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A study of optimized design of the « eddy current sensor
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Hiroki KIKUCHIHARA (Stu. Mem.), Yoshifuru SAITO (Mem.)
Manabu OUCHI, Hideo MOG]I, Yoshiro OIKAWA

Eddy current testing (ECT) is one of the most representative nondestructive testing methods for metallic
materials, parts, structures and so on. Operating principle of ECT is based on the two major properties of magnetic
field. One is that alternating magnetic field induces eddy current in all of the conducting materials. Thereby, an
input impedance of the magnetic field source, i.e., electric source, depends on the eddy current path. Second is that
the magnetic field distribution depends only on the exciting but also the reactive magnetic fields caused by the
eddy currents in targets. Former and latter are the impedance sensing and magnetic flux sensing types, respectively.

This paper concerns with an optimization of a new magnetic flux sensing type sensor named "o coil" whose
exciting and sensing coils are composed of the o shape and finite length solenoid coil wound ferrite bar,
respectively. Optimization of this co coil fully depends on the 3D finite elements methods. According to the 3D
finite element simulation results, we have successfully carried out the optimum size of two exciting coils and a

sensing coil.
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Fig. 2 Magnetic fields intensity distribution.
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Fig. 3 3D simulation model of the oo coil.

Table 1 Various constants used in the 3D simulation.
Exciting coil

Coil outer diameter 22.4mm
Coil inner diameter 20mm
Coil length 10mm
Number of turn 75
Input current(peak) 250mA
Frequency 256kHz
Sensing coil
Coil outer diameter 1.4mmx2.4mm
Coil inner diameter Immx2mm
Coil length 6mm
Number of turn 100

Axis core JFEferrite. MB1H _23°C
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(d) 45 degree defect to the two adjacent exciting coils

Fig.4 Eddy currents in a plane metallic target.
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Fig.5 Magnetic flux density vector distributions in the ferrite bar.
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Table 2 Various constants of oo coil.
Exciting coil

Coil outer diameter 10.4mm
Coil inner diameter 10mm
Coil length 10mm
Number of turn 100
Input current(peak) 250mA
Frequency 256kHz
Sensing coil
Coil outer diameter 1.4~10.4mm
Coil inner diameter 1.0~10mm
Coil length 1.0~10mm
Number of turn 100
AXis core Ferrite
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Fig.7 Signal to Noise (S/N) ratio distribution by FEM simulations.
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Fig.10 Arepresentation of S/N ratio distribution by the discrete

Fourier transform.

MAX

Fig.11 Approximate S/N ratio distribution by the discrete Fourier
transform employing (1,1)-(5,5) spectra.
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Enhance the Sensibility of the Eddy.Current Testing

Hiroki KIKUCHIHARA™, Iliana MARINOVA"?, Yoshifuru SA_ITO",
Manabu OHUCH™, Hideo MOGI"* and Yoshiro OIKAWA"?

Eddy current testing (ECT) is one of the most representative nondestructive testing methods for metallic materials,
parts, structures and so on. Operating principle of ECT is based on the two major properties of magnetic field. One is
that alternating magnetic field induces eddy current in all of the conducting materials. Thereby, an input impedance
of the magnetic ficld source, i.e., electric source, depends on the eddy current path. Second is that the magnetic ficld
distribution depends only on the exciting but also the reactive magnetic fields caused by the eddy currents in targets.
Former and latter are the impedance sensing and magnetic flux sensing types, respectively.

This paper concerns with an improvement of sensibility of the impedance sensing method. Sensibility of the ECT
is improved by means of two steps. One is an optimum exciting frequency selection. We employ the natural parallel
resonant frequency of ECT coil. The other is to increase the sharpness of the resonance curve on impedance versus
frequency characteristic by changing the coil connection. As a result, we have succeeded in developing the ECT sen-
sor having up to 4 times higher sensibility compared with those of conventional one.

Keywords: Eddy current, Nondestructive testing, Resonant frequency.
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1. Introduction

Modem engineering products such as air-plane, au-
tomobile, smart building, high speed train and so on are
essentially composed of metallic materials for forming
the shape of product, suspending the mechanical stress
and constructing the structural frames. In particular, the
mass transportation vehicles, e.g. large air plane, hi-
speed train, express highway bus and so on, camrying a
large number of people are required ultimately high
safety as well as reliability.

To keep the safety of such vehicles, nondestructive
testing to the metallic materials is one of the most
important technologies because most of the structure
materials are composed of the metallic materials.

Various nondestructive testing methods, such as ed-
dy current testing (ECT), electric potential method,
ultrasonic imaging and x-ray tomography, are currently
used. Among these methods, ECT does not require
complex electronic circuits and direct contact to target.
Furthermore, target whose major frame parts are com-
posed of conductive metallic materials can be selective-
ly inspected by ECT [1,3].

Operating principle of ECT is very simple. The
ECT is based on the two major properties of magnetic
field. One is that exposing the conductive materials to
the alternating magnetic fields induces eddy current in
all of the conducting materials. Thereby, the input
impedance of the magnetic field source, ie., electric
source, can detect the change of the target impedance

Correspondence: H. KIKUCHIHARA, Graduate School of
Hosei University, Tokyo 184-8584, Japan
cmail: hiroki.kikuchihara.6e@stu.hosei.ac.jp
:1 Hosei University "2 Technical University of Sofia
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caused by defects blocking eddy current flowing. The
ECT based on this principle is called impedance sensing
type. The other type utilizes a separately installed sensor
coil to detect the leakage magnetic flux change. The
magnetic field of ECT is composed of two components:
one is the exciting and the other is the reactive magnetic
fields. The reactive magnetic field is caused by the eddy
currents in the target so that change of eddy current
paths changes the reactive magnetic fields. Thus, the
independently installed sensor detects this magnetic
field change. This type is called a separately sensing
coil type.

This paper concermns with an improvement of sensi-
bility of the impedance sensing method. Improvement
of the sensibility is carried out in the two major steps.

The first step is to select the optimum exciting fre-
quency. We select the natural parallel resonant frequen-
cy of the ECT sensor coil when facing with a whole-
some part of target. A system comprising the ECT
facing with the wholesome part of target takes the
maximum pure resistive impedance. When the ECT
sensor coil meets with a defect of target, this resonance
condition is essentially not satisfied. This makes it
possible to maximize the deviation between the reso-
nance and not resonance impedances.

The second step is to increase the resonant imped-
ance as well as to sharpen the peaky impedance versus
frequency characteristic by changing the coil connection
[4]. Since the natural parallel resonance impedance
become larger, then the deviation between the resonance
and not resonance impedances is essentially larger. This
essentially enhances the sensibility of ECT sensor.

2. Enhancement of ECT Sensibility
2.1 Operating Principle of ECT

Let an arbitrary finite length solenoid coil shown in
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Fig. 1 (a) be an eddy current sensor coil. When we put
on this sensor coil on a copper plate as shown in Fig. |
(b) and apply an alternating current to the sensor coil,
because of the Faraday's law, eddy current 1s induced as
a reaction of the alternating magnetic fields. By measur-
ing the input impedance of the sensor coil, we are able
to diagnose a difference of the target copper plate
condition between no defects (Fig. 1 (b)) and 2 mm
crack defect (Fig. 1 (c)). This is similar to the secondary
impedance change detection from primary input termi-
nal in a conventional single phase transformer.

(a)Coil
(b)Copper plate with
Imm thickness
1 mm 4
J . |
mm

(¢)2mm Air-gap

Fig. 1. Tested coil and the measurement conditions.
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(a) Impedance |Z| vs. Frequency f.

Phase @[deg]
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With Target having Slit Shape Defact

S0
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Frequency flMHz]
-50

S e

(b) Phase ¢ vs. Frequency f.

Fig. 2. Frequency characteristics of the impedance and
phase.

Thus, it is obvious that a simple finite length sole-
noid coil can detect the defects of the target conducting
materials. This is the operating principle of ECT.

2.2 Natural Resonant Phenomena of ECT Coil

Any of the coils always exhibit an inductive property
because of the magnetic fields around them by applying
a current into the coil. However, any of the coils have
the capacitances among the coils. Even though a simple
finite length solenoid coil shown in Fig. 1 (a), it is
possible to observe its natural resonance phenomena as
shown in Fig. 2. Figs 2 (a) and 2 (b) are the frequency f
versus impedance |Z| and the frequency f versus phase v
characteristics, respectively,

2.3 Optimum Operation Frequency

Decision of ECT operation frequency is of para-
mount importance, because sensibility and searching
depth of ECT are greatly depending on the operation
frequency. Theoretically, the operation frequency of
ECT can be decided by taking the target conductivity
and its skin-depth into account. However, final selection
of operation frequency is determined by the past experi-
ences and the practical tests.

In the present paper, we select the natural parallel
resonant frequency of the ECT sensor coil when facing
with a wholesome part of target. The ECT facing with
the wholesome part of target takes the maximum pure
resistive impedance. When the ECT sensor coil meets
with a defect of target, the resonance condition is
essentially not established. Therefore, the input imped-
ance from sensor coil input terminals is also reduced to
small in value compared with those of the resonant one.
Namely, a deviation between the resonance and not
resonance impedances becomes maximum value.

A sensibility ¢ of ECT is defined by

e [reference — measured [ %100 [%] . (1)

reference

where the reference and measured in Eq. (1) refer to
the input impedances from the ECT coil terminals when
facing the ECT coil with the wholesome and defect
parts of target, respectively.

2.4 Enhancement of Quality Factor Q

The sensibility of Eq. (1) is greatly depended on the
quality factor Q of the parallel resonance defined by

o w Lo
aAf

Where and are the resonant frequency and the band-
width, respectively.

The quality factor Q represents a sharpness of the
resonant curve on the impedance versus frequency
coordinate. So that high O in Eq. (2) means high sensi-
bility in Eq. (1).

. (2)
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To increase the quality factor O, we employ the res-
onant connection shown in Fig. 3. Figs. 3 (a) and 3 (b)
are the two parallel conductors and their resonant
connection, respectively. Denoting R, L, M as the
resistance, self-inductance and, mutual inductance, it is
possible to draw an equivalent circuit of the resonant
connected two conductors as shown in Figs. 3 (c) and 3
(d).

Fig. 4 shows a difference between the normal and
resonant coil connection [4]. Practically, the resonant
connection is carried out by twisting the two coils to
uniform the facing side of both conductors as shown in
Fig. 5 [3].

F =
\=f

(b) Connection of the two
conductors,

J\I’\'

fm\IWﬁn
> i

(¢) Equivalent electric circuit of the connected conductors.

R L+M

E L AT
Wi HLJT

(d) Modified equivalent ;.Iu.mc. circuit of the connected
conductors.
Fig.3. Principle of a resonance coil connection.

. ! -%-

(a) Normal (b) Resonance type
Fig. 4. Comparison of the normal with resonant coil
connections.

(a) Two conductors.

Fig. 5. Example of a pair of twisted coils.
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3. Experiment
3.1 Tested Target Peace and Trial ECT Coils

Fig. 6 shows a target peace which is composed of
the SUS316. A vertical line shape artificial crack having
10mm length, 0.2 mm width and 0.5 mm depth had been
made to the SUS316 by the electrical discharge machin-
ing. Fig. 6 shows a 20 mm by 20 mm target area. The
ECT sensors measured at the 9 by 9 sampling points
with 2.5 mm regular spacing on this 20 mm by 20 mm
square area,

We have worked out a lots of ECT coils for compar-
ison. Table 1 lists the representative 6 tested ECT colls.
Every tested coil is wound around the Manganese-Zinc
type ferrite bar used as an axial core material. No.1 is a
normal ECT, No. 2 is a resonance type not employing
twisting of coil, No.3 is a resonance type employing
100/m twisting, No.4 is a resonance type employing
150/m twisting, No.5 is a resonance type employing
200/m twisting, and No.6 is a resonance type employing
400/m twisting.

