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Fig. 1.1. Regulation of CO; emission.
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Fig. 1.2. Example of future forecast of sales by vehicle type.
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Fig. 1.3. Trends in main motor in Toyota Prius.
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Fig. 1.4. Motor loss classification.
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Fig. 1.5. Examples of vehicle running scenes and main motor operating points.
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Fig. 1.6. Example of ratio of iron loss in motor loss.
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Fig. 1.7. Causes of iron loss in motors.

B 1.7 =—FIcB T 528%BA0OREER



1.2 K BE gk 4R T T iE e L T ) ) - iR

E—HICBITAHHKBTRICIE, Fig. 1.8 IZFT X0, BaLRBEO ONEEL,
HEARBEOE T2V TWA. K11, T—F T8 TRHORBEL LD 5.
INETI, T—FOHREBRBECTHUTZEDOFECOVTIE, BEL O
BHRBRENTERE., LHLAZEL, UTFIZET3MEA»S, HiolERRBIzsT
HZRixOMTOEEEZTI2EEIHET—FORLKZEHEICTRTRERZKRICE
S TUVgLy,

OFvU7
JL—LA {‘:]I_ xE] L [}1
©EEHRFT | & -
1

{el |ty

@WEERD
(RUIEZEZ)

@VA1T—-)I—-T4

AB

@hIE @3D%hE
(E2143ER2)

RERERIA -
A AT mg EEI: FEBR @REREREA

T UJEJ T

'__“““ ©FBINR

Z
o T

Fig. 1.8. Issues in iron loss estimation technology.
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Table 1.1 Issues in iron loss estimation technology.
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6 [] i e S oD 5 [
7 MITEOREDERE
8 BEHR D D EDEE
9 NLDDOEEDOEE
10 AC #i18

MR 1 : 81X, A7) VU 2H, HHRNBERE, REMERRICKRINEShD LE
AbhTW3, Zmoabh, A7) vABEEHRMOBERBIZOVWTIX, B2z
FRIFESEBEIN TS, RFEREBERAGOQOODODANT - Fig 1.9 IZRT LI
MR OMBEOBENIZEFR LEHAEALZZOA TS, ZOMBEZETHO R r— /i
Bt ~HE nm THHED, HEN200mm M2 2 FHE—70BETPHICHERT
AEMBERZETNOEHRY A XTIE, “OMEXBIZEESE TS L 3BRTIE
HigECTHs. LiehloT, FREZFEICIZSGBEFPHICHIELERFRERBADE
FNACBBLBELRDDR, RELTHD.

M 2: gk X H iz, BRERERBRIII /oA r—L0RETHY, BEEMNET
ERWked, WEAREREKREZ, e X7 Y L2, HMMAMERE, REBERA
CHBELTONMT2LENRSD. ZOX5RFB2ICESE, REMERAZ ST
5HEIEEL OFROOOGIRBINTEER, W ohDE (A RENRE X
RO 2 Fihp, REDRIEHRTD2E) 284 TRY, REMERRAOS
MEFEOMIICIEE>TWARY., Zok5 i, BEMERE ST 2 EMOERO
RT3+ ICREATELT, THMETAV~ORMPEELDRRIZSHD.

ME3: BREERE— 7 Tk, 27 ZiAMT 2ROBERD 22 EICRET D EMIL
NPHEEMLIC L 2BUERIC L VBRERBEMTDIZLB3Mmoh TR Y O0D, 2
OBFHE, EWE—FORRKEZERELCTUTICDICLEFRARTHS. IZE
TOMRT, EMIGIEMMELBEEEROBRE 27 ) 20T 2 M I3ED
HBATELY, REMERBICHT 20T +AICEATELT, EMG BN
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\\
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Fig. 1.9. Presumed mechanism of excess loss.
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EHIMARERBOE T A ETEIZOWTIERS,
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2.1 FB

Yial—varEHEALESBHER BAMITO 7 ot 2N THRAZHATS
EHEEE L BRI OBAR L L TSREZFHR T2 HAEED 2 fiCKH & h 50909
Q0.0 ZRFHEOWMES Table2.1 ([ZRT. 2D 55, BEHEEIE, BAMTICHERT 2B
L LT ATV AAL—T2ZRLIELET, T—%a7% 3 REVIZET VK
LIREBREZEEANFETEHELRE. Z0X2Rarve7 b, T—2 0GB %M
o256, FRERIRSEEZEZR L ZREFROWIICE 2 REM AT 5 i,
E—FaT7OMBEBEDET NMEICH ) BRBEOEK L EFHRIBICED X TICHH W
OHERLELRY, FRENFBAERICRS. BIETELX 51, BBHHEM KT
—Z R — FICIS CCERBBEREER T2 Z Licma, B 1EA I 72 6
WERXABELRY, fEFRXROBEVZEoTHERCHALIBEREELEMLL, HED
BT 5. 2oy, BBHHEMAEBRET— FHEROFMTIX, Fig.21 iR T Xz,
BRE— FRH#AFRNOBENEZZE L TE+HRAOBERLTIML, Bikekozshxs
ROAHBMLENSH S, 4, HPC (High Performance Computing) A7 AR d
HEBEOMRAEPL, HHHAERKORENLHANBOEHEL I ELTHI DD, =
DEIRBERND, REEBIZESTVARY,

Table 2.1 Comparison of magnetic field analysis used for direct method

and post-processing method in iron loss estimation.

F2.1 SHBHRICBITAEBEELBOMEIZHV SN D T O L

HAE [ERF3ES %A PRk
R T €7 /L DR IT 3 Wt 2 R
HHEEK BEHTER BTF~¥ER
1% S i A 12 A 9 & WAL R EATF Y AN—F AL ih R
AT CoE—% a7 OB EIE KEE

—J7, HAOBETIE, 2REEAMBITCI VRS EZEBRA 1 AT OFER (o
DREHE EOWERNEW T bo() %AV, SBEFAT S, BRATICET 5 H = %
M REEEICHESRTAEL, H+HAOHERLEL RS BB H A EME— 5 OZER
REBOWTRERMAFELEEZS. £, ThET, BARBEICHVWLRL S EKEF
BT L LT, Steinmetz’s equation® 23 < FEB EICHWH R TE /2. Steinmetz’s
equation |%, B IC EREREZ RESEEBEOSKRAMEMEZIELIZ, e 2TV 2#
A A B LI EREIL RO 2 RICHHAT I LEWVWIRED S &, Fig. 2.2 [ZR
TEOIC 2 AESEERAVWCE AT ) AHBRK K CIRERBRE K ZRET .
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TV EEBRFIZIE, aTICELDIMEID, 13— FFx )7, BABRKICERT
HAHEAEET S0, o k5 EREBERESRICHKAEHAT2ES T,
E A7) CARBRECMERBHRE L EARANICEZREZRERLLHE L TWS Z &
R, ATV ARCHERBO BB T 2RBOCHETI2REICER T 2-ET,
GHTHUKENETFTS. £22C, AAERBRIZCE>TELS, EAT VAT
LA —N—TOEEL, BRMERTICTLYIREDMBENBORRZROEEE
BT AL, BAELELTEAT IV AMBRESE L —RoihBERBIT 21T 5 FiE
CORPREINTWVS.

AETHE, EHE—202hE~y FEHEICE L, BAMKC X SS&KBGFRORK
W72 FIAZ B~ 5.

Torque [Nm]

] | ] a [ ]
Pl fRf
Rotation speed [rpm]|

Fig. 2.1. Example of calculation points necessary for
generating efficiency map of main motor.
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Fig. 2.2. Example of identification of hysteresis loss coefficient and eddy current loss
coefficient by two-frequency method.
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22 XEEHERK
FE2EHTIE, BMERZ MRT UV NALBRADTIRT vy v RIMEH
ELEBOXEFBRICOVWTHRRS, 22Tk, »2EBREE Jo [A/m?] BEFEL,
Jo DRFEIMZELIC X > TR H [A/m] 4L, BWEFE [H/m] OWIER OIS
EB[T] OZELICL>TALEBERL->T, MENCEBREE J.[AmM?] 240, J.
NhelblBURRAIZ2ELD, LVWHIBRKRE2ELSD.
EHEEZRBRT A7 202V FRNZ, UFOL5KENDS.

rotH=JD+Je+—@— (2.1)
ot
rotE . (2.2)
ot
divD = p (2.3)
divB=0 (2.4)

ZIZT, DIZEREE [C/m?) , EXERME [V/im] , ¢ iXRR [s] , o IXKEEERE
E [Qm'] 2ZhEh&T. £, BHFEuLFEFe [F/m] 2HVWE LU TFTOMEKEE
B85,

B=uH (2.5)
D=c¢E (2.6)
IIT, BMERELFIIND (2.1) ROAXRE 2 HORFWIZOWTRHMTS. K
MXTHRETHE—FZOBMEREREEZD &, ERABBERIIRRTY | kHz BRE
THY, PWM BT 2ERICBWT, BIEREINTWAS v A—2DF % ) T JAK
BOARMOSETEERL TS, FVWEWVWI0KkHz BBEE THHAOG R LRI LEEX
I, W, BREEE [S/m] OPIRICERBE E.AMMEhE L ECHD

BMBEJ XL TFTOLSIcRENS.

J, =0E, (2.7)
EMNEHREAEY Ju2T5L, BEEOMKICERME E.SEHMENTZL &, JulX (2.6)
XREVUTOL > ITERKINS.

Jd=@=8aE“

ot ot
Z I T ENIIRIE Em, A f[Hz] OEKEERET S L, Jo & Jo DO 13 LA
TOEIITRB.

(2.8)

J

el

J

¢

_2nfeE
ok

m

(2.9)

MENRBETHDLETDLE, cDF—FIL 108, eDA—F T 109 THD. T4bb,
(2.9 KiF 2nf X100 DA —F L7235, T—F TIRHERAKTHLE L+ kHz 0BRZE N
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EEWZ Ehnb, LT EE_ATBODTHNEL DY, RRIXTE, EERRE

MBTEBZLOLETH., ZITHRSZ PART vV ASRER B2 L TE
ToOX3 2EkE2S.
B =rotA (2.10)
2.2) Kz 2.100 KERAT L (2.11) X&E/5.
rot(E+a—A]=O (2.11)
ot

2.11) X & 2.12) KXiFZT7 pAAKELY, EREIT 2.13) XATERTE 3.

rot (-grad¢) =0 (2.12)

E :—Z—f—grad¢ (2.13)
27 K& 2.13) RXv, MERICELLER J1X 2.14) XL 725,

J, :a[—a—A—grad¢) (2.14)

ot

LEDZ b, 2.1) XE 2.14) X2HAWT, XEFERXLLT .15 XEH/S.

rot(lroLAJ:JO+a(—a—A—grad¢J (2.15)

H ot

£, WENOBRKFALY 2.16) XEHD.

divJ, =div{a(—%—f—grad¢]}=0 (2.16)

2.3 TRouRESN A RREE S AT 0 E Uk

E—ZOBRMITIZBVWT, E—FBRBERERE, 2L OBEMbEMICE 7
BkEoTWaed, fHHEz A MEIRZIR> T o RcBAARBERERMTRERN S
B, MAT, BOABEICXVGBREHETSHE, Table 2.1 17T X 5 I ZKTHA
AREXEMTTITMBEREZERLCHAT D, 22T, T—FERCEBSINDER
Hlak, whhmzEz e LT N MEERIZBWT Jo=J: &2 Y, BER_7 PAVEKRT
YV NAbzRODHRLERB. LEDZ ML, (215 REBEKRAXDO L1225,

1[6 o4, @ 6Az]
e S LT I (2.17)

IDEHRERLESNMEOMERD D IZHEY, —F OBAMHITICIS VT,
AREREVELFEREA TS, ARERETI, 217) R0 k5 XA n
LHOBERFMEOL LIl ERD Z25E, MoFRXZEERVTHRZERTS
TliX, BLALPOHEAREETHY, ZTOEOANOTFEZAWTHREMEEDS. A
T, =A% 1 REFE2HAVEARERIEICBNT, —RICGEHABEOIEWERM &
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BEED1ODTHEINT—F U ER2ERTAIHEAICOWTHEAT S,
2.3.1 EEHFEAXOHMH
KA 2, AEEET 2.18) XTRENIMy TR zMEzT LT 5.

f(@)=0 (2.18)
L2xL, b Lt 28 LEHBEICIE, —EMNICe X (2.18) XEMERTT, ko
&SRS

f(9)=R=0 (2.19)

IIT, REERELHS. Z0LE, RROMEBDIICZERZT 22BN TO R O
SGERNMCTHELIW. LML, HEEREZTOLOEIT TR, BERZEBVTREFN
MzAT 5 HiEZEAFEREELTFD, BH g 2 EABERE T L, ZRTHBIZBW
T, KAXZMBET 5 M 1 IWFE e OELRE LTRDDLZLENTES.

HSR-gdS=0 (2.20)
HI—FEk, EHBEE L CHBBEEEZAWIEA(EREETHE. Z 2T,

Fig.23 IR TL59%, D1 20EFNORT vy AN, BEEEZHBRTIHAD
RT vy VOBEBEKTHRBEINDE L, MMBEENEZEATS.

3 (X3, 13)

1 (X1, 1) )
(x5, ¥2)
Fig. 2.3. First order triangular element in Cartesian coordinate system.
B123 FTANMEBRRIIBIT 2 - R=ABER
EAREROBE, BRNOLEORCBIART vy Vv HpREREORT v ¥
Vv Ay, Ay, AsEFHWTKRATRETESL LT 5.

