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Market Size of Magnetic Materials and Devices

Total 77.6 Billion USD

Permanent
magnet
31.4

Soft magnet

22.5 BilionUSD
(2021)
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Passive devices of power electroni‘cs
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(a8 Power Electronics

Electric mobility

Energy management

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

BRRE ‘é?".’
_\!/,. : pr— _
- A ()
> WE ICT
. — 1]
. EE@:W SEV o
B H Data center
I AREERE gy —— i orred | IANL—TE
s = = N ===t
R TSI =W EEE wEE 'l psu | | cpu E
MDMS - TR% | | (DCEE) | % |1
loor 5o oo oo o
[https://www.upr-net.co.jp/info/iot/smart-grid.html] \j
|
k]

[NEDO 2021]



8=+ (31)

&£

300kHz  1MHz 2MHz I
SZENRF (O ) (CHOFDFEL  rdies : TDKGA]

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

~

A Loss in magnetic materiédon loss
A Loss in Cu windin@Cy loss
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Next generation power
semiconductorsSiC, GaN

Toward high frequency switching

e Cy Significant iron loss in

\ : magnetic passive devices
4G base stati 5Gbasestation

3 >® (EA?)) °
@® Washing machin ﬁ%
oy
@ Refrigerator } ,
01 r Hg H
AC adapter - dc
z > @ - ac Hysteresis loss
UsSB PD

f
0.01
1K 10K 100K M

v a
100 S e EV

&

3

Power (kW)

Lossf

Operation frequency (Hz)
A G Oog Ie Littl e B OX C h aI Ie n g e (G L B C) W Cooling | Housing Others [l Power Transistor B Electronics [ Buffer Capacitor

Power Pulsation

. Inverter Stage Power Pulsation Inverter Stage
Power Stage Buffer  Heat Sink UIUL} §:33¢ Buffer 48.4 cm® : 89.5 cm® Buffer 14.8 W ; 41.7W
C,-DCLisk  Control Electronics Capacitor oo i i
Capacitor — i 144 cm’ | 15W38 WE
\ /-.- ") 209 39 cm’ \- ; 321 cm? . \ ;
. | 11y S . 19 . 0 - :
| Volume : 38 %
b sy W e : e
Gt Do : ¥, : z 5| (w/o Cooling parts)|,, |
L, Power S\ - 9.8 cm? -~ -
Inded \ - P T~ 9.5 cm’
Inductor L - CM Choke 314 ’ .
o e r— b= A |
SASEE o PO B Wl 130w
. 3 .
[Neumayr, CPSS Trans. Power Electro. Appl. 5, 251 (2020)] Total Volume: 1379 cm Total Losses: 36.5W

Magnetic passive devices
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History of Soft Magnetic Studies

1900

1920

1940

1960

1980

2000

202

|-

|-

|-

|-

|

-

Theories on Soft Magnetics & Iron Los

1889 FeNi, Hopkinson 1892 Empirical loss model, Steinmetz
1900 FeSi, Hadfield Steinmetzeq_ W:kfame

1916 Permalloykimen

1932 Sendusi{FegAlSi ), Masumoto _ L
1934 Coldolled electrical steel, Goss 1935 Domain theory, Landau and Lifshitz

1947 SupermalloyBoothby andBozorth 1946 Domain theory for film and particle, Kittel
1950MnZnFerrite, GuillaudandBarbezat 1950 Anomalous eddy for single wall, Williams

1957NizZnFerrite, Kornetzki 1958 Anomalous eddy for periodic wall, Pry and B

1967 Ferromagnetic amorphousuwez
1973Metglas AlliedSignal

1980 Effective domain wall model, Sakaki
1988 FINEMEfi¢FeNb-SiCuB), Yoshizaw 985 Statistic model for iron losBertotti
1990nc-FeZCuB. Suzuki ’ 990 Random anisotropy model, Herzer
2007nc-FeSiB-Cu (1.84 Thta 2006 Loss model on reversal procegisyillo

2011nc-FeSiB-P-Cu (1.80 T), Urata
2017ncFeB (1.9 T), Suzuki
Theories and basic understandings are
S— J

Strong demand for higM_and :
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)

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)
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C. Kittel
[Wikipedia]

Studies of the Propagation Velocity of a Ferromagnetic Domain Boundary*

PHYSICAL REVIEW VOLUME 80, NUMBER 6 DECEMBER 15, 1950

R. H. Pry anp C. P. BEan

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

General Electric Company Research Laboratory, Schnectady, New York

— W. Shockley
H. J. WiLniams, W. Suockiey, anp C. KrrterL 1 [Wikipedia]
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received August 4, 1950)
JOURNAL OF APPLIED PHYSICS VOLUME 29, NUMBER 3 MARCH, 1958

