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Effect of Exchange Coupling between Top & Bottom Layers in Dual Layer
Microwave Assisted Magnetic Recording
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PR ELGEIEUITERT, Bkl

AT 211

e #3EH
(7980-8577)

T. Kikuchi, S. Greaves, and H. Muraoka
Research Institute of Electrical Communication, Tohoku Univ., 2-1-1 Katahira, Aoba-ku, Sendai Miyagi 980-8577, Japan

In this work we model microwave-assisted magnetic recording on ECC grains and granular media with two recording layers.
Magnetostatic interactions between layers make it difficult to selectively record on only one layer. By introducing antiferromagnetic
exchange coupling between the two recording layers the effect of magnetostatic interactions can be reduced. When the antiferromagnetic
coupling strength was optimized the SNR of recorded tracks was increased by around 3 dB. This allows the media to support shorter bit

lengths and higher areal densities.

Key words: MAMR, ECC media, Dual Layer Recording, antiferromagnetic coupling
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Fig 1. Structure of media and write head
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Fig 2. Head field distributions in top layer of media
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Table 1. Single Grain Parameters

QGrain Size (Top Layer) 7nm X7 nmX5nm
Grain Size(Bottom Layer) 7nm X7 nm X7 nm
M; 750 emu/cm®
Temperature 42K
K.(Top Soft Layer) 5.0 x10° erg/cm®
K.(Bottom Soft Layer) 3.0x10°erg/cm®
K.(Hard Layer) Variable
Damping Constant 0.03
Table 2.Granular Media Parameters
Average Grain Size 7.6 nm
Grain Boundary 10%
Grain Size Distribution 15%
M 750 emu/cm?
Temperature 42K
K.(Top Soft Layer) 5.0 X 10° erg/cm?
K.(Bottom Soft Layer) 3.0 X 10° erg/cm?®
K.(Top Hard Layer) 3.0 x 107 erg/cm?®
K.(Bottom Hard Layer) 1.5%107 erg/cm®
H{Top Hard Layer) 80 kOe /90 kOe
H{(Bottom Hard Layer) 40kOe / 60 kOe
Damping Constant 0.03
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Compensation for readback resolution of dual-layer magnetic recording
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Jin Saito
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KOBEWFZERT, G EER R 2-1-1 (T980-8577)

Hiroaki Muraoka

Research Institute of Electrical Communication, Tohoku Univ., Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan

Recently dual-layer MAMR recording is proposed to independently write data in each layer. Readback method by ferromagnetic
resonance has been discussed to be available. In this study, a more convenient reading means with a regular shielded MR head was
investigated for dual-layer recording based on calculations by reciprocity theorem. We propose the additional bottommost third layer,
or assist layer, to equalize the response. Some calculations show that the three-layer recording is effective to apply the half-bit shift

parallel recording method, which we reported in the past.

Key words: dual-layer recording, shielded MR head reading, reciprocity
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Fig. 1 Sensitivity functions of shielded MR heads for various
magnetic spacing.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.2, No.1, 2018

Table 1. Typical values for the calculation
parameters.

Transition width, b S5nm
Magnetic spacing, d 1-15nm
MR sensor thickness 2nm
Shield to shield gap, g 20 nm
Top layer thickness, o1 3nm
Bottom layer thickness, &2 8nm
Assist layer thickness, &3 Snm
One-sided shield to sensor gap, t 9nm
Distance between head surface and soft magnetic L
underlayer
Y
X

Underlayer

Fig. 2 Head and medium configuration with the assist layer.
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Micromagnetic Simulation of Selective Resonance Reading from
Double-Layer Antiferromagnetically-Coupled Recording Magnetization
Using Spin-Torque Oscillator

BRRERT « RIS - VB - KB - FEEEFRT
SCETFSEBRSE L 2 & —, A2 R T /D 2T 1 (T212-8582)

Taro Kanao, Hirofumi Suto, Tazumi Nagasawa, Koichi Mizushima, and Rie Sato
Corporate Research & Development Center, Toshiba Corporation, 1, Komukai-Toshiba-cho, Saiwai-ku, Kawasaki 212-8582, Japan

A reading method that uses a spin-torque oscillator (STO) and the ferromagnetic resonance (FMR) of a recording
layer has been proposed for three-dimensional magnetic recording. With this reading method (or resonance reading),
a recording layer to be read is selected by matching the oscillation frequency of the STO to the FMR frequency of the
recording layer. By micromagnetic simulation, we demonstrate layer-selective resonance reading from double-layer
antiferromagnetically-coupled recording magnetization. FMR excitation is selectively induced in each recording layer
by tuning the magnetic field and current for the STO. At the FMR, the oscillation power of the STO decreases because
of additional dissipation by the FMR, which is used for the reading. Reading within a time scale of 1 ns is
demonstrated by simulations in which the STO moves over the recording magnetization.

Key words: three-dimensional magnetic recording, read head, ferromagnetic resonance, spin-torque oscillator,
micromagnetic simulation
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Table 1 Parameters for STO.

