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Fig. 1-1 Factors affecting core loss.
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Fig. 1-2 Technical magnetization process.
(a) Hysteresis loop of non-oriented electrical steel sheet

(b) Change of domain structure with magnetization (schematic)
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Fig. 1-3  Factors affecting core loss in motor core(1D,
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Fig. 1-4 Core loss deterioration due to (a)shearing and (b)external stress12).
L : parallel to the rolling direction

C : perpendicular to the rolling direction
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Fig. 1-5 Effect of stress due to cutting on magnetic flux distribution 2,
Specimen is 35A250 non-oriented electrical steel sheet.

Annealing condition is 750 C X 2 h in N2 gas atmosphere.
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Fig. 1-6 Relationship between coercive field and dislocation density in
tensile deformed Fe polycrystal and JIS-SFVQ-1A steel(16),
H:=0.81X105p05+1.7 (Fe polycrystal)

H:=1.0X105p0-5+ 8.8 (SFVQ-1A steel)
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Fig. 1-7 Domain pattern in 0.1%Si electrical steel demagnetized state
under stress (-200~200MPa), by Kerr-effect microscope (through

thickness)(17.
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Fig. 2-1. Photograph of interlocked cores.

(a) CF; circle-flat, (b) RF; rectangular flat, (c) CV; circle V,

and (d) RV; rectangular V.
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Table 2-1. Interlocking shapes studied.

Mark Shape Size Height(mm)
Cv Circle-V 3mm in diameter 0.40
CF Circle-Flat 3mm in diameter 0.20
RV Rectangular-V Imm,3mm 0.50
RF Rectangular-Flat Imm,5mm 0.30
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Bm T/ LOIZL L 27U U 2AHRLIMERB OB MEBRRE WHB L, AL
WCEDEHLTaATHE COMRDANR A - 5D EEZEZ N5,

YN LY 7 a7 OSBRI S D EERIL, Fig. 2-3 (2R THIC MDD L
DRI ST, FEY) v 7 OFHPRHAN LR LD ELOEENKE Wiz &f
Wraid, AENLDY 7 a7l R RERER LY LIEBEBIZIFUTOZ &%
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Table 2-2. Core losses of different interlocked cores.

Mark Wiss0 (W/kg) Wig/400 (W/kg)
Wh We Wh We
CcVv 3.34 2.86 0.48 25.4 11.4 14.0
CF 3.37 2.90 0.47 25.4 11.4 14.1
RV 3.35 2.89 0.46 25.4 11.5 14.0
RF 3.46 2.99 0.46 26.7 12.5 14.2
(no interlocking) 3.16 2.72 0.44 23.2 9.8 13.4
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Fig. 2-2. Increase in (a) hysteresis and (b) eddy current losses due to

interlocking.
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Fig. 2-3. Optical micrographs showing cross-sections of the

variously interlocked cores. (a) RF; rectangular flat, (b) RV;

rectangular V, (¢) CF; circle flat, and (d) CV; circle V.
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Table 2-3. Core losses after stress-relief annealing in N2 atmosphere.

Mark Wig/so (W/KQ) Wagra00 (W/KQ)
Wh We Wh We
CV 2.90 2.44 0.46 21.6 9.0 12.6
CF 3.09 2.41 0.67 23.5 9.2 14.3
RV 2.88 2.44 0.44 20.9 9.0 11.9
RF 2.98 2.54 0.43 21.6 9.5 12.1
(no interlocking) 2.73 2.32 0.41 19.2 8.2 11.0
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Fig. 2-4. Increase in (a) hysteresis and (b) eddy current losses for

annealed cores.
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Fig. 2-5. Cross-section of the annealed cores.

(a) RF; rectangular flat, (b) RV; rectangular V, (¢) CF; circle

flat, and (d) CV; circle V.

Arrows in (c) show the contact of steel sheets, causing the

increase in eddy current loss.
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Fig. 2-6 Optical micrograph showing sheared plane and remaining

coating on sheared plane of electrical steel sheet.
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(a) FEM model

air Interlocked cores coil

(b) The enlarged figure of B

Air gap 7um

Short-circuited height, A

Fig. 2-7. Model analyzing eddy current loss of circle-flat(CF)

interlocked cores in stacked electrical steel sheets
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Fig. 2-8. Relationship between eddy current loss and electric conductivity
in the contact surface.
EC loss ratio = W.'(in case of short circuit occurring in interlocked core)/

We.(in case of lamination with 7pm air gap)
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Fig. 2-9. Eddy current density distribution. Bm =1.6 T
a) without interlocking

b) with interlocking (CF)
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Fig. 2-10. Relationship between eddy current loss and number of

lamination of electrical steel sheet.
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Fig. 2-11. Relationship between eddy current loss and interlocking
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3.1 ®E

B mMEERMRTIE—7, BEE 2ESRREOHKLLLTHNLATEY,
ZAO AR TERR T T M E AR OB R TEIC R CIKFEL TV D, — RIS, FHiE
FRITITRE, LY, BEIHRD, WERLOFEICIVHESNLLIOT, &Ll
FIIMTRICAE C L BEBISHNHFET D, —T7, BREHAR OBAKFFIEIT € OIS 71 X
DHET 22 LBMENTND W00 | o> TELDOWKFFMEZ N ET 27O ER
B s oHEabdH D,

R LOBEICES AVnDD “HLD” XS M ITEE, BN
PEERHMEENEL 20 THRFESILITE T O WD, HEa 72 KREAET
DO TEEID b AARGEL LTASEAENATWD, 2 LOXE#EITEH
BAESHAEL 2560860, BHEOITEKERICKLI2BRZEMmMWICELHL, 3612
ZTOBRBRELTHLLODVBEEEZA V2 VWEBRHMEREZREEL TV 5D,

fih ), FEEmOICXVERESGLE Yy —AICEHET S LEL, 27y —F—
ZRGEEGRLDIOE—Z R ETII R TH DL, BEEHRDIT, PLOITHEEE
DRI TR 22 B MEE Tl 722 <, 8O O KRE 2 IS MG O HIEIS I DER 32 2 &
WCE o T RERBEHEMZB LS, IWAROITPEEHDIC L o TEL HHEEBEMIL, £
M F CERMERKOTHENELD LWV, BB REFICERL TWLIFELZEENIC
RLTWD, 510, BHODEIMED R\ 6.5%ERMKIZE W TIE, BEXHOIG
NICEDEREMMBIEFITNSILSBRLILEZHMELTWVD, LrLAErb, kL
DERESROICK DIMEIRBAS~DEBICOWNWTITHL NI > TR,