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

Classics in Magnetics

Summary of Losses in Magnetic Materials

John B. Goodenough

J. B. Goodenough
[Wikipedia]
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[[EEE Tran#lagn 53, 0500103 (2017)]
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AEHEE
*

e

Nd-FeB
[https://www.osaka (Fe CO )
SmFeN

u.ac.jp/en/news/topics/
2012/11/20121113_01]
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é“é 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,

1. High saturation magnetizatiorgM,
2. High permeabilityrup to high frequency
3. Low ion los® up to high frequency

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

Q2| Can be above 1 3 requirements satisfied concurrently?
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é”"‘% How to See Hysteresis Loop

TOHOKU

M (or B) In SI unit,
Saturation state

B=mH+mM | B[T],H, M [A/m]

Saturation magnetizatioM,

®
Remanent magnetizatioll, Minor curve Unit conversion
R t flux densit
(Remanent flux densit) Major curve 1 KA/m : 1.254nT
(Hysteresis loop) N
Initial curve . o
Saturation flux densitfg, is
widely used. But this is not
physically correct.
Demagnetized statd  CoercivityH, H M=cH| c[no unit]
B=rmH mH/m]
/ mm(=m)=c+1
] These relations become different in
different unit systems, such as MKSA

and CG%auss Units.
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Maximumpermeability .

WEB
[https://jec-iee.org/jec_ev/index_00.php]
X
NS
: No.

4.08 24
4.20 24
4.27 24
4.28 24
4.45 24
4.56 24
4.67 24
4,76 24
4.79 24
4.83 24

Effective permeabilityn

[Correct definition is that ;
evaluated from inductance.

Amplitude permeabilityn

/ Initial @




6;,,;}5,’:; . . -19'
éjﬁi Rayleigh Region
st Maximumpermeability /7, m=HB
mﬂ
M,
Amplitude permeabilityr
& Rayleiglregion
f it m .
¥ H
WhenH s small Bfollows asB=mH+ nH?
D = m+nH D Looparea (Hysteresis loss)

Reversible componentirreversible component Wiys® nH
(Magnetization rotation) (Domain displacement)
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‘a8 Coercivity (Coercive Force)

TOHOKU

WhyH_ is called as coercive force? Spatial fluctuation of potential energy,
When 180 domain wall is assumed, g s —WALLS =
Hc = (dew/dx)max/(ZMs) g 5 %1“ \ \-//"
Non-uniformity increasest,. - (@) (b)

UNMAGHETIZED HIGHEST FIELD
REQUIRED

DISTANCE, X =3

If spatial fluctuation og,, is given by [Bozorth Ferromagnetism (1951)]
nonuniform stress,

H.° (/ . d2M)(ds/dX).,

/.. Saturation magnetostriction In other words H, can decreases
d: Wall thickness when uniformity improves.
~——

/ ; affectsH, through nonuniform strain.
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&3 Permeability

S

TOHOKU

. . . RS R itaer—s) ), JlEE
Magnetization rotation — wom | 0 [meen e o e, S5,

(mm) |(uQ-m) |t Ba(T) (x10%)

2
v ori o MM P :
For rando |y Onented Crystalm %_ JNEXT .0.10 082 | 23000] 180 | 129 | 140 | 0.
| 010 24,000 T8 | e
HEMESVRIE | )on | 048 | gooon] 203 | 1o | 195 | 08
035 94,000 192 | 1.

ex) Fe (M, = 2.15 TK= 42 KJ/rf) m.° 30 e o] | e R
Fe 6'5Wt'SI,(BMS: 1.8 TKO 20 kJm3) 40 FEILITFA 0025 | 130 )j300.0000 1.50 138 - 270

Form > 10,000K< 10 J/n# is required. SO T S
[JFEcatalog]
. . < Si Bt
Domain wall motion o 7 X 4 4
— . 2mMZ  a IR
For 180 rigid wall ? . " . /
J L p3/ § d | e
S, internal stress amplitude, ¥ 1o ‘\
a: stress wavelengthy: domain wall thickness 10 /\3
ex) Fe ( ° 20 ppm) m° 10,000 o D
Fe 6.5wt.Si/(° 1 ppm) 170,000 L
(for s, = 100 MPa¥ d = 100) o | |
0 2 4 ] ]
Si wiis

[ChikazumiPhysics of Ferromagnetism]
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Fie, 1, Magnetic anisotropy constants of quenched and of
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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
20(* }
{a) as-prepared
4 Fe73.5CuiNbISHasB9
B23Kxh |
Co K, ;L
]
]
L™= e e ﬂg__":’:-"-‘ :_.-:'.."‘ R — SRR T L R, L ""aﬂ‘.‘i\‘:ﬂ/f‘:“ —
&0 850 6] 0 BO 4] 1 T

8% ]
{b} annealed

E23Kx1h e
Co e }1 Fen5Nb35i3.533
(4]
s B N W G L et N e et
n 44 &0 6i) a0 50 100 1

