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Nomenclature

< Chapter 2 >

f

I
id
Iq
1 od
1'oq
Ra
R
Vd
Vg

A

< Chapter 3 >
B

Hy
H
H nD
Hig
Lrms
. r
1 dgs
I'q_ target

I q_decouple

J
Ja
kw
Ky
K
La

Frequency

Current vector

d-axis curent

g-axis current

d-axis current of equivalent iron loss resistance
q-axis current of equivalent iron loss resistance
Phase resistance

Equivalent iron loss resistance

d-axis voltage

q-axis voltage

Magnetic flux vector

Flux density of magnet

Flux density of core

Amplitude of magnetomotive force of stator
Magnet thickness

Magnetic field of air-gap

Magnetic field of magnet

Magnetic field of core

Magnetic field of operating point

Magnetic field of knick point

Coercive force

Required magnetic field for demagnetization
Required magnetic field for magnetization

Phase current

Measured current converted into dq frame (complex vector)

Required current for obtain torque command

Decoupling current for compensating toruge ripple

Internal magnetization of magnet
Magnetization of operating point
Winding factor

Propotional gain for hysteresis magnetization control

Integral gain for hysteresisy magnetization control

d-axis inductance

s
N

< < 00 > oo



Vdc

< Chapter 4 >
Ya
Fs
Fm
D,
Dy
Dy
D
b
Ry
Rs
Rr
Yao

q-axis inductance
Magnetic circuit length
Number of phases
Number of coil turns
Number of pole pairs
Differencial symbol
Number of slots

Torque

Command torque

Voltage limit on dq frame
DC link voltage

Voltage command on dq frame (complex vetor)
Copper loss

Iron loss

Current phase

Air-gap length

Ratio of teeth width and tip width
d-axis flux

q-axis flux

Estimated d-axis flux
Estimated g-axis flux
Recoil permeability

Air permeability

Electrical angle on magnet
Angular velocity

Magnet flux

Magnet flux, where magnetization state is 100 [%]

d-axis flux linkage
Magnetomotive force of statr
Magnetomotive force of magnet
Magnetic flux in stator back yoke
Magnetic flux in lekage flux bypass
Magnetic flux of stator

Magnetic flux of rotor

Reluctance of leakage flux bypass
Reluctance of air-gap

Reluctance of stator back yoke
Reluctance of rotor back yoke

Magnet flux at no-load

turn

Z
sSs<<<§ g

degree

33 8

H/m
H/m
degree

rad/s
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AT
AT

AT/Wb
AT/Wb
AT/Wb
AT/Wb
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Figure 1-1. Average temperature deviation trend Figure 1-2. Crude oil price trend
since 1890.
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Figure 1-3. The needs of variable technology for range extension.
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Figure 1-4. Discrepancy of high efficiency area and common operating points

Table 1-1. Classification of variable characteristic motors
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Table 2-1. Clasification of various types of motors
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Figure 2-1. Schematic drawing of discrepancy between high efficiency area and operating point
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Figure 2-2. Schematic drawing for understanding how to generate losses
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Figure 2-3. d-axis equivalent circuit with equivalent iron loss resistance
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Figure 2-4. q-axis equivalent circuit with equivalent iron loss resistance
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Table 2-2. Specification of calculation model
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Figure 2-5. Efficiency calculation under various level of magnetization state
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Table 2-3. Comparison of VFI-IPM and VLF-IPM
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(a) Fully magnetized state (b) Low magnetized state

Figure 3-1. Basic idea of variable magnetomotive force motor

Figure 3-2. Schematic explanation of operating point trajectory on J-H curve
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Figure 3-3. Schematic drawing of FW-IPM and FI-IPM
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Figure 3-4. Current phase-torque characteristic of FW-IPM and FI-IPM
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(a) Flux weakening control condition (b) Flux intensifying condition

Figure 3-5. Spacial distribution of stator MMF under loaded conditions

Figure 3-5 2B 6272 K 912, [F UERAMEIETH > THRAANEIS X0 WA ISMEH§ 2 fisk it
MBI DT, AR E—Z ORFHIBW T, BASEICBIT 28EREBETOILENDD.
% Z T Figure 3-6 (IR IHRICAT — Xk &, WONLEe, EiRE 1 & AApORE F & L THIER
L, A7 =2Lu—2DxT7 Xy v T %5 WaEH%Z hE LT, BOEROBIT 2D 5.

Figure 3-6. Operating point analysis model

728, Figure 3-T(@IZERGHAENTIZ W D REKEEARRIE O X %2, Figure 3-7(0)I121% FEA |2 X D%
WA OFERZ/R L TEY, 4 Figure 3-7(2) TIRE L 72K L RI%TH D Z L3 bnsd.
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(a) Magnetic equivalent circuit (b) Confirmation of magnetic flux distribution
by FEA

Figure 3-7. Verification of equivalent circuit model
ARSI E— 4 TlE, RN DO/NS WA Z WD T2, B OET—Z T THAICHT D AT —
LRG3 AT D3REAT D AERGIRRBIZ 5 2 D 8 K& <, 22l D R E 22 LD & 5340 B THRERK

THZENBEL. DMEAT — 2 PMEDERBEZER AN KU, B, 0%, BIRHRIE 11 L ONAHE &
TAREL m, BRI kw, I No, B PEAVTEL RO L 9 ITRETE 26979,

F( B, 0)= % &%‘Nm[cos (PO+ ) oervemromemistet e (3-1)

WA m% 3 L LRI 5 &, EREAZERSIIKA TREND.

F(], B 0) = ?A%MCOS (P@"‘ﬂ) ......................................................... (3-2)

—J7, WEHGRA S Figure 3-7(a) Tdh 5 LARUET AU, FBEBNORBEAIFIAN 0 L7225 2 &b, B
FGRE H L 27 ¥ v v 7 RS, WiaAIES b JOFEMEREE 120 T@-3A»3Fonsd. ki
B HOWRAFE, g3 =7 vy 7MW, m; B, c; 27 laRT.
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70, 27X v v TOMARE He & 2 7 EORSIRE HATZ L 2h(B-5) & B-6) A THRELS LD,

H,= Be o o Ho (3-5)
Lo Lo

H.= @’ = & = M ......................................................................... (3'6)
He  He He

(B-4)~B-6) X% (3-3)UfRAL, (B2 & kT L, WAkt J EBABR Hy OBIFRE(E-7)23
BHonsd. Zo@E-7RUE, Figure 3-8 IR LIEA D=7 VU AMERB L TN 5.

£ 5 +h+ £ FU B 0)
J:_,Ua 5 ]f Hm_i_T’% ........................................... (3 7)
+ +
,uO ,uc ,UO ,UL‘

—J7, WD J-H BTV a4 ViGBR L & Z2R DB o, FEREBRBE B2 AW T TFD L)
RS b.

J= (,ur—,uo) 2 O 2 TR

Figure 3-8. Magnet operating point behavior on J-H frame
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(3N & B-8)RDOK N, WAEESR (Ha, o) THY, BIEHRE & A0H, BEAhEOR s LT(3-9)
K CTEHEINTWDZ ™05, RO B3ETIE, Z0G@IXREHANTAZEBNIE—4 L L TRE
a2 3 DI DR 21T 5. SV, SRR LE T Ha % (3-9)RUTRA L
L&, RXEWT LA T— 2l F LB ERDORE Z1T

(ﬁ+lJB—F@ﬂm

Hd([, ﬂ, 6):— Ho He 5 TN (3-9)
s+ p+ Heopy (;T+_) (e — 10)
,UO /Jr 0 ,Uc

3.2.4 @BRNZ MV

AITEICIL VFI-IPM 2370 il & BURiREORE ) 2 M A WNL T D 720 ORI AF L. 22
TiE, VFI-IPM CHEAHIEZ1T 5 BROEFS2 M DB 2 FFIZOW TR T 5.

Figure 3-9()%, &L~V NREAL LIZREOFFAMSRE % J-H Ftk LICEXMITR LT s, il

ZIX 100[%) ERARIE HABMES DR B X 5 EV =7 B LIl o7l &2E 25 L, Bl 1~ % 100[%]
= 80[%] = 20[%] &b SHI-RE, ENENDOER LT BIT 57 = v 7 JUCkHT DR RE D~ —
CUBHRLTWDZ ERDND. ZIULAIEB T —Z ZRVER L~V CTEIES S D RICIE, Hi
LAV E R D e OB ERERTIRNZE T 52 L 2R L T0WD. ZOEMHEE dg FE bR LE
D73 Figure 3-9(b) TH 5. i#H D KAWA RIMT— & TlE, mAKBERIZB O THIER 2 BE L2V X

IR DB NEL DR SN D728, BT ST A R —Z BN BIRTE S 25 B IR PN
TEIRINDD, AIERS)E— % TIXERGIRBICMA T, EHHE L ~SAEIZELT DR L~V ERFFR A
MAEBE L CTERNY MBRESNS.

BV ASNVARFIIRARRZ, AT — 2R ZEMOA N OEHN R TH 5. LEOEFKR, (AT

B LB OMA LB ORI S EBAER F U, g, 0)3B-2)T, KR AREA OBIES 23 (3-9)2
TRITELOT, KEBOMG DI =y 7 8 & @-ROBAEERZ T 5 2 & T, BRERR
&7 BB F1XB-10)XD L 512k E S, G 10K %E 2OV TEHET 5 &, dg Vil BlicksiT b
W L~V FRR AR S B4, Figure 3-9MICRT L 9 REMTERSND Z BN ND. 2L
FHEDOHRFHIIBWTIL, FEA RLEBRFERZ HEICER L~V EORFIREZRET D.
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jt] = - (tanPH)1d+ 2 Zﬂ"PF .............................................................. (3-10)

3m kw Nm cos PO

=721,

F=3 21{”})]\,’“ L cos (Po+ B)

.

=3 ZkV}N’“ ! (cosPo cosf3— sinPO sinf)
s

— 33[21{W Np (I.q cosPO— 14 sinPH) ............................................................. (3_11)
=P
(a) Knick points of each magnetization (b) Current limitation lineto keep magnetization state
state

Figure 3-9. Schematic explanation for current limitation line to keep magnetization

Figure 3-10 12, &M L ~/UIZB W TEIRHIIRT & 58 L~V ARFFRA MR A 5 8 L CRHR L 7ol -
RV REPEZ 7R, 100 %] ERLREE CITRR Mvo BESER 52, FRELIC X 5 BEFIRICH 258
Az D &, BRCIRIERFFR A OFPAN T LT ABHIE 21T 5 Z & 8 TEJ, 4000[min 1] % &k
R I2&T2 ) THIARFITET 5. AL~V % 100[%] 70 Btk 2 10D STV &, AR AT —
FEZROWIC LV FEBEEGET L, RERGEDEINT 5. EER L~V ORI > TE
IRAE R IR AR LR T 5 7200, BIHRZ MV OBIRFEIA S L0 0 , f RANCHI A RA L K& 22 5.

ZDX T, BT TIEE— X OBESICE U TRl L~V ARG 5 2 LT,
R B LS ERe R 6, REK M7 ~m il E CO R ZEHERS ATRE & 72 5.
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Figure 3-10. Torque-speed envelops of each magnetization state

Figure 3-11. Current limitation line on dq-frame

3.3 JREIRRGEREOBET
3.2 Hi CHlb T FEAFIIESN T, 0D SR A 28165 ) (VFT-TIPM) € — & O U R FER DR 24T
O, WS OFIEHMLLZENE, bV FREROBNN L IEANREARE bR e O—DREZIT>721&, 3.2
Hi TR R T REABE R ORI FIEZ HWT, =7 v v 70T 4 — AR E BRI RT3 8
ZR SN 5. RICATEBS )T —F ORSLENTH 2B HEE L, Ay O 2 ENE &2 WISLd 5
7o D ARRGEHEE 2, PRI AR ORISR E L COEHT 5. 155 V72 ARSI & B\ PR AR

DRFEAT .
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3.3.1 WX MRy —

VFI-IPM & — % T, BN & AR ORI L EMEE WINLT D &0 D BLE B, NAZESR (La> L)
Rt ORGSR 2 W 5. KAMARIIE— % O%E, WA OEBERMIFER OB o & FEMToh
D72, —ANZ A Y T 7 2 ADTN, BEEHTITHAD 2N qfil) 727 2 A0 b REL R DHIH
MZH 5. ZO®), BRIBIEPIAZEMmIEEZFFO7- 121X, q WP ICBAEALID b RERT T v
7 ANY ¥ E2RT D, 8D\ d B TR A 228 L 7RO Z2 i S A S A L UTHFRR LT La>Lyg
K2R 500812, = OIEZEMRMEZ MR ATEER 7 T v 7 AN ¥ L AR E O A G O 2 e
L&, WAOERTIME, BAKOHDE E LT 4 MEICKB]TE % (Figure 3-12) .

(a) Radial-Single (b) Radial-Distributed

(c) Transverse-Single (d) Transverse-Distributed

Figure 3-12. Clasification of normal saliency motor topoloies

Figure 3-12(a) & Figure 3-120)I3 5 WA 71 (radial) T ¥, Figure 3-12(c) & Figure 3-12(d)1%)H
Jih)(transverse) (IZ 5 BL X415 . F£7- Figure 3-12(a) & Figure 3-12(0)1% 1 MidH 72 0 ORGA DY 1 KL TRERK
ENTWAHDIZK LT Figure 3-12(0b) & Figure 3-12(d)i% 7 7 v 7 23U ¥IZ X o THEEGR T bR
B, L TEBOBADEE S 5. Figure 3-12@)~(d D% F AR P—2o\WT, AT —X T
BLOBAKIEZR% E LT, Table 3-1 OFEIEOET NV EHWTHAKEK DO AT — X R Aa, 7
B, JRGFEDTA il L7- 55 R % Table 3-2 12/~
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Table 3-1. Motor specification

Table 3-2. Controllability and stability of magnetization state for each topology

FIPREABR DO AT — X R T AaDB R TR 5 &, 1 Kchéfs © Figure 3-12(a)3 X OV Figure 3-12(c)
(Zxf LTl iE @ Figure 3-12(b)35 L O Figure 3-12(d) TIIAMAICBRENME T LTV D 2 230y
M5, ZHUIREA IR OB - TREARR O FIIEREIR AL T 2 72018, Bem BTk 5 A28
WAEAME T L7272 T, M ZHROBUENDITAFE LS RV, £, TNENDOHREZER D7 T >
7 AN X THER T D ENR D D720, vn—2 aTRBEHEL 720, EERTREOE T H BB NLET
5. EIBAOEMITETHET S L, Figure 3-12(a) D754 xE LT, Figure 3-12(c) D J&H J5
MM TIEADME T LTWD 2 END0D. AT RAEBDYSE, SR Az —2 v 7 MUIZE
ETHZ LRy, KRR AR ARy FETRORBELZFIILKR2A) Yy MIHDHLOD, H
PR CTH DV v 7 D EIRIVREITREE & U CRHEA BRI ERE T D720, AT — X R BIK T 5.

—J5, EWRLACET HERME CHT 2 &, BAARREAZH A DK E 72 Figure 3-12(@)3 b - & H 4
IRVET CHAIFIETE TR Y, ARV Figure 3-12(b)~(d) TII L E R EIRME A LT
DT LMD, IEAD dEEIRAZ N U CERREZ IS 28556, (IRIRBEIRAA |2 BRI S B 72
WHR 2T 20BN B 5D, m—F a7 N TORILPBREWBEKIZE AT — 2o /- dihy) 7 2
B ATNEL, FERIC Al X7 H O ANPRKE L DT OISR RN A U<, AR
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AGHARKT B 2 LICh D, TG OREEES T, AP CIRESAERT 1 b0 1 K
D AR Y—E = A L U OB 24T o 7

3.3. 2 WEBINZER LA ot

ATETIE VFI-IPM (2381 2 BRI A B 2 et L C, BT MR T 1 Mk mBliE 2 3 5E L7z,
AHITIE, AIERE T — 2 ORGHIB W Tk b B & 72 DRI A OFE TR EH 21T © . VFTI-IPM £ —
Z T, AEEHCEEOT—Z LD b RE QWA RAESE LD, d B ORI Z LV FET
DWBED D B AMITE T 3.2.3 Hi T L7 BERRARAT F1E 2 S, FERESIIR OBE K e 2% [ L T Figure
3-13 (IR T 7 m—F v — MI LTeh o TR WA ORI L IRAZRD % .

Figure 3-13. Flow chart for magnet specification design

WAL OMFHZB W TIE, Figure 3-14 ([T U =77 V&, AT —H @B X ERER T
o EMETH. 728, JFERGHECIE 8.8.1 #i T®E L7 IHDIALR AR 2 & ET 523, HimitHEX
O FIZREATLE UCHY O . Mo B ESRIT T, BRI 0~180[degree] DENLEIZIH T, 4
FIER G 3T A—2 L LT, BRI & A 2 2 S BT REO B RA LB T DA B ER Ha% (3-9)
KAERONTHEME L, BFMEITBEEHNEZTT S 7 = v 7 ROBSRBRE & g2 2 & C, RRZHIPA % 5k
¥ 5. Figure 3-14 1%, Table 3-3 Otz HWCTEIRIEN 50[A], TN FH-45[degree] GEWSICE
T 2DBATIEROFRAER CTh Y, BRI OB 2 B U 72358 R E 2 & L TRE) &,
WA % B8 Lo 5B MR EZ IERIE & LTl OIZHOWT, 22 FEA & (3-9)U L 2 85
BAEAT S o R 2R, R IE & LTl O 5, BRSO EREHE u 2 —EE L L T@-9R
RALTHABMERZFHET S, FEA 2BV T H EMHMR OB S L THRIEDO B-H fetEz AL

37



THRHT 24T 5 . — 7, AR DK a2 B B3 255 121%, Figured-18 OFHE 7 m—IZ L7223 > T,
TSR DRGSR BRIE He 2o NJj/8T7 A—% & LT, MEMRHED Look up table & H N CilshiaE ue & MR
J§ Be#HH L, #FON7ue & B %3 DXUTMA L T OBERIRIE HizxFIHT 5. HavBHEH L
72 Bm & Be L H B LT, T OESNEEBRAELLF(Z 2Tl 0.0L[TIEL NIRRT 5 £ T 0 IR LEHE
EATH 2 L CEMESROFEEZITY . ZOHELZRA EOMEZ L2475 Z & T Figured-14 ([ZR-7 L 9
72, BEAWNOBRRESMAGEOND.

B O9XZEH W EOr Y & FEA LKL D27y Faigd 5 &, G0N RHRHETHY
RN DASNREIZI T DMABIESZ BANCHAE TE WD Z N d. BRSO B-H Ff
ME AR (S a2 B0 & UE L7 & ORE R Z L5 L, i A -45[degree] DF s ABEHIEIZ L 0,

I KGR EE DA LA 45[degree]l DT TH LN TWD Z L FER TE 5. F 7= BRI O FERR
EERLUIFRIZBON TS, RERHEBENELNATEY, FMRMC L 2BKEAMOMET, #E
REDBES IR ICH L TRESIK T LTINS Z LD ERTE 2.

