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<Review>

Hysteresis Modeling for Power Magnetic Devices Based on Magnetic
Circuit Method

Y. Hane
Graduate School of Engineering, Tohoku Univ., 6-6-11 Aoba Aramaki, Aoba-ku, Sendai 980-8579, Japan

This paper introduces the latest research achievements on the hysteresis modeling for power magnetic devices
based on the magnetic circuit method. First, the magnetic circuit model considering the magnetic hysteresis behavior
is derived. Next, this magnetic circuit model is developed to the reluctance network model, to analyze more complicated
devices such as an electric motor. Furthermore, this magnetic circuit model is improved to take the dynamic hysteresis
characteristics including the skin effect into account. Finally, the prediction method of the deteriorated hysteresis
loops in core material due to machining process is established.

Key words: magnetic circuit method, Landau-Lifshitz-Gilbert (LLG) equation, play model, reluctance network analysis

(RNA), Cauer circuit

1. Introduction

In recent years, quantitative analysis of the iron loss
taking the magnetic hysteresis behavior into account is
essential to the development of high-efficiency electric
machines. In many cases of machine design and analysis
based on numerical analysis using the finite element
method (FEM), the iron loss is generally calculated by
using approximate formulas, such as the Steinmetz’
equation, in the post-processing of a main
electromagnetic field analysis V. However, their
calculation accuracies are insufficient when the exciting
voltage waveform is significantly distorted. To improve
the calculation accuracy, the parameters in the formulas
must be identified for each waveform, which is a huge
practical drawback. Thus, various kinds of high-accuracy
hysteresis models have been presented so far 9.
However, most of the general-purpose FEM programs
neglect the magnetic hysteresis since it generally takes a
lot of calculation time and computer memory. Therefore,
it is strongly required to establish a simple and practical
iron loss calculation method considering the magnetic
hysteresis.

To solve the above problem, the magnetic circuit
method is one of the practical solutions because an
analytical model is very simple, the calculation accuracy
is relatively high, and it is easy to combine with an
electric circuit and a motion equation. Therefore, this
paper introduces the latest research achievements on the
hysteresis modeling for electric machines based on the
magnetic circuit. The Chapter 2 describes the magnetic
circuit model considering the magnetic hysteresis
behavior. The Chapter 3 describes that this magnetic
circuit model is developed to the reluctance network
model, to analyze more complicated devices such as an
electric motor. The Chapter 4 describes that the magnetic
circuit model, presented in the Chapter 2, is improved to

Corresponding author: Y. Hane (e-mail: yoshiki.hane.e2@
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take the dynamic hysteresis characteristics including the
skin effect into account. The Chapter 5 describes the
prediction method of the deteriorated hysteresis loops in
core material due to machining process.

2. Magnetic Circuit Model Considering Magnetic
Hysteresis Behavior by Incorporating Play Model

In this Chapter, the magnetic circuit model
considering the magnetic hysteresis behavior by
incorporating the play model 9 19 and the derivation
method of the play model by using the simplified Landau-
Lifshitz-Gilbert (LLG) equation V13 which are the
bases of the analyses in the following chapters, are
described.

2.1 Basis of magnetic circuit method

Fig. 1(a) illustrates a ring core with a winding of N
turns. A cross section, magnetic path length, and
permeability of a core are S;, i, and g, respectively. When
current i flows in the winding, a relationship between
magnetomotive force (MMF) Ni and flux ¢ can be
expressed in the following equation 14:

l
Ni=R ¢,where R =——.
S,
In Eq. (1), letting Ni and ¢ correspond to voltage v and
current / in an electric circuit, it is understood that the

(D

same relationship as the Ohm’s low exists between Ni and
#. Accordingly, a ring core in Fig. 1(a) can be expressed
in the form of a magnetic circuit shown in Fig. 1(b). In
this figure, R, which corresponds to a resistance in an
electric circuit, is called “reluctance”.

As mentioned above, there is a high degree of
similarity between magnetic and electric circuits.
However, actual magnetic material has the magnetic
nonlinearity due to the magnetic saturation and
hysteresis and causes the iron loss due to the magnetic
hysteresis and eddy current. Therefore, it is necessary to
derive the magnetic circuit model taking these
complicated magnetic phenomena into consideration, to
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(b) Magnetic circuit.

(a) Ring core.
Fig. 1 Ring core and its magnetic circuit.

obtain more accurate calculation result.

2.2 Derivation of magnetic circuit model considering
magnetic hysteresis behavior

The iron loss of soft ferromagnetic material W; can be
approximately calculated as the sum of hysteresis loss,
classical eddy current loss, and anomalous eddy current
loss, by using the following Bertotti’s equation 2.

W=AfB +Af'B’+Af °B", ©)

where a frequency is f, maximum magnetic flux density
is Bm, and coefficients are A, Ae, and A4q, respectively. Here,
Fig. 2 shows a schematic diagram of the hysteresis loop
under ac excitation. The magnetic field H at the operating
point ¢ in this figure can be represented by the sum of the
component between a and b determined by the dc
changes depending on the time derivative of the magnetic
flux density B. Therefore, a relationship between H and B
dB dB
H, +y,—+r|—
H = ’ 3)
0.5
dB dB dB
—<0

dt dt dt
respectively. In Eq. (3), each of the first, second, and third
terms represents the dc hysteresis, classical eddy current
equation can be transformed into a relationship between
Ni and ¢ as follows:

hysteresis and the component between b and ¢ which
can be obtained as follows:
0.5 dB
—>0
dt dt dt
Hdc+7l__7/2 _

where the dc field is Ha, and coefficients are y1 and o,
loss, and anomalous eddy current loss, respectively. This

0.5
v do, 7. |do
S dt S |dt
Eq. (4) can be expressed as the magnetic circuit model
shown in Fig. 3. In this model, several kinds of
representation methods of the dc hysteresis have been

proposed, such as the look-up-table 1, simplified LLG
equation 1913 and play model 9: 19, while the classical

Ni = Hdc li + (4)

and anomalous eddy current losses are simply denoted by
the inductance element and dependent source of flux,
respectively.

Among the above dc hysteresis models, when using
the look-up-table in the magnetic circuit model, it is
possible to calculate the hysteresis loops under
sinusoidal and square voltage excitations, while the
minor loops cannot be simulated under PWM excitation.
On the other hand, when using the simplified LLG
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DC hysteresis loop

Fig.2 A schematic diagram of the hysteresis loop under
ac excitation.

p DC
¢ I_) B= 5 hysteresis
—
de[f I
Ni 7,
A £
— Sf
0.5
1 1o P
SO dt

Fig. 3 Magnetic circuit model considering magnetic
hysteresis behavior.

equation (the principle and simplification process are
explained in the Section 2.4), although the minor loops
can be accurately simulated, the calculation time tends
to be longer because repeat convergence calculation is
indispensable. On the contrary, it is possible to calculate
the hysteresis loop with not only high accuracy but also
high speed by using the play model (the principle is
explained in the Section 2.3).

Next, the identification method of parameters y1 and
72 1s described. Assuming that a flux density waveform is
sinusoidal, ; can be obtained from Eq. (3) as follows:

)

where a period is 7 and mass density is ¢;, respectively.
Dividing both sides of Eq. (5) by f; the following equation

1 B(1=T)

2 2 B2 L5
(= H dB+L

2 7.8,
8 £ 4876322

L5
Tq **e= q, q f

is given:
2 2 1.5
Vi o)+ 2208 o 3763000 pos
S q, q,
where the constant 8.673 is obtained by numerical
integration. Here, y1 is given by the following equation
based on the classical eddy current theory:
od’
71 )
12

where conductivity is o and thickness of a steel sheet is
d, respectively. Then, y> can be determined by
approximating the core loss curves of core material by
using the least squares method based on Eq. (6), as
shown in Fig. 4.

(6)

(7
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Fig. 4 Measured core loss and its approximate curves of
a non-oriented silicon steel with a thickness of 0.35 mm.

2.3 Principle of play model

Fig. 5(a) illustrates a schematic diagram of the play
model 9, which is one of phenomenological hysteresis
models. In this model, each play hysteron pi(x), which has
different value of width 2¢ and depends on not only the
input x but also the past hysteresis as shown in Fig. 5(b),
is defined as follows:

p.(x) =max(min(p,,x+¢),x—-¢) (i=1~N), (®)
where a value of pi(x) in the previous calculation step is
pio. Then, a single-valued shape function fi(pi(x)), which
reflects magnetic properties of arbitrary core material,
takes each of pi(x), and the output y is obtained by the
following equation:

y= Zf (p,(), ©9)

Here, the shape function is identified from a large
number of measured dc hysteresis loops with various
maximum flux densities.

The play model can simulate arbitrary hysteresis
behavior including complicated minor loops under PWM
excitation. Besides, this model has the advantage of fast
calculation because no convergence calculation is
required. However, the acquisition of a lot of measured
data described above has been a large obstacle in
practical use.

To overcome the above problem, the efficient method,
which obtains the play model from the dc hysteresis loops
calculated by the simplified LLG equation, was presented
(the specific procedure is explained in the Section 2.5). In
this way, only two or three dc hysteresis loops have to be
measured 10,

2.4 Principle and simplification process of LLG equation
Micromagnetics is one of physical models based on the
LLG equation !0, which can simulate the hysteresis
behavior and magnetization distribution inside a
magnetic substance. When an analytical region is divided
into n elements, the behavior of each magnetization can
be represented by the following equation:
dm,
a (10)
where the normalized magnetization vector in each
element is m;, the gyromagnetic ratio of electron is y, the
damping constant is @, and the effective field in each

:—|7|(m, x H

dm.
- ) t+a(m x—- i=1~n),
g ) Talm, dt) ( )

24
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Play hysterone  Shape function
(a) Schematic diagram of the play model.
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(b) Behavior of the play hysteron.
Fig. 5 Principle of the play model.

element is Heyi, respectively. Her; 1s given by the
following equation:

H =H +

off i app_i

Huni i+HexL‘ I+H

mag_i”? (1n
where the applied field is Hayp i, the anisotropy field is
Hui i, the exchange field is Hex i, and the magnetostatic
field is Huag i (including the demagnetizing field), in each
element, respectively.

