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In traction motors for electric vehicles, rare-earth magnets are mainly used.
However, in order to reduce the procurement risk associated with heavy rare
earths, here we consider the use of a high-performance ferrite magnet for traction
motors. Since ferrite magnets have poorer magnetic characteristics than rare-earth
magnets, and motors employing ferrite magnets exhibit a lower power density, it
is necessary to improve their performance using a magnetic field analysis. In this
study, a high-performance ferrite magnet (NMF ®-15G) was used to minimize the
reduction in magnet torque. The magnet position in the rotor was also optimized
to increase the reluctance torque. Finally, the shaft speed and motor volume were
optimized to achieve an output power density comparable to that for a motor
using a rare-earth magnet. Based on this optimized design, a prototype motor
using a ferrite magnet was constructed and evaluated. An output power of 102 kW
was achieved, indicating that a traction motor suitable for electric vehicles could

be successfully realized.

B KeyWords : BHEET7 57 &, EEE—5—, [

M Production Code : NMF®-15 series H R&D Stage : Research

ZOFYU7IVEER Vol.39(2024)




BEE T 51 MEAOXEVE T EME— 5 —AOBRARE

Study on xEV Traction Motor Using High Performance Ferrite Magnets

1. #&

[UEZE O IFHNC T T, HEAZ & D - & E R E
IRA AP EOHIREEZED B L b, HEH
A=A —FHICBTH BEEOEHLHEE AT
BRHADIEL TS, 2D X I RERDS, TTIK
JEL{FE K LT3 HEV (Hybrid Electric Vehicle)
2z T, BEV (Battery Electric Vehicle) s> PHEV
(Plug-in Hybrid Electric Vehicle) o 4: i & A3 28
WHERLTED, SHRDKRIBIHEMT 22 LA RAEN
TWwh,

— I, ChoBEBHBH (BT, FCV (Fuel Cell
Vehicle) 72 &b & XEV LIER) 12X, BREE— 5 —
FADOXKAREAG E LT, 24 Y5 (Nd) -8k (Fe)-Ru > (B)
BefEn (4B 4  NEOMAX®) BiEHINTE
2o LD L, XEVOREILKIZ L D, Nd-Fe-BEERS A
DEFEETH M L FIURONIP, HA LFILHR
O—RE TR DD ICHRMENE VAT RY Y L
(Dy) - 7)VE T L (Tb) O FE Y A 7 Rffitg B Y A 27
DEEAL T 2 AR TERI S N TH D, BlIc20204 M
ke, fir LEHERL D K 2 S g A 2> T 5,

COESLBEICNL, BT a7 7, RicE
BBl DPRELRTOOEH B Z R DA EA TIH
WA XL HRIFICHFEL 22 o E 2 EBL 7
Nd-Fe-BEefE A (NMX®-GINHY VU —X) % B %"
TBEEHI, PERA LERAPHEHINTE AR
DEMER7 274 MEAOHEAZREL TV 5. KT
1, BEIN TS TR L~V (202348 HBLTE,
W) OSSR EEE T 24t DOEERE7 =54 F
WANME®-15DXEVERKE — % — ~ 0@ R I
DNTHRT L7 R A2 WME T 5,

2. 71 MR

2.1 751 MER DR
BHETEMLINTWE 7 271 MR, 195048
DEIcBFEE NN L (Ba) 7294 FgEA, A b
0y FIL(SH) 7 274 MERIRESI NS, NTED
RIANTTUNA MEEE EH(LTMMEEESR) &
THEMBTHB.Ba7 274 MEARSI7 =74 A
13, (b RAFe 12019 (X 7213A0 - 6Fe,03, AlZBa®Sr7e
£, 0l3a%) citib e N s, 2o, BT ICRTL5
2, v 7 27T N4 MEEFOFe DR E—AV B
MY A PTEI ERE" R TRE ER-2TED,

