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<Paper>

PEIEE Landau BEHIRILF—FTFILZALV: YIG OREH A H =X L@

Analysis of the coercivity mechanism of YIG based on the extended Landau
free energy model

MA@« BIHAIKES @ « AL Foggiatto @ « —{RT-F& 2 « /il E A 2 f
& OB R R HE TR, OSSR e 6 — 3 — 1 (T 125-8585)
D YR - BRI ZERERE (NIMS), ZSRES<IEHTH 1 — 2-1(7305-0047)

K.Masuzawa ®, S.Kunii ® , A.L.Foggiatto », C.Mitsumata » and M.Kotsugi @ t
a Tokyo University of Science, 6-3-1, Nijjuku, Katsushika, Tokyo, 125-8585, Japan
b National Institute of Science (NIMS), Sengen, Tsukuba, Ibaraki, 305-0047, Japan

We propose an "extended Landau free energy model", which can deal with the complex microstructure of magnetic
domain structure and explain the magnetization reversal process using modern data science. The energy landscape is
newly drawn in the information space by persistent homology (PH), principal component analysis (PCA), and Ising
model for the magnetic domain structure big data of YIG. The PH and PCA analyses yielded high-quality features that
explain the microstructure of the magnetic domain structure and magnetization. The energy landscape shows that the
mode of domain formation changes sequentially with the energy gradient: nucleation, elongation, branching and
widening of magnetic domain. In addition, small energy barriers were visualized, suggesting the extraction of hidden
features difficult to recognize by human eyes. This model allows us to establish a relationship between the
microstructure of the magnetic domain and the magnetization reversal process based on the energy.

Key words : magnetic domain structure, machine learning, energy landscape, Ginzburg-Landau model, persistent

homology
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nnnnnnn

Birth

Fig. 1 Schematic sequence of Persistent Homology (PH) analysis.

(a) Analyze the Manhattan distance from the boundary in the binarized black-white image, and index them to each

pixel. (b) Fatting/thinning process in PH. Increase/decrease the threshold and record the birth and death of holes.

(c) Plot the recorded birth-death pairs as a two-dimensional map and create a persistent diagram (PD). (d) Typical

correspondence between PD and the original image, where information of PD can be a useful feature of the

microstructure.
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computer
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Fig. 2 Schematic diagram of the Kerr microscope
measurement system.

The magnetic domain structure was acquired with
linearly polarized LED light in a polar Kerr
configuration. The magnetic field was applied
perpendicular to the sample surface. The CCD
camera and the electromagnet were linked by PC
control. Image acquisition and magnetic field
scanning were carried out automatically to obtain
big data of the magnetic domain structures.
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(a) - §): Magnetic domain structures continuously changes according to the external magnetic field. (k) - (t): PDs
also continuously change according to the change of the magnetic domain structure, and quantifying microstructure

of magnetic domain. PDs were used as input for machine learning.
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Fig. 4 (a) Magnetic hysteresis curve of a YIG thin film (t = 475 um). (b) Classical energy landscape of pseudo-
exchange energy. The coercivity region is located almost at the top of the energy landscape.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022 5



AN (d)
(b)
N

- %109
"Hj ( L M) -
§ / i
80 (@) }h oég o
s@ e
i & 'p )1 .

E Nl.'lcleg{ﬁion .

%ﬁ Q)‘ f Coerﬂ\nt
‘i@ :
"OQ’ (f)

Saturatior

0
()

(810) £310Uf 93UBYIXF-0PNASJ

—40

Fig. 5 Extended Landau free energy landscape drawn
by PH and PCA.

Extended Landau free energy model is the energy
landscape drawn in the information space, with the
features generated by PH and PCA as explanatory
variables. The relationship between the magnetic
domain structure and the magnetization reversal
process is connected through energy. PC1 and PC2 are
the eigenvectors obtained by PCA, and the colour is the
pseudo-exchange energies. Red arrow shows the
magnetization reversal path from saturation to

coercivity to saturation.
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Fig. 9 Detailed analysis of the extended energy landscape. The gradient of the pseudo-exchange energy for PC1 is
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energy. We could also visualize the small energy barriers (III) and (IV). It is suggesting as a hidden feature that
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Magnetic Properties and Reliability of Fe-Based Nano-crystalline
Materials by Heat Treatment in Magnetic Field

PEATEIRESE DT« RIBFIK Y - PEBEEY - BrEEEM
D AARRPEE TR LR, IS iRAT 1-2-1 (T 275-8575)
DR LR, B RO EE T IR 2-31-14 (T 352-0001)
H.Sakuma ” ', S.Yazawa® , H.Watanabe” , K. Niizuma *
2 College of Industrial Technology, Nihon University, 1-2-1 [zumi-cho, Narashino, Chiba 275-8575, Japan
» POHSEI INDUSTRIAL CO.,LTD., 2-81-14,Touhoku, Niiza, Saitama-Pref., 3562-0001, Japan

)

Nanocrystalline Fe-Si-B-Nb-Cu alloy ribbons were annealed in the magnetic field of 400 kA/m applied in the width
direction of the ribbon to investigate the magnetic properties and structure. Induced magnetic anisotropy was
obtained at all temperatures in the heat treatment range from 460 °C to 660 °C. The best magnetic properties were
obtained in the high frequency region above 100 kHz in the magnetic field heat treatment at 550 ‘C. The relative
permeability z» at 500 kHz was 9000. Magnetic core loss was very low value of 180 kW/m? at 100 kHz after magnetic
field annealing. The generated crystals had the structure of aFe (Si) and the grain size was 13 nm. It was also found
that the induced magnetic anisotropy imparted to the core by the magnetic field heat treatment at 550 °C was
maintained in an environmental test.

Key words: nanocrystalline, soft magnetic material, induced magnetic anisotropy, iron-silicon-boron-niobium-copper

alloy, high permeability
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Fig. 1 XRD spectra of nanocrystalline Fezs Siis Br Nbs
Cui alloy annealed at 460-660 °C.
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Fig.2 XRD spectra of nanocrystalline Fers Si1s Br Nbs
Cu alloy annealed at 550 °C with magnetic field.
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Fig. 3 Change in the lattice parameter of
nanocrystalline Fers Si1s Br Nbs Cu1 phase with
annealing temperature with magnetic field.
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Fig. 4 Crystal grain size of nanocrystalline Fers Si1s Br
Nbs Cui phase with annealing temperature with
magnetic field.
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<Paper>

Study on vibration power generation using ferromagnetic superelastic alloy

INERESE - R IE—RR Y - i T
DHAL KRB LBIEIZEH, BT HFHERRA 2 TH 1-1 (T980-8577)
DRSBTS, it 1 T H 13-1 (T985-8537)
K. Ozawa ¥, S. Hashi ¥ , and K. Ishiyama 1
@ Research Institute of Electrical Communication, Tohoku Univ., Katahira 2-1-1, Aoba-Ku, Sendai 980-8577, Japan
b) Faculty of Engineering, Tohoku Gakuin Univ., Chuo 1-13-1, Tagajo 985-8537, Japan

As a novel method of vibration power generation, we propose a mechanism that utilizes the stress-induced
phase transformation of ferromagnetic superelastic alloys. Since the parent phase of Fe-Mn-Al-Ni alloy is
ferromagnetic and the martensite phase is antiferromagnetic, there is a possibility that the magnetic changes
associated with phase transformation can be converted into electric power by electromagnetic induction. Therefore,
the characteristics of Fe-Mn-Al-Ni alloy were measured with and without stress. It was confirmed that the magnetic
flux density decreased when a compressive stress of about 450 MPa was applied to the sample but returned to the
original state by unloading. In the observed microstructure, martensite appeared when a compressive stress of about
450 MPa was applied to the parent phase, but disappeared when unloaded, and a reversible change confirmed that
the phase returned to the parent phase again. An analysis of the martensite phase fraction revealed that a
magnetization change was obtained in accordance with the phase fraction. EBSD measurements also identified the
crystal structure as bee in the parent phase and fec for the surface undulations caused by strain. From these results, it
was clarified that the phase transformation occurs due to stress.

Key words: energy harvesting, stress-induced phase transformation, superelastic, electromagnetic induction
martensite phase, parent phase
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Table 1 Characteristics of each ferromagnetic superelastic alloy.

