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FeCo-based FeCoBPSiCr Amorphous Alloy and Powder
with High Saturation Magnetic Flux Density and Corrosion Resistance
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Soft magnetic materials are required to obtain high saturation magnetic flux density (B) and corrosion resistance
for suppressing the magnetic saturation and supporting usage environments in power supplies of information and
communication technology (ICT) devices with large current driving. This study investigated the magnetic
characteristics, amorphous stability, and corrosion behavior of (Feo.7C00.3)ss-x-yB11PxSiyCr1 and conventional
Fe79Si6B13C2 amorphous alloys. A metallic ribbon comprising (Feo.7Co0.3)s2B11P4SiaCr1 exhibited high B of 1.71 T and
amorphous forming ability of 87 pm, sufficient to obtain a single amorphous phase even in powder morphology. The
(Fe0.7C00.3)32B11P4Si2Cr1 amorphous alloy ribbon with a high corrosion potential of =520 mV showed better corrosion
resistance than conventional Fer9SisB13C2 amorphous alloy with a low corrosion potential of =677 mV in water
immersion tests. The (Feo.7C00.3)s2B11P4Si2Cr1 amorphous alloy powder comprised a single amorphous phase and
exhibited high Bs of 1.61 T, the same as that of the conventional Fe79SisB13C2 amorphous alloy powder. Furthermore,
an inductor using the (Fe.7C00.3)82B11P4Si2Cr1 amorphous alloy powder exhibited high DC-bias characteristics and
excellent corrosion resistance compared to that using the conventional Fe79SicB13C2 amorphous alloy powder. The
results suggested that inductor using the (Feo.7Co0.3)s2B11P4Si2Cr1 amorphous alloy powder with high DC-bias
characteristic and excellent corrosion resistance contribute to correspond to large current and high reliability of ICT
devices.

Key words: soft magnetic materials, amorphous alloys, powders, corrosion resistance, inductors

1. Introduction 6D, The corrosion resistance of Fe-based soft magnetic
materials with crystal grains, such as Fe-Si and Fe-based
nanocrystalline alloys, is decreased because corrosion
preferentially progresses from the grain boundaries 89,
Therefore, we focused on Fe-based amorphous alloys
without crystal grains and reported a novel Fe-based
(Fe70Co30)BPSiCr alloy with high B and corrosion
resistance 10,

Recently, the demand for the Internet of Things (IoT)
devices has increased significantly owing to the need for
miniaturization of electronic devices with high
performance and power density. In particular, inductors
must  exhibit excellent DC-bias characteristics
corresponding to high-wattage ICs with large currents
for high-power-density driving. Therefore, instead of
ferrite materials with saturation magnetic flux density
(B) < 0.5 T, inductors composed of metallic soft magnetic
materials with Bs > 1.0 T, such as Fe-based amorphous
and nanocrystalline alloys, are widely used to suppress

2. Experimental procedure

Master alloy ingots with FeCoBPSiCr and FeSiBC
were prepared by induction melting using commercial
raw materials such as Fe (99.9 mass %), Co (99.8 mass %),
B (99.5 mass %), Si (99.999 mass %), Cr (99.9 mass %),
and pre-alloyed FeP (99.9 mass %) in Ar. A single-roller
melt-spinning method in Ar atmosphere was used to
produce rapidly solidified ribbons with a width of 1 mm
and thickness ranging from 60 pm to 105 um. The
structures of the as-quenched ribbons were identified by
X-ray diffractometry (XRD) and transmission electron
microscopy (TEM). The amorphous forming ability was
determined from the thickness of the as-quenched ribbon
with a single amorphous phase. To this end, as-quenched
ribbons of varying thicknesses were fabricated. The
maximum ribbon thickness without crystallization was
determined to be the critical thickness. In particular, the

magnetic saturation by a large current V. Currently,
Fe-based soft magnetic materials are used as magnetic
core materials for inductors. Moreover, achieving a high
Bsis necessary to obtain high DC-bias characteristics. By
contrast, inductor materials must possess high corrosion
resistance to operate under usage environments.
Moreover, from the perspective of sustainable
development goals (SDGs), materials with high corrosion
resistance are becoming increasingly important because
they can be used for longer periods than those with low
corrosion resistance. However, the corrosion resistance of
a high B type Fe-based soft magnetic material is reduced
by including a high Fe content due to achieving a high Bs

degree of amorphous forming ability was indicated by the
maximum as-quenched ribbon thickness without
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crystallization, and a thickness of more than 60 pm was
decided as a minimum critical thickness for powder
production. The densities of the ribbons were measured
using the Archimedean method with kerosene as the
solvent. The Bs was measured using a vibrating sample
magnetometer (VSM) under a maximum applied field of
1600 kA/m. Coercivity (H.) was measured using an
automatic coercive force meter (K-HC1000, Tohoku Steel
Co.) under a maximum applied field of ~160 kA/m. The
corrosion resistance was investigated using the corrosion
potential (Eior) and corrosion current density (Zorm)
measured by linear sweep voltammetry (LSV) using a
potentio-galvanostat. In a 0.5-M NaCl aqueous solution,
the sweep speed for a spontaneous potential was 0.833
mV/s from =300 mV to +300 mV using both Ag/AgCl
reference and Pt counter electrodes. After a 4-h
immersion test in pure water, the appearance of a 20-um-
thick metallic ribbon was observed with an optical
microscope. FeCoBPSiCr and FeSiBC powders were

fabricated via gas atomization using high-pressure water.

The average diameter of the powder was measured using
a laser diffraction particle analyzer (HELOS). The
densities of the powders were measured using a He gas
pycnometer with a He purity of 5 N. The particle
morphology of the powders was observed by scanning
electron microscopy (SEM). Particle circularity (C) was
determined as follows:

C=2VmA/P (1)
where A is the particle area, and P is the perimeter
determined using particle imaging (Morphologi-G3,
Malvern Instruments). The thermal kinetic behavior was
measured using differential scanning calorimetry (DSC)
at a heating rate of 0.67 K/s. Inductor with the size of 2.0
(L) mm x 1.2 (W) mm x 0.8 (H) mm were prepared using
the FeCoBPSiCr and FeSiBC powders. The products
were plated with Ni after fabrication using the pressure-
forming method with a Cu coil and resin-dispersed
FeCoBPSiCr or FeSiBC particles. The permeability (zz)
of the ring core with dimensions of 11 mm in outer
diameter, 6.5 mm in inner diameter, and 2.5 mm in
height at 1 MHz was measured by an impedance
analyzer under a field of 0.13 A/m, and core loss (P.v) was
measured by a BH analyzer with 10 mT at 2 MHz. The
DC bias characteristics of the inductance (L) were
measured using an LCR meter at a maximum applied
current of 9 A. The products were observed under an
optical microscope.

