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Fig. 1.1: Total power consumption in Japan[2].
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Fig. 1.2: Transition of torque density in main motor for electric ship propulsion[14].
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Fig. 2.2: General configuration of two-type motors with different flux paths.
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Fig. 2.3: Difference of flexibility in the space between windings and core teeth [20].
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Fig. 2.4: Structure of TFM proposed by H. Weh [15].
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B 3% —Satoetal[22,23]

WHBEDRTETH 2 axX v 7 V7 LAR F V7 e REEGHIHU A, axX v 7 A2 il T, AF
2—A V7RI AN, ol A X 2 — 7% PRI O, FHEICHD A, U 2 7407% 38 1, 18 filic 241
FIHEP L, A7 BRICTZ 9 28 E Lz, Lo Ladss, H_Gikics »Tdh, EAT1 v 77779 —1%
HY, MYRE L 7213 EDaX v 7 bV 7RIS o T, FAENC I EHEZ TR o 7. £/, SUS 1T Tl
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THERDIE D FRZE LHEZ I D, 29 Lz Ho0H D 6, MAMRE CEHES ISR L 72REBICBWTH
7L =X D300 TRFE TR X & 2 DICKE T Ak CH o 7.

AT, WIS & 2 EHRICHED T 2 KITHREGETD7- 012, IR B SN TE 57, Table 2.1
RS XIS, BERINCETR L 724 v 7 & TR T, A v 57 7 A ORIC XD 18WlEA v 77 ¥
YADEEMUL, #ERE LT, MK LCL £o7. JIFROE NEE— 7 BEHOAIRAmOMINZ AT L 1,
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Table 2.1: Comparison of motor parameters between theoretical and experimental values in previous TFMs [22,23].

1st prototype machine 2nd prototype machine
Symbol - Item Theory Experiment Theory Experiment
2p Pole number 36 poles 38 poles
Ra Armature resistance 0.319Q 0.379 Q 2.18Q 2.56 Q
Ly U-phase self inductance 0.444 mH 2.35mH 57.5mH 68.0 mH
Ke Back EMF coefficient 0.0272 Vs/rad  0.0210 Vs/rad 0.398 Vs/rad 0.256 Vs/rad
Kt Torque coefficient 0.489 Nm/A 0.378 Nm/A 7.56 Nm/A 4.86 Nm/A
f Rated drive frequency 50 Hz 50 Hz 35 Hz 35 Hz
PF Rated power factor 0.995 0.874 0.760 0.581

C =3Pk — T. Nakamuraet al.[24]

SRR (DUF, S 7 13RS <l Ko x> 7 bL 2, Itz o < DI QOB X 281
78R EIEFEDER R BWER EO N THERIAT 2 2 EBKE LT —Tho7. BIFICBAL T, fUSzeax
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VEYE AN X BT T 2R L, BETEEHIERZ 550 2B I SARREZAEIC X 252 52H L 7.

AT, @7 2FBTRL Fig. 24 IR L2 X912, TRM OFRE » FL L 23 WREE[15) 2 HorciBR L, 26
B X D b 309 R BN X 7 LA G R L 7

7B, BEIOBICIE, 1, 2 5HRICT 2 KOG M D 7- DIt U S AT DBIEDA 3 TH 5 77280, 3 5HRIC B 5%
AClE, X DB X WRHERE R OGEIT OGO FMETE 2 X 912, 3 OBl 2 38 L (Rt Z i 7z,

I Armature winding I

e ‘/iiilllllll
~ QENENENEN

Fig. 2.5: Ordinary structure of 8pole-9core combination.
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Fig. 2.6: Structure of armature windings in 3rd prototype machine.
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\ Field magnets Stator teeth

Fig. 2.7: Outside drawing of 3rd prototype model.

2.2 Finite Element Analysis (FEA) 12X 5E—4/37 X —% 3 K OFREDIE

2. LITTRRZBE RN ED TG L 75Tl G 510 1<BIL, Fig. 28 ITRTTET V2 HWT, AR
FIEPHAEMNT (Finite Element Analysis, FEA) 212192 2 & T, MEREHIiE L Oilfigeast 2179 LCclHERE—%
T A= DFEERLT). BRI, R FERIIIR, 13, @ OBPIOERRD S, d,qlilif v 577 8 v AL, Ly 13,
S. Morimoto et al.[27]1C & 2325817 &, FHREEER Ke 2 8L 7 @8 Kl 3Lk 2 50E L 7 i & R 728
BB po 26, ZNEFNTE—F R A=Y ZHE LTz 28, ilHAOEE, (A Z2I v,

Fig. 29 (C1d, B TEROUHRDE I X 2 U R THEEH oo %, Table 2.2 1214, Jef D€ —4 37
A= BHELRT. 22T, EHSIERIZ, 3 5103 Surface Mounted PM (SPM) #1Cdh 2 2 & 23&% L ¢, d §ilfE i o Tl
ZRE L CTHEE LT

Table 2.2 2> 5, BUEMHTHNCIZ, 3 5HETIZ 2 SRR L HRTIEH, ML 7 EEDSIZm L, 22D, 2a¥ v 7 bV 7 23K
IRS PUERS b L7 T 0.3% R & FEN 134 R W L OUCEETTE T 2 LWL ko 7.



Table 2.2: Comparison of motor parameters in previous TFMSs [21-24]

Symbol Item 1st (Experimental value) 2nd (Experimental value)  3rd (FEA value)
2p Pole number 36 poles 38 poles 50 poles

Ra Armature resistance 0.379 Q 2.56 Q 7.58 Q

La, Lg d-axis/g-axis inductance 3.53 mH 102 mH 142 mH

Ke Back EMF coefficient 0.0210 Vs/rad 0.256 Vs/rad 0.208 Vs/rad

Kt Torque coefficient 0.378 Nm/A 4.86 Nm/A 5.20 Nm/A

f Rated drive frequency 50 Hz 35 Hz 35 Hz

PF Rated power factor 0.874 0.581 0.646
Teog Cogging torque - 3.0 Nm 0.04 Nm

Fig. 2.8: 3-D element meshes for numerical analysis in 3rd prototype machine. (757,194 elements, 195,648 nodes)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
—+— : No-load
—+— : B=0deg
—+—: 5=30deg
——: £=60deg

© o

1 1
i
i N

U-phase linkage flux ¢, [wb]

0 30 60 90 120 150 180
Electric angle [deg]

Fig. 2.9: U-phase armature linkage flux with/without armature current in 3rd prototype machine.

2.3 IR\ 2RIl

[28] T4, Fig. 2.10 12789 Digital Signal Processor (DSP) % FV 7234555212 C, Fig. 211 IR T K 9 ety a—4o)L A
12 & B BUER X O S X DI R—y 777 4 — RNy 7 2% L ¢, Coefficient Diagram Method
(CDM) O—>Tdh % Kessler EHE29]1C & ifillfHizaT & Dual Sampling rate Observer (DSO)[30]iZ & % d Uil 0 T
DASHEREHIH 2 MM CHRIE L, M2 T o7z Lo Laedss, WEEE R TI, e lEcE 2 X9
TG TR M VY ST 2 X9 AR — s 0%, ArEii cE ko7
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2 2T, MR ISR OMER eI O MBS TV 2R T 2 2 £ 12 X D PMSM ORFAEFT
ERBIINEARET, FHHEED BB CTH S Z L 2T, T4bb, PM I & ) FUg BRI, ST\ % PMSM &,
WD 2 v 7)) v 7% U CHREIERG 7 BRI X DS 2T, —R32 &, FURLIEE 3o
Z, BOTEICHEOOVEL 3 2 L3P RE NS, T PMSM Otz B TR ST 5 X ) ILS8 AT
EHMRRENTE D, BRFEOEMFIEEMRESICB VT Y, BHRER2HTE N T\w 5. 5T, fERFEIN
BEIC B\ THLS 10T & 7B SR S S22 T, EHRE 2 S THI$ 2 L CRIEE 72D s
TEL70, FEOHEDIEZIC: 5 2 v b 03H 5. 8, sHHEAOFMZERICE L QB 223/«

(/e

ey
- ; / . N
el W

lt\
: ' ‘.‘
<, "‘,
e

,

AR ) Ml Current sensor |
/A =
Linear Amplifier [
M

-

&

Fig. 2.10: Experimental setup in motor-drive system for d-axis current zero control [28].

Iy Vg
Speed i Current vy "l dqg
controller controller > u
« 4 A M. A
o | o i, |,

Fig. 2.11: Fundamental feed-back control system [28].

2.3.1 MfEHEE 7L OE33-37]

RO TSR AVED TTRE R IEZS. (Ly =Ly) BEHIC B 2 FIRAIEEE 7L, Fig. 212 IR T FIFHIC CRES 115,
Thbb, BRETEIIWT R, 2R MR THEE L 714, MAGHRIEEC/RTEERSIC X b FIPEER & L CEE
JECHEE L, FUEERIR | 2N S 7S, SRS By 2 MIAE L, Fig. 213 1T 9 M ATRROARFIEIE (1 —Eo Rk
Z7ay b5 7, SRTEEC B TR TR S AESIREE TSI CRIZ S, k2RS35, Fifk
B 1 ZHE L, R EEHRR (-R5E) 2 71y b9 2.



¢ DCvoltage drop test => Armature winding resistance R,

¢ No-load test => Back electromotive force E,

e Calculating synchronous reactance X based on above tests

¢ Three-phase short-circuit test => Short-circuit current I ]

e Load test --- Verification of the performance

<«

Fig. 2.12: Procedure for identification of model in non-salient-type machine.

Air-gap line

occe

SCC

Open-circuit voltage E,
(ordinates for occ)

Short-circuit current Ig
(ordinates for scc)

o f o
| Field current I; for excitation |

Fig. 2.13: Open- and short-circuit characteristics of general synchronous machine with field excited windings [13].

Xq, X4 R,
0 —e— 00— A\N\——0
+ +
+
Eo Er \Y
- °

Fig. 2.14: Equivalent circuit showing air-gap and leakage components of synchronous reactance and air-gap voltage [13].

MRBROEREIRFD Egp, 1sn 2> BIRIHA v E—4"2 2 Z, 2515 L Fig. 2.14 (83 PIREIEEEHTSE 7OV 28 L, 24U
Foatpdie ORHEICBIT 2imz 7). & 20 ERIFAEE v v 7RI X D AR S 1 2 NI, V 1306 77T, Xa
FEETICB T 200 77 8 VA, X, GEAMERIC K D ARINBEEARRY v v TWHRIC—E T2V 7 Y VAT
BN, ZoRDENBFEIN) 77 8 v A X FXKA IR I 41 5.

X, =\[z2 R :Xa|+Xw=w(La,+%Laao) ...................... 2.1)

2.3.2  Non-salient-type PMSM ~DIfEEE 7L Ok

ARSI TR & 2808 PMSM (3, SHEIIA KRN TR S 5 —EEREIR e & 2 S, @i olF]
BT I 1T 2 SIS S 2 SR 2 G § 2 & ) ZeBREI3A L Cuezevs. RIS, JEEII e RamTR;
PO = ARG C 3\ TEBITHYS T 28— ROF MEDHATH h, ETFNVAED RSN 2.
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A AT AR

fREinE L, Fig. 215 1T & 912, FHREEZ v T DR RRE OBl ERS L, BRE)d 2 1ERSEREREIC C
MEZTT). Zlal, #EEkz [MiE S % 72 O O/NBIEEIEI S, Table 2.3 12779 NSKEDD €—% 2l L7z. ZDDD
T— OMPERIENE, 7 v ZEHEAINC X DT, RASHEE 270 rpm H3HIEIAIHRAAE DC 10V 13 L ChE iz
FINNSE S 5. DD €—% 25T, FFEOIETR A% Fig. 2.16 12, I L 7-EREEE Table 24 1222
FURT. [RHEE Yy a X — 2 1S TIPS 2 T O R0 G T a1 L 72, 728, DD €—4% L hL7 X —
FERBESDITE L7y 7 v Ihlelpotclzd, 3— A F— v & THRITINTL % SUS ZiiAab, 20k
TeEBOMEEE RN & E N T F OMEIHD 7= DI T LZFFAL 7 — 7 THEE LSS h v 7)) v 7% AfEL, H)
HL7.

ABUTTE E LT, DD — 12 THERBEOERSHIECTH 2 84rpm TfED A 2rpm 1, Z DAt 10rpm R [AllE
S, MAMIHEREZHIE U, AKAWGARE TS, BAOREEEHEINEETH 5720, g CiliEz L — st
I CZ DEEEIE 21T 7.