==
FEL
e
w

Figure 3-14. Analysis model and results

Table 3-3. Specification of analysis model
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3.3.3 WhEEEN EokdbDT + — g, ZT7XFrv TR

B-OXN LWL N L DT, AEBT— X TR DEBIHER ORGEWES HalX, BRI OE
BEROBTHEIND. FHCEMIECIE, ORI L 2BMEORTICLY, =37 2 5%
DX FHIVEE SND-OEBEPVLETHD. 2 2 T, BHIR OB BEE 52 5 AT— 4T 4 —
MG & T 4 — AR OHICE B U, R ph SR EIC 5 2 5 BT O\ TELET 5.

Figure 3-15 IT R T L DI, AT —FT 4 —RAE%x A, 74— AR %E B L, Z0k%En=A/B
L LCEFTDH. Figure 3-13 OFHHE 7 v —IZHEVy, 7 4 —AMEkkn% 0.2~1.0 FTELIH, ThZ
NOT 4 —AJIRIZIB N CTEREEDT 33 [Amsl, EHAZFA-90[degreel & FIIN L 72 & & O @ REHR 0O 1251
Fa, B-9RZ AWV THIEFEIZ LV ROTFERE Figure 3-15 (-7, AWEFEIREINNE O BRI O
B eRIE, 7 4 — A g =1 OFFE 2700 Z B2 CTWDH D, n O TERBICIETL, =04
TIFA0OREETICETIR T T N5, WBBENMETT5E, J-H v —7 Rz 5/3—3
T AROMEE BT D720, WA DOEMERNZET D, Figure 3-16 137 1 — ARk & WA EIER
EOHBERERERT. 70— AlEy = 1.0 ORI, EREROEIC X0 EESNRE 1 RIBOERHE
BRIZHECE TWD, T4 —AELBBEAT 5 &, BaEhlESIT S— 7 v ABROERM Z(kIc k-
TH2LMMRMAICBENL TRV, FHICMERBERZBEAIZHMTE THRNT L E2RT.

Figure 3-15. Relationship between 7 and recoil permeability
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Figure 3-16. Relationship between 7 and operating points
under magnetization process

wIZ, 74— AEHEFRI UL, WAERICEEL G200 —F L AT —FHOZT X ¥ v 7RIZD
WT#%9 5. Figure 3-17T1IZ=7 ¥ v v 7K % 0.5, 0.75, 1.0[lmm] & 2k S B =M OAEMES %,
B-DRUTEKESWVTEHEA LIFEREZR L TV D. R, 7 4 — AR EEE TR < N b 0D, =7 ¥ v v
TREOYERITHE > TREAEIWERNE 2 BIRAINCS 7 b5 2 ENHGETE 5. Zh b OMEFHEN D,
VFI-IPM Ti3i@ & OF — & FKEHRELL LICAT — 7 ¢ — ZA DK EARMOEN R E <, HHENERE % i
BT D7OIIET 4 —RAMRITIELS, T F vy FIIRERRV /NS TLZLENANTHS.

Figure 3-17. Relationship between air-gap length and operating points
under magnetization process
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3.3.4 KRB A O CET (BOLHIPH)

T TR SRR 2 G D12 72 0, VELI-IPM £ — % & U CHERE T 5 7o IS B 447 22 GHbiE,
AR B LR HONWTER 2D 5. ST 3.2 Hi TR L7z & 918, A )E—4 Tl
WA DRLWE ) 22 3 ARt 2 AT — Z W) DZER AR %, EIIRIE & AR OFIENC L BEh S
HDHI LT, MAICH L CTERRCHBEN 25 2, BEOHEZIT>. L= -> T Figure 3-18 IZ/RT &
212, EXAD Oldegree] & 180[degreelf1ir TIE, {i2-90~90[degreel DEIRNFHL 7 h&IToT- &
L CHREmEN 2 FUINT & a0y, JFERICRAHIAE S T 220, £z, BRI S~ ToOER A
d#fZEIINT % & bv7 DN TE IR, W hilEIRy OB A &l TH R 4521 5. Iz <, VFI-IPM
F— & TIINAZEMmM: 2 FFORAREIE & 35720, BBEIZ IR E R T T v 7 280 X0 d SR
ANRARER T DLERHY, LA T 7 M A% 0~180[degree]l £ THIET 5 Z LIXTE 220,

Z 2 TAMIZETIE, ZTAUE TICHE ST 2588 ST — & 108 12 D IF AR R I OO Rl 2 2
ZL LT, EXMAT 55~125[degree] (FIlE ; K 40[%]) OHPAIARIRRE IR 2/ ES 5 2 & Zni
fEL L, BmIAAH > 7 b & EBR 70[degree] & & & L C, Bifi DRI L ORBENZ DV TRREFEAT -
-

Figure 3-18. Appropriate magnet width for magnetization state control

VFI-IPM & — & 2368 DI rl 28 it — & & U CHERE S D 72 OIS LB R B 2 3885 L LU O
LoZ%s.
<F SRR RIS R M — 2 DL SR>

I AR 2R CE 2 2 & (BT RAERIC L VBl L 722 &)

II. #FRVAT NEIME CEBBERAI S OND Z &

III. 37 AT LB TR A NS OND Z &
F72GOREHOTHABERNT 21T 2 56, A EORTOROBMIEREZFHNT 5 2 & b AHE
BHNS, FERERE L BRERE CIREM Al S 2 RET 5 2 & CTHEELY ST 2 2 LT
5. BIZIZEMEEEZ DL, B0 dEEREINC L 2T — & 8B Z2/1 5345 0345 7 e (FDIC @3
B0, WAOFTHA B OFMAN KL/ NS NI ENG0D. TRbLiHEA B ORR S BRI
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BB\, PO DRt S A B BERFUTIEL TWD Z &2 5. WIS 21T 9
e, wHifis A OEMER TRl iU L.

(a) Evaluation points for magnetization state (b) Operating point under magnetization

control control

Figure 3-19. Schematic drawing how to define evaluation points

EY, RMET TARFREOBALZEN] ([ZOWTEET L. KME T TIAMREOBDRFEIZET 515
BECTHDND, BRRWERDERT 525G 0L B OBMER CRHMliZ1T ). AR IS Z /TG A—F L
L C, Wttig & %< M 55~125[degreel, FEE 4 10[Al & L7 ReDREAEME R A G L 75K % Figure

320 1R LCEY, MAREARZEMEIES &, HEXBEROEMZ LY A ZVER T 2B 58 E okt
E2MET LTINS Z ENons.

Figure 3-20. Calculation result of magnetic field on each magnet positions
(Phase current; 10[A], current angle; O[degree])
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Figure 3-21. Relationship between magnet’s thickness and required coercive force

AR, FHFEFE 2 10~50 [Al F TA L & ¥ TENENOEFMEIZI T 2 p-Mie G B O o
EERE L, BAES & WA EER (= LB OBIRICEERR L7255 % Figure 3-21 (237, #1203
EASENRE 10[Al L35 &, WrJEADS 10[mm]FE R T H VLA PRI /71T 100[kA/m]F2HE CRE) % &
FFC& 20, MAEAN 2lmmlfEfE Thiug, RT3 300[kA/mIfRE 2 &, AMIRFICHE ) & RFFT
RN EZRL TV,

WIS T T2 AT LERTEMBANEOND Z & IZOWTELET D, LM 1 O & FEEICH
Fi)EF e RT A—2 L LT, MEM% 10[A]l, Eiitf 2 -70[degree]l (GRS & L 7RO BEABIE
ZEHE LT R % Figure 3-22 |2, F7-@EWMfEA /N7 A—% & LT 20~50[Alick T WA EES %,
WA JE A (BB U 72 fE S % Figure 3-23 127777, Figure 3-22 225 50072 X 912, fHER 10[Al05:
fEClx, XA 125[degreel T DBEMRE N ERUTM IR LV E T EAET, BMATE RN &
Worind. E7- Figure 3-23 005, BEABMESNSIE L 720, FREAAIEEIC 72 5 01X E R 20[A12L |
DEMTHD Z L0, BRED 50[A]l TH VT, BiAE4 0 2[mm] DT 300[kA/m]F2E, 10[mm]
THAIUX 127[kA/m]FRE DO LREE I LU T CTHEBRIRE T H D 2 & 30> 5 (Figure 3-23).
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Figure 3-22. Calculation result of magnetic field on each magnet positions.
(Phase current; 10[A], current angle; —70[degree])

Figure 3-23. Relationship between magnet’s thickness and required coercive force

WIZHAF L T2 27 DB CHBBANEOND Z L) IZOWTHEEET L. £ TR IO Ok
CRBRICRHEAIE R 28T A —2 L LT, HERE 10[A], EREA T0[degreel (330 5B & L= DRé
FAENVERZFE L7oRE R % Figure 3-24 12, EEIELZ /ST A—4 & LT 20~50 [AllcF1T DA H)
Ve %, ARSI LR R % Figure 3-25 (239, R 1 TlX, HKRKBEROIERT 2E001C
BN FEAET D0 E 9 DORE Th o727, TN B 2% & Lz, G 11 TIE e TORAE
WA BN T Z AR S 2 7o DI B et 2 3R 6D D MBI 8 D DT, 55D FRERFIZ iie b KBS D /N
S WVFHES R ENL A IS TRIEZIT- 72
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Figure 3-24. Calculation result of magnetic field on each magnet positions
(Phase current; 50[A], current angle; 70[degree])

Figure 3-25. Relationship between magnet’s thickness and required coercive force

ARG T — 2 ORSLRIF I~TTL OREHE R4 12D 7 7 7 FICERK L2 O % Figure 3-26 (2757
2%, WA ORIREOFMMNR RO T, FMFIBIONIIIFTERKEL TERLTND. F
T TIZ oW TR A TRy, 5[A], 10[Al 3 KMETHEAE LI RAIFLL Th 2.

i) ERROGM &L 22 D5 TIL & 1T 2 el 5 &, ARRBEDEA O J-H FPEIZB T 25 1 R &
2 RIROFFHEDE DD, FoF TMGERMERE) M LIRS E 72D Z B30 5. Lizid> T, Gfif I~1I1
Zlii i DWA R & RRET) DR EEIE, REES TIRABUET 2504 1 LR BIRA BUE T 5 504 11
DH T S L TH B 5. VFIFIPM T, &k M7 3D AEHEER TR oL 720, ©T L
b EIESM 0 TOHRRKAMBIERIET) 2 RFFT D BTN, ERMERRZ MR C& H#HiH T, /)

45



ST 12 M E LT < Z &1, @B IRSGEIC L 2 m EICHE 5T 57-0EETHS.
AWFZETIL, TN O DOMEHEREZEA, NOIAZEBB B~ A LA 7 v ME, (KRR AR
BEORHE, BRRFER ORI OB SN D, BAATEA 3 Imml, #7150 [kA/m] 2% 5HE & L CEE L
7=,

Figure 3-26. Selectable design space, which is relationship between magnet thickness and
coercive force for satisfying required condition, I to III.

3.3.5 JRBRGLEEDHEAGE T

3.3.4 fi TR U 7o IKIREE ) B A (1= 40(%]), M E A 3lmml], 71477 150(kA/m]) %, NEZEM:RE
KA AR A B o' TRk At L7 UERRGEM O W T2k & Figure 3-27 (2, 27234 t% Table 3-4 (TR
T NEZEREE KR 1308 1D THA S TV DD BT — ¥ 2 X— R & LT, Ba A OIRIVBLHRIK
BRow— 2RO T T v 7 AN VI KD 2EM m R RRE, [FSRE R R EAEBERL T, d#MT Ty
U ANA RAEIERAEE L, Rl7 ) v VHEBENL TN 5.

Figure 3-27. Cross sectional view of the proof-of-principle machine
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(a) Picture during rotor assembly (b) Picture of during stator assembly

Figure 3-28. Proof-of-principle machine assembly

Table 3-4. Specification of proof-of-principle machine

3.4 JEPRBREEREORERAMG 32— a))

AEITIE, FEA %2 HWWCREHIEAR Al R ET — & ORI 21T 5. 29501, i%aE L7 JFERR
A& D FEA €7 V% HWTC, IEAD d BiE A FIIN L 72RO BERREIERE DR 21T 5 . §ii072 358
DT ERERAE RN I SN T, S EITH AR T 2 OHEEEZ RGeS 5. 22Tk, —& vy

BAfE% 5 2 12IRRE T, MBS A 2L SR Mo B8 EET 25 2 FIC oWl L, &
BGHIE O 7= 0 d BhFERE & bV fifE D70 0 q BFE A O CTHIET 2 2 & ¢, MAOZficisn
TH M2 & —FICRETED L %25RT. £/, VFI-IPM & —% % Bl BREh i 3 5 5B OB
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HIEBEEZ e 2T U RBIHOE 2 HEDEZEA L THEHETHZ LT, Eo il XF—cLbexx®E
BLTYH, T— FETHOHEZ RN —Z2H T 52 L arT.

3. 4.1 HIREDIEARE

RGO FEA £ 7 V& FAWT, SR O AR Z T3 5. EWRBEHIEC L 2860 0 Z{v %
T 9512720, Figure 3-29 |- T L O ICEAR = T = BAR > SMHE = EAaw
DN d BRI T E 2 20 S, BAMR OB AL O, BIBEIERRO AT 7. 15
T I, [BlH552 80 [min'l], q #HEF i; =0 OMAFFRECER Lo d #ERE2HNT 52 LT
WhzaZsE 5. 2 2 TIEBEDHIEER O 2 500[ms| 2R E Lz, FEEITHEA O A5 I
AR Y, msIFRETROTH D2, HIIN V2 DOREOFAFI > CTBIED EFT 2720
EBED VFI-IPM & — X (281 2BHIECIL, [BlEsE & OIS U CEIEHIBR 2 B 2 22\ i)
FHER 7 0 7 7 A NV EERT D,

Figure 3-30 |21, Figure 3-29 O il T 2 FIAN L 72 & & OFHEGRIEE %, Figure 3-31 1T A7 —
BB D SEAZ G F I DT RE R & /9. Figure3-31 OBZHAR B O ELZ2 LD &, D BEAFRIED
5, WEEHIE 21T 5 2 & CHRORBEENEIFE 0 £ THIH S, ZOBOERIEIC L D HOWIHE & [F%
DR HRBEG LI TND Z ERD 0D ZOERERE & itk DT — 2 NIZIT DRI 4 % Figure
3-32 TR LTHY, BRI AL ORIIHN AT =& a7 Z8#HAZ LT DHDITx LT, JkiE
BIIAT—ZNCIRIF E A EBERPEHZ L TORWT LR TE 5. LA > TRKARMBHTIIE
B ZAT > THRR MV 7 2384 L, ARARHES SR BRI (IR ) 2 MU L CA T — X a7 B &
OB~ DS AZREF I Z W) S5 2 LT, SHRORIR & Rl AR5 0 55 D FBEETRIHNC L 2 8 0
IR R CTE 5.

Figure 3-29. dq current waveform during magnetization state control
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Figure 3-30. Phase current waveform during magnetization state control

Figure 3-31. Magnetic flux waveform during magnetization state control

(a) Flux line distribution after (b) Flux line distribution after
magnetization control demagnetization control

Figure 3-32. Comparison of flux line distribution
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3.4.2 Zh#EKHE (FEA)

Z 2 CIERE) B AL S H TR ORI DWW THE LT 5. VFI-IPM £ —# Tl 3.4.1 i TH 523
L=k 91, Bafs1% 100[%]12>5 0[%] & TERICEGMICHIET 2 Z LN AETH 508, 22 T
177 L~ULiEW O 3 K HE(100[%], 75(%], 50[%DIZ DU TENE RN REME 2 AT L 7= 45 2~ 4 (Figure
3-33).

Figure 3-33(2)?® 100[%]#& W TlE, OBEREL IV OREL AT RAZIZREWVWS DD, &R
TIHEABAFBZIZE D HAPME T LTS Z NS5, Ut 3.24 HiTik~7= 50, VFI-IPM
IZFB W TUTEIRHIBR PN 2 TEBARRELRFFR A S B L CEIRN Y P EEIRT 5720, 550 5%
wimzHlR LRI BN SIZHER L TWD

A2 Figure 3-33(b) D 75[%] 35 & O Figure 3-33(c) D 50[%] B O HMEE R 5 &, #11L~UL ik

(T > TEZIREHDMEA M DO EEEEIRIC S 7 P LTWD Z LR TE 5. ZHITER L~
K FIC L DEHB O &, — A2 K AR [T — 2 ISR TR BT MK C & 5 72 012 8ifA
LIS NI L D, FEEERE CHARE EL TS0, 3.2.4 HiTlR_7Z@ 0 BHOIKT
(2R THER L~V ERFFIR AN dq i BT 2 RIMANC S 7 b T 27280, NROEWER~NZ R
ZIEIRTU D L DXL THD.

VFI-IPM T, E—ZE{ESICS L THERO BV LV EBRIRATRE TH 5720, EEEOBER
HE Tl Figure 3-33(a) ~(c) D& LRI DENFREOE KAE 2 IR LT RHENS DD 2 &7 b.