3. Results

3.1 Dependence of alloy characteristics on the
composition of (Feo.7Co0.3)s8-x-yB11PxSiyCr1

The dependence of amorphous forming ability and Bs
on the compositions of (Feo.7Co0.3)ss-x-yB11PxSiyCr1 alloys
were investigated. Fig. 1 (a) shows the dependence of

(a) Amorphous forming ability

2.0
B2.0 83.0 B4.00

FeCo content (at.%)

FeCo content (at.%)

Fig. 1 Dependence of (a) amorphous forming ability and (b)
Bs on the compositions of the (Feo.7C00.3)ssx-yB11PxSiyCri
alloys.

amorphous forming ability on the compositions of
(Feo.7C00.3)s8-x-yB11PxSiyCri alloys. These alloys exhibited
high amorphous forming ability ranging from 61 um to
105 pm in the wide composition range. In particular, a
high amorphous forming ability above 80 pm was
observed for P contents of (3.5 to 4.5) at. % and Si
contents of (1.5 to 2.0) at. %. Fig. 1 (b) shows the
dependence of Bs on the compositions of the
(Feo.7C00.3)s8-x-yB11PxSiyCr1 alloys. A high B of more than
1.7 T was observed at high FeCo contents of more than
82 at. %, Si contents of (1 to 3) at. % and P contents of
(3 to 4) at. %. From the above results, it is considered that
composition optimizations for P, Si, and FeCo in the alloy
are essential to achieve a high Bs and amorphous forming
ability. Therefore, these results suggest that the
(Feo.7C00.3)32B11P4SisCr1  alloy has the optimum
composition because it exhibits a high amorphous
forming ability of 87 um with a Bs>1.7 T.

The magnetic characteristics, corrosion potential, and
corrosion current density of the (Feo.7Co0.3)s2B11P4Si2Cr1
alloy and the high-Bs-type conventional Fe79SigB13Ce
amorphous alloy with images of the metallic ribbon that
appeared after the immersion tests are listed in Table 1.

The (Feo.7C00.3)32B11P4SisCr1 amorphous alloy showed
the favorable magnetic characteristics compared to the
conventional Fe79SieB13Cz amorphous alloy and a higher
amorphous forming ability than the conventional alloy.
In addition, the (Feo.7C00.3)82B11P4Si2Cr1 amorphous alloy
exhibited higher corrosion resistance than the
conventional Fer9SieB13C2 amorphous alloy in the
appearance of the metallic ribbon after the immersion
tests. In contrast, although the ribbon appearance of the
(Feo.7C00.3)s2B11P4Si2Cr1 amorphous alloy clearly showed

Table 1 Magnetic characteristics of Bs and H., corrosion
characteristics of Ecorr and icorr, density of ribbons and optical
microscope images of metallic ribbons in the
(Fe0.7C00.3)82B11P4Si2Cr1 - and  conventional Fe79SisB13C2
amorphous alloys after 4-h immersion tests in pure water.

Amorphous

Composition B H B fore forming Density appef;:::en after
2 3
() (A/m) (mV) (pAlem?) ability (um) (glem?) i Tact
(Feq;C059)e:ByPSi,Cr, 171 204 —520 23.7 87 7.69 I .
Fe;4SigB,,C 169 257 —677 53.1 60 7.38
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Fig. 2 Anodic polarization curves in 0.5 M NaCl aqueous
solution at 0.833 mV/s sweep the
(Feo.7C00.3)32B11P4Si2Cr1 and the conventional Fe79SicBi13C2

rate  of
alloy metallic ribbons.

a metallic color on the surface, the conventional
Fe79Si6B13C2 amorphous alloy showed significant red rust
on the surface. Fig. 2 shows the anodic polarization
curves in 0.5-M NaCl aqueous solution at 0.833 mV/s
sweep rate of the (Feo7Co00.3)s2B11PsSi2Cr1  and
conventional Fe79SieB13Cz2 alloy metallic ribbons. High
Eeorr of =520 mV and low Zorr of 23.7 pA/em? of the
(Feo.7C00.5)32B11P4SisCr1  amorphous alloy led to the
excellent corrosion resistance compared to the
conventional Fe79Si¢B13C2 amorphous alloy. Therefore,
from the above results, the (Feo7Co00.3)s2B11P4SizCr1
amorphous alloy showed higher Bs and corrosion
resistance than the conventional Fe79SisB13Cs
amorphous alloy.

3.2 Powdarization of (Feo.7Coo.8)s2B11P4Si2Cr1
amorphous alloy

The morphology of the (Feo.7C00.3)s2B11P4Si2Cr1
amorphous alloy powder was investigated. Fig. 3 shows
the SEM images of the (Feo.7Co00.3)82B11P4Si2Cr1
amorphous alloy powder, whereas Fig. 4 shows the
particle circularities of (Feo.7Co00.3)s2B11P4SisCr1 and the
conventional = Fe79SisB13C2  alloy powders. The
(Fe0.7C00.3)s2B11P4SiaCr1 amorphous alloy  powder

consisted of spherical particles with smooth surfaces (Fig.

3). In addition, the (Feo.7Coo.3)s2B11P4Si2Cr1 amorphous
alloy powder showed a high circularity of 0.981 compared
to the conventional Fer9SicB13C2 alloy powder with a low

(a) Powder morphology

(b) Particle morphology

Fig. 3 SEM images of the (a) powder and (b) particle
morphology in  the  (Feo.7C00.3)82B11P4SiaCr1
amorphous alloy powder.

20000
——  (Fey;Coq 5)s:By,P,Si,Cr; amorphous
alloy powder with the circularity of 0.981
E 15000 | ----- Conventional Fe;4SizB,,C, amorphous
g alloy powder with the circularity of 0.970
2
=
8 10000 |
=
1
g
g 5000 r
<
0
0.7 0.8 0.9 1.0

Particle circularity

Fig. 4 Particle circularity of the (Feo.7C00.3)s2B11P4Si2Cri
and the conventional Fe79SicB13C2 alloy powders.

circularity of 0.970, as shown in Fig. 4.

Fig. 5 shows the melting point (7%) and liquid phase
point (7)) of (Feo.7Co0.3)82B11P4Si2Cr1 and conventional
Fe79S16B13Cz alloy powders. Low 7 and 71 were observed
for the (Feo.7Co00.3)s2B1:1P4SizCr1 amorphous alloy powder
compared to those of the conventional Fe79SisB13C2
amorphous alloy powder. The viscosity of the melting
alloy strongly depends on the A7 (= 7' — Th, where T
indicates the molten metal temperature during
atomization), and the viscosity decreases by increasing
AT This suggests that the (Feo.7Co.3)82B11P4Si2Cr1
amorphous alloy powder with the low 7 of 1270 K is low
viscosity of molten metal during atomization compared to
the conventional Fe79S16B13C2 amorphous alloy powder
with high 7 of 1360 K 112 Moreover, spherical
particles are easily obtained in case the alloy with low
viscosity in the gas-atomized process !¥. Therefore, it is
considered that particles with high circularity were
obtained by the viscosity of the (Feo.7C00.3)s2B11P4Si2Cr1
amorphous alloy molten metal during atomization, which
was low due to the low 7w of the (Feo.7Co0.3)82B11P4Si2Cr1
amorphous alloy.