B RETERA T d 2 PPN 22 ISR N, & SREfTRREEE ) B, (MURIREHEAE) DBIfR % Fig. 2.17 1279, [Aliz (d-q)
JEEERIC T LIE LIRSS § 2Bl e K 1, d-q EESRO BT TS B W T, AR g BirfEHD EEfiRAR
FEEORUIEESENE S5l & 72 2 2 L6, BN _FEEZ T Fig. 217 OfEE L L TR oD, F7, #ali
DEIVIDBSPMBITCIE~ 72y F PVI DA TH D I EZERET 5L, PV ERK L, (23) RUTRT X9 I, Honf
B FHE R E O E L GHAEINS.

E E
K = =_0= 0 =0.191
=T N 2.2)
p . 2Jl’ r
60
K = PK, S48 oo 2.3)
Handmade Rigid
Coupling Coupling

Controller Infrared
(DC voltage source) Tachometer || Thermometer vov
Fig. 2.15: Configuration of no-load test
LSy P—— S S S SR ;
) E
2120 3
oo
o
£ 90F
o 3
GC) E 3
= 60F E
= E
3 30 3
SR
o E 3
o
0 & Lo Lo Lo L F
0 60 12 180 240 300

Rotating speed N, [rpm]
Fig. 2.17: N — Eq characteristic in no-load test
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Inverter & Controller
a

NSK DD motor

K

Fig. 2.16: Experimental setup of no-load test

Table 2.3: Specification of direct-drive motor AS0408 (BSO0408FN505) made by NSK

Item Value
Maximum torque 9.8 Nm
Continuous torque 6.9 Nm
Maximum drive current 6 A

Rated voltage 150 V
Upper limit of temperature in windings 90 deg.C
Maximum speed 270 rpm
Resolution of resolver 102,400 pulses/rev.
Maximum starting frictional torque 0.98 Nm
Rotor Inertia 0.009 kgm?
Mass 63.7N

Table 2.4: Measurement instruments for the tests

Maker Item Notes

Yokogawa M&I 8ch. Isolation Digitizer (Model 707004, N0.91L.129022) Input: 60Vpk(max),100kS/sec.
NSK Inverter & Controller (Type EM0408C15-05, N0.041213-489)

KENWOOD TMI  Regulated DC Power Supply (PA18-3A, N0.4080063)

ONO SOKKI Torque detector (Model SS-200, N0.43000193) 2kgfm(max); 8000rpm(max)
NEC/Avio DC Amplifier (AL1101)

HIOKI E.E. Power High Tester 3331

CALIBEUR Infrared Thermometer (IR-102) -20deg.C ~ 200deg.C

Digital Tachometer (DT-2234C", T185798)

B —AHRE R AEA[31)

FEMGHIE S, Fig. 218108 & 9 702 T, BB ) 3 i 12 Joifs S 72 IRRE T, IR EIEIC CEREE CRllis
XRTC, N B FHEERZHET 2 5D TH 5. ISR TR B ORI T 7 F . T — % DBAITIE,
FARMNCFIIBSEER TV 9 & 2 ARG R Z WIREE, T42b b, BBEMIIEN 2R 2 LRSI PRSI
BRIC & o TREREHMERITND 5. 8, 3 SHTIE, BHEG06 mm ICTHRINTE D, TEREREE
SAMS/MmM? 1 CEMEEN Ly ~LAAIMSs TH 525, FHEHIETIE, 1 2B TRN 2 A2 8 L, I FAicTas
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MG AN 7o\ & 5 (55 2 HINC 2 A4 )M bSR3 21T T, MYRIOZRE % T — ¥ OB ESHIEC
FIFHE 4% 70deg.C ICEDIMEEIA T2 Z LI L7

Table 2.5 1213 = AHAHEERBROIRHG LA, Table 2.6 ICIZHIERTHZICE T 2 PM/Ia A VOREZLE RS, JEE, &
FEIHE 84rpm+15rpm % 3rpm RIS L 72, 723, HIEIBUGGHIERICEMPTE 2 LS 2 & T I,=1.80Ams & JRE L 72
2o AR CER S ARG KAHYIE 129 BYEE 220, $BEIVEN 2R3, 727221, STolIEIE
T3, PSS ERIEER S ok

Handmade Rigid
Coupling Coupling

Torque

Controller Infrared
(DC voltage source) Tachometer || Thermometer

Fig. 2.18: Configuration of three-phase short-circuit test

Table 2.5: Results of three-phase short-circuit current.
Nr [rpm] Is [Arms]

69.1 1.740
72.1 1.754
75.1 1.761
77.8 1.776
81.0 1.789
83.8 1.803
86.9 1.811
90.0 1.824
92.9 1.834
95.8 1.840
98.9 1.846

Table 2.6: Temperature variation in PM and winding

Temperature variation [deg.C]

Part Before After
Magnet 27.3 32.2
Winding 27.0 30.9

Cc fEte T L olhE
A, B TR L g, Fafdki D 515 6 N9 5, Fig. 214 IR L ZHliRlg 2 e 5 &, BERE LB L O
T, BASR D S BT B Ry, Eg, kS EIEAY 727 4 v 2 X 13U THRIES 1L 5.

X, = E§_R; ~21.86 ..ooooeeeeeeeeeeeen (2.3)
Do, A VT I VALIE LT X917k 5.
L, =X 20,0994 oo (2.4)
w

58,24 d, qlilf 57 5 v A LEHTRETH 5. DLEOFERD S, Table2.7 121, F5iL 2.2 [T TFEA THIEL
7287 XA =8 DK%, F 72, Table 2.8 (I3 45 CHUYE L TE 72 3 DOl DIERTRD T X —=F 12D
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TENZIURT. Table27 05, A &7 5V AIZBIL T, BHEBKE L > T 528 K E LT,

1 BT o V77 7 79— & BB T[38-41)

FEA OMPRIRFEI IO CHARN 2562 H0E L CBAERT R A2 I T 2 DI L ¢, S RICH 7> TS, HER
U, 12 I T ORI IR BHARDRED N5 72 EISEIA L OBERIME T LT L £ 9. BER
DA P I3 REESII ORI AT 2RO D T I 2R TIRETH 24 V¥ 7 5 VAFERIK PS5 2 LHMEEES
N5, ZDOZ L, FHEETTES P L2 EED10%5HE N LT3 2 s bAGICHRI NS,

2. HIERED 3 &0 F AR ) HIEI SR
FEREDTAEY A1y 7V v I CHEM L 7-DT, PV 73Kk1T 7% EVTER L 22HIEED 3 5D Z2 0% Uik
HETH 72780, MERAEDEGFNT L FoE Lo 5.

DT oS, ok, 2 MEICBAL T, @) v 7)) v 72T 5 2 LT, PAZIRIF2ARIET E % 72 0 llEED
el BT E 2 2 E 2RIl THL.

Table 2.7: Comparison of parameters between FEA and experimental values in 3rd machine.

Symbol Item FEA value Experimental value Relative error
Ra Armature resistance 7.58 Q 8.06 Q 5.96 %
La, Lg d-axis/g-axis inductance 142 mH 99.4 mH 429 %
Ke Back EMF coefficient 0.208 Vs/rad 0.191 Vs/rad 8.90 %
Kt Torque coefficient 5.20 Nm/A 4.76 Nm/A 9.24 %
PF Rated power factor 0.646 0.757 14.6 %

Table 2.8: Comparison of experimental values in previous TFMs [21-23]

Symbol Item 1st 2nd 3rd

2p Pole number 36 poles 38 poles 50 poles

Ra Armature resistance 0.379 Q 2.56 Q 8.06 Q

La, Lg d-axis/g-axis inductance 3.53 mH 102 mH 99.4 mH

Ke Back EMF coefficient 0.0210 Vs/rad 0.256 Vs/rad 0.191 Vs/rad
Kt Torque coefficient 0.378 Nm/A 4.86 Nm/A 4.76 Nm/A
f Rated drive frequency 50 Hz 35 Hz 35 Hz

PF Rated power factor 0.874 0.581 0.757

J Rated current density 7.0 Arms/mm® 7.0 Arms/mm? 5.0 Arms/mm?
D, Diameter of coil ¢ 0.90 mm ¢ 0.75 mm ¢ 0.60 mm
N Number of turns per core unit 84 turns 400 turns 334 turns
AC Armature magnetomotive force per phase 748 AT 2474 AT 944 AT

T Rated output torque 2.92 Nm 26.0 Nm 11.7 Nm

2.3.3 kAR

[F5E L 72 BTV D242 3T % 7212, Fig. 2.20, 2.21 ICZ NZFIUR T FEERE — FROEIEE— FicowTa
TR e 9t L 72, Anmlac i3, SRR O EEISO BN EIRIED D 2. Btk R B s L CoisH
ZRELTWADS 2 2T, Me— FICB U TR S FIEZ SRS 7V OB & LGRS, FEARMIZIE
T— FIIINAERTH 5 7-0, R E L CahAfRE T 5.
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A FEERE— P coamEHEE

Fig. 222 IZ"T & 912, #GBETH % PMSG, L7 #atligs, YHTEEETH % DD €— 7 IS TR 2T 5.
PMSG DHI I 113, FEEMEEMT L LT Table 2.9 1R T “HIEREEZ BEGE L, JIRFHEA T 2035, BRE L CHl
EZRITo T, ARPEIMCAROHER T LT L 9 720, ZOAEEEREEICTIET 2. ARG 32, BT
0.2 2 1.0 £C, MociElcBI LTI, BN £ AZTHEL 72235 0.3Ams FHIHIETE 2 X 9 ICHHRE L FEhE L 7.
Z OB, FAMHREBICN L C, BEN L, Wy, P, ML T, [EREIN 72 &2 HIE L 7-.

PMSG Tl&, FUHRGEREI IS —E CTHERDFIIBED X 9 238l Jlli & \ - 7- S L T & a7z, FEARICH
I AR Bl A A v E—8 v AT RICIME I NS, (kB IR filnE I 7 V-URF I K
DRHIIZATS . 28, Z OB, d, g IlfETRIF ERIREEICIE U C HENMICHVE S0, ISR E OB 6 1%
EHE= Y VI TERWED, MIETE B0 65 ET 2 2 L TIAICREI NS,

MBI U T, Fig. 2.23 13§ & 9 25 ifilnlig 2@ L 7-Hh e, SEERSH i 7EITE v, BRI 2 amA v E—
FUADRKE I E AL LT, FJI3ICBI LTV 72 V-LRFEIC X 0179 Gl UEBEI3 Ak B 1238203, Il
TlE, FARNFEEEAT D S B A v ¥ =Y ZHDHENT 2 E 12025 720, AROBINCHEOETRAN S 7,
TSR & 722 % &, MEAMGREELE I 303 %, 5T, AN LTuE, ffiif v E—F v AH%0, T4hbb
FIREIRREDIRH L, FIAEEETT & 30T % & 9 Z2ihifi & 72 2. FRC, FEEBTA v E—F vV 225D = LDA v E
— UV ADIIFRL (P OEAICIE, AT & HEEN & 2 RESERE LT V- RED IR S 115, Fig. 2.24 12
1%, BEHREZ E L 75808 AT TV ST U7 V- Fc 8% 7' v b L7 b Dznd. 3
Honzbnn, kL U TRIEFZERZRL T, s8R CEIUIERAN) T, FEARMCFEERATIM S
H7cq v E—8"0 ZADWEINT 2101 Z 120025 7280, BFORINROERDNL S 4, MRKAM & 72 % &, MAFGRRE
FUEEINC 3T 5. 5T, AT GEATERAN) 2850 L 725aE, WA v E—=F v A LAfHA v E—4
VATA VE=F VAT F VDL BT, BROIRKE 25, iz, FERICH LT, RIS NS
7OV FEEN EAT 5. P EofMbHoc I s ), 2 03fERS 2 OHAZ L 0, ki, ke T
JC & 2 5fiE & FEiE & OFGRTIERAAICNZ, FARHRBICISU Tlitts d BifERIc X H FSERREBICE 1T 2N
Tt AT & 3L e\ 7ed, iEZFEICMHE L CHEERTT I FAETIVCEIT 2IKEP S THTL
£9 ZENTERBFENTH B,

- ©

SEND- Q‘- el -
=8 Torque detector :

Fig. 2.19: Experimental setup for Generator operation.

