401‘““’\\\ 80 kKA/m

20 kA/m

(b)

Observation area

10 kA/m

f 5000 M‘%&x

Magnetization, J (T)

0.5

0 400 A/ 5 10 15

Position, Z (mm)
Fig. 6-14. Calculated magnetization in the vicinity of the plane for Kerr-effect domain observation.

[ 6-14  H SR & % BEEIEE ORALO 35T R

6-14 DFERN G, BXBEEZAT - 2R BHR F 5 M B OB & R D, IR TSNS He,
EDORRERD Tz, ZnEX 6-15@IZRT, X 6-15 (a) THREXBIZLOBRIZ EZERICREHI I 2 724+
R OREE (1.2 kA/m, 2.4 kA/m, 3.4 kA/m) CREXBIZEIALICBN DB EEZRH L, B
BEREIZ THIE L7z & & OREFGRE L Bib DBfR (X 6-15(b)) (2R WTC, A UMb EZ EBLT 5
WA RO THIWSR & Lz, T 2T, BT & X 6-15(b)IZ 1T S0A400 F14 O KO IS T)

T CORALMFRZ Ao, IG5 - B T COMRBIEIZE W CGRENIB HIREBIZH 20T, Uk
DGR F L OBERFFEI L ITIZK 6-15(b) & 1T 2> T HDT, EiFEIcL Exbnd
AR ORE I FEMTH D,

VI EDJFIEIC LY, BEIXBEROBUCEENTIN 2 72 /MR R O 58 % 1.2 kA/m, 2.4 kA/m, 3.2 kA/m
DL X DOFIBIROWIE Hay 1324, 80 A/m~100 A/m, 4000 A/m~5000 A/m, 10000 A/m~
15000 A/m & 7272, L7=Wo> T, BRI, Jso, Jiold, TNEH, L HEOMKEZIC
BWTHEBRLR ORE % 1.2 kA/m, 2.4kA/m, 32kA/m & L7z & & OREXKBIER RIS S 85
ZEMTED,
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2.0
18] (a)
1.6}
1.4}
12}
1.0}
08}
0.6
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02|

—(b)

Magnetization , J (T)

1.2k 2.4k 3.2k
0.0 L . | | L . . L
0 10000 20000 30000 40000 10 100 1000 10000

External magnetic field, H,, (A/m) Effective magnetic field, H.g (A/m)

Fig. 6-15. Estimation method of effective magnetic field strength.
(a) Rectangular parallelepiped sample. (b) Closed magnetic circuit (Epstein frame).

6-15  [ZIBER OIREE OHEE J7 ik
(a) BEHEY T (b) MBRHEKEIRE (=7 2% 14 R B

6.3.4 SHMABREHTOHMEDRESE

W T 31T 2 BRI DRI E DA T 5 2 L RHMBNTND Z &b [10],
AR Tl 7o SR E IR COBMEO R & S, BELEHICHAR L WD EEx bz, £
2T, B T TOBEDZEEN MIFTEDORBZFEST D720, SR T ORERE %
1ToTz, BEEDOHIEIZBWTHE, EX280mm, 1830 mm (28T HL=RABAFOETE -
RGO HAZRE O AFF 7B — DI K> CRBto L Hm) (b m) oz RE Lz, &
= L BHREOHXK %K 6-16 (T~ T, B =L —VE 10 mm, 77—V F Ky = 2.10
(£1.0% ) ObLOEHW, ZRHAES —T L7V v VRIEEZEKRT 5 Z LI2X 0, HEZED
B 21T - 72,

RD Strain gauge

<+—>
H @ Sample sheet /

Fig. 6-16. Measurement method of magnetostriction.
X 6-16 REEHIE DTk

IIT, BTV —UEK, WMESNTEE AV TEDOEM ¢ 1IZLL FOR(6.6)I1 &
VRTINS,
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2.00 . (6.6)

BT — TR G0 AT T 7o BB 2 iSRG IR B S5k D WU E 23 FTRE 72 ARG (R 3 — 7 )
WZHRAN L, A 50 Hz TREFWRAL S, R ARBSGRE 1000~50000 A/m O#iH TES — VI &
HREEOMEEAT>To, T TORERALTIL, RERMEIE O EREHIEIZIT > TO ARV, B
FRBREE D W SRIE TR IR IE B TRIRICEA TV D,

DT CIIEEDORIEMEE LT, ZEBKESLMCENT B,=0 D& X DRES J(0), B=B, D&
XOWEE IBn) T HEE, UTOR(6.)TERIND lpgy EEDREE L THW,

Ay =M(B, )= M(0) (6.7)

Bk DX 6-28 HIUZ A (ZBIT 2 FE 27T, ¥ 6-28(b), (c)BLVe), () DL IHIT, REFEMK
FFICBNT, RROMEBEICEDLRT CTHMEICL 2MENRKIEE & 5 X5 2546, MED
IRIEME (Zpp) (IBEHRBE DR & 72 o TeBRE O BT KHIS LT, 2o, LUF Tk
KON TEFRET D Igm VTR EITH T2,