LY

280}
(e) annealed
FIG. 2. Xe-ray diffraction
Fe,, s Nb,Si ; , B, ailoys.

patterns of Fe,y, sCu,NbSi; (B,

ANNEALING TEMPERATURE(°C)
460 480 500 520 540 560 580
T T T T ¥ ¥ T

+30 44
(x10°%) |

! Annealing Time: th :
+25

~§f~
+ ] O\o ‘

:‘} +15i‘-

+1c]— Tx(Heating Raie: 10K/min)

{I l
*sr o

.‘-H"-ﬂ-‘_‘-_._____

| o4

+ 0‘1 4t : ; :

f720 70 760 780 800 &0 840 880
as-quenched ANNEALING TEMPERATURE (K)

and 50nm
10_HET‘|::Q,&&1‘H‘I JrO—
{x10°)
E.—
5 6F
A 4k
. D‘- i 1 - |
E 10 \"‘o\‘
% 0 O ©
T
{} i i 1
0 Qs 1.0 1.5 20

Cu contentX {(at®.)

[Yoshizawa, JAP 64, 6044 (1988)]
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- Random anisotropy mode Lox

L +]
1000 - O,h' :‘\ 1D

. .
F st / Powder core Exchange coupled averaging N I N=(Lgyx/D)3
i o
E 100+ o N i
=4 " BN Fesis5 (o) 4 3 D I \ / K
° Qﬁ, B 5 Kav (K /Aex )D6 <K>=——
0. g SONiFe B | [ vN
- kg & o [Herzer, IEEE Trans Mag 2897 (1990) / / -
O | 7 nano- .
Fa-base eryst. & ~
1 4 amorphous = = g parnm- ﬁ& ~ -
-».
c==== Nanocrystal "’“"‘I' & I
Electrical stee :
0.1 ————e S Cancellation of
1nm 1pm 1mm
Grain Size, D 25 Fe,, sCu,Nb,Si,, :B, (annealed 1h at T,)
e weeo ettty G D | oo
bee Fe(Si) 20 4@ amorphous (as cast) -
Fes sCUND;SIB,, 5. 10%
O T 154 =eRionl 1€
e a .
O e nanocrystalline 2 200 < 0%
Q s "o 1~ £
Q Q 5 5 °1 B 104
B 59 Fe;,sCuNb:Siis B, | © 2
amorphous/ % : ! g 10 § 3
Fe(NbB) § ; FeuNoBy /2. ,8 & 197
= Y Fencuizre, '4/@ 2 sig
- 2, NER
-5 "7./@ . 12 ol ™
[Herzer, Acta Mater (2013)] boc Fe-Si /24’:’7..7//‘ g
] * //{: 10 +/ T T T
10 . . . as cast 500 600 700
0 5 10 15 20 Annealing Temperature, T_(°C)
9 s

Si-Content, x (at%)
/so Xcr/sFe(Si)+ (1' Xcr)/sam
Negative Positive
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80 Eddy current loss
an-oriented “’.,_r'". (Dynamic |OSS)
Si-Fe _-*" Excess
60 o - 1
3 L cf”
'.‘m ‘.s“
X ¢ -
S 40 Cf Classical
E
g |
20} Hysteresis loss
L Lo i ® (Static loss)
e L. 1M % 100 200 300
f[Hz]
Power loss Work per cycle

Steinmetzeq. P[W/m3=kfeB,* => W [J/m?] (PIf) = W, o + Wy + W

exc
[Steinmetz (1892)]

Wi,s: constant

Wy=—,Q6 "Q from Maxwellegs for uniform flux change

¢
W, .=/, "0%6 Q% from statistic theory for domain wall motion
[Bertotti (1985)]
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_“ﬁ Simple Estimation of Eddy Current Loss

'I'OHOKU

Uniform flux change Classical eddy current IoBs

For a uniformly magnetized slab witt»>d, eddy currenij flows

B
Z;X along the slab edge.
dl 2,0 LW L4 B p ,d? &uB Zg g
! cl ! ut ! u 4/’8%1 =

)

Minimum case of eddy current los:

Single domain wall flux change Excess (Anomalous eddy current) IBgs
LargedB/ dt occurs at domain wall displacement.
o1y vd B o .. 2a2d* 0 rdauB o

— 4dj,,.° = P.%7] 5
exc ,,ut ru exc exctéegd —8/'% O C f
°domain/

180 .
wal Maximum case of eddy current loss

For"=10 mm andi= 25rm [ Pp_/P.° 200

Very important to control the magnetization reversal process



é”%* 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, | 1 High saturation magnetizationgM,
2. High permeabilitynup to high frequency
3. Low ion los® up to high frequency

Q1 Soft magnetic properties in textbooks are static properties. What is
different for high frequency applications?

Ans| EXxcellent 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.

v
Understanding loss mechanism is important

Q2| Can be above 1 3 requirements satisfied concurrently?

