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ABSTRACT

Previously we have succeeded in developing a new ECT sensor called o 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 oo coil. This flat co 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 o coil.
The experimented results have verified the validity of the numerical simulations. Thus, we have confirmed the
versatile capabilities of the flat o coil.
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ARTICLE INFORMATION

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 “oo coil”. This o
coil has the high liftoff characteristics compared with those of another type. [4]

However, the o« 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 oo
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 o 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 “co coil”.

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

o “ Outer diameter 22.4mm | Outer diameter  1.4x2.4mm

Inner diameter 20mm | Inner diameter  1.0x2.0mm
Fig. 1. Structure of the o coil, where Length 10mm | Length 6mm
circular coils on both side are the Number of turns 75 Number of turns 100
exciting coils and the red rectangular boxes Input voltage(peak) 1V | Axis core Mn-Zn/ferrite
are the sensing coils wound around the Frequency 256kHz (permeability:3000)

ferrite bar
When an alternating current is flowing in series .

9.1L-05

through these two solenoid coils, both coils yield
magnetic fields. One becomes a south pole and the

6.7F-05

other becomes a north pole alternatively. Figure.2 42805
shows an exciting magnetic field intensity distribution -
computed by the 3D finite elements. I(. o

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.

Fig. 2. Magnetic field intensity distribution,
where the solid lines denote the parts of
exciting coils

2.2. Operating principle of the « coil
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The oo coil is capable of catching only the magnetic fields caused by the detour eddy currents
around a defect. To evaluate the validity of our oo 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).

(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

Induced voltage [mV]

Observing the magnetic flux density vector - No defect

distributions in Fig.3 reveals that the sensing coil :E 25'] dearee
wound around the ferrite bar could not induce the a0l 9" degree
electromotive force in the cases of Figs. 3(a), (b) - - uoTlme [us]
and (c) but induces the electromotive force in the -20¢

case of Fig.3(d). The induced voltages in the sensor -4or \/

coil under the conditions in Figs. 3 or 3(a)-(d) are o ) . )
shown in Fig.4, whose result reveals that the case Fig. 4. Induced voltages in the sensing coil

(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 oo coil confronts
to a serious difficulty to apply the curved surface target specimens.

To overcome this difficulty, we propose the flat oo 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 c coil.

Figure.6 shows an exciting magnetic field intensity distribution of the flat oo 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 Fig. 6. An example of magnetic field intensity
are the oo coil with flat flexible exciting coils, distribution by the flat c« coil shown in figure 1
respectively
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Figures.7(a) and 7(b) show the eddy current distributions caused by the conventional solid and
flat oo coils, respectively. Observe the results in Fig. 7 suggests that the eddy currents caused by the
flat oo coil distribute are distributed to wider regions compared with those of the conventional solid o
coil. This reveals that the flat co coil has larger searching area.

In addition, the eddy current density of the flat oo coil takes higher in magnitude than those of the
conventional one because the highest exciting magnetic field strength points caused by the flat oo coils
exist nearly target piece points as shown in Fig.6. This means that the flat oo coil may have ultimately
higher sensitivity.

.1 2E406

9.0E+05

I3 OE+05
0.0E-00

(a) Conventional solid o coil

.1 2E406

9.0E+05

I3 OE+05
0.0E-00

(b) Flat type oo 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 o 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 o
coils. One is the conventional solid oo coil and the other is the flat co coil. Both of these o 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 o coils. Figure.8 shows the pictures of these o coils.