3.2 Conventional ECT Operating at 256 kHz

At first, we evaluated the line shape crack in Fig. 6
by conventional ECT employing 256 kHz operating
frequency. Fig. 7 shows the results of defect searching.
Observe the results in Fig. 7 suggests that any of the
sensor coils are capable of detecting the defect. Further,
it is difficult to decide which sensor is the highest
sensibility. In the other words, normal ECT defect
searching using a particular operating frequency never
reflects on the difference of the conductor connection
and coil twisting.

3.3 ECT Operating at Resonant Frequency

Any types of ECT coils have their own natural reso-
nant frequency even if they are facing with the target
without any defect. No.1, 2, 3, 4, 5 and 6 ECT coils in
Table | have the natural resonant frequencies, 4650,
4950, 3650, 3300, 3425 and 3475 kHz, respectively. Fig.
8 shows the typical frequency characteristics of the trial
ECT coils.

Fig. 6. Target test piece and measured points.
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Table 1. Specification of the trial ECT coils,

Normal Conductor length: 50cm
Diameter of conductor:  0.lmm
Axis core: Ferrite bar (MnZn)
Coil outer diameter: 2.4mm
Coil inner diameter: 2mm
Coil length: 6mm
Number of twisted turns: 0
Number of coil layers: 2
Resonant | Conductor length: 50em
Diameter of conductor:  0.1mm
Axis cor: Ferrite bar (MnZn)
Coil outer diameter: 2.4mm
Coil inner diameter: 2mm
Coil length: 6mm
Number of twisted turns: 0
Number of coil layers: 2
No.3 Twisting | Conductor length: 50cm
Diameter of conductor:  0.1mm
Axis cor: Ferrite bar (MnZn)
Coil outer diameter: 3mm
Coil inner diameter: 2mm
Coil length: Smm
Number of twisted turns:  100/m
Number of coil layers: 3
No.4 _1 Twisting Conductor length: 50cm
Diameter of conductor:  0.1lmm
Axis cor: Ferrite bar (MnZn)
Coil outer diameter: 3mm
Coil inner diameter: 2mm
Coil length: Smm
Number of twisted turns:  150/m
Number of coil layers: 3 |
Twisting | Conductor length: 50em
Diameter of conductor:  0.lmm
Axis cor: Ferrite bar (MnZn)
Coil outer diameter: 3mm
Coil inner diameter: 2mm
Coil length: Smm
Number of twisted turns:  200/m
Number of coil layers: 3
Twisting | Conductor length: 50ecm
Diameter of conductor:  0.1mm
AXis cor: Ferrite bar (MnZn)
Coil outer diameter: 3Imm
Coil inner diameter: 2mm
Coil length: Smm
Number of twisted turns:  400/m
Number of coil layers: 3
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b

(a) No.l Normal

10°10
(b) No.2 Resonant

10
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(¢) No.3 Twisting

x[mm] 10 10

(d) No.4 Twisting
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5
x[mm] 10

(e) No.5 Twisting

101
€[%] 5 1
ol
-10 [mm]
x[mm] 5 10 -10
(f) No.6 le:.nng,
T e s
] 5 10

Sensibility € [%]
Fig. 7. Defect searching results. Any sensor coils can

detect the two different kinds of base metallic materials.

359



A AEM 4356

Vol. 21, No.3 (2013)
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Fig. 8. Frequency f vs. impedance |Z| characteristics of
the ECT coils (a) No.1, (b) No.2 and (c) No.4, respec-
tively.

Fig. 9 shows the defect searching result using each
of the distinct natural resonant frequencies. Comparison
of the results in Fig. 7 with that of Fig. 9 reveals that the
resonant frequency operation is far superior sensibility
in any ECT coils. In particular, No. 4 in Fig. 9 (d)
exhibits nearly 10 % deviation. This fact is verified that
the quality factor of No.4 in Fig. 9 (b) is far excellent
compared with those of No. I and of No. 2.

Fig. 10 shows the quality factor of three type coils,
Normal Resonant and Twisting. We have gotten two
different groups. One is the normal coil having relative-
ly to small quality factor 10.67. The other group has the
good quality factors 14.05 and 14.40. However, observ-
ing the resonant and twisting coils, we can get the
difference between them. That is the difference of
resonant frequency. Twisting effect reflect on to the
decreasing of resonant frequency about IMHz. We have
succeeded in increasing the quality factor and decreas-
ing resonant frequency by changing the coil connection.
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Fig. 9. The results of defect searching. Any sensor coils
can detect two different kinds of base metallic materials.
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Fig. 10. Comparisons among the Quality Factor Q of the

No.l1, No.2 and No,4 ECT coils.

4. Conclusion

New innovative idea to enhance the sensibility of
ECT sensor has been proposed in this work. Our idea
needs not any special tools but requires a consideration
of natural resonance phenomena-, i.e., utilization of the
resonant impedance, frequency and capacitive cffect
among the coils.

We have selected the natural parallel resonant fre-
quency of the ECT sensor coil when facing with a
wholesome part of target. When the ECT sensor coil has
met with a defect of target, the resonance condition has
not been established. This has led that the impedance
has reduced to small value compared with those at
resonant condition. As a result, a deviation between the
resonant and not resonant impedances has become the
maximum. Thus, the sensibility of ECT sensor has been
enhanced.

Further, connection of the conductors to be applied
a half of the source voltage to adjacent conductors has
made it possible to enhance the capacitive effect among
the conductors. Practically, this connection has been
carried out by twisting the two coils to uniform the
facing side of both conductors. Due to this enhancement
of the capacitive effects, the resonant frequency has
been reduced and succeeded in increasing the sensibility.
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A Proposal of Flat Transformers
-Contactless Power Suppliers Use-

Tatsuya OHASHI", lliana MARINOVA?® and Yoshifuru SAITO"

Contactlcss power supplier is composed of a transformer having the distinct primary and secondary coils sepa-
rated by air gap. Because of the electromagnetic compatibility problem, it is essential to keep the leakage magnetic
fields around the contactless power supplier as low as possible.

This paper carries out the wavelets multi-resolution analysis to the magnetic field distributions around contact-
less power supplier.  As a result, we have succeeded in obtaining one of the reasonable core shapes by observing the
wavelets spectra of measured magnetic ficld vector distributions. Furthermore, it is revealed that a tested trial trans-
former gives nearly 80 percent power transmission efficiency even though the primary and secondary coils are sepa-

rated by 10mm air gap.

Keywords: contactless power suppliers, magnetic field visualization, discrete wavelets, multi-resolution analysis.
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1 Introduction

Development of modern semiconductor technology
makes it possible to realize small and light weight
electronic devices equipped with a large variety of smart
functions such as smart cellar phone as well as ultra
mobile computers.

Although these electronics provide the highly effi-
cient job environment, entertainments and convenient
electronic consumer life, environments around human
life are filling up with the electromagnetic fields. Par-
ticularly, because of the many electric power suppliers
to supply the electronic products, it is essentially ac-
companied the electric power lines jangle, which leads
to SAR (specific absorption rate) problems.

One of the solutions of this electromagnetic com-
patibility problem in the human life environment is to
work out the cordless contactless power suppliers [1].

This paper concerns with development of a trans-
former composed of the separated primary and secon-
dary cores by air gap. This transformer having the open
magnetic flux paths between the primary and secondary
core is of the paramount part to realize the contact-less
power suppliers.

Apply the discrete wavelets transform to the mag-
netic field vector distributions around the transformer
having open magnetic flux paths clarifies that the dish
like ferrite cores embedding spirally wound coils gives a
far excellent magnetic field vector distribution com-
pared with those with conventional U shape cores [2,3].
An extension of conventional inner core type trans-

Correspondence: Y. SAITO, Graduate School of Hosei
University, Tokyo 184-8584, Japan
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*! Hosei University
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former employing U shape cores spreads the magnetic
fields around the transformer centred at the air gaps. On
the other side, a flat transformer employing dish shape
ferrite cores and spirally wound coils (called the "flat
transformer” in short) confines the magnetic fields at the
centre of the flat transformer, which minimizes the
magnetic fields around the transformer.

As a first stage, we have worked out the trial flat
transformers. Experimental study utilizing secondary
resonant technique reveals that our flat transformer with
1 cm air gap and 0.69 coupling factor is capable to
transmit 79 percent input power to the secondary cir-
cuits [4]). Further, multi-resolution analysis of the
discrete wavelets clarifies the effect of secondary
resonance circuits, i.e., the highest level the magnetic
field vector distributions visualizes the distinct differ-
ence of the magnetic field vector distributions between
the sccondary resonant and not resonant conditions.

2 Visualization of the Magnetic Field around the
Transformers

2.1 Transformer Employing U Shape Ferrite Core

Fig. 1 shows the tested transformer employing two
U shape ferrite cores. Table 1 lists specification of this
transformer. Well known used corc for contactiess
power supplier of the electric shavers is the U shape
ferrite cores so this U shape is one of the representa-
tively employed ferrite cores for the current commercial
base products.

We have carried out the measurements of magnetic
field vector distributions around this transformer using a
search coil. The shape of this coil is a finite length
solenoid and dimensions are the lcm length, 14mm
diameter, 30 turn wound coil using a 0.2 mm diameter
conducting wire. By means of this search coil, we have
measured the magnetic field vector distributions.
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Fig. 1. Tested transformer employing U shape ferrite
cores.
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Fig.2. Scheme for measurement of the magnetic
field vector distribution.

Table 1 Specification of the transformer
employing U shape cores

U shape core TDKPE22UU
Number of turns of primary coil ~ 30turns
Number of turns of secondary coil  30turns
Diameter of primary coil 0.4mm
Diameter of secondary coil 0.4mm

Fig. 2 shows a scheme for measurement of the
magnetic field vector distribution. In this figure, the
circular coils are the search coils. Two parallel surfaces
illustrates the magnetic field measurement surfaces in
the direction of z-axis component. Lower shadowed
circular surface is an illustrative flat core containing
spirally wound exciting coils,  Number of measured
points is 8 X 8 X 4 with respect to the x-, y-, z-directions.
Secondary circuit is no load and primary is excited by a
10 kHz sinusoidal 0.5 A current, The air gap between
the heads of both primary and secondary U shape ferrite
cores is of | em.

Fig. 3 shows one of the measured magnetic field
vector distributions at some instance. It is obvious that
the magnetic field vectors distribute around the U shape
cores.
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Fig. 3. Magnetic field vector distribution around the
transformer employing U shape ferrite cores.

Fig. 4. Tested transformer employing the dish like
ferrite cores.

2.2 Flat Transformer

The transformer employing U shape cores is essen-
tially one of the extensions of in-core type transformer.
On the other side, the flat transformer is one of the
extensions of shell type transformer. Fig. 4 shows the
tested flat transformer employing dish like ferrite cores.

The dish like ferrite cores are composed of the Man-
ganese and Zinc compound, and their customized
products have been worked out by Tokin company.

Experimental measurement of the magnetic field
vector distributions is carried out by means of the same
search coil used to the transformer employing the U
shape ferrite cores.

Fig. 5 shows a scheme of the magnetic field vector
distribution measurements for this flat transformer. In
this figure, the primary and secondary coils are spirally
wound. Two parallel square surfaces illustrates the
magnetic field measurement locations in the direction of
z-axis component, Number of measured points is § X8
X 4 with respect to the x-, y-, z-directions. The secon-
dary circuit is no load and the primary circuit is excited
by a 10 kHz sinusoidal 0.5 A current. The air gap
between the primary and secondary core head surfaces
is of 4 cm.
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Fig. 5. Scheme for measurement of the magnetic
field vector distribution for the flat shape transformer.
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Fig. 6. Magnetic field vector distribution between
the flat shape cores.
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Table 2 Specification of the flat shape transformer Speci-
fication of the primary core is listed and those of secondary is
the same to the primary

Primary core: Quter diameter 105mm
Primary core: inner diameter 99mm
Primary core: thickness Tmm
Primary core: diameter 105mm
Primary core: depth of the cylinder cut Imm

Primary core: length of the spiral winding 506.3mm
Primary core: diameter of the conductor 4mm

Table 2 lists specification of the flat shape trans-
former shown in Figs. 4 and 5.