Figure 3-34 [3fFNR LR DI L~V ZTRIN U T2 & OERMEEZ/RLTEY, 100[%] ARk RE
DRNFRFIE & Ll 2 & e zh SR H P D MR A~ m i BRI IR U, @RISR b L Tn s
ZEWBIND.
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(a) Efficiency map of 100% magnetization state (b) Efficiency map of 75% magnetization state

(c) Efficiency map of 50% magnetization state

Figure 3-33. Efficiency map comparison of each magnetization state
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Figure 3-34. Efficiency map of optimum magnetization state at each operating condition

3. 4.3 WEAIERED MV 7l

3.4.1HiClE, AR CTIEAD dBIERAZFIIMNT 2 Z LICR VBN EHITE 2 2 & 2R L2,
EEROHEFERE T — & TlX, Bl XEENMRA I ERT 587, a2 b S8R5 brsifl
WAEAT O LERD DT, T 2 CIIBEATERIE O hLv 7 BB DWW TEET D,

— IR AR AL R — 2 ZRB T D5~ 7 F v b MV 2L, BB Pa & q SR 1, OFEIC I L,
POMARKHFIT—EM ThH 5728, AMENR 2 Z S5 2 LT M IHiIlHZ1T5. —J, VFI-IPM
TIXERHEIC L D5 L, BRI K 2 HEEMAS CHRET 5 2 L1225, JATHIC Y a2 kS
VG E, ~7 3%y B MV BB LT LE D 128, WOz E 729 I B EHET 7200
q BT E SN E L e D,

q BHERME 2T O BE, BURBEN LI5S0 & OTEBEA ¥, 12 X A8 bV 7 HEEEAT, 705 by
B fpc #HEH LT q WERZMET 5. 22T, FEAICKXVBOESEEZLSE2HAD b
Jb A AT LTS R A~ T, Figure 3-35 [ZBE/1fE 6%, Figured-36 35 L U8 37 1% b7 #lifE &
ERE LT dq SEFIE S MEREE 22N TR LT 5. 100[%]ERIRRED B 25[%] o ek il
EOEZ 522 &, ToOBRS L d B & BaBR & OBRICESWTAD d BB UL A DVER
TSI DAL L, [RIREIC q B EE RN bV 2 A AfE T 2 72 DIZEN LT 5 2 & 5393 5> % (Figure 3-36).
F 72 Figure 3-38 IZIX M7 AR L THRY, JATHICHIHIE AT 72356812, M7 B ER
EEETHLETM I ERFETHZENARTHDL L AR LTS, 728, Figure 3-35~38 (TR
L7 fRATAE RIE, B SAC K D M7 IRENDFEAE L 72y bV 7 B EREIEE TORE L T,
FEA |[Z T LToRER TH D, FEROIFHERRRERE T2 W 2B ML 7 IRE Y R 2 b— g Uk
1% 3.5.3 i ik 5.
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Figure 3-35. Magnetization state control command

Figure 3-36. dq current waveform under magnetization state control during torque generation

Figure 3-37. Phase current waveform under magnetization state control during torque generation
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Figure 3-38. Torque waveform under magnetization state control during torque generation

3.5 EBRIRBIOEL
3.3 HilZ TRV TEREN - FRERAE S V 217 o 72 VFI-IPM O JF BRI 2 F2EICHE L, W) HilEAR
RBFRFFERL, dg Vi LSBT 2B MV EEHIMEOBREZFENT 5. wIZ, BG L7z dq ¥k
(21T D B RRERFEZ AT, BEAHE O My s GREHERRICOW T H i 21T 5. £/, A#L-~r
EWOZREEZ G LT, T— NETICB 2HE TR X =Ml 21TV, & AT U 3 ARl
AT H LT, BRI — 2 /MU LT RIER = 2 F — 2 kil TE 5 2 L 2RT.

3.5. 1 FBRAEEREK &R

RG2S E O ERIE Figure 3-39 1R 3L B0, kT — % L AME— X OMIZ ML BRI AELE L,
FH R v L BIERED DR ) 2R, — TR E -2 OERB L OEENOERAENEAHEE L,
WhERERD D, F I EBRERE OGET1 Table 3-5 & Table 3-6 (2" 35@ Y ThH 5.

Figure 3-39. Schematic drawing of the experimental setup for VFI-IPM motor evaluation
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Figure 3-40. Overview of experimental setup

Table 3-5. Specification of inverter

Table 3-6. Specification of DC power supply
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3.5.2 JRPRMRGERRIC K 2 B IR PESEAG 52 5R

FFEDOIC, WAGRBIZE O T d SERZ F L7z & & OF BB 21T 5. VFI-IPM £—
4 O BRI Tl A BRIREZ RN T 22 o 250 T, BB I AR O &L
ZRE L CEB LV OHWHRIE L 3%, 2 2 Tl Figure 3-41 IR X 912, EAD d #iERO»~%
FIN L7z & & O lEMERE 2 5 H 9% .

Figure 3-41. Magnetization state control current vector under no-load condition

JRBRRERE I 35U T, A% 300 [min 1] o> 44 fif S 4 CAE TR A 1T - 7o e D BRI & I
%%%%ﬂ#é.HgmﬂAZKM@ﬂﬁﬁ®,Egmw43m%@ﬂﬁ%@%ﬁ&%ﬁiwﬁtﬁﬁﬁ
ZEH L7 R 2 2T hurd. Figure 3-42(0b) OERF OFFEE L2 Lo &, BARIKE
#1-10[A] > d ®hAEEHE 2 FIIN L CHOMBAMKREICR T &, SHEEEMZF olVIZ THiflcshTnws 2 &
DR TE L. BREHIE M ISR B 50[VIE THINT 2 01%, diilif %7 %2 L dhiEDR
ELEELEATHD. KIC F@mﬁﬂ%&@%@ﬁ@&%%ﬁé&,%ﬁﬁ%?ﬁ%ﬁz%M@d%
B AN L CHOEARTIRBICRT &, FHRELEN 0[VIOREN O HFOEREMITITVL-ILIZET
FET 5 2 ENRMERETED. 2D Lnb, BREIRO dlERAZFHINT 25 2 &0 X0 B RmEHIE Y E
AT s Z & i L.

(a) d-axis current waveform during (b) Back EMF waveform during demagnetization
demagnetization control control

Figure 3-42. Current and back EMF waveform during demagnetization (Measured)
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(a) d-axis current waveform during (b) Back EMF waveform during
magnetization control demagnetization control

Figure 3-43. Current and back EMF waveform during magnetization (Measured)

WAz, FINY % d SRR O 8 2 Be BRI U CRBRIZEH ATV, d SEEDRIE & 258 & & o Btk
Z U U7 fk B % Figure 3-44 (2777, Figure 3-44(@) X 1ED d #hER 2 HIN L Creesi S E-%Ic
B0 d HhER A BFERICHIIN U TR 217, AR S CREEEZFHI LR TH Y,
0~—6[AIfHT & TITITMIZITIHEHIE TE TV D Z L3R TE 5. Figure 3-44(b)ITIED d BT A
BEPEAOICEIIN L CEREHIEEN 21T - 7o B I AR S CHEREBEAFN LR TH Y, BlgHIE O
el B7e 0, 10[AIRRED d SR AL THITE A EFHEELITEI LRV, T ORITEROHEM

(2o THREBESHEM L, 25[ARE TR EEN i LI, 19 35[AI CRBERIRIEL 70D Z &
R TE 5.

(a) Demagnetization characteristic (b) Magnetization characteristic

Figure 3-44. Magnetization and demagnetization characteristics (Measured at 300 [min™1])

Figure 3-44(a) OJlEHIEIR: & Figure 3-44(b) DEREHIEIRET, S ¥ d SERMEICENETLTND
JRIE Figure 3-45 (2R L7z J-H ¥ 2 W THATE 5. WA O% G, MaO@fEsts A £ T
By EIUEE <, M 10[ANC TR 23T 0 ECTHRIEARETH 5. —J7, BEMOLAEIZIT 10[Alo d
B Z N L CHOBABERIL BFITH Y, BERICLELRBRIIFONTE LT, ERERIRED
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D FCEMESZBEI S 570120, Z OJFFREEEOMAE TIIR 35[AINKEE L 720, 95[%|EREIRTE
FTHROIE, K 2BIAIOBEMERDVEL D 2R S0n5. ZOMEETIIAT —% a7 ORI
T R=IT U ABOAR /NS 25720, L0 KREBREMEBEBRDNLEL RS Z LICERT 5.

Figure 3-45. Schematic explanation why large current is needed for magnetization compaired to
demagnetization control

Figure 3-44 TIZEEARIHT 35T D B IWRERFEIC SOV TER L7223, FEBIC VFI-IPM & — % 2 EH)
BRENIC V2355101, FAMKRECOERBBHEMERNEE L 25, 22T, AAMKOEREBM:E
EHYRET D701, dq@EfiE /ST A—42 L LT, SRERIREOBANHEET - dq BTN
DIEARHEEILND, & dq MEREFICRIT 25 EZ 7' 1 v b LR % Figure 3-46 12777

FERG, D TG TREHE Y 100[%]ERAREARFFTE TRV, EIR~2 M EF 2 R RO
553D SREREIRIANC B3 21 Lo o TSGR FTRE CTH 2 2 E MWER TX 5. ETERE L ~LEER
MaRD LIZERBRIETH Y, 3.2.4 HiCH U728 L~V RAR & RO 2R LTV 5
ZEMGNE. UKD, ERLASVEZBE LTERSNY MVHIRRFEENEG AL TE s b
RLTW5S. F7- Figure 3-47 121, A U< dq P BICEIT D M7 FetEZ2r L TR Y, NEZ w2
£, > VFI-IPM JF AR GRS, 58O SRR CRR ML 27 3G 55 2 & 23535, Figure 3-46 D&
By LT DL, AR ERTE — & TR VY BRAT D BTG IR R R A &
2 TNDDIZR LT, VFI-IPM Tidfk bV 7 35 500 5 BRI 100[%] S RFERNIZFE L T
W5 D, VEFIPM BHAMREORIIZEEREZ/ L TND Z ENERMICH LN Ro7z. &
72, Figure 3-47 @ bV 7 BB S22 K912, dq FlE EICBT 5% S v 7 BosH Il BS540 LT
BY, ZO% ML IR EICERSY MVERIITSZE T, M7 E ISR LI A E BRI
I CELZLERLTVD.
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Figure 3-46. Keeping magnetization state map on dq frame

Figure 3-47. Torque characteristic on dq frame

3.5.3 JEPRBREERET X 2 B AR i) SRR

22T, BAMRHIIRITE AT > 7256 O bV 7 FREIC O W CEHMB AT 9 . 3.2 HiD AR
TR L7z K 912, VFI-IPM £—# Tid d &R L W BEASIEA21T 5 25, KABAREE—2 T
IRARER L BIROFET A7 BB 5720, JATHIC d MEREZHIN L TR ZZEhEED L&, B
FHEREITER T2~ 7Ry b b7 E#E, NVRRJABMERICED Y T 7 2 02 M v BB
T 5.

L7285 THATHICR AT 24T 9 $54121%, Figure 3-47T IR LI X2 ICE ML EE FL—2%
T2 L ERRY FVEIEEZFT, ITEOER L~V E T A NBENH 5. EfRE7 hL A% R
IV 7 BRI - THIBET 5 72 121X, Look-up Table ZF|H 9 % 775X, Flux-observer % H\ 7= Fk®5
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M TE 5. Figure 3-48 [ZHAMRFOEFZ N VEBF OIS 2R L T Y, Method-1 @ Hiffi7e d
il B PN %} LT, Method-2 @ Look-up Table 35 & Tf Method-3 @ Fux-observer % f\ 7= Online
decoupling FIETIX, % M7 EZE LIZEI~NZ MV Z B0 LT M2 IREV A 88T 5.

Figure 3-48. Current vector trajectories for 3 types of control method

Figure 3-49 |21 Method-3 Ol 7 v » 7 M ZRT. ML ZHESMEIZESNT, ERICELVELR
7= dq #hEm Eicks i D v s L ERE~ v 7 % HIC, Magnetization command generator (2 & Y R4
HE A O dq EERESES AR S, M7 RS E IZHEEDSW TR E SN D EFE A E & INE T 5
Z L TIATHICIR T DM ZAT O . E TR T ORI HIEERIC L D Mo IREV & HE TS 72
¥, dq BHEEHESE VL B o255 b i dq SETRE 1,2 FV T, Flux obserber®(Z 1 ¥
dqiiA Lak A HEE L, (3-12)RUC L1228 » C ML 2 FEREISBAET 5 72 I M 7 o BB AE 7y carger
T D, Ig targee & FHEID B DIV g WL & D75 %,(3-13)FUTR T MV 7 #HE RN 1, decoupre
&L TR AMEICMET 2 2 & T, BARERICKIT S b2 IR 2T 2/ s LT 5.

Figure 3-49. Control block diagram for Method-3
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. Tr 1
Iq target = (3P + iy ﬂq] i\d ......................................................................... (3-12)
22

I.q7 decouple = I.q7 target — l'q ............................................................................. (3-13)

Figure 3-50 |2, R BRfRGEFEIC Method-1 & Method-3 Z i L 7= & & @ d #ili &5 Hic O RE ]l 2 %
Figure3-51 (213 dq P RiCd T 2B~ 2 MV A, Figure 3-52 (Z1% bV 2 & 2 51 L 72 %G
Reznzivnd. FREME, BEEE V=300 [minl], ERER 7=25 [Al, N7 HESE T.=5
[Nm]& L7z, WFROFEIZBW TS, Figure 3-50 12737 X 912, 95[%IERIC LT d #fEK %2
] CRg ) il e 50[ms] CHIUINL TH Y, KK d BRI 25[Al CRBEOEFIE T 5 Z & A3
W T 5. —J7, Figure 3-50 1% dq il ‘P I3 2 EH-<7 hVEURZ FHI L7/ R A2 R LTEY,
Method-1 & Method-3 T q #lIFEROHIEHBB A K E < Bie o TWDZ LN D. ZORED hLy
W (Figure3-52)% 7.5 &, Method-1 Ti, HWEROHIMCL DY T 7 %A Mo EB) LT
Az b r~ 7 %y b MV EBORET, b7 BEAME 5INmlIZk LT hL s 235 12[Nm]
FTHEIML TS Z LR TE D, —J D Method-3 Ti, #/he h L7 IRENIFZED D H DD,

T MV TSR Y O 5INmITHICHIECE T\ D Z & N0,

Figure 3-50. d-axis current waveform during magnetization control (Measured)

Figure 3-51. Current vecrtor torajectories during magnetization control (Measured)
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Figure 3-52. Torque waveform during magnetization control (Measured

WIZ, PTIRBEOEIC LV BEAGIEZ & b S EED M7 IREEICOWTEET 5. fliE
S DENVESIZIBWTESR b L7 28 Figure 3-53 IR L 9 I L7284, 10[%]1 5 L~ T3 s
KMV T BT, ERHIENVLEL D, MV ESEICHIS LT Figure 3-54 1277 X 9
(215~ v A g 50[ms] 2 FIUIN L T, K 95[%] & THEBHIE AT - 72412, FEREET M7 28NS
T2 D bV 7 ISENE R FE LT-fE R % Figure 3-56 (259, FERMNOHLN R K51, ML IESE
MATIENTH#%, BT vt 2CHET 5 50[ms] DENZ - THRA M2 ITBIETE TV D 2 L 3R
TE 5. RBHEmBENE—Z TlE, EEESOREHNE—ZITHF L TRENWD, T— FETRO
RFFIZ X35 ML 27 AR O R KAEAD 100[Nm/s]FREE &/ <, 50[ms]BRE OB THIUTHATZ D
EEZLND.

Figure 3-53. Operating point trajectory under loaded condition
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Figure 3-54. d-axis current waveform during magnetization control (Measured)

Figure 3-55. Current vecrtor torajectories during magnetization control (Measured)

Figure 3-56. Torque command (cmd.) and actual torque waveform (Measured)

JRBRRR G L D FEBR CIEERE SV AlE % 50[ms] & U TR A 1T - 72203, Bt O A5 Bl REE OB T
XA NPT OB BREIET VLR WO T, HINT 2 B MR ORFRRZ O 6 013 8ms] b Hi
X5y T 5. B IV ARORMEEAT 2 BB B NE L 72 5 O, BER SRR OF L 0 b,
EWMERET—LA L E I X AL DEIE LR, BAMRICL2FHRELETHD.

R RFINRE D€ — X BIEIXG- 1RO EEFRATEIIND. 7272 LG 19XF D vl LU
Voo (XA RLFEIED dq By %, p IRy 2R T
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[ va Rapla -wlq Id Vod
= . B ( 3-1 4)
L vg wLi RatpLg Iq Vogq

_Voa’j|_‘:0 —C()Lq}[l'd:| [O} (3-15)
I il i + o, | 3-15

(3-14)XK L (3-15) 5, dq HhHEE A2 N ERERERIFIA & JERAFEIZ O L CiEEd 5 &, d il
EIEIXB-16), qEE/EIXG 1RO L HIICET N TE S,

va= (Ba+ p Ldida— o Lqgi,
Vq:(Ra+qu)jq+ (LG Ig 4 Wa)  wovrerrrser et

ZC, 3-16)RE @17 1 HITRF MM & &t 7o, Bl SV AW OARL, T72bb/ VL
AMZAHBE Z 5o, B 2 HITAEE 0% 5 OREEBUKFH TH Y, HREEIIENE & RS F] LT
REL 2D D5, Figure 3-57(a)lX, FELMRGEHE DT — & /T A — % (Table 3-7)% T, 95[%]

BRIV EGD T2 DIC B 1= 25[Al %@ E Lo 1 EICLABEZHE LR THY, <
Jb ANE 50[ms] Cld dq BHEE vag 23 30[VILA T TH D Z 3D, —J5, Figure 3-57(b)IZIT5E 1 H &
2B L DBEERD AN ENFRE LFEREZR L TEY, 100(min P EOFEE T, B SL A

MR ARAE L 22 W SR FENEEICH L TR TH D Z L3005 . £ - REE ClrImlis Sk FHE
CRDEIEDNNSNTZD, X 6RDEM IV ARONE/NAABETH DL EERL TV,

Table 3-7. Motor parameter of proof-of-principle motor for voltage calculation
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(a) Relationship of pulse width and induced (b) Relationship of rotational speed and induced
voltage for magnetization control voltage for magnetization control

Figure 3-57. Induced voltage calculation during magnetization state control

ZETIE, VI ESEICK L CEB VA X BRI T o T RICHES RV ICBRESE D
= ZIZOWTDBREEIT 720, WIE M7 IR ENZEET 2 @RI W THRASIEZ & b7 5 56
D VI ISEMIZONWTELET S, 2 2 CIEEEEEE 300[min ] T—E & L, L7 BB EAEERIC
AT D56, FEBE MV 7 IBIES R O 21T S 12356 D "V 7 IRENEIZ SN T, v =
L—3 3 A XD EHE L 7efE R % Figure 3-58 (2777, Figure 3-58(a)lZ/nd L 9 2RI 252
MV ZHERERGZ DA, % ar bua— I BNEREE— X ORERE L Bk N vy, BEE b LY
L DB S ERLRDE T RNLIE L HWr+ 5 &, Figure 3-58ITRT X 5 RBAIESEN AR S 5.
Z oI, 25[ms] O TR S IED 20[%]E R = 40[%IERARE~Z LT 535G IZ OV TR
LTW5. ZOFEBERIEEZICESWT, SFERET O d B OV ARERShD. ZORO d
B & qENEIRDO Y I 2 L—3 3 U B4 Figure 3-58( w3, 05 A& 1L, UL AhE 50[ms]
D= APAR D BRIV ZABIDF LN TN D Z ERERTE 5. 2Ol qlE DRI, (3-12)20F L TY(3-13)
NI Lo T, HEEEREOZOICEHINES N dMERICE DV T 7 X A M IITLDHEL, &
WEZE, T72bby N BEMICENTDHZ Lk s~ %y b VT OELEMIE L THESE hv s
BT D L9 ICHIE SN FE R, BWERIE 7 2+ 20 0.05~0.1[s]0 X[ T Figure 3-58()27=
T RO R ERT. Figure 3-58(ICIL M ZHBEE Y I 2 b—va LICXD ML 2R L TE
D, FEREFHHXETOCIRBN AL OO, BRBOLRIENE M7 IBRTE TS 2 EN0H
5. ZOZ b, VFI-IPM & —# TILEER 2B A2 & & 72 5 BREVRIEIZB W T, FrEo b
T RHERRR DI D T E DR T E T
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(a) Transient torque command

(b) Magnetization state control command

(c) dg-axis current waveforms during transient torque control.