3
Ay =) N4, (2.21)
i=1
—KRERTHEIMD, ZABNBOARUTOLIIZBL I ENTES.
A(x,y)=a, + O Lty (2.22)

LiedoT, HiR1, 2, 3BT ADEBRRANTRTZILEETES.
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A =a +a,x +a,y, A, 1 & e
A, =a,+ax,ta;y, < 4, (=1 x5 | @ (2.23)
A, =a, +a,x; +a,), A, l 2 YN0

WE, HBLLTWA-AREEFOEME S LTHLUTEHE5.

1
a, [=|1 x, 4,
1

a; *3 Vs A, (2.24)
1 X V3= XY, X =XV, X5V, —X0 | 4
=§ B e B S N =W 4,
Xy =X, X — Xy Xy — X 4,
S 6T (2.23) Rz (2.24) AERATDHLLUTZH5.
1
A= E[(xzh —x3y2)+(y2 —y3)x+(x3 _xz))”]A1
1
+_[(x3J’1 _xly3)+(y3 _}’l)x+(x1 "xs)y]Az (2.25)

28

1
+§[(x1y2 _sz’1)+LV1 —yz)x+(x2 _xl)y]AS

(2.25) & @22) REEWT DL, " R=EAEERICBITHMEBEBENIZLUTOLS
icREBNS.

1
N, =E[(x23”3 _x3y2)+(yz ""ys)x+(x3 _xz)y]
1
1N, =E[(x3y1 _xlys)"'()’s _yl)x+(x1 _xs)y] (2.26)
1
N; =g[(x1."2 —sz’1)+(J’1 _yz)x"'(xz —xl)y]

(2.26) RTHONMHEEE N EZAVWTH I —F L EXERAT L, KO X5 2ikE
HRXERDS. EL, BEFEEEIETHILLTVS.

G, = ISA[——J(ﬂai —aﬁi%]dxdy—ﬂs N,J,,dxdy =0 (2.27)

TIT, GITRE, i TAMRBEROHAES, SalZMTEREZRY. (2.28) X FTMH
NAaRERVEE, 2.27) XoEBHE1HIT 229 ROLHIICERTES.

[/ (x)e(®)] =7 (x)e(x)+/(x)&'(x) (2.28)
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110 ., 04, 1 \oN, 04,
ML —til g Bh{ LTSS AL
Sa M)0x  Ox M) Ox ©Ox

(2.29)
*['lJEN %[i]ai %}dxdy
ujoy 0oy oy 0Oy
Z (229 REZEELT (2.30) XZ&HB5.
[ A L] o LTS
(A ax " Ox H)oy 0oy
(2.30)

1 8N 6A 1 \oN, 6A
+ —= 4| — |—t-—= bdxdy
7 Bx Ox u)aoy 0oy
IIT, (230 RERATZ/YV—voEREZEAT S L (230) RO ATEREOR 1 1

T (232) DEXHCERTED

J‘j [‘;f ‘éfjdxd _c]SA(de-dey) (2.31)

[[ A2 )2 m 2 o[- L) 2y, 24 gy
Sa M ax 6x M 3)? ay
1 oA 04
= == N| —=dy-—=
( ﬂ)qs"ﬂ '(5}5 "o J
T DT, B CARMITEEA R OBER 2T, (2.32) ROADIXBER Ca % B AR

ELTHRIBEIT 0 LB1ED, FT Uy VOOBEERRATLO0LRD. ZOZ L
B, (232) Rix 0 LEHS. Uk &hs 227) RFKXOL I CEETE 5.

18N, 84, (16N, a4
G':Hs,\{[ﬁja_;'a_;{ Jay'ay dy— _U N,J,.dxdy =0 (2.33)

(2:32)

232 BEHFERAOBEIE
AT, 233) RICEVEREBLEREFRA2E, BI2EHR (o) T2V THERK
kZ21T79. Z0 L&, EXFNTHRBOZITOLERDD. —AREROEE, A7
FRF % A®z FEED A: 1%, 220) XXV, UTFOXIICRES.
3
Af’:ng;Azh (2.34)

k=1

(234) XEHWT, 2.33) ROENFE | HEMHA 20 L THEBRLT 5 &, 235 Xz
B3,

3 1 YéN"® &8N 1 YoN'” 8N
G‘FE) = ij (e) {( (e) J == " +[ (e) ) =i - }Az kedXdy (2.35)
et ddso |\ &  ox \u oy Oy
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IITSEHLER (o) PREBERT. ZZC, MHOLD, UTO (236) KX, (237)
XEzPAT 5.
Jcle =Y. = Vs
Cie = Vie = Nie (2.36)
LG = ¥, =,
(d,

<d."{(:'='xl

. T

e

P (2.37)
Ld‘_’ae = ‘xZ

e

e

ZOMBEERHNT 238) XEEATS.

e

S, =—= (e, +d"d,) (2.38)

ZoEE, (235 XNELLTO (239 KDL HICRED

3 (¢) (e)
S L \aN© oN,, (1 \ON© oM, ]
s st #(e) ax ax (e) ay a’y

U

3 (2.39)
1
=(#(e)];S£ke-Azke
7, UToO 240) KRicrnTHY>AKX (1238 2EHT5.
['m!n!
NN "N dxdy=28 ——
'US S, SR (I+m+n+2)! (2.40)

(2.33) ROEDF 2 WL H A i Cx L THEBT 2L, 240 XEANT (241 X%
%5
S(e}

H_gfe) (Ni )Jo_.dXdy = :

(2.39) XKBLW 2.41) X6, H2EE (o) OHA BT AEREFERIT (2.42) X
e25.

g =[ 1 is ‘A —ﬁj (2.42)
i JU(E] o i ke z ke 3 0z .

Jo: (2.41)

233 FEHREREDOEE
HEVHEAERE—F 072k, |EMEBEBMARS —RICEAsATWD ., B
AP BB AR IR AL R E N IR Z T T A LB MBENTWS., L »>T, (2.33)
AerkanzgE=ralE, FREireizy, 283) RcRxdT=a—br-77Y
YR KD BEMREER VD
oG"

aA(H = ___GH']
oA (2.43)

A" = 4% 4 g.54"
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IThkid=a—br - 77V BB REREE, 437 PART ¥
fza=—hr G2V EOREE

— — L

DEER%E, a AT v 7H A X&KT. Fig.241

2 I
JLG

v

G(4) /
4 4
/

- 7
A" /4, A4y
Fig. 2.4. Concept of Newton-Raphson method.
K24 =a—br 772 EOHE

(243) REHHT 27D, 0604 ZRE L TRBLERSHD. (2.42) RiZH L T,
R7ZMRTF vy VICET O RMaZ LD L (244) XEHD.

1
oG _( 1 a(;ﬁ]3 (2.44)
i b - 1 Sij_———'zsike.A*ke ‘
od, \u 2=
UEEY, 2.43) Rz (242) XKBLVT 2.44) XERAL, Fig. 25" T=a— b
FZVEO7u— Lo TR THETCREHRATAILET, "I MVFRT ¥y

WA ZRODBZLNVTES.
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k=0

v

Set initial value 40

A

aGﬂ)

Calculation of G ® and

.

Calculation of 84%) by solving
k
96" o W __c
oA

Set step size a'¥)

v

A1) = gUk) 4 oAk) § 40)

k=k+1

no

Convergence?

Fig. 2.5. Calculation flow of Newton-Raphson method.
15 Sa—pY-FTIYECIEHR?B—

2.4 BB o 8E TR FiE

BRI X ABEHEICBW T, Fig.26 KRT LI, ZThETIRRATEZKRE
HRRAARERMBTICLVHASAZEBERA | ANSOBER (o) ORERE L DOKX
JEIETE bo(t) VT, BBZHET S,

IITIE, BMEBEOMARERETE 7 — ) A RICELY BRI ICoBE L BT,
RS EOSKBEHAT A HFEML, BMEABEORLABELERRASZEL LT,
E—F a7 OMBHMICHT 2 - RTMBERMBITEFEFR T2 LICLVERBAEE
W BHECOD20%2k~25,
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Magnetic property : Initial magnetization curve
Eddy current : Ignore

Current [A]

Electrical angle [deg]

Post-processing
to estimate iron loss

Magnetic flux density [T]

Electrical angle [deg]
Fig. 2.6. Iron loss estimation flow by post-processing method.

Bl 2.6 MHMOEHEZLIBHEHF 72—

2.4.1 Steinmetz’s equation |23 < $k48 T & AR

TT AL A R ERITV, BREMAB A T b(r) = Busin(2u f1) & 72 D BEHHE K
RHE Bum, FEH O ERELZERRZRASYE, WELLZHKBOERMEZ ML THE
ZBFEPREEINTNE®, KGRI TIE, ##E prnZ B AT ) 24 p, L REHA
peD _HICHBEL TEZDBHEIZLDWTWMLS. 20535, e A7 U ¥ A3, Fig.2.7
WKWART LI, eAFTVAMBICHEN-TRES 1 AR FfE#RELE LTHESH
L b, AEHKICKHTS. colE&, AT ) VABLMHERBIIENLEN B,
FOBEEKELT, 245 ROLHICEREINS.

Pon =D+ P, =K, f B +K, f*Bf (2.45)

ZIT, pian FFBOEREE [Wm'], ppid bt 27 ) U ZABOKBEE [Wn'] %,
P \LIMEHBOARMBE [Wm'] &, Kbt 27 ) U AHGEEKE, KIXMERBRE
FENFRET. Fig. 28 [T EBMERNBOBKOZLLICERL TRETIVDY
HERAMEREE, REDRZER LSS 2.46) KO L HITRKED.

r’oh’
*"T g
ZIT, h IZEMMROIER (m] 2XT. (2.46) AL D, Steinmetz’s equation (ZF5 >
T, bot bMBRETFAMLE LTCa=8=y=2¢BLBREBE21B. ZDLZ, (245
KOOI %E Bl THT L 247 ROXH5I2HFRE2—RBEKE LTERTHZ LA
TE5D.

p P (2.46)
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f%%=Kh+KJ” (2.47)

LeBoT, E ATV ABRBRE L MERBLEEIT, BHEOKHED Ba, fIZBWTIEZHE
BHREREIETCHOAEGEEEL 247 RicESVWTEER T 5 Z & T Fig. 22 IZRT
Lo, EREAEEOERICENT - REEE TEN T 5.

=
‘Q
7s]
[=
7]
o
=
=
o
k5]
2
=
Magnetic field strength [A/m]
Fig. 2.7. Definition of hysteresis loss.
B27 ATV AEDER
<
h m o
N

Fig. 2.8. Eddy current in silicon steel sheet.
2.8 RS PR O i T

AFEEE—FOHFRTIUCERTLEE, BRIZIIAWHEPEET LS. THLET
|z 3R 7= Steinmetz’s equation [FIELFE R B R FTOHKMREZ KA T H2DbDOTHS.
ZIZT, MREBRA~ET B, Fig.2.9 B LW (248) RTHRT LT, BB T—
) =754 (DFT: Discrete Fourier Transform) % fWT, il BiaicEHE 3 5 8 %,
EWEEEOSRERRYOHKBOBESE TERAT S EF LR, Fig 2.10 B LT

(249) KTHRTLIIC, EAT V) AROFRICBWT, &l B RER O R ER 2 28
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L, KM% IE®RKE L A7+ Z L T Steinmetz’s equation [Z XV HEZFHFE L, £XKM
DHEEMATI2ETNAVORRESA TS,

NE . (N_bFr N_DFT
Pimn:ZV(*){ > Ki(Bay)fiBryt 2 Ke(Bs a‘)frfBrfﬁu} (2.48)
=] =1 J=1
NE N_LOOP N DFT
P300S )8 ) 8 2.4
i=1 J=l J=l
=15 Ha
2 1.0 o
505 P
5 0 25
= = =
g 03 Eg
210 :
[+ 1 L
S -1.5 >
0 120 240 360 Order

Electrical angle [deg]

Fig. 2.9. Iron loss estimation model based on Steinmetz’s equation using DFT.
2.9 DFT % i\ 7z Steinmetz’s equation (=23 < #k4 Filll€ 5 v

1.0

2B

m 1

=
wn
T

Magnetic flux density [T]
S
n o

2Bm_z i N\ ? 7‘

0 60 120 180 240 300 360

Electrical angle [deg]
Fig. 2.10. Hysteresis loss estimation model based on Steinmetz’s equation that divides
harmonic flux between extreme values.
2.10 i A I8 6 SR A& BRI RS 438 L 7= Steinmetz’s equation (233 <
EA7 Y ABROTFHET NV

-1.0
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ATk > (2.48) KB LW (2.49) KiC X AR TR EF AV OREEZ BGEL, #4387
DMBEALNCTE. 22T, 245 RKicBWT, a=p=y=2°LEB%, 2 KkE%
AWT KBLOK 28N 2. 85 miE BRI 30HX1600 % xf 8|, Table2.2 |28
TEMEORBA ICEZEREERESES. KB OREREM% RD (Rolling Direction)
HmE Lz, RBRA Ry FUrICTERLE. 2, BROBEOREIZH =41
EERAWE., GBLVKIFUTICRT 220K ETERTS.
< Iron loss coefficient I >

f=50Hz & 100 HzOREFER LY 247) XEFHAVWTHEBELE KiBLU K 2 A
BeXod—EELELTHR). TAhELOREUBRFOEWRILFig.22 KR TEEYTH
5.
< Iron loss coefficient 11>

f=50Hz &£ 100 Hz P EFER LY 247) XEAVTEHH L GERABERICLGT
—EME LTHY. KiZ, £EAKEET 247) XEWMiTHlETS. Ké K.OBEFE
Fig. 2.11 27”7,

FNENDFETEM L Ky % Fig2.12 12, Iron loss coefficient I 12 X W #H L 7= K.
# Fig2.13 |2, Iron loss coefficient IT (= X 0 ¥ L/z K. & Fig2.14 (27 . &7z, WE
LamKEE#HIZ 1kHz TH D

Table 2.2 Silicon steel sheet used for verification.

