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Quasi-Analytical Approach to the Resonance Phenomenon
of Finite Length Solenoid Inductors

Renya Iwanaga', Iliana Marinova?, Yoshifuru Saito'
1 School of Electronics and Electrical Engineering Hosei University, Tokyo-184-8584, Japan
*Technical University of Sofia 1756, Bulgaria

Introduction

To compute the electromagnetic fields, several numerical methods have been proposed and commercial based software
packages could be available depending on each of the problems. Even though a lots of packages have been available, it is
difficult to evaluate the simple resonant phenomenon of finite length solenoid inductors. This means that an independent
solution in each of the Laplace, Poisson, diffusion, wave equations could be easily evaluated but a solution of the mixed
problems, e.g., a simultaneous solution of the wave and diffusion equations, is difficult. This leads that there is no
commercial based software packages to compute a simple frequency characteristic of finite length solenoid inductors.

T.Takano and et al tried to evaluate the exact skin effect of the finite length solenoid inductors and elucidated that two
kind of skin effects are observed in the finite length solenoid inductors. One is a local skin effect observed in each of the
cross-sections of the conductors and the other is a global skin effect to reduce the linkage fluxes as possible as small in
entire inductors [1].

Y.Watazawa and et al tried to evaluate a quasi-analytical solution of the Laplace, Poisson, diffusion, wave mixed
problem and elucidated the fundamental difference between the skin and proximate effects [2].

Xin Hu developed a full wave solver. Probably this is the first general purpose solver to the mixed problems [3].

This paper tries to carry out the quasi-analytical solution of the exact spirally wound finite length solenoid inductor.
Even though the quasi-analytical solutions are not exactly corresponding to that of experimental ones, it is clarified that
the resonant phenomenon is possible to evaluate by means of the quasi-analytical approach proposed in this paper.

Quasi-Analvtical Modeling

The most important key idea of the quasi-analytical approach proposed by us is that any of the conductors having
complex geometrical shape is divided into small conductor having simple geometrical shape. In the other words, any of
the conductors could be represented by a set of large number of small conductors, and each of the small conductors has its
own analytical circuit parameters, e.g., resistance, inductance, capacitance. Hence, the solutions of any mixed problems
could be reduced into the simultaneous solution of large and extremely complex circuit equations.

Let us consider a simple finite length solenoid inductor shown in Fig. 1(a). At first, a conductor of this inductor is
divided into a large number of small conductors as shown in Fig. 1(b).
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(a) Finite length solenoid inductor (b) Subdivisions of the coil

Fig. 1 Model inductor and its coil subdivisions.

The circuit parameters in each of the conductors shown in Fig. 1(b) can be obtained by analytical means. For example,
a resistance of a small conductor in Fig. 1(b) is calculated by

/
Fr=0——
i (M
where o, | and a are respectively the resistivity, length and radius of the conductor.
The inductance and capacitance are similarly calculated. As a result, it is possible to obtain an equivalent circuit. Fig.
2. shows a simplified circuit model of finite length solenoid inductors.
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Fig. 2 One of the equivalent circuit.

Fig. 3 shows one of the calculated frequency characteristics of solenoid inductors along with the experimental one.

Even though a difference between the calculated and measured resonant frequency is observed, validity of our quasi-
analytical approach has been verified.
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Fig. 3 One of the calculated frequency characteristics of the solenoid inductors along with the experimental one.
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Stress-Frequency Characteristics of the Complex Permeability
- Fundamental Background-

Hideaki Nemori', Iliana Marinova?, Yoshifuru Saito’
! Graduate School of Electronics and Electrical Engineering, Hosei University, Tokyo-184-8584, Japan
*Technical University of Sofia 1756, Bulgaria

Introduction

As is well known, ferromagnetic materials exhibit a lot of complex physical properties, such as the magnetization,
magnetostriction and magneto-thermodynamic properties. All of these physical properties are nonlinear processes so that
their reproducibility is always low excepting the ultimate condition such as magnetically saturated situation. Only one
linear parameter is a complex permeability because it is measured under the sinusoidal field intensity H and also sinusoidal
flux density B conditions.

On the other side, a representative ferromagnetic material is iron which is commonly used as frame structural materials
of many artificial products. This means that the complex permeability may be considered as one of the possible soundness
figure to represent its situation such as under stressed or not in the structural frame materials.

In the other words, if the complex permeability sensitively responds to the external stress as well as residual stress
applied to the main frame materials, a stress-frequency characteristic of the complex permeability may be considered as
the soundness figure to know the residual and normal stresses in the frame materials used in the various artificial products,
e.g., building, tower, bridge, train, automobile and so on.

According to the above mentioned, this paper plans to establish the first firm theoretical background, i.e., theoretical
derivation of the complex permeability and its experimental verification.

Theoretical Background
The domain based magnetization model is

1 l(dB dH]
+_ PLRECZ e

& 8 ; (M

where |, W and s are the permeability measured in the ideal magnetization curve, reversible permeability measured
along with the ideal magnetization curve, and hysteresis coefficient, respectively [1-3].

The first on the right in (1) represents a static magnetized state and the second represents the dynamic magnetized state,
i.e., denoting v as a velocity of magnetic domain, the second term can be rewritten by

l(dB dHJ_l on ox
s

s\ar T dr “ox or
=252y
s ox (2)

where By, n, x are the saturated flux density in each of the domains, number of the domains and position, respectively.

Equation (2) means that the induced voltage dB/d in an unit area is composed of the transformer induced p,(dH/dt) and
velocity induced B,(dn/dx)v voltages.

When we apply a complex notation regarding the constant values of 4, 1, and s to (1), it is possible to derive the complex
permeability as

. s ro’u, | K=,
He (@)= jp, (@)= #(m —JoOu m

(3)
where J = \/_—}

The parameters p, u, and s are easily evaluated by considering the w =30, w =?e= and the peak value of the second term
on the right in (3).

Experiment
Figure 1 shows an experimental frequency characteristic of the complex permeability along with the theoretical one.
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Fig.1 One of the frequency characteristics of the complex permeability.

The results in Fig. 1 verifies the validity of our complex permeability model. The frequency characteristic of the
complex permeability depends on only three parameters, i.e. permeability y, reversible permeability u, and hysteresis
coefficient s so that the effect caused by the external stress may reflect on these parameters.

Thus, the first stage of our stress measurement project employing the stress-frequency characteristics has been

successfully established, i.e., the careful measurement of the parameters y, y, and s has reproduced the frequency
characteristic of the complex permeability.
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Defect Searching in the Curved Surface by the Film oo Coil

Kouki Maruyama!, Iliana Marinova?, Yoshifuru Saito!
! Graduate School of Electrical Engineering Hosei University, Tokyo, 184-8584, Japan
* Technical University of Sofia 1756, Bulgaria

Introduction

Previously we have succeeded in developing a new ECT sensor called = coil [1,2]. This new ECT sensor o coil is
composed of two exciting coils. These exciting coils are arranged in two column wise finite length solenoid coils. When
an alternating current is flowing in series through these two coils, both coils yield magnetic fields. One becomes a south
pole and the other becomes a north pole. Therefore, there is a zero magnetic field zone. One of the most beautiful key
points of the e coil is that a sensing coil wound around a ferrite bar is set to this zero magnetic field zone, which is
extremely sensitive to the magnetic fields caused by a defect in the target specimen.