Alloy Processability Magnetization of Magnetization of Strain
parent phase martensite phase mechanism
(emu/g) (emu/g)
Ni-Mn-Ga? X 47 58 Twin deformation
Co-Ni-AlY A ~34 35~40 Twin deformation
Ni-Co-Mn-In® X ~100 ~0 Magnetic
field-invited
transformation
(metamagnetic)
Fe-Mn-Al-Ni? O ~70 ~0 Magnetic
field-invited
transformation
(metamagnetic)
Pickup coil Compressive stress Compressive stress

Fe-Mn-Al-Ni alldy

Pickup coil
(for differential)/
Pickup coil

Fig. 2 Jig for applying compressive stress.
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Fig. 3 Stress application jig for surface observation.
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Fig. 5 State of Fe-35Mn-16Al-7.5Ni alloy surface with

and without compressive stress.

Fig. 6 Reversible change in stress-induced phase transformation of Fe-35Mn-16Al-7.5Ni alloys.
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Influence of Jahn-Teller effect on crystal structure and magnetic properties of
CoFe2.xMn.Oy4 synthesized by solid-phase method

AR A R BT EE B I &
KBRKRZFREBE TR, KRBT L T 2-1 (T 565-0871)

H. Kashiwagi, S. Fujieda’, S. Seino, and T. Nakagawa
Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita-shi, Osaka 565-0871, Japan

Bulk CoFe2..Mn,Os samples were synthesized by using a solid-phase method at 900 °C. Though a CoFe204 sample (x = 0.0) exhibited
a cubic structure, a tetragonal structure was observed in the samples withx = 1.2 due to the Jahn-Teller effect of Mn3* ions. The lattice
constants at the a and ¢ axes of the tetragonal structure increased and decreased, respectively, as x increased. Thus, the degree of
tetragonal distortion (c/a) became larger as x increased. Although the saturation magnetization decreased as x increased, the Mn
concentration dependence of coercivity exhibited a maximum of approximately 600 Oe at x = 1.6. This value was larger than that of the
x = 0.0 sample. It is clear that the partial substitution of Mn3" for Fe** in CoFe204 is effective for improving the coercivity of bulk

samples due to the Jahn-Teller effect.

Keywords: spinel ferrite, Jahn-Teller effect, lattice distortion, coercivity, magnetic anisotropy
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Fig. 3  Magnetization curves at room temperature of
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Fig. 4 Mn concentration x dependence on (a) saturation
magnetization Ms and (b) coercivity He of bulk CoFe2.xMnxO4
samples with 0.0 = x = 2.0. Data of fine particles are also
indicated for comparison®.
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Evaluation of high-frequency vibration characteristics of inverse-
magnetostrictive effect-type strain sensor
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Our laboratory reports the characteristics of an inverse-magnetostrictive effect-type vibration sensor that
detects high frequency vibrations. Our sensor has a sensitivity of 0.61 mrad/ppm when static strain is applied to it.

However, we estimate that our sensor can detect high frequency vibration without deterioration in sensitivity.
Therefore, we conducted an experiment to evaluate the capability of the sensor for high-frequency vibration detection.
As a result, it is revealed that the sensor has a sensitivity of 1.09 mrad/ppm at, in this paper, 20 kHz. It can be said
that this inverse-magnetostrictive effect-type vibration sensor has high sensitivity even in high-frequency vibration.

Key words: inverse-magnetostrictive effect, strain sensor, vibration sensor, high frequency vibration, magnetic thin

film
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Table 1 Comparison of the sensitivity of
other sensor.

Sensor Gauge factor
Piezoelectric strain sensor® 167
MEMS capacitive sensor? 430
Sensitivity
AE sensor!? 1 mV/nm
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Fig. 1 Schematics of sensor structure.
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Fig. 2 Heat treatment condition.

Fig. 3 Magnetic anisotropy changes of
magnetostrictive layers under applied stress.
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Fig. 5 Setup for measurement of sensor.
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Fig. 6 Setup for carrying out experiment
with phase-change-detection circuit.
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BRI aL—YavItkdadL—rrHEERRE Y ORI
Analysis of coplanar line-type thin-film magnetic field sensor by
electromagnetic field simulation

LR DT, REVTZZRA Y, KZIE— 9, #HE Y9, IhpnIEREY
O LR TSR, AT X KT 73 6-6-5 (T980-8579)
O R B ZERT, S IR 9-5-1 (T 981-3341)
) BALKFIE TERRIERY, G TR SEIX HE 4 77 6-6-5 (T 980-8579)

T. Ishihara @1, H. Uetake », J. Honda ¢, S. Yabukami 9, and M. Yamaguchi &
® Graduate School of Engineering, Tohoku Univ., 6-6-5 Aramaki Azaaoba, Aoba-ku, Sendai 980-8579, Japan
b Research Institute for Electromagnetic Materials, 9-5-1 Narita, Tomiya 981-3341, Japan
o Graduate School of Biomedical Engineering, Tohoku Univ., 6-6-5 Aramaki Azaaoba, Aoba-ku, Sendai 980-8579, Japan

We have developed highly sensitive thin-film sensor using a straight coplanar line structure. High-frequency characteristics were
analyzed to improve the sensor’s impedance and S-parameter in consideration of transmission line theory, ferromagnetic resonance, and
the complex permeability of magnetic thin film. A finite element method analysis was performed on the coplanar line-type thin-film
sensor. The calculated S-parameters and impedance were in rough agreement with the measured value including the FMR frequency.
The attenuation of S21 was caused by an impedance mismatch inside the sensor element.

Key words: magnetic sensor, thin film, coplanar line, electromagnetic field analysis
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Table 1 Fabrication conditions.

Start

CoNbZr  SrTiO Cu/Cr
Power (W) 200 200 200
Ar pressure (mTorr) 5 20 20
Thickness (um) 1 0.5 1.6/0.2
GP-1B
Network analyzer /’—\
HO O
/\/ SEEEE A,
OSREE
Coaxial cable
Probe
Power supply
Helmholtz Coil Sample

Fig. 2 Schematic diagram of experimental setup.
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Measure frequency dependency of
complex permeability of CoNbZr film
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Input complex permeability of each DC
magnetic field as material property
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Optimize mesh at 4 GHz. Then,
analyze from 0.5 to 4 GHz by 0.1 GHz

~ =

Convert Z matrix to impedance Z
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(a) procedure for calculating impedance

C— 72 72 —0
Y
O O
(b) equivalent circuit of sensor
Fig. 3 Flow chart of analysis.

I Dielcetric layer (SrTiO: 0.5- pm thick)
| & =20 Magnetic layer (CoNbZr: 1- pm thick)

1
L a = BO0000 siemens/m

Fig. 4 Simulation model of sensor.
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Fig. 5 Frequency dependency of complex permeability
measured by shielded loop coil method.
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Fig. 6 Magnetic field distribution calculated by HFSS.
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Fig. 7 Frequency dependency of measured impedance.
(The impedance when 0 Oe is used as a reference)
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Fig. 8 Frequency dependency of calculated impedance.
(The impedance when 0 Oe is used as a reference)

PUE, BEREMROBEINPEL LM Sh, V77X
AT OB S BT R S D . AR R
B CIL, BEVERERR OO —E8 5 RS AU X0 R TR bk

ENDZ LD, BRI X 2 it g o B s L 19,
MO 2 AT DR EMRIE & L Com a8 %5
& L= f@#tric 72> T 5. Fig. 7 & Fig. 8 TIE, ikt
I E R TIPI R & 720, VT 74 U ARENSAIL
A Uiz, Eiz, SRS R SO E R R O B X

D EREMASZE L U, S ORI E YV T X v
A D FEPNE & AT CEPERIIS R U, AT T O %4
MR RENTZE LB, RFENRE IR TFORFICEM
ThHZ EEWALNE L.