#22 WEAFOWME

Item Value

Grade 30HX1600
Thickness [mm] 0.30

Resistivity [ -cm] 56

Test piece size 30 mm % 360 mm
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Pmcasured /f [J /m3]

I<th2

Frequency [Hz]

Fig. 2.11. Concept of iron loss coefficient II.
2.11 Iron loss coefficient IT 4 %

150

100 . "

K, [J/m3/T?]
®
[ ]
@
[ ]

50

0 1.0 2.0

Amplituide of magnetic flux density [T]
Fig. 2.12, Derivation result of K.

X 2.12 KyO8HER
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Amplitude of Magnetic flux density [T]

0.6
® @
& 0.4 e ° tecttec,ee" e
- ® e
£
=
0.2
0 1.0 2.0

Amplituide of magnetic flux density [T]
Fig. 2.13. Derivation result of K. by Iron loss coefficient I.
2.13 Iron loss coefficient 1 \Z351T 5 K. 3 5 5%

0.60

0.50

0.40

K, [J/m3/s/T2]

0.30

0.20

0 200 400 600 800 1000
Frequency [Hz]

Fig. 2.14. Derivation result of K. by Iron loss coefficient II.
[X] 2.14 TIron loss coefficient IT (28} 5 K. 0 8 HfE5 5
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T, RBTHETALE AT Y VAHBREB I ORERBREOEN HikE
Table 2.3 ICRT X5 ICHMAS LY BAOHKBTNHEORIELZT 5. Wik, &t
WER 12 Table 2.4 IR T ABRBMR O ZELRHKKRS ZEE S EEBHETITI. K
W FE PR IE % Fig.2.15 \ZRT.

Table 2.3 Iron loss estimation model based on Steinmetz’s equation.

F23 SHETHMETALERT U 2GS X CRMERB RSO BF

I $IB T W ET K R
M I (2.48) Iron loss coefficient I
M 11 (2.48) Iron loss coefficient II
M_III (2.49) Iron loss coefficient |
M IV (2.49) Iron loss coefficient 11
Table 2.4 Magnetic flux density used for verification.
2.4 BEHAUHEEE O IR B ER 5y
Came. Fundamental By [T] Be [T] By [T]
frequency [Hz]
1 50 1.20 0.40 -
2 50 1.32 0.40

——Casel ——Case2

i
o

]

1.0

=
W

=
h

Magnetic flux density [T
> & o

I
-
wn

1 1 1 I 1

o
=
=

60 120 180 240
Electrical angle [deg]

300 360

Fig. 2.15. Harmonic magnetic flux density used for verification
B 2.15  HRGEE S AV T i R O TR L 7o R TR
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Case 1 & Case 2 IZxT 28 FHRIFREE TN LN Fig. 2.16 & Fig. 2.17 R T.

® Measured 2 P, oP,
3.0

-2.7% -5.2%

e
W

-24.0%  26.5%

p
o

-
wn

Iron loss [W/kg]

—
=

o
W

Measured M1 M II M_III M IV

Fig. 2.16. Iron loss estimation for Case 1.

¥ 2.16 Case 1 @ & ¥ e A k9 2 838 Tl

® Measured SR OFfF,

265%  -286% | —

Measured M I M II M_III M IV

Fig. 2.17. Iron loss estimation for Case 2.

X 2.17 Case 2 @ & i I A2 %9 5 #6348 7l
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Fig. 2.16 3 L U Fig. 2.17 O P OIS IXMEME L ot Z2 7T, SATHETVIZ
BWT, 248) Xx Wb L 249 REAVWELOZEKRT S L, (2.49) XEH
WEEFAOEN, EAT I VAEMKREHREIATVWS., ZOBRBIZOVWTER
3. Fig.2.18|Z Case2 IZBIT B ATV v AAL—TFOREMERT. £/, Fig.2.18
OEPOEFERIHGT DA F—N—7OiRIE & B $k % Table 2.5 [T/77. (2.48) X
TIE DFT 2LV Case 2 ILBWTIETA T —A—7DIRE L HilkEE2$+T<T 040 T,
350 Hz L LTEHLTWA. LAL, Table25 23T LH1E, EBIZAELTWVWSE A
F—A—7OWE L BE¥KE, YT LLDFTICL VIR S 2 BREK S ORIEIZ —
BL2W., Z0EDEREFNOYA T —A—FRHIELEE ATV AREHETS
VERDHDH. (249 RTIX, e 2TV CABEFHEARIC, &~ A T — L — 7 OIRIRE L J&
BEEELTNWAEDOT, (248) RICHRYLHERLMEAEND. LOLRESL, w4
F—=n—71x, RA—RIBETH-TH, MUBRRZDZZLiICLY, TOEMREEDD
EBEMmENTVS. (2.49) AT, REEZBELTVWRWEEY, EXT YV ABDEH
B TREER EIZmT T, MBI~ - —TBROELEBZRBLIZET IV
BULETHS.

70, SRHEHAEROUHFERRLZZ LORLKKRT S L, MEMBREDEKEKT
HEEELEZFS, MERESDNISHREZIATHS. BAEENXEGL RS20, &
SRR N O REZH RS E 0, ERMBRNT LA S ERICHEI BRI 2D.
MEMIERYEE 50Hz & 100Hz ORERPERD M T—ELBWIEHE, REHED
BEECARSEAEEOERT, MERBZBRFMI2E:Z26ns. T0d), A
WEEGEELZER LN, RYULEZLNS. LOLANL, AFEIWEMSF
ELRWEETIE, PARKECKTATHRENRS. T—4 0O PWMBIBICER TS ¥ ¥
V7RI, Bt kHz o258, ZOfHBECE—FaT7EEET S EONCHIE
FTAHILRBEMTIIAW., 20D, B+ kHz 0 BEKICB T 5 iREREO T
EREmt<, REDREZELEZETABLETHS.

Table 2.5 Amplitude and frequency of minor hysteresis loops caused
by harmonic magnetic flux density in Case 2.

25 Case2 DMEEBERBICL VA LA, T —A—70iRE L BEiE%

Minor loop number =i [T] J& ¥ [Hz)
1 0.165 601.8
2 0.169 587.5
3 0.337 373.4
4 0.169 631.6
5 0.165 574.7
6 0.338 370.6
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Fig. 2.18. Measured hysteresis loop for Case 2.
X 2.18 Case2 ZBiTdt A7 U ¥ A o Rl E K

242 —ITi B ART 2 RV 72 B T

FE—FEMRLLEEATHAOBBELKIZBWT, 4T —A—7THOERT Y ¥
2R, TE—FaTIEREND BHMBKNBORKHIROBENEEICRDS. 29
LBERME, ZRTHBEAAGRERMBITIC X 0GR L% B3R o R AUE B o IRF 2 5
Wi & R ke, SRR Mo — Koo ERAENIC LY, SRS WER % &
B 5 Ldic, —RuMBERMITICTERAT IMEBRECEVWTIVSIETLZHAN
TERAT VL AEZBERETHIHENRBEISRTE LUNCN.CY KFEEY PID Fik L R
T5. ATk, ToMEEZERS.

FTANMERIZEWNT, c@iZ a7 mET5 L, ZRICH R A RERMHITIC
LY xBhB XUy MR OBKREE B, By BEHATVE. ZOLE, —KTif
BT o R RE 250 XTHEXLRD.

oH, a4,
& R

2.50
oH, o4, ( )
& ot

£/, BREMBOBMBLMOPLE =0 LB &, BRMERTIZIz=A/2 &B<

LMTED. ZOLE, BREMHIZ 251) XTEALGRS.
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(4,(1,0)=4,(,0)=0
B, (1) h
7 (2.51)
B, » (1)
2

) Ax(t,h/2)=

A, (t,h12)=-
Fiz, EH TR ZRTHAFTRERMT LFRAKICLT, T7—FEEZHNT
MBgIEEIT L2825, Z0LEx, 252) XL >2BEFEXEES.

cgzj(v9&+amaé]¢=o
© Oz ot

(2.52)

; o4
G.vi =,[ (_Hx a]t[f +O—Na‘ a—tde" =0

L
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'3
aGyi: aﬂ% dz:j _%%% dz
od, '\ od, é 8B, &z oz
1 (2.56)
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04, 0A, 3 0B, 0z oz
%:j’ﬁiaﬁ NN\ _[(2e B, 0N, ONN,)
oA, 04, 6z At OB, 0z 0z A
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Fig. 2.19. Outline of Play model.
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F, LA AT OMf&% Fig. 220 107°3 7. MEBEOBRMENRT LA £ 2
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Fig. 2.20. Concept of play hysterons.
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T IE R BERBEME N H GO MARERBAOMEREL, KAXTRELLZ®
(18 2 Z21).

_H} [ sinh (/&) - gn(h/a)]

teren = gsh | cosh (/&) +cos (h/S) 08
ZIT, HOIRERMIZBIT2MADBDORETHS. £/, SERBEsZERL, K
X TEHKRTS.
1

o f
Fig.2.21 12, R HE N2 3BT 5 FHBEAE BEIETE b (1) HAIEFLIE (b (1) = Bmsin 2nf1) )
DHFEIZ2VT, Table 2.6 IZATHRMET, —RuTEIRMAT TR L 7 d LAY TR B I
HokRERT. Mtk 2.66) REHWEHRBEICHT D 2.64) NIk DFHFER
OMXRZEEZRT. MAKERICBN TS, BZEIXTE05% URICME-TEY, —K
TR ERATICE YV REDHRPEDICHAE S, 2.64) RICEHHRIIRYTH D L
BAD.

¥

(2.67)

Table 2.6 Specifications of linear eddy current model.

# 2.6 HHRAPHERBOWERIEET VO T

A il
Thickness [mm] 0.30
Resistivity [uQ-cm] 56
Relative permeability 3000
Amplitude of magnetic flux density [T] | 1.0
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Fig. 2.21. Result of Estimation of Classical eddy current loss.

[ 2.21 ol BLAY i HE i 48 o0 R BE A GiE S SR

2423 FVAETNMZELBERT Y AR TH
TLAETNOBMITEERICETH2FHMBOMRKEEDORBELZGT 584K
ATV AN—THERBL TR LERSS. —RIZT, HaaA vEETHWRE L ZIZ,
MEROEELEE T HKEQEBE R TIT, H A LOEFHHEL, WEH K
Thd. £IT, KiaXTE, MWERFELRRZRARLIVGONTZRRERAT Y ¥R
HAOZRAWTKREANOERE R TV VRAEZHET .
f)-H(£)
h=1
ZZCiX, Table 2.2 IZRTEMRKBRA T W THERZSERBR AT\, BEREE
RIE B 2201 T2 5 1.8TET, 01 THRTHELZ. %7, fi=50Hz, f£2=100Hz
L. HELAEEME AT Y A% Fig. 222 12577, Z7VvAETAOREICENT
X, HEE LZEBEA— 7O FREMBRT 2 AV,

H,, =H(ﬂ)—H( A (2.68)
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Fig. 222 KRLEBEREAT IV Y AA—FE2ANEL, LA EFTVMICEIVFHEL
ATV vANL—T L, MEEOLEZIT). Fig.2.23IC Bn BOITDOLEDE A
FYVAN—T%, Fig. 224 IZ B M1OTDELEDEAT IV VAA—TRRT.
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20 1 I i 1 I I I I 1
-500 -400 -300 -200 -100 0 100 200 300 400 500
Magnetic field [A/m]

Fig. 2.22. Estimated DC hysteresis loops.
B222 HELALEREAT ) Y AL—F
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Fig. 2.23. Measured and calculated hysteresis loop by play model at B,= 0.1T.
%223 Bu=01T DL EDE ATV ¥ AN—FFHHE
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Fig. 2.24. Measured and calculated hysteresis loop by play model at Bu=1.0T.
224 Bu=10TDEEDE AT Y ¥ AN—TFHEM
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Bo=01TOLE, 7LAETNICLDHABRIIBEMICHERTERLZ-2TWS.
IhiE, TVAETAC KL AERMEZ, BAREEICK L TREZ 2D 112 D53 MREE L A
Bl nWie®, Ba=01THOERATFT ) v AL—70 LA hige FTHRIBHBAZEFAETH 3
HMTRAENBZLICERTS. £/, Bua=10THTIX, EFHBRICRENHER T
5. Zhi, MEIRX > THLNZEEFEA— 713 EF #BR & TR bR PRI R
STWRNhoER, FLAETAZ THRIBRHPORAEL, BRICAMKHE LTHo1e
EHICELERETHDILELLONS.