However, the e coil confronts to a serious difficulty to apply the curved surface targets. To overcome this difficulty,
this paper has worked out a film e coil whose shape exhibits a surprising flexibility so that the film o coil changes its
shape to adjust any curved surface targets.

Intensive numerical simulations employing 3D FEM package were carried to show the usefulness of the film = coil.
Experimental results verified the validity of the numerical simulations as well as the versatile capability of the = coil.

The Film e Coil
Before to work out the exact film shape = coil, we worked out the flat coil e coil. Fig. 1 shows a model film o coil
and its corresponding flat e coil.

(a) Model film e= coil (b) Film oo coil
Fig.1 Amodel film oo coil and its corresponding flat == coil.

Fig. 2 shows one of the computed magnetic field intensity distributions and the eddy current vectors distributions.

(a) A computed magnetic field intensity distribution (b) The eddy current vectors distributions.
Fig.2 One of the computed magnetic field intensity distributions and the eddy current vectors distributions.

Simulated and Experimented Results

To verify our == film coil, we compared the simulated and experimented results. Fig. 3 shows the simulated results
along with the experimented results.
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(b) Measured detected voltages in the sensing coil.

Fig.3 Comparison simulated results with measured results related to detected voltages in the sensing coil.

Although the small detected signals are observed in Fig. 3(b), both of the detected signals to a defect is well

corresponding each other.

Conclusion

We have succeeded in exploiting the film o= coil. According to our laboratory work, it is clarified that the practical film

oo coil may be produced by the printing processes.
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First Order Frequency Fluctuation Analysis of the Barkhausen Signals

Yuki Nishiyama!, Iliana Marinova2, Yoshifuru Saito’
! Graduate School of Electronics and Electrical Engineering Hosei University, Tokyo-184-8584, Japan
*Technical University of Sofia 1756, Bulgaria

Introduction

Barkhausen signal is popularly observed in any of the ferromagnetic materials having 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

[1].

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.

This paper concerns with the stress detection problems on the ferromagnetic materials by means of the frequency
fluctuation analysis of the Barkhausen signals emitted from the ferromagnetic materials. Major ferromagnetic magnetic
material is 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 our frequency fluctuation analysis method to the Barkhausen
signals to inspect whether the structural frames are stressed or not [2].

Until now, we have tried to detect the stress characteristic from the Barkhausen signals under stressed ferromagnetic
materials. As a result, it has been clarified that the stress characterizing signals are contained at low frequency range in the
Barkhausen signals. However, its 1st order frequency fluctuation method has some drawback, i.e., the frequency range
containing the stress characterizing signals should be artificially extracted [3].

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 stressed.

Thus, we have succeeded in detecting the stress characterizing signal from the Barkhausen signals under stressed by
combining the 1st order frequency fluctuation analysis and k-means method.
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(d)1st order gradient vs. frequency characteristics

(c)1st order frequency fluctuation characteristics under 1026g pressure

under 1026g pressure
Fig. 1 Ist order frequency fluctuation characteristics obtained by the equispaced clustering. method
Clustering by k-means approach
We confronted to a serious difficulty, i.e., how to decide the frequency range for which to be computed the frequency
fluctuation characteristic. This problem is solved in this paper by employing one of the optimization methods, i.e., k-means
method based on Euclidean distance [4].
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Fig. 1 shows the equispaced clustered frequency fluctuation characteristics under no and 1026g stresses. It is obvious
that it is difficult to detect a distinct difference between the no and 1026g stresses from the results in Fig.1.
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(c) 1st order frequency fluctuation characteristics (d) 1st order gradient vs. frequency characteristics
under 1026g pressure under 1026g pressure

Fig. 2 Ist order frequency fluctuation characteristics obtained by the k-means clustering method.

Fig. 2 shows the k-means clustered frequency fluctuation characteristics under no and 1026g stresses. In Fig.2, it is
revealed that an entire 1st order coefficients becomes the positive values when 1026g stress is applied to the target silicon
steel, i.e., the 1st order frequency fluctuation characteristics along with the k-means clustering methed takes a different
tendency of the frequency characteristics by applying the stress to the target steel.

Conclusion

Thus, we have succeeded in detect the stress to the ferromagnetic materials by the Ist order frequency fluctuation
analysis along with the k-means clustering method.
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A Study on Backside Defect Searching
by Low Frequency Excitation of the o Coil

Shunichi HAMANAKA', Yoshifuru SAITO!, [liana MARINOVA?2
Manabu OHUCH?, Hideo MOGI?, and Yoshiro OIK AWA?

'Graduate School of Electrical Engineering, Hosei University, Tokyo 184-8584, Japan
*Technical University of Sofia 1756, Bulgaria
Denshijilki Industy Co, Ltd, Tokyo 115-0051, Japan
Introduction

Modern engineering products such as air-plane, automobile, 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, high-speed train, express highway bus,
carrying a large number of peoples are required ultimately high safety as well as reliability. To keep the high safety and
reliability, nondestructive testing to the metallic materials is one of the most important key 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 for the modern
airplane, high-speed -train and express high bus. Among these methods, ECT does not need the complex electronic circuits
and direct contact to the targets. More of that most of the targets whose major frame parts are composed of conductive
metallic materials can be selectively inspected by ECT [1-3].

Operation principle of ECT is fundamentally based on the magnetic field distribution change detecting capability due
to the defect in the targets. To realize this principle, we have two methodologies. One detects the magnetic field change
caused by the detour eddy currents flowing around the defect as a change of input impedance of the exciting coil [2,3]. The
other equips a sensing coil to detect the magnetic field change caused by the detour eddy currents flowing around the defect.
The former and latter are called the impedance sensing and sensing coil types, respectively.

The sensing coil type is further classified into two variations. Most popular sensing coil type employs a differential coil,
and also the other type sets the sensing coil surface perpendicularly to those of the exciting coil. As is well known that the
differential coil detects the uniformity of the magnetic field distribution. Similarly the perpendicularly installed sensing
coil surface to those of exciting coil detects only the magnetic fields caused by the detour eddy currents due to the defect
in the target.

Our developed = coil belongs to the latter type, i.e., detects only the magnetic fields caused by the detour eddy currents
due to the defect in the target. A key idea of our == coil is that the sensing coil wound around a ferrite bar is installed at the
lowest magnetic field intensity region between the north and south poles of exciting coils [1].