(d) Comparison of torque command (Cmd.) and calculated torque.

Figure 3-58. Simulation result of transient torque response including magnetization state control.
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3.5. 4 AhEREHEREM &, BENBIENIC KD E— FENTRT ROV —HERIKHICBIT 555

il OEEFALZAT O HE, LA HEAARIC &> T4 RETE— FZEL T, £T— FETIC
VB HE = 2 VX — 2 I 2 2 & 2T 56D, Figure 3-59 ICETE— FOMI & LT, ko
HETHEAT 2 B L 72 LA4 city &— RO & Bl AN — 2R d. ZOETE— FMEfHE, HEL
HA78 0 HRL, Z225KHRPT, UL R & O HWRE T D — F AT ER S 2 B E AU GREE - v 2 #RIX )
PWEHTE, BERICBT 2R LETE— FEETEY LT, T FETROFENRELED.

Figure3-59. LAA4 city mode

Figure3-60. Energy consumption on duty cycle driving using VFI-IPM

—J3, VFI-IPM Z#EEEEHT—% & LTEHT 256, T—% OEERICIE U TR 72 m ) 2 2
RTDZ LT, BEADREMETEDZ LA 342 Bi Tz, L LAaND, FREkEEZTT OB
BEAHFIHBRIC L D =T —a ANRET L0, T— FETHORT L —RL 2 R/MET D &
WHBLRTHD L, BIERICIS U CR R 72 B S HIE LT 5 0 Cidze <, bl 7 i il A3
FAET 5 Z & 035y~ 5 (Figure 3-60).
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(a) Operating point trajectory on (b) Enlarged view of chaning magnetization
torque-speed envelop statepoints on torqur-speed envelop

Figure3-61. Frequency of magnetization state control on duty cycle driving (LA4 city mode)

Figure 3-62. Number of changing magnetization state control on LLA4 city mode driving

Figure 3-61 | B BREN € — Z FHY OB E- L7 Bk DOghR~ » 7 L MR, LA4 city ©— K
DEITIEF OB ZERTCT oy FLELOTHDH. 22 TIEBEAL~Uv% 100[%], 75[%], 50[%]D 3
KHEZIRE L CWD B OO0, F— RETIBREE 0 XA LR - TR Y, BAREOZD
DTN F—1 ZAFEAEMEENENZ &R0 5. Figure 3-62 1X3FEFRIC 100[%] © 75[%] L& 75(%] ©
50[%] Y0 0 B 2 MR LTI AL LT EEZ D T2 R LI R 2R L TRV, A RIOFHEH Tld LA4 city
T— RER 3 KMETEITT 720 T 269 B ORENFIBENFEAL TWDZ ENDnD. BIkHEK
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Figure 3-63. Changing M.S. strategy using hysteresis control.
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(a) 100[%] (b) 75[%]

(c) 50[%] (d) Optimum magnetization state level

Figure 3-64. Efficiency maps of each magnetization state level (Measured)
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Figure 3-65. Gain optimization for magnetization state controller

Figure 3-66. Comparison of ideal and selected magnetization state control command.
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Figure 3-67. Calculation result of magnetization state control on duty cycle driving (LA4)

Figure 3-68. Energy loss reduction by hysteresis control strategy
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(a) Magnetic flux distribution under no-load condition

(b) Magnetic flux distribution under loaded condition

Figure 4-1. Magnetic flux distribution change of VLF-IPM by load current
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Figure 4-2 Relationship between d-axis magnetic flux and load current in case VLF-IPM
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(b) Loaded condition

Figure 4-3 Transition of magnetic flux distribution by load current
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Figure 4-4 Magnetic flux variation by load current
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/

A

\

(a) Conventional topology (b) Wide bridge type (c) Additional flux bypass type

Figure 4-5. Comparison of rotor core topologies
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Figure 4-6. Schematic drawing of magnetic pass arrangement
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Fm : Magnet magnetomotive force
Fs : Stator magnetomotive force
@ : Flux linkage

R : Reluctance

Figure 4-7. Magnetic equivalent circuit considering leakage flux pass
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Figure 4-8. Relationship between load current and d-axis flux
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Figure 4-9. Load current and torque characteristic
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Figure 4-10. Design flow of VLF-IPM

4.3.1 WXBEE Ro Y —0iEE

ZITHE, AL 7Ty 7 AN Y EED LD ITRET 2 DONERNR bR U—%®RET SH. 4.2.2
N7 X 9T, BRAMIE U CHAOBKRD AT — 4 BB EZL S D011, KIER, HE4
WRRE T ORISR AR AE ST LLEND Y, KAA RN BEFR A SRR EZRRT D 2 LB
{(ThD.

WK OBRAM I L DA EREEZ RIS S MRe Y—Ci, £Rm7 ) v ViEEEMICIER L b
R PR, BEARED D B AR S DR/ /S A ZFR T 72 Side loop & 1 770, 50D FUSRL
[l A N — R & UTo RN A RABRIRERRIKGO 72 &) W OO AR D=3 23N TnW5. Rl
U w PYEEALSe Side loop U Tl WA KA B EIEA~EAET DWMIEO Y Z 7 2 APR/NS W), v—
H a7 NOEBEIRZ T 57201003 DT o _XT 2= BNUNETHY, AT —F a7 OREEF
WX VIR AT 5. £72 Side loop T, Side loop ZAELT B2 D LA 7o MKIZ X U BelE
DILRPEE LN, WA AR EABE B AR N E 72D &V ) RIC L BEPLETH D,
FZCAMZETIE, BERBEICEE L7 T v 7 AN I L D RBEHRASNA S A R A RERR L, BéA B~
DOIFIREH A i LoD, NAZERGE 2 5 U 72 38 D FUE T — & GO DRERBIIE & ~— R |2, IRAUBE A4
BRI — % ORI R 2D 5 2 L & Lz, Z 2 Tld Figure 4-11~13 IR 4 S50 bR ¥—
([ZOWT, q A2 2 S B2l d B8 SRR A DEMR %2 FEA (X 0 fiftr U, BEALTRF OB
& & qEERANTIZ L D AR L o IZ DWW TR 21T - 72, Figure 4-11 13—k 72 IPM £ — 4% %,

b
:ml‘ r%_

B

86



Figure 4-12 |ZIIHRENZHEARNA NABE EFKm 7V v VEELE LT, BA 2 B OIA AT %, Figure
4-13 1% Figure 4-12 IZxf L CT7 7 v 7 AN Y Y OMODIALIR I R LT, BAD DR ANA /S AR E
TOMEHEA < LicEa Rmd.

FAEERIZOWT FEA 247V, q BhEET & Aa DR 2 fif AT L 72fE R4 Figure 4-14 (TR 7. £ —ikH)
72 FW-IPM & —% OFtEAE 75 &, BAMEHAZHHR DK 142ImWbITH b, hofERICk L TR b K
=<, q WERAMICEIOPTIE-EDEEARLTWS. ZD=w, @D FW-IPM &—4% Tl ¥
— Bl & L THDLITHREZ V. RIZ FI-IPM type-1 & type2 # /1.5 &, MAMRFEHARAAITKT L
T, q BERAMIC LV AaMRZ ITHIN L TV D 2 LR TE 5. Z DR type-1 TIEK 12[%], type-2
TR S[BI DB AIE L > UL TS Z RN hoTz. 728 type-2 Tid q il &%z 7.5[Al
25 10[AIICEME 5 &, SHRBREDABITEE L TN D Z N5, Ziut 4.2 fiThilk~72iE
D, WA DEEHRANA SRR E TORRRENE L, IR A RAE D AT — 2 £ TOHBEREL 2o
T2 I DITIRAVBER O BIHI S R+ £ 72 0, fERE L TAT — 2 BZMANEREY Leb D TH 5.

Figure 4-11. Conventional IPM Figure 4-12. FI-IPM type-1 Figure 4-13. FI-IPM type-2
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Figure 4-14. Relationship between g-axis current and d-axis flux of each topologies

4.3.2 WEXUBIE O Ik

HENEEEREN T — 2 02t L LT, /MG bk b s, JRBERGEHK Z&EH T 512 H 72D
NV 2 g R b & AR O WIS A IS ERIE A ARG D, w7 Ry b MV RN, by
RS ED DI, BBDMED RS 22H A& D AR 2 K& < TUT IV T, B
bRl X HE < 180[degreel B & T HUE LW, FEA(HA 180[degree]l DR MMEABLEZ KV PARAYIZ ) —
IR v THEAEE LM B iviz EAET U, Figure 4-15 (/R TERIS, BRI ZZRI AT EER I
ELTRHATED.

Figure 4-15. HIRIR DEME ) A& F AL D EEAW RSy

TOLx, BRI S E D AW OEIE I i&f“%kkiﬁé. — 4T, B Lo

BURDIE, P BAEICHFE LRWERAZRDMICE END @M 2 TE DR /has<T52
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ENKRDBND. ERA 180[degree]l DI I IT A BIR BRIy N EEN D720, Mo iKike
IR ARIR O [ [ 2> > BB 2 R E T A MBS D, AR TIEmEZBE L T 1470, BXA
140[degreel 2 (k5 TR 46[degreeDIZE E L 7-.

WIZ, 4.3.1 HiCRE LIZBHRANA SARA MR O — 2 I U, IRV a] 28 ek —
4L L COBRIBIBREL 21T 9 IRAUBER AT ZE L v P OfER & b v 8 OB 6, Figure4-16
(R THEEIGIRE NT A —2 & L, BB L LTLUTF D 3 D&% E LT L18 [HAZE & MV 7o BRG]
EIZ X 2 BRI 217 5 .

Figure 4-16. Sensitivity analysis model and control factors

Table 4-1. Specification of analysis model
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< HABI% >

L s RE IR O AT R B AS L Wa DI R
I WABHREA L Wa DA L > PHER
IIT. S5 KRR A f IR DRGSR BTN K 2 WA ol sRUH A2 Bl & D AR

H B E# % Figure 4-17 (R, 10 HRKEMEOM RSSO 13, d iR
BB CERESND. RABREEN L & % ORAHREEENZNE A ML 7 bR E < 7
BOT, TOREEKELTIMRAT A— S BT S, 1T O TREARRE K Ve O LY Vi
R 13, WEHHORGRASETIE, ARIORKASIIHIE OETERSND. JOBPREE
Y, RSO E T LR B L TH Y, I~ o o e A 0 BRI 572 75 % T

%, I O TR AR OBREIFNT K 2 Wk ik RS A B ORI 13, W R AR D
RARME L, RRERAMROBAOMKEIHDOAETERSNIFIETHD. ZOEPRES VL, BEEKE

FNZ XD ERDIZD DO LT BRDT L EEERTLHDOT, TEHRVNSLSTLHILEEHET.

Figure 4-17. Definition of objective functions
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WA HIEHIK T & K HEZ Table 4-2 12, L18 [EAZ#HK % Table 4-3 [ZZNZEHURT.

Table 4-2. Control factors and levels

Table 4-3. .18 orthogonal array

H A BIE T D T K A s IRp OB A R SR B AL P DA R JIT DU TRREE AT 21T > 72/ R & Figure 4-18
CRT. FERD D, MOBRERE PO R EEH0120F, 7Y v VIEA)R/ 31 /S AR B) DR X
K<, 77 v 7 AN YIEI(O), MAMDIALESID) B L, #AIEE) OEEN RN &R g,
UL, MAEAE LT, HORARSZRS T5HZ & THREZRSE, 77 v 7 AN YRS
EE LT —F a7 NES COBAMREHEN TE L0/ NS Lttt o TV D LHEfETE 5.
HIRTAZONWT, OFIZAfT 5 L7z /k#EE 38R L7z FEA €7 V&2 VB L CER-d S Rk 2 515 L7z
fE R % Figure 4-19 1R L TRV, v—4 a7 NIZEB T DA BR ORI EZ #0fl U C i KRB 5L
AR SHTRER, BERATEL DI NELRoTWnD I ENGnD.
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Figure 4-18. Response graph (Objective function; I)

Figure 4-19. Relationship between current and d-axis flux (Objective function; I)

Iz, HEIBEEL IT O TREABERBE AL Wa DATZE L o AR DWW TIRBEARIT 21T - 7=k 52 % Figure
4-20 (TR FERPDBER (O DT T v 7 28 YIRS DRRENZ DMK F DRI~ TREL,
22 DD T DEBIZ D RN BB, 7T v 7 ANYFVES, S£ Y 0 — X REHLEH 7 T v
7 AN ¥ ETORMERRE N LI, BABRDS B~ A S 2T ORBEARE NI L THY,
LRI ERIIZ < D 2L NBRTE 5. WA T Y v DI F(B) DA S AE DI 735
LTEMBLERET DL, IMBEARREA D TH 5K FC)RNIRIBR RIS L CREMREFTh Y,
ROV AEET—Z ICBWTEETHDL Z EBN0N5.
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Figure 4-20. Response graph (Objective function; IT)

Figure 4-21. Relationship between current and d-axis flux (Objective function; IT)

Iz, BRI o TR IREFL A I OREEIRNIC & 2 BT RE RSHAZ B B AR 12D Tk
FERRMT 24T - TofE R % Figure 4-22 (TR 3. f5HRD b R KEWAMIRF ORGSR A BFIZx LT, 7
Z v 7 ANYFERS(C), MAHDIARESDIB LV, BARE)DRKED, (A LB DRI L
TEWZ ENHERBTE 5. Figure 4-23 OEL-d ikl FtE 2 A5 &, HREEHHREII LT, &K
B R ORI E N ZERFEOEZ /R L TEY, fAMZERTE TS I LRERTED.
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Figure 4-22. Response graph (Objective function; I1I)

Figure 4-23. Relationship between current and d-axis flux (Objective function; III)

H AR I~TI IS DWW T ORI A B £ 2 ¢, SRFOREKEOREEZTTH. £THETA)
D7 Yy DiEIE, BABE I~ OFHiAE RO The bIRE O @ IT O R ZE L 2 PRI L7z k% 1
EE LTz, WIZFFB) DA SRR, A II o TRV o P oiik]) 1k L TR L %
AT LA LW, BT B L OILIZHE VTl L 72K #E 1 235E L7z, A0 20T,
AR © TREARRBIARI O] &, BMREK T o AL UK BEXOI o TR
DI MO ZFFODS, 4RO BRI CIT I ERMEOFMIZ B & LTnD Z Enb, B
BEgL IT & TIT I3 L 7o ki 3 % L7z, £7EFD)HB LCENCO N TIE, BRI~ < To
FENTIZEWNT, FREOREZFF-> TV D720, # L7 K%E 3 21 8E LT,

Table 4-4 [Z4 R D BEEEMRAT CRRE L2 [K 1 L KMEDH T, IRIVERHIEAL rl 2 /e — &2 & LTk

oA %, Figure 4-24 ([Z87E L7 /KL KL U7z o —Z k%, Figure 4-25 ([Z[RIFARIC TR
Mr U 7= -d il o Rt & o
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Table 4-4. Optimum levels of each fator

Figure 4-24. Optimum configuration of VLF-IPM rotor based on the sensitivity analysis

Figure 4-25. Relationship of current and d-axis flux of optimum configuration
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4.3.3 EHHKREEZBR LT O XTF —VikEr

EEVEEEN T T — & CTlY, RUOBIRCEERV X OO OEK M7 N2 T, mEETRO X
D imBlERE O ) b RO b DD, RIS T EH AL RO X 5 7T o R_T Z— 2 DOf%E
ZAT O . IV RHIE R rT 28 R B — & TUE, IV Z P AT D1 DICMERT "7 2 — b, &
HIRIZ BT D N BB L2 B EAHER ORGP LETH D, AHfiTiE 422 fHiThbhizn—
Z AT TR & AT PR IRAUVBE SRR & B VR A TNL S D 7 o RT 2 — U DRRET T D .
FPIRIEREE L 7 T Z#— L OBURICOWNWTELET 5. n—& a7 NICHB T D IRV AR
AT — B BDMED LG DR E SITHHBZ RO, B EBRMEOMETHL T T X — L TOH
PR AT K. MRS T T = 2 B0 it d iR A 7 e v R4 5 &, Figure 4-26 O X 9
BREMSNEOND. BARIRIECIIe —% 27 W CREA R R~ FE 32 720, FERMICAT —
BB BT D EPRT D72 d #REHIE 290 [ImWbIFREE & 72> T D . 7 0T Z — 2 DEINIC
L7eoTr—% a7 NORHREREENR X BT 5720, ERIICAT — 2 B E 88T 2 ®moME
LT d gAY 370 [mWDBIFREE & THIINT 5 2 & 30D, 2 Of%EHTI 420 [ATIIEE C d filfg R
DIRKEERD, TN EOT T 2 — TR 2D LT <EHBB RO D, Ria SO B R
AERERR T TUX, R MLV R LR A L Y, IR RERAMRFO d SRR E 2 BR LT, T
BRFDIRRT X7 4 — % 630 [AT] & L7=.

Figure 4-26. Relationship between ampere turn and d-axis flux
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(a) No-load condition (0 AT) (b) Loaded condition (630AT)

Figure 4-27. Comparison of magnetic flux distribution for each numbers of ampare turn

WA R EERIRIC 3 1 2 B 1R 2 B L OB e %Gt 5. KABCA AT — & TlrEElsk o
ICHBI L CREAREHRIC L B BEREEN LH L, ZOHREEEBRIEN, (X474 RA2kVRESD
EIENEREETLZ ERS EBBRICEEBEN CTE R RDTDICHIIN0 LD,

DL ERAATAET— X OBLEF NI 1DXNO L5 €SN D, H 1 BITERENIC L 5E
JERE T2, 62 BUSSFEEE, # 3 HTmEEART. FH2HOFEELILG-12THDH. ZZTild
TEIEZ B L CBET 5 L (4-13) D L 9 ITRILTE 5.

‘Vd}_[}ea oHﬂ{w} L oﬂﬂ i
v, Lo R4, vegl P L0 Lol i
[ Vod 0 -wL|[ i 0

0}:[ wq:||:':|+‘: :| ................................................... (4_12)
L Vog wLa O Iq w¥a
Va= \/Vd2+ Vg2 = \/( Raid- 0w Lgig)?+ (Raig+ wLaid+ @ W2 --ovoeeoeeeee (4-13)

(4-13)KD Vo SREBIEICHRY L, EEERIZ 2 0 Va»SEEE Vizg#iz 20X 5 ICEBRR2 bl g
BLO L, 2 @UNCHIET 20BN HDH. ik dg il BICRBL L7203 Figure 4-28 Th 5. EHIFF
PEZFF DT DITITEIRRY MLVOBIRICE Y 0% % 0IZHIEICE D L OICE—F RTA—F EREIT 5
VEND D, ZOZENOBARK Yo & La 1a DR E (4-10RZ 724 & 5 IZREFHUT Enwa &

DTND.

