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Transformers for Contactless Power Suppliers
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ABSTRACT

Contactless power supplier is composed of a transformer having the distinct primary and secondary coils

separated 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 field vector distributions. Furthermore, it is revealed that a tested trial

transformer gives nearly 80 percent power transmission efficiency even though the primary and secondary coils are

separated by 10mm air gap.

Keywords:

contactless power suppliers, magnetic field visualization, discrete wavelets, multi-resolution analysis.

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 efficient job
environment, entertainments and convenient electronic
consumer life, environments around human life are filling
up with the electromagnetic fields. Particularly, because of
the many electric power suppliers to supply the electronic
products, it is essentially accompanied the electric power
lines jangle, which leads to SAR (specific absorption rate)
problems.

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

This paper concerns with development of a transformer
composed of the separated primary and secondary 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 magnetic 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 compared with those with

conventional U shape cores [2,3]. An extension of
conventional inner core type transformer employing U
shape cores spreads the magnetic fields around the
transformer centered 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 center 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
Iem air gap and 0.69 coupling factor is capable to transmit
79 percent input power to the secondary circuits [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 difference of the magnetic field vector distributions
between the secondary 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.
We have carried out the measurements of magnetic field

vector distributions around this transformer using a search
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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 0.2mm diameter conducting wire. By
means of this search coil, we have measured the magnetic

field vector distributions.

Fig.1 Tested transformer employing U shape ferrite cores.

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

S
I

7

Ty

X

Fig.2 Scheme for measurement of the magnetic field

vector distribution.

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. Number of measured points is 8§ X 8 X4
with respect to the x-, y-, z-directions. Secondary circuit is

no load and primary is excited by a 10kHz sinusoidal 0.5A

current. The air gap between the heads of both primary and
secondary U shape ferrite cores is of 1 cm.

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.

Srnall Large

Fig.3 Magnetic field vector distribution around the

transformer employing U shape ferrite cores.

2.2 Flat Transformer

The transformer employing U shape cores is essentially
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

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

ferrite cores are composed of the Manganese 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
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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 8 X 8 X4 with respect to the
X-, y-, z-directions. The secondary circuit is no load and the
primary circuit is excited by a 10kHz sinusoidal 0.5A
current. The air gap between the primary and secondary

core head surfaces is of 4 cm.

gl -

g

Fig.5 Scheme for measurement of the magnetic field vector

distribution for the flat shape transformer.

Table 2 lists specification of the flat shape transformer

shown in Figs. 4 and 5.

Table 2 Specification of the flat shape transformer.

Primary core: Outer diameter 105mm
Primary core: inner diameter 99mm
Primary core: thickness 7mm
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
Secondary core: Outer diameter 105mm
Secondary core: inner diameter 99mm

Secondary core: thickness 7mm

Secondary core: diameter 105mm
Secondary core: depth of the cylinder cut Imm
Secondary core: length of the spiral winding 506.3mm
Primary core: diameter of the conductor 4mm

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 is 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 .

Srmall Large

Fig.6 Magnetic field vector distribution between the flat shape

cores.

3 The Wavelets Transform Analysis

31  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].

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

[Almn ]T = Amnl ’ (1)

the three-dimensional wavelets spectrum matrix Sy, is

given by

T T

_ r )

Slmn_I:W;z[Wm[VV;Almn] i| :| ¢ ( )

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 » 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 H,,,, is composed of the three
independent x-, y-, and z-vector component matrices X,
Y s Z j» TESpECtively.

The matrix H,,, is represented by

H =X +Y +Z

Imn Imn Imn Imn * (3)

Thus, the three-dimensional wavelets spectra of the

magnetic field distribution are obtained by
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T
S,mn=[Wn.[Wm.[p;//.(xlm"+§{,mn+zlm)] J } .(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 comprising spectrum S,,,, but
also the wavelets base functions used for wavelets transform
matrices W,, W,,. W

Apply the inverse wavelets transform to each of the

decomposed wavelets spectra S S ... §(») yields the

Imn > lmn >

wavelets multi-resolution result:

p
Hlmn = ZHE:’I);
- , )
Z T T T o 17 r
:Z an .|:Wm |:VV; 'Slrlnn i| ’
i=1
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.

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 Daubechies
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 1 magnetic field vectors.

Fig.7 Wavelets spectra of the magnetic field vector distribution

Fig.8

measured around the transformer employing U shape cores..

Low High

(a) Level p=1

(c) Level p=3

Wavelets multi-resolution analysis results of the magnetic

field vector distribution measured around the transformer

employing U shape cores.
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This means that the levels 2 and 3 magnetic fields vectors
are spreading around cores centering 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 Daubechies
second order base function is employed. The most dominant
wavelets spectrum vectors are extracted as observed in Fig.
9.

Fig.9 Wavelets spectra of the magnetic field vector distribution

measured around the flat transformer.

Because of just the same reason as described in section
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.

This means that the flat transformer minimizes the leakage
magnetic fields from the air gap space between the primary

and secondary core surfaces.

(c) Level p=3

Fig.10 Wavelets multi-resolution analysis results of the

magnetic field vector distribution measured around air-gap

of'the flat transformer.

Thus, the flat transformer has far excellent magnetic field
vector distribution characteristic from the viewpoint of the

electromagnetic compatibility.