AWFFETIE, MIEHEHEES OB T 2 RSBk oRFHE 2 EH T 5720, 72
Lozl LIcEEY 7 a7z lnT, BEikOPLERBEMZMAGDEDL Z &I
LoT, —ROE—FEHOMHBREZAE LS OADISREZHFIRL, OB
SEFHEEFM LUz, 2LOCHESROICE2BERBENZ EEMICHV, FERO
BB AR D SEONMEE L T2, F72, FEMISTT T TO KRBT KT 5
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Ty, WMERBOMMERICITEMS D L LOEBREKSH 5 Z & 2R
L, ThODHERIIATTHREEOLELZHAL N LEL, S6I2, EMTOME

FAEEMOEE ZHBIXET L TERELIEL,
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3.2 ERIFiIE
3.2.1 BEHHI U7 aT OBMKIBERE

flal#r & LT, JIS-C2552 (2T 35A300 Kitg o 5 m MBI 2 vz, EH
TR ONER Y fEE 4% v 27 A FASTEC®% v T, N 33 mm, 4% 45 mm,
BEAEH 29 S BIC 4oL E2AT2) v 7aryoziliE Lz, »"LOE
KIZ Fig. 3-1 IR T EIHIICEZSmm O VEKRTHY, HLDOHOKEKMH LIA
EEE, EET040mm ThHolz, 2O 48N LD Y 7 aToOBELEMONLD
BREIL 40 5 BON TH VY, EREOE XL TRETIREOHETHD, 2D
Vo7 ar7zRnT, EREMEARY v ~ofEidERL, NLOEBELOY
YZ7arbEd TCar N hRENERDS 6 HEOKS A S F oY rar
(Table 3-1) #Z % f L 7=,

EWBEHSLMIT, Ar TAFEHKICTT50 C 2h & L, —F, BEXHmDIL, #
BN T TN 33- 0 mm, EX 1.00 mm, & & 11 mm & L7zdEREMEA— 2T F A
FRAT L ZAHI(SUS316L) D #H: A #) 300CIZE L, ZONMIZHhLOEAT D
Vo7 a7z AL T—IKIb ST BEE ik 2 7 ITIXERBES A E o 2 746 (E,F)
b, ThEN 3EMER LT, OO 6 1% 0.04~0.05 mm D HFiPHNICTHE L
7=
FRTHERLEEP LD Y 7 aT ilitxkT — 7 2& 0%, EE 0.5 mm OxF
AN LTS O — ), ZIk=aA V% 100 [ Z N ZNHEI0E LT, gL E
Uizo W@, JhBEE B2k 1% 50 & 400 Hz, & KBRZEE Bnl 0.2 5 1.7
T, EZEBE L Lz, S HICHIE L728EE ZHEEIEICEY B XT Y & 2 (W)
EIMBEHAB (WIS HBEL T, 22 LORIRSL BRSO P2 %2 350 L 7=,

W=af+bfZ2= Wr+ We (3-1)
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Fig. 3-1. Test ring core with 4 interlocks and cross-section of AB.
a) test ring core with a inner diameter of 33 mm, a outer diameter of 45mm,
29 laminations and 4 interlocks

b) cross-section of AB
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Table 3-1.

Core types of specimens studied.

Mark Interlocking | Annealing | Shrink-fiiting
A no no no
B no done no
C done no no
D done done no
E done no done
F done done done
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3.2.2 EMSA T COERKBMIISHERE

FROBEEHRO SN LY 7 a7 E G\ G 7 ) G S 7123 7E
To, TV 7 ay ZHFEICHENEEL TWVDLEEITIE, Moo oI
BELT, 20V 7 a7y oWy ES 1L, Fig. 3-2 123 FT X912 25 06
31 MPa & gD 5 2 LA TE 503,

AAETHE, BEXDICE > TY 7 a7 ZA U b [%OEMIEITIREICB T
LR FME 2D 729, Fig. 3-3 (278 9 B KRB 25 (200 71 & e B 2 1 1 7
HIEMZER LT, EMSATOBERBKHEZIT>7, MERBHT, V> 2ra7y
AW LR —OEM 2 FEEHF ML Hm) BXOENEERZRT S HHC FH)
ZREFELLTE 30 mm, B3 150 mm [ HEEIML L, 750 C 2 h ©FE HBEH
Liebox vz, KEMmREIL, LC HFmolllEMEE LT, Vorr7aro
HEE & i L,
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Stress (MPa)

+
E,(b*—-a®) E,(c*-b*) E, E

o, —b? a’® )
~he 7|1+ =% |% 2 2 2 2
o, b°—a r Zb{ a‘+b b°+c LY vl}

0 ; n
5 |
-10 A .
- WV,
-20 - 02
=25
_ /7 core flame
30
_35 ,/ 0y, 03 ; applied stressin core
E., E;; Youngmodulous

|
=y
<o

v1, v, ; Poisson coefficient

0 o 1o 15 20 25 a, b ; inner/outerradius ofcore
Radius (mm) after shrink-fitting

c ;outer radius of flame

Fig. 3-2. Calculation of stress occurring due to shrink fitting of a ring core.
In this case, £7 and £z values are 190 and 194 GPa respectively,
vi and vz values are 0.30, 0.34 respectively.

a, b, and c are 33, 45 and 46 mm respectively.

53



Test piece ( W30mm, L150mm)
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Fig. 3-3. Single sheet tester for magnetic measurement under stress..
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3.3 ERWER
3.3.1 BEEXHDaT OMREEME

AN, BERD Y 7 a7 OB 2R L7z L 2 A, Fig. 3-4 107 &
IICFE— DM TER L SEOBALFEIZIZERETCHY, ERBEMAL L F
AT OBHFEIX, BESL Lo EaT7 X0 &L, b E Lieho7oDar o
MOMWETHY, {37 OB bREICHERENENT, 72720, Bn2d 1.5T L ET
3% a7 OFGBERITEITIEE R o T,

wio, £V v 7 a7 ogkBRMEE Fig. 3-5 I R”T & HICZE DRFEE % Table 3-2
WCHEBE L, SHIENPLORBEEROOEEEZMDTD, PLODRWEEH =7
(Ba7) OBBEEZEEL Lo aT7SBEOWMELFHE L, €O RIT Fig.
6 IR TERIC, DLOEEMaTO a7)oBBIEIB a7 ETFEro, £
o, DL ar7 afEEikd T 5L, EEBEM O FERA 2D LT, BEEREE
T D72 D SRE M U7z, RS, BERBERICE W TREZROIZE D &%ES
fERBHETHY, BREBENP RS LS RDICONHEMB XA T 2EmIZH D
iz, R@E-DEAON ZEEHIEIC L BREE Wh & METR We 2 B Lz,
AEX, DLORBEEIIROOBEELZMDLID, HLOKEMa T (D a 7)) kL
LT, o= 7ofEREMELFHE L, FHRIE Fig. 3-7,3-8 12" L5112, B
JEHIZ DKC<K<F<EDIHEIZKEL 2D DIT , WERAIL, DKC<KE<F DOJEIC

REL RV, Far7olEBmRENMOa 7 L RE W ERREINT,
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Induction, B(T)

0 1000 2000 3000
Magnetic field, H,,(A/m)

Fig. 3-4. AC magnetic characteristics of interlocking ring cores.