Ans| Itis difficult physically, and optimization is very important. But there are
too many variables for optimization.
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5”"% Questions on Classical Understanding of Iron Loss

TOHOKU

— 80 . Eddy current loss
WIIm®] = W, o + Wy + Wy Non-oriented _«*" | (Dynamic loss)
Si-Fe _-*" Excess
60 ."."'. 112
Cf

Q1| W, andW,,.can exist concurrently?-

g

40} Classical

Ans| Physically No. But the statistic

theory mathematically deals this .
[Bertotti (1985)] 201 Hysteresis loss

X
o
S
w
o

ISSUe. ¢ (Static loss)
) ~~ |
A The statistic model can be only applicabl 100 200 300
for low frequency range. f[Hz]

A Physics based loss analyses are required.

Q2| Is reallyw, constant against? Do we really understand,, ?

Q3| Do we really understanw/,, ?

Q4| Do we really understantv/,, . ?




%8 Q2: Do we really understariy,, ?

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




Skin Effect
cosky )
Hy,H)=H  ——— —
(v,1) . cos(kd/Z) exp( Ia)t) g
]y
kd=y(1+i) y=dlo ’%
0 =2/ouw :g_-

Classical Eddy Current Loss
with Skin Effect

~

p_7 yB_ °f shy—siny
“ 2 u chy—cosy

2
A

}Dcl:?o-dzB 2f2’ Y<<1

max

3/2 2
p-=-= od B 2 y>>1
cl max

2 \f H

10.0

7.5

uP/ B‘mnf

25

0.0

04 0§ 08 i

& Rk
/6,
¢"i .“
/2,
L y=3
|V .
10 20
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8M/3t = —"Y,UJ()M X [Heﬂ‘ + ((X/MS)M x Heﬂ‘]

32Heddy/8z2 = o100 (M + Hoaay + Ha) /Ot

50 -

CoNFe B, .Si

471457145

d=20.1pum; K =85 Jim®

Maxwell

e

I
3
I
g |

101
| Jp=20mT
f=100 MHz
0 T T T l Ll T T
0 2

z (um)

Energy loss (J / m3)

-32-

CoFeSiB am ([ ~0)

10?5 )
C057F8481458i145 Eddy currents ‘/4
{ d=20.1uym; K =85Jm’ 4
i 2 o/
. 7
e
Maxwell
/ Maxwell + LLG
10?4 well-explained by
a=0.2
107 4 S
Wh ..lp =20 mT
10—4 Ll | L Y L | el ) 5 }

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

2 3 4 5 6 7 s 0
10° 10" 10° 10° 10" 10" 10" 10

Frequency (Hz)

Maxwell + LLG well explain the experimental loss, but very Rargeequired.

I:> Eddy current origin lossBamping origin loss



25 33

9 Q4: Do we really understary,,, . ? MONASH
University

Prof. Suzuki Gr.

70 E——— 7 0
: Fe%BmCu - 1Metglas 2605SA1
601 Ultra-rapidly annealed at 758 K for 0.5 s 7 60__ Annealed at 623 K for 7.2 ks
|J =15T ‘ J =15T _
o /s=14 ppm] € °°] /<= 40 ppm /-
40 t=12.3mm . 40- t=23.8m / |

| Anomalous eddy current loss ( w) | Anomalous eddy current loss (W)

30 +

w
o
1
n
L

Classical eddy current loss (W) Classical eddy current loss (W)

Core loss per cycle, P_(mJ/kg)
Core loss per cycle, P, (mJ/kg)

20+ Static hysteresis loss (W) 20 4 Static hysteresis loss (Wh)\<
107 107 ./'/\
107 10° 10 10> 10° 10* 107 10° 10’ 10°
Frequency, f(H,) Frequency, f(H )
60 —————— 1T [Parsons, IMMM 476, 142 (2019)]
o 55 1.0 T,1000 Hz Metglas 2605SAT ~
5 50 Fo B, H.=24Am | A ltis hard to explaiW,, by eddy
< /H =64Am | ] current origin.
S Fe,.B,,Cu, ] . :
5 =] £ S Al ] A W, has strong relation with
8 30+ |
g = o205, 3 > | Possibility of origin loss
3 ] H =56 Am ;
£ o] Fe, Nb,B,, ; * This is not static effect such as
< 5] */ M= 103AM| ¢ i et al. (1993) ] inversel effect but the dynamic effect.
0 -*. G I"lJ]npuPllshleddlala 1

5 0 5 10 15 20 25 30 35 40 45 50 55 60 (.'xly-zYlfzdzé ér?r?éé 7\51
Saturation magnetostriction, 4_(ppm) .
Excess loss is better.
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%8 Magnetostriction Origin Excess Loss g MONASH
@ University