Layer Thickness Gilbert Saturation magnetization | Perpendicular magnetic | Interlayer coupling
(nm) damping (kemu/cm?) anisotropy (Merg/cm?) (erg/em?)
Free layer 2 0.01 1.2 6.0 —
Spacer 1 — — — 0
Fixed layer 1 2 — 0.8 — —
Spacer 1 — — — —
Fixed layer 2 2 — 0.8 — —
Table 2 Parameters for recording magnetization.
Layer Thickness Gilbert Saturation magnetization | Perpendicular magnetic | Interlayer coupling
(nm) damping (kemu/cm3) anisotropy ( Merg/cm?) (erg/em?
Soft layer 1 2 0.02 1.2 7.0 —
Spacer 1 — — — —2.0
Hard layer 1 2 0.02 0.67 7.0 —
Spacer 2 — — — 0
Soft layer 2 2 0.01 1.2 6.0 —
Spacer 1 — — — —2.0
Hard layer 2 2 0.02 1.99 29.0 —
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CozoFeso/Gd/Gdz1Fers 7 ') —BDEEM SRS tEHI#

Voltage Control of Magnetic Anisotropy in Coz0Feso/Gd/Gd21Fer9 Free Layers

FEPESE T - MRS E Y - S Y - RRAEURER Y - IR Y - FREE - - AEY -
AfEeh @ - ITHEE

O BB RSB TR TER, SO S X (R MY 5 % (T 120-8551)
Y NHK HOEEATIFSERT, SORE A XAS 1-10-11 (T 157-8510)

T. Ueno #+, N. Funabashi ?, H. Kinjo », S. Aso», D. Kato ?, K. Aoshima » , K. Kuga ?,

M. Motohashi ® and K. Machida P
a) Graduate School of Engineering, Tokyo Denki University, 5 Asahi-chou, Senju, Adachi-ku, Tokyo 120-8551, Japan
b) Science & Technology Research Laboratories, Japan Broadcasting Corporation, 7-10-11 Kinuta, Setagaya-ku,
Tokyo 157-8510, Japan

The voltage-controlled magnetic anisotropy (VCMA) of the relatively thick CozFes) (X nm)/Gd (Y nm)/GdziFer (9
nm) free layers on an MgO insulating layer was investigated for its application to optical devices. The VCMA change
of the entire free layers was observed with a CoFesy/Gd layer of less than 1 nm, despite the estimated VCMA
coefficient was 5.84 fJ/Vm at most. It can be attributed to the VCMA effect generated in the MgO/CozFeso interface.
The CoxFeso/Gd film thickness dependence of the VCMA was evaluated, however it was mostly unchanged. On the
other hand, the VCMA was greatly improved by inserting a Th-Fe-Co underlayer between an electrode and an MgO
insulating layer. The VCMA coefficient was increased to 21.8 fJ/Vm. We consider that the increase of VCMA effect
was attributed by the improvement of the crystallization of the MgO/CozoFeso interface.

Key words: voltage-controlled magnetic anisotropy, magneto-optical kerr effect, magnetic tunnel junction, RE-TM

alloy, optical device
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Fig.1 (a) Structure of film stacks of fabricated
devices. (b) A schematic illustration of our
measurement set-up for VCMA. (¢) Micro-
graphs of our device.

3. REER

3.1 CogzoFeso/Gd BEIZLZ 7 ) —BOMIEYE

CoxoFeso/Gd JEDINIE N 70 535 72 ERLL, BEKUFFIEZ A L
7-. Fig. 212, Ag & 12 MgO/ConFesy/Gd/GdaiFerg ZHUE L
7=FABN T, CozoFesolfE 4 0.3 nm [ Z[EHE L, GAFE % 0 nm,
0.1 nm }L U002 nm & Li=5E1, %77, MgO/GdaiFer %l
LIZHEFDH—E AT ) 22— %753, GdaiFern HEDOYHA,
A1, PR 805 Oe DI AT T DIZxI L, CooFeso &
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Fig.2 MOKE hysteresis loops of a Ag electrode
/MgO/Co20Fes0(0.3 nm)/Gd(Y nm)/Gdz1Fers
and (dashed line) a GdaiFers single layer
devices.
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Fig.3 MOKE hysteresis loops of a MgO/CoxFeso (X
nm)/Gd (0.2 nm)/Gdz1Fer device.
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Fig.4 MOKE hysteresis loops of a CosFesy (0.25 nm)/Gd
(0.2 nm)/GdaiFery free layer with and without an
applied DC wvoltage. The figure above is an

enlarged view.
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Fig5 MOKE hysteresis loops of a MgO/CogFes (X
nm)/Gd (Y nm)/GdeiFer device. (a) Gd = 0.2
nm, (b) Gd=0.1 nm.
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Fig.7 MOKE hysteresis loops of a CozFes (0.25 nm)/Gd
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Iron loss estimation of amorphous wound core with lap-joint for
high-frequency transformers

SR @I« AR
2 (BF) BLBYERT FFJEBISS 7V —7, BRI B SLZHE ST 1-1-1 (T316-8501)
N. Kurita ', T. Hatakeyama * , and M. Kimura ¥
9 Research & Development Group, Hitachi Ltd., 1-1-1 Kokubu-cho, Hitachi-shi, Ibaraki 316-8501, Japan

To investigate loss-reduction schemes for the lap-joint amorphous wound core of the high-frequency trans-
former (HFT) of the isolated DC-DC converter used in the HVDC grid system, we tested the frequency, £ perfor-
mance of iron loss, P, of two types of amorphous HFTs up to 6 kHz. Their cores had the same specifications except for
the mean magnetic path length. From the Pi-difference between them, the loss density in the laminated part of the
amorphous foils, W4, and the net loss induced by the crossing flux at the lap-joint part, P, could be estimated sepa-
rately. By parameter-fitting with the iron loss equation, it was revealed that W, had an eddy-current loss coefficient
that was close to that of the previously studied results for as-cast amorphous foils, and P increased in proportion to
square of £ We also discuss the impact of the lap-joint structure on the total loss of HFT in an electromagnetic anal-
ysis.