Vo= Lald
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Figure 4-28. Vector diagram of conventional IPM motor

—77, IRAUVBEHH R RT R R — & T, W —El & L THbiLd ¥’ Figure 4-29 |27 7 X 9
(CAMERDOEEE 25720, 4 1)XEEOEEMNND Z ENTERV. £ 2 TR TIE, BN
1 90[degreel, 7 O RERRFD d #IEHR A A2 FHEFRE L LTHWD. DFE Y @EEREMEICHENT d
iR A% O ICHIH CE D' —F T A—2 L LTBIHEEH IR GOND Z LR 5.

Figure 4-29. Vector diagram of VLF-IPM motor
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WA, EHIVFEEOBLE N D AT —F A VOB O 21T 5 . Figure 4-29 726, d il R a1 (4-15)
K CRIEINDD, BRI Ve & Al A F 7 7 A LaDWT I HEBI Na DB CTH 5720,
AWFGECIIEI N B /3T A —ZICRE LT, TR d BB O d B4 FEA ICXVEHE L, 5ol
7285 % P~ T (Figure 4-30). K ABEA R — & 23 = [ldsisk © 7 O R 2 R0 7= 0121, (4-15)
KU L7238 » C, EREGEE BFiEf 90[degree] THIM L7z & & O d BEHASREAR a2 0 72D K 91Tk
B N 23 ET X RN, FEA IC LV RDIZEKE d BRSO BR(Figure 4-30)722 5, Z O PR
A CIE 21 [turn] TEHDFHER S S D Z E B LI R o7

Ad= %(Nm)—Ld(Nm) D e (4-15)

Figure 4-30. FEA result of optimum numbers of turn considering constant power characteristic

IZ Figure 4-26 TR OTZIMIVEHRFIEIZ LB T T X — &, Figure 4-30 TH LT &S L
DBFR% Figure 4-31 (2R3, WEERICIS T 2@ ) ZHED B 1% 21 [turn] 235 L TRV, IRV AT
ZERFPEEIED 513 630 [ATICL LRI B L 70 . ERSE A 30[Ams] 2B E X, 21[turn]®
FRIZT R COEGAHRE TETND Z LR TE D, Lo TRBRAHEDO B Nn % 21 L LT, &
Hi AR CRIMEDORRGEZTT 9 .
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Figure 4-31. Selectabke design space, which is relationship between
numbers of turn and phase current capability

4. 4 R PERRGEREORFPEREAM
AREITIE, FEA % O CIRAUBERBIER AT 28 RAEE — & ORRIERII 21T 5 . A I3 L7z R
RRAEE O BRBIIE 2> HREFR S A S AR AT Rz IPM B — 2 &23%at L, BN A SRR O B3 T
NRHEIC G 2 2B BT 5. RIS, RELRGERE & [R5 0 B A REZ FFO0ERE IPM £ — 212 L
T, WA S ZREE D BIRIREE & OBMRZ ] 2T 5. M2 TR O IR % & STkl & 2h
FEHERCHURIC OV THBHRREZ 1TV, REET D INHURBESRHIEI rl Rt — 2 %, BB HEBREY - — &
ELTHLTWD Z EEmRT.

4. 4.1 HEK IPM E—% L OH#KR(1) -Iwh g2 X 2 M #Em ok -

2T, FRERRGEERICER T DN TV AR, N R ALY RV TPM B— X 2REF L, FnE
O HIIFEZ el 5. Figure 4-32(a) 2 BRGSO WT Rk &, Figure 4-32(0)IZREH /A /SR %
ZEL BRO - bt 82 IPM-()F— % OWiE R &2~ d. BIREESIE0MEHE, MRS L L,
K BV 2 RIERSICHIZ D 72018, 4 IPM-(1) 0%% % 18[turnl & LT\ 5. Z DR, &¥K
ORI E BT ) HREROBEVR TR L DI aA MR A L 0D ZhEN Okt % Table 4-5

R
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(a) Proof-of-principle model (b) Eliminated flux bypass model
<VLF-IPM> <Comparable IPM-(1)>

Figure 4-32. Cross sectional view of VLF-IPM and comparable IPM-(1)

Table 4-5. Specifications of VLF-IPM and comparable IPM-(1)

FEA IZ X 0 S~ kv o BEPE A AT L TR 5% Figure 4-33 IZR9. Bk bV 27 13 VLF-IPM 2349 65
[Nml], bkt IPM-(D23) 60 [NmlC, BHOFEIC L VIZIERED bLr BEHRATND Z &%y
N5, R, EOEECIE, EHRE L 22D K 5 1ZEE L2 VLF-IPM 7% 10000 [min ]2l LT
HAZERFFCE TV DO LT, Hilgskg: IPM-(1) Tl 8500 [min'l] 3T Ci B LS EIRET LR
\CET DD FE IR L e D,
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Figure 4-33. Comparison of torque-speed envelops (simulation)

VLF-IPM T, REREEEZLL EOBESICB W CEREAFIEZITS 2 & T, RIS q 8 Z
HFldpZ L2y, o= a7 NOWRIBHRBEINT 5. FEER, BAMEO AT — 2 BMEE B
L CHEREENEDT 5720, BHE ERICET DEERA KT 2 2 LN TE 5. 8 OKANA R
E— 4 TClE, BEFESEUL B ORI CIIA R ORI X 5 FFE B % 55 0 ST 10 D & CTHIH] L
RTFAUZA BT, BEREO R WK TIE L Y 2 < OO REBEERS LI L 725, Figure 4-34 (21%, %
NENOME-EREAREZ R L TR Y, 5 IPM-(1) 2 8500 [min] {17 CEWNLAH 90[degreel
(2L, T LoD RN RNEE & 72 > TRESRFUZEL TV D 2 L2V n% . —J5 D VLF-IPM
C1E 10000 [min]LL EOFEIL T H 550 A EICRB N A LN D,

F 7= Figure 4-35 (21X FHEE R L TE Y, VLF-IPM 233558 Y @& RHER 30T E H Rk
EHLTWDA, HBosdgo IPM-(1) CTIEEEREE T TR 252 00, 2Ll EomEEE

TIHENERFETE TRV LR TE 5.

UL EOFERMN G, IRAUVBEAR SR r 2 R PE £ — # (VLE-IPM) T, BHEAIZ LY q BEERR I =
NDHZEILEo T —2 a7 NOIRNBRAH R L, #ife L TAT — 2B E T DREARR A
DI BT, HEROTO FREHIEH B O IR T, Dl W EREA B CHRBELEAME SN D 2 &M
Motz ZHUC X W BLKWRERRRA DK E WD AU v MIINZ T, 55D RBEERIKEIC L 2 K
WO HFEND . BIARBN IR OFEMIC OV TIT 4.4.3 FillZ TS 2.
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Figure 4-34. Comparison of current angle characteristics (simulation)

Figure 4-35. Comparison of power characterisitcs (simulation)

4. 4.2 PERIPM B—% L DOHHKR(2) -RhBEHR A NI K B NSIREE ) B &R o daE

AT OO beleet 42 IPM-(1) & Dl T, BEHR S A S AR O HEN T — 2 P2 RIE T B L2 MR+ 5
T2, HREOR G CIR MU AR S A /S A B & B BRUONZBERRIR &2 I 72, RIS R Eie <, g i
EDT7Z o7 2NY Y ERYBRE, L0@EO IPM £—# &iDOBEREER A W CHA4T 5 .
BROBEIZBOTE, HBodS IPM (ZBWTH mBER TE ARt LR b, T NZIEFE
DIRE- bV 7 Rtk & 705 X912, Figure 4-30 & [FIARIZEEB ORRGEH 21T o 7. KR IR % Figure 4-36
()i, ek % Table 4-6 (2R
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(a) Proof-of-principle model
<VLF-IPM>

(b) Conventional IPM with g-axis flux pass
<Comparable IPM-(2)>

Figure 4-36. Cross sectional view of VLF-IPM and comparable IPM-(2)

Table 4-6. Specifications of VLF-IPM and comparable IPM-(2)

FFIEDOI, IRAUVBEHHI Y r] 2 F5PE - — & (VLF-IPM & — &) DR A [BIHRTRE OBLS DB R 5.
W OADRAE — 2 (IPM £ — %) Tl, BARRE TE MY ANIEMNT 272012, n—2 =
TRICREIT DR Z/NS SREHT 208 I TH Y, IR & 257U v Vi, TES
FRO M HERCT D 2 & N FE LV (Figure 4-37). —F CRIEIRE QBN GIE, 207V v VHBEA
RaATIMEAT 2L ERFFT DA R LTV o728, EREHEHIZISW TS RMELFT 5

VBB DY, IR O L MR SR 2N T A SEIZRET RO BN D.
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Figure 4-38 1%, ekt 4 IPM-(2)€ — & OIS IENTFER OB 2~ L TE Y, BAIHIERT Dm0
PERT 286807 ) » PEISHET L THOD Z ENSND. v—F a7 OFRIGNIE, a—4a
T MBI ORRIG ) LR, TOMOBRFHEL MR L TRESN DN, WTIUCE X Z oI fiid T
ZLRV/NELTDHEIITHEIZITI) ZENEE L.

Figure 4-37. Leakage flux pass of comparable IPM-(2)

(a) Mechanical stress distribution (b) Maximum stress part
by centrifugal force

Figure 4-38. Mehanical stress analysis for comparable IPM-(2)
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WIZ VLF-IPM & —% O u—4 a7 k%~ 3 (Figure 4-39). VLF-IPM & — % T34 BR %2 Eif
AR CCRZEIE L7201, BRWIZT Y v UHOEZ K& LT, BAKEOT —% 27 NOR
WA ELZENSE TS, RIS, Ba s a7 IERT2ELAERETL 7Y v DEICAE L DG
I3/ &< 72 %, Figure 4-40 1% VLF-IPM & —#% OiE LN X BIS RN 24T - 124 2R L TH
D, m=FRKEDT Vv TEOILKR &R ASA NRALOEBEBONRICLY, v —% a7 OEHmG -k
DIGADBFERM S L, R ) > DIICERT DM EMUBE NS Z L TR BE LTS
LWL FETCRRICTIER & 722 5 Te A A AN A DG SIE b, ikt IPM-(2)€— % T 366[MPal
(23 LTV /178 256[MPal & CIRI S AL CH 0, [HE58E O] B2 D DT,

Leakage flux
s

Bridge

Figure 4-39. Leakage flux pass of VLF-IPM

Max. stress

(a) Mechanical stress distribution (b) Maximum stress part
by centrifugal force

Figure 4-40. Mehanical stress analysis for VLF-IPM
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ENENDOIRKIGS LR ORRE 7T 7R LD Figure 4-41 TH 5. 1m0 AEREL O
FZHBIT D728, RS &S OBIRIE 2 HI#R & 72 5. N ENORKRIG IR FFRIGINCET D [E]
Mgk a LT 5 &, ARl IS SE T BV TIE, VLF-IPM It g: IPM-(2)E — 4 1Z%f LT
# 20[%] D FE LA FIRE T D Z & DR TE 72,

Figure 4-41. Maximum stress reduction of VLF-IPM structure

RS, IRAURE R AT 2 I AN — 2 DRI R AET BRI T O TE R T 5. el 52 IPM-(2) Tl, VLF-IPM
DEHH 21[turn] TH 5 DIZHK LT, @K TOEHIFHERST HILD L 9 ICBHORG 21T T4
F, 28[turn] THEF SN TV D, ZHUIF—MAEOYE, @HE O IPM £ —4# TlL, VLF-IPM &b~
TV EZL OFOAWHIEHENNEL 2D Z LICERT 2. £f—0RAvny N EEEERET D &,
VLF-IPM O Ji3 Z — B a KT E 5 O TERBEZ KR TE DL E2EKT 5.

— T, BEOREHR D AT — S BRI Wa 1B BT 5720, W \CHfIT 5 b v b RIS
DI HZ LTS,

Figure 4-42 (213 VLF-IPM & 42 IPM-(2) DO BHATFE- h L7 BitE & oR”d. 7272 L VLF-IPM (Z
DWTIE, Lhigxtg: IPM-(2) & A5 OBERE & 725 30[Ams] THEEY L7555 ORI &, bl 5e8 & [A)

DEFFEE S L 72D 40[Ams] D 2 DO TRDIZFHEIC DWW TR L TV D, EFTEREM 012
BUIFDH Mo 2T 5 &, 30[Ams] T VLEF-IPM A BRXE) L 72K¢D> kL2 335K 56[Nm] T 2 DIzt LT,
bt 52 TIPM-(2) % 30[Awms] THRED L 725D kL7 238 69[Nm]TH v, & X #ibt L 1FIE RO 23[%]
DOTEBENRHEGERTE 5. —J7, VLF-IPM % tigxf8 IPM-(2) & [FAIZOBEIREE & 725 40[Ams] THES) L
ToRELZIE BV 2 235K T0INmlCToH v, B 0 ikt 4 IPM-(2) L IRIERZED My 27 B o Tngd
EWNIIND. ZDOZED, VLFIPM £—# CIIEARREO o —4% a7 WIZB T DIRIVERIT, AT
BIIC L > TURE 0 ETHIF SN TAT —ZBMEEHRZ T HMEEICAIE L, fBRE LTHSED MLk
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HREOND Z EEARLTND.

7272 L, BIHEAREORK MLy THERT 5 &, 40 [Ams] THE) L 7= VLF-IPM @ kL7 234 84[Nml]
Tdb D DOITK LTl g: IPM-(2)D kL2 2345 95[Nm] T b, VLF-IPM @ kv 53589 13[%]/h S
T MGG THUT, R OiE N &, B RO IRV AR AEED 2 S OB T T & 4. VLF-IPM
IR N AT DSA SRR AR T DT DI qih BIC7 T v 7 AN Y ARET HMERH D,
QA L E T B APINS L IR DT, FERINZEMIEN/ NS D, DFE Y VLF-IPM TixV 77 4
VAR BRI IPM ZK L TR T DI H 5. Flem —& a7 NORIVEIIZERES 2>

TN D 2 <3 DT, BIEMIC LY BEARRD AT — Z B S IR > Ty 7
Xy bV BIERTTD.

Figure 4-42. Relationship between current angle and torque characteristics

WIZVLF-IPM & beifgsscl 5 IPM-(2) O3 £ - R L7 Rtk JOY, H 18R & bhis U 7o e & 2 24 Figure
4-43 ¥ X O\ Figure 4-44 (Z7~$. B 40 [Arms] T VLF-IPM A BRE) L 2B 0 F K b 2713, st s:
HWHm@hwﬁmm&f,m@m441K%Lk%ﬁ%ﬁ@%ﬁ@U?a&yxbwﬁ@%ﬁ;@%
1%l NS < leo TS, —Jf, FHEBENERELICET D IEEEEE, x5 IPM-(2)D
#9800 [min1] (Zxf L THI 1.5 % 1200[min ] £ THEII L T\ D Z Enbhs.

F7- Figure 4-44 ORI, b5 IPM-(2) & VLF-IPMUHEE 30[Arms]) & 1278 HH ) H5ik
BREOENTVD Z L3R T E, REEE IS IPM-Q)DOH DA K E VA3, 1800 [min‘]
iz 24T VLF-IPMUER 30[Amd) O 71723 EEIS. 24k, 1800 [mint] DL EOGEE TiX
VLF-IPM OB i# A bk 52 IPM-(2) £ 0 b F IR <, SRR ATEETH D Z L 2R L TN 5.
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Figure 4-43. Comparison of torque-speed envelops

Figure 4-44. Comparison of power characterisitcs
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I D OFERN G, VLF-IPM [JRZeH L & JRAURE R O B A OR8N L 0, x4 IPM-(2)
123t LTk MV 27 130 18[%IRREES 2 6 DO, IRIVBEAHIENC X 5 FIZAREOZRIC L 0, SRR
ORI AREE 720, N Z T 1800 [mint] P L OREIR T, IMAUBE AR X 2 SR RN %,
TRV BRI L DB b IR CE 2 Z Lot
Figure 4-42~44 O R A2 £ 2 T, JRPEMAED FEA IZ X 2R 52 VT,  Feilekt 4 IPM-(2)
& VLF-IPM OZhSREFEIZOWTELET 5. 2 2 CRRMMEOKRAIT 5 HX, #HlEEHE—4 &
L C VLF-IPM Z i L7256 OEE N R EZMGET 2 2 L TH D00, - V7 R4 B Y
ICHIET 20BN S D, T 2 CIIREMRGEE L B 3 SEFNC L7REBAEE LT, R—Hisiices
J% by & 3ERE L TR~ v TR T 5.

FABR O X 912 VLF-IPM £ — % Cld it 42 IPM-(2)€—Z 12t L C, [Rl— BB ELIEToRKk
V2 D3RI 1BI%IFREE /NS WAS, & 2 ClER— D fE- b L7 Rtk 2 W CEE TN 41T © 729, VLF-IPM
OGH 2 HER TPM OGRS L TRE SRE LT, fiek hvy 3% L 72 5 504 CEMESRZ DO
H#E %47 5. VLF-IPM Tl Figure 4-41 TR L7 X D12, BHE AL SAEEIZL Y, HERIPM ICx L
TEHAREEAK 20[%] EL TRV, BRENE— & o Hdh)s S I0E v 24 U CEREIRIC #E6 S5
K5 BBV O A AETIUE, 15[%RRE ORGE X Y O A IIFFFHEANTH Y, FYHAE
2 L A EEEIZOWT S TR TE 5.

hERFHEIZB VT, JSOL Corporation @ JMAG Designer Ver.13 O#AEFHH Y — /L& A=, [A]
VL TUE, BEGERENTIC L0 RO - B BRI OREHEE & B OEHR DO, 3 2 BRI O 8k
BT — & R— A WEHEE & B S & ICHE SN fE) & SR L CERBME S I & 412029,

IMAG CIIRESRAT OREHA AV THRAEIC TERRE T 57 L 2 XADTED, HTICL Y136
MBS I (b v 7 X BRI BRI L 2 MK T A& ER TV, € 2 TR OB Rk
TI24-16)FUTRT L D (T I K 0 15 BT Bk ) & BB 0 RO 7o 848 & BIE ) B L
TSR DOFIZ AT N — LGE L, B )2 BT 2L — T L7 2 fABRIIC R & L TH]
NWTW5.

