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Semi-hard magnet

M M M
Hysteresis = - ;
)
Coercivity H, Large Middle Small

Applications Permanent magnet (Motor)  Data Storage (HDD) Too Many




Market Size of Magnetic Materials and Devices

Total 77.6 Billion USD

Permanent
magnet
31.4

Soft magnet

22.5 Bilion USD
(2021)
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Passive devices of power electronics

TSt 5—
i f= (TSR L ExenE L oro o

BE \Tyrh—

s = < ?
“.'I e > v --:—I r—~ “.‘JR"‘" E;ﬂm. z E O —(Od ’ 2
wh GEma l B 00 . el iPhoneS0 S BBE THIETE - 24 AAA—H—BE
=N

mm—m—ﬁﬁ

| FEEEROREAN: ")




Operation Frequency of Soft Magnetic Materials
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@ Power Electronics

Energy management

Stabilization, optimization, energy
saving of power transmission &
power distribution systems

Electric mobility

122 s R
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ESHE Data center
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o eard L [ R
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MDMS — ®A% | | (OCRE) | % ||

[https://www.upr-net.co.jp/info/iot/smart-grid.html]

[NEDO 2021]
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https://product.tdk.com/info/ja/products/ferrite/ferrite/ferrite-core/technote/pov_pc200.html

B Loss in magnetic material Iron loss

M Lossin Cuwinding Cu loss
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\ - Next generation power
100 = BV semiconductors SiC, GaN
] HEMS . . .
& » Toward high frequency switching
s 10 ’ |$ Significant iron loss in
= N magnetic passive devices
g \ 4G basestation 5G base station
[e) 1 @ = >—. ((( )))) B
a
‘ [ ) W&hing n&hine A ﬁw “ Excess eddy
- 7~ 3
0.1 2 iifnje ttor de Hg 0o Classical eddy
adapte -
0= h\ > @ - Gl Hysteresis loss
USB PD
f
0.01
1K 10K 100K 1M
Operation frequency (Hz)
. Google Little BOX Cha”enge (G LBC) [l Cooling [ Housing Others [l Power Transistor M Electronics M Buffer Capacitor
PowerSiage gy Heasiok  MuckSige Bior 48.4 oo I ety Buier 148 W S MaTwE
c}.;ﬁ:'ﬂ Cont - - Capacitor oo 14.4 e’ 1.5W 338 w
\ y e 39 et \ 91 e 1.9W\\ || 121w

Volume :38% [
°3| (w/o Cooling parts) |

» ot
L - Power 9.8 cm’ -
L, Buck Stage \ Induc T 9.5 e’
Inductor L~ CM Choke 314 / \ - em
Buck Stage ) Power Buffer W / \
Inductor EMI Filter Inductor - 14.5 em® 13.0W

Total Volume: 137.9 em?® Total Losses: 56.5W

[Neumayr, CPSS Trans. Power Electro. Appl. 5, 251 (2020)]
Magnetic passive devices
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‘@8 History of Soft Magnetic Studies

Theories on Soft Magnetics & Iron Loss

1889 Fe—Ni, Hopl.<inson 1892 Empirical loss model, Steinmetz
1900 1900 Fe'S|, Hadfield Steinmetz eq. W= kfaBmﬁ
1916 Permalloy, EImen
1920
1932 Sendust (Feg:AlSi ), Masumoto _ o
1934 Cold-rolled electrical steel, Goss 1935 Domain theory, Landau and Lifshitz
1940
1947 Supermalloy, Boothby and Bozorth 1946 Domain theory for film and particle, Kittel
1950 MnZn Ferrite, Guillaud and Barbezat 1950 Anomalous eddy for single wall, Williams
1960 |- 1957 NiZn Ferrite, Kornetzki 1958 Anomalous eddy for periodic wall, Pry and Bean
1967 Ferromagnetic amorphous, Duwez
1973 Metglas, AlliedSignal
1980 |- 1980 Effective domain wall model, Sakaki
1988 FINEMET(nc-Fe-Nb-Si-Cu-B), Yoshizawa 198> Statistic model for iron loss, Bertotti
1990 nc-Fe-Zr-Cu-B. Suzuki ’ 1990 Random anisotropy model, Herzer
2000
2007 nc-Fe-Si-B-Cu (1.84 T), Ohta 2006 Loss model on reversal process, Fiorillo
2011 nc-Fe-Si-B-P-Cu (1.80 T), Urata
2017 nc-Fe-B (1.9 T), Suzuki
20204

Strong demand for high-M, and — Theories and bas.ic understandings are
low loss materials Large gap less updated during a couple of decades!
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PHYSICAL REVIEW VOLUME 70, NUMBERS 11 AND 12 DECEMBER 1 AND 15, 1946

Theory of the Structure of Ferromagnetic Domains in
Films and Small Particles

CHArRLES KITTEL*
Research Laboratory of Electronics, Massachuselts Institute of Technolagy, Cambridge, Massachusetis

(Received October 3, 1946)

C. Kittel
[Wikipedia]

J. Appl. Pﬂy&. 18, 173-176 (1947)
A New Magnetic Material of High Permeability

0. L. Booreey axp R. M. BozorrH
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received November 18, 1946)

PHYSICAL REVIEW VOLUME 80, NUMBER 6 DECEMBER 15, 1950
Studies of the Propagation Velocity of a Ferromagnetic Domain Boundary* b B Shockley
H. J. WiLiams, W, Saockiey, anp C. KITTEL . [Wikipedia]
Bell Telephone Laboratories, Murray Hill, New Jersey ‘ WL
(Received August 4, 1950)

JOURNAL OF APPLIED PHYSICS VOLUME 29, NUMBER 3 MARCH, 1958

Calculation of the Energy Loss in Magnetic Sheet Materials Using a Domain Model

R. H. Pry anp C. P. Bean
General Electric Company Research Laboratory, Schnectady, New York

PHYSICAL REVIEW VOLUME 95, NUMBER 14 AUGUST 15, 1954

A Theory of Domain Creation and Coercive Force in Polycrystalline Ferromagnetics*t