Key words: offshore wind farm, DC collection, over-lapped structure, in-plane eddy current, unloaded loss

1. [FC&HIC THAHORIFRENT, T T 7 4K DHERINTIH DM Y,
BRI R A ERMNZEBOREIZ & A SHE ST
720N ZCAGRSCTIL HFT JPBERLAND, EmofEmR e 7 v
TR OSEOE R TFEAREET 5. S BITIEN & ERYE
MrofEREY, BRI 28RS B D s R
ZkD.

VHEDBREER# - B TRET L X — DB A48 L= i) %
AT DOHERENE L. 2 FCE R0 S A iE 5,
FEERENL 100 MW O EY 4> K7 7—24 (Wind Farm:
WF) OFEFEGEHRHRA M CER L CRBY D, HEHDRE E~D
EERIOEROT-8, FFEE (High Voltage Direct Current:
HVDC) A#FHSRASI TS, BIEOFRMEEIS, Fig 1 1ORTZE 2. SYTHEETELI7ZAHT OBE
B L AT BT TR DC-DC =t/ 3—4 | ZH0
% Z & T WF OEFNEDRIC L AEEBENFITE, SHITH kHz
Tl A m)Ei 22 (High Frequency Transformer: HFT)
ZiHd 5 2 £ TDC-DC 2 3—2 VN LSS 2.

HFT Dff=a A MEEEHERbZ BRYE L, Fox 3psHEZe =
FHIESHEHSNTND, HHROT BT 7 28 2088 LTk
W% T o TR LIZEERLNC, A 2 — ) —TEDT — MR
2B L7z 500 kVA #% HFT Z2380E L, @R CIsT D840
IR A SR LT Y. TN T 7 AEBRLOD T » T AT Tl
TN A IE D 7200,  HPNIEENRIC L H8RBOEINT 5. T

Fig. 212, 3/EL72500 kVA 7EA 77 2 HFT Dffill, 5k
DT T EEOWERGEORA 2777, 2 =X EIC
B2 o F o VEWEEAE L, HFT ~DAJJEH 3RS 2.4 kV
TR 3 kKHz ORI, SUOBAEEINE B 1304 T %7€

High Frequency
Transformer (HFT)
o \ll 1n \l/ O .
Wind T - ) JL HVDC . o p—
turbine Vin %g Vit transmission : Z P
— l i ——— N ;
0]-— L /|\ ,______ 1\ o b / (=20)
Low voltage High voltage < Amorphous
d - = foil (¢,=25 pm)
\__converter converter / : 7 : A um
Isolated DC-DC converter * Flux In-plane eddy current loss
Fig. 1 Schematic diagram of isolated DC-DC converter Fig. 2 Outer image of assembled HFT and cross section
for DC collection and transmission type offshore wind of schematic structure of over-lapped joint part of amor-
farm system. phous wound core.
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Table 1 Comparison of square-wave excited loss coeffi-
cients extracted with Eq. (3).

Name Material Ay A, A,
Wound core A |2605HB1M|8.00 x 10| 1.65 x 10%|1.80 x 10
Wound core B |2605HB1M|8.00 x 10| 2.50 x 10%|1.80 x 10
Laminated part |, <113 101| 5 00 x 10[ 3.48 x 107 1.73 x 10°
(Extracted)

As cast foil?  |26058C  [1.46 x 10?[3.24 x 107[1.32 x 10*
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45% |- ‘
40% | 06T. 04T
m 07
: 35% 05T
S 30%
E e .
= LT S Tt EE—— S———
(=]
z 20% |
& 15% | ;
~ i
Q;-'l 1L o /2 A R, A
5%
0% " H
0 1000 2000 3000 4000 5000 6000

Frequency, f(Hz)
Fig. 7 Frequency performance of ratio of Pr to Piof
wound core B.
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Hysteresis Modeling for Reluctance Network Analysis

PR EAC - H HE - AT T
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T AT E 6-6-11 (T 980-8579)

Y. Hanet, H. Tanaka, and K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai 980-8579, Japan

Quantitative estimation of iron loss taking magnetic hysteresis behavior into account is essential to development of

high-efficient electrical machines. In our previous papers, we proposed and examined a magnetic circuit model incorporating a

play model derived by LLG (Landau-Lifshitz-Gilbert) equation. In this model, dc hysteresis is expressed by the play model

which was preliminary obtained from the LLG equation, while ac hysteresis is expressed by magnetic circuit elements. It was

proved that the proposed magnetic circuit model can calculate both major and minor hysteresis loops of a ring-core with high

accuracy in a short time. In this paper, in order to apply the proposed method for more complicated machines such as electric

motors and generators, a novel reluctance network analysis (RNA) model incorporating the play model is presented.

Key words: Landau-Lifshitz-Gilbert (LLG) equation, magnetic circuit model, play model, reluctance network analysis (RNA)
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Performance Calculation of Field-Winding type
Claw-Pole Motor based on Reluctance Network Analysis
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A field-winding type claw-pole motor has a three-dimensional complicated structure. In addition, its
characteristics depend on not only an armature current but also a field-current. Therefore, to estimate the
characteristics of the field-winding type claw-pole motor, three-dimensional electromagnetic field analysis
combined with its drive circuit is required. This paper presents a three-dimensional reluctance network

analysis (RNA) model of the claw-pole motor coupled with the drive circuit. The validity of the proposed

model is proved by comparing results obtained from a finite element method (FEM).