In the present paper, to search for the backside defect of a target, we have employed the e coil. As a result, it is revealed
that the o coil has versatile capability, i.e., low frequency excitation of the = coil along with the signal processing method
enhancing the S/N ratio makes it possible to detect the backside defects.

Experiments
At first, we have carried out the intensive numerical simulations employing 3-dimensional finite elements method to

check the possibility of backside defect searching by low frequency excitation of our = coil. After a series of numerical
experiments changing the exciting frequencies. We carried out the practical experiments. As a result, we have confronted
to the high frequency noise problem caused by various electrical and electronic devices located around the work bench. To
overcome this difficulty, we employed two signal processing methodologies. The first is the averaged sum method which
requires the multiple signal samplings to the same target. Second is a Fourier transform method which deletes the higher
frequency components than the exciting frequency from the detected signals.

Thus, we have succeeded in our low frequency exciting approach of the o coil to the backside defect searching problems.
Fig.1 shows the illustrative figures whose left and right are the schematic diagram of the numerical experiments and an
experimental picture denoting the measurement pitch (Smm) by yellow color, respectively.

The red and blue rings on the left in Fig.1 are the exciting coils which yields the exciting magnetic fields. Also in the
same figure, a small ferrite bar wound around a sensor coil located at the Just adjacent part of the red and blue colored
exciting coils. The defect searching area is a 20mm as shown in the right on Fig.1.

Fig.2 shows the result of backside defect searching by the low frequency driving of the « coil. The left and right on the
Fig. 2 are the induced voltages in the sensor coils evaluated by the numerical and practical experiments, respectively.
Obviously, No. 3 location has a backside defect in the target.

Thus, we have elucidated that our « coil makes it possible to search for the surface as well as backside defects by driving
the low frequencies.
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Fig. 2. Sensor output voltages vs. measured points.

Conclusion

In the present paper, we have employed the low frequencies for the < coil excitation to search for the backside defect of
the metallic target. As a result, it has been clarified that the low frequency excitation of the « coil along with the signal
processing procedures enhancing the S/N ratio makes it possible to search for the backside defects.
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Enhance the Sensibility of the Resonance Type Eddy Current Testing
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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 proposes improvement of
sensibility of the impedance sensing type ECT. Sensibility of the 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. This makes it possible to enhance the
sensibility of the impedance sensing type ECT operating at the resonant frequency.

Introduction

Modern engineering products such as air-plane, automobile, 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.

Among various nondestructive 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.

Operating principle of 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 component of magnetic
fields. The reactive component of 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 proposes improvement of sensibility of the impedance sensing method. Improvement
of the sensibility is carried out in the three major steps. The first 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 difference
between the resonance and not resonance impedances. 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. Since the natural parallel resonant impedance become larger, then the deviation
between the resonant and not resonant impedances is essentially larger. This essentially enhances the
sensibility of ECT sensor. Finally we attach an external capacitor to reduce the resonant frequency
into low and also to enhance the sensibility.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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Enhancement of ECT Sensibility
Operating principle of ECT. Let an

|_¢_1 mm arbitrary finite length solenoid coil shown in
(a)Coil Fig. 1(a) be an eddy current sensor coil. When
(b)Copper plate with we put this sensor coil on a copper plate as

1mm thickness 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.
1 mm ¢ <P Measure the input impedance of the sensor coil
is able to diagnose a difference of the target
) copper plate condition between no defects (Fig.
(c)2mm Air-gap 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
Impedance |Z|[k] is obvious that a simple finite length solenoid
12} coil can detect the defects of the target
conducting materials. This is the operating
principle of impedance sensing type ECT.
With Target having Slit Shape Defect Natural resonance phenomena of ECT
coil. Any of the coils always exhibit an
With Target having No Defect 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

2mm

Fig.1 Tested coil and the measurement
conditions.

Without Target
101

10 15 20
Frequency f{MHz]
(a) Impedance IZI vs. Frequency f.

Phase ®[deq] impedance IZl and the frequency f versus phase
Without Target ¢ characteristics, respectively.

With Target having Slit Shape Defect Optimum operation frequency. Decision

207 With Target having No Defect of ECT operation frequency is of paramount

J 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.

10 15 20

Freguency f{MHz]

50F

(b) Phase ¢ vs. Frequency f.

Fig.2 Frequency characteristics of the impedance
and phase.
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A sensibility ¢ of ECT is defined by

|reference measured |

x100[%] » (D
reference
where the reference and measured in (1) refer
D to the input impedances from the ECT coil
terminals when facing the ECT coil with the
r\ wholesome and defect parts of target,
(b) Connection of respectively.

(a) Two conductors. Enhancement of quality factor Q. The

sensibility of (1) is intrinsically depended on

K fﬁﬁ K fﬁlﬁ?ﬁ the quality factor Q of the parallel resonance
rf‘““’ 0] defined by

=
E L E LU = Jo , 2
wafﬁiﬁ‘lv\wfmlo—‘ Y *
&

two conductors.

where f, and Af are the resonant frequency

(c) Equivalent electric circuit of the connected and the half width, respectively.
conductors. The quality factor Q represents a
B LHI sharpness of the resonance curve on the

To increase the quality factor Q, we
employ the resonant 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
- 1 possible to draw an equivalent circuit of the
- resonant connected two conductors as shown

in Figs. 3(c), 3(d). Fig.4 shows a difference

B LM impedance versus frequency coordinate. So
> ﬁ‘_m{ that high Q in (2) means high sensibility in
}j (1).

(d) Modified equ1valent electric circuit of the
connected conductors.
Fig.3 Principle of a resonance coil connection.

(a) Normal (b) Resonance type between the normal and resonant coil
Fig.4Comparison of the normal with resonant ~ connection [4].
coil connections. Practically, the resonant connection is

carried out by twisting the two coils to
uniform the facing side of both conductors as

S R shown in Fig. 5 [5].
Reduction of the resonant frequency. As

Fig. 5 Example of a pair of twisted coils mentioned above, the ECT operation
B L I frequency is of paramount importance,

because sensibility and searching depth of

K }..+M ECT are greatly depending on the operation

alitl ﬁ ﬁ frequency. Therefore, we employ the natural
I

parallel resonant frequency of ECT coil as
Ca operation frequency. However, the resonant
'FHL frequency of ECT coil is relatively high. This
means a low skin depth of the eddy currents

Fig.6Externally attachment of capacitor Ca in target. Thereby, searching depth is limited
to only the vicinity of target surface. To
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overcome this problem, we attach externally capacitor C, in parallel to the originally sensor coil
circuits as shown in Fig.6. The resonant mode in Fig.2 is one of the parallel resonance phenomena so
that attachment of capacitor C, reduces the resonance frequency to low.

