R MR T voBEELD hLy -
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FERTAIEIZ B9 5 FEBRAVFRAE

HIfEx 20, iR
(ALK
Experimental Verification of Loss Dependence on Torque and Speed in Flux-modulated-type Magnetic Gear
E. Asahina, K. Nakamura
(Tohoku University)

(X C®IC
A, HEE R a2  HRIEBE T — X OB 3
ﬁiﬁ/wcﬁbﬂﬁz VBN, T TR T DR

$E%’§ﬁ%%@®ﬁiﬁ%é Z DI,
#ﬁ%fﬁﬁﬁT%ﬁwm#% HEHMPEE ST
Lo ZOXDEEID, FHITEF G, 80,000rpm
CENE AT B B 28 AL RS S5 Y O MG - BUE
R A T2,

AR TIE, AKXV OEKD Sy 5 JONERE
KAFPEIZOWT, 3ROTAIRESEYE BD-FRM) &5
BRI X > TRFT 21T > T O THE T 5,

BEERES Y OBt

Fig. 112, 4RI A3 D8RR PR R -7 DR T
BT, AERFTYOXY L 6.667 TH Y, AT
ENRIERE -, HAEIAR— L —ATHhH 5, £,
AN I D iE e #5550 % 80,000 rpm T & 5,

Fig.2 12, 3D-FEM CHH L7z hv o3RI R %
AT, RN, ARBEE Y OB KITHED A
fEL, MZITHEFELRNZ EDDDD

Fig. 312, SfEL 7= msEps ﬂ?“\’@%ﬁﬁ%ﬂ?ﬁ_o
R— L E— ARV Z R — R 81, AR &

T X DIRERDOIAEZL T8, 3T CFRP (fk#%F
@ﬁ%k771%y7)@%¢bto

Fig. 4a) I[ZEBR AT L E7RT, KXY MG
DAINZNIAA v F N T & o ZAF—4 (SRM)
G L, HAOMNZIZ M7 A= g LT-, &
BRTlX, SRM % 5000rpm, 10,000 rpm Clal#zs X,
FV 27 Z0IN-m2>5 04N-mE TEILEE7=, [F
KON T Y ORKOFEPEZ~T, 22 THE
O FEPMETL, Ao 2T A THIE L= 2805, SRM
HRCHEISL & T ORKZ5I< 2 & TR L7,
ZOXERSE, 5000rpm, 10,000 rpm i [F] #5523
WTHRIE, FHEEREFER, bz s
KIFE L7 Z 2 BNbnDd, 228, ARFEDO—ERI% JSPS
BLAfFE: JP23KI0189 35 K OVHIAL K22 AIE sl =455t
AR A IN IS T 1)

Gear ratio: 6.6067

y Axial length: 20 mm
o Diameter: 44 mm
/ - | Shaft diameter: 6 mm
“. ! Inner gap length: 1.5 mm
Outer gap length: I mm

Material of inner magnet  Sintered Nd-Fe-B
Material of outer magnet  Bonded Nd-Fe-B

Fig. 1 Spec1f1cat10ns of a prototype ultra-high-speed flux-
modulated-type magnetic gear.
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(a) Iron loss (b) Eddy current loss in magnets

Fig. 2 Calculated loss characteristics of the prototype magnetic
gear.

(a) ihe otor (b) Pole-pieces (c) Magnetic gear
Fig. 3 Appearance of the prototype magnetic gear.

P e PR CS— Py
J E— PSS B, °
........ 10000 rpm
++-5000 rpm

0 0.1 0.2 0.3 04 0.5
Torque (N+-m)

(b) Measured loss characteristics.

(a) Experimental system
Fig. 4 Experimental system and measured loss characteristics of
the prototype magnetic gear.

2% Xk

1) E. Asahina, K. Mitsuya, K. Nakamura, Y. Tachiya, Y. Suzuki,
K. Kuritani, J. Magn. Soc Jpn. Special Issues, 7, 85 (2023).
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Basic Examination of Instantaneous Torque Control for High-speed SR Motor
A. Okada, K. Nakamura
(Tohoku University)

[ZL®IC

AAf v F NU T XA (SR) =X, HEEN
HACEA, 2l CRUZIRWE WIHIRFRE AR T 5,
— 7, MZERMEEICHR LT h L2 U PR REL,
IRH) - BEEDRRENVEWSIHENR D 5,

R OFRREI G L CHEATARZE T, BRI R L
SrBeflE (IPTDC) 2RI Y, /NHERH B
HAHRA— e XA VL7 NRTAT SR E—FD Fig. 1. Specifications of high-speed SR motor 2,
M2 U ZRIRE) - BRE AR FTRETH D Z &8