4  Fundamental Characteristics of the Flat

Transformer

4.1 Coupling factor
A coupling factor x is one of the most important
transformer characteristics , which indicates smallness of

the leakage magnetic field vectors between the primary and
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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
k. The dots "' shown over the primary and secondary coils in
Fig. 11 show the positive induced voltages at each of the

coil terminals.

a C

b d

Fig.11 Simplified circuit model of transformer to evaluate the

coupling factor .

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.

_PONL YL

(a) Additive polarity

. .
OM om—ﬁ
a b d c

(b) Subtractive polarity

Fig.12  Series connection of the primary and secondary coils

shown in Fig. 11.

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, s a subtractive-inductance.
Further, the primary and secondary self inductances can be
measured independently. Thereby, combination of (6) and

(7) leads to the mutual inductance M and coupling factor,

which are respectively given by the following equations

®)

Table 3 shows the measured inductances L,, L, L; L, and
coupling factor x changing the air-gap length between the

primary and secondary core surfaces.

Table 3  Coupling factor of the transformer employing flat shape

cores measured at 30kHz.

Gap[mm] 0 1 3 5 7 10

Li[pH] | 578.6 | 3482 | 231.1 | 181.6 | 169.9 | 1339

Lo[uH] | 572.7 | 348.1 | 2294 | 181.0 | 1683 | 1333

22974 1 13582 | 881.8 | 669.4 | 617.6 | 450.8

Ly[pH]

LuH] | 169 | 261 | 414 | 560 | 61.1 | 843

K 0.99 0.96 0.91 0.84 0.82 0.69

The results listed in Table 3 suggests that the flat
transformer is capable of keeping the good coupling factors
k =~ 0.7 although the primary and secondary coils are
separated by air-gap of lcm.

4.2  Power transmission rate

Power transmission rate is the other important
characteristic, which indicates the efficiency of the
transformer.

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.

=)

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

Attaching 40puF resonant capacitor in parallel to the
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secondary coil terminal of the flat transformer leads to a

nearly € = 80% input power transmission rate defined by

o Secondary output power

. , x100[%] . ©)
Primary input power

4.3 Multi-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 demonstrate the
usefulness of the flat transformer, it must be demonstrated
that the transformer under loaded condition never stimulate
the magnetic field vectors around the transformer centered
at air gap.

Fig. 14 shows a measured magnetic field vector
distribution 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 2.2.

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.

Lo 1 g

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

conditions.

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

Also, comparison the wavelets multi-resolution results

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 spreading to the outside
direction from the center of both primary and secondary

coils.

| R L Hizrhs

(c) Level p=3
Fig.15  Results of the wavelets multi-resolution analysis to the
flat transformer under the 1Q pure resistive load and

secondary resonant conditions.

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 1Q pure resistive load and secondary
non-resonant conditions.

Fig.16 show a level p=3 magnetic field vector distribution

of the wavelets multi-resolution analysis results.
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Lo gy
.

Fig.16  Level p=3 magnetic field vector distribution of the flat
transformer under the 1Q pure resistive load and secondary

non resonant conditions.

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 center take the
opposite directions. Namely, the dominant vectors in Fig.
15(c) direct toward the center but that of Fig. 16 direct
toward the outward from the center. 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.
5 Conclusion

To develop the contactless power suppliers, this paper 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 center 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 transformer.
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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 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. Thus, we have succeeded in
developing the ECT sensor having up to 4 times higher sensibility compared with those of conventional one.

Key words: Eddy current, Nondestructive testing, Resonant frequency

1 Introduction

Modem

automobile, smart building, high speed train and so on are

engineering products such as air-plane,
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, carrying 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 eddy
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 composed of conductive
metallic materials can be selectively 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, i.e., electric source, can detect the change of
the target impedance 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 concerns with an improvement of sensibility 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 frequency.
We select the natural parallel resonant frequency of the ECT
sensor coil when facing with a wholesome 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 resonance

and not resonance impedances.
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The second step is to increase the resonant impedance 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 Fig.
1(a) be an eddy current sensor coil. When we put on this
sensor coil on a copper plate as shown in Fig. 1(b) and
apply an alternating current to the sensor coil, because of the
Faraday’s law, eddy current is induced as a reaction of the
alternating magnetic fields. Measure the input impedance of
the sensor coil is able to diagnose a difference of the target
copper plate condition between no defects (Fig. 1(b)) and
2mm crack defect(Fig. 1(c)). This is similar to the
secondary impedance change detection from primary input
terminal in a conventional single phase transformer.

Thus, it is obvious that a simple finite length solenoid coil
can detect the defects of the target conducting materials.

This is the operating principle of ECT.

el

(a)Coil

L{lmm

(b)Copper plate with 1mm
thickness

1 mm A| 4..' |
\ 4

2mm

(c)2mm Air-gap

Fig.1 Tested coil and the measurement conditions.

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 fversus impedance |Z|
and the frequency f versus phase ¢ characteristics,

respectively.

Impedance |Z|[k]
12

Without Target
10

Br With Target having Slit Shape Defect

With Target having Mo Defect

10 15 20

Frequency flMHz]

(a) Impedance |Z| vs. Frequency f.

Phase ©[deg]
Without Target

With Target having Slit Shape Defect

301
ZWith Target having No Defect
10 15 20
Frequency fTMHz]
_SD -

(b) Phase ¢ vs. Frequency f.

Fig.2 Frequency characteristics of the impedance and phase.