FEA V7 X [El#5%L
FEA V7 X [Eldirg+ FEA$KE + 88

Figure 4-45 (25 IPM-(2)F — & O3 5% %, Figure 4-45(b)iZ VLF-IPM & — % (FH7ET
40 [Arms)) DZHRFFME 27T, F T WE Of B AE T 5 &, 76k IPM Tid 1000 [min], 15 [Nm]
T CHREIER 96% % 15TV 5 D% LT, VLF-IPM Tl 2000 [minl], 15 [NmlfJ#r TR L < 96%
REOHEEBTNDZENAND. 72121, REPDFROMEICEITRNE DO R L 72 DRI R E
{HEp-THY, Higxtg IPM-(2) CITEEERHLL O CIIAMICI RO TR A bND . —T5
o VLF-IPM T, Sz mEANC K E <IER L TR Y, ([RAMTEHKIC S T 5848 & S0
WONFNZ LD EE X BivD. £7- Figure 4-45 FICF#HE L TV HEEFHHE— RO—>Th 5 LA4 mode
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DOENESBUE & mgh a2 7.5 &, il IPM-(2)€ — % Tl 2000 [mint]PL oo [EldEHEE Tk
FIE SRR DIZKT LT, VLF-IPM TlIE— REITEWR EOZhEN RIEIZm ELTW5D Z &3y
M5,

(a) Efficiency map of comparable IPM-(2)

(b) Efficiency map of VLF-IPM

Figure 4-45. Comparison of efficiency maps
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Z 2 CLE S IPM-(2)E— 4 & VLF-IPM € — % OZhHEFEEDOFENIONTEH 9D LEEL < T
%. %9 Figure 4-46 (ST N ZNOSIRFNELZ R, BRESRN CTE U 28881%, AT U T 2HHEN
AU LB L, i EEGR R AN ER R D 2 IZHFIT D720, #ERN D IZEREEITKFEL TVWDH 2 L
WorinD . 5 IPM-(2)€—% & VLF-IPM Ofi[a % bt~ % &, VLF-IPM Cld A —[EEsIc B0 5
PN KIBICEESNLTEY, Mx TRAMRKICE T 2880 %ELALND. ZHUTARBED T 5
IRAFIRIC B WO CREA AR B END L, AT — 4 a7 SN LR TH 5.

(a) Iron loss map of comparable IPM-(2)

(b) Iron loss map of VLF-IPM

Figure 4-46. Comparison of iron loss maps
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RIZ Figure 4-47 IZENENOHEOHFEFERLEZRT. VLF-IPM £ —% O K REELL T OFEK T
IX, ZEMmbtis) & BTRE AR OURIUVBRFHEORBIC X0, B H 720 O L7 B3 13[%l &=,
g8 IPM-(2xt L ClRl— bV 2 252 72O OBIRMEN K E L 725 20BN 8N+ 5. —F T,
FLE RS E OISR T, Figure 4-43 TRl L72 X 91C, R—HBIHAM: Tl = A VIS Hs ik
®G: IPM-IZxt L TR E <, BIRBEMRVIREE TR — D M7 DG B AL, D OIRAVBEH Al 2 FeE D
BRI L 0 IO RABEER/ NS TRVWOT, (KA RERER CHES KIEI KB SN 5.

(a) Copper loss map of comparable IPM-(2)

(b) Copper loss map of VLF-IPM

Figure 4-47. Comparison of copper loss maps
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WIZ Figure 4-48(a)lZ H#st 4 IPM-(2)€— % & VLF-IPM & — 4% O#ED7Ey~ v 7%, Figure
4-48W) TR DSy~ v 7 % 3. Figure 4-48() DA~ v 7% 5 &, VLF-IPM O3
kT4 IPM-(2)E— % O#E % Tal 5B 5828, hv 2 259 30[Nm]LLF ClRIEEEL A3 1500 [min 1] ff3r
TohD I Lhmhnd. F7- Figure 4-48b)DHEHEAE D~ v 72 15 &, MRILKREIEELL EoEE T
VLF-IPM OHHE A ikt 42 IPM-(2)DSiiE % Flal> T\ 5 Z L 3 T& 5. iR L LC, VLF-IPM
T4 TIHRIKEHEEE LT OB AR EK CIXERH 72 0 OESHEINT 572 DIChEME T+ 22, K
A4 T ~ HH B A R i R BRI 2 0 C IR SRR & b ICIRAUR SR AT R D2 R K TRhR A B
TLZEDMERTET.

(a) Iron loss map (Subtract comparable IPM-(2) from VLF-IPM)

(b) Copper loss map (Subtract comparable IPM-(2) from VLF-IPM)
Figure 4-48. Loss difference map of VLF-IPM and comparable IPM-(2)

114



A RIFHR L7z gkt 4 IPM-(2) & — # & VLF-IPM & — % O%h#R~ v 72 VT, £— FETRRO=
FILX—HEBEAZME LR RO —F% Figure 4-49 (23T, E1TE— RITE~FARETA L/ LA4
city B— R &, @HEKAETA T High way £— K% 0.55:0.45 DEETI v 7 A L7 Comb £— R
& L. B— FETROMEE T X /LX —FHR T, il ER, #5030 T, 225 Epr-onodg 2 ek L,
EATE— ROKRLNCB T HE—XYEERZFE L, FEERICK T 2HAZHE L TREREZRD T
W5, FEICHGWESEE, R BER A EO#EE R T A (E X L CE L T\ 5. Figure 4-49
735, VLF-IPM X LA4 comb &— ROHE, fEk IPM (2% L TR 17[%] D7 = 3 L —2ME S 1
TWBZ 05, F£7- Figure 45~48 LI 6032 X 912, VLF-IPM iz L 5 HE = % /L ¥ —{K
WOBFIME~FARTB L, @mEEERRTRE DD T, FHEEITHRD SO DOE— K
TIE S BICUERRDIERT 5.

Figure 4-49. Comparison of energy loss on duty cycle driving (LA4 Comb mode)
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4.5 JRIERGEEBRBLIOELR

4.3 & 4.4 2 TRWT, &Kt MR 217 - 72 VLF-IPM O JF BG4 EERICRIE L, AfE
TS & D AR D AT — 2 BRI LR ORI 21T 5

4.5.1 FEEREEE ORI &Rk

AL E ORI Figure 4-50 10”3 & B0, ke — & L ARTE— X OMIC ML 7 Bitge 2B E L,
FHA RV LRSS S D EEE, — TR — 2 OBRB L OEEN S BEAB N EHE L,
BEEERD D, FEKBRIEEOK I Table 4-7~4-9 (R TH 5.

VLF-IPM Tid, 3 TR A AR ST —F O X 5 AW 12D b O & HIHT 5o TldZens,
T X I OBLR CILEE OKARA RIET— & LRIEROEF<7 bVl F < % % (Figure 4-51).

Figure 4-50. Schematic drawing of experimental setup for evaluating VLF-IPM

Figure 4-51. Picture of experimental setup
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Table 4-7. Specifications of experimental setup

Table 4-8. Specifications of inverter

Table 4-9. Specifications of power module
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Figure 4-52. Control block diagram for VLF-IPM

4.5.2 FEBHRRB XOEE

TR AURE SRR T 28 R (VLEF-IPM) & — & O K ORHEUE, q BhEETE OHGIUZ > ThEARGR D AT —
ZPRBNZERNCAIET HZ L Th D, ZOWARRSAHIT, 4.3 #HiTl~7 X 51T q #ERZ T
T2 dEERICHIKTT 2 2 EBHLTR > TWDEN, —FH T, IMIBEHRO AR 2R 57

ZIX q WERDO A ZEIIN LT & & OSSR EZ T2 Z E A TH 5. Figure 4-53 1%, JR
PRRRGIEREIZ 0 ~20[AlD q BhEEWE A FIIN L C q BHEEWE- bV 2 Reth 2 S8 L 7oAk SR 2 R d.

VLF-IPM &—#(Z q MR AT 5 &, 4.2.3 HIOMGmMT CHA LI L S lcr—% a7 RIcklT
DIRABER AN U T B AR T, o B OBICEE > Thx ICIRIVEDS B L TG ROR D Z
T ZHZEDIEINT D72, B bV EBSEIEF OREZ R L, KR & U CER- hv 2 KR
2 BB 2B 2R 2 L RE SIS, A EEE U7 R BRRRGEEM T3, (KA A sEisk CrIeaaA#tT s
D IO 2 REIEH 7258 2R L TR Y, q MERIC KV v —% a7 NORE LR &3 52 B A (14
SNTWD I ENyND. £z q BENRN 20 [AIFTIZET 5 &, Bt by 2 BtEE— i 72 K A5
ARPAE—Z LRICBEEARLTEY, v—% a7 NIZBIT 2BEFEEDS q BEREIINC L 0 #f S
NI Z L5,

q MEROAHAZEMLT=SED Mv27 1%, (4-6)RUTHBNT =0 & THUIMKIEL P L BARR P, q
VT 1p & DT TR SN D, FR MV 7 ikt P& q W 1, TBRT 2 & T, 1, BIICRT 5
TG D AT — 4 I P MR TE 5. Figure 4-54 [3EH b L7 2 VT q MEBERKICH T2 Va2 5
HUTEREREZRLTEBY, FELRGEHEDK 20[%] 0 AR HFHEEZ G52 Z LB LI -T2
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Figure 4-53. Relationship between q-axis current and torque (Measured)

Figure 4-54. Relationship between q-axis current and d-axis flux (Calculated by measured torque)

119



4.6 #ES

RE T, AR AT AR — 2 D 18 L LT, IR R FT 8 R (VLF-IPM)E — & 24852 L,
B =4 27 NIRRT oS A N A 2l UNCEE S 5 2 & T, BIAMIC & > TR & 2 HilH9
% VLF-IPM & — % OREARFHEZHH L7z, o —% a7 NIZEBIT DR A SRR E2 B[ L TR E
[E# % AW CERAMIC L D IEREEZHA L, M7 EENEROMEKE L TR TE 5 2 L 28R
AR LTz,

RIZVLF-IPM £— 4 O bR a U —REDE X7, IMIVERFEORGITFIE, 7o X7 2 — Dk

HFIEIZOWTIRE L, RO O A L L DK & e RS OB K % 7 3 2 R R EER
%, EBRFHEEAZ WA L CRE - RAIER T o7, BUME L2 RBERGEEIC BV C, EBIRAM L U A
R D AT — X GZEBEALT D Z &% FEA & FEBRIZ XL 0 8 L, VLF-IPM € — ¥ O FARJFE 4 523

L7z. F72HfE L7 VLF-IPM £ —# Ogh=RKeE 2 VT, £ — FEITREOHE =X L X —2HE L T
PEFTL TPM & — & O F = FLX — & 2170, f 17[%] OB KK fRETH D Z L 2R LT,
VLF-IPM & —# (%, 0 —% a7 BRANEE O IPM E—% LD LR USME, RO - fEn
FRETH D, WEKRFEOER~Z MHEOBA G ARETH S Z Lvh, AIEHGEERI RO Hiv s Ak
IZBWTIIAEDTH D, BURER TIEE8 O SR OIRAVEARFEIZ L D, ek IPM 2 LT 77 %
ARV BEBY T2 &0 RSN B D720, A BITIRAVEARRFED o BE TS L CRE T, 2o
d ISR L TiE e "R N E R ABREIEICOW T EZHED TN T EnROLND.

LTI, AETRLULEMEMRREDO—-ETHS.
(1) ARFERIC LD e —% a7 NOTRIVEL SR EIEE: O Bl iR
(2)  TRAVEE A AR R AT 28 R — & 0D B B DB
(3) BERUEAMIEIFE A F = BE U A B 52 o0 BRER BRI 1 O8N HY
(4) WEREIE hAR 7 o—OREE L, VLF-IPM € —% Ok FFik O
(5) VLF-IPM & — % JFURMRGERE & 7 IPM & — & & QR
(6) JFHRAEREIC K 2 ZhSRRFAEREN, E— RETIRFICBIT 2HE =L X —0 g - FH
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BoR L&

5.1 WhFEmR

BmEEENHE—2 & LT, /MY« EREOBLE DGR < W B30TV D K AR A [RIEE— Z 12D
T, AT, BEREHMEOWEL WO T, ERIT—EME LTEZ LR TW R AR
WDAT — X GERHa TS D 2 ENAHERR 2 DO KO A B AT —X2 Z1EL, ZnbDE—
Z e EENEERENC I L 72 Bl — FETRORHE T XL X —2MHTE 52 L4, HEme, T
By, BROERBICH LN L.

B2 WX, TAVETHEYMENTE IKARA RIMIE — X ORRLEEITH T HH D ATV T,
BT FHOMRIBR TS, HEEC TIEICE L T LT, EkARARME—2 &, FHEESAA v F
KU Z 2780 2 EMOERDE—4 Exted 5 2 & T, KABARSE—2 73, BmEREHE—%
ELTUNY - SRR OBLENDHE L TWDH Z a2t & &b, MAMERE—ETHLINPZIZ, K
AT E I TR AR T 5 2 L 2R L., CORABERZEESIS U TAEED Z ENTE
M, R @R AR R LT E E, IERCERIRIC OV T L SO RDBENREL 22D 2 &
Z, $REZERE LB ST 2 O TH LT LTz,

B3 ETI, BARHRAEET—X0 161E LT, NEZHREEKIRFE & AR A 4 LA 7 50 S
TR 84718 — % (VFI-IPM £ —2) &2 L, FRfEHT<> FEA % FV CTRE) B O SR FER 4 FHIC
AL UTe. EARFELAEET 5 72 O IR FEM A 3G - 3RUE - Sl A 1TV, VFLI-IPM 2MELRRE A
EHRWRPR LY, BAORBEEE ZEMAWSL CE L2 Lanm i, £, BEAZITGC T %
Bt \ZHliE3 5 FIEEZRE, BHATLZ LT, BRBEHEICET 5 = X —HBREZEELTH, £—
REITHEOR T R L X~ EHR 0% EH TE 52 L&, BRI aL—va XV HLMC L,

FATETHE, MOMKRAEET—20H9 —20 5 E LT, BADOERIREIZTOEEIL, n—Fa
T NI T D AR OREAREGR 2RI U, IRFUREAUHIAERY il 2 R5PEE — % (VLEF-IPM € — #) % 185
L, B—=Za7RNICBIT 5B S BB L-MKAEKE T V&2 VT, BERENAmERICIKET S
ZEEBRIRL, FEEHRETAIENETAERRE L. RIS, IRRBRAE L Yotk e, i
REAZRER DR & 9 Bk & WL DR BRI oW CEBRGEE A @A L CRFf L7 BT,
RO IPM E—% L RISEOEMNFHEEZ FFOTODT v _XT X = DB 2 FIZHOVTREL, FKEE
OJFFRRFE FHC A Lz, et - 3UE L2 FERGER %2 FEA & X OVEBRGHEZ 1TV, R L
VLF-IPM &— X NEIRAMICE D A ERFEEZH L C0D 2 2H LM L. £/ FEA 2k ko7
BRI Z T — FETTRE O = L —sili 21Ty, VLF-IPM £—4 2%, 10K IPM £ —# I
%t U TR 17[%] OV = 1 L ¥ — R R0 o 5 = L ZHad LT-.
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B 3 L 4 B Cam Uiz 2 DO RO A FeEE— & O % Table 5-1 12773, VFI-IPM £—# T
XA 57 % 0~100[%] & CHIFIFTRETH D72, BEVHM O EFRET—4 & L THWGAOHE =
SRR NE N LM TH D, 7237 LV HEV 7 & TEd&ifii o= o o0 o 4 TER
BT 5 AT MMIEATIUL, BARRIC L 2848% 0 ICHlTE 2720MRMTH D, 72721, WA
DERCRIEZ T 2 BBNRH Y, ORI T — 2\ LT IR RGO & & 72 2 PEREM) bk
DIRDHNDH T8, BEVHEEKEIE— 20, @M R b LEERE— X R ENMHEE LT
EENS. —J, VLF-IPM &—# TIZAIAERR L > k<, ERAKIKE LB THh 57
DOIZET— REFTREO T 3L X — B EMHIIEIT VFI-IPM & TS WA, BERRIES R G 23 ik iy
B TH Y, BAE SRR MEH FIREZe 7, BB HEEREIH £ — & Ofthic, BEliZe XM T 7Y &r—
VAR E~OEM b AEETHD.

RBFFE TR BT 2 DD R 5 RO A ARk — & B, B@hEmES AT —21cBiF 531
F—IHBEEORBICKRE S HIRT 2 L L big, Zh 0 OHERIE T LIk~ el RIX B B RO A2
RO, A IERMNEETH L. Bl RITBAMIERRNT FIEL, & DA &2 KR 5 %G6HF
e LTk e — 2 BARICHEANATRE TH 2 L, FEMERICI T 2 Balifs /) OfifHT FIEB 2 51,
R HGEERDN R 6 DAL D H BY BRSO 2erk, EERRR S, APFIEAROIEE AR~ OE k2]
fInd.

Table 5-1. Comparison of VFI-IPM and VLF-IPM in terms of advantages and disadvantages
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5.2 AHROWE

5.1 THAZZFRITE Y, TERIIFEEME LTEZ DN TW AR D AT — 2 B e A
T5Z LT, BMERCERZ R ETE 2KABAFRYE—2 L LT, 5B LT — 4
(VFI-IPM) & J 4 URE SRR v] 28 & — 2 (VLF-IPM) O JEA U & FEARRIE, 2 ORI OV T ERGE
WERWTHLMILIZ, —F, Zhb0®—F 2 EZEOBHHEEET—2 & L THEMAT 55681
IR TRUEE IR T2 Z L 3RO DD, §IEHSHIERFEEZED T,

<VFI-IPM £—# >

(1)
(2
3
(4)
(5)

(6)

FEHEER A R OFAE - Rtk REAT

MLV BEED I B2 50 E

PR R FE s L OMRBEE ) O IREE R A — 2 MEREIC 5 2 2 B O B ek

18477 D1 P A A D B e A b

TSRS AN U 72 55 Bs BEREHIAR DBRFE &, & Br TH IO/ NS W~ A F— L —T
e A RO ARIRAE BG4 D BR %S

SRR OERE & 5 T R

<VLF-IPM £—% >

(1)
@)
3
(4)

FHEH A A AHEORIE - ReiEREm

d BEEEIZ 6 L CIRAUBE R 1 /S 2 MR 2 RFOREKUEIEE R AR & o — O fET
VLF-IPM {biC X D HE8) - B & Rtk oo 3

72 [ A AV L7 IR P E D S B 72 5w b
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EIE S

ARG 2D HIZHT- 0 EHE THEAZ Y £ LSl LERS REBEERICLDODEH L, JEL
BFLZ L B ET. EFFA L0 PR EICID > TOWEEWE R ERY AR, FHED 5
BTN > T2 728 LR, i ERR B0, A 8072 6 0 & 0 G LA L L k9

PN H T2 0, HIERECISIRE R e CICBI LT, BB L HELE A2 W e  E LA
HEh Bk S RAPIZEIT EV o 27 AMFZEATIC 0L & 0 B, Bl L B E4. 720831 TIch
720, BERMOTERSLY I 2 b —va VICBWTERRIHEA W& E LS LERT  JRE
REOEWEEL, LHRBIRIZH LR VEGHL, #HLE L RFET.