6.3.5 MSEHMEICRETEADEE

() BRBICRIFTHADEE  LIBETIE 62 BT L2 HIEIC LY, L FMIS ) ORIEAETT
52 L TELNDEDNHE AWV TSR OIS THEEIEIC OV TR U S, X 6-17 1X L oD
JEINTHE T DERAE Wisiso DEALTH B, (ERN LB TN D X 91, SHEIFEMIS /1 AMEOGE
BCCBAEITEIM L, EREIS J1% @ OB CIEEREIG /IS5 2 SO BINRIR T LT\ 5,

Wis/s0 (W/kg)

-0150 -100 -50 0 100 150

0 5
Stress (MPa)

Fig. 6-17. Variation of iron loss W55, with respect to stress in L direction.

X 6-17 L JFE DRI D8R8 W50 DZEAL
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6-18, X 6-19 [z = ZN(6.8), (6.9 L VK7 1.5 T, 50 Hz DLEREREMCBIT D
J TS X D ERE OISR ryw 38 L OBHEEINE AW OZ2{L &2 T,

roy = ﬂxloo = wxloo [7o] ©8)
w(0) w(0)
AW = W (o) -W(0) ©9

ET, Wo)NI L FasE o lZB T 2848, WONIEL S TOSBETH D,

80

70¢ 1.5T/50Hz

60t
~~ 50,
(=]
S 40|
= 30}
20}

Ao 100 50 0 50 100 150
Stress (MPa)

Fig. 6-18. Variation in increase rate of iron loss r,w with respect to stress at B,= 1.5 T, f= 50 Hz.
6-18 S JINTHKFT D BRAR DI ray DZAL (By=1.5T, f=50 Hz)

2.5
1.5T/50Hz | A
2.0 —&—B
-o-C
1.5} —-0-CH
——D

9
n

A Wisiso (W/kg)

S o
wnm O
ﬁg&lijJ

100 150

1oL
-150 <100 -50 0 50
Stress (MPa)

Fig. 6-19. Variation of iron loss increment AW,s;5o with respect to stress.

6-19  JRINTHRES 2 BRARHEINE A W)55 DZEAL
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SN KBS DOEA AT 25A, R(O6.8)DIMKRAIFE L LTHWLND Z ENE,
4 6-18 OFERTIL, HEJST)TOSMEIMRNEIEHE ETERIE 1 & D BIOEIME ryw PR E <
o TnD, Ziuzkt L, (6.9 X 2 EAEINEI I B O ZEN /N S, FEHEL 72 D8
B TR DB Wiz & & OIS T COSEZ FIT 25618, R(6.8)DHEMEEZ M D &,
FRIARERIEM CIEME NS X 2 BB O BB RICFHE SN D Z L1/ D, ZHUTkEL, ERRIZ
WX 6-19 IR X 91T, SHESILEAW OMHEIZIIAM BRI TR E 22280, L7z > T,
& DIEFCOEMEIS 1 T OB OB E 2 B2 2B OSBLIL OB LHEE L LD &5
B, RSB FEZ AN D OIFEE T2 < SHEOI M EZ W2 FEREN DI n vz 5,

LUR CIS I KX 2 BBEICBET DB O ZRIZ OV TR~ S, K 6-17~19 ITRSND
X 91T, EMES 10 MPa LA T O#iPH (5 71-10 MPa~0 MPa) CJEMIS /1 K 5 8B 08 INA
HELVOITHE CH Th Y, SN THEEDRREZVONRHE A LHEB THY, Zh btk
NCHENC EREL B OSBRI E N, T2 TOSELILEDENL, & DTSR D
ZlickbEBEZ D, B C LB CH TIISAICE ENDMEF L TH DA, WHE CThidh
RRNKE S B2 o TN D, THDHOFERED S, JEREIS 11 AMEWO G CIIAE SRR Y K & 72448}
DD, FEBBIRDMD VM EHZ LR TEEAILEDN RKE W E WL D, SCER [11]T b G R
PSR IR APRED J5 DMV RIS ) OB T ORI E R KR E W LW S THR Y, A%
ORI OB & 72 > TN D,

JEREIS /7 30 MPa B ClE, 30EHA, B COEMIG /) O3 2 SR OEI G 23, 30k
C, DITHARTNSWENRRNTH D, Zhucxh LT, fEfkiRO K& Witk CH OfkE 0%
LI A, B OBHHOZL LB L TR Y, JEMIS 2 @O EkCatkt A, BB C, DO
ICERO BN D I L CTHRBAENBER L TS EEZBND,

B C LB CH Z ik 2% &, JEMES I AMEROGEIK (10MPa BAF) CTIERS AR K & W
MELO T REAROEMNIEE TH D b OO, JEMIR I @O EE (30 MPa B E) Clffabhirg
DK ZVEEO S AR OBEMDFER (AT L, JEMEIS /) 70 MPa BL EIZEW)Cidakel CH &3
Bl C ORI OFAEZIT IS ) TOSKIELEEY ERIDMEE 2o Tz,