2.3 Optimum operation frequency

Decision of ECT operation frequency is of paramount
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 experiences 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 impedance 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
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_ |reference — measured | <100 [%] , (1)

reference

where the reference and measured in (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 (1) is greatly depended on the quality
factor Q of the parallel resonance defined by

_Jo, 2
Q_Af @

where fo and Af are the resonant frequency and the

bandwidth, respectively.

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

To increase the quality factor Q, we employ the resonant

connection shown in Fig. 3. Figs. 3(a) and 3(b) are the two

— =

(b) Connection of the two
conductors.

E ; L R ; L
Al
c
E L E L
fm%fmnﬁ
&
(c) Equivalent electric circuit of the connected conductors.

E L+M

E L+M
2

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

(a) Two conductors.

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), 3(d). Fig4 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 [5].

-
e ek,

(a) Normal (b) Resonance type
Fig4 Comparison of the normal with resonant coil connections.

Fig. 5 Example of a pair of twisted coils

3 Experiment

3.1 Tested target peace and trial ECT coils

Fig. 6 shows a target peace which is composed of the two
different types of materials (SUS304 and SUS316). A
vertical line shape artificial crack having 10mm length,
0.2mm width and 0.5mm depth had been made to the
sandwiched SUS by the electrical discharge machining. Fig.
6 shows a 20mm by 20mm target area. The ECT sensors
measured at the 9 by 9 sampling points with 2.5mm regular

spacing on this 20mm by 20mm square area.

Fig. 6 Target test piece and measured points.

The test peace is composed of the two different types of SUS
materials. A line shape artificial crack having 10mm length,
0.2mm width and 0.5mm depth had been made to the sandwiched
SUS by the electrical discharge machining. A 20mm by 20mm
square area is measured at the 9 by 9 points with 2.5mm regular
spacing sampling
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We have worked out a lots of ECT coils for comparison.
Table 1 lists the representative 6 tested ECT coils. Every
tested coil is wound around the Manganese-Zinc type ferrite
bar used as an axial core material. No.l 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.

Table 1. Specification of the trial ECT coils.

No.1 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
No2 Resonant Conductor length 50cm
Diameter of conductor 0.lmm
Axis 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
Twisting  Conductor length 50cm
Diameter of conductor 0.lmm
Axis 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 TW1st1ng Conductor length 50cm
Diameter of conductor 0.lmm
Axis 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 50cm
Diameter of conductor 0.lmm
Axis 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 50cm
Diameter of conductor 0.lmm

Axis Ferrite bar (MnZn)
Coil outer diameter

Coil inner diameter

Coil length

Number of twisted turns 400/m

Number of coil layers

3mm
2mm
Smm

3

3.2 Conventional ECT operating at 256kHz

x[mm] 5 ip~10
(a) No.1 Normal

10
€[%] 5|

x[mm)] 5 10710
(b) No.2 Resonant
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0 y[mm)

x[mm] > 10 -10
(c) No.3 Twisting
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O 4

x[mm] 10 "10

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

(e) No.5 Twisting

10}
e[%] 5| 10
O\
-10 0 yimm]
x(mm] > 10 -10
(f) No.6 Twisting
S
3 10

Sensibility £ [%]

Fig. 7 Defect searching results. Any sensor coils can detect

the two different kinds of base metallic materials.
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At first, we evaluated the line shape crack in Fig. 6 by
conventional ECT employing 256kHz 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 two different kinds of base metallic
materials. 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 resonant
frequency even if they are facing with the target without any
defect. No.1,2,3,4,5 and 6 ECT coils in Table 1 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.

Impedance Z [k&2]

25 |

20 t

15 |

10 |

5

0 ; R . —

0 2 4 6 8 10
Frequency f [MHz]
(a) No.1

Impedance Z [k52]
30
25
20
15
10

0 2 4 8 8 10
Frequency f [MHz]
(b) No.2
Impedance Z [k ]

25
20
15
10
5
0 2 4 6 8 10
Frequency f[MHz]
(c) No.4

Fig. 8 Frequency f'vs. impedance |Z| characteristics of the ECT
coils (a) No.1, (b) No.2 and (c) No.4, respectively.
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0
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x[mm] 5 10 ;10
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10¢ ) 6
e[%] 5| 5
L 7 O vimm]
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——
1 5 10
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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. 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.l and of No.2.
Quality Factor Q

20
15
10.67
10
5
5 i 3 a 10 Frequency f[MHz]
(a) No. 1
Quality Factor Q
20
14.05
15
10
5
Frequency f{MHz
2 4 6 8 0 a Al ]
(b) No.2
Quality Factor Q
20
14.40
15
10
5
Frequency f[MHz
2 4 6 8 10 a Al ]
(c) No.4
Fig. 10 Comparisons among the Quality Factor Q of the No.1,
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 effect among the coils.

We have selected the natural parallel resonant frequency 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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Ferromagnetic materials are widely used for various artificial products such as cars, trains, ships and so on.
Because of its mechanical property, iron steel is most popular in use for the frame materials. Nondestructive
testing of iron steel is an extremely important way to maintain their mechanical reliability. As is well known fact
that the Barkhausen signals are emitted from only the ferromagnetic materials having magnetic domain structures.
Also this signal varies depending upon their past mechanical as well as radioactive stress histories.

In the present paper, we have applied a generalized frequency fluctuation analysis to the Barkhausen signals

to detect the various mechanical stresses.

