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ABSTRACT 

Previously we have succeeded in developing a new ECT sensor called ∞ coil. This new ECT sensor is a 

relatively high sensibility and has the high liftoff characteristics compared with that of conventional ECT 

sensor. 

However, the ∞ coil confronts to a serious difficulty to apply the curved surface specimens. To overcome this 

difficulty, this paper has worked out a flat ∞ coil. This flat ∞ coil exhibits a high sensitivity not only to the 

curved surface but also to the flat surface specimens because of its highly shape flexibility to fit the curved 

target surface and widely spreader-able exciting coils. 

Intensive numerical simulations employing 3D FEM have been carried to show the usefulness of the flat ∞ coil. 

The experimented results have verified the validity of the numerical simulations. Thus, we have confirmed the 

versatile capabilities of the flat ∞ coil. 

 

                                                 
*
Corresponding author, E-mail: kouki.maruyama.8n@stu.hosei.ac.jp †
Present address : c/o Y.saito Lab., Graduate School of Electronics and Electrical Engineering Hosei 3-7-2 

Kajino-cho Koganei-shi 184-8584, Japan 

KEYWORDS 

Eddy current, Non-destructive Testing, Flat ∞ coil, curved surface 

 

 

ARTICLE INFORMATION 

Article history: 

Received # Month Year 

Accepted # Month Year

1.  Introduction 
 

Modern engineering products such as air plane, automobile electric power plant 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 carrying a large number of people and various 

factories e.g. electric power plant and chemical plant are required the ultimately high safety as well as 

reliability.  

To keep the high safety and high quality of their products, the non-destructive 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 non-destructive testing methods, such as eddy current testing (ECT), ultrasonic testing 

(UT), radiographic testing (RT) and acoustic emission (AE) are currently used to the modern airplane, 

high-speed train and express high bus maintenance. Among these methods, ECT does not need 

complex electronic circuits and direct contact to the tested specimens.  

To remove the noise caused by ferromagnetic materials and a circumferential step deformation 

on the inside surface, an eddy current probe with an original coil arrangement driven by a 

multi-frequency had been proposed and provided the successful results.[1]  

Also, numerical and experimental analysis of eddy current testing for a Tube with Cracks had 

been carried with fruitful results. [2,3]  

Operating principle of the separately installed sensing coil type ECT 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.[4-6] 

To realize this operating principle, three methodologies may be considered. The first detects the 
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variation of entire magnetic fields caused by both exciting and eddy currents. In this case, the sensing 

coil has to detect only a change of the magnetic fields caused by the detour eddy currents around 

defects from the entire mixed magnetic fields. The second is that the sensing coil surface is 

installed in a perpendicular direction to the exciting coil surface. This coil layout suggests that 

the sensing coil never induce an electromotive force due to the exciting fields because the sensing 

coils are always directed in a parallel direction to the flow of exciting magnetic fields. Thereby, this 

type is capable of selectively detecting the magnetic fields caused by the detour eddy currents around 

a defect. The third one is one of the modifications of the second type, i.e., the sensing coil whose axis 

is perpendicularly crossing to the flow direction of exciting magnetic fields is installed in the zero 

exciting magnetic field space between the north and south poles of the two exciting coils. A 

deterministic difference between the second and third ones is exciting magnetic field intensity 

in the space where the sensing coil is installed. This difference essentially enhances the capability 

of catching ability only the magnetic fields caused by the detour eddy currents around a defect.  

Our laboratory has succeeded in developing the third type ECT sensor called as “∞ coil”. This ∞ 

coil has the high liftoff characteristics compared with those of another type. [4] 

However, the ∞ coil confronts to a serious difficulty to apply the curved surface target specimens. 

To overcome this difficulty, this paper proposes a flat ∞ coil whose exciting coils have a surprising 

flexibility to fit the curved surface of the target specimens. As a result, it is revealed that this flat ∞ 

coil has versatile capability, i.e., the defect searching ability not only the curved target specimens but 

also flat target specimens. 

 

2.  The ∞ coils 
 

2.1. Structure of the ∞ coil 

 

Figure.1 shows a typical conventional ∞ coil which is composed of the two finite length solid 

solenoid coils and one sensing coil wound around the ferrite bar. According to the shape of the two 

solenoid coils, we have named this sensor as “∞ coil”. 
 

 
Fig. 1. Structure of the ∞ coil, where  

circular coils on both side are the 

exciting coils and the red rectangular boxes 

are the sensing coils wound around the 

ferrite bar 

                                            

Table 1 Various constants used in the 3D simulation 
 

Exciting coil Sensing coil 

Outer diameter  22.4mm 

Inner diameter    20mm 

Length          10mm 

Number of turns     75 

Input voltage(peak)   1V 

Frequency      256kHz 

Outer diameter   1.4×2.4mm 

Inner diameter   1.0×2.0mm 

Length               6mm 

Number of turns        100 

Axis core      Mn-Zn/ferrite 

        (permeability:3000)  

                                           

When an alternating current is flowing in series 

through these two solenoid coils, both coils yield 

magnetic fields. One becomes a south pole and the 

other becomes a north pole alternatively. Figure.2 

shows an exciting magnetic field intensity distribution 

computed by the 3D finite elements. 

In Fig.2, it is possible to find the zero magnetic 

field region between the two parallel exciting coils. 

According to this simulation result, we set a sensing 

coil wound around the ferrite bar at the bottom of the 

two exciting coils as shown in Fig.1. Setting the ferrite bar hardly disturbs the exciting magnetic fields 

because of the weak magnetic field strength location. Thus, the sensor coil wound around a ferrite bar 

displays an ultimately high sensibility.  

 

2.2. Operating principle of the ∞ coil 

  
Fig. 2. Magnetic field intensity distribution, 

where the solid lines denote the parts of 

exciting coils 
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The ∞ coil is capable of catching only the magnetic fields caused by the detour eddy currents 

around a defect. To evaluate the validity of our ∞ coil performance, we have worked out a 3D 

simulation model as shown in Fig.1. Table 1 lists various constants used in the 3D simulations. 

The eddy currents in a plane target specimen (copper plate) located under the two exciting coil 

surfaces are shown in Fig.3, where the two adjacent exciting coils face to the no-defect, 0 degree, 90 

degree and 45 degree line defects as shown in Figs.3(a),3(b),3(c) and 3(d), respectively. Also, Fig.3 

shows that the magnetic flux density vector distributions along the axial cross section of the ferrite bar 

equipped sensor coil are corresponding to that of eddy currents in Figs.3(a),3(b),3(c) and 3(d).  

 

 
 

(a) No defect 
 

(b) 0 degree defect 

  
(c) 90 degree defect (d) 45 degree defect 

 

Fig. 3. Eddy currents in a plane copper plate and magnetic flux density vectors in the ferrite bar are shown 

on the left and right sides in each of the figures (a)-(d), respectively 

Color bars in each figures reveals that the uppers and lowers are large and small in values, respectively 

 

Observing the magnetic flux density vector 

distributions in Fig.3 reveals that the sensing coil 

wound around the ferrite bar could not induce the 

electromotive force in the cases of Figs. 3(a), (b) 

and (c) but induces the electromotive force in the 

case of Fig.3(d). The induced voltages in the sensor 

coil under the conditions in Figs. 3 or 3(a)-(d) are 

shown in Fig.4, whose result reveals that the case 

(d) yields the highest sensor output voltage. 

 

3. The ∞ coil composed of flat and flexible exciting coils 
 

Because of the solid shape of the two solenoid coils, the conventional solid type ∞ coil confronts 

to a serious difficulty to apply the curved surface target specimens. 

To overcome this difficulty, we propose the flat ∞ coil whose exciting coil shape is possible to fit 

any of the curved surface target specimens. Figue.5 shows a typical shape of the flat ∞ coil. 

Figure.6 shows an exciting magnetic field intensity distribution of the flat ∞ coil computed by the 

3D finite elements. In Fig.6, it is also possible to find the nearly zero magnetic field strength location 

between the two parallel flat exciting coils.  
 

 

 

  
Fig. 5. Both of the left and right circular planes 

are the ∞ coil with flat flexible exciting coils, 

respectively 

Fig. 6. An example of magnetic field intensity 

distribution by the flat ∞ coil shown in figure 1 

 

 
Fig. 4. Induced voltages in the sensing coil 



 K. Maruyama et al/ Developments of Flat ∞ Coil for Defect Searching 

in the Curved Surfaces 

4 

Figures.7(a) and 7(b) show the eddy current distributions caused by the conventional solid and 

flat ∞ coils, respectively. Observe the results in Fig. 7 suggests that the eddy currents caused by the 

flat ∞ coil distribute are distributed to wider regions compared with those of the conventional solid ∞ 

coil. This reveals that the flat ∞ coil has larger searching area.  

In addition, the eddy current density of the flat ∞ coil takes higher in magnitude than those of the 

conventional one because the highest exciting magnetic field strength points caused by the flat ∞ coils 

exist nearly target piece points as shown in Fig.6. This means that the flat ∞ coil may have ultimately 

higher sensitivity. 

 

    

(a) Conventional solid ∞ coil (b) Flat type ∞ coil 

Fig. 7. Eddy current density distributions on the target pieaces by the ∞ coils, where the left and 

right side vectors denote the eddy current density vectors due to the conventional and flat exciting 

coils, respectively 

 

4.  Simulations and Experiments 
 
4.1. Defect searching in a flat surface 
 

We have implemented the sensitivity comparison between conventional solid and flat ∞ coils by 

simulations as well as experiments. We employed a coppers plate having 1mm thickness and 2mm 

width defect as a target metal plate specimen. Further, we worked out the two prototypes of the ∞ 

coils. One is the conventional solid ∞ coil and the other is the flat ∞ coil. Both of these ∞ coils were 

made with the same conducting coils for the exciting coils having the same number of turns. Table 2 

lists various constants of these ∞ coils. Figure.8 shows the pictures of these ∞ coils.  

 
Table 2 Various constants of the tested ∞ coils 

 

(a) Solid type exciting coil (b) Flat type exciting coil (c) Sensing coil 

Coil outer diameter    21.0mm 

Coil Inner diameter    17.0mm 

Coil length           8.0mm 

Number of turns           20 

Input voltage(peak)        1V 

Frequency           256kHz 

Coil outer diameter     22.0mm 

Coil Inner diameter      3.0mm 

Coil length             0.4mm 

Number of turns            20 

Input voltage(peak)         1V 

Frequency            256kHz 

Outer diameter   1.4×2.4mm 

Inner diameter   1.0×2.0mm 

Length               6mm 

Number of turns        100 

Axis core      Mn-Zn/ferrite 

        (permeability:3000) 

 

 

 

 

 

 

(a) Solid type exciting coil (b) Flat type exciting coil (c) Sensing coil 

 

Fig. 8. The pictures of tested ∞ coils, where the left, centre and right denote the conventional, flat 

∞ coils and sensing coils wound around a ferrite bar  
 



 K. Maruyama et al/ Developments of Flat ∞ Coil for Defect Searching 

in the Curved Surfaces 

5 

We measured the induced voltages in the 

sensing coil when the ∞ coils are located at 

the No.1, No.2, No.3, No.4 and No.5 points on 

the target specimen shown in Fig.9. The 

exciting frequency is 256kHz and exciting 

voltage is 1VMax. 