56



5 |
45 H —¢—C
. Y o ).
. —~—E
_@3.5 = B F
= 3
225
[e]
e 2 Dpp/
S 15
1
0.5 f=50 Hz —]
0 1
0 0.5 1.5 2
Induction, B, (T)
Fig. 3-5.
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Increase in core loss (%)
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Fig. 3-6. Increase in core losses due to interlocking and/or shrink fitting,

calculated on the basis of the losses of B-core.
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Table 3-2. Core losses (W/kg)

Mark W 10550 W 1550 W 101400 W 15400
A 1.25 2.76 22.0 47.2
B 1.08 2.47 18.9 43.1
C 1.51 3.06 24.5 50.7
D 1.14 2.57 20.1 46.2
E 1.81 3.42 28.8 57.1
F 1.74 3.32 29.6 62.0
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w, w/ kg)

Induction, B, (T) Induction, B,,(T)

Fig. 3-7. Core losses of ring cores.
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Fig. 3-8. Increase in core losses at 400Hz due to interlocking and/or shrink fitting,

calculated on the basis of the losses of D-core..

61



3.3.2 HERMKAEL DOLE

JEMEIS /) T OBEMREE L F a7 ot frttls L OSKBEA L L L7, 22k,
AT AR BAEIC I BEE S WMEREIC OB L T Lz, BEARECEHTH]
R L7 JEME G T %, BEX RO V) v 7 O EE R ) L % O 25,30 MPa & LA R,
Fig. 3-9 IR T L5 F a7 OBALFME & IS T O BARBAL R II R — B L7z,
F£7-, Fig. 3-10 2" T X 5 IC@BEHEIZHOWTE F a7 & 25 MPa JEfE/s 1 F OB
WMTIEIEF—% L, —F5, MERBIZIEERKBEEMTCF aToRRAREIRD, —
H Lo T,
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1.8
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Fig. 3-9. AC magnetic characteristics of annealing—shrink-fitting cores(F)

and compressed steel sheets
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Fig. 3-10. Core losses of annealing core(B), annealing-shrink-fitting core(F) and

compressed steel sheets.
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3.4 E£

AR TH M L 72BEZHRD U 7B E K OV ) A far B B E o R F &
O, BEEROICIDEBBEEMO L 2R KITY > 7 27 ORI I RIS 523 AE
T2 LI2HFEPHLNTHDL, EMISNITEVIEREBEIIEIMNT 2#HEICON
TIE, WARLONRKEI N COI I RBEAEEZLNEMT 572D & HEL T
W5, 62, W TFTOBERBEEZIZOWTHEICBERWODI R I N T
5, TNOORERMAZEE X, RETIEN LD RO ICER L 7= 848 8 2
I L TERT S,

341 HMALOHBOERBE

LB T D 2 T)OHFBEPLOORVEM =TT B 3 7)ED b Wioo T
K T%mrole, TOEMmIE, EREEMIC IV MRISEAN SN BMEEITHE RS
LIZEVBHEINDEDN, DLOOFEICEIV AT DWMEE (IS T) BL7enb
T LOIBFIZRGFT D0 LTS5,

Bl 2L, EMBEMEDONLORENS ZOERBIN NN LV_XVERRET L, HLo
—Obh ) OWE FEION)RZ N LOIC L DEE ) 1 So &5 L0 ERE L, BEERK
Bop=0.2, ZmE S=2mm2OK, REANGT W OKEIET) old 256 MPa & AL
bhd, XoT, PLOIFTEDBEMBE LM ERADOREETEYME LTERAT2LE2L
ns,
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342 MLY - -BEHRDICKHEEREM

BEZHROIC KV BEBRIZILLAADZ LIMERE b BEBEOHREOE S TH
M3 2FNHBA L7z, 2 CIEBREBEEMNZE &0 L& RO MINER 25D ST
DRRGE L T2,

=

PDLOBESIRO a7 (E a7 )0 BREEMEMOERIZIE, BEHROICIDEAL(ER
DEHHHKE - PLOICEDZER(ERO)NH Y, BE~FTZNLLTANREESE L TR
BEKIFLTWD, Fig. 3-8 LW ok, BEROOEEHEEMEO G N ER
QLY REW, Z2C, Y Ea70D a7 £ L LEBERENERU W Z % H
KEOMAEFERGERL TR TEET 2,

AWy = wit+ Bwz (3-2)

ZIT, BIEMHAEERRE, wL,w dEZEROQ0BREMMEZELEL, BROIZD =
THEEL L2 F aryofk@nsR, EROIE D a7 kL Lz C a7 BRI
e+ D, Fig. 3-11 I AWr DFFRE TG & M 2 ik L7z, & 2K M CHAEEM
MWW F=1 OA, THMENEMZRKREL EES72, —F, HAEHEZBE LT 8
=0.35 DIHE, E a7 OoHKEMEZR AU TE S, Z0ENPL, NLD LK
DI X DR R 2 BMMMER TP T 201322 T, EEBOHMAEERIZ
FOFEISNIHERLBy VA RE W RIS,

ML aT el Licya, B mMEERMRIITEEE & MBI BN ES
MICEETLEEZLND, HRWEZIZD L5 REAMEEE IO VWTHALTY
%, Fig. 3-12 2, T ORI I IE, BHEELZE AL T W5\ M 5 R K
\ZJEREIS )1 %2 T 124856 O 8B H LR (Fig.3-12 @ we) & WIMEE T %238 A L T (Fig.
3-12 ® wn) JEMEIS D &2 T8 4a (Fig.3-12 @ we) TIiE, B S ICHTE O A K
TV, o T, BEMMBEARSL LARWERE O —212, $#E OIS IHIKFEMEIZIERT
THHIENEZBND, ZZTIRHEHOYD, BT W OBREE S MITEE LR
MoTeD, HEICIIMREESMLE T TR TWAHARENRH D, JRIKIEH