FERE & BRERAE ORRED FER T v TR ST
2% CoNbZr #IE2M0E (1.15mm X 1mm) 3, &
e FURHT Il A U 72 BRI E R & 13- HER B2 o C
WAZ L, MHEIN T at R, Ay ZEC L) ERER
CoNbZr FHBL~EA SN CREREEN AL LIz &, &
WX OBEERBEN L5 WBENEZ OND. £72, 1.0- 1.5
GHz 28T, Fig.7(a), Fig. 8 (@7 HHHIOAESNEAIS
o TWDHZ ENbnDd. i Fig. b OFBEEHGTIC
HHTDHE, 00e L0 600e lITBITHENBNEL o T
WAHZEIERLTWS., ZofmE LT, CoNbZr
DEHEREAEEIZ LY 0 Oe BT DBRERN 1 L2 BN
L, WAL RIS 572D BO v — 2 OlF
BIEND Z ERZET Hnd. U, £& L CEREE
BEBK SN DT, PO ESPRAIR 7B XD
5. F7m, FEIMEICHOWTIE, AFE LY HESHKE
K7poTWD. Ziud, FEHHEMENTE &V b ISR & R
FEINRED SIHFE D ZENR KR E WD TH L B2 HiLs.
3.2 HIMEFRBEFRFEO L

Fig. 9 1T ¥ DA v =X 2D EEAENEZ R L
LD THD. HEIEIR 0 Oe OfEZ HKUEL L. HIUNE
TRBEA OB X 0 WK E 2 & 2 850y = A AN 21k
T A AL TN & BERRIE CEMERNICHE LTV D &5 %
LD, —H, AU E—F L ANRMRARAE L 7 5 E R HE
T & AT TR 2 o 72, ZAUIREME TR PN 8 0 05 MER
SDNEREEETEAAEE & & T FE A CoNbZr HEEIZ I\ T
10 Oe PR D Z LICER LT AT B bhbh
5. & 2 CHEREAEFG A OWEII L LT Wi & =
IV T D CoNbZr LT 350 T ILBEME PN o B
TR BRI o TVt ESND Z v h, ZORS
PERE(10 Oe) 2 NG U CRERAMNT 21T > 72,

Fig. 10 (X ¥ Ox v U 7JEHESE U CTHEMAT 2 Hi8
Th b 1.5 GHz B LV 2 GHz (282 EE LT, Hik
WREBCSEZERICBIT oA v E—4 v A2 RZHIfE L
SEMICHOVWTHE LS D ThD. Fig. 7, 8 LRIKED,
FIIRER 0 Oe OGAZFEHEL LT, ZHUSHT DH%H
bR AR L2, Fig. 10 XY, ERMEIS 5 B E D
F721%, 1.5 GHz €, 50%LLN, 2.0 GHz T 30%LANTH
o= F£i2, A VE—F U AITRR OB Lo o THY
ML, RGHERIUCH Y T DR CRAME L 220, %
DB U=, ARBEFUACIEEREDZ A FRE L Y &

Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022 31



INDEX

— 6 T T T T 1 T T T T T T -
<) 5 Magnetic field (Oe) ——0 25 Magnrtic field (Oc) 0 o
= r -—6 == 30 7
e o 098
L4 15 - 50 v
N, 60 S 0.96
' 7 Q
= =]
@ 2 1 £ 0.94
5! f =
E < 0.92
S0t 5
(0] = S T
g‘ -1 L L L L = ‘ _ 09 L L L e Il Il Il
= 500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Frequency (MHz) Frequency (MHz)
(a) measurement (a) amplitude of Si1
& 6 ‘ 0.16 ‘ ‘ ‘
\éf 5 0.14 | Magnetic field (Oe)
I 4 50.12 |
S v
N, S 01t}
T, 2 008 |
N 2 006 |
§ ) g 0.04 L
g 0F 0.02 |
g"-l I I I L ! L 0 I | I | I |
= 500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Frequency (MHz) Frequency (MHz)
(b) calculation (b) amplitude of Sb1
Fig.9 Frequency dependency of impedance. Fig.11 Measured amplitude of S parameter.
(The impedance when 0 Oe is used as a reference)
1 T T T T T T
a 25 . Magnetic field (Oe) ——0 20 50
2 771 1.5GHz 5
s =
< ‘s
X 1.5 S
v ]
g 1 2
3 5
> 0.5 §
2
g0 —*—Meas. 1
2. —+—Calc. 09
é _05 I I I I I I I N ! ! ! ! ! !
0 10 20 30 40 50 60 70 80 500 1000 ISO%re%]?l(égc}12€&(i{Z§000 3500 4000
Applied tic field (O .
pplied magnetic field (Oc) (a) amplitude of Si1
(a) impedance at 1.5 GHz
0.16 \ \ \
a 5 : : Magnetic field (Oe)
€ "[ocm 014 —0 2 e 50
S 4t 1 o7 012
E’ 3 < o1l N
v 5 § 0.08
S = 0.06
N
3 5 004 - B
_§ 0 —+—Meas. | 0.02 L 7
& —+—Calc. 0 ! 1 I I I I
E -1 L L L \ L L L 500 1000 1500 2000 2500 3000 3500 4000
0 10 20 30 40 50 60 70 80 Frequency (MHz)
Applied magnetic field (Oe) (b) amplitude of Sk

(b) impedance at 2.0 GHz Fig. 12 Calculated amplitude of S parameter.
Fig. 10 Comparison of measured and calculated
impedance change of applied magnetic field. N
3ISNSA—R XYY TORE
NS, CIUTREREBEISEIC L B EAEREELTOE 0 Fig. 11 EEREUCRT 5 8 /57 A =2 ORI Z R

[y b

BExbib. L, Fig.12 ES AT A —F O FMERLIZbDOTHS.
TR, @ITSERESH), bILEERE(S) 2R LT

32 Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022



T T T T T T
= Magnetic Field (Oe) ——0 - —25
-—6 —-30
-—40
'''' 15 =50 7
60

N W A Y
— T T T
1

Characteristic Impedance | Z | (Q0)

! 0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (MHz)

Fig. 13 Frequency dependency of characteristic

impedance.

W5, BERIREIE 0 0e~60 Oe Z a4l L7-. SEMIE & BGG
IS L TRBY X+ U 7 & LTCOBMEREEE TH
% 2 GHz Hi#4 O A ¥ Hor T a2k (S) OHEIEIX 0.1 2L T
2R Uiz, —J5, [RRREE o0 JRI 350 C RO AR5 (S1) 1% 0.9
PLEICKR&E L 2otz

Fo, BALTEIPLTT D RP 0ss DEIE TR 1D
ThobbEnd.
P]oss =1 2
S =1 18ul? — 18] @

X o TEBFRE(S) & SGHRE(Sw 0 B R TITBT
BHat L—EBRTOEE, BEEREOMERE, BLO
TP LISIC LA R ERD D LA 21X 2 GHz (10T
015 FEETH . Fiz, QL Y RH7- Fig. 3(b) D ZAfiA]
BACEIT D ZATHIb A v E—F A ZE T RI XA Y
ZHWT, BEORMEA =2 23k ThbbENn
5.

3)

@R BREA v =X AKEE L, DB E
Fig. 13 1Z/r L7z, Fig. 13 kv, AEHIIx L T—El
STWAENL B OREEA L E—F 233 Q TH
DBE0QMNHERELTNTNDD, S DREEIEEE LT
A VE—H U ARESGIZ L DN ERTH D Z & DR
S, ik, w é%ﬂ%%fﬂﬁ/\bﬁtbﬁ & CREEA
VE—H 2% 50 Q ITIESTARFHN L AT AD
SN LD DICEE CTH DL EN TSN,

4. fER

1. 7<E/L7 7 A CoNbZr #li & SrTiO il & A&t
T B 2 7 L — R AR O MR R T A N
TFuv Ak,

2. FsHED® Y H# T LT R TTH RERIEBHR R
fEHT 2 VT, CoNbZr D shisE IS, WEETtHE

S D W HARAENE 2 B LT 21T, oY HET
DEEWA o E—H A, S /8T A— B L il L
7-.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022

3. SRR & BRI IR YR A, SRR E S BICR
Tk L, REEFTEOF M2 R L.

4. RELZ® Y FEFTlL CoNbZr HIHIZ LA A B —
HUARBERZ L DB N LRI TH Y, ZnFEiask
(S DWEDOTEHKNTH D Z bz,

BB BRI AR W I R W T BRI S B
BRI LET. AR —iE, B
(16H04378), JSPS [ _[HEIA it 3 4L [RIMF5E)
(JPJSBP120197704), ##E [ O @& fignedtil - fig
Il 205 Uiz 2 A REHIE O BRI B 56 |
(J20000404) DIFFERLFTH 5.