Surprisingly, it has been succeeded in clarifying that application of our

frequency fluctuation analysis to the Barkhausen signals makes it possible to detect the several kinds of

mechanical stress.

Key words: Barkhausen signal, Frequency fluctuation, Signal processing, Least squares

1. Introduction

Barkhausen signal is popularly observed in the
ferromagnetic materials composed of the magnetic domain
structures, e.g. iron, nickel, cobalt and garnet, when they are
magnetizing. Also, it is well known that the Barkhausen
signals are very sensitive to the physical external input, such
as mechanical stress and radioactive damage, to the
ferromagnetic materials.

The iron and its composite ferromagnetic materials are
widely used for main frame materials to support the
mechanical structures in many artificial products and
constructions. Because of their essential role, they are
always got mechanical stress and they keep their past
mechanical stress histories. Nondestructive detection of
their mechanical stress as well as residual stress is of
paramount importance for keeping the safety of the
mechanical structures, since it is possible to see ahead of
time what extent the mechanical structure will maintain
their strength for further use.

According to the past researches concerning to a
relationship between the Barkhausen signal and applied
mechanical stress, it has been revealed that Barkhausen
signals are very sensitive to the mechanical stress and
radioactive damage but any deterministic regularity has not
been found [1,2].

Recently, only a macroscopic regularity has been
reported by means of a frequency fluctuation analysis
approach [3]. Principal purpose of this paper is that
conventional frequency fluctuation analysis employing only
I order fluctuation is generalized to the frequency
fluctuation analysis employing the »™ order fluctuations.

As a result, we succeed in extracting the distinct
difference between the stressed and not stressed Barkhausen
signals. Also, we succeed in visualizing in a most clear
manner on the four dimensional space, whose coordinates
are composed of the terms representing the higher order
frequency fluctuation terms of Barkhausen signals.

One of the most famous frequency fluctuations is the 1/f
frequency fluctuation, which can be observed in most of the
natural phenomena such as natural wind, sea water waves,
river flow sound and so on gives a healing effect to the
mentalities via human sensibilities[4].

Conventional 1/f frequency analysis is that application
of the Ist order least squares to the both Fourier power
spectrum and frequency extracts the /st order frequency
fluctuation, i.e, Log of Fourier power spectrum is
approximated by Log of a, + af, yields a I% order
frequency fluctuation characteristic, where a, and a; are the
0™ and a I*' order frequency fluctuation terms, respectively.
If the frequency fluctuation term a; takes a;=I, then we
have the 1/f frequency fluctuation.

On the other side, we generalize this conventional /*
order frequency fluctuation to the »” order frequency
fluctuation characteristics, i.e., Log of Fourier power
spectrum is approximated by a Log of ay + ajftaf+ ...+
a,f', where ay, a;, a, ..., a, are the 0, I 2" ... n" order
frequency  fluctuation terms, respectively. Careful
examination of the coefficients ay, a;, a,,,..., a,leads to the
precise frequency fluctuation characteristic of the
Barkhausen signal.

Second important key point of our approach is how to
visualize the dependency of the 0", 1%, 2 .. ™ order
frequency fluctuation terms to the externally applied forces.

According to our experimental results on this research,
most of the frequency fluctuation -characteristics are
sufficiently represented up to the 4” order terms. So that let
the normalized 7%, 2" 3" 4" order frequency fluctuation
coefficients be respectively the coordinate values on the x-,
y-, z-axes, and point color, then up to the 4™ order frequency
fluctuation characteristics locate the three dimensional space
coordinate position and point color. Thus, comparison
among the different specimens of this diagram visualizes an
each of the distinct characteristics depending on their
mechanical stress conditions.
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2. Frequency Fluctuation Analysis

2.1 Basic equations

Let us consider an arbitrary signal g(#) and its Fourier
power spectrum G(f), and take the logarithm of both Fourier
Spectrum G(f) and frequency f. Plot the Jog G(?) on the log f
coordinate represents a frequency characteristic of the signal
g() on the frequency domain, ie., the frequency
characteristic of the original signal is represented on a x-y
plane coordinate system whose horizontal x- and vertical
y-axes are corresponding to the logarithms of Fourier power
spectrum G(f) and of frequency f, respectively.

In order to represent a global frequency characteristic of
the original signal g(?) in frequency domain, apply a
following power series function:

h(f):a0+a1f+a2f2+...+anf”, (1)

in this x-y plane makes it possible to evaluate the higher
order frequency fluctuation analysis.

The coefficients ay a; a,..., a, in (1) are determined
by least squares as

T~ AT
A=[C’c] CY, 0
where a superscript T denotes a matrix transpose; the
vectors A, Y and matrix C are respectively given by

A=[a, a . a], 3)
Y=[h(h) h(£) - h(5)] @

L
LA R
c=1 f, 2 . f .

VA

R
m > n.

In (3)-(5), a number of equations m, i.e. number of the
sampled frequencies fj, f; f> ..., f», always greater than those
of unknowns #, i.e., number of the coefficients ay a; a; ,...,
a,. In most case, this condition is satisfied because of the

number of sampled frequency m is much greater than those
of the order » of the function A(f) in (1).

2.2 Classical 1st order frequency fluctuation

Fig. 1 shows a Barkhausen signal measurement devices.

Fig.1. Barkhausen signal measurement devices.

