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<Letter>

Negative Hypothesis of Equivalence between Dynamic Magnetic Loss and
Eddy Current Loss in Ferrite Grains

H. Saotome
Faculty of Engineering, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-85622, Japan

The B-H loop of ferrites consists of two areas: one is the DC hysteresis loop and the other corresponds to the
dynamic magnetic loss. The former is temperature dependent whereas the latter is temperature independent. The
difference in the temperature dependence of these two areas suggests that the physical mechanism for the dynamic
magnetic loss is different than that of the DC hysteresis loss. The eddy current loss in ferrite grains is a candidate for
the dynamic magnetic loss. The conductivity of the ferrite grain was estimated from the experimental results of the
dynamic magnetic loss. Based on the results, it was found that the conductivity is too large for iron oxide. This fact

leads to some important suggestions.

Key words: ferrite, grain, eddy current loss, iron loss, dynamic magnetic loss, temperature

1. Introduction

The DC hysteresis loss is interpreted as the energy
loss caused by the damping torque of the magnetization
vector in a magnetic material. The damping torque is
phenomenally expressed in the second term of the
Landau-Lifshitz-Gilbert (LLG) equation Y. The DC
hysteresis loss, called simply the hysteresis loss in this
paper because it occurs with the time derivative of the
magnetic induction, dB/dt , generally depends on
temperature, and ferrites also have the same property 2.
However, it has been experimentally demonstrated that
the dynamic magnetic loss in ferrites is independent of
temperature . Accordingly, the generation mechanism
of the dynamic magnetic loss is presumed to be different
from that of the hysteresis loss.

In this paper, it is assumed that the dynamic
magnetic loss is caused by the eddy current in ferrite
grains, and the conductivity of the grains is estimated to
match the experimental and computational losses. This
assumption is examined based on the obtained
conductivity and the result of the examination gives
some novel suggestions for the LLG equation and
improving ferrite property.

2. Dynamic magnetic loss

Exciting a ferrite core at a high frequency yields the
B-H loop shown as a solid line in Fig. 1. The hysteresis
loop is shown as a broken line in the same figure. The
hysteresis loop of ferrites does not shrink at frequencies
lower than certain values, such as 1 kHz. The magnetic
field intensity of the B-H loop is divided into two
components:

H=H,+H,, (1)
where H, increases with the exciting frequency, i.e.,

dB/dt . The average dynamic magnetic loss, p, (W/m’),

per period is obtained by subtracting the area of the
hysteresis loop from that of the B-H loop, i.e.:

e =§CHf -dB x f, 2

Fig.1 B-H loop.

where f denotes the exciting frequency.
The B-H characteristics can be expressed as

H:lB+id—B+id—B,
U A, dt A, dt

where u, A, and A, are the permeability, the

)

hysteresis and dynamic magnetic loss parameters,

respectively ¥. The hysteresis characteristics are
expressed as
1 1 dB
Hy=—B+—— (4)
uo A, dt

where g depends on B for the magnetic saturation and

A, varies to equalize the right-hand side of (4) with the

measured value of H, . The third term on the

right-hand side of (3) corresponds to H,, which is

shown in Fig. 1, and is given by
_ 145 5)

b2, dr
H, increases with increasing dB/dt when the ferrite

core is excited by rectangular waveform voltages of
different amplitudes proportional to dB/ds . The

dynamic magnetic loss parameter, /1 ¢» 1s obtained as
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Fig. 2 Experimentally obtained B-H loops at dB/dt =
300, 600 and 900 (mT/ps), respectively. (B, =200 mT).

Table 1 Measured dynamic magnetic loss and
corresponding conductivity in ferrite grain.

dB/d H; P D¢ 5
(MT/s)  (A/m)  (MW/m?) Mwmd) S/
300 16 4.8 2.6 7.1 x106
600 29 17 10 6.3 X106
900 35 32 23 5.2 X106
A :dj/Hf (6)
dt

based on the measured values of H, and dB/dt. The

measurements are carried out with rectangular

waveform voltages because ﬂ,f can be simply
determined as a function of dB/dt. H, depends on the
magnetic flux density B, as shown in Fig. 1, indicating
that /11« is a function of B as well.

Multiplying H, by dB/dr gives the instantaneous

dynamic magnetic loss, p, (W/m?).

pe=H, (dB}l[dBj ™
d )2 di

The values of p, and p, computed from the
experimentally obtained B-H loops shown in Fig. 2 for
ferrite PC40 excited by rectangular waveform voltages

are listed in Table 1 %. In the experiments, we set the
maximum flux density B,_to 200 mT and dB/dt to 300,

600 and 900 mT/ps. The values of H, and p, listed in
Table 1 are the instantaneous values at 200 mT.

3. Eddy current loss in a ferrite grain

Ferrite is composed of grains and grain boundaries.
The grains are both magnetic and conductive. The grain
boundaries are so highly resistive that the eddy current
flowing through them is negligible. Conversely, it is

H
w
i<
a |
|&0
e

() Cylindrical model
Lo d

s

f'. .
LMJV e + 1 1M é

(b) Magnetic wall

g

Fig. 3 Estimation of the eddy current loss in a
ferrite grain.

conceivable that eddy currents flow inside the grains,
producing the dJoule heat that corresponds to the
dynamic magnetic loss.

To analyze the eddy current loss in a ferrite grain, a
cylindrical grain model is assumed, as shown in Fig. 3(a),
where b designates the diameter of a grain . H, M and w
are the magnetic field applied by an exciting current
flowing in the winding of the core, the magnetization
vector in the grain and the width of the magnetic wall,
respectively. w is assumed to be significantly smaller
than a and b shown in Fig. 3(a). In the magnetic wall,
the directions of the magnetization vectors change
continuously, as shown in Fig. 3(b). The direction of the
magnetization vector also changes dynamically with
changes in H; as a result, the magnetic wall moves to
increase the magnetization vector that is in the same
direction as H.

When H increases, the eddy current, i, flows in the
positive @ direction in the area where r = a/2 to b/2 and
increases, because of the magnetic wall movement.
dH/dt occurs in the areas not only where = a/2 to /2,
but also inside a; however the electric field yielded by
Uy dH /dt is negligibly small compared to that generated

by the movement of the magnetic wall; therefore, the
eddy current caused directly by 1, dH, / d¢ 1isignored.

The net magnetic field intensity applied to the
magnetization vectors in the magnetic wall is given by
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H,=H-H,, ®)

where — H is caused by i. H; generates the torque

f
on the magnetization vectors. The rotations of the
magnetization vectors are damping and result in the
hysteresis loss. The power loss expressed in (7) with
respect to [, corresponds to the eddy current loss in

the grain.

The average eddy current loss density in a ferrite
grain, p (W/m?), is calculated with the conductivity o of
the grain as follows?. As H increases, the magnetic wall
moves outward with at a rate of dR / dt, as shown in Fig.
3(b). Accordingly, the electro-motive force in the area
where = a/2 to b/2 is in proportion to the areal velocity
of the movement and is given by

a\dR
2rnrE=M2rx|=|—, ©)
2)dt
where E is the electric field intensity and A = ‘ M ‘ The

average eddy current loss density, p, is given by
b

_[HE oE* 2xrdr
2 . (10)

{3)

Substituting £ from (9) into (10) gives

p:

8o M? (a

_J(dRJZmb.

b’ dt a
Assuming 4 H << M , the average dB/dr in the grain

p (11)

model shown in Fig. 3(a) is expressed with respect to the
electro-motive force of (9) as

L 2 4R a
48 _ 2ar_*M5 ar, (12)
d¢ (bjz bt dt
s
2
which yields p as

P 2

p= 20 4B 0 (13)
8 | dt a

where a depends on B as shown in the following.
Assuming b = 10 (um) for a ferrite grain, o can be
estimated from (13) and the experimental data as
follows. The saturation magnetic flux density of ferrite
PC40 at room temperature is 500 mT 2; therefore, 200 mT
corresponds to @ =+/0.3h=5.5 (um) which is obtained

from

(a)z
1 "2
200 (mT )=2x500 (mT )x S (14)

bV
2
[2)
Substituting the values of dB/d¢, a and b into (13) gives

the ovalues listed in Table 1.

Considering that the conductivity of iron is

Table 2 Measured dynamic magnetic loss and
corresponding conductivity in Ni-Zn ferrite grain.

dB/d H; Py Ds g;

(MT/s)  (A/m)  (MW/m®) Mw/my) S/
300 38 12 5.1 15%106
400 56 22 9.0 16x106
500 68 34 14 16x106

approximately 10x10° S/m, the values of o listed in
Table 1 are too large to correspond to the conductivity of
ferrite grains, i.e., iron oxide. The conductivity of a
ferrite grain of PC40 was estimated to be 10 S/m by an
experiment where a high frequency of more than 10 MHz
was applied directly to a ferrite core to short grain
boundaries.

For a Ni-Zn core whose saturation magnetic flux
density was 400 mT ?, similar estimation to Table 1 was
carried out and its results were listed in Table 2 where
B, was 200 mT. It is shown that the values of o listed

in Table 2 are too large as well.
4. Conclusions

The physical mechanism of the dynamic magnetic
loss is assumed to be different from that of the
hysteresis loss because the former is temperature
independent while the latter is temperature dependent.
The estimation of the eddy current loss in a ferrite grain
was carried out, and a trial to prove that the dynamic
magnetic loss corresponds with the eddy current loss
failed. This failure suggests the followings:

(1) The dynamic magnetic loss is assumed to be caused
by the damping torque on the magnetization vector,
similar to the hysteresis loss. However the
temperature dependence of the two losses are
different, indicating that the damping torque
phenomenon for the dynamic magnetic loss should
be expressed by a different term in the LLG
equation, such as an additional third term that is
independent of temperature.