RSN, 2L, AE—FORERKESE L Vprese = TVoc O\ [y Ty
(Hysteresis control)
1,000 rpm LA FToH Y, [AlfA%L 10,000 rpm Z 48 % % \

Gap length: 0.2 mm
Stator pole width: 32 mm
Stator yoke width: 1.6 mm
Winding diameter: 1.05 mm
Winding turns/phase: 44 turns

Winding space factor: 44.3 %

Voltage: 14.4V

SR E—Z T S AT FHNIE R0, ; /‘I [ \
T T CARTI, SICER TEAICHR SR y !
ISR 20,000 rpm D EH SR F— 4 2 125 LT, | [ bden)
. L Unaligned Aligned 6,
IPTDC D f & RA 7= D THET 5, T : Reference torque
Ty T Ty, Phase torque
IPTDC 0) :/ Salb— :/ 3 )ﬁ% 8, : Current vanishment position

Fig. 112, flli#ixf g & L7 SRE—H Ot E R~ T, Fig. 2. Schematic diagram of IPTDC.
AT —H OEERERHITH 10,000~20,000 rpm, &
¥ hLZ13X01N-m Th oD,

Fig. 212, ZEATHIZE CIRE S 4172 IPTDC D&
Z9, IPTDC I, FhREAHE] 0 BR 2 REICAE T 5 b
7 OREELS T2, GI0ERFIERD 2 DOHDOE
RV BESEIGEESE L2 LT, U TLEK
B A TH D, AKTIiE, MATLAB/ Simulink
#MWT, IPTDC % Fig. 1 o SR =—x @il L otatonslangle lz)
LIEBEDY I ab—araito7-,

Fig. 3 1T bV OFMRIEE & <, 8 ik &
IPTDC & & ([al#s%E 15,000 rpm, F#) kv 1% 0.
02N-m Th b, ZOXEH 5 L, IPTDC IZ XV bk
FHEI D B 2 E D bV 7 OFEBIARZ DB IEI S, VS
APMERENTND Z ERbond, SH%ITERKICE
HRGEEAT ) TETH D,

BEXR

1) H. Goto, A. Nishimiya, H. J. Guo, A. Honda, and O. Ichinokura,

Torque (N'm)

Total

Torque (Nm)

----- U -V w Total
COMPEL, 29, 173 (2010). b) IPTDC
2) K. Nakamura, Y. Kumasaka, and O. Ichinokura, Journal of (®)
Physics: Conference Series, 903, 012040 (2017). Fig. 3. Calculated torque waveforms of high-speed SR motor.
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Flux Barrier Shape for Reluctance Torque Improvement of Distributed-Winding Interior Permanent Magnet Motor

Kazuki Tamura, Kenji Nakamura, *Kenya Naruse, *Masahiro Kayano
(Tohoku University, *Aichi Steel)

[FLHIC

ARG (IPM) B—& 1%, NEHT) - @R T
HDHEMND, xRS TRHAMNER > TS,
—F, 7T v ANY TIENERICIRD 5 34T L EE
fEA OIRIZE LT D LERH LT, VI 74
VA MNVTERREWIBETAY TR E KT
D Z LIRS TIX RV, £ ZCAR T, 4% IPM
T—HEBEMRL L, BRABEDOG RS A
Ry RigADORAZRRIC, VIFT X AR %
B LR 7 T » 7 AN TIIRIZOWT, FEX
SMNEITS =D THRET 5,
REEEEEFI S v I RN TORRER

Fig. 112, ZZIMHA L1201 % IPM T — X Ok
JLE Y, Fig 212, b aiT-o727 7 v 7 AN
TR D — Bl % 7T, FIRIZR L7 EAR 1 ER &
il 2 EEOMIZ, VoL JER, M1 ER, M3
JEWD 5 ORI D7 T v 7 AN T 24T HE
HEFIZDWTC, Il -HEORE AT 72, MA T,
Fig. 3 1T/”R T XK 918, BRMRORHE A2 2, 85Ik
DT T w7 AR TIZHONT Y, fl T EOER %
IToTe, 7235, AT 2 IROC A IREF L (2D-FEM)
ARV, SBICVIIH AT DRIERTD
728, BEAIFERVERE, RbVICHER T ) v U EA
{2 LT, MAMKRIZE DMK TV v ¥ ORA T
EE LT,