The tested specimens are the silicon steels with the
0.35mm thickness, 30mm width and 100mm length. The
tested specimen is put on the upper two head surfaces of U
shape ferrite core wound the 300 turns exciting coil. The
specimen in Fig.1 is excited by flowing a 1A sinusoidal
alternating current through this exciting coil.

Fig. 2 shows a typical frequency characteristic of a
Barkhausen signal under no stress.

T

10" f3%

Fig. 2. Anexample of typical frequency characteristic
of a Barkhausen signal under no stress.

The frequency characteristic in Fig. 2 is obviously
divided into two frequency regions. One is lower frequency
region whose frequency fluctuation can be approximated by
£22° derived from I* order approximation in (1), and the
other higher one is a dispersing signal whose frequency
fluctuation can be approximated by f°, i.e. white noise.

On the other side, Fig. 3 show a typical frequency
characteristic of Barkhausen signal under 3kg stressed.
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Fig. 3. Anexample of typical frequency characteristic
of a Barkhausen signal under 3kg stressed.

The frequency characteristic in Fig. 3 is also divided
into the two frequency regions. One is lower frequency
region whose /% order frequency fluctuation can be
approximated by f'® and the other higher one is a
dispersing signal whose frequency fluctuation can be
approximated by f°.

Consideration to the difference between the first order
frequency fluctuations £>*° and f'® suggests that an
application of the 3kg stress to the tested silicon steel
changes the steep /” order gradient -2.26 to the smoothly
gradient -1.68. This result had been verified by the /* order
frequency fluctuation analysis to the 30 distinct sample
specimens [3].

Thus, it is possible to detect the stress on the
ferromagnetic materials by the classical I* order frequency
fluctuation analysis [3].

However, several difficulties are still remaining: One is
how to decide the frequency range to be computed the
frequency fluctuation characteristic. Second is that the I*
order frequency fluctuation analysis is only effective to a
relatively large stress, even though it is required to detect the
much more smaller stresses.

2.3 Generalized frequency fluctuation

Fig. 4 shows a frequency fluctuation characteristic
under no stress along with a curve obtained by up to the 4”
order power series function in (1), where the frequency
sampling points have been taken in a logarithmic order.

To check the reproducibility of the coefficients
a,,a,,a,,a, , we have 10~12 times independently
measured and computed these coefficients a,,a,,a;,a,
in (1) to the same specimen.

5
-6k
Fig. 4. Example of typical frequency characteristic of

a Barkhausen signal under no stress along with
an up to 4” order power series curve in (1).

After normalizing all of the coefficients a,,a,,a;,a,
to be the values between 1 and 0, let the normalized
coefficients a,',a,',a;',a," be respectively corresponded
to the x-, y-, z-axes values and point color, then this makes it
possible to visualize a dispersion characteristic of the
coefficients a,',a,',a,',a,' . Fig. 5 shows a dispersion
characteristic of these coefficients «,'.a,'.a;',a,’
Combination of Figs. 5(a) with 5(b) reveals that the
dispersion is limited along the vicinity of a hatched surface
in Fig. 6.
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(b) x-z plane

Fig.5. Dispersion of the frequency fluctuation coefficients.
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(1.1,1)

Fig.6. The normalized frequency fluctuation coefficients
a',a,',a,',a,"dispersing area (hatched surface).

Consideration to the hatched region in Fig. 6 suggests
that an individual difference among the sound silicon steel
without any stresses could be limited along the vicinity of
the hatched surface in Fig. 6.

2.4 Stress visualization

We have carried out the random stresses visualization in
much the same as described in Section 2.3. These stresses
were applied to the specimen by hanging the random
weights by a string as shown Fig. 7.

SPECIMEN
wOooD WOOD
BASE BASE
WEIGHT

Fig.7. The stresses are applied by hanging the weights.

Fig. 8 shows one of the frequency fluctuation
characteristics under stress along with a curve obtained by

the 4th order power series function in (1).
Log Power
1-

Log f

Fig. 8. One of the frequency characteristic of the
Barkhausen signals under stress along with
the 4" order power series curve in (1).

Fig. 9 shows the dispersion characteristics of
coefficients «a,',a,',a;',a,".

Comparison of the dispersion characteristics in Fig. 5(a)
with that of Fig. 9(a) demonstrates a distinct effect of the
applied stress. Also, comparison of the dispersion
characteristics «,',a,',a;',a,' in Fig. 5(b) with that of Fig,
9(b) suggests the same as before.

Combination of Figs. 9(a) and 9(b) yields the results
shown in Figs. 10 and 11.

1.0/ ([
\\\ / .
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1
o
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0.0
0.0 5 1.0o
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(a) x-y plane
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1.0 ]
0
(b) x-z plane

Fig.9. Dispersion of the frequency fluctuation coefficients.
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0.5 10,
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Fig. 10. The normalized frequency fluctuation coefficients
a',a,',a;',a," difference between the stressed and
no stressed groups on the x-y plane.
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Fig. 11. The normalized frequency fluctuation coefficients
a',a,',a,',a,' difference between the stressed and
no stressed groups on the x-z plane.

v(2nd orden 0.5
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Observation of the dispersion characteristics of the
stressed specimens suggests that the normalized coefficients
a',a,',a;',a,' in (1) do not disperse but focus on a
relatively small area. On the contrary, the normalized
coefficients a,'.a,',a;",a,' in (1) of the stress free
specimens disperse the vicinity of hatched area in Fig. 6.
This means that the externally applied stress suppresses the
dispersion and confines them into the small space in Fig. 6.