Joun B. Goopenoueni
Lincoln Laboratory, Massachusells Institute of Technology, Cambridge, Massachuseits
(Received December 17, 1953 ; revised manuscript received April 30, 1954)

3398 IEEE TRANSACTIONS ON MAGNETICS, VOL. 38, NO. 5, SEPTEMBER 2002
J. B. Goodenough
[Wikipedia]

Classics in Magnetics

Summary of Losses in Magnetic Materials

John B. Goodenough
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KEIHKER
[Wikipedia]

’fﬁiﬁ.&‘f@f’&v‘ﬂ:’ﬂfﬂ (H

SR A DI ]

EInARE
[IEEE Trans. Magn. 53, 0500103 (2017)]

) R T EME ]
¢ = KEES

| {£)IHE = DONd-Fe-BEARFED I CIE. BARBE
| ERIRRED 158 (FeDColb)ICHF S LTS tERL. €D

[https://www.osaka-

u.ac.jp/en/news/topics/ ‘fﬁ 0) Sm-Fe-N 7:3: E(:Ofd: 7b§%)

2012/11/20121113_01]

-14-



i@ Contents

1. Overview of Soft Magnet Application and History
2. Basics on Static Soft Magnetic Properties

3. Questions on Energy Losses in Soft Magnets

4. Various Loss Analysis Models

5. Accurate Loss Evaluation

6. Broadband Loss Analysis

7. Advanced Analyses



P
i ‘.&i
Qu_.:ﬁ ]

TOHOKU

Questions on Soft Magnetic Materials for Power Electronics

For power electronics applications, requirements for soft magnetic materials
and devices strongly depend on the circuit type and power range.

General requirements,

Ql

Q2

1. High saturation magnetization p,M,
2. High permeability ¢ up to high frequency
3. Low ion loss P up to high frequency

Soft magnetic properties in textbooks are static properties. What is
different for the modern high frequency applications?

Can be above 1 ~ 3 requirements satisfied concurrently?

-16-
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“ii‘ﬁ How to See Hysteresis Loop
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M (or B) In Sl unit,

Saturation state

Saturation magnetization M, B=uH+ M| BIT],H, M [A/m]

°
Remanent magnetization M, Minor curve Unit conversion
(Remanent flux density B,) _
Major curve 1 kA/m:1.254 mT
(Hysteresis loop) 7
Initial curve _ _ _
Saturation flux density B is
widely used. But this is not
physically correct.
Demagnetized state Coercivity H, H M= yH | y[no unit]
B=uH 1 [H/m]
/ Ml (= 1) = 7+ 1
] These relations become different in
different unit systems, such as MKSA

and CGS-Gauss Units.
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[https://jec-iee.org/jec_ev/index_00.php]

[ EHEITRET DE.. gl Maximum permeability z,,
=H/B
~~ p=H/

EE%%, nl:l, %NO
4.08 A W FE R 24
1.0 REHE 24
4.27 | ¥ EREEE 24
4.28[[RTBEEE] 24
4.45|FE3NBEE| 24
4.56 #EXTBHEER 24
4.67 B 24
4.76 LB R ER 24
479 BHEE | 24
4.83 ERFBME 24

Effective permeability 4,

ECorrect definition is that ]
evaluated from inductance.

Amplitude permeability 1,

/ Initial 2

v



‘%8 Rayleigh Region

g1 Maximum permeability 2,

Amplitude permeability 2,

a7

/Initial y7

H
When H is small, B follows as B =y H + v H?
D u=u+ vH

Reversible component Irreversible component
(Magnetization rotation) (Domain displacement)

-19-

u=H/B

Rayleigh region

)

v

Loop area (Hysteresis loss)

~ 3
Wy = VH
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‘a8 Coercivity (Coercive Force)

Why H_ is called as coercive force? Spatial fluctuation of potential energy e,
2
When 180° domain wall is assumed, > s WALLS -~
o w :
Hc = (dew/dx)max /(ZMS) E o Etc \ i : st
_— E 2 \\.../
S £ ;t
Non-uniformity increases H.. Sz (@) (b)
UNMAGHWETIZED HIGHEST FIELD
REQUIRED
DISTANCE 4 % ==
If spatial fluctuation of e, is given by [Bozorth, Ferromagnetism (1951)]
nonuniform stress G,
H =~ (A,0/2M.)(d o/ dXx),,.,
A, : Saturation magnetostriction In other words, H_ can decreases
o : Wall thickness when uniformity improves.
v

A, affects H_ through non-uniform strain.



'8 Permeability

WS LR cstaer—s) S O, BETEE

. . . - —
Magnetization rotation PR b |8 e e e e Gy,
M ) (x10%)
For randomly oriented crystal, U~ HolVig }l mecry o nes | ) 1807 120 | [0 0
3K | 0.05 - 175 -
FEHEF LRI §é§ 0.48 §§§§§ 2.03 ig% ey | 08
010 12500| 205 | 158 | -
ex) Fe (yM,=2.15T, K =42 KJ/m3) i~ 30 FOREIURAR 0% | °° |aow| T8 | vas | 18
Fe 6.5wt.Si (IUOMS =1.8T K= 20 k_]/m3) 40 FELTPA (0025 130 [s00000| 150 | 138 | - | 270
3 ) 154t [Buk | - | asm| - |o0mm | - | 210
For £4;>10,000, K < 10 J/m? is required.

[JFE catalog]

<>

Si mto;
Domain wall motion 0% 3 6 8 1
40 T T T T
244, M.2 ” 0
For 180° rigid wall, 4~ élo L / % . A
7T 32«00 5 | | ”_..-""Mrﬂ']':nn
0, : internal stress amplitude, ¥ 1o q‘\
{ : stress wavelength, 0: domain wall thickness 10 /\3
ex) Fe (1~ 20 ppm) #4;~ 10,000 YL
Fe 6.5wt.Si (A~ 1 ppm) 170,000 mh;v’
e 1
(for o, = 100 MPa, £/6 = 100) w | |
0 2 4 6 3
5i wtis

[Chikazumi, Physics of Ferromagnetism]
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(@@ \arious Soft Magnetic Materials

Permalloy (NigFe,,)

10%10 T
QUENCHED
~aue 7
X X\\
o M
h! = X~
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g ° £ \
w
: /
< -2
4 v \
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< a
K
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1
g 40
&
4
Z-50
_so0l
30 a0 50 60 70 BO 90 100

PERCENT NICKEL

Fie, 1, Magnetic anisotropy constants of quenched and of
slowly cooled alloys. Approximate rates of cooling, 10% and
2.5°C/hr, ectively, from 600 to 300°C. Broken line F.C.
shows values for 55°C/hr, Line M\ shows composition at which
magnetostriction in [111] direction goes through zero. Single
low points at 68 and 74 percent nickel are for cocling rate of
about 1.5°C/hr.