Fig. 4 12, e {b% O 28D 7 7 > 7 A
V7R ERT, 72, Table. 1 IZITKT7 T v 7 AN
UTICBTDY I E A NI DRERIEE, 0
RED dlilfiA > X B A Ly, qlhA VX7 XA L,
Rtz r~d, TORYADLE, HAIL 2 BE K
YUV TITHANVINRENT ERNbDND, T4
Db, V77X ARV BT O RS &
WXTT7T7 v 7 AN TIRERBEETH D Z &R
Linklroim,

# r Outside diameter (mm) 150
\\\\\\’\\‘t\‘%&Eg .‘j l///’/;/ > Inside diameter (mm) 45
*\;\3\ é/ Stack length (mm) 60
}; ’5;’;,: Air gap length (mm) 0.6
| IZ=2 | No. of stator pole 48
e \‘@ No. of rotor pole 8
{2/(54 S . No. of turns/slot 9
i /f}//gj? g gk\\%\\ > Winding space factor (%) 60

Ao\ LR

Core material Non-oriented silicon steel

Fig. 1. Specifications of distributed-winding [IPM motor.

“ o
|

Fig. 2. Flux barrier shapes for comparison, (a) Flat-shape, 1

\
K

layer, (b) Arc-shape, 2 layers.
i

Variable |Search range
name | Mmn | Max
'|[Depth of flux barrier] dy | 0.1 [12.15
Inner radius of the
second layer
Outer radius of the
first layer

Parameter (mm)

da 6 18.2

d 12.15] 242

Inner radius of the

. d 12.15] 24.2
first layer 4

Fig. 3. Parameters to be optimized in elliptical arc shape, 2

layers.

Variable Optimum value
name (mm)

Parameter (mim)

W —
? Depth of flux barrier| dy 34
Inner radius of the
q 14.1
second layer .
()ulurumdills of the s 18.0
first layer
) Imlcr'm(lmc of the s 27
first layer

Fig. 4. Optimized barrier shape in elliptical arc shape, 2 layers.

Table 1 Maximum value of reluctance torque, g-axis & d-axis

inductance, and saliency ratio of each flux barrier shape.

Maximum d -axis q-axis
Model reluctance torque | inductance | inductance | Saliency ratio
(N-m) (mH) (mH)
Flat-shape, 1 layer 18.96 0.48 131 2.75
Arc-shape, 2 layers 19.52 0.39 1.20 3.05
Elliptical arc shape,
P P 24.10 0.38 147 3.8
2 layers
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45 A BLARLE T — ¥ OREE BT 5 R

AU, thiffE
(RAERS)
Magnet Arrangement of Concentrated-Winding Interior Permanent Magnet Motor
with Nd-Fe-B and Ferrite Magnets
T. Obana, K. Nakamura
(Tohoku University)

[TL&MHIC

ARG (IPM) B— & 13, KARGA % [lds -8R0
WEBIZHLDIA LT E— X DR TH D, IPM E—H
X, <7 %Xy N MZITIMATY S 2 ARV Y
LR TE 5720, ;- @mdhgEiee—4% L LT,
Bk & 7o @IS & 2 ik U, i s 08 — %
AEF—IZRKRELSEBRLTWD., 2D IPM E—X (T
BT, LT 7 —AOMHEARC/ N LA HIRE S
NTW5D.

AT, IPME—X|IZBWTL T 7 — A &% 1
XTI R M R ESELZEEEME LT,
T =T A ML RO L72ENE IPM £ — X DR
ARLEIZHOWT, 2 koA BREFEE (2D-FEM) % H
WTHET LD THRETH.

2154 FERGHE IPM E— 2 OB AERE
Fig. 112, AR CHRUEL LI-ETERIPM £ — ¥ %
R, 3AHS MR 12 Ay NOEFERE—XTHD,
FE - RAEMETHRUICHNORTWDE DO TH
5. AFETI, 20 IPM T —% OEEFRERIZZE 2
T, Fig. 2@)~OIZR"T L 272 6 OB DA
Bl A AT AEEETICHONT, M7 EEREEL
7o, fEATSREIX, [EIEEER 9000 rpm, FEFTENMME 15 A
L L7-. 723, 2D-FEM (Z1%, BRISOL Hlo> dEms i
7w 77 5T 5 IMAG Designer 21.0 % 7z,
Table 1 12, FBEAREICK TS MLy O KIES
. [WFE LY, Fig. 2B L OO)OBAELED kv
INRREL, BET—FNHH03Nmm L.
WNT, Fig. 3 IZRATRLE (a)d8 J (b)) DV TR
WEfNT 24T > TS R 2R 9. FRMT SR I E ARG I D
3ETHDH45A L LT RKEY, BABLE @)X 1,
2 EHEBIZTRDOT =T A MEADRKE BREL
TWA I ERbMD. —F, MAREDL) TIL2EH
WG R A Y DA DSl A o3 MR L T D

DHTHD. Lizino>T, bsim k&Rl o
BEDRT, BAOREOG) N REREARE TH 5
LWz D, A%IE, EE—- ML RRESRIER LI
DT HHE - BRiTE1TO TETH S.