Keywords: Reluctance Network Analysis (RNA), Field-winding type claw-pole motor
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Fig. 1 Specifications of a claw-pole motor.
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Fig. 2 Magnetic-pole distribution of the claw-pole motor.
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Basic Examination of Electromagnetic and Thermal Coupled Analysis for
Permanent Magnet Motor based on Reluctance Network Analysis
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K. Kawamura, K. Nakamura
Tohoku University, Graduate School of Engineering, 6-6-11 Aoba Aramaki Aoba-ku, Sendai, Miyagi 980-8579, Japan

In recent years, a thermal analysis of electric motors becomes more important following an increase of power
density. Especially, it is very important for design and analysis of permanent magnet (PM) motors since
characteristics of the permanent magnet are deteriorated by heat due to losses. To realize a quantitative thermal
design and prevent from overheat, it is essential to establish an electromagnetic and thermal coupled analysis
method for the PM motors. This paper presents a method for calculating simultaneously the eddy current loss of the
permanent magnet and its temperature rise.

Key words: Permanent magnet (PM) motor, Reluctance Network Analysis (RNA), Electromagnetic and Thermal

Coupled Analysis
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Fig. 1 Schematic diagram of outer-rotor-type
PM motor.

Table 1 Specifications of the PM motor.

Number of slot 6
Number of pole 4
Stack length 11.9 mm
Number of windings/pole 48
Magnetic length 3 mm
Core material 35A300
Magnet material Nd-Fe-B
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(a) Division of the PM motor (b)Unit magnetic circuit
Fig. 2 Division of the PM motor based on RNA.
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Fig. 3 Distribution of magnetomotive force of the
magnet.

Stator I(jlimc
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Fig. 8 Electric circuit model of the permanent

magnet for calculating the eddy current loss.
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Fig. 9 Comparison of calculated eddy current losses.
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Fig. 10 Thermal circuit model of the permanent magnet.
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Examination of High-Efficiency Rare Earth Free Motor
with Three-Dimensional Magnet Arrangement

H. Saito, Y. Yoshida®, and K. Tajima
Department of Cooperative Major in Life Cycle Design Engineering, Akita Univ., 1-1, Tegata Gakuen-machi, Akita 010-5802,

Japan
“Department of Electrical and Electronic Engineering, Akita Univ., I-1, Tegata Gakuen-machi, Akita 010-5802, Japan

In this paper, a high-torque and high-efficiency ferrite magnet motor is presented whose rotor has a
three-dimensional (3D) magnet arrangement. First, the rotor structure with 3D magnet arrangement for improving
motor torque is described. Next, the effect of toroidal-winding which can improve the winding space factor to reduce
copper loss, is discussed. Then, a comparison of efficiency between the proposed motor and conventional surface
permanent magnet (SPM) motor with distributed-winding shows an improvement in motor efficiency in a wide

operating range.

Key words: permanent magnet motor, ferrite magnet, three-dimensional magnet arrangement, toroidal-winding

1. Introduction

Electric motors are used for various applications,
such as industrial machinery, and electrical equipment,
automobiles. Currently, motors occupy about 57.3 % of
the domestic electricity consumption in Japan?. Among
the motors, permanent magnet (PM) motors using rare
earth magnets are used for various applications, such
as motors for driving Electric vehicles (EVs) and Hybrid
electric vehicles (HEVs) due to their high performance
characteristics?. However, although rare earth magnets
whose raw material is based on neodymium and
dysprosium are key element for improving the
performance of PM motors, they may be subject to rapid
price fluctuation as the production of such metals is
concentrated in a single country. Therefore, it is
important to develop a high-efficiency motor without
using rare-earth magnets.

At present, studies are being conducted on rare earth
free motors using only ferrite magnets that can be
inexpensively and stably supplied as an alternative to
rare earth magnets®4® as well as on rare earth-less
motors in which the usage of rare earth magnets is
reduced by using both rare earth magnets and ferrite
magnets®-?. The ferrite magnet has about one-third of
the residual magnetic flux density and coercive force of
the neodymium sintered magnet, which is a rare earth
magnet. Therefore, simply replacing the magnet does
not produce a magnetic flux equivalent to that of rare
earth magnets; thus, the performance of the motors
deteriorates?.

In this paper, we investigate an increase in torque
with a rotor structure having a three-dimensional
magnet arrangement for increasing the surface area of
the magnet. Furthermore, by adopting toroidal winding
as a stator winding method, copper loss is reduced and
the efficiency of the motor is improved.

2. Torque increase with three-dimensional magnet
arrangement

Figure 1 shows a sectional view of a
distributed-winding surface permanent magnet (SPM)
motor to be compared. Table 1 lists the specifications of

the motor.

53.0 mm

100.0 mm
Fig. 1 Shape of distributed-winding SPM motor.

Table 1 Specifications of distributed-winding SPM

motor.
Parameters Value
Stator outer diameter 100
(mm)
Rotor outer diameter (mm) 53
Gap width (mm) 1.1
Stack length (mm) 30
Permanent magnet Ferrite magnet (SSR-420)
Core material 50JN1300
Number of winding 40
turns/slot (turns)
Winding diameter (mm) $0.5
Number of slots 24
Number of poles 4
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Fig. 2 Shape of three-dimensional magnet arrangement
(3D-MA) model.

To design the three-dimensional magnet arrangement
(3D-MA) rotor, three-dimensional finite element
analysis (3D-FEA) was performed by using the
JMAG-Designer Ver 16.0 software. As ferrite magnets
with low coercive force are used for the magnets,
demagnetization of the magnets was considered in the
analysis.