Though the original LLG equation can express micro
magnetic phenomena in detail, including the magnetic
anisotropy, domain wall motion, and interaction between
magnetizations, the micromagnetics model is too large
and complicated to be applied to analysis of electric
machines. To overcome this issue, Ref. 11) presented a
simplified method for approximately expressing the
magnetic hysteresis by providing several assumptions.

The first assumption is that originally multi-domain
structure in each crystal grain is regarded as single-
domain one, to significantly reduce the number of
elements and thereby the computer memory. Here, Hex ;,
which expresses the domain wall motion, is neglected. On
the other hand, since the magnetization reversal due to
the domain wall motion cannot be expressed, each
magnetization is made easier to rotate by making the
coefficient representing strength of the anisotropy field
smaller than the actual physical constant.

Next, Huag i, which expresses the interaction between
magnetizations, are approximated as the function of the
average normalized magnetization, which is called “the
field generated by the magnetoelastic energy”, to shorten
the calculation time to be practical.

Furthermore, the magnetoelastic effect, internal
stress, lattice defect, etc. are approximately considered
by determining the coefficients of Huni i and Hew i 0 as to
match the measured hysteresis loop.

From the above, He: is given by the following
equation in the simplified method:

Journal of the Magnetics Society of Japan Vol.46, No.2, 2022
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H, (12)

where the field generated by the magnetoelastic energy
in each element is Heiq i. In Eq. (12), Hani ; is given by the
following equation:

a hani i 2
H, = —a—m{T(ali2a2‘2 +a, a312 +a3,2a1,2)}, (13)

where the coefficient of the anisotropy field is A i, and
direction cosines of magnetization vectors with respect to
x, y, and z axes (easy axes) of each grain are ai;, a2, and
a3i, in each element, respectively. Here, 4ani i has a normal
distribution with the average value of /. and standard
deviation value of ouwi, and easy axes of each
magnetization are randomly distributed. 4w and oun are
determined by the following empirical formulas:

=H +H +H

app _i ani _i ela_i”

h .=25

ani

M
—H(B=0),
B

0, = 0.25h (15)

where the spontaneous magnetization is M;. Besides, Aani
is smaller than the actual physical constant as
mentioned above. On the contrary, He. i is given by the
following equation:

0 I

=——)| —> b, |,

om \ M "7 Y
where the generic term of coefficients of Taylor expansion
is by, and the average normalized magnetization is 7,
respectively. Here, by is determined by using the Gauss-
Newton method so that an error between the measured
and calculated hysteresis loops is the smallest. Fig. 6
illustrates the relationship between the parameters hami
and by, and a shape of the hysteresis loop. As shown in
these figures, the coercive force is proportional to 4ai, and
the magnetic nonlinearity due to the saturation is
represented by by, which is determined from a shape of
the rising curve in the first quadrant.

(14)

ani?

(16)

ela_i

2.5 Derivation method of play model by using simplified
LLG equation

As described in the Section 2.3, the play model can
calculate the dc hysteresis loop with high accuracy and
high speed, though a large number of measured dc
hysteresis loops with different maximum flux densities
are required to derive it. On the other hand, as mentioned
in the Section 2.4, the simplified LLG equation can
calculate the dc hysteresis loop with arbitrary maximum
flux density at high accuracy despite relatively long time.
In view of these advantages and disadvantages of both
methods, Ref. 10) presented the practical method for
deriving the play model by using the simplified LLG
equation, and the magnetic circuit model incorporating
the obtained play model.

The specific procedure of the proposed method is
described below. First, two or three dc hysteresis loops
are measured, and the parameters of the simplified LLG
equation are determined. Next, a number of dc hysteresis
loops with different maximum flux densities are
calculated by the simplified LLG equation. Table 1 shows

Journal of the Magnetics Society of Japan Vol.46, No.2, 2022

Nonlinearity is
represented by b, -
Coercive force is
proportional to hqy; .

.

Fig. 6 Relationship between parameters of the
simplified LLG equation and a shape of hysteresis loop.

Table 1 Parameters of the simplified LLG equation of a
non-oriented silicon steel with a thickness of 0.35 mm.

n 2048 bs | —7.70 x 10*
M, 1.8 b | 4.13x10°
hani 110 bix | —1.30 x 10°
Cani 27.5 b | 2,50 x10°
by 1.55 x 102 bis | —2.86 x 10°
by | —2.65x 102 bis | 179 x 108
bs | 7.85x10° by | —471x10°

the parameters of the simplified LLG equation, which are
obtained from the measured dc hysteresis loop with B, =
1.6 T. Fig. 7(a) shows the comparison of measured and
calculated dc hysteresis loops. From this figure, it is clear
that measured and calculated results are in good
agreement. Fig. 7(b) shows a lot of dc hysteresis loops
calculated by the simplified LLG equation, which are
used to obtain the play model instead of measured ones.

2.6 Simulation results by magnetic circuit model
incorporating play model

In Ref. 10), the magnetic circuit model incorporating
the play model was proposed and coupled with an electric
circuit, as shown in Fig. 8, to calculate the hysteresis
loops when a ring core is excited by sinusoidal and PWM
voltage. Fig. 9(a) and (b) show the comparison of
measured and calculated hysteresis loops under
sinusoidal voltage excitation, when B, =0.4 T, 0.8 T, and
1.2 T and f'= 50 Hz and 300 Hz, respectively. From these
figures, it can be seen that measured and calculated
results are in good agreement with various maximum
flux densities and frequencies. Fig. 10(a) and (b) show the
comparison of measured and calculated current
waveform and hysteresis loop under PWM voltage
excitation. As shown in these figures, the complexly
distorted current waveform and the hysteresis loop
including the minor loops are almost accurately
simulated.

The above-described magnetic circuit model can
relatively easily analyze the magnetic hysteresis with

25
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high accuracy and high speed. However, this method can
be applied only for the objects with simple shapes such as
a ring core, since it is generally difficult to apply the
magnetic circuit method to analysis of devices with
complicated structure or flux distribution, including an
electric motor. Hence, a more detailed model, namely the
reluctance network analysis (RNA) model, is necessary.
Therefore, in the Chapter 3, the magnetic circuit model
incorporating the play model is extended to the RNA, to
analyze various kinds of electric machines considering
the iron loss caused by the magnetic hysteresis behavior.

3. RNA Model Considering Magnetic Hysteresis
Behavior by Incorporating Play Model

The RNA expresses an analytical object by one
reluctance network. All the reluctances can be
determined by B-H curve of material and dimensions 17.

~ 2 ‘
b —— Measured
e 1.5} - Calculated
z !

g 0.5

'; 0

=-0.5

2

B -1

1.5

=

-1300-1000-500 0 500 1000 1500
Magnetic field H (A/m)

(a) Measured and calculated dc hysteresis loops of a non-
oriented silicon steel with a thickness of 0.35 mm.

(e —_
hnh O© WD = U N

1
. (=}
—_

1
—_
(oAl

Magnetic flux density B (T)

-1%00-1000 -500 0 500 1000 1500
Magnetic field H (A/m)

(b) Calculated dc hysteresis loops of a non-oriented
silicon steel with a thickness of 0.35 mm from B, = 0.04 T
to 1.6 T at intervals of 0.04 T.

Fig. 7 Calculated dc hysteresis loops by using the
simplified LLG equation.

DC hysteresis

B =2 Playmodel
S,
]
7]
A

s .
8 ar

Fig. 8 Magnetic circuit model incorporating the play
model.

Classical eddy current loss

Anomalous eddy current loss
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_ 16
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P 12 Calculated
= 0.8
% 0.4
=

0
5
=-04
8
sl -0.8
F-12
= -1

400 200 0 200 400
Magnetic field H (A/m)
(a) f=50Hz.
_ 16
::', —— Measured
= L2y Calculated
? 087 Bm = 12 T
g 0.4 B,=08T
—: 0* Bill = 04 T
= 0.4 '
.2
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2 S —
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Fig. 9 Calculated hysteresis loops by using the
magnetic circuit model incorporating the play model
under sinusoidal voltage excitation.
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(a) Current waveform.
1.6 : ; :
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Magnetic field H (A/m)

400

(b) Hysteresis loop.
Fig. 10 Calculated current waveform and hysteresis
loop by using the magnetic circuit model incorporating
the play model under PWM voltage excitation.
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The RNA has some advantages such as a simple model,
fast calculation, and easy coupling with an external
electric circuit and motion equation. In addition, the RNA
can express flux distribution inside the analytical object.
Thus, the RNA has been applied to the analyses of
various kinds of electric machines, including an electric
motor 1820

In this Chapter, the basis of the RNA is explained first,
and then the derivation method of the RNA model
considering the magnetic hysteresis behavior is
described. Ref. 21) and Ref. 22) previously proposed the
RNA models incorporating the Preisach model 23 and
Loss Surface (LS) model 29, respectively, which are ones
of phenomenological hysteresis models, and these RNA
models are applied to the analyses of permanent magnet
(PM) motors. However, these hysteresis models
essentially require high computer memory. Moreover,
neither RNA models are insufficiently validated because
measured and calculated results have never been
compared. Therefore, this chapter introduces the RNA
model incorporating the above-described play model and
some of its analysis examples 2528,

3.1 Basis of RNA

In this section, a conventional method for deriving a
two-dimensional (2-D) RNA model is described 17, taking
a cut-core made of a non-oriented silicon steel with a
thickness of 0.35 mm shown in Fig. 11(a) as an example.

