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Simulation of recording characteristics of sputtered media
for magnetic tape

KOS BfERE 2T « S7HE J5— b« AR P D - (L FED - @ B e
DHAL T RS BHRIE T RE KR ILEE 35-1 (T982-8577)
WY == Z RN —UAF 47V a—a X CERIRSESTEOR 3-4-1 (T 985-0842)

Aiki OKUBO 2, Junichi TACHIBANA P, Takashi AIZAWA P, Minoru YAMAGA P, Tkuya TAGAWA
2 Tohoku Institute of Technology, 35-1 Yagiyvamakasumi-cho, Tathaku-ku, Sendai 982-8577, Japan
b Sony Storage Media Solutions Corporation, 3-4-1 Sakuragi, Tagajyo 985-0842, Japan

We investigated recording characteristics by simulation, assuming sputtered magnetic tape media for HDDs
and SPT (Single-Pole Type) heads, which are expected to be introduced into the technology in future magnetic tape
systems. In the case of sputtered media with SUL (Soft-magnetic Under Layer), it was found that the media SNR
improves even if the head media spacing is large because it functions as a SPT head. In the case of the SPT head with
SUL, the media SNR was found to deteriorate as the thickness of the SUL decreases and/or the saturation flux density
of the SUL decreases. This is mainly due to the transition of the writing mode from SPT head mode to ring head mode
due to SUL saturation. The SUL thickness and saturation flux density should be designed so that the SUL does not
become magnetically saturated.

Key words: Magnetic Recording, LTO9 head (Tape head), SPT head (HDD head), Media SNR, Roll-Off, Simulation
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Fig. 2 Simulation model when assuming SPT head
and sputter medium with SUL.
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Fig. 8 (a) Vertical and (b) in-plane MH loops in measur-
ements and simulations.

Table 1 Magnetic properties of media, measured and used in the simulation.

t O EA P D /D M Hx A SUIL_Bs SUL_t
(nm) (deg) (nm) (nm) ¢ (emwcm?®  (kOe)  (10%erg/cm)  (kG) (nm)
Meas. 14 6 8.2 6.9 0.22 494 19.0 - 11 80
Simu. 14 6 8.2 6.9 0.22 490 15.4 0.05 14 50
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Fig. 5 Recording density dependences of media SNR
for tape head (LTO9) and HDD head (SPT).
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Fig. 6 Magnetic flux lines near the head tip and magnetization vector distribution in the medium during
recording at (a) LTO9 head no SUL, (b) SPT head no SUL, and (¢c) SPT head with SUL.
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Fig. 7 Head flux density and magnetization distribution in the medium at (a) LTO9 head no SUL, (b) SPT head

no SUL, and (c) SPT head with SUL.
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Fig. 13 Magnetic flux lines near the head tip and
magnetization vector distribution in the medium
during recording at (a) SUL_B: 0 kG, (b) SUL_B: 2
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Influence of Annealing Speed on Magnetic Properties
in Submicron Sized Fe-B Particles
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b Center for Science and Innovation in Spintronics, Tohoku University, 2-1-1 Katahira, Aoba, Sendai, Miyagi 980-8577 Japan

This paper reports the effect of annealing speed on the structure, and magnetic properties of submicron
sized amorphous Fe-B particles synthesized by a chemical reduction method. The shape of the synthesized particles
was spherical, and their median size became approximately 708 nm. The DSC curve of the particles showed a
crystallization temperature of 463 °C. The structure of the particles maintained an amorphous state at an annealing
speed of less than 100 °C /min, while a-Fe and FesB coexisted at an annealing speed of 200—400°C/min. As the speed
increased up to 100°C/min, the saturation magnetization and the intrinsic permeability of the particles increased to
153 emu/g and 17, respectively, and their coercivity decreased to 23 Oe. These results demonstrate that the magnetic
properties of Fe-B particles can be improved markedly by the relaxation of internal stress in the particles as the range
of annealing speed between 50-100 °C /min below crystallization temperature.

Key words: soft magnetic material, submicron size, annealing speed, amorphous
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REHIME Cr 128514 BIEHO T HBEDSE AT 25

Investigation of isotropy of strain sensitivity of resistance
in antiferromagnetic Cr

ANHPEFE DT EILIESE Y - PEPSE Y
VEE TESHEMZR, BERVWbEHT ER)ITERE 30 (T970-8034)
OERGAEHIFZEAT, EIRE A TR 9-5-1 (T981-3341)

Y. Kota ¥, M. Naoe ” , and E. Niwa "
) National Institute of Technology, Fukushima College, Nagao 30, Taira-Kamiarakawa, Iwaki, Fukushima 970-8034, Japan

" Research Institute for Electromagnetic Materials, Narita 9-5-1, Tomiya, Miyagi 981-3341, Japan

We studied the isotropy of the Gauge factor (GF) of antiferromagnetic Cr in the commensurate spin-density-wave
state. First-principles calculations were performed to compare the strain sensitivity of resistance under uniaxial stress
along the [100] and [110] direction of crystal lattice. We found that the GF of Cr, which was approximately estimated
from the result of calculating the density of states at the Fermi level, can be considered to be isotropic in the small
strain range of less than 1%, reflecting the isotropic response of magnetism of Cr to uniaxial strain.

Key words: Strain sensor, Gauge factor, First-principles calculation, Antiferromagnet, Cr
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Fig.1 (a) Crystaland ma%netic structure of becc-CSDW-Cr. (b) (001)-plane of bee-Cr when uniaxial stress is applied in the [100]

direction (left) and the [110] direction (right).
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Fig. 2 Spin-resolved DOS of CSDW-Cr projected into the d-orbital state when uniaxial strain is applied in (a) the [100]
direction and (b) the [110] direction, and spin-degeneracy-counted DOS of NM-Cr when uniaxial strain is applied in (c) the [100]
direction and (d) the [110] direction. Upper (lower) panel in (2) and (b) indicates the up (down) spin state. Red, black, and blue

lines present the results for € =—1%, 0%, and +1%, respectively.
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Fig. 3 Variation ratio of spin magnetic moment of Cr atom
in the CSDW state as a function of strain when uniaxial
strain is applied in the [100] direction (black-squares) and the
[110] direction (red-squares). The inset shows the volume
variation by uniaxial strain. Note that the result of CSDW
[100], which has been already shown in Ref. 7, is reproduced
for clgmpalison with the result of CSDW [110] obtained in this
work.
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Fig.4 Variation ratio of DOS of CSDW-Cr at the Fermi level
as a function of strain when uniaxial strain is applied in the
[100] direction (black-squares) and the [110] direction (red-
squares). Same for NM-Cr when uniaxial strain is applied in
the [100] direction (black-circles) and the [110] direction (red-
circles) is also plotted. Note that the result of CSDW [100]
and NM [100], which has been already shown in Ref. 7, is
reproduced for comparison with the result of CSDW [110] and
NM [110] obtained in this work, respectively.
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FeSiBNb BiEZ AL -BHEFEXV T At oY (2 & SH/MREIRE

Detection of small mechanical vibrations by induction-type strain sensor
using amorphous FeSiBNb thin film

ATAADER @ « BT EARIR Y« BB S 2T - fpREE T2« REIHEEY - IR V)
O = KPR TR, — IR S BT R AT 1577 (T514-8507)
DA R RS T2 ek, B4 i BT TR A ENT (T464-8603)
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K. Maeno @, M. Yanagida @, Y. Fujiwara ®', M. Jimbo @, D. Oshima P, and T. Kato »°
a) Faculty of Engineering, Mie Univ., 1577 Kurimamachiya-chou, Tsu, Mie 514-8507, Japan
b)Graduate School of Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
IInstitute of Materials and Systems for Sustainability, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan

We attempted to detect small mechanical vibrations by utilizing the electromagnetic induction and inverse
magnetostriction effect of an amorphous FeSiBNb thin film. The vibration sensor consisted of a 300-nm-thick
amorphous FeSiBNb thin film, a 100-turn pick-up coil, a Helmholtz coil for applying an AC magnetic field, and a circuit
for converting the pulse voltage induced in the pick-up coil to DC voltage. The gauge factor of this sensor for
compressive strain was approximately 25,000. The output voltage changed in response to changes in acceleration due
to vibration. We found that when the maximum value of the applied AC magnetic field was 1.23 kA/m, it was possible
to detect vibrations with a frequency of 0.17 Hz and an acceleration of 0.03 G.