Figure 2 shows a general view of a three-dimensional
magnet arrangement (3D-MA) model. To estimate the
effect of the 3D-MA rotor compared with the SPM motor
with distributed-winding, the torque of the 3D-MA
motor was calculated by using the same stator as the
SPM motor shown in Fig. 1. We focused on generating a
larger torque with a motor using ferrite magnets. For
that purpose, it is necessary to increase the surface area
of the magnet®. The radial unit adopts a spoke
structure to increase the surface area. Although the
torque increases as the magnet thickness increases, the
magnet thickness was set to 8 mm to secure the contact
area between the motor shaft and the rotor core. To
further increase the surface area of the magnet, the
area in the axial direction is utilized with 3D-MA.

In the model of the proposed 3D-MA, the axial unit is
composed of a yoke and four poles of ferrite magnet
arranged in the axial direction of the rotor. The axial
unit is accommodated within the dead space at the coil
end.

Figure 3 shows the relationship between the yoke
thickness and the average torque when the thickness of
the magnet in the axial direction was 6 mm. If the yoke
thickness was larger than 3 mm, the torque did not

INDEX

increase as the yoke thickness increases. The yoke
thickness was set to 3 mm, since approximately the
same results were obtained with other magnet
thicknesses.

Figure 4 shows the relationship between the magnet
thickness and the average torque when the yoke
thickness was 3 mm. When the magnet in the axial
direction was thinner than an air gap length of 1.1 mm,
the magnetic flux short-circuited through the axial
direction yoke. If the magnet thickness was larger than
2 mm, the torque increased compared with that of the
SPM motor. From these characteristics,
thickness of 6 mm was used because the torque was

a magnet

saturated over 6mm.

Table 2 shows a comparison of the magnet surface
area of the SPM motor and 3D-MA model. The surface
area of the 3D-MA was 110.5% larger than that of the
SPM motor.

Figure 5 shows a comparison of the average torque of
the SPM motor and 3D-MA model. The average torque
of the 3D-MA model was 79% larger than that of the
SPM motor.

0.92
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o \©

0.86
0.84

Torque (N-m)

0.82 ! ! !
1 2 3 4 5
Yoke thickness (mm)

Fig. 3 Relationship between yoke thickness of axial unit
and average torque.
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Fig. 4 Relationship between magnet thickness of axial
unit and average torque.
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Table 2 Comparison of surface area.

SPM IPM 3D-MA
Magnet surface 919.9 12271 1936.4
area/pole (mm?) : (+33.4%) | (+110.5%)
1.2 - 0.4IN'm |
1ot _G79%) 093

Torque (N'm)

o oS O O O
[\ R A T
T T T T
‘.O
NS
S
—
[\S)

SPM IPM 3D-MA

Fig. 5 Comparison of average torque at current
amplitude of 4.0 A.

3. Reducing copper loss with toroidal-winding

Figures 6 (a) and (b) show the shape of stators with
toroidal-winding and with distributed-winding. The
inner and the outer diameters of both winding types are
55.2 and 100 mm, respectively. The coils for
toroidal-winding are wound around the back yoke. The
outer diameter of the toroidal-winding stator including
the coil is designed to have the same outer diameter as
the distributed-winding stator.

Figures 7 (a) and (b) show the direction of the
current flowing in the coils and a magnetic flux diagram
of distributed-winding and toroidal-winding. To
compare only the spatial distribution of the
magnetomotive force generated by the excitation
current between distributed-winding and
toroidal-winding, iron cores instead of the magnets were
used for the rotors. Figure 8 shows a comparison of the
magnetic flux density distribution of the air gap. In the
figure, it can be seen that the flux densities generated
by both winding methods were almost equal.

(a) Distributed-winding
100 mm

(b) Toroidal-winding
Fig. 6 Shape of stator with distributed-winding and
toroidal-winding.

(b) Toroidal-winding
Fig. 7 Magnetic flux diagram obtained by excitation

current.
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Fig. 8 Comparison of air-gap flux density distribution
with excitation current.
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Fig. 9 Increase in winding factor of toroidal-winding.

Figure 9 shows a comparison of the number of turns
and the space factor per one slot of the stator of the
toroidal-winding motor used in this study. Since the coil
wound in the slot does not interfere with other coils, the
number of winding turns of the coil can be increased
from 40 turns to 120 turns; the space factor increases
from 17% to 50%.

Figure 10 shows a comparison of the torque wave
forms of the distributed-winding motor and
toroidal-winding motor using the same rotor (SPM
rotor). The torque wave form of the toroidal-winding
motor was exactly the same as that for the
distributed-winding motor.

Figure 11 (a) shows a comparison of the copper loss of
each motor at an output of 109 W and a rotation speed
of 1000 rpm. The copper loss could be reduced by 44.3 W
(65%) by wusing toroidal-winding compared with
distributed-winding. As mentioned in section 2, using
the 3D-MA rotor, the excitation current could be
suppressed to 2.27 A to produce the same torque as that
of the SPM rotor. Therefore, the copper loss at the same
output was reduced to 7.5 W. Figure 11 (b) shows a
comparison of the iron loss of each motor under the
same output conditions at each rotational speed. The
iron losses of the proposed 3D-MA motor were more

40
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than twice as large as those of the conventional SPM

motor.

