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Development of an Axial Gap Motor for Traction Applications Achieving Both High
Performance and Low Cost
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In recent years, the production volume of permanent magnet synchronous
motors, which serve as the drive source for electric vehicles, is expected to increase
significantly. Therefore, there is a need not only for higher performance motors, but also for lower

costs. However, in order to achieve high performance, many current motors use expensive neodymium
sintered permanent magnets and rectangular copper wire. Therefore, in this research, I proposed a
new rotor structure and optimized the stator tip shape for an axial gap motor, thereby achieving
performance equivalent to or better than conventional motors while using low-cost ferrite permanent
magnets and round copper wire. We have succeeded in developing a "traction motor that achieves both

high performance and low cost.™" Finally, 1 developed a prototype of the proposed axial gap motor
and demonstrated its effectiveness through experiments.

(EV)



B X C—19,. F—19—1, Z—19 ({5@)

1. WFIEBIAE S WDy 5

T, BB OB LZHEET 572012, B HEBE(EV)DOBRENR & 72 2 K ABA R T — ¥
DAEFEBBMNKIBIZENT 5 & PRI TWDS, BRETHE—X D822 5Lzt bAAD
&, AERBOEMMIHIET 5720, (Ka A MEE OB bR LN TS, L, BURO
BREH T — % D% < 1XEMERE b 2 EBT 572018, @l 72 1 A Y DBERS A S0 - SR A
HALTEY, aX "R3EL D —FFThol, LEDOEFND, AL CIHEMEE L7 =7 A K
Wt & ISR A RN B b, JERE—X LRI oML EBLTx 5 [EitiRlb &K= X b
b msr Lz BBV EEREN T — 2 OF%R] # B L TW\Wb, ZANEI I, FRiv7 B8
HERENHE — % OF 7RI 72 0155 RIS, XA Y ABERBAEDO L 21T REE2HE
MO DB IEL T DM AT T b — X 2 AFERREL 25720, U A [EREOH
B LHFHTHLIEEZOLND,

2. MREOED

ARFZE D BHE [ErEfe b &K= 2 Mea sz Lz A dERE e — 2] 2% T2 L ThH
DN, FODIZ 72T 4 M) & TR 2BH LTy ¥ v v 7E— % (AGM)
EWEIT D, 7 =T A MO E IO M EHIIERMAR TH D H DD, AGM DORKEER & ER
FEROKFEHWCTLE Y, £2C, MM EORELY &#E L oomE ik 2 B T & S 212
BT 5, /7, AW TITIEEEGEZ V- AGM Z381EL T, EBRICK VW B2 R 5,
AT, $2£2 AGM 3RO BB ELICH S SN TV ABREI T —# ICx LT, MEREm TERL TV
HZ EBRGET b,

3. WDk
AWFFETIE, FICLLTOHEBZFEM LTz, TNENOHEA ORI OV TIIRETRIE T D,
(1) TFHLWEEFEEORSE] & TR OIXROKE]

AR TIIE T 2 MED =027 =T A Mh & SRR E AV TW DS, AR 5 fr
EEREMAEBMLTLE D W) EEZSET 270D OIE L ke A REFEIEGD-FEA)IZ
X DB RN CHRSE T 5, THIRO BB HEERE)H T — & LRIV A X CRZEO ) % FEBL T X 720
Z AR ENCE ORI & LT,

Q) BHEZBE LT E—2r—Z2DHRE LR AGM OEEIER

H B R EN & — X [T B TSRO BREENE S EENEFICRE WD, FEEICBWT
HHE A T T A LERH D, LL, AGM [T—xiRE—% L1 — A L OB N R
L0, BB A A EET I LERN DY, BEEAZ N LT CAD Y 7 b E TR D,

(3) R AGM DORIEBIZIT B A D EBRIBRIE
242 AGM OFRIEMZ RIS L7221, BT 2 BEHEORENH AT AMZBWTHEES N D E
— X DEEEHGHICB W CEBBRIEEZIT S, TOBRIC, 2ERHEICB T 2R E, ALY
BRMEIc BB L, 122 AGM O MEZBE ST 5,