First, an analytical object, which consists of a core and
a peripheral air region, is divided into multiple elements,
as shown in Fig. 11(b). Each divided element is
represented by a unit magnetic circuit composed of four
reluctances, as shown in Fig. 11(c).

Among them, reluctances in a rolling direction are
determined in consideration of the magnetic nonlinearity
as follows:

H=aB+aB", (17)
where coefficients are a1 and aw. Also, order m is
determined by strength of the nonlinearity of the B-H
curve. From Eq. (17), a relationship between MMF fin and
flux ¢ in each reluctance can be expressed by the
following equation:

(all a,l m,)
L=l —+—=9¢" |4, (18)
s S
where an average cross-sectional area and magnetic path
length of each element are S and /, respectively. Therefore,
the nonlinear reluctance Ruw/ is given by the following
equation:

al al .,
R, =—+—"-¢". (19)
s S

m//

Next, reluctances perpendicular to a rolling direction
are needed to be determined in consideration of flux
passing through nonmagnetic layers between steel
sheets. In general, the reluctance R.. 1s given by the
following equation using the effective permeability z:

Journal of the Magnetics Society of Japan Vol.46, No.2, 2022

(a) A cut-core used in the examination.

(c) 2-D unit magnetic circuit.
Fig. 11 Conventional derivation method of the RNA
model of a cut-core.

/

WS
Here, a core is composed of laminated steel sheets with
the permeability s and nonmagnetic layers with the
vacuum permeability o at a ratio of dr: (1-dy), where a
space factor of a core is dr. Hence, y is given by the
following equation:

(20)

ml

— =t . (21)
H,

If flux flowing perpendicular to laminated steel sheets is
so small that the saturation does not occur, u is
sufficiently larger than . Thus, Eq. (21) can be
approximated as follows:

1 1-d ,
- = . (22)
H H,
Therefore, R is given by the following equation:
(1-d,)!
R = — (23)
#,S

Moreover, the reluctance Rus in an air region
surrounding a core is simply given by the following
equation:

R,=—. (24)
#,S
Fig. 12 shows an example of the conventional RNA
model. In this figure, MMF generated by winding current

27
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-W\— Rolling direction
—WA\— Perpendicular direction
—W\— Air region

Fig. 12 Conventional RNA model of a cut-core.

is placed in the position where a winding is applied. As
shown in this figure, the conventional RNA model
consists of only reluctances and MMF. Hence, the
magnetic hysteresis not taken into
consideration. Therefore, in the Section 3.2, the play
model described in the Chapter 2 is applied to the RNA
model.

behavior 1is

3.2 RNA model incorporating play model

Fig. 13 shows the RNA model incorporating the play
model 25, In this model, the reluctances in a rolling
direction, which are conventionally given by Eq. (19), are
represented by the play model and magnetic circuit
elements. On the contrary,

the reluctances in a

perpendicular direction and an air region are given by Eq.

(23) and Eq. (24) in the same way as the conventional
RNA model, respectively.

Fig. 14(a) and (b) show the comparison of measured
and calculated hysteresis loops under sinusoidal voltage
excitation, when B, =0.4 T, 0.8 T, and 1.2 T and /= 50 Hz
and 300 Hz, respectively. From these figures, it is
understood that measured and calculated results are in
good agreement.

In addition, Fig. 15 indicates the calculated hysteresis
loop in a certain divided element of the RNA model. As
shown in this figure, the magnetic hysteresis inside a
core, which is generally difficult to measure and calculate,

can be drawn, though its wvalidity should be
experimentally proved.
3.3 Analysis of switched reluctance motor

In the previous research, the RNA model

incorporating the play model, which is described in the

B %Plav model

“~ I Rolling direction

—W\— Perpendicular direction
—W\— Air region

RNA model of a cut-core incorporating the play

Fig. 13
model.

28

Section 3.2, has been applied to the analyses of a PM
motor 26, three-phase-laminated-core variable inductor
2D and switched reluctance (SR) motor 28. Among them,
the analysis result of the SR motor is reported as a
representative in this section.

Fig. 16 shows specifications of the SR motor with 4-
slots and 2-poles used in the examination. The core
material is a non-oriented silicon steel with a thickness
of 0.35 mm.

Fig. 17 shows a schematic diagram of the RNA model
of the SR motor incorporating the play model. The
reluctances in stator and rotor cores are given by the play
model and magnetic circuit elements. The reluctances
between a stator pole and yoke, and between adjacent
stator poles, are simply given by Eq. (24). MMF at each
stator pole is generated by winding current.

L6 :
= —— Measured
2] L2r Calculated
g’ 08 p —1o7
£ 04 B,=08T
'; ol B,=04T
=
=-04
-2
) -0.8
F-1.2
= | | |
-400 =200 0 200 400
Magnetic tield H (A/m)
(a) f=50 Hz.
16
=) 1o Measured
m | Calculated
z 08 p
é 0.4t B
=
w 0 B
=]
=-04
2
5 -0.8
=
F-12
= -1
—2?00 -200 0 200 400
Magnetic field H (A/m)
(b) =300 Hz.

Fig. 14 Calculated hysteresis loops by using the
magnetic circuit model incorporating the play model
under sinusoidal voltage excitation.

0.4

0.2

-0.2

Magnetic flux ¢ (mWb)
=

_044 -2 0 2 -+

Magnctomotive force f;” (A)

Fig. 15 Calculated Hysteresis loop in a certain divided
element of the RNA model.
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In addition, since an SR motor has salient pole

mEE e Fig. 19 Electric- and magnetic- coupled model of the SR
structure, flux distribution around stator and rotor pole

motor.

tips dynamically changes with rotation 1. Hence, the
magnetic circuit around pole tips and air gap 1is 10
represented by the variable reluctances depending on the -r-Measured
rotor position angle as shown in Fig. 18, so that the local 8 [-o-Calculated
saturation and fringing flux can be taken into g 6
consideration. H

The characteristics of the SR motor are calculated by 4
using the above-described RNA model coupled with an =
electric circuit, as shown in Fig. 19. Fig. 20 and Fig. 21 2
show the comparison of measured and calculated iron 0
loss and winding current density versus torque 0 0.02 0.04 0.06 0.08
characteristics, respectively. Here, the calculated iron Torque (N-m)
loss is obtained by subtracting machine output, and  Fig. 20 Measured and calculated iron loss
copper and mechanical losses from electrical input. From characteristics.
these figures, it can be seen that measured and 0.08 o Measured
calculated values are almost in good agreement. However, —o—Calculated
it is not commonly seen in an SR motor that the 50'06 /
calculated iron loss is reduced due to increasing the > ﬁ
torque. The cause of this tendency is considered to be that .004 [{
the machine output, which is the product of torque and E 6/
rotational speed, is two orders larger than iron loss so 0.02
that a slight error of the torque can subordinately affect
the iron loss value. 0

0 5 10 15 20 25
Winding current density (A/mm?)

Furthermore, as shown in Fig. 22, this RNA model
can draw such distorted or dc-biased hysteresis loops in

certain divided elements, even though they should be Fig. 21 Measured and calculated winding rms current

versus torque characteristics.
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Fig. 22 Hysteresis loops in certain divided elements of
the RNA model of the SR motor.

methods incorporating the play model can analyze the
magnetic hysteresis with high accuracy and high speed
by using relatively simple models, However, they cannot
consider the influence of the skin effect because the
classical eddy current loss is denoted by just a single
inductance element based on the classical eddy current
theory. Therefore, there is a possibility for further
improvement in the calculation accuracy of the hysteresis
loop at a high frequency, such as when including the
minor loops generated from carrier harmonics under
PWM excitation, as shown in Fig. 23(a) and (b). Here, a
ring core made of a grain-oriented silicon steel with a
thickness of 0.23 mm is used in the examination. In this
chapter, it should be noted the play model is derived from
only the measured dc hysteresis loops, to more accurately
verify the calculation accuracy by eliminating errors due
to the simplified LLG equation.

To practically analyze taking the skin effect into
account, some kind of approximate calculation is
required, since it is not realistic to perform a three-
dimensional (3-D) analysis by modeling each laminated
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Fig. 23 Enlarged views of measured and calculated
hysteresis loops under PWM voltage excitation (the
classical eddy current is represented by a single
inductance element).

steel sheet from the viewpoint of calculation time and
computer memory. So far, various kinds of methods for
calculating the classical eddy current loss considering the
influence of the skin effect have been proposed for the
FEM.

One of typical methods is a one-dimensional (1-D)
eddy current analysis in the thickness direction for each
mesh as the post-processing based on the result of the
main 2-D FEM, to obtain loss distribution inside a steel
sheet 29, Further, this post 1-D analysis can be
implemented by simultaneously using the play model to
express the dc hysteresis (this method is called “P1D
method” in the following ) 30,

Another representative model of the skin effect is the
Cauer circuit 3V 39 which is a ladder-type electric
equivalent circuit composed of multiple resistance and
inductance elements connected in series and in parallel
as shown in Fig. 24. Using the Cauer circuit, the 1-D
electromagnetic field analysis can be performed by
considering the frequency characteristic of the complex
permeability. In Ref. 33), the 1-D analysis is conducted
by combining the play model and Cauer circuit, when a
ring core is excited by PWM voltage. It was clear that the
hysteresis loop including the minor loops and iron loss
can be calculated with high accuracy. Moreover, in Ref.
34), the post 1-D analysis is implemented by using the
play model and Cauer circuit for each mesh, after the
main 2-D analysis incorporating the play model for a PM
motor. Compared with the above-described P1D method,
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this method has the same calculation accuracy and can
significantly reduce the calculation time. This is because
the Cauer circuit requires low computer memory since
each mesh of the main FEM model is just given by a
simple electric equivalent circuit, while each mesh must
be further divided into multiple elements in the
thickness direction according to the skin depth in the
P1D method.