Speed control

I Controller (DC voltage source) I | 3-phase load devices |

Fig. 2.22: Configuration of load test for generator operation.
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o ] ol |

DC voltage source ||
(for torque control) | IL Torque detector

=T
(b) Detailed view of MG set composed of DCM and SG
Fig. 2.21: Experimental setup for Motor operation.

E,=Eyel V=\el

[e;
Fig. 2.23: Equivalent circuit to estimate load characteristic.

Table 2.9: Rated value of three-phase load device (Yamabishi Electric Co. Ltd, Model 3UL-200-12, No. L95-026)

Item Value
Capacity 4 KVA
Voltage 200 V
Frequency 50 Hz
Current 12A

Power factor 0.1~0.98
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Fig. 2.24: V-l characteristic in generator operation.

B EEikT — FcoamiRrile FIE

Fig. 2.25 18T & ) 1B T D 2 PMSM, PMSM RSN 435 E RS (Shunt-type DCM) & [FIHERERE (SG)
I2&% MG & v &, ML, SRBAMH DD T —2 I CHEBREMRT 5. 7428, DD £—4% 12 ML 2 ilfH,
PMSM 2 I ZHEHIEDSHE 2 S 11T 5 £ 3%, DD E—FHITIE, PMSM Z BUEEHIEANC CHIRE) L T\ 5 7- 0, FEEMEE
HREoTED, ZOIRUX—3HANICHERTINE S NS, —idh vy 7)) v 7 %130 IR DH Z 57D
IR, BT Dh - b THEZ NS, L7235 T, DD &—% OWERIREDS ERT 27280, PMIREE & 12, B
L7,

HEFEE — IO TE, A FEHV KOSEEREEZ R T ML 2 TEL T L, § RIFNERE T R
il AR v, it R . (BUEDR) | 2o 7R ARG TR C B0 5 V- BRI (G v HRE32,42,43])
ZRLBTE S, MG & v M & ) IEE FEEZHINZ235, DD E—2 127 Fu ZEHEEAC L > TV 7 EiT,
Z DEESHER AHETE 2 FPE LS 22035, DD E—F D b L7 ASNTHEY T 2 &4 FRTH % DC1oV £ Tl
ET 3. 728, PMSM ~D A X, 50Vms & 80Vims D fifH L L, ZDfiR% Table 213 1R, 72, FH)
D ISR EITEA T E LT, & V2 AICB LTG5Vl (V-0 1o L Coikiiie 7ay T 3K
TFig. 226 D X YIRS NS, 728, SR L AT 7 7 7 4 7% 7 MVEIENEN T TE ST, d, o filiEiiix
ZENNCIGE S0, TR ASIERD S, (8B IR L 72 6305 | & L CHIET .

Fig. 2.26 2> 5 FAEIEDEARIC X D bV BRI OGS P8 & LIS, $hbb, (KBTI,
Bfif L7 ORINCES T, B 7 MVHSRHERRSHIIN L, Z 0T q Bl SN L <, BREIINT %
7e®, WD AT 5. AT, EEHEREENC B\, BEIANZIEFETH 5205, Al b L7 ORI T,
BAAHAVING 22 2B L, ML 7 TS qilEEAMN$ 2 2 ik b, HIEI2Bn$ 2 Jeks &
LT, 230 9 3. Fig. 2.27,2.28,2.29 1213, AN 287~ 27 bV, FEAH g L OVEmTf 6 1R
2 bV RiER R T Fig. 230 TR & 9 1S, 80Vims DIGAICIFTETLR 7 b IVHEHEI X ZI A U CRMEINCHE->T, B
DY K 72 2 H51IANERS LT MV 2 oy @i SN U CEME 245G L T 5. {5 ¢ 50vims D85l SR 7
P VOREHIEDSEIN 2 & 6 AT % Z &1 X 2 AMpEGOm ERIC X b Afif2 i S 5 /12 EAH L To
52 EDHHL DI T
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Torque control T Speed control
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(DC voltage source)

Fig. 2.25: Configuration of load test for motor operation.
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[EEN
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s L [T Lo b, L [T [ [ |
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Terminal voltage [Vrms]
Fig. 2.26: V-I characteristic in motor operation (called new V-curve)

Table 2.10: Load test of PMSM using MG set and DDM for load (DCM and SG: 1050 rpm; PMSM and DDM: 84 rpm)
[Variation of temperature in PM before/after the test; 21.2 deg.C => 24.7 deg.C]
(@) Applied terminal voltage of PMSM is 50Vrms
V [Vrms] ia [Arms] T [Nm] Pi [W] Po [W] n [%]

50.68 0.385 0.67 10.77 5.89 54.7
49.79 0.439 2.02 23.02 17.8 77.3
49.24 0.765 4.49 44.27 35.4 80.0
54.41 1.172 5.96 69.03 52.4 75.9
50.26 1.633 7.01 92.69 61.7 66.6

* Stopped the test due to impossible to keep rated speed.

(b) Applied terminal voltage of PMSM is 80Vrms
V [Vrms] i [Arms] T [Nm] Pi [W] P, [W] n [%]

79.72 1.716 0.56 44.78 4.93 11.0
80.23 1.714 2.08 57.58 18.3 31.8
80.08 1.690 4.02 73.39 35.4 48.2
80.82 1.759 5.96 92.92 52.4 56.4
80.06 1.798 8.02 112.83  70.5 62.5

* Stopped the test due to impossible to keep rated speed.
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Fig. 2.27: Current vector loci focused on applied voltages.

10—O—|50V||
— C : rms N
E 8F——: 80vims .
— 6 :
S 4F -
O L ]
e 2t :

0'...ll....l....l....l....ll...

0 15 30 45 60 75 90

Current phase S [deq]
Fig. 2.28: 5T characteristics
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Fig. 2.29: 6T characteristics at applied voltage of 50\Vrms.

2.4 Pl 7 DI ABHRIC IV 2 g O
2.4.1 [HARLENBHEOME
WG IR R 150 &, FEA & I8 & DFEGIEIZII C 7. Theb b, 1,2 58T, B 15H 2003

TIIER—ADBAER I EDETH D, G EEETE 58S AUCIIRADH 272012, ZORERELT, A VT 75V A
DN X T, PV EBOIET, 2% 7 P21k 3 HEBIORNIES Sff4 OBSERVEL 72, 3 SHEEHS
BT, BTTLOBUEM T2 MHIAT > 7R, BN AR AR CE 7o, £7c, FRTH>7caxr 7 by
(3D TN < HEENCBI L T3 FER WLV EOERL 72 2 L 25 L7

5T, Amy bavEr—y 3y LSRRI 3G IO 7o, Fig. 27 IR L7 X912, Hikiiz
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FEH L2 LICE->T, AT =2 EBOZEuRRIMEL, P2 ICEHGT 22K T LCL £v», MV ERE
RMNUTE D> AR D 5. Eie, MBI ZEHREED -0, B TIPSR Z W, 15757 25K
F7zd, JPERMET L CL o722 ITAT, W& <, il cd 5 2 &£ S BEP ISR E EED T
728, KEMZMT 2 LW TELROKETH 572, L3> T, MLVZERE qElfERORE L ORSNSE L7 IX
R TE otk

2.4.2 HriERERE OB

JEFRSDN7 TREEWE AR T 2 2 L2 Y —7 Y b E UGERL, BN % () G T ) 23853
b5, Tixbb, [MThn ST 3 k), lbET—2 L L TOMENITZIZ-oZ DR ) 2 LT
b5, ZOBUZZIAUCEOIZEAIE, FIED MV 7 ZFETE 2 X ) L EEIREZ G 2 L») 2 EOMREE
ThH3EEZEZLINS.

F 7o, BRHBELOKRE LA ) v + & L TGlRbILTW 5, Efkm BNy A4 77 b AlER L, AV b2 S8
21213, BT Rt 2 F 7 X A E S U I3 TERNED 2 A U 2 EOHRE), ek b o Tay
X7 MEERZ- 7200171/ V7 BER O FROBRICNZ, IRkE),BEE O L € —% OHETE 2 2
X7 v SV OIS Z S s, fERBETIE, BE—IciHRa X L, I, u— & FEOI,
IS PV B L Lo B E WO ERNTTH 2723, FalBERSE e b oo TE, MV EERZEEGL, [
Nz, EERRMEa X v 7 ) bV 7 e T REBGEHEED 5 2 LIPE LT

Z DB, TEM 1EZ D 3XTTINIARIC & D BUEMEHTICIA S S 5 215720\070%, & V7 2T 5 L TEpAIc T X
— Y PREREAT ) DIGET]TlER\, 2 2T, lB G 22871 77 A)IETh Y, 2212iE, L%
AJFPEE U 22PN R BT e S AT B0 H 2. FkBbEiE N b7 > TS, MTERICZEF 72 A
T — 8 DBSREEDS BT D RIE LIS X 284 57 & v 2 ARG U L OKETA LD 72 D DI E D & 72 3.
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3 AT —OZERFIIEIN FITEH U 7=ffi%nm BV BT

2 ClE, A7 AR 3D W 2 S TR ORIl 2 7B R 72, 3 T, Z DRFERICHRT 2 sk 2 2 &
& DI, PERDHS R L Z IR L >0, ¥FrlBtkic B\ R MLV B Z N 5 72 O ORI L ORETFLE L 215
27200 bV FEFRICER L5970 7 v 712 X 293G HEC W TRR, fEHEDZL4E R a X 7
Vo, D1z EOERNZEHTNE, FEEEOBREORGE ML T4 ICTRERT A 2 L LT 5.
3.1 PR

1 THiR7 X 912, MHBEE— 4 £\ 9 oz FIE 2 7256102, & V2 BEAVO B b IFECH 5 Fig. 1.2
TR X 912, MrdEET I EEE 0258 L IHEED b L 7B c<6Nm/ 25 LT, > 10Nm/ ISEREL 7. %
72,1, 2 SHECHEEITE 2\ E WA RTEDFIATH -7 a X v 7 L 7Iicon T, FBICHIHZTw» 2% PMSM %
ERLUTERM L7 D 3%ANET 2. INZ T, ZHdt b & o7 FEERE 2 7 22RO /IS 272012, 71
FIIHERD TFM T, 0.70 A TR IFETH - 7:16,17], Z 1% 1432 Bl D, sl onisk & e ~LTth
% 080 bz —7y b e L B, EHEER, ot —s 2458 L <, [HEEE#EL H bz 5.
Table3.1 1213, G147 —7 v b 2T .

Table 3.1: Design targets of new prototype machine

Symbol Item Value

T Torque density > 10 Nm/I

Teog Peak-to-peak cogging torque to torque ratio <3 %

PF Power factor >0.80

Nr Rated speed <300 rpm

J Current density <5 Arms/mm?

3.2 MMV EIERIBLT 57 DDIAIHINEG

MR TRYE L € & 7o ik21-241 1%, FIEI I 2 7 285720 v 2V T 7 F 2 T — 8 DIERHR E
IHET B 7280, FANCZHMEZ 2L, VI 77 v A MLV OIERIZIRFTE 0w, w2IZ, Fuv2ix, 7%y b
NI DHDDETHY, VI ERK & qiilfEiiiy & O e L GohInsg. L7edi>T, MLy z2inse 57
DIZIE, il FETORIELIZ X 2 MLy 7 @B b LB, A AE X OEREE 2 EORIE LIC X 2580
BN MAIO 7 70 —FDIETH 5.

3.2.1 MLV EHEDIAE

Fig. 3.1 1T 9 K 912, Sef Talibk Clapatk GG OB IRR L ZHFIHFEME T LT L 5772012, FLr %
A kel ARl 1 i qﬁﬁﬂ“(%ﬂo 57, PZERETDICHIE BT LN TE o EEZLND. W
2, ZEEFIRER 2 ) X T, MV RARICH ST A2 ARSI ¢ 5 2 LT, MV EER A LI 20555 5.
Z 2T, EENEERRASEA, ERULE oD% B, Fig. 32 IR THEFDO T ¥ v L X ¥ v 7 E— 7 1TH:H L 72[45].

