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Abstract

In this paper a new modeling method for an eddy current sensor is presented using geometric and electromagnetic
data of a sensor and a measuring target. It can predict not only sensor output but also medium behavior related to sensor
output. The geometric data of a sensor coil and the eddy current generated on a measuring target are simplified to an
array of circular loops. And to perform computations of the network circuit between sensor coil loops and eddy current
loops using the geometric and electromagnetic data in order to consider all possible interactions, the equivalent network
circuit of eddy current sensor’s behavior has been drawn. Because the sensor’s initial value, medium behavior, and
final value can be shown quantitatively by the proposed modeling method as the geometric and electromagnetic data
varies, it can precisely predict the sensor output depending on the measuring goal and application field. Thus the model
can be utilized to improve accuracy, eliminate the need for calibration before use, and produce the best design for any

given purpose.
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Dowell, 1966). Another modeling method is a finite
1. Introduction element method (FEM) using Maxwell’s equation (Y.
Shi, D. C. Jiles, 1998; S. J. Norton, J. R., 1993). How-
ever, both methods have problems: their reliability is
low due to an insufficient amount of geometric data
and an unknown medium behavior related to sensor
output. Consequently, experimental or experiential
factors have been more valued than theory when
designing an eddy current sensor (S. D. Kim and J. M.
Shim, 1997; S. D. Kim, 1999; D. Vyroubal et al.,
1993).

In this study, we developed a new modeling me-
thod using the geometric and electromagnetic data of
a sensor coil and a measuring target (base metal) to
improve the accuracy of the eddy current sensor and
to eliminate the need for calibration before it is used.
“Corresponding author. Tel.: +82 51 510 3087; Fax.: +82 51 514 0685 The resulting model was simulated using a computer

E-mail address: idtacok@naver.com and verified with an expeﬁment-

An eddy current sensor has good response time and
fewer environmental limits to its use, so that it can be
utilized to measure displacement or vibration of metal
objects and to detect defects in metal objects without
causing damage. However, the output of the eddy cu-
rrent sensor is nonlinear depending on the geometric
shape of the sensor coil, the base metal, and the pro-
perties of the matter (1981). Thus, its accuracy is li-
mited and must be calibrated before use. There are
problems especially when continuously measuring the
displacement of various metal objects. The existing
modeling method is a supposition method in that the
sensor coil is assumed to be an ideal solenoid (P. L.
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2. Modeling
2.1. Simplification of data

The same electric current flows in all parts of an
eddy current sensor coil. Therefore, we can think of
enough “one-turn coils” amassed concentrically on a
bobbin with enough serial connections to equal the
total number of sensor coil turns (V,). One turn coil
loop (Loop ;;) is the minimum unit of coils necessary
for self inductance to occur while not allowing mutual
inductance to occur. The thickness of the coil loop
(T,) is equal to the thickness of the only copper
substance except coating material in a sensor coil.
The eddy current generated on a measuring target
flows only in a tangential direction. Therefore, we can
think of numerous circular loops (Loop ;) with
different radii being laid concentrically on the same
plane without being electrically connected. The loop
current is determined by the impedance and the
voltage induced from the sensor coil, and each eddy
loop current independently flows through the circular
loops. The thickness of the eddy current loop (7,) is
equal to the eddy current’s effective depth of pene-
tration. Figure 1 shows the simplified sensor coil and
the eddy current’s geometric data in an array of
circular loops.

— Senser Coll
&

“~— Base metal
4 (substrate)

Fig. 1. Simplified sensor coil and eddy current’s geometric
data.

7" “Sensor Probe”

Matrices composed of the geometric and electro-
magnetic data are used in the model. Figure 2 shows
that each row and column in the matrices is deter-
mined by each element's geometric position.