Key words: vibration sensor, soft magnetic material, inverse magnetostriction effect, amorphous thin film
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Fundamental Study of Twin-Head-Type Optical Probe Current Sensor
with Small Magnetic Yoke

G FHRY BRI GRYT BT B YY - mA Y - AR FIERY - R
DEINKF T, REFLEFFHAEE 4-17-1 (T 380-8553)
VY F R T 7 A T NA A, ERRAUE AEE MBI H 4107-5 (T 389-0295)

S. Kaneko ¥, M. Sonehara ¥ 1, S. Sue ”?, M. Miyamoto ”, T. Kubo ”, and T. Sato

2 Faculty of Engineering, Shinshu University., 4-17-5 Wakasato, Nagano-shi, Nagano 380-8553, Japan
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The optical probe current sensor enables in-situ sensing and is not affected by electromagnetic noise.
However, it is challenging to measure the absolute value of a current because the sensor output depends on the
distance from the current. In this paper, the authors propose a twin-head-type optical probe current sensor with a
small magnetic focusing yoke that is resistant to misalignment from a current. The output deviation in the sensor was
within £3% at any position of the 0.5-mm diameter conductor on the 2-mm inner-diameter magnetic yoke. In addition,
the current sensor was able to measure absolute values from a direct current to a 12.5-MHz alternating current.

Key words: current sensor, Faraday effect, optical probe, magnetic yoke for magnetic flux concentration, absolute

value measurement of current
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Fig. 11 Schematic of magnetic yoke shape approximation.
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Estimation of magnetic field sources on printed circuit boards using object
detection by machine learning of magnetic near-field information
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» Graduate School of Engineering, Tohoku University, 6-6-05 Aramaki-aza-aoba, Aoba-ku, Sendai, 980-8579, Japan

To estimate electromagnetic (EM) noise sources and coupling paths on a printed circuit boards (PCBs) in
electronic devices, information on the EM coupling between signal traces and components is required. In this paper,
we propose a method for estimating the length, position, and number of magnetic field sources from near-field
distribution on PCBs, using an object detector with machine learning. The target is a unidirectional magnetic field H,
because of a fundamental study. For training data, two-dimensional (2D) magnetic field maps of a loop current model
were obtained by theoretical calculation. To evaluate the object detector, 2D magnetic field maps on traces with
different lengths were prepared by measurement and EM field simulation. Then, using the detected information for
the magnetic field source, the geometry of its equivalent loop-current model was estimated by a parameter estimator
with a convolutional neural network. As a result, the position of the magnetic field source could be estimated with high
accuracy, which indicated the feasibility of modeling it appropriately.

Key words: magnetic near-field distribution, magnetic field source, printed circuit board, equivalent loop-current model,
object detection
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Fig. 1 Procedure of estimating magnetic field sources.
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Fig. 2 Measurement setup using a coil-type magnetic
near-field probe.
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Fig. 3 Fabricated PCB and its magnetic field map.
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Table 1 Detection result in the case of Fig. 3(b).

Parameters(mm] Truth Detected
I'm 30.0 30.6
Center coordinates
of magnetic source (25.0, 25.0) (25.2, 25.3)
()C,m, y’m)
j )‘ 20 mm
80 mm
y
o~ PCB
(200 mm * 200 mm)

Fig. 7 Example of detection result in the case of
multiple magnetic field sources.
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Fig. 8 Measurement variability of probe position.

Table 2 Estimated parameters of loop current model in
the case of Fig. 3(b).

Parameters[mm] Truth Estimated
' 3.3
Wn 0.74 1.2
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Fig. 9 Magnetic near-field distributions normalized by
the maximum value in the cases of measurement, FEM
simulation and their estimation results (/s = 30 mm).
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Practical Design Method for Large-Scale
Flux-Modulated-Type Magnetic Gears

AER YT - AR - R Y
VHERT RFPBE LArZedh, e s 3EDORE 7 4 6-6-11 (T 980-8579)
DTDKEE), HaHRH X B AUE 2-5-1 (T103-6128)
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2 Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan
b TDK Corporation, 2-5-1 Nihonbashi Chuo-ku, Tokyo 103-6128, Japan

Magnetic gears, which can transmit power without any mechanical contact, offer lower vibration and
acoustic noise compared to mechanical gears. 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. It consists of
concentric inner and outer rotors with pole pieces placed between the two rotors. The finite element method (FEM) is
widely used for the design and analysis of electric machines, and using a partial model based on the periodicity of the
electromagnetic field is an effective way to reduce model size and calculation time. However, for flux-modulated-type
magnetic gears, their partial models cannot be minimized due to the low periodicity of the electromagnetic field. As a
result, the model size remains large, and calculation time is still long. This paper presents a practical design method
for flux-modulated-type magnetic gears by creating a partial model that focuses only on the inner magnet pole pair.

Keywords: flux-modulated-type magnetic gear, practical design method, partial model
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Fig. 1 115 & 95 RS Y O e AR T

Axial length
1700 mm

Outer magnet: p, = 521
(Low speed rotor: LSR)

Pole pieces: n,, = 586

Inner magnet: py = 65
(High speed rotor : HSR)

D 9600 mm
Output power 12 MW
Input rotational speed 7.81 rpm
Gear ratio 8.02
Core and pole-piece material 50A270

Magnet material Sintered Nd-Fe-B

Fig. 1

magnetic gear.

Specifications of large-scale flux-modulated-type
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(c) 2 pole-pair model
Fig. 2 Partial models of magnetic gear.
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Table 1 Number of elements in each partial model.

Model (pole pair) 1 15 2 Full
Approx. no. of
elements 33 X104 | 5.0 X 104 | 6.7 X 10* | 1.2 X 10°
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(d) 2 pole-pair model

Fig. 3 Comparison of flux lines and flux density
distributions.
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Fig. 4 Comparison of gap flux density waveforms (left:
inner gap, right: outer gap).
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(c) 2 pole-pair model

Fig. 5 Comparison of harmonic orders of gap flux
density waveforms (left: inner gap, right: outer gap).

Transaction of the Magnetics Society of Japan (Special Issues) Vol.9, No.1, 2025

INDEX



Table 2 Comparison of synchronous components of gap
flux density waveforms.

1 pole pair |1.5 pole pair| 2 pole pair full
Inner 0.896 1.000 1.009 1.000
Outer 0.835 0.986 1.005 1.000
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Fig. 6 1.5 pole-pair model for torque analysis.
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Table 8 Comparsion of torques at load angle of 90 deg.

1.5 pole pair full
0.957 1.000

Torque

Table 4 Comparsion of orders contributing to torque

generation at load angle of 90 deg.

1.5 pole pair full
Modulated wave at inner air gap 0.962 1.000
Modulated wave at outer air gap 0.992 1.000
Multiplication value 0.954 1.000

Table 5 Computational cost

1.5 pole pair full
Used memory (MB) 294.9 6617.3
CPU time (sec.) 4 114
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Frequency Response Analysis of Input Torque for Magnetic Gears

AT - AR
HAEKRT KPP LFEeR, & EXREFH R 6—6—11 (T980-8579)

K. Iwaki® and K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan

Flux-modulated-type magnetic gears have attractive features, such as torque transmission without
mechanical contact and a high torque density. However, most studies focus on steady-state characteristics, while the
frequency characteristics of torque transmission remain unclear. This paper discusses a frequency response analysis
for magnetic gears. The results reveal that the frequency characteristics exhibit a resonance frequency, and that torque
ripple is not transmitted to the output rotor in high-frequency regions. Moreover, this paper presents a formulation of
the frequency characteristics of magnetic gears by linearizing the relationship between the load angle and the
transmitted torque. The linearized frequency characteristics mostly correspond with the results from nonlinear

differential equations.