Amorphous

e

FEINT7 AERWE

40107

A

= — i
7 / \ioo \‘k%

TR
~, .
S ‘n-..__/ sCh al ‘\\
QUENCHED { ~
— e e SLOWLY COOLED L
{ORDERED) FeNiy
" 3 £ )

E 7
PERCENT MICKEL

F1e. 5. Magnetostriction of quenched and of slowly cooled
alloys, Broken lines show compositions at which anisotropy of
quenched (QU.) and slowly cooled alloys (S.C.) goes through zero.

[Phys. Rev. 89, 624 (1953)]

1 1 T T . H
Fe 20 40 80 80 Ni

Ni (at.%)
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Fig. 6 Saturation magnetostriction of amorphous
ribbons with composition (Fe-Co~Ni)7sSigBia.

Fe based amorphous has A ~ 30 ppm.
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FerisCuiMbititgsBs

A
T s -.mn_- o ey i i AR g e ot = S
30 W0 1 &0 0 8 50 101 (103
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{a) as-prepared
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[Yoshizawa, JAP 64, 6044 (1988)]
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T T T T ] I L
10000 - o |
O, .
NE Random anisotropy model Lox
1000 - oﬁl‘ :‘\ 1/D i
"\ .
Ds\jf \(/Powder core Exchange coupled averaging ] N I N=(Lgx/0)3
i o
g 10 4 = : o | TN/
= o™ i K =~ (K4/A 3)D6 K,
:I:“ ﬁv ] \ © av ex CK>= ——
104 i S0NiFe B | VN
kg & o [Herzer, IEEE Trans Mag 26, 1397 (1990)] / / -
T 0 7 nano- 128
Fe-base cryst. & ~
1 4 amorphous = = g parnm- ﬁ& ~ -
N
e Nanocrystal wor &
Electrical steel .
0.1 —— e A O Cancellation of 4
1nm 1um 1mm
Grain Size, D 25 Fe,, sCu,Nb,Si,, :B, (annealed 1h at T,)
O
e -¢C 8o Qg-g-'-:; L 3 amorphous i &,S??::ﬁ;}ft?\!lr‘r:ioﬂ 2 grain coarsening
bee Fe(Si) 20 4@ amorphous (as cast) - 0
Feys U, ND,SI,B, 25, 10°
@ O Ea _o 185 0 205 | —~ 3
- 2% o 25 ¢ 235 g_
Q i» nanocrystalline 8 209 4o
Q s "o 1= 2
Q % c 154 ‘_‘5 104
Z 5 P S ]
amorphous/ % gty g 104 g .
Fe(NbB) § ; FeuNoBy /2. ,8 & 197
= 0 % FegsCu,Zr,Bg 0@& qc) 5 ® .
: 77, o = 104
-5 %% - g 04 =
[Herzer, Acta Mater (2013)] bec Fe-Si /"}@/2/4 10" £ ; . v
10 . . . as cast 500 600 700
0 5 10 15 20 Annealing Temperature, T_(°C)
Si-Content, x (at%) 2
~ Fe(Si) _ am
ﬁ’s R Xerts + (1 Xcr)ﬂ’s

Negative Positive
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80 Eddy current loss
. -8 .
an-onented e (Dynamic loss)
Si-Fe o Excess
60 | K o - 12
o Cf
— ‘_.‘
‘.‘m ’.'
~ ._. .
= 40} e Cf Classical
£
a .
20t Hysteresis loss
! 0 (Static loss)
H_[ arb. units ' \ |
ol ] % 100 200 300
f[Hz]
Power loss Work per cycle

Steinmetz eq. P [W/m3]=kfeB_# => W [J/m3] (P/f) = Wiys + Wy + W,

[Steinmetz (1892)]

W, : constant
2

T 2 2 .
W, = ?ad B,“f from Maxwell egs. for uniform flux change

W, = 8,/0GSVyBn°f%° from statistic theory for domain wall motion
[Bertotti (1985)]
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_“ﬁ Simple Estimation of Eddy Current Loss
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Uniform flux change | Classical eddy current loss P

For a uniformly magnetized slab with />> d, eddy current j flows

B
Z;X along the slab edge.
d o, d*(oBY
! 24j, zia¢ = td 98 [> Po=pj, = _(_) oc f*
4 pot p ot 4p\ ot

Minimum case of eddy current loss

Single domain wall flux change Excess (Anomalous eddy current) loss P,

o Large dB/dt occurs at domain wall displacement.
- o 2
z,|\4L. T 4j 100 _tdOB j 2d° de(aBj —P(ij
_[_ . exc p 8t ,0 8t exc 10 exc fd 8p Gt cl zd
1&0°domain/
wall Maximum case of eddy current loss

For {=10mmandd=25um |p_ /P ~200

Very important to control the magnetization reversal process



fm’ﬂfﬁ* Questions on Soft Magnetic Materials for Power Electronics

TOHOKU

For power electronics applications, requirements for soft magnetic materials
and devices strongly depend on the circuit type and power range.

General requirements, 1. High saturation magnetization w,M,

Q1

Ans

Q2

Ans

2. High permeability 1 up to high frequency
3. Low ion loss P up to high frequency

Soft magnetic properties in textbooks are static properties. What is
different for high frequency applications?

Excellent static soft magnetic properties are obtained by improvement
of uniformity and domain wall displacement. But these conditions will
cause significant loss in high frequency region. Lowest energy loss state
is magnetization rotation, but this cause low permeability.