Pr

ST E VMR N BLETH D,
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Fig. 3-11. Estimation of increase in hysteresis core losses due to interlocking

and shrink fitting.
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Fig. 3-12.  Influence of plastic strain and elastic stress after various amounts

of plastic tensile strain on core losses.
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SEOERTO/FERLLT, Ea7IVb Fa7oRERBOFNKRELS 2D
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F a7 OERBNABEEKDIZ I BEEZFITHMUZERNIE, 22 LD &SI
BN ELILZ LI D BN D,
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ZTOMBaTEREEHROTHE, I HIZFig. 3-2 TRIHRICHESROKFEO a7 &F
A FE M b /7258 10 MPa fERI L, #io i 57z L oI TEMEK 2B & &
nict#gEsns,

WIZ, Far7 TRALLEMKZERICLL2B\BEROELZ WS 72, 7 TIZ Fig. 3-10
T/RLTZERICF =27 & 25 MPa JE#E F O HEARGECIE, EMBOMEICENEL T
Wiz, ERBEMSEMRIS NDEERMETHLETHDLOT, ZOMEREDEAW.
FEAERICEOIBETHD EHLEEIND, £72, Fig. 3-13 TR THRIC A WelE Bnm
HNOSTUTTIHIFEOTHY, 05T ZBA7FIN D Bul - TRABICH M
LENDNoT, HlZIE, Farickid2 1.5 T TOMERED S b, EKEEIRIC
LHHEENK 16%D HD D, BEICE 2, EEEREZFEST D01 = 7 Krim Yy
D Bm TlE72<, AHEEIKEZERT 2P LOHNOENKREE THLH, Hohl
BMRIZAFBE CIEH 20, HERZIEEARBL TS, &6, Bu 05T FT
ENLOMEFREMRADBO RN oTfER, EEERLEELRLoTo RSN
e

ek, EMERICLOIBERZHATTHLEREIZH 7208, ABFZE TIEFERD
O TCExoRAELTERLL, MEROFBH ZHEICTE T,
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Difference of EC loss
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Fig. 3-13. Estimation of short circuit losses

A We= We (core F) — JJ/e(SST under compressive stress, 25 MPa)
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3.44 EMBAICLIAERBOEMEE
JEME IS I X D EREE MO B & LT, J&HEE % BR T B R AR O B X A%
EOELTHHATE D EE XD,
WERAIT, I 7 RBXEEICERT 2 REMERBENEET D, Tk, b
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R PR RS AR O T b m Ak ah TELE S du, M7 MR TR R SR AR ORGSR ME O )
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NS WAL RV A Ol 2 DDORMER 7 RV B £7213 C DX OMAEDET
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DHEEZHALTWVWDLTEOTHD, TOME, B2 bV B X723 CHHEINICE
<72y, BREEPKE LT D, Fig. 3-14(@)Z .

180° WEBE DB BT KL D ML AL E OB T Moy ATu ik, WA H O Fm L
E_7 bAD7R3 0 ORISR OBERLKY Lo,
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ZIT, a 3R, LIFRRBREE, vIIEEOBBHE LXK T, X(E-3)X 0,

BEDOBENHE v —EThIIE, 0 P RENVIZEREN NS 2D, BEW
i, BEHEENRE~Z RV A 0D BIZELESA, Alnldf 1/3 L5,
Fig. 3-14b)Z M, £7-, BAH M OWCECHE AIn S —E ThE, viEcosb
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Fig. 3-14. Rate of change in magnetization by 180 degree domain wall motion.

(a) Magnetization vectors of {100}<013> grain
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4.2 BIRFHELSILERE
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Table 4-1. Conditions of stamping test. (Unit : mm)

Mother sheet 50Wx120Lx0.35tx1(p)
Single sheets stamped out 5Wx100Lx0.35tx3(p)
Punch speed 63mm/sec (60SPM)
Clearance of metallic mould 0.03
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(c) Magnetization curve

Fig. 4-1. Magnetic properties of 5mm width rectangular stamped sheet in
comparison with wire cut sheet. (L ; Rolling direction(=0°), C ; 90° in plane)

(a) shape of specimens and measuring direction of core loss.

(b) change in core loss with cutting method.

(c) change in B-H curves with cutting method.
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Fig. 4-2. Test pieces for magnetic properties measurement.
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Fig. 4-4. Elastic limit measured by cyclic stress increasing test.
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Fig. 4-5.  Start point of irreversible change of magnetic property owing

to micro yielding deformation.
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Table 4-3. Holder condition.

Spring Initial shorten
*
M(a S)S constant® length of spring
& (kN/m) mm
Holder 2.1 3.0 6
Counter punch 0.6 1.1 3

* : Value for unit length(mm) in y-direction.
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Plane Strain Problem : 3640 Elements (Ax=0.005~0.1, Ay=0.0010, Az=0.010)

Clearange=0.030
Punch Holder
T qp P
Punch §Spr|ng Element is ;;
V~=-63 removed I
Steel mm/sec | according to =}
Sheet ™ 0.35 Fracture =~ o—
Counter T Criterion -
% Die
Z Sprin
P .
= Counter £|e
==
25 35 X 90025

(a) (b)

Fig. 4-6. Modeling of stamping process. (Unit:mm)
(a) geometrical condition

(b) mesh condition
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Table 4-2. Coulomb friction coefficient.

Contact Pair

Coefficient (—)

Tool & Sheet 0.1
Tool & Fracture surface 0.3
Between fracture surfaces 0.5
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Fig. 4-7. Lankford’s r-value as a function of strain at strain rate of 6.67x103/sec.
L : Rolling direction
D : 45° direction to rolling direction

C : Transverse direction
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Table 4-4. Influence of strain rate on r-value at true strain 0.1.

Strain rate (10%/sec) 0.1 0.67 6.67
L-direction (in rolling direction) 1.0 1.0 1.0
C-direction (90deg. from L) 2.3 2.1 2.0
D-direction (45deg. from L) 0.5 0.5 0.5
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Fig. 4-8.  Plastic flow stress data measured at various strain rates,
together with extrapolated and modified flow stress data based on Hill’48

yield function.
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Table 4-5. Anisotropic properties used in stamping process simulation.