Key words: Flux-modulated-type magnetic gears, frequency response analysis, frequency characteristics, nonlinear

magnetic spring, two-inertia system, torque ripple
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Fig. 1 Specifications of flux-modulated-type magnetic gear.
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Practical Optimum Design Method of Axial-Flux-type PM Motors
using 2D Linear Model
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Since axial-flux-type motors do not have a uniform structure in the axial direction, three-dimensional (3D)
electromagnetic field analysis is required, which increases the calculation time remarkably when seeking optimum
shapes and dimensions using optimum design algorithms, such as the genetic algorithm (GA). This paper presents a
practical optimum design method using a two-dimensional (2D) linear model of axial-flux-type PM motors. It is
demonstrated that the calculation accuracy for torque, losses, and efficiency using the proposed 2D linear model is
almost equivalent to that of conventional 3D models, while significantly reducing the calculation time required for

optimization.

Keywords: Axial-flux-type permanent magnet (PM) motor, two-dimensional (2D) linear model, genetic algorithm (GA),

finite element method (FEM)
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Fig.1 Specifications of axial-flux-type PM motor.
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Fig. 6 Comparison of loss breakdown and efficiency.
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Table 1 Comparison of initial and optimum models,
along with their torques and efficiencies calculated by
2D linear and 3D models.

Initial model Optimum model
R
8.6 mm m
$6.0 mm 6.2 mm
Torque |2D 97.2 100.1
(N'm) | 3D 92.3 97.4
Efficiency | 2D 92.5 93.5
(%) 3D 92.6 93.8

Table 2 Comparison of calculation times of 2D linear
and 3D models.

2D linear model 3D model
Calculation time 0.017 14
per case (hours) (about 1 minute)
Calculation time 27 22400
for 1600 cases (hours) (over 2 years)
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Calculation of Dynamic Characteristics of Variable Flux Memory Motors
based on Reluctance Network Analysis
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b) Toyo University, 2100 Kujirai, Kawagoe, Saitama 350-8586, Japan

Variable flux memory motors achieve a wider operating speed range without the need for flux weakening control by
regulating the magnetization of permanent magnets. To design these motors to have higher performance, a fast and
accurate analysis method is required. Reluctance network analysis (RNA) can be applied to characteristic calculations
of various electric machines, due to advantages such as a simple model, fast calculation, and easy coupling with
external electric circuits and motion equations. This paper presents the results of calculating the dynamic
characteristics of a variable flux memory motor using RNA.

Key words: Variable flux memory motor, Reluctance network analysis
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Motor diameter | 261.1 mm
Axial length 61 mm
Air gap 0.8 mm
Magnet length 5 mm
Core material 35A300
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Fig. 1 Specifications of variable flux memory motor.
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Fig. 2 Schematic diagram of RNA model for one slot of
variable flux memory motor (/s : [y=5: 5).
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Schematic diagram of B-H loops of permanent
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Fig. 5 Linear hysteresis model of variable flux magnet.
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Fig. 6 Enlarged view of rotor magnet part of RNA model.
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Fig. 7 Calculated current versus torque characteristics

with fixed magnetization of variable flux magnets.
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Fig. 8 Calculated torque waveforms with dynamically

changing magnetization of variable flux magnets.

Table 1  Average torque for each magnetization of
variable flux magnets.
Current RNA FEM
pulse (A) | (N-m) (N-m) € (%)
+300 30.0 24.6 13.8
—45 1.45 10.0 -22.0
+500 429 38.9 10.4
—25 21.0 235 —6.61
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Fig. 9

distributions after demagnetization and magnetization.
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Fig. 10 Contour diagram of flux density and flux lines
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Fig. 11 Schematic diagram of RNA model for one slot of
variable flux memory motor (s : [y =8 : 2).

Table 2 Average torque for each division ratio of stator

pole.
Current 5:5 7:3 8:2 9:1 FEM
pulse (A) | (N-m) (N-m) (N-m) (N-m) (N-m)
+300 30.0 26.8 24.3 20.2 24.6
—45 1.45 5.19 7.74 10.1 10.0
+500 429 409 38.2 333 389
-25 21.0 222 22.6 23.1 235
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Fig. 12 Calculated torque waveforms with modified
RNA model.
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Fig. 13  Calculated residual magnetic flux density

distributions after demagnetization and magnetization
with modified RNA model.
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Examination of Motor Model Considering Magnetic Interaction of Axial-
Flux SR Motor for Compact EV

TKIBIEARRY « AT —
SALKA REEBE TERRIER, Al T X5 515 58 6-6-11(T 980-8579)

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

Switched reluctance (SR) motors are robust and inexpensive since they consist only of iron cores and
windings. Therefore, SR motors can be a potential candidate for in-wheel motors of electric vehicles (EVs). In previous
papers, axial-flux switched reluctance motors (AFSRMs) for a compact EV were prototyped, and novel control methods,
called variable commutation period control and average torque control, were also proposed. Both control methods can
expand the torque-speed range, especially in high-speed regions. However, a previous motor model of the AFSRM
cannot replicate both control methods and contains errors compared to measured values due to magnetic interaction.
This paper presents an improved motor model that takes magnetic interaction into account.

Key words: Electric vehicle (EV), In-wheel motor, Axial-flux switched reluctance motor (AFSRM), Torque control,

Magnetic interaction
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Fig.1 Compact EV with in-wheel AFSRMs.
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Fig. 2 Structure of the prototype AFSRM.

Table 1 Specifications of the 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

1 11 11
(+Vpe) (+Vpe/0)  (=Vpe)

™ -
1 I
2
|
1
Unaligned Aligned
6, : Excitation beginning angle
61 : Section I end angle
Section Phase voltage 6, : Excitation end angle

6. : Current end angle
7" : Command torque
Tiotar © Total torque

iy, Iy, iy : Phase current

I +Vpe
1l +Vpe [ 0 (Hysteresis control)
T —Vpe

Fig.3 Conceptual diagram of variable commutation period
control.
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deg.® FIRZFRIT 5.
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Fig. 4 Speed - torque characteristics with TPTDC and
variable commutation period control.
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Fig. 11 Speed - torque characteristics with average torque
control calculated by previous and proposed model with the
same coefficients K obtained from Fig. 8.
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RNA [Z KB AKABAZATHIEXMOEAES V50 2 OKBETE
Iron Loss Calculation of Orthogonal-Core-Type Variable Inductor with
Permanent Magnets by RNA

BRSO T AR Y KA ALY - AiafdE Y
IHALREE KRR TR, (AT HERFEAETHSE 6-6-11 (T980-8579)
Y FALEIE, (AT FREX R 7-2-1 (T981-0952)

H. Hatakeyama ®', K. Nakamura ®, T. Ohinata P, and K. Arimatsu P
a) Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan
b) Tohoku Electric Power Co., Inc., 7-2-1 Nakayama Aoba-ku, Sendai 981-0952, Japan

Variable inductors, consisting of magnetic cores, primary dc windings, and secondary ac windings, can control the
effective inductance of the secondary ac windings by applying a primary dc current due to the magnetic saturation
effect. Therefore, they are applicable as reactive power compensators in electric power systems. In a previous study,
a novel orthogonal-core-type variable inductor with permanent magnets was proposed. The proposed variable inductor
can regulate the effective reactive power from leading to lagging by controlling the primary dc current from positive
to negative. Consequently, line voltage can be increased or decreased without using power capacitors. In this paper,
first, the iron loss characteristics of prototype orthogonal-core-type variable inductors with permanent magnets are
measured. Next, the RNA model is applied to calculate both the iron loss in silicon steel sheets and the eddy current
loss caused by the flux penetrating through the sheets. As a result, it is revealed that the proposed RNA model can
calculate iron loss accurately.