WIT, BKBEREE Boymmeric max 23 1.3 T &2 DM N —TITEWT, Table 2.7 |27
THRETER LA T—A—T2BE LT, TVvAETALOYA, T—N—TFITH
TAHRBBAYHERT S, 4T — AL —7ORERCENTIE, WBEBEROEELREY
AEULENRSDED, Bz 17 mHz BECEKBRE L L, (2.68) iz L 2 HEEIZ#EA
LTWiW, £, MERBBEREICI VTR, 22T, 94T —A— T OBERE
EORKEBLUER/MEEZ, FNEN Buinor_nx BE N Buiner min ERFAL LT, F, =
AF—N—T7OhRiE ERMmRLELE TR ED 2 3% —229%. Condition 1 726
Condition4 F TOTF LA ETFTAMICELEB L ATV VAN—TOHARBREENLEN
Fig. 2.25 7»5 Fig. 2.28 12, A T—A—7EHOe A7V L A% Fig. 229 I EhEh
2

Table 2.7 Specified parameters for measuring minor loops.

£27 BRiERBOAFT—NL—TDFEIT

Condition Buminor_max Bhinor_min Start point
1 1.0 0.8 ascending
2 1.0 0.8 descending
3 1.0 0.6 ascending
4 1.0 0.6 descending
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Fig. 2.25. Measured and calculated hysteresis loops with minor loop (Condition 1).
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Fig. 2.26. Measured and calculated hysteresis loops with minor loop (Condition 2).
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Fig. 2.27. Measured and calculated hysteresis loops with minor loop (Condition 3).
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Fig. 2.28. Measured and calculated hysteresis loops with minor loop (Condition 4).
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Fig. 2.29. Measured and calculated hysteresis loss at minor loop.
X229 w4 F—A—F#HoOLRT ) v AHFRE

ALTWAMEER, LA ETAORECTRBMEHANTHEZ L, BIUREI
HAWARMHBN—TORER+HTRVWILRECERNTZLEZLOND. TVAET
MZEDHEBE ATV VANV OBFBREER LO®ICX, MEANRZMNAL TS
VAP TH LY, BMREERIBOEERKE A7 ) y ANV—TOREZ, SN LD
BFIZEY /A X0REE2ZTHEL, MEMERBBEE L2 Z LiCmaAT, WERH
LbiikT B, 220, HOWRHERAAZOETKE AT ) Y AL—Thb, MPWEBON
—THh, v A uw X T4 RAERHOWTRUT 2 HFEORENRFT A TNS. L
Xy, Fra4EFricky, A4 F—N—THOEREE AT I RABIZBNT,
fRBEE Izt D BLICBET S Z L MR L.

2.4.2.4 —RIBEHRAT %2 B 72 858 T o B

AfiTiE, Table 2.2 [Z/R LR ICIEREBE R 2 B4 S & - BB R el &
*&IZ, PID ILICEVEBEZHEL, BEZRIET 2. BRIEICHAWEEREBEREOR
WS Bl 0.1 T235 0.1 THZATRA 18T £T, /A% f1% 50 Hz, 100 Hz, 200 Hz ®
3k¥EE Lz, SO FE#EREIZOWT, f=50Hz % Fig. 2.30, f=100Hz % Fig. 2.31,
f=200Hz % Fig. 232 icEhEhrT.
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Fig. 2.30. Measured and estimated iron loss for sinusoidal magnetic flux density
at /=50 Hz.
2,30 IERREBEH (F=50 Hz) (Z31F % 4 o WE M & 7 0
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Fig. 2.31. Measured and estimated iron loss for sinusoidal magnetic flux density
at f= 100 Hz.
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Fig. 2.32. Measured and estimated iron loss for sinusoidal magnetic flux density
at f= 200 Hz.
4 2.32 IEGXHERER (f=200Hz) (&) 580 REM & T RE

Fie, FRBOSGHMEMBIZ TERLLZED, $BIZEDHS PID FEICEISIEART
)y A EHIMERBOE A% £=50 Hz ®# 4G % Fig. 2.33, f=100Hz DHH %
Fig. 2.34, =200 Hz @356 % Fig. 2.35 L ENENRT.

LLEORR LY, PID FRICXHHEHAMF IV T, EMREBRA I EZLERK
ERASEEMELRFITHoTH, BATI%EVEEREL TS, T¥42b%, PID
FECBWTBRTETWRVEARRFET L. ZOHERLELLT, PID FETIE, M
BoBBCERTIHELEBZZONATVS, Why 2 REBERBAREZT NS, PID
FHEIZLY, ATV UZAHEHRMBBERBIZELL ARSI T LT5L, &
WMEREN, EREMREFOSBICBENT 30%2 50 skEzy, BRITHZ L
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Fig. 2.33. Ratio of hysteresis loss and classical eddy current loss to measured iron loss
at =50 Hz.
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Fig. 2.34. Ratio of hysteresis loss and classical eddy current loss to measured iron loss
at f= 100 Hz.
X 234 f=100Hz IZBTHEBREMICEDD AT ) 2 &l A RERHA
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Fig. 2.35. Ratio of hysteresis loss and classical eddy current loss to measured iron loss
at /=200 Hz.
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25 ®&8
ARECIE, BERMENT 0 ER(LEB X7, Steinmetz’s equation % V7= 8K FHIE T L &
B — kTR ERET 2 A2 BTRIET VER L.

(1) FFticilit 2 2 23tH 22 P CH®EEZ THT 200, ook F RES BT O
BOEE LTHREBATHNETALZRAWSIFIELZEHT D

(2) BHEED H B, Steinmetz’s equation #X— R & L FETIHE, v/ F— A —7
PDEAT VY A2EBLUORBEAEBE TOREDROEELZEETHZ LARET
HHZ L ERRMEAMECBY THMERREZRBESE-RFFAITHRABLEZ. £
T, AT A —FILVALIHENRARE LV ERICET MET S FHEL
LT, LML LTI LS ETAZAVWTERAT ) VAKMEZE L KT
WERETIC L 2BBTFHETLZEAT D

(3) B —YoTimBERARAT L, REMRERRLEEZE T2 enTE R, BHM
MBI O FIHRRBRA IC EKER R A A Sy — AT, BREWMERAIX
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HEJNEETNMETILERDS.
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EI3E BERRAERMICIIREARRATR

3.1 F&

AT, 2RVWaHa A T, BREBERICE->TEL 2k 2 YHEBESZEE
L5 2 CHBAHRATS PID FHEICOVWTERARE, LHLABBL, ZOFETI,
AT N—TRREIRL VPRSP EEZBETE L, MEBOEDICE
SKHEKELELTEZLNTWAREKMERBLZEESE T LTET, TOET
MMEBTRE L 2> TS, BEBEOBBZZE L CHERKRHERAZHE T L FERL
L T Fig. 3.1 {Z/" 7 Pry and Bean Model S Z DIRAEF & L THi2 R2ETABREBINT
B E M, G0, 6.6, 63,68 UnlL, EEmMEERMAROBESE~Et pm OIFET
HAHEDIZHLE), BRBOMIT AR THIE—F OV A4 XFERKE mm £ ZDENK
L, HE A LoBAT, T—H4OHKBAHRAICTRERERAZzEEAFT T L
XEELV. 22T, AETHE, AWXTORWRERBAOERL, TOXE#OMEER, B
LW, RVHEaA P TRERERELHATL20IT, PID FEICBWVWTRER
ERBPEZRBATIMEMBMH EREcZBALFIE COCDEOONZHSNTIHLES.

A
4

Fig. 3.1. Concept of Pry & Bean model.
[ 3.1 Pry & Bean model OHE/&
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3.2 idEHAMN EREC L s RERERBAOERE

MIETMUL7EL S, PID FHECLVHBEENDIE AT ) YR Pupp BLOH M
B R FETIE Pec pip 7217 Cik, ERMARICELABBEARATH LN TERY, £2
T, RAWFRTEY, ATV ABABLOHAMREBERBTRATERVWEY O
K, KX TIIREERERE Po L ERTS.

=Ph_P1D+P_P1D+Pex (&1}

iron ec

REREMBIT, BERORIBRE CHENEIE, TOoEBETRETLIHRLALEZ
BRTEY, TE—FRPOBRBIBHROTECH L TEBD TIERAF—LOYRESR
2%, Zokh, BREHEOMAMITICEWTEENICHRET S Z LIXBERKTIIE
HTHDH., T TREMENA Pex 1T H A ETIR Pec pp DERK (@) FETHD LK
ETDHE 3.1) XEEELTKRAE2ES.

P

iron

- RLPID + PeciPlD + aPec)lD
=B pp +(1+@) P pp (3.2)

= Ph_PlD +K}Dec_PlD

IIT, kA MERBMERK L VS, R EREE, R SR W 0 R
B EE DN IRR B, JEMEEL S L 72 B IELBRER 2 B AE S T RO BKIARNEME Prcasurea, E A
7V Y AH Pypip BLOHHABHERE Perpp ZAWVTRAIZE YV BEHTD.

‘Pmeasurcd (Bm’f)_‘ph_PlD (Bm’f)
IDec_PlD (Bm’f)

Z Z T, Table2.2 {Z/RT MK O EREEIAR ISV T f=50Hz, f=100Hz, f=200Hz @
LEDOPID FEICLD AT Y AR L HRMMERB O AMES XU, SBANEM
Ebiic 31) ROEFRLVRELEZREMENIAZ Fig. 3206 Fig. 34 IR T. £
7o, Bm P 1.0T BF> (3.3) NI X 0 B U 7= i 76 i 18 6l IE 4R £k o J8) 2 30 1 % Fig. 3.5
IR,

(B, f)= (3.3)
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Fig. 3.2. Hysteresis loss and Classical eddy current loss using P1D method and excess loss
at =50 Hz.
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Fig. 3.3. Hysteresis loss and Classical eddy current loss using P1D method and excess loss
at f= 100 Hz.
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Fig. 3.4. Hysteresis loss and Classical eddy current loss using P1D method and excess loss

at =200 Hz.
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Fig. 3.5. Eddy current loss correction factor at B, = 1.0 T.
B 3.5 Buw=1.0 T I 0D {8 Hi 8 4 1 1% 2 o0 i) 38 Bk
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Fig. 3.5 LV, MERBAMH EREIEAREICH LTEKFEEZAT I LA b5.
Bertotti 5|2 X 2 MFHOIC VT, HRAIHERBIZE RO 2 2, RERERAR
D 1.5 RICHATILI2ETABREBEIN TV S, MEREMSEREIL, &R E
HHEEAEREBRBAOKEZET AFIA—2ThHY, ThFhoAki2E&THAEKDE
BicEzZR"HAZ e, BAEEOBEHEE L TRATEILEELZONDS. KRIXLTIT,
MEREMNEREZ KA L LT 500,

(B, f)=C(B,) S ®) +1 (3.4)

ZIT, (34 ROBRKCBLUBIE, BaBR—EDLE, 2 Eb 2 KEDE KK
WWTHEZTIZLTBICEDARZLENTES, f=50Hz BLT100 Hz Dk DfE
HHEH L 34) RiIZXL2ELEE, WEMNPSRDIEIZTO2VWT, Ba 2 0.5 T,
1.0T, 1.5T o &k 451t % %= £ h Fig. 3.6, Fig. 3.7, Fig. 3.8 IZ/RT.
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Fig. 3.6. Measured and approximated eddy current loss correction factor at B, = 0.5 T.
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Fig. 3.7. Measured and approximated eddy current loss correction factor at B, = 1.0 T.
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Fig. 3.8. Measured and approximated eddy current loss correction factor at By = 1.5 T.
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Fig. 3.11. Eddy current loss correction factor of 30HX 1600 (RD direction).
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Fig. 3.14. Measured iron loss under DC-biased condition ( /= 50 Hz).
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Fig. 3.15. Estimated hysteresis loss under DC-biased condition ( /= 50 Hz).
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Fig. 3.16. Estimated classical eddy current loss under DC-biased condition ( /= 50 Hz).
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Fig. 3.17. Excess loss under DC-biased condition ( f= 50 Hz).
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Fig. 3.18. Measured iron loss under DC-biased condmon (/=100 Hz).
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Fig. 3.19. Estimated hysteresis loss under DC-biased condition ( /= 100 Hz).
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Fig. 3.20. Estimated classical eddy current loss under DC-biased condition ( /= 100 Hz).
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Fig. 3.21. Excess loss under DC-biased condition ( /= 100 Hz).
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Fig. 3.22. Measured iron loss under DC-biased condition ( /= 200 Hz).
3.22  f=200 Hz I o [ R #E T 0 IE K ERERIZ 36 1 2 SRR E (i

2000 —~
T —o— B,=0.1T

= 1600 pb—omF—F— o ‘3 —)
=4 /| o
= s )’ —0— B, =02T
E 1200 | -t —A
- B,=03T
Z o By=0T
2

By [T]

Fig. 3.23. Estimated hysteresis loss under DC-biased condition ( /= 200 Hz).
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Fig. 3.24. Estimated classical eddy current loss under DC-biased condition ( /= 200 Hz).
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Fig. 3.25. Excess loss under DC-biased condition ( /=200 Hz).
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Fig. 3.27. Eddy current loss correction factor under DC-biased condition ( /= 100 Hz).
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Fig. 3.28. Eddy current loss correction factor under DC-biased condition ( /= 200 Hz).
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Fig. 3.30. Result of iron loss estimation for harmonic magnetic flux density (fi = 50 Hz).
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Fig. 3.31. Result of iron loss estimation for harmonic magnetic flux density (fi= 100 Hz).
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Fig. 3.32. Result of iron loss estimation for harmonic magnetic flux density (fi= 200 Hz).
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Fig. 3.33. DC hysteresis loops for RD and TD direction.
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Fig. 3.34. Estimated DC hysteresis loops from RD and TD direction.
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Fig. 3.35. Measured iron loss for RD and TD direction in single sheet tester.
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Fig. 3.36. Estimated hysteresis loss for RD and TD direction in single sheet tester.
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Fig. 3.37. Estimated classical eddy current loss for RD and TD direction
in single sheet tester.
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Fig. 3.38. Excess loss for RD and TD direction in single sheet tester.
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Fig. 3.39. Eddy current loss correction factor for RD and TD direction in single sheet
tester (Bm =10.5 T).
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Fig. 3.40. Eddy current loss correction factor for RD and TD direction in single sheet
tester (Bm = 1.0 T).
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iy 7L U 8 A T AR 2K
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Fig. 3.41. Eddy current loss correction factor for RD and TD direction in single sheet
tester (Bm = 1.5 T).
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Fig. 3.42. Data base of x50 (B, f).
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Fig. 3.43. Data base of K} (Bn ) estimated by Ky (Bm) of RD and TD.
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Fig. 3.44. Data base of K. (Bm, /) estimated by K. (Bm, /) of RD and TD.
344 RDBLOTD OEALHEB LT K (B, [)RT —FX— A

3.4.2.2 BRI BER T T 0N EE MRGE

HeE LS MOEKE 2T Y 20— 73 X ONRE KB ALK o2 490 % B
T 57, Table 2.2 TR LEMBEEZHWT, BILAATERLEY » Z7RBH ICHK
PR o SR a4 FE S Table 3.1 (T AR 2 AT 5 @HMEIZ/22 X 5 IEfE L
7=, WERBEEMEE Fig. 345 (o7, V7B BLOMITET LV OFET%E Table
32ZRT.