Table 2 Various constants of the tested o coils

(a) Solid type exciting coil

(b) Flat type exciting coil

(c) Sensing coil

Coil outer diameter 21.0mm | Coil outer diameter 22.0mm | Outer diameter  1.4x2.4mm
Coil Inner diameter 17.0mm | Coil Inner diameter 3.0mm | Inner diameter  1.0x2.0mm
Coil length 8.0mm | Coil length 0.4mm | Length 6mm
Number of turns 20 | Number of turns 20 | Number of turns 100
Input voltage(peak) 1V | Input voltage(peak) 1V | Axis core Mn-Zn/ferrite
Frequency 256kHz | Frequency 256kHz (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
oo coils and sensing coils wound around a ferrite bar
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We measured the induced voltages in the Defect
sensing coil when the o coils are located at Copper plate No.1 | No defect No 1
the No.1, No.2, No.3, No.4 and No.5 points on ©.0) No.2 | No defect No.2
the target specimen shown in Fig.9. The xon| Ned = ©  — No3 No.3 | No defect No.3
exciting frequency is 256kHz and exciting 00 ' No.4 | 45 degree defect No.1
voltage is 1V No.2 No.5 | 45 degree defect No.2
We calculated the signal-noise ratio (S/N) oo
from the measured induced voltages by means
of equation (1). Fig. 9. Schematic diagram of a flat surface searching
The oo coil is located at the center of a perpendicular
S/N = Induced voltages at defect slit defect: N0.4 and No.5 are measured‘ tyvice at this
Induced voltages at no defect position to confirm the recoverability of
(1) experimented values

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

In addition, it is found that the S/N ratios of the flat type oo 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.

Induced Voltage [mV] wes No defect No.1 ) wess  No defect No.1
200, N0 defect No.2 Induced Voltage [mV] m—No defect No.2
150 mmmm No defect No.3 T = No defect No.3
45 degree defect No.1 150¢ 45 degree defect No.1
100 mmmm 45 degree defect No.2 100 mmmm 45 degree defect No.2
sof /\ /\ / 50
\/ = \/ Tlme [ms] - .OTime (us]
-50 -50
~100} —100}
-150+ =150
—200L —-200F
(a) Conventional solid oo coil (b) Flat type o coil

Fig. 10. Simulation results for a flat surface searching

No defect No.1

mesm  No defect No.1 L —
ln;dolf)c?d Voltage [mV] mmmm No defect No.2 Induced Voltage [mV] mm— No defect No.2
150} memm No defect No.3 200 m— No defect No.3
45 degree defect No.1 1501 45 degree defect No.1
1001 === 45 degree defect No.2 100f A cEE=l el
501 s01
1 2.0 6.0 TooTime [us] e Top Time [us]
-0 -50f
=100} =100}
-150| ~150}
—200| —200f
(a) Conventional solid oo coil (b) Flat type o 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
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the conventional solid oo coil as shown in Fig.8 (a) and the other is the flat o coil as shown in Fig.8
(b).

Figures.13 and 14 show the simulation and
experimental results for the curved surface, 140
respectively. Observe the results in Figs.13 and ] \

14 reveals that both of the solid and flat types of
oo coils obtained by the experimented take the 820 @ % \

large in valued to that of simulated ones. This No | No defect
No.1 No.2
No.2 | 45 degree defect

may be caused by the idealized simulation and
practical measured conditions, i.e. there are
many de.v1ces and instruments coyered as 1ron  gjg 12. Schematic diagram of the defect searching
case which works as the magnetic flux paths. of a curved surface
Also, it is obvious that the flat type oo coil has
higher sensitivity compared with those of the conventional solid oo 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 o coils in Fig.14. Because of the fitting property, the S/N ratio 7.33 of the flat oo
coil is much greater than 3.62 that of solid type ones. This means that the newly developed flat oo coil
has the versatile capabilities compared with the conventional one.