Therefore, the efficiency of the 3D-MA motor

worsened in the high-speed rotation region. Because
nonconductive ferrite magnets are used for the motors,
the eddy current losses in the magnets were not

considered.
0.7
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g
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0.1 r o Toroidal-winding SPM
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0 30 60 90 120 150 180
Mechanical angle (deg)
Fig. 10 Comparison of torque wave form at current
amplitude of 4.0 A.
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Fig. 11 Comparison of loss.
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4. Comparison of efficiency

In this section, the motor performance is evaluated
by using efficiency maps. The maximum line voltage
and the maximum phase current amplitude are 48 V
and 4 A to calculate the efficiency. The efficiency, 7, is
calculated by

ol
- . 1
7 ol +W, +W, @

where o, 7, W;, and W. are the angular velocity,
torque, iron loss and copper loss obtained by analysis
and calculation.

Figure 12 shows the result of calculating efficiency for
each motor.

By comparing (a) and (b) in Fig. 12, the effect of
copper loss reduction with toroidal-winding can be seen.
Figure 13 shows the difference in motor efficiency
obtained by subtracting the efficiency of the SPM motor
with distributed-winding from the efficiency of that
with toroidal-winding. Although the output ranges of
the distributed-winding SPM motor and
toroidal-winding SPM motor completely coincided with
each other, the efficiency of the toroidal-winding SPM
motor was improved throughout the entire out range by
reducing the copper loss.

As can be seen by comparing (b) and (c) in Fig. 12, the
maximum torque of 3D-MA motor was increased by 79%
by increasing the magnet surface area. However, since
the reactive magnetomotive force at a high rotational
speed increased, the maximum rotational speed
decreased compared with the SPM motor. Figure 14
shows the difference in motor efficiency obtained by
subtracting the efficiency of the SPM motor with
toroidal-winding from that of the 3D-MA motor. When
comparing the efficiency in the same output range, the
efficiency of the 3D-MA model was higher than that of
the SPM motor in a wide range except the high rotation
speed and low torque region.

5. Conclusion

In this paper, we examined a motor that does not
contain rare earth metals. First, we proposed a 3D-MA
model whose rotor magnets are arranged in three

dimensions in order to increase the magnet surface area.

As a result, the maximum torque of the 3D-MA motor
was increased by 79% compared with the conventional
SPM motor. Next, a winding method for reducing
copper loss further compared with the conventional
distributed-winding was presented. The proposed
toroidal-winding can reduce the copper loss by 65% with
an increased winding space factor. The combination of a
3D-MA rotor and toroidal-winding stator improved the
motor efficiency in a wide range, especially the
high-torque region.

As further work, we will determine the effectiveness
of the proposed motor by manufacturing an actual
machine on an experimental basis.
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Fig. 12 Efficiency maps of each motor.
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Study on Analysis of Torque-Slip Characteristics
of Axial Gap Induction Motor

R. Sakai, Y. Yoshida*, and K. Tajima
Department of Cooperative Major in Life Cycle Design Engineering, Akita Univ., 1-1, Tegata Gakuen-machi, Akita 010-5802,
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In this paper, we propose a high-torque-density axial gap induction motor with toroidal winding. It generates

a large torque density because it has a high space factor for reducing motor volume and a wide gap face for

improving motor torque. First, the structure and design criteria of the proposed motor are described. Next, the

torque-slip characteristic of the proposed motor is compared with the induction motor of the conventional structure,
which has the same size. Finally, we show an optimized torque density for the proposed motor. The validity of the
proposed motor is demonstrated in a three dimensional-finite element analysis (3D-FEA).

Key words: induction motor, toroidal winding, axial gap induction motor, finite element analysis

1. Introduction

Recently, interest in environmental problems caused
by global warming has been increasing every year.
Therefore, the demand for using electric vehicles (EVs)
and hybrid electric vehicles (HEVs) has been increasing
since they emit less carbon dioxide than conventional
vehicles. Permanent magnet synchronous motors
(PMSMs) are widely used as motors for EVs and HEVs
because of their high torque and high efficiency
performance. However, due to the rising prices of the
rare-earth materials used for PMSMs, rare-earth free
motors with high performance must be developed??. In
comparison, induction motors (IMs) have
advantages because of their simple structure with no
permanent magnet; they can rotate at high speed, have
a robust structure, and are not affected by soaring
rare-earth prices. However, it is difficult for IMs to
generate high torque because of the magnet-free
structure. Because the excitation current of IMs is
applied to the primary winding, there is a risk of heat
generation and magnetic saturation. Thus, the torque
density and efficiency of IMs must be improved?.

Recently, several techniques effective at increasing
the torque density of motors have been reported.
Toroidal winding can improve the space factor and
reduce the coil end length better compared with
distributed winding, thus increasing torque density?.

With an axial gap motor, it is easier to increase the
gap area compared with the conventional motor; thus, is

several

suitable for improving torque®. Axial gap induction
motors (AGIMs) have an advantage in that the axial
length can be shortened compared with conventional
radial gap induction motors (RGIMs). This is because
the gap area does not depend on the axial length and
the coil end is not in the axial direction®?. In addition,
by applying toroidal winding to AGIMs, the coil end can
be reduced compared with the conventional distributed
Since reducing the coil end

winding structure.

contributes to miniaturizing the stator, a further
increase in torque density can be expected.

In this paper, we propose an AGIM that is aimed at
improving the output torque characteristic. First, an
AGIM 1is designed with the same dimensions as an
RGIM wused for comparison with a conventional
structure. Second, simulation results of the basic
properties of the AGIM are compared with those of the
RGIM. It was clarified that the proposed AGIM has a
doubled output torque density compared with the
conventional RGIM.