2.2. Equivalent network circuit

In this paper, we analogize the behavior between an
eddy current sensor and an eddy current generated on
a base metal (measuring target) to a network circuit
using geometric and electromagnetic data. The com-
putations for the network circuit were performed
taking all of the possible interactions into considera-
tion. To put it concretely, the eddy current sensor coil
is role of input and output parts in the network circuit,
and the eddy current generated on the base metal is
role of middle part between the input and output parts.
The number of independent circuits in each part is
determined by the number of sensor coils and eddy
current loops. The number of eddy current loops is
determined by the radius of the base metal and the
eddy current's effective penetration depth. The num-
ber of sensor coil loops, N, = ixj, and the number of
eddy current loops, N, = k, are obtained from Fig. 2.
Therefore, the number of independent circuits in input
part is N, the number of independent circuits in
middle part is N,, and the number of independent
circuits in output part is N.. Weighting, which is the
degree of I/O connection between independent cir-
cuits is determined by mutual inductance (M) induced
from the geometric data between the loops. Function
in each independent circuit is the characteristic equa-
tion of an AC equivalent circuit. The equation is a
function of an impedance (L: self inductance and R:
real resistance) determined by the electromagnetic
and geometric data of each loop, an exciting current
determined by the sensor amplifier in the input part,
and an electromotive force (EMF) generated by other

“Matrix of Coils”
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Fig. 2. Conversion geometric and electromagnetic data to ma-trix.
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Fig. 3. Equivalent network circuit.
independent circuits in the middle and output part. v
-
2.3. Finding factors
2.3.1. Mutual inductance (M)
Mutual inductance between two conducting wires
is the degree that one’s magnetic field influences the
second. The magnetic field is generated by the current
in the first conducting wire (P. A. Tipler, 2003; W. H. e

Hayt, 1981). All sensor coil loops and eddy current
loops are concentric, parallel, and circular path con-
ducting wires. The equation for the intensity of a
magnetic field at any point in a circular path current is
obtained by applying “Biot-Savart’s law” to the geo-
metric data as follows:

Idl =—Ir1sin@-d6-i +1Ficos@-db- |
L pldix@—-dy  #l{1Zeos8-i+(’ ~11XcosO)k}do
)= =

dB xe-a) _
47r\d—d’2 ax{(x-ricos0) +risin*0+2°}" (1)
p23 2_ k-
Bi(r)='.-: dBA'(xF%LM (" =r1XcosO)k -d6

{x-T1cos6)’ + 11’ sin® 6+ 22}3 ’

where 1, is the permeability of free space, r/, z, x,

and 6 are given in Fig. 4, and I is the unit vector in
the x-axis direction and ] is the unit vector in the y-
axis direction.

The sum of all magnetic fluxes can be obtained by
multiplying the intensity of the magnetic field by an
infinitesimal area at any point in a plane constituted
by a second conducting wire. Dividing the sum by the
current amplitude of the first conducting wire, the
general equation of mutual inductance can be
obtained as follows:

Fig. 4. Total magnetic flux in circular plane by circular path
current.
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In this equation, it is important that mutual induc-
tance is only dependent on the geometric data and is
independent of the electromagnetic data. Accordingly,
the equations of mutual inductance between coil loop
and coil loop M;;;;-, mutual inductance between eddy
current loop and eddy current loop, M,, and mutual
inductance between coil loop and eddy current loop,
M, ;. are all the same.

2.3.2. Self inductance (L)
Self inductance is the degree that the magnetic field
generated by the conducting wire influences itself (P.
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A. Tipler, 2003; W. H. Hayt, 1981). The intensity of
the outer conducting wire’s magnetic field can be
obtained using Eq. (1). However, “Biot-Savart’s law”
cannot be used to obtain the intensity of the inner
wire’s magnetic field because the current amplitude
of the inner closed magnetic flux in the conducting
wire varies over all points of inner section of wire. So,
“Ampere’s law” was utilized to derive the intensity of
the magnetic field of the inner conducting wire.