Fig. 6 shows a TEM image of the
(Feo.7C00.3)s2B11P4Si2Cr1 amorphous alloy particles with
the selected area electron diffraction (SAED) pattern.
The (Feo.7Co0.3)82B11P4Si2aCr1 amorphous alloy powder
was composed of a single amorphous phase. The XRD

V Melting point, 7},
(Fe:Cop 2)e2B1i PSisCry V Liquid phse point, 7;
amorphous alloy powder
2 y |
3
<
K
g Conventional Fe;4SigB,3C,
= amorphous alloy powder
o)
z M\\f
2
<5
. . L
1,100 1,200 1,300 1,400 1,500

Temperature, 7/K

Fig. 5 DSC curves of the (Feo.7C00.3)s2B11P4Si2Cr1 and the
conventional Fe79SisB13Cz alloy powders.
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Fig. 6 TEM image of the (Feo.7C00.5)s2B11P4Si2Cr1
amorphous alloy particle with SAED pattern.

patterns of the (Feo.7C00.3)s2B11P4Si2Cr1 and conventional
Fer9Si6B13C2 alloy powders are shown in Fig. 7. The
(Feo.7C00.3)s2B11P4Si2Cr1 amorphous alloy powder shows
a halo pattern, indicating an amorphous structure with
the same level of amorphous stability as that of the
conventional Fe79SicB13Cz alloy powder. Therefore, the
(Fe0.7C00.3)82B11P4SisCr1 amorphous alloy with an
amorphous forming ability of more than 80 pm can be
fabricated as the amorphous powder consists of a single
amorphous phase.

3.3 Electro-magnetic characteristics of
(Fe0.7C00.3)82B11P4SizCr1 amorphous alloy powder

Table 2 lists the representative characteristics of the
(Feo.7C00.3)32B11P4Si2Cr1 and conventional FergSisB13Ca
alloy powders. The (Feo.7Co00.3)s2B11P4Si2Cr1 amorphous
alloy powder showed the same B level (1.61 T) as that of
the conventional Fe79SisB13Ce alloy powder. However, a
slightly higher permeability was observed in the
(Feo.7C00.3)82B11P4Si2Cr1 amorphous alloy  powder
because H. of the (Feo.7Co00.3)s2B11P4Si2Cr1 amorphous
alloy powder was lower than that of the conventional
Fer9Si6B13Cz alloy powder. In addition, although B of the
powders decreased compared with that of the metallic
ribbons, it is considered that Bs decrease led to a decrease
in the density of the powders. In gas atomization, hollow

(Fey 7Coy.5)5:B,1P;Si;Cry
amorphous alloy powder

Conventional Fe;SigB,,C,
amorphous alloy powder

NN

20 30 40 50 60 70
Diffraction angle, 20 (degree)

Intensity, 7 (arb. unit)

Fig. 7 XRD patterns of the (Feo.7Co0.3)s2B11P4SizCr1
and the conventional Fe79S16B13C2 alloy powders.

Table 2 Average diameter, density of powders,
packing density, magnetic characteristics of B and
H;, electro-magnetic characteristics of 5, and Pew in
the (Feo.7C00.3)82B11P4Si2Cr1 and the conventional
Fe79Si6B13C2 amorphous alloy powders.

Average Packing

. . Density B, H. . i P..
Composition diameter (gfem® (T) (Afm) d81;151ty 25 (KW/m®
(pm) (%)
(Fey;Cop By, P,Si,Cr, 20,7 730 1.61 80 739 251 745
Fe,,5i;B,,C, 22.4 712 1.60 137 73.6 24.2 774

particles including air are observed especially in the
powder, which is presumed the cause of the decrease in
the density of the powders.

Fig. 8 shows the DC-bias characteristics of inductors
with the dimensions of 2.0 (L) mm x 1.2 (W) mm x 0.8 (H)
mm fabricated by using the (Feo.7C00.3)s2B11P4SizCr1 and
conventional Fe79Si¢B13C2 amorphous alloy powders.
Moreover, their appearances are shown in Fig. 9. The
inductor fabricated using the (Feo7Co00.3)s2B11P4Si2Cr1
amorphous alloy powder showed slightly better DC-bias
characteristics than those fabricated using the
conventional Fe79SisB13C2 amorphous alloy powder. It is
considered that the (Feo.7C00.3)s2B11P4Si2Cr1 amorphous
alloy powder exhibited a slightly high DC bias
characteristic in the inductor consisting of the integrally
molded structure with Cu coil and magnetic core because
a packing condition of that was improved by the high
circularity of the (Feo.7Co0.3)s2B11P4Si2Cr1 amorphous
alloy powder. However, further investigation is required
regarding the relationship between the particle
circularity and DC-bias characteristics.

In addition, the inductor fabricated using the
(Feo.7C00.3)82B11P4SisCr1 amorphous  alloy  powder
exhibited excellent corrosion resistance compared with
that fabricated using the conventional Fe79SicB13Ce
amorphous alloy powder.

0.50

0.45
= 0.40
2
~ 035
g
=
E 030
<
=
<
= 025 [ FeCoBPSiCr anprphous

alloy powder with B, of 1.61 T
020 - Commercial FeSiBC amorphous
alloy powder with B, of 1.60 T
0. 15 1 1 1 1
0.0 2.0 4.0 6.0 8.0 10.0
Applied current, I (A)
Fig. 8 DC-bias characteristics of  the
(Feo.7C00.3)82B11P4SiaCr1 and  the conventional

Fe79Si16B13C2 amorphous alloy powders.
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Lower side

(Fe(7C009)5:B 11 P4SipCry |
amorphous i
alloy powder

Commercial
Feq4SicB,5C,
amorphous
alloy powder

AT A

Fig. 9 Optical microscope images of products with the
dimensions of 2.0 mm (L) x 1.2 (W) mm x 0.8 (H) mm using
the  (Feo.7C00.3)s2B11P4Si2Cri the
Fe79Si6B13C2 amorphous alloy powders.

and conventional

Even after cutting and electrode plating, the inductor
fabricated using the (Feo.7Co0.3)s2B11P4Si2Cr1 amorphous
alloy powder exhibited a gray color with the same color
as the powder itself. In contrast, red rust was clearly
observed on the surface of the product fabricated using
the conventional Fe79S16B13C2 amorphous alloy powder.
From the above results, the (Feo.7C00.3)s2B11P4SiaCr1
amorphous alloy with Bs of more than 1.7 T is recognized
that the alloy shows a high A of 1.61 T and an excellent
corrosion resistance in also the powder. Therefore, the
inductor fabricated wusing (Feo.7Co00.3)s2B11P4Si2Cr1
amorphous alloy powder contribute to the
miniaturization of electronic devices by exhibiting high
DC-bias characteristics. Moreover, their excellent
corrosion resistance contributes to maintaining a high
reliability in various usage environments.