2. Design Method

2.1 RGIM to be compared

Figure 1 shows the RGIM to be compared. This RGIM
exhibits the dimensions of an actual machine. Motor
specifications are shown in Table 1. The motor diameter
was 100 mm, the core thickness was 30 mm, the motor
thickness including the coil end was 58 mm, and the
gap width was 0.35 mm. The winding method was lap
winding. Four poles were formed with 24 slots. The
proposed AGIM was designed on the bases of Table 1.

2.2 Stator structure of AGIM

Figure 2 shows the coil arrangement of the toroidal
winding of the axial gap motor. The coils are wound
concentrically around the slot and yoke. Toroidal
winding can generate the same magnetomotive force as
lap winding without coils overlapping with each other.
In this paper, we set the space factor of toroidal winding
to 40%; if interference does not exist on the inner
diameter side, the space factor can be increased further.
The proposed AGIM has a single stator and double rotor,
which can increase the air-gap area to generate a larger
torque compared with that of the conventional RGIM.
Figure 3 shows the magnetomotive force distribution of
the RGIM and AGIM. Toroidal winding generates
magnetomotive force to both sides of the stator plane.

Transaction of the Magnetics Society of Japan (Special Issues) Vol.2, No.1, 2018 43



Figure 4 shows the stator structure of the AGIM, which
has U-phase toroidal winding. The teeth are placed on
two planes, from which magnetic flux flows to the rotor.
The motor diameter, gap length, number of poles,
number of slots, number of turns, and open width of the
slots of the AGIM were set to the same dimensions as
those of the RGIM. The cross-sectional area of the slot
the AGIM was smaller than that of the RGIM since the
proposed AGIM can increase the slot occupancy with
toroidal winding.

Fig. 1 RGIM to be compared.

Table 1 Specifications of RGIM.

Stator diameter 100 mm

Core thickness 30 mm
Motor axial length 58 mm

Air gap length 0.35 mm

Number of poles 4

Number of slots (stator/rotor) 24/34

distributed winding

Winding method (lap winding)
Number of windings 40
Wire diameter 0.5 mm
Space factor 11%
Secondary conductor 9.62 mm>

cross-sectional area

phase (c) W-phase
Fig. 2 Coil arrangement of toroidal winding with axial
gap motor.
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Fig. 4 Stator of AGIM with U-phase toroidal windings.

2.3 Rotor structure of AGIM

Figure 5 shows one side of the rotor structure of the
AGIM. The cross-sectional area of the rotor bar has the
same area as that of the RGIM. The inner and outer
diameters of the rotor core were set to the same
dimensions as those of the stator core. The opening
width of the slot is equal to the rotor of the RGIM.
Another rotor of similar shape was prepared to
construct a double rotor structure.

(c) Rotor
Fig. 5 Rotor structure of AGIM.

(a) Conductor (b) Rotor core
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2.4 Yoke thickness design

The design of the yoke thickness is important for
avoiding magnetic saturation. In a general design
method, an optimum thickness is set for an assumed
magnetic flux amount®. However, in this paper, the
cross-sectional area of slots and the number of slots
were designed to be equal to those of the RGIM, so the
yoke thickness was limited. Since magnetic flux forms a
circle via mutual yokes, the thicknesses of the stator
and rotor yokes are required to be equal. However,
magnetic flux leakage is generated in the rotor yoke
with a single stator-double rotor structure. Therefore,
the rotor yoke thickness was designed to be 5% thicker
than the stator yoke thickness. In this paper, we used
two AGIMs. One had a motor thickness of 30 mm, so we
set the yoke thickness to be equal to the RGIM core
thickness. The second had a motor thickness of 58 mm,
which equaled the thickness of the RGIM thickness
including the coil end. This was done by increasing the
yoke thickness of the 30 mm AGIM by 28 mm.
Increasing the thickness of the stator yoke by 14 mm
and the two rotor yokes by 7 mm each made this AGIM
28 mm thicker. Figure 6 shows the method of designing
the yoke thickness.

Figure 7 shows the designed model, and Table 2
shows the designed motor specifications. Hereinafter
AGIM with motor thickness of 30 mm is written AGIM
(30 mm), AGIM of 58 mm is AGIM (58 mm).

Rotor yoke thickness Stator yoke thickness
b=1.05-a/2  a,

b+7 a+14 b+7
Rotor :
core —~
Stator ____|
core
4 L - - =
(a) 30 mm (b) 58 mm

Fig. 6 Yoke thickness of AGIM.

AGIM (30 mm) AGIM (58 mm)

unit: mm

Fig. 7 Overview of designed motor.
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3. Torque-Slip Characteristic Analysis

In this section, simulation results are described with
the simulation model shown in Figure 7. Table 3 shows
the simulation conditions. Generally, transient
response analysis is used in motor analysis. However, it
takes a lot of time to calculate the torque-slip
characteristics of an induction motor. In this paper, the
magnetic field distribution in the slip state was
analyzed by using frequency response analysis with the
JMAG-Designer Ver.16.0

three-dimensional finite element analysis (3D-FEA).

software for

The frequency range was determined to be 50 Hz at a
maximum from the operating frequency of an actual
machine. The current amplitude applied to the motors
was 4 A. Table 4 shows data on the materials of the
motors, and Figure 8 shows the mesh of the simulation
Although
manufacturing an

model. various 1ssues arise when

actual machine, non-oriented
electromagnetic steel were used for the core of the
AGIMs without considering the stacking direction.
Therefore, comparison was made between the AGIMs

and RGIM by using the same material.

Table 2 Specifications of designed AGIM.