INTROWRE—AL FOEFDHALE LTHRD H
ENB7VHEOMEITH Y, 2D XS RS,
CDOWA DERBREHREE (B (&, AEWN A L ERG
O HENMEIC R B, — T, ZDOWA 3R (Hy) ED
WNIUAMENZER, HyDRERBDIE, Thbb,
EiRMCH A BT 3L, BEHE—Y—ICHEL
TR EOB R E RBEETE MRS O
AN TE S Z &, LR ZE D E L — MR 7l
FBRBE T CBEMNET LRI &, BT L4 2Lk
D 7 0 e A THRET LEIERY > OH/RONEI L,
Lo LML L TERBREEZALTEL, Bt
HARAMRT =2V RIENT A E UTUASEKRL
T3,

12FR

197

or:

RIRNTSVINA MEEDERE (St 7 51 DI
B BPREFESE—XY FOAEZERT,)
Schematic illustration of magnetoplumbite structure
for Sr ferrite. Arrows indicate the magnetic field
directions

2.2 7OF7U7IDOEMEET 51 MNER
WHAEEL T EEEE 7 274 MEG (NMF) O
RS2 RI2ICT T, 7 2 74 MG X ICEBE B A
D % P OICERAPIER L TE 7, 1990FE R %
T, St7 = 7 4 MA OWA TR B - R AT R
REDTR L AEMOERICLY, AR EE2R E3E
TETo—7, 1990FERB I ->T, Sr7 T4 M (F
HHH L SrFe12,019) DFe®—i % ColZ, Srd— %
Jv% v (La)lci@E#iL 72, Sr-La-Co7 = 7 4 M#EA D
B - BEfbaniz? & 512, 20002 - T, Sr

ZOFYU7ILEIR Vol.39(2024)




10

DOV IZCazIEA LS 2 TR ZBEIE{LL 72 Ca-
La-Co7 =74 ME#ATELICHWIRENB OB Z L
BREENY, Zhzd IR B L7 1 & 2L
WiEd SN THFICE>Tn 5,5 Th, NME-15
V=%, BET7 =74 MEADHTREZ 7 A DR,
Rtk % FH BT 2 (202348 HBILE, SHLFN),

500
480

460

e
S

380

B,(mT)

360
200 250 300 350 400 450 500

He, (kA/m)

BN =t = 5 NBE NMF® DRSS (2023 4 8 A
BE)
Magnetic properties of high-performance NMF™
ferrite magnets

3. 751 MNEAZRAVWVERT—Y—DRET

3.1 BRMTIC K BIRFE
7274 MEAZXEVERKE -4 — ICEABR T3

72D, TR HGICHBELTWAEVE—Y — % Ji#&

L, BHEL U7 BBICEHEL Lz E—4F —D1/8WiH X

R T HI110 KWE—% —, 8ffi48 A 1y F D43 Hi &

[PM (Interior Permanent Magnet) €—4 —"C, 0 —

& —FPRIED IR EVFEIE D212 GbE T, VIED

WAMETH 2, AR, KAE—8—%2 YT 7LV AE—

F—EMT B AT ——WEZR—ELT, 72714 F

WaZHWn —% — GO REZBE L7 B

MNTIE AT D2 2 WA U 720 2 DB, Wl 11, Bk

MEHER LRI LTS,

1. 7 2 74 MR DRI, E—5 — L2 &
Tas/DRICIZ 2o, FRTIGEEHRMC L
THiV, RIREBGEAE RS 252 (REO: [
Bl ESEY)

2. BREN ST (R KIER ) 22856 L, IS5 R TR %
N1z 5 (RNOQ: F#FRESEMA)

E4lz) 7 7L v AE—% —DuEEEE 2 B8
LEDML 2L, FHAEHEICB T 2RO E R

ZOFYU7IVEER Vol.39(2024)

Tk, E—F—DHHEE—F— ML, B O
BEUTOR() TR,

P =2-7--—-T (1)

ZIC R E—8—HHW), T:E—%—FL2
(N-m), N:EEH(rpm) TH %, BN T 2
WZONT, HAFEML, V7 7LV AE—% —DGH
3,283 rpm, 320 Nm (450 Arms) HIMEFIZ i A H S
D110 kKWIZELET 2,2 D8 (1) ROBGR A &, [HlH7
BN 523720 €——bL2Z2 T 72056 (Hm
BIE T %20) AFEOMN %25 2. mKEEHTH
310,000 rpmi§ED ML 27 B X OEHIZ105 Nm, 150
ArmsTdH %, —RINTHR A IERBIRFICE T, &R F
OGO EE, RDBERMPFEET 5, £72, RAE AT
FEDLEICRD T —F — TGN FEE UBERN
BERPHRET 2. LT, REF T, APV EME
BARMEEHEL ORI 21T, TE—2 — L LTOMkRER
A U 72 o BESURNT (2 1Z, HAZBIPERT 2B T L 7 R R
YIalL SNV 7ML, EEEERE AL
THEML 2, RIEE2EH L,