(4) —RE72 B B EEE A — 2 12X 5 1R R AGM OEAAEDIEFE

R AGM OAFRWEE IV HFEIZ T 2729012, —firY7e B BhBERE) ] & — 2 & O i & F i3
%o A HENVEBREN T B — 2 12I3, @filide R A Y LRERG A LA R LI T v &
BEL, FYA XCET 220K E TORZ EM L, 2% AGM DEAMEEZRT,

4. WFTERRE
() THLVEETEEORRE] & TEETF 2 IEBROK#EL]

F11%, REAGM OBRREZETHICHT- > TRELEE#SHHET—4 & L TOERMAETH
0, TIREOEREIHE—% LREEO D Th D, AFFEIZEHIT HIEE AGM (T3 1 OFEERITR L
72, TROBEIHE— % &R UEESEHE, 1 X, EROKE FICBW TR L,

XX IR EIC B SN OBRBHE— 2 TH Y, BT V7 W) F BN RN D T
W, VT ARy v FE—Z(RGM)E T D
H7ptiECch b, BEVEEREHE— 21213 /MV&
EHA RO BENDZD, K1 DRGM DL HIZ,
KBTI [ AT DBERERA |, [EE T DBRRIT

#1 BT D BREN T — & OERILER

3 AR A5 < RSB, F o LR i power o
AEHIR L T b SERE T 5 — T, Nd %0 Dy % o

DLT T —AZBLEOHMT, BN FLETH . 6800 rpm
. i, TRREILEREREF ETE 575, U DC-bus voliage o
Wl He ST BLYESE B EE L oo 2 | 7% N oD B RE 8 Max. inverter current 220 Arms
b5, UbrosBkos—2135micdo, #Et  Axial length (including coil end)  78.6 mm
BHRLE L VI TEN D D, A HRO A FERRIINC Outer diameter 261.6 mm

RV, BV S L2 K SE L7201, ERtitEodGE



DRFTLEGEHE QFAfRREIRN Von Mises 71 (MPa)

I T .
0 100200 300 400 500

169.9 MPa

HAEE
<R B ERE)
BAREFEBH(SUS304)
[&4X $1:205 MPa

HWERERE: 1473 mm? |
{R5&!)> Y (CFRP)
fE4K 5 : 500 MPa

% EZ3W
| BRSO A BEED s (RGM)  RDREHI%up HERE

A REFEA(SUS304)
@725/ R

F%4K 55 : 205 MPa
(B3R R&REHEE) | BB REE 1941 mm? |
CIOBEEFQ)