Table 3.1 Specifications of the test case of magnetic flux density.

# 3.1 BRREELC IV T BE S B 0D i T K 4y

Items Case 1 Case 2
Fundamental frequency [Hz] 200 200
1st order of magnetic flux density [T] 0.80 0.80
3rd order of magnetic flux density [T] 0.40 0.40
5th order of magnetic flux density [T] - 0.20
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Table 3.2 Specifications of the ring test piece.
£ 32 Vo7RBRABLUOHAEETVOMT

Items Value
Inner diameter [mm] 30
Quter diameter [mm]| 36
Number of turns 648
Iron stack length [mm] 4.5
Number of element at core 736
Number of step in a cycle 1024
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Fig. 3.45. Harmonic magnetic flux used for verification.
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A PR % ARAT O B BEEAS M I X MIRE L th AR 2 AV, R ALER — YR o iR T AR AT T
ERTY VAR EER L. RO - RTIHERET ORE L mEREREIT20 L L.
TRAHER AR EEMTB LV STEM I L 58 E L PID FiEICkEZ 2T
AEB IR BERBONEIX, BRMTY 7 b0 =7 IMAGP*TEELE. VY
YREBBRICER T ABEROMY 2B L, T E RO B FR O BRI

WHh bR, Case | DEIATRFER% Fig. 3.46 IZ, Case2 OFH FRIF R %
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Fig. 347 12 nEFNd. RDAME TD FAOEERRBRER»OLHEL -GS HE0R
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Fig. 3.46. Result of iron loss estimation for Case 1 on ring test piece.
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Fig. 3.47. Result of iron loss estimation for Case 2 on ring test piece.
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3.5 TEBLSAHR O BRE A B EREIC TR
Fig. 3.1 |27 L 7= Pry and Bean Model® TiZ, IELHE 2 FREA b(f) =Bucos(2n f1) 128
WC, HALERY7E0 0K pras ZIRNICTREAT S,

2L B
2| —nm—2
BfVRE P )b, LE &

T h n h 2L 2

n=1,3,3 — nm—=2sinh—n7x

h s

Prar = (3.14)

TITLIRE oy EEERT. (3.14) Kk, REBEREEE L LARIE R DB AR
AAE2L I h DI KEWE &, 246) RICRLE-REDEZER L2 HRMBE
HEAWT, KAXOLI>CERTHIZERTES (H&32H).

2L #’ch’ r'of’B.

Pras =1-63-7 h (3.15)

/?B} =1.63-2L-

TRLLEFMBMBIIREICHL, kHlF2L:¢F32605. £ZT, REMER
BOEBOMEEEZHLNCT D720, A ETRINCER L T & 7285 w4 ERE MR
DARIE D N4y DIRIE O T H BRI T, HERBEIISERREZITV, RERER
HOEZITS. RERF O ITE Table 3.3 IZ77.

Table 3.3 Silicon steel sheet used for verification.

#z33 RBRAIOPME

Grade Thickness [mm] | Resistivity [uQ-cm] | Test piece size
30HX1600 0.30 56 30 mm x 360 mm
15HX1000 0.15 63 30 mm x 360 mm

(2.68) XEHWVWTER ATV AL—ThoffELEZERE AT )V AAL—T%
Fig. 3.48 {Z/"7. %72, Bu=10T & L, f=50Hz, 100 Hz, 200 Hz KO IE 5% 28 H %
RERBRAICHKAESE L EOGAMNEM, PID FEICLBERXT Y v~ AFHE, PID
FEIC LD HRMOBERBAT MBS LU, REHEHRHOSHER L, Fig. 349 256
Fig. 3.51 IZ7" 7. Fig.3.49 7»5 Fig.3.51 X0, WFhoEEHKIcB W TH. 30HX1600
OREMERBIZH L, 15HX1000 0 RFERERBIZ NS REEZL->TWD. £, i)
BB M ERE O R B2 Fig. 3.52 07T, WEZMELT5ZLT, RERE
MEEOLOFNELR2TVWE 000, HHRAO\MEBERIIRED 2T LT S0,
K14 2o TWAZ Enk, REBERBICK L THMAMNMERBORL BB KE
<, FOEOHMBEHBMEREE LTI 30HX1600 DL D LY b REREEZ LT
s
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Fig. 3.48. DC hysteresis loop of 30HX 1600 and 15HX1000.
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Fig. 3.49. Measured iron loss, estimated hysteresis loss, estimated classical eddy current
loss and excess loss of 30HX 1600 and 15HX1000 (f = 50 Hz).
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®m30HX1600 = I5HX1000

<+ measured ' h_P1D ¥ ec PID P ex

Fig. 3.50. Measured iron loss, estimated hysteresis loss, estimated classical eddy current
loss and excess loss of 30HX 1600 and 15HX1000 (/= 100 Hz).

¥ 3.50 f=100 Hz Bf 30HX1600 & 15HX1000 OB R EM, v 2TV > A M
8 KOV B it T A R R & 5 R AR S RS R

®m30HX1600 = 15HX1000

P measured P h_PID o ec PID P, ex

Fig. 3.51. Measured iron loss, estimated hysteresis loss, estimated classical eddy current
loss and excess loss of 30HX 1600 and 15HX1000 (/= 200 Hz).

[ 3.51 f=200 Hz B @ 30HX1600 & 15HX1000 O EBHRE, v 27V 2
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Fig. 3.52. Eddy current loss correction factors of 30HX1600 and 15HX1000 (Bwn = 1.0 T).
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Fig. 4.1. Example of structural analysis results assuming shrink fitting of IPM motor.
4.1 IPME—FDRAT—F a7 ORERD 2 BTE L 7 & AT 5 R O 5
4.2.1 MG 7 EHUMEF 0 RE S E
Fig. 4.2 (24 B O RIE MM L 7= i EUMEE A fH & o BARBE SR ESS OB 2 7R~ 7 .
MAOBSOMEIX, H a4 MEIZTITo72., RBAICEHMUEMRIGS & BESHE
TeRE R DFE L Table 4.1 17T, MBRA R v F U 7T TER L .

Table 4.1 Specification in single sheet tester under compression stress.

A JEMIETF O BB R E O R T

Items Value
Test piece size 30 mm * 360 mm
compression stress [MPa] 0, 30, 60
Frequency [Hz] 50, 100, 200
Amplitude of magnetic flux density [T] 0.1~1.8
Step size of amplitude of magnetic flux density [T] | 0.1
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Plate for preventing buckling distortion

Magnetic flux
Exciting coil |
Specimen e
Stress
Fixed end |\ = . — )| Cramping
; B il & B-colil
Under yoke H-coil & B-co

Fig. 4.2. Outline of single sheet tester with compressive stress application mechanism.
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FHEIICPET AW &1 5. f=50Hz, 100 Hz, 200 Hz Ffo $KH8 0 E i % Fig. 4.4 7
b Fig.4.6 {2, PID FHEIC LB AT ) v AHOF A% Fig. 4.7 75 Fig. 4.9 12, PID
FiEIC LA T MABERE O FILA Fig. 4.10 225 Fig. 4.12 12, SKBREMEZ L &I
G.1) XoERELYRIE LR HEIREZ Fig. 4.13 225 Fig. 4.15 12577,

(4.1)
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Fig. 4.3. DC hysteresis curves under compression stress.

5.0

B 43 EME FTOEKE AT Y A

m30MPa m60MPa

2000

30

20 r

0.10203040506070809101.112131415161.718

Fig. 4.4. Measured iron loss under compression stress at /= 50 Hz.
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Fig. 4.5. Measured iron loss under compression stress at /= 100 Hz.
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Fig. 4.6. Measured iron loss under compression stress at /= 200 Hz.
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Fig. 4.7. Estimated hysteresis loss using P1D method under compression stress
at f="50 Hz.
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Fig. 4.8. Estimated hysteresis loss using P1D method under compression stress
at =100 Hz.
48 f=100HzBFDEMERI FOPID Fikickde 27 ) v 2\ HHE
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Fig. 4.9. Estimated hysteresis loss using P1D method under compression stress

at =200 Hz.
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Fig. 4.10. Estimated classical eddy current loss using P1D method
under compression stress at /= 50 Hz.
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Fig. 4.11. Estimated classical eddy current loss using P1D method
under compression stress at = 100 Hz.
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Fig. 4.12. Estimated classical eddy current loss using P1D method
under compression stress at /=200 Hz.
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Fig. 4.13. Excess loss under compression stress at /= 50 Hz.

B 4.13 f=50 Hz R D EMEIS ) T 0 55 1 7 it 18 25 Bl 45 £

m30MPa m60MPa

0.1 02030405060708091.01.11213141516171.8
Amplitude of magnetic flux density [T]

Fig. 4.14. Excess loss under compression stress at /= 100 Hz.
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Fig. 4.15. Excess loss under compression stress at /= 200 Hz.

B 4.15 f=200 Hz Ko JEME IR 71 T o 526 i 7 i 18 47 it 75 SR

Fig. 4.4 7»5 Fig. 4.6 £V, JEMISHZEMT A2 &ICX 0, FRCEBAE EIRIED
F—AIZBWTHENMMLTWS. Z OMH[IX Fig. 4.7 5 Fig. 49 23T EXF Y
VAHDOHAKELREOEmAE Lo TS, HlRAMEBERBIZ, EMEHICLY
BRRERNNELL BB LIV REDERELT S EBbR 52, 200 Hz £ ToOHEK
TIREOEEINE N, REBERBIZ0ATUTOr —RICBWTHIMEM R H 5.
i, EMSHEZEIMLTWARWE & & 30 MPa O EMEIG D ZEMLEZRAIZBWT,
Bu=02TROEMGAZMML TV WL EOKBHEECERLLE, XTIV ¥
2, HHARERHE, RERMERBOMNR%Z Fig. 4.16 IZ, Bn = 0.8 T Kf% Fig. 4.17
(2, Bu=1.5T W% Fig.4.18 |27 . Fig.4.16 7»5 Fig. 4.18 £ v, [EMEHEIMIZ L3
GHEOMMZ, FceRAT Y yREOHMIcEBRLTWSELEEZLNS.
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Fig. 4.16. Details of iron loss under uncompressed and compression stress at B, = 0.2 T.
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Fig. 4.17. Details of iron loss under uncompressed and compression stress at B = 0.8 T.
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Fig. 4.18. Details of iron loss under uncompressed and compression stress at B = 1.5 T.
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Fig. 4.19. Eddy current loss correction factors of under compression stress (Bm = 0.2 T).
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Fig. 4.20. Eddy current loss correction factors of under compression stress (Bm = 0.8 T).
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4.3 WMEERE O R @ER

a7 ICBEBHAREZEATIE—FOAEICBVWTIE, REHEOBATT LAMIC
XvarTEfAbkE, BT A2HENRZBRLATVS., Z0OLE, FYLAMIIIC L
DITHR EWEBIIT MR R E L 50, EREMBITBMEERIC LV B bfERH L
THZERMBEATWS., THAETIZ, TLREMBPBOELZ, WMEMITICK DFHE
R, MEXICL2PERZLICLVRD, bEMLUHIELZBHEERE OB L
Fig. 421 KARTLIICw o 7L, BABITBIUCSHHETIHENRRBRENT
WB6Y, 2T, EARAOXNTI2BEHEOT —F X—Z{EK D72, Fig. 422 IZF-T
Lo a— VEEICT, BIMELE L - SRR 22 M & R4 S W 7= PR o RTERE R
o, BIWTHRRLFEBCLIVRERERBLZ oML, SHRIBLAPBEELERICX
WEDLIREEEZTINaNTS. £/, MERBEAMERKEHVZ PID Fikx
E—F~HATAHICHREY, MERBMWERELZEHTS.