APRAZFE

2048 nm
40 1
32947 nanocrystallites = R0
Mean D = 12.7 nm 29
_ m = (1,0,0) »G:ég
cg CrystaI:es 40
§ are oriented "-.\ 0
at random.
(D
i‘"‘
o ()
. >
0.2 . : : 0.5
2100= 20.0x10 0.4 —
A111= -7.22x10°® 0.3 — Magnetostrlctlon cause phase
3 .. :
0.1 023 lag through friction of lattice
s | o4= deformation.
o
1 o
g 0 jo &
g A 0.1 c_éi
{1-02 %
-0.1 =
l >
A100= 20.0%10° 030
'- = - 1-0.4
External field ------* M11= 20.0x10°
0.2 L L ! -0.5
30 35 40 45 50
Time (ns)

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



6;,,;}5,’:; . . . -35'
é“ﬁ Excess Loss vs. Magnetostriction vs. Damping Constant

TOHOKU

? MONASH
@ University

Experiments e

.. Huang, PRB 109, 104408 (2024
Excess loss vs. Magnetostriction [Fluang (2024,

15 — : Theoretical calculation
57543

v
O FegSigBy, (amor) Damping constant vs. Magnetostriction
- . (FEG TSCOD.EE)BTBI 3 T
X (FepgCoyg,)gsBy4Cuy 1.6
-+ (FegsCopo)eeBs ] "
. - O (FeggsCog gp)eaBiCuy O = 14}
“'-‘E ®  (FeygeC0g01)ssB13Cu; %
£ 10 - V Fe,B,.Cy, 1 £
1.2
E A FegNbgB,, c
‘_; ‘ FeSQNb5812 . (=8 ]
o’ - O Fe;35Cu,Nb;Siy; B, >
X ® Fe,Nb.B, a
n ! X E 08|
o * 8
A o 2 06 |
Q 5| 4 o
O =
b S 04} ——
w
ve S
I v 2 - 7
5™ Fitti 0.02x2:"
A f=400 Hz | 5 |00 g e itting curve 0.02x2
Jp=10T 0 R ———
0 1 2 3 4 5 6 7 8
. "' | . | | Saturation magnetostriction constant A (1[]'5}
0 10 20 30 40

Saturation magnetostriction, A, (10-€)



Magnetostriction (ppm)

— N N w
U o Ul o

=
o

un

o

® Li(2022)

® Ohta (2017)

® Suzuki (2019)

A Suzuki (2017)

® Urata (2012)

® Urata (2013)
Jafari (2016)

A Lopatina (2015)

@
o
@ o
B e o
e 0 @
1.6 1.7 1.8 1.9 2

JL[C'MS (T)




5”"% Questions on Classical Understanding of Iron Loss
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A Physics based loss analyses are required.

[N

¢t2RII&@Qa d2LIAO0OA

Q2

Q3

Q4

Is reallyW, constant against ? Do we really understandy,, ?
Do we really understanw/, ?

Do we really understanwv,, . ?

80 Eddy current loss
WIIIm?] = Wy, o + W + W, Non-oriented ,_,.,-r"" (Dynamic loss)
Si-Fe 2" Excess
60 -
. B [ C f1r2
Q1| W, andW,,.can exist concurrently? * ‘
'_E: 40+ Classical
Ans| Physically No. But the statistic E
theory mathematically deals thisa .
issye (Bertotti (1985)] 20t Hyst_ere5|s loss
' ° (Static loss)
A The statistic model can be only applicabl T00 500 360|
for low frequency range. f[Hz]

ANns

For highf region

W
v

Ongoing topics
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Physic Based Iron Loss Analysis

Steinmetzeq. W =kf2B_% [Steinmetz, American Inst. Elec. Eng. Trans. 9, 344 (1892)]
|:> Wth +W +Wexc

V W, is constant for even high frequencg '
V W,,.is residual component froriv

Physically correct?

Non-oriented s
Si-Fe .

PA[mJkg']
3
)
-
-
%
»:
.
.
s
o

B[arb.u

\J

H, [ arb. units ] o 100 200 300
f[Hz]

Magnetic domain structure strongly
depends on frequency

fmsees Ly Change in magnetization
sy axi, reversal process

magneto-optical
sensitivity axis

50 Hz 1kHz 5 kHz 10 kHz

[Flohere Acta Mater (2006)]

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

= Wrev + Wgr - Wrev eddy+ (W|rr ht err edd)) tatIC + Vden
J
Magnetlzaypn reversd| Statisticmodel Eﬁective domain
decomposition model [Bertotti (1985)] wall model
[Fiorillo(2017)] [Sakaki (1980)]
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_“ﬁ Power Laws in Loss Components