Keywords: Orthogonal-core-type variable inductor with permanent magnets, Reluctance network analysis (RNA),
Reactive power compensator
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Fig. 1 Basic configuration of orthogonal-core-type
variable inductor consisting of cut core and laminated
core.
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Fig. 2 Basic configuration of proposed orthogonal-core-
type variable inductor with permanent magnets and
conceptual diagram of reactive power characteristics.
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Fig. 3 Specifications of 3 kVA prototype orthogonal-core-
type variable inductors with permanent magnets.
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Fig. 4 Photograph of prototype variable inductor.
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Fig. 5 Measured reactive power characteristics for
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Fig. 7 Three-dimensional RNA model of proposed
orthogonal-core-type variable inductor.
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Reduction of Torque Ripple for Outer-Rotor-type
Segment PM motor with Ferrite Magnet

BRI - HHARSL - H R 5 SC
FRHRSE, BKHIREKH T FREEET 1-1 (T010-0851)

S. Sakurai, Y.Yoshida, and K.Tajima
Akita University, 1-1 Tegata Gakuen-matchi, Akita-shi, Akita 010-0852, Japan

Drones have been used for limited purposes such as aerial photography and pesticide spraying, but now they
are expected to be used for logistics and transportation. On the other hand, the drones are operated for a short time
about 40 to 60 minutes, and they have a low payload weight of less than 10 kg. To improve these, the battery capacity
can be increased, but the weight is also increased and the payload weight is decreased. So, improvement of the motor
is necessary. This paper presented a novel outer-rotor-type permanent magnet (PM) motor with a segment-shaped
rotor for high power density and low cost. It can be used a magnet flux effectively because it has backyoke iron, and
improving output can be expected. However, the torque ripple is increased. So, the improvement of torque ripple is

proved using an asymmetry rotor and Ferrite magnet.

Key words: PM motor, Torque ripple, Segmented rotor, Ferrite magnet
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(b) SPM
Fig. 1 Schematic diagram of PM motors

(a) Segment PM

Table. 1 Specification of PM motors.

Segment PM SPM
Motor diameter 40.0 mm
Stack length 20.0 mm
Rotor speed 80000 rpm
Target torque 02N-'m
Number of turns/pole 10 turns / pole
Winding diameter 0.955 mm ‘ 1.066 mm
Magnet pole pairs 7
Gap length 0.35 mm
Magnet length 3.1 mm ‘ 1.85 mm
Material of magnet Sintered Nd-Fe-B
Material of iron core 0.2 mm silicon
Amount of magnet 1595 mm? ‘ 3917 mm?
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Fig. 2 Current density versus torque .
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Fig. 3 Comparison of output torque waveform.
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Fig. 5 Comparison of each torque waveform at 6A/mm?
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Optimum Rotor Pole Width of Flux Reversal Motors
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S. Tsunoda®, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan

The electrification of various types of vehicles, e.g., electric vehicles (EVs), is being promoted. Compact EVs have
gained popularity in recent years because they consume less battery power and can be priced similarly to gasoline-
powered vehicles. This study focuses on in-wheel direct drive systems, which are suitable for compact EVs and do not
require gears or transmissions. As a candidate for in-wheel motors, the authors focused on flux reversal (FR) motors,
a type of doubly-salient permanent magnet (PM) motor with the same salient rotor as switched reluctance (SR)
motors. FR motors are expected to meet the wide speed-torque range required for EVs. In this paper, the optimum
rotor pole width for FR motors, in terms of torque, back-EMF, cogging torque, and torque ripple, is investigated
using two-dimensional finite element analysis (2D-FEM).

Key words: Flux reversal (FR) motor, Electric vehicle (EV), In-wheel motor
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T PM E—# AIGFEEIND. L, R TE SRmotor | PMmotor | FR motor
Zefi PM &— & [X[EE 1 3 — 7 (TR ABA DELE S DT80, Torque density A O O
B R OB T2 =R—F L 725 —05C, FR E—%% Efficiency A O O
RO XS, BE TSR K ARA D ELE S D720, Silence X O O
BIAAEAR DI T AA R —T 127D, 2LV, FRE Speed range O A O
Cost O A A
Corresponding author: 8. Tsunoda (e-mail: tsunoda.shotaro.p6@dc.tohoku.ac.jp). Robustness O A O

72 Transaction of the Magnetics Society of Japan (Special Issues) Vol.9, No.1, 2025



2. FRE—Z2 D%

HiE R 7- L0, FR E—X I3 E5milETh 5. Fig
212, SR &—# 72 EOfhod " HZEmWE & OFANEE, WO
TR O 2~ FX@O SR T—# 13t/ (MMF)
LIRS L=R—T ThH D70, EHEEIRITE 1 REENIZIR
LA, FARb)O 2R PM E—4 1%, &3 A R—
FTHHN, BRNL=R—F Th b7, EIEEETRITE 1
SIREE 2 BIRICINES. 2B LT, FRKE® FR €
— Z IS bR S S R—T Th D=, —i7e PM
E—H L[RERIZ, BRI 4 GRT_TITENRSD. 22T
R A O CH £ 25 IR R REEE LT — (T
L, =4O MY TIIRRTHEZLND Z Eb,

Tuzaw(ue)

06
FTRCOZREFATES FR T—4 O M7 IIAEMICK
TN ENTREND.

»

Flux (Wb)

O

(a) SR motor

Flux (Wb)

)|

(b) Doubly salient PM motor

Flux (Wb)

MMF (A)

() FR motor
Fig. 2 Comparison of flux-MMF diagrams of SR motor, doubly
salient PM motor, and FR motor.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.9, No.1, 2025

INDEX

3. RRE—% OB EEETFRIEICEE 3 S5

3.1 FRE—ZOEEICET HHIHEH

Fig. 312, FBLICAWT v 4 —o—#BI FR E—4 Ot
oy BET 18 MR, [T 24 MO 3FETHDH. E—H
OEEEERAEE, BA0/V BV IS a7 o4
—a =g R A =)L SRE—H ILFE—L Lz, £, &
DIOEEMRFRIL, JATHIIE 90 FR £—X 255
P Uz, SR EHIIE & 0.35 mm OFES5 [ o F4ikR
BY, WAMEHIRA Y DRSO TH D,

FATHFFE 5)TIE, FR £ — & O &= ml#5+ D fil,
Ay MEZ2 ERMN RO LTS, UL, KAR
AVNFEETHNCEE S, THUAERBEEE LW &b,
A B O R R 23 AL 09 <, BEEEITRER D
TR N EENIBNRHHT-DTH S, BEREEEN
XTI D &, aX T MV RREL RS2 D, E—
ANCARBERECERENAET D 0. £/, =X &N
FNCHERR S LTV D &, IREOR O =aRi BV S B L, 8
B RV )T IVDBERIZ DR D D,

Fig. 412, FR E— % OEE MR 20, B LA 7 > ME
DKM Z R, SATHIZE B TIE, [EEFMIE 20, 2577~
FTAREFHFIEGPRNTEHEZ DI TN D,

20tmx Nr=360° 2)
ZZC, N oM TH D, Fig. 3D FRE—4T
LN =24Th DI Enb, EEFHE 2anX 15°L 720,
Any MEX LR 5.

201
222

d
Motor diameter (mm) 222
Stack length (mm) 51
Gap length (mm) 0.5
No. of stator poles 18
No. of rotor poles 24
No. of turns / pole 5
Core material NGO (35A300)
Magnet material | Sintered Nd-Fe-B (N45SH)

Fig. 3 Specifications of FR motor for compact EV.

73



B, FEATHISE 4 TIE, Fig 4 1RT X 910, [EE
DR ZEFIRIZT D 2 & T, T— ERORD A IS E %
WMAT D L2 E, MAamEREZKIFICKBTES 2
ERHLMMIENTWS., LER->T, AR Thr R
R—=VIEEZFMA L, TOlEE CP=2°% L7,

WNT, Fig 5 ICBAARLEICRT 2152 ~T. ZoK
VR L DL, BEAIXREE A% 8 2 HLR & R E -
O JZBLE T 5.

%12, Fig 6 1 AE g 3~ 5l 2~ 3. Jef it
78 5)ClE, BN T L 9 I EiE 4R & M2 A UhElic 925
ZEMRREENTWD. Lo T, Fig 30 FRE—X Tl
Bl THE L om =7.5° £ 72 5.

PLERA~T= X512, AT BIHS< & FR E— 4 134
BT D HNE <, BRI 2 %Eto B BER
HRO TR, — T, AL THEENG LT 57 18 AR—1
TED FR E— 2 IZREROBIFISRAED Y TTE 20O T,
FolAHTHD. &I CREITIHE, RIEEFRIEICHER L
T, Mo, BARFHEEE, XS vy, s U
VOB B2 Rl R DUV CE R AT .