B, THNETOMRAEEEZEN ASFD, SHEL T NE ¥, BE §E2h, kB Rz
R EH = LET

124



283k

(1) K&%/7HP "HROEVHKIEMRZE", http://www.data.jma.go.jp/cpdinfo/temp/list/an_wld.html

(2) MSATEQENESIBREAIET HERRE T ¥ — 0 [ARERSRT AL o MY #fEE]
2014 4 H

(3) Website of "IMF Primary commodity prices ",
http://www.imf.org/external/np/res/commod/index.aspx

(4) Takashi Kato, Ryoji Mizutani, Hiroyuki Matsumoto, Keiichi Yamamoto, “Advanced
technologies of traction motor for automobile”, IEEE Energy Conversion Congress and
Exposition Asia (ECCE Asia), p147-152 (2013)

(5) Website of "NISSAN MOTOR CORPORATION SUSTAINABILITY REPORT 2014",
http://www.nissan-global.com/JP/DOCUMENT/PDF/SR/2014/SR14_J_P014.pdf

(6) AHZFE, S, dLEEE, W H BRIk, FRm, BORER . TEE- BB E-FKESEITRIT
5PME—%- NI 7OEMEN ] , ERFRERCH MRS CE (2009)

(7) K. Tamai, S. Ishikawa, T. Okubo, M. Abe, Y. Sato, “Development of high response motor and
inverter system for the newly developed Electric Vehicle”, Society Automotive Engineers of
Japan, Proc. of annual Congress, Vol.53, pp.11 (2011).

(8) Website of “Agency for Natural Resource and Energy”,
http://[www.enecho.meti.go.jp/topics/energy-in-japan/energy2010html/world/index.htm

(9) Japan Electric Vehicle Association, “Combined Power measurement of electric motors and
controllers for electric vehicles”, JEVS E701 (1994).

(10) S. Abe, “TOYOTA’s development strategies of Eco-friendly vehicle”, Proc. of Design Engineering
and Manufacturing Solutions Expo Osaka, 14th (2011).

(11 R. Mizutani, “TOYOTA’s approach to motor technologies for HEVs”, Society Automotive
Engineers of Japan, Proc. of symposium (2010).

(12) /N - AT - /NE L - 5 s TEEEICKIT 2 EV ETIC LD CO2 MR RICBET 285t , B
BT KRS AR (2008-10)

(13) K. Sakai, T. Hattori, N. Takahashi, M. Arata, T. Tajima, "High efficiency and high performance
motor for energy saving in systems ", IEEE Power Engineering Society Winter Meeting, Vol. 3,
pp. 1413-1418 (2001).

(14) NeoMag +f: :  [H&A OIREERR: « WPRRREREAE LR
http://www.neomag.jp/mag_navi/mames/mame_physics.php

(15) Yasuaki Aoyama, Koji Miyata, and Ken Ohashi, "Simulations and Experiments on Eddy
Current in Nd—Fe—B Magnet", IEEE Transactions on Magnetics, Vol. 41, No. 10 (2005)

(16) THIFRHE, W, FJIEZ « TEEEOEI - SR I kT 2 SR —E B - FER

125



B LOmEEEY 727 SvHoOSkoE— , JFE £, No.4, pp.58-63(2004)

(17) BB, BrtR, BIREN : g 70w K /ERH BhEERE) € — & F BRI O L OB )
TR BkBCHR, 55 393 %, pp. 116-120 (2012)

(18) FZILER, AR, AL, B, KR . (77 7 Z8RBELICED 1 1 kW T
FIXNX v v T FORmMF ), BR R CEE (PERISH EBMEE) Vol. 134, No. 8, pp. 760-766
(2014)

(19) A. Takasaki, M. Kamiya, T. Mizutani, H. Kaneiwa, M. Kato, A. Umeda, “Motor Stator for Small
Hybrid Vehicle”, Society Automotive Engineers of Japan, Proc. of annual Congress(Spring),
Vol.58-12(2012).

(20) Website of “REMY International, Inc.”, http://www.remyinc.com.

QD E—FHEMEMA N RT v IfFERS . F—2EWEM NV RT7 v 7], BAITERFL (2001)

(22) RHVER, IETT, HRALHE, AH=ER . HHARARYT—% OGHEHl#E] , st d—
2tk (2003)

(23) tEHIE NER S« TEABESRE (B RUGTRD 1, sttt —2a4t (1999)

(24) R. Schiferl and T. A. Lipo, "Core Loss in Buried Magnet Permanent Magnet Synchronous
Motors," IEEE Trans. on Energy Conversion, vol. 4, pp. 279 — 284 (1989).

(25) H. Domeki, Y. Ishihara, C. Kaido, Y. Kawase, S. Kitamura, T. Shimomura, N. Takahashi, T.
Yamada, and K. Yamazaki, "Investigation of Benchmark Model for Estimating Iron Loss in
Rotating Machine," IEEE Trans. on Magn., vol. 40, pp. 794 — 797 (2004).

(26) K. Yamazaki and Y. Seto, "Iron Loss Analysis of Interior Permanent-Magnet Synchronous
Motors - Variation of Main Loss Factors Due to Driving Condition," IEEE Trans. on Ind. Appl.,
vol. 42, pp. 1045 — 1052 (20086).

(27) M. Swamy, T. J. Kume, A. Maemura, and S. Morimoto: “Extended High Speed Operation via
Electronic Winding Change Method for AC Motors,” IEEE Trans. on Industry Applications,
Vol.42, No.3 pp.742-752 (2006).

(28) T. Kume, T.Iwakane, T. Sawa, T. Yoshida and I. Nagai, “A Wide Constant Power Range
Vector-Controlled AC Motor Drive Using Winding Changeover Technique”, IEEE Trans. on Ind.
Application., Vol.27, No. 5, pp. 934-939 (2006).

(29) efifber, B fF3e, WiR 2, : [T IA4 EVOBEFRERUIVELE—Y K714 7 OR%E] ,
~ Y ZH, No.30 (2012)

(30) Y. Takatsuka, H. Hara, K. Yamada, A. Maemura, "A wide speed range high efficiency EV drive
system using winding changeover technique and SiC devices", IEEJ IPEC-Hiroshima 2014
ECCE Asia, pp. 1898-1903 (2014)

(31) H. Nakai, K. Hiramoto, Y. Otani, Y. Inaguma, “Novel field-weakening control method for an
axial-flux permanent-magnet motor using an adjustable gap length”, JIASC IEEJ, No. 3-64, pp.
337-342 (2007) (in Japanese).

126



(32) Greg Heins, Mark Thiele, Dean Patterson, Nicholas Lambert, "Increase in Operating Range
and Efficiency for Variable Gap Axial Flux Motors", IEEE Energy Conversion Congress and
Exposition (ECCE) (2014)

(33) Ak —, s, (LMIER, KERIE, [HA4— FERRG A 7 ) —F— % OBREIE— & ~
DM, VAL 26 FER TR EZEIS M RS SCE (2014)

(34) Constantin Stancu, Terence Ward, Khwaja Rahman, Robert Dawsey, Peter Savagian,
""Separately Excited Synchronous Motor with Rotary Transformer for Hybrid Vehicle
Application"", IEEE Energy Conversion Congress and Exposition (ECCE), p 5844-5851 (2014)

(35) Takashi Kato, Hiroki Hijikata, Masanao Minowa, Kan Akatsu, Robert D Lorenz, “Design
Methodology for Variable Leakage Flux IPM for Automobile Traction Drives”, IEEE Energy
Conversion Congress and Exposition (ECCE),(2014)

(36) Mk 4%, Eiwm BiE, 15 KELRE Bl TATZRAVRRER A R U7 ELARG AR R T E —
Z DR, AL 26 FERTRIE IS TR R Sa R S (2014)

(37) Masanao Minowa, Hiroki Hijikata, Takashi Kato, Kan Akatsu, “Variable Leakage Flux Interior
Permanent Magnet Synchronous Machine for Improving Efficiency on Duty Cycle”, IEEJ
IPEC-Hiroshima 2014 ECCE Asia (2014)

(38) D. Tanaka, “Rotor of embedded-magnet type synchronous motor,” Japanese Patent
2010-273416 (2010)

(39) S. Oga, T. Ishii, T. Nonaka, M. Ohto : “Manufacturing and testing the prototype of variable
Magnetic Flux Motor”, JIASC IEEJ, No3-32, p.201-206 (2007) (in Japanese)

(40) G. Zhou, T. Miyazaki, S. Kawamata, D. Kaneko, and N. Hino, "Development of variable
magnetic flux motor suitable for electric vehicle," Proc. of Intl. of Power Electronics Conference
(IPEC), pp. 2171-2174 (2010).

(41) G. Zhou, T .Miyazaki, S. Kawamata, H. Kim, “Development of Electric Vehicle Driving Motor
Using Variable Magnetic Flux Motor”, National Convention Record of IEEJ, No. 5-017, pp.
28-29 (2009) (in Japanese).

(42) Y. Nakajima, “Dynamo-Electric Machine,” Japanese Patent, 2011-205896 (2010).

(43) I. Ozawa, T. Kosaka, N. Matsui, “Basic Design Studies on Less Rare-Earth Magnet and High
Power Density Hybrid Excitation Motor”, National Convention Record of IEEJ, No. 5-012, pp.
19-20 (2009) (in Japanese).

(44) M. Sridharbabu, T. Kosaka, and N. Matsui, “Design Reconsiderations of High Speed Permanent
Magnet Hybrid Excitation Motor for Main Spindle Drive in Machine Tools Based on
Experimental Results of Prototype Machine,” IEEE Trans. on Magnetics, Vol. 47, No. 10,
pp.4469-4472 (2011).

(45) V. Ostovic, "Pole-Changing Permanent-Magnet Machines, "IEEE Trans. on Industry
Applications, Vol. 38, No. 6, pp. 1493-1499 (2002).

127



(46) K. Sakai and N. Yuzawa, "Permanent Magnet Motor Capable of Pole Changing for High
Efficiency," IEEE Energy Conversion Congress and Exposition (ECCE), pp.5064-5071 (2013).

(47) V. Ostovic, “Memory motors: a new class of controllable flux PM machines for a true wide speed
operation”, IEEE Industry Applications Conference Record, Vol. 4, pp. 2577-2584 (2001).

(48) V. Ostovic, "Memory motors," Industry Applications Magazine, IEEE, vol. 9, pp. 52-61 (2003).

(49) K. Yuuki, K. Sakai, and H. Mochikawa, "VARIABLE MAGNETIC FLUX DRIVE SYSTEM," U.S.
Patent Application 12/678,929 (2008).

(50) Jung Ho Lee; Jung Pyo Hong; , "Permanent Magnet Demagnetization Characteristic Analysis
of a Variable Flux Memory Motor Using Coupled Preisach Modeling and FEM," IEEE Trans. on
Magnetics , vol.44, no.6, pp.1550-1553 (2008)

(51) K. Sakai, K. Yuki, Y. Hashiba, N. Takahashi, and K. Yasui, "Principle of the
variable-magnetic-force memory motor," in Proc. of the Int. Conf. on Electrical Machines and
Systems (ICEMS) Tokyo (2009).

(52) H. Liu, H. Lin, S. Fang, and Z. Q. Zhu, "Permanent Magnet Demagnetization Physics of a
Variable Flux Memory Motor," IEEE Trans. on Magn., vol. 45, pp. 4736 — 4739 (2009).

(53) K. Sakai, D. Misu, K. Yuki, K. Yasui, Y. Hashiba, and N. Takahashi, "New Generation Motor for
Energy Saving," in Proc. of the Int. Power Electronics Conf., Sapporo, pp. 1354 (2010).

(54) H. Liu, H. Lin, Z. Q. Zhu, M. Huang, and P. Jin, "Permanent Magnet Remagnetizing Physics of
a Variable Flux Memory Motor," IEEE Trans. on Magn., vol. 46, pp. 1679 — 1682 (2010).

(55) C. Yu and K. T. Chau, "Design, Analysis, and Control of DC-Excited Memory Motors," IEEE
Trans. on Energy Conversion, vol. 26, pp. 479 — 489 (2011).

(56) X. Zhu, L. Quan, D. Chen, M. Cheng, Z. Wang, and W. Li, "Design and Analysis of a New Flux
Memory Doubly Salient Motor Capable of Online Flux Control," IEEE Trans. on Magn., vol. 47,
pp. 3220 — 3223 (2011).

(57) K. Sakai, H. Hashimoto, and S. Kuramochi, "Principle and basic characteristics of hybrid
variable-magnetic-force motors," in Proc. of Power Electronics and Applications (EPE), (2011).

(58) N. Limsuwan, T. Kato, K. Akatsu, and R. D. Lorenz, "Design and evaluation of a variable-flux
flux-intensifying interior permanent magnet machine," in Proc. of Energy Conversion Congress
and Exposition (ECCE), pp. 3670-3677 (2012).

(59) T. Kato, N. Limsuwan, C. Yu, K. Akatsu, and R. D. Lorenz, "Rare earth reduction using a novel
variable magnetomotive force, flux intensified IPM machine," in Proc. of Energy Conversion
Congress and Exposition (ECCE), pp. 4346-4353 (2012).

(60) K. Yuuki, K. Sakai, and H. Mochikawa, "Variable-flux motor drive system," U.S. Patent
8,179,068, issued May 15, 2012.

(61) K. Sakai and K. Yuuki, "Permanent-magnet-type rotating electrical machine and permanent
magnet motor drive system," US Patent 8,269,390, 2012.

(62) B. Gagas, T. Fukushige, N. Limsuwan, C-Y. Yu, K. Akatsu, R.D. Lorenz, “Suggested Design

128



Space in a PMSM Parameter Plane for Variable Flux Machines”, in Proc. of IEEE International
Electric Machines and Drives Conference (IEMDC), pp. 576-583 (2013).

(63) T. Fukushige, N. Limsuwan, T. Kato, K. Akatsu, et al, “Efficiency Contours and Loss
Minimization over a Driving Cycle of a Variable-Flux Flux-Intensifying Interior Permanent
Magnet Machine”, Proc. of IEEE Energy Conversion Congress and Exposition (ECCE), Denver,
pp. 591-597 (2013).

(64) N. Limsuwan, T. Fukushige, K.Akatsu, R.D. Lorenz, "Design methodology for variable-flux,
flux-intensifying interior permanent magnet machines for an electric-vehicle-class inverter
rating," IEEE Energy Conversion Congress and Exposition (ECCE), pp.1547-1554 (2013).

(65) C.Y. Yu, T. Fukushige, N. Limsuwan, T. Kato, D. Reigosa, R.D. Lorenz, "Variable flux machine
torque estimation and pulsating torque mitigation during magnetization state manipulation,"
Proc. of Energy Conversion Congress and Exposition (ECCE), pp. 852-859 (2013).

(66) T. Kato, N. Limsuwan, C. Yu, K. Akatsu, R.D. Lorenz; "Rare Earth Reduction Using A Novel
Variable Magnetomotive Force, Flux Intensified IPM Machine,” IEEE Trans. on Industry
Applications, Vol. PP, No. 99, pp. 1 (2013).

(67) T. Kato, T. Fukushige, K. Akatsu, R. Lorenz. "Variable Characteristic Permanent Magnet Motor
for Automobile Application", SAE Technical Paper 2014-01-1869 (2014).

(68) Migks: « NIRRT E ) —2 |, AARBRHGRT 7/ 7nrT 4 TE—FHIF o RY Y
LGETGR CE (2014)

(69) C.-Y. Yu, J. Tamura, and R. D. Lorenz, "Control method for calculating optimum DC bus voltage
to improve drive system efficiency in variable DC bus drive systems," in Proc. of Energy
Conversion Congress and Exposition (ECCE), pp. 2992-2999 (2012).

(70) T. Kato, K. Akatsu, M. Arimitsu, M. Nakano, M. Tsukamoto, “A principle of the variable
characteristic machine by the compound magnetomotive force”, JIASC IEEJ, No. 3-27, pp.
247-250 (2009) (in Japanese).

(71) T. Kato, K. Akatsu, T. Shigeta, M. Nakano, M. Tsukamoto and M. Arimitsu, “Design Theory of
a Variable Characteristic Motor Using Compound Magnetomotive Forces”, IEEJ Trans. on Ind.
Appication, Vol.131, No. 8 pp. 1049-1058 (2011).

(72) T. Shigeta, K. Akatsu and T. Kato, “The Interior PM Application and Dual Winding Method of
Compound Magnet Motive Force Motor”, in Proc. of 2011 IEEE, International Conference on
Electrical Machines and Systems (ICEMS) (2011).

(73) M. Nakano, Y. Minagawa, M. Arimitsu, “New Concept Motor with Multiple Rotors Driven By
Compound Multiphase AC”, International Power Electronics Conference, IPEC-Tokyo, S-30-3
(2000).

(74) M. Okawa, “Permanent Magnet Machine”, Tokyo: Sogo Denshi Publishing, pp 184-196, (1975)
(in Japanese).

(75) C. W. Cheng, H. C. Man, and F. T. Cheng, "Magnetic and corrosion characteristics of Nd-Fe-B

129



magnet with various surface coatings,"” Magnetics, IEEE Trans. on, vol. 33, pp. 3910-3912,
(1997).

(76) D.D. Reigosa, P. Garcia, F. Briz, D. Raca, R.D. Lorenz, “Modeling and Adaptive Decoupling of
High-Frequency Resistance and Temperature Effects in Carrier-Based Sensorless Control of
PM Synchronous Machines”, IEEE Trans. on Industry Applications, vol. 46, no. 1, pp. 139-149
(2010).

(77) D. D. Reigosa, F. Briz, P. Garcia, J. M. Guerrero, and M. W. Degner, "Magnet Temperature
Estimation in Surface PM Machines Using High-Frequency Signal Injection,” Industry
Applications, IEEE Trans. on, vol. 46, pp. 1468-1475 (2010).

(78) K. SeHwan, C. Chan-Hee, and S. Jul-Ki, "Voltage disturbance state-filter design for precise
torque-controlled interior permanent magnet synchronous motors," in Proc. of Energy
Conversion Congress and Exposition (ECCE), pp. 2445-2451 (2011).

(79)Y. Anno and S.-K. Sul, "Design of Flux Observer Robust to Interior Permanent-Magnet
Synchronous Motor Flux Variation," Industry Applications, IEEE Trans. on, vol. 45, pp.
1670-1677 (2009).

(80) S. Rajagopalan, W. Roux, T. G. Habetler, and R. G. Harley, "Dynamic Eccentricity and
Demagnetized Rotor Magnet Detection in Trapezoidal Flux (Brushless DC) Motors Operating
Under Different Load Conditions," Power Electronics, IEEE Trans. on, vol. 22, pp. 2061-2069
(2007).

(81) J. Urresty, J. R. Riba Ruiz, M. Delgado, and L. Romeral, "Detection of Demagnetization Faults
in Surface-Mounted Permanent Magnet Synchronous Motors by Means of the Zero-Sequence
Voltage Component," Energy Conversion, IEEE Trans. on, vol. 27, pp. 42-51 (2012).