Direction* LL | ¢C | Z7Z | ¢ZzC | ZLLZ | L-C,CL
®C§31asizﬁts(ggg)ess 166 | 200 | 200 200 182 214
%1@0 vé?;jgzzogflgl;ft(“; 0.913 | 1.054 | 1.054 | 1.054 | 0.981 1.291

@ Poisson’s ratio(-) 0.3 0.27,0.33 | 0.33,0.27

L : Rolling direction (=0°) , C : 90° in plane, Z : Thickness direction
D® : Direction of force — Direction of face in case of item

® : Direction of force — Direction of transverse strain in case of item

95




(3) ki AL e

WA RRBIZ W CHlEBrm o m 2 JE L, 80 R0 6 MK E %2 RO 76, Fig.
4-9 IART X ICEES REMH TIEHBERENET OO, I IXBEWTE O g2V RL R O
20 (ERE LR HERENMEVWTED EZE X N D, 2, MWW E TR EEKRAEN

MEEAERWVWEOBREN R INTWD DD T, Hlg| ok Ko kW & 2 & 3 2B
R 2 EREL T,

FEWW T 3R TERMETCH L0, W EICKT 2I57) SHEDEELZET
LHMENDD, 7TVI=ULAE2IZEAL T Bao b BIE L HIEOZ 2HMKICK L
THEM L, BMrE e, 2071 3 L (=F KIS ) /F 2 )58 1) o B% & L T Fig. 4-10
AT EXOTRE L,

WX N@-DDLER L LT, 1 28RO MBE LTERELHEELRL, IEN
SHIEN —EOHEIL, BEROMYMIEE g 25F OIS 7 3 8l FE I s 5 kW&

CHELZKRATHEBT 22 2125,

€pl 1
IO _gf dgpl >1 (4_1)

SIT, e EHUBEETHY, e dMEETH S,

96



w
o

T d
~ 25 o
- a O
Q. 2.0 |
£ -
% 15 | \ A
10 A
a
§ 05 oL oD ac
“ 00 ' '

0.01 0.1 1 10 100 1000

Strain Rate (“sec)

Fig. 4-9. Fracture strain as a function of strain rate.
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Fig. 4-10. Influence of stress triaxiality on fracture strain.

( o: equivalent stress, on: hydrostatic stress)
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Fig. 4-11. Progress of fracture during stamping (L-direction rectangular sheet).
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FHEIEPEEC), o l3E 1(MPa), WIEg#H (W/ke), fIi3JE# % (Hz), BMaxiL B®
RARMBMTH D,

Table 4-6 12 fFHIC H W 72 ERE OB E KM% R, £72 Fig. 4-12 1381 7E F &
LT 0.14 OMMEEZA G LR O AL T\ OB KFE M IS X3 2 EE 7 1m0 i
NOEBEEFE DT T 7 H2RT,
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Table 4-6. Measuring conditions of magnetic properties used for calculation.

Item Condition
Plastic strain ey (-) 0.0,0.048,0.089,0.14
Stress oy (MPa) -100,-60,-40,-20,0,20,40,60,100,150

30,50,70,100,120,140,180,200,230,300,400,50
Magnetic field H, (A/m) 0,600,700,800,1000,1200,1500,2000,

2500,3000,3500,4000,5000,7000,10000

Current frequency #(Hz) 50

Direction y L,C
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] Ref.

20 [__D_ £p=0.0
18 —— OMPa
16 —— +150MPa
= +100MPa
14 —=—— +60MPa
- 1.2 ——+— +40MPa
I 10 @ —e— +20MPa
0.8 * OMPa
06 -20MPa
o4 4 -40MPa
’ —8— -60MPa
0.2 —<——-100MPa
0.0
0 1000 2000 3000 4000 5000
H(A/m)
(a) Magnetization curve
i 7
; f —o—-100MPa
G| |
2 o :
}1 5 -20MPa
> &%////’ — % OMPa
& 4 s 2 o —=e— +20MPa
2, J/‘f////: o —+— +40MPa
2 DGFFF - +60MPa
g 2 7 — po® +100MPa
, oo™ —+— +150MPa
o ot o o7 Er
0.0 0.5 10 15
B(T)
(b) Core loss
Fig. 4-12. Examples of measured magnetic properties as a function of

stress in rolling direction. (L-direction, £,~0.14)

[J mark : test pieces without plastic deformation and external stress.
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Fig. 4-13 |2, MM E L SBHEOEMRIC OV THEME O /N S R 8H5 2 FEHNIZ EBRAYIC
FAE LM 2R, BHEENREWVWELAEOIFEFIT/NIVGE S Z OFEBAN TR R
PERSMPER I L TRl TE 5 & HMr L7z,

ZTIT, BEONESREIITONTIL, Rk NFa2IT -7, Fig. 4-14 12, By »®
1.0 TOROBABRES Hy (=g,(1,6,,0)) OFlZR L7, BERZ I 7 v g5
MR SBRAG T 2 MM EERMA S & L0 T, ERMBER RIS T 28MEEIT 0.064%
Lo TWnD, ERMERS COBKFEMEOMITBETE O/ WO 2 5 0§l E i
EHWCHEAFCEMTE S L L, ERBGBERA & MR (=8MEETE B 4% 50

TMIE NI CTE S & LT,
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Core Loss(W/kg) at 1T and 50Hz

2.0
40
3.0
20
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00

O
- *
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O
T 4
L
0.00 0.05 0.10

Plastic Strain, ¢ €pl

0.15

Fig. 4-13. Relationship between core loss and plastic strain

(Example at 0 MPa).
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< 500 § Macroscopic Yield Point (€pl =0.00064)

o @ Elastic Limit (¢pl =0

0.00 0.05 0.10 0.15 0.20
Plastic Strain, ¢ &p

Fig. 4-14. Relationship between magnetic property and plastic strain

(Example of L-direction at 0 MPa).
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442 BHEBAGER

Fig. 4-15 12 L A M Bk O T8k & I L2 TE AT 75 F & Hy=800 A/m K¢ O 78 I 5 fif
MR Er"d, (@i, BHREOKEBOL ZEZE L EBEMIGMHTAER, OILEHEIS
I DFE SN L - B AT R 2w,

e F 121, RERBHEENBEL, BMREREENAREIEIFLTWSZ &N
GG, o, BRAELUTOBMEZEREEN)NS, #k LETEmicEoTngd 2
E, TOEBTHLMIEBEENMET LTSI ERSND, Zivi, fTHRE FICHF
APEFTHRERITINT, PN LI EH T 22N RREEZLLND,

— 0, BRI OEEEZME LGA, Fig. 4-150) D EHRKH T/RT X H IS
JJFEIR TIIEAR B EN IR T L, SBREITART L 5T 58RI 7 i 8 T I3k o
R ERLTWD,

Fig. 4-16 IC L A HEMRICEB W T EHRBRBEEN 1 T & 725 H=255 A/m KD
WO A & b0Hz R DR D oA 2~ 7, ST, XMA-DZ P TRkD7Z,
WERTITAZERT L5720, BALREOBERRIICHWENESR LE DS T
BEAHEML TWDE Z EBNnhb,