References

1) T. Tsuji and M. Kotani: 7The Japanese journal of medical
instrumentation, 60, 327-332 (1990).

2) T. Tomita, A. Arakawa, K. Shinada, N. Matsuda, K. Nakano,
Y. Yamada, and Y. Yoshida: . Magn. Soc. Jpn., 22, 913 (1998).

3) S. Groeger, G. Bison, P. E. Knowles, R. Wynands, and A. Weis:
Sensors and Actuators A, 129, 1 (2006).

4) T. Uchiyama: The Journal of the Institute of Electrical
Engineers of Japan, 136, 10 (2016).

5) 1. Sasada, and H. Karo: The Journal of the Institute of
Electrical Engineers of Japan, 136, 18 (2016).

6) Y. Ando: The Journal of the Institute of Electrical Engineers
of Japan, 136, 22 (2016).

7) S. Yabukami, K. Kato, T. Ozawa, N. Kobayashi, and K. I. Arai:
J. Magn. Soc. Jpn., 38, 25 (2014).

8) S. Yabukami, K. Kato, T. Ozawa, N. Kobayashi, and K. I. Arai:
IEEJ Transactions on Fundamentals and Materials, 133, 372
(2013).

9) S. Yabukami, H. Uetake, K. Moriya, T. Tominami, and H.
Onodera: IEEJ Transactions on Fundamentals and Materials,
137, 460 (2017).

10) H. Uetake, T. Kawakami, K. Moriya, S. Yabukami, and T.
Ozawa: IEEE Trans. Magn., 51, 4005003 (2015).

11) H. Uetake, T. Kawakami, S. Yabukami, T. Ozawa, N.
Kobayashi, and K. 1. Arai: /EEE Trans. Magn., 50, 4007604
(2014).

12) H. Uetake, S. Yabukami, T. Chiba, T. Ozawa, N. Suzuki, N.
Kobayashi, and K. I. Arai: J. Magn. Soc. Jpn., 38, 83(2014).
13) M. Yamaguchi, S. Yabukami, K. I. Arai, JEEE Trans. Magn.,

32, 4941(1996).
14) S. Muroga, Y. Asazuma, M. Yamaguchi,
Trans. Magn., 49, 4032(2013).

15) H. Ono, T. Ito, S. Yoshida, Y. Takase, O. Hashimoto, and Y.
Shimada, IEEE Trans. Magn., 40, 2853(2004).

202111 A128 28, 202241 A20 B4k

IEEE

33

INDEX



INDEX
T. Magn. Soc. Jpn. (Special Issues)., 6, 34-38 (2022)
VA NREMITEE L =EMRBOD SR E—45 OFFIEREE

Investigating Characteristics of SMC-based SR Motor Manufactured by
using Wire Electric Discharge Machining

<Paper>

EYURMFET - PR
HAER: KRB LA e, UG mE BEK R AT HYE 6-6-11 (T 980-8579)

K. Mitsuya®, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 950-8579, Japan

Soft magnetic composite (SMC) is expected to be a next-generation motor cores since it has three-
dimensional magnetic isotropy and excellent high-frequency characteristics. However, a metal die is required to
manufacture an SMC-based motor core, which results in high costs. In particular, in the prototype evaluation stage,
the high costs prevent the use of various cut-and-try procedures. This paper investigates the characteristics of an SMC-

based SR motor manufactured by using wire electric discharge machining from an SMC bulk body.

Key words: Switched reluctance (SR) motor, Soft magnetic composite (SMC), Wire electric discharge machining
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Fig. 2 Core loss curves of core material.
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Fig. 8 Stator and rotor cores of SMC-based SR motor
manufactured by using wire electric discharge machining.

Fig. 912, SRE—XDIRL AT LOIMBATT. ZHLIED
T L DIGEETIE, S TIFZECRllE L7 itk 1 R8N

(35A300) ZjiifH L7= SR &—# L DHlss R4~

F4 Fig. 10 BL O Fig. 1112, L7 shliEEds LU
BRI MV Rtk 2 e T, Fig. 10 X 0 R
AT & BT & TS BAFC—E L7z, —J7, Fig. 11 ® by
7RI, RS b SRR DSORRHENEL Ap o7, 2
FEE LTI, #ibd 28808 X - CASERI 2 7=
ZEBNEZLND.

f5t VT Fig. 12, Fig. 13, LU Fig. 14 (TIIRIRA5ME,  Sbass
P, BRUPEFEZ R, £ Fig 12 OE LD &, s
FLITERNTR 2 D0, EHEOZEIEITN D Z EAvhh
L. VTR0 BEENEML LI BRI, Fig 13 & Fig. 14 7 6H
BOVREDIS, SHBR LUBAL ITINLIT= 0 TH D08, £
OHIMRE D &, SO FRREN ENDND. =

B THIR_Z L DS, VA YIEMTIZ L > Tl

DI CRER O MR A ik S CERIEIKIIC D723 Y,
{ﬁsa{ﬁ?ﬁ#%k Ll Thd Bz Ehé

+ Torque meter Power analyzer

Fig. 9 Appearance of experimental system.

30000
25000

£ 20000

)

g 15000

%]

& 10000 ® Meas. (35A300)

® Meas. (SMC)
5000 Calc. (35A300)
0 Calc. (SMC

0 0.02 0.04

0.06
Torque (N-m)
Fig. 10 Comparison of torque versus speed characteristics.

0.08 0.1 0.12

o o o
S = =
o O N

Torque (N-m)
S
8

0.04
0.02
0.00
0 5 10 15 20
Winding current density (A/mm?)
Fig. 11 Comparison of winding current density versus
torque characteristics.
100
® Meas. (35A300)
90 ® Meas. (SMC)
Q Calc. (35A300)
g
: 80 Calc. (SMC)
=
5 70 ] ([
2 ®
133
60 [
50
0 0.02 004 006 0.08 01 0.12
Torque (N-m)
Fig. 12 Comparison of torque versus efficiency
characteristics.
100
90 ® Meas. (35A300)
80 ® Meas. (SMC)
z 70 Calc. (35A300) °
“ 60 Calc. (SMC)
g )
- 50
) )
2 40 Py
g 30
© 20
10
0
0 0.02 0.04 006 008 0.1 0.12
Torque (N-m)
Fig. 13 Comparison of copper losses.
60
® Meas. (35A300)
50 ® Meas. (SMC)
= Calc. (35A300)
40
E Calc. (SMC)
w
2 30
g
20
= os 8 ¢ ¢
10
0
0 0.02 0.04 0.06 0.08 01 0.12
Torque (N-m)

® Meas. (35A300)
® Meas. (SMC) e o
Calc. (35A300)
Calc. (SMC)

Fig. 14 Comparison of iron losses.

36 Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022

INDEX



4. A HENNTI & SIS DS

4.1 A VREMT CHEELI-E—42 8D OSEiROSEA

ATEEOFEMABRIC L0, L K O A Se8iik

(35A300) & HIZ, SRHEDIEAMFEASFIFAED 2 I D 2 &
DAL=, ZOFRD—2E LT, VA YHREBINTIC & DR
HEOPCAEESIND Z LD, RETE, T4 YHENTIZL S
EIRHEDHITOUNT,  Fehla - HERRE 70 S5 & AR D
5 L ERAAD.

Fig. 15 T, SRR OWCHT 5. £9 SR E—4
Dlaffin 1% U MARLE CHEE L, ZORIET U f=A VDR
50~1,000 Hz OIFEEETEAFNITS. 2L T, ZOLE DA
TS Pu ) DEEEFIK Z & T, XD X ITEHE W A2ked 5.

W; = Py, — RuIIZL rms )]
DX MIEEAWD Z & T, BEHRSCmARR DR D MR VR
RECEMBZTHIIT 2 2 L A FREI /0D,

Locked
@ £=50~1000 Hz

Fig. 15 Method for measuring core loss characteristics using
prototype SR motor.