We calculated the signal-noise ratio (S/N) 

from the measured induced voltages by means 

of equation (1). 

defectnoatvoltagesInduced

defectatvoltagesInduced
NS =/   

  (1) 

Figures 10 and 11 are the simulation and experimental results for the flat surface searching, 

respectively. Comparing the induced voltages of flat with those of the conventional solid ∞ coils 

reveals that the induced voltage of the flat ∞ coil is larger than those of the conventional solid one.  

In addition, it is found that the S/N ratios of the flat type ∞ coils take higher in values than those 

of the conventional solenoid solid one, i.e., experimented S/N ratios of the flat type are 10.89~12.30 

and those of the solid type are 7.93~10.79. 

 

  

(a) Conventional solid ∞ coil (b) Flat type ∞ coil 

Fig. 10. Simulation results for a flat surface searching 

  

(a) Conventional solid ∞ coil (b) Flat type ∞ coil 

Fig. 11. Experimental results for a flat surface searching 

 

4.2. Defect searching in a curved surface 
 

We employed a seamless pipe having 82mm outer and 54mm inner diameters as a curved surface 

example. This tested pipe has a 0.3mm width curved line defect as shown in Fig.12. 

A 0.3mm width curved line defect shown in Fig.12 is searched by the two distinct sensors. One is 

 

 

 

Fig. 9. Schematic diagram of a flat surface searching 

The ∞ coil is located at the center of a perpendicular 
slit defect. No.4 and No.5 are measured twice at this 

position to confirm the recoverability of 
experimented values 
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the conventional solid ∞ coil as shown in Fig.8 (a) and the other is the flat ∞ coil as shown in Fig.8 

(b).  

Figures.13 and 14 show the simulation and 

experimental results for the curved surface, 

respectively. Observe the results in Figs.13 and 

14 reveals that both of the solid and flat types of 

∞ coils obtained by the experimented take the 

large in valued to that of simulated ones. This 

may be caused by the idealized simulation and 

practical measured conditions, i.e. there are 

many devices and instruments covered as iron 

case which works as the magnetic flux paths. 

Also, it is obvious that the flat type ∞ coil has 

higher sensitivity compared with those of the conventional solid ∞ coil.  

The S/N ratios 7.33 and 3.62 by (1) are respectively calculated from the experimented results of 

the flat and the solid ∞ coils in Fig.14. Because of the fitting property, the S/N ratio 7.33 of the flat ∞ 

coil is much greater than 3.62 that of solid type ones. This means that the newly developed flat ∞ coil 

has the versatile capabilities compared with the conventional one.  

  

(a) Conventional solid ∞ coil (b) Flat type ∞ coil 

Fig. 13. Simulation results for a curved surface searching 

  

(a) Conventional solid ∞ coil (b) Flat type ∞ coil 

Fig. 14. Experimental results for a curved surface searching 

 

5.  Conclusion 
We have proposed the new ∞ coil which is composed of the flexibly flat exciting coils. Intensive 

numerical simulations as well as experimental results have elucidated that this newly developed flat ∞ 

coil has the versatile capabilities compared with the conventional one. 

Thus, we have succeeded in developing the new ∞ coil, which has a reasonable capability to 

detect not only the curved but also flat surface defects in the target. 

 

 
 

Fig. 12. Schematic diagram of the defect searching 

of a curved surface  
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ABSTRACT 

Higher frequency operation of the finite length solenoid inductors often leads to a resonance phenomenon. In 

most case, this is parallel resonance caused the stray capacitances between adjacent coils and the coil 

inductances. Any of the conventional numerical methods, e.g., FDM and FEM, it is difficult to analysis this 

resonance, since the original formulation to derive their system of equation never takes both the magnetic and 

electric fields into account simultaneously. To overcome this difficulty, this paper exploits a quasi-analytical 

approach to the analysis of resonant phenomena in the finite length solenoid coils which are the conventional 

exciting coils of the eddy current tests. As a result, we have succeeded in reproduce the parallel resonant 

phenomena, even though further improvement of our approach is required to solve this all wave problem 

exactly. 
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1. 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. 

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]. 

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 which is frequency used as the exciting coils of the eddy current tests. 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. 
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2. Quasi-Analytical Approach 
 

2.1. Principle 
 

As an example, let us consider the impedance on a finite length solenoid inductor of n-turns 

shown the Fig.1(a). As shown in Fig.1(b), the finite length solenoid inductor is subdivided into the m
th
 

conductors in each of the turns. 

One turn of finite length solenoid inductor is one of the circles not connected the start and end 

points. This circle is subdivided into m
th
 small conductors having circular cross-section 

 

 

 

(a) Original finite length solenoid inductor. (b) Modeling of finite length solenoid inductor. 

Fig.1 A finite length solenoid inductor and its modeling. 

 

Fig.2 shows the two parallel located subdivisions in the i
th
 small conductors having circular 

cross-section.  

 
 

Fig.2 Two parallel located subdivisions in the i
th

 small conductors having circular cross-section. 

 

Since the shape of a subdivided small conductor in Fig. 1(b) or 2 is a simple cylindrical form, it 

is possible to apply the classical analytical formulae for the inductance, resistance and capacitance 

calculations. The analytical solution by means of a Bessel function leads to the skin effect when the 

current is uniformly distributed. Thereby, this skin effect could be taken into account in each of the 

small conductors. Namely, the resistance r, self-inductance L are respectively given by (2)-(4). In 

Eqs.(1)-(8), σ, µ0, l, a,and S are the resistivity, permeability of air, length of a conductor, radius of the 

subdivided conductor and cross-sectional area, respectively. 

 

ρ
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(b) If supply angular frequency ω is large, and k > 1, 
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where RD is the DC resistance, 

2
a

l
RD

π

ρ
=             (4) 

There is a mutual coupling between the cylindrical conductors in Fig.2 because of the common 

magnetic fluxes. This mutual coupling is represented in terms of the mutual inductance Mij (i 

=1,2,3,..,m,  j =1,2,3,..,m,  i ≠ j). In addition, the mutual inductance through the entire solenoidal 

coil should be taken into account as one of the magnetic couplings. 
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The displacement current between the cylindrical conductors in Fig.2 is represented in terms of 

the current through the capacitances Cij (i =1,2,3,..,m,  j =1,2,3,..,m,  i ≠ j). According to a lots of 

numerical simulations, it has been found that the capacitance two adjacent conductors in Fig. 2 should 

be taken into account by (8) where εr is the relative permittivity. 

0r ij

ij

ij

S
C

d

ε ε
=            (8) 

The reference point for the capacitance calculation among the small subdivided conductors is 

assumed at a midpoint in each of the conductors. The other circuit parameters are calculated by the 

common use of this reference point. In (9), the subscripts i and j refer to the i
th
 and j

th
 cylindrical 

conductors, respectively. Also, dij and Sij are the distance and area between the i
th
 and j

th
 cylindrical 

conductors.  

Thus, an entire impedance of finite length solenoid inductor is reduced into the evaluations of the 

branch currents and the nodal voltages at all of the circuits, e.g., Fig. (3) shows the simplest 

equivalent circuit representation of the problem. 

 

 

Fig.3 Example of the equivalent circuit, when the inductor has 2 turn, and number of subdivision is 3 in 

every turn. 
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2.2. System of equations 
 

Denoting X and Y are respectively the state variable vector (10) and input vector (11), a system 

of equations (9) is written as: 

 

DΧΥ =                             (9) 

[ T

nmnmnmnm vvvvvviiiiii 　　 ]''' )1(21)(21)(21)(21 −×××× ⋅⋅⋅⋅′⋅⋅′′⋅⋅=Χ (10) 

[ ]Tinv 000 �=Υ
         

(11)
 

 

A state transition matrix D in (9) is composed of the several sub-matrices as shown in (13). 
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where ( )D m n×I  0  are the identity and zero matrices, respectively.  

The state transition matrix D is square matrix so that it is possible to take the inverse matrix D
 -1

. 

This leads to the solution vector X by (14). 

 

YDX 1−=                (14) 

 
By means of (14), the current vector I and the impedance Z of finite length solenoid inductor 

could be obtained by (15) and (16), respectively. 

 

[ ]'

)(

'

2

'

1)(21 mnnm iiiiii ×× ⋅⋅⋅⋅=I
          

(15)
 

)(' mnin ivZ ×=
              

(16) 



R. Iwanaga, et al./ All Frequency Analysis of Finite Length Solenoid Inductors  

by Quasi-Analytical Approach 

5 

 
3. Example 

 
Let us calculate the impedance in finite length solenoid inductor shown in Fig.1(a) when 

impressing a sinusoidal voltage. Table 1 lists various constants used in the calculations. 

 
Table.1    Various constants used in the calculation of a finite length solenoid 

inductor.... 

Material Copper 

Resistivity 1.72×10-8[Ω･ｍ] 

Dimensions Diameter:2[cm]×Length:2.2[cm] 

Number of turns 20 

Coil diameter 0.5[mm] 

Number of subdivisions (one turn) 1000(50) 

Impressed voltage 1.0[Vrms] 

 

Fig.4 shows a comparison between the impedance vs. frequency characteristics calculated by our 

quasi-analytical approach and experimental one.  

In Fig.4, a parallel resonance could be observed in the frequency characteristics of our model. 

Comparing the two frequency characteristics reveals that their frequency characteristics take in a 

manner even though the values of the impedance as well as resonant frequency are different. 
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Fig.4 Comparison between the impedances obtained by the quasi-analytical approach and 

experimented 

 
Fig.5(a) summarizes a relationship between the resonant frequency and the number of 

subdivisions m. Fig.5(b) summarizes a relationship between the resonant impedance and the number 

of subdivisions m. 
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(a) A relationship between the resonant frequency 

and the number of subdivisions m. 

(b) A relationship between the resonant 

impedance and the number of subdivisions m. 

 

Fig.5 Relationships among the number of the subdivisions m in every turn. 

Quasi-Analytical approach

Experimental Value
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Figs.5(a) and 5(b) show that both of the resonant frequency and impedance at resonant frequency 

are converged to a constant values when increasing the number of subdivisions. 

Thus, it is clarified that a sufficiently large number of subdivisions m ≥ 50 is essential to calculate 

the frequency characteristics of the finite length solenoid inductors by the quasi-analytical approach. 