(

- Nd-Fe-B Ferrite
Fig. 2 Magnet arrangement for comparison.

Table. 1 Comprison of the maximum torque of each magnet
arrangement.

Maximum Maximum
Model torque (N *m) Model torque (N *m)
Reference 356 () 2.66
motor
(@ 391 (e) 3.01
(b) 3.84 ® 3.66
(c) 3.21

Demagnization ratio
(%)

100.0000
95.0000
90.0000
85.0000
80.0000
75.0000
70.0000
65.0000
60.0000

Winding method Coticentrated:-
winding
Rotor speed (rpm) 9000
S Nulml;elr of 8/12
L poles/slots
Material of magnet ~ N49SH-GF
Material of iron 35A300
core

Fig. 1 Specifications of a reference IPM motor.

§5.0000
50.0000
45.0000
40.0000
35.0000

30.0000

25.0000

20.0000

15.0000

10.0000

$.0000
(b)

0.0000

(a)

Fig. 3 Comparison of contour diagrams of the irreversible
demagnetization ratio.
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Drive Range Expansion of In-Wheel Axial-Flux SR Motor for Compact EV
Y. Nishigai, K. Nakazawa, K. Nakamura (Tohoku University)

[ZLHIC

HIZEELIL, THXF Vv Ay vy TRDOZA v F
F)Z 2 H A (SR) B—XORMEFE L, £ ok
A —/VEREh R/ NUEK BB #E (BV) ~O A %
TV, FEREETTICHRSh Lz D, —F T, kot —
LT B HBEREE RV 7 SyEdiiEE (IPTDC)
T, @EEERERCH ) MV AMET L, HEilje L
T OEREIR RN Z E A S T o7z,

Z ZCARTIXIPTDC 2B L, fEkEE ST
N R KT 2 [FTERIE S0 B L 7 1T U TRk A
LS H2@EEXMATEHIE TMZ, & 57 s m-
A E CEREN IR A LR T o Z LA HEEL,
B2 1235 B LIeflEIc W TRET 21T o 72,
BE LY FIEFEOLE

Fig. 112, ZERICHW =T v v /LX v v 7 SR
FT—HEFT, A SR E—XEHIESEE LT, #€
$D IPTDC, IPTDC Ol X [H % koAb 3w %
WX 2RI, U ChREE b oL s TIRELS,
¥ MV T A EISERE S 5 ) bV il %
FALTZBA OBE— Mo Bk, WIS b v 7 g
EEELTCHREZT T, 7F, ¥YIalb—var
121X MATLAB/Simulink & Hv 7=,

Fig. 2 12, IPTDC & @EX M A Z IO kv 2
Bxrd, ZOROEEESE v 7id 400 rpm, 60
N-m TH %, IPTDC TiLihit) v 2 Bz hv o o
BHE T THERSEICEETE TWLRND, EEXH
AIERBE CITBRETE TWD Z Ebnd,

Fig. 3 1%, REXME TR &~y il o
M7 EIEDOHE TH D, ZOROEERK S M vy
£ 800rpm, 40N-m TH D, ZOREEL L, FHy
L7 HIETCIE, KV mEsEkE THEAHE SR o
WY RN T BRETETNDZ ERNDND,

Fig. 4 12, W — ML KDtk & =7, [FX(a)
WUERD IPTDC OfERTH Y, [FX(b)23 %) kv
7 HilAE) & @ AR K R AT A A & AL A B R T A O
RThsd, ZNOHOMEY, FREHEIC XV EREE
WS KIEICIER L= 2 E b5,

222 mm
T Voltage 2V
< \\ i ) Gap length 0.3 mm
/—':N.;‘" k2 ) Number of turns 99 turns

!
=

= ] a3 Winding space factor  62%
- \;’,4‘[ g Weight 14.4 kg

X //"l‘ Weight (incl. housing) 32.3 kg
] Core material 35A300

Fig. 1 Specifications of Axial-Flux-type SR motor.

I*ru v T tw T Tiotal ™ T'| [71'0 W Tw —Total T'|
120 120
100 100
E.SO ‘é‘BO
“60 Ree ~ 60
%40 %40
20 £20
S LN N I

.20 & 28 S AS 5 220 1 28 3 A5 5
Position (deg) Position (deg)
(@) IPTDC (b) Variable commutation period control

Fig. 2 Comparison of torque waveforms at 400 rpm,60 N-m.