0.2
Meas. (35A300)
=015 Meas. (SMC)
g5 |----- Calc. (35A300)
P | Calc. (SMC)
= 0.1
D
i
S
0.05
0
0 0.2 0.4 0.6 0.8 1

Flux density B (T)
Fig. 16 Core loss characteristics (f = 100 Hz).

4
35 Meas. (35A300)
3 Meas. (SMC)
e e» o (Calc. (35A300)

----- Calc. (SMC)

Core loss (W)
- N
—_— W N W

g
n

(=]

0 02 04 06 08 1
Flux density B (T)

Fig. 17 Core loss characteristics (f = 1,000 Hz).

Fig. 16 8 X Fig. 1712, bR HiETHIE L7 B R
100 Hz & 1,000 Hz O#BIIR A7~ 7. £bbige LT,
3D-FEM % FC, SR & A — 5 CHRE L7 SR it &
AT INLORERDL L, ERRELE 35A300 D EL L
HERKNEIMLTEY, VA YHENTICX 25030
bRz, LR TKREITIE, AFA A v YDERKT
BT DB OSIR RO S5 — & &, Fig. 2 2> LA
CHEH L -SRI HT L C 12/8 SR & — & O %
FEER L, UAYHENTIC X DREEEELS b & DR
E—X OHFHEEINZFE L TWDONEHD.

4.2 JAVHENMIOREZZER L -FHEEHKR

Fig. 18 |2, AifiC3EM L-g4Ri# % H\C, 3D-FEM
THEMAT L7 B0 X O 35A300 %@ L7z SR &
— X OPHETT. ZOMERD L, SHEOFREMMNIIIZ
FHME L —FT DN THREND.

Fig. 19, Fig. 20, Fig. 212 hL 7 ¥k, SREE, B X
OB 289, BT T, WPhb M & S2EE o
MUZRRZEDNE O bz, T XTH#EL, mFITRFIC—
WLiZZEnbnd. ZHFSEMETICRES -2 &
T, ANBRLZIUIE L TR LZZOTHS.

PLEX Y, UAVHEMNTIC X o> THEIOREREIENS,
fbL7eZ &, FL20LE2@EUNEETHZ LT, T—
S REE SR ICREFRE TH D Z LR LN E o T,

60

® Meas. (35A300)
® Meas. (SMC)
Recalc. (35A300)

W
(=]

2 40 Recalc. (SMC)
z |l ----- Calc. (35A300)
S 304 —---- Calc. (SMC)
=
z_ 20 ’ g ‘
10 e ey e
0
0 0.02 0.04 0.06 0.08 0.1 0.12
Torque (N * m)
Fig. 18 Comparison of iron losses.
0.12
® Meas. (35A300)
ol ® Meas. (SMC) ®
g 0.08 —— Recalc. (35A300)
.Z ' —— Recalc. (SMC)
3 0.06
=
£ 004
=
0.02
0
0 5 10 15 20

Winding current density (A/mm?)

Fig. 19 Comparison of winding current density versus
torque characteristics.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022 37



100
® Meas. (35A300)
20 ® Meas. (SMC)
§ ——Recalc. (35A300)
2 60 ——Recalc. (SMC)
E
5
s 40
2
S
@)
20
0
0 0.02 004 006 0.08 01 0.12
Torque (N * m)
Fig. 20 Comparison of copper losses.
100
® Meas. (35A300)
90 ® Meas. (SMC)
@ —— Recalc. (35A300)
< % —— Recalc. (SMC)
>
9
=
2
5 70
b= F:::: :“
=
60
50
0 0.02 0.04 0.06 0.08 0.1 0.12
Torque (N * m)
Fig. 21 Comparison of torque versus efficiency
characteristics.
2
215
]
1S
=3
= 1
<
5]
5
= 0.5
S
0
35A300 SMC

Fig. 22 Increasing ratio of iron loss.

WNT, UA YHRENTIZ X D BEREE DB DA
DM BHAEET D OO T HELE L. 2 2Tk
Bz Fig. 18 IZR L72SHHOMMEIE I OWT, [ERE:
L& 35A300 TH#: L 72. Fig. 2218, S OEINR 2774
ZORERD &, BHEOVEMBIIRIEE LW ERbMD.
Fibh, JERMBLLND T A VIREM LI L > TE— 28k
DERYELTY, —I72R 7 A FER & FIFLE D5 TIL
FHTEBRALMNE IR oT.

5 F&H

DLk, AFRSCTIE, ERRLO LI IRING U A Y HE
IMTHEZHWT, T—Z 8L a8Ed 5 ko f %z
WCRGET 720, FEFIC ML SR T—2 2R EL,
FEBR & MRENT O D D FE A DR ETT o 7.

EPHIDOI, JEWRLL SR T— & OFEEF#L & Rl
FRLORIEEAT o7, AR, JERROITEEENMEL, U
A XN TAZ I8 S 22720, INCEEIS@E S 0 7 A 3
B D IAETFEFE Do T8, B R 72 8134 L9Ie,
E—HELERWETE L LY NIC L.

WNT, UA YHENLCTRIE LI ENMiL SR £ —4
D FERERER A 1TV, 3D-FEM Otk B L el L= & 2 5,
AR T 5 2 ERER SN2, Fio, ZOSHROEN
W, UAVHENTINERO—2L LTEXZBNDZ LM
D, FEEE AW ERICLY, HEOEGNER
EboLlbll, INEXMLEFT 2T 2 A,
E— KR O R & RSB R &K L.

BB, UAYHENTIC K D8N OB S 2 [EHk
s & TR S A FREAR (35A300) TlbikL7z& Z A, M
FHOBMBIIRIEE LW ERH LN E 272 bbb,
WO A B EFR LIS, ERRLNL YA YikE
MLTE—XELEMELTH, BREEOHILDOES N
I, 7R A SRR L RIRRETH D Z E BB E 7R
27z,

PEOBFNC LY, ERELO L7 IKNG U A Y liE
MIEZANT, =20 ERET S HETAHTHS
ZERHIDN LD, FRIRETRIIIBRSIC 51T 2 3R
DN—KLVEFFLZlcmbT52EB26N5.

BB I THRBOOU A YHGEMIIZ SV =720 7= (BR)
Ta AN COBBRESE, YRS F IS OE
#FLET.

References

1) M. Persson, P. Jansson, A.G. Jack, and B.C. Mecrow, 7th Int.
Conf Electrical Machines and Drives, 242-246 (1995).

2) Y. Enomoto, M. Ito, R. Masaki, K. Yamazaki, K. Asaka, C.
Ishihara, and S. Ohiwa, /EEJ J. Ind. Appl, 125, 106-112
(2005) (in Japanese).

3) Y. Enomoto, H. Tokoi, K, Kobayashi, H. Amano, C. Ishihara,
and K. Abe, IEEJ J. Ind. Appl., 129, 1004-1010 (2009) (in
Japanese).

4) T.Fukuda,Y. Sasaki, and M. Morimoto, Proc. Jpn. Ind. Appl.
Soc. Conf., 3, 321-326 (2008).

5) A. Jack, B. Mecrow, P. Dickinson, P. Jansson, and L.
Hultman, Conf Rec. IEEE Ind. Appl. Conf., 1, 46-50 (2000).

6) K. Nakamura, Y. Kumasaka, and O. Ichinokura, J. Phys.-

Conf Ser., 903, 012040 (2017).

2021499 3E, 20214F10A16AERZE, 20214511 A2ARE

38 Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022

INDEX



T. Magn. Soc. Jpn. (Special Issues)., 6, 39-43 (2022)

<Paper>

INRVEVA7Z7XVY Ly TRRLYFR)SHORIRE—ED
BRI HREMNER

Experimental Study on Losses of Axial-Flux-Type Switched Reluctance Motor for
Compact EV
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A switched reluctance motor (SRM) has a simple and robust structure since it consists of only stator cores, rotor
cores and windings wounded around the stator poles. In previous papers, axial-flux-type switched reluctance motors
(AFSRMs) were prototyped and installed into the rear wheels of a compact electric vehicle (EV). Driving tests were
conducted with success. However, there was a difference between the losses calculated by electromagnetic field
analysis and those measured from the prototype AFSRM. In this paper, the causes of the difference are investigated

in experiments.