(2) The eddy current losses in grains of actually
manufactured ferrites are small enough to allow the
grains to enlarge, thus improving the magnetic
properties of ferrites.
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Increase in AC-Field Frequency and Recording Performance in
Microwave-Assisted Magnetic Recording

R. Kogal, F. Akagi!, and K. YoshidaZ
1Graduate School of Electrical Engineering and Electronics, Kogakuin Univ., 71-24-2 Nishisinjuku,
Shinjuku-ku, Tokyo, 163-8877 Japan
2 Kogakuin Univ., 1-24-2 Nishisinjuku, Shinjuku-ku, Tokyo, 163-8877 Japan

Magnetic recording of a hard disk drive is negatively affected by a trilemma of noise, thermal fluctuation, and
writability, which prevents high recording density. Microwave-assisted magnetic recording (MAMR) is a promising
recording method for solving this trilemma. In this study, methods for increasing the AC-field frequency generated
from a field generation layer (FGL) and recording performance were investigated using a micromagnetic simulator
in consideration of magnetic interactions of an MAMR system. Firstly, we discuss methods for increasing the
frequency of the AC-field by changing saturation magnetization (M) of the FGL. When the M of the FGL decreased,
the AC-field amplitude decreased and its frequency increased. When the M; of the FGL was lower than 1.4 T, the
frequency was larger than 20 GHz. Secondly, we discuss the recording performances. As a result, to improve
recording performance, high frequency of AC-field (> 20 GHz) is more important than the strength of STO field.

Key words: magnetic recording, microwave-assisted recording, micromagnetic simulation, spin-torque oscillator.

1. Introduction 2. Calculation model
Hard disk drives (HDDs) have been investigated to Fig. 1 shows the calculation model. The write head
increase their areal recording density. Recently, consists of a single-pole-type (SPT) head, including a

however, HDDs have been having simultaneous main pole (MP), return pole (RP), and a trailing shield
problems with noise, thermal fluctuation, and (TS). The medium consists of a soft recording layer,
hard recording layer, nonmagnetic layer, and a soft
Microwave-assisted magnetic recording (MAMR) is a  under layer (SUL) and is called an exchange coupled
promising recording method for solving this trilemma compomt? (E(?C) ‘medlum. The STO consists of an FGL
110, Tn MAMR, a spin torque oscillator (STO) is placed and a spin injection layer (SIL). The head and medium
’ was divided into 10-nm rectangular prism cells. A cell of

Because the AC-field generated from the field tllle.medmx.n was assumed to be one grain. T}.1e STO was
divided into 2.5-nm rectangular prism cells.

ger.lera.uon layer .(FGL) in the STO. decrea§es .t.he Magnetization dynamic behavior was then calculated
switching magnetic fields of the medium, writability using a modified Landau-Lifshitz-Gilbert (LLG)
can be improved. As a result, the trilemma can be
solved. Toshiba demonstrated MAMR read/write system

by simulation in 2013 and experimentally demonstrated

writability, commonly known as a trilemma.

between a conventional write head and a trailing shield.

equation with spin torque field (Hs), as shown below®.

Coil

the write resolution improvement by magnetization
flipped type STO in 2014%19 HGST experimentally

demonstrated MAMR gain and read/write performance 180 nm
in 201519, Generally speaking, high frequency and large SPT
amplitude for the AC-field are necessary to improve I Head

writability. However, performances of STO placed in the

40 | Trailing

write head were poorly understood. The previous paper z nm | Shield STO

discussed the STO thickness and magnetic properties i (FGL)
for obtaining the strong AC-field. However the é X
12.13) y 30nm | 100nm
frequency was less than 15 GHz1213),
In this study, we examined methods to increase ECC medium

the frequency of the AC-field and recording performance
using a micromagnetic simulator that takes into
account magnetic interactions between the write head,
medium, and STO. As a result, when the M; of the FGL
was lower than 1.4 T, the frequency was larger than 20 (+a?) d7M
GHz. To improve recording performance, high dt
frequency of AC-field (> 20 GHz) is more important y
than the strength of STO field. ~or M iMx(a H,+ H)) o (1)

N

Fig. 1. Calculation model.

:_yMX(Heff_aHsl)
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Here, M is the magnetization vector, H.s is the
effective field vector, a is the damping constant, yis the
gyro magnetic constant, and Ms is the saturation
magnetization. The SIL was excluded from the
calculation model in this study. However, the Hy
injected from the SIL to FGL was calculated using the
following equation.

—a, M, =" @)
2eM .d

where g; is the magnitude of the spin torque field
vector, Mp is the direction vector of Hs , 7 is Planck’s
constant divided by 2m, 7 is the spin polarizability (0.5
in this study), ¢/ is the inject current density, e is the
elementary charge, Msris the saturation magnetization
of the FGL, and dis the FGL thickness. Tables 1-4 show
the dimensions and magnetic characteristics of head,
medium, and FGL. The current in the coil was 0.18 A.
As shown in Fig. 2, the coil current waveform was
trapezoidal with a rise time of 0.2 ns and a cycle of 2.0
ns, corresponding to a bit length of 20 nm with the
relative velocity between head and medium of 20 m/s.
The spacing between the air bearing surface (ABS) and
the medium surface was 5 nm. In this simulator,
magnetic interactions between the write head, medium,
and STO were taken into account. For instance, the
AC-field was generated by the precession of the
magnetization of the FGL. Basically, the precession
occurs due to the balance between the external field
(the head-field and stray field from the medium) and
the Hs in the perpendicular direction (x component in
Fig. 1). However, in actuality, the FGL is affected not
only by the x component but also by the y and z
components of the external fields. This simulator takes
into account all field components and can accurately
simulate the processes. Thermal fluctuation was not
considered.

H

st

Table 1 Magnetic characteristics of Head.

Symbol Quantity Value

M; Saturation 25T
magnetization

Ku Magnetic anisotropy 3.0x10% J/m3

A Exchange stiffness 1.0x10 1 J/m
constant

Table 2 Magnetic characteristics of FGL.

Table 3 Dimensions of head, medium, and FGL.

. Value
Quantity [nm]
SPT MP Thickness 100
Head Width 70
Throat height 50
TS Thickness 180
Width 540
Height 100
RP Thickness 220
Width 1000
Height 400
Recording Medium Recording layer 10
thickness SUL 50
Nonmagnetic 5
layer
FGL Width (y dir.) 30
Height (z dir.) 30
Thickness (x dir.) 20
Spacing between MP and FGL 5
Spacing between TS and FGL 5

Table 4 Magnetic characteristics of recording layer.

Symbol Quantity Value

M Saturation magnetization 0.8 T

Ku Magnetic anisotropy of 3.0x10% J/m3
soft layer

Ku Magnetic anisotropy of 1.3x108 J/m?
hard layer

Ay Exchange stiffness 2.0x1011 J/m
constant in plane

A Exchange stiffness 1.0x10 11 J/m

constant in vertical

Table 5 Magnetic characteristics of SUL.

Symbol Quantity Value

Ms Saturation magnetization 15T

Ku Magnetic anisotropy 3.0x103 J/m3

Ay Exchange stiffness constant  1.0x1011J/m
in plane

A Exchange stiffness constant  1.0x1011J/m

in vertical

Symbol Quantity Value

Ky Magnetic anisotropy 5.0x103 J/m?

Ay Exchange stiffness 2.0x10° 11 J/m
constant

3. Methods for increasing frequency of AC-field

In this chapter, we discuss methods for increasing the
frequency of the AC-field. Fig. 2 shows an example of
the averaged AC-field in the cross-track direction (H))
at 9 nm under the FGL. The averaged amplitude (<H,>)
and frequency ( fs7o ) were evaluated. In this graph,
circles from 0.5 to 1.0 ns and from 1.5 to 2.0 ns show
sampling points to evaluate <H,> and fsro because the
AC-field was disordered at the other times due to
ununiformity of the gap field during current reversal.
Fig. 3 shows the M of the FGL dependence of <H;> and
fsro at Hst of 80 kKA/m. When M was less than 1.4 T, fsro
was larger than 20 GHz, and its maximum was 22.5
GHz at Ms of 1.2 T. However, <H,> decreased with
decreasing M. When Ms set 2.0 T, <H,> was 80 kA/m.
However, <H,> was only 36 kA/m at Msof 1.2 T. Fig. 4
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shows the M; of the FGL dependence of relative
variation (0 H,/<H,>) at the same Hs in Fig. 3. When M
was less than 1.0 T, oH,/<H,> drastically increased. In
other words, when AMs was less than 1.0 T, the AC-field
waveform was disordered. Therefore, the AC-field with
the frequency over 20 GHz and low oH,/<H,> was
obtained on condition that the s of the FGL was
between 1.2 and 1.4 T. We then investigated the
increasing method of <H;> for Msof 1.2 and 1.4 T. Fig. 5
shows the Hs dependence of <H,> and fat the M of the
FGL of 1.2 and 1.4 T. Here, Hs changed from 60 to 80
kA/m. An fsto over 20 GHz was obtained when Hs was
larger than 65 kA/m. For Ms of 1.2 T, <H,> increased

from 36 to 50 kA/m as Hs decreased from 80 to 65 kA/m.

For the Msof 1.4 T, <H,> increased from 50 to 60 kA/m
as Hs: decreased from 80 to 65 kA/m. However, <H;>

was lower than the maximum value of 77 kA/m in Fig.
3.