Experiment

Tested target piece and tested ECT coils. Fig. 7 shows a target piece whose material is SUS304
steel. 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. Hereby,

there is a junction of SUS at the both ends of the defect. In Fig. 7 a red square shows a 20mm by

Table 1. Various constants of

the tested ECT coils.
| Conductor length 60cm
Diameter of conductor 0.1mm
Axis core Ferrite bar (MnZn)
Coil outer diameter 2.4mm
Coil inner diameter 2mm
Coil length 4mm
Number of twisted turns 175/m
Number of coil layers 3

Defect

Fig. 7 Target test piece and measured points.
Impadance [Z[k0]

——— oomventional

—— 100pF

— 4T0pF

10205F

)]

: ¢ fMHI]
Tty fMEE]

l.lé)- — 2.{5 ig
Fig. 8 Effect of the externaly attached
capacitor C, to the resonance impedances.

Quslity Fartor
——— conventional

- 100pF

— 4P

st | ‘
\

hee Fgaqmancy FIMEL]
1o 20 30 40 e .

Fig.9 Improvement of quality factor Q

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.

Table 1 lists the various constants of the tested
ECT coils. The tested coil was wound around the
Manganese-Zinc type ferrite bar used as an axial
Ferrite core. Further, the coil was twisted 175/m to
compose the resonant connection as described in
Fig.3.

Reduction of the resonant frequency. We
compare the resonance frequencies when attaching
the external capacitors C, and without external
capacitor. Fig. 8 shows the effect of C, to the
resonant frequencies when facing on the target
without any defects. Obviously, larger external
capacitor C, makes it possible to reduce the
resonant frequency.

Eventhough, we have succeeded in reducing
the resonant frequency into low, the resonant
impedance becomes smaller inversely proportion
to the magnitude of attached capacitance C,. This
may mean that the sensibility defined by (1) may
be smaller in value when attaching a larger
capaciatnce C,.

To check this more specifically, we evaluated
the quality factor Q defined by (2). Fig. 9 shows the
quality factor Q when attaching the external
capacitors Cq. According to the results in Fig. 9, it
is found that an attachment of larger capacitance C,
improves the quality factor Q but too large
capacitor C, reduces the quality factor Q. This is
because attachment of the very large capacitor C,
to the sensor circuit in parallel shown in Fig. 6
dominates an entire impedance, i.e., major current
flows through the externally attached capacitor C,
but through not the sensor circuits.

Resonance type ECT operating at 256kHz.
Since the 256kHz operation frequency is one of the
most conventional operating frequencies on the
current used ECTs, we have carried out the defect
serchings employing the 256kHz operating
frequency to check the effect of externallty
attached capacitor C, in parallel to the sensor coils.
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Fig.10 shows the results of defect searching facing the target having the defect located at 0.1mm
liftoff. Observe the results in Fig. 10 suggests that any of the results visualize the H character shape
composed of the artificial defect and two mechanical junctions. In addition, the results in Fig. 10
suggest that the sensibilities are not depending on the attached externally capacitors Cq, i.e., any
externally attached capacitors C,in parallel to the sensor coils hardly change the original sensibility
when operating 256kHz frequency.

1019
(a) No external capacitor

1649 1010

(c) Attached C, =470pF (d) Attached C, =1020pF
I T ——
1 5 20

Fig. 10 Defect searching results operating with 256kHz frequency.

Resonance type ECT operating at the resonant frequency. When the tested ECT coil is facing
to the target having the defect located at 0.1mm liftoff, attaching externally capacitors C, having the
OpF, 100pF, 470pF, 1020pF yields the resonant frequency 2350kHz, 1700kHz, 985kHz,
860kHz, respectively.

(c) Attached C, =470pF (d) Attached C, =1020pF
I T ——
1 5 20

Fig. 11 Defect searching results operating with resonant frequency.
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Fig. 11 shows each of the defect searching results employing their distinct natural resonant
frequencies. Comparison the quality factor Q in Fig. 9 and the detected results in Fig. 11 suggests that
there is the optimum capacitance to reduced the resonant frequency, i.e. the C, =470pF, to obtain the
best detecting result. Also it has been confirmed that attachment of the very large capacitor C to the
sensor circuit in parallel shown in Fig. 6 dominats an entire impedance, i.e., major current flows
through the externally attached capacitor C, but not the sensor circuits.

Conclusion

New innovative idea to enhance the sensibility of ECT sensor has been proposed in this paper.
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 and an
externally attached capacitor.

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 led that the impedance reduced to small in value compared
with those at resonance 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.

Finally, we have attached externally capacitors in parallel to the original ECT sensor coils.
Attaching external capacitor has made it possible to increase the sensibility when a optimum external
capacitance has been selected.

Thus, we have succeeded in working out one of the ultimate high sensibility resonance type ECT
Sensors.
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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. Operating principle of ECT is based on
two major properties of the magnetic field. One is that alternating magnetic field induces eddy current
in 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 not
only on the exciting but also on 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
“oo coil”. Exciting and sensing coils are composed of o shape coil and a finite length solenoid coil
wound on ferrite bar, respectively. Development of this oo coil fully depends on the 2D and 3D finite
elements method modeling. According to the simulation results, we have worked out two types of o
coils. Practical experiments reflect the validity of both simulation and design aims, quite well. Thus,
we have succeeded in developing oo coil having a higher sensibility compared with that of
conventional one.

Introduction

Modern engineering products such as air-plane, automobile, 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, high-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, 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
needs not complex electronic circuits and direct contact to target. Furthermore, a target whose major
frame parts are composed of conductive metallic materials can be selectively inspected by ECT [1,3].

In this paper, a new ECT sensor coil named “oo coil” is proposed. Development of this o coil fully
depends on the 2D and 3D finite elements method modeling and also optimizes the eddy current
testing methodology.

The most important key idea of the o coil is in setting the sensor coil in the lowest magnetic field
space caused by the exciting coils, because this sensor coil is capable of catch only the magnetic fields
caused by the detour eddy currents flowing around a defect. This paramount important key idea has
been yielded by carrying out the intensive 2D finite elements simulations. After that 3D finite
elements simulation has been carried out to check up the validity of this key idea.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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Thus, we have succeeded in innovating and optimizing a new high sensibility eddy current sensor
“oo0 coil” by means of the 2D and 3D finite elements simulations [2,3].

New ECT Sensor Coil

Operating principle of the separately installed sensing coil type is fundamentally based on that the
sensing coil catches the magnetic field intensity variation caused by the detour eddy currents flowing
around a defect in the target metallic materials.

To realize this, three methodologies could be considered. The first detects the variation of entire
magnetic fields caused by both exciting and eddy currents. In this case, the sensing coil detects the
magnetic fields distribution caused by the detour eddy currents around defects among the entire
magnetic fields. The second is that the sensing coil surface is installed in a perpendicular direction to
an exciting coil surface. This means that the sensing coil never induce an electric voltage caused by
the exciting fields because the surface of sensing coil always parallels to the exciting magnetic fields,
so that this sensing coil is capable of selectively catching the magnetic fields caused by the detour
eddy currents around a defect. This type of sensor has high liftoff characteristics compared with those
of the first one. The final third one is that the sensing coil is set on the zero exciting magnetic fields
space in addition to the second one coil layout. This final one is capable of catching only the magnetic
fields caused by the detour eddy currents around a defect, and has been innovated in this paper by a
series of the intensive finite elements simulations.