Fig. 4-17 121X, FHBRBEEN 15T & 725 Hy=1720 A/m W OB R % E O 45 4i
& 50 Hz B D8RR 0 45 A 22 7R3, R E B 2 BG4 10 1R AL 5 1 oD A 4 4 70 50
DICHLRERBEEREAEL, Z0My THEHEANRZRET DL EN DN D,
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Clearacce=0.03
25 (Unit:mm)

Punch %

=63mm/sec !

ey
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\
~ -

More detg i
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1.05

.
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(b) Influence of plastic deformation and residual stress

Fig. 4-15. Example of electromagnetic field analysis

(L-direction rectangular stamped sheet, H,= 800 A/m, y=L).
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1.5

B,(T)
0.0
i = = e 17 Core
£ Loss
(; « (W/kg)

Current Flow in Coi

(b) Core loss

Fig. 4-16.  Influence of plastic deformation and residual stress on

distribution of (a) magnetic flux density and (b) core loss.

(L-direction rectangular stamped sheet, By=1 T, 50 Hz, y=L).
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1.6

B,
0.0

45 Core
Loss

(W/kg)
0.0

Current Flow in Coi 7

(b) Core loss

Fig. 4-17.  Influence of plastic deformation and residual stress on

distribution of (a) magnetic flux density and (b) core loss.

(L-direction rectangular stamped sheet, By=1.5T, 50 Hz, y=L).
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443 RIEER

Fig. 4-18 (TS ML S N2 AR O BALFrtE O FHE & ER O KR %2, Fig. 4-19
R EM LTSN HROBKBOFHE & EROR R 2 B L TRy, FHREITERSS
REeToRBETRETELZLE2MR L, BHRITH/NRELEE IS ORE N
WHTHL7D, UL MAEHEIET LI LITTERVD, AR EErRE T
TV ZENFEIRICRVGL LW 5, £72, Hill'48 ORREZZHWIZHE,
REMZBRFMLTCLE ZERMbNTWD, ZRNRIKT, CHmDEKEIS
e ZNIHESBBEMNEZBRFFM L CLESsTLO EHEIND (FIROHEY,
LAEmOERESTHEMZZOEEMEN LT, LJTmIEEKRFML 2RV,

Fig. 4-20 121, BEIC OB LY L CHMEEORBO L ZEE L EER
EXHITR LT, MEAEOKBLZZRLEHEKROMEERT L EITE-T,
WAREERTE~OFLGRITBEEENN 6F, BEIS NN AETHDL Z LR mn
olc, D, MEBEBORELERETL2HERLETH D,
F 72, Table 4-7 121X, WMHRZ I 7 v RBHLEHIER L LIS E & ERMNER
REBWHEERRERE LS aOBHERHEEE GO A2 R L, HERE ZE
EPFHREPSWEUEERNHAT 2L LaHa, MEEREEAERLTLE S 2
W, BRFHEOLHELZHE TS RN LR DML,
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Fig. 4-18. Comparison between experiment and calculation of
magnetization curve.
Circle marks : L direction (Rolling direction)

Triangle marks : C direction (Transverse direction)
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Fig. 4-19. Comparison between experiment and calculation of core loss.
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Wire Cut
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Eos |
0 06 Exp. Calc
H_/
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0.2 Calc. without Influence of Residual Stress
00 ' ' ' '
0 200 400 600 800 1000

H(A/m)
Fig. 4-20. Calculated results of B-H curve showing influence of

residual stress. (L-Direction rectangular Sheet).
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Table 4-7.  Volume ratio of plastic deformation area in stamped sheet.

. . . Macroscopic Microscopic

Start point of plastic deformation yield point elastic limit
Longitudinal direction of stamped sheet L C L C

Volume ratio of plastic deformation (%) 26.9 27.3 53.5 60.1
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BRI I TR LIS DO ELZHE L, WHEER 2V,
SR DARIC & o TR ST 20, TOREBEIXEMOHFNIIHK LD
REW, BUEFIZL > THRIFERSIL LSS, EMICNICE > TEIZSH
320, BlIRIGAICE o CHET D, o, BHEEOREL, ZoHNIC

BARAR Y BEMEECEMTELZ N hoT,

FTH & BT O O &R ED T 02, BIHH O B KA, 25,
Wi E~OIR T 3EEDO X ELBE L,

BIGAT & D WAL Re e O AR AT A BB AR IR, ~ 7 e R BRIRIS ) D 6 ~ 8 HIFE
EThol, £, HER (227 vER) 2WELEHKER, ~ 71 2BRIG
D6 ~THERETH -,

R PR 2 BEARIS S0 6 Bl & L, BEAVERR DL b C I3t SRR R 0 AN T 28 4k AN g8
AT L LA ERIEEBER LT,

FRIPEIR 2 B 8 L I2 BT KOS HTIC LY, Tk anzBilo
MRS REERBETEDL I 2R LT,

fTHkEMITIcB T 2RSS EOHEDIZDITIE, ERMITB L OEK
GRATICIB W T 7 m i RAZBE T2 & L bz, BEISNORELERE
TOMENRDLZ EEPH LN LT,
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B H5E IPME—%® M)V 7ERRICRIE T 7 M E RO AR R
KPP D B

5.1 &

KA A AR #1 & — ¥  (Interior-Permanent-Magnet synchronous
motor : BEFR IPM £— %) 1%, XMW REIRE—FXD—D>ThO, "4 7V v
FEHBHE, =7 ay, EERETA<HEHIN TS, IPME—XDREIE, =
— X aT O ICKABANEDAENTEY, BA by bu—2 BHEICL0E
LRV 02 A M OMGERETHRICHD, Z0 IPME—Z DR hv
7 PR & B S DT, KA D7 6T 8L BT & 5 M7 m M RS AR A
WEUNZRIRT A2 ZENEETH D,

Wk, T AMHRBICKIETETTEHELEMFEEOEBICONTWVS ORHRENH D,
Nakamura 5®{%, SR (Switched reluctance) & — % O VEfEM 112 134K #6844 %
NEFEFLVWEREL TS, Kawano H@(%, #EE—# (Induction motor : B H
IM) 20%, WRBEPES < HBEMESKBE T8 0HF M (L 21X, K-F Si 5
HEBHR) NESE THY, RmaREYE— 223 m E R TOREBESELFEM
(7L 2, & SiGABEMMK) PAHLERELTWVWD, 51T, 400 Hz TO#%
DM < WS BN m W T ) MEEE R R AR @GN A SR A — A TSN TR,
ZRHIEEW NV HEEZET S IPM T—XORA T —42MHEELTHELTND E
EZHILD,