2

2a S
m =’ 3 m

\

Fig. 4 Constraints on stator pole width and slot width of FR

motor.

Fig. 5 Constraint on magnet placement of FR motor.

Am

Fig. 6 Constraint on rotor pole width of FR motor.

74

3.2 4 ORR—ILH R E—42 QR EEEFEEI<RE T
Y

AEITIE, 71 ZAR—NVJE FR E&— % O 72 alis{-Hig

WCOWTHE 2 Rt 417 9. BRI, 2 Ron A REEE
(2D-FEM) % AWC, [RlfiE7-Migsfic 2z T hLry, &
ARGAREE, axv /vy, M2 UV EREEL, K
BRRFT AT D .

Fig. 7 12, [EHEFHIEG, &ML TARE Y T Oy Z~d. LA
FeDHEEEClE, [alia FHRlE 0, & lHE MR > T 0, Olty%,
[lEs ARl & T D.

y=27 0<y<n

Hrpp
X oT, =05 BIATIRSE 5) THER X T B el 1-HlE &
5.

Fig. 812, FRE—X%® 2D-FEM £7 /L% 7R9. ARET /LD
BFHUIHY 129,000 THD. X7 ML T IZONTHEEM
IR 5720, —i7e FEM &5V 50 & B4 0
LT, 7235, FEM (ZIX@RISOL MOERFET 7 2 7
Z 2 JMAG Designer 23.1 % fv 7z,

Fig. 9 12, BHETHRIEHIZRTT D hLy 2T, oLk X
DEFNAALIL 0°CTHDH. ZORERD L, JATHE 5T
HEDE S B Bl RE L 0.5 13 V27 e RO B 130K
TN LD, AN R X918, gtk 0312
THZET AL 17%A E LT,

3

INDEX

Fig. 1012, [AHEAMEE 05 & 0.3 DA ORBHHHX 27~

F PR )DL IR 05 0 & & ORI EZ RS &, bl
RN ETE AR v MEX D HIEW2D, & D EE Mo
AR R TR A L CBEET 5 BE TARIZIEN D, Wi

Rotor pole pitch: 6,,,

Rotor pole
width: 6,,

Fig. 7 Rotor pole width and rotor pole pitch.

Fig. 8 2D-FEM model of FR motor.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.9, No.1, 2025



45.0 , ,
| 1

o L ° 1 i ]17%UP

°
300
. -
o Conventional
e model
)
°
°

10,0 [
L J

® I 1

- 0.3 0.5 o

0-0 L Il l L ' L Il L .=
000102030405060708091.0

Rotor pole width ratio

L J
250 f

200 |
150 p©

Torque (N - m)

5.0

Fig. 9 Relationship between rotor pole width ratio and torque.

) Magnetic flux
; hort circuit

(b) y=03
Fig. 10 Comparison of flux line diagrams.

DWROBIENEE TND Z e D. —JF, FKb)D 03
DLEEE, br) LEEEFmEE Ay MENEL L, IR
DOBFEHENAE T TR, TR hLvy 2 ESET-HBTH
LHlEZDND. 78, 03 LV H/hS< 5L, [FlE IR
MEBITHI 72 o TEREKEAFINAE U A 720, SRR AN -
T VY BT 5.

WRNT, BEAREERELICOWTHRHFT . Fig 1112, |8
TR 05 & 03 ORAOEANTEREETEOR K2~
T. ZOMERD L, HxmEmiiEEER TV, Mgk

Transaction of the Magnetics Society of Japan (Special Issues) Vol.9, No.1, 2025

03 Th o THIHERFIENRIZIN TN D, T b bEERD
BT RIS N E N LS.

Fig. 12 121%, Fig. 11 (IR LZEEREO FFT OfE R4 7R
T ETHARB R A RS &, Mg 03 DOFK 6.7%K X
WZ RS, Lo, Mgk 0312 LT kv s 235 1
L7=DIE, WROFEHEDMEE ST M-I 2% 59 25 FR

AR LTz Z N BRI O—D Lt 6 Z &N TE 5.

—77, EAREROHIO TR ORBIRI T H /NS N LR TIRE
ns.

Fig. 13 (T, WA TR D BBk O Ediil R 2 2R
T 7ok, BEOROEFIEEAIRAE FHVTE 10 RETE
TR L 72.

VAV et Vi

even

D

x100 (%) @

1

FEATHFE 5)TIL, (BEOR O @I RS & #3257 0l, [6]
HA 0 & U 2 [/ CIRIC T2 2 EMER I TN D D, e
< EBLAFRLTERRIR L L7 n AR—1JE FR 4
I CEESLT, R 05 LD D 03 DFI/NIWNT Eavomn
5. Fiz, 023 THRNERDZENTREIND. ZhUL,
EAWOILRB TN IR T2Z & T, =T ADZE
ML E LT Z E B RERBERDO—DTH D B
Zbihbd.

20
15 —y=05 —vy=03

AN

Voltage (V)
(=)

-5
10 +
15 +
-20
0.005 0.01 0.015
Time (s)

Fig. 11 Comparison of calculated no-load induced voltage

waveforms at different rotor pole width ratios.

14
2 my=0.5
2 10 my=03
v 8
=}
8 6
S 4

2

0 - |

1 2 3 4 5 6 7 8 910
Harmonic order

Fig. 12 Harmonic order components of no-load induced

voltages shown in Fig. 11.

75

INDEX



distortion (%)

O = N W ks O 00O O
T

Ratio of even harmonic

0.1 02 03 04 05 0.6 0.7 0.8 0.9
Rotor pole width ratio

Fig. 13 Relationship between rotor pole width ratio and even

harmonic distortion of no-load induced voltage.

ALz,
Fig. 142, R THIEL 05 & 03 DFEDaAXF 7 M s O
FREEERT. ZORERDLE, aX 7 b zIizonT
I, MFEICIEE A EENEN b5,

—7J7, Fig. 15 IZ M7 U FLDHiERT. Z0 &L &DE
T 82 Amm? TH Y, BEINAHALIL0°THS. [FHE
0, ML UTIAZDNTIFRIEL 03 OV NN L3 T
fiExins. BRI, MR 0523 7 LEE 66% THhH D
WCRTLTC, 031389 29% T v, HorLL FE TR L7
FRIELE 0.5 DV Z/VBNKE L 7po -8, Fig. 16 7o
58918, BREFNELTEEOThDEEZBND. Lz
NoTC, MVZ U TNAOBENSRATY, [Hlisigki 03
B CTH D Z ENHLE RS

15

—y=0.5 —y=0.3

Torque (N * m)

-10 }

-15
0.01166

0.01266 0.01366

Time (s)

0.01466

Fig. 14 Comparison of cogging torque waveforms with different
rotor pole width ratios.

50

X T R TE ML) T OWTRRRTT .

50
——y=03

A40 r +’Y:05
E
Z 30
3
520
S
F‘

10

0 1 1 1 1 1 1 1 1

0O 1 2 3 4 5 6 7 8 9

Current density (A/mm?)

Fig. 16

characteristics.

Comparison of current density versus torque

4 F&0

b, RFXTlE7 7 v 7 AU =31 (FR) T—4 Dl
WARREETRRIEICOWT, My, EBRENEEET, axs
7 Mvr, WVT U AOBED LA B T o7

FT R LT, AT THER S Qv B [Elis 7
FRIELE 0.5 CTIEME<S, Mgk 031275 2 & TR 17%If =35
ZEERPGNC L. T, MIBAETICk< T L2 LT
WL AR OB ORFE MR S, M2 ICF 515
WEROBAPE AR LT 2 ENERO—DTHD.

RN, BEAMFHEEECE LT, Wk @y
ZANHIT 272012, S TR ClEEliE gL 0.5 2R S
TWo. L, 2 L b RRmTELENG L LIz r
A=/ FR B—Z XY TUEE ST, WlEE 03 O/ hE
W2 EMNH LM E IR T.

RIBIZ B2 DU LT, [REEEE 0.3 D743,
EFD 05 X0 BRI SIS Z BB ETe o7z

P EORENG, Ao s v ZR—1E FR £—4# 123
LTiE, Mo, EBEGGEEEE, a7 vy, by
U ZNOFTRCTOBLEND BT, Hei 2B f-ilgi 03 ¢
D EfE T 52 EnTER

AR, BE ORISR OV T BRI 21T
TFTETHD.