389.8 MPa

1R&1>J (CFRP)
%4 &1:500 MPa
T 128

QAR
(Eaxk)
( AA—

000 3 ALY ECP)EEEF OIS T 5377 (X

BEF() BT

1) YIS HRD
L 000 [* L ISHONE ]
M2 AT BT B BT — Z (AGM) 26 mm St w

(constant g
¢ =

NEETHD, LTI TAMIETHE, K20 7=
T4 MgA ] & TSR Z W7y Xy
v TE—H(AGM)ZHELE L, [V A XD RGM(K G0 mm (constant)
D&V b= 2 FCIR%L EoMEE] 2 FEBTE
HZ L HEBFET, 7B AGM IT—f%H)72 RGM & &
Y ENT X v W FIRICRHEEARN S -0 T B4 BEEF IR O RE L GERETEE
VA NFXY v TE—H EMEND, T =T A MM -
LA THY, Nd Dy D LT 7 — A% 4 % 7
W ORE LT AEENRARETH D, TR D
BHIZE Y, AEESCaA NTEICHEAIE S,
—HTT7 274 MgAITRA Y LBERERA 2 22
NTBEHRENK 70% D720, AT, FEHRITE
AEFRICHE_NTEBENMET 2720, EHT5E 7§
BORETEAHAELETLCLEY, 2o 218
B, MR K LY 160 Nm(E DS TE 7R
WEWIENEAELTCLESTZ, T, BAaD 1.4
WHRMETTHEE—FDONEMETFLTLED
72, THREL TIISERR R 22kW(E DA
PO VIREN S - 72, 190 g ) _
FITARIETIE, 1 oHOxEE LTH 3 I g [mm]
AT X LWl SRR Lz, K31 N o
AGM DITE T 0 JEAR( | ) o Ok Jo( Fihhire 0 RIS RORK b7 AR
L, BEHEIZBIT DN B R LTV D, FEAREIEL, EE DRI B 5EE#E (20J10951)
B DM THTICIRE Lz a7 VARG EETH Y, EERARO/NE—Z D@3t
Wi LS CTh oz, L, Ko BB EERE T — & IS L7-5E, 50 etlim g 2
BT OIZIE, BAOANREENEIEE 2D, LI BRTSTHoTz, £ 2 TARMFZETIL,
REAR SR N E VO ME#E Y 7 (CFRP) CIEBRA 2 M 2 DTG AR R T 5, T OFER, HhksRE
DLEEREEH DD, B ODFNFEFELE 32%EINTE, 7= T4 MEAKLOIBREEZFNTND
WZH2 b 5Hd, HEE RLZ 160 Nm # L TX 5 Z & % 3D-FEA OEGENT TH O LT,
F72, —HRAIIZ AGM TIE, B %G T3 RITHIZBEERD N D720, BEE T2 7 IR
RS M 2 FE O JFER RO (SMC) & VW 5, SMC 13868 2 &7 L 0 [EMER I L T4 2 23
INE TOEET 2T OFEIER(DIEE, EADZEN DI THAMT OB S Bl o X 5
REEEEZ LT\, D78, ZHETAGM TOHER - HAm LD 7= 0w 2y ASTRIT R
Wit Cdh o7z, 2 TAIETIE, HHEO SMC OMTEMOm EICER L, 7=5 4 MEAIC
XBNFE - HIMETZH 5 729, AGM OV NR O i b % 5566 L72(X 4), X 5 1321X0 37
A —ZIEFIFOIREZ AGM DI K ML 7 2R L TEY, DIFRIROEELZ K< ZIFTW5, #

2.6

165

162.5

wiN ()8

160

Torque [Nm]

157.5

155



[\
(=]
(=]

Required max. torque (@220 Arms)

—
W
[e]

Measured value
100

3D-FEA predicted
value (dashed line)

0 50 100 150 200 250
Armature current [Arms]

8 FEIITxIT 2 hL (kK O E i)

i
(=}
T

Average torque [Nm]

(==}
\

Efficiency [%]

56 60 64 68 72 76 80 84 88 92 96

180 : : 7

160

140

g 120

~= 100

80

~ Gt 60

7T FRIEHEO B () E U DA i
0 1 1

500 1500 2500 3500 4500 5500 6500

Rotational speed [rpm]

Nm]

Torque

ZAGM TR K MV 725 t=1.0 mm, g=12.0
mm DO/NT A —HERELTEBY, ZOERENS
SMC DI THAMIZ L > T AGM @ s v 7 PEREN

fETEDZEERLTNS, M9 % AGM OER L1=shE~ v 7
(2) r—RADEF LIR-E AGM DOEIHEER 300

AGM 13 —f)72 RGM LIRS 5 72, 200 |
r— A L EEF O, 70D N S = 100 | /\\
2B, EDID, r— R &GO ImEIEE & - ?D . .
TR AME N Do, T CAE TR £ ° /{ p X ik
CRT LY RE— A —AEADER AGM 5 100 S\/
® CAD EF /VEERR LT-, &EdmZXmik L, 200 | Voltage waveform
HIEMEZBRET A Z &, AHMEY SO T 300 Fundamental \.avaveform (dashed line)
22 AGM DA k% 5 CHEE L7~ BRI Mechanical angle [deg.]
DWW TR T D, (a) $2% AGM

300
200

(3) FAEBRIZ I 1T 5 A 2D EBRAVKRFE THD: 80.2%

7 AR D AGM ORI D IVEL A

A, ke, W8 CHERECsyCEgrE = O ) A

Wi B LB 0T boL s offhris e ERE 2 O ,%/ - U
DA R LTS, 3D-FEAICL D hLy L% S -100 !\/\ "~
BRI & S ic L —B& LT, &IE 200 F Voltage waveform

BT R S EBN TV Z LMD, (72, 300 Fundamental waveform (dashed fine)
FHUZH T HE 1SR LTS H B ) Mechanical angle [deg.]