2.3.2.1. Self'inductance of the coil loop (L;j)

Figure 5 shows that the cross section of the coil
loop is circular-shaped and that the field where the
intensity of the magnetic field varies is classified as
outer and inner. The intensity of the magnetic field of
the inner coil loop decreases linearly as it goes to the
center of the coil. The total magnetic fluxes in each
field are

(Fi./? =T,V cos @)

q)lz)ui”] Vi j-Te zr‘ 27 . d6dr 3
2 L '[0 {(l"—l",, jcos )’ + 1, 7 sin’ 9}] : r Q)
and @, - 1" [u; e s
T (Te/ 2 (Fij+ )
respectively, (€))
and the self inductance of the coil loop is
Lij=(®i1+D2)/Ic . ®)

2.3.2.2. Selfinductance of the eddy current loop (L;)

For the ease of modeling, the eddy current ge-
nerated on the base metal was simplified in order to
combine it with square-shaped loops. The side of
square, T,, is determined by the length of the eddy
current’s effective depth of penetration (Z. Molttl,
1990), and each loop’s radius, r., is different. Figure 6
shows that cross section of the eddy current loop is
square-shaped and that the field where the intensity of
the magnetic field varies is classified as outer, over-

B
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outer coil
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fc-Te/2
Fig. 5. Variation of intensity of the magnetic field by coil
loop.

lapping, and inner. The variation of the intensity of
the magnetic field in the overlapping section is
nonlinear. The total magnetic fluxes of the outer and
the inner fields are the same as in Eqs. 3 and 4. The
total magnetic flux in the overlapping field and self
inductance of the eddy current loop are

reren | 2{(Fe=T)Tesin(@) +2(Fe—F)’ (/4 @)}
Dr=pol|, ﬁ{ rT’ '
l :|
+——— |Vdr
(Te+71)
and Li=(®1+ D2 Ds)/ 1 , @

where ¢:cos_1{Te/2(rk—7")} .

2.3.3. Real resistance (R 4¢)

Resistance to an AC current is greater than to a DC
current because of the ‘skin effect’ in the conducting
wire itself and the ‘proximity effect’ from the other
conducting wire [12]. The increment of resistance in
an AC current is not only related to the electro-
magnetic data (frequency, conductivity) but also to
the geometric data (positions of conducting wires) (H.
A Wheeler., 1942). The prospect of an incremental
rate of resistance, R, has been heavily investigated
in the electric power field but so far a general
equation has not been presented (Y. J. Wang, 1999; Y.
Iwashita, 2004). Therefore, it is difficult to use a the-
ory to obtain the R,;, of conducting wires that have
been complexly amassed as in the eddy current sensor,
so it has been obtained experimentally. In this paper,
we assume that Rc,.;, of the coil loop is 1 (one)
because the resistance increment is insignificant for
lower frequencies than 5004% Also, we assume that
Re, i, of the eddy current loop is 1 (one) because the
real boundary surface between adjacent eddy current
loops is absent. Therefore, the real resistance of the
coil loop at the i-t4 low and the j-th column, R;;, and
the real resistance of the eddy current loop at the k-th
column, R;, are

2-Vi,; ®)
O'c~(Tc/2)2

27Tk
2’

Ri,j=(+ac- At)- Reratio -

and g, = (1+ate- At)- respectively, 9

Oc-le

where « is the temperature coefficient of resistance,
At is the deviation in temperature from 20 C, and o is

the electrical conductivity. In these equations, r;;, 7,
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Fig. 6. Variation of intensity of the magnetic field by eddy current loop.

T., and T, are given in Fig. 2, and the subscripts ¢ and
e denote the sensor coil loop and eddy current loop,
respectively.

3. Each part computation in network circuit
3.1. Initial value of sensor
‘When the eddy current sensor probe is in the air the

distance between the sensor and the base metal is
infinite, and the initial impedance of the sensor is

Ro=YR:, (10)
LO=Z(LI-,,-+ZM,-,,-,,-V,,V) (11)
ZO:ZRi.,/'-FjW(Z(Li,j-i-Z M,j—i',j'))- (12)

where w =21 f.