~_

Understanding loss mechanism is important

Can be above 1 ~ 3 requirements satisfied concurrently?

It is difficult physically, and optimization is very important. But there are
too many variables for optimization.

-28-



W J/m3] = Whys + Wy + W

Ql | W, and W, can exist concurrently? —

Ans | Physically No. But the statistic

theory mathematically deals this
issue. [Bertotti (1985)]

v
B The statistic model can be only applicable

for low frequency range.
B Physics based loss analyses are required.

Q3 | Do we really understand W ?

Q4 | Do we really understand W, ?

80

60|

-29-

Non-oriented
Si-Fe

Cf

Eddy current loss
(Dynamic loss)
ess

Classical

0

Hyst

eresis loss

(Static loss)

L |

100

f[Hz]

200

Q2 | Is really W, constant against f ? Do we really understand W, ?

300



50 Hz 1kHz 5 kHz 10 kHz

I magnetic field

-
easy axis,
magneto-optical
sensitivity axis

[Flohere, Acta Mater (2006)]

Magnetic domain structure strongly depends on frequency

< &

Change in magnetization reversal process

W, is not a constant for higher frequency range

-30-



Skin Effect

cosky

“ cos(kd/2) exp(~iot)

H(y,t)=H_,

kd=y(1+i) y=d/o

cos ky/cos(kd/2)

O =.J2/ouw

< -

Classical Eddy Current Loss
with Skin Effect

VB J shy —siny
u  chy—cosy

2
A

})cl:?o-dzB fror<<l

max

3/2 2
P - T O-d B 2f3f2’ ,Y > 1
cl max
2 \! Y7,

p ==
2

cl

0 02 L 03 i
10.0
7.5 ny2I§
‘-2 5.0
r B
x| "2
2.5
;//7'= 3
14 " L
o 10 20
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8M/3t = —"Y,UJ()M X [Heﬂ‘ + ((X/MS)M x Heﬂ‘]

0 Heaay /02" = 01100 (M + Heaay + Ha) [0t Co-Fe-Si-B am (A ~ 0)
; , 10% )
50 Co,FeB.,Si,. ' 22672264181:;-8;1(45 s Eddy currents /.//
1| d=20.1um; K =85Jm’ I it Ry, A7
¥
¥ . P
: ¢ 0
Maxwell ' I E 10
{! =
\1 ' 7,,/ ] Maxwell
: 7 !
I S 107
1 > ]
! () "
f E qc) ] Maxwell + LLG
| S well-explained by
I ' o=0.2
10+ 107 - :
| Jo=20mT [ Rmseicae Z
f= 100 MHz , Wh/ J=20mT
0 T T ' 1 10—4 L PRI R, LS, PG ARLTLL , PSR, REELEL AL, L L, T e L, MR T L, |
0 2 4 10" 10* 10° 10* 10° 10° 10" 10° 10°
Z {pm) Frequency (Hz)

[Magni, IEEE Mag 48, 3796 (2012), ibid. 1363 (2012)]

Maxwell + LLG well explain the experimental loss, but very large a is required.

IZ> Eddy current origin loss + Damping origin loss
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Saturation magnetostriction, 4_(ppm)

S . ?
'8 Q4: Do we really understand W, 73 MONASH
T University
Prof. Suzuki Gr.
70 T T T T T T UL | T T T T 70 MR | T LR | T
1Fe,B,,Cu, 1Metglas 2605SA1
- 601 Ultra-rapidly annealed at 758 K for 0.5 s 7 S 60__ Annealed at 623 K for 7.2 ks
< 1J =15T ] = J =15T
g 501 A, =14ppm 1 £ %] A, =40 ppm
‘:.u 40- t=123 um - ‘l‘}u 40 t=23.8um
% 30_- Anomalous eddy current loss (W) _ % 30_- Anomalous eddy current loss (W)
g’ Classical eddy current loss (W) g Classical eddy current loss (W) 4
é 20 - Static hysteresis loss (W,) ‘_E 20 ~ Static hysteresis loss (W,)
o o ]
8 10 8 10 4 .‘—‘././'\
o — - O A A A
10" 10° 10’ 10> 10°  10° 10" 10° 10 10°
Frequency, f(H,) Frequency, f(H )
60 T [Parsons, IMMM 476, 142 (2019)]
= %57 1.0T,1000 Hz Metglas 2605SA1] ) )
S 501 Fo.B.. H=24Am | B |tis hard to explain W, by eddy
'Q — - . .
< /Hc=6-4 Alm */ - current origin.
= Fe,B,.Cu, ] ] . .
5 35 ; W._.  has strong relation with A
§ 22_ ﬁ/HC: 3.5A/m ; exc g
0 1 o) e o o
8 iz Fo 2B, ] IZ> Possibility of A origin loss
3 15 4 H =56 Am’ ] .. .
£ 10 Fe,NbB,, ; * This is not static effect such as
% 5l */ H. =103 AIm | 5 ¢ Suzuki et al. (1993) inverse A effect but the dynamic effect.
0] .* ‘ . ‘ . ' . "'Unpublilshedldalelz ]
-5 (IJ FI) 1IO 1I5 2:] 2:5 3I0 3]5 46 4;') 5I0 515 60
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“Anomalous eddy” is not appropriate term.