Fig. 6 shows one of the measured magnetic field
vector distributions at some instance. It is obvious that
the magnetic field vectors spreads over primary winding
like a fountain, and also it 1s revealed that nature of the
magnetic field distributions is intrinsically different
between the in-core type in Fig. 3 and shell- core type in
Fig. 6.

3 The Wavelets Transform Analysis

3.1 Vector Wavelets Transform

The magnetic field vector distributions are generally
three dimensional vectors. Therefore, when we apply
the wavelets multi-resolution analysis to the three
dimensional vectors, it leads to the three-dimensional
vector wavelets transform [2,3].

364

(32)

Major advantage of the discrete wavelets transform
is that it makes possible to classify the magnetic field
vectors into the roughly 4 groups depending on their
spatial frequencies. Because of the nature of spatial
frequency, the lower and higher frequencies mean the
smaller and larger leaking magnetic field vectors,
respectively.

When we denote a transpose operation of a three-
dimensional (cubic) matrix 4,,, as

[A.fﬂ'nr]:Ir = Amm’ *

The three-dimensional wavelets spectrum matrix S,

(N

is given by

T
Simn = [W,, -[Wm {w, - A,M]r]r} (2)

where the matrix S,,, is a three-dimensional wavelets
spectrum matrix with order ! by m by n; and W,, W,, and
W, are the wavelets transform matrix with order n by n,
m by m and / by /, respectively.

The measured magnetic field vectors distribute in
three-dimensionally so that the magnetic field vector
distribution matrix Hy,, is composed of the three inde-
pendent x-, y-, and z-vector component matrices X 4,
Y imny Z pmn, TESPECtively,

The matrix Hy,, is represented by

H =X, +Y +Z

Imn

(3)

Thus, the three-dimensional wavelets spectra of the
magnetic field distribution are obtained by

S
8. =[H/ﬂ '{”’; .[;.yI (X + Vi +zm)]r} ] . (4).

Generally, the wavelets spectrum S,,,, is classified
into the multi-level spectra according to the orthogonal
property of discrete wavelets transform. Number of
levels p depends on not only the number of data com-
prising spectrum S,,, but also the wavelets base func-
tions used for wavelets transform matrices W,, W,,. W,

Apply the inverse wavelets transform to each of the
decomposed wavelets spectra S‘i,',,,S‘“ vor, SEP) yields the

[ Imn

Imn fmn lmn

wavelets multi-resolution result:

H,, =Y HY)
i=l
S i{uﬁf wr-[wr-

(3)
g{:l

5

7T
™ .l’m':J ’
where the levels 1,2, .. . p-th magnetic field vector
distributions are H" H{? ... H!”, respectively. Low
and higher level magnetic field vector distributions
represent the global and precise vector distributions,
respectively. Sum of the entire levels gives the original
vector field distribution.
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Fig. 7. Wavelets spectra of the magnetic field vector
distribution measured around the transformer employing
U shape cores.
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Fig. 8. Wavelets multi-resolution analysis results of
the magnetic field vector distribution measured around
the transformer employing U shape cores.

3.2 Wavelets Analysis of the Magnetic Field Vector
Distribution around the Transformer Employing U
Shape Ferrite Cores

Fig. 7 shows the wavelets spectra of the magnetic
field vector distribution shown in Fig. 3, where Daube-

(33)

5
ylem] 4 f_.-"'r"""“-a....___‘__
gk ____'_;r
BHJ‘.‘ |
- S |
——— E
6 B O //
~— /
L o -._\‘\'_,

.r[fm] ! -.__]‘__ z_ |
:\ ¢ b
0\; . / /

0 - e
2 ‘\H_“‘ J f‘.
4 e 7
xfem] 6 T /
. ]
Low High
- T

Fig. 9. Wavelets spectra of the magnetic field vector
distribution measured around the flat transformer.

chies second order base function is employed. It must
be noted that wavelets transform to the vector fields
gives the vector fields even in the wavelets spectrum
space. Further, the most dominant wavelets spectrum
vectors are extracted as observed in Fig. 7.

Because of the number of data in z-axis and also
employed Daubechies second order base function, it is
possible to obtain the three levels multi-resolution
magnetic field vector distributions. These magnetic field
vector distributions are shown in Fig. 8.

The results of the wavelets multi-resolution analysis
to the transformer employing U shape cores suggests
that major magnetic flux linking both of the primary and
secondary cores is only the level | magnetic field
vectors,

This means that the levels 2 and 3 magnetic fields
vectors are spreading around cores centring the air gap.
This spreading magnetic field vector distribution causes
the electromagnetic compatibility problem.

3.3 Wavelets Analysis of the Magnetic Field Vector
Distribution around the Flat Transformer

Fig. 9 shows the wavelets spectra of the magnetic
field vectors distribution shown in Fig. 6, where Daube-
chies second order base function is employed. The most
dominant wavelets spectrum vectors are extracted as
observed in Fig. 9.

Because of just the same reason as described in sec-
tion 3.2, number of data in z-axis and also employed
Daubechies second order base function, it is possible to
obtain the three levels multi-resolution magnetic field
vector distributions.

Fig. 10 shows the magnetic field vector distributions
in each level.

The results of the wavelets multi-resolution analysis
to the flat transformer suggest that major magnetic
fluxes linking both of the primary and secondary cores
are the levels 1 and 2 magnetic field vectors. Even
though the level 3 magnetic field vectors starts from
primary core and return to the same primary core, it is
possible to reveal that they are regularly distributing
along with the surface of primal core as well as coil.
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Fig. 10. Wavelets multi-resolution analysis results of

the magnetic field vector distribution measured around
air-gap of the flat transformer.

This means that the flat transformer minimizes the
leakage magnetic fields from the air gap space between
the primary and secondary core surfaces.

Thus, the flat transformer has far excellent magnetic
field vector distribution characteristic from the view-
point of the electromagnetic compatibility.

4 Fundamental Characteristics of the Flat

Transformer
4.1 Coupling Factor

A coupling factor x 1s one of the most important
transformer characteristics, which indicates smallness of
the leakage magnetic field vectors between the primary

366 (34)
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Fig. 11. Simplified circuit model of transformer to
evaluate the coupling factor .

IV TV,

(a) Additive polarity

(b) Subtractive polarity

Fig. 12, Series connection of the primary and sccon-
dary coils shown in Fig. 11,

And secondary coils. Namely, as possible as large
coupling factor x means as possible as small magnetic
field vector distribution around the transformer.

Let us consider a simplified circuit model of the
transformer shown in Fig. 11 to evaluate the coupling
factor x. The dots "' shown over the primary and secon-
dary coils in Fig. 11 show the positive induced voltages
at each of the coil terminals.

When we connect each of the terminals in Fig. 11 to
additive polarity as shown in Fig. 12 (a), it is possible to
obtain the following relationship:

L, =L+L,+2M, (6)

where L, L;, L, and M are the additive-, primary self-,
secondary self- and mutual inductance, respectively.

Also, when we connects each of the terminals in Fig.
11 to subtractive polarity as shown in Fig. 12(b), we
have

L=L+L-2M, )

where L, 1s a subtractive-inductance.

Further, the primary and secondary self inductances
can be measured independently. Thereby, combination
of Egs. (6) and (7) leads to the mutual inductance M and
coupling factor, which are respectively given by the
following equations

=l
‘ (8)
o,
LL,
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Table 3 shows the measured inductances L, L, Ly,
L, and coupling factor x changing the air-gap length
between the primary and secondary core surfaces.

The results listed in Table 3 suggests that the flat
transformer is capable of keeping the good coupling
factors x = 0.7 although the primary and secondary coils
are separated by air-gap of | cm,

4.2 Power Transmission Rate

Power transmission rate is the other important char-
acteristic, which indicates the efficiency of the trans-
former.

To improve the transformer efficiency, a secondary
resonance between the capacitor and secondary leakage
inductance is widely used and well known technique [4].

Fig. 13 shows a simplified circuit model attaching a
resonant capacitor C.

Attaching 40uF resonant capacitor in parallel to the
secondary coil terminal of the flat transformer leads to a
nearly ¢ = 80 % input power transmission rate defined
by

i Secondary output power
Primary input power

x100[%]. (9)

4.3 Mulii-Resolution Analysis of the Flat Transformer
under Load Condition

As described in Section 3.2, we have described
about the magnetic field vector distribution and its
wavelets multi-resolution analysis results. To demon-
strate the usefulness of the flat transformer, it must be
demonstrated that the transformer under loaded condi-
tion never stimulate the magnetic field vectors around
the transformer centred at air gap.

Table 3 Coupling factor of the transformer employing
flat shape cores measured at 30kHz.

Gap[mm]| 0 1 3 5 7 10
Li(uH] | 578.6 | 3482 | 231.1 [ 181.6 | 169.9 | 133.9
Lo[uH] | 572.7 | 348.1 | 2294 | 181.0 | 168.3 | 1333
LuH] | 2297.4 [ 1358.2 | 881.8 | 669.4 | 617.6 | 450.8
L,[puH] 16.9 26.1 41.4 56.0 61.1 843

K 0.99 0.96 0.91 0.84 0.82 0.69
L 1
g ] &

— -

Fig. 13. Circuit diagram of a secondary resonant
type transformer.

(35)

Fig. 14. Magnetic field vector distribution of the flat
transformer under the 1 © pure resistive load and
secondary resonant conditions.

L

(c) Levelp=3
Fig. 15. Results of the wavelets multi-resolution
analysis to the flat transformer under the 1 € pure
resistive load and secondary resonant conditions.
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Low 18gn

C I TR

Fig. 16. Level p = 3 magnetic field vector distribu-

tion of the flat transformer under the 1Q pure resistive
load and secondary non resonant conditions.

Fig. 14 shows a measured magnetic field vector dis-
tribution at some instance of the flat transformer under
the 1Q pure resistive load and secondary resonant
conditions. Measurement conditions and method of the
magnetic field vectors is just the same as that of Section
22

Observe the magnetic field vector distribution in Fig.

14 reveals that the flat transformer under the loaded
condition reduces the entire magnetic field vectors due
to the secondary load current.

Further, a discrete wavelets multi-resolution analy-
sis to this magnetic field vector distribution shown in
Fig. 15 reveals that the magnetic field vectors at level p
= 3 focus on the centre of spirally wound primary coil.
This means that the leakage magnetic flux is dramati-
cally reduced compared with those of under no load
condition shown in Fig. 10 (c).

Also, comparison the wavelets multi-resolution re-
sults shown in Fig. 11 with that of Fig. 15 suggests that
the level p = 2 as well as level p = 3 demonstrate the
dramatic reducing of the magnetic field vectors spread-
ing to the outside direction from the centre of both
primary and secondary coils,

To check the secondary resonance circuit effect, we
have carried out the discrete wavelets multi-resolution
analysis to the magnetic field vector distribution of flat
transformer under the 1 Q pure resistive load and
secondary non-resonant conditions.

Fig. 16 show a level p = 3 magnetic field vector dis-
tribution of the wavelets multi-resolution analysis
results.

One of the big differences between the level p = 3
field vector distributions shown in the Figs. 15 (c) and
16 is that the most dominant vectors located at the
centre take the opposite directions. Namely, the domi-
nant vectors in Fig. 15 (c) direct toward the centre but

that of Fig. 16 direct toward the outward from the centre.

Thus, it is clarified that the resonance of secondary
circuit increases the linkage flux to the secondary coils.
This leads to a highly efficient power transmission rate.

368

5 Conclusion

To develop the contactless power suppliers, this pa-
per has worked out one of the reasonable transformers
having open magnetic flux path.

The reasons why the flat transformer is one of the
most reasonable transformers are as follows.

At first, our proposed transformer suppresses the
leakage magnetic fields around the core, because it is a
natural extension of the shell type core structure.