4. Recording Performance

Okamoto et al. experimentally revealed the relation
between switching field and AC-field'¥ . According this
paper, the switching field monotonically decreased with
increasing the frequency and field strength up to a
critical frequency depending on the field strength.
However, it was difficult to obtain the AC-field with
high frequency and strong field, because both have a
strong interaction, as shown in the chapter 3. Then, in
this chapter, we discuss the recording performances of
several AC-fields investigated in the previous chapter.
Table 6 and Fig. 6 show recording models. We
simulated a high <H,> model (M; = 2.0 T, Hs = 80
kA/m: model A, Ms=1.8 T, Hst = 80 kA/m: model B, and
Ms =16 T, H¢ = 80 kA/m: model C), high frequency
models (M; = 1.4 T, He = 80 kA/m: model D, and M, =
1.2 T, H« = 80 kA/m: model E), a model with over 20
GHz and maximum<H;> model

150 O : Sampling point

100 >
s ! 05 3
= ¥l ] /W \ ? LA
£ - AMHDAVT -
2 5 LVNNJROTWTRITIA ., ¢

100 - 1

-~ Current
-150 . " X s X -1.5
time [ns]

Fig. 2 Example of sampling point of y-component of
AC-field (H;) and coil current.
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10 ' A Frequency —

0 ! ‘ ! : ! L ! ‘ =0
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Fig. 3 Averaged y-component of AC-field <H,>vs. Ms of
FGL.
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Fig. 4 Normalized variance of averaged y-component of
AC-field oH,/ <H,> vs. Ms of FGL.

60 o r_Frwwwm

50 R
40 P -

60
50 =
3 5
- A - 40 ~
g. 30 30 2
Q
=20 W 20 3
v Q
10 10 &
0 1 1 1 1 1 0
55 65 75 85
H,; [kA/m]
o <H,>(1.47) A Frequency (1.4T)
® <H,>(1.2T) A Frequency(1.2T)

Fig. 5 Averaged y-component of AC-ield <H,>vs. Hs.

(Ms = 1.4 T, He = 65 kA/m: model F), and a model
without an FGL (Model G), which was a conventional
write head for comparing the effects of the AC-field. The
recording performances were evaluated using recording
efficiency (RE), as shown in the following equation.

Nsamp

Zmideal(i) m,,. (l)

samp =1

RE=—1
N

Here, Nsamp is the sampling number, midea(i) is the
z-component of the 7th sampling point for the ideal

3)
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magnetization pattern, and me(i) is that for the
calculated pattern®. The RE was from —1 to 1. If the
RE is 1, all magnetizations of grains are saturated and
the medium is ideally recorded. Figs. 7 (a) — (g) show
the recorded magnetization waveforms (z-component)
from models A to G. The ideal waveform is also shown
in each figure. The REs from A to G were 0.51, 0.52,
0.65 0.67, 0.83, 0.74, and 0.76, respectively. As a result,
the RE of only model E was higher than that of
conventional write head (model G). On the other hand,
the REs of models A-D and F were lower than that of
the conventional write head (model G). The <H,> values
of these models were higher than that of model E, and
the fsros were lower than that of model E. Figs. 8 and 9
show <H,> and fsro dependence of RE, respectively.
From these graphs, the REs increased with increasing
fsto and decreasing <H;>. Therefore, the model with low
<Hy> and high fsro showed a marked improvement in
recording performance. As a result, to improve
recording performance, high frequency of AC field (> 20
GHz) is more important than the strength of STO field.

Table 6 Recording FGL models.

M Hst <H,> fsro

Model Tl  [kA/m] [kA/m] [GHZ
A 2 80 77 175
B High <H> 1.8 80 71 175
C 1.6 80 62 195
D High 1.4 80 51 20.0
E frequency 1.2 80 36 225

>

g fro 220GHz 1.4 65 60  20.0

<F[y>max

G Without FGL (w/o AC field)

80 ——————
#——Model A
70 #—~—Model B
= | B
£ 60 7 —Model F
i ModelC | | |
250
~ o B
T 40 Model ModelE |
30
d
20
15 16 17 18 19 20 21 22 23 24 25
fsro [GHz]

Fig. 6 Relationship diagram of averaged
y-component of AC-field <H,> and frequency fsto of
each model.

1.5
c ~-M,=2.0T, H;=80kA/m —a-intended
.©
g
]
oy
&
£
©
S
©
E
2
15 <H,>=T7KA/m, fio= 17.5 GHz, RE=0.51_
1 2 3 45 6 7 8 9 10 11 12 13 14
Grain number
Fig. 7 (a) Recording waveform of model A.
1.5
- ~o-M;=1.8T, Hy =80 kA/m —a-ideal
'.g 1 &4 & =i
S
% 05
=
g 0
©
Q
= -0.5
g \ ! |
5 -1 4 \-4 A-i
=
45 <H>=71 kA/m, fero = 17.5 GHz, RE = 0.52
1 2 3 4 5 6 7 8 9 1011 12 13 14
Grain number
Fig. 7 (b) Recording waveform of model B.
1.5
< ~0-M,=16T, H;=80kA/m —a-ideal
'E 1
@ 05
c
&
g 0
el
(]
N.05
g \ ]
5 -1 4 \-4 A-a
=
45  <H>=62KkA/m, fo=19.5 GHz, RE = 0.65

1 2 3 45 6 7 8 9 101112 13 14
Grain number

Fig. 7 (¢) Recording waveform of model C.
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Fig. 7 (f) Recording waveform of model F.

1.5
- =o—-Conventional Recording  —A-ideal
£ 1 b4 [—-
@ 05 /‘
c
e, N L\ 4\ ]
g 0 |
-
805 \ l \ ! \ /"
g — I -
]
5 -1
z —
15 RE=0.76.
1 2 3 4 5 6 7 8 9 101112 13 14
Grain number
Fig. 7(g) Recording waveform of model G.
1
>
§D'8 ___o._“_'_"h.,______ _________
-3 PR
£ 06 \\ Qe
e [+ s ]
.£ 0.4 -|REofconventional
"';-, write head(0.76)
2 0.2
4
0
30 40 50 60 70 80
<H,> [kA/m]

Fig. 8 Averaged y-component of STO field <H,>vs.
recording efficiency (RE).

1
>
7] e
.50.8 __________ g"’"'"f"'
=
£ 0.6 9 /
o -]
ap .
c RE of conventional |
5 0.4 .
s write head(0.76)
2 0.2
o
0
15 16 17 18 19 20 21 22 23 24 25
Frequency of AC-field [GHz]

Fig. 9 Frequency of AC-field fsro vs. recording efficiency
[RE).

Journal of the Magnetics Society of Japan Vol.40, No.2, 2016



5. Conclusions

We investigated methods to increase the AC-field
frequency and recording performance in
microwave-assisted magnetic recording. The following
results were obtained.

1. When the M; of the FGL decreases, the AC-field
amplitude decreases and its frequency of AC-field
increases. When the M; of the FGL is lower than
1.4 T, frequency is larger than 20 GHz.

2. To improve recording performance, high
frequency of AC-field (> 20 GHz) is more important
than the strength of STO field.
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Advantages of Increasing Writing Temperature
in Heat-Assisted Magnetic Recording

T. Kobayashi, Y. Isowaki, and Y. Fujiwara
Graduate School of Engineering, Mie Univ., 1577 Kurimamachiya-cho, Tsu 514-8507, Japan

The advantages of increasing the writing temperature T in heat-assisted magnetic recording (HAMR) are

summarized. As Tw increases, the anisotropy constant ratio, which is a new parameter we introduced, can be

decreased since the anisotropy constant at the working temperature and the heat-transfer thermal gradient are

increased. A relatively thin recording layer (RL) is allowable since the heat-transfer thermal gradient is reduced by

increasing the RL thickness because of the adiabatic effect of the RL. Relatively large standard deviations in grain

size and anisotropy are permissible since the probability of magnetization reversal is low even for small grains and

grains with small anisotropy during the writing period, respectively. A relatively large standard deviation in the

Curie temperature is allowable since the heat-transfer thermal gradient is increased. For Fe-Ni-Pt films, the
temperature dependence of the anisotropy field is suitable for HAMR when 7w is high. All of the above are

advantageous when preparing HAMR media.

Key words: heat-assisted magnetic recording, writing temperature, anisotropy constant ratio, standard deviation,

temperature dependence

1. Introduction

Heat-assisted magnetic recording (HAMR) is a
candidate for solving the trilemma problem? of
magnetic recording (MR). HAMR is a recording method
in which the medium is heated to reduce the coercivity
during the writing period.

We have reported a design method that uses a
model calculation for HAMR media?. In that paper, we
introduced a new parameter, the anisotropy constant
ratio K, /K., , which is the intrinsic ratio of film
anisotropy constant K to bulk K. Finding a way to
increase K, /K., is a challenging task. Therefore, it
is necessary to design a medium with a smaller
K, /K, - The dependences of K 6 /K,, on the grain
number per bit n, the standard deviation of the grain
size O}, the recording layer thickness /4, and the
writing temperature 7T, were clarified.

We have subsequently improved our design method,
and many relationships between the media design
parameters and K, /K,, have been revealed?. The
design parameters we examined were the MR method
(HAMR and HAMR combined with shingled MR
(SHAMR)), h , the thermal conductivity of the
interlayer 1 (shown in Fig. 2), the light-spot diameter,

the heat-spot diameter, the linear velocity, T,, n, and

w?
Op. As a result, we found that increasing T, is only
effective for reducing K, /K,, when we compare it
with the K /K, value calculated using standard
parameter values.