Fig. 33 1R T 77X ¥ v 7€—% (Radial Flux-Type Motor, RFM) Tl&, “JOtAREROTITITEREL, b
N7 %25 ECREECES 2 ETaf VRS, Fuvy  HWHORINEE 5580 e NS, —5T, 7% %
VX vy 7E—% (Axial Flux-Type Motor, AFM) T, 2 TR L7z & 912, BRROZENZtilfnstic e <, 5
e & BT E DX Z REC L, TRV 2B SBEYRH 5. D2, fIERDT XL YL X ¥y 7 E—¥T
&, ZD PR G, 2HE], & DD PV IEICHEST 2 ERINARREZ NS 57-912, Fig. 34 IR
X9 RIEEOMIEEIC B TIE, BFRa 7T+ —2E PM AT B[4748]. 72, EUBIL T, HE
KD AFM IZE TS, ~ 40 poles FEDSFITH 5 2 &, MO, HORMIHEET — & O 2 B £ 2 S ralapkic
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TGS 5. DL T b 35HEE A%D L7 R OO, FHEEERZ A LS9 2 2 Lol
Thb. 2O, BIFRD 27T 4 — A L PMIC X 2 HRIHHIEREOR KO TR E R DA R KX 41,
7z, IAEEIEORING, WHIC X 2IREHEDE T E L BB ORBRILICHE) B Tt K OA v 57 7 v
AT EMHE ST, JFEDA EoMHREE 5.

3.2.2 ETEDEERON L

Table 32 1213, MIFFEEICTEYEL CTE 770 F ¥4 7EFIUCEIT 2EEUR A HagZ2 R, —fRIC, Bo/IME
LIS OHIRHMEERR ORI L T < 2720, SEERMET T2 MHMICH 5. £/, MEREIS—EET5 L, &
BOZIFRHMBI L TA v 50 5 ZA3DEMT %70, JIFEMEFLTLE ). IMAT, AMENFRIC X 258G T
1%, EFDEERHCRET 22 2 — VBRGNS T - 0 DEMRZBR S 2 E3TE T, HEWNEEE > T L %
I 7D, EHINTKER 2T\, 2 2T, WESIRAZ RIS EANER L 205 0, BRI 47 Sl TEED &
2T E U 72[49). — RIS, AHREITRT X 912, E— AR HAS LTINS 2 o LT, 23, F
FETLEDS T 2 EDSTE R\, AR, Fig. 35 18T X 912, Rrbafbik%E LTk D, HEmMTh 2720, 31) X
TR SN EIGHT Ry A3 & P LT/ W [E0].

-
&—ag ...................................................... (3.1)

72721, B1) AFD LS o lFZNFIURE, B, BeEEEsng.

L7203, A2 2 Lick D, F—@EbE RIS LTINS 2 £ ASATRET bV 7 #EIA
DIFHITE B LFAIRRC, [F—DBFRAR—RAITH LT, ERET AR—RADIKE , BRHEGDVNS K05 —H
BRI ZEDTELD, 4 V¥ 78 A&k E TR EDRF S 4L 5.

AL

[T

Fig. 3.1: Configuration of 3rd machine [24].
(Left: General view of 3rd experimental machine; Right: Relation of each C-core unit)
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Aluminum cast frame I I Permanent magnet (PM) |

U-type armature core I

Fig. 3.2: Axial flux-type PM brushless motor (AFPMBLM) by Apex Drive Laboratory [45].

Concentrated windings
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)
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>

g Windings.
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| Back yoke |

A ' @ -
| S A 7
7
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(@) Woolmer’s AFM [47] (b) Hitachi” s AFM [48]
Fig. 3.4: Trapezoidal armature core teeth and PMs in AFM

| Same external dimensions | | Same performance I

L I O o o o Cross section e

Featradiationss = e =0 20202 )¢ Coilturns

Flat-type wire Round-type wire Flat-type wire

Fig. 3.5: Advantages of flat-type (square-type) wire compared to round-type wire [50].
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Table 3.2: Comparison of windings on the previous motors

Item Symbol  1st 2nd 3rd
Conductor Diameter D, ¢ 0.90mm ¢ 0.75mm ¢ 0.60mm
Conductor Cross Section Se 0.64mm? 0.44mm? 0.28mm?

Coil Space Factor d; - 58.9% 58.3%
Number of Turns per Core Unit N 84 turns 400 turns 334 turns
Current Density J 7.0Arms/mm?  7.0Arms/mm?  5.0Arms/mm?
Rated Armature Current | 4.5 Arms 3.1 Arms 1.4 Arms
Output Active Power P, 59 W* 570 W* 275 W*

3.3 THFIYNFX vy 7ME—5D VI FREEINIEH LS HE

3.3.1 KRIZT—% BETTIEDLENE

TFM DEEHIREHD =TSR B 5> & G HT I IAEINIC =GO BUERNT % F\ O 73 TS EET, 50D
AT RESAREOGREIA)_ L EAHE o C, IR Yl 723G RS D, L LDy S, SR 2R & 55105
DBET TR, BE SN BAERER O Z ST 2 2 RGBT, Lizhs-> T, Bdilifiiro 7)) 7ax 2
& LU COBER % ISR IR T % 7- 0 DIREHZ R L, Z D% 6 15 Bii i o342 iR 5 2 &
) RN TEDAETH b, 2N 62 % F & O7ARRIN s iG T PO SR CHETHh 3.
3.3.2 HERHTINTHEORTET L IR T 2fiigiGEHEna v 7k

FEATRNTEE & LTI, ARREEREPRIAEE L SRR 2 T % K 9 BT ko YES S 1 A DD &,
28— 2 7 v A G ORERINE51-56] % 5445 (Conformal Mapping: CM) [57-59]7% EASER S IS T & 7.
SR EARIAZ, BUENTH 2 GIFRICBEIE S A DT HRICE > TERINHDTH Y, —Izi3FiliuE X
IRED% S EC, D UBHERREICEE LGS SRERESSEES U L E W TERH 5. 707X vy
7= TlIZ D ZIuREER DD SIS B 505, 7F 2 ¥ IVX ¥ v 7B —F 1 E=RIuN iR % H40F]
T 206 S EARHC IZT— 2 7Y v ZICIZ T RDMNETH D, SAGEIADEERIEL 2T, gresic
Lo TIRER AT v, 22T, BUEED 7)) 7a 2 LB REIBIIE L, /89 X —2 20k 2 BT
b5 PV OEDIEAZIEZ, 2>, 80%FREDIEE AR X 9 AfiZatkz tifh i S — 2 7 v AE%E R— &2
LU THEET 2. ek, ZOTRL, etz 2 bDTIER, W7 X=2I167% MLy oz z % 2 &
TZ DBDEAEHTZ PR FMS 2 720D —)V E W SHEMTTH 5. —Ml, BB TS, G Cridx
BiftzX -7 LTH, MEZEIMTLL 72y 7)) §28ERRTENLT 4 ¥ 777 77 —03ADIAATL £ 9 729,
FTEDE 7 DMENBUER 7 <, W2 S, FE X < EN 2 X9 BiGHllo TRO% sk sis. Lads
>, B F CHIFIC ANUTRGERETIE, 13 E X OibZ XN 287 X =8 —A [N FETHITH 2 LDE
2NN THR S, 7277 U, BOHZHENE L (L L 72\ 0085 X — 9 D28 LA tbe 2 2 & THREANICE
L Wil LFENDREFD AR TH 5 2 L 2RI L THL.
3.3.3 Btk iR A et TR DR

iR EO 7m 7at 2 L UTRET 2fi5%aa ] TR, & bV 7 28T 287 X —2ieE (B, a
& 7 4 — RO &) ZHWE LT TOFIETIHED 2.
A FIVIFERA D= AL EEGATEY =Y T 7 (5>3.3.4)
B mabflEIRICIR D EEMOERORIE (>>3.3.4)

— PRI, Wi, EREN, 2280 X 25 EoRld
C 3= 37V AR K BREARERDOYE (>>3.3.5)

— RAWEATDVNRGHERE B—H HhER) « B OFREAHEL B,, TR495) H, CT—JGa
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- =7 VAR R, Xy TR, T4 —AKOWADF X v 75 S, Sn > HIRE
— WA DENERL B, He) © IBEGHIRR & 28— 2 7 > ARED A D S PE
— WA B E RIS LG v v 7RO CRE
D 74 —ANMRAT2HMRDFE (>>3.3.6,3.3.7,3.3.8)
- IWUREDEA (>>3.3.6)
a. RERBEIEIC X 20— 2 7 v ZADfESIHIE
b. BEKER, BRI T IC X 2 a 7 PR HES
- ATy FarEr—ya NCKAEREIKT: a7 A OMHNIEO BRI T D SREZEISE (>>3.3.7)
— R v 2 e oL
E aA)ulid (GEFEEGT) 12BIL T R Lo oigi{l, (>> Section 4)
— IR PV B 2 M OB TR & L TR

3.3.4 KMV IEEDI-ODETY) VT

Ty DEMITACE, PSR ETETADD D, L, ¥ vy 7RERDIELEAMOBUET, 87203
FREHE 25 205 22Tl a4 V2N T 2 2 & TE— RGO/ X V) v R st %
AL GEIZED S, 7X v LX vy 7RE—FIRG T, EPEHTADE—4 T, IRIUKIER-E T2
A NVBBREAIEMOBLIH S, Fig. 34 \OR LX) IS, FWEAE L7 X v v ZIGEOEINC a4 VERLT 577
AT TH 5. 22T, fliBSEHELHEET 2 1013, 29 Loz e BRI AN EFY v 72179 2 &M
FDTHETH 2. S0, & VI EELD 7 DI a 7 ZEIGED I EE T BT, AT —FREICBIL T 3 5%
T L7285 3 7 4 —ANDH— &85, KT 4 — ANDETERAOEE 1T, £, T—F DIERRNLIE
RIBIHRERRICBE LTI, S o —E L T L TE 72 Ccoretype DAT—¥ a7 28T 2. Z o, %
DIBH a7 TSN, oOREIIca T EE LW, VI 7 F VA RLZIHEE0 THD I L5, WK
DEFTH 2 EVIHIRERERET S, WAL, 1A 1 a721=y FEFILVEFRAT 2 2 LT, AN 5 OWitlE
HELO PV IHEEDSRETH 5. ETF MR LT, P2 FEFEHICHEES\ O FEUITRT 2 DOMHRZ I ) At s
EDVHETH B,

1. REESEN @ & RS AC Dk L— A 7R

ML 271, YUK ARG & BT RGE OMAEERNC R U, TSR BT 2. Lo L 7ed3s, —ici
TETE I X ZE BRI S A WA T 2 2 E1dHEL <, ZD b L— A 7BHRE ETNACED 005035 5.

2. aATIARDETE K OFER 1REE I DRERIZHE ) IRt Ui

RBEGEHIB T, a7 2Rk S HICEE D 7 2 & LB RIBEIHRICHE, INIUERDIER T 2 & Ok
RIPOEET B EDINETH .

DL EDBLSA S, Fig. 3.6 18T X 9 B LB TE T ¥ 72T 7. < 1> TORRZBIHREZEA L 2035,
220, MV 7 RILEX S 1T, 289 A—% £ UCEHIIC a A UiEZ R~ 3B g AC 23R L 72, 4lal, £—%
IS T3 S L A TH B L D HRZFRIT T 570, BRETHG (24 ViR OBSRICHE->T, 74 — A
SR L, T IRERBIRICIE D OB R D22 P T 5 2 ERE T IUHIC K D ATREL 72 5.

58, IMEVHIIRIS b T, /37 X =8 Tdh 28 TR OBIIC RS, 74 — RS —XKEIEINZtd 5. L
7235, 9 & ACDREICHAIT 2T TERZ NS PV 71E, RIS —REBTH D, H2EA >~ FTIRAEZFFS Z
EDS MLV ERAEHEDSAIEETH 5. Table 3.3 1213, TTOUKICERL T, A7 39 X =2 %2R
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D OAIRS MBI BEAMER) 2 REEIREE~— A
12T, WAERPHEETRECH 5. 4,
NHADAZRT.

.l Radius of rotor |

PM & Tooth length

Trapezoid-type
magnet

/Y
Internal radius

Rotor

Axis of rotation

(a) Radial direction component

Coil }X{ ],

Coil depth ]I

Air gap
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—> le—>!

Air gap I
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(b) Axial direction component

Fig. 3.6: 1-permanent magnet and 1-stator core unit modeling for simplified calculation

Table 3.3: Comparison of motor parameters in previous TFMs.