 

4. Conclusion 
 

In this paper, we have proposed the new quasi-analytical approach taking into account accurate 

shape of inductor and the stray capacitances among conductors. 

As a result, it has been clarified that the resonance phenomenon of the finite length solenoid 

inductors could be reproduced by our quasi-analytical approach although further improvement is 

required to evaluate the exact results. 
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ABSTRACT 

To evaluate a stress effect to the ferromagnetic properties, this paper proposes a methodology utilizing a 

frequency response of the domain based magnetization model. A key idea of this approach is based on the 

following facts that the parameters identification of a domain based magnetization model has been successfully 

developed by a harmonic balance approach. Since the parameters of the model are extremely sensitive to the 

various measurement conditions such as temperature, mechanical stress and so on, investigation to the model 

parameter deflection while controlling a particular measurement condition reveals its controlled parameter effect 

to the tested ferromagnetic materials. As a result, it is found that the stress effect to a parameter expressing 

hysteretic property has been clearly deflected its values depending on the externally applied stresses. 
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1.  Introduction 
 

As is well known, ferromagnetic materials exhibit a lot of complex physical properties, such as 

magnetization, magnetostriction and magneto-thermodynamic properties. Any of these physical 

properties are nonlinear properties as, detailed relationships among them are still unknown. 

Recently we have tried to identify the parameters of magnetization model by a harmonic balance 

approach [1-3]. As a result, exact magnetization characteristics have been successfully reproduced 

from the input field intensity H as well as output flux density B measurements even if the deeply 

saturated situation. Of course, magnetization model had been essentially required so that we had 

employed a domain based magnetization model. 

To keep the ultimate safety, this paper focuses on a stress effect to the parameters of this model, 

because most of the mechanical frame structures of the industrial products, e.g., car, aircraft, high 

speed train and so on are always composed of the iron or its composites, i.e., ferromagnetic materials. 
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[4-6]. 

Even if a not pressured condition, the magnetic nonlinear problems are extensively solved by 

means of harmonic balanced approach [7-10].  

On the other side, we apply the orthogonal property between the odd and even functions of the 

Fourier series to decide the parameters of the domain based constitutive equations under both no and 

pressured conditions, i.e., one of the novel applications of the harmonic balanced approach is 

proposed in this paper. 

At first, we introduce the domain based model and describe the physical meanings in each of its 

parameters. Second, to determine the coefficients of the domain based model, we apply orthogonal 
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properties of the sinusoidal and cosinusoidal functions. 

Finally, it is clarified that the most sensitive stress effect factor is a parameter expressing 

hysteretic property. 

 

 

2.  Domain Based Model 
 

2.1. Domain Based Model and Its Parameters 
 

Previously, we have proposed two types of constitutive models for representing the 

ferromagnetic properties, i.e., phenomenological and domain based models [1,2]. This paper employs 

the domain based model [2], and the relationship between the magnetic field H[A/m] and flux density 

B[T] is represented by the domain based model as 

 
dt

dH

sdt

dB

s
BH rµ

µ
−+=

11
 (1) 

where µ, µr 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].  

 
 

2.2. Harmonic Balance Method 
 

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

system are respectively given by 
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We represent this system by a following constitutive equation 　
dt

tdf

sdt

tdg

s
tgtf r )()(1
)(

1
)(

µ

µ
−+=           (4) 

An alternative form of (4) is 

  　
dt

tdf

dt

tdg
tgtf

)()(
)()( γβα −+=          (5) 

To determine the parameter α, β, γ, in (5), multiply the output function g(t) to both sides of (5) 

and integrate from 0 to T yields. 

  　　dt
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Fig. 1. Simple input and output system. 

 

Similarly multiply the time derivative of output function dg(t)/dt to both sides of (5) and integrate 

from 0 to T yields 
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Further, multiply the input function f(t) to both sides of (5) and integrate from 0 to T yields 　∫ ∫∫∫ −+=
T TTT

dt
dt

tdf
tfdt

dt
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0 000

)(
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)()()()()( γβα        (8) 

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 
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Input and output relation for i-th harmonics is given by  
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Let us introduce a phaser notation, i.e., a symbol ^ refers to complex quantities, then (10) could 

be reduced into 
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Entire sum of the output (13) for i-th harmonics gives the output g of (3). 

  

(a) Original (b) Recovered 

Fig 2. Validity check of the model (4) or (5) 

Figure 2 shows one of the examples of the recoverbility of our domain based harmonic balance 

solution. According to the result shown in Fig.2, it is obvious that the nonlinear magnetization 

characteristics exhibiting the hysteretic properties of ferromagnetic fields could be solved by means of 

phaser transform method. 
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3.  Experiment 
 
3.1. Experimental Verifications 
 

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.3 is excited by an alternating current having 0.35A peak value 

through this exciting coil.  

 
Table 1 Specification of the measurement devices 

Specimen U shape ferrite core 

Material: silicon steels 

Length: 100cm 

Width: 30mm 

Thickness: 0.35mm 

Number of coil turns: 300 turns 

Diameter of conductor: 0.2mm 

Material: ferrite 

Number of coil turns: 300 turns 

Diameter of conductor: 0.6mm 

 

 

Fig 3. Specimen and U shape ferrite core 

 

  

(a) Experimented (b) Recovered by(13) 

Fig 4. Comparison between the experimental and recovered hysteresis loops 

 

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

Recovered hysteresis loop by (13) is well corresponding to experimental one. A correlation coefficient 

between the Figs. 4(a) and 4(b) is over 0.99. This means that the hysteretic nonlinear magnetization 

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

 

3.2. Stress Visualization 
 

Figure 5 shows an experimental schematic diagram to visualize the applied stress. A U shape 

ferrite core wound the exciting coil just same as shown in Fig.3. The specimen wound the search coil 

is put on the upper two head surfaces of U shape ferrite core. The stress was applied to the specimen 

by putting on the wood weight to the specimen as shown in Fig 6. The used weight is 900g. 

Figure 6 shows the hysteresis loops when applied the 900g stress. Figures 6(a), 6(b) and 6(c) 



H. Nemori, et al./ Har. Bal. Ana. for Mag. Hys. under St. and Dy. Strs 

5 

show the hysteresis loops when impressing low, middle and high voltages, respectively. 

 

 

Fig 5. Schematic diagram of the stress impression 

 

 

(a) Low voltage 

 

(b) Middle voltage 

 

(c) High voltage 

Fig 6. Difference of the hysteresis loops between the no mechanical stress and 900g stress conditions. 

 

Observe the results in Fig. 6 reveals that the hysteresis loops are changing in accordance with the 

900g stress impression.  

 

(a) Permeability μ 

 

(b) Hysteresis coefficient s (c) Reversible Permeabilityμr 

Fig 7. Parameters µ, s, and µ
r
 values in each of the harmonics when impressing low exciting voltage. 

 

(a) Permeability μ 

 

(b) Hysteresis coefficient s 

 

(c) Reversible Permeabilityμr 

Fig 8. Parameters µ, s, and µ
r 

 values in each of the harmonics when impressing middle exciting voltage. 

 

(a) Permeability μ 

 

(b) Hysteresis coefficient s 

 

(c) Reversible Permeabilityμr 

Fig 9. Parameters µ, s, and µ
r 

 values to each of the harmonics when impressing high exciting voltage. 
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Figures 7-9 show the parameters µ, s, and µr values to each of the harmonics when impressing the 

low, middle and high exciting voltages. According to the variation of s shown in Figs. 7(b), 8(b), 9(b), 

it is found that the parameter s is highly sensitive to the applied stress. 

Observe the hysteresis coefficient s in Figs. 7-9, it is obvious that the hysteresis parameter s 

greatly depends on the externally impressed stress while the other parameters µ, µr. are keeping the 

similar values independent to the stress. This means that the hysteresis loss becomes larger in values 

when keeping the same magnetic flux density. 

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. 

 

4.  Conclusion 
 

The hysteretic nonlinear problems in ferromagnetic fields could be solved by means of the 

harmonic balance approach. The parameters µ, µr 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 representing the hysteretic 

property of the domain based model is highly sensitive to the applied stress. Namely, the iron loss in 

the electrical machines distributes depending on the stress distribution and may take the large in value 

at the highly stressed positions. 

Design of the electrical machines essentially requires the efficiency item, which is directly 

related to the iron loss, because about 60% in the entire loss is the iron loss. In particular, thermal 

design of the electrical machines requires the exact iron loss distribution to work out the compact high 

power electrical machines. 
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ABSTRACT 

Previously, we have proposed a ∞ coil as a high sensibility eddy current testing (ECT) sensor. This paper reports 

the liftoff characteristics of backside defect searching under the practical factory environments when employing 

the low frequency excited ∞ coil. However, the low frequency ∞ coil excitation confronts to a noise problem in 

the practical field experiments. To overcome this difficulty, we employ the commercial based signal processing 

device "ET-5002" made by Emic (Denshijiki industry) Co., Ltd. As a result, we have elucidated that a liftoff 

characteristic of the backside defect searching is clarified by employing the low frequency excitation to our ∞ 

coil under the practical factory enviroments. Thus, the practical field test has confirmed our ∞ coil methodology. 
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1.  Introduction 
 

The modern engineering products such as air-plane, automobile, smart building, high speed train 

and so on are essentially composed of the metallic materials for forming the shape of product, 

suspending the mechanical structure and constructing the 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 metallic materials is one of 

the most important key maintenance technologies because most of the frame materials are composed 

of the metallic materials.  

Various nondestructive testing methods, such as eddy current testing (ECT), electric potential, 

ultrasonic imaging and x-ray tomography methods are currently used to  modern airplane, 

high-speed-train and express high bus maintenance. Among these methods, ECT does not need 

complex electronic circuits and direct contact to the targets. Also, most of the targets whose major 

frame parts are composed of conductive metallic materials can be selectively inspected by ECT [1-6]. 

Operating principle of ECT is fundamentally based on a detection of the magnetic field 

distribution change 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 [5,6]. 

The other ECT 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 spatial differential coil. This spatial differential coil detects the uniformity of the magnetic 

field distribution. Also the other type sets the sensing coil surface perpendicularly to those of the 
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exciting coil. This type detects only the magnetic fields caused by the detour eddy currents due to the 

defect in the target, because the sensing coil surface is perpendicularly set to those of the exciting 

coils. 

When an alternating exciting current is flowing in the two adjacent circular exciting coils having 

a shape of ∞ character as shown in Fig.1, one and the other coils alternatively become the north and 

south magnetic poles. Also an alternating exciting magnetic flux flows through both surface of the 

two circular coils. A sensing circular coil wound in a parallel direction to the exciting magnetic flux 

path never induce any signals due to the exciting magnetic flux, i.e., the sensing coil whose coil 

surface is perpendicularly installed to that of two circular exciting coils as shown in Fig.1 detects only 

the magnetic fields caused by the detour eddy currents due to the defect in the target. This sensing 

probes is called the ∞ coils because of their exciting coil shape. For further details, see the reference 

[4] and a companion paper submitted to the ICSMT2014 by Maruyama et al. 