'I'OHOKU

Hysteresis LoS&/, Excess (Anomalous Eddy Current) Miss

Rayleigh Regionm=m+ nH

Single domain wall -
UWH

E> Whys0 nH3 o % B3 [Williams, Phys. Rev. 80, 1090 (195 xi_ ..
o i 3 180° t!vo:}';ain
PhyS n§ Bm f - 2d2 /\d 9 &2
I:)exco erZ Nt 8r |: :I a‘n f
In many text books and review papers, 2f
W 0 Bm1-6 EXC Bm
s Multidomain
I:)hyso Bml'Gf [Pry and Bean, JAP 29, 532 (195¢ |////I/////
Classical Eddy Current L&%g, Pexc n
Uniform flux change W.. .~ B’ f
. . . B exc n
(Magnetization rotation) 7 _ _
Correlated multidomain
d{ (S NJi Staitigtis tteiry)
g [Bertotti, JAP 57, 2110 (1985)] Magnetic object (MO)
: d? - (LB P 1515
I:)clo erZ ° f_[H_J Bm2 f2 I:)exc [“_:| Bm ~ft

Wcl ’ Bm2 exc Bml - fO >

-40-
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10,000 N
= 'Il 1 T — =
5000 oBAL / E FesBay Y
F-===- Fe o NiyB /
4 lﬁ;% G"“""""Fe:[’];ﬁm J/ o
5 ¢ SILICON~- H--—-- FeggNiggP14Bg ; !’; _.-":';
= 1000 IROM K --—-~ FeyNizP14B ‘..r‘ J / '_;,,
o / IRON / l 102} Orsemeree FeaCopPigBeAly /1 / { / -
E} 500 MO21pmFesConSiigh / // 7/
n- / { - égg ."I foF
" ~45 £
& 87 / PERMALLOY
z 100 10 4
z ﬁ
. 5 / /// L RN I
. 50 / /r .
£ 465 PERMALLOY|
g Bl% / (MAGN. ANN.) T
0 /v | | g ! 1
5 - @
i 4 “~MUMETAL &
o B/ PERMINVAR 4-79
a / (BAKED) PERMALLOY
l -
< /SuPERMALLOY oty :
2 0.5 vy
w
Ay
= m
ﬁ Ol o |
* 0.08
a
e
e
0.01 . K /0 B .
.01 0.05 0.1 0.5 1 5 10 100 xloa 10 30 o 50 TR
MAXIMUM INDUCTION, Bms IN GAUSSES Induction (G)
[Bozorth Ferromagnetism] [Jiles Introduction to Magnetism and Magnetic Materials]

There are many cases deviating from empirical mod&Vgf° B '°.
There is no theory oV, ° B”.
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%8 W, andW,,_can exist concurrently?

exc

TOHOKU

Wa  Magnetization rotation W  Domain wall displacement
7 5 <:> 20000000
LT
df Can not exist concurrently !! | ||
¢

. S N‘IJ éxpla'natlﬁhé [Bertotti, Hysteresis on Magnetism]

Hysteresis contains numerous numbemB&#rkhausemnumps.
Eddy current throughout hysteresis a i, i;: Eddy current of singlBarkhausepump

N . .
FromP” [i|2, [i|?=& [i]*+a i;0;=Nd i 20+ N°d,Q,0
I I, )
For the case of nenorrelatedBarkhauserjumps, N23;(.0= aNi,&
Ng i) 20and aNi,& correspond to sum of eadBarkhausefpump and
uniform eddy current, respectively.
Prys P, P

Cc exc




é”"‘% Statistic Theory fow,,.

TOHOKU

Cluster of correlated domain walls was treated\ésgnetic Object (MQ)
[Bertotti, JAP 57, 2110 (1985)]

Effective field Hgye=Poy/a B L0

H
Number of MO Nyio(Hexd =Nyo(0) +VLC>)<C
ﬂ .. B sGS .
for nMO(O)2V0 <<1 (LOWf Ilmlt)’ HeXC_nMO(O)a H“IB Magnetic object (MO)

4s5GS
C>  Pec= B,*f*  Same with Pry and Bean model
Nyo(0)

4 : : e
for rWIE)L)VZ\/O >> 1 (higH region), H,,.= OsGSYa B utd/?

> P.,.=80sGSYB,5f'> Same pawer law witexpriments

H, : Effective field of single domain wall
V, : Related to pining field distribution with unit of field (A/m)

G: Geometrical factolS: Cross sectional area
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Effective Domain Wall Model

TOHOKU

V_: Output voltage amplitude
B.: Saturation magnetic flux density
d: Sample thickness

b. Domain wall damping

Dynamic effective fielét,,, and
dynamic los&, 4,

Hc dyn = HcalC - HcdC

den — P = Phys ’ fV

[Sakaki, IEEE TraMagnMAG16, 569 (1980)]
[Sakaki, IEEE TraMagnMAG17, 1478 (1981)]
[Sakaki, IEEE TraMagnMAG20, 1487 (1984)]