Symbol

Item

2p
Nc
re

Number of poles
Number of cores
Radius of rotation
Radial length of PM
Radial length of tooth
Thickness of PM
Air-gap length
Width of PM

Width of tooth
Area of PM

Area of tooth

Coil width

Coil depth
Lamination factor
Coil space factor
Current density

3.3.5 =3 7V AIKIC X BREAREROEES2)

B AR08, N3G T ED—D2 L LT, S—3I 7V RAERH 5. ZOTHEL, KA
DEZTFHEDWTHEETLILDTHS. LLNITRT 4 DDOFIH
Sz BRI C 1IEER Z L L L, 22T, RINaEE s LTHE S

A KA DR

— PREANGACEIE B, LR He 2 65D &

(SRS 5.
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B /Q‘_ET\/X%ﬁpc
- WhEER y, X vy TRy, 74 —ABLOHADX v v 7RI S, S 75 EDHIREI LS.

72721, ke w13 ZNT N — Z1REE L NEISEREREZ R T .
C KAWADEER (Hy, By)
—-ABIZ Gl 15 3.2), B)HXDLR L L THAENERATRE SIS,

D KA X BREAREER o
— WEARGHRIIEERIC BT DREREE B, & ARG DX X v 70 S, & DRI TR I NS,
¥ 72, RS L IWRETIE, AT —% 7 4 —AITRAT AR & —3% 3 5.

TKIATEAT DIAFE T 249152 6 NTAREI O RIC L > CT—RICPYEZINA -0, B E LA A, -, WHEZ
X vy 7ELFEBRICESE LT IRZ 5. 5T, 74 —AHDX v v 7Wiam S, S MMF (a4
JUIEw.) DR E LTl GGk ns,

2(w +A
St:ﬂ-z (r1 +r, )tani— (w.+4)[__2n r sin m—(w +A) =2 c _ SMMF__
2 mooen 2 COSi A ¢ COSi ¢ 2 2jndl
2 2
.................................................................................. (3.6)

L72h3oTC, 28— 2 7 v AREE X ORI S AR C BB RIS DWW T OBBITIFE SN 5. T4bb, TRtk
WG TEZIGEI, Fig. 37 1R T X 912, B HREIOEIRE, 74 — A E a4 WD EAR—ZAD
B AODEL, 8= 7 ¥ AMREDSAEI NG U T2 5 2 & T, WaEfERoE#i§ 5. 2%, =37
VA EEY) T T v T OMAGORI K > THIZGSGE A TER L 72 1 DHDIEHH Td A iRl & 85
BATD FL— A 72 R TE S Z L 2SN L. 22T, ZOEZ S _X— A ANCigiakz
BT 22 L LT 5.
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Fig. 3.7: Variation in operating point by armature mmf.
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3.3.6 IWIUKRICHEH L 7 AR O FE

3.3.5Cl3, IWUERIC X 2 BRIER O IHIT1IERE L 7\ EARN 25 CORERD JAED D ICBIL TE R L 7.
Lo L, EEEOBEAIRIETIX, a7 L2285 & DFERFREDT410° TH 0, BRI OB, a4 LERoE]
BEMU, T4 — 2N T 2 £, PV I FEICHE L OIRUER S EERIDSEE £ 72 D, ARIRER
DD L. £z, 3 G0 6 DEH R E U CEERIERIA LD/ DICA T —8 a7 250 g L., 20
728, Firc 7o SR X BIREWBERDMEIN T 288035 D, Z 9 o Zit WIS ) ARMER DP9 % B <UD 3A
O LMD TINETH 5. Z2 2T, T4 —ATMAT 2A8MUHR 2500 T 5 72012, KU TER S NS IURE o
ZEAT 2.

7721, 0, 0y Py, Py, Py, fIZZNVE RGNS, X v v RS, S—S 7V A, Fx v I8=I 7 VA, fvs—37
VR, B HBIRE ORI R RS, 728, (ISR h OO EH 7 1SR L - EERTH D, Ba11~1313
EDMEZHLY, B E LT A%\, T 2T, MUz DLNIORT 2 BICHEEL TR4ERE L7251, (3.7)
ATTRAE L THEET 5.

1 AREWREIC X IRt U O FIE60]

AU D S AT & T 4 — A & DALEBIHRICEH L, IREREKEICTHE L 72, Thbb, WRE—F Diik%
[23)V TR S NTFEAN e TR S — = 7 v 22 FHOTHEE L, Fig. 38 IR/ AICHEED T, TIURERRIE L 72 DU
T, BEAHIADHAR hy &£ T 4 —AWEFEIL (hy=h) TH 2 LARE L TRET2HED 2. BRI LTI Py, AKABERD
Iy PERICBIT B 7)) Py T P, % DMK AN TD /S AP ~ND /SR &\ TRd Uit P 3 %
— b ORI END. 2B, Py lZBIBIRT 4 —A LG DX ¥ v 7RAHOEZ 2 CEFRT 2. fhod, AU, [y
EBHRITIGL T, SA%Z ZNZ UYL L 72JEC2 7 — AICERT 5.

Case A: Al W 237 4 — AW, & D BEINT — R [Win<w]

PrEEMIfEIR SR LY v ZRSZUTT, PHEEY v 7RIS K BB 3 X O ORI
Case B: ZDfth’r —A [wn>w]

PR SR LY v PR SZUTT, PR v 7RIS K BB 3 X O ORI

(@) Win =W () win > w;

Fig. 3.8: Identification of leakage permeance by using the assumptive magnetic flux path method.
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2. WEEEIRNTIELAS 2 It UEER DIFE

BB ARG IR 3 A L AR—Z DI & D 7 4 — ATBOFNEGDRNAR T L TL %9 2 & T, WX
N & DI EHRDIER T 203D 5. 2 2T, X ¥ v 7T ORI TISMA, Fig. 39 O)IIRd L9 7%, I3—7
ORI T2 0 5 b D EEZ T, WHFERE LT 00037 SN B IERHEIASREE 227, X v v 7HD
TS R yoke s R gop 2TV THEUC TEFE L, 2 P0G 2 2280 U T, BEEIRRRAN D 3B T
AR 2 EHfi I < £ %

R

+R R
f :% = 'm, yoke 'm,gap :1+ 'm, yoke (38)
9

T T

A—I R, WhiREGo-X vy 7R, X v v 7OWiH, 7+ —AWiH], B2 a 7 NOZEHEZ ZNZ 1 e, lgp,
So St oy tieore T L, (38) HUIKAD & I IcHELD SN

fogeime Ss (3.9)
Igap Heore St

3 7 NDZBREERE 2 7RIS 28— % %3824 72 BIBU DU 2 i U 728212 D 3AEe, BRI, iR
T2 0bDE LTK v v ORI T DA% ERE L 723D 5 3R 7 WAL 7 B JA A RO ittt 7
— % L RMIBIECOBGEREZEEL, f ICKRE 7. 22T, BRI ISR R > wW o th s L %
DL ETHRSIRR 72D T, FIZOWT HERE IO\ TORSRICE SN, f 2B e LCHb 5 2 LT, il
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(a) Without consideration (b) Without consideration
Fig. 3.9: Equivalent expression of magnetic saturation with/without consideration of mmf loss in the C-type core.
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3.3.7 WararyeEzxr— aryoRhikn

aAX VT VKR D—D T, FATR I B W TH Z O AR L e v — e A7 —% a7 DRk a v
Ex— a Tk, FHOK a7 Ll & OMXHIEDE Ui OflAadbe 50 D, FHZE036 &7 Liie D
ML A . Fig. 3.10 ICIBERORCE 43 a7 _—2) LEFAARE 106409 a 7_—2) %k
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D XS hiEM T & LTRZIUT X 0. T4b 5, 101640 9 2 PEIEDEAICIE, SHE 3 I TSt a 7%
1WA 1 a7 T4 —AETIIEE LIAL7DIZ, 174 —AIRESEZ U M3 a7 7 4 —RITRAT 2fREH% 1
A7 T4 —RHIHET 2 X9 BREEA R T O TH L. L LT 108G 9 2 PRLEICE VT, WEOERN
PRI RAED TN ERE L TRAD & ) ISEHEE N 2.

Kps =1 1+cosg +c0s 2% 9 ~0.902 (3.10)

3.3.8 FZHEE 7 v 2R

3.3.5-3.3. 7 Digaml < Tr R S KGN X AREERER on L ONRIURE 0, fiA By F 23— 3 VI
?%{ﬁﬁk’]@i) %, T4 —Al k-{}l ?%Fﬂﬁﬁﬁ%{ﬂ i /\_ﬁ u“(nf%é‘ﬂ%

e rBABCRABIC B 1 2 TR (FfE) Bl
E, —NCUTE ............................................................ (3.12)

ELTCEURENS. 22T N, w,n 13, ZNFNEAHY — 8, BRSNS, AT—Yara=y MizERT.
(3.12) Ao, SEAMER M OMREROFSIMEORED 3 55D e 280 & L Gob 3, 2z s on,
VCB/%?%\-&.VC, }‘/1/717)4\_%&. aﬂl_éfﬂé

(3.11) g, PV RN R EBAINRRORIC X DIRESND 2 LE2TRTHDT,3.3.4 DETY v 7 OBKICH
T U 7AREDS IS IR S 0T\ 5. BB R DOBERICEES T T 4 — A DRINC & 58— 7 v ADIE FIZ &
O BB D MERER BN 72 2 720, BRI T 2. $72bb, MLy OMEAZHIENEZ /RS, 2o, Kl
ICEEBE TR 2 LS 2 & T, BT RV OGBS AR BT, af L E T4 — A OD S\ TH S
MFDIRE QD 2 2 L TE 2720, FllRE 1T BORGEH A2 ET 270 DREE R T L TES. I
12k o C, RHEDD D 2 BUAEMTIC X 2356 1 T2 AFRIMICINE T E 2 TREE AR RO T\ 5. 4 TlE, ST & D3
R L T, ATEOGHEZS T 3 & & HIC, FrlBoiEt P oW TEEE 1T .
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(@) 12-pole 9-core (3 sets of 4-pole 3-core) model

() 10-pole 9-core combination model

Reduction of effective flux
by pole-core combination

=kpsU1)

Ulave(

Utotal/ 3

U lave

-

-
-

=

Oe

o0
>

U

(c) Definition of U-phase average effective flux in 10-pole 9-core combination

Fig. 3.10: Relative position between magnets and armature cores in each pole-core combination (Unit: rad.).
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4 BdfEd TR B U 7= stk

3 T, & PV BRI AN BT o 7)) 7are 2L LCERRY =LV THEL v IIVEETFTY V7
DTG RBGE RO WTRAR, 4 Tl $828 L 3G HEDO L% BT & DEEENLSIHEMCT 2 & &
12, BfifEtTX RN & FIHEE K DXL, FOIRK MV #5846 28 i o 4%z )7 BT B
PRS2 RN 2 P F L 722035, Fialiibkoaia 2 B4R 2 FIEICH - TEPEMNCHIA L T 2 ET, LoD
PR R T TH 5 2 L ZibR 3.
4.1 Frkkoia T

P, 3 IR L 72 bV 2 S LA B Fig. 4.1 1R § G FTPIHIC TEET 2D 5. TFM &, Z D=0
IR & BN =T BAEAN TSN CTH 2 & L IFHEICIRR 7z, L L, SR B &I A <, BEX
NI BUERE RO GRS 2 & LRSS Tlde v, WIS, @i 7)) 7at AL LT FEA ZHi, 20
2T 272002 R L, ZOBFEA 77U A L LTES N BtE RO 42 T 2 L 9 R ER0
RGO TH .

-

e Determine design specification

J

-

¢ Decide constraint conditions & variables

J

-

* Model PMSM using 1 armature core & 1 field magnet

-

e Estimate torque by permeance-based method

J

v e Evaluate specification by FEA

Fig. 4.1: Design process of new machine.