)

: 0\'Stator
¢ Core (Electrical steel)
‘ k\. Coil (Magnet wire)

3

Rotor
Core
Magnet (Heavy rare earth Nd magnet)

U7 7 LY RE—5 —DOREE (1/8 model)
m Cross-sectional view of reference motor (1/8 model)

400 120

Output |

=
o
o

300 |

©
o

IS
o

Motor torque

Motor torque (Nm)
—_ N
o o
o o
[}
o
Output (kW)

N
o

- - - - 0
0 2,000 4,000 6,000 8,000 10,000

Rotation speed (rpm)

YT 7 LY RE—F—DE—F— MLT & HADEERE
BEfiARE ©

Rotation speed dependence of motor torque and output



BEE T 51 MEAOXEVE T EME— 5 —AOBRARE

Study on xEV Traction Motor Using High Performance Ferrite Magnets

BEHO@IH@EL 7z, 72 T4 P E—F —DFFD
ave 7ML, E—Y — MV ZET2R/DRICT 5720
W2, V578 VANV 2 EBIEHT 28 Th 5. 5MHD
RN SR TH BIPME—F —DE—F — ML 21E, BITF
DR (2)TcEEN B,

T: D, ¢meaCOSB+%pn(Lq_Ld)Ia2 Sin 2/3) (2)

TIT, pa WL, B BT BRWEH, L EET
B, fIEWAHEA, L EEA 58 R, L,
AVE I IV ATH D AAFEIEHIEZI Ay L7,
GUE2HEIZ) T 78 VAN EMREND T F v b
MV, B OMERBICIRET 2 VI TH B0, 7 <
4 MEA OGS, B L EUANIET 5, —4, Y
7Y VAR IIE, 0 —F —DEmIEIC KBRS
N —DBICL>THRETE IV THY, u—F —
WOREH L7 Ty 7 ZNY 7 EHEN 2 2= OFIRIC
FoTHREL, BAMEHIEKEL 2V Ko T, HilEE2
HOVF 77 AN BHmAT 50— —fiEE K
T BMBEND B,

BHOIZBLTIZ, RI5DE—% — DElERE- bV 28
2T, @S A BEEZRTY AR
DN % Pow & L7 L &, A—FEHTE—Y— L2
DREFICTABE, BRICBHEIL, D Pou /212725,
ZOW;, BEDE—F— L7 DE %, BEEEZE 26512
L, CHIZEEIL, ZORDODHENIZAREZELL Po i

75, ZDEIC, TE—F— LI LRI OBEEREZEHRA
I LT, HNZEAIEZZENTEZD, bR
BIIHBEOBEBICERT 2720, REZEEET S
BRI O PR E vy FOBETE 725, Ko, H
B2 2EFICL-CR2B 58, RARERDBE
SZ2U5LTBMEDHY, DR LTS,

AFFtare 2L, BFOTY77L VA
E—Y—LAEDE—Y—MLIPBOLNIEEELZH
HU, & SELNBRELREZBRCHEFNODRA
EEREE Lo

R6IcHKEI L - — —fhiE e RS E77 274 b
WAE—Y—01/8WHKZ R HKD-H, V77
LYAE—8 —H R LI R OO ILE§ 2 #5E Lo

400
@ A
’é‘ 300
=z
(9]
5
g 200
S (b)
-
£ B c
= 100
D
0
0 5,000 10,000 15,000 20,000

Rotation speed (rpm)

Rl cssonzcsatnoussmz@ UI7LYR
E—9—, b)BRRKE—F—-NLIDEHDES
Maintaining output by changing rotation speed
(a) reference motor, (b) 1/2 maximum motor torque

Proposal 1 Proposal 2
_ e (Equal OUtpLIt) (Equal Size)