The above-mentioned examinations were carried
out by changing one parameter. Next, we provided
examination results for a combination of more than two
parameters?. In conclusion, the combinations that can
reduce K, /K,, always have SHAMR as one

parameter. However, the use of SHAMR degrades the

read/write performance of the hard drive. Although a
lower T, is better in terms of the heat resistance of
the writing head and/or the
increasing T, appears to be the only way of reducing
K, /K., for HAMR media.

Increasing 7T, has many advantages in addition to

surface lubricant,

reducing K, /K., .- In this study, we summarize the
advantages of increasing T,,.

2. Calculation Conditions

The medium was assumed to be granular. The
arrangement of the grains was not considered. Figure 1
(a) is a schematic illustration of the area near the
writing position for HAMR. The writing field H, is
applied to a wide area including the writing position.
The circle denoted by T, is an isotherm of T, and
d, is the heat-spot diameter. The white regions
indicate upward or downward magnetization, and the
gray regions indicate the magnetization transition that
contains upward and downward magnetization grains.
The transition region spreads to adjacent tracks as a
result of rewriting operations on the ith track.

T.. is the maximum temperature® at which the
information on the trailing side can be held during
writing. Ax is the distance® from the position of T,
to that of T, . On the other hand, Tadj is the
maximum temperature? at which the information in
adjacent tracks can be held during rewriting. Ay is
the distance? from the position of 7, to that of Tadj.

The bit area S is fixed, and § is the product of
the bit pitch dy and the track pitch d;. The method
for determining d;/dy was reported in a previous
paper?.

Figure 1 (b) shows the writing-head configuration.
It was assumed that the main-pole size of the head is
600 nm (down-track direction) x 300 nm (cross-track
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direction), and the writing position is located on the
trailing side of the main pole. Hadj is the maximum
head field® that can hold the information under the
main pole during rewriting. The maximum temperature
under the main pole is 7,, which is the maximum
working temperature of the hard drive, and was
assumed to be 330 K.

i dy dy

i-1  dp
i+1 dT
Head motion
(a)
fi 600 nm
J T
7 i1,df 1a
Hy;
T
Tadj
1o Main pole 300 nm
T
W
_ 3
—_—
Head motion
(b)

Fig. 1 Schematic illustrations of (a) writing position
and (b) writing-head configuration.

Pl 2
Recording layer é\ﬂ l&‘& h
Interlayer 1 5 nm ‘
Interlayer 2 10 nm Thax Ty

Heat-sink layer 30 nm

z
i Cross - track
x Y direction

Glass substrate

Fig. 2 Medium
temperatures.

structure and definition of

The standard medium structure is shown in Fig. 2.
The standard medium consists of four layers, that is, a
recording layer RL (Fe-Pt base, thickness # = 8 nm),
an interlayer 1 IL1 (MgO base, 5 nm), an interlayer 2

IL2 (Cr base, 10 nm), and a heat-sink layer HSL (Cu
base, 30 nm). The x, y,
down-track,

and z axes are the

cross-track, and thickness directions,
respectively. T, is defined at the heat-spot edge and is
at the center of the RL layer in the thickness direction.
The two positions of 7, in Fig. 2 are at a distance of
d, in the cross-track direction as shown in Fig. 1 (a).

T, and d, are the design parameters. T, can be
changed by the light power used for heating. T, is
defined as the maximum surface temperature.

Figure 3 (a) shows the heat-transfer thermal
gradient 0T /dx for the down-track direction and
dT /dy for the cross-track direction at T, and the
center of the RL layer in the thickness direction as a
function of the RL thickness h. dT /dx and JT /dy
were calculated by a heat-transfer simulation?, and
dT /0x =JdT |dy can be seen. The dependence of T,

on h is shown in Fig. 3 (b).

20 L T T T | T T T | T T T | T T T ]
e C ]
= 15 ]
S ]
= C ]
Ny 10 C 1
& - -
= C ]
< C ]
T 5 =
& - i
(] . -
0 Coovov b v b v by g 1 T
4 6 8 10 12
RL thickness 2 (nm)
(a)

900 T T T | T T T | T T T | T T T
L Ty, =700 K :
ol e ]
S 600K ]
5700 — -
5 L :
600 1= 500K B
500 C 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ]

4 6 8 10 12
RL thickness 2 (nm)
(b)

Fig. 3 (a) Heat-transfer thermal gradients JT /dx for
down-track direction and Jd7T /dy for
direction, and (b) maximum surface temperature T .

cross-track
as a function of RL thickness #.

The standard parameter values used for the media
design are summarized in Table 1. The standard
deviations of the anisotropy constant o and the
Curie temperature o, are newly introduced design
parameters.

The HAMR media are designed to obtain the
minimum K, /K, , value using the procedure shown
in Fig. 4. First, the design parameters and K, /K, , =
1 are set. Four HAMR conditions (1), (2), (3), and (4) are
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examined after determining the composition of the
recording layer. If there are margins for all four
conditions, K,/K,, can be reduced. When one of the
four conditions reaches the limit, the minimum
K,/K,, value can be determined. That condition

becomes a limiting factor.

Table 1 Standard parameter values used for media

design.

User areal density (Tbpsi) 4
Bit area S (nm?) 140
Effective track width dgp (nm) 10
Ambient temperature T, (K) 330
Writing temperature 7', (K) 500
Grain number per bit z (grain / bit) 4
RL thickness £ (nm) 8
Standard deviation of grain size o, / D, (%) 10
Standard deviation of anisotropy ok / Ky, (%) 0
Inter - grain exchange coupling J (erg/ sz) 0
MR method HAMR
Light - spot diameter dj (nm) 9.0
Heat - spot diameter d, (nm) 10
Linear velocity v (m /s) 10
Thermal conductivity of IL1 K (W /(cmK)) 0.5

Standard deviation of Curie temp. o, /T, (%) 0

Start

[ Parameter setting, K, /Ky =1 |

decreasing K, / Ky

‘
[ Determination of composition |

& (4) Hyi>H,,

[ Minimum K, /Ky, value |

End

Fig. 4 HAMR media design procedure for obtaining the
minimum anisotropy constant ratio K, /K, ?.

Condition (1), the information stability during 10
years of archiving, is expressed as

Kn@Vy _1gr o
kT

a

where K (T,)V, /kT, is a medium thermal stability
Kum (Ta)

factor, is the mean anisotropy constant,

V.= Dm2 x h is the grain volume for the mean grain

size D, k is the Boltzmann constant, and TSEF, is

>
the statistical thermal stability factor during 10 years
of archiving® calculated statistically using grain-error
probability and many bits under the condition of a 103
bit error rate. The statistical thermal stability factor
TSF(r, n, 0, 0g) is generally a function of the
archiving period T, the grain number per bit n, the
standard deviation of the grain size O, and the
standard deviation of the anisotropy oy ?. TSF is
unrelated  to K, . And TSE,
TSF(0 years, n, oy, 0g).

Condition (2), the information stability on the

means

trailing side during writing, is expressed as
AT T,-T, - JaT
Ax Ax T ox

where AT /Ax is the medium thermal gradient for the
down-track direction.

, (2

Condition (3), the information stability in adjacent
tracks during rewriting, is expressed as

AT _Tu-Ty _ir
Ay Ay dy
where AT /Ay is the medium thermal gradient for the
AT /Ax and AT /Ay are the

minimum thermal gradients required by the medium

, 3

cross-track direction.

for information stability?.
Condition (4), the information stability under the
main pole during rewriting, is expressed as?

H,g=zH,. (4)

Conditions (2) and (3) can be combined as

AT AT oT JT

—=——s—=—, (5)

Ax Ay ox dy
since JT /dx =dT /dy. Condition (4) has margins for all
the cases we examined. Therefore, the major limiting
factors in the media design are condition (1) given by
Eq. 1) (1) K, (T,)V,, /kT, = TSF,) and conditions (2)
and (3) given by Eq. (5) (hereafter, shown as
AT /Ax = AT | Ay = AT | Ax(y) , oT /ox =T /dy
=JT /dx(y), and (2), (3) AT /Ax(y) =T /9x(y)).

3. Calculation Results

3.1 Anisotropy constant ratio

The dependence of the required K, /K, , value on
T, is shown in Table 2. We extended the calculation
range up to T, =700 K. The Curie temperature 7T, is
4 - 8 K higher than T,,. T is determined by the light
power used for heating, and the T, of the medium is
determined by T . If the light power alone is increased
for a medium with the same 7T, the written bits will be
spread in the cross-track direction, and it becomes

impossible to keep the track pitch constant. Therefore,
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T. must be increased to increase T, . The
magnetization M , K, , the mean coercivity H_, ,
and KV, /kT at 300 K are also shown in the table.
H_, was assumed to be equal to the mean anisotropy
field H, =2K, /M, . TSF, in condition (1) is
and K, (T,)V,/kT, increases as T
increases since K, (T,) increases?. JT /dx(y) in
conditions (2) and (3) also increases as T, increases?.
The limiting factors are conditions (2) and (3). H  in
condition (4) is sufficiently larger than H . Although
K,,(300K) apparently increases as T, increases,
K,/K,, can decrease from 0.66 for 7, = 500 K to
0.45 for T, = 700 K. The optimum dy, d,, and
d, /dg values are shown in the table.

K, /K, is a function of the heat-transfer thermal
gradient JT /dx(y) as shown in Fig. 5. As T /dx(y)

K, /K, first becomes lower, and then

constant for T

w?

increases,
becomes constant with respect to JT /dx(y). In the
range where K, /K, changes, the limiting factors
are conditions (2) and (3) AT /Ax(y) = dT /dx(y). And it
is condition (1) K, (T,)V, /kT,=TSF, in the range
where K, /K, is constant. Although increasing T,
is effective for reducing K, /K, , a higher 7T /dx(y)
is needed to obtain a lower K, /K, . The filled circles
show the K /K, values and their JT /dx(y) values
calculated by a heat-transfer simulation. The values
correspond to those in Table 2. If we can realize a
greater increase in JdT /dx(y) by examining the media
structure, we can expect to reduce K, /K,, even
further.