4.2 fiibt BED 2Rl & BTt

Fig. 42 121, ONO@ICTZNF NG HREHER D FEA 12X 3 bL7 RS D 28T, &, BEFHD FEA 13,
Table 4.1 (/R SITEAED T, Fig. 43 [N TERE R v & 2 IS TEMTEIRIC X 280 M L2 btz 920 L 72, 4, 6%
BHAIC K 2 PV 7 BED D O, T > 30Nm Zimi7e 3 X 9 IAX M2 BRE L, FEA 25 L TEHbz X > 7. Table
42 1%, MEDIGER TN L 725 DTH 558, BadE 3 10%FYE L SIS E HEDRERIZ & 7 > THE L 72 20%
PINDORETRETETED, SGHEOZYEDNERTE . Lo T, IETEEZAVS 2 & CHIEfiT TR S
JAPIiEERRETE, 7Y Tak R E LTHRICHATRETH D, 3G TRIC BT 2972 NI L 23 S 4%
gD SN D 2 EMIREE LS.

fligaa NEIZ T R V7 DRMZ AT 72 a2 8 L 723 IR T 7 = — XITAT S 5. ORI, B
WOWIMEZ RE T 20685055 5. figEHETIE, B V7 DHEER 1T 7D ITED—D>TH ), KAWL
BWORE) R, HEEITE WL SR LREWICITETH 22X v 7 PV 27 I TIHEETE 2w,
L Lahs, STaEBIcB L TINE SN TE AL L IIT1-3], aX v/ M2 RHAFUEE TEML T 2 e
D THETH 5. aX 7 L 212 D0T ORI 1OV X — DR P& MGG & 2 Tk EoMeR3I
T8 ENTHNCEIE § 2 LTI, WESE—FTRIRDNMEEC R D DD H 2, —MITHEIBT RE T X — & DBl
%L, DOZNEPEHIEAG S TED, =3I 7V ADELZIFHEIC S\ LTS 2 EREETH 2 Z L
5 FEDETIMCE W TEESD 25 RN LI Wied, FEA Z WG EED 2 582 B> 72, 2 2 TlZ, Table 4.2
WORL7 4 D5, TRV 73R E W 3 JUCBIL T, MIHEDMAE LT, aX > 7 PV 2tz SEiL, ZDfk
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R7% Table 43139, HI V2B L TRHEFRIC TH 5720, aX > 7 ML 7 ENDRITH % 5500AT/phase %718
T 4 — AMEZEAER RIS K 2EHiRodERE O 7- O OPIE @FGETR) & L OEE L7,

40_'"'''"'I"'''"''I"""'''I'''"'"'I""""'I""""'IIIII
C radius of rotation rc=80.0mm ]
C current density j=5A/mm 2 ]
F coil factor dc=0.55

w
o
T

Torque [Nm]
N
o

10F

F —O— : Simplified design method 3
® : Finite Element Analysis 1
1y

6000

11 AR EEE N EE RN R L1 L1
0 100 2000 3000 4000 5000
Armature magnetomotive force [AT/phase]

Fig. 4.2: Estimation of torque by simple design method and FEA.
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Farate,

i
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P Y

AT s

Fig. 4.3: 3-D elements mesh for numerical analysis (886,736 elements, 238,128 nodes).
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Table 4.1: Initial conditions on the estimation of output torque in simple method and FEA.

Symbol  Item Value
2p Number of poles 20 poles
Ne Number of cores 18 cores
re Radius of rotation 80 mm
hm Radial length of PM 30 mm
hy Radial length of tooth 30 mm
In Thickness of PM 5 mm

Iq Air-gap length 0.5 mm
W, Width of PM -

Wy Width of tooth -

Sm Area of PM 450 mm?
St Area of tooth -

We Coil width Variable
I Coil depth 20 mm

d Lamination factor 0.96

d; Coil space factor 0.55

j Current density 5 A/mm?

Table 4.2: Relative errors between proposed method and FEA.

Torque .
Armature MMF Proposed Simplified Methodq Finite Element Analysis Relative Error
4800 AT/phase  31.1 Nm 30.3 Nm 2.8%
5500 AT/phase  33.7 Nm 31.0 Nm 8.7%
5900 AT/phase  34.2 Nm 31.0 Nm 10 %
6200 AT/phase  33.4 Nm 30.6 Nm 9.0 %

Table 4.3: Cogging torque to output torque ratio

Armature MMF Cogging Torque to Output Torque Ratio
5500 AT/phase 2.62 %
5900 AT/phase 2.97 %
6200 AT/phase 2.78 %

4.3 FEA ZHH U 7=3HlEET

4. 2 ICGEELZEEHRISH LT, 545 a¥ v 7 P RO DI, BAIRST  —AlRE X ORE v 50
APEESERYE T 50983, —MUC 3 /3T X — S PEROEWEFHRHTI IR R A CHEIN IIAFTRECTH 5. L7
D35C, SN, Wi OT 4 — AMREEE U 72HC, s EE%Z 60mm 25 25mm 970 85mm £ TS HC,
SRR v FDARZZLE TN Z1T\, 20 EZaX 7 by L RV 2 ORER% Fig. 44 1R, 22
T, PUVZICBL TS L LT, W/ T 4 —AROAZEE L LT 570, [BREHLEROBINICHE>T, a4
IVEDBEINT 2 2 & TRV AT 2 2 L ICHES U,

BAMNICE, YPIoEBECaX >y 7 vy I bV 7 ORE X DT v AR OMEERE EOI TR, fEk
AR & DB L2 BRE LT, [BHEH PR 1 &2 75mm IS TRE L 7z,

4.4 BUREL R V7 EIE IR LT iU
T BYRERL T3, Fig. 45 18T &9 ITHBIBIRT 4 —AQBYES 2 7MRIOBERPa A t & & bICHEE 2D
) B HARENEDSE . DD, WSO a3 7MBIOFERZEIET 2 &, S8400 12 & 27 VL 7R3 7KL (Soft Magnetic
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Composite, SMC) % a 7AtE U GEIR L 72854121, MBI .o F DS 72 9, Ii*%’]ii’*ﬁﬂﬁ?‘a’ —2

DIRIEARECTH B KM, 73V 7 T 4 —AIETIE PWM A > 3— & ENERoE () #10) L X 72354009 3%
BE&I NS, %72, SMC iffﬁﬁ@*ﬂﬁzzﬁiﬁfi&m&tbaﬁzﬁ& SRS NG L) IR ED 729, Fﬁ%@’lﬁ
e EECE 2. T, WHEEEE TSN TE Y, T—YDa 7k E LTI TH 2RIEHLIIE ORI
M (R S OV mﬁzzf) Z RO, BIEAREMEL , 3 Xtz AT % TFM T, S
M BIGIRE RT3 2 L3 TE T, BRI S 0 TRBAREMNHETH 5. Z 2T, SMC 13, Ho7%tre
itk RioTE 5T, W IND5TaA FHEW I ESHETRL SN LT, a7HklE LToN L7 54
— 2 LR OICTEH L GED 5,

4.4.1 aATHMOE

PNV T4 —A (Typel) ERFEHL (Typell) ICX DFERT 5 1T, EARHEDE LGRS 5 ) THEIRICD
WTCHHG L 7285 C a 7B ET 5. BRSNS TR T 2B%I21E, Fig. 45 ICTURT X ICA Ty ZHRIca 72kl
@“% & TR HERTR T 4 — A2 TR T 5 2 & & L7z Table 44 (TIIMRIEHRTRIC BT 2 HEREHAI O Fig.

CIERNEEEE 1D\ C ) 3R R 2 RS R OR SRS D ORI L 755 B 2324k X - T
%Lf:*ﬁii{ﬁfmf

Table 4.4, Fig. 4.6 7>5537>% & 912, TR CREER L 725G I ERS R 35HZ 128\ T b L 7 BEEEDS 7O
W23, ) TEMHEIZ O TIE 38R S, AT — & &\ ) IBHIRRORHY b, RRFhEGeErs clik@id % 2 &
BEBICANG &, BEHETHZ 2 EDEE L\, a7kl U ORI 238 L 7.

......... ||,|. Q
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® : Torque denisty <

IO : Cogging torque to torque ratio =

......... I....................................
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Radius of rotation r, [mm]

Fig. 4.4: Estimation of torque by simple method and FEA

Tooth

Winding

(a) Ideal trapezoidal shape (b) Quasi-trapezoidal stepped shape
Fig. 4.5: Stator-tooth structure in bulk-type or laminated-type cores.
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Fig. 4.6: Comparison of eddy current loss.

Table 4.4: Comparison of specification between ideal and quasi shapes.

Item Previous Proposed .

Bulk type Laminated
Cogging to torque ratio [%] 0.24 2.0 1.9
Torque density [Nm/I] 55 9.7 9.5

4.4.2 EaA )VEEREE T 5 FAROBFE

BEAEEICHH S N AMERSEER L L 2o H 2T, b LY 2 AR T OISR B 2288 Z DR v?o*a“
XA M OABDMFENTHIAZI NG 2 £03% o e, AR b EFUES L, L b —Jgo/ViEtaeilic
BRI D TR DD TH 5. FILZER K DIALERE & bic, Hi Eﬁmu@lﬁaiéiﬂﬁﬂuéﬁé
BRCHR DB IN DB 2 —URIC K 2HECH 5. BURFIRIZEUCEIL T REYRTH 228, BRI
ﬂfc%@@&ﬁ% S DEDMEH DI WIRREICH D, FEREERA L 7285 AC 3B TSR & <, EGEER TAER AT

EIFHEL . L7edi> T, WESHIFHHIFHD AR L 50 & 2 VAN L7z, AREGEHTH7-> T, Table 45 IR

&”r%ﬁ#“c et BUERHAE L 72, SRR HIET 2 24 LOSMEA X —2 % Fig. 47 \TRTHS T—ﬁaﬁ“( JEPUfi

RAFRD X 9 72 b I 3—2% (BFHE) ISTE RV, o BE af V% 2T 2 2 L THBL.
Table 4.6 1213, FEN % G50 7 DERAHN L MERERLZ RN T DY, a4 VO L D, PIRGEHR DS 2 4 )L
FOARDIERER 15%, T — 1% SUPYERR S &5 2 LI L7 28, HEEEK, MLV E8K, 4%
78 v A L (=Lg, Ll Fig. 4.8 1R L 7- A FECREHD O RE 2 fT 5 72

uﬁ»% AT — 8 ARG T & PARRIC X 2 REEAERME 7 INEYE & KRB ED 28 LTIk v 7 &~

IC & BEIFL L NV 7 BEDSFRIRHER T E 2 2 & & BT S 200 U 7z, IHKEEE & k9% &
70%&&%@%#% IO 72\ R D HIRERE G 7235 b, 2 (504 B MV 7 EEA Lo nTRE:Z R L7z

Table 4.7 1214, 2012 £ 5 HH IS 8> 7 4 gl ChilfE S e THEIEEGNRE - AL 2F077 /7 ny—)E,)
TR ZAUT 7z, PRI & AGEE R A TAEREZ & OIEFIRE, S Imperial College London 2 TX Oxford > A
BV 77 b LRV T v —5ETH % EVO Electric #161], YASA Motors £L[62] D EV FID 7 ¥ > ¥ V¥ v v 7 E—% &
DHIGZRT. EVHTH D, T—FREEE TN OERE 2 £ ) Biff I35 i L 2k wrib dH 570
BRREH7- DD MV, Thbt, MVIEEICTHHGiZ I L 72, 728, AFM —240, YASA - 750 137KIETH 5 72 d,
RIS R TR TE 5. Frilki, 2951 T RO A WEREE CTH%O ML 7 BE2ERTE 5. iU,

36



TR TG A LI X O B RSG 2 B L 7:Ath, &SRRV CaA V2 BYE L 727, T—F (&K &
BRIV DN TE S Z EICHERIL T0s. 2O 6, RIS 1T 2 EV FIDEEERE) & 4 7135007 ¥ >
YILX Xy = WMAHD V7 EEOFRIREE R L. &, RE—F IHMEERSREIE L0570, 51, 25
B Ol > T BT (TAmsimm?) TEREIL T Fig. 4.9 1R X9 I, BEKEIRIORIED 72 <, A512[61,62]
DE—YOMHE% FR% 2 EDTRETH 5 2 L2 MRIL TEL.

Table 4.5: Design requirements of flat-type windings applied to proposed motor.

Item Initial design ~ Requirement

Cross section of conductor 1.0 mm? 1.0 mm?

Coil width 7.2 mm 7.2 mm

Coil depth 20.0 mm 17.5 mm

Coil space factor 55 % >80 %

Cross section of coil > 86.4 mm? > 100 mm?
Leader line

1 unit of a winding 4

Wire bound

—

Leader line

Fig. 4.7: Image of flat-type wire applied to new prototype motor.

IIIIIIIIIII|IIIIIIIIIIIIIIIII|IIIII

0 —+— : No-load
' —+—: = 0deg
—+— : £=30deg
0.2 —+— : £=60deg

U-phase linkage flux ¢, [wb]
o

0 30 60 90 120 150 180
Electric angle [deg]

Fig. 4.8: U-phase armature flux linkage with respect to current phase.
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Fig. 4.9: Torque density with respect to current density.