2.5 Bending effect visualization

We have carried out the bending effect visualization in
much the same as described in Section 2.4.

As shown the bended examples in Fig. 12, the 4
specimens were bended 0, 5, 15, and 45 degree. After that
these 4 specimens were recovered to the original straight
form.

NO BENDED

5 degree BENDED

5 degree\Aagree

Fig. 12. No bended and 5 degree bended.

Fig. 13 shows one of the frequency fluctuation
characteristics after bending along with a curve obtained by
the 4" order power series function in (1).

. 6 C

Fig. 13.

Barkhausen signal after bending a specimen along with
the 4" order power series curve in (1).

One of the frequency characteristics of the
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(b) x-z plane
Fig.14. Dispersion of the frequency fluctuation
coefficients.

Fig. 14 shows the normalized dispersion characteristics
of coefficients «,',a,',a,',a,".

Comparison of the dispersion characteristics in Fig. 5(a)
with that of Fig. 14(a) demonstrates a distinct effect of the
bending. Also, comparison of the dispersion characteristics
in Fig. 5(b) with that of Fig. 14(b) suggests the same as
before.
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Fig. 15. The normalized frequency fluctuation coefficients
a',a,',ay',a," difference between the bending and
not bending groups on the x-y plane.
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Fig. 16. The normalized frequency fluctuation coefficients
a',a,',a;',a," difference between the bending and
not bending groups on the x-z plane.

Combination of Figs. 14(a) and 14(b) yields the results
shown in Figs. 15 and 16.

Observation of the dispersion characteristics of the
bended specimens suggests that the normalized coefficients
a',a,',a;'",a," in (1) do not disperse but focus on a
relatively small area. On the other side, the normalized
coefficients a,',a,',a;',a,' in (1) of the bended free

specimens disperse the vicinity of the hatched surface in Fig.

6. Thereby, the externally applied bending stress suppresses

this dispersion and confines them into the small space in Fig.

6.

Thus, it is obvious that the distinction between the
stressed and bending effects is difficult from the Barkhausen
signal analysis.

3. conclusion

Previously, we have succeeded in detect the applied
stress on the silicon steel by means of the frequency
fluctuation method [3].

This paper has generalized this approach, i.e., /* order
to the n” order frequency fluctuations. Further, the 4” order

frequency fluctuation characteristics could be visualized in a
three dimensional space. This has clarified each of the
distinct differences among the specimen having the same
specifications, also clarified the measurement data
dispersions.

As the concrete examples, we have applied our method
to the stress visualization of the silicon steels, and
succeeded in extracting the characteristics of the stressed
specimens. Also, we have applied our method to the past
bended history detection. This has led to the similar results
obtained in the stress detection. Thereby, it has been
clarified that the distinct difference between the past
stressed or bended histories is difficult.
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Abstract — In this work, method of magnetic fluid
hyperthermia is implemented for breast cancer therapy. Coupled
field modeling of ferrofluid transport and heating in tumor tissue
is presented. A forward 3D electromagnetic — thermal - fluid
dynamics, finite element method model is developed. The model
uses anatomically precise multilevel geometrical model of human
breast with known tissues electrical properties, blood and liquor
flow speeds in its vessels. The model presents the structure of real
cancer sample acquired by surgical procedure. Cancer and
normal tissue electrical properties are directly measured for this
sample. Thermal field results are verified by infrared
thermograph imaging.

1. INTRODUCTION

The method of magnetic fluid hyperthermia selectively heats
up tissues by inducted alternating current to targeted magnetic
fluid [1-2]. Magnetic fluid distribution determines thermal
field inside tissues under therapy process. Inversely magnetic
fluid transport and distribution rearranges electromagnetic
field which can dramatically change thermal field in that
sensitive live tissue domain, Otherwise anatomy objects under
investigation are particularly complex structures, which are
often non rigid and random in shape, and exhibit considerable
variability from person to person. Tissues electromagnetic and
thermal properties are anisotropic, frequency and time varying
and in general are not clearly determined for all tissues in case
under investigation. All of this as well as an absence of explicit
shape models that capture anatomy specifics, makes modeling
task challenging.

In this work, coupled field modeling of ferrofluid transport
and heating in tumor tissue is presented. A forward 3D
electromagnetic — thermal - fluid dynamics finite element
method (FEM) model is developed.

I. METHOD

For determination of the thermal field distribution in
magnetic hyperthermia therapy, a coupled electromagnetic —
thermal - fluid dynamics field model is established. The
electromagnetic field distribution inside the conductive tissue
region depends on the time varying magnetic flux density. The
heat sources are defined by the electric losses in tissue,
acquired by the solution of the electromagnetic field problem.
The analysis was carried out on a three-dimensional transient
electromagnetic problem according FEM formulation.

The FEM model uses anatomically precise multilevel
geometrical model of human breast with known tissues
electrical properties, blood and liquor flow speeds in its
vessels. Model contains information about real cancer
structure sample acquired by surgical procedure. Cancer and
normal tissue electrical properties are directly measured for

this sample by precise measurement system [3]. According to
frequency dependent properties of the dataset, shown in Fig.1,
thermal conductivities, for all tissues types included in the
model are defined.
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Fig. 1. Measured relative electric permittivity - € and electric
conductivity — ¢ of cancer tissue samples.
l 60

T(°C)

.

Fig. 2. Sample shape (a), layer of cancer model (b) and surface thermal field
distribution in breast model (c).