As described above, various studies for modeling the
skin effect have been conducted. However, none of those
methods has been sufficiently studied because there are
few examples of application to the 3-D analysis. Besides,
since these methods have been used only for the post-
processing, it is desired to establish a more practical
method which can take the skin effect into account
during the electromagnetic field analysis.

Therefore, this chapter introduces the magnetic
circuit model considering the dynamic hysteresis
characteristics including the skin effect, by incorporating
the Cauer circuit in addition to the play model 39. In the
following, it is revealed that this model is improved in the
calculation accuracy of the minor loops, compared to the
previous one.

4.1 Derivation of magnetic circuit model incorporating
play model and Cauer circuit

Fig. 24 shows a schematic diagram of the Cauer
circuit, as explained above. The dc¢ magnetization is
represented by the first inductance Lo, and the frequency
characteristic of the complex permeability due to the
classical eddy current is represented by the part of the
first resistance Ro and after. For practical use, the
theoretically infinite stages of the ladder circuit should
be truncated to finite stages. The frequency
characteristic including the skin effect at a higher
frequency can be expressed as the number of circuit
stages is larger 3V 32, The parameters L and R in the
circuit are given by the following equations:

L=up, (25)
4
R-Gdz, (26)

where the dc permeability is x Here, the units of L and R
are H/m and Q/m, respectively. From Eq. (7) and Eq. (26),
it is understood that Ro (= 3R) is equivalent to the inverse
of y1. Although the Cauer circuit cannot express the dc
hysteresis and anomalous eddy current loss in general,
the improved model shown in Fig. 25 can take them into
consideration 39,

In the magnetic circuit model incorporating the play
model, which is described in the Chapter 2, the
relationship between H and B is given by Eq. (3). On the
other hand, in the Cauer circuit presented in Ref. 33), the

A R(E=3R) R(=7R) R (= (4n+3)R)
< MWy —AWW
% L(=1) L(=L/5) L(=L/(4n+1))

Fig. 24 Schematic diagram of the Cauer circuit.

INDEX

B N
“LB )1{‘:1q“;| )4_ L L,
dt H,
ot
Fig. 25 Cauer circuit taking the dc hysteresis and

anomalous eddy current loss into consideration.

relationship between H and B is given by the following
equations in case of the number of circuit stages is one

and more:
0.5

dem s LB |4 T
“ 3R dt T “|dt > @7
(B 1(dB aB|”
H=H, + — |+—| —=|xC |— n=1),
AR eelal e e

Comparing Eq. (3), Eq. (27), and Eq. (28), the first terms,
which are represented by the play model, and the third
ones, which are given by the product of |dB/di|*> and the
coefficient determined by the core loss curves, are
equivalent, respectively. Next, the second terms are
equivalent in Eq. (3) and Eq. (27) because they both
represent the classical eddy current loss caused by the
main flux and are given by the product of dB/dt and the
coefficient based on the classical eddy current theory. On
the other hand, not only the classical eddy current loss
due to the main flux but also the influence of the skin
effect are expressed in Eq. (28). Hence, the calculation
accuracy of the magnetic circuit model at a high
frequency can be improved by making it equivalent to Eq.
(28). However, it is difficult to express this with just a
single magnetic circuit element.

Therefore, Ref. 35) presented the magnetic circuit
model incorporating the Cauer circuit theory as well as
the play model, as shown in Fig. 26. In this model, the
classical eddy current loss including the influence of the
skin effect is represented by coupling the magnetic circuit
with the ladder circuit, which is equivalent to the part of
Ro and after in the Cauer circuit.

4.2 Simulation results by magnetic circuit model
incorporating play model and Cauer circuit

Fig. 27(a) and (b) show enlarged views of the
comparison of measured and calculated hysteresis loops
under PWM voltage excitation at carrier frequencies f. =
1 kHz and 2 kHz, respectively. Here, the ladder circuit is
terminated by the second stage, that is, the second
resistance Ri. From these figures, it is understood that
the calculation accuracy of the minor loops is further
improved compared to the calculation result shown in Fig.
23.

I

Ladder circuit

Ni <

Fig. 26 Magnetic circuit model incorporating the play
model and Cauer circuit.
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Fig. 27 Enlarged views of measured and calculated
hysteresis loops under PWM voltage excitation (the
classical eddy current is represented by the ladder
circuit).

Fig. 28(a) and (b) show the comparison of measured
and calculated iron loss normalized by the measured
values. Here, the ladder circuit is terminated by the first
and second stages, that is, the second resistance Ro and
R1. The figures reveal that the classical eddy current loss
is reduced when the ladder circuit is terminated by the
second stage, which leads to calculating the iron loss with
higher accuracy. The cause of this result is that the
effective resistance in a steel sheet increases and the
classical eddy current decreases since the eddy current
path becomes narrower due to the skin effect.

Furthermore, to validate the magnetic circuit model
in more detail, the measured and calculated frequency
characteristics of the complex permeability, which are
obtained from the measured and calculated hysteresis
loops with B,,=0.3 T from /= 10 Hz to 2 kHz, are compared.
Fig. 29(a) and (b) show the comparison of real and
imaginary parts of the relative complex permeability. As
shown in these figures, the real part can be expressed
with higher accuracy at high frequencies when the ladder
circuit is terminated by the second stage, while the
accuracy of the imaginary part is high regardless of the
number of circuit stages. The result of the imaginary part
contradicts the above-mentioned improved accuracy of
the iron loss calculation since the imaginary part
physically means the iron loss. The cause of this result is
not clear at present and should be investigated in the
future.
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Classical eddy current loss ™ Anomalous eddy current loss
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Fig. 28 Measured and calculated iron loss normalized
by measured values.
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Fig. 29 Measured and calculated frequency

characteristics of the complex permeability.
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5. Modeling Method of Deteriorated Magnetic
Properties in Core Material due to Machining Process
by Simplified LLG Equation

Magnetic properties of core material are often
deteriorated in machining process, which leads to the
performance worsening of electric machines. Therefore,
the establishment of an analytical method taking
deterioration of magnetic properties due to machining
process into consideration and the optimization of
processing method of core material are essential to
development of high-efficiency electric machines.

So far, various kinds of analytical methods
considering the deteriorated properties caused by
mechanical stress and shrink fitting have been proposed
mainly in Japan 3639 However, these methods have a
practical problem that a large number of experimental
data should be acquired by using several cores to which
different magnitudes of stress is applied. Moreover, most
methods only change the reluctivity and loss coefficient
of core material depending on the magnitude of stress,
and none of them can accurately simulate considering
change in a shape of the hysteresis loop. On the contrary,
in Ref. 40), magnetic properties of core material are
predicted when arbitrary compressive stress is applied,
by formulating the simplified LLG equation, described in
the Chapter 2, considering the influence of stress. In this
method, only the measured data of core material, when
no stress is applied, is required. On the other hand, in
this method, although the tendency of the iron loss to
increase with stress can be expressed, the calculation
accuracy is not sufficiently high (e.g., up to about 1.5
times of larger calculated values of iron loss than
measured ones).

To resolve the above problems, it is necessary to
establish a practical and accurate prediction method of
deteriorated magnetic properties under arbitrary stress
from the minimum essential amount of measured data.
Therefore, this chapter introduces that the simplified
LLG equation is used for the prediction of deteriorated
magnetic properties of arbitrary rolled non-oriented
silicon steels from a small amount of measured data of
the dc hysteresis loops 4V.

5.1 Deterioration prediction method by simplified LLG
equation

Table 2 and Fig. 30 show specifications and
dimensions of tested samples used for measurement. The
sample No. 0 is an unrolled one, and the ones No. 1~4 are
rolled by applying stresses with different magnitudes so
that each one has a different thickness. The rolled ratio,
shown in Table 2, represents a reduction rate of a
thickness of each rolled sample relative to the unrolled
one. Fig. 31 shows the measured dc hysteresis loops with
By =1.0 T for each sample. As shown in these figures, a
shape of the hysteresis loop remarkably changes from the
original state in machining process.

In Ref. 41), the relationship between the rolled ratio
and the parameters of the simplified LLG equation /ani
and by, which determines a shape of the hysteresis loop
as shown in Fig. 6, is focused on. Table 3 shows the
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Table 2 Specifications of test samples.

Sample No. 0 1 2 3 4

Rolled ratio| % 0 3 6 9 12
Density | kg/m’ 7600

£

on

<«
180mm Depending on the
rolled ratio
y Yy

Lo L.

Fig. 30 Dimensions of test samples.

o
(=] [ —

Magnetic flux density B (T)
S
W

-1
-2000

-1000 0 1000
Magnetic field H (A/m)

Fig. 31 Measured dc hysteresis loops of each samples
with B»=1.0T.

2000

Table 3 Parameters of the simplified LLG equation of
samples No. 0~4.