B APEO PRI EATHEETL Y br=2 2
HBRFGET v 77 AOZIREFTHTONIZbDOTHS.

References

INDEX

45 F
40
35
30 F
25
20
15 F
10

5 -

Torque (N * m)

—y=0.5

—vy=03

0 1 1 1 1
0.058 0.062  0.066 0.07 0.074
Time (s)

Fig. 15 Comparison of torque waveforms at 82 A/mm? with

different rotor pole width ratios.

1
2)
3)
4)
5)
6)

7

R. P. Deodhar, S. Andersson, I. Boldea, and T. J. E. Miller:
IEEE Trans. Ind. Appl, 33, 925 (1997).

Y. Liao, F. Liang, and T. A. Lipo: IEEFE Trans. Ind. Appl., 81,
1069 (1995).

N. Tashiro and K. Nakamura: /EEJ J. Ind. Appl., 10, 708
(2021).

Y. Yu and K. Nakamura: 7. Magn. Soc. Jpn. (Special Issues),
7,97 (2023) (in Japanese).

I. Boldea and L. Tutelea: Reluctance Electric Machines:
Design and Control, p. 301 (CRC Press, 2018).

R. Takahata, S. Wakui, K. Miyata, K. Noma, and M. Senoo:
IEEJ Trans. Ind. Appl., 138, 730 (2018) (in Japanese).

M. Arata, M. Mochizuki, T. Araki, T. Hanai, and M.
Matsubara: IEEJ Trans. Ind. Appl, 1383, 995 (2013) (in
Japanese).

20244 10A 2081523, 20254 2R 14B#&

76 Transaction of the Magnetics Society of Japan (Special Issues) Vol.9, No.1, 2025



http://creativecommons.org/licenses/by/4.0/

T. Magn. Soc. Jpn. (Special Issues)., 9, 77-81 (2025)

| Copyright ©2025 by the Magnetics Society of Japan.
This article is licensed under the Creative Commons Attribution International License (CC BY 4.0)

<Paper>

Sm-Fe-N Ry FEEER AL -5t — & B IPMSM DB $
Development of Injection Molded IPMSM with Sm-Fe-N Bonded Magnets

%Efjﬁﬁﬁ a)f ,

HHAESL Y - REPRREY - AR

- R T

O { AL TR, AR T L FRETE 491 (T 774-8601)
DBk FH S ER T RS R, K F B F T R ERT 1-1 (T010-8502)

R. Yoshida @+, Y. Yoshida P, T. Uwano », M. Yamamoto &, and K. Tajima
a) Nichia Corporation, 491, Oka, Kaminaka-cho, Anan-shi, Tokushima 774-8601, Japan
b) Graduate School of Science and Engineering, Akita Univ., 1-1 Tegata Gakuen-machi, Akita, Akita 010-8502, Japan

This paper presents the evaluation of an interior permanent magnet synchronous motor (IPMSM)
prototype, in which Sm-Fe-N plastic-bonded magnets were injection-molded into the rotor core. The mold design and
rotor shape during the injection molding process were clarified through finite element method (FEM) analysis, and
the characteristics of the prototype rotor magnets largely matched the designed specifications. Furthermore, to
evaluate the motor characteristics, a motor was prototyped, and the induced voltage was measured. The
measurement results closely matched the FEM simulation, demonstrating the validity of the proposed motor.
Additionally, a comparison with an IPMSM using Nd-Fe-B sintered magnets, conducted through FEM analysis,
showed that the proposed motor exhibited comparable torque characteristics, demonstrating its practical utility.

Key words: Sm-Fe-N bonded magnet, permanent magnet motor, magnet arrangement, IPM motor, injection molding

1. [ZLHIZ

VTR, TEMERER TR 2 U 7ok A B — & OiidhieR ks
Bex 5B CHEATRY, I—ARy=a— b Il UL
F—HBOEFUI T EEAGREE 7o o TN D, BT —4 &
L AL QWO AR AT— 21, FSEIZRIT 5 2021 4
D70 W LI LOREe— 2 EFEEEEIG D5 B, 5T %% HdTH
DY, ZRBEOKMEAT—ZICEIER SN TOD AT A

Nd), vAx7mv A Dy), 7/ET L (Th) LW-oi=fit
BOtH, T—2Mherm EsE5 9 2 THEERERE LTS
TV, LoL7ehih, Nd RCEATFIHETH S Dy, Tb D4
FEIFFFEDENEET LD Z EBHHEOREE S, PR
FEBRICI0UT DERBEIE & W o T2 ST A 2. S DHICHE
ASOBEKATE (BV) OGF g &I LY, TshakE <L,
FITETEREE~DIRSPFEINL L TS, —FH, ZDX57%
Nd <° Dy ZfbRWKAMG E LT, ~U v LkER

(SmaFer7Ns) fifs (LLF, Sm-Fe-N ) 23851 T\5.
Sm-Fe-N BEHRIT 20.7 MA/m &9 EWFO7HRIR Hy L
ATTCEN I ENF 2 U AR, NdeFeuB i (BAF,
Nd-Fe-B fifn) &b Faakettaorcd 9 9. LnLaentn,
Sm-Fe-N Bifi13#) 650°CT SmN & aFe [ZBG T 575 9,
Nd-Fe-BBiA7D & o 7oiih eIt ¢ 5. 207w, Sm-Fe-N
WA IBIE A DN AR LT T AT > 7 R R
A CLUTF, R FigA) & UTERbSITNS. R REGATS,
HEihin LD & BIHEFLCLE S oo, IREBE R
<, FPRHCRANTIRE Chh B 720, BRI Ui i
FIAATRECdHD 0. HEARGATRIHE—4 (IPMSM) |ZhEfREr %
BTG, BETRICEDax N7y 7o, fia s a i
FRRIAACE 2 Z SIS L DIRIUERE U DS ORIEN H 575, R
¥ R TIEREEIEZT TS5 Z 212Xk Y, IPMSM 72 K olalfisi1-
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AT S L AR SR - —KMETE D, BT TEED
1%, SmFe-N 77 25 7R ROIRE HEZ4AE L U FHD
fealidigtz2 > IPMSM #a%at L, Nd-Fe'B Btz v -
IPMSM (ZVU#ed™% M7 BT 2% 2 b %, ATRESREZ HW
THERLIZ ™. AR, iEH LIz IPMSM Olalfis 1~ 7 ~H]
BIAC L D —RidE 2 A,  [BsA 25 b S BT BRI E iR
BT NS, AREREOERRE L, FOmE
EHER LT

2. FERYTHHADRHRESRHRE

2.1 AT % SmFeN TS RF v IRy FEAOEHH
A CIIFREEAHEIE B 0.86 T, {71 Hep 645 kA/m,
(BH)max 145 kJ/m3 @ Sm-Fe-N R > N & HV =9 ARG,
F R RGOS L~V OREE AT LTEBY, U
A ZIVATREIRI T D720 9, CO2 PRI, HiftrTaE 2
SDGs FEDFHIZICH GBI CIh D, BEE SRR
TdbH Sm & Fe /K CA A ALL, gt L Uil S w714,
REBERK, AFERITOHERR, Eohi RD), Z{lBERz17o 2 &
T SmeFerNs B R A155. Z Oz Sk L, #c
JEEGE RD ) \CX DRI TH HIORFAALL , Bt
TNREEVE LTV DD, E5IZ, AMRETOREERR
V38 BeAbD7=0lZ, SEehE, ST Fe & OWRE R
DT & CHE & UCHERET D La, B L OERUOT- Tk
I USSR & U CHfE T2 W ZIRINL Q0 D, F72, #
VIR CHEANR et 2 g D720, U BB ZA T, 4
N7 ) AR A TS LT\ 5. Nd-Fe-B Bifbfien Clamsb
IAVBHIED T80 Zn 2 Ni - X HHASET 7S, Zo0 V) R
BCXy, G —T 4 o VA S TIETE D, 2
OREPERAR L IR GARBMERIE) ZIRA - L1 b
FIRIC L, FEEERHEIEREN TIE L, FTEORIRE L ORI %
B2 ETRIFET TATF v IRy A ESED Z EINTE 5.
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2.2 THFER (TR FE—RICKBEMEH)

BMED Sm-FerN 7R 2 FiGATE Bl Uiz & 518, SRR K
DB A %, WA ST & TS0 TANCAT R 5 AN
HD. ARIETIL, TlhidBhe U TR EZ RS L, &
HRSTARR S B p B g o A B U T, TPAmeBRoOBL e E A Fig.
LR PARABRCIE @10-L7 OMREASR T & Sl Ci
B LI, 22834 Uz T 6 T OB TERL, KA

W) DELAERA R Uiz, Bl 1.2 T O L &% 100 % &5 5.