4. Conclusions

The magnetic characteristics, amorphous stability, and
corrosion  behavior of = (Feo.7Co0.3)ssxyB11PxSiyCr1
amorphous alloys and powder were investigated in this
study. The conclusions drawn from the results are as
follows.

(1) (Feo.7Co0.3)s2B11P4Si2Cr1 amorphous alloy exhibited
a high amorphous forming ability of 87 pum, which is
required for powderization, and a high B of 1.71 T.

(2) With regard to the corrosion behavior, the
(Feo.7C00.3)g2B11P4Si2Cr1 amorphous alloy with a high
Eeorr value of =520 mV and a low zeorr value of 23.7 pA/em?
showed a higher corrosion resistance than commercial
Fer9SicB13C2 amorphous alloy without red rust on the
metallic ribbon surface when immersed in pure water.

(3) The (Feo.7C00.3)s2B11PsSieCr1  amorphous alloy
powder consisted of a single amorphous phase, as
observed from the TEM images and XRD and SAED
patterns.

(4) An inductor using the (Fe.7Co00.5)s2B11P4SisCr1
amorphous alloy powder exhibited high DC-bias
characteristics and excellent corrosion resistance
compared to that using the commercial Fe79Si6B13Cs
amorphous alloy powder.
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Vibration energy harvesting using composite materials
of amorphous ribbon and resin
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Takuo Kamikuraa?, Taichi Goto» and Kazushi Ishiyama®t
»Graduate School of Engineering, Tohoku Univ., 6-6 Aramaki Aza Aoba, Aoba-ku, Sendai, Miyagi 950-8579, Japan
"RIEC Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai, Miyagi 980-8577, Japan

We propose a novel system for generating vibration power using composite amorphous ribbons as an
alternative to cantilevers. While the cantilever is effective for narrowband vibration, the structure of this system is
effective for broadband vibration. To prove the effectiveness of this structure, we measured the change in magnetic
properties of the composite amorphous ribbon with and without compressive stress applied and and the power
generation properties under vibration with a low amplitude and arbitrary frequency. In the measurement of the
magnetic properties, the change in magnetic flux density tended to increase as the strain increased. In the
measurement of the power generation characteristics, a power generation of 19.2 uW was obtained even at a vibration
frequency of 700 Hz and an amplitude of 450 nm, which is not the resonance frequency. The theoretical and
experimental values from the two experiments were consistent, confirming that the inverse magnetostriction effect
was responsible for the power generation. Therefore, we conclude that the novel structure for generating vibration
power using composite amorphous ribbons is effective for low-amplitude broadband vibration.

Key words: energy harvesting, vibration power generation, composite material, soft magnetic materials, broadband
vibration
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Fig. 1 Schematic diagram of structure
for vibration power generation.
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Fig. 2 System for measuring B-H curves.
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Fig. 3 Schematic diagram of the constructed setup

for harvesting.
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Fig. 4 Change in BH curve under compressive stress.
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Fig. 5 Relationship between strain and flux density change at 8.3 kA/m
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during power generation experiment.
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La &N L7T= Fe-Ga BlEICH T hEE LS EH

Structural Characteristics and Magnetic Properties of
La doped Fe-Ga Thin Films
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This paper describes a study on the structural characteristics and magnetic properties of La doped Fe-Ga
(Fe-Ga-La) thin films with a thickness of 50 nm. The Fe-Ga-La films showed a bcc polycrystalline structure regardless
of the La content, and their crystallite size became smaller as the La content increased. Both soft magnetic properties
and high-frequency magnetic properties were markedly improved in a range of La content above 4.6 at. %, which might
be attributed to induced uniaxial magnetic anisotropy and magnetic inhomogeneity. In particular, the saturation
magnetostriction of the films became maximum at a La content of 0.8 at. %, and its value was approximately 61.2 ppm.
This result is similar to that of bulk Fe-Ga alloy with rare-earth doping. Thus, slight rare-earth doping plays an
important role in the improvement of the saturation magnetostriction in Fe-Ga polycrystalline films.

Key words: Fe-Ga alloy film, Rare-earth doping, Magnetostriction, Magnetization dynamics, Soft magnetic properties
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Fig. 1 XRD pattern as function of La content (x)
for 50-nm-thick Fezrs-0.75xGazs-0.25:Liax films.
The inset is enlarged scale around (110) peak.
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Fig. 2 Electron diffraction pattern of 50-nm-thick
Fers-075xGags-0.25:L.ax thin films ((a) x=0,
(b) x=0.8, (c) x=6.1, and (d) x=10.3).
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Fig. 3 Magnetization loops of 50-nm-thick
Fers-075xGass0.25:L.ax thin films ((a) x=0,
(b) x=0.8, (c) x=6.1, and (d) x=10.3).
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Evaluation of spin-current-induced permeability variation
toward time-varying magnetic metamaterials
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T. Kodama #+1, N. Kikuchi ), S. Okamoto "9, S. Ohno 9, and S. Tomita 2
a) Institute for Excellence in Higher Education, Tohoku Univ., 41 Kawauchi, Aoba-ku, Sendai, 980-8576, Japan
b) Institute of Multidisciplinary Research for Advanced Materials, Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan
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d Graduate School of Science, Tohoku Univ., 6-3 Aramaki Aza-Aoba, Aoba-ku, Sendai, 980-8578, Japan

The permeability (1) variation of lithographically-prepared magnetic metamaterials consisting of Ta/Py/Pt
trilayers is studied by means of spin-torque ferromagnetic resonance (ST-FMR) with a direct current up to £20 mA.
The substrate dependence of ST-FMR signals demonstrate that the non-doped Si substrate is the most stable and
capable of carrying large direct currents. The u analytically calculated on the basis of the experimentally obtained
resonance field and Gilbert damping parameter are plotted on a complex plane, which shows the permeability variation
visually and quantitatively. The present study enables us to design a microwave converter using time-varying
magnetic metamaterials for millimeter wave or terahertz light sources toward the post-5th generation mobile
communication system.

Keywords: spin-Hall effect, spin-orbit torque, spin torque ferromagnetic resonance, permeability modulation, time-

varying metamaterial
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Fig. 2 Measured Vgygr as function of external magnetic
field, poHey:, at 6 GHz with direct electric current of 14 mA.
(@Red and (b) black solid lines correspond to signals
obtained from measurements using samples with MgO and
non-doped Si substrate, respectively. (b) Thick blue and (c)
green and purple lines show fitting results using Eq. (1).
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Fig. 3 Dampinga (circles, left axis) and poHSRf .