Appearance
Maanet HRE diffused
9 Nd-Fe-B magnet
Rotor size ®200 - 140 mm
Max. rotation speed 10,000 rpm
Magnet / Motor weight 1.9/ 36 kg

BE Vo7 29— R LEE— 5 —DHB

High-performance
ferrite NMF®-15G

High-performance
ferrite NMF®-15G

®200 - 200 mm ®200 - 140 mm

10,000 rpm 15,000 rpm

3.2/ 48 kg 2.3/ 36 kg

HRE: Heavy Rare Earth

m Motor design comparison (reference motor, proposal 1 and proposal 2)

ZOFYU7IVEER Vol.39(2024)

1




FERREUL, 7 2 74 MEEATBIRE 2 — % — DNEMIA~
EXOECMELZVER L LTRARTEZIERL
7emil, diy CRERER O E) B L O q il (dil e B
FATCHER ) ORI A~ND 7 T 7 AN 72 BHEL
T THB,ZDT Ty 7 AN TDT )y VHIdRA
HEEDEL R 2B QDI NBELZ>TnbE, I
Llckh, v —y—BEZHEERLDD, 7271 FMEA
DR/NBWHRE AL T DLLEDI,VIIZIVAILI %
RELTEZR - —HEL>TV B WAL, Yt
72714 MG TR BOREWNMFE-15GE AL, 2
DFEIZY 7 7LV AT —F — L RAIZE L LTz, 57
W OFER, BB OORE1Z200 mme L, RE7D ML
IERMioT. I, VT 7LV AE—Y —NH1.4365%
TH D ARz D LI, BRHQDHRARIEEILL.5
D 15,000 rpm, K ML 27 &L 72 5 EEH134,800
rpmé L7z,

K7 K E—F —DRAM 7ML 75450 Arms
HIMREDE—% — ML 7 -BHRMHAREZ R TV
T77LYAE—F—IZB VT B=45 deg. CHADRK
D320 Nm#Z R L7z, Z U LEET O, £=50 deg.
TRAMVIZDBEONZ Zhig&itar w7 D,
ETFL7=7 %y L2 (5=0deg)%Y 575> A
NI TR ZENTETVWBILEZERT 2. WIND
M#5%43,283 rpmic BV TE SN B HH1Z110 KWT
Hotzo— 1, MATOIBE L TE, BT O L ARk MFHR
ZRAED, RAKMLZ13210 NmEETho72, 2h
%4,800 rpmICBIFBHNICHE T 5L105 kW 7%z
D, BAHONEDLTNIE T Lz, ZNIE, B —F—D

IR 2 HER T 272012, 7T 72 ANYTD T Yy
VG EBEL L7, AP ODURNB AT —5 —%
[H & FREA TR 5, FAGIER AR O 2 { e >Tw
27:0TH 2. U EhS, BAHO, QuTFhofffics
WTHY 7 7LV RAE—F —WHIZIERAFEOH I BES
NBZEWTIPoT,

BE—Y—ICBIT S, RAHPORAKEREMEL,
AN ORKEEHFEICB I 2HNEEELD
StifE R 2 BR8ICR T BRIFHE, AT —4 — @i,
00— —BRBEHARMERBICTBEL, B 77
LV AE—% — OEESIZ ZHICTRD, BHIEHE N
FHERUT RO DERITEBRIAMBN P OEHL 72,
Bt OT, BERMS OEREKIIO LR OMEERZ
3, BHERAAIINT 53,283 rpmIFIch®En £31.8%

350.0
&
300.0
T 2500 110 kW
=
$ 2000
=)
S
T 150.0
5 !
o
o
= 1000
50.0 —— Refgrence motor
Ferrite motor (M
—#— Ferrite motor @
0.0
0 15 30 45 60 75 90

Current Phase B (deg.)