Fig. 4.21. Consideration of plastic deformation by press working in magnetic field
analysis.

M 421 BMRBITICBIATVANMTIC L 28HEROER

99



ﬁoller for rolling

Uniform plastic stray

Specimen

Fig. 4.22. Additional rolling of silicon steel sheet by rolling mill.
422 JEEHEIC X D TERESE R OB INE T

4.3.1 PEMEETE % OBRE

BN ERE O KA &, BRRE S E I THRAE S /- #RDR{F % Table4.2 (2737 .
KRR, BMEERIC=y For 7T TERLE. X7z, ETFRCIX, EIEROBR
MR DOESR h L, EEEOBHMBMBOIEL P2 AW TRRIZEIVERT S,

c =h—h’

(4.2)
i h

Table 4.2 Specification in single sheet tester for additional rolled silicon steel sheet.

4.2 BJINFESE K HE & B ARG SR TE O Rk T

Items Value
Grade 30HX1600
Test piece size 30 mm % 360 mm
Rolling reduction ratio 0.061, 0.122
Frequency [Hz] 50, 100, 200
Amplitude of magnetic flux density [T] 0.1 ~1.8
Step size of amplitude of magnetic flux density [T] | 0.1
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4.3.2  UBTEZE I oo B R Sy B RS SR

f=50Hz, f=100 Hz RFDORE L= ZHMBMEKMERE R, S, (2.68) XREMWTEEL
EfE AT VAN —T % Fig. 423 IR T. EAT VUV AA—TIE, ETFRBKE
A RBIZo2N, TOEENRNELBoTWD., BUHEERIZ, FLLTEMLOTY M
BickoTAL, BMOHBMEEIZHE> BHAERIC L RMEEZENT 5. £k,
Yaegashi (%, 67 &M ®%EOMFRE ERAICIE L, REED DS B RF 5
ZIEEBRECOLTEY, AKEFICBWTL, BNEEIZCXEVIMZHEESRBMLEZZ
LTERAT IV ADEER/NELS RoTLEBZLONRS.
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Fig. 4.23. DC hysteresis curves for additional rolled silicon steel sheet.
B 423 BEMELEROBETRKE ATV A

WIZBEBMOELEZEL TWARWRETORE - FERRECERLLEMEZ S &I,
HZMEEICMET 25 A21T9. £=50 Hz, 100 Hz, 200 Hz Bf @ gk 8 EH % Fig. 4.24
735 Fig. 426 (Z,PID FEWC LD e AT YV U AHOFHHEEZ Fig. 4.27 7 6 Fig. 4.29 (T,
PID FiklZ X % i #pi B iR o ft B AE % Fig. 4.30 » 5 Fig. 4.32 12, SBENEMZ b
i 3.) KoEZLYVFAELEZERFMERBE % Fig. 4.33 26 Fig. 435 (2R 7.

Fig. 4.24 75 Fig. 4.26 X 0, BMEEZETZ LICX Y, FFICEBEREERED 7
—ACBWTEHESEMLTWS. Z O M3 Fig. 427 25 Fig. 429 (IZR"TE AT Y
VABOHEBRLEABEOEBE Lo TWS, HHRABERBIZEMEEIC LY E
BWNEL BB ETHP LTS, RERERBEIX, 01T oFr—R BV TIEEK
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1 %OWMER A H 55, TSI LTS, RERERRIZ 3 % 5 HTES
e kS ICHRIICIIREICHEIT S, BINEECLY, RENNSLSRDITILETRE
MERBELHD L2 B2 OND. £k, UHMTHOBXBRLY, BELFOH
BCHMEMENRELTHIILRAMESNATNAY, RS FICHITT, ZOKK
WEOEL L REMERAOHBRLAETILERDHD LEZAOND.
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Fig. 4.24. Measured iron loss for additional rolled silicon steel sheet at /= 50 Hz.
[X| 4.24 f= 50 Hz W8I0 E % o gk 38§l 7E i

102



m0.06 m0.12

3140
g
= o 120 |
£ .5
57T 100 |
2% so0}
o &
E% 6.0
D o

s 4.0
:
5] 2.0
>

0

010203040506070809101.112131415161.71.8
Amplitude of magnetic flux density [T]

Fig. 4.25. Measured iron loss for additional rolled silicon steel sheet at /= 100 Hz.
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Fig. 4.26. Measured iron loss for additional rolled silicon steel sheet at /= 200 Hz.
¥ 4.26 f=200 Hz W o8N 4E # o §5 38 5 & i
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Fig. 4.27. Estimated hysteresis loss using P1D method for additional rolled silicon steel
sheet at /= 50 Hz.
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Fig. 4.28. Estimated hysteresis loss using P1D method for additional rolled silicon steel
sheet at /= 100 Hz.

[ 428 f=100 Hz BrDBINEIEH O PID FIEIC L A AT Y & A HFHE
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Fig. 4.29. Estimated hysteresis loss using P1D method for additional rolled silicon steel

sheet at /= 200 Hz.
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Fig. 4.30. Estimated classical eddy current loss using P1D method for additional rolled

silicon steel sheet at /= 50 Hz.
[X 4.30 f=50Hz FFDBMEES O PID FiEIC X 2 oty SLAY R T 48 5t 5 A
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Fig. 4.31. Estimated classical eddy current loss using P1D method for additional rolled
silicon steel sheet at f/= 100 Hz.
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Fig. 4.32. Estimated classical eddy current loss using P1D method for additional rolled
silicon steel sheet at /= 200 Hz.
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Fig. 4.33. Excess loss for additional rolled silicon steel sheet at /= 50 Hz.
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Fig. 4.34. Excess loss for additional rolled silicon steel sheet at /= 100 Hz.
¥ 4.34 f= 100 Hz W o 18 I T 4E % o> 5 % i 76 7 1 & 5 4l
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Fig. 4.35. Excess loss for additional rolled silicon steel sheet at /= 200 Hz.
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Fig. 4.36. Details of iron loss for additional rolled silicon steel sheet at Bn = 0.2 T.
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Fig. 4.37. Details of iron loss for additional rolled silicon steel sheet at B = 0.8 T.
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Fig. 4.38. Details of iron loss for additional rolled silicon steel sheet at B = 1.5 T.
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Fig. 4.39. Eddy current loss correction factors before and after plastic deformation
at Bm=0.2 T.
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Fig. 4.40. Eddy current loss correction factors before and after plastic deformation
at B,=0.8T.
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B RERAERRAZEELE-E—20KRATA

51 F&

Table 5.1 {Z/R”7.

ITIECDHRD, 48— Fx ) TIZRE T 5 0FH &Rk
RE—FRRCERT2EMERNEOREBCHMENERT 2130, RAEOLOD
REAN=ALDBEMRD 2, WERRICERT2HMHELRY, PRITS52TO
RERERBZKRICLED., T/ OHATFUNOELRREERL, KRIXTOXNIEZE

Table 5.1 Cause of error in iron loss estimation for motor.

#z 51 FE—FOHKMBETHOERBEER

R A i 3T 0 %S
. e A MW IE AR D ¥ = — V% 3D ET L
3D %R el TH#ES K
IR AU R FHEHEE2EZE L7 3DET NV CHEHESE
A —=N—T7 | FVLAETNICEY, ERATV I RA2ER
el R U Bk 4R = = T
F B H B 77 1) O 1 AL PR — YR e AR AT 1 T I BB
JR i HE i A MERHAMEREIZ LY =T 1L
ELR PR Ry MNTVLALAETALERM
" . ARy 73— 7 AT EREIS 7 ED AN O 8R4 1
ERAAEReIs D, R IR B
AT —HaT I BEEREOMEMED
IMNTEADEEDEE WH. BMUEERNICELZEEEROEEX
REE.
NLDDEEDEE R g
MAMOEZDREDREBLIOEED RO EE
AC $i18

% R

R DY 2— V8

YR TTRE AT IR FRARAT T, T ) T e R
#ARE L TR

1

52 FHEXSOE—FDi#ET
AT, BBEAERE— 20 RICPEMELFARABOLBEEZIT). ARLERD
T EHEARDIAZKXKABEAFRMYE—4% (IPMSM : Interior Permanent Magnet
Synchronous Motor) T 56869, £ — & @FEL% Table 5.2 [T/ 7 .
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Table 5.2 Specifications of the evaluated IPMSM.
# 5.2 FHilix %o IPMSM O it

Items Values
Outer diameter of stator [mm] 264

Iron stack length [mm] 50
Winding type Distributed
Maximum torque [Nm] 207

Poles 8

Number of slots 48

HBELID IPMSM A 3 —2 L, WA > TEIESDEKIA Puon [W] %
ST D .
P_=P -P

iron m out

_Rnechanica! _Péoppcr Ross 'I;;oppcr (51)
& :-C“, Pin [W] #j)\jj ’%j], Pout [W] j-:{_ 5 H:Iljj, Pmechanical [W] r‘i%mjﬁ%ﬁﬁﬂ-
if:, j:?i%j "Ej:, u% ﬂﬁtﬁ&ﬁ?i?ﬁ@fﬂ%?ﬁ% Pross [W]k L’Ciiaﬁ—z) Pcopper [W]

EHE AR L, KX TIXRE L2 ERELDME Ims [A] 2D LITKRALVEBLE.

Pou =3I R (5.2)
ZIZITRIQ) F1EHOERESEZE T, Fig. 5.1 IR L& 25 IPMSM O & B {EA
BUISHBEECEDAHEBEOEAEFT. Fig.5.1 L v, & b2 EEHEEOB)EAIC Tk
HBLEMIT R > TS, SN IEMN2EKRICB T, O FRIFBRENKRE W E
ZTOBMERE—FHREOFMBIETHLI2DRICRETEELRELL 2D, 22T, K
T, KBS KECAARBRE A S, Table 5.3 12T 3 MEMA L LTHHL,
BETFHEEORIEEZTT 5. Fig. 5.1 ICFEliA %2R T 5.

7z, Sl O BEEEFKZ Fig. 5.2 5 Fig. 54 (2R3, 77 7 Ofitlhix, Case 3
DBEROFKRMECTERELL TS, KHIEROFAGR (Casel) X PWM mhREIZ L 5 ¥
Y U7 RREORENFETHS. BbMmEOFMA (Case3) 13X, 55 FEEHIHIC X
DVEREBHhENTEY, hoOFMAL ZaT7ICA L2MEOEEBMA RS, F o FFH R
(Case 2) TiZ, BORBUHEHICEE-TELT, ¥y ) TRMAEOEELL RV,

Table 5.3 Specifications of evaluated operating point.

# 5.3 FHliA DFE T

Items Case 1 Case 2 Case 3
Rotation speed [rpm] | 2000 6000 10000
Target torque [Nm] 20 20 20
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Fig. 5.1. Ratio of iron loss to loss at each operating point.
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Fig. 5.2. 3-Phase current waveform at Case 1.
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Fig. 5.3. 3-Phase current waveform at Case 2.
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Fig. 5.4. 3-Phase current waveform at Case 3.
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53 E—FExBL LSBT

B CHiB L7~ IPMSM 2 %12, Fig. 5.2 5 Fig. 54 R LE-BHREALE LE
TRITHERA R EREMTEITV, TO®RMABE LT, 33 i 2 H TR mEREAE
Ef#¥%E R PID F#: (PID MID Z8H L TEBE2 TR L, REMEE#EE LB
T5. ZRuRAARERMNT & PID Fik THEMAT 5 B4 % Table 5.4 (2737,

Table 5.4 Material properties used for Two-dimensional FEA and
P1D-method as post-processing.
# 5.4 _RICHMAAREFRMAT & PID FETHAT 2 EHE

Properties Two-dimensional FEA P1D method as post-processing
Magnetization . L .

o initial magnetization curve hysteretic property
characteristics
Electrical y p

o ignore consider
characteristics

£/, ARBFHZA V- IPMSM 1%, BEMRTH D720, MEERICERT 2449
HoOEEZAETCTWS EHRENS. £ T, Table 5.5 IZ77 7 L 90, FMAREER
EBEBLEELZOSGHTURBEOE(LEZMERT 506D, EREMR OBALREL, AlE
FTCICHBEMANEERZLEICHEH L-DHEMESE L LTERL, BB
R BRI EMEIS DRMEE R ICERT A5 IR R BT S,

Table 5.5 Considering changes in material properties due to building factors.

Fs55 WEBRHRICXA2MEHEOENLDEE
Item Method 1 Method 2 Method 3 Method 4

Compressive stress | - 3 ;
) _ ignore consider ignore consider
due to shrink fitting

Plastic deformation | ) ) .
ignore ignore consider consider

by press working

53.1 AMRERETNVORET

Table5.6 |2, FHICHWEHTREZETT LD TERT. £/, Fig. 5.5 CitHA%
O IPMSM OFRERET N EFRT. AuvvaEl, —RTBAAGRERMBENTBIT
PID FEIZED AT ) AL HMUMBHERBORFIX, T ISOL D IMAG®
AW, Table 5.5 IR L EMIGH L BUEROEBICLIDUEELEZETLF
AR L= 4, Fig. 5.5 @ Compressive stress area & Plastic strain area {Z %} )i 9 % fi
LR RET 5.
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Table 5.6 Specifications of the FEA model used for Two-dimensional FEA
and P1D-method as post-processing..