Table 2 Calculation results of HAMR media design for
various writing temperatures T,.

Ty (K) 500 600 700
D,, (nm) 4.92 4.92 492
T, (K) 508 606 704

M (300 K) (emu/cm?) 616 771 912
Ky (300 K) (108 erg/cm®) 17 21 26

H o (300 K) = Hy,, 300K) (kOe)| 54 55 57
Ky Vi /KT (300 K) 78 99 120
TSFo 62 62 62
(1) Ky T3V, /KT, = TSFg 64 84 105
T /6x(y) (K /nm) 6.9 11.0 15.1
(), (3) AT / Ax(y) (K /nm) 6.9 11.0 15.1

<9T /ox(y)

H,, (kOe) 9.85 123 146
(4) H,g kOe)= H,, 16.7 220 26.3
Ky /K 0.66 0.52 0.45
dg (nm) 6.57 6.81 6.95
dp (nm) 213 20.6 20.1
dr /dg 325 3.02 290

g 10 _I T T T | T T T T T T T T I_
& c ]
= 08 - -
g C ]
s C ]
£ 06 -
g C ]
S C ]
£04 - 600K 3
g £/ 4.€
202 CAT 67 Kunm(Ta)Vim - TSF]
EC’ FAx(y) © 8x(y) KT, ]

O 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1

0 10 20 30

Heat-transfer thermal gradient (K/nm)
Fig. 5 Dependence of anisotropy constant ratio
K, /K, on heat-transfer thermal gradient J7T /dx(y)
for various writing temperatures T,.

3.2 RL thickness

The dependence of K, /K,, on JT/dx(y) is
shown in Fig. 6 where the calculation parameter is the
RL thickness h. When (&) T, = 500 K, K, /K, .
shown by the filled circles, is increased by changing h
from 8 nm to 6 nm as previously reported?. On the
other hand, when () T, = 700 K, the K,/K,,
values are almost the same for the 7 = 6 to 10 nm
calculation range since the limiting factors become
conditions (2) and (3) AT /Ax(y)<dT /dx(y) for h =6
nm, and JT /dx(y) is reduced by increasing h due to
the adiabatic effect of RL. Therefore, when T, is high,
a relatively thin RL thickness is allowable.

g 10 L T 1T T 1T | T 17T T 1T ]
s r \ ., 6nm ]
= 08 - -
§ C h=8nm 1
& 06 10nm 3
g C _
© C _
§ 04 | .
8 C 3
g 02 —
‘g E Ty =500K J
< 0 Lo v bvv v v by a1
0 5 10 15 20
Heat-transfer thermal gradient (K/nm)
(a)
g 10 L T 1T T 1T T 17T T 1T ]
g C ]
= 08 - -
§ C h=8nm
2 06 [ -
g C 1
© C _
§ 04 | =
8 C 3
g 02 —
‘g E Ty =700K J
< 0 Lo v bvv v v by a1
0 5 10 15 20
Heat-transfer thermal gradient (K/nm)

(b)
Fig. 6 Dependence of K,/K,, on dT /dx(y) at (a)
T, = 500 K¥ and (b) 700 K for various RL thicknesses
h.
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3.3 Standard deviation of grain size

The calculation results for the standard deviation
of the grain size o are shown in Fig. 7.

As o} increases, K,/K,, , shown by the filled
circle, is greatly increased when (a) T, = 500 K%. On
the other hand, when (b) 7, = 700 K, the increase in
K, /K., causedby increasing Oy, is not great.

The limiting factor is largely (1) K, (T,)V, /kT,
= TSF, when (a) T, = 500 K. Figure 8 shows the
dependence of the statistical thermal stability factor
TSE, on o, during T = 10 years of archiving. As
O, increases, the number of small size grains
increases, and the probability of magnetization reversal
for these small size grains is high over long periods, e.g.
T = 10 years. Therefore, K, and K, /K, must be
increased to maintain a low bit error rate when oy, is

large.
o 10 L T 1T ‘1\ T ‘I T T T 17T | T 1T ]
g \ 20% ]
= 08 - o —
g C 15% .
g 0.6 op/Dy,=10%
8 C ]
§ 04 | .
8 E ]
2 02— —
‘g E Ty =500K J
< O C 111 1 | 111 1 | 111 1 | 111 1
0 5 10 15 20
Heat-transfer thermal gradient (K/nm)
(a)
g 10 L T 1T T 1T T 17T T 1T ]
g - ]
= 08 - -
EE :
2 06 =
8 15% ]
& 04 op /Dy, =10 %
8 E ]
2 02— —
‘g E Ty =700K J
< 0 Covv v b v v Ly g 0T
0 5 10 15 20
Heat-transfer thermal gradient (K/nm)
()

Fig. 7 Dependence of K,/K,, on dT /dx(y) at (a)
T. = 500 K¢ and (b) 700 K for various standard

w
deviations of grain size o, /D,,.

On the other hand, the limiting factor is (2), (3)
AT /Ax(y) <dT /dx(y) when (b) T, = 700 K. AT of
AT | Ax
stability factor

is determined by the statistical thermal
TSF,. = TSF(0.65 ns, n, o, 0¢) for
the writing period of 0.65 ns¥. Figure 8 also shows the
dependence of TSF

rec

rate is smaller than that of TSEF, since the probability

on op. The TSF,. increase

of magnetization reversal is low even for a small size
grain during a short period, e.g. 0.65 ns. Therefore, a
large O, is allowable during the writing process. After

writing, the medium is cooled to 7,, and then K

becomes sufficiently large to hold information for 10
years even when the grain size is small.

Figure 9 shows the temperature dependence of
K,, for T, =500 K and 700 K. K, /K, is 0.45 for
both cases. K, (I,) for T, = 700 K is sufficiently
larger than that for K (T,)V, /kT, =TSE, since the
temperature difference between T, and T, is
sufficiently large. On the other hand, K, (T,) for T, =
500 K is insufficient for K (T,)V, /kT, = TSE,.

With conventional magnetic recording, microwave-
assisted magnetic recording, and bit-patterned media,
the limiting factor is K (T,)V, /kT, = TSF,, and o}
must be restricted to a small value. With HAMR, a
relatively large o, is allowable when T is high. This
is the advantage of HAMR, which utilizes the change of

temperature.

um

100 _I T 1T | LI | LU LI T 1T I_ 15
80 |- ]

60 L — 10
3 - ]
& € 1
40 — TSFrec“> B

- 7=0.65ns ] 5
20 | -

O :I 111 | L 111 | L 111 | 1111 | 1 11 I_ O

0 5 10 15 20 25
Standard deviation of grain size (%)
Fig. 8 Dependence of statistical thermal stability
factor TSF on standard deviation of grain size
o, /D, foraperiod T =10 yearsand 0.65 ns.

40 L T T T T | T T 1T | LU | LI | T 1T I_
K., (T,) for K, (T,)V, | kT, =TSEF7
o 30 __ 1
<\§ :\ K“ /Kbnlk =045 ]
s [ ]
82 T,=700K 7
S C ]
‘-’E L _
510 B 3
Mor T, =500K .
r T, ]
O | . | || L1l | L1l L1l
300 400 500 600 700 800

Temperature (K)
Fig. 9 Temperature dependence of K for T, = 500
Kand 700 K.

3.4 Standard deviation of anisotropy

A mnormal distribution was used for the K,
distribution. The calculation results for the standard
deviation of the anisotropy oy are shown in Fig. 10. A
comparison of o, in Fig. 7 (a) and oy in Fig. 10 (a)
reveals that the dependence of K, /K, , on oy is
smaller than that on o . This difference can be

explained by the formula of the grain-error probability,

, (6

D> K

m um

2
1- exp(— foT exp(—TSF DK, )
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where f, = 10" s is an attempt frequency. In the
parenthesis in the formula, the variables of grain size
and anisotropy are D* and K, ., respectively.
Therefore, the dependence of K, /K,, on oy is
small.

As oy increases, K,/K,, , shown by the filled
circle in Fig. 10, is greatly increased when (a) T, =500
K. On the other hand, when (b) T, = 700 K, there is
little increase in K, /K, when 0Oy is increased. The
reason is the same as with the grain size distribution.
Therefore, a relatively large oy is allowable when T
is high, and this is also an advantage of HAMR.

g 10 L T 1T \{\ T ‘I T T | T 17T | T 1T ]
< C \ 30 % ]
w= 08 o 20 % _
g hN 10% -
§0.6_— ox /Ky =0%
8 C ]
§ 04 | .
8 C ]
2 02— —
‘g E Ty =500K J
< 0 Lo v bvv v v by a1
0 5 10 15 20
Heat-transfer thermal gradient (K/nm)
(a)
g 10 L T 1T T 1T T 17T T 1T ]
g - ]
= 08 - -
R :
= C ]
& 06 — —
g C 1
© C :
§ 04 ok ' Kum =
8 C ]
2 02— —
‘g E Ty =700K J
< 0 Lo v bvv v v by a1
0 5 10 15 20
Heat-transfer thermal gradient (K/nm)

(b)
Fig. 10 Dependence of K,/K,, on JT /dx(y) at (a)
T, = 500 K and (b) 700 K for various standard
deviations of anisotropy oy /K, .