(triangles, right axis) are plotted as function of I4.. This
graph was created by compiling data from Ref. 11.
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Fig. 4 (a)(b) Calculated dispersion curves of p. and u.’ with I3, = 420 mA are plotted as function of frequency. Data are re-
drawn from Ref. 11. (c) Variation of u| and y;’ for I4. from —20 mA to +20 mA. Each arc corresponds to frequency at

which p, is evaluated.
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Z A IERD 5 RICHEIEREDARE I & REHIS

Thermal stability of magnetization states and reversal fields from the perspective of
Landau theory

S

CNRIEA Y - FARE D

O FFERLK, A EE fiXHE 6-3-1 (T 125-8585)
D HAL R, EIRIEAIA TS X F 2-2-1 (T980-8577)

C. Mitsumata,® M. Kotsug,® and S. Okamoto®
9Tokyo University of Science, 6-3-1, Niijuku, Katsushika, Tokyo, 125-8585 Japan
YIMRAM, Tohoku University, 2-2-1, Katahira, Aoba, Sendai, Miyagi, 980-8577 Japan

A method for achieving both the thermal stability of magnetic signals and the reduction of the magnetization reversal field was

investigated using the Landau theory. We give some examples of slope shapes in a free-energy landscape, and performs calculations for

reversal fields. It is clarified that linear slopes without irregularities are suitable for the energy landscape to reduce the switching field.

We also show that the method of suppressing the reduction in the energy barrier height and reducing the reversal magnetic field by

bonding the soft phase/hard phase contributes to flattening the energy landscape. It is shown that the energy distribution of the domain

wall motion studied in a previous simulation is consistent with the linear energy landscape in Landau theory.

Key words: free energy, entropy, energy landscape, magnetization reversal, magnetization process
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Observation of Crosstalk by Near Magnetic Field Measurement Including
Phase Information
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Yusuke Sugawara® ”, Taichi Goto” , and Kazushi Ishiyama® '
@ Graduate School of Engineering, Tohoku Univ., 6-6 Aramaki Aza Aoba, Aoba-ku, Sendai, Miyagi 980-8579, Japan
" RIEC Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai, Miyvagi 980-8577, Japan

In recent years, as electronic devices have advanced, the component mounting density on electronic boards
has grown, leading to circuit noise issues. Addressing this requires technology capable of precisely measuring
high-frequency magnetic fields. We have been studying magneto-optical effects and high-frequency near-field
measurements using pulsed lasers. In previous studies, we demonstrated the feasibility of measuring the magnetic
field distributions across diverse electronic circuits, including actual circuits in commercial electronic devices.
However, it is difficult to identify a noise source only by the intensity and frequency of the magnetic field obtained by
magnetic field distribution measurement. This study proposes a visualization of noise propagation paths utilizing the
phase information obtained by a magnetic field measurement system. For validation, we measured the magnetic field
emitted by crosstalk noise, a typical type of noise in electronic circuits. We observed a time lag between the primary
signal and the noise, as well as noise amplification over time. Our findings show the potential of our measurement
method in pinpointing noise sources.

Key words: magnetic optical effect, garnet, magnetic field measurement, noise in circuits, crosstalk noise
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Fig.4 Microstrip lines used for measurements.
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Fig.7 Area where magnetic field measurements were taken.
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Evaluating characteristics of orthogonal fluxgate strain sensor
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ORALRFEREBE TARRFER, BRIl TS pORE T 752 6-6 (T 980-8579)
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Kenta Chida *”, Taichi Goto * , and Kazushi Ishiyama *
@ Graduate school of Engineering, Tohoku Univ., 6-6 Aramaki Aza Aoba, Aoba-ku, Sendai, Miyagi 980-8579, Japan
" RIEC Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai, Miyagi 980-8577, Japan

We propose a novel strain sensor utilizing an orthogonal fluxgate sensor system with bulk materials.
Instead of a magnetic field, strain is applied to an orthogonal fluxgate magnetic field sensor to produce an output. In
this study, verification experiments were conducted to validate that the sensor works according to its principle. We
also explored operational conditions to enhance sensitivity. Furthermore, to confirm the effectiveness of the
orthogonal fluxgate system as a strain sensor using bulk materials, we compared it with the magneto impedance
system. Results confirmed the functionality of the orthogonal fluxgate system, as evidenced by the observation of
magnetic domains under stress and strain-output characteristics at a frequency of 250 kHz. The peak sensitivity
reached 6.72 mV/ppm with a bias magnetic field of 2 Oe and a carrier frequency of 250 kHz. When compared with the
magneto impedance system, there was a 87-fold difference in sensitivity, indicating potential as a highly sensitive

strain sensor.

Key words: orthogonal fluxgate sensor, strain sensor, inverse-magnetostrictive effect, amorphous ribbon, soft

magnetic
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Table 1 Typical properties of 2605SA1.

Saturation Saturation
Alloy Composition | flux density | Coercive force (A/m) | magnetostriction Maximum DC permeability
(1) (ppm)
. 600000 (Annealed)
2605SA1 Fe-Si-B 1.56 2 27
45000 (As cast)
Magnetic domain wall R
Magnetic anisotropy energy o
q s Magnetic moment
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& ] g " g2
g g 2
o8 m . =} . . /m . .
Amorphous ribbon Amorphous ribbon Amorphous ribbon - Amorphous ribbon (a) Low bias (b) Appropnate bias (C) ngh bias

(a) (b) (c) (@

Fig. 1 Magnetic anisotropy and moment changes of
amorphous ribbon under applied stress.
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With bias
magnetic field
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Without bias
magnetic field
o (© (d) Strain (ppm)
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Fig. 2 Strain-output characteristics.
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Fig. 3 Change of moment by bias magnetic field.
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Fig. 11 Variation in strain-output characteristics

by bias magnetic field.
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Fig. 13 Strain-impedance characteristics.
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Measurement and Analysis of Air Gap Flux Density Waveforms of
Flux-Modulated-type Magnetic Gears

<Paper>
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Magnetic gears, which can transmit power without any mechanical contact, offer lower vibration and
acoustic noise compared with conventional mechanical gears. They also have an advantage in terms of maintenance.
Among the various types of magnetic gears, the flux-modulated-type magnetic gear has recently garnered attention
because of its higher torque density and efficiency. This gear consists of concentric inner and outer rotors and pole
pieces placed between two rotors and works as a gear based on flux modulation theory. Therefore, measurement and
analysis of the modulated fluxes in the air gaps are essential since these fluxes directly contribute to torque and
efficiency. This paper presents a system for measuring flux density waveforms in the air gap of the
flux-modulated-type magnetic gear. The measured waveforms are compared with those calculated using a finite

element method (FEM).