(82) H. Jongman, H. Doosoo, L. Sang-Bin, Y. Ji-Yoon, and L. Kwang-Woon, "Automated Monitoring
of Magnet Quality for Permanent-Magnet Synchronous Motors at Standstill," Industry
Applications, IEEE Trans. on, vol. 46, pp. 1397-1405 (2010).

(83) H. Jongman, P. Sanguk, H. Doosoo, K. Tae-june, L. Sang Bin, C. Kral, and A. Haumer,
"Detection and Classification of Rotor Demagnetization and Eccentricity Faults for PM
Synchronous Motors," Industry Applications, IEEE Trans. on, vol. 48, pp. 923-932 (2012).

(84) F. Briz, A. Diez, and M. W. Degner, "Dynamic operation of carrier-signal-injection-based
sensorless direct field-oriented AC drives," Industry Applications, IEEE Trans. on, vol. 36, pp.
1360-1368 (2000).

(85) T. Fukushige, D. Tanaka, and Y. Shibukawa, "Influence of the Coil Pitch and the Slot/Pole
Number Combination upon the Performance of Permanent Magnet Motors," in Proc. of the SAE
World Congress & Exhibition, pp. 177-186 (2012).

(86) H. Kim and R. D. Lorenz, “Carrier Signal Injection based Sensorless Control Methods for IPM
Synchronous Machine Drives,” IEEJ Trans. Ind. Appl., Vol. 126, No. 7 (2006).

(87) D. Raca, P. Garcia, D. Reigosa, F. Briz and R. D. Lorenz, “A Comparative Analysis of Pulsating

130



vs. Rotating Vector Carrier Signal Injection-Based Sensorless Control,” IEEE ECCE (2008)

(88) S. Wu, D. D. Reigosa, Y. Shibukawa, M. A. Leetmaa, R. D. Lorenz and Y. Li, “Interior
Permanent Magnet Synchronous Motor Design for Improving Self-Sensing Performance at
Very Low Speed,” ICEMS (2008).

(89) D. Reigosa, K. Akatsu, N. Limsuwan, Y. Shibukawa and R. D. Lorenz, “Self-Sensing
Comparison of Fractional Slot Pitch Winding vs. Distributed Winding for FW- and FI-IPMSMs
Base On Carrier Signal Injection at Very Low Speed,” IEEE-ECCE, pp. 3806-3813 (2009).

(90) D. Raca, P. Garcia, D. Reigosa, F. Briz and R. D. Lorenz, “Carrier Signal Selection for
Sensorless Control of PM Synchronous Machines at Very Low and Zero Speeds,” IEEE Trans.
On Ind. Appl., Vol. 46-1, pp. 167-178 (2010).

(91) P. Guglielmi, M. Pastorelli and A. Vagati, “Cross Saturation Effects in IPM Motors and Related
Impact on Zero-Speed Sensorless Control,” IEEE-IAS (2005).

(92) P. Guglielmi, M. Pastorelli and A. Vagati, “Impact of Cross-Saturation in Sensorless Control of
Transverse-Laminated Synchronous Reluctance Motors,” IEEE Trans. Ind. Electronics, Vol. 53,
No. 2 (2006).

(93) P. Guglielmi, M. Pastorelli and A. Vagati, “Cross-Saturation Effects in IPM Motors and Related
Impact on Sensorless Control,” IEEE Trans. Ind. Appl., Vol. 42, No. 6 (2006).

(94) F. Briz, M. W. Degner, A. Diez and R. D. Lorenz, “Measuring, Modeling and Decoupling of
Saturation-Induced Saliencies in Carrier-Signal Injection-Based Sensorless AC Drives,” IEEE
Trans. Ind. Appl., Vol. 37, No. 5 (2001).

(95)D. Reigosa, P. Garcia, D. Raca, F. Briz and R. D. Lorenz, “Measurement and Adaptive
Decoupling of Cross-Saturation Effects and Secondary Saliencies in Sensorless-Controlled IPM
Synchronous Machines,” IEEE-IAS Ann. Meet., pp. 2399-2406 (2007).

(96) P. Garcia, D. Reigosa, F. Briz, D. Raca and R. D. Lorenz, “Automatic Self-Commissioning for
Secondary Saliencies Decoupling in Sensorless-Controlled AC Machines Using Structured
Neural Networks,” IEEE-ISIE’07 (2007).

(97) N. Bianchi and S. Bolognani, “Influence of Rotor Geometry of an IPM Motor on Sensorless
Control Feasibility,” IEEE Trans. Ind. Appl., Vol. 43, No. 1 (2007).

(98) A. S. Budden, R. Wrobel, D. Holliday, P. H. Mellor, A. Dinu, P. Sangha and M. Holme, “Impact of
Rotor Design on Sensorless Position Estimation,” IEEE Ind. Electronics, IECON 32nd Annual
Conference, pp. 787-792 (2006).

(99) Y. Jeong, R. D. Lorenz, T. M. Jahns, and S. Sul, “Initial rotor position estimation of an interior
permanent magnet synchronous machine using carrier-frequency injection methods,” in Proc.
of IEEE International Electric Machines and Drives Conference, IEMDC, vol. 2, pp. 1218-1223
(2003).

131



(100) H.Kim, K.-K. Huh, R. D. Lorenz, and T. M. Jahns, “A novel method for initial rotor position
estimation for IPM synchronous machine drives,” IEEE Trans. on Ind. Appl., vol. 40, no. 5. pp.
1369-1378 (2004).

(101)  N. Bianchi, E. Fornasiero, and S. Bolognani, “Effect of stator and rotor saturation on
sensorless rotor position detection,” in Proc. of 2011 IEEE Energy Conversion Congress and
Exposition (ECCE), No. 2, pp. 1528-1535 (2011).

(102)  D. Reigosa, P. Garcia, D. Raca, F. Briz, and R. D. Lorenz, “Measurement and adaptive
decoupling of cross-saturation effects and secondary saliencies in sensorless controlled IPM
synchronous machines,” IEEE Trans. on Ind. Appl., vol. 44, No. 6 (2008).

(103) T Frenzke, “Impacts of cross-saturation on sensorless control of surface permanent magnet
synchronous motors,” in Proc. of Power Electronics and Applications, European Conference on,
pp. 1-10 (2005).

(104)  P. Guglielmi, M. Pastorelli, and A. Vagati, “Cross-saturation effects in IPM motors and
related impact on zero-speed sensorless control,” in Proc of IAS Annual Meeting, vol. 42, No. 6,
pp. 2546-2552 (2005).

(105) L. Alberti, N. Bianchi, and S. Bolognani, “Investigation on the self-sensing capability of a
fractional-slot inset PM motor,” in Proc. of IEEE Symposium on Sensorless Control for
Electrical Drives and Predictive Control of Electrical Drives and Power Electronics
(SLED/PRECEDE), No. 1, pp. 1-6 (2013).

(106) L. Jae Suk, C. Chan-Hee, S. Jul-Ki, and R. D. Lorenz, "Deadbeat-Direct Torque and Flux
Control of Interior Permanent Magnet Synchronous Machines With Discrete Time Stator
Current and Stator Flux Linkage Observer," Industry Applications, IEEE Transactions on, vol.
47, pp. 1749-1758 (2011).

(107)  W. Xu and R. D. Lorenz, "Reduced Parameter Sensitivity Stator Flux Linkage Observer in
Deadbeat-Direct Torque and Flux Control for IPMSMs," in Proc. of Int'l Electric Machines and
Drives Conf (IEMDC) (2013).

(108) K. Akatsu, M. Arimitsu, and S. Wakui, "Design and Control of a Field Intensified Interior
Permanent Magnet Synchronous Machine," IEEJ Trans. on Ind. Appl., vol. 126, pp. 827-834
(2006).

(1099 N. Limsuwan, Y. Shibukawa, D. D. Reigosa, and R. D. Lorenz, "Novel Design of
Flux-Intensifying Interior Permanent Magnet Synchronous Machine Suitable for Self-Sensing
Control at Very Low Speed and Power Conversion," IEEE Trans. on Ind. Appl., vol. 47, pp. 2004
-2012 (2011).

(1100 N. Limsuwan, T. Kato, and R. D. Lorenz, "Concurrent Design of
Interior-Permanent-Magnet Machines for Self-Sensing and Power Conversion," IEEE Trans. on
Ind. Appl., vol. 48, pp. 2157 — 2164 (2012).

(111)  Wu Shanshan, D. Reigosa, Y. Shibukawa, M. Leetmaa, R.D. Lorenz, Li Yongdong, "Interior

132



Permanent-Magnet Synchronous Motor Design for Improving Self-Sensing Performance at
Very Low Speed", Industry Applications, IEEE Transactions, Vol.45, Issue 6, pp. 1939-1946
(2009).

(112) N. Limsuwan, T. Kato, Yu Chen-Yen, J. Tamura, D. Reigosa, K. Akatsu, R. D. Lorenz,
“Secondary Resistive Losses with High-frequency Injection-based Self-sensing in IPM
Machines”, Proc. of IEEE ECCE2011 Conf. pp. 622-629 (2011).

(113) K. Yoshimoto, Y. Kitajima, M. Tsukamoto, “Harmonic Current Control for IPMSM”,
National Convention Record of IEEJ, No. 4-146 (2003) (in Japanese).

(1149)  AM. El-Refaie: “Fault—tolerant permanent magnet machines: a review”,IET Electrical
Power Applicat., Vol. 5, Iss. 1, pp. 59-74 (2011).

(115)  Z.Q.Zhu and D. Howe, “Electrical Machines and Drives for Electric, Hybrid, and Fuel Cell
Vehicles,” Proceedings of the IEEE, Vol. 95, No.4, pp. 746-765 (2007).

(116)  D.Ishak, Z. Q. Zhu, and D. Howe: “Permanent-Magnet Brushless Machines With Unequal
Tooth Widths and Similar Slot and Pole Numbers”, IEEE Trans. on Ind. Applicat., Vol. 41, No. 2,
pp. 584-590 (2005).

(117)  A. M. El-Refaie, T. M. Jahns and D. W. Novotny, “Analysis of Surface Permanent Magnet
achines With Fractional-Slot Concentrated Winding”, IEEE Trans. on Energy Conversion, Vol.
21, Issue:1, pp. 34-43 (2006).

(118)  J.F. Calvert, “Amplitudes of Magnetmotive-Force Harmonics for Fractional-Slot Windings
of Three-Phase Machines”, IOWA Engineering experiment station (1939).

(1190  P. Salminen, “Fractional Slot Permanent Magnet Synchronous Motors For Low Speed
Applications”, Thesis for the degree of Doctor of Science, Lappeenranta University of
Technology (2004).

(1200  W. L. Soong and T. J. E. Miller, “Field-weakening performance of brushless synchronous
AC motor drives,” IEE Proc. Electr. Power Appl., Vol. 141, No. 6 (1994).

(121)  S. Morimoto, Y. Takeda, T. Hirasa and K. Taniguchi, “Expansion of Operating Limits for
Permanent Magnet Motor by Current Vector Control Considering Inverter Capacity,” IEEE
Transactions on Industry Applications, Vol. 26, No. 5 (1990).

(122) N. Bianchi, “Performance Analysis of an IPM Motor with Segmented Rotor for
Flux-Weakening Application,” 9th Int. Conf. Electrical Machines and Drives, Conf. Publication
No. 468 (1999).

(123)  N. Bianchi, S. Bolognani and B. J. Chalmers, “Salient-Rotor PM Synchronous Motors for
an Extended Flux-Weakening Operation Range,” IEEE Trans. Ind. Appl., Vol. 36, No. 4 (2000).

(124)  A.K. Adnanes, TM. Undeland, "Optimum torque performance in PMSM drives above rated
speed," Proc. of the IEEE Industry Applications Annual Meeting, pp.169-175 vol.1 (1991).

(125) R.H. Moncada, J.A. Tapia, T.M. Jahns, "Inverse-saliency PM motor performance under

vector control operation," Proc. of the IEEE Energy Conversion Congress and Exposition

133



(ECCE), pp. 2368-2373, 20-24 (2009).
(126) T. A. Lipo and M. Aydin; "Field Weakening of Permanent Magnet Machines - Design
Approaches," IEEE Power Electronics and Motion Control Conf., EPE-PEMC (2004).

(127)  JSOL Corporation website, https://www.jmag-international.com/jp/

134


https://www.jmag-international.com/jp/

Y E T

JR 2 AT R 3C

(1) Takashi Kato, Takashi Fukushige, Kan Akatsu, Robert D Lorenz, "Variable Characteristic
Permanent Magnet Motor for Automobile Application", SAE International, 2014-01-1869(2014)
HERAHOTHE LIENE

(2) Takashi Kato, Natee Limsuwan, Chen-Yen Yu, Kan Akatsu, Robert D Lorenz, "Rare Earth
Reduction Using A Novel Variable Magnetomotive Force, Flux Intensified IPM Machine",

IEEE Transactions on Industry Applications, Vol. 50, No. 5, p1748 — 1756(2014)
HERAHO TIE LIENE

E R =3RS

(1) Takashi Kato, Hiroki Hijikata, Masanao Minowa, Kan Akatsu, Robert D Lorenz, “Design
Methodology for Variable Leakage Flux IPM for Automobile Traction Drives”, IEEE Energy
Conversion Congress and Exposition (ECCE),(2014)

(2) Takashi Kato, Takashi Fukushige, Kan Akatsu, Robert D Lorenz, "Variable Characteristic
Permanent Magnet Motor for Automobile Application", SAE World Congress(2014)

(3) Takashi Kato, Ryoji Mizutani, Hiroyuki Matsumoto, Keiichi Yamamoto,” Advanced
technologies of traction motor for automobile”, IEEE Energy Conversion Congress and
Exposition Asia (ECCE Asia), p 147 — 152 (2013)

(4) Takashi Kato, Natee Limsuwan, Chen-Yen Yu, Kan Akatsu, Robert D Lorenz, "Rare earth

reduction using a novel variable magnetomotive force, flux intensified IPM machine”, IEEE

Energy Conversion Congress and Exposition (ECCE), p 4346 — 4353 (2012)

ENZERE

(1) AUBRE, TERREE, TRH, AR TSRO 2 R L SAR R A — 2 O
ML), TR 26 ERAUERIERIS M R R 0 4(2014)

(2) MEEZ : TEHRBAUAERAT—X ), AAERBET 7 ) TarT T2 R Y
IR SO (2014)

BEF
(1) Takashi Kato, Hiroki Hijikata, Masanao Minowa, Kan Akatsu, Robert D Lorenz, “Design
Methodology for Variable Leakage Flux IPM for Automobile Traction Drives”, IEEE IAS

135



Transaction (Under review process)

(2) Chen-Yen Yu, Takashi Fukushige, Takashi Kato, Apoorva Athavale, Brent Gagas, Kan Akatsu,
David Reigosa, Robert D Lorenz, "Zero/Low Speed Magnet Magnetization State Estimation
using High Frequency Injection for a Fractional Slot Variable Flux-Intensifying Interior
Permanent Magnet Synchronous Machine", IEEE Energy Conversion Congress and Exposition
(ECCE),(2014)

(3) Brent Gagas, Takashi Fukushige, Takashi Kato, Robert D Lorenz, “Operating within Dynamic
Voltage Limits during Magnetization State Increases in Variable Flux PM Synchronous
Machines”, IEEE Energy Conversion Congress and Exposition (ECCE),(2014)

(4) Apoorva Athavale, Takashi Fukushige, Takashi Kato, Chen-Yen Yu, Robert D Lorenz, “Variable
Leakage Flux (VLF) IPMSMs for Reduced Losses over a Driving Cycle while Maintaining the
FEAsibility of High Frequency Injection-Based Rotor Position Self-Sensing”, IEEE Energy
Conversion Congress and Exposition (ECCE),(2014)

(5) WE FE EE £, JRHEHE, Robert D Loren : [EBYEIIZISIT D AIER ST — % O
TRk 26 AR U2 PE G T P R 23R R U A (2014)

(6) Masanao Minowa, Hiroki Hijikata, Takashi Kato, Kan Akatsu, “Variable Leakage Flux Interior
Permanent Magnet Synchronous Machine for Improving Efficiency on Duty Cycle”, IEEJ
IPEC-Hiroshima 2014 ECCE Asia(2014)

(7) Natee limsuwan, Takashi Kato, Kan Akatsu, Robert D Lorenz, "Design and EValuation of a
Variable-Flux Flux-Intensifying Interior Permanent-Magnet Machine", IEEE Transactions on
Industry Applications, Vol. 50, No. 2, p 1015 - 1024 (2014)

(8) Chen-Yen Yu, Takashi Fukushige, Takashi Kato, Natee Limsuwan, David Reigosa, Robert D
Lorenz, “Variable flux machine torque estimation and pulsating torque mitigation during
magnetization state manipulation”, IEEE Transactions on Industry Applications, Vol. 50, No.
5, p 3414 - 3422 (2014)

(9) Takashi Fukushige, Natee Limsuwan, Takashi Kato, Kan Akatsu, Robert D Lorenz, "Efficiency
contours and loss minimization over a driving cycle of a variable-flux flux-intensifying interior
permanent magnet machine", IEEE Energy Conversion Congress and Exposition (ECCE), p
591-597 (2013)

(10) Chen-Yen Yu, Takashi Fukushige, Takashi Kato, Natee Limsuwan, David Reigosa, Robert D
Lorenz, “Variable flux machine torque estimation and pulsating torque mitigation during
magnetization state manipulation”, IEEE Energy Conversion Congress and Exposition (ECCE),
p 852-859 (2013)

(11) Natee Limsuwan, Chen-Yen Yu, Jun Tamaura, Takashi Kato, David Reigosa, Kan Akatsu,
Robert D Lorenz, ” Secondary resistive losses with high-frequency injection-based self-sensing
in IPM machines”, IEEE Transactions on Industry Applications, Vol. 49, No. 4, p 1499 - 1507
(2013)

136



(12) Hiroki Hijikata, Tomoaki Shigeta, Takashi Kato, Kan Akatsu, “Experimental Verification on
Dual Winding Method for Compound Magnet Motive Forces Motor”, IEEE Power and Energy
(PECon), p 904-909 (2012)

(13) Natee limsuwan, Takashi Kato, Kan Akatsu, Robert D Lorenz, "Design and Evaluation of a
Variable-Flux Flux-Intensifying Interior Permanent-Magnet Machine", IEEE Energy
Conversion Congress and Exposition (ECCE), p 3670-3677 (2012)

(14) Natee Limsuwan, Takashi Kato, Robert D Lorenz, “Concurrent Design of
Interior-Permanent-Magnet Machines for Self-Sensing and Power Conversion”, IEEE

Transactions on Industry Applications, Vol. 48, No. 6, p 2157 - 2164 (2012)

137