ZORERIND, BEREEAS 0.8 T 0 & ERHIERS 98 % & 721, |
ST HILD Z E AN,
2.3 PN B FROSRERETIL

FRORERA M E 2, BTG AT o7, Fig. 2 ISR TRV
BUHET LAy, SNSRI Nd-Fe-B BEfShEA (N48H-F) %
L, IPMSM [Rlfis - OfAHLOBHHLTHH IR aa’ O
FAECARSE 0.8 T (BUFR 98 %) LSS A 8MENET /L
ZEHUTZ. Nd-FeB BERSHA OB Z B HROH LN ftE Lz =
— VRIS 2 L TEIAREO SmrFeN Al Wik
KD Lo TD. ABlWET /L4 FEM Tt L7z
B> TIPMSM |effis o= o2 —% @dalids) 8L 7 v 7 &
T4 % Fig 312, aa’ MO HERERE Fig. 4 1077 a
DREFTH—FAR AR Ch 7228, 0.83 T OEEGAH Y, #i
ik 98% LI EO+37aflmsgifEHns & RIS,

Orientation ratio (%)

1.0 1.2

0.4

0.2 0.6 0.8

Orientation field (T)

Fig. 1 Orientation ratio for magnetic material (®10-L7).

Sintered Nd-Fe-B magnet

Space for injection molding of
(=t Magnetization direction)

Sm-Fe-N magnet

Rotor length: 50 mm

Fig. 2 Orientation mold model of Sm-Fe-N bonded magnet
injection molding and oriented magnetic field confirmation
position (a-a').
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Fig. 4 Orientation field at position a-a'.
3. HEER

3.1 FH—AEE

ST CRTE OB ST L [Elis -2 7 %4> R L, 2.1 8D
THECERLZ SmFeN 7' J AF v 7Ry RigADRL > b
JANWTEE A AR Lz, 2ol &,  ZAVEREBLW
SANERE 260°C, 90°C L L. Al L= IPMSM [mlis1-% Fig. 5
WY, BIGRORANTIIE IR & O RIE A U Ciedo Tz,

Fig. 5 IPMSM rotor with injection molded Sm-Fe-N bonded
magnets(®60-150).
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Table 1 Outer diameter deformation of IPMSM rotor after
injection integration molding.
Position Va(unatg)n
mm
Gate side 0.018
Center 0.016
Ejector pin side 0.018

3.2 SR EDOEETFERE L EAKERE

FHHEIAZ IO TR DI SND ODMGHTEIZ X B Rlis -2 7
OEWTHD. a7 WERTLE, [aliEf, [EE o2k
S A U L0 B - S ORIN & e Db Th D, £,
TT XY v TR B Z & TE—F R TR % 5 2 D%
bbb, £ T, BIELIZEHRT- 27 OSMRATE B OV TG
AR OIENE = 7 OHEZIE UIGE LT-. Bl =yoniler
R, MR 24 JRERE LTAERD BRI A % Table 1
W9, JIEN Fig. 6 \ORTEHAC 3 BT Cf 170, A,
BT 22 IR O FAZE (20 pm) BLTTH
D, [Eifis a7 OEFAI DT

WA SRR AT LSO 57200, BT DAL -2 7 DD
AEIHL, Fig 712799 s 4 mm AFEEIZOHI L.
B G-1~G-3 1357 — Ml GEARMED, C-1~C-3 1T AL,
E-1~E-3 IHHE AN L 725 TRY, BRI/ T D& ZHER
5. ZOX DU LTty OB % 7 V& AT AR CRER
L7z, f8% Fig. 8 1T A& COENL 5.03~5.05 glem?

BRI 0=0.01) L7eoThY, FHMIZRWTNT DXL
7otz Ein, ARG ON X 17T —4115.04 glem? &7
STEY, WAL ABAD TSIV TS Z E03EE T
=7
3.3 S EOEERTFORSISE

BRI E LTV o Va5 6 T Tl L= 43t
BT BRI TR VSM, BRAFFEE IR 2 FAv,
A LRSI T ORHM L2 E Uiz, E LR b &8k o
BlFsRAZ R L= & 24, Fig. 911, 95~99 % CTHh 7=
SPHITIT% L7200, BIEEL LTV V2 98 %I ST FARCaRA 155
ZEMNTE T F e, BB OB METTHY, iU,
2.3 M Che bR A NS D o1& a & —E L CND 2 &b
Lt Z ORERTOBLREE R EICBE e = & L35,

WIZ, BIBROIEE -2 7 Z5ia—7  (HAERANERHREY
THREMEIToT-. BREOSHE, a7 354 2000 uF @
wEA My, I 2500 V, EiitE 14 kKA TITo7- ORE#E)
BT T v 7 ART 12 %N LT, 5tk OF MR s - e
L7cftis e FEM CROTASWMTZORmREAFE 2 Lk LT
FEEZ Fig. 10 1T ff, ARduiT 17~21 mT BEE 5 X
DINEL o=y, WRIHHE S L. ©—2 by 7' 443~
452 mT LA LT DX H/hS <, EOMG T2 L
TWbEEZBND.
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Fig.6 Outer diameter measurement position of IPMSM

rotor.

Fig. 7 Cut-out position

Ejector pin side E-1l
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of magnet strip for
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Fig. 8 Comparison of densities of cut-out magnet pieces
measured by Archimedes method.
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Fig.9 Comparison of orientation ratio of magnet pieces.
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Fig. 10 Comparison of surface flux density of injection

molded Sm-Fe-N bonded magnet IPMSM rotor.
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Fig. 11 Comparison of induced voltage waveforms between
FEM and measured values at rotation speed of 5000 min.
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filitsias IPMSM OEfRAEDREZEAT>7-.  Nd-Fe-B &t
IPMSM 3, i % V SR CFdiE L7 [RIA 7k & L. Nd-Fe'B
BERiREA TIPMSM & Sm-Fe-N AR PR IPMSM OJEk% Fig.
13129, Nd-Fe-B Jiifisi IPMSM Olalis 73, SR L
LiHilia RaANT, B RN DT LR T2 7 &
DX Y v 7% 05 mm RIS, £z, [HEFFORZENB I
DIzl AR -2 725G 7% C %, Table 2 [ZWE—4% Ok
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IPMSM & Sm-Fe-N 7R Flf7 IPMSM | Chuli L7z, ok
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NNV

(a) b)
Tig. 13 Model for FEM (1/3 model). (a) V-shaped model using
Nd-FeB sintered magnet. (b) U-shaped model using Sm-Fe-N
bonded magnet.

Table2 Motor specifications and analysis conditions.

INDEX

Parameters Values
Nd-Fe-B Sm-Fe-N
Permanent magnet sintered bonded
magnet magnet
B=127T B=0.86T
Coil Copper
Core material 20JNEH 1200
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
Number of slots
Number of winding turnsislot 40
Current frequency (Hz) 250
Current amplitude (A) 5~20
Rotation speed (min) 5000
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Fig. 14

characteristics.