Key words: Axial-flux-type switched reluctance motor (AFSRM), In-wheel motor, Electric vehicle (EV)
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Fig. 1 Compact EV with in-wheel AFSRMs.
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Fig. 6 Full structure of prototype AFSRM.
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Basic Characteristics of Transverse-Flux-Type Switched Reluctance Motor
with Permanent Magnets Applying Reverse Bias Magnetic Field
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Switched reluctance motors (SRMs), which consist of only iron cores and windings, are attracting attention as
simple, robust, and inexpensive variable-speed motors. This paper presents a novel transverse-flux-type switched
reluctance motor (TFSRM), that has permanent magnets in the rotor cores for applying a reverse bias magnetic field. The
proposed TFSRM can expand the operating point from the 1st quadrant into the 3rd quadrant on B-H characteristic by the
reverse bias magnetic field, which increases both torque and efficiency. The advantages of the proposed TFSRM is
proved by using a three-dimensional finite element method (3D-FEM).
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Fig.1 Appearance of RFSRM.
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Direction of
rotation

(a) RFSRM (b) TFSRM
Fig. 4 Comparison of rotational direction and flux
direction of RFSRM and TFSRM.

(a) RFSRM (b) TFSRM
Fig. 5 Comparison of basic configuration of RFSRM
and TFSRM.
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(b) Stator (1-stack)

(a) External view
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h -," -
(c) Rotor (3-stacks)
Fig. 6 Appearance of prototype TFSRM.

Material 237110

Rotor/Stator pole number 5

Stator pole length 22.0 mm
Rotor pole length 25.7 mm
Gap length 0.3 mm

Pole width 10.0 mm
Winding diameter 1.3 mm

Number of turns/pole 75 turns

Voltage 60V

Winding space factor 50.1%

Fig. 7 Specifications of prototype TFSRM.
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Fig. 8 Comparison of torque of RFSRM and TFSRM.
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Material 237110
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Fig. 9 TFSRM with permanent magnets for applying
reverse bias magnetic field on the rotor.
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Fig. 10 TFSRM with permanent magnets for applying
reverse bias magnetic field on the rotor (one-pole).
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(a) Without magnets

(b) With magnets
Fig. 11 Range of operating point of proposed TFSRM
with and without permanent magnets for applying
reverse bias magnetic field.
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Fig. 14 Comparison of current density vs. torque
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Fig. 13 Comparison of torque vs. rotational speed Fig. 15 Comparison of copper and iron losses of

characteristics of TFSRMs with and without permanent TFSRMs with and without permanent magnets.

magnets.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022 47

INDEX



%12, Fig 1712307 Mvr oA Rt ZoN%
Bol, aXo 7 MZisdb UhSL, [ JEBHTcEs 2R
PING. ZIUT 7 PM B —% L3870, #2589 % TFSRM
IR ABEAT OREHFEME TR DTG S, EE TRSRA L
RN Th S, LTi->T, PM E—#CcUIUSEMESNh
ZEEREOS | &30 IR D - H e EORES A U

100
= 9
g ~
o
= 80
L .
'S —— With magnets
=)
/M 70 7+ —— Without magnets
60 T T T
0 0.5 1 1.5 2
Average torque (N-m)

Fig. 16 Comparison of efficiency characteristics of
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Fig. 17 Waveform of cogging torque TFSRM with

permanent magnets.
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NANOMET®HER a7 @A L=14 >ty F& PM £—4 )Rl
Prototype Evaluation of Inset PM Motor made of NANOMET® Laminated Core
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3 Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan
 Tohoku Magnet Institute Co., Ltd. 71 Kitaya, Masuda, Natori, Miyvagi 981-1224, Japan

Non-oriented silicon steel, which is commonly used as motor cores, is less expensive and has high flux density,
while large iron loss under high-frequency region is a problem for high-speed applications. In contrast, NANOMET®,
one of the nanocrystalline soft magnetic alloys, is expected to be a next-generation motor core material since it has
high flux density as almost the same as the conventional non-oriented silicon steel and lower iron loss. In a previous
paper, prototype tests of a switched reluctance (SR) motor made of NANOMET® laminated core were conducted, and
it was clear that the iron loss is significantly reduced and the efficiency is improved. This paper presents the

prototype tests results of an inset permanent magnet (InPM) motor made of NANOMET® laminated core.

Key words: Inset permanent magnet (InPM) motor, Nanocrystalline soft magnetic alloy, NANOMET®
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Fig.1 Comparison of B-H curves and core loss curves.
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Fig. 3 3D-FEM model of inset PM motor.
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Fig. 5 Calculated current density vs. torque characteristics.
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Orthogonal-Core-Type Variable Inductor Consisting of Cut Core and
Laminated Core
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Variable inductors, which consist of magnetic cores and a primary dc and secondary ac winding, can control the
effective inductance of the secondary ac winding continuously with the primary dc current due to the magnetic
saturation effect. Therefore, they can be applied as reactive power compensators in electric power systems. Variable
inductors have desirable features such as a simple and robust structure, low cost, and high reliability. This paper
presents a novel orthogonal-core-type variable inductor composed of two types of cores: a cut core and a laminated core.
By combining them, the lamination stacking of both cores can be aligned with each other, thereby preventing short
circuits between laminations. In this paper, the basic characteristics of the proposed variable inductor are investigated

by both simulation and experiment.

Keywords: Orthogonal-core-type variable inductor, Reluctance network analysis (RNA), Reactive power compensator
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Fig.6 Shape and dimensions of prototype orthogonal-core-type
variable inductor consisting of cut core and laminated core.
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Table 1 Specifications of prototype orthogonal-core-type variable
inductor consisting of cut core and laminated core.

Primary dc winding M 296 turns, 0.460 Q
Secondary ac winding N 320 turns, 0.500 Q
Non-oriented Si steel

Thickness: 0.35 mm

Core material

Rated capacity 1.67 kVA
Rated ac voltage 200V
Frequency 50 Hz
Primary dc current 0-10 A
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Fig. 7 Comparison of reactive power characteristics according
to winding arrangement.
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Fig. 12 10-kVA orthogonal-core-type variable inductor
consisting of cut core and laminated core.

Table 2 Specifications of 10-kVA orthogonal-core-type
variable inductor consisting of cut core and laminated
core.

Primary dc winding M 490 turns, 0.134 Q

Secondary ac winding M 78 turns, 0.050 Q

Non-oriented silicon steel

Core material Thickness: 0.35 mm

Rated capacity 10 kVA
Rated ac voltage 200V
Frequency 50 Hz
Primary dc current 0-8A
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Fig. 13 Appearénce of 10-VA prototype orthogonal-
core-type variable inductor.
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characteristics.
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Cogging Torque Reduction of Axial-flux Magnetic Gear with Integer Gear
Ratio by Unequal-width Pole-pieces
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In some cases, magnetic gears are required to have an integer gear ratio based on the design requirements
of the entire system, which results in a larger cogging torque in a high-speed rotor that causes vibration, noise, and
startup error. The conventional skew rotor structure is a well-known countermeasure for cogging torque. However, it
is complicated and difficult to assemble, especially in an axial-flux magnetic gear. To solve this problem, this paper
presents a new type of pole-pieces called the unequal-width type. The validity of the proposed pole-pieces is proved
both with the three-dimensional finite element method (3D-FEM) and in an experiment.

Key-words: Axial-flux magnetic gear (AFMG), integer gear ratio, cogging torque reduction, unequal-width pole-pieces
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Fig. 1 Structure of AFMGs used in comparison.

Table 1 Specifications of AFMGs used in comparison.

Gear ratio 10 10.33
H-speed rotor pole-pairs 3 3
L-speed rotor pole-pairs 30 31
Number of pole-pieces 33 34
Inner diameter 80 mm 80 mm
Outer diameter 147 mm 147 mm
Air gap 2mm X 2 2mm X 2
Core material of 15A250 35A250
H-speed rotor

Core material of

L-speed rotor SMC SMC
Pole-piece material SMC SMC

Magnet material Sintered Nd-Fe-B Sintered Nd-Fe-B
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Table 2 Summary of maximum torque and cogging
torque peak value.