Thus, our developed ∞ coil is one of the sensing coil types. Namely, the sensor used in this study 

detects only the magnetic fields caused by the detour eddy currents due to the defect in the target. 

When the detour eddy currents are caused by a backside defect of a sensing target, our ∞ coil detect 

the magnetic fields due to this eddy currents. This means that the backside defect in the target could 

be detected by the ∞ coil. One of the paramount importance characteristics is a liftoff characteristic 

between the surfaces of target and ∞ coil. 

This paper tries to clarify the liftoff characteristic of the backside defect searching when 

employing a low frequency excited ∞ coil. As a result, it is revealed that the low frequency excited ∞ 

coil is capable of detecting the backside defects over 1mm liftoff while the measured signals are 

processed by the standard ECT signal processing device ET-5002 made by Emic (Denshijiki industry) 

Co., Ltd., in Japan. 

 

2. Experiments 
 

A theoretical background of the low frequency exciting ECT greatly depends on the skin effects, 

i.e., low frequency magnetic fields is possible to induce the eddy currents at the deeper location of the 

target metallic materials. Even though the absolutely detective sensitivities become lower, the lower 

frequency excitation of ECT enables us to detect the defects located at the deeper or backside of the 

target metallic materials. 

In our experiments, we have employed a test object which is a copper plate having 2mm 

thickness, 20cm length and 10cm width. But this copper plate has a line crack defect having 1mm 

depth from the backside surface and 2mm width at the center of backside as illustrated in Fig. 1.  

Consideration of the skin depth, the absolute sensitivities and higher frequency noise signals 

accompanying the practical field measurements has led to employ the 2kHz as the best excitation 

frequency. 

 

2.1. Liftoff characteristic simulation of the ∞ coil. 
 

 
(a)Top side view of a ∞ coil located on 

the target copper plate 
 

 
(b)Backside view of the 

target copper plate 

 

 

(c) Side view of the ∞ coil and target. 

 

Fig. 1. Schematic diagram of the 3D FEM simulation 
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One of the distinct merits of ECT is that the ECT does not need direct contact to the target 

material. This means that the liftoff, i.e., a distance between the target and sensor surfaces, 

characteristic is of the paramount important factor for the ECT, because of the easiness of 

maintenance. 

In the present paper, we have evaluated the liftoff characteristic of the low frequency excited ∞ 

coil when changing the liftoff distances from 0.07mm to 3mm under the practical factory conditions 

Figure 1 shows a schematic diagram of the 3D finite elements simulations. Also, the practical 

liftoff measurement conditions are set as possible as the similar to that of the simulations. Table 1 lists 

the various parameters used in not only the computations but also experiments. 

 
Table 1 Various parameters used for the 

simulation and experiment of the tested ∞ coil 

 

Exciting coil 
Outer diameter of coil              2.2mm 

Inner diameter of coil               1.8mm 

Coil length                         3.3mm 

Number of turns                       100 

Input exciting sinusoidal voltage      100VRMS 

Frequency                           2kHz 

Sensing coil 
Outer diameter of coil         1.1mm×2.6mm 

Inner diameter of coil           0.5mm×2mm 

Coil length                         4.8mm 

Number of turns                       100 

Core material            Mn-Zn(Ferrite 3000) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Magnetic field vectors at 

0.07mm liftoff. 
(b) Magnetic field vectors at 

1mm liftoff. 
(c) Magnetic field vectors at 

3mm liftoff. 
(d) Color 

bar 

 

Fig.2. Magnetic fields and eddy currents distributions by the 3D FEM simulations. 

Color bar denotes the magnitude of eddy currents. Magnitude and direction of the magnetic field vectors 

are shown by the colors and triangular symbols, respectively. 
 

Figures 2.(a)-(c) show the magnitude of eddy currents and magnetic field vector distributions 

when changing 0.07, 0.6, 1, 2 and 3mm liftoffs. In these figures, a color bar denotes the magnitude of the 

eddy currents. Also, the magnitude and direction of magnetic field vectors are denoted by the colors and 

triangular symbols, respectively. 
The maximum magnitude of eddy current is obtained at the closest liftoff 0.07mm. Of course, the 

smallest magnitude of eddy current is obtained at the longest liftoff 3mm. This means that sensor 

sensitivity is inversely in proportion to the magnitude of liftoff. 
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When the line defect at the backside is located at 45 degree to a line connecting the centers of 

right and left exciting coils in the ∞  coil, the maximum sensor output voltage could be 

observed[4,5]. Thereby, all of the 3D finite elements simulations have been carried out at this 

maximum output condition. Figure 3 shows the peak values of the sensor output voltages when 

changing the liftoffs from 0.07mm to 3mm. According to the result in Fig. 3, it is found that the low 

frequency excitation ∞ coil makes it possible to detect the backside defect at the 3mm liftoff from the 

front surface of the target copper plate. Also, it is obvious that the sensor output voltage is inversely 

proportional to the liftoff distance. 

 

2.2. Experimental Liftoff characteristics of the ∞ coil 
 

2.2.1. Experiment 
 

To examine the validity of the simulation results, the liftoff characteristic of the ∞ coil is 

measured under the practical factory conditions. Various parameters used in the experiments are listed 

in Table 1. Figure 4 shows the target test piece and the ∞ coil. 

The target test piece having a line defect of the 2mm width and 1mm depth has been emulated by 

overlapping the two copper plates having 1mm thickness as shown in Figs.4(a) and 4(b). The pictures 

in Figs. 4(a), 4(b) show the top and backside views of the two copper plates emulating the target test 

copper plate, respectively. 

Figure 4(c) shows the pictures of the ∞ coil used to the experiments. Specification of this sensor 

is the same as those of the simulated one.  

The ∞ coil had been moved over the target surface with 50mm/s speed by a two-axis driven robot 

shown in Fig.5. In accordance with the movement, the sensor output signals are processed by the 

Japanese standard ECT signal processor "ET-5002" shown in Fig.6. 

The ET-5002 signal processor makes is capable of amplifying and filtering functions of input the 

signals. We had employed 2kHz exciting frequency for the backside defect searching. The liftoff 

positions had been changed from 0.07mm to 3mm by controlling the 2-axes driven robot. The gain 

had been set to 60dB by the ET-5002. Also, the high and low pass filters had been set to the off and 

on at 10 Hz by the ET-5002, respectively. 

 

  
 

(a) Top view of the tested target 

cupper plates 

(b) Backside view of the tested 

target cupper plates 
(c) The ∞ coil 

 
 

Fig.4.The tested target pieces and ∞coil. 

 
 

Fig.3. Liftoff characteristics in terms of the sensor induced peak voltages by the 3D FEM simulation. 
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Fig.5. A two-axes driven robot for the sensor 

positioning. 
Fig. 6. Japanese standard ECT signal processor 

"ET-5002" made by Emic (Denshijiki Industry) 

Co., Ltd. 
 

2.2.2. Experimental results 

 

Figure 7 shows the sensor output signals when changing the liftoffs. These signals were 

processed by the ECT signal processor ET-5002 so that most of the environmental electromagnetic 

noise had been removed. 

Observe the signals in Fig. 7 makes it possible to find the 5 distinct peaks in each of the liftoff 

positions. This suggests that the backside defect could be detected by the low frequency excited ∞ coil 

even though the longest 3mm liftoff. Further, the peak output signal at each of the liftoff positions is 

decreasing in proportional to the liftoff magnitudes. This relationship between the peak values of 

output signal and liftoff magnitudes takes the similar tendency to those of simulated one.  

 

3. Comparison between the simulated and experimented results 
 

Because of the signal processing by the ET-5002, it is difficult to compare the simulation and 

experiment results, directly. In addition, the 3D finite elements simulation had been carried under the 

ideal noiseless environments, even though the numerical round off as well as truncation errors could 

be neglected. The practical experiments had been carried out in the factory filled up by various 

electromagnetic noise caused by the electromagnetic devices such as switching power suppliers, 

power amplifiers and so on. 

To compare the simulation and experiment results, each of the results is normalized to the values 

between the 1 to 0. Figure 8 shows the comparison between the normalized simulation and 

experimental results. 

Observe the results in Fig. 8 reveals that practical experimental result exhibits higher sensibility 

compared with those of simulation one. This may be considered that the practical experimental 

condition was far different to those of the simulation neglecting the numerical error. Since there are a 

 
 

Fig.7.Sensor output signals processed by ET-5002 at the different liftoff magnitudes. 
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lots of ferromagnetic parts such as the arms of robot, then these ferromagnetic parts work as one of 

the magnetic flux paths which enhances the sensitivity of the sensor ∞ coil.  

In other words, the backside magnetic field information could be transmitted by the 

ferromagnetic parts in the tested factory. Global relationship between the liftoff and sensor output 

signal magnitudes in the practical field tests is similar to those of simulation one. 

 

 

Thus, we have verified the validity of 3D finite elements simulations. Also, we have succeeded in 

demonstrating the versatile capability of our ∞ coil by means of the low frequency excited ∞ coil 

for the backside defect searching. 

 

4.  Conclusion 
 

In the present paper, we have evaluated the possibility of the backside defect searching by the 

low frequency excited ∞ coil. 

As a result, it is revealed that the backside defects of target may be possible to detect by 

means of the low frequency excited ∞ coil. Also, the liftoff characteristic which is one of the 

most important characteristics in practical use has been elucidated in this paper. 
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I Regular Paper I 

A Study on Backside Defect Searching 
by Low Frequency Excitation of the oo Coil 

Shunichi HAMANAKA・1,Y oshifuru SAITOべIliana恥1ARINOVA勺
Manabu OHUCH勺，HideoMOGI*3 and Yoshiro OIKA WA勺

This paper describes a liftoff characteristic on backside defect searching by low frequency excitation of the oo coil. 
The low frequency oo coil excitation confronts to a noise problem in the practical experiments. To overcome this 
difficulty, this paper employs a Fourier transform signal processing method to remove the higher frequency noise 
components compared to the excitation one. Thus, we have succeeded in enhancing the S斤..J"ratio and detecting the 
signals caused by the backside defects of the targets. As a result, we have elucidated that a liftoff characteristic of the 
backside defect searching is clarified by employing the low frequency excitation to our oo coil. Experimental as well 
as numerical verification along with intensive three-dimensional finite element method have been carried out to con-
n口nour results. 

Keywords: backside defect searching, eddy cuπent, nondestructive testing, oo coil. 
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1. Introduction 

The modem 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 th巴
mechanical structure and constructing the structural 
frames. 