Analysis results of current phase vs. torque
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#C, Nd-Fe-B BEfhA % =T —Z VG5 hLs itk
HIEL, SmFeN &Ry Rigif & Es7 2 7 ISR HAE Lz
IPMSM Ol FHli AT > 7z
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Fig. 15 Comparison of torque characteristics between Nd-Fe-B
sintered magnet motor and Sm-Fe-N bonded magnet motor.
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BHAEISEL-EBHOKRE

Examination of Number of Poles for Higher Power in Wound Field Flux
Switching Motor with Segmental Rotors

INETRIER T+ PR T AT

FHEEIRPRTFRE ISR ER TR, RS di R 7-1-2 (T 321-8904)

Y. Koishi®, H. Goto
Utsunomiya University, Graduate School of Regional Development and Creativity, 7-1-2 Yoto, Utsunomiya, Tochigi 321-8585, Japan

Investigation on rotor pole numbers of Wound Field Flux Switching Motors (WFFSMs) with segmental rotors
in existing papers has been restricted to a comparison of torque-current characteristics. This paper investigates
the number of rotor poles necessary to achieve a high power density in WFFSMs with segmental rotors. Pole numbers
were varied from 5 to 8. The performances of motors with different pole numbers were compared by finite element
analysis (FEA). Odd numbers of rotor poles not only effectively eliminated the even harmonics of back-EMF but also
expanded the speed range of WFFSMs with a segmental rotor drive. It is also revealed that the 5-rotor pole is suitable

for higher power.

Key words: flux switching motor, segmental rotor, rotor pole number

1. [FC®HIZ

BUE, KAWEARIHIE—% (Permanent Magnet Synchronous
Motor : PMSM) (355 3 CRER DB OH72 5T, BRI T
HOBILTND. LInLZR s, f TR LIk a2 H
V5 PMSM 13, BEERZE A B, AR & o 7o
D%, ZOE I IERDDE WL T T —AE— X OB E
WHENTBY, TO—2LLTAL v F N T/ X AT—H

(Switched Reluctance Motor : SRM) 23 E T % D,

SRM I, i &EMRDOL TSI T28, FREAHLClEeE
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Z MU SRM (3, BEAARE LD SRM AKOFiREK->TLE
5 ZENETHD.

LRLOBEK LT, BIIBIL 7 T v 7 A2 v TF o 7 E—
% (Wound Field Flux Switching Motor : WFFSM) 735kt
SHTEY 29, FHLIIZOPTHES A br—2H WFFSM
(EA LTS, WEFSM 13, Seiia e o idE 9572
DAY TN o TRT T IVINRETH D, Fi-, WFFSM X SRM
L [RBRICIBE TN DT, i B ORI S C
W5, EBIZ, WEFSM (EMHARIRODZ A R—F L
5728, SRM &l LT bV BRI S NS, LLEOF]
RITINAT, ¥ 7 A bua—4BIWFFSM (3, BipatEfic
Bl SR SO H Z LN TE, af vy FEZEET
HIZEWTEDY, ZNETITE S AL hu—2H WFFSM O

Corresponding author: Y. Koishi
(e-mail: dc247225@s.utsunomiya-u.ac.jp).

BoOBEHIBI LTI, FTH ML 2z onTiRgRE S hvan
%78, Linl, BRABESCEIZEAROE—XZERS L
BV DR EE R D200, ok ML7 7215 Tl
KD, Il E S BE LB WS Th 2.

TR, W27 Ay s —2 T WFFSM
HE— MLy, HIRECOWT, 2 RotATRESEE (2D - FEM)
Z O THE A AT > 12O TS5,

2. 942 bO—42 % WFFSM OBER VEHERE

2.1 EXEE

Fig. 1 1c& 7 A2 b a—# WEFSM OHAMS G2 [
T 12 Ay hOWRLT, [BET6 Ay M AHEME 88, <
DOHIE 6 Ary MIRBEEHAETESIVTOND. TSI,
SRR A S DR OO Z D FUsein & Wi & 255
IR REN TV A, [Alfis ' 7 A v haT TS, &2
A2 N AT IR BN C X o TSRSV TN .
2.2 EifElRE

Fig. 212, FEEERMCEFER AL, FET-% [F5
SO PGB AR AR LT D, [IiE, 1 >OEH
TAREBET D 2 OO MEMAEE 1 2=y he L, =

~ FE windin
Armature winding

Supporting material
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Fig. 2 Operating principle of WFFSM with segmental
rotors.
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Fig. 3 Structure of analysis model.
Table 1 Analysis constraints.
Outer diameter of stator 118 mm
Iron stack length 40 mm
Airgap length 0.3 mm
Number of turns/pole 202 turns
Iron core material 35H230
DC side voltage 100V
Max. current RMS 2.83A
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Fig.5 Magnetic flux linkages.
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Fig. 7 Direction of the flux flowing into armature pole.
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<Paper>

Maximization of torque weight density of axial flux type switched
reluctance motor using quasi-3D analysis

BR[ERTE R - PRI AT T
FHE R FRFGHSRAE BT RR, WA R HE o 7-1-2 (T 321-8585)

H. Abe and H. Goto'
Utsunomiya Univ., Graduate School of Regional Development and Creativity, 7-1-2 Yoto, Utsunomiya, Tochigi 321-8585, Japan

Currently, there is a demand for the electrification of aircraft, and motors for driving aircraft are required
to be lightweight and have high output. Therefore, this study focused on the axial flux SR motor (AFSRM) for high
torque density. However, the 3D finite element method generally used in electromagnetic optimization of AFSRM is
problematic because it requires a large amount of computation time. In the study, a quasi-3D analysis was used to
study how to maximize the torque weight density of AFSRM; the motor was divided in the radial direction, and the
divided cross-sectional model was analyzed as a 2D model. In addition, the analysis was performed under the condition
of a constant motor weight.

Key words: Electric aircraft, axial flux motor, switched reluctance motor, torque weight density, quasi-3D analysis
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Fig. 3.1 Structure of AFSRM.
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Table 8.1 Specifications of AFSRM.

Stator/rotor poles 18/12 poles
Weight 15.0kg
Current density 12.75 A/mm?
Rotation speed 3000 rpm
Gap length 0.3 mm
Winding size 1.1 x 1.1 mm?
Winding slot fill factor 70 %
Core material 35H300
35
30
— 25
<
=20
5
515
O
10
5

o

0 25 30

10 15 20
Angle(deg.)
Fig. 3.2 Current waveform.
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Fig. 3.3 Determining initial pole shape.
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Fig. 3.4 Relationships between axial length and pole
length.
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Evaluation of aggregation effect of magnetic nanoparticles by antigen-
antibody reaction with proteins
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We developed a rapid, low-cost protein detection method using magnetic nanoparticles and demonstrated that
GDF-15 (Growth Differentiation Factor 15) binding induces nanoparticle aggregation through an antigen-antibody
reaction. This aggregation by cross-bridging increased magnetic responsiveness to switch magnetic fields with
increasing GDF-15 concentration, although this aggregation was not quantitatively verified. In this study,
transmission electron microscopy (TEM) was used to quantitatively assess the role of GDF-15 in promoting the
aggregation of magnetic nanoparticles. TEM analysis showed that the GDF-15-bound samples formed approximately
1.5% more aggregates larger than 0.03 pm? compared to controls, confirming the cross-bridge effect was confirmed.

Keywords: magnetic nanoparticles, protein, GDF-15, TEM, image analysis
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Fig. 3 Schematic (bottom) and photo (top) of a
laboratory-made system for detecting protein in a
liquid phase using magnetic nanoparticles.
Reproduced from 29), with the permission of AIP
Publishing.
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Fig. 4 Flowchart of protein measurement system.
Reproduced from 29), with modification and
permission of AIP Publishing.
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Fig. 5 Output waveform and optical micrographs of
magnetic nanoparticle/antigen aggregates.
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Fig. 6 Aggregation of magnetic nanoparticles via
GDF-15 (antigen).
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Fig. 8 Negative stain TEM images.
(Upper 3 images: GDF-15 concentration 0 ng/mL
Bottom 3 images: GDF-15 concentration 1000 ng/mL)
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Fig. 9 Percentage distribution of magnetic
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7=. GDF-15 £ 1000 ng/mL ® 75753, 0.03 um?2
KO REVEEEREEDN 15 %EmNZ L xR L
7.

BiEE  AWFZE0 1% AMED Moonshot 72> = 7
R (JP232f0127001), JST K525 e A H A F ¥
] REME M EE(JPMJISF23C4), T /L& Akl R By
M, BRREHET A b A b=, BAbR AR SR R A
¥ #— (INGEM) OERTHD.
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