Second, by means of the multi-resolution analysis
of the discrete wavelets, the primary and secondary coils
wound spirally focus on the magnetic field vectors to
the centre of both primary and secondary coils. Finally,
even though the air gap is relatively large and small
coupling factor, it is possible to transmit the electrical
power from the primary to the secondary circuits with
relatively high efficiency.

One of the drawbacks of the exploited transformer
is a weight compared with those of core type trans-
former.
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Coupled Field Modeling of Ferrofluid Heating in Tumor Tissue
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This work examines the method of magnetic fluid hyperthermia for breast cancer therapy. We develop a coupled-field model of fer-
rofluid transport and heating in tumor tissue. The finite element method (FEM) underpins our forward 3D electromagnetic—fluid dy-
namics-thermal model. The model uses anatomically precise multilevel geometry of the human breast, with known electrical properties
of the tissues, and known speeds of blood and liquor in the breast vessels. We demonstrate the capabilities of the developed model on a
real cancer sample acquired by a surgical procedure. The electrical properties of cancer and normal tissues are directly measured for
the given sample. The thermal field results are verified by infrared thermograph imaging.

Index Terms—Coupled field analysis, electromagnetic field modeling, magnetic liquids, multilevel modeling.

I. INTRODUCTION

AGNETIC fluid hyperthermia is a promising recent
method for cancer therapy. In this method, magnetic
field selectively heats up tissues by inducing alternating current
into the targeted magnetic fluid [1]-[3]. The distribution of
the magnetic fluid determines the thermal field inside the
relevant tissues. However, any transport or redistribution of
the magnetic fluid will rearrange the electromagnetic field,
which, in turn, will change dramatically the thermal field in
the tissue. The modeling task is further exacerbated by the fol-
lowing challenges. Anatomical structures subjected to therapy
are typically very complex, non rigid, of random shape, and
exhibiting considerable variability from person to person. The
electromagnetic and thermal tissue properties are anisotropic;
they vary in frequency and time, and, in general, are not clearly
determined for all types of tissues. Infrared thermography is
a state-of-the-art, reliable, nondestructive technique for ob-
taining a mapping of temperature and investigating the heat
exchange between objects under consideration [4], [5]. It offers
fast imaging and is a powerful quantitative tool to obtain the
mapping of temperatures and to investigate the heat exchange
between tissues. Modern thermo-vision cameras are used for
noninvasive and effective breast cancer screening. The medical
diagnosis relies upon the differences in the metabolic heat gen-
eration in normal and cancerous tissues. The same diagnostic
principle can be applied for magnetic hyperthermia. However,
this method has a poor sensitivity to deeper or smaller tumors.
In this work, we develop a coupled-field model of ferrofluid
heating of tumor tissue. A forward 3D electromagnetic—fluid
dynamics—thermal finite element model is proposed. Numer-
ical and physical experiments with cancer tissue sample were
carried out to verify the model. The good coincidence of the
obtained results demonstrates the capabilities of the developed
model of magnetic hyperthermia.

Manuscript received October 31, 2012; revised January 14, 2013; accepted
January 14, 2013. Date of current version May 07, 2013. Corresponding author:
V. Mateev (e-mail: vmateev(@tu-sofia.bg).
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II. PROBLEM FORMULATION

Ferrofluid particles subjected to a magnetic AC field show
remarkable heating effects related to losses during the magne-
tization process and Joule heating of the particles. The tem-
perature enhancement which occurs in a magnetic ferrofluid
system under the influence of an external high frequency mag-
netic field has found applications in tumor hyperthermia treat-
ment therapy. The main requirements of the treatment are main-
taining a uniform temperature distribution in the controlled re-
gion, and keeping the target value of the temperature up to 42°C.

A coupled electromagnetic—fluid dynamics—thermal field
model is proposed for determining the thermal field distribution
in magnetic hyperthermia therapy. The electromagnetic field
distribution inside the conductive tissue region depends on the
time-varying magnetic flux density. The heat sources are de-
fined by the electric losses in tissue, obtained by the solution
of the electromagnetic field problem. The analysis was carried
out on a three-dimensional transient electromagnetic problem
according to the FEM formulation.

The FEM model uses anatomically precise multilevel geom-
etry of the human breast with known electrical properties of the
tissues, and known speeds of blood and liquor in the breast ves-
sels. The model contains information about a real cancer sample
acquired by a surgical procedure. The electrical properties of
cancer and normal tissues are directly measured for the given
sample. [4].

A scheme of the domains used for the FEM model formula-
tion is shown in Fig. 1. Because of the complexity of the process,
two schemes are used for the analysis. Fig. 1(a) shows a sim-
plified model, where €2 is the whole domain, €2 is the treated
tissue domain, {25 is the magnetic field source domain and €23
is the ferrofluid domain. For precise modeling, a full scheme is
applied (Fig. 1(b)). It consists of all mentioned domains plus a
new one, denoted €1,. It represents the body domain, containing
the treated tumor tissue domain €21 . For all living tissue domains
(91, Q25 and £24) electromagnetic and thermal properties are de-
fined and in 24 ferrofluid properties are used. Boundaries 'y,
I's, '3 and 'y correspond to the domains €21, {22, €23 and €24,
respectively.

A. Electromagnetic FEM Formulation
The electromagnetic field distribution inside the conductive

tissue region depends on the time varying magnetic flux density.
The magnetic vector potential A and electric scalar potential V.

0018-9464/$31.00 © 2013 IEEE
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Fig. 1. Schematic diagram of the domains used in the problem formulation,
simplified model (a), full coupled field model (b).

are defined accordingto VB = 0,B = Vx A and B = ;o(H+
M), where B, 119, H and M are the magnetic flux density, the
magnetic permeability of vacuum, the magnetic field intensity
and the ferrofluid magnetization vector, respectively.

Equation (1) is the governing equation for defining the mag-
netic vector potential—electric scalar potential (A-V, A) formu-
lation

VlexA+a<%—?+VVS)+V><M:J, €))
L A

where yi, o, J are the magnetic permeability, the specific electric
conductivity of the tissue and the source current density, respec-
tively.

A three-dimensional transient electromagnetic problem ac-
cording to FEM formulation was solved for the analysis.

A scheme of the domains used for the electromagnetic FEM
model is shown in Fig. 1. In 2 and €23 domains, A and V exist.
Domain € is the surrounding free space with only magnetic
vector potential distribution. The electromagnetic field source
domain €25 is represented with its current density. Zero value
Dirichlet boundary condition for the free space boundary I is
applied.

The induced current density in tissue is expressed by
a(0A/0t + VV.). The heating effect on the tissues and fer-
rofluid particles in 2y and 23 are calculated as Joule heating

Q by (2)
Q= J%/o. )

Magnetic force Fyy acting on ferrofluid particle volumes is

Fum = poMVH. (3)

B. Fluid Dynamics

The effect of the magnetic field on the volume concentration
of the magnetic nanoparticles is governed by Navier—Stokes
equation for the fluid velocities v and pressures p

P (i—: + VVV) =Vp+nViv+Fy, “4)
where p and 7 are the density and viscosity of ferrofluid, respec-
tively.

Equation (4) is solved with suitable boundary conditions
specifying the contact between the fluid and the domain
walls, v. = 0 on I's, and zero traction force at the outflow,
{(pn — V) = 0 on I'y cross-section. The volume force £y is
equal to the magnetic force on a single particle in domain €23.
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C. Thermal Field Modeling

The physical process is governed by the bioheat transfer (5),
which is a heat conduction equation with specific terms for the
generation of heat due to Joule losses ¢}, blood perfusion @,
and for metabolic heat (7,,,. The equation for a homogeneous
isotropic medium is

oT
pca—f = AVQT + Q + Qp + Qm7 (5)

where A, p, ¢, T are the thermal conductivity, density, specific
heat and local temperature of the tissues, respectively. The heat
source ¢, due to blood perfusion is given by

Qp =wper (L, = T), (6)

where w is the blood perfusion rate, expressed by blood flow
speed v in milliliters per second per volume of tissue, ¢; is the
specific heat of blood and 7, is the temperature of the arterial
blood circulating in tissue [7].

The boundary conditions used to solve the (5) are heat
transfer by convection between the surface of the breast and
the external environment I'y or I'y. FEM is used for the thermal
field analysis.

Initial temperature of the breast surface is equal to 37°C. The
heat transfer coefficient expresses the convection and radiation
and it is equal to 10.5 W/m?°C. The metabolic heat Q,,, is 7.2
kW/m3. The thermophysical properties were considered in each
region of the breast.

III. COUPLED FIELD PROBLEM

For determination of the thermal field distribution, a coupled
electromagnetic-fluid dynamic-thermal field problem is built.
The heat sources are defined by the electric losses in tissue,
acquired by the solution of the electromagnetic field problem.
Weak sequential coupling [5] is used where the coupling se-
quence is shown in the most general form in the flowchart in
Fig. 2. The coupling of the three fields is in both directions. The
heat source is dependent on the results of the electromagnetic
and fluid dynamics field analyses. Convergence of the coupled
field problem is followed by the temperature of the model for
each time step of modeling process.

IV. TISSUE PROPERTIES

Electromagnetic properties of tissues were obtained by direct
measurements on surgically extracted human tissue samples. An
example of a probe of a breast tumor with surrounding tissue is
presented in Fig. 3.

The electric properties of each tissue type are measured with a
bio-impedance measurement system. Impedance amplitude and
angle are stored and visualized for broad frequency range from
100 Hz to 10 MHz. Using these data the electromagnetic prop-
erties of different samples are acquired [4].

The cancer sample consists of tumor and normal tissue.
These tissues are histologically recognized and mapped for
tumor volume. Mapped frequency dependent properties of
tissue data are presented on Fig. 4.

Thermal properties for all tissues types included in the model
are defined and presented in Table 1.
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Coupled model load step

{ Electromagnetic field model

Magnetic force

[ Fluid dynamics model

Ferrofluid particles reposition
Initial thermal condition

Blood flow heating

‘P[ Thermal field model ]
i

[ Convergence check

Tissue and ferrofluid Jaule heating

Time interval / load steps sequence

Fig. 2. Flowchart of the coupled field model.

Fig. 3. Breast tumor tissue sample.

1000000

100000

03" 10000

1000

100 LI
1000 10000

[ T
100000

(IR
1000000

[T
10000000

f(Hz)

) eSS i
1o %E’ZFFFFFHM -

I

] Normal tissue

! [ T

N |

014

Tumor
tissue

G (S/m)

0,01

Fig.4. Measured relative electric permittivity —e and electric conductivity —o
of cancer tissue samples.

The properties of the used water-based magnetic fluid es-
timated at 40°C are: density p = 1190 kg/m?, viscosity is
n = 4.75 - 1073 kg/s-m, initial relative magnetic permeability
1 = 1.214, magnetization M = 107 kA/m, mean particle size
10-12 nm, electric conductivity ¢ = 1.27 S/m.
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TABLE I
MODEL THERMAL PROPERTIES

. Density Thermgl_ Hea.t
Tissue X g/m3) conductivity capacity
Pl A(WmC) ¢ (ke °C)
Tumor 1060 0.6 3200
Skin 1016 0.5 3500
Fat 970 0.45 2110
Lobules 1060 1.25 3000
Blood 1125 1.45 3594
Ferrofluid 1190 0.67 4100

\wﬂ_ KL

Tissue sample

Properties mapping

Model building

Fig. 5. Tumor model building process.

V. IMPLEMENTATION

According to the developed coupled field problem formula-
tion, two models of magnetic hyperthermia are applied. The re-
alistic tumor model (Fig. 5) and 3D breast model with tumor are
built. The models contain information about real tumor struc-
ture sample acquired by surgical procedure. It is a breast cancer
tumor sample in medical stage T2N2M1 [6] with maximal size
of 25 mm. Sample volume is 317 mm?>.

Tumor geometry model represented by §2; domain, is placed
in the whole breast model domain €24 It is built by CT 3D image
stack, using sophisticated algorithm for image segmentation and
volume model building [8], [9].