In particular, the mass transportation vehicles, e.g. 
large air plane, high-speed train, express highway bus, 
caηying a large number of people are required th巴
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 frame materials are composed of 
the metallic materials. 
Various nondestructive testing methods, such as 
eddy current testing (ECT), electric potential, ultrasonic 
imaging and x-ray tomography methods are currently 
used to the modem airplane, high岨speed-trainand 
express high bus maintenance. Among these methods, 
ECT does not need complex electronic circuits and 
direct contact to the targets. Also, most of the targets, 

whose m句orframe 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 
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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]. In the other 
methodology, ECT sensor equips a sensing coil to detect 
the magnetic field change caused by the detour巴ddy
curr巴ntsflowing around the defect. The former and 
la仕erare 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 uni-
formity 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 oc:i coil is 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 oc:i coil is that the sensing coil wound around a 
fe汀itebar is installed at the lowest magnetic field 
intensity region between the north and south poles of 
exciting coils, for further details see the references [1,2]. 
One of the most important targets of the non-
destructive testing is the lift-off, i.e., distance between 
the target and sensor, because the lift-off characteristic 
indicates the sensing performance of the ECT sensor. 
Further, backside defect searching is of paramount 
importance performance of the ECT, because only the 
ECT can detect the backside defects in a non-contacting 
manner. 
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In the present paper, we try to evaluate the lift-off 
characteristic when searching for the backside defects 
by the low frequency exciting oo coil. 
As a result, it is revealed that the low企equencyoo 
coil excitation has made it possible to search for the 
backside defects even though the lift-off is 3mm dis-
tance. 
At first, we describe the signal processing method 
accompanying the low frequency excitation of the ECT. 
Second, we ca汀yout the numerical as well as practi-
cal measurement tests. A 3 dimensional finite elements 
method (3D FEM) is employed as a tool of numerical 
test. Also, noisy signals accompanying the practical 
measurements are processed by Fourier transform 
method described in the 2nd chapter in this paper. 
Finally, we conclude that it is possible to detect the 
backside defect even if the 3mm lift-off distance by our 
low frequency exciting oo coil method. 

2. Signal processing method 

2.1 Fourier transform method 

One of the methodologies to remove the higher fre-

quency noise components企omthe measured signal is 

the Fourier transform method. 

Employ the Fourier transform approach makes it 
possible to pick up only the same frequency component 
of the exciting cu汀巴nt.

3. Experiment 

A theoretical background of the low frequency excit-
ing ECT greatly depends on the skin effects, i.e., low 
frequency magnetic fields is possible to induce the eddy 
currents at the deeper location of the target metallic 
materials. Even though the absolute detect sensibilities 
become lower, the lower企equencyexcitation of ECT 
enables us to d巴tectthe defects located at the deeper or 
backside of the target metallic materials. 
In our experiments, we have employed the two lam-
inated copper plates, the upper is the normal copper 
plate having 2 mm thickness, 10 cm length, 2 mm width, 
and the backside is a target defect having a 1 mm line 
crack. 
Consideration of the skin depth, the absolute sensi-
bility and higher frequency noise signals accompanying 
the practical measurements have led to employ the 2 
kHz as the best excitation frequency. 

3.1 Liftoff characteristic of oo coil (Simulαtion) 

One of the distinct merits of ECT is that the ECT 
does not need direct contact to the target material. This 
means that the lift-off, i.e. a distance between the 
surfaces of target and sensing coil, characteristic is of 
paramount importance in the ECT characteristics. 
In the present paper, we have carried out the practi-
cal experiments as well as 3D numerical simulations 
concerning with the lift-off characteristic. Apply the low 

(31) 

frequency excitation to our d巴velopedECT sensor 
named as oo coil yields the lift-off characteristic when 
changing the lift-off distances 仕om0.05 mm to 3 mm. 
Figure 1 shows a schematic diagram of the 3D finite 
elements simulations. Also, the practical lift-off meas-
urement conditions are set as possible as the similar to 
that of the simulations. Table 1 lists the various paramか
ters used in the simulations. 
Figure 2 shows the simulation results of the lift-off 
characteristic. Namely, Fig. 2 is the relationships con-
ceming on the detected induced peak voltages and the 
lift-off distances. Each of the induced voltages at the 
five different lift-off distances suggests the backside 
defect in the target. Also, it is revealed that the induced 
voltage is inversely proportional to the lift-off distance. 

(a) Top side view of a oo coil (b)Backside 
located on the target copper plate view of the 

target copper 
plate 

伺 coil

flT 

( c) Side view of the oo coil and target. 
Fig. 1. Schematic diagram of the 3D FEM 

simulation 
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Table 1 Various constants of the tested oocoil 

Coil outer diameter 
Coil inner diameter 
Coil length 

Exciting coil 

Number of turns 
Input voltage (peak) 

22.4 mm 
20mm 
lOmm 
75 
3V 
2kHz E旦盟主Z

Coil outer diameter 
Coil inner diameter 
Coil length 
Number of turns 
Axis core 

Voltage[mV] 

坐堅担型空！！
0.9mm×2.4mm 
O.Smm×2.0mm 
6.0mm 
100 

恥1.n-Znferrite 3000 

Liftoffj1m1 

Fig. 2. Induced voltage vs. !ifトoff(simulation) 

3.2 L事offchαract巴risticof rx> coil (Experiment) 

Table 2 lists the various constants of the prototyp巴∞
coil. Figure 3 shows the target test pieces and the 
pictures of a prototype rx> coil. 
The target test piece has been emulated by overlap-
ping the two copper plates having Imm thickness. One 
is the upper copper plate without any defect. The other 
is the bottom copper plate having 2mm width and Imm 
depth defect. 

The various constant of the prototype rx> coil are the 
same used in the 3D finite element simulations. 
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Table 2 Various constants of the prひto
Conductor length 
Diameter of conductor 
Coil outer diameter 

e oocoil 
4.7mm 
0.4mm 
23mm 

Coil inner diameter 20mm 
Coil length lOmm 
Number of tum 75 
Number of col layers 3 
Number of coils 2 
Conductor length 60cm 
Diameter of conductor 0.lmm 
Axis ∞閃 Ferritebar (MnZn) 
Coil outer diameter 4mm×2.4mm 
Coil inner diameter 
Coil length 
Number of tum 
Number of coil layers 

4mmxl.4mm 
6.0mm 
100 
2 

(32) 

月：~－mm：~
～埴

(b) Prototype of the rx> coil 
Fig. 3. The target tested piece and rx> coil 

Figures 4 (a）や） show the result of experiments. Ob-
S巴rvethese results shows that the detected signal in-

eludes a lot of high frequency noise caused by the 
experimental environments. 

W巴couldnot see any defect on the企ontside of the 
target. Even though the high frequency noise, observe 
the same frequency components to those of th巴exciting
currents in Fig. 4 suggests the backside defect of the 
target. 
To remove the high frequency noise企omthe sensor 
output signals, we have employed the Fourier凶 nsform

method. Since Fourier transform is able to decompose 
any waveforms into the higher harmonics, it is possible 
to pick up a particular frequency component from the 
measured signal. In our case, this particular企equencyis 
the same as those of the exciting current. 

Figures 5 (a)-(e) show the induced voltage wave 
forms in the sensing coil after removing the higher 

frequency noise components by Fourier transform 
method from the Figs. 4 (a）ー（e).
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(a) Induced voltage in li食ーoff(0.05 mm) 
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(b) Induced voltage in lift-off (0.6 mm) 
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(c) Induced voltage in lift-off(lmm) 
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( e) Induced voltage in lift-off (3mm) 
Fig. 4. Induced voltage waveforms when changing 

the lift-off distance. 
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(b) Induced voltage in lift-off (0.6mm) 
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(d) Induced voltage in li合ーoff(2mm)
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( e) Induced voltage in I ift-off (3mm) 
Fig. 5. Induced voltage waveforms after signal 
processing by Fourier transform method. 

Figure 6 shows the experimentally obtained peak 
sensor output voltages having the same frequency to 
those of the exciting cu汀ents. 

v。llag•[

L•ft。ff( n凶］

Fig. 6. Induced voltage vs. lift-off (Experiment) 

The simulated peak voltage is somewhat smaller 
than these of measured one, however the sensing char-
acteristic to the different lift-off distances is well coηe-
sponding to those of the simulation. 
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The difference between the simulated and experi-
mented values in Figs. 2 and 6 had been observed in the 
front side defect searching [l]. This difference might be 
caused by the geometrical shape of the simulation object. 

Namely, there are mixed size o句ects,e.g., thin target 
metal having a few mm thickness, tall finite length 
solenoid coils having a few cm length for th巴exciting
coils and slender ferrite bar for the sensing coils having 
a few cm length and mm2 cross s巴ctionalarea. This 
means that the finite elem巴ntmesh has been composed 
of the mixed triangular elements having extremely 
different size in our 3D FEM simulations. As a r巴suit,
this leads in essence to large numerical truncation errors. 
Thus, taking the numerical e汀orinto account the re-
suits in Figs. 2 and 6 suggests that a fairly good agree-
ment between the experimented and simulated results 
has been obtained. 

4. Conclusion 

In the present paper, we have elucidated the lift-off 
characteristic when searching for the backside defect by 
the low frequency exciting oo coil. 
As a result, it has been revealed that the low fre-
quency oo coil excitation has made it possible to search 
for the backside defects even though the lift-off 3mm 
distance. 

This paper has described on the initial laboratory 
works, so that the field tests should be carried out for 
further development to the practical use. 
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Abstract. Previously, we have proposed an infinity coil as a high sensibility ECT sensor. This 

paper has evaluated a possibility of the backside defect searching by the low frequency 

excitation of a modified infinity coil whose exciting coils are the flat/film shape to adapt to the 

curverved test targets.  

In the present paper, we have elucidated the liftoff characteristics of the backside defect 

searching when employing the low frequency excitation to our flat/film shape infinity coil.  

1 Introduction 

The modern mass transportation vehicles, e.g. air plane, high-speed train, carrying a large 

number of people are required the ultimate highest safety as well as reliability.  

To keep the highest safety and reliability, nondestructive testing is one of the most 

important key maintenance technologies, because most of the frame materials are composed 

of metallic materials.  

Operating principle of ECT is fundamentally based on the detection of magnetic field 

distribution change 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 [1-3]. The other ECT sensor equips a sensing coil in addition to the 

exciting coils for detecting 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 spatial differential coil, and also the other type whose surface of the sensing 

coil is perpendicularly installed to those of the exciting coil. As is well known the spatial 

differential coil detects the uniformity of the magnetic field distribution. Similarly the other 

type whose surface of sensing coil is perpendicularly installed 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 flat/film shape infinity coil is one of the these types. A key idea of our flat/film 

shape infinity 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].  