No. 0 1 2 3 4
hani 109 404 471 546 611
b, —151 2.86x 102 343 x10% 4.41x10% 5.00x 107
by 821x10% 224x103 2.80x10% 3.04x10% 3.65x 103
by |-161x10% 576x10% 574x10% 6.01x10% 6.12x 103

by | 2.10x10%—1.24 x 104 —1.28 x 101 —1.35 x 10% —1.42 x 10*
by |-139x105 9.50x103 9.60 %103 9.85x 103 1.05x 10*
by, | 539%109 - - -
~1.28 x 107 - -

big 1.83 x 107 - -
byg | —1.44 x 107 - -

4,78 x 108 - -

calculated parameters of the simplified LLG equation,
and Fig. 32(a) — (e) show enlarged views of the calculated
dc hysteresis loops using the parameters shown in this
table. From these table and figure, it is understood that
measured and calculated results are in good agreement
for each sample.

First, the prediction method of A is explained by
using the values shown in Table 3. Fig. 33 shows the
relationship between the rolled ratio x and Zai of each
sample. From these figures, it seems that /Juu
monotonically increases as x increases. Here, to predict
hani at the arbitrary rolled ratio, Aai(x), which is the ratio

33
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of hani of rolled and unrolled samples, is defined as the
function of x as follows:

h (x) =t

hani (0) '

Fig. 34 shows the relationship between x and Zai(x). As
shown in this figure, Awmi(x) changes almost linearly at
the rolled ratio of from 3% to 12%. Therefore, can be
approximated by the following linear function:

h, (x)=ax+f, (30)
where coefficients are « and B It may be possible to
predict hau at the arbitrary rolled ratio by using Eq. (30),
though it is necessary to consider how to function Aai(x)
at the rolled ratio of from 0% to 3% in the future.

Next, the prediction method of by is explained. Fig.
35(a) — (e) show the relationships between x and b2~b1o of
each sample. From these figures, it is revealed that b2~b1o
do not monotonically change with respect to x, unlike the
case of hai. Hence, since it is difficult to give the
relationship between x and b2~bio by a simple relational
expression, it is necessary to predict b2~bio in another

(29)

(¢) No. 2 way. Here, ba~bio express the nonlinearity of the rising
.57 Measured. curve in the first quadrant as described above, that is to

say, bx~bio of the rolled samples can be determined by
predicting the nonlinearity of their hysteresis loops. Thus,

! g(B), which is the function of B, is defined as follows:
B,=10T 1 Hp“) (B)
T e
B,=05T anir nonpre( )

where the magnetic field on the ascending curve of the
hysteresis loops of rolled and unrolled samples, where B
is pOSitiVe, is Hpre(B) and I'Inonpre(B)7 reSpeCtiVely. Flg. 36

(d) No. 3 shows g(B) derived for each sample and average values.
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Fig. 32 Measured and calculated dc hysteresis loops of

each sample. Fig. 34 Relationship between x and Aani(x).
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From these figures, it is understood that g(B) of each
sample has almost same values regardless of x. Hence,
gave(B), which is the average of g(B) of each sample, can be
approximated as the polynomial function as follows:

g (B)=aB +bB' +cB’ +dB’ +eB+1, (32)

where coefficients are a, b, ¢, d, and e. Substituting Eq.
(32) into Eq. (31), the following equation can be obtained:

Hpre (B) = ham'r x Hmmpre (B) x guv@ (B) (33)
Therefore, the nonlinearity of the rising curve of the
hysteresis loop of the arbitrary rolled sample can be
predicted by calculating Hyr(B) using Eq. (33).

The predicted dc hysteresis loops are compared with
the measured ones, to confirm the validity of the
proposed method, as shown in Fig. 37(a) — (d). These
figures clarify that measured and predicted results are
almost in good agreement for each sample.

Moreover, in Ref. 42), the prediction method in the
case of higher rolled ratio is examined and its validity is
indicated, though that is omitted in this paper.

6. Conclusion

This paper presented various studies on the
hysteresis modeling for electric machines based on the
magnetic circuit method. It was clear that the iron loss
including the magnetic hysteresis behavior can be
calculated at high accuracy with a relatively simple
model based on the RNA, even for machines with complex
shapes such as an electric motor. In addition, it was
found that the magnetic circuit analysis considering the
skin effect and the deterioration prediction of machined
core’s magnetic properties are possible, so that further
improvement in the calculation accuracy of the RNA is
expected by incorporating them. Furthermore, the
proposed method does not require a high-performance
computer for conducting a large-scale numerical analysis
and special experimental equipment for measuring a lot
of hysteresis loops with high accuracy, hence it will be
one of the practical solutions for design and analysis of
electric machines.
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3D magnetic field vector measurement by magneto-optical imaging
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Magneto-optical (MO) imaging using MO imaging plates is a magnetic imaging technique that enables real-time
measurements and is expected to be used for non-destructive testing and for observing the magnetic domains of
magnetic materials. In this study, we propose a quantitative measurement method for three dimensional (3D)
magnetic field vector measurements. The x- and y-components of the magnetic fields within the measured plane are
calculated from the measured z-component by using a signal transformation method based on magnetic field transfer
functions. Furthermore, the magnetic field distributions at different heights are also obtained from a one-shot image.
In this paper, 3D magnetic field vector measurements are demonstrated for ferrite magnets and an electrical steel

sheet.

Key words: magneto-optical imaging, MO imaging plate, polarization camera, magnetic field vector

1. Introduction

Magneto-optical (MO) imaging using an MO imaging
plate is a technique to visualize a strayed magnetic field
by utilizing the MO effects V1V, By using bismuth-
substituted iron garnets, which exhibit a large Faraday
effect in the visible light region, as the MO imaging plate,
observation of magnetic domains in magnetic materials
and in-situ observation of magnetic flux quanta in
superconductors 2 have been realized with high spatial
resolution and magnetic field sensitivity 9. In addition, it
is attracting attention as a large area magnetic
measurement technology that could replaces the
scanning hall probe method ¥, since the large MO
imaging plates using large glass substrates have been
developed 417 In MO imaging, it is necessary to
calibrate the magnetic field from the light intensity in
order to quantitatively measure the magnetic field
distribution, although it is a simple method that can be
measured using an optical system like a polarizing
microscope. Jooss et al. have proposed a method to
calibrate the magnetic field from the light intensity in the
crossed Nicol method, in which the large number of
parameters to be measured beforehand 4-5. We proposed
the circular polarization modulation method to
quantitatively measure the rotation angle and the
ellipticity simultaneously, which can be applied to the
MO imaging ©. However, it was difficult to realize the
real-time measurement because three images measured
with linearly-, right circularly- and left circularly-
polarizations had to be measured.

In this paper, we report on an MO imaging technique
that quantitatively measures the magnetic field
distribution from the one-shot image measured using the

author: T. Ishibashi (e-mail:

t_bashi@mst.nagaokaut.ac.jp).

Corresponding

Journal of the Magnetics Society of Japan Vol.46, No.2, 2022

polarization camera that has been widely used in the
industry in recent years. We also report on a signal
transformation method that calculates the magnetic field
vectors from a measured MO image. In this paper,
measurements of the magnetic field distributions of
ferrite magnets are demonstrated. A measurement of an
electrical steel sheet is also demonstrated.

2. Methods

2.1 MO imaging using the polarization camera

The polarization camera is a camera having a structure
that integrates an image sensor with a micro-polarizer
array consisting of multiple polarizers with different
angles of polarization, 0°, 45° 90° and 135°, formed
according to the pixel size 19. Therefore, four different
polarization images with polarization angles of 0°, 45°,
90° and 135° are measured with one-shot measurement.

This means that rotation angles of polarization are
quantitatively measured with a one-shot measurement
using the polarization camera. Consequently, once four
polarization images with intensities (lpo, I45e, Igge, I135°) ,
we can obtain the Stokes parameter, Sy, s; and s, as
described by

So (Ioe + Lage + Ioge + I1350)/2
S1 = Tope — Igge .

S2 45 — I1350

€]

The relation between the Stokes parameter and the
polarization state is defined by

So 1
<51> = (cos 21n cos 29> k
S2 cos 27 sin 26

where intensity is normalized as sy, =1, 6 is the
rotation angle of the polarization plane and 75 is the
ellipticity. Consequently, the rotation angle 6 can be
written by

)
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0= ltan_1 (5—2) 3)

2 S1

In MO imaging, since the rotation angle due to the MO
effect is measured, it is necessary to adjust the origin of
the polarization, 8 = 0°, corresponding to the absence of
an applied magnetic field, which could be obtained by
subtracting a background image from a measured image.
In addition, the rotation angle measurement using the
polarization camera has a disadvantage that it analyzes
one polarization from four adjacent pixels, which may
result in deterioration of the spatial resolution. For this
problem, the pixel interpolation method using Fourier
analysis has been proposed 19.