Excess loss is better.
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Magnetostriction Origin Excess Loss 5{ MONASH
‘@ University

e
20 |

APRAZFE

OSAKA UNIVERSITY

2048 nm
40 ¢
32947 nanocrystallites = R0
Mean D = 12.7 nm g 18 i
m = (1,0,0) :”:;8 -
< | . Bt
© | [EEIEVES T e . .:
§ are oriented "-.\ oo -" 0
at random. t [ttt -
(DY
i‘"‘
o ()
. >
0.2 : : : 0.5
2100= 20.0x105 o
Mi11= -7.22x10° by Magnetostriction cause phase
o ] nzg lag through friction of lattice
£ | g1 = deformation.
o
| ©
s A -01 g
102§
-0.1 Q
| =
Aj00= 20.0x10° 03
- P ' {-04
External field ------- A111= 20.0x10°
-02 L 1 1 _05
30 35 40 45 50

Time (ns)

[Tsukahara, NPG Asia 476, 142 (2019)]



Excess loss, P, (KW/m?3)

teee O

15

Excess loss vs. Magnetostriction

QOP DI+ XN 4

10

I
FegBis
Feg,SigB,, (amor.)
(Feq 75C0 25)s7B13
(FepsC0g 5)gsB14Cuy
(FepsC0g2)aeB s
(Feg 65C0q 02)asB13CU;
(Feg g5C0g 01)gsB13CU;
FegB,;Cu,
Feg,NbB,,
Feg,NbB,,
FemsCU1Nb33i15_55F
FegNbB,

+X

f= 400 Hz
J =10T

10

20

30

40

Saturation magnetostriction, A, (10-€)

Dimensionless damping parameter C

1.6

14

1.2

0.8

0.6

04

0.2
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8 Excess Loss vs. Magnetostriction vs. Damping Constant

? MONASH
@ University

KPR AF

OSAKA UNIVERSITY

[Huang, PRB 109, 104408 (2024)]

Theoretical calculation

Damping constant vs. Magnetostriction

——

Fitting curve 0.02x2.>" |

L i L

0 1 2 3 4 5 6 7 8

Saturation magnetostriction constant A (1[]'5}



{48 Recent High-M, nc-Ribbons

S

. @ Li(2022)

. ® Ohta (2017)
= e | ® Suzuki (2019)
3 A Suzuki (2017)
220 | ® Urata (2012)
% .. . ® Urata (2013)
215 . : ® e . Jafari (2016)
§ A Lopatina (2015)
@10
oo
18]
= 5 |

0 1 ] 1 1 1 L L
1.6 1.7 1.8 1.9 2

JL[C'MS (T)



fmiﬁ* Questions on Classical Understanding of Iron Loss

TOHOKU

80 Eddy currentloss
W [J/m3] = Whys + WC| + Wexc Non-oriented '.,-0"". (Dynamic |OSS)
Si-Fe _*" Excess
60 ®
. . o szwz
Ql | W, and W, can exist concurrently? — :
'O
= |40t cf Classical
Ans | Physically No. But the statistic E
theory mathematically deals this « _
iccue (Bertotti (1985)] 20+ Hysteresis loss
' ®  (Static loss)
: |
B The statistic model can be only applicable % T00 500 300
for low frequency range. f[Hz]
B Physics based loss analyses are required.
) . Ans
Today’s topics
For high f region

Q2 | Is really W, constant against f ? Do we really understand W, ?

Q3 | Do we really understand W ?

Q4 | Do we really understand W, ?

On-going topics
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a8 Physic Based Iron Loss Analysis

[Steinmetz, American Inst. Elec. Eng. Trans. 9, 344 (1892)]

80

Steinmetz eq. W = kf*B,_7#
|:> W= Wh+ WcI + Wexc

v W, is constant for even high frequency
v' W, is residual component from W,

Non-oriented o
Si-Fe i
e

3
.

S

-
3}
e

B[ arb. units ]
PA[mJIkg")

»n
o

Physically correct? 2

H, [ arb. units ] % 100 200 300

f[Hz]

50 Hz 1kHz 5 kHz 10 kHz

Magnetic domain structure strongly
depends on frequency

E> Change in magnetization
reversal process

I magnetic field

-
easy axis,
magneto-optical
sensitivity axis

[Flohere, Acta Mater (2006)]

W=W,+W,+ W, . Steinmetz based model

= + . - =
Wrev err - Wrev, eddy + (Wirr, ht Wirr, eddy) - Wstatic + Wdyn
J

N Y N Y N

Magnetization reversal
decomposition model

Statistic model
[Bertotti (1985)]

[Fiorillo (2017)]

Effective domain

wall model
[Sakaki (1980)]




‘@8 Power Laws in Loss Components

Hysteresis Loss W, , Excess (Anomalous Eddy Current) Loss W,
i [ =u+vH
Rayleigh Region 4= /4 Single domain wall y T
|:> Whys ~ VH3 ~ L?’ Bm3 [Williams, Phys. Rev. 80, 1090 (1950)] * xf ..
V 180° dcml':an
P. ~—B3 "
hys ,U3 m f 2d2 /d [83} B ZJQ
. ~/Ofm /t ~ 8,0 ot m
In many text books and review papers,
WEXC oC Bmzf
Whys ~ Bm1.6
Multidomain
Phys ~ B f [Pry and Bean, JAP 29, 532 (1958)] |////|/////
el fou]ola]o]n
P BmeZ | i 1
Classical Eddy Current Loss W, exc ™ T

2
Uniform flux change p W, o Bn"f
(Magnetization rotation) 7 n
Correlated multidomain
d$ (Bertotti’s Statistic theory)
g [Bertotti, JAP 57,2110 (1985)] Magnetic object (MO)
2
. 2 d* (0B OB 1.5 £1.5
Pcl"‘p./m z7|:§:|OCBmeZ 'D oc':@t B fl

Wcl oC Bmzf Wexc oC Bm1.5 fO.S



Power Law of Hysteresis Loss

S i

TOHOKU

UNIVERSITY

10,000 l "
T rid T ™
5000 coeaL Vi E FegoBap A
F----- Fe,oNigBap ;g
/ ‘F:% [e R FE&OP]-}Bﬁ ‘;! . ;’
#SILICON= H--—:- FeggNiggP,4Bg ;o
1000 IRON Koo FeyNugisBs /[ #7
/ IRON / l 102} Orsemeree FeaCopPigBeAly /1 / ¥ 1
500 MO21pmFesCoySiysByg -/ /
f
/ 7 |
2 / ~45
B / PERMALLOY

o A/ Nl
5iof /4 g

HYSTERESIS LOSS PER CYCLE, Wy, IN ERGS PER cm?
o

E
=
. 7 1AL ] | € 1
4 ~~MUMETAL 2
B3 PERMINVAR 4-79
/ (BAKED) PERMALLOY
/SuPERMALLOY O SOk Y/ |
0.5
/ 4
#3
[+ X 102 17 & |
0.05 ’
a
e
0.0t 3 | K /0 4 [
0.01 0.05 0. 0.5 1 5 10 100 x 103 107 100 1000 10,000
MAXIMUM INDUCTION » IN GAUSSES Induction (G)
T
Bozorth, Ferromagnetism [Jiles, Introduction to Magnetism and Magnetic Materials]
g