When the exciting current with a zero phase in the
coil is

Loy =1c.€"° (13)
the initial voltage of the sensor is

Voto) = Zoja) - Ie(jo)

=[gRi,j+jw(;(Li,j+M;M.j_ir.,--))]-1( (14)

3.2. Medium behavior of sensor

The medium behavior between the eddy current
sensor and the measuring target (base metal) related

to the sensor’s output is given below. The elec-
tromotive force (EMF) in each eddy current loop by
all of the sensor coil loops is

Vemfk(jaz):—j'W'[c'ZA/[i,j—k , (15)
Nc

and the impedance of each eddy current loop is

Zk(ja))ZRk‘FjW(Lk'i‘ZMk—k‘) (16)

Ne—1

From Egs. (15) and (16), the current in each eddy
current loop is obtained as follows

Iy = Vemfk(jw) | Zk(jw) = {—j w-le- ZMi,j k}
Nc

{Rk+jW(Lk+ZMkk')} (17)

Ne-1

Consequently, the electromotive force in each
sensor coil loop by all of the eddy current loops is

Vemfi, Jjjo) = ZVemf(ﬂddy — coil)
Ne (18)
1=—j@- ZM, —k- L rjo)

Ne

3.3. Final output of sensor

When the eddy current sensor probe is near the
base metal, the output voltage of the sensor is



470 Tae-Ok Kim et al. / Journal of Mechanical Science and Technolog, 21(2007) 465~475

Vou(jw) = Zo(jw)* Le(jw)+ Z z Vemf (eddy —> coil)

Nc  Ne

_ [%Ri,/+jw(%(l’i"/+‘% M-,,/—i:./'))]

'Ic(ja))—ja)'zzM,j—k'[k(jw)

Nc  Ne
and the impedance of the sensor is
Zs(jo) = Vout(/w)/[c(ja))

:[%Ri,ﬁjw(%(bﬁmz%%,j—i',.f')”

Nec  Ne

. (20)
—[jarzzMi.jk-lkum)j/lcum

Then, variations of the sensor’s impedance are

AZ\':ZS—ZOZ—(].CU'ZZM,/—k']k(jm)j/lc(/w)’ @n

Ne  Ne

ARJ:—ReKﬂ”'ZZMi»%k'1k<jw>J/lcum}’ (22)

Ne  Ne

and ALs :—Im{[ja)'zzﬁli,jk»[k(fa))j/[c(jm):| . (23)

Ne  Ne

4. Result and verifications

The geometric and electromagnetic data for the
eddy current sensor and the base metal used in the
model and in the verification experiment are shown in
Table 1. The technical computing language, MAT-
LAB, was used to simulate the model. The properties
of the specimens (base metal, measuring target) were
determined by the Korea Research Institute of Stan-
dards and Science (KRISS). A precision positioning
system (resolution = 20 nm) for varying the distance
between the sensor and the specimen from 0 to 2.5
mm and an LCR meter (KOKUYO, KC-605) for
measuring the changes of impedance were used in the
experiment. Figure 7 shows the experiment system.

4.1. Initial value of sensor

When the frequency of the exciting current was
100x#, the initial real resistance of the sensor coil
obtained by experimental measurement, and by
simulation of the model were 3.3057Q and 3.3094Q,
respectively. Consequently, the error was -0.0037€,
and the reliability was 99.89%. Although we assumed

L sensor

Fig. 7. Photograph of precision positioning system and speci-
men.