2.2 Transformation of magnetic field

Fig. 1 shows a schematic drawing of calculation model
for the MO imaging. The magnetic field H(r) at the
measurement point r (= (x,¥,z)) in the MO imaging
plate is given by the convolution integral of the magnetic
pole p(r") at the certain place r'(= (x',y’,z")) on the
sample surface and the transfer function Gy, which is
given by

H(r) =f

r

P Gu(r—7')dr, (4)
where Gy (r) is given from Coulomb's law for magnetism
20) gg

T

Gy(r) = )

4|3
In the frequency domain, the convolution integral in
Eq. (5) is given in the form of multiplication according to
the convolution theorem as
H(ky, ky,z) = p(ky by, 2" )Gu(ke, ky,z—2"),  (6)
where H(kx, ky,z) and GH(kx, ky, z) are the Fourier
transforms of the magnetic field distribution and the
transfer function. Consequently, the Fourier transforms
of x-component of the magnetic field distribution H, (r)
and y-component of the magnetic field distribution H,,(r)
can be deduced from z-component of the magnetic field

H(r)
MO imaging plate é
z
I r Gy(r—r")

Y J
r__»e p(r’)/y
4

Sample

]
x

Fig. 1 Schematic drawing of calculation model for
MO imaging.
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distribution H,(r) and the transfer functions as

Gy (kx,ky,z -z )

H,(k ,k ,Z) = H,(k 'k ,Z
x(x y ) GHZ(kx,ky,Z—Z/) Z(x y )
= T[Hz - Hx]Hz(kx' ky: Z) (7)
and
Guy (ki k ,Z—Z/
Hy(kx'ky’z) = Y( — 7 )HZ(kx' ky'z)
Gy, (kx,ky,z—z )
= T[H, - Hy|H,(ky. ky,2), (8)

where components of Gy (kx, ky, Z) are given by

—ik,

GHx(kx, ky,z) =————=—exp <— /kxz + kyzz>, ©))
2uq /kxz +k,?
o (it z) = ——9 o= [+ 1.2
iy (K Ky, 2) = exp ke +ky"z |, (10)
2uo ,kxz + ky2

1
Gz (ky by, 2) = 20 P (— /kxz + kyzz> )

Consequently, the transformation filters, T[H, — H,]
and T[HZ - Hy], are given by

an

—ik
T[H, — Hy] = ——, (12)
ke +k,”
and
—ik,
T[H, - H,)] = 13)

/kxz +k,’

Finally, H,(r) and H,(r) are obtained by as the
inverse Fourie transforms of H,(k,, ky, z) and
Hy(ky, ky, z), respectively.

Furthermore, the signal transformation based on the
transfer function can be used to calculate H,(x,y,z + Az)
at a position that is increased by a certain distance Az

from the measured H,(x,y,z) . In this case, the
transformation filter T[H,,z — z + Az] becomes
T[H, z > z + Az] = exp <— /kxz + kyZAz>. 14

By combining the distance transformation method with
the x- and y-components calculation method, it is possible
to obtain the three dimensional (3D) magnetic field
distribution from the one-shot measurement.

3. Experimental

3.1 MO imaging system using the polarization camera
Fig. 2 shows a schematic drawing of the MO imaging
system used in this study. A red LED panel (MISUMI,
LEDXR120) with a central wavelength of 630 nm was
used as a light source. The linearly-polarized light
obtained by a polarizer put on the LED panel vertically
illuminated the MO imaging plate. The reflected light
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was reflected by a half mirror and captured by a
polarization camera (Baumer, VCXU-50MP) having a
CMOS with 2448 x 2048 pixels. Image data were
imported to a computer via USB connection and were
processed by a program written in Python. For the MO
imaging plate, Bi-substituted iron garnet films
NdosBi25Fes012, with a thickness of 600 nm were
prepared by a metal-organic decomposition (MOD)
method on a glass substrate (Eagle XG, CORNING).
Details of the garnet films were described in
Ref.14,15,21,22. A 150 nm-thick silver layer was
deposited by the sputtering method on the garnet films
as a reflective film. The Kerr rotation hysteresis
measured by applying a magnetic field in the
perpendicular direction to the plane of the MO imaging
plate is shown in Fig. 3. Here, the Kerr rotation is
equivalent to the Faraday rotation of the garnet film,
since the light goes through the garnet film and come
back after being reflected by the reflective film. The
shape of the hysteresis shows that the rotation angle
varies continuously with the perpendicular magnetic
field, indicating the easy axis of magnetization is in the
in-plane direction. The calibration from the Kerr rotation
angle to the magnetic field was done using a linear
approximation formula obtained within the range of

‘ LED panel (RED)
Python _
A— Polarizer
Digital O,
data
Polarization
camera SO Half
i ¥ mirror
MO imaging plate FF—=23

Az
mmm Sample

Fig. 2 Schematic diagram of MO imaging system
using polarization camera.

oo

S~

Kerr rotation (degree)
(@]

0
Magnetic field (kOe)

Fig. 3 Kerr rotation hysteresis of MO imaging
plate.
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magnetic saturation. Measurement errors caused by
coercivity could solve by using GdsGasO:iz (GGG)
substrates, which exhibit small coercivity 2¥. Four
rectangular-shaped ferrite magnets with a size of 10 mm
x 30 mm X 5 mm were used as a sample. The distance Az
from the MO imaging plate was varied from 0 mm to 10
mm.

3.2 MO imaging of ferrite magnets

Fig. 4 shows a photo of ferrite magnets, H,(x,y,0)
measured by the one-shot measurement with an
exposure time of 10 msec, and H,(x,y,0) and H,(x,y,0)
calculated by the process described in Sec. 2. The 3D
magnetic field vectors plotted using H,(x,y,Az)
measured at Az =0,3,6 mm and calculated H,(x,y,Az)
and H,(x,y,Az) are shown in Fig. 5. The magnetic poles
of the magnets were clearly observed in H,(x,y,0), and it
was confirmed that sufficient contrast could be obtained
even with the one-shot measurement. The values of
H,(x,y,0) consistent with that measured on the sample
surface using a Gauss meter. H,(x,y,0) showed a strong
contrast at the boundaries and left and right edges of the
magnetic poles, and a weak contrast at the center of each

r

[y
[=]

Magnetic field (kOe)

A 4

(a) (b) 0.0
H, HaE &
-1.0
: -15
— —
y(L— -2.0
29 % () @ 131

Fig. 4 (a) Digital photograph and magnetic field
images, (b) measured H,(x,y,0), and calculated (c)
H,(x,y,0) and (d) H,(x,y,0).

0 200

400 600
X (pixel)

800

Fig. 5 3D magnetic field vectors above four ferrite
magnets measured by MO imaging.
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magnet. This result is consistent that the magnetic flux
travels from the N-pole to the S-pole. H,(x,y,0) showed
a strong contrast at the top and bottom edges of the
magnet and a weak contrast at the center, which is
consistent with the behavior of the magnetic flux. These
features are consistent with a result of a simulation
using Femtet (Murata Software Co., Ltd.), which it is not
shown here.

Next, we describe the results of H,(x,y,Az) calculated
from H,(x,y,0) shown in Fig. 4(b). H,(x,y,Az)
calculated at Az =1,5,10 mm are shown in the lower
part of Fig. 6(a), and those of actually measured images
at Az=1,5,10 mm are shown in the upper part for
comparison. The line profiles were measured along the
center of the magnets as shown with a dotted line in Fig.
6(a). In the actual measurement, the intensity decreases
and becomes gradually blurred as the height is increased.
The same trend was confirmed in the results of the signal
transformation. From the results of the line profile
comparison, it was found that the calculated values of the
magnetic fields were in good agreement with the
measured values except in the vicinity of the peaks. For
the height of 1 mm, the calculated data was 18% lower
than the measured data, and for the height of 10 mm, the
calculated data was 11% higher than the measured data.
The difference between the measured and calculated
data may be due to the fact that the image contains
unnecessary information at the edge of the plate and
outside of the MO imaging plate, that is not related to the
magnetic field distributions, or that the sample size is too
large as compared to the size of the image, resulting in
lack of information in the Fourier transforms.

3.3 MO imaging of the electrical steel sheet

We have reported MO imaging over a wide area of a
few centimeters, on the other hand, the spatial resolution
of MO imaging can reach 0.3 pm, indicating the
microscopic scale observations are also possible. The MO
imaging plate was placed on a 0.2 mm-thick unpolished
electrical steel sheet, and MO imaging was performed
with a magnetic field of 465 Oe applied along in-plane
direction. Fig. 7 shows an optical image of the sample
surface, measured H,(x,y,0) and calculated H,(x,y,0),
H,(x,y,0) and azimuth angle ¢(x,y,0) of magnetic field
vector. From H,(x,y,0), strayed magnetic fields from
grain boundaries were clearly observed, and stripe
magnetic domains were also confirmed. The strayed
magnetic field from the grain boundary and the stripe
magnetic domain were also observed in the calculated in-
plane components. Coarse surface observed in the entire
image is thought to be caused by the grain structure of
the garnet. It should be noted that longitudinal Kerr
microscopy, which is commonly used to observe magnetic
domains, requires mirror like surfaces obtained by
surface treatments such as polishing, on the other hand,
the MO imaging using MO imaging plate has capabilities
for visualizing magnetic domain structures without
surface treatment.
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Fig. 6 (a) Measured H,(x,y,Az) at Az=1,510

mm and calculated H,(x,y,Az), (b) line profile along
dotted line.

(b) 0.00

—-0.05

—-0.10

Magnetic field (kOe)

-0.15

-0.20

(e)

Fig.7 (a) Optical image of untreated electrical steel
sheet and magnetic field images, (b) measured
H,(x,y,0) and calculated () H,(x,¥,0) , (d)
Hy(x,y,0) and (e) azimuth angle ¢(x,y,0).

4. Conclusion

The 3D magnetic field vectors measurements in a 75
mm diameter area with the one-shot measurement by
MO imaging using the polarization camera was
demonstrated.

The in-plane components, H,(r) and H,(r), were
calculated using the signal transformation based on the

Journal of the Magnetics Society of Japan Vol.46, No.2, 2022

INDEX



transfer function from measured H,(r) by the MO
imaging. It was also shown that H,(x,y,Az) were
obtained from measured H,(x,y,0). We conclude that
this MO imaging technique combined with the signal
transformation technique could be a powerful tool for
measuring 3D magnetic field vectors in a short time with
high accuracy.
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The magnetization dynamics of magnetic nanoparticles are essential for the medical applications of hyperthermia and
magnetic particle imaging. In this paper, we clarified the AC magnetic susceptibility of superparamagnetic
nanoparticles and their frequency dependence. We measured the AC magnetic susceptibility under an applied DC bias
magnetic field. The frequency dependence of AC magnetic susceptibility was clearly observed. The experimentally
obtained characteristics of the samples with different effective core diameters and dependence on the intensity of the
DC bias magnetic field agreed with the theory assuming a simple particle model. The sample comprising effective core
diameters with a wide distribution exhibited different characteristics than the samples comprising magnetically
fractionated nanoparticles with a narrower core diameter distribution.