The breast model contains the main tissue types as skin, sub-
skin fat, lobules tissue, tumor and blood vessels. These tissues
forms the main investigated systems in the breast as lobules
system, tumor system and blood flow circulatory system.

Fig. 3 shows the structure of real cancer sample acquired by
surgical procedure. The 3D geometry model of same cancer
structure reconstructed for the model is shown in Fig. 5. The
model is implemented in anatomically precise breast model.

The electromagnetic field source is a circular coil with inner
diameter D1 = 84 mm, outer diameter Do = 126 mm and
thickness h = 15 mm. The total number of the coil turns is w =
20, wire diameter is 1 mm. The coil impedance at frequency of
500 kHz and temperature of 25°C is with resistance R = 2.8
Ohm and inductance . = 114 yH.

Ferrofluid solution is injected at the cancer sample. Fer-
rofluid-filled volume in sample is 24 mm?.

The thermal field distributions in the cancer model for time
period of 120 s are presented in Fig. 6. Images (a) to (f) represent
the thermal field distribution of the tumor inner layer without
ferrofluid solution. Maximal temperature acquired is 40.3°C.

Fig. 7 represents the calculated thermal field distribution of
the tumor inner layer with presence of ferrofluid in the upper
side of the object. Ferrofluid volume is the main thermal field
source in the sample. Maximal temperature acquired is 42.4°C.

The results from this model are validated by infrared ther-
mography. Infrared thermography of the breast cancer sample
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38.4667
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39.5667 40.3

Fig. 6. Thermal field distribution in tumor model for time period of 120s. Im-
ages represents the thermal field distribution time sequence of tumor inner layer
without ferrofluid used in it.

(e ®

39 39.7511 40.5022 41.2533 42.0044
30.3756 40.12867 40.8778 41.6289 42.38

Fig. 7. Thermal field distribution in the tumor model for time period of 120s.
The images represent the time sequence of the thermal field distribution of the
tumor inner layer with presence of ferrofluid in upper side of the object.

att = 60 sand t = 120 s are shown in Fig. 8. Maximal temper-
ature acquired is 43° C. The maximum of the temperature repre-
sents the position of the ferrofluid volume. The field values and
distributions correspond well to the ones shown in Fig. 7.

VI. CONCLUSION

A coupled electromagnetic-fluid dynamics-thermal field
FEM modeling is developed to determine temperature dis-
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@ (b)

Fig. 8. Infrared thermography of breast cancer sample. (a) Tumor tissue sample
att = 60 s. (b) Tumor tissue sample att = 120 s.

tribution in breast tumor and to investigate the phenomena
during magnetic ferrofluid hyperthermia. The FEM model uses
anatomically precise multilevel geometry of the real tumor
sample acquired by a surgical procedure. The electric properties
of the tissues are directly measured for the sample. Infrared
thermal imaging is used for model validation. The results ob-
tained from the modeling coincide well with the measurements
by the infrared thermography.

This coupled field model scheme is capable to investigate
multiscale electromagnetic—molecule dynamics interaction
processes and phenomena. The developed model can be used
also for the design and optimization of electromagnetic interac-
tion between electromagnetic devices and biological structures.
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Analysis of Frequency Fluctuation Using Barkhausen Signal
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Ferromagnetic materials are widely used for various manufactured products such as cars,
trains, and ships. Iron and steel are the most popular materials for frame structures because of
their mechanical properties. Nondestructive testing of iron and steel is an extremely practical way
of maintaining their mechanical reliability. It is well known that Barkhausen signals are only
emitted from ferromagnetic materials having magnetic domain structures. These signals also vary
depending on their past mechanical as well as radioactive stress histories.

We applied a generalized analysis of frequency fluctuations to Barkhausen signals in the
present study in order to detect various mechanical stresses. Surprisingly, we succeeded in
clarifying that application of our frequency fluctuation analysis to the Barkhausen signals made it
possible to detect several kinds of mechanical stresses.

Key words: Barkhausen signals, Frequency fluctuations, Signal processing, Least squares method
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An Improvement in Sensibility of the Eddy Current Testing
Hiroki KIKUCHIHARA and Yoshifuru SAITO
Graduate School of Electrical Engineering, Hosei University, 3:7-2 Kajino, Koganer, Tokyo 184-8584, Japan

Eddy current testing (ECT) is one of the most representative nondestructive methods of testing
metallic materials, parts, and structures. The operating principle underlying ECT is based on the
two major properties of magnetic fields. The first is that alternating a magnetic field induces eddy
current in all of the conducting materials. Thereby, input impedance of the magnetic field source, i.e.,
the electric source, depends on the eddy current path. The second is that the magnetic field
distribution not only depends on the exciting but also the reactive magnetic fields caused by the eddy
currents in targets. The former and latter are impedance sensing and magnetic flux sensing types.

This paper is concerned with improving the sensibility of impedance sensing. The sensibility of
ECT can be improved in two steps. The first is achieved by selecting the optimum exciting frequency.
We employed a natural parallel resonant frequency in the ECT coil. The second is achieved by
increasing the sharpness of the resonance curve on impedance versus frequency characteristics by
changing the coil connections. Thus, we succeeded in developing an ECT sensor that had up to four
times greater sensibility than the conventional one.

Koy words: eddy current, nondestructive testing, resonant frequency

#EVABR o YORERLICEHYT TR

SauURGLEE - BARIET
EBRFRFRAR TSR, HR/ - tiPEUFRT 3-7-2 (T 184-8584)

{Paper)

1. ¥R

SBHBOIBBRE R LT EMEMBRO DI THE

REWTHD. EMOFEBBRTELE LT, #BHKELE
(Eddy Current Testing, LA#%, ECT LBEED) 1dfU&aY%
—HiETHY, ECT ICXHHEIL, REMNSR L HEERMD
LML, B A R CABE e REN TR TH S.
O, ECT (ZEHMHHOM L O MRAL SHE RO
BERLEYEHTEL ONHFCLNICHEDR TS 1D,

ECT OWMEFRBEIZHEMHMTH Y, KL THEMN
HDH., —FIITHRBURN LR RICHEHTD 2 & CHRE
R A BAE S, BERAMNRPORRAOHFEC
LB SHOMEL BRSO R EANL v E—F R
OELTRATHHETHSD. 2T, 2D ECT %A
VE=F RGBSR, IO E— X AT
ECT %GB a A it o biikhaAich Yy, Mg
NMUCRETHD. FIIGBEa A AV UADE s
NERZT-EBE - B aA VR THD. ZOREE -
oYt a s A BRIERAENRPORfOFECRRET
HMET A i OMENBRET AN BEROE L2 RNT 5
Tt al VORBICHREERRO. 2O, -
Yo VREERNE, £ B —F 2 ARERNCHE L TE
HELENTWVEN, Bridas oiEeRRERLES
{ORBHIYRELLEETS.

AR EMF DA v E— o RREN ECT O EE
{LEEWIC T 5 —HiEERET S, A E—F o 2RmB
ECT I RXEoMHMLRFREY L) A FRIaA AVTHES
nA. 2ok, ABiL ECT 20 L O DBEFHIFRSP
BB EDEEIZ X HMREE(L TR <, ECT AAHMIC
1 DO R L ABRIRIELDRRBRTHS.

ECT 0 -AEM TEHADBLAHMNHIIHERSETH
5. MEARFREY LV /A FRIaL LVizaf ARICE v R
VEANTET B, BN nET 5L ERANS
RHEPIAAMCERARBEL, BBVQHLWMBLTS
EHH AN X—LERTFRAX—RERL, Wbhd ¥

YO EIBOBRKRICES Y, HRHSERT . LK, K
XTIEZDasAMOF ¥ Y7 AZER L HRB S
EXvv U RAOBR LR, HRAMARERBAICIIA
NA L E—H 0 AR E R DR L K & IR H AT
HEENHD., ARXTCRHERE/ LV /A FRIaALVORER
EEUTAZIETaAMABBELZHEL, Fv/ 30 ¥R
DHRERKET S, BBRLELTANS E—Y  ADR
KERHUFHREZRIAL T, 4 v E—¥ o k5% ECT
DEIREILETTS .

BikWyie A o €—F o 2% ECT OBBEEITILLT
DY THB. 1) HRREY L /A FRaL VOB E
WHHZET, aAVBBEEZHELY v 307208
REBRIET DI, 2) as LD x 30 # XX, ECT
A MCIDSEMEESS LS AT A8 L 2 @D
ANk oTRRILENRD., AL A NMZITETEH
PI~FHBEEF AN B 2 h, BT 2 WM T 1548
%, BaANLINE CRAESGHRED. a4 VR TY
{LLEHRHOERY 2T A7=DICEVOIf LEYA
AT D. O, A NORTHKIBROBDIZRIN0 3
WIEDA o E—F L ADRHEHE (Quality Factor, LLT @
LEER) AMbkT D, ZOXIICHKRIEE VAR EER
IANERCTHERLIZFREY VA Iz V23R
BB ECT LIRE. 3) #iBEREBR ECT 2 Rt fe
ROy ~OLI L IHRAMEE RN S, 4) JRES
B ECT oMk s 3) TR ERE L, &
BRGRA ECT 24 L THBI 5. Strsr gz
L0 KNLHEN BB ST HRIBR A, I+ 5. 3
RSB ECT LY oHRIHCIBIIDANAL Ly E—F
AHMBOTRELS KOS L E—F L XD RBREQ L
Wi o, REBRE ECT ODANA v E—¥ o 2Dkt L
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2. ECTEVY
2.1 ECT OR{ERE
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mm O N LXAAPER ST, WE@IHIL Fig.e o
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s
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— Al A JEH, B RO T TR ENSIIE R
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W75,

Fig. 6 Target test piece and measuring points.

3.2 REBER
Le#eon 7= Table 1 (AR A+ REde, i"#ﬂ‘ SR,
VA ARYD BECT 4o fnTERT S, £Tok )

O LlE Mn-Zn Sh 7 =T 4 bar Ci!”}hk*:ﬁ. T A,
No.1 2% ECT & 4, No.2 j33LiER#E ECT &
v, No.3 (TvA A kaA vEEH L HRERE ECT
o ThBs.

BN LiEs ECT L v 4 THEHICHVW G TV S IR
i) % 256 kHz TiE# L7, Fig.7 (3 Table 12777 3
i ORIE BCT & Hn - 2 R4 73, Fig.7

Table 1 Specifications of trial ECT coils.

No. 1

50 em
0.1

Normal | Conductor length:

| Diameter of conductor:

| Coil ]eng‘th
| Numbcr of coil lay

. Resonant

le mner dmmute

| Coil length: _ _ 6mm |
Number of coil layers: 2
No. 3 Twist | Conductor length: 50 cm
..... Diameter of conductor: 0.1 mm
Axiscore: MnZn
~Coil outer diameter: 3 mm
| Coil inner diameter: 2 mm
| Coil length ~5mm |
Number of coil layers: 3 |
Twist number: 150 T/m |
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Fig. 7 Results of defect searching.
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Fig. 8 Results of defect searching.
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ko LaR L.

A =S A LNHHOERERP S, BAAHZFRIC
Lo TRIER LERARETH S Z Lok ~7-. Tiebh, M
DA A AT = T (Rl B O 4 (HiEv Y 7 Az 2t
LTLHSTHDZLETLE.

Quality Factor Q
20

15
10,67

10

’ L
2 4 [ 8

(a) No. 1: Normal
Quality Factor Q

16 Frequency f{lMHz]

20
14.05
15
10
S
A

Frequency f[MHz]
2 4 6 8 10

(b) No. 2: Resonant
Quality Factor Q

20
14.40
15
10
5
|
= F fMH;
2 4 6 i il HHz]
(¢) No. 3: Twisted
Fig. 9 Quality Factor Q.