S BT, JEMEST) 128 MPa Z NNz 72 & & OERABHNNE AW 550 1%, FFELOEELS ) TOFRIRIC
J&S U CHNT D EANRD 5N D, ZHEK 620 (ITRT, X 6-19 DFERID, AW, sso 1 3AEHE
DFENNENETRARTZN, FEIC A D & BE T TOMEHER K E WMEIO T3, &GS
WX BEHRBMEN KRS WVEIICH D, 72720, 3B C T2 OMOMECORGR & 0o LTz
MrEZH D, K6-17, X 6-18 Tl, JEME 1% 90 MPa 725 128 MPa ([CHI N & 7= & X, 3k}
A EFUEF CH TIRSHEOBMENIZIZTE e THHDIcxf L, #EB, C, D TIXEHHE OB
HHND, LEED-T, ZAHOFRECITEMIN I K 2 8B Ol I ZEHME IR ) 128 MPa T
DEFE I b REVETFEINDOT, SN AT LRI T 28BN R4 X 6-20
OfftEh e 32 &, FBERBRIZS DICEW LD ERDAREMERH D, DL I, K& REMEIST
AT & & OBAEEMNEL, F(6.8)IT L DB DOH IR TEH T X 51F £ DIROMKAFIEIT 220
b DD, LS TOPSBMAHE > THINT DM H D,
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2.5

1.5T, 50 Hz

oO

)
=)
a0

AW15/50 (W/kg)
o
o
O

Iron loss increase due to
compressive stress of 128MPa

1.0

1 2 3 4 5 6 7
Iron loss under no stress W15/50 (W/kg)

Fig. 6-20. Relationship between iron loss increment due to compressive stress of 128 MPa (with

respect to no stress) and iron loss under no stress.

B 6-20 ST TOEKIE & EAE ) 128 MPa FUINC & 2 BN &E CoH S /1 8k48) D RIf%

LI BN, JEMERS 1175 LA\ VBT (0 MPa~50 MPa) "C O #KHREA NN 0 258 3 FE LS 0 s
ERRIBITIRTE LT Y, S 512 100 MPa LA EDO K& A [EfE 12 N 2 72 & & OSEEEIN BT 5
) COFRENAKAT L THEINT 2BRICH 5 Z L3 LN o T,

— 07, BERNPLMOENTND XD IZBIEISEEMESE5 2 LIV EEMETL [6], &5
WZHIRIS A EIME 2 & 2N EOSKBEORTITEZ &7, —EHOMEFCIEE 1RGN L 0 {E
PDNTERED NN U7z, X 6-21 (TH RIS AT OERIEIEIN & AW 550 DEALZ R T
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Fig. 6-21. Effect of tensile stress on iron loss increment AWs/s.
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Fig. 6-23. Effect of stress on magnetic polarization J along L-direction.
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Fig. 6-24. Effect of Si content on the increment in magnetic polarization Jyoy and Js, due to true
compressive stress of 95 MPa.
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Fig. 6-25. Magnetizing curves and hysteresis loops under stress.
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(a) Demagnetized state under no stress (b) Demagnetized state under stress
(Reference image: magnetic saturation) (Reference image: magnetic saturation)

(c) Magnetized state under stress at Ho,= 12 kA/m (Hegy (d)g\/lagnetized state under stress at H,= 24 kA/m (H,g = 4 k-5 kA/m)
(Reference image: demagnetized state) (Reference image: magnetic saturation)
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Fig. 6-26. Domain patterns in TD cross-section observed by Kerr-effect microscope (sample D).
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Fig. 6-27. Domain patterns in TD cross-section observed by Kerr-effect microscope (portion of
sample D where tensile stress of 70 MPa along RD was applied).
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Fig. 6-28.
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Fig. 6-29. Variation of magnetostriction Ag, with respect to maximum magnetic field H,.
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Fig. 6-30. Crystal orientation and magnetization direction in Fe crystal.
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Fig. 6-31. Effect of Si content in Fe on saturation magnetostriction (magnetostriction
constant).
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Fig. 6-32. Schematic diagram of magnetic condition.
Note that the directional relation between <111> and <100> illustrated in above 2D picture is
different from the reality.
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Fig. 6-33. Simple model of magnetic easy and hard axes in polycrystalline material.
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Fig. 6-34. Schematic diagram of magnetization process in polycrystalline material (1,00>0, A;1;<0) .
O Grains expanding to L-direction. (Number of O indicates degree of expansion.)

@ Grains contracting to L-direction. (Number of @ indicates degree of contraction.)
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Fig. 6-35. Schematic diagram of magnetization process in polycrystalline
material under compressive stress.
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Schematic diagram of magnetization process in polycrystalline material under

tensile stress.
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Fig. 6-37. Variation of magnetic anisotropy constant K; with respect to Si content in Fe [15].
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Fig. 6-38. Schematic view of magnetic poles appearing on grain boundary.
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