There are many cases deviating from empirical model of W, ~ B, 1.
There is no theory on W, ~ B

m *
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ey W, and W, can exist concurrently?
Wa Magnetization rotatior Wesc Domain wall displacement
7 C— DI04

C|‘ - | X

I
Can not exist concurrently !! l

d)

.f
3k
i

Bertotti’s explanation

[Bertotti, Hysteresis on Magnetism]

Hysteresis contains numerous number of Barkhausen jumps.
Eddy current throughout hysteresis i = 2 ii, i. : Eddy current of single Barkhausen jump
N
From Poc [i|2, [i|? =2 [i|*+ 2 i iy = NC|i;| %) + N*ii- i)
i i #]
For the case of non-correlated Barkhausen jumps, N(i;- i;) = (Ni,)?
N(|i.]%) and (Ni,)?> correspond to sum of each Barkhausen jump and
uniform eddy current, respectively.
Thus, |'| 2= N<|ii | 2> + <Nii>2 + N2(<ii' ij> - <ii>2)
'Dhys Pcl P

exc




"m\

_“s‘* Statistic Theory for W,

'I'OHOKU

Cluster of correlated domain walls was treated as Magnetic Object (MO).
[Bertotti, JAP 57, 2110 (1985)]

/ -
-
-
-
-
-
- -
-
=7 -
-

Effective field Hey = Po/(OB/Ot)

H X
Number of MO  Nyio(Hey) = Nyo(0) + e ‘
4H,, o oGS
for A0V, << 1 (Low flimit), H__= ) (OB/ot) i sk T

40GS
|:> Pexe = B’f*  Same with Pry and Bean model
Nyo(0)

for % >> 1 (high f region), = VoGSV, (0B/ot)!/?
Nvo

>  Poyc=8V0GSV, B, 15 Same pawer law with expriments
H,, : Effective field of single domain wall

V, : Related to pining field distribution with unit of field (A/m)
G : Geometrical factor, S : Cross sectional area



00

—_
Oa

-
OU\

EDDY CURRENT LOSS We (W/m®)
= 5.

ON

Bm=0.3(T)

Dynamic effective field Hy,, and
dynamic loss P_ 4,

HcdynzHcac_Hcdc
den=P_Physoch

Experimentally, v~ 1.5

Assuming effective wall number n
Vio/He gy = 2Bnd/ o< ¥

Experimentally, u = 0.5 [>

N

15 °ﬁ

A

Bm =037 .

Grain oriented
3% Si— Fe

Square Loop
50% Ni— Fe

Supermalloy, v 1.0
(5% Mo-70%

Ni-16% Fe)

u

10° 10’ 10
FREQUENCY 7 (Hz)

L41v/ffe o N o« f
wee f

Fe 79035415510

Fe4006 63117]313

F°40N140_P1 4B

FegyB135°1350%2

F667C°18314Sil

Fe_ Ni Si B 0

0.5

® @ 4« B p o+ x Q|G 4 D> o
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V..: Output voltage amplitude

B.: Saturation magnetic flux density
d: Sample thickness

£ Domain wall damping

[Sakaki, IEEE Trans Magn MAG-16, 569 (1980)]
[Sakaki, IEEE Trans Magn MAG-17, 1478 (1981)]
[Sakaki, IEEE Trans Magn MAG-20, 1487 (1984)]

¢ dyn oc fluv) y+v =2

den-Vm/ H

~_

Modified Pry and Bean model

8.40db
— Bmzfz

den_ N

5
10

70 787710712 0 05

.20

Vi
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Pomwrer
amplifier

B Error of core loss measurement

% Error Caused By

() Classic Mathod

P = VA cos@
V : output voltage, A : Input current, @: phase lag between Vand A

AP = |tanOAG|
p = |tan

Magnetic Device
Laboratory Ltd.

[Tan, IEEE Power Ele (1995)]

§

Capacitance Cancellation Method

2
=

0

) Improved Method
[Mu, IEEE Power Ele (2014)]

Phase Discrepancy

o
(=1
i

=0T =1 <1f
Phase Discrepancy

30 %0 40 50
Fhase Angle Between V' and | {Degree)




(@8 Accuracy Evaluation of Core Loss — R, Plot —

Magnetic Device

Equivalent Resistance R [Q2] = P [W] //? Laboratory Ltd.

R, : Extrapolation to zero B,

|:> R, is also measured by using well-calibrated method such as VNA

0.012
0.25
| e—o—t—a o $9:2MHz_g T T No.1: 18turn x2
- y =0.0001x + 0. P~~S IR No.2: 8turn x4
0.01 \ g 02
= 0.008 Ro NN S IR No.4: 3turn x1
S v / 7.2MHz y = 9E-05x +0.0068 | © — Network analyzer
P —-— a Py - 2 ® GJ (U
Nt e ® O c 015
<. 0.006 ==
S »n
v QD =
0004 [ ASMHz _ y=1E-04x+0.0033 é o 0.1 |
SR, 35\VHz Y =5E-05x +0.0017 @ /
0.002 v o e 0.05
7 | - R, Plot
0 | 0
0 1 2 3 4 5 0 10 20 30 40 50 60
Magnetic density (mT) Frequency (MHz)
No.1 No.2 No.3 No.4
e % Q Accuracy evaluation method of iron loss
# of turns 18turn 8turn 5turn 3turh
# of parallels 2 4 6 1
N;:N, 1:1 1:1 11 11
Coupling ~97% ~95% ~87% ~78%

[Sato and SO, IEEE Trans Mag/DOI: 10.1109/TMAG.2023.3283955]



fgﬁi Wingdings and Self-Resonance for Low Permeability Device e

- F£W Magnetic Device
B Power converters for frequency more than MHz range ,wfg Laboratory Ltd.
requires low-permeability devices
—> Accurate evaluation of iron loss is very difficult

» The coupling must be 100% for high-accuracy measurements.
» For low-permeability material, many number of turns cannot be wound because the
resonant frequency goes down. — Parallel windings were employed for the investigation.