Defect

Induced voltage [mV] Induced voltage [mV]
100 m=mm NoO defect 100 == NoO defect
7S¢ == 45 degree defect 75 = 15 degree defect
50 50
25} 25

Time [us)

FARAW

Time [ps] [—\
2.0 6.0 10.0 : ] 2.0 \4.7 10.0
0

=25 =25 \/
-0t -5
-75+ -75
-100" -100
(a) Conventional solid « coil (b) Flat type oo coil

Fig. 13. Simulation results for a curved surface searching

Induced voltage [mV] Induced voltage [mV]
100 100,
== No defect = No defect
75 75

= 45 degree defect

= 45 degree defect

- Time [ps,
5 [us]

=50 =50

=75 =75

-100 -100
(a) Conventional solid « coil (b) Flat type oo coil

Fig. 14. Experimental results for a curved surface searching

5. Conclusion

We have proposed the new o 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 oo
coil has the versatile capabilities compared with the conventional one.

Thus, we have succeeded in developing the new oo coil, which has a reasonable capability to
detect not only the curved but also flat surface defects in the target.
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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.

KEYWORDS ARTICLE INFORMATION
all wave analysis, quasi-analytical method, finite length solenoid coil, Article history:
resonance phenomenon Received # Month Year
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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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"Present address : c/o Y.Saito., Graduate School of Electronics and Electrical Engineering Hosei 3-7-2
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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™
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 ™ small conductors having circular cross-section

& .
> o
- -
> ==,

- =~
- =
— e
D . . m

- =, :

(—

_— =,

(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" small conductors having circular
cross-section.

WV

Fig.2 Two parallel located subdivisions in the i 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
Eqgs.(1)-(8), g, 1o, I, a,and S are the resistivity, permeability of air, length of a conductor, radius of the
subdivided conductor and cross-sectional area, respectively.

k=a “;Lp” (1
(a) If supply angular frequency o is small, and k< 1,

L=1L,+L, =ﬂ7‘)l(l—ék4j+§—; IIn ”—‘;2”2 N+ +a (2-2)
R:RD(1+%k4j (3-a)
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(b) If supply angular frequency o is large, and k > 1,

L=L+L, =(WJ{1—( L1 D}+ﬂ° lln(lJr w]—\/az +1> +a (2-b)

o )\k \ear?))| 2z a
R=R, 1+k+ii3 (3-b)
4 64 k
where Rpis the DC resistance,
R, =L (4)
7

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 M (i
=1,23,..m, j=123,.,m i # j). In addition, the mutual inductance through the entire solenoidal
coil should be taken into account as one of the magnetic couplings.

[+, 1> +d? 4.\ d.
MU:COSZHX,UO In \/d ! _\/H(;] +T” (7)
T

i

The displacement current between the cylindrical conductors in Fig.2 is represented in terms of
the current through the capacitances C;; (i =1,2,3,...,m, j=1,23,.,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 ¢, is the relative permittivity.

_&&S; (8)
Ui d

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 /" and ;" cylindrical
conductors, respectively. Also, d; and S are the distance and area between the i" and j" 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.

i

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:

Y =DX 9
X:[i1 b o B BBy e Vi Vo Vi VI VS v'(mfl)]T(IO)
Y=[y, 0 0 of aDn

A state transition matrix D in (9) is composed of the several sub-matrices as shown in (13).

[R+L+M M L —K
M R+L+M -1 K
D _ D(mxn) 2 (12)
ID(an) _ID(mxn) C 0

i K, K.’ 0 0

r 0 - - 0] 0 jeM, - - joM,]|

0 r : jaoM 5, 0 JjoM,
R= M= ~

r 0
0 0 r| | JoM,  joM , 0 |
- jaG, 0 -0 jag, 0
[jel 0 o] | © % '
0 JjaoL C—
L= .
joL 0 ’ —Jjely; 0
| 0 0 jaoL| | O jaC; 0 0 jac,
0 0] [1 0 - 0]
0
Kl = 0 N K2 = 0
0
0 - 0 1] 0 0] (13)

where I Dmsn) 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"
This leads to the solution vector X by (14).

X=D'Y (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.

(15)
(16)

I:[ll L Ll L l(nXm)]

Z:Vm/

.1
l (nXm)‘
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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%108[Q - m]
Dimensions Diameter:2[cm] X Length:2.2[cm]
Number of turns 20

Coil diameter 0.5[mm]

Number of subdivisions (one turn) 1000(50)

Impressed voltage 1.0[Vimsl

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.