3.5 Standard deviation of Curie temperature

Next, we discuss the T, distribution. A normal
distribution was used for the standard deviations of the
writing temperature Oy, and the Curie temperature
0;.. We assumed n = 1. Figure 11 shows how o, is
calculated. The temperature at the center of the bit
pitch dy is T,, and the temperature at the edge is
T,=AT,. Then AT, isexpressed as

T dy

AT, (7
ox 2
If AT, =3.290,,, the bit error rate of the write error
becomes 1073, that is,
3.290 s
f(xX)dx=1-107, 8
3290

where f(x) is a normal distribution. Therefore, o,
is expressed as

| T dy

1Ly ©
329 ox 2

Tw
Oy, =0, 1s assumed, and the calculation results are
summarized in Table 3. As T, increases, JI /dx
and then, o o, /T,
increases despite the increase in T,. Therefore, when

increases, increases. also

T, is high, a relatively large o, /T, is allowable.

C

| 9T
0x _|—r
| > _0T dg _
T, iATW—ax =329,
|
| 4
2 _

[T
Fig. 11 Standard deviation of writing temperature
Oy, for abit error rate of 1073,

Table 3 Dependence of standard deviation of Curie
temperature o, /T, on writing temperature T .

c

Ty, K) 500 600 700

n (grain/ bit) 1 1 1

dT /9x (K /nm) 6.92 11.0 15.1
dg (nm) 6.57 6.81 6.95
o, K) 6.91 114 159
O =0y, (K) 6.91 114 159
T. (K) 508 606 704
or. /T, (%) 14 19 23

3.6 Temperature dependence of anisotropy field

The temperature dependence of the magnetic
properties is important in HAMR®. Figure 12 (a) shows
the temperature dependence of the normalized
anisotropy field H, /H, (300 K) for a low T, =580 K.
The solid line was calculated using a mean field theory.
The filled circles are experimental data for Fe-Ni-Pt
Thiele et al?”. The values of the
experimental data are somewhat lower than those
predicted by the theory. We think that this
experimental behavior is a disadvantage of HAMR in
of the

signal-to-noise ratio®. In contrast, the experimental

reported by

terms writing field range for a good
data are well fitted to the calculation line for a high T,
= 770 K as shown in Fig. 12 (b). Since 7, must be

increased to increase T,

increasing T, also has an
advantage in terms of the temperature dependence of
the anisotropy field.
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Fig. 12 Temperature dependence of normalized
anisotropy field H,/H,(300K) for (a) Curie
temperature 7. = 580 K and (b) 770 K (filled circles:

C

Fe-Ni-Pt data?).
4. Conclusions

We summarized the advantages of increasing the
writing temperature 7, in heat-assisted magnetic
recording (HAMR).

(1) Since K, (T,) and JT /dx(y) are increased,
Ku /Kbulk
K, (T, is the mean anisotropy

the anisotropy constant ratio can be

decreased where
constant at the maximum working temperature 7, of
the hard drive, and J7T /dx(y) is the heat-transfer
thermal heat-transfer

gradient calculated by a

simulation.

(2) The K,/K,,, values are almost the same for
the calculation range from the recording-layer (RL)
thickness 7 = 6 nm to 10 nm since JT /dx(y) is
reduced by increasing & due to the adiabatic effect of
RL. Therefore,
allowable.

a relatively thin RL thickness is

(3) A relatively large standard deviation of grain

size o, is allowable since the probability of
magnetization reversal is low even for small size grains
during the writing period.

(4) A relatively large

anisotropy Oy 1is allowable.

standard deviation of

(5) A relatively large standard deviation of Curie
oT /ox(y) is
increased. o, /T, also increases despite the increase

temperature o0, is allowable since

in the Curie temperature 7.

(6) For Fe-Ni-Pt films, the temperature dependence
of the anisotropy field is suitable for HAMR when T
is high.

All the above-mentioned factors are advantageous
when preparing HAMR media.
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Winding Arrangement of High-frequency Amorphous Transformers for
MW-class DC-DC Converters

H. Tanaka, K. Nakamura, and O. Ichinokura
Graduate School of Engineering, Tohoku University, 6-6-05 Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Japan

Many offshore wind-power generators over MW-class are currently in operation in Europe and are now starting to be

used in Japan. In order to develop large-scale offshore wind-power plants, we need to reduce the size and weight of power

converters, including isolating transformers. A dc-dc converter with a high-frequency transformer is one of the best ways

to reduce the size and weight. However, copper loss of the transformer due to proximity effect is a problem because the

operating frequency is increased from the commercial frequency to several kHz. In this work, we investigate an

interleaved winding arrangement for the high-frequency transformer. We compared the winding resistances of the

interleaved and non-interleaved winding arrangements in an experiment using a test amorphous transformer and found

that the interleaved winding arrangement inhibits the proximity effect and reduces the winding resistance. We designed

an MW-class high-frequency amorphous transformer with the interleaved winding and demonstrated its very high

efficiency.

Key words: dc-dc converter, amorphous transformer, interleaved winding, proximity effect

1. Introduction

Offshore wind-power generation is expected to
substitute for conventional thermal power and nuclear
power generations. In Europe, a large number of over
MW-class offshore wind-power generators are already
operated V, and it has started in Japan. Such a large-scale
offshore wind-power plant requires a MW-class dc-dc
converter to efficiently send the generated power by high
voltage direct current (HVDC) transmission system 2.

Fig. 1 shows a basic configuration of the wind-power
generation system by HVDC. In the system, a permanent
magnet synchronous generator (PMSG) is employed
because of high power, high efficiency, and maintenance
free operation. The dc-dc converter requires a MW-class
transformer for isolating and boosting.

To reduce size and weight of such a large-capacity
transformer, an amorphous core is employed and its
operating frequency is increased from commercial
frequency to several-kHz. However, it is expected that
copper loss of the transformer becomes large due to
proximity effect 3.

To overcome the above problem, this paper investigates
an interleaved winding arrangement. First, leakage flux
distribution and current density distribution of the
interleaved and non-interleaved windings are compared
by using finite element method (FEM). Next, frequency

Offshore | Onshore

O e e >

f PO 00—
AN A
DC| | /AC ) DC| —d—y

MW-class transformer HVDC

DC-DC converter

Fig. 1 Basic configuration of wind-power generation
system by HVDC.

dependences of the winding resistance of the interleaved
windings are compared
experimentally by using a test amorphous transformer.
Finally, a MW-class amorphous transformer with the
interleaved winding is designed and calculated the loss
and efficiency.

and non-interleaved

2. Comparison of the winding arrangements based on
measurement and calculation

2.1 Calculated results

Fig. 2(a) illustrates shape and winding arrangement of
a test amorphous transformer with the non-interleaved
winding, and (b) shows with the interleaved winding. The
height, width, and thickness of the transformer are 235
mm, 135 mm, and 95 mm, respectively. As shown in the
figures, the winding shape is rectangular, and its size is 7
mm width by 0.8 mm thickness. The numbers of the
primary and secondary windings are 96 each.

In the FEM calculation, the primary winding is excited
by ideal sinusoidal current, and the secondary winding is
shorted in the same way as a short-circuit test of the
transformer. The electric resistivity of the primary and
secondary wires is 2.52 X 108 Q'm and the relative
permeability of the magnetic core is 5000.

Figs. 3 and 4 indicate leakage flux density distribution
around the non-interleaved and interleaved windings at
an operating frequency of 3 kHz. The figures reveal that
the interleaved winding arrangement can significantly
reduce the leakage flux around the windings.

Figs. 5 and 6 show current density distribution of the
non-interleaved and interleaved windings and their
enlarged views. It is understood that the current
distribution of the non-interleaved winding is
non-uniform due to the proximity effect. On the other
hand, the current density distribution of the interleaved
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winding is uniform.

Fig. 7 indicates calculated frequency dependence of the
winding resistances of the transformers with the
interleaved and non-interleaved windings. It is clear that
the winding resistance of the non-interleaved winding is
considerably increased even though an operating
frequency is below 1 kHz. On the other hand, the winding
resistance of the interleaved winding is almost constant.

135

(unit: mm)

235 ‘63

IThickness: 95

NE
| HE s

'/ winding
0.8

Primary
winding

(a) Non-interleaved winding arrangement
135

(unit: mm)

235 63

/Thickness: 95

Primary Il 1l
winding\ ’V —‘ ‘7

Secondary
winding

(b) Interleaved winding arrangement
Fig. 2 Shape and winding arrangement of a test
amorphous transformer.

ai.
0.8
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I .
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0

Fig. 3 Leakage flux density distribution around the
non-interleaved winding ( f= 3 kHz).
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Fig. 4 Leakage flux density distribution around the
interleaved winding ( f= 3 kHz).

(A/mm?)
I 10

7.5

FHFiHIR
i
i
(I {5
(T
[T
I
TR

2.5

0

l
°f

Fig. 5 Current density distribution of the non-interleaved
winding and its enlarged view ( = 3 kHz).

Fig. 6 Current density distribution of the interleaved
winding and its enlarged view ( /=3 kHz).
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. 10¢
g .
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%100 1000 10000
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Fig. 7 Frequency dependence of the winding resistances
calculated by FEM.
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Fig. 8 The test amorphous transformer.
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Fig. 9 Measured frequency dependence of the winding
resistances.

2.2 Measured results

Fig. 8 shows an appearance of the test amorphous
transformer. The shape and the winding arrangements
are the same as the transformers shown in Fig. 2.