Key words: flux-modulated-type magnetic gear, air gap flux density
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Quter rotor
(Low speed rotor)

Pole pieces

Inner rotor
(High speed rotor)

Gear ratio 5.5

Outer diameter 106 mm

Axial length 15 mm

Air gaps 2 mm (Inner si_de)
1 mm (Outer side)

Inner rotor pole-pairs 4

Outer rotor pole-pairs 22

Number of pole pieces 26

Rotor core material

Pole-piece material 35A250

Magnet material Sintered Nd-Fe-B

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

s
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Fig. 3 Appearance of system for measuring air gap flux

density waveforms.
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Hall sensors

HG-0C14 Outer rotor yoke

Outer rotor magnet

Logger
GL220

Pole pieces

Inner rotor magnet

Inner rotor yoke

Rotary encoder
MES-30-360PC

1
Fig. 4 Configuration of system for measuring system for air-

gap flux density waveforms.
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Table 1 Measurement conditions for air gap flux density

waveform.

Inner rotor = Pole pieces = Outer rotor

Measurement items

o _ _ Flux density of the inner rotor
magnets

Modulated flux density of the inner

rotor magnets

® | e

o o -

Flux density of the outer rotor
magnets

- = o

iz

Modulated flux density of the outer
rotor magnets

®
I

o]

o
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(d)_@ Outer rotor + Pole pieces
Configurations of magnetic gear according to

(c)_® Outer rotor
Fig. 5

measurement conditions.
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(b) Frequency components
Fig. 6 Air-gap flux density waveforms and their frequency
components for condition 1.
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Table 2 Comparison of 4t%2 harmonic components of air-

gap flux density waveforms (condition 1).

2D-FEM
0.97

3D-FEM
1.03

Meas.
1.00

4th harmonic component (p.u.)
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Fig. 7 Air-gap flux density waveforms and their frequency
components for condition 2.

Table 3 Comparison of 22nd harmonic components of

air-gap flux density waveforms (condition 2).

2D-FEM |3D-FEM |Meas.

22nd harmonic component (p.u.) 1.63 1.08 1.00
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Fig. 8 Air-gap flux density waveforms and their frequency
components for condition 3.

Table 4 Comparison of 22nd harmonic components of
air-gap flux density waveforms (condition 3).

2D-FEM |3D-FEM |Meas.
22nd harmonic component (p.u.) 0.96 1.00 1.00
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Fig. 9 Air-gap flux density waveforms and their frequency
components for condition 4.

Table 5 Comparison of 22nd harmonic components of
air-gap flux density waveforms (condition 4).

ZD-FEM |3D-FEM |Meas.
4th harmonic component (p.u.) 1.45 1.10 1.00
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Fig. 10 Experimental system with magnetic gear.
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Fig. 11 Measured stall torque of the inner and outer rotors.
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Fig. 12 Calculated static torque of the outer rotor.
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Table 6 Comparison of stall torque of the outer rotor.
2D-FEM [3D-FEM |Meas.
Stall torque of the outer rotor (p.u.) 1.71 1.18 1.00
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Flux Barrier Shape for Improving Reluctance Torque of
Distributed Winding Interior Permanent Magnet Motor
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As electrification progresses in various fields, permanent magnet (PM) machines have been attracting attention
because of their compactness, high power, and high efficiency. Among them, interior permanent magnet (IPM)
machines with a rotor core in which permanent magnets are embedded can achieve higher power and efficiency than
conventional PM machines since they can utilize both magnetic and reluctance torque. This paper focuses on
distributed-winding IPM machines, assuming the use of bonded magnets, and investigates various flux barrier
shapes that can improve reluctance torque using the finite element method (FEM).

Keywords: Interior Permanent Magnet Motor, Reluctance torque, Flux barrier
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Fig. 1 Basic configuration of interior permanent magnet
(IPM) motor.
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Outside diameter (mm) 150
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Stack length (mm) 60
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|

Sy,

No. of stator pole 48
‘J No. of rotor pole
"' / No. of turns/slot

/ Winding space factor (%) 60

&g’%ﬁm@

Fig. 2 Spec1flcat10ns of distributed-winding IPM motor
used for examination.

Non-oriented

Core material silicon steel
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@

Fig. 3 Flux barrier shapes for comparison (a) flat shape,
1 layer, (b) V shape, 1 layer, (c) arc shape, 1 layer, (d) arc
shape, 2 layers, (e) arc shape, 3 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 1.31 2.75
V shape, 1 layer 17.59 0.49 1.25 2.56
Arc shape, 1 layer 18.75 0.48 1.29 2.71
Arc shape, 2 layers 19.52 0.39 1.20 3.05
Arc shape, 3 layers 19.25 0.40 1.23 3.10
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Fig. 4 Flux line diagrams (a) ¢g-axis and (b) d-axis for arc
shape, 1 layer.
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shape, 3 layers.
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Fig. 7 Calculated flux lines when rotor has cylindrical
iron core.

()% éﬁ") /

Fig. 8 Example of flux barriers based on magnetic flux
lines shown in Fig. 7.

P Variable | Search range
arameter (mm) name Mo | Max
Depth of flux

pho d | o1 | 1215
barrier
Inner radms of s 6 18.2
second layer

Outer radius of

first laer ds 12.15| 24.2
Inner radms of da 1215 | 242
frst layer

Fig. 9 Parameters to be optimized and their search
ranges.
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Variable [Optimum value
Parameter (mm)
name (mm)
De;
photfue | 4 34
barrier
Inner radius of & 141
second layer
Outer radius of
18.0
) first layer we
Inner radius of
21.7
first layer da

Fig. 10 Optimized rotor shape and its dimensions.

Fig. 11 Flux line diagram
optimization.

Table 2 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 1.31 2.75
V shape, 1 layer 17.59 0.49 1.25 2.56
Arc shape, 1 layer 18.75 0.48 1.29 2.71
Arc shape, 2 layers 19.52 0.39 1.20 3.05
Arc shape, 3 layers 19.25 0.40 1.23 3.10
New shape 24.10 0.38 1.47 3.86

43

INDEX



NS/
9&/

Fig. 12 Rotor shape with thinner flux barrier in the
second layer of the optimized rotor shown in Fig. 10.

Table 3 Maximum value of reluctance torque, g-axis &
d-axis inductance, and saliency ratio of each flux barrier
shape shown in Fig. 10 and Fig. 12.

Maximum d -axis q -axis
Model reluctance  |inductance |inductance | Saliency ratio
torque (N-m) (mH) (mH)
New shape (Fig. 10) 24.10 0.38 1.47 3.86
New shape (Fig. 12) 23.60 0.41 1.46 3.57
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Drive Range Expansion of In-Wheel Axial-Flux SR Motor for Compact EV

<Paper>

VAR - PPEREN - Pk T

ALK K5 Lt eft, e s B a5 4 6-6-11 (T 980-8579)

Y. Nishigai, K. Nakazawa, and K. Nakamura'
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan

In previous papers, axial-flux switched reluctance motors (AFSRMs) for compact electric vehicles (EVs) were
prototyped, and EV driving tests were successfully conducted. However, it was clear that the conventional control
method, called instantaneous phase torque distribution control IPTDC), has a narrow torque-speed range. This paper
presents an improved control method that can expand the torque-speed range, especially in high-speed regions.
Moreover, it proposes an average torque control method that can maintain a large torque for even higher speed regions.