LAy LARAS 6, ARBRSC IR B8 i #c & LT 8 MHz fiiitk
O @R R L Ve o), REERSAR AR
HMER S D, ZOWEAE RIS Fk s LTMTTTO=2
VT o R LB RIS HHR RS E T ABOR 6 R
HWEBLELEZ NS

References

1) I.Marinova, S.Hayano and Y.Saito, Polyphase eddy current
testing, Journal of Applied Physics, Vol. 75, No.10, pp.
5904-5906, 1994.

2) N.Burais and A.Nicolas, Electromagnetic field analysis in
Tran. on Magn., Vol.25, No.4, pp.3010-3012, 1989.

3) S.McFee and J.P.Webb, Automatic mesh generation for h-p
adaption, IEEE Transactions on Magnetics, Vol.29, No.2,
pp.1894-1897, 1993,

4) Y. Midorikawa, S. Hayano and Y. Saito, A resonant
phenomenon between adjacent series connected coils and its
application to a noise filter, Advanced Computational and
Design Techniques in Applied Electromagnetic Systems,
Vol.6, pp. 633-639, 1995.

5) S.Hayano, Y.Nakajima, H.Saotome and Y.Saito, A new type

high frequency transformer, IEEE Trans. on Mag., Vol. 27,
No.6, pp.5205-5207, 1991,

20124e8 A 14 538, 20124£12A238ERE, 201345£2A 1404246

80 Journal of the Magnetics Society of Japan Vol. 37, No. 3-1, 2013



el MAGDAdY 77UV A in Bl
~EHRSROEHAICET 3V TR~

A i 5 M 5=

. 2013%12A2H (A) ~3H ()

=gt BIFHEXARTIV REE2F

& . BRAAEMZES

E  BfXHEmER ERFES BAESES. BAY1IL—2 3 %R
BAEAESFE R, sHABESHHER. YATLHHEBERER.
BARRFHER. BAMRE2F S, BAFREREZES.

|IEEE Magnetics Society (Japan Chapter). 75X< - @& F 4.
AARIERER, 514 7Y R—MER BIFKE

s H O W
N



0S4-04

% 22 [l MAGDA OV J7L 2 R in Bl

iR« ZIR A T BRI AR A O BB ARAT

wEHEIL (FER), Bty (ER)

Numerical Analysis of The Flat Transformers
Yasuhiro Fukushi* (Hosei University), Yoshifuru Saito (Hosei University)

Because of its low leakage flux distribution characteristics, the flat transformers composing separately primary and

secondary cores is a far preferable transformer for the contactless power suppliers use. However, the flat transformer

is one of the modified shell type transformers so that its weight is heavy.

In the present paper, we try to decide the design policy of the light weigh flat transformers by numerically

evaluating the details flux distributions. In Particular, we investigate a relationship between the flux density

distributions and coupling factors while changing the driving frequency.

F—T— & EEARE, FEAES, REMT, FIRERE

Keywords : Contactless power supplier, Flat transformer, Numerical Analysis, FEM
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B AR D WM NI T = F 14 R Th D,
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FA MERWE—IR « ZIRaA VOB BEARE RS T
BIELTE,

Fig. 1IZ8ME7 7 v MEES %" T, Table 1 IZEfE
75 v NEERRDEERE T,

Table 1 Specification of the flat shape
transformer. Specification of the primary core
is listed and those of secondary is the same to

the primary.
Primary core: Outer diameter 105mm
Primary core: inner diameter 99mm
Primary core: thickness 7Tmm
Primary core: diameter 105mm
Primary core: depth of the cylinder cut Imm
Primary core: length of the spiral winding 506.3mm
Primary core: diameter of the conductor 0.4mm

Fig.1 A developed flat transformer consisting of the

soup plate shape ferrite cores.
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IRT,
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Fig.2 Relationship between the driving frequency and

coupling factor.
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Fig. 3 iZ3vIal—VvavETVvERT, YIab
—¥ 3 ET M Figl (ORTRIELEEERS% BE
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Fig.3 Transformer simulation model employing the soup plate

like ferrite cores.
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Fig.4 Magnetic flux density distributions under different exciting
frequencies.
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Modeling of the Finite Length Solenoid Coils Exhibiting Resonance phenomena
- Quasi-Analytical Modeling -

EKERT(FER), KL (ER)

Renya Iwanaga , Yoshifuru Saito ( Mem.)

Higher frequency operation of the finite length solenoid coils often leads to a resonance phenomenon. In most
case, this is parallel resonant caused by the mutual action between the stray capacitances among the coils and the coil
inductances. Any of the conventional numerical methods, e.g., FDM and FEM, could not solve such the mixed

problems of the static, diffusion and wave equations.

To overcome this difficulty, we have exploited a quasi-analytical method to analyze the resonant phenomena in

the finite length solenoid coils.

As a results, we have succeeded in reproduce the parallel resonant phenomena.

Keywords: Quasi-analytical method, stray capacitances, resonance, finite length solenoid coils.
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Fig.1 Model of finite length solenoid coil
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Fig.2 Simplified equivalent circuits.
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Table.1 Various constants used in the
computation of finite length solenoid coil
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Fig.5 Frequency characteristics of the impedance
changing the number of subdivisions.

Fig.5 020 BEOERENENTND Z ENbh5
ZHILEREY LV 4’ K :/r/v%%ﬁﬁt@@ﬂ?é%{zt: '
T COmESRE LTHEL WA & :Mﬂfr

%, S EMEE m DI & HITEE 1,55 2 R AT
< IpoTn<,

= 112



Frequency [MHz]
40r

30r

20+

10p

— L Nomber of subdivisions
1] 50 100G 150 200 250

(a) Relationship between the resonant frequency and the
number of subdivisions.

Impadance k)]
=
600
4% -
200+
. L : L - Number of subdivisions
] 50 100 150 200 250
(b) Relationship between the impedances and the number

of subdivisions.
Fig.6 Summary of the convergence properties of the
quasi-analytical method.
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A study of optimized design of the « eddy current sensor

HHFSLET (FER), Bk (ER)
KAZE?, BABER?, RJIEE™

Hiroki KIKUCHIHARA (Stu. Mem.), Yoshifuru SAITO (Mem.)
Manabu OUCHI, Hideo MOGI, Yoshiro OIKAWA

Eddy current testing (ECT) is one of the most representative nondestructive testing methods for metallic
materials, parts, structures and so on. Operating principle of ECT is based on the two major properties of magnetic
field. One is that alternating magnetic field induces eddy current in all of the conducting materials. Thereby, an
input impedance of the magnetic field source, i.e., electric source, depends on the eddy current path. Second is that
the magnetic field distribution depends only on the exciting but also the reactive magnetic fields caused by the
eddy currents in targets. Former and latter are the impedance sensing and magnetic flux sensing types, respectively.

This paper concerns with an optimization of a new magnetic flux sensing type sensor named "o coil" whose
exciting and sensing coils are composed of the oo shape and finite length solenoid coil wound ferrite bar,
respectively. Optimization of this oo coil fully depends on the 3D finite elements methods. According to the 3D
finite element simulation results, we have successfully carried out the optimum size of two exciting coils and a

sensing coil.

Keywords: Eddy current, Nondestructive testing, Optimization
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Fig. 2 Magnetic fields intensity distribution.
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Fig. 3 3D simulation model of the o coil.

Table 1 Various constants used in the 3D simulation.

Exciting coil
Coil outer diameter 22.4mm
Coil inner diameter 20mm
Coil length 10mm
Number of turn o
Input current(peak) 250mA
Frequency 256kHz

Sensing coil
Coil outer diameter 1.4mmx2.4mm
Coil inner diameter Immx2mm
Coil length 6mm
Number of turn 100
Axis core JFEferrite MBIH 23°C
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Fig.4 Eddy currents in a plane metallic target.
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Fig.5 Magnetic flux density vector distributions in the ferrite bar.
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Table 2 Various constants of o coil.

Exciting coil
Coil outer diameter 10.4mm
Coil inner diameter 10mm
Coil length 10mm
Number of turn 100
Input current(peak) 250mA
Frequency 256kHz

Sensing coil
Coil outer diameter 1.4~10.4mm
Colil inner diameter 1.0~10mm
Coil length 1.0~10mm
Number of turn 100
Axis core Ferrite

Fig.7 Signal to Noise (S/N) ratio distribution by FEM simulations.
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Fig.8 Approximate S/N ratio distribution by Power series.
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Fig.10 A representation of S/N ratio distribution by the discrete

Fourier transform.

Fig.11 Approximate S/N ratio distribution by the discrete Fourier
transform employing (1,1)-(5,5) spectra.
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Enhance the Sensitivity of Resonance Type Eddy Current Testing

Al A (FER), BHEOKE? (EB)

Koki MARUYAMA(Stu. Mem.), Yoshifuru SAITO (Mem.)

Eddy current testing (ECT) is one of the most representative nondestructive testing methods for metallic
materials, parts, structures and so on. This paper proposes an improvement methodology of the impedance sensing
type ECT. Sensitivity of the impedance sensing type ECT is improved by means of three steps. One is an optimum
exciting frequency selection. We employ the natural parallel resonant frequency of ECT coil. The second is to increase
the sharpness of the resonance curve on impedance versus frequency characteristic by changing the coil connection.
Finally, we attach externally capacitor to reduce the resonance frequency into low and find optimum externally
capacitor value taking the skin effects into account. As a result, it is found that his makes it possible to enhance the
sensitivity of the impedance sensing type ECT operating at the resonant frequency.

Keywords: Eddy Current Testing, resonance, sensitivity.
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Fig.1 Test coil, the target and measurement conditions.
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(b)  Phase ¢ vs. Frequency f.

Fig.2  Frequency characteristics of the ECT sensor coil.
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* Coil inner diameter 2mm
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(e) Externally attachment of capacitor Ca

Fig.3  Principle of a resonance coil connection. : . . L Frequency{MEz]
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‘ ‘ Fig6  Measured Impedance |Z| vs. Frequency f.
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AT
(a) Normal (b) Resonance type

Fig4  Comparison of the normal with resonance coil
connection.
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Fig.8  Effect of the externally attached capacitor C, to the
resonance frequencies.
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Application of The Frequency Fluctuation Analysis Method to The Barkhausen Signal and Its Application

FEl #£" (F£B), BE JKE'ER

Jun KAWAZOE (Stu. Mem.), Yoshifuru SAITO (Mem.)

Ferromagnetic materials are widely used for various manufactured products such as cars, trains, and ships. Iron
and steel are the most popular materials for frame structures because of their mechanical properties. Nondestructive
testing of iron and steel is an extremely practical way of maintaining their mechanical reliability. It is well known that
Barkhausen signals are only emitted from ferromagnetic materials while they are magnetizing. These signals also vary
depending on their past mechanical as well as radioactive stress histories.

In the present paper, we have applied a generalized analysis of frequency fluctuations to Barkhausen signals in
order to detect the various mechanical stresses. Surprisingly, we have succeeded in clarifying that application of our
frequency fluctuation analysis to the Barkhausen signals made it possible to detect several kinds of different pressure

mechanical stresses.

Keywords:

Barkhausen signals, Frequency fluctuations, Signal processing, Least squares method
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1st Order Frequency Fluctuation Analysis of the Barkhausen Signals
L HET(EE), B OEET #EB)

Yuki Nishiyama (Stu.Mem.), Yoshihuru Saito (Men.)

This paper concerns with the optimization problems in the frequency fluctuation characteristics analysis of the
Barkhausen signals emitted from the ferromagnetic materials. Major ferromagnetic magnetic material is the iron and
its composites which are used extensively as the structural frames of various artificial products such as car, train,
bridge and sky scraper buildings. So that we apply the frequency fluctuation analysis method to the Barkhausen
signals in order to inspect whether the structural frames are stressed or not.

Until now, we have tried to extract the pressure characteristic signal from the Barkhausen signals under pressured
ferromagnetic materials. As a result, it has been clarified that the pressure characteristic signals are contained in low
frequency range of the Fourier spectrum of Barkhausen signals under pressured. However, its 1st order frequency
fluctuation method has some drawback, i.e., the frequency range containing the pressure characteristic signals should
be artificially extracted.