This paper tries to clarify the liftoff characteristics of the backside defect searching when 

employing a low frequency excitation to the flat/film shape infinity coil. As a result, it is 

revealed that the low frequency excited flat/film shape infinity coil is capable of detecting the 

backside defects over 1mm liftoff 
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2 Experiments 

  
Fig. 1 Reference ECT signal processor 

 “ET-5002” produced by EMIC Co. LTD. 

Fig. 2 Detected signal vs. Liftoff characteristic 

In our experiments, we have employed the two laminated copper plates as a test target, the 

upper is the normal copper plate having 2mm thickness, 10cm length, 2cm width, and the 

backside is composed of 2 independent plates contructing a line crack having a 1mm depth 

and 2mm width.  

Consideration of the skin depth, the absolute sensibility and higher frequency noise signals 

accompanying the practical measurements have led to employ the 2kHz as the best excitation 

frequency. 

We measured the signals due to the backside defect by means of the commercial based 

signal processing device "ET-5002" shown in Fig1 while the flat/film shape infinity coil was 

scanned along a test target surface. 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 scans over the defect. Liftoff distance was changed from 0.2mm to 3mm. The gain 

60dB and 10Hz-256kHz band pass filter were set up to the ET-5002 for the backside defect 

searching. 

Fig.2 shows detected signals by the flat/film infinity coil when scanning a surface of the 

target piece having a backside defect. Observe the detected signals makes it possible to find 

the 5 distinct peaks in each of the liftoff positions. Each of the detected signals at the five 

different liftoff positions suggests the existence of backside defect in the target piece. Also, it 

is found that the amplitude of the detected signals is inversely proportional to the lift-off 

distances. 

3 Conclusion 

In the present paper, we have employed the low frequency excitation of flat/film shape 

infinity coil to search for the backside defect of the metallic target when changing the liftoff 

distances from 0.2mm to 3mm. As a result, it has been clarified that the low frequency 

excitation of flat/film shape infinity coil makes it possible to search for the backside defects 

along with the signal processing device ET-5002 enhancing the S/N ratio. 
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Abstract. This paper proposes a simple method to get the stabilized discharging 

characteristics by the Tesla coil without additional electronic circuits. Also, it is revealed 

that an ingenious coil connection changes the Tesla coil into a dramatically stable high 

voltage dischargeable source.  

 

1. Introduction 

 

Stable discharging is essential to the discharge machining, lighting, metal welding 

connection, and so on. The Tesla coil may be the oldest method generating high voltage 

source for discharging [1]. Further the Tesla coil may be regarded as one of the coreless 

transformer whose secondary induced voltage is extremely high. Apply a primal input 

source having one of the resonant frequencies of secondary coil makes it possible to 

generate a high secondary voltage. This secondary high voltage discharges from an 

externally attached electrode working as a resonant capacitor. However, its discharging 

characteristic is intermittently and not so stable. Thereby, this requires equipping the other 

electronics to obtain the stable and continuous discharge. 

This paper proposes a simple method to get the stable discharging characteristics by the 

Tesla coil without additional electronic circuits, i.e., a simple ingenious connection of 

secondary circuits changes the Tesla coil into a dramatically stable discharge generator [2]. 

 

2. Resonant Tesla Coils 

 

A typical conventional Tesla coil which is composed of the two coaxial finite length 

solenoid coils. The number of the outer primal and inner secondary coils are small and 

extremely large, respectively. Thereby, the Tesla coil is one of the coreless transformer 

whose transform ratio a=N1/N2 are extremely small, where N1 and N2 denote the number of 

turns of primal and secondary coils, respectively. 

When a coupling between the primal and secondary coils through a common magnetic 

flux is high, it is possible to obtain a high secondary induced voltage. However, their 

coupling is very small so that the Tesla coil could not use as a normal voltage boost up 

transformer.    
 

 
 

Fig.1 A typical Tesla coil 
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Fig. 2 shows a frequency characteristic of the secondary coil. Obviously, the secondary 

coil has the multiple resonant frequencies between the stray capacitance and leakage 

inductance. Thereby, it is essential to attach an external capacitor to fix a particular 

resonant frequency. After attaching the capacitor, it is possible to remove the effect of 

secondary leakage flux by the capacitor, i.e., a resonant phenomena, when supplying the 
resonant frequency to the primal coil. This leads to the desired high voltage determined by 

transformer ratio a. 

On the other side, a resonant connection utilizing a capacitance between the inner and 

outer layer coils of the secondary winding exhibits a single resonant frequency 

characteristic as shown in Fig.2 [2]. A major resonant frequency in Fig. 2 is nearly 20MHz. 

On the contrary the single resonant frequency in Fig. 3 is nearly 30KHz. Difference 

between them is quite large frequency so that an ingeniously connection of the coils never 

requires an external resonant capacitor and creates the reasonable single resonant frequency 

characteristic. 

 
Fig.2 Frequency characteristic of the secondary coil. 

 

 
Fig.2 Frequency characteristic of the secondary coil when employing resonant connotation.  

 

 

3. Conclusion 

 

As shown above, we have succeeded in obtaining the single resonant frequency 

characteristic whose resonant frequency is relatively low. Thereby, it is possible to work 

out the devices, e.g., discharge machining, lighting, metal welding connection which 

require the stable discharging.  

One of the innovative facts is that  a simple ingeniously connection of the coils change 

the multi resonant into single resonant characteristics and removes the external electronic 

parts such as the external capacitor and high frequency processing elements. 
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Abstract. Previously, we had proposed an ∞ (infinity) coil for the high sensitive eddy current 

sensor and worked out several prototype of the ∞ coils. Because of the requirements of the 

practical environments, e.g.. defects searching in the tight slits and curved surfaces, we have 

further developed the flexible flat/film ∞ coils. 

In the present paper, consideration to the practical use to the design of prototype the flat/film ∞ 

coil lead an employment of the two semi-circle exciting coils. Experimental and 3D FEM 

simulations verify the validity of our practical design direction of the flat/film ∞ coil.. 

1 Introduction 

Since most of the human products as well as infrastructures are 

mechanically supported by the iron or its composites, then nondestructive 

testing of metallic materials is of paramount important work to keep our 

daily life. 

Previously we have succeeded in exploiting a new high 

sensibility eddy current testing (ECT) sensor called the ∞ coil [1]. 

Figure 1 shows one of the prototypes of our ∞ coil. Eventhogh the 

developmens of the first trototype design was carrying out, strorong 

requirements to use the defect searching between the tight slit spaces 

because of the searching for the defects after assembles, and for the curved surfaces such as 

pipes. 

To respond this requirement, we had exploited a flat ∞ coil [2]. Remarkarbly this new flat

∞ coil displayed a versatile capabilities for the defect searching cauved serface and high 

sensibility compared with the old one as shown in Fig.1. 

This paper is concerning to decide the degin direction of the flat ∞ coil, e.g., cicular or 

square closs-section shape and the flat excaiting coils shoud be wound remaing or not emaing 

the cetrers of flat excaiting coils.  

Finally, the first prototype degin direction of the flat ∞ coil is focused on the two key 

points, i,e, one is the shape of exciting coils, which enlarges the zero magnetic field region 

between the two adjacent coils constructing the north and south poles alternatively, and the 

second the shape of flat exciting coils whether each of the coils should be fully wound until no 

space or not fully wound remaining some space, namely each of the exciting coil surfaces 

does not has any area otherwise has a space enclosed by an exciting coil. 
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2 Practical Prototype Design of ∞∞∞∞Coil 

Operating principle of original flat ∞ coil is that two adjacent coils constructing the north 

and south poles alternatively set a zero magnetic field region and keep this zero magnetic 

fields situation when eddy currents are flowing along the paths in parallel to the exciting coils. 

If the eddy currents could not flow the paths in parallel to the exciting coil on the test 

specimen, then a zero magnetic field region between the two exciting coil moves toward the 

other position. This means that a sensing coil located at a mid position of two exciting coil is 

possible to detect the disturbed magnetic fields, i.e., the defect in the test specimen could be 

detected from the sensing coil signal.  

By means of the intensive 3D FEM simulation and experimental works, this paper reveals 

that the sensibility of the flat ∞ coil could be enhanced by enlarging the zero magnetic field 

region between the two adjacent exciting coils. This has been simply carried out by enlarging 

a two adjacent point to a two adjacent line. Effect of this exciting coil layout modification 

reflects on the output larger amplitude of sensing signals than those of conventional one. Also, 

we have carried out the 3D FEM simulations as well as experiments to the 10 turns coil 

having a space and the 20 turns having no space. Figure 2 shows the tested coils and their 

response signals to a straight line defects tilted 45 degree to the sensor coil of the ∞ coils. 
 

 

 
 

(a-1) 10 Turns 

 

 
(a-2) 10 Tures (Simulated) 

 

(a

-3) 10 Tures (Experimented) 

 

 

 
 

(b-1) 20 Turns 

 

 
(b-2) 20 Tures (Simulated) 

 

 
(b-3) 20 Tures (Experimented) 

Fig. 2. The first tested flat ∞ coils. 

The Green and Red lines are denoting the sensor output signals and noises, respectively. 

 

As described above we have succeeded in decided to work out the first prototype design. 
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Abstract. Among a lot of signal processing methods, frequency fluctuation approach is rarely used. 

Only the 1/f frequency fluctuation is well known as a figure of healing activations. In the present 

paper, a generalized frequency fluctuation signal processing method is introduced to analyse the 

Barkhausen signals accompanying with the magnetization of the ferromagnetic materials. As a result, 

it is revealed that the situations of ferromagnetic materials under stressed or not are visualized in a 

three dimensional space. 

1 Introduction 

Barkhausen signal is observed in the ferromagnetic materials when they are magnetizing.  It is 

well known that the Barkhausen signals are very sensitive to the physical external 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. 

The past researches concerning to a relationship between the Barkhausen signal and applied 

mechanical stress have revealed that Barkhausen signals are very sensitive to the mechanical 

stress and radioactive damage but any deterministic regularity has not been found [1,2]. Only a 

macroscopic regularity has been reported by means of a frequency fluctuation analysis approach 

[3] 

This paper makes it possible to generalize 1
st
 order frequency fluctuation of the conventional 

analysis to the n
th
 order frequency fluctuation analysis. As a result, it is succeed in visualizing the 

specimen's situations under stressed or not stressed from their Barkhausen signals. 