ARWFFETIL, IPM T —% O L 7 HEEICKIETEH LM OB KA RO EEZH S

T 57, JISIHAZ L —RThsb 35A350 (HIEKEEE : 358X250) & &
T4 o 7 T 46 5 ) MEEE G AR & L CBH 8 L 72 358XH, 27SXH®@#% T IPM € —
B EREL, SN ZIEZEHT (PWM : Pulse Width Modulation) o > 23— % il 42
L0 b VERe &R L7,
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5.2 ERIiE
5.2.1 ETNVE—X

AN THNZT A FE—21L, BERFROFEETLVOTHL 4 24 A1y
FNORHBEETHY, EHEBAREE 1.26T O NdKAKEAZMAAALTE LD TH D,
T OO E—Z k%A Table 5-1 ([ZR7, AT — X KL E O LR ME %
Table 5-2 (27" 9, 35SX250 FHEAKGBR OB G mMMEEMMMK TH Y,
JIS-C-2550(2000)H #4512 T 35A250 7' L — FO#METH %5, 358SXH & 27SXH (3,
PR A MM L S REE LA T SRS Th 5,355X250 & 35SXH
EHWEAT =280, BE#fTHErLOMTICEVERE L, —F, 27SXH %
AWl AT —Z gL, METIA Y TMLUL, VA 6 T &2 7 I E#IC LY
B L7z, 728, 2—ZI21L 50A350 O HEfTHHEr LM T EN-HEE=2T 2
AN

Fio, HHhEEORBLFMT 5729, 355X250 & 35SXH # Wiz A7 — & &

0% 750 C 2h OFERESM 21TV, BEMAitk COE— X MEREZ RN L 7=,
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Table 5-1 Specifications of test motor and
photographs showing (a) stator and (b) rotor.

Stator dimensions odpl112, idp56, h60mm
4

Number of slots 2

Rotor dimensions odp55, h67mm

Number of poles 4

Winding 3 phase star connection
140 turns/phase

Inverter sinusoidal wave PWM

(a) Stator (b) Rotor
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Table 5-2  Magnetic properties of stator core materials.
Thickness Magnetic loss (W/kg) Induction(T)
(mm) Wisis0 Wio/400 Bso
35SX250 0.35 2.4 17.9 1.66
35SXH 0.35 2.6 21.1 1.73
27SXH 0.27 2.6 16.6 1.73

3% Test made on 25cm Epstein samples for rolling direction(L)

and transverse direction(C). Values in table are average.
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5.2.2 IPM & — ¥ EREDE H 5 ik

T RABREEBOMKZ Fig. 5-1 12737, E— 1T PWM A > N— & il 4 2 v
ToIERREEEEN S Lo, v U T AL T kHz Th 5, £ — ¥ HEEE 900, 1800,
3000 rpm {2C, AMET—XIZXV b7 1205 5 Nm ([ZHlfl L CTE— ¥ & B#) <
B, A bV 7 ZMHEBERENME (K MV 7 G TRE) CHoEEL MLV E
¥ (WAL : Nm/A) EERL, E—XEOLMEOFEAMIEE & L,

W, E—F NI DEHRAG VY Tuk V7752 NVT THZ58EL TRE
i35z, ZHOOf#EE— NTEHMLEZ, 7, FRXMALIZHIEICL Y, EHRA
HpEFMELLZEMHCT, M ZZRELE, ZOMZEMA NV T &V T
2 A MVY Ty TS VD, —T7, EIRNHE &2 “07 IZfkFr (1=0 7)) L
T, M IZERETDE, BAMNY TudDHhZFHTE 5, dgqhET VO L
i, = by ki kR(5-1),(5-2),(5-3) D L o itk & b,

T=Tu+ Tr=2%,1cosp + ALI2 sin2p (5-1)
Twm=2W,01"= 2,1 cosp (5-2)
Tr=T-Tn (5-3)

ZIT, Wk AL ZERENEERTFHASHRERWD LA X7 2 2ETHD,
WL EMEFER (B, Ef) DMEWESXIZIE-EM@E 2252, SERMN (&
FLZ7fl) CEMMBICKGFELZMHEE 25, 2, SROoM oo E 2 (BH
FPEDIEMENIRK) T D, I & I''iX, TN K b7 il (B=30°) & 14=0
fil#E (B=0°) O F TCOMHEBEROENETH D,

AlE T 1%, =0 I X2 PV 73RN X W Ko 42 ZE LER I O

TWwBEHELTEHR L, 8T 5 Fig. 5-4 28, Wiz, XG-3)ZHWT, F—#
VRV T I BER NVY Tma LB 2T T HVARVY T 2RO,

KRB TO V7 PEE SV RSy & oy BEREAN L 72 #5 R o — i & Fig. 5-2 127~ 7,
B L, [Al#Es%% 1800 rpm, FHEWE 6 AW CEWMAMMAZ 0005 70 £ TE{L X
7o, BUWALAE 30 EICTTRR M BEGELRT,
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Revolution speed

Rotor angle

(PC)

A A 4
Controller PWM E
inverter

PWM inverter

Load controller

Controller
Torque meter
encoder | - \
f 1 /
| / 1 [
/ /
Test motor Load motor

Fig. 5-1 Motor test system.
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Fig. 5-2 Motor torque characteristics of IPM motor.
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5.8 EBRER

5.3.1 gL ElOEE

KRB IV EON TR PV 7 il (=30°) F X =0 il (B=0°) TOD
AR RV L bV EEEOBIRE Fig. 5-31CF & O TRT, &K M7 H#CE
W, b7 EHEBARN MV EBICER L, kBT S (Fig. 5-3(a), =
O bV Y T OMMB LTS OMEOBKaIMICE b DO TH D, BMREE
B OB MK 35SXH & 27SXH # gL EHZ A WX, & v 7 Sz 0T
358XH250 & D THKI 3% M7 EFAZM L LT 2FER Doz, —F7, Id=0 il
ZT RV HREEZERLEGAICE W TY, Fig. 5-3(b)F L W Fig. 5-4 28§k
IZ 35SXH 7% 358X250 L W EHR T\ 7=,

NV 7 Gy Z FEBRADIC Sy BEREAM L 72 K5 SR o — il & Table 5-3 27, KO EHD
WEEIHA NS Ta VbV I I X LAY T, THETHDLZERYNoT,
IO, HEWZ —E 6A L LMNMEEZZ{IELA D MV PREEZ e M L 72 #h R
Z Fig. 5-5 1Z/R" ¥, B\IRMHL 0 ENOR K M7 L7225 30 EITHTT, brr
BNEFL, SROMBIOENIERLI2BMICH D, DFEV, UT 7 XXMV ESD
MRS m R ER O 358SXH TR&E< D, ZDOXHI1Z, IPME—ZD L7
PEREZ M E S HIC1E, RMREEOSKLMENANTHDL Z LRI NT,