To overcome this drawback, we apply one of the optimum methodologies, i.e., k-means method, to the Fourier
power spectrum of the Barkhausen signals under pressured.

Thus, we have succeeded in extracting the pressure characteristic signal from the Barkhausen signals under

pressured by combining the 1st order frequency fluctuation analysis and k-means method

Keywords: 1st order frequency fluctuation analysis, k-means method, Barkhausen signal,
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Complex permeability based on a Chua type magnetization model

BT KBTCEAER), BEE OKET(EB)

Hideaki NEMORI (Stu.Mem.), Yoshifuru SAITO (Mem.)

Even though, Chua-type magnetization model is capable of representing the various nonlinear magnetization

characteristics of the ferromagnetic materials, a complex permeability is one of the simplest and convenient representations

of the hysteretic magnetization properties.

In this paper, we evaluate the frequency characteristics of a complex permeability derived from Chua type model. As a

result, a comparison of the both our model and experimental frequency characteristics revels a fairly good agreement.

Keywords:  Chua-type magnetization model, complex permeability.
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Fig.5 Frequency characteristics of the complex
permeability of the tested toroidal core.
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Derivation of a Magnetization Model by Fourier Series

A St (FEB), B kE (EB)

Kyosuke WAKUDA (Stu. Mem.), Yoshihuru SAITO (Mem.)

Apply Fourier analysis to the magnetization characteristics leads to a mathematical constitutive equation of the dynamic
magnetization characteristics. ~ When a magnetic flux density in the ferromagnetic materials is sinusoidally time varying,
its accompanying magnetic field intensity becomes a non-sinusoidal distorted time periodic wave caused by the nonlinear
magnetization characteristics of the ferromagnetic materials. ~Apply Fourier analysis to the magnetic fields makes it
possible to classify the magnetic fields into the odd and even time periodic components. ~Considering the time in phase
magnetic flux and time derivative of flux density components to each of the odd and even components of magnetic fields
leads to a simple constitutive relation which is capable of representing the hysteretic property of the ferromagnetic

materials.

Keywords: Fourier series , Magnetic hysteresis , Ferromagnetic materials.
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[BIH] #F—7—F& L TRY, FEEI L O
JERMRTz, F—T— FIZZERAWMEME A, KDL
GBI L 72, THEE | 1SN AEEY oSCRICIERL, ®
FoOBWEFE (-7 L2TOMHEHA [V - X%
Y-l oowgr [F], [5E] Dstz TVIE],
Mk - &55% [5IH] & L7, Table 11d [W&EE] 12
BUILF—7—FORRKETH 5.

@SN T— 7 IRy = —7 Ly FERDS
EIRRERAT 2 ST 5.
2.2.3 9

[Z), TVIE]L T3] 0BEFEICXZ PLvolie%
s, [7] 2REXZ PVELT, X7 VRS
SAY2Iy FOFEICL-TETHERLL, BEHEEE
2. EHICERALEN RS MV EBRAL OV AIZIE
BWALT 2. EHILSNZF—51C7=—7 Ly b EF
REESRNT %2 W 5. ARFE TR AR B BUT R L
EWAHRTEL Py v —D 2K WERHET 5.
BERHR Y = —7 Ly MERTIY bbb T—5 D
X2 DREFTHLH., ZD2D, n=32MDOEE)
LhT =R MEEZD., TOXT NIVORAD
517 HFHOEZTTIZ Table 1 DETHIL SN THY,
By 15 EEoIEaThL oL THELN
TR MVEY ETAH, SHIC, Widvz—7Lv |

Table 1 Number of elements.

KB L8 ARS AR
1. BERZ M ey 1 6 0
2. HERICEFHL 4 8 0
3. ZROBEERE O 0 3 0
4. HLKIFA, @WHETS 1 9 5
5. AH, HKOEA 0 3 0
6. HKDIER, AxOFHE 3 4 2
7. 4, BLALD 1 3 1
8. WAmE, M 3 22 | 23
9. WAMMTE, WORE 4 6 9
10. #HESN, ek 4 3 1
11. HEORRI S &£ 1 5 2
12. WEAOBAM, Wk 3 5 2
13. JeroluosE () AW 3 9 2
14. K, HBHEOHEES 0 5 4
15. HIKOTCH, AKEROLE 5 20 3
16. AT KER OB DR 1 2 0
17. IR, HEOE %85 1 10 0
& 35 | 143 | 5

1
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oal 2T S 75 10 12% 15/
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Fig. 1 Level 4 of the discrete wavelets multi-resolution
analysis: Ta- form
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oal TIFTs 75\AQ kS 15
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Fig. 2 Level 4 of the discrete wavelets multi-resolution
analysis: Ru-form

Magnitude Level —>4
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—0.4 !
—0.6 !

Fig. 3 Level 4 of the discrete wavelets multi-resolution
analysis: Inyo

Magnitude Level —>4
0.6 T
0.4 | '
0.2 | Y -~

—-0.2 .,! .._.: 15 75‘\_LQ_ ]é\q ] 5 I Para.

—-0.4
—0.6

Fig. 4 Level 4 of the discrete wavelets multi-resolution
analysis: patterns of 3 keywords. Solid: Ta- form,
Dotted: Ru- form, Alternate long and short dash:
Inyo.
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EIATHI TH 5.
v r—7Ly NMEHSTHE W ET XY =T Ly
FARZ bS5 L SIEKRATEZONA.

S=WY (1)

WERHR Y = —7 Ly MERT, FICFEYy -0 2
KRR L7248, wa—TLy FARZ P LADE L
LRV (72—=T Ly FARYZ bS5 LR MV S O
Mo 1 BHEERE, hzETE¥ulds) ZEEEOF
BEICHEL, 2LV (Px—TLy FARZ FS
AR MVSDOE2RFEORIERL, Y OEHE XD
T52) de&7T—5 Z2ait L BRI s R E 0% LR,
ESIZEILANL (Y2—T Ly PARY P T AN b
VSOE3, 4EFOAKL, KRYVOELEEZXTT2)
BEF—5 2 4A0E LTI N—F L7 — 7 M oElR
EHEWET S, (o T, T—F OB n=2THo5%5
i, B (X+1D LV, BERERENOZY BRT 5.
2.3 BRELUOER

[HlEE | OEFREXR7 PVICEER Y 2 —T Ly %
WG 2 #H L7268 % Fig. 1, 2, 3, 41
R AR AR OB D Stk F TREE T L ICHE
KR & RE RGN A7z, fEiE ¥ —7 — FORBEHED
CEOBEOEEEERT. I 7 IFERI [,
Ta-form], ##E [V, Ru-form], —#a#HEE [F]
i, Inyol %#%7.

EBROF— 7 HE LTI ITEETITTH D, BT
WX 2 DOREFDT — & DL TH D 10 RFEDOBEEIC
1855 REHEEYXYOF—F L LY, 72, WY
OEEMLBEEZHRLCH S, BRERY = —7
L N EREMRTE, &K, PS, 1/4, 1/8-
LV XY ICERBICTTHL, ThxLXul, L
N2, LRLV3, LRV 4 ERERD LAV T TR
AR RE. LAV 2 TR 7 1 B
Mo 8EHEDIIHL QBN S 16 BEEOTFH OB L%
R, LV 3 TR 4%, LAV 4TRSS, LA
V5T 16 %55 LNV 6 T 3245 TH 5.

2.3.1 BEWRER

EROFTENE B D 72025 %E 8§55 Lz L)L
4 O%ER%E Fig. 1, 2, 3, 412K, AFHxLTikl
Bedbin s ABEERE 1 N— b, SEB%ENS SEERE 2
N— b, OEEDND 12BEERE3I/N— b, 13EEND
16 Btk a s 48— b, 17TBEZHES 78— b LIER,

B1IN—PEFE2 =P EBOTIRF—T—FD [V
Bl & TH] BeriZmLTwa, [HIH] 1381
= I PBE2 /8= MIBWTREIEILL, 25—
MIBWTRELBIMLTWS., 3 /59— 2554
N=bIPFTHF—T7—=Fo [5IH] & [FHE] »32IZFH
Holli#ziiz, F—7—F0 (V] »P%LkoT
Wb, HEANR—FTRF—T—FD [F] & [51H]
WA LTS, WFEOREIZH7-58 58— MIBw
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T [PR]l oXF—u—F28mL, [WVE] &R
WAL, (9] e 2igng ReTns,
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F—U—Fo [F] LF¥F—TU—FD [NWE] LOH
fraeia &, #1%— b &2 85— hTHITH eI
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N—= MIBWTIHINESVOENLPRELRD,
MRS 2R ONE. =M hDE, F—
T— RO [#] EEericsmL, TVl e s
AT 5.

81 8% MIEROEEOET, Haw s HROB
BRREEICEODL AL DBRIGESND., BT O
REHEL EOITHEDEN 2O N DD, ERIGOHHEL Y
Tl ZoTLE). 25— TRERZIND AL & F
TERAA DRI L PHFKSLRFETHEONL., 35—
NC [&I]) A [BIH]) LRk EZRLIGED 5 L
TVIE] & T5IE] MR T A2 ELERT.

2.3.3 [&/#] & [5IRA] OFrER

F—U—Fo [¥l] L¥—TU—Fo [FIH] 1351
IR= M BHE 28— MIF TN L T 25, (51
O¥MPHETH S, H3/85— b 43— P TIHITIT
HE L TW5b,

[GIH] 53 3= FRRERA L, [#TE] 3618
M5 EE 38— M THMT 5. BADIEDOLEL A
VEEO N B0 O EAGHK OB & NEHZEAL
T5L, ¥F=T—F0 [5IH] 3P T 5. HEEOEY
ERICF—T—FD [F] WAL, TWVE] ITLo

moNs, Ihes [RKWE] 6E 2550512
LHOFICHNS L) ICFESN L. §4/8— b T—HK
V5B, H585— N THUENT .

2.3.4 TIZ] & [5IA] OFtiER

F—TJ—=Fo [WE] £X¥x—U—=Fo [5IH] 1351
IN—= FBEE 28— NI THIML T2, 51
OBMAFAZETH D, 3 /85— ML 45— TR
FTHRMAERL TS, [WVE] 3E 18— 2555
= M TR E DR L, [FED ] HSHFRIC
BHRVWE)LRIZELED2ETWLEEZOND,
(HIH ] R Z L 2B L APRE SN D IS HIEF
2%\,

2.3.5 E®
ELRSHE2/= NPT T [FE] & TVE]

TR PITHIMLTEB Y, BIZFEKOZEF RSN,
iz

L2L, £3058 45— M2 THKT 2EHI»R
b7z 58— MIBWTIZ [WVIE] IZIZIEIEEL)s
WoNGrozhs, [F] 1IWINLA Z2oMBE L
THIN—PFTIERIRI s -HEFHEIESNL -0
[ZH] H%wv. X512, HE485— F TREFEDANR
FROME % &8 LW AMBIROHEE S NS EFTTH 5
2, [FH] o V] NEFED NSEER R S h,

FED AN E B A~ LY, &L

1

Fi728720 95 720K S 7.
(2)% 23— MZBWT [HIH] AR&EHmML, 20
5 34 4 23— NI TR LIS LTwoiz B
O FRLBEOOEY 20 Tl3 2L [FIH]) %@
LTHEKDIE L W) KRERIEFORNSEI TN TS
ZENEREINT.
(3) MH#E] oBFAEO [FIH] 1B L TIESCREBI
RELRFFBIIEA SN WA, BN AMOLEX [51H]
TERISN, [FIH] P25l nsde, TLITHADY
ol o W] & 7] TEMICZELEZ D 28T
WAL ENWLNE R ST

FATIZEIZ B TIEEE D ORI LTIl & 2 D57
Wz #H L CEBIN R T b T i o 72,
L LA T AT TERALZF -7 — NITH LTl
R = —7Vy NEERERT 2 @52 LT,
Y FoRB ko —imr g b L, FENERE 5 2
7z.