Stator diameter 100 mm
Motor axial length 30 mm
Air gap length 0.35 mm
Yoke thickness of 30 mm 5.6/2.65 mm
(stator/rotor)
Yoke thickness of 58 mm 19.6/9.65 mm
(stator/rotor)
Number of poles 4
Number of slots (stator/rotor) 24/34
Winding method Toroidal winding
Number of windings 40 turns
Wire diameter 0.5 mm

Table 3 Simulation condition.

Simulation mode Frequency response analysis
Step 31
Frequency range 0.5~ 50 Hz
Current amplitude 4 A

Table 4 Simulation model material.

Stator core 50A230

Rotor core 50A230
Coil Cu
Rotor conductor Al
Shaft Air

Fig. 8 Mesh of analysis model.
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Figure 9 shows the torque-slip characteristics of the
three motors, and Table 5 shows a comparison of the
maximum torque and torque density. Comparing the
characteristics of the AGIMs and RGIM, the maximum
torque of AGIM (30 mm) was equivalent to that of the
RGIM, and the maximum torque of AGIM (58 mm) was
double that of the RGIM. Comparing the characteristics
of the two AGIMs, which differed in axial length, the
starting torques were equal. The more the slip
decreased, the more a torque difference appeared. When
the slip was small, the input frequency was low. The
magnetic flux density became high because the
magnetic flux density flowing in the core was in inverse
proportion to the frequency as:

B = k E ’ (1)

m IV
where B, is the maximum magnetic flux density, k is
the factor of proportionality, E is the input voltage, f is
the input frequency, and 4 is a cross-sectional area?.
Therefore, it is expected that the magnetic saturation
will occur in the core of AGIM (30 mm) when the slip is
small. Figure 10 shows the magnet flux density
distribution of AGIM (30 mm) and AGIM (58 mm) at s=
0.05. The magnetic saturation in the back yoke of AGIM
(30 mm) caused a smaller maximum torque than that of
AGIM (58 mm). Therefore, the expected torque is
obtained with AGIM (58 mm) without saturation of the
magnetic flux density.

Next, a comparison of torque density between the
three motors is described. The motor volume V is

calculated from
vl p*n, ©
4

where D is the motor diameter and % is the motor
thickness. The volume of the RGIM and AGIM (58 mm)
were equal, and AGIM (30 mm) was about half that of
the RGIM. Since the maximum torque of AGIM (58
mm) was double that of the RGIM and the volume of
AGIM (30 mm) was half that of RGIM, the torque
densities of both AGIMs were double that of the RGIM.

4. Consideration of Torque density

The torque density of AGIM (30 mm) became larger
than that of the AGIM (58 mm). The reason for this is
that AGIM (30 mm) had a volume that was smaller
than that of the AGIM (58 mm) by 48%. The variation
in torque was computed by changing the motor axis
length from 30 to 58 mm in order to find the condition
where the torque density was maximum. Figure 11
shows how the yoke thickness was set. When the stator
yoke thickness “a” was increased by 2 mm, the rotor
yoke thickness “b” was increased by 1 mm; the total
motor thickness was increased by 4 mm. Thus, the
motor thickness was varied by 4 mm from 30 to 58 mm.
Figure 12 shows the torque-slip characteristics at each
motor thickness. As the motor thickness increased, the
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Fig. 9 Torque-slip characteristic.

Table 5 Comparison of max torque and torque density.
AGIM AGIM
M
RG (30 mm) | (58 mm)
Max torque (N-m) 0.617 0.686 1.266
Volume (L) 0.456 0.236 0.456
Torque density
(N-m/L) 1.353 2.907 2.776
Maximum torque 1 1.112 2.052
ratio
Torque density 1 2.149 2.052
ratio
SJMAG
Flux density

contour plot (T)

iy S 0.0000

AGIM (58 mm)
Fig. 10 Magnet flux density distribution of AGIMs.

AGIM (30 mm)

maximum torque increased and the slip at that point
decreased. It is believed that the occurrence of magnetic
saturation in the region where the slip was small was
suppressed by the increase in the thickness of the yoke.
Figure 13 shows the relationship between torque and
motor thickness. The maximum torque increased as the
motor thickness increased and reached a maximum at
58 mm. However, this maximum torque resulted only
due to the increasing yoke thickness, and it is expected
to further increase when a tooth shape is examined. The
increase in the maximum torque tended to saturate.
Since the volume continues to increase even if the
torque stops increasing, a motor thickness whose torque
density is maximum should exist. Figure 14 shows the
torque density-motor thickness characteristics. The
torque density peaked at a motor thickness of 38 mm
and decreased as the motor thickness further increased.
When the thickness was 38 mm, the torque density was
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3.8 N'm/L, which was 2.62 times larger than that of the
RGIM. The maximum torque was 1.06 N'm and was
1.71 times larger than that of the RGIM then.
Furthermore, AGIM (38 mm) had a volume reduction of
21% from the RGIM. Thus, it was clarified that a
induction motor using the toroidal winding and axial
gap structure has a larger performance improvement
than the conventional induction motor.

5. Conclusion

In this paper, an induction motor was presented that

has an axial gap structure and toroidal winding, called
“AGIM.” Using the proposed AGIM, the maximum
torque was more than double, and the torque density
was up to 2.62 times larger than that of the
conventional RGIM. From these results, an advantage
with respect to high torque density was demonstrated
by comparing the torque density with the conventional
RGIM.
In this paper, the AGIM proposed was not considered
for real machine production. It is necessary to design
and analyze it in consideration of real machine
production in the future.
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