At the beginning of our new sensor project, to concentrate the magnetic fields, the two exciting
coils whose magneto-motive forces becomes in additive were employed, as shown in Fig.1.

To decide a location of sensing coil whose
surface is orthogonal to the exciting magnetic
fields, we have carried out a lot of 2D finite
elements simulations. As a result, it is found
that there is nearly zero exciting field space
between the two exciting coils. This leads to
our o coil. Since the zero exciting magnetic

Fig. 1 Two exciting coils fields condition in addition to the orthogonal

coil surface layout to the exciting magnetic

fields enhances the sensibility of oo coil in an ultimately. Fig 2(a) shows an exciting magnetic field

intensity distribution. In this figure, it is possible to find the zero magnetic fields space between the

two parallel exciting coils. According to this simulation result, we put on a ferrite bar at the bottom

surface of the two exciting coils in order to enhance the sensibility of sensor coil. As shown in

Fig.2(b), setting the ferrite bar hardly disturb the exciting magnetic fields intensity distribution. Thus,

winding around the sensor coil around the ferrite core leads to an ultimately optimized high sensibility
ECT sensor, i.e., o coil.

I
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(a) Without ferrite bar (b) With ferrite bar
Fig. 2 Magnetic fields intensity
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Table 1 Various constants used in the 3D simulation.

Exciting coil

"1' . ™ Coil outer diameter 22.4mm

b ] "'---".-:_q; | 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

Fig. 3 3D simulation model of the o coil Number of turn . 100
Axis core JEEferrite. MB1H _23°C

To evaluate the validity of our o coil performance, we employed a 3D simulation model shown in
Fig.3.Table 1 lists various constants used in the 3D simulation. The eddy currents in a plane target
located under the two exciting coil surfaces are shown in Fig. 4, where the two adjacent exciting coils
side to the no-defect, 0 degree, 90 degree and 45 degree line defects are shown in Figs. 4(a),4(b),4(c)
and 4(d), respectively.
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(c) 90 degree defect (d) 45 degree defect

Fig. 4 Eddy currents in a plane metallic target.

- .(b) 0 degree defect
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Fig. 5 Magnetic flux density vector distributions in the ferrite bar
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Fig. 6 Induced voltages in the sensor coil

Experiment

Fig. 5 shows the magnetic flux density vector
distribution corresponding to that of eddy
currents in Fig. 4. Observe the magnetic flux
density vector distributions in Fig. 5 reveals
that the sensing coil wound around the ferrite
bar could be induced the electric voltages not
the cases (a), (b), (¢) and (d). The induced
voltages of the sensor coil under the conditions
(a)-(d) in Figs. 4 and 5 are shown in Fig. 6.
Observing the induced voltages in Fig.6
reveals that the case (d) yields the highest
voltage.

We employed two coppers plate having Imm thickness as target metal plates. One has no defect
and the other has a line defect having 2mm width. Also, we worked out a prototype of the oo coil.
Table 2 lists various constants of the prototype o coil. We used two exciting coils and one sensing coil
having ferrite core. Fig. 7 shows a picture of the prototype oo coil. The physical dimensions of this
prototype oo coil are corresponding to the 3D simulation model shown in Fig.3.

\

Fig.7 Picture of the prototype oo coil.

Table 2 Various constants of the prototype o coil.

Exciting coil Conductor length 4.7m
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

Sensing coil Conductor length 60cm
Diameter of conductor 0.1mm
Axis core Ferrite bar (MnZn)
Coil outer diameter  1.4mmx2.4mm
Coil inner diameter Immx2mm
Coil length 6mm
Number of turn 100

Number of coil layers 2
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VAL No defect Fig. 8 shows the measured voltages
— M degree . . .
— usaemee  corresponding to that of cases in Figs. 4 and 5.
02 $tdezree Byen though the peak measured voltage is
e somewhat smaller than those of Fig.6, sensing
e Time[us]

b |} characteristics of the prototype oo coil well
correspond to that of Fig. 6. Thus, we have
\/ U succeeded in innovating new type eddy current
S0 sensor "oo coil" by means of the 2D and 3D
Fig.8 Measured voltages of the practical finite elements simulations.
sensing coil.

—0.2

Fig. 10 ET-5002 produced by Denshijiki
Industry Co., Ltd.

Fig. 9 Target piece with three defects.

To compare o« coil with conventional ECT sensors, we measured liftoff characteristics of three
type sensors. Fig. 9 shows a target piece which is composed of SS400 steel. The target piece has three
defects which are 20 mm length, 0.2 mm width and 0.2, 0.3, 0.4 mm depth on the surface. The defect
was made by the electrical discharge machining. We moved the tested three ECT sensors with
50mm/s speed and measured the signal of defect by means of the commercial based signal processing
device "ET-5002", shown in Fig. 10. Operating principle of the ET-5002 is that the equilibrium
balanced condition of the bridge circuit picks up only the discontinuity of signals when the sensor
runs over the defect. We employed 256 kHz operating frequency. Liftoff was changed every 1mm
from Imm to 10mm. The gain in dB, high pass filter in Hz, low pass filter in Hz and the liftoff
distances were set up to the ET-5002.

Table 3 Specification of the tested three sensors Table 3 lists specifications of oo coil,

o coil Magnetic flux sensing type sensor and

Sensing coil Exciting coil

Impedance sensing type sensor. The size of

0.12 . . . . :
e | sensing coil and exciting coils of the oo coil were

Diameter of conductor: 0.lmm | Diameter of conductor:

AXxis core: Ferrite bar (MnZn) | Axis core: No

Coil inner diameter: 0.5mmx2mm | Coil inner diameter: 6mm constructed by means of the Optimization based
Coil length: 4mm | Coil length: 6mm . . . .

Number of turn: 100 | Number of turn: 100 | on the 3D finite elements simulations.

Number of coil layers 3 | Number of coil layers 3 Magnetic flux sensing and Self-induction
Number of coils: 1 | Number of coils: 2

Maaner . type sensors are the commercial based products
agnetic flux sensing type sensor

of Denshijiki Industry Co., Ltd.

Sensing coil Exciting coil

i}i?meter of con;i:uctf)r:b (1(3/.1 1 I;II; Kigmeter of conductor: 0.12n11]m Both of the sensors are based on the

is core: errite bar (MnZn xis core: o . . .

Coil inner diameter: Immx2mm | Coil inner diameter: 4mm differential pr Operty of 8 Shap e coil. The

ISoil lgngtlfl: 10mSm0 ISoil tngtlfl: 12rlnomo difference between them is that the magnetic
umber of turn: umber of turn: . .