3. BhEIFDBERE CHEAERT

3.1 =

[RRWEE] (22w T, BETOBEEMEEN L &R
W7 3% L, ESCEON S O 7200 Tld i <,
WA 2 Pk VW oiige e &8 F & F 2850 S %t
PrbhTwas, FHESMIE, REOKAZITT K
KW &B0HGEL RS L, S5 IP#EHEL LD
FEH e BB 2 S L, B bR IS X 2 MR
MET>TWD, LELENS, —ICCHER O
SR E L OBAPLERZ L, 2, FHIIND X
I ITERTHERIZIE S K O EEN Z G 70, Z OB
I EMONEOHBERNHTH L LIZEIEFTH L
W, ZOMOMEE S HIZHBEEIEHICE, TrEa—
7 E OISR DT F A M A =V T EDORE L
FHYTTHAL TR OBADSLEAT K EEZ 5.
AzTix, MEKWE] oBBEORE B X OHEEh
WO75 75 22Xk HIL? 2 a5, B bBam T
HIC X DMEHRENTIC Y S A5 ) ¥ VR lASbE Tk
W, DEKWEE] O 150 33 M5 oMM % Gl
T5HIET, RPEOENMEZE587 5.
3.2 MRWIAE
3.2.1 TREWEE] O

[REWRE] 1%, 54D R b BMWiETH L. Z0D
W, EEROBROBIE2S 3FFTOLNTEY,
g1 &8 1 ~33 M, 5 2 F o 34~41 M, & 3 &
2~54 M2 TWw5S, HICE 1T, 220
RHYIDIEAEL, ThEh Table 2 12”3 &5 2%k
REEERIIHPETE S, AT, $F13D1~33
W % FRAT I 7,
3.2.2 FFANIAZVTE

DI 7T F A M A =0 7279 72D,
HEH T 2WEE O HMBUEE 2 S 02T 52 LERD 5.

13/05/09 16:07 v5.50 (


info01
テキスト注釈
』→』が

info01
テキスト注釈
いかにも→ありありと

info01
テキスト注釈
増加減少→増減


.

Table 2 Two groups in the part 1 of the tale of Genji
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RN 1. Mz, 5. &%, 7. FEHE, 8. fE%,

[REWEE] o HAL 5
ThRLN5.

AT & o THES N7 KM O BIER D 5 [i] — DRt D %

HBWICHET 72012, 279 A5 ) VI FETH D

9. 2% 10. BA, 11. fEBE, 12. ZUE,
13. W, 14, %%, 17, #a4, 18, KA,
19. @, 20. ¥8, 21. A, 32, HMERL,
33. B

TEAR 2. mA, 3. 2N, 4. Y, 6. KL,
15. %4, 16. BRE, 22. £, 23. W,
24. WME, 25. #, 26. WE, 27. K, 28.
¥, 29. 173, 30. ME¥s, 31. FURAE

AWIETIE, WRERATFAIMLSTO T T ALY
WEE e R L, TOMBEABELHH L. AFIZE TR
2XFU EoOMBIFETHL [720], [T, [&b],
[(XLL (o0l [23], 6], [55], NFE&],
(U, TEL), TFEL] 0128205 E L. B#)
FAOMETIE, BHEOXFAORFELRLY, HHEE%E
T LULEND L, FlziE, ZTWEOMEETH L
(720 ] oE, (7260, 720, [725], [721]
GOTHRETHLUENH L. 72, BHFEICBWTIX
RICHN D Z LSz, g e BB T,
R0 2MATHRET S ETHRBBEDN 2K
7z, MAT, B#Eo [2) ] 2250w TiE, Bao [4
5] LRABOIEHEZ 20, HAXKETH L. H
A, 1Mof&#EIc T2 THTBETI0n )1
D] OREEMEEO (Y] THY, [ZoMHTF=>
2D 725 )] ORAREIFETHL. 22T, HBIH
W7 WG 2D W T, T ORI OHLFED S BB 2 4
ML HoSLUDIME 4TS (20 ] &<
—a7IVCTHR L28IC) 2 MEL, D oliicx LT

VANEBAETAHZETTU ST MIZXIBEET- 7.

JJ;QQB 1z

T OR R & L [HIRWEE] o7 F A MiZ

ORI NTVWLE— 7%%£éhf%®%ﬁmLt

3.2.3 HEAERIB|EIZARIVIE
THFAMIAZ I IDEONZMGITBT 2 B8)
ﬁ®&ﬁﬁ§%%m%%®@ﬁ%&ﬁ?étb,ﬁﬁ%
*ﬁ%‘?ﬂ%f“%éi&%f CEGR I & D ey L7z, B ba
WL, 5 (ﬁ(jco)f%fc At G- 2 bz b &I
Uwafmiéh%m%%ﬁMT#mﬁk&éiﬂ
ATz, y e RODLFETH 5.

Oxy= pny 2

72721, oXY, oX, oX 3U TR THZONS.

ow=3Supw-Se S Suwdn) @

i=1j=1 i=1

= é(l'izjéﬁij)_{é(xijépii)}z 4)

ARBEFETIE, BRI L LCTHBEFEOMBIERZ v,

AFENTIZ & O BBy R O HBIERAHPL L 2205 TRlBk % 2 2

1

k-means & HW22, 2ok, H5HrLr T X
TP TBY, K75 A5 WY 5 EHHA
BEICRDL L) BRTF—7 IR L CTEARRTHS, 75
A DHFFTIE, DK ERET VT 2RI TAII
GHEL, K7 TAYEHET HEROFLERDS. K
2, FEHEEZRLEVELOZ FAZIHHTSE. 2h
SO¥NEER 7 T A Y ORRERB X OCEMIEIZED S
B B ETHYETZETEZLZHET A, Lok
HALHG I T, BHHEORSICHET BRI HOND
ZEMD, WS OFLHEEEE L TELLOOHEY
HHE L FFAMIA AL 0 ES L BE)E O
HBHER 2 525 72 %Mo 580 B
B ERGET 5720, FHESICXVHEENT—%
W2 U C RO %247 - 72,
3.3 BRPIUER
3.3.1 FFEARTAZUIICKBBERADESR
Table 3iz7u s 2k rEBMBICIYELN
7-WEEOMBHETH 5. £BOHTOIhBNE O HBL
BRI T 572012, REMZME LTEDO LRMS
LiEE, FEER2L AFFEEHIE L TORLTWAS, 2,
E1HO1-3B3 WO GbeTORT. FHIKNOHT
&, HESICX RO SNWBFHAOKTH L. KW
B TR SN T L RIERAEL, BTx S o 33 Bk
Lf$$&’lb@&éht%ﬁﬁﬁkﬂﬁ%@%%k
DRMS AETH 5. 1 LFOWBEIIOWTIE, Fifk
DT TIIMO G & DX FIATDA T, WRILAFEE A
N2 ARIZE Tl 2 CEOBEENICRE L7z, XD,
(72001, TWUvl, [Z&b], L] oWBLEL MBI B
AR TE WS e b s, MEEEZRD L, [
D] & [87] ORMS#ENKE V., Thix, of

Table 3 Frequencies of auxiliary verbs

720 ) ) ~XL
1 f@E | 40(36) 57(56) 49(33) 34(35)
448 | 135(132) | 98(97) 113(97) 77(76)

1-331 | 2157 1630 1423 1292
(2075) (1637) (1650) (1302)
w7 (%) 1.1 0.4 4.3 0.7
2l =X 5% 5%

1 iR 3(6) 24(21) 4(4) 3(3)
44 | 32(32) 20(18) 19(19) 20(20)
1-331% | 411(416) | 437(322) | 282(299) | 298(304)
(%) 1.0 8.0 2.3 0.9

I EV L F1EL
1 Hilas 6(6) 5(5) 3(3) 6(6)
4 KB 15(14) 18(17) 5(4) 4(4)
1-33 M | 202(206) | 230(212) | 192(184) | 78(79)
(%) 1.4 2.7 2.0 1.3

13/05/09 16:07 v5.50 (



.

6 Rk Ee, A K, SIF

w2, MR R, IR EEE, RE AT, MOF

#i—,

I 55, Ref—0

FICHFEI LT OFEND 720, FOHPRHEEELZH, ST
BbH. LHrLenrs, KEGoODEGEI 3 %L T ik
THRIETETWA.

3.3.2 HEEHROIBIIOI AR > IR

Fig. 5 (34 1. & 2347 7 Whghid o B8 % 2812 L 72 %4
LB I X 2Tk CTH 2. 72721, 1%
O PhEYE b 5o THBIE D%\ 21 FO By S5 % #5712
HAwWTwa, ke ez, Q-G icbiysra7r
T, FHROREVLODPOE LT EE2WAERL
Tw5, I, ROLREEERLZZNENI V=T
THFTRLTWS, KLY, 8o LREEERETIE
I6MiZBRL E20D 7 V=TT AT LNTE, B
B OWMBBEEICH O DR EZNH LI NI L. O
LI ICEEALHR IE T, kLN 2D 7 — & A8
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TG L BRI CTH A, T T, Bt LB
WX BMRRERIC, Tu s AL MRS
V=TT OFHFZOWTHRET 5.
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BB IR LB I E 2 5 A5 ) Y 7 &EH L7z
MR TH D, B ftEmIEIC X 2Tk, HE50
FER L FRRDSA AR DNz, Kb ot E1E, TUfAHER
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EIEZI2A5 1, AIREDRFIR T T AY 21CHHS
N7 CTHsb, 725 RA5) X B5HHE DRI & A
bE, BOLROMLEFEROGBICHEREGEVPR O
b, HELD#E (Fig.5 2R 128w T, 2200F%M
F o 72HEBUAE T AW 2 BRI, RS kg
16M5E 320D 220725 TH5AH., Leho>T, F7IR¥
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Fig.6 Clustering of stories 1-33 (Murakami' s data)
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Fig.7 Clustering of stories 1-33 (present data)
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s
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WZDOWTHET L7z, Table 3 127”3 12 fl o ByH)
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Fig.5 Configuration of 33 stories in the part 1 of the tale

of Genji 2V
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Fig. 8 Number of characters in each sentence with the
auxiliary verb "keri"
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LT BWE%4T->CE&Y. Y24 7 AT DA D
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i, EMEOERERZ T, 2bEHLE 0L
ZFOEMELMEE L 2 TR 2 &5 T& 2 W
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ETBEBICIHTY, YA 2 AT & ITEMOTH

13/05/09 16:07 v5.50 (



W FReEE0HE 4 med Page 8

.

8 Rk E, Ak KW, BIF iz, MDE M, R BRSO REAT, MR M IIH 3SR, BRI

bz RA7z, 51, FRICFXY—NVX - T4V AD
Efi/ N OERIZINH L, /N AL B ELME Cif
ROy DDE RS2 LL, WikEEEOMBET
RaVZ T, 8Z0W 75— <O ETIHHE 25
LEETOLEETVAE S N, R Z IR IUE, it
HOMBGRUDBEIZE > TRABTVPELRDL LV, LED
SWVEAFAE S Bl &2 B 722 L ik o, Ik
IS L7l ORFZE Tk, & 2 T b2 %, Hikad
FRNURHHEIC S IR, X EmE R L7z, 2Rk
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WEEl O S BUCANOFIERR, HAGED SR D
BHENOFRICBWTKRERBEELD > TwD, FlFUC
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Dlo2o077a—F%2fllafdbes I & T, i Fig.9 Visualimagery from “Utsusemi’ painted by Yoshimitsu
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ANOBLEEG T VBEADOIED LWEH S 2 Z3HIKO Fig. 10 Visual imagery from “Kiritsubo" painted by
MRS G2 Lt 5. Mitsunori Tosa, regarding contrast of Men and Women
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Fig.11 Imagery from (a) “Utsusemi” and (b) “Kiritsubo”
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LN LIEDZ ) W& T (Er o), Z2hili
BEIBL (7L —), gD 5% P h T TH LI
IS B AL AR STz, S oAb S E, Zei
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