450 Arms ENIIESDEFALAE - E— 5 — ML i
Current phase dependence of motor torque at 450 Arms

125.0
mm Eddy current Loss (magnet)
n=91.3% Iron loss (stator)
B Iron loss (rotor)
120.0 Copper loss
m Output n=931%
2 =92.0% = o
i~ n 0% n=96.5%
@ 115.0
8 n=96.0%
2 Loss
=} n=95.8%
=
= 110.0
(@)
105.0 Output

100.0

3,282 rpm

10,000 rpm

Prop.1 (10k rpm)

BEEN i+ s sk omifss
m Simulation results for output and loss

ZOFYU7IVEER Vol.39(2024)

4,800 rpm

Prop.2 (15k rpm)

15,000 rpm 3,282 rpm 10,000 rpm

Ref. Motor



EHETIST MEADXEVAITERE—Y - \DBERREE

Study on xEV Traction Motor Using High Performance Ferrite Magnets

T L7o—7T, 10,000 rpmHfi30.5%FED AT
EEF o7, COEBEE LT, EEEIER IS, IS
LEMMEHIED U, MEOHRE TRk e, WA
HEREPBEEML 2 HBD T o5, KRS TIlEEE
ARFGE & UCBAH I 20 IE K IR R IR 2 F o TR L
72 EVHRDE—% — 134 v N =4 THEISh, 205
BOX U T EABEEPKHzA -5 — L7510, IE
LMERBIEZ V756 &0, WA R EREKIE
AL, SR £ 2 WTREMED D 5,

B10ICEHilli > 2 7 L DR E R, EICFAFEL T
WA= —THREINZREBERVFichy V7
ENLUTHERAE - —%2EHT 5. 91 T EIZHEEH
T, mAHII150 kW, & K[HE#:%(15,000 rpmTH %,
kT - —2WHTEA o N—F T2l —F =7
AV 2 AT TABTH Y, IR AKEHA50 Arms, FAH
$1150 kWTH 2, k> TEHEIDT I P E—F—D
BRENFEIRZ N —TE TV B,

BNQTREENY 77 Ly AE—8 —LAKDT —
o, FE IR U725, R0 INCfE S SR OB emtater |_ Prototype Toraue | pyamo
THENP0.7~11%E T L2 A ED o, AT —4—0n | Wattmeter ===
%ﬁ%ﬁbtﬁﬁé'@, Ry —MEET7 =74 Mk LLC temp. Coupling
WCEETAE, bIHPICHEMET 4 528, 100 kW controller
ﬁi%%—y—%%ﬁ‘f‘mﬁﬁf“ﬁ)él <‘:i7§53'i))’)7':0 ST 25 SO

3.2 EHIEER

BADMBHFEREZD LI, 7294 FE—F — % ME
U 7o o B RIS Q0 RIS AR F S &k U,
VI77LYVAE—F—Du—% = LUEIFEUCH D
ZEHEAL, 0—% —HaOAEERL 7 BIHAMEL
ea—% —ONBEEZRT KPRAHEIHATFA
HThy, TRFUBIBICL->TEEIN TV, 28,
RN EIZEREZR>TNRET I ZANY 7H IR
FUBBETHE N TWS, ZRIZYy 7 F2AL,
RAMEELH D 15,000 rpm E TR 2 IRH) 72 < MK 3
2L, NTUAFBEML . xBICIOR—Y—%
AT —%& — AT, REMZE RS ¥,

BELET £ 51 ME—F—DO—5— 1
m Prototyped ferrite motor (rotor part)

m Measurement system for ferrite motor

BRI fEL7Z27 294 b E—%—1D2,500 rpm,
450 ArmskDE — % — ML 7 -BRAAAHAREZ R
FTAERE—F— L 21350 deg. TRAMEZED, fif
MrE& BRS—BU 7o —77, RR PV 7 BIFIZ5%IET DY
200 NmThHo/zo 21U, 72V P MLIZDBBB L%
2ENRT A HE T L TR Z EICRELTEY, A
BEHROR AP HESIN D FEBRITFEAL 725
AORME(B) ZRAE LA, BITHEBE L Z3%
BRCBRETH Y, BREIMR DR S LZ MK L TH2E]
FEZICC 0o o MITKEICHORERNT 2LE 20

—&— Measurement

— — Simulation -—
-~

Motor torque (Nm)

0 30 60 90
Current phase(deg)

L E—5 —OBRAAR - E—5— ML
m Dependence of motor torque on current phase

ZOFYU7IVEER Vol.39(2024)