Prepared Samples Coupling vs Frequency
Ex.) 43turnx1
No.1 No.2 No.3 No.4 100% X.) iumx
95% No.1 18turnx2 U
Pics No.2 8turnx4
o 90%
£
, s
# of turns 18turn 8turn 3turn § 85% /
# of parallels 2 4 6 1 80% I
N;:N, 11 11 11 1:1 75%
Coupling ~97% ~95% ~87% ~78% No.4 3turnxl
70%

10 100 1000

With 4 samples, we investigate the effect on the accuracy Frequency (MH2)

of core loss measurement.



.--6;*3%; . -49-
%J Iron Loss Measurement for Low Permeability Core

oHOK [Sato, SO, IEEE Trans. Magn. 59, 6301105 (2023)]

F£W Magnetic Device
35“ Laboratory Ltd.

Sendust dust core (OD/ID/H =13/8/1mm)

B The iron loss was measured using

TOHOKU

. : !
a capacitive cancellation method. (Mu, IEEE Power Elec. (2014)]
O
B The permeability during the iron loss i
measurements was measured. =
B The permeability of low excitation limit |- \
was also measured by a transmission — R i
method. A [Ferrara, J. Mater. Res. (2018)]
P./f vs Frequency at B,=10mT Permeability vs Frequency at B,,=0.25mT
14 80
12 =70 No.4 3turnxl
No.2: 8turn x4 Sy Overestimating with e
fg 1 = %0 | Jower coupling
5. o8 No.l: 3 50
SR Q
3 18turn x2 Underestimating with £ 40 No.2 8turnx4
O 0.6 . [
lower coupling o 5
0.4 g No.1 18turnx2
g 20
No.4: 3turn x1 o 10 BNA
0
0

0 10 20 30 40 50 60 01 1 10 100 1000
Frequency (MHz) Frequency (MHz)
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‘a8 Simulations for Low Permeability Cores

[Sato, SO, IEEE Trans. Magn. 59, 6301105 (2023)]

Huib,

Magnetic Device

Laboratory Ltd.
20000
Inputted core loss curve
&> 15000 —~~—
£ No.1: 18turn x2
2
= 10000
Q.
5000

No.4: 3turn x1

+

10 15 20

Magnetic density (mT)

Excitation coil(L;)

® Pickup coil(L,) Excitation coil(L,)

® Pickup coil(L)

» Less leakage flux » Very large leakage flux
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|’ Correction Method for Low Permeability Cores

[Sato, SO, IEEE Trans. Magn. 59, 6301105 (2023)]

. . Magnetic Device
B Magnetic flux density Lagoratory Ltd.
Bin = pottr H = Holy 77 = Holr 7— T = Herr —
eff eff
Dense winding : High coupling Coarse winding : Low coupling
T — L% 2nre > Loy, Proposed correction:
gy ] Hr
Ur = U —_—= .
r eff Uy leff Herf BCOT = Bm
Herf
20000 Simulations 2.5 Experiments
2
&~ 15000 No.1: 18turn x2
§ No.2: 8turn x4 5
> 10000 § 15 No.2: 8turn x4
q\ | ——)
E No.4: 3turn x1 S No.4: 3turn x1
oo 1
5000 o
Inputted core loss curve 0.5 No.1:
0 @ <o ><><>'°‘9'M g 18turn x2
0 5 10 15 20 0
Magnetic density (mT) 0 10 20 30 40 50 60

Frequency (MHz)
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‘ak'd Broadband Iron Loss Measurement (@Ml Magnetic Device

ol Laboratory Ltd.

[Ono, SO, IMMM 603 (2024) 172222]

Standard method(Two-coil method) Sendust dust core
= 10° — ,
. Test capacitive-cancellation
Ponager _h 2'CO|I me};thOd Ve A ~ m
amplifier R %Hg 1 - ——05mT
: ——1mT
Digieal Oscilloscope . —o—omT
v @ v T% 100 —0—5mT
[ ) ——10mT
(2) Classic Mathod = e —o—20mT
2] 7 40mT
Q. —0—-60mT
+ 5 80mT
10° 100mT
Capacitance Cancellation Method —e-150mT
200mT
=TT [ i [ 1 ia
| —| JG e 103 106
| R, | +
|
| : - g E va f(Hz)
I I = + :
I RF Powot ! !‘El\'.ﬁ; (I‘I N . . . oy e .
| Source | il —vit] Combination of 2-coil and capacitive-cancellation
) Euproved Method methods expands dynamic range of 10° Hz

[Mu, IEEE Power Ele (2014)]
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‘@8 Iron Loss Decomposition based on Magnetization Process

.. . . [Ono, SO, JMMM 603 (2024) 172222]
Developed by Fiorillo Gr. for analysis of Ferrite core

[Beatrice, JIMMM 429, 129 (2017)]

Key points of this model

B Broadband iron loss and permeability measurements (dc~)

B Rayleigh region (linear region of susceptibility)

H= Hey + Ky (:urev : constant, Hipr H) E> W=

Sendust dust core
(A as-pressed, @ annealed)

102
:>3: — 1009
= £
Q =
: S
= 100 ”
(0] 7))
o o
C
o
— 103
10 3 6 9 nnealed
10 10 10 103 106 109
Frequency f (Hz)

Frequency f (Hz)
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[Ono, SO, IMMM 603 (2024) 172222]
Dynamic effective field Hy,, and

dynamic loss P_ 4,
V..: Output voltage amplitude

H = |Ha _ H dc
cdyn — e ¢ B.: Saturation magnetic flux density
P dyn — P.— P, hys oc f d: Sample thickness

[ Domain wall damping

Assuming effective wall number n

= Sakaki, IEEE Trans Magn MAG-16, 569 (1980)]
| V_/H 2B.nd/ [ o [
|.l. e | m/ e dyn nd/f o f* [Sakaki, IEEE Trans Magn MAG-17, 1478 (1981)]