Iifu Ty ——Tw —Total ™" T'| Iifu Ty —Tw —Ttotal " T’|
120 120
100 100 |
=80 80 f
- 60 - 60 F
Z Z
940 2 40 foofoe L o N o e R f e
20 g 20
o i= \
=0 = ) .
20 1k 25 5 15 3 220 1E 25 5 A5 5

Position (deg) Position (deg)

(a) Variable commutation period control (b) Average troque control
Fig. 3 Comparison of torque waveforms at 800 rpm, 40 N-m.

9 90
80
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g 60
{ 50

T'=80N-m

u
£ 40

2 30
20

10 10

0 0

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Speed (rpm) Speed (rpm)

(a) IPTDC (b) Proposed method
Fig. 4 Comparison of calculated speed-torque characteristics of
IPTDC and the proposed method.

%35 3Tk

1) EMAEM, %R, — A, BRES SR T A VI A
Fgesdkl, MAG-17-2 (2017)

2) HREOK - AT, ERFASEEREF A E R, RM-22-114
(2022)
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Examination of Air Gap Flux Density Waveforms of Flux-Modulated-type Magnetic Gear
A. Okazaki, T. Sumi, K. Nakamura, *T. Shinji, and *K. Takeda
(Tohoku University, *TDK Corporation)

[ETLHIC

W5V IR IR CHBOR FIRE T D78, HEIK
HF VLI LT, IRERRE N/ NE L, RS
BEND, ZOHRTHBAERUE KX YL, My
R L E <, ERMERR LIS N THD Y,
AREFRER X Y ORK ML 70 hvy U 7L
ElE, W 2 DD ZERRNOREFR AR IR KT T D
T EnG, ZERRRGHRE Y 2 EfRICRE T 5 2 &
IHRD THEETH D,

= ZCARRRTIE, WS 2 DDOZERRRL A N &
[FIRF LB ATRE 22 M E R A HEEE L, JE S Av7= 22t
T R & 2 DR IZ oW T, ARREHR
1% (FEM) OfER & HRGEE L 7= D THE T 5,
IR EZE RO RIERER

Fig, 1 |2, MORZERABKT VY Osécatr~d, N
TIRIEE - DR s 4, SMARIEE 7 DO Fis $0)s 22 ¢
HDHZEMD, XYHIZE55THD,

Fig. 2 1T, M5V 0022 Bk oRUR: BE I 1 oD I E 5%
OB ERT, BRIEXYIL, Bz 2otk CoOZEmEL
FE LRI OWEZIT 2 72, WAMalER - & AR—
E— 2 HBICER TR EIE L o TV D, £ 72,
R A LTI i oo s— k%
RIEF YISO ZERRICHEAL, I EAR—1tr
PEEFZEE D Z LT, 2 DDOZEROILE DONLE A
DHHEEZFRFICNET HZ LN TE D,

Fig. 3(a) (2, WNMRIEIER A DRGSR —/L B —
AN L o TEF S N1 O HMU 22 b8 o8 FE I D
BIERER 2R, PFEC, RS0 2D-FEM B8 L O
3D-FEM OREMREZRT, R LY, WRlEEET
DRI BAZHRT D 4 IRy 2 X—AIZ LT, £2
TR N EE L TWD Z Enbns, [FX(b)
X, &2 OWKEmRmE 7 — I =488 (FFT) Lok
RThd, ZORERDE, SMUBEHERIZFEBIL,
NV IAREEIZE 595 22 ARG DIRIEADS, AP T
BHD AW DWITKENT EDROND,

B 3R
K. Atallah and D. Howe, 37, 2844 (2001).

Outer rotor Gear ratio 5.6

(Low speed rotor) Outer diameter 106 mm

Axial length 15 mm

2 mm (Inner side)
1 mm (Quter side)

Air gaps

__ Pole-pieces Inner rotor pole-pairs 4

Outer rotor pole-pairs 22
Number of pole-pieces 26

Rotor core material

\. Inner rotor Pole-piece material 3642

(High speed rotor) Magnet material Sintered Nd-Fe-B

Fig. 1. Specifications of flux-modulated-type magnetic gear.

encoder

— Sy

Fig. 2 Measurement system for air gap flux density waveforms.

08 ——2D-FEM ——3D-FEM — Mess.
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(a) Air gap flux density waveforms
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(b) Frequency components

Fig. 3 Air gap flux density waveforms and their frequency components.
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