‘Width ratio Maximum torque(N+m)  Cogging torque peak(N+m)

0.1 11.7 -0.23
0.2 17.6 -0.08
0.3 223 0.18
0.4 26.3 04

0.5 28.9 0.47
0.6 30.1 0.37
0.7 29.6 0.11

0.8 27 -0.25
0.9 20.1 -0.36
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Principle Verification and Transmission Characteristics Improvement of
Induction/Synchronous Magnetic Gears
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Magnetic gears can transmit torque and change speed without any mechanical contacts. Therefore, vibration and acoustic

noise are very low, and maintainability is high. Various kinds of magnetic gears have been proposed. Among them, the

flux-modulated-type magnetic gear has a higher torque density and efficiency compared to conventional magnetic gears.

Magnetic gears have a torque limiter function that allows them to step out and shut off power when overloaded. However, after

stepping out, they cannot transmit power again unless the load torque is removed to some extent. This paper presents a novel

induction/synchronous magnetic gear with a cage rotor bar. In addition, the prototype induction/synchronous magnetic gears are

tested.

Key words : Flux-modulated-type magnetic gear, induction/synchronous magnetic gear, restarting torque
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Fig. 2 Configuration of prototyped induction/
synchronous magnetic gear.
Table 1 Specifications of prototyped induction/
synchronous magnetic gear.

Gear ratio 6

Inner pole-pairs 2

Outer pole-pairs 12

Number of pole pieces 14

Number of cage rotor bar 28

Axial length 24 mm

Outer diameter 130 mm

Air gap 1.5mm X 2

End ring length 2 mm

Core material 35A250

Bar material Aluminum

Pole piece material 35A250

Magnet material Sintered Nd-Fe-B
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Configuration

Table 2 Specifications
synchronous magnetic gear.

of improved induction/

of improved induction/

Gear ratio

Inner pole-pairs

Outer pole-pairs
Number of pole pieces
Number of cage rotor bar
Axial length

Outer diameter

Air gap

End ring length
Core material

Bar material
Pole-piece material
Magnet material

10.33

3

31

34

6

25 mm

89 mm

1 mm (Inner)
2 mm (Outer)
4 mm
35A250
Aluminum
SMC
Sintered Nd-Fe-B

T 5 ERMRERF ¥ OFGEIR M7 DR 2 &b
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A MEETOA—O—2BEEPN E—42ICET 585

Outer-Rotor-type High-Speed PM motor with Segmented-shaped Rotor

BOE T, POILERORER, A f

HERS: KEEBE LAARRZERE, B i

HERRAB T 6-6-11 (T 980-8579)

S. Sakuraif, Y. Uchiyama, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan

Cooling fans are widely used in communication base station servers since they have a good balance between

performance and cost. Cooling fan motors generally have an outer rotor structure because the fan can be directly

mounted on the rotor. However, the outer-rotor-type motor has a low degree of freedom in design since the rotor core is

thin. Therefore, most of the cooling fan motors have a surface permanent magnet (SPM) structure, and thus, it has

ferrite magnets to prevent eddy current losses in magnets and cannot use a reluctance torque. This paper presents a

novel outer-rotor-type high-speed PM motor with a segmented-shaped rotor. It can efficiently use reluctance torque in

addition to magnet torque, and reduce eddy current loss in magnets even though the rotor has sintered Nd-Fe-B

magnets. The usefulness of the proposed motor is proved by comparing it with an inset PM motor using a

three-dimensional finite element method (3D-FEM) and prototype tests.

Key words: Permanent magnet (PM) motor, segmented-shaped rotor, cooling fan
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Fig. 1 Schematic diagram of a conventional cooling fan

motor.
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Fig. 2 Specifications of a proposed segment PM motor.

Motor diameter 40 mm
Stack length 20 mm
Rotational speed 30000 rpm
Rated torque 60 mN*m

| Material of magnet Bonded Nd-Fe-B
Amount of magnet 2999.1 mm’?
Material of iron core LOINEX900
Current phase angle 0 deg

Fig. 3 Specifications of an InPM motor used for

comparison.

Fig. 4 Flux lines diagram of the segment PM motor
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Fig. 4 1%, Segment PM £ —X BT, A xZERIC
EEM L, BB RO O & R LB C
bo. ZOMERD L, B FRRORALEER 780 A
WY, BAIIIEEAERAL TN ERDND. L
728~ T, %D Segment PM T — X L% 4 LBk %
HEHWDLZ ENTED.

2.2 ERMEOEEHROLE

Fig. 5 |2, AT~/ 2 FEO PM £— 4 0 kL2 f5
WOREMIZRT. ZORERD L, EWH NV FREOE
T L Segment PM E— % 23%) 6 A/mm2, InPM £ —
K3 7.3 Almm?2 TH Y, Segment PM E— X O 5% kb
IBMENTNDZ ERDND.

Fig. 6(a), (bITiX, E#E bL 7 FHEICE T 5 BRI A
X RVY BT ZOROEREEIL Segment PM E—
AN 6A/MmM2THY, InPME—#7 7.3 A/mm2 TH 5.
ZITC, v %y P MZICERTLE, WERIZEHL
W2 ENb2D. 725, Segment PM E— % O J7 3
LRERPRKENZ ERDNEN, ZHUXX V@ Dh x4y
LBEREMA DRI TE T2 TH H.

F72, Segment PM &— ¥ [XFEFN AR 15 deg TR
M REBIL, ZOEEDRMIIZHTHI T Z
Z VT DEIEITR 1% Tho7-. —J7, InPM £E—X X
BINARAINEIE 0Odeg THRAZ NIRKERDT280, B

WTZHRT DT 72 A RV OESITIFE 0% THD.

Fig. 31T LIz X 912, [BlEF-8k0 % 28t ic 95 2 &
TU T XA R ORI ERST2H, B0 ST
MR ERHAS N o7, 7ok, T — % DZEMmIIE,
Segment PM &€—# 7% 2.2, InPM £ —#[3 1.1 ThHh-o7=.

LIk, 280 Segment PM £ —# 133 4 ¥ ABERERGA
OFRICE D~ %y N MV OERITINAZT, 87 A
MEEICHRT AU ST 7 Z XA ML ORI E>T, b
VI REEDRE E LT Z ERHAL MM E o T,

WNT, HRFFED 21T 5 . Fig. T@IZEHHH We Z 7R
T SR T o B RE L.

We=R Lns )

Transaction of the Magnetics Society of Japan (Special Issues) Vol.6, No.1, 2022

INDEX



80
— —O—Segment
5960 - | =&—InPM
Z
Ea0 |
2
220 |
H
O 1 1 1 1 1 1 1 1

0o 1 2 3 4 5 6 7 8 9
Current density (A/mm?)

Fig. 5 Comparison of calculated torque characteristics.
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Fig. 9 Prototype segment PM motor.
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Study on Design Method of Axial Gap Induction Motor
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T. Terui’, Y. Yoshida, and K. Tajima
Graduate School of Science and Engineering, Akita Univ., 7-1 Tegata Gakuen-machi, Akita, Akita 010-8502, Japan

In this paper, we designed an axial gap induction motor with a synchronous speed of 6000 rpm and a power
density of more than 1 kW/L for drones by applying the proportional increment method, which decides the allocation
of electric loading and magnetic loading, to the axial gap induction motor. The designed motor was analyzed by
reluctance network analysis (RNA), which has a proven to be a useful method for analyzing induction motors. It was
confirmed that an axial gap induction motor with a rotational speed of 5850 rpm and a power density of 1.39 kW/L

could be designed.

Key words: induction motor, axial gap induction motor, design method, reluctance network analysis
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Fig. 1 Structure of axial gap induction motor.
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Fig. 2 Overview of axial gap induction motor.

Table 1 Design value to be used for axial gap induction motor.

INDEX

Table 2 Specifications of motor for agricultural drone.