= 100)
=
[
g 10}
3 Quasi —Analytical approach
g 1t —— Experimental Value
£
=
0.1y

5 10 15 20 25 30 35 40
Frequency [MHz]
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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Fig.5 Relationships among the number of the subdivisions m in every turn.
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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

H=lpyldB _H dil

y7; sdt s dt 1)

where yu, p, 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

n n

ft)= Zai sin(iar) + Zbi sin(iar) ?)
i=1 i=l
g(t): Zci sin(ia)t)+2di sin(iax) 3)

i=1 i=1

We represent this system by a following constitutive equation

_L Tdg@®) . df (1)
0= i s+ s dt s dt )
An alternative form of (4) is
d d
f=ag)+p g(t)_y A )

dt dt

To determine the parameter a, £, y, in (5), multiply the output function g(z) to both sides of (5)
and integrate from O to T yields.

T T T d T g
[0 rwa=af swswar+ ) s = a-r[ s 2ar o)
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Fig. 1. Simple input and output system.

Similarly multiply the time derivative of output function dg(#)/dt to both sides of (5) and integrate
from O to T yields

rdg@) (7 dg(0) Tdg() dg(t) (T dg(t) df (1)
J‘O dt f(t)dt_a-“o dt g(t)dt+ﬁ-[0 dt dt d 7-“0 dt dt dt (7)

Further, multiply the input function f{?) to both sides of (5) and integrate from O to T yields
_[ @O f(t)dt = aj FOg(0)dt + ,BJ- F( 98D dg ( ) g — 4 POrAul df (t) ®

Substituting the input (2) and output (3) functions 1nto the equations (6), (7) and (8), it is possible
to set up a system of equations for i-th harmonics as

a;c; +b;d,; et +d 0 —iola;d, ~bie;)| [a;
bic; —ad; |= 0 ia)(ci2+d,.2) —iwla;c;, +b,d;) || B;

2 2
a;,” +b;

a;c; +bd,; _ia)(aidi _bici) 0 Vi
)]
Input and output relation for i-th harmonics is given by
dg; (1) df; (1)
fi=aig;(O)+fi—— -y, — (10)

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

A

(1+ jiwy,) f =(a, + jioB,) g, an

j=~-1 (12)

where

Thus, the output is

g(t) Lt lw% \/ i +f1m COS[ZGI tan l];Im+tan ior;, —tan 'W’B’J (13)

la+ [27

i

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

f-g loop f vs. Recovered g loop
g(t) BIT] g(t) B[T]
m;_’ﬁ f(t) % f(t)
5 H x 103[A/m] H X% 103[A/m]
(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 Material: ferrite

Length: 100cm Number of coil turns: 300 turns
Width: 30mm Diameter of conductor: 0.6mm

Thickness: 0.35mm
Number of coil turns: 300 turns
Diameter of conductor: 0.2mm

Fig 3. Specimen and U shape ferrite core

f—gloop f vs. Recovered gloop
2it) B[T] 2(t) B [T]
1.5 1.5
10
3 ) 03 )
fity H =< 10°[A) = fit) H = 10°[A/n1
10 —0fos| Jo5 1o [OHXITIAmM -10 -04gsf /05 10 ™ [A/m]
—1.0 -1.0
: 15
(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)
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show the hysteresis loops when impressing low, middle and high voltages, respectively.

WEIGHT

T T
SPECIMENS

FERRITE
CORE

Fig 5. Schematic diagram of the stress impression

f—g loop f—gloop f—g looj
&(t) B[T] g® B [T] «(t) B[T]
15 15
o £() H %107 [Af 03
Zoff Zo2 CrAoa T fHxI0Am) “ ) SLsSLofos 5T A0
-0.5 . =
o applied Og stress applied Og stress i applied 0g stress
=15 — applied 900g stress — applied 900g stress - — applied 900g stress
(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.