Fig. 8. Initial total inductance of coils.

that the sensor coil’s rate of resistance increment
(Rcraiio) Was 1 (one), almost no error was present.
Perhaps the small error was due to omitting the
temperature coefficient of resistance (a.). The error
increased as the frequency increased, especially when
the frequency was over 500xz. The total inductances,
the summation of self inductance and mutual
inductance between the coil loops, obtained by
experimental measurement and by simulation of the
model were 37.2690uH, 37.0780uH, respectively.
Consequently, the error was 0./910uH and the
reliability was 99.48%. To sum up, the initial real
resistance error was mainly caused by the omission of
Reuio and the difference between the simplified
geometric data and the real geometric data of the
sensor coils, and the initial inductance error was
dependent upon the simplification of the geometric
data of the sensor coil (Fig. 1) and the winding error
of the coils when the sensor was manufactured becau-
se inductance depends solely on the geometric data.
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Table 1. Geometric and electromagnetic data used in the model and experiment.

Geometric data

Electromagnetic data

Width where coil were wound on

(Z-direction) Wy 142 (mmm)
xll‘smum radius where coil o 147 (mm) material epoxy
Bobbin o 1Y _ _ conductivity(c) 0 (%IACS)
Maximum radius where coil rans 223 (mm) relative permeability(ur) 1
occupy
S Thickness of bobbin and resin
E near to base metal Ty 05 (mm)
N . R
S Total number of coil loop (coil Ne IxJ=104 (Turn)
o turns)
R Number of loop in Z-direction 7 13 (Turn) oterial Cu
Number of loop in R-direction J 8 (Turn) conductivity(c) 99.9 (%IACS)
Coil  Thickness of coil(only conductor) 7¢  0.09 (mm) relative permeability(ur) 1
1 .001(A
Thickness error in Z-direction by Tz Wy/K-Tc Fcr equenc ?(?&th))
enamel and manufacture eror =1.923X10E-5 (mm) q y
Thickness error in R-direction by Tcx (RBout-RBin)/J-T¢
enamel and manufacture eror =3.75%X10E-6 (mm)
1? Base Width W 60 (MM)  aterial conductivity relative
E Metal Length L, 60 (mm) (%IACS)  permeability(pr)
. SUS304 247 1
C Thickness T, 5 (mm) Ti 370 |
| .
Effective depth of penetration T, exmxfxuxpexc)? (mm) Brass 24.39 1
M Eddy AL6061 .02 1
£ Current Cu 99.2 I
N Number of eddy current loop K w,2T, (Turn) E

Figure 8 shows the model’s initial total inductance of
the sensor coils.

The sensor’s initial voltage in the model was about
233mV and reliability was 99.49 %.

4.2. Medium behavior of sensor

4.2.1. Total inductance of eddy current loops

Figure 9 shows the total inductance of the eddy
current loops which are composed of the self
inductance (L) of the eddy current loop itself and the
mutual inductance (M) between the eddy current
loops. The summation of the inductance of each eddy
current loop increased exponentially as the radius of
eddy current loop increased. However, it is important
to note that the summation of the inductance
decreased slightly near the edge of the specimen. This
medium behavior is result of the self inductance (L)
of eddy current itself increasing as the radius of eddy
current loop increases because the generated magnetic
flux is proportional to the radius of the loop. Also, this
behavior is result of the summation of mutual
inductance between the eddy current loops decreasing

uH

Fig. 9. Total inductance of eddy current loops.

near the edge of the specimen because the number of
eddy current loops decreases relative to the inner
range of the specimen, that is to say, because there are
no eddy current loops on the outside of specimen.
This situation influenced the amplitude distribution of
the current in each eddy current loop (7).
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4.2.2. Mutual inductance between coil loop and
eddy current loop (M;.;)