Table 4.6: Comparison of basic parameters in successive prototype motors by experiments. [21-24]

Symbol Item 1st 2nd 3rd 4th

2p Number of poles 36 poles 38 poles 50 poles 20 poles

Ra Armature resistance 0.379 Q 7.2 mm 8.06 Q 2.16 Q

La, Lg d-axis/g-axis inductance 3.53 mH 102 mm 99.4 mH 17.9 mH

J Rated current density 7.0 Arms/mm? 7.0 Arms/mm? 5.0 Arms/mm?® 3.5 Arms/mm?
Se Conductor cross section 0.636 mm? 0.442 mm? 0.283 mm? 1.15 mm?

dc Coil space factor <60 % <60 % 58.5 % 86.5 %

Ke Back EMF coefficient 0.0210 Vs/rad 0.256 Vs/rad 0.191 Vs/rad 0.486 Vs/rad
Kt Torque coefficient 0.378 Nm/A 4.86 Nm/A 4.78 Nm/A 4.86 Nm/A
PF Power factor 0.874 0.581 0.757 0.975

T Torque density <0.983 Nm/I < 8.75 Nm/I 5.5 Nm/l 11.5 Nm/I
Tcog Cogging to output torque ratio - 11.5% 0.24 % 2.3%

Table 4.7: Comparison of proposed TFM with another AFMs (*: peak torque to volume ratio)

Symbol Item KOBELCO AFM-240[61] YASA-750[62] Proposed

Vi Number of poles 1.41 13.11 6.41 2971

J Current density 13.9 Arms/mm?  20.0Arms/mm??  20.0 Arms/mm? 5.0 Arms/mm?
T Rated torque (Peak) 19.3 Nm 220 Nm (600 Nm)  — (750 Nm) 48.4 Nm

T Torque density 13.8 Nm/I 16.8 Nm/I 118 Nm/I * 16.3 Nm/I

4.5 SRR A - 7ol
4. 4 (TR L 7atpeafs Moot U TRk 2 (AR diAiania e & 2 — e RO LG TR T & DLl

21T\, DIETD SR L T E -5k k2 O 735G TS X — 7 7 EEABEROKGTR— R L 2> T Bl
(72 BN T A63-TO| I FE D L /ARG HEIC B\ LT E I o TAEMT I T 2 02 W6EET 5.

4.5.1 UGG HC BT 2 A E T

R X 2 FIERE PO, R SHEARII I DO WLTRTRSETH 1, BB OZEI2I1E, 1 iy 2HLD
HITELENTEL I LZFHLAZBDTH D, A TERINL AR S 1y ZR—A :E%%Eﬁﬁ%fﬁ&i’(’(bi%
LA, k7= ) AR (FE) 2 R TRL L -8 Th 2. 4k, % 2 5 O ERHIZ
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% C 123 5.

S/ f, = f xS]_O’Z =K, (AC x10‘3)-(¢x102) ...................... (4.7)

72721, AC, ¢ 1FZ N ZIEREE, WEKEEM 2 g, AR 3 FE R & ISR ORI HBI % L Db,
@1) X SEELINBIFETH S, WIS, BXEERD A —IL 7y 72K BEEIIE, SfEIC X 22

RS B 71T, —HRICEE SRS O AR TGS ORI Z A LK E DITHLS 729, Mot 2 PRE T 5 2]

TR y EBWT, @B1) MUSTTRINDHEEDL &7 25A0OFMEERTRE AC, ¢o LiEL &, MR,

AC = ACO(S/ fo)ﬁ ......................................................... 4.2)

N YA LSRR ESS— (4.3)
LRI NG, HEOFEERIDSEEIVERE L TE> T A 780, ZOftiz T, EhiEZIETE 2. Wil
FL—FA 7BRDH 2 2, —STORFTEIYIET % &, FORDIGETE 2. HHUNAZEREOEH 6,
RIS T, PETHEREAECT & 2SR y =15, HREREAETR ¢ o= (0.25 ~ 0.35)x 107 wh FEEICED TV B,
4.5.2 (BRGSO 7 HERBRE DR B LoD 20 4 M RIE
Table 4.7 121, [AARGRERESR ORI ESRHC B 2R TA O ORT. &8, 1 SRR 2 =k
BV, BRI TGRS S BRI L 7. 2R BLOMGEE X AT OFMEIC THMEL 7.

A 3HH =% VESEENTE AC
— M7 DAY — BN, FREETRIEAIE |, FREL 2p 0> & RAE

aAc =3NL
D (4.4)

B kLR (E—271l) ¢
- S HEIC BT 5 L7 A S E

T=3pacg=2p ZﬁSPAC K ¢ =V2P?ACK ¢ wrovrrrrre (4.5)
T
¢_
\/EpszAC ............................................................... (4.6)

C HAEES/IfOIE
- MV T 0B HRE ] Py, SR () So ZHIINAE oy & T3 PF 2> HIRGE

P =w,T =%T ............................................................... 4.7
_ Po

S, T (4.8)

— Y7 ) DR S RO R Sy Z2E

=S

S= G (4.9
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S/ f, T RLQZ (4.10)

— WS ¢ & ILHERESRAE o & DI y ZTE

39



X:(S/fo)l;/rz{ s ]“’ ......................................... (4.11)

f x107
— WAL TR O 2 TRIE
.
$=9, (5/ fo)lw S Yy e s (4.12)
— AR AC ZUE
%
AC x107° = (SLO))Z .................................................. (4.13)
K9, x10

DL e, RSS2 e, el RS M OS2I ->T7 ey b L2 b DI, Sallidficisir 2,837 X
— D OEIHE LA EEZ 70y T 5L Fig 410 DX ) ITRIND. &, EMIOHIERy 1315, FEMERERHE =
IF 028~035x10°wh & L THEIERITo 7. MEEEEMRICBIL T, HilBit oG HE R O RA2 A TE T\0» 5
—J5C, IHAHETIE, 27— FBlEIC X ) 07 B AR — 2D T & 912, IR s N e e G T
LD bl TN o TED, FERMIE ML 7 EEICEDS > T L £ 57 2 ERGICHER S LS. i, Bl
T, (BHINZRRGE 1 & DFEATE S B 7@ i alics e SN T3 2 L 2L 2T Lz, B EDIEHINREHE
DRl %8 U CAEEE HERD A ED ZGE S ORER i & DL B RER L 72,

Table 4.7: Comparison of specification among experimental machine [22-24].

Symbol Item 2nd 3rd 4th

2p Number of poles 38 poles 50 poles 20 poles

Ra Armature resistance 7.2 mm 8.06 Q 2.16 Q

La, Lg d-axis/g-axis inductance 102 mm 99.4 mH 17.9 mH

J Rated current density 7.0 Arms/mm? 5.0 Arms/mm® 3.5 Arms/mm?
Se Conductor cross section 0.442 mm? 0.283 mm? 1.15 mm?

d; Coil space factor <60 % 58.5 % 86.5 %

N Number of turns per core unit 400 turns 334 turns 184 turns

Ke Back EMF coefficient 0.256 Vs/rad 0.191 Vs/rad 0.486 Vs/rad
Kt Torque coefficient 4.86 Nm/A 478 Nm/A 4.86 Nm/A
PF Power factor 0.581 0.757 0.975

T Torque density < 8.75 Nm/Il 5.5 Nm/l 11.5 Nm/l
Tcog Cogging to output torque ratio 11.5% 0.24 % 2.3%
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(b) Electric loading
Fig. 4.10: Comparison based on systematic design theory.
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Fig. 4.11: 5T characteristic
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Fig. 4.12: N-T characteristic
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Fig. 4.13: N— characteristic
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4T3, I THRR L 3G HEZ VLTSI A = —_ 1 29 L 765, FEAIC X 2 3RHERG T S O ERERER 2 1T
v, FEETRRGE ORI PRI X B a4 VRS 2 2 L, IHEER L L L <, KiEZ b v 7 &) | )R
6] D TREN: 2 BiEfE T S 202 U7z, 5T, BE L 720l r ST iz 2 T L 7225500 7 FIHEE GO
W CTRBRD S CL 2179 2 & C, Pl HENE FEA & DY EMEET 5 2 L2 HINE T 5.
5.1 JHREEANEICIR D BRI DiEE

Table 5.1 1212, FIEICH 2 FERESGBT OB R R~ T, 78, SWECH7->TUE, IMIRTEZGITHD N
CHEREDOMEREE 21T\, SWEZFEL 7-.

Table 5.1: Main component of new prototype motor

Part Material

Field permanent magnets (PMs) Neodymium-Ferrum-Boron (Nd-Fe-B)

Disk-type rotor Carbon-fiber reinforced plastic (C-FRP)

C-type stator cores Non-oriented magnetic steels (Laminated steels)

Flat-type wires Polyamide imide (AIW)

Support materials Polyphenylene sulfide (PPS), Stainless (SUS), Aluminum (Al)

5.1.1 FUWHHEK ARG

P, M7 X v v TR B, 2 HT 2 7 I RREEREIE B, 26T 2K ARGADEETH 5. N
v 7 ) =DM TEIIOHY B L %2 BRI 5 7 ORI E BRI L 72> TL 9 70, ¥ a—)LES
KEL, PDOAR=AMLHRIDK E W B BB & 13585 T, MOESHEEE FE L 784 Rt
EREICHTED b L7 2GR I 2 EDSAEET, 07 4 — IR O 2 7 —E I X B FECEITE D
BRI 2 7200, DETAIEL 92 2 LIRS & 72 5720, it E L Tld 150 deg. C FUEICE D, Fig. 5.1 2°5
PM LRI He & LTI 20 kOe FHEDMAEECTH 5. — U, [HH DFEBUCIZT + A7 07 4 (Dy) 2N 5 2 &H
T H M BIHMEFLTLE ).

55
SN
by 0o SINd-68Fe-18 S
>0 v Loudspeaker, MRI ¥, LesslFree) Dy
+, High Hc & High (BH)max
g 45 HDD, CD, DVD /1 S -
H . S
3 \ 26Nd-5Dy-68Fe-1B
’::; 40 Motor(for OA/FA, Air-conditioning)
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35
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25
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100°C = 200°C

Capacity of Resisting Heat

Fig. 5.1: Transition of coercive force and maximum energy product in Nd—Fe-B magnets [71].
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Fig. 5.2: Demand forecast of Dysprosium used for capacity of resisting heat in Nd—Fe—B magnets all over the world [72].
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Fig. 5.3: Transition of price on main components, Dysprosium and Neodymium, of Nd—Fe—B magnets [72].
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H 2710, B B 2035 b MEHFTIC R U T3 He 28 AROMEIDEETH 5. % 2T, FHREK ARG
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Fig. 5.4: Trapezoidal PM applied to proposed motor (ShinEtsu Rare Earth Magnets SEREM N50AS-G)

Table 5.2: Magnetic properties of PM applied to new motor

Symbol Item Si CGS

B, Residual magnetic flux density ~ 1.393 T 13.928 kG
Hej Coercive force 1701 kKA/m  21.371 kOe
Hep 1068 KA/m  13.415 kOe
(BH)max ~ Maximum energy product 372.5kiim®  46.8 MGOe
W, pm Unit weight of magnet 0.017 kg 17¢g

5.1.2 v—RESEH

[BiE AN S A & % 9 TR Z B < HINCH =S & Rk C-FRP ZERHI9 5. Slaloikst
TPtz K-> 7:720, 1EERE LT 72, 8RN B L 7. Fig. 55 1213, Fig. 5.4 128 L 72l % v — %
IS LT on —8 R

C-FRP Rotor

Fig. 5.5: C-FRP disk rotor with PMs
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ZEELTHLET 3. Alnl, 27y ZIROBMS & T 4 — A TEYWET 280213, 26T 5 &, &7 4 — AR
FAATCBAC X 9 2R 10681 72, WH OEEEMRICEAT S A ISR OBEE AN 2 CAEIN S IARE 2 it g
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47



AL Z MRl Bl

4L, 4 THBRZ X ) IR A VEFHT 5. Table 5.3 121%, a4 IR B aEHEA: L8 5E L 72 a4 Lokl
1%, Fig. 5.4 1138 L 7224 V%, Fig. 55 1213, BWEL 7227 & a4 VORI AVLORT%2 ZNZFIURT. a4 i3,
0 BBEF a2 iREY AL T ZT) 2 L THET 5. 72721, Fig. 54, 55 TIZH ¥ 70U TH % 2 L 64
DI MR TR DA TH 203, b TlE, a4 VNICT 4 —AZTAT 2720, Bz WE T 5 2 & CE
TIDMER L CaA WINC 7 4 — A3 7 > IR T L £ 9 2 EREE LD S A TP CLEH 2 &
72 E A D X 91, a4 VAT 4 — R EERT S OfSERILO HIVT, FEERISEEIRICH 2 a4
VRN 2 T 2. 2k, RSB 7 h T =7 b H 508 Sllaf VEZEBEBIRTH 570,
WBHIDEEMEDSE L < BB, FrE~HEREZ L 05 ARSI 2 & S 2 i s 2 LI L7z

Fig. 5.5: Quasi-trapezoid C-core stator and flat-type winding

Table 5.3: Characteristics of introduced flat-type windings

Item Initial design Requirement Product
Cross section of conductor 1.0 mm? 1.0 mm? 1.15 mm?
Coil width 7.2 mm 7.2 mm 7.15 mm
Coil depth 20.0 mm 17.5mm 17.1 mm
Coil space factor 55 % > 80 % 86.5 %
Cross section of coil > 86.4 mm?® > 100 mm? 122 mm?