WEI 5.4 TiX, BN ORI DA 2 AT TR, EBRFBEROZYMEZ K
AET D,
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(a) Maximum torque control (b) 7-=0 control

(p=30°) (p=0°)
0.7 0.7
353XH 900rpm
065 = 0.65
< =
£ 06 \ E 06
z =4 35SXH
<0.55 & 385X25 2 0.55 \
2 3 N
8 05 S 05
() /
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=] o
= 0.45 g 0.45
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Fig. 5-3 Relation between torque per ampere and torque for various revolution

speed, under (a) maximum torque control and (b) 7s=0 control.
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355XH
5 i
y = -7.95E-03x? + 5.37E-01x .~
— 4 'y
E ;
- 355X250
3 A |
S y = -9.24E-03x2 + 5.39E-01x
o
= 2 P
1 i
O e

0 2 4 6 8 10 12 14
Phase current (A)

Fig. 5-4 Relationship between torques and phase current equivalent

values. Test condition: 74=0 control at 1800 rpm.
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Table 5-3  Torque components as a function of materials

Core Ttotal Tm Tr
Material (Nm) (Nm) (Nm)
355X250 3.81 2.56 1.26
35SXH 3.89 2.58 1.32
difference 0.08(2%) 0.02(1%) 0.06(5%)

Test condition:

revolution speed 1800 rpm, /=6 A, =30 degree.
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Fig. 5-6 Effect of current phase on torque characteristic at phase

current 6 A for two different materials.
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5.3.2 THREEDOEE

AT —Z 0% 750 C 2h OEIWBES L, T— % M2 FetE (FBK by il#)
T L7/ R % Fig. 5-TICR LT, £/, ZOMENLEMICE D b7 EHRD
FALZRTE Lo/ R % Fig. 5-8 I L Trd, T TR TAT —ZOLIZEA
SNTEZEEZMBTHZEITEY, FAVIMHERN 1~2%M L7252 &8 0holz, Bt
Pl D b tEgm EHRITEEL7HIEERESSRIBEMICH -T2, —F, &
Hpediilc X 2 bz @gm BRI 358X250 OR300 K& < G-l S 47z,
WIZE D L, FTHREBICLY 358X250 D M7 ERIZEF LR T W LicR D,

BROMEI OB E RO M EN S RIET D720, BAMRBR CERMmFRK T
FAT =2 GLOERFHLHRE P 250 Lz, R LEHGEL Table 5-4
T, FIREEZHMTHBRT 2L Wad 1.2~1.3%WEM L7z, ZORERITA
iR CRD Tz b7 RN EREIFZIERETH- 72, AL, BRI LD R
MAT —=ZICNGL Rolcleb Wb, £, P TR ETEHLME O
BT/ NS N EBahole, LEDORER LY, B3 LY 358X250 4Tk &

DYEBLEZTRTWEWMETHICIEELRN Tz, 4%, EREZHEST D, 5

W 4 TS L 72 TR SN LIC K DR A b B O HEE B 2 06 0 L CT8L#
B OREIZOWTHRFTT NELEEILND,
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Fig. 5-7 Relation between torque constant and torque for various revolution

speeds of as-stamped cores and stress-relief annealed cores, used (a)

conventional material 35SX250 and (b) high permeability material 35SXH.
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Fig. 5-8 Effect of stress-relief annealing on torque performance.

Ratio of torque constant: torque constant for as-stamped core per torque

constant for annealed core.
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Table 5-4 Armature interlinkage magnetic flux values, ¥,, by no load motor test

Core As stampted Annealed Difference
Material (Wb) (Wb) (%)
35SX250 0.1598 0.1619 1.3%
35SXH 0.1605 0.1624 1.2%
Difference (%) 0.4% 0.3%

(a) an example of measurement for no load motor test

2 200
N2
g); 160
s
3
> 120
[eD)
R
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> 40
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0
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Revolution speed (rpm)

VZIV: 20 X g’g(Wb)Xﬁ)(rpS)XP = g’a: Vuv/(2na)>< P)
Vuv 't the line voltage, : the angular velocity of rotation,

P : the number of pair of magnetic poles

133



5.4 H5£

5.4.1 FEM @#HETI

B F& L 7z i B R 2% B R 358X H300 23 LM 358X250 (ZHb~TE—X hv 7 PERE A
M EXHEDRRNEZHLNCT D720, T—XE8KO0WNOBE T %2 4 R FE % (FEM)
WCEVEBEBLE, By 7 ME, BEARBRHF Y Y 2—v a3 X (#) #Ho
JMAG-Studio(Ver.8.4) T %, FEM fig#r€ 7 /v & Fig. 5-9 [Z/” T, 2 WK [aldis %
FrET T, BIRAAE 30 B, MEWR 205 7 A TEERRO bV R OELN
DHGREEE Az st E Lo, SROMBtoibR®ElX, VA vY—D vy LY 7R
B i AL FHRIE A2 Uy, 40,000 A/m &8 2 DK E TORREEIX = 7 X
A REEHOCTEL 72 fEE AHvie(Fig. 5-10), ¢35, #IHIBALE#BR DO S FHb
IPVERRIE A IE L 7=,

134



o
qvtﬁh\

P
S

i

¢ field analysis of motor core with

Fig. 5-9 2D-FEM model for magneti

7679 nodes and 14619 elements.

135



2.5

2.0
35SXH

1.5 —

// 35SX25(
1.0 //
0.5 J/
0.0
10 100 1000 10000 100000
Magnetic field, H(A/m)

Induction, B (T)

Fig. 5-10  B-H curves of 35SXH and 35SX250 in Table 5-2, used for

2D magnetic field FEM model.
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Fig. 5-11 Torque characteristics of test motors at 1800 rpm
by (a) maximum torque control, (b) 7-=0 control.
Solid marks: 35SXH high permeability material core data,

open marks: 35SX250 conventional material core data.
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Fig. 5-12 Torque constant ratio between 35SX250 and 35SXH.
Ratio of torque constant: torque constant for 35SXH core per

torque constant for 355X250 core.
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Fig. 5-13 Flux distribution of stator cores, calculated by 2D-FEM

analysis condition : revolution speed 1800 rpm, /=3.5/7.0A, =30 deg.
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Fig. 5-14 Magnetic flux in motor by 2D-FEM analysis.
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