Key words: Electric vehicle (EV), In-wheel motor, Axial-flux switched reluctance motor (AFSRM), Torque control
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Fig.1 Compact EV with in-wheel AFSRMs.
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Fig. 2 Structure of prototype AFSRM.

Table 1 Specifications of prototype AFSRM.

Exciting voltage 72V
Gap length 0.3 mm
Winding turns/pole 99 turns
Winding space factor 62 %
Weight 14.4 kg
Weight including case 32.3 kg
Core material 35A300
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Fig. 3 Excitation modes of asymmetric half bridge converter.
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Calculation for Output Characteristic of Motor Structure with Boost
Reactor Function Based on RNA
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L. Zhang', Y. Yoshida, S. Sakurai, N. Handa, and K. Tajima
Graduate School of Science and Engineering, Akita Univ., 7-1 Tegata Gakuen-machi, Akita, Akita 010-8502, Japan

In recent years, due to the demand for miniaturization and weight reduction of magnetic devices such as
in-vehicle drive motors, the authors have focused on miniaturizing motor drive systems through the fusion of devices.
In this paper, we propose an integrated motor structure combining a step-up reactor and a motor for a motor drive
system using a step-up DC/DC converter. Comparing the integrated structure of the proposed step-up reactor and
motor with a conventional motor by reluctance network analysis (RNA), we find that the proposed model can improve

output in the high-speed range.

Key words: integrated structure of reactor and motor, permanent magnet motor, reluctance network analysis,

nonlinear model, coupled analysis
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(b) Magnetic Device Integral Structure Motor.
Fig. 1 Comparison of conventional and proposed motor.

() Flow of current and magnetic flux. (b) 3D - magnetic circuit.
Fig. 2 Magnetic path formation of proposed model.
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IR IRV A Outer diameter of rotor 140.4 mm
Iron core length 60 mm
Motor length 108 mm
Resldua;::;igtr;etlc flux B=12T
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Core material 35JN210

Fig. 3 Structure of base model.
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Fig. 4 Image of magnetic circuit per tooth of base model.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.8, No.1, 2024 53



Table 1 Symbol description for Fig.4.

Symbol Symbol description
Rspy Reluctance of stator yoke
Ry Reluctance of teeth
E, Magnetomotive force of U-phase winding
F, Magnetomotive force of V-phase winding
F, Magnetomotive force of W-phase winding
Ry Reluctance of gap
R Reluctance of magnet
Fy Magnetomotive force of magnet
R, Reluctance of rotor core
Rrpy Reluctance of rotor yoke

Fig. 5 RNA model of base model (1/4).
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(@) Dimensions of magnetic device integrated structure motor.

15.5 mm

(b) Dimensions of bobbin type reactor.
Fig. 6 Structure of proposed model.
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Fig. 7 Division of model in axial direction.
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Fig. 8 Approximate B-H characteristics of 35JN210.
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Fig. 9 Approximate B-H characteristics of HB3_revl_20deg.

Table 2 Values of fitted coefficients.

35JN210 HB3_revl_20deg
a 90.59 2346.59
an 4.42 20.31
n 13 11

3.3 RNA EFIL DR Y HRET

PER LR T M AT —4 D RNA £ /1LOZ24M
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Table 3 Simulation conditions.

RNA model | FEM model
Simulation mode Transient response analysis
Maximum motor phase 270 A
current
Frequency of three-phase 400 Hz
current source
Current in reactor coil 0A/390 A
Number of turns of
. 10 turns
reactor coil
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(b) The current in reactor coil is 390 A.
Fig. 10 Torque characteristics for RNA and 3D-FEM models.
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(a) Analysis circuit for base model.
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(b) Analysis circuit for proposed model.
Fig. 11 Analysis circuits for base and proposed models.

Table 4 Simulation conditions.

Base model | Proposed model
Simulation mode Transient response analysis
Control method MTPA & flux weakening control
Maximum motor
phase voltage 300V
Maximum motor 270 A
phase current
Average curre.nt in 390 A
reactor coil
Carrier wave 50000 Hz
frequency
DC voltage 600 V 300V
Converter duty cycle —_— 0.5

INDEX

—Base model
—Proposed model

Torque (N - m)

] 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Rotation speed (rpm)

Fig. 12 Comparison of N-T characteristics.
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Investigation of Torque Dependence of Losses
in Flux-Modulated-type Magnetic Gear

<Paper>
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In recent years, there has been a strong demand for electric motors to be reduced in size and weight and
increased their output power density by increasing the rotational speed over tens of thousands of rpm. However, it is
challenging to realize mechanical gears that can operate at such ultra-high speed due to mechanical contact.
Magnetic gears have been getting attention recently because they can change speed and torque without mechanical
contact. Thus, they have low vibration, noise, wear, and friction heating. These features are desirable for
ultra-high-speed applications. In particular, a flux-modulated-type magnetic gear is expected to be put into practical
use because it has a higher torque density than other kinds of magnetic gears. However, the torque dependence of
losses is not fully clarified yet. In this paper, the torque dependence of losses in the prototype magnetic gear is
clarified by experiment and finite element method (FEM), and the influence of pole-pairs, an important parameter in
determining the gear ratio of magnetic gears, is discussed.

Key words: Flux-modulated-type magnetic gear, Ultra-high speed, Iron loss
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ultra-high-speed magnet gear.

magnet gear.

configuration of a

Table 1 Specifications of the prototype ultra-high-speed

Maximum input speed 80,000 rpm
Gear ratio 6.667
Diameter 44 mm

Axial length 20 mm
Inner gap length 1.5 mm
Outer gap length 1.0 mm

Material of inner magnet

Sintered Nd-Fe-B

Material of outer magnet

Bonded Nd-Fe-B

Inner rotor pole-pairs (pn) 3
Outer stator pole-pairs (z1) 17
Number of pole pieces (#pp) 20
1
—Ir —Pp
0.8
E 0.6
<
< 0.4
-
g 0.2
ﬁ .
0
-0.2
0 30 60 90 120 150 180
Load angle (deg.)

Fig. 2 Calculated transmission torque characteristics
of ultra-high-speed magnetic gear.
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Fig. 3 Calculated iron loss versus load angle.
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Fig. 4 Calculated eddy current loss in magnets versus

load angle.