=X E LTRERREKR VY 160 Nm % E (b) i > RGM

SEgv— ] SPAS - e \ - 4
%ﬁ%giziéi@ﬁ%imﬁgg 10 fem (6800 rpm), FAH71(22 kW)
ANTWaIcHBEb LS, BB ML EEE REOFEE AGM & RGM OB TE O ik
it R 5 % N (e B sl

9 [THEE AGM OFRAEMIZ IV THIE L 7= 2R O~ » 72 R LT\ 5, ml ik
IZBWT S ERMARZ T 2 T E M DFER GO TWD Z & EFRIFFC, HHBERT 95%% %
2 BN BRI e IR TR LT B, L7205 T, 12 AGM IZAERAMAS 22 b2 L 72 23 5
TR EE O BREN & — Z I B eIk &0l 7= LoD, MR EE T 52 ENETH D,

@) THLWEETEEORR & TBEETFOIBROEEL]
10 12422 AGM & RGM DO iEidE « i K NRF OB EIENE 271, 28 AGM (52
RIPFTIEAR L, BEKEEO THD L HIEHAD RGM 125 L TREIEKE T2 R TE 5,



5 5 0 3

Tsunata Ren Takemoto Masatsugu Ogasawara Satoshi Saito Tatsuya Ueno Tomoyuki 58

SMC Development Guidelines for Axial Flux PM Machines Employing Coreless Rotor Structure for 2022

Enhancing Efficiency Based on Experimental Results

IEEE Transactions on Industry Applications 3470 3485
DOl

10.1109/T1A.2022.3154336

R. Tsunata, M. Takemoto, J. Imai, T. Saito and T. Ueno 59

Comparison of Thermal Characteristics in Various Aspect Ratios for Radial-Flux and Axial-Flux 2023

Permanent Magnet Machines

IEEE Transaction on Industry Applications 3353-3367
DOl

10.1109/T1A.2023.3255845

Tao Xianji Takemoto Masatsugu Tsunata Ren Ogasawara Satoshi 11

Novel Rotor Structure Employing Large Flux Barrier and Disproportional Airgap for Enhancing 2023

Efficiency of IPMSM Adopting Concentrated Winding Structure

IEEE Access 2848 2862
DOl

10.1109/ACCESS.2022.3232843

Tsunata Ren Takemoto Masatsugu Imai Jun Saito Tatsuya Ueno Tomoyuki 11

A Proposal of an Axial-Flux Permanent-Magnet Machine Employing SMC Core With Tooth-Tips 2023

Constructed by One-Pressing Process: Improving Torque and Manufacturability

IEEE Access

109435 109447

DOl
10.1109/ACCESS.2023.3321829




Tsunata Ren lzumiya Kosuke Takemoto Masatsugu Imai Jun Saito Tatsuya Ueno Tomoyuki -

Designing and Prototyping an Axial-Flux Machine Using Ferrite PM and Round Wire for Traction 2024
Applications: Comparison with a Radial-Flux Machine Using Nd-Fe-B PM and Rectangular Wire

IEEE Transactions on Industry Applications 1 15

DOl
10.1109/T1A.2024.3371959

6 0 3

K. lzumiya, R. Tsunata, M. Takemoto, J. Imai, T. Saito and T. Ueno

Axial-Flux Machine Using Ferrite PM and Round Wire Competitive to Radial-Flux Machine Using Nd-Fe-B PM for HEV Traction

IEEE International Conference of Electrical Machines (1CEM2022)

2022

2022

R. Tsunata, M. Takemoto, J. Imai, T. Saito and T. Ueno

Comparison of Thermal Characteristic in Various Aspect Ratios of Radial-Flux and Axial-Flux Permanent Magnet Machines

IEEE ENERGY CONVERSION CONGRESS and EXPO. (ECCE2022)

2022




2022

R. Tsunata, M. Takemoto, J. Imai, T. Saito and T. Ueno

The Superiority of Efficiency Considering Harmonic Current caused by PWM inverter in Axial-Flux PM Machine Using Ferrite PM
for Traction applications: Compasiron to Radial-Flux PM Machines Using NdFeB PM

IEEE ENERGY CONVERSION CONGRESS and EXPO. (ECCE2023)

2023

PWM

2023