Experimentallyy © 1.5

Assumingeffective wall numben

—_ 7 u
. Vol Hyyn = 2B0d/ 5”1
. 3
Vim/ He . . — s 10 . . , .
e g Experimentallyu® 0.5 > | Pyyn@/Hogyn ~ FU), utv =2
AT A 10°
e + ' '
| T ey S ~—
10 . = “ / S e :
- e fo ¢ 156 - g
s V7o R T—— Bn=03 T Modified Pry and Bean model,
Em‘f’ ?/// 166 A [3g8i— Fe 1.5 %\%Q
o S| ke P, .= o5l g
3¢ STV ° dn” pn
_ /o //‘ —~f © |Supermalloy, 1.0
& i/// % | (5%Mo-T9%
E10 o / ; /‘ + | ni-1647e) .
3 ///\/"JW : Fe 209035 15810 Vn/Hew n « f
> - o - Pe Co_ S8i B 0.5 v
34 /A1) Sy e
'/ P ¥ |Fe_ B .. 8i_ _C u+vs=2
A/ ¢ o e
10 a 3 3 Sn=03 (T) e A A e R T 0
10" 10 10 10 10 0 05 1.0 15 20
U

FREQUENCY f (Hz)
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é”%i Capacitance Cancellation Method

S

TOHOKU

Ma%netic Device
La

Standardmethod (Twacoil method) IWATSU, 81 analyzer oratory Ltd.

Pomwrer
amplifier

() Classic Mathod

P=VAcosy
V: output voltage A: Input current,qg: phase lag betweeW and A

A Error of core loss measurement

Y0 . . .
——| [0 & Capacitance Cancellation Methg
0)
[Tan, IEEE PowEle(1995)] [ | . T [« 1 13
10000%, T T T . . r . | T i - - = 4
i | : Ra. : }
: III.- Powar : .-.Eq":-':“ (lll_ 1 h :
| = IUrce I — Vi1 +
_____ a o— ':3

) Improved Method
[Mu, IEEE Powdile(2014)]

% Error Caused By
Phase Discrepancy
=

o
(=1
&

=T =T =10

i i i i Phase Discrepancy

o i0 20 30 40 S0 B8O 7O B0 20
Fhase Angle Between V' and | {Degree)
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Magnetic Device
Laboratory Ltd.

Equivalent Resistand®[W] =P[W] /I
R, : Extrapolation to zer®,

—> Ryis also measured by using wedlibrated 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
N e O c 0.15
<. 0.006 ==
S 'm
Ay 0 =
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 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
s Q Accuracy evaluation method of iron lo
# of turns 18turn 8turn 5turn 3turn
# 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]

92)
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5”%* Wingdings and SeResonance for Low Permeability Device !

S

TOHOKU

Ma%netic Device
Laboratory Ltd.

A Power converters for frequency more than MHz range
requires lowpermeability devices
bAccurate evaluation of iron loss is very difficult

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

Prepared Samples Coupling vs Frequency
No.1 No.2 No.3 No.4 100% Ex.) 43turnx1
0 ‘ —
‘ 95% No.1 18turnx2 u
Pics = No.2 8turnx4
' :_;% 85%
# of turns 18turn 8turn 5turn 3turn 8 /
# of parallels 2 4 6 1 80% I
N;:N, 1:1 1:1 1:1 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 (MHz
of core loss measurement. q y( )
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%3 Iron Loss Measurement for Low Permeability Care

Q!ﬂ
o [Sato, SO, IEEE TraMagn 59, 6301105 (2023

TOHOKU

33,7

Magnetic Device
aboratory Ltd.

A Sendustust core (OD/ID/H = 13/8/1mm)

A The Iron loss was measured using
a capacitive cancellation method.

~ ags - - o 1
A The permeability during the iron loss -
measurements was measured. — o —g "
R - . . . . Network Analyzer 5',9(0,3.%.5 :R
A The permeability of low excitation limitF= ] .| |} . §
was also measured by a transmission==—=_s s = R e SR
method. ) [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
cg 1 = 01 Jower coupling
5. o8 No.l: 3 50
S L
S 0.6 18turn x2 Underestimating with % 40 No.2 8turnx4
' lower coupling o 3
0.4 .g No.1 18turnx2
0/0/0/0 o 20
[8) -
02 No.4: 3turn x1 i 10 At
0 0

0 10 20 30 40 50 60 01 1 10 100 1000
Frequency (MHz) Frequency (MHz)



A5, . . - -50-
‘%4 Simulations for Low Permeability Cores

oKy [Sato, SO, IEEE TraMsgn 59, 6301105 (2023)

Magnetic Device
La

oratory Ltd.