Number of coil layers 2 | Number of coil layers 1 flux sensing typ © employs an lndependent

Number of coils: 2 | Number of coils: 1

exciting coil surrounds 8 shape coil. On the
Impedance sensing type sensor

. - — : other side, the exciting magnetic fields of
Sensing coil Exciting coil

Diameter of conductor: _ 0.1mm self-induction type are produced by the currents
Axiscore: ~ Ferrite bar (MnZn) flowing through the 8 shape coil.

Coil inner diameter: 0.5mmx2mm .

Coil length: 10mm Thus, both two commercial based sensors are
Number of turn: 100 capable of detecting the defects in the target
Number of coil layers 3 . . . ey s

Number of coils: 2 materials with high sensibility.
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Fig. 11 shows induced voltages of the three type

nduee] golteeetV] pool sensors when passing close to and get away from a
Lot - iﬁfiﬁi mesemor target piece having a line defect.

osh type sensor Observe the signal makes it possible to find the 5

/\ Jq(k A distinct peaks in each of the sensor signals. Among

R NS s Tmelsl 5 peaks, the first and last ones are occurred when

-0.5} M v the sensors are getting close and away from the

—1.0f target. Thereby, let us focus on the 3 peaks caused

it by the three defects excepting the first and last

peaks.

Fig. 11 Induced voltage (liftoff = 2mm) Magnitudes of these 3 peaks depend on.each of
the defect depths while every sensor is used.

Among the signals in Fig. 11, the signal obtained
by o coil is the most sensitive compared with that of the others. To evaluate a more detailed
characteristic, we focus on the signal caused by defect whose depth is 0.2mm.

Fig. 12 shows the peak induced voltages when changing the liftoff distances from Imm to 10mm. It
is found that the oo coil is superior in most of liftoff cases. However, we confront to intensive
difficulty when obtaining the highly noisy signals. To overcome this difficulty, it is required to
evaluate the signal to noise (S/N) ratio. In the present paper, the S/N ratio is defined by the ratio
between the peak defect and no defect signals.

Fig. 13 shows results for the S/N ratios. As shown in Fig. 13, the S/N ratio is inversely proportional
to the magnitude of liftoff. Comparison of the results in Figs. 12 and 13 suggests that our o coil is
superior S/N ratio to the others. Thus, we have succeeded in developing o coil having a higher
sensibility compared with those of conventional one.

Induced Voltage[V]
1.2

m » coil

Magnetic flux
sensing type sensor
1.0 m Impedance sensing
type sensor

MW ©coil

Magnetic flux
sensing type sensor
m Impedance sensing

" type sensor
0.6
0.4
0.2
ST g7 Mg Mg Mg Liftoff[mm] S SN, R, O, O S B vittot[mm)
Fig. 12 Peak signal magnitude vs. liftoff Fig. 13 S/N Ratio vs. liftoff
Conclusion

As shown above, we have succeeded in innovating and optimizing a new high sensibility eddy
current sensor "oo coil".

All of the 2D and 3D finite elements simulations were carried out by the finite element package
"Femtet" produced by Murata Software Co. Ltd.
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Harmonic Balance for Magnetization Characteristics
Exhibiting Hysteretic Property

Hideaki Nemori and Yoshifuru Saito
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Abstract—The present paper proposes one of the Domain
based hysteretic constitutive equations utilizing the orthogonal
property of the sinusoidal and cosinusoidal periodic function. At
first, we assume a magnetic domain based constitutive equation.
Second, to determine the coefficients of the assumed constitutive
equation, we applied orthogonal properties of the sinusoidal and
cosinusoidal functions. To check the validity of our constitutive
equation, we carried out numerical as well as experimental
verifications.

Keywords—harmonic balance; hysteretic property; orthogonal
property

1. INTRODUCTION

As is well known, a representative ferromagnetic material
is the iron which is commonly used as the frame structural
materials of many artificial products. Ferromagnetic materials
exhibit a lot of complex physical properties, such as
magnetization, magnetostriction and magneto-thermodynamic
properties. Ferromagnetic materials are composed of
magnetic domains and exhibit nonlinear hysteretic
magnetization characteristics. Particularly, their nonlinear
magnetization characteristics are function of externally
impressed stresses. This is because some external physical
energy is added to their domain structures so that their
structures are essentially stimulated to change. This means that
parameters ~ which  characterize =~ the  magnetization
characteristics of ferromagnetic materials may be considered
as one of the possible soundness figures to represent their
physical situation, e.g. under stressed or not.

We introduce a magnetic domain based constitutive
equation to model the magnetization properties of
ferromagnetic materials. And also, we describe this domain
based model in conjunction with harmonic balance method.
According to our formulation, a harmonic balance
representation of the domain based model could be derived by
means of the orthogonal property between the odd and even
functions. Numerical as well as experimental verification of
our method has been carried out. Further, we have revealed the
differences of its parameters under stressed or not.
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II. DOMAIN BASED MODEL
A. Domain Based Model and Its Parameters

Previously, we have proposed two types of constitution
models for representing the ferromagnetic properties [1,2].
This paper employs the later proposed domain based model
[2], and this domain based model is represented in terms of the
magnetic field H[A/m] and flux density B[7]. The domain
based magnetization model is given by

g lp, LdB_pu dH

y7i sdt s dt >’ M

where u, u, and s are the permeability measured in the ideal
magnetization curve, reversible permeability measured along
with the ideal magnetization curve, and hysteresis coefficient,
respectively.

B. Harmonic Balance Modeling

Input Output
£=2A() ) | Spem | w2500
=g sinfa)+ 3 os{ e

=1 =l =1

Fig. 1. Simple input and output system

Let us consider an input and output system shown in Fig.1.
When the input and output of this system are respectively
given by

£(0)=Y asin(ior)+> b cos(iar). @

i=0 i=0

g(t)=Y c;sin(iar)+> d,cos(iar), (@)
i=0 i=0

we represent this system by a following constitutive
equation

:g:q sinficr) + 3 cos( i)



Ldg(t) u, df ()
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An alternative form of (4) is

dg(l) a’f(t)

dt )

To determine the parameter a, £, y, in (3), multiply the
output function g(?) to both sides of (3) and integrate from 0 to
T yields.
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Similarly multiply the time derivative of output function
dg(t)/dt to both sides of (3) and integrate from 0 to T yields
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Furether, multiply the input function f{z) to both sides of
Equation.(3) and integrate from 0 to T yields

T
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Substituting the input (2) and output (3) functions into the

equations (6), (7) and (8), it is possible to set up a system of
equations for i-th harmonics as

ac +bd ¢’ +d} 0 —o(ad -bc,)
be,—ad, |=| 0 o(c)+d?) -o(ac +bd,)
a’+b’ | |ac,+bd, -w(ad —bc) 0
ai
1B
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Input and output relation for i-th harmonics is given by

fio=ag o+l B0

[EOLO,

Let us introduce a phaser notation, i.e., a symbol " refers to
complex quantities, then (10) could be reduced into

(I1+ jioy,) f = (e, + jiop,) g, (11)
where
j=v-1. (12)
Thus, the output is the real part of
" 1+ jiwy,)
()= HHOR)
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1+ (iwy,)’
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Entire sum of the output (14) for i-th harmonics gives the
output g of (3).

f-g loop f vs. Recovered g loop
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1 2
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Fig. 2. Validity check of the model (4) or (5)

Figure 2 shows one of the exmples of the recoverbility of
our domain based harmonic balance solution. According to the
result shown in Fig.(1), it is obvious that the nonlinear
magnetization characteristics exhibiting the hysteretic
properties of ferromagnetic fields could be solved by means of
phaser transform method.