2 Generalized frequency fluctuation analysis 

Conventional 1/f frequency analysis is that application of the 1st order least squares to the both 

Fourier power spectrum and frequency extracts the 1st order frequency fluctuation, i.e., Log of 

Fourier power spectrum is approximated by Log of a0 + a1f, yields a 1
st
 order frequency 

fluctuation characteristic, where a0 and a1 are the 0
th
 and a 1

st
 order frequency fluctuation terms, 

respectively. If the frequency fluctuation term a1 takes a1=1, then we have the 1/f frequency 

fluctuation. 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]. 
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On the other side, we generalize this conventional 1
st
 order frequency fluctuation to the n

th
 

order frequency fluctuation characteristics, i.e., Log of Fourier power spectrum is approximated 

by a Log of a0 + a1f+a2f2+ ...+ anf
n
, where a0, a1, a2, ,..., an  are the 0

th
, 1

st
 2

nd
, ... ,n

th
 order 

frequency fluctuation terms, respectively. Careful examination of the coefficients a0, a1, a2, ,..., an 

leads to the precise frequency fluctuation characteristic of the Barkhausen signals. 

According to our experimental results, all of the frequency fluctuation characteristics are 

sufficiently represented up to the 4
th
 order terms. Fig.1 shows a typical relationship between the 

frequency characteristic and 4
th
 order least squares curve. 

Let the normalized 1
st
, 2

nd
, 3

rd
, 4

th
 order frequency fluctuation coefficients be respectively the 

coordinate values on the x-, y-, z-axes, and point shade color, then up to the 4
th
 order frequency 

fluctuation characteristics locate the three dimensional space coordinate position and point shade 

color. 

  

Fig. 1 A typical relationship between the frequency 

characteristic and 4th order least squares curve. 

 

Fig. 2 The visualized stress situations by the 4th order 

frequency fluctuation analysis to the 30 specimens. 

To check the validity of our approach, we have carried out the frequency fluctuation analysis 

to the 30 silicon steel sheet specimens when they are stressed and not stressed. Fig.2 shows the 

stress situations to the 30 silicon steel specimens. In Fig.2, the normalized 1
st
, 2

nd
, 3

rd
, 4

th
 order 

frequency fluctuation coefficients are respectively the coordinate values on the x-, y-, z-axes, and 

point shade color. Comparison among the different specimens of this diagram visualizes an each 

of the distinct characteristics depending on their mechanical stress conditions. 

3 Conclusion 

As shown above, we have succeed in visualizing the stress situations of the silicon steel sheets 

in the 3 dimensional space whose coordinates are composed of the terms representing the higher 

order frequency fluctuation of their Barkhausen signals. 
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Previously, we have proposed a flat shape ∞ coil as a high sensibility ECT sensor. This paper has evaluated a liftoff 

charateristic to the backside defect searchings by the low frequency excitation of a flat shape ∞ coil. As a result, it is found that 

the low frequency excitation of a a flat shape ∞ coil promises its capability in particular to the lift of characteristics of the 

backside defect serachings in the target materials. 

 キーワード：渦電流試験，非破壊検査，裏側欠損，低周波励磁，∞コイル 

(Keywords, ECT, nondestructive testing, backside defect, low frequency excitation, ∞coil) 

 

1. 序論 現代の文明社会を支えるのは人類の叡智が創造した多くの文明の利器による。例えば、高速な移動手段を提供する高速鉄道、自動車、航空機、そして、電力生成・系統システム、照明システム、セキュリティシステムなど、いわゆる産業プロダクトから鉄橋、大型ビルや高速道路などの社会的インフラストラクチャまで広汎で多岐に渡る文明の利器が存在し、人類の文明生活を支えているのは自明であろう。 産業プロダクトから社会的インフラストラクチャにいたる文明の利器の多くは何らかの形で機械的構造を持ち、強度や形状維持のフレームが存在する。機械的構造の強度を維持するフレームの多くは金属材料からなり、それぞれの産業プロダクトの機能を維持するため、機械的ストレスを受け続けている。 産業プロダクトの中で、人間の大量輸送に関わる大型バス、高速列車、大型旅客機のみならず原子力発電所で代表される大規模エネルギー変換システムなどのプラントや社会的インフラストラクチャ設備では、機械的ストレスだけでなく熱応力、中性子による劣化などがある。当然であるが、これらの産業プロダクトではフレームの健全性が高度な信頼性、安全性を確保するために極めて重要な要素である。 

金属の健全性を確保する手段として最も基幹的で重要な技術が金属材料に対する非破壊検査技術である。金属の非破壊検査として、渦電流探傷法（Eddy Current Testing, 以後、ECT と略記）、電気ポテンシャル法、超音波影像法およびＸ線断層撮影法のような様々な方法がある。この中で、金属の非破壊検査として、ECT による方法は、検査対象と直接接触の必要がなく、比較的簡単な装置で高速な検査が可能である。このため、ECT は自動車を構成する膨大な数の部品検査から橋梁の劣化検査など極めて多くの分野で広汎に使われている。これは、人類の創造する文明の利器の力学的強度維持は大部分が導電性を有する金属材料からなるためであり、特に ECT は選択的に非接触で金属部分のみ検査可能であることに拠る。さらに ECT は、検査対象に非接触で探査可能であり、発振器、アンプ、探査プルーブコイル、オシロスコープなど比較的安価で簡素な装置で構成可能であるため、最もメジャーな非破壊検査技術である。 本論文は、平面型∞コイルを用いた平面及び曲面の裏面欠損探査で、主として被検査対象とセンサ間の距離、すなわち、リフトオフ特性に関する数値シミュレーションとその実験を行ったので報告する。 
2. ∞コイル 〈2･1〉 ECT センサの動作原理 ECT の動作原理は、大別して二方法ある。一方は交番磁界
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を被検査対象に照射することで被検査対象中に渦電流を発生させ、被検査対象中の欠損の有無による渦電流分布の相違を電源から見た入力インピーダンスの変化で感知する方法である。ここでは、この ECT 法をインピーダンス感知型と呼ぶ。このインピーダンス感知型 ECT の特徴は励磁コイルがセンサも兼ねる点であり、構造が簡単で安価である。 他方は励磁コイルの他に独立した検出コイルを備えた励磁・検出コイル分離型である。この励磁・検出コイル分離型は被検査対象中の欠損の有無に起因する渦電流分布の相違が喚起する磁束の変化を感知する検出コイルの配置に自由度を持つ。このため、励磁・検出コイル分離型は、インピーダンス感知型に比較して高感度とされているが、検出コイルの構造や設置場所などに多くの経験的習熟度を必要とする。 本論文で採用する平面型∞コイルの動作原理は励磁・検出コイル分離型である。 〈2･2〉 ∞コイルの動作原理 ∞コイルの原理的な特徴は、∞文字状に巻かれた二個の励磁コイルに通電し、左右の励磁コイル下端に N 極と S 極の磁極を形成し、N極と S極の磁極の中間には必ず存在するゼロ磁界領域に磁性体コアに巻いた検出コイルを配置する点にある。被検査対象が存在しない、もしくは被検査対象に欠損が存在しない場合、励磁コイルが生成する磁界強度分布の対象性が保たれるから、ゼロ磁界領域も維持され検出コイルには電圧は誘起しない。しかし、磁界強度分布の対象性が被検査対象中の欠損に起因して崩され、結果としてセンサコイルに誘起する電圧から欠損が感知される。 換言すれば、N極と S極間には必ずゼロ磁界領域が存在する。励磁コイルが生成する N 極と S 極の磁界強度分布が対象である限り、励磁コイル間のゼロ磁界領域は維持される。しかし、被検査対象に欠損があれば、欠損に起因する渦電流分布の非対称性に起因する磁界は検出コイルへ鎖交する。結果として検出コイルに電圧が誘起し欠損が探知される。 実際は、磁界がゼロとなる領域は限られた微小範囲であるため、検出コイル軸はゼロ領域へ平行に被検査対象面へ最も接近した位置へ配置する。すなわち、∞文字状の励磁コイル軸へ磁界が直交する方向へ検出コイルの軸を配置し、励磁コイルと検出コイル間の相互インダクタンスをゼロにする。両者に相互結合が起こるのは検査対象の欠損を通した場合のみとする。これが回路的な観点から見た∞コイルの動作原理である(1),(2）。 〈2･3〉 ∞コイルの低周波励磁 ECT の検査対象に対する磁束の表皮浸透深さは駆動周波数に依存性する。磁束の表皮浸透深さは駆動周波数の平方根に反比例するため、駆動周波数が数メガ Hzと比較的に高い場合検査対象の深部まで浸透せず、欠損の表面のみしか渦電流が誘起されない。すなわち探査範囲が表面に限定される。 励磁周波数を低減することにより検査対象の深部まで磁

束が浸透し、渦電流が検査対象の深くまで誘起されるため、結果として検査対象の裏側の欠損探傷が可能と考えられる。 〈2･4〉 表皮浸透深さ 表皮浸透深さ d は以下のように定義される。 

ωµσ

2
=d ............................................................. (1) ここで、被検査対象の比透磁率は 1 とし、式(1)のパラメタは以下の通りである。 

ω： fπ2 , 

f ：周波数 [Hz], 

µ ：真空中の透磁率 ][104 7 Hm−
×π , 

σ ：導電率 [S/m] 電流は表面から内部に浸透するに従い dx
e

/− の形で減少する。表面から内部への浸透深さ dx = の点での電流が表面の値が e/1 になる。この d が表皮浸透深さと呼ばれる(3)。 
3. 平面状対象の裏面欠損探査実験 〈3･1〉シミュレーションに依るリフトオフ特性 リフトオフとは、ECT センサと被検査対象間の距離である。リフトオフ特性は検出感度とリフトオフ距離の関係であり、リフトオフ距離が ECT として最も重要な特性であることは自明である。 本論文では、リフトオフを 0.2mmから 3mmまで変化した場合のセンサ出力特性を吟味する。 被検査対象は厚さ 2mm の銅板からなり、裏面に幅

2mm、深さ 1mmの直線状欠損が存在する。図 1は、三次元有限要素法のシミュレーションモデルを示し、表 1は、励磁コイルと検出コイル、それぞれの諸定数を示す。 

 

図 1 三次元有限要素シミュレーションの概略図 

Fig. 1. Schematic diagram of the 3D FEM simulation 

 リフトオフを 0.2mmから 3mmまで変化した場合のシミュレーション結果を述べる。 励磁周波数を 2kHz とした場合、表皮浸透深さは(1)式より 

][477.1 mmd =  となる。 
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よって、深さ 1mm以上の深さに存在する裏側欠損探傷が可能であると考える。 

 表 1 平面型∞コイルの諸定数（シミュレーション） 

Table. 1.  Various constants of the flat shape of ∞coil 励磁コイル 外径                                   22mm 内径                                   3.0mm 長さ                                 10mm 巻数                                              20mm 入力電圧                                            3.0V 周波数                                              2kHz 検出コイル 外径                                     0.9mm×2.4mm 内径                                         0.5mm×2mm 長さ                                    6mm 巻数                                     100 磁性体コア                               Mn-Zn_ferrite_300 

 