Key words: magnetic nanoparticles, superparamagnetic nanoparticles, AC magnetic susceptibility, magnetization

relaxation, Brownian relaxation.

1. Introduction

Magnetic nanoparticles are used in various medical
applications, such as magnetic hyperthermia and
magnetic particle imaging?®. Hyperthermia is a thermal
therapy for cancer that uses magnetic nanoparticles as
heating agents. The magnetic nanoparticles were heated
under an applied AC magnetic field. An AC magnetic
field is also applied in magnetic particle imaging. The
oscillation of the magnetization of the magnetic
nanoparticles is detected from outside the human body.
To realize these applications for clinical use, clarifying
the excitation conditions of the applied AC magnetic field
and the optimum structures of the magnetic
nanoparticles is necessary?-?. Various studies have been
conducted to obtain high heat generation from the
magnetic nanoparticles and sensitive detection of
magnetic  nanoparticles, and elucidating the
magnetization dynamics of the magnetic nanoparticles is
essential®-9).

Furthermore, theranostics, which is a concept of
combined therapy and diagnosis, has been attracting
attention!®1V), For example, a simultaneous diagnosis
using magnetic particle imaging and hyperthermia using
the magnetic nanoparticles has been proposed!12, As a
DC magnetic field of relatively large intensity is applied
in magnetic particle imaging as well as magnetic
resonance imaging where the magnetic nanoparticles are
used as the contrast agent, the magnetization
characteristics and heat generation of magnetic
nanoparticles under an applied DC bias magnetic field
have also been reported!3-15),

AC magnetic susceptibility is one of the significant
indices representing  the  AC magnetization

Corresponding author:
Y. Takemura (e-mail: takemura-yasushi-nx@ynu.ac.jp).
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characteristics of magnetic materials. The heat
generation of the magnetic nanoparticles exhibiting
superparamagnetism originates from the delay in the
relaxation of the magnetic moment with respect to the
applied AC magnetic field®19. Therefore, the imaginary
part of the AC magnetic susceptibility, which reflects the
phase delay, is closely related to heat generation. The
frequency dependence of the heat generation and AC
magnetic susceptibility are essential in terms of
magnetization relaxation1”18),

The magnetization easy axes and the alignment of
magnetic nanoparticles are significant issues in the
applications of hyperthermia and magnetic particle
imaging. High heat generation and large rotation of
magnetization of magnetic nanoparticles are obtained by
aligning and fixing the easy axis of magnetization!9:20,
The harmonic magnetization signal in magnetic particle
imaging is influenced by the direction of AC field and DC
bias field compared to the direction of the signal
detection??. Understanding the magnetization dynamics
of magnetic nanoparticles, especially from the
quantitative viewpoint, by AC magnetic susceptibility
under the DC bias field is critical for their biomedical
applications. We reported the heat dissipation of solid-
state magnetic nanoparticle samples with their aligned
easy axes fixed by a DC magnetic field!®:19, In this work,
the AC magnetic susceptibility of magnetic fluid

nanoparticles under an applied DC bias field was studied.

A similar experiment using magnetic nanoparticles from
a single core was reported as well??. The multi-core
magnetic nanoparticles widely used for biomedical
applications?3:24 were used as samples in this work. We
analyzed the magnetization dynamics and Brownian
relaxation time derived from the measurements. This
study aims to elucidate the magnetic relaxation of
magnetic nanoparticles under an applied DC bias field,
particularly the imaginary part of AC magnetic

Journal of the Magnetics Society of Japan Vol.46, No.2, 2022

INDEX



(a) (b)

Hpe L Hac Hpe | Hye
(Hpe> Hye) (Hpe>» Hye)

Magnehc Magnetic
nanoparticle moment

Fig. 1 Magnetization vrotation of magnetic
nanoparticle under an applied AC magnetic, Hac field
with a DC bias magnetic field, Hpc. (a) Hac L Hpc, (b)
Hpc Il Hpc.

susceptibility, which is a key parameter in the medical
applications of magnetic nanoparticles.

2. Theory

The magnetization process of a magnetic particle with
a single magnetic domain structure is described by the
Stoner—Wohlfarth model2®. As the magnetization of the
particle stabilizes its magnetic internal energy, the
particle exhibits magnetic anisotropy that aligns the
magnetic moment in the stable direction of the energy.
This stable direction is called the easy axis of the
magnetization. The anisotropy energy, E,, is described
as

E, = K,V sin? 8 (1
where K,, Vy, and 6 denote the anisotropy constant,
volume of the particle, and angle between the easy axis
of magnetization and the magnetic moment, respectively.
The Zeeman energy Ey of the magnetic particle under an
applied magnetic field His described as

Ey = —mH cos(¢ — 6) (2
Here, m and ¢ are the magnetic moment of the particle
and the angle between the easy axis and the direction of
the applied field H, respectively. The total potential
energy of particle E is derived as a summation of the
anisotropy energy E,and and Zeeman energy Ey.

E =K,Vysin?0 —mHcos(p —0)  (3)
The magnetization process of the magnetic particle was
determined to minimize the potential energy E.

Magnetic nanoparticles of small volume exhibit a
superparamagnetic feature when the effect of thermal
fluctuation is not negligible on the anisotropy energy.
The magnetization process of the magnetic nanoparticles
exhibiting superparamagnetism follows the Langevin
function:

L() = coth(§) — ¢ @
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Here, é= pomH ks T, where 10, ki, and T'are the magnetic
permeability of vacuum, Boltzmann constant, and
absolute temperature, respectively.

There are two processes of magnetization relaxation of
magnetic nanoparticles: Brownian relaxation and Néel
relaxation. The relaxation times 78 and v are given by

_ 31V
T8 = Yt (5)
TN = Ty €Xp ( k“V;") (6)

where 7 is the dynamic viscosity of the fluid, Th is the
hydrodynamic volume, = is the attempt time, Ky is the
magnetic anisotropy constant, and VA is the volume of
the primary particle. These relaxation time equations do
not consider the intensity of the applied magnetic field.
Two relaxation processes occur simultaneously, and the
effective relaxation time is defined as!®

R )

Teff N B

A faster relaxation process dominated the effective
relaxation timel®. Recently, we observed the two-step
magnetization processes of Brownian and Néel
relaxations under applied AC magnetic field2® and pulse
magnetic field2”:29. Brownian relaxation occurred after
Néel relaxation in the magnetic nanoparticle samples
exhibiting zB>1x in these experiments. The effects of the
oscillation and orientation of the easy axis on the
magnetization were also experimentally observed?2?.

If the intensity of the applied AC magnetic field is
small (£ << 1), the real and imaginary parts of the AC
magnetic susceptibility are given by the following
equations based on the Debye model, respectively:

’ _ Xo
X (w) - 1+(WTefp)? (8)
" _ WTeff
x@=xo—— Corerr)” ©)

Here, y, and w are the susceptibility under an applied
magnetic field of low intensity and angular frequency of
the AC field, respectively. As y'(w) of Eq. (9) becomes
maximum in the case of wrt.r =1, the effective
relaxation time can be derived from the frequency
dependence of the real and imaginary parts of the AC
magnetic susceptibility.

The Brownian relaxation time of the magnetic
particles depends on the intensity of the applied
magnetic field??. Theoretical analysis of the relaxation
time under the applied DC bias magnetic field either
perpendicularly (Fig. 1(a)) or parallel (Fig. 1(b)) to an AC
magnetic field of low intensity has been reported3?3D,
The Brownian relaxation times of 7,., and 7., are
given by the following equations:

_2L®
per T 16 B

(10)
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Here, é= pomH] ks T'is proportional to /, and H is the intensity
of the applied DC field in these equations. The intensity of the DC
field is assumed to be larger than that of the AC field.

3. Experiments

3.1 Measurement samples

Three fluid samples containing magnetic nanoparticles
were used in this study. The first sample was Resovist®,
which i1s a commercially distributed contrast agent for
the clinical diagnosis of magnetic resonance imaging. It
is a water-based colloidal solution of y-FezOs/Fes04
coated with carboxydextran. The effective core diameter
was 6-21 nm?29,

The second and third samples were prepared through
magnetic separation of Ferucarbotran, which is the raw
material for Resovist®. These samples were supplied by
Meito Sangyo Co., Ltd., Japan. The structural and
magnetic properties of magnetically fractionated
nanoparticles from Ferucarbotran were reported by
Yoshida et al?2¥:3?, They denoted the samples as MS1,
MS2, and MS3, whose effective core diameters were 21.6,
10.7, and 6.2 nm, respectively. In this study, MS1 and
MS2 were used.

The density and volume of the three samples were 28
mgFe/ml and 100 pl, respectively.

44

3.2 Measurement method

A DC magnetization curve of the samples was
measured using a vibrating sample magnetometer (VSM,
VSM-3, Toei Industry Co., Ltd., Tokyo, Japan) at room
temperature. The maximum intensity of the applied
magnetic field was goH=1.5T.

The AC magnetic susceptibility was measured using a
frequency response analyzer (FRA, FRA51615, NF
Corporation, Yokohama, dJapan). The intensity and
frequency range of the applied AC magnetic field were
10 H=0.09 mT and 100 Hz—1 MHz, respectively. Figure 1
shows the measurement circuit system used in this
study3?. In this measurement, the detection coil was
aligned concentrically to the excitation coil. The
excitation AC magnetic field, H()=Hocoswt, was applied
to the sample using the oscillator of the FRA. Here, Ho
denotes the amplitude of the AC field.