(®) ©

Fig. 2 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. 2(b).
Calculated thermal field distribution in the breast is
demonstrated in Fig.2(c).
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Abstract— Most of the electromagnetic computation
technologies for electrical machines design may be established
even though the solid state physical properties of the
ferromagnetic materials used as main constructing materials of
the electrical machines are never fully taken into account.

This paper tries to compensate the current computational
electrical machines design problem on the ferromagnetic
materials. Namely, this paper tries to work out the evaluating
methodology for which the electric machines are optimally
designed or not by means of the Barkhausen signal analysis.
Barkbhausen signals are intrinsically accompanying with the
magnetization processes of the ferromagnetic materials.

I. THE BARKHAUSEN SIGNAL ANALYSIS

Barkhausen signal is popularly observed in the
ferromagnetic materials composed of the magnetic domain
structures, e.g. iron, nickel, cobalt and garnet, when they are
magnetizing. Also, it is well known that the Barkhausen
signals are very sensitive to the physical external input, such as
mechanical stress and radioactive damage to the ferromagnetic
materials.

All of such ferromagnetic materials construct the major
frame parts of electrical machines, even though the solid state
magnetization properties of ferromagnetic materials are never
fully taken the computational design of them into account.
Because of their essential role, ferromagnetic materials are
always got mechanical stress and they keep their past
mechanical stress histories. Nondestructive detection of their
mechanical stress as well as residuval stress is of paramount
importance for checking the properness of the mechanical
structures, since it is possible to see ahead of time what extent
the mechanical structure will maintain their strength for further
use.

According to the past researches concerming to a
relationship between the Barkhausen signal and applied
mechanical stress, it has been revealed that Barkhausen signals
are very sensitive to the mechanical stress and radioactive
damage but any deterministic regularity has not been found
[1,2].

Recently, only a macroscopic regularity has been reported
by means of a frequency fluctuation analysis approach [3].
Principal purpose of this paper is that conventional frequency
fluctuation analysis employing only 1% order fluctuation is
generalized to the frequency fluctuation analysis employing
the n order fluctuations.

As a result, we succeed in extracting and visualizing the
distinct difference between the stressed and not stressed
Barkhausen signals for the first time in the world.

Thus, it is revealed that our generalized frequency
fluctuation analysis makes it possible to visualize the static as
well as dynamic stresses to the ferromagnetic materials used in
the electrical machines.

I VISUALIZATION OF THE BARKHAUSEN SIGNALS

Fig. 1 shows one of the examples of frequency fluctuation
characteristic under no stress along with a curve obtained by
up to the 4™ order power series function. Fig.2 shows a
visualized result of the under no- and  static-stressed
Barkhausen signal characteristics.

Log Pomer

6

Fig. 1. Example of typical frequency characteristic of
a Barkhausen signal under no stress along with
an up to 4™ order power series curve.
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Fig. 2. The normalized frequency fluctuation coefficients
difference between the stressed and
no stressed groups.
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Abstract— Eddy current testing (ECT) is one of the most
representative nondestructive testing methods for metallic
materials, parts, structures and so on.

This paper concerns with an improvement of sensibility of two
types of ECT. One is conventional and the other is a separately
sensing coil type ECT. Enhance the sensibility of the conventional
ECT are mainly carried out by a classical analytical approach.
On the other side, the other separately sensing coil type is fully
exploited by a computational approach.

As a result, sensibility of the conventional ECT was enchanted
to the 4th times higher than those of original one. Also a fully
computer oriented designed type, i.e., the separately sensing coil
type, displayed a remarkable sensibility with high liftoffs
although it has directionality.

1. ENHANCEMENT OF THE CONVENTIONAL ECT SENSIBILITY

The first step of the conventional ECT is to select the
optimum exciting frequency. Decision of ECT operation
frequency is of paramount importance, because sensibility and
searching depth of ECT are greatly depending on the operation
frequency. We selected the natural parallel resonant frequency
of the ECT sensor coil when facing with a wholesome part of
target. 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 resonance
and not resonance impedances.
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(a) 256kHz operating frequency (b) natural resonant frequency
Fig.1 The results of defect searching

The second step of the conventional ECT is to increase a
quality factor Q by changing the coil connection. The quality
factor Q represents a sharpness of the resonant curve. Thereby
the sensibility of the ECT is greatly depended on the quality
factor Q. To increase this quality factor Q, we employed the
resonant connection [1]. Due to these two steps, sensibility of
the conventional ETC was enchanted to the 4th times higher
than those of original one. Comparison of the line defect
searching results in Fig.1(a) with those of Fig.1(b) reveals that
the sensibility of resonant frequency operation (Fig.1(b)) is far
superior than those of conventional ECT operating at 256KHz
frequency (Fig.1(a)).

II. DEVELOPMENT OF A SEPARATELY SENSING COIL TYPE

Figure 2 shows our developed separately sensing coil type
sensor that is composed of o shape exciting coils and small
searching coil wound around a ferrite bar, We named this
sensor as " o coil". This o coil was innovated by a fully
computational approach using the finite elements method.

__Exciting coils

Search coil
Fig.2 « coll

2. 12WIa 003

2. 0ns5 20 003,

1. 5427780-303|

+3.3606310-00)

Fig.3 Magnetic flux density vector distribution when sensing a line
defect.

972 ;e

Vv
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Fig.4 Measured voltage of the sensor coil.