[Sakaki, IEEE Trans Magn MAG-20, 1487 (1984)]
|:> P -V /H OCf(“+V) u+v =2
cdyn Ym/ " ‘cdyn ,

Sendust dust core
\

hin} Bm= 20mT W') Bm=1mT
all)
% f 5mT 1010 p -
i&_ 103 0 1mT Q\l ,,p(ﬁdb 20mT
Y ' < \
5
g 1 08 annealed
100 g
v unannealed
103 106 10° 103 106 10°

f(Hz) f(Hz)

Frequencies for saturation of n is the same with that of magnetization reversal change
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{*"‘-'a m“"&,

Permeability Analysis for Various Materials

TO
UNIVE

[Ono, SO, IMMM 603 (2024) 172222]

Sample d (pm)* h (mm) PAc J, (T) i
* (Qm)" * a
— 105 (a)
Mn-Zn ferrite sintered 11 4.9 7.8 0.51 2,900 )
core "E
FINEMET wound core 18 4.4 0.068 0.90 50,000 E
Sendust powder core 11 1.0 0.39 0.73 30 L
N 3
*: from data sheets. **: from measurements. 'E' i 10
S |
>
et
Mn-Zn ferrite FINEMET Sendust '.g 103 %@% (b)
, SEON DR b A\ ‘. The gy A () e
| R\
< o)
o ‘ 7 4 [WN] Q 1
e s Zlo 10
Veonn -Jloo.n(r’:: - 2
- ” | -Q
(O]
o
10’
)
%)
S
©
o
» 10

Frequency f (Hz)
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‘&8 Broadband Iron Loss Analyses for Various Materials

[Ono, SO, IMMM 603 (2024) 172222]

Magnetization process decomposition Effective Domain Wall Number
O} : - 100mT]|
Pe 109 Irreversible - = 109
o) 10mT » oo ob8
e ( ;
= 103 1mT < ® “...,.-
3 SEIR L
c o %
o 10— et ee®® i 5
S = Reversible kS
= P i 5
=S 100 o _ -7 2 107
L cmm e tB— - -
D 8109 e ee : g emone®®
| o 103 o £ ~
Z| c - »** ®©
Ll 2 q0e Lt =
- ogp #® £ 104
10° =
RSN PV Y L il g
® ° 10° LA D
- &
o = o2
c 2 [3) 30.
& |’ 2 3!
103 . LL] 105 )
103 108 103 108
Frequency f (Hz) Frequency f (Hz)

Low frequency : Wall displacement
High frequency : Rotation




Comparison with Classical Models (Classical EddY Current Loss) >

Ono, SO, JIMMM 603 (2024) 172222]

uuuuuuuuuuuu

Classical eddy current loss evaluation
(a)

100 100mT
2 | T CaED o 00X
—_ v
o 10mT B
L | PN prra T . A ~ 2L i~ O
C 10_33 A0 CUOED - ) (23053
N "
c | | 4dT L
2 -

Electrode plate &
E
~~
~
107 S
E "o, Mn-Zn Feritte = =
G % > | 3
Q ) = | =
s 10° ) Z | ®©
= Sendust y! - 3
:.§ O oo EEDDIEDEED:FICHMEIDI]ID:D E
@ s O
8 10| FINEMET sanasdpastdt
G AAAAAAAAAAAAAAAS P B
<
17
>
2
103 106 3
Frequency f (Hz)

10% 106
Frequency f (Hz)



5, . . - . -59-
%ﬂ_ # Comparison with Statistic and Steinmetz Analyses

TOHOKU

Statistic Model | Standard theory for excess loss

H
Nyio(Hexe) = Nuo(0) + \;;‘C W,,.=8VoGSV, B> f°

[Bertotti, JAP 57, 2110 (1985)]

Magnetic object (MO)

—_— Wt W, —— W,
Magnetization process decomposmon Effective Domain Wall Number
o) N
E 100 100 Aaﬁm 100
@
W &
c £ 103 gﬁiz.’o.
N = 6 ®: neri/B 103
- 10 ,
= % 10° A NMo
E > 2107 A 103
< o
g < : 2
<
Z| 3 N
L 9 5
LDU , <104 100
% 10 ©
-'g O 0 108 100
5 10
cC
&
103 . 103
103 106 10 103 106

Frequency f (Hz) Frequency f (Hz)
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2um

strong

0.05 um

K 10 um

Mesh cell size: 10nm (1 mesh correspond as one grain)

Ribbon : 10% elements
Air : 1.8x10’ elements

Optimizations of calculation condition and algorism

Steady state (Quasi-static)

%) i i
[Flohrer, Acta Mater (2006)]

DOMAIN WIDTH (mm.)

1 MHz

-61-

STATIC

WIDTH,

— SLOPE = =0.5

10

50

0o

FREQUENCY (hz)

500 1000

[Haller, JAP (1970)]
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i&’8 \ector MOKE Microscopy

Conventional ﬂ'MOKE MOKE |mage FET 4“4“"{’51.

ACVANCED INDUSTRIAL SCHNCE AND TECHNOLOGY (AIST)

Dr. Ogasawara

Fourie transformed image

Aperture

Objective lens Z &
—_

Magnetization

. lr-‘od"’ /«/J/l

%

Lacked region

Longitudinal Kerr effect

Newly developed Vector 1-MOKE

Conventional  This method

image sensor

@ tube lens

_{ /OF Az

™~ motorized
’-
adl a

analyzer

rﬁ‘ﬁrtimpde fiber

fielg <(Gp

7 rotation stage

, ".'jl
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Permeability Measurement for a Single Particle
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Loss Mechanism

B Magnetization dynamics including energy dissipation mechanism

B Non-eddy current origin loss mechanism

Measurements

B Accurate loss measurement under triangular wave

B High-throughput measurements

Material Design and Developments

B Multivariable optimization of nc-material

B Point focused optimization, ex. lowering core loss for specific frequency range

Optimization for Power-Electronics Circuit

B Total optimization of power-electronics circuit
B Inverse problem of magnetic core design
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