Fig. 9 indicates measured frequency dependence of the
winding resistances of the transformers with the
interleaved and non-interleaved windings. The figure
reveals that the winding resistance of the non-interleaved
winding is increased remarkably in the same manner as
the calculation result shown in Fig. 7. It is proved
experimentally that the interleaved winding arrangement
can significantly reduce the winding resistance. The
causes of error between the calculated and measured
values of non-interleaved winding arrangement could be
that the calculated values are obtained from the 2D-FEM.

3. Design of high-frequency amorphous transformer for
MW-class dc-dc converters

3.1 Specifications of MW-class amorphous transformer

Based on the above results, a MW-class amorphous
transformer with the interleaved winding is designed and
compared to the transformer with the non-interleaved
winding. In the design of the amorphous transformer,
insulation distance of the adjacent windings is different
according to the winding arrangement. The insulation
distance of the non-interleaved winding arrangement is 1
mm, while the insulation distance of the interleaved
winding arrangement is increased to 5 mm because the
primary and secondary windings are adjacent to each
other.

Table 1 shows specifications of the amorphous

INDEX

transformer for MW-class de-dc converters. A turn ratio of
the transformer is 10.

Fig. 10 illustrates shape and winding arrangement of
the amorphous transformers for MW-class dc-dc
converters, which satisfy the required specifications
shown in Table 1. The height, width, and thickness of the
transformer with the non-interleaved winding are 321
mm, 234 mm, and 202 mm, respectively. On the other
hand, the height, width, and thickness of the transformer
with the interleaved winding are 321 mm, 338 mm, and
202 mm, respectively. As shown in the figure, the winding
shape is rectangular. The size of the primary winding is
100 mm width by 2.0 mm thickness, while the size of the
secondary winding is 10 mm width by 2.0 mm thickness.
The numbers of the primary and secondary windings are
14 and 140, respectively.

Table 1 Specifications of the amorphous transformer for
MW-class dc-dc converters.

Frequency f° 3 kHz

Rated power P 1.0 MW

Input voltage V, 1.65 kV

Output voltage V> 16.5 kV

Max. flux density B,, 1.0T

Current density J 3 A/mm?
234 (unit: mm)

109

'/ Thickness: 202

1
o ar
20
A1
A 10|
Primary 2 D
winding 2 Secondary
winding

(a) Non-interleaved winding arrangement

338

(unit: mm)

109

Thickness: 202

5
b=
il
1
il
20
EA —=
2 10J L
Primary  Secondary
winding winding

(b) Interleaved winding arrangement
Fig. 10 Shape and winding arrangement of the

amorphous transformers for MW-class dc-dc converters.
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3.2 Calculated results

Fig. 11 indicates calculated frequency dependence of
copper losses of the MW-class transformers. In the FEM
calculation, the primary winding is excited by the ideal
sinusoidal current, and the secondary winding is shorted.
The figure reveals that the
non-interleaved winding is increased considerably, and
that the
remarkably reduce the copper loss.

Table 2 shows calculated losses of the MW-class
transformers. The core loss of the transformer is
calculated based on the Bertotti’s equation 4:

W, = A,JB. + A B, + 4,/ B, M
where the frequency is £, and the maximum flux density is

B,,. In (1), the first term shows dc hysteresis loss, the
second term indicates classical eddy current loss, and the

copper loss of the

interleaved winding arrangement can

third term expresses anomalous eddy current loss,
respectively. The parameters 4,, 4., and 4, can be found by
approximating W; / f — f curves of core material based on
least-square method as shown in Fig. 12. The parameters
Ay, A., and A4, are obtained as 4, = 4.31 X 10 3, 4, = 1.81 X
10 -7, and 4, =6.38 X 10 -5, respectively.

It is understood from Table 2 that the interleaved
winding arrangement is very useful for the
high-frequency transformer of the MW-class dc-dc
converters from the view point of the copper loss and the
thermal design.

1000
ffffff Non-interleaved
100 —— Interleaved
=
& d
= 10 A
U ’
| — -

0'110 100 1000
Frequency f(Hz)

Fig. 11 Calculated frequency dependence of copper losses

10000

of the MW-class amorphous transformers.

Table 2 Calculated losses of the MW- class amorphous
transformers (f= 3 kHz).

Non-interleaved Interleaved winding
winding arrangement arrangement
V(é_"re(ll(‘@s) 1.5 1.8
C‘V’Izp(ekr\;’)ss 28.6 1.5
WTE;I l(‘l’(s\;/) 30.1 33
e I

INDEX
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0.008
0.006
0.0047
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B,=04T

Core loss W.'/f(J/kg)

0.002 . o o e f
Lo ® B,=02T
0'—'—‘*7 e *
o 1 2 3 4 5
Frequency f(kHz)

Fig. 12 W, /f - f curves and their approximate curves of
amorphous core.

4. Conclusion

This paper investigated the winding arrangement of
the high-frequency amorphous transformer for MW-class
de-de  converters. By comparing the frequency
dependences of the winding resistance of the interleaved
and non-interleaved winding arrangements, it was clear
that the
significantly reduce the winding resistance.

In addition, the 1.0 MW amorphous transformer with
the interleaved winding was designed. It was found that
the interleaved winding arrangement is very useful for

interleaved winding arrangement can

the MW-class high-frequency amorphous transformer
from the view point of the copper loss reduction.

This work was supported by Grant-in-Aid for JSPS
Fellows (26-5193).
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Reduction of Magnetic Field from Receiving Side by Separated Coil in
Contactless Charging Systems for Moving Electric Vehicle
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Two main obstacles to the wider adoption of electric vehicles are short cruising distances and long charging times. We
have proposed contactless charging systems for moving electric vehicles utilizing electromagnetic induction. A
problem in these systems is high level magnetic field spreading far and wide from feeding and receiving coils, which
can affect electronics and human health. In our previous work, we proposed a new feeding coil shape (multipolar coil)
that reduced magnetic field at a distance by over 90%. In this paper, to reduce magnetic field from the receiving coil,
we newly propose a separated receiving coil and compare it with a conventional spiral receiving coil. Simulations and
power transmission experiments revealed that the separated coil greatly reduced the magnetic field far from the coil
and achieved high power transmission efficiency of over 80%.

Key words: Contactless charging system, Electric vehicle, Magnetic fields

1. Introduction

1.1 Contactless Charging Systems for Moving Electric
Vehicles
Recently, (EVs) have

attention as environmental awareness has grown.

electric vehicles attracted
Current EVs have problems such as short cruising
distances and long charging times. These problems have
prevented EVs from becoming more widespread.

To solve these problems, we have proposed contactless
charging systems for moving EVs and have performed
various investigations®®. These systems are able to
transfer power from feeding coils in the road to a
receiving coil on the underside of the EV by utilizing
electromagnetic induction, which makes it possible to
increase cruising distances without relying on battery
capacity. Figure 1 shows a schematic diagram of a
contactless charging system for moving EVs. These
systems consist of an AC source, compensation circuits,
feeding coils, a receiving coil, matching circuits,
rectifiers, and a load (a battery or motor). The shape of
the feeding coils is different from that of the receiving
coil, and the size is larger in order to deliver stable

magnetic coupling and transmission power?.

Load
(Battery or Motor)

Rectifier, Converter

Matching Circuit

Recieving Coil

Fig. 1 Contactless charging systems for moving EVs

—\

Feeding Coil ‘ AC Source H Compensation Circuit ‘

1.2 Electromagnetic Induction

Figure 2 shows a circuit diagram of contactless charging
systems that utilize electromagnetic induction. In this figure,
the resistances r; and r, are wire-wound resistors, P is
input power to inverter, Fous is load power and the
capacitances connected in series and parallel with the
receiving coil are load matching capacitances. These
capacitances enable power to be transmitted at maximum
efficiency?. The maximum efficiency, 7,,qx, is determined by
the coupling factor & and the quality factors Q; and Q, of the
coils. Using these parameters, the performance factor a is
defined as follows?.

a=k00, @

By using a, Nyq, canbe expressed as?

1
2
I+—(1+Vl+a)
o

The values of the load matching capacitances C,5 and Cy,

Mrax = @

can be written as?

1
a)rz(Qz—\/r\/Ha—(lJra))
2
1 R
cC, = |——-1
7 oR\ e ¥

Figure 3 shows the relationship between 1,,,, and the
performance factor a. High transmission efficiency is required
to achieve high a.

To compensate for the power factor, the value of the
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capacitance connected in series with the feeding coil is given as
follows:

C=— ®
a)zL1
G k n o G

|—|:|—_€‘,§\r|:|—u——

Q? %Ll c2p== R (Load)

Fig. 2 Circuit diagram for contactless charging systems utilizing

electromagnetic induction

Receiving Coil Q;

30 [ — ] q\Coupling Factor k

Maximum efficiency [%]

N

1 10

<\

1000

Feeding Coil Q,

100
a= k2Q1Q2

Fig. 3 Relation between a and maximum efficiency

10000

1.3. Magnetic Field from Feeding and Receiving Coils

As shown in Fig. 1, the feeding coils are larger than the
receiving coil in order to ensure stable magnetic coupling
and to supply stable power along the direction of travel®.
The size of the feeding coils in the direction of travel is 5
to 10 m. Hence, the magnetic coupling factor, %, is
assumed to be less than 0.1, meaning that high-level
magnetic fields are generated from the feeding and
receiving coils. The magnetic field can affect electronics
and human health to a distant place. It is therefore
necessary to reduce the magnetic field from these coils.
Many studies have investigated reduction of magnetic
field from contactless charging systems5-9.