# 56 _RIEMAAMBELZMITL PID FETHERTIAREREETT VO

Items Values
Number of elements in stator core 12457
Number of elements in rotor core 3188

Number of elements in other than those above 12556

Number of time steps in a period 1024

Plastic deformation area Compressive stress area

Core \

No-stress

Fig. 5.5. FEA model of evaluated IPMSM.
5.5 FEMGXSRO IPMSM OFRERET )V
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53.2 [EMEISS LML EZE L2V EE T

Method 1 TiX, =27 ORI, EHISHSCBUER 245 L T vikiE cllE
LB b2 RET S, SHBEGICBIT 2 —RaBAGRERMITICIVELL
7o, WA 0deg o BV DM HEE % Fig. 5.6 75 Fig. 5.8 {Z7- 3. Case 1 & Case 2 |
M Z2BREEO MK ERBEBWVITR ARV, —FT, Case 3 12598 FEEHIHE
WCEY, MRKBEOKRE IPEENITHIELR>TWVS. £k, Fig.59i2, A7 —%
TA—APRITOBERBEED R R ORFRIEIEFE %2773, Casel & Case2 %, BEHE
DB RSB R EDIERRESIIRCTH A, Case 1 TIE, F+ V7 milEIcE
AT A2BEETVERLTWS., ZO7®, Case 1T Case 2 [Ztb_2TEMENKSIZ X
DAL EHRMBEBERBNLELLAELDEEZZ NS, £7-, Case3d Tl, Case 1 % Case
2T, BMRBEORKEABL LTWAZ oMz, MEOERKS LELT
BY, EAFV I AN—TOFAFT— N —THORBARAKELR2TW5S. Case 3 D
Lo RMRBBEREEZNRCLTHERZTUT2HE, v~ T —A—7ICERT 3,
A F—N—FEHDOE ATV ABPRT S TN —THOMWMY BRI S KB
EOENREORBERBTEHFELRATHILENRSD.

Wi, —REHMABRERMITICLIVEONE, SEROMREEOARERE %
ABDELTPID FEICEIVEAF ) U AHEBLI O MAORMERBAZIHRT 5. Case |
236 Case 3 DfEHR%Z, TN Eh Fig. 5.10 75 Fig. 5.12 (21, FE2 LAY EF#A
X, 74 —APREFHS T, ATV RBART A —AEWRBO=T Xy v 7TiHETH
ELTWD.
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Absolute value of magnetic flux density [T]
0 1.8
- = 9090w,

Fig. 5.6. Calculated magnetic flux density by Method 1 at Case 1.
[¥] 5.6 Method 1 & i\ 7= Case 1 (233 (T % BE AU B o &t B A% 1
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Absolute value of magnetic flux density [T]
0 1.8

Fig. 5.7. Calculated magnetic flux density by Method 1 at Case 2.
[45.7 Method 1 % i\ 7 Case 2 {2 331F % Ré A% FE 0 7t RAS SR
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Absolute value of magnetic flux density [T]
1.8
-l

w

Fig. 5.8. Calculated magnetic flux density by Method 1 at Case 3.
K 5.8 Method 1 & M\ 7z Case 3 12331 % Wg o # FE 0 7 B R
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—Casel —Case2 —Case3

Magnetic flux density [T]

o l '5 | 1 1 1 |
0 60 120 180 240 300 360
Electrical angle [deg]

Fig. 5.9. Waveform of magnetic flux density at the center of stator teeth.

Bl 59 AF—HFT 4— AP REOREAE BE 0 W52 Bk

Density of classical eddy current loss [Wm?] Density of hysteresis loss [Wm’]
0 7.0~ 10 0 5.0 > 10*
. s - . s 0 09om

Fig. 5.10. Distribution of Classical eddy current loss and hysteresis loss at Case 1.

510 Casel CB T2 HMAMEREL AT ) AHOST
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Density of classical eddy current loss [Wim?) Density of hysteresis loss [W/m-]
0 20¥10° 0 1.5>10°

Fig. 5.11. Distribution of Classical eddy current loss and hysteresis loss at Case 2.

511 Case2(ZBITAHMMMERMBEERAT ) X AEHOSH

Density of classical eddy current loss [W/m?] Density of hysteresis loss [Wim?]
0 7.0¥10° 0 3.0 10°

Fig. 5.12. Distribution of Classical eddy current loss and hysteresis loss at Case 3.

512 Case3 B2 HMMNMERBLE ATV AHOS
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£, REWERAOHEICHmT T, 3.6 XEMTHERBM EAEEZEHT 5.
FiH R CHEE S h S MEBERBAMERBEOBEMEZHERT 50, AT —FOHEEFET
WHENZWMERBMHERKOE R N/ T L% Fig. 5,131, n—FDERA ST 0%
Fig. 5.14 {2777, Fig. 5.13 £ 0, A7 — % TlX Case 1 3, fhOFFMRICtE~T/h 72
WERAMEREZ E2ERNZ V. Zhid, G4 XTHLELSI, REREMNE
BRI BB L CHRBAA T2 EEZAT 58, Case | TRAT—XICAEL DR
WEEERZICIE, Fig 59 nT X ChRRAmMAEAEERET S0, @MREEERD D
HRICIVBERBWH EREOMESMOFFMAICHT/hEREEZ Lo LBELLN
5. £/, Fig.5.14 XV, o —Z oRBRBM ERIIL, WTHhOFMARIZB VTS,

kX115 120MELZEENRKEEZ LD, AT —F L) bEWEZ LHIEFENSE
W, ZOBEMBIIZHOWTELRT S, Fig. 515 ISR THIERT 3 SOMEBERED R K
Gyl 0RS %, TNEH Fig. 5.16 75 Fig. 5.18 IZ/RT. IPMSM ©® u—# {24 L K
i, BMAEMEICEIYVRELTEY, 2B EREROBENERTS. RIS
@ IPMSM Tik, 2 KkDZAry b@lERY EF ¥ ) 7 EHERSVERT H720,

ERER DN EBRARAT —FICHEAATHRWVWEAEBKR 26T 2HREBEEREL 25,
IO, BB L THBRS T 2MERBEMEREE, n—2TIIAE 2D
fHmxrTiEzonb.

mCasel mCase2 mCase3

f—
b

o —_
o0 =
T T

Ratio of frequency
L
o

04
0.2
0 1 L 1B | | .f- 1 1 | 1 1 1 ] |
1.0 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1.9 20 2.1 232 23

K range

Fig. 5.13. Eddy current loss correction factor calculated in stator.

513 A7 —F TitHEShMERBHEREOE A T T 4
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W Casel ®m(Case2 m(Case3

=
oo
T

Ratio of frequency
o o
= o

o
(§]
T

o

L

10 11 1.2 13 14 1.5 18 L7 1.8 1.9 20 2.1 232
Krange

Fig. 5.14. Eddy current loss correction factor calculated in rotor.

X514 v—#CHAIAZRERBMHERKOL R 7T A

HBIE AT 1

W 7E &P 2
HIEEPT 3

Fig. 5.15. Magnetic flux density waveform measurement points at rotor.

4 5.15 & — & R A LI B E & AT
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——Casel_point]l R-——Casel pointl 6 —Case2 point] R
~——Case2 point]l 6 —Case3 pointl R——Case3 pointl 6

1 1 1 1 |

0 60 120 180 240 300 360
Electrical angle[deg]

. 5.16. Magnetic flux density waveform at measurement point 1.

B 5.16 HIEGEAT 1 O R E

Fig

——Casel_point2 R——Casel point2 6 —Case2 point2 R

~——Case2 point2 6 —Case3 point2 R-——Case3 point2 6
0.7

=06

= B2 2
w B W

o

Magnetic flux density

e e
=

0 60 120 180 240 300 360
Electrical angle [deg]

Fig. 5.17. Magnetic flux density waveform at measurement point 2.

X 5.17 W E @& FT 2 0 Rk R
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——Casel point3 R-——Casel point3 6 ——Case2 point3 R

~—Case2 point3 6 —Case3 point3 R——Case3 point3 0
0.7

= 0.6

M
o

1 | 1 1 1

0 60 120 180 240 300 360
Electrical angle [deg]
Fig. 5.18. Magnetic flux density waveform at measurement point 3.
B4 5.18 {ITE @ AT 3 0 R ALEE BE OB

PID FEICLVFHRLEZERAT ) 2B L O AR ERE &, 5 i H MIER
BHALREHMLEREMERHBIC, MACAELZYVa— A HEHEEZMZ T, IPMSM ®
BETRAMZRE TS, 22T, BBRICAELS Y a— L HIE, Table 5.1 TRLELD
2, “RIEHMAAIREFRMITICE N THA O MEREZZE LT, BhJ7mic 8REx
RELTEHEY2—AHEEHELE. A, MERBLIOTFHIME bz, (5.2) Kic
I, RUMLAEROEDMAMSFHA L. Fig. 5.19 (2% a7 2 o 5 o Jl £ i
ETREZ LT S, 77 7 OftE, FiFAoBLKNEEOMTERLLTNS.
Case 1 & Case21d, BN ENELRRETHH70, ALIHBELRFELRS. 07
B, BBEOPSWEEREOD Case | DF D, Case 2 ICH_ATHWMEO LD LHHEGNKE
X723, AT7—2OHHRICERT S L, Case | T AT Y Y AHRB X CHMBAIRE
HERBFEELBWELTWS—F, EHEEHBHMNT 5 Case2 X Case3 Tix, HHAM
BMBAB B> TL 5. £/, Casel 1T, REMBERBOFE N, thoFFEMiAI
BERT/AEW, ZHIE, Fig. 5.3 IR LEL I, A7 —ZORERBAMERES ¥ v
V7ERBEOEREEZ T TS RoTWHZLICEETS. —F T, Case 3 Tid,
AT—2OREMBEBRBIIL ATV APV bHFERRE W, BITHEOTRRES
NTWB L, EAT ) P REFHEBC A L, REHERBIIEBEED 1.5 ®iC
B35 ERET D E, EARAEEARL 25RMEROBMERKICENTIX, AT
VARICH LTREMBHRBASLRKEI 2D LEE2 0N, ZOMEMIT, KWL TREL
EREMERBAOHRAET VEBVWTLRKTH- .
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w Copper loss = Measured iron loss [ Magnet loss

1 Py_rotor o1 P, stator m P,. rotor
o P,._stator m P, rotor 8 P, stator
1.2
8
= 14
3 -18.5%
=
= -28.4%
g 08 ; -31.6% \
il S N
=2 N
= 0.6 - N e
8 ey
| 04 e
=0 2 I
- |
g 0.2 B
] |
0

Measured Method 1 Measured Method 1 Measured Method 1
Case | Case 2 Case 3

Fig. 5.19. Loss estimated by Method 1.
[45.19 Method 1 IZ X % # Tl 5 R

PbEXbv, SEERMEE FRMEZLES S, Method 112X 28B PR TIIRKT
30 %RREOMEEZELTEY, FHKEDM EIZHMI; T, Table 5.1 2R LEZEEE
Ko5 5, Method | TEBLTWRWEREET VLT 2LERH S, LA, JEMEIL
NBLUVEHEREOEREIZ O W TRHNZED TV,

532 EMISHOHRZER LSBT

BERDIC L DEMISHEREL, AT —FaT70Ryza— 78I, EWMSHTO
MEM 2 RET D (Method 2) . [EMEI AN AE LTV B fEIkIE, Fig 4.1 (2R L7 BEHR
HDEMBELIMERITOFBRLY, Aoy bORERZEICHIMNC THEEZXS Y,
K@ bhi-BRo > b0y Z7a—27MET 5. ZOMEKICEGmIC—&2EMRRD
(30MPa) BEIMENTWAB LMBEL, F 4 FTHELEEMESD T OMEDMYE %2
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ETDH. ZHNETIZ, BREBZIEHZH VA T200, IBEHBKETEEZBE L - M#
FEVRFThATHEY, bR TFHRKERLICATT, ZOoXIRHREETALEEL
R, WEEMATORTEER LB L 25,

EFT, FWBEEFCH T2 RoMAAGREFZEMTICLIVBONE, BEKA 0deg (2
Bl D BEHREE % Fig. 5.20 »» 5 Fig. 5.22 {28 7. Fig. 5.6 7» 5 Fig. 5.8 L k3 5 L,
TA—AE RNy 23— DRET, EHMEHE2BB LWL ERA Ay 73 —2%iB->T
WG, 74— AMNTERT 2 L5 2E#PRELL. ZThik, Ny 73—l
WTEMSAIC XV BEKERAMM LD, SNy sa—2EEFmiIcmd o EEICE
WTit, RERRE T2, EMEOBRFFEIRATWARWT 4 —RZER LB,
=2t L TOMIEBERARNREEDEZZLND.