Mutual inductance (M) is directly related to the
sensitivity of the eddy current sensor. Especially, the
final goal will be to obtain the mutual inductance
between the sensor coil and the eddy current when we
want to measure the distance and the vibration of
metal. Fig.10 shows the mutual inductance between
the sensor coil and the eddy current loops. In Fig. 10
(a) it can be seen that the sensor coil loop closer to the
eddy current loop generated on the specimen (base
metal, measuring target) has greater influence on the
sensor output. Also, in Fig. 10 (b) it can be seen that
the eddy current loop located at a far place from
center and just under a sensor coil loop has greater
influence on the sensor output when the sensor is far
from the measuring target. Therefore, to obtain good
results when designing a new sensor, the sensor coil
loops must be placed in a position where the mutual
inductance (M;;) has been largely influenced by the
eddy current loop. And also, we can design the most
suitable shape, radius, and length for a sensor with

(=)

D = 0nmm

nH

gy 100

B
D=20mm

nH
.4

Lz

ne
0B

a0 100
w0
o 80 70

a0 S |
g 02 = [,()Op "

Fig. 10. Mutual inductance between the sensor coil loop and
the eddy current loop at (a) gap(D) = 0zm and (b) gap(D) =
2.0.mm.

good sensitivity by taking into consideration that the
mutual inductance (M;;,) is dependent on the initial
offset from the sensor to the specimen and
measurement range.

4.2.3. Electromotive force in each eddy current
loop
Figure 11 was obtained from Eq. (15), and shows
the amplitude distribution of electromotive force in
the eddy current loop. From Fig. 11, it is clear that the
mutual inductance (M; ;) between the sensor coil loop
(Loop ;) and the eddy current loop (Loop ) varies
according to the distance between the sensor coil and
the specimen (base metal), as a result of it, the
electromotive force in each eddy current loops by the
sensor varies.

4.2.4. Amplitude of current in each eddy current
loop (1)

The larger the amplitude of current in each eddy
current loop is, the larger the output of the sensor is.
The prominent factors influencing the amplitude of
the eddy current are impedance (Z;), self inductance

(a)
D
o
0.2
04
0.8
a8
1
Lz
14

wl
1.8

o E U >0 &0 n B0 @0 100

Loop:

ol
0.z
0.3
04

mV
s

%% 1o

M 30 & % & jo B0 S0 100

Loop

Fig. 11. Electromotive force in each eddy current loops at (a)
gap(D) = Omw and (b) gap(D) = 2.0.mmn.
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(Ly), and mutual inductance (M,;) in each eddy
current loop. Figure 12 was obtained from Eq. (17),
and shows the amplitude distribution of current in
each eddy current loop. As the radius of the eddy
current loop increased, the amplitude of the eddy
current increased in the region just under the sensor
coil and decreased outside of the sensor coil
However, the amplitude of the eddy current increased
slightly near the edge of the specimen. This pheno-
menon is due to the summation of the mutual
inductance between the eddy current loops decreasing
near the edge of the specimen. This phenomenon does
not occur when the region of the base metal effected
by the sensor coil is sufficiently large, i.e. the radius
of the base metal is sufficiently large than the radius
of the sensor coil. This phenomenon can be used to
measure the radius of the base metal.

4.2.5. Electromotive force in each coil loop (V)
The electromotive force in each sensor coil loop,
which is determined by the total current in each eddy

(a)
D

mm

md

100

g
B
&
g
g
&
E
&

L[] ™ o a0 so (2] ] o @0 100

Loop:

Fig. 12. Amplitude of current in each eddy current loop at (a)
gap(D) = 0mm and (b) gap(D) = 2.0.mm.

current loop and by the mutual inductance between
the sensor coil loop and the eddy current loop,
directly influenced the output of eddy current sensor.
Figure 14 was obtained from Eq. (18), and shows the
electromotive force in each coil loops.