The voltage V; induced in the detection coil without an
inserted sample is described as

Vo(t) = NSwuoH, sin wt (12)
where N and S are the number of turns and the cross-
sectional area of the detection coil, respectively. When
the sample is inserted in the detection coil, the induced
voltage V; is changed to

V. (t) = NSwu,poH, sin(wt — B) (13)
where u,. and Fare the amplitude ratio and phase delay
of the induced voltage with and without a sample,
respectively. These are essential parameters in AC
magnetic permeability and susceptibility. The complex
magnetic permeability g, is described using u, and fas
follows:

By = Ur(cosp — jsinfs) (14)

A complex magnetic susceptibility y can be derived from
My

(15)
(16)

w=1+y
=1+x' —jx
From the above equations, the real and imaginary parts,

and the absolute value of the AC magnetic susceptibility
are described as

x' =up.cosp—1 am
x" = u,sinp 18
x| =Vx"?+x"? (19

respectively. In this study, u. and £ were derived by
measuring the induced voltage in the detection coil, and
the AC magnetic susceptibility was calculated using Egs.
(17), (18), and (19).

The AC magnetic susceptibility was measured under an
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Fig. 6 Imaginary part of AC magnetic susceptibility of
the samples.

applied DC bias magnetic field. A DC electromagnet was
used, as shown in Figure 3. The direction of the DC bias
field was either parallel or perpendicular to that of the
AC excitation field. The intensity of the DC bias field was
oH=0-8 mT.

4. Results and Discussion

4.1 DC magnetization curves

Figure 4 shows the measured DC magnetization curves
of the samples. The major magnetization curves were
traced under the applied magnetic field of up to wH =
+1.5 T. The figure shows the parts of the major curves
corresponding to the range between A = +10 mT. All
samples exhibited a superparamagnetic feature with no
remanent magnetization24-32. The magnetization of MS1
was greater than that of Resovist and MS2, which was
attributed to the larger effective core diameter of MS1.
The magnetization curves of Resovist and MS2 were
equivalent.

The average values of the magnetic moment, m, were
calculated from the DC major magnetization curves
using the singular value decomposition method3+:3%,
They were obtained as m = 5.6x1018 1.2x1018, and
1.3x1018 Am2 for MS1, MS2, and Resovist at a density of
28 mgFe/ml, respectively. Moreover, m = 2.3x10718 and
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Fig. 7 Absolute value of AC magnetic susceptibility of
the samples.

5.0x101% Am? for MS1 and MS2 at a density of 0.67
mgFe/ml, respectively, were reporteds?.

4.2 AC magnetic susceptibility without DC bias field

The real and imaginary parts of the AC magnetic
susceptibility of the samples measured without the DC
bias field are shown in Figures 5 and 6, respectively.
Figure 7 shows the absolute values of the susceptibility.
The real part, as well as the absolute value, are reduced
as the AC frequency increases. This is because the
rotation of the magnetic moment cannot follow the
change in the applied magnetic field. The imaginary part
is remarkably less than the real part, so the real part is
almost equivalent to the absolute value.

The frequency peak, fobserved in the imaginary parts
shown in Figure 6 is related to the Brownian relaxation
time s (£= 1/2m8)29. From the figure, the magnitude
relationship of s is as follows: Resovist > MS1 > MS2.
Because s is described by Eq. (5), it is dependent on the
viscosity of the fluid and hydrodynamic diameter of the
nanoparticle. Although MS1 consisted of large particles
fractionated from Ferucarbotran, the zs of Resovist was
larger than that of the other two samples.
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4.3 AC magnetic susceptibility under DC bias field

The absolute value and imaginary part of the AC
magnetic susceptibility of MS1 under the DC bias
magnetic field applied perpendicular to the AC magnetic
field (Hac L Hpc) are shown in Figures 8 and 9,
respectively. Figures 10 and 11 show the absolute value
and imaginary part under the DC bias magnetic field
applied parallel to the AC magnetic field (Hac Il Hpc),
respectively.

The peak frequencies of the imaginary parts shown in
Figures 9 and 11 increased when the DC bias field was
applied whether perpendicular or parallel to the AC field.
There was a decrease in 8 caused by the DC bias field.
This originated from the decrease in the oscillating
rotation angle of the magnetization which was aligned in
a stable state by the DC field. The formation of a chain
structure of the magnetic particles under the DC bias
field is possible; however, this is difficult to confirm in
fluid samples3®. The absolute values reduced by the DC
bias field shown in Figures 8 and 10 were also caused by
the decrease in the oscillating rotation angle of the
magnetization.

It was also found that this decrease of the absolute
values was more pronounced when the DC bias field was
applied in the parallel direction than in the
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Fig. 9 Imaginary part of AC magnetic susceptibility of
MS1 (Hpc L Hpe).
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Fig. 11 Imaginary part of AC magnetic susceptibility
of MS1 (HAC Il HDC)~

perpendicular direction. Here, two physical mechanisms
associated with the magnetization of magnetic
nanoparticles are suggested. The first mechanism is that
the rotation angle of the oscillating magnetization under
Hpc Il Hpe is smaller than that under Huc L Hpc. The
magnetization oscillated by the applied AC magnetic
field below 100 kHz is predominantly caused by particle
rotation with the Brownian relaxation26). Second, the
change in magnetization along the direction of the AC
excitation and detection is reduced under Hc Il Hpc. The
oscillation angle of the magnetization decreases with
increasing DC field intensity. We obtained
characteristics equivalent to those of the other two
samples of MS2 and Resovist.

4.4 Brownian relaxation time under DC bias field
Figure 12(a) shows the dependences of MS1 and MS2
73 on the DC bias field intensity. They are derived from
the peak frequencies of the imaginary part of the AC
susceptibility. Figures 12(b) and (c) show the 78 of MS1 and
MS2 under Hpc L Hpe and Hac | Hpe normalized by
those of Hpc = 0. The theoretical 7B curves calculated
using Egs. (10) and (11) assuming 7'= 300 K, m = 5x10°
18 and 7x1018 Am?2 for MS1 and MS2, respectively, are
also shown. They were normalized by s in the case of
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20H=0mT in Eqgs. (10) and (11). The assumed values of
m do not represent those assigned to the samples, instead
they were determined to fit the experimentally obtained
results. The decrease in =5 of MS1 with increasing DC
bias field intensity is more pronounced than that of MS2,
whose characteristic is observed in both cases of Hyc L
Hpe and Hpc | Hpe. This significant decrease in s of
MS1 is attributed to its larger effective core diameter
than that of MS2. These experimental results
qualitatively agree with Eqs. (10) and (11). The decrease
in 7B is remarkable for particles with larger m, as shown
in Figures 12(b) and (c). The oscillating angle of MS1,
which exhibited a larger magnetic moment than MS2,
was greatly reduced by applying a DC bias field. The
values of m = 7x1018 and 5x101% Am?2 for MS1 and MS2,
respectively, fit the applied field intensity dependence of
the experimentally obtained values of 8. However, they
were larger than those determined from the DC
magnetization measurements (m = 5.6x1018 and 1.2x10°
18 Am? for MS1 and MS2, respectively). These differences
presumably arise from the difference in the range of the
applied field intensity: z20H==5 mT for Figures 12(b) and
(¢), and o H =£1.5 T for the DC magnetization curve.

Figures 13(a), (b), and (c) show the measured results
of Resovist and MS1. The calculated curves of s are
shown in Figures 13(b) and (c). Considering the
preparation method of MS1 and the value of m derived
from the DC magnetization curve, MS1 is supposed to
exhibit a greater magnetic moment on average and is
more effective than Resovist. Nevertheless, the measured
results of Resovist and MS1 shown in Figure 13 indicated
that the decrease in 8 of Resovist with increasing DC
bias field intensity was more pronounced than that of
MS1. From the viewpoint of the magnitude of m, this
result does not agree with Egs. (10) and (11). A simple
analysis using Egs. (10) and (11) that assume a single
particle diameter is not possible in this case because of
the wide variance of the magnetic moments in Resovist.
Its core diameter is distributed in the range of 6-21 nm.
Although the theoretical curve of Resovist was
quantitatively fitted with the experimental result using
m = 8x101% Am2, it is not appropriate to discuss a single
value of m for Resovist, which exhibits wide variance in
particle diameter.
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5. Summary

We measured the AC magnetic susceptibility of the
magnetic nanoparticle samples under an applied DC bias
field. The samples were MS1, MS2, and Resovist. MS1
and MS2 were magnetically fractionated Ferucarbotran,
which is the raw material of Resovist. Resovist exhibited
a wide distribution of effective core diameters between 6
and 21 nm. The effective core diameters of MS1 and MS2
were 21.6 nm and 10.7 nm, respectively. The absolute
values and real and imaginary parts of the AC magnetic
susceptibility of the samples were experimentally
determined. We clarified the dependence of these
parameters on the AC magnetic susceptibility in the
direction of the DC bias field and its intensity. The
difference in the AC magnetic susceptibility between
MS1 and MS2 supported the theory of relaxation time
under the bias field. Nevertheless, we found that the
difference between Resovist and MS1 did not agree with
the theory, assuming a simple particle model. This was
attributed to the wide variance of the magnetic moments
in Resovist. It is expected that a further study on the
quantitative analysis of AC magnetic susceptibility and
its relationship to heat dissipation and harmonic signals
will contribute to the biomedical applications of magnetic
nanoparticles.
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