13




121z, 4,800 rpm, 450 Arms THEI S E72 L&D
MO EBROGMEREZ T T, 48, EHOFHEICIE,
THEL SNz o B L EEARE ST AT
%o £ 7z NG R OHigh Rdcik, BI8H OMFTQ@D
fRATAS SR CH b, Low RdcicBIL TREBERBR T 3, 2D
FES, TN D 105.5 kWi LT, 101.7 kW
720, TR H96.4% DGR/ O NIz FICEIL T
&, AT OHigh Rdexfbh1.4%m U 72, 21, sitE
HRENET L7 DEEEZON DB T 0K
ELTC BITICERLZY 7 7Ly AE—% — LEMEIC
FRHLZY 7 7LV AE—% — L CHEHRETIS 5T
Wiz, BATIREE (75°C) L EINREOTNBE LS
N D MELD T &, E T Z SAMER OEICZEE L TR
W#fTo7E 25 (B12DLow Rde), 21#1393.6% T
BTz FEMAERICIT, I & FEAfEEZEATE
D, EHTRER L O DERRIMET T 2D 5, Lo,
fEdT (Low Rdc) L EHOMEIIEB I Z—H LT3
LWz B,

120
Iron loss (rotor +stator)
== Copper loss
5 == Output n=92.0%
=93.6%
_ 1.9 4 °
B 1.9
= 110 n=93.4%
% Loss
o 2.0
5
2 105
=]
(@)
100 ﬂ 105.5 Output
95
High Rdc Low Rdc
Measurement Simulation

LI E—5 — D E A%
m Output and loss for prototype motor

ZOFYU7IVEER Vol.39(2024)

4, f&

EERE 7 £ 54 M A NME-150xEVE#EE —4 —
~DER A REMEICOWT, WS ICHET 5110 kWHH
DEVE—%—%Y 7 7L v A& LT, QFEIEEESA:,
QRFEFGDE—Y —2FREF L. QItBWT, At
BAONETET T2 2y bV oE2, VT 75
A MV DRI X > T, BEEINZ 1431518
B0, AHEHID110 kKWAB SN 2504:%2157.0
BV TRAEEE%1.565015,000 rpm& L, [FH
BTt Z DN ARG 2T 5 2 & T, OB Z
CIZIEA%Z D105 KWOH DB 6 Nn 3 5:64:%215872.@
DE—¥ — % RIS, FHi L, REHELY 75
APV O EEERL, BT I1ZIERH%TH 5, 102
KW N EHER L. XD, 100 kW8 2 2 E5
E—F =BT, ST 274 AP EATTHET
HBILERN LT 5%, BER7 T4 MEAE R
AP HOWOLNTHWBXEVHE—Y — DA OMEIC
DRETHZLT, EIRY A 78R & PR FALEIR O
VEDE L,

¥NMX, NMFE L UNEOMAX IZR &t e 7V 7
VDG RBEEE 7 IR T,



BEE T 51 MEAOXEVE T EME— 5 —AOBRARE

Study on xEV Traction Motor Using High Performance Ferrite Magnets

51 ISk

1) 7u7Y 7R, vol.38(2023), p.49.

2) ¥ BB XU EKES, vol.50(2003), No.8,
p.636.

3) /R A B X T EIRS, vol.55(2008), No.7,
p.541.

4) KARBIE:HEDEVEREE—5 —HFEOHEA ~ E—
5 —BiHE L2 BJMAGNDHRE ~, IMAGL—H¥ &%
(2017), p.2-1.

5) BAMEBRFELHIED, vol.140(2020), No.5,
p.410.

HAeH =7

Kyohei Aimuta
A&7 T 7L
WHFEBAFEAER

7 — VBT Y 5 —

i BT

Keiko Kikuchi
&t 7Ty 7L
TFZEFAFEATE

7 —OVESi T v 5 —
i (L2

W %

Shigeru Kemmochi
A& T BTy 7L
iRy e S

wN RA

Takeshi Nishiuchi

wRE&ETa 5Ty 7L
TS e

e flt: (T5)
£ v A
R
Ryoichi Takahata
RS H SZBUERT

WM N—T
y TNV=v AV T7I4 ) R=varvkry
: it (%)

ZOFUFILEER Vol.39(2024) IS