 図 2 シミュレーションによる センサピーク電圧とリフトオフの関係 

Fig. 2. Induced voltage vs. liftoff 

 ∞コイルの探査感度、すなわち、直線状欠損による渦電流の乱れが検出コイルの電圧を最大とする場合は、直線状欠損が検出コイル軸に対して 45度である場合であり、全てのシミュレーションは上記の最大感度条件で行った。 図 2 の有限要素法に拠るシミュレーション結果は、リフトオフを 0.2mm から 3mm に変更した場合の検出コイルのピーク誘起電圧とリフトオフの関係を示す。 図 2 のシミュレーション結果は、リフトオフを 0.2mm から 3mm まで不規則な間隔で 5 点変更した場合、センサピーク誘起電圧はリフトオフに対して反比例する傾向が伺える。すなわち、リフトオフが大きくなればセンサピーク誘起電圧は減少する。 図 2 で、センサピーク誘起電圧は、リフトオフ 0.2、0.6、1、2、さらに 3mm に対してそれぞれ 6.09、4.98、3.96、2.0、0.994mVである。 
 〈3･2〉リフトオフ特性の実験 〈3･2･1〉実験方法 シミュレーション結果の妥当性をしらべるため、表 1 の仕様で作成された諸定数の試作平面型∞コイルのリフトオフ特性を実際に測定する。測定に使用した被検査対象であ

る銅版と試作∞コイルを図 3 に示す。 図 3(a)に示す被検査対象中の幅 2mm、深さ 1mmの直線状欠損は幅 2mm の銅板の裏面に厚さ 1mm の無欠損な銅板 2枚を 2mm の間隔を空けて重ねることで模擬した。 図 3(b)に示す試作∞コイルは 2個の励磁コイルと 1個の検出コイルからなり、諸定数はシミュレーションで用いた図
1 のそれらと同一である。 

 表 2 試作平面型∞コイルの諸定数 

Table.2. Various constants of the flat shape of 

prototype ∞coil 励磁コイル 

 

 コイル長       0.4mm 外径                  22mm 内径                  3.0mm 巻数                      20 コイルの数            2 入力電圧                  3V励磁周波数              2kHz 検出コイル 

 

導体長              60cm 導体の直径          0.1mm 磁性体コア  Ferrite bar(MnZn) 外径        2.4mm×2.4mm 内径        1.4mm×1.4mm コイル長                 6mm 巻数                  100 コイル層の数              2コイルの数                 1 

 

 

(a) 被検査対象 

 

(b) 試作平面型∞コイル 図 3 検査対象と試作∞コイル 

Fig.3.  The target tested piece and flat shape of ∞coil 

 試作∞コイルを、手動で移動させ、渦流探傷器
ET-5002 によって欠損に起因する信号を測定する。図
4 に示す ET-5002 は、センサが欠損上を移動するとき、ブリッジで信号を検出しリサージュ表示する。
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励磁周波数を 2 kHzに設定し、リフトオフは 0.2mmから 3mmまで不規則な間隔で 5 点変更して測定した。また、ET-5002の Gain、ハイパスフィルタ、ローパスフィルタをそれぞれ 60dB、off、10Hzに設定した。 

 

 図 4 過流探傷器(ET-5002) 

Fig. 4 . ET-5002 ECT signal processor made by Emic 

(Denshijiki Industry Co., Ltd). 

 〈3･2･2〉実験結果 

ET-5002 によって得られた検出信号波形を図 5 に示す。検出信号には 5 個のピークが存在し、裏面欠損付近をセンサが通過した場合の検出信号波形に対応する。5個のピーク誘起電圧の大きさは 5 段階のリフトオフ位置に対応している。 図 5から、リフトオフを 0.2mmから 3mmまで不規則な間隔で 5 点変更した場合、センサピーク誘起電圧はリフトオフに対して反比例する傾向が伺える。すなわち、リフトオフが大きくなればセンサピーク誘起電圧は減少する。 図 5で、センサピーク誘起電圧は、リフトオフ 0.2、0.6、
1、2、さらに 3mm に対してそれぞれ 2.95、2.52、2.02、
1.59、0.93mVである。 
 

 図 5 センサ誘起電圧とリフトオフの関係（平面） 

Fig.5. Induced voltage vs. lift-off (flat surface) 

 〈3･3〉シミュレーションと実験値の比較 図 2 と図 5 を比較すると、概ねの減少傾向は一致しているが、センサピーク誘起電圧の値に差異がある。これらを比較するため、それぞれの絶対最大値を基準として正規化する。すなわち、図 2 と図 5 それぞれの絶対最大値でそれぞれの出力信号を割り算し、両者の最大値を１として、両

者を比較する。図 6 が結果である。正規化された出力は、シミュレーションに拠ればリフトオフ 0.2、0.6、1、2、さらに 3mm に対してそれぞれ 1、0.86、0.75、0.61、0.43 である。他方、実験値に拠ればリフトオフ 0.2、0.6、1、2、さらに 3mm に対してそれぞれ 1、0.9、0.57、0.45、0.27 である。 図 6 から、リフトオフが大きくなると実験とシミュレーション値の相違が大きく、シミュレーションの方が大きな値をとる。これは、リフトオフが大きくなるほど実際の実験環境、すなわち、周辺に存在する実験機材が磁界分布に影響し、センサ感度を低下させることを示唆している。 

 

 図 6 正規化したシミュレーションと実験値の比較 

Fig.6 Comparison between the normalized simulation and 

experimental results. 

 

4. 曲面状対象の裏面欠損探査実験 〈4･1〉シミュレーションに依るリフトオフ特性 リフトオフを 0.2mmから 3mmまで変化した場合における曲面の検査対象のセンサ出力特性を吟味する。 曲面状被検査対象は厚さ 2mm の銅板からなり、裏面に幅
2mm、深さ 1mm の直線状欠損が存在する。図 7 は、三次元有限要素法のシミュレーションモデルを示し、励磁コイルと検出コイル、それぞれの諸定数は、表１と同様である。 

 

 図 8 三次元有限要素シミュレーションの概略図 

Fig. 8. Schematic diagram of the 3D FEM 

 図 8 はシミュレーションに拠る検出コイルのピーク誘起電圧とリフトオフの関係をしめす。 
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図 8は、リフトオフを 0.2mmから 3mmまで不規則な間隔で 5 点変更した場合、センサピーク誘起電圧はリフトオフが 2mmを境に減少し、全体としてセンサピーク誘起電圧はリフトオフ距離に反比例する傾向を示している。 図 8で、センサピーク誘起電圧は、リフトオフ 0.2、0.6、
1、2、さらに 3mm に対してそれぞれ 3.56、2.98、2.63、
1.61、1.33mV である。 

 

 図 8 シミュレーションによる センサピーク電圧とリフトオフの関係 

Fig. 8. Induced voltage vs. liftoff 

 

 〈4･2〉リフトオフ特性の実験 〈4･2･1〉実験方法 シミュレーション結果の妥当性を調べるため、表 1 の仕様で作成された諸定数の試作平面型∞コイルのリフトオフ特性を実験する。 実験に採用した被検査対象である銅版を図 9 に示す。試作∞コイルは、図 1 と同一である。測定方法は平面裏面探査の場合と同様である。 
 図 9 被検査対象（曲面） 

Fig.9. The target tested piece(curved surface) 

 

ET-5002 によって得られた検出信号波形を図 9 に示す。平面裏面探査と同様に検出信号には 5 個のピークが存在し、裏面欠損付近をセンサが通過した場合の検出信号に対応する。5 個のピーク誘起電圧の大きさは 5 段階のリフトオフ位置に対応している。 図 10 は、リフトオフを 0.2mm から 3mm まで不規則な間隔で 5点変更した場合、センサピーク誘起電圧はリフトオフに対して反比例する傾向を示す。すなわち、リフトオフが大きくなればセンサピーク誘起電圧は減少する。 図 10 で、センサピーク誘起電圧は、リフトオフ 0.2、0.6、1、2、

さらに 3mm に対してそれぞれ 2.24、2.08、1.6、1.2、0.72mV である。 

 

 図 10 センサ誘起電圧とリフトオフの関係（曲面） 

Fig.10. Induced voltage vs. liftoff (curved surface) 

 〈4･3〉シミュレーションと実験値の比較 図 8 と図 10 を比較すると、リフトオフの増加と感度の減少傾向は両者で一致しているがわかる。 しかし、センサピーク誘起電圧の値に差異がある。これらを比較するため、平面状被検査対象の場合と同様に、シミュレーションと実験、それぞれの絶対最大値を基準値として正規化した。図 11 が結果である。正規化された出力は、シミュレーションに拠ればリフトオフ 0.2、0.6、1、
2、さらに3mmに対してそれぞれ 1、0.86、0.75、0.61、0.43である。他方、実験値に拠ればそれぞれ 1、0.9、0.57、0.45、
0.27 である。 図 11 から、リフトオフが大きくなっても実験とシミュレーション値の相違がほとんどなく、リフトオフの増加に対して感度が減少する反比例な傾向が伺える。 

 図 11 シミュレーションと実測の正規化比較（曲面） 

Fig.11 Comparison between the normalized simulation and 

experimental results.(curved surface) 

 図 6 と図 11 を比較すると、曲面探査の結果は平面探査に比較して、シミュレーションと実験値で差異が生じなかったのは、平面状励磁コイルが被検査対象を覆うように位置するため、感度が周辺に存在する機器の影響を受け難く。さらに、平面型に比較して曲面であるため、励磁磁束が通過する磁路が短くなり、結果として実験環境がシミュレー
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ションと良く対応したためと考えられる。 

5. 結論 本論文は低周波励磁平面型∞コイルによる裏面欠損探傷に於けるリフトオフ特性について述べた。 低周波励磁∞コイルの出力信号処理は ET-5002 で行った。シミュレーション結果と実験値を比較するため、シミュレーションと実験、それぞれの絶対最大値を基準として正規化した。 その結果、平面型∞コイルの低周波励磁に拠る平面及び曲面の裏面探査に於けるリフトオフ特性は被検査対象が平面状か曲面状で異なり、シミュレーションは曲面状被検査対象に対して十分な精度有する。しかし、平面状被検査対象に対しては、リフトオフが大きくなるとシミュレーションは実験値を反映し難いことが判明した。 この原因は、曲面状被検査対象に対して、平面型∞コイルの励磁コイルが被検査対象を覆うように変形可能であり、結果として、平面型∞コイルの励磁コイルのフレキシビリティが実験に於ける周辺機器の影響を遮蔽する効果を発揮するためと考えられる。 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 以上のことから、平面型∞コイルの低周波励磁に拠る裏面探査に於けるリフトオフ特性は、曲面状被検査対象に対し

て有利であることが判明した。 本論文の三次元有限要素法解析は JSOL 株式会社の「JMAG」で行なった。 
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