C. Experiment

Figure 3 shows an experimental device and Table 1 lists its
various constants. The tested specimens are the silicon steels
with the 0.35mm thickness, 30mm width and 100mm length.
The tested specimen was put on the upper two head surfaces of
U shape ferrite core wound the 300 turns exciting coil. The
specimen in Fig.l is excited by flowing a 0.45A sinusoidal
alternating current through this exciting coil.

Figure 4 shows a comparison between the experimented
and recovered hysteresis loops.



The stresses were applied to the specimen by putting on the
wood weights to the specimen as shown in Figure 5. The used
weights are 450 and 900 gram.

Figure 6 shows the parameters «, &, »;in (10) to each of
the harmonics. According to the variation of /4, shown in Fig.
6(b), it is found that the parameter /; is highly sensitive to the
applied stress.

The parameter 4; corresponds to the 1st time derivative
term as (5) so that this represents the hysteretic property of the
_ s ferromagnetic materials.

Fig. 3. Specimen and U shape ferrite core Thus, the external stress gives a large effect to the magnetic
hysteresis, i.e., iron loss may be greatly increased by the
externally applied stress. In the other words, the iron losses in

TABLE L SPECIFICATION OF THE MESUREMENT DEVICES the electrical machines distribute depending on the stress
Specimen U shape ferrite core dlst.rllbutlon and take the large in value at highly stressed
Material: silicon steels Material: ferrite positions.
Length: 100cm Number of coil turns: 300 turns
Width: 30mm Diameter of conductor: 0.6mm parameter «
Thickness: 0.35mm 5 10—?
Number of coil turns: 300 turns - X . .
Diameter of conductor: 0.2mm 0 0 1—th harmonics
-5.x1077 0
f-g loop f vs. Recovered g loop —-1.x 10_6 g
g(t) BLT] &(t) BIT] ~1.5x%1076
_ 450g

—rooa [ Tos 10 it ; flt) E— 900g
i Hx 10%A/m] Hx 10%(A/m] (a) Parameter «
, parameter 5
(a) Experimented (b) Recovered by (14)
Fig. 4. Comparison between the experimental hysteresis loop and 0.00002
recovered hysteresis loop 0 i—th harmonics
. . . 0.00002 23 56 8§ 910
Recovered hysteresis loop by (14) is well corresponding to — V. = 0
experimental one. This means that the hysteretic nonlinear —0.00004 g
magnetization problems in ferromagnetic fields could be
solved by means of the harmonic balance methodology. 45 Og
D. Stress Visualization goog
Figure 5 shows an experimental scheme illustration to
visualize the applied stress. A U shape ferrite core wound the (b) Parameter
exciting coil just same as shown in Fig.3. The specimen which
wound the search coil is put on the upper two head surfaces of parameter y
U shape ferrite core.
P 0.00005 N
0.0000 1—th harmonics
89
—0.00005
SPECIMENS —0.0001
—— 450g
— 900g
FERRITE
CORE (c) Parameter y

) ) ] ] Fig. 6. The relationships between the parameters @ ;, 4, ;in (10) and the
Fig. 5. The applied stress visualize scheme. order of harmonics when applied the different external stress.



III. CONCLUSIONS

The hysteretic nonlinear problems in ferromagnetic fields
could be solved by means of the harmonic balance approach.

The parameters p, 1, and s in the domain based model could
be determined in each of the harmonics by the Fourier
approach.

According to our approach, it has been revealed that the
parameter related to the time derivative term of the domain
based model is highly sensitive to the applied stress. Namely,
the iron losses in the electrical machines distribute depending

on the stress distribution and take the large in value at the
highly stressed positions.
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Abstract— This paper describes the backside defect searching
by means of the low frequency oo coil excitation. The low
frequency oo coil excitation confronts to a noise processing
problem in the practical tests. To overcome this difficulty, this
paper employs two methodologies. One is an averaged sum and
the other is the Fourier transform signal processing methods to
reduce the higher frequency components compared to the
excitation one. Thus, we have succeeded in enhancing the S/N
ratio and detecting the signals caused by the backside defects of
the targets. As a result, we have elucidated that the backside
defect searching is possible by employing the low frequency
excitation to our o coil. Experimental as well as numerical
verification along with intensive three-dimensional finite element
method are carried out to confirm our results.

Keywords—Backside  defect searching, Eddy current,
Nondestructive testing, © coil
I. INTRODUCTION
Modern engineering products such as air-plane,

automobile, 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, high-speed train, express highway bus, carrying a
large number of people are required the ultimate high safety as
well as reliability.

To keep the high safety and reliability, nondestructive
testing to the metallic materials is one of the most important
key maintenance 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 to the
modern airplane, high-speed -train and express high bus
maintenance. Among these methods, ECT needs not complex
electronic circuits and direct contact to the targets. And also,
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most of the targets whose major frame parts are composed of
conductive metallic materials can be selectively inspected by
ECT [1-3].

Operation principle of ECT is fundamentally based on the
magnetic field distribution change detection due to the defect
in the targets. To realize this principle, we have two
methodologies. One detects the defect in the target as a change
of input impedance of the exciting coil. This is because the
magnetic field distribution is changed by the detour eddy
currents flowing around the defect in the target which
corresponds to the secondary circuit of a single phase
transformer [2-3]. The other type ETC sensor equips a sensing
coil to detect the magnetic field change caused by the detour
eddy currents flowing around the defect. The former and latter
are called the impedance sensing and sensing coil types,
respectively.

The sensing coil type is further classified into two
variations. Most popular sensing coil type employs a
differential coil, and also the other type sets the sensing coil
surface perpendicularly to those of the exciting coil. As is well
known the differential coil detects the uniformity of the
magnetic field distribution. Similarly the perpendicularly
installed sensing coil surface to those of exciting coil detects
only the magnetic fields caused by the detour eddy currents
due to the defect in the target.

Our developed o coil one of the latter types, i.e., detects
only the magnetic fields caused by the detour eddy currents
due to the defect in the target. A key idea of our oo coil is that
the sensing coil wound around a ferrite bar is installed at the
lowest magnetic field intensity region between the north and
south poles of exciting coils [1].