4.3. Final output of the sensor
Figure 14, obtained from Eq. (20), shows the impe-

{n}

D = 0mm

mb” =10
o

‘0.5

(b}

D= 20 mm
el < 107"
0

0.5
-1

o m-nao‘“’ Loop*

Fig. 13. Electromotive force in each coil loop at (a) gap(D) =
Omm and (b) gap(D) = 2.0mn.
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. 3604
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€ 350+
o
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2 35
15
3.0
335
330
T T T T T T
8. 3. 3. 4 4 4.
2 4 [ 0 2 4

8
Real Resislance (1)

Fig. 14. Impedance plane made varying the distance between
the sensor and the specimen (base metal, measuring target).
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dance variations by the distance (lift off) between the
sensor and the base metal and by the properties of the
base metal. From Fig. 14, it can be seen that the
slopes (AL/AR) are constant when the range of
measurements is between zero and infinity. The slope
(AL/AR) error is bigger for SUS304 than for the
others. This may be due to the specimen (base metal)
being thinner than the effective penetration depth of
the eddy current. By sensing these slopes which could
be obtained as comparison initial sensor impedance
with sensor impedance when probe is near to the base
metal, the physical properties of the base metal could
be identified, and this result can be utilized to eli-
minate the need for calibrating the sensor to different
material target before use through multiplying sensor
output by correct weighting which is drawn from
modeling result (Fig.17).

Figurel5 shows the variations in the sensor’s
inductance obtained from Eq. (23) and the modeling
errors by experimental result. The most sensitive
specimen is copper because it is a better conductor
than the others. Therefore, in case of a base metal
being copper, it had the largest modeling error and the
inductances of sensor obtained by experimental
measurement and by simulation of the model were
32.4613 pH and 33.0930 uH, respectively. Consequently,
the error was -0.6317 uH, and the reliability was
98.05%. When the measurement distance is zero, the
error does not match the other patterns. This was
because the positioning system used in the experi-
ment could not move the sensor so that the distance
between the sensor and the base metal (specimen)
was Zzero.

Figure 16 shows the variations of the sensor’s
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Fig. 15. Variations and errors of the inductance of
Sensor.

resistance obtained from Eq. (22) and the modeling
errors by experimental result. In the experimental
result, the increment of resistance becomes slightly
larger as the sensor nears the base metal. This may be
due to the proximity effect between the current in
sensor coil and the eddy current on the base metal.
Therefore, in case of a base metal being copper, the
real resistance of sensor had the largest resistance
error and the real resistances of sensor obtained by
experimental measurement and by simulation of the
model were 3.8312 Q and 3.8417 Q, respectively.
Consequently, the error was -0.0105 Q, and the
reliability was 99.73%. When the measurement
distance is zero, the error did not match the patterns
of the others for the same reasons as before.

Figure 17 shows the variations of the sensor’s vol-
tage output obtained from Eq. (19) and the modeling
errors by experimental result. In experiment, copper
that had the highest conductivity among base metals
had the largest voltage error in the model. In case of a
base metal being copper, the voltage outputs obtained
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Fig. 17. Variations and errors of sensor’s voltage output.
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by experimental measurement and by simulation of
the model were 211.4500 mV and 213.4100 mV, res-
pectively. Consequently, the error was -1. 9600 mV
and the reliability was 99.07%.

5. Conclusions

In this paper, a new modeling method was
presented using the geometric and electromagnetic
data of a sensor coil and a base metal (measuring
target). We simplified the sensor coil and the eddy
current’s geometric data into an array of circular
loops. The physical behavior between the eddy
current sensor and the eddy current generated on a
measuring target was analyzed by performing com-
putations of the equivalent network circuit between
sensor coil loops and eddy current loops using the
geometric and electromagnetic data so that all po-
ssible interactions could be considered. The new
model was simulated with a computer (MATLAB®™)
and verified with an experiment. The new modeling
method presented in this paper can predict the initial
and final sensor’s output. In addition, the model can
quantitatively present the medium behavior related to
sensor’s output. If the increment of resistance by an
AC current, R,,, for any frequency is known either
from experimental data or from a manufacturer, it can
be used in the model to obtain more accurate
solutions. This modeling method can be utilized to
improve accuracy, eliminate the need for calibration
before use, and produce the best design for any given

purpose.
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