Inputted core loss curve

20000

&> 15000 —~—
g No.1l: 18turn x2
2
"\‘5 10000
al

5000

No.4: 3turn x1
0 v,

10 15 20
Magnetic density (mT)

Excitation coil(L;)

® Pickup coil(L,) Excitation coil(L,)

® Pickup coil(Ly)

U Less leakage flux U Very large leakage flux



‘&8 Correction Method for Low Permeability Cores A

[Sato, SO, IEEE Trakagn 59, 6301105 (2023)

~ ) ) f*’"“ Magnetic Device
A Magnetic flux density ~; 3 La%oratory Ltd.
By = oty H = poty 7—— [~ Hobr7— T = Herr
eff eff
Dense winding : High coupling Coarse winding : Low coupling
5 7 | + 211, > leff PFODOSGd correction:
IR e d r
Ur = U e _
r eff Uy leff Herf BCO‘I" = Bm
Heff
20000 Simulations 25 Experiments
2
&~ 15000 No.1: 18turn x2
£ No.2: 8turn x4 &
<) § 15 No.2: 8turn x4
S 1% o4 3tum x1 = No.4: 3turn x1
o - 31
5000 o
Inputted core loss curve 0.5 No.1:
0 s ><>WM P 18turn x2
0 5 10 15 20 0
Magnetic density (mT) 0 10 20 30 40 50 60

Frequency (MHz)
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(@Ml Magnetic Device

‘@8 Broadband Iron Loss Measurement
Laboratory Ltd.

[Ono, SO, IMMM 603 (2024) 17222

Standardmethod(Twecoil method) Sendustust core
Core Uriier 102 . -
. Test capacitive-cancellation
Ponager _h 2'CO|I me};thOd Ve A ~ m
amplificr R %Hg e N —e—05mT
: ——1mT
Digital Oscilloscope . —o—omT
Vi @ v, D’JE 10° —o-5mT
: t ‘:,: ——10mT
(3) Classic Mathod = —€—20mT
Cf 40mT
——-60mT
+ 5 80mT
10° 100mT
Capacitance Cancellation Method —&—150mT
200mT
=TT [ i [ 1 ia
| I DG “T* 10° 108
i ’ ‘
T e .
R wil| Combination of Zoil and capacitivecancellation
) Improved Method methods expands dynamic range of Hy

[Mu, IEEE Powdtle(2014)]
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é”"ﬁ* Iron Loss Decomposition based on Magnetization Process
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.. . . [Ono, SO, IMMM 603 (2024) 17222
Developed byiorilloGr. for analysis of Ferrite core

[Beatrice, IMMM 429, 129 (2017)]

Key points of this mode

A Broadband iron loss and permeability measuremedts)
A Rayleigtregion(linear region of susceptibility)

T Mg, + 1T, (mev: ConStant’Wr, H) =) W .

Sendustdust core
( aspressed, annealed)

102
3 o 10
= =
2 =)
(]
= 100 %
& <
(e
o
— 103
10 3 6 9 annealed
10 10 10 103 106 109
Frequency f (Hz)

Frequency f (Hz)



éfﬁ Effective Domain Wall Model
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8 _ . _ [Ono, SO, IMMM 603 (2024) 17222
Dynamic effective fielét,,, and

dynamic los&, 4,

im f H, g = Hae - He V,,: Output voltage amplitude
}\ ac-roop cayn ¢ . B, Saturation magnetic flux density
O Peayn=Fe~ Fenys™ | d: Sample thickness
Assumingeffective wall numben | # Domain wall damping

|///////// V /Hc dyn — ZBSnd/b' fu [Sakaki, IEEE TraMagnMAG16, 569 (1980)]

[Sakaki, IEEE TraMagnMAG17, 1478 (1981)]
T _ [Sakaki, IEEE TraMeagnMAG20, 1487 (1984)]

> | Peayn®/ Hoayn ™ O, Uty =2
Sendustdust core

|
P  Bw=20mT w_) B.= 1mT
_% )h i ) 5mT 1 01 0 s A
Id - 1
— 10° 5 AmT <
N <
Ye)
S,
; 1 08 annealed
100 v 3
e unannealed
103 108 10° 103 106 10°
f(Hz) f (Hz)

Frequencies for saturation ofis the same with that of magnetization reversal charnge




‘%48 Permeability Analysis for Various Materials

Sample d (pm)* h (mm) PAc J, (T) i
* (Qm)" * a
— 105 (a)
Mn-Zn ferrite sintered 11 49 7.8 0.51 2,900 1)
core =
FINEMET wound core 18 4.4 0.068 0.90 50,000 (T_)
Sendust powder core 11 1.0 0.39 0.73 30 LIC_
*: from data sheets. **: from measurements. 'El - 103
S |
>
s
Sendust '.g 103 %@w (b)
: () SRS
H
s
3|8
Z o 107
1>
whed
S
)
o 1
10
(72)
=)
©
c
b}
) 10"

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

[Ono, SO, IMMM 603 (2024) 17222

Magnetization process decomposition Effective Domain Wall Number

)

Iron lossw [J/m?d]

Low frequency : Wall displacement
High frequency : Rotation