5.1.4 Z DRSS

AR—Y 7 ETHMTOWTIE, 27T 4 — A 2L )ISEOEICEI L T, AL ) TEREA BN T e 0»
X 9 ICIERE ARG TRl DY 280deg.C CHERNZIINEME, Tl ~HEZGEMER A L, BHEESRSEE 25 0E b e T
HEDENNRY 7 2= o3 L7 74 F (PPS) BlEZ1EET 5. 2N DANDEHZTIE, ILH LT a R bz
FILIZTILARAT VLA (SUS) MEEET 2.
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HIEEETH 5. JIEEL LT, BEHI0IET A, LCR X —# I CRIBHIEH, EfEERE MR THlE U CEbg
TEBHH IR IET 2. A 87 7 v ZIHREIIEC X 51500 & AR X 2 s s g L, 5
LSRR 2L S 97203 & ARSI E 21T\, Z OHE D o FRETEEHEIET . &8, bLy
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A FERTERRYUINE — EYTERRE Mk

kB THRT &I 12, B AP UIIIEERZ B L <, R 4.07Ams (35Amsimm?) ABT % CHEE%
L XSS, WEEIT). WEOBNIZEKTFa 7122y MZH 2 EF2 a4 V2 EFNCECE EHICHHT
6 1= FH2arEESc, FHTH 12165 % a4 VEEFEEET 5. £72, EAT VS ADREDFEELRWI L
ZHERT 2 & L HIC, WEEEERES L ORBEZ A SR 572012, AVMEEZ B S ClE 2SI oW T
T2, MAT, FEROZLYEZR L TBL 0O, B2 FETH S, 7AY—/LCR A= THHlEETTI. &2,
R & 5 2 BB R ST BRI b % 720, REAIRUTERIHRIC X 2 5t B L TZERE L &\,
Fig. 5.7 IZIZSAHOMNERER & N "FRIC X 2 [nPathii %, Table 5.4 121%, BERE, 7 A%, LCR X —%, @I Fiko
BRI TRO7EMNERE 2N ZIURT.

DIt oEmld, SHICE ) 2 EB YT R, 1E, I P X 2z B & LTsEl

R, Z2.12Q (5.1)
2L L LT 2.
Table 5.4: Comparison of armature resistance between theory and measurements
Symbol Item Theory Tester LCR meter DC voltage drop test
Ra Armature resistance 2.16 Q 2.06 Q 20Q 212 Q
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Fig. 5.6: Transition of configuration in successive prototype TFMSs.
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Voltage V, [V]

Voltage V, [V]

Voltage V, [V]
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(b) V-phase armature windings
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Current I, [A]
(c) W-phase armature windings
Fig. 5.7: Armature resistance test — DC voltage drop method.
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Fig.5.8: Expenmental setup for measurement of inductance by single- phase AC static test.
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Table 5.4: Comparison of d- and g-axis inductances between theory and measurements

Symbol Item Theory FEA LCR meter Single phase AC test
Lq, Lg d- and g-axis inductance 18.2 mH 17.5 mH 16.8 mH 15.3 mH
152""0"""'0' """ prrrrrrrT prrr T BRI 7
—12E0 o £
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Fig. 5.9: Characteristic of self-inductance with respect to frequency.
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Fig. 5.10: Experimental setup for measurement of open-circuit voltage.
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Table 55 1213, Frlldic BT 2 FEA OS> & 51 L 1A 7OV ORIKER O Z R 3. J1580Z, d Sl
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7o, WA FEA ICTIE L 7R R o 47z, 228, aX > 7 FUv2IBIL TS, ARIEERE o2 s ¥ % 2 &
DCELIGRICB T 208 F V7 & LT V5D S EEZRRATDS, DDM D bV 213, HEAREZIRE) I8 2 DITdh
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IS, BEEOMRIRHED N7 Y XIS 2EDYEC, aX v 7 MV 7ML TL E57%bD EEZ 65,

Table 5.5: Comparison of proposed motor between FEA and experiment

Symbol Item FEA Experiment
Ra Armature resistance 2.16 Q 212 Q

La, Lg d-axis/g-axis inductance 17.5 mH 15.3 mH

Ke Back EMF coefficient 0.486 Vs/rad 0.481 Vs/rad
K Torque coefficient 4.86 Nm/A 4.81 Nm/A
PF Power factor 0.976 0.981

T Torque density 11.5 Nm/I 11.4 Nml/I
Tcog Cogging to output torque ratio 2.3 % <50%
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Fig. 5.11: N -V, characteristic in open circuit of the proposed motor to determine back EMF coefficient.
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5.2.2 MG & DFARH T X — & DLl
Table5.6 (213, FE{RGATERE & 9raliak & oI L b sk 7- AR 2 285 X — % DMk %R~ T

Table 5.6: Comparison of basic parameters in successive prototype motors by experiments.

Symbol Item 1st 2nd 3rd 4th (Proposed)
2p Number of poles 36 poles 38 poles 50 poles 20 poles

Ra Armature resistance 0.379 Q 2.56 Q 8.06 Q 2.16 Q

La, Lg d-axis/g-axis inductance 3.53mH 102 mH 99.4 mH 17.9 mH

J Rated current density 7.0 Arms/mm® 7.0 Arms/mm? 5.0 Arms/mm? 3.5 Arms/mm?
Se Conductor cross section 0.636 mm’ 0.442 mm? 0.283 mm? 1.15 mm?

dc Coil space factor <60 % <60 % 58.3 % 86.5 %

Ke Back EMF coefficient 0.0210 Vs/rad 0.256 Vs/rad 0.191 Vs/rad 0.486 Vs/rad
Kt Torque coefficient 0.378 Nm/A 4.86 Nm/A 4,78 Nm/A 4.86 Nm/A
PF Power factor 0.874 0.581 0.757 0.975

Vpum Amount of PM - 54000 mm® 45000 mm® 45000 mm®

T Torque density < 0.983 Nm/I < 8.75 Nm/I <5.5Nm/l 11.4 Nml/I

Tcog Cogging to output torque ratio - 115% 0.24 % <50%
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Fig. 5.12: Experimental setup for load test in generator operation.
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Fig. 5.13: V-l characteristics in generator operation
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Fig. 5.14: Locus of current vector in lagging and leading power factor of 0.2.
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Fig. 5.15: Torque with respect to current phase in lagging and leading power factor of 0.2.
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Table 5.7: Load test of PMSM using MG set and DDM for load (DCM and SG: 1050 rpm; PMSM and DDM: 210 rpm)

(@) Applied terminal voltage of PMSM is 110\Vrms (b) Applied terminal voltage of PMSM is 120Vrms
V [Vrms] la [Arms] T [Nm] V [Vrms] la [Arms] T [Nm]
110.22 1.465 0.30 119.80 1.465 0.30
110.39 1.372 0.46 119.67 1.372 0.46
110.58 1.293 1.11 119.32 1.293 1.11
110.39 1.446 1.76 119.40 1.446 1.76
110.11 1.693 2.80 119.09 1.693 2.80
109.91 1.836 3.63 119.13 1.836 3.63
109.80 2.025 4.46 119.06 2.025 4.46
109.70 2.102 5.01 119.81 2.102 5.01
109.49 2.221 5.29 119.79 2.221 5.29
109.38 2.306 5.74 119.64 2.306 5.74
109.34 2.418 6.14 119.62 2.418 6.14
109.31 2.527 6.58 119.57 2.527 6.58
109.26 2.616 6.91 119.47 2.616 6.91
109.16 2.710 7.04 119.30 2.710 7.04
109.25 2.872 7.20 119.36 2.872 7.20

119.38 3.242 7.41
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Fig. 5.19: Torque with respect to current phase.

[N
o

g Lom tovims ]
r —4— 1 120VIms

Torque T [Nm]
N B OO
I

1 2 3 4 5
Internal phase angle o [deg]

S
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Fig. 5.21: Torque with respect to power factor (lagging) in each applied terminal voltage of more than no-load voltage.
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Fig. 6.1: Comparison of proposed motor with another propulsion motors and our previous machines [14, 17, 21-24].
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Figure 1A: Phasor diagram for calculation of inductance [27].
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I Field excited windings o -ﬁ.

=

Slip ring

Fig. 1B: Configuration of the field side in conventional synchronous machinery [33].

RERBE A I 2B 1, SERABRICIED 78T X =S [FEIC & 2 ZHMlinlEEEDs X < V61 5[33-36]. ZDFkE, =
T DRy %2 95 & [FE L 728K, [l 727 % > 2, $EH, W BT, WeE 2 E39 X —4 & U 72l
&L THI A ZIT 2 Th D, TOTRICKD, BWZ R 2 E25TE 57290, EHLERIGIRE2 T2 Lk
$, FEREEDEAII 5 A ) v b sd 2. i, i Fig. 2B, 3B 1IR3 FIH SR> Tirbi 3.

* DC voltage drop test => Armature winding resistance R,

¢ No-load test => Back electromotive force E,

e Calculating synchronous reactance X, based on above tests

¢ Three-phase short-circuit test => Short-circuit current I ]

v o Load test --- Verification of the performance

Fig. 2B: Procedure for verification of performance based on equivalent circuit method in classic-type synchronous machinery.

Speed control | Speed control

LI o~
Coupling

(@) DC voltage drop test (b) No-load test (C) Three-phase short-circuit test

Fig. 3B: Conceptual diagrams of the tests to identify equivalent circuit in the motor.

1. FERE AR - Fig. 3B (a)
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2. feeRealER —Fig. 3B (b)
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3. s - Fig. 3B (©)
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vV E

—_w0 — 70
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S S

EZ
X, = I—g—Rj SO, o (B.4)

LLED S, BFMETHEE L 72737 X —48D>5 Fig. 4B {8 -l EBID e S 4 5.

() For generator operation (b) For motor operation

Fig. 4B: Equivalent circuit of non-salient-pole-type synchronous machine (SM).

4. AfpEEAER
EffRFEER & LT3, Fig. 5B 1273°37(a) generator, (b) motor D€ — FIZx LT, MIFOFIET, FetlsilEssifigcdh 2.

Speed control Torque control Speed control

Torque
detector

Torque
detector

3-Phase Load

() For generator operation (b) For motor operation

Controller Power source

Fig. 5B: Conceptual diagram for experimental setup in the load tests.

() Generator operation — Fig. 5B (a)
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(b) Motor operation - Fig. 5B (b)
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(a) Radial direction component (b) Axial direction component

Fig. 1C: Simple modeling of proposed motor taking advantage of TFM

Table 1C: Motor parameters in simple modeling

Symbol  Item

2p Number of poles

Ne Number of cores

Op Pole-pitch angle

Om PM opening angle
0 Core-pitch angle

re Radius of rotation
hm Radial length of PM
hy Radial length of tooth
In Thickness of PM

Iq Air-gap length

W, Width of PM

W Width of tooth

Sm Area of PM

St Area of tooth

We Coil width

I Coil depth

d Lamination factor
dc Coil space factor

j Current density

eI g7 savEd M N v i o N e

—_ — Im Ig
Hl, =(R, +Rg)¢—(umsm +u05t)¢ ............................ (C.11)
£ D, PM OEWERR, Tb b =3 7 v AR p. 1%
—_ Bm _ I t
P, —I_Tm =u, k. § .................................................. (C.12)

LIEFRIND.
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