Frequency Characteristics of Permeability p Frequency Characteristics of Hysteresis Coe. s Frequency Characteristics of Reversible Per. ur
#[H/fm] s[/m] e [H/m]
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LT lied s —— applied Og stress
0.002 == applicd 900g stress 24— th order 1.0
. - = == applied 900g stress
21— th order —04 . 05
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~0.002 v/ N
—-0.6 i . 2§ — th order
—0.004 -0.7 U === applied 900g stress
(a) Permeability u (b) Hysteresis coefficient s (c) Reversible Permeability v ,

Fig 7. Parameters y, s, and u, values in each of the harmonics when impressing low exciting voltage.
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Fig 8. Parameters u, s, and u, values in each of the harmonics when impressing middle exciting voltage.
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Fig 9. Parameters u, s, and u, values to each of the harmonics when impressing high exciting voltage.
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Figures 7-9 show the parameters y, s, and u, 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 p, .. 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 g, u, 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 o 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 o coil. However, the low frequency oo 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 o
coil under the practical factory enviroments. Thus, the practical field test has confirmed our o 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 o 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 o 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 o 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 oo coil detect
the magnetic fields due to this eddy currents. This means that the backside defect in the target could
be detected by the o coil. One of the paramount importance characteristics is a liftoff characteristic
between the surfaces of target and oo coil.

This paper tries to clarify the liftoff characteristic of the backside defect searching when
employing a low frequency excited o coil. As a result, it is revealed that the low frequency excited o
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 (b)Bckside view of the (c) Side view of the oo coil and target.
the target copper plate target copper plate

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 oo
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 o 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 100Vgrums
Frequency 2kHz
Sensing coil
Outer diameter of coil 1.1mmx2.6mm
Inner diameter of coil 0.5mmx2mm
Coil length 4.8mm
Number of turns 100
Core material Mn-Zn(Ferrite 3000)

. 3950408

b 5o

I 0.006-+80

(a) Magnetic field vectors at (b) Magnetic field vectors at (c) Magnetic field vectors at (d) Color
0.07mm liftoff. 1mm liftoff. 3mm liftoff. 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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Fig.3. Liftoff characteristics in terms of the sensor induced peak voltages by the 3D FEM simulation.

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 o 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 oo 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 oo 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 o coil used to the experiments. Specification of this sensor
is the same as those of the simulated one.

The oo 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.
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(a) Top view of the tested target (b) Backside view of the tested

cupper plates target cupper plates (¢) The oo coil

Fig.4.The tested target pieces and cocoil.
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Fig.5. A two-axes driven robot for the sensor Fig. 6. Japanese standard ECT signal processor
positioning. "ET-5002" made by Emic (Denshijiki Industry)
Co., Ltd.

2.2.2. Experimental results
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Fig.7.Sensor output signals processed by ET-5002 at the different liftoff magnitudes.

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 o 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
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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 o 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.

Normalized

1.0

08

06

04

00 Liftoff [mm]
00 05 1.0 15 20 25 30

Fig.8. Comparison between the normalized simulation and experimental results.

Thus, we have verified the validity of 3D finite elements simulations. Also, we have succeeded in
demonstrating the versatile capability of our o coil by means of the low frequency excited oo 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 oo 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 oo 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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This paper describes a liftotf characteristic on backside defect searching by low frequency excitation of the « coil.
The low frequency o coil excitation confronts to a noise problem in thc practical experiments. To overcome this
difficulty, this paper employs a Fourier transform signal processing mcthod to remove the higher frequency noise
components compared to the excitation one. Thus, we have succeeded in enhancing the S/N ratio and detecting the

signals caused by the backsidc defects of the targets. As a result, we have elucidated that a lif

charactcristic of the

backside defect searching is clarificd by employing the low frequency excitation to our oc cou. Lxperimental as well
as numerical verification along with intensive thrce-dimensional finite element method have been carried out 10 con-

firm our results.
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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 metallic materials for
forming the shape of product, suspending the
mechanical structure and constructing the structural
frames.