(a) Inner rotor (b) Pole piece rotor (c) Magnetic gear

Fig. 5 Appearance of prototype magnetic gear.
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Fig. 6 Experimental system for the prototype magnetic
gear.
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Fig. 7 Measured loss versus load angle.
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Sm-Fe-N R FEAZRAW=E LY IPMSM IZB89 51&Et
Study on High Torque IPMSM Using Sm-Fe-N Bonded Magnet

HEH—E -« HHEEGL O - HHEEED - R Y - ZHFE D - [UARZAED - HEIL 2
OFK F RSB TAEHFZERE, Bk UK L ol A2 BT 1-1 (T 010-8502)
b) B b TR, B LTS 7 LT 491 (T 774-8601)

K. Takeda ®, Y. Yoshida # 1, R. Yoshida®, M. Abe?, S. Tada?, M. Yamamoto?, and K. Tajima @
a) Graduate School of Science and Engineering, Akita Univ., 1-1 Tegata Gakuen-machi, Akita, Akita 010-8502, Japan
b) Nichia Corporation, 491 Kaminakamachioka, Tokushima, Anan 774-8601, Japan

Permanent magnet motors use powerful neodymium sintered magnets, which contain dysprosium (Dy), a
heavy rare earth, to improve the coercive force in general. We have been studying heavy rare earth-free motors using
bonded magnets. In this paper, the torque characteristics of a motor using Dy-free samarium-iron-nitrogen
(Sm-Fe-N) bonded magnets were calculated using the finite element method, aiming for torque characteristics
comparable to those of a motor using neodymium sintered magnets. This study shows that a motor using Sm-Fe-N
bonded magnets can output torque close to that of a motor using neodymium sintered magnets by changing the
magnet arrangement of the rotor from a V-shape to a U-shape to increase the magnet surface area and to eliminate
leakage flux at the flux barrier.

Key words : Sm-Fe-N bonded magnet, permanent magnet motor, IPM motor, injection molding
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Fig. 1 V-shaped model.

Table 1 Motor Specifications and analysis conditions.

Parameters Values
Core material 20JNEH1200
Nd-Fe-B sintered
B.=129T
Permanent magnet material Hep= 905 kAA/m, Ho= 1493 kkA/m
Sm-Fe-N bonded
B-=086T
Hep= 642 kA/m, H,; = 1763 kA/m)
Coil Copper
Winding diameter [mm] 1.1
Stator outer diameter [mm] 107
Stator inner diameter [mm] 61
Rotor outer diameter [mm] 60
Rotor inner diameter [mm)] 15
Gap width [mm] 0.5
Stack length [mm] 50
Number of poles 6
Number of slots 9
Number of winding turns/slot 75
Power supply voltage Vpe [V] 270
Frequency [Hz] 250
Current amplitude [A] 20
Current density [Arms/mm?] 4.96
Rotational speed [rpm] 5000
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(a) V-shaped model using Nd-Fe-B sintered magnet
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(b) V-shaped model using Sm-Fe-N bonded magnet
Fig. 2 Magnetic flux density distribution diagram.
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(b) V-shaped model using Sm-Fe-N bonded magnet

Fig. 3 Torque versus current phase angle characteristics.
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Electromagnetic Levitation for Flexible Steel Plate Using Magnetic Field
from Horizontal Direction (Experimental Investigation on Control System
Considering Two-degree-of-freedom Model)
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In the manufacturing process for flexible steel plates used for household electrical appliances and automobile
bodies, surface treatment is performed followed by contact conveyance using rollers. During this process, the surface
quality of the flexible steel plate deteriorates due to friction with the rollers. As a solution, a non-contact gripping and
transport method using magnetic levitation technology has been proposed to improve the surface quality. The method
of levitating the flexible steel plate is proposed by placing electromagnets at the edges of the plate. Conventional
control models consider only horizontal directions of motion, and experiments with this model have shown that it is
possible to levitate these plates. However, it was difficult to suppress the vibration amplitude in the vertical direction,
which was not considered. In this paper, we propose a new model that also takes vertical motion into account.
Furthermore, the levitation characteristics of the conventional system and the proposed system under different
experimental conditions are compared and discussed.

Key-words: magnetic levitation, thin steel pleat, non-contact gripping, electromagnet, control
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®UC 2 AREEET VBTR3NS R J N &
WHDOD, SREFTROEAIEERZT 1| HHREET L L RE
KTpoTVA. 2 AHEETT MI L VG LTIV AT AT S
T BRI RN TN EF BTG CH 2 A VETROEMER DY 025
ALLEERY, EEE L CRE IEBL Q0D ZIUTER
BRI CRIAL L QWD ARV AT Al 5 THEER KELT5
FR L7200, SNE OB RAESER L & B2 bhvd.
L L7ah3 5, 2 B BT ViR B 1234 CORE R
BIAIHZIRNTREL 2o TR, SAEFTAOZNAERET
REL 2D HOD, BV HETES T EAAHERFT 5 2 L ANAlREIC
Te% T EDVRENT. DI, B OFREDMZ D, TV
(bR z A UIT < &, LE LT3 L2 FE X DR 28T
T ENARRICR D EEZ NG, £z, 2 HEREET/VEARIC
BV N CERELF IO 2N E 2 L H R 1.0 A LTI Tl b 3l
ENTEY, #HTDHEHET M X > Gl E R
b2 2 EovREnTz. AkThiut 1 BRETT VR & F
FRIZE R BB RIZ L > TRIFOMIED K X < 72 ) BT
FEWVINSL T2 D T EDMER S ND. L Laans s, AREEICRIT S
BT 2T 1209 A FHITI I CRB 4D g D IBEE A
FFoTWS 2. 2072, EEEEpE 1.1 A PR CIIR A L
DIEIHENE L 0 HET U X D HIEERED B LD

IR ZIT TG EEZ B,
5. 8hYIc

ARIZETIE, Tk 65 L Uizt v ORI A
T LB TCHER D FLEhon B2 ERESEA 2 L2 AN E
L CHARER DSRIE 136 L OV A mIOIRE A filiE9-% 2 Al
JEETIUZOW TR LT, BHOERERNERD5AD 1 HH
JEETLVE 2 BHREET/VCHAREMROE S 024 mm & LISEA
DV RN TR AT o 12, TOREE, EHEIC L > TE
RIS D 2 EAVRENTZ. BHADENIZINT, 2 A
FEETNERHT 5 2 L1 K> KR MOENAERER SR L Ot
VB NI 9503, $hE T ROEERZEN L & OE B
WChH 1 BHEET VIO RELS 2D ERHLNE o7 &
72 1 BREET/VTIERBROMAR L & bIHirEIpRE <
72573, 2 BHREET LV CILER B L 5T WHEE MR 720
DY EERMEFT 2 2 L SATRECH D Z LAVRE

AETIEL 2 BHREET VOFMEEZ R Z LN T L
L7 6, FHRERROO YA RAIEAVEE L LT, ke OR
TREEDEA L, RRTHERIRROIEIES) & o T8N AT ST

AT ZE LT LR 9% Z E P NERZ 22 D WRENME G 2.

2012, ARIPNELUTHT 2 2 AREET AOR A MEZH
BINZ LD, J Y EEREITISU CLER LA ATRE i S A 7
LOERAZ BIRL T

BIEE AR ISPS B IP22K 14228 OB A2 1F7- 1, DT
D.
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