Wiz, “RGHAARERMTICE v G o, HEROMAEE DR R R %
ANELTPIDFECEIVERAT ) U ZAEBLIOHRMBHERBALZFEL, AiETHE
~ 7z Method 1 D#5H & Method 2 DFERZ LT 5. Case | 75 Case 3I2BVT, E
27 ) v AED 2 # —[ % Fig. 5.23 5 Fig. 5.25 12, HMMMERBO = & —X
% Fig. 5.26 7»5 Fig. 528 |27 7. e AT ) ALV TR, Ny Z23—724K7T,
Method 1 ICH_RTERT VU AHBENR R B-oTWVDH. £, HRMMEBERBEICE
WTIE, By 73 -2 L7 4 —2A0BICBIT2HM2BROSETICER L
T, 74— RL RNy 73—70RBICT, WNBHRTES. WIEICH VW IPMSM T
X, BEMRDICEAIEMIGHEEBTH LT, EMEABMbsHEKTEICE AT Y
VZARBWML, Ny 33— 7 BOBKIEFEMICHE S ORI, D, MR
b2 EEk &, EMSADRMb b RVIHEEOE I THARMIMERER, £ 2
THZLEMRLE.
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Absolute value of magnetic flux density [T]
0 1.8
. = =

-
3

A

Fig. 5.20. Calculated magnetic flux density by Method 2 at Case 1.
1 5.20 Method 2 % iV 72 Case 1 (235 1) B BEAUE L o FF A6 R

130



Absolute value of magnetic flux density [T]
1.8
- .

|;| _

Fig. 5.21. Calculated magnetic flux density by Method 2 at Case 2.
¥ 5.21 Method 2 % i\ 7= Case 2 (T35 1) 5 REHE B o 7 BLAS R
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Absolute value of magnetic flux density [T]
0 1.8
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Fig. 5.22. Calculated magnetic flux density by Method 2 at Case 3.
B4 5.22 Method 2 & i\ N7 Case 3 (23517 2 R TR B O 5H5LRS R
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Density of hysteresis loss [W/m-]

0 5.0~ 10°
Il = =
Method 1 Method 2

Fig. 5.23. Hysteresis loss distribution of Method 1 and Method 2 in Case 1.
5.23 Case 123317 % Method 1 & Method2 Dt AT U ¥ A D 437

Density of hysteresis loss [W/m’]
1.5>10°

0
- s o=

Method 1 Method 2

Fig. 5.24. Hysteresis loss distribution of Method 1 and Method 2 in Case 2.
5.24 Case2 2317 % Method 1 & Method2 @t A7 U ¥ AHED 4540
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Density of hysteresis loss [W/m’]

0 3.0~ 10°
S = @=-
Method 1 Method 2

Fig. 5.25. Hysteresis loss distribution of Method 1 and Method 2 in Case 3.
5.25 Case3 231} % Method 1 & Method2 Dk 27 U L A D43

Density of classical eddy current loss [W/m?]

0 7.0 > 10%
s @+« =
Method 1 Method 2

Fig. 5.26. Classical eddy current loss distribution of Method 1 and Method 2 in Case 1.
5.26 Case 1 {23311 % Method 1 & Method 2 @ iy B3 7B ¥iE 8 o 45 Af
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Density of classical eddy current loss [W/m?]
0 2.0 ¥ 10°

Method 1 Method 2

Fig. 5.27. Classical eddy current loss distribution of Method 1 and Method 2 in Case 2.
5.27 Case2 IZ#\F % Method 1 & Method 2 @ i #L i) ¥ i #8 o 43

Density of classical eddy current loss [W/m-]
0 7.0 % 10°

Method 1 Method 2

Fig. 5.28. Classical eddy current loss distribution of Method 1 and Method 2 in Case 3.
5.28 Case 3 IZ#1} % Method | & Method 2 @ oty il i) it A i 48 0> 4> A
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AT7—FOHCERL, BERBAMBERBKOL R M FA2HKT 5. FMRkE

Fig. 5.29 7» & Fig. 5.31 I 7.

—
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® Methodl ™ Method2

1 1 1 1 I | 1 | 1 | |

18 L1 1d 1.5 148 13 1.6 LT 1A 1.8 20 &1 44 &5

Krange
Fig. 5.29. Eddy current loss correction factor calculated in stator (Case 1).

529 AF—H¥TCHEISNEZRERBWHEREOE A YT A (Casel)
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Fig. 5.30. Eddy current loss correction factor calculated in stator (Case 2).

X 530 AT7T—FCHARINEHERBHERKZOE XA FZ T A (Case 2)

>\1.2

% ® Methodl m™ Method2
208 |
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S04

2 I

ch 0 i L f | | | L ! 1 L 1

10 1.1 1.2 1.3 14 15 16 1.7 18 19 20 2.1 22 23
Krange

Fig. 5.31. Eddy current loss correction factor calculated in stator (Case 3).

X531 AF—FTtHEshEZRERBAMERE DO A 75 A (Case 3)
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WIHLmEREMEREEZ MW TREMERRZITT 2. &5FM A 08 &R E i
&, Method 1 (M1 & i) 3B LU Method 2 (M2 & %K) O#HEK THEZE Fig. 5.32 12
T

Fig.5.23 7> 5 Fig.5.25 |27 X 912, Method 2 X Method 1 IZtE_TE AT VU R
WML TWwa, 2 lilEREIE Methodl ER%ETHDN, v 7 3a—27H0iMH
B M IERID Method 1 IR TRKEREE L -TEY, BmRELTRFEREREA
LEMLTWS., SHEBEELONRICOVTIE, HSHEIH S HIZTHEMHWT 5.
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m Copper loss » Measured iron loss 1 Magnet loss
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Fig. 5.32. Loss estimated by Method 1 and Method 2.
[¥ 5.32 Method 1 & Method 2 = & 2% # % T Ml 45 5

534 WMUEROHLEZZMEL -HHATH

FULAMTIC L WM EREZBEL, AT —F a7z, BMEEZHEL THE
LM Bt % & ET 5 (Method 3). YMEZEIE A LTV A 8EE0E, BITHFZECD: 6D
MO EMTNORED 12 BRELBEL, ALKEHETN S 0.2mm £ TOHEEK
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2, S EPE LR KBMEERTS S E FE 0122 ROMLFEZERN L. £hil
N O T, Method 1 & [/ UHMEMIMEZBRET 5.

FT, FWBHEMFICHBT 2 _RoBAFRERMITICLVELAL, EXM 0deg IZ
B D REH % BE % Fig. 5.33 76 Fig. 5.35 [Z/”RT. Fig. 5.6 756 Fig. 5.8 L k45 &,
MUERFERICIEMRSIZEACALRWER L o, RITHARCITIR, JEE—
FEHMBIZ, AFEOHEEZIToTWVWAER, ZOBRAT—Fa70T7 1 —AEHPEL,
MUERRECTWAHEERE, 74 —2BO IMBEETELTCWL. 20k, BK
NPHEEFREZEL TWARWERICET T 288 MRBTEE. —FT, SEKIEICH
WEE—FX, TA—ABHPH TamBEH YV, BEEZELEL TV EIHITEDI L
WRETHD. 0k, MMles—FoLECRbhE X%, BERN 27 iR A2 8
FHZLITEVAELS, BROEPIZIZEAEHBTE RV,

Wiz, “RTMAARERMITICL VB O, %2R ORMAEE R R EEE %
ABELTPIDFHICLVERAT Y VY AEBLI O MRAMERBEZFRA L, AIHETIE
~ 7= Method 1 DF5HR & Method 3 DFER % LT 5. Case 1 /76 Case 3{ZBWVT, E
A7) v ARD 2 ¥ —[K % Fig. 5.36 5 Fig. 5.38 (2, HMMBEREBEO= ¥ —K
# Fig. 5.39 76 Fig. 541 {29, B AT ) L ABIC2VWTHE, 74— A EmEIZB N
T, Method 1 [ZE_RTE ATV S AHBEREHVEESHE Z TVWD. ZH LSO HEEK
TiX, KER2BEVWEAGAZ Y, —F T, TRMMBERBIZCBNTIE, HIZT 1 —R L
Ny Z73d—70BEEOAvy MEFICT, MNIPERTEZS. Zhik, A7—%2a7
DT 4 —ALRyZ73a—7ORATIE, BEIKIEREZE N TH5L51C2RA2y b
o TR IS, BUEERICL WSO ENSL L TRKIERZHEML
ez T, BMEPAMICFEELAELDEEZLNRD. LENR-T, REICHAWVWE
IPMSM Tii, WMHEEE2BET52L T, 2RNCEMREEOCEBHPLHREOHMIX
Ebohnwboo, BRIERPARNERIBHRICEEND, AT —F7 14— A %W
R, TA4—Re, Ny 23— 270HBOAuy MEBFEO X S REBHFICBWT, EATY
AEBIOHMAMBEREL WM T 5@ AHD Z L EHE L.
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Absolute value of magnetic flux density [T]
0 1.8
- .

Fig. 5.33. Calculated magnetic flux density by Method 3 at Case 1.
5.33 Method 3 % i\ 7= Case 1 (235 1) % R UM B 0 R RS S
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Absolute value of magnetic flux density [T]
1.8
-

Fig. 5.34. Calculated magnetic flux density by Method 3 at Case 2.
5.34 Method 3 & iV 7z Case 2 (23517 2 BEHE B o> 5T B AE 1
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Absolute value of magnetic flux density [T]
0 1.8

Fig. 5.35. Calculated magnetic flux density by Method 3 at Case 1.
[X] 5.35 Method 3 % i\ 7= Case 3 (235 V) % iU JiE o 3t it
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Density of hysteresis loss [W/m”]

0 5.0~ 10°
S = =
Method 1 Method 3

Fig. 5.36. Hysteresis loss distribution of Method 1 and Method 3 in Case 1.
X 5.36 Case 1 IZ#1} % Method 1 & Method3 @t 27 I 2 ZHD 5534

Density of hysteresis loss [W/m?]
1.5 % 10

0
[

Method 1 Method 3

Fig. 5.37. Hysteresis loss distribution of Method 1 and Method 3 in Case 2.
4 5.37 Case2IZ381F % Method 1 & Method3 Dt 27 U & 2D 551
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Density of hysteresis loss [Wm?]

0 3.0~ 10°
e @ = =
Method 1 Method 3

Fig. 5.38. Hysteresis loss distribution of Method 1 and Method 3 in Case 3.
[¥ 5.38 Case3 (Z33() % Method 1 & Method3 Dk A7 I & ZAHD /3R

Density of classical eddy current loss [W/m-]
7.0 > 10*
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s e 2.

Method 1 Method 3

Fig. 5.39. Classical eddy current loss distribution of Method 1 and Method 3 in Case 1.
¥ 5.39 Case 1 {235 Method 1 & Method 3 @ iy Si il 5B FiE 8 o 43 #ii
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Density of classical eddy current loss [W/m?]
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Fig. 5.40. Classical eddy current loss distribution of Method 1 and Method 3 in Case 2.
5.40 Case 2 (231} D Method 1 & Method 3 @ iy &4 i BB Wi # 43 i

Density of classical eddy current loss [W/m?]
. 7.0 10°

Method 1 Method 3

Fig. 5.41. Classical eddy current loss distribution of Method 1 and Method 3 in Case 3.
[4 5.41 Case 3 {2317 % Method 1 & Method 3 @ iy HiL i) iy 5 5 4R o 73 1
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Fig. 5.42. Eddy current loss correction factor calculated in stator (Case 1).
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Fig. 5.43. Eddy current loss correction factor calculated in stator (Case 2).
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Fig. 5.44. Eddy current loss correction factor calculated in stator (Case 3).
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Fig. 5.45. Loss estimated by Method 1 and Method 3.
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Fig. 5.46. Calculated magnetic flux density by Method 4 at Case 1.
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Fig. 5.47. Calculated magnetic flux density by Method 4 at Case 2.
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Fig. 5.48. Calculated magnetic flux density by Method 4 at Case 3.
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Fig. 5.49. Hysteresis loss distribution of Method 1 and Method 4 in Case 1.
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Fig. 5.50. Hysteresis loss distribution of Method 1 and Method 4 in Case 2.
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Fig. 5.51. Hysteresis loss distribution of Method 1 and Method 4 in Case 3.
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Fig. 5.52. Classical eddy current loss distribution of Method 1 and Method 4 in Case 1.
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Fig. 5.53. Classical eddy current loss distribution of Method 1 and Method 4 in Case 2.
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Fig. 5.54. Classical eddy current loss distribution of Method 1 and Method 4 in Case 3.
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Fig. 5.55. Eddy current loss correction factor calculated in stator (Case 1).
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Fig. 5.56. Eddy current loss correction factor calculated in stator (Case 2).
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Fig. 5.57. Eddy current loss correction factor calculated in stator (Case 3).
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Fig. 5.58. Measured and estimated loss at Case 1.
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Fig. 5.59. Measured and estimated loss at Case 2.
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Fig. 5.60. Measured and estimated loss at Case 3.
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Fig. 5.61. Increasing tendency of hysteresis loss at each operating points.
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Fig. 5.62. Increasing tendency of hysteresis loss at each area in Case 1.
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Fig. 5.63. Increasing tendency of classical eddy current loss at each operating points.
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Fig. 5.64. Increasing tendency of classical eddy current loss at each area in Case 1.
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Fig. 5.65. Increasing tendency of excess loss at each operating points.
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Fig. 5.66. Increasing tendency of excess loss at each area in Case 1.
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Fig. 5.67. Three-dimensional model for verifying joule loss due to leakage flux.

K567 WhERCLA2Ya— A BRIEAO =KTET IV

161



Table 5.7 Specifications of the FEA model used for Three-dimensional FEA

and calculation time.

#£ 57 ZWRTHMAGRERMT CENT2HEMEREET A0 T L FHRRR

Item Value
Number of elements 1264200
Number of time steps in a period 1024

Number of cores used for calculation 512

Calculation time [hour] 108
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Joule loss normalized at top layer
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Fig. 5.68 Joule loss at each layer.
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Fig. 5.69. Measured and estimated loss including 3D effect.
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