Mechanical power 0.75 kW
Number of poles 4
Effective value of AC voltage 48V
Frequency 200 Hz
Efficiency (expected value) 80 %
Power factor (expected value) 76 %
Outer diameter of motor
(inclusive of end winding) 92mm
Inner diameter of motor
. . Lo 31 mm
(inclusive of end winding)
Axial length 82.3 mm
Gap length 0.13 mm
Volume 0.55L
Number of stator slots 24
Number of rotor slots 21
Number of windings 8

P 0.75
p 4
E 48
f 200
7 (expected value) 80
cos A(expected value) 76
o 0.003
G 2
kw1 0.966
q 2
B. 0.8
o 0.6
Do 84
Ji 10
20SFz 0.5
Bys 1.2
%SFc 0.97
V4] 21
J2 5
c 0.15
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Fig. 3 Deformation of 3D model. (a) Determining cutting
position of motor. (b) Cross section of motor. (¢c) Deployed model.
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<Paper>

BH S B -RHRAROERZ LBE S AT LDRFE
(BHEANOMMEEEICxT HERHER)

Electromagnetic Levitation and Transportation System
for Bent Thin Steel Plate
(Fundamental Consideration on Acting Position of Electromagnetic Force)

HEA St @
- /MR

CEIERY c ANT RIAANAFIEENAY RO
c EBESCA Y pREIES YT - TR @

DHMERT, )RR TEARA E 4-1-1 (T 259-1292)
DRI 3R, A ] A T T AR 9 3R 3-30-1 (T811-0295)
A. Shiina ¥ , S. Kayama ® , M. N. Hakimi ¥ , K. Ogawa  , A. Endo” , T. Narita ®* , and H. Kato

3 Tokai Univ., 4-1-1 Kitakaname, Hiratsuka-shi, Kanagawa, 2569-1292, Japan
® Fukuoka Institute of Technology, 3-30-1 Wajiro-higashi, Higashi-ku, Fukuoka-shi, Fukuoka, 811-0295, Japan

In the thin steel plate production line that is widely used for industrial products, contact conveyance is
performed with rollers, but deterioration in the quality of the plates is a problem because scratches and irregularities
occur on the surface of the plates. Therefore, non-contact magnetic levitation transfer of thin steel plates done using
the attractive force of electromagnets has been proposed. So far, studies have been conducted on changing the bending
angle and the conveying direction of thin steel plates with the magnetic levitation system that uses a horizontal
positioning control system and the curved magnetic levitation system. Therefore, in this study, the distance between
the centers of the horizontal electromagnets was changed. It was confirmed that the levitation performance was
improved by increasing the distance between the centers of these electromagnets.

Key words: electromagnetic levitation control, thin steel plate, finite difference methods, transportation, magnetic field
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Fig. 1 Schematic of bending electromagnetic levitation
control system and horizontal positioning control
system.
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Fig.2 Schematic of electromagnet unit for levitation
control.
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Fig. 3 Positional relationship between electromagnet and
steel plate.
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Fig.4 Layout of electromagnets for levitation control and
horizontal positioning control.

Fig.5 Slide mechanism of electromagnet for horizontal
positioning control.

Fig. 7 Tilted electromagnet for levitation control.
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Table 1 Symbols and values.
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Fig. 10 Difference between obtained shape of levitated steel plate and reference shape.
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Electromagnetic levitation for flexible steel plate using magnetic field from
horizontal direction (Fundamental consideration on vibration
characteristic in levitating)
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A. Endo ', S. Kayama ” , A. Shiina ” , M.N. Hakimi " , K. Ogawa ¢ ,
K. Ikeda © , T. Kato © , T. Narita ¥ , and H. Kato ¢
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9 Faculty of Engineering, Tokai Univ., 4-1-1 Kitakaname, Hiratsuka, Kanagawa 2569-1292, Japan

Deterioration in the surface quality of steel plates is a problem because steel plates are transported by
contact with a roller. A non-contact way of transporting steel plates using electromagnetic force has been proposed as
a solution to these problems. In the previous system for magnetically levitating flexible steel plates, it was difficult to
levitate thinner steel plates because of the deflection of the steel plates during levitation. To solve this problem, an
edge-supported electromagnetic levitation system was proposed. This system is suitable for flexible steel plates and
uses electromagnets installed in the horizontal direction. These electromagnets create tension force and suspension
force that acts on the steel plates. It is possible to reduce the vibration of flexible steel plates because the tension force
suppresses the deflection of the plates. In this paper, the characteristics of tension force on steel plates were
investigated by electromagnetic field analysis. Moreover, the relationship between tension force and the reduction in
vibration was investigated by experiments using a magnetic levitation system.

Key words: magnetic levitation, flexible steel plate, vibration control, electromagnet, non-contact levitation
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Fig. 4 Statement of levitating of flexible steel plate.
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Fig. 8 Horizontal tension force at condition of steady current
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Development of Electromagnetic Levitation System for Thin Steel Plate with
Electromagnets and Permanent Magnets
(Fundamental Consideration on Effect of Acted Position of Tension on Optimal
Arrangement of Permanent Magnets Obtained by Genetic Algorithm)

IR D « 2w RIAAF I BTN R~ 2 « A3 2
< /IVIFIBE D « FAESCAD « B E DT « ISR
VHIERF, A RSP R 4-1-1 (T259-1292)
ORI TR, Al S TR XA 3 3-30-1 (T811-0295)
S. Kayama ¥, M. N. Hakimi ¥, A. Shiina ?, K. Ogawa , A. Endo ”, T. Narita ® , and H. Kato ®
) Tokai Univ., 4-1-1 Kitakaname, Hiratsuka-shi, Kanagawa, 269-1292, Japan
Y Fukuoka Institute of Technology., 3-30-1 Wajiro-higashi, Higashi-ku, Fukuoka-shi, Fukuoka, 811-0295, Japan

In thin steel plate production lines, contact conveyance by rollers is used, so scratches on the surface of the
plates and plating defects are problems. Therefore, non-contact magnetic levitation conveyance of thin steel plates
using the attractive force of electromagnets has been proposed. We studied a magnetic levitation system for thin steel
plates that uses both electromagnets and permanent magnets. While a thin steel plate was magnetically levitated, we
investigated the effect of changing the position where tension is applied by a magnetic field from the horizontal
direction on the placement of permanent magnets optimized by a genetic algorithm. From the result, we found that

this change had a positive effect on levitation performance.

Key words: electromagnetic levitation control, thin steel plate, permanent magnet, genetic algorithm
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Animal Experiment with PID-based Automatic
Temperature Control System for Magnetic Hyperthermia
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b) Graduate School of Biomedical Engineering, Tohoku Univ., 6-6-05 Aramaki Aza Aoba, Aoba-ku, Sendai 980-8579, Japan

Magnetic hyperthermia (MH) is a promising cancer therapy in which the heating temperature is expected to be a
key determinant for its success. A therapeutic system with high-accuracy temperature control is of vital importance to
avoid overheating in normal tissues surrounding a tumor. We previously developed a PID-based temperature control
system and verified its validity in vitro. In this study, we validate our control system in vivo. First, we investigated
both the improvement in heat generation by high-density Resovist® (Ferucarbotran) and the optimal PID tuning
method for the high-density Resovist® in vitro. Next, we injected the high-density Resovist® into mice and then
performed PID-based temperature control in vivo. We demonstrate that by using our PID-based control system, it is

possible to accurately control the therapeutic temperature (e.g., 50°C) in vivo with a standard deviation of 0.05°C in

the steady-state. Our system has the potential to be used for MH either alone or together with other cancer treatment

modalities for basic and clinical studies.

Keywords: magnetic hyperthermia, magnetic nanoparticle, PID-based control, Resovist®, animal experiment
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Fig. 1 PID-based automatic heating-temperature
control system.
(a) Block diagram and (b) photo of system.
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Fig. 2 Temperature rise in stock and high-density
Resovist® under applied AC magnetic field of
7 kA/m, 260 kHz.
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Table 1 PID parameter tuning rules
based on K, 7, and L.

INDEX

Table 2 Step response parameters for
stock and high-density Resovist®.
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Fig. 3 Comparison of different PID parameter tuning rules using the current range of 0 ~ 300 A (i.e. 0~10.5 kA/m)
with a fixed frequency of 260 kHz. (a) Stock Resovist® and (b) High-density Resovist®.
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Fig. 4 Photo of injecting high-density Resovist® into SiLLN.
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Fig. 5 PID-based temperature control in SiLN_using
the current range of 0 ~ 400 A (i.e. 0~14 kA/m)
with a fixed frequency of 260 kHz.
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