In particular, the mass transportation vehicles, e.g.
large air plane. high-speed train, express highway bus,
carrying a large number of people are required the
ultimate high safety as well as reliability.

To keep the high safety and reliability,
nondestructive testing to the metallic materials is one of
the most important key maintenance technologies,
because most of the 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 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
[1-3].

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 eddy
currents flowing around the defect. The former and
latter are called the impedance sensing and sensing coil
types, respectively.

The sensing coil type is further classified into two
variations. Most popular sensing coil type employs a
differential coil, and also the other type sets the sensing
coil surface perpendicularly to those of the exciting coil.
As is well known the differential coil detects the 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 = 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 «o 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, 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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The difference between the simulated and experi-
mented values in Figs. 2 and 6 had been observed in the
front side defect searching [1]. This difference might be
caused by the geometrical shape of the simulation object.
Namely, there are mixed size objects, e.g., thin target
metal having a few mm thickness, tall finite length
solenoid coils having a few cm length for the exciting
coils and slender ferrite bar for the sensing coils having
a few cm length and mm?® cross sectional area. This
means that the finite element mesh has been composed
of the mixed triangular elements having extremely
different size in our 3D FEM simulations. As a result,
this leads in essence to large numerical truncation errors.

Thus, taking the numerical error into account the re-
sults 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 o coil.

As a result, it has been revealed that the low fre-
quency x 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 Imm liftoff
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2 Experiments
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Fig. 1 Reference ECT signal processor Fig. 2 Detected signal vs. Liftoff characteristic
“ET-5002" produced by EMIC Co. LTD.

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 Figl 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/N; are extremely small, where N; and N, 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.
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Fig.2 Frequency characteristic of the secondary coil.
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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 o© 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 o©
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 o 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 o© 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
oo 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.

Fig. 1 The First Prototype
of The ©° coil.
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2 Practical Prototype Design of <= Coil

Operating principle of original flat o 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 o coils.
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Fig. 2. The first tested flat o© 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% order frequency fluctuation of the conventional
analysis to the n™ 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 a, + asf, yields a 1% order frequency
fluctuation characteristic, where a, and a; are the 0™ and a 1% order frequency fluctuation terms,
respectively. If the frequency fluctuation term a; takes a;=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% order frequency fluctuation to the n™
order frequency fluctuation characteristics, i.e., Log of Fourier power spectrum is approximated
by a Log of ay + a;f+a,fo*+ ...+ af", where ag, aj, @y, ..., an are the 0", 1% 2" n™ order
frequency fluctuation terms, respectively. Careful examination of the coefficients a,, ai, ay, ,..., 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" order terms. Fig.1 shows a typical relationship between the
frequency characteristic and 4™ order least squares curve.

Let the normalized 1%, 2", 3™ 4" order frequency fluctuation coefficients be respectively the
coordinate values on the x-, y-, z-axes, and point shade color, then up to the 4™ order frequency
fluctuation characteristics locate the three dimensional space coordinate position and point shade
color.

_3 . RED:NOSTRESS
BLUE:3kg STRESSED

Fig. 1 A typical relationship between the frequency Fig. 2 The visualized stress situations by the 4th order
characteristic and 4th order least squares curve. 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%, 2", 3", 4™ 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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Backside defect searching by the low frequency excitation of a flat shape infinity ECT sensor coil

- Basic liftoff characteristics study-

Shunichi Hamanaka*, Yoshifuru Saito, ( Hosei University)
Manabu Ohuch, Takaharu Kojima, (Denshijiki Industy Co, Ltd)

Previously, we have proposed a flat shape c 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 o coil. As a result, it is found that

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

backside defect serachings in the target materials.
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