In the present paper, to search for the backside defect of a
target, we have employed a low frequency excited o coil. As a
result, it is revealed that the oo coil has versatile capability, i.e.,
low frequency excitation of the oo coil makes it possible to
detect the backside defects along with the signal processing
methodologies.



II. SIGNAL PROCESSING METHODS

A. Averaged Sum Method

In any signal measurement devices, it is essential to
confront to the mixing of noise problems. Particularly, the low
frequency excitation of oo coil measures a serious noise signal
quantity compared with those of the desired one.

One of the common natures of any noise never repeat the
same magnitude in value at the same periodic signal points.
This means that an average of the same periodic signals
reduces the noise signals. This signal processing methodology
is the averaged sum approach, which is carried out to a M-th
times measured signal x(k) by

x(k) = ﬁZx"(k) = ﬁZsi(kHﬁZni(k),

(D

where s and 7 are the correct noise components, respectively.

B. Fourier Transform Method

The other methodology to remove the noise components
from the measured signal is the Fourier transform method.
Even though Fourier approach requires some mathematical
operation or electronic circuits, it is one of the base
technologies to synthesis the low-, high- and band pass filters.

To our ECT signal processing, we utilize the Fourier
transform approach to pick up a particular frequency
component from the measure signals, where the particular
frequency is the same as those of the exciting frequency.

III. EXPERIMENT

A theoretical background of the low exciting ECT is the
skin effects, i.e., low frequency magnetic fields induce the
eddy currents in the deep location of the metallic materials.
Namely, the low frequency excitation of ECT makes it
possible to detect the defects located in the deep or backside of
the target metallic materials.

In our experiments, we have employed the two copper
plates, one is the normal copper plane having 2mm thickness,
10cm length, 2mm width, and the other is the target having a
Imm defect at the backside.

Consideration of the skin depth to these targets has led to
employ the 2kHz excitation frequency.

A Averaged Sum Processing

Figure 1 shows a schematic diagram and Table 1 lists the
various constants for the 3D finite element computations.
Figure 2 shows one of the computed results, i.e., a large
amplitude 5.1mV sensor signal has been obtained without any
noise effects where the sensor is on the backside defect and is
not on any defect.

Thus, theoretically it is possible to detect the backside
defect by the low frequency excitation of the o coil.

Figl Schematic diagram of the 3D FEM simulation

Table 1 Various constants of the tested cocoil

Exciting coil

Coil outer diameter 22.4mm
Coil inner diameter 20mm
Coil length 10mm
Number of turn 75
Input voltage (peak) k)%
Frequency 2kHz

Sensing coil

Coil outer diameter 0.9mmx2.4mm

Coil inner diameter 0.5mmx2.0mm

Coil length 6.0mm
Number of turn 100
Axis core Mn-Zn ferrite 300
VoltazslmV]
P
ro—detct

Time[ms)

Fig 2 Induced voltage in the exciting coil

Table 2 lists the various constants of the prototype cocoil.
Figure 3 shows the target piece and a prototype of « coil. The
normal target piece has been emulated by overlapping the two
copper plates having 2mm width, Imm depth. Also, the defect
piece has been emulated by overlapping the one normal sheet
to the other sheet having 1mm depth defect. The various
constant of the prototype oo coil are the same used in the 3D
finite element simulations.



Table 2 Various constants of the prototype cocoil

Exciting coil Conductor length 4.7mm
Diameter of conductor 0.4mm
Coil outer diameter 23mm
Coil inner diameter 20mm
Coil length 10mm
Number of turn 75
Number of col layers 3
Number of coils 2
Sensing coil Conductor length 60cm
Diameter of conductor 0.1mm
Axis core Ferrite bar (MnZn)
Coil outer diameter 2.4mmx2.4mm
Coil inner diameter 1.4mmx1.4mm
Coil length 6.0mm
Number of turn 100
Number of coil layers 2

(a) Target piece

(b) Prototype of the o coil

Fig. 3 The target tested piece and oo coil

Figure 4 show the results of experiments. It looks like the
results of the simulation but includes a lot of high frequency
noise, where the sensor is on the backside defect and is not on
any defect.

Even though the experimented signals mixed with noise in
Fig.4, it is obvious that the backside defect could be detected.

Woltage[mWV]

10 —— dabct

Fig 4 Induced voltage in sensing coil (experiment)

To remove the noise components from the experimentally
obtained signals in Fig. 4, we employed the averaged sum
method (1).

Figure 5 shows the refined signals in Fig. 4 by the
averaged sum signal processing. In Fig. 5, 200 times averaged
was carried out for the defect signal, and 400 times averaged
was carried out for the no defect signals. Difference of the
number of averaging between them is that a large signal needs
not a large number of averaging because of good SN ration but
a small signal requires a large number of averaging because of
the bad SN ratio.

Even though the peak signal voltage of experimental results
is somewhat larger that those of computed ones, the
experimental signals exhibit the similar tendency to that of

Voltags[mV]

computed ones.
{\\7 /\v /X\//_ﬁ‘\\] Timafms]

Fig 5 Induced voltage in sensing coil (averaged sum processed)
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To carry out the experiment in more practical manner, the
sensor coil was moved to point to point locations along a
straight line as shown in Fig. 6. The sensor induced signal at
each of the points was measured, where the sensor was located
at the 5 points along a 20mm line.

Figure 7 shows the induced voltages at the 5 point
locations. Obviously, the maximum induced voltage at the
position 3 suggests the backside defect position of the target.

Figure 8 shows the signal measurement positions on the
plane copper sheet. These positions are as that of the Fig. 6 to
verify our approach.

It Y

D 20d®

20mm

Fig 6 1D flaw detection model (simulation)
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Fig 7 Sensor output voltage (simulation)

Fig 8 1D flaw detection model (experiment)

VoltzzsimV]
ol

1 3P 3 4 B

Fig 9 sensor output voltage (experiment)

The normal target piece has been emulated by
overlapping the two copper plates having 2mm width, 1mm

depth. Also, the defect piece has been emulated by
overlapping the one normal sheet to the other sheet having
Imm depth defect.

In any practical measurements, it is essentially measured
the signals containing noise. To remove the noise signals not
having the exciting current frequency, we employed the
Fourier signal processing approach.

Figure 9 shows the experimentally obtained sensor output
signals whose noise components were removed by the Fourier
signal processing.

Comparison the results in Figs. 7 and 9 shows that their
maximum values are somewhat different but their position is
the same No. 3 point.

Thus, our backside defect searching by the low frequency
excitation is succeeded in a first step of the project.

IV. CONCLUTION

In the present paper, we have employed the low frequency o
coil excitation to search for the backside defect of the target.

As a result, it has been clarified that the low frequency o coil
excitation makes it possible to search for the backside defects
along with the signal processing procedures enhancing the S/N
ratio.
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