In previous work, we proposed a new shape of feeding
coil (multipolar coil) which is able to reduce the magnetic
field at a distance by over 90% compared with that of
conventional rectangular coils?. The multipolar coil
consists of a feeding loop at the center of the coil and two
loops for offsetting the magnetic field on both sides of the
feeding loop as shown in Fig. 4. The loops for offsetting

the magnetic field are excited in the opposite phase to

40

the feeding loop in order to cancel out the magnetic field
from the feeding loop. When the multipolar coil is used,
the majority of the magnetic field from the combined
feeding and receiving coil system is generated from the
receiving coil. It is therefore necessary to reduce the

magnetic field from the receiving coil in order to reduce

the magnetic field from the overall system. In this article,

we propose a new shape of receiving coil with the aim of
reducing magnetic field from the receiving coil and we
compare the proposed coil with a conventional spiral
coil.

Y (Traveling Direction)

Vi
Misali t Directi
| Current Path of Each Loops | (Misalignment Direction)

Fig. 4 Multipolar coil for reducing leakage magnetic field from
the feeding coil

2. Separated Coil

2.1. Proposal of Separated Coil

We propose a new shape of coil which we call the separated
coil. Figure 5 shows the structure of the separated coil. In this
coil, the cross coil which has been proposed for contactless
charging systems®? is split into two coils that are connected
differentially. By using this configuration, the magnetic field
from both coils is canceled out, reducing the magnetic field at a
distance. A high coupling factor between the feeding and
receiving coils can be ensured by adjusting the spacing between
both coils. In this study, we define the distance between the two
coils as the parameter “Space”.

Figure 6 shows the configuration and size of the separated coil
and spiral coil that were used as receiving coils in this study.
The litz wire used in both coils consists of 2232 strands of 0.1
mm thick wire, and a Mn-Zn ferrite plate with a relative
permeability is 2400 is placed inside the separated coil and
behind the spiral coil in order to increase the inductance.

Table 1 shows the electrical properties of the separated coil
and spiral coil at 100 kHz as measured with an LCR meter
(E4980A, Agilent Co.) when Space was 0 mm, 200 mm, and 500
mm. As can be seen in the table, a high quality factor ¢ was
confirmed as the Space parameter was increased because this

decreased the mutual inductance and increased the
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self-inductance. coils compared with that of the spiral coil. As the Space
parameter increases, the magnetic flux near the coil increases

Separated Coil without the 4-pole structure changing. This characteristic

Series Connection makes it possible to reduce the magnetic field far from the coil

and to increase interlinkage flux through the feeding coil and
S the coupling factor between the feeding coil and receiving coil.
t
T\lx:]c: g ;ﬁ SO Next, Fig. 8 shows comparison results for magnetic flux
density at 10 m from the center of the coil on the x5 y-, and
4—’ . . .
Space zaxes (as shown in Fig. 8-(a)). In Figure 8-(b), the value of flux

- Magnetic field direction density was calculated by Maxwell®*3D electromagnetic field

——> :Current path analysis software (ANSYS CO.) The excitation condition is a
Fig. 5 Structure of separated coil current of 1 A and a frequency of 100 kHz. In Fig.8-(b), the
magnetic flux density far from the separated coils smaller than
‘ Separated Coil: 16 Turns ‘ ‘ Spiral Coil: 15 Turns that from the spiral coil. The magnetic flux density from the
. 300mm 600 mm separated coil with Space = 0 mm was lower by 73% on the
i xaxis, 86% on yaxis, and 93% on the zaxis. This shows that
the separated coil reduces the magnetic field at a distance from
E the receiving coil.
NS !
— h
500 mm '
Series Connection
Ferrite
Fig. 6 Configuration and size of separated coil and
spiral coil
Tablel Electrical properties of the receiving coils (a) Simulation models and analysis plane
(frequency: 100 kHz)
——:1x107°[Wb/m] —-—:6x 1077 [Wb/m]
Coil Turns A[g:l:]e L [uH] r[mQ] Q e 2% 1077 [Wb/m]
0 148 880 | 1059 | i;lzlrjtj%i‘l’i L Space = 200 mm |-
Separated 200 161 93.0 | 1087
Coil 16
500 165 93.0 1112
Spiral Coil 15 152 13.7 | 840

2.2. Comparison of Magnetic Field Generated from Receiving
Coils
First, in order to indicate magnetic field structures of

separated coil and spiral coil, we analyzed flux lines generated
from each coils. Figure 7-(a) shows the simulation models and
analysis plane (xz plane). Figure 7-(b) shows the analysis
results. The excitation condition is a current of 1 A. In Fig.7 (b),
we used Maxwell®2D electromagnetic field analysis software
(ANSYS Co.) to analyze the flux lines and the value of vector
potential. As shown in the Fig. 7-(b), the separated coils exhibit
a 4-pole structure and their flux lines concentrate in near the

3m

3m
(b) Magnetic flux lines on the xzplane
Fig. 7 Simulation models and flux lines on the xzplane
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(a) Simulation models and compared points
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B Separated Coil & Space = 200 mm
= 02 rg ggggg - g()%?nm Spiral Coil %
g .
2015 %
é 0.1 §
é 0.05 §

. \

x-axis y-axis z-axis
(b) Comparison of magnetic flux density at 10 m on the x- y,
and zaxis
Fig. 8 Simulation models and comparison of magnetic flux

density at 10 m on the x-, y-, and zaxis

2.3 Coupling Coefficient between the Feeding and Receiving
Coils

We measured the coupling coefficient between the feeding and
receiving coils when the separated coil (Space= 0 mm, 200 mm,
and 500 mm) and spiral coil were used as the receiving coil.
Figure 9 shows the configuration of the measurement model.
The feeding coil is a multipolar coil (length: 5 m; width: 1.6 m;
number of loops: 1 turn). The gap between the feeding and
receiving coils was set to 170 mm.

Figure 10 shows coupling factor versus location of the receiving
coil along the direction of travel. The measurement results
indicate that the coupling coefficient increased with increasing
Space. This is due to an increase in the interlinkage flux as
mentioned in Section 2.2, and also due to the change in
relative distance between the feeding and receiving coils.
The coupling coefficient was 0.035 for Space= 200 mm, which is
comparable to the value for the spiral coil, and was 0.06 for
Space=500 mm. This shows that it is possible to achieve high
transmission efficiency while reducing the magnetic field by

using a separated coil as the receiving coil.

N

YV (Traveling Direction)

N~
Feeding Coil

0
X
(Misalignment Direction)

Fig. 9 Feeding and receiving coils
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Fig. 10 Coupling factor along the direction of travel

3. Transmission Experiment and Evaluation of Magnetic Field

3.1 Transmission Experiment

We conducted transmission experiments using separated coils
(Space =0 mm, 200 mm, and 500 mm) and a spiral coil as the
receiving coil, and measured the transmission efficiency.

The input power to the inverter was fixed at 100 W and the
frequency was 100 kHz. Table 2 shows the electrical properties
of the feeding coil (multipolar coil). A resistance load (10 Q) was
connected after the secondary load matching capacitances
(Fig. 2).

Figure 11 shows the transmission efficiency along the
direction of travel. The transmission efficiency at the center of
the feeding coil was 82.1% when a separated coil with Space =
200 mm was used, and was 88.1% for Space = 500 mm. We
thus confirmed that a contactless charging system with a high
transmission efficiency can be constructed by using a separated

coil as the receiving coil.

Table 2 Electrical properties of the feeding coil
(frequency: 100 kHz)

T f
Coil wns o L [uH] r [mQ] Q
each loop
Multipolar
R 1 46 88.1 330
Coil

Journal of the Magnetics Society of Japan Vol.40, No.2, 2016

INDEX



v
X

(Misalignment Direction)

100

80

60

—o—Separated Coil Space = 0 mm

40

—>=—Space =200 mm

——Space = 500 mm

20
<%= Spiral Coil

(=]

Transmission efficiency [%]

0 0.5 1 1.5 2 2.5

Traveling direction [m]
Fig. 11 Transmission efficiency along the direction of travel

3.2 Evaluation Magnetic Field from Feeding and Receiving
Coils during Transmission

We analyzed the magnetic field surrounding coils
during transmission and evaluated the separated coil
compared to a spiral coil. Table 3 shows the estimated
current values when the load power is 20 kW (by means
of circuit analysis). We also analyzed the magnetic field
from the feeding and receiving coils by Maxwell® 3D in
12 the

distribution of magnetic flux density from feeding and

terms of current values. Figure shows
receiving coil. Figurel2-(a) is the distribution in the
xdirection, (b) is in the y~direction and (c) is in the
zdirection. As shown in Figurel2, flux density when the

separated coil was used as the receiving coil is lower

than spiral coil as it goes away farther from center of coil.

And Figure 13-(b) shows the result of comparing the
magnetic flux density at 10 m from the center of the coil on the
x, y,, and zaxes (as shown in Figure 13-(a)). The leakage
magnetic field was reduced by 64% on the x-axis, 81% on
the y-axis and 90% on the zaxis compared to using a
spiral coil when the separated coil with Space = 200 mm

was used as the receiving coil.

Table 3 Coil current (20 kW class)

Receiving | Space
Coil [mm] IFeeding_coil [A] IRecieving_coil [A]
0 171 159
Separated
Coil 200 103 106
500 72 76
Sggﬁl 118 99
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4. Summary

In this study, we examined the magnetic field from the
receiving coil in contactless charging systems for moving
EVs. This paper newly introduced the concept of the
separated coil for use as the receiving coil, and compared
it with a conventional spiral coil

The results of analyses and experiment showed that
the magnetic field far from the coil can be reduced by
approximately 90% and high transmission efficiency can
be obtained by means of adjusting the Space parameter.

In future work, it is necessary to identify the magnetic
field when the receiving coil is fitted to an EV and to
reduce further magnetic field by using magnetic

shielding such as aluminum sheet.
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