Figures 3 and 4 show the computed magnetic flux density
vectors distribution and the measured voltages of the search
coil, respectively. A blue line in Fig.4 is the induced voltage
when sensing a line defect. The other colored lines are the no
defect or not directed angles. The most important key of the «
coil is that we set the sensor coil wound around a ferrite bar at
the no or quite low magnetic fields space caused by the o
shape coils to detect only the magnetic fluxes due to the defect.
This key location has been determined by an intensive
computational approach using FEMTET by MURATA
Software CO. LTD. Japan.
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Development of a new o« coil type eddy current sensor
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Hiroki KIKUCHIHARA (Stu. Mem.), Yoshifuru SAITO (Mem.) .
Manabu OUCHI(No Mem.), Hideo MOGI(No Mem.), Yoshiro OIKAWA(No Mem.)

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 depends on the eddy current path. Second is that the magnetic field
distribution depends not 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 a development of a new magnetic flux sensing type sensor named "o coil” whose

exciting and sensing coils are composed of the o« shape exciting coil and finite length solenoid coil wound around
ferrite bar, respectively. Development of this o coil has been carried out by means of fully 2D and 3D finite
elements computational scheme. According to the simulation results, we have worked out a proto type of o coils.

Practical experiments reflect on the validity of our key idea as well as computational results quite well.

Keywords: Eddy current testing, Nondestructive testing
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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 FEM simulation,

Coil outer diameter 22.4mm
Coil inner diameter 20mm
Coil length 10mm
Number of turn 75
Input current(peak) 250mA
256kHz

Sensing coil

Coil outer diameter 1.4mm>2.4mm

Coil inner diameter Imm>x2mm
Coil length 6mm
Number of turn 100

Axis core JFEferrite MBIH 23°C
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(b) 0 degree defect to the two adjacent exciting coils
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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
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Fig.6 Induced voltages in the sensor coil
3 X8R

3.1 & foa L
Table 2 Various constants of the prototype o coil.

Conductor length 4.7Tm
Diameter of conductor 0.4mm
Coil outer diameter 23mm
Coil inner diameter 20mm
Coil length 10mm
Number of turn 75
Number of coil layers 3
Number of coils 2
Input current(peak) 250mA

256kHz
Conductor length 60cm
Diameter of conductor 0.1lmm
Axis core Ferrite bar (MnZn)
Coil outer diameter  2.4mmx2.4mm
Coil inner diameter  1.4mmx1.4mm
Coil length 6mm
Number of turn 100
Number of coil layers 2
Number of coils 1
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Fig.7 Picture of the prototype o coil.
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Fig.8 Measured voltages of the practical sensing coil.
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Development of Contactless Transformers for Contactless Power Suppliers
Based on Optimization Methodology

KiE Em(RER) ., BEKE (ER)

Tatsuya OHASHI (Stu. Mem.), Yoshifuru SAITO (Mem.)

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

Previously we have clarified that the wavelets multi-resolution analysis to the magnetic field distributions
around contactless transformer leads to obtain one of the reasonable core shapes by observing the wavelets spectra

of measured magnetic field vector distributions. Furthermore, it has been revealed that a tested trial transformer

gives nearly 80 percent power transmission efficiency even though the primary and secondary coils cores are

separated by 10mm air gap.

This paper is one of the success research solutions to overcome the specific absorption rate (SAR) problem
based on the finite elements and optimization methodologies. Namely, a contactless flat shaped transformer whose
primal and secondary ferrite cores are separated has been successfully optimized by combining the finite elements

with linear programming optimization approaches.

Keywords: contactless transformer, magnetic field visualization, SAR, optimization.
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Fig1  Atested flat shape ferrite core transformer.
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Fig2  One of the magnetic field vector distributions of
the tested transformer under the 192 pure resistive load and
secondary resonant conditions.
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Fig.3 Circuit model of transformer.

LI

¥ Ls

YLV

EE Lo

Fig4 Series connection of the primary and secondary

inductances.

— 436 —



L =L+L,+2M,
L=L+L -2M,

- 1
oLl M
4
k=
LL,

Table 1 {ZA—7MBT7 =54 haT72ERLEZE
JEZRDREAFREL « 2”7, Table 1 OFERNL, A—7
MA7 xF 4 ha7zEHRLZEERT Smm BED
TT X v v IBRFELTHEERED 80% 22 5
oK R MR D Z LD,

Table 1
employing soup plate like shape cores measured at 30kHz.

Coupling factor of the tested transformer

Gap[mm]| 0 1 3 5 7 10

L[puH] | 578.6 | 3482 | 231.1 | 181.6 | 169.9 | 133.9

572.7 | 348.1 | 2294 | 181.0 | 168.3 | 133.3

Lo[uH]

Ly[uH] [2297.4|1358.2| 881.8 | 669.4 | 617.6 | 450.8

LfuH] | 169 | 26.1 | 414 | 560 | 61.1 | 843

K 099 | 096 | 091 | 0.84 | 0.82 | 0.69
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Fig. 5 Circuit diagram model of a secondary resonant type

transformer.
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Fig.6 Simulation model of the transformer employing the soup

plate like ferrite cores.
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Fig.7 The computed self-inductances versus air-gap length.
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Fig.8 One of the simulated magnetic field vectors distributions of

the transformer. Unit of color bar is Tesla.
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Fig.9 Power transmission rate by the linear programming

optimization.
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