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Abstract: This paper presents a practical way of using the method of evaluating the metrological
properties of eddy current sensors. The idea of the proposed approach consists of employing
a mathematical model of an ideal filamentary coil to determine equivalent parameters of the sensor
and sensitivity coefficients of tested physical quantities. These parameters were determined on the
basis of the measured value of the real sensor’s impedance. The measurements were carried out
with an air-core sensor and an I-core sensor while they were positioned at different distances from
the surface of tested copper and bronze plates. An analysis of the influence of the coil’s position
in relation to the I core on the equivalent parameters was also carried out, and the interpretation
of the results obtained for various sensor configurations was presented in a graphical form. When
equivalent parameters and sensitivity coefficients of examined physical quantities are known, it is
possible to compare even very different sensors with the employment of one measure. The proposed
approach makes it possible to make a significant simplification of the mechanisms of calibration of
conductometers and defectoscopes, computer simulation of eddy current tests, creating the scale of
a measuring device, and designing sensors.
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1. Introduction

Eddy current testing is commonly used in many industries for the nondestructive
evaluation of metal products. The tests are carried out using a single sensor in the form
of a coil [1–6] or a system consisting of several coils constituting one sensor [7–12]. The
basic idea of such an inspection is to utilise the phenomenon of electromagnetic induction.
The alternating current flowing in the coil creates a magnetic field. If there is a conductive
element within this field, eddy currents are induced in the conductor, creating a secondary
magnetic field. According to Lentz’s rule, the secondary magnetic field is directed opposite
to the primary field and thus causes a change in the impedance of the coil. This property
makes it possible to detect defects in conductive objects [13–19] and determine their geomet-
ric dimensions [20–25], magnetic permeability [26–28], or electrical conductivity [29–31].
The changes in the impedance components of the sensor, and therefore the sensitivity of
the measurement, strongly depends on the frequency of the current that excites the eddy
currents and on the geometry of the sensor. In order to select the eddy current sensor
construction that is optimal for a specific application, it is necessary to carry out many
calculations and tests at the stage of its design. It is also important to properly select the
frequency of the current exciting the coil since it affects not only the eddy currents pene-
tration depth but also the metrological properties of the measuring instrument, including
its sensitivity. Another important solution that needs to be implemented in the measuring
instrument is the mechanism eliminating the influence of the lift-off effect [32,33] and the
inaccuracy of the sensor position in relation to the tested element.

In all these applications, it is most convenient to employ the simplest possible coil
model, which will significantly reduce the computational complexity and make it easier
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for the designer to select the optimal geometry of the sensor and test parameters. The
mathematical model for a single-turn coil positioned over a conductive half-space was
developed in [34,35]. The authors found in their research that, in many respects, it is
much more convenient to use the model of an ideal filamentary coil (Figure 1). Such a coil
contains n infinitely thin turns concentrated in a circle of radius r0, positioned at a distance
h0 from the tested surface. Any coil used in eddy current testing can be associated with the
corresponding equivalent parameters r0, h0 of a filamentary coil while the number of turns
is maintained the same [36]. For this purpose, it is enough to determine such values of
equivalent radius r0 and equivalent height h0 so that the impedance of the filamentary coil
and the measured impedance of any real coil are equal. A mathematical model containing
analytical expressions for the impedance of a filamentary coil placed over a two-layer
conductive half-space [37] was derived using the truncated region eigenfunction expansion
(TREE) method [38]. The algorithm in Matlab enabling the effective determination of
the parameters r0, h0 was presented in [39] and subsequently used to detect defects with
a filamentary coil [40]. The mathematical model for the system consisting of two coils was
developed in [41–46]. In [47], it was proved that the change in the frequency and the change
of the conductivity of the plate do not affect the change of the equivalent parameters. This
convenient property was used by the authors while designing a sensor for a station for
detecting cracks in clutches made with the method of powder metallurgy. The complicated
shape of the tested elements necessitated the use of I-core sensors [48–53] with a small
diameter. This core acted as a magnetic circuit and made it possible to move the coil away
from the tested element. Such a thin core may touch the surface located in deep slots of the
tested object.
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Figure 1. Filamentary coil placed over a conductive cylinder.

In this work, the method of evaluating the properties of eddy current sensors with
the employment of equivalent parameters r0, h0, described in [47], was used and extended.
Section 2 presents the already-known analytical final formulas for the change in the
impedance of the filamentary coil. Then, for the first time, a sensitivity analysis using
a filamentary coil was performed for I-core sensors, which made it possible to determine
the following:

− the sensitivity of the resistance component to lift-off,
− the sensitivity of the inductance component to lift-off,
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− the sensitivity of the resistance component to the electrical conductivity of the material
under test,

− the sensitivity of the inductance component to the electrical conductivity of the mate-
rial under test,

− the sensitivity of the resistance component to the magnetic permeability of the material
under test,

− the sensitivity of the inductance component to the magnetic permeability of the
material under test.

The characteristics of the changes in sensitivity coefficients have been shown in the
graphs. An algorithm for determining the sensitivity coefficients of the examined parameter
in relation to changes in the resistance and reactance of the filamentary coil has also been
presented. The Results section describes the measurements and calculations in detail.
Equivalent parameters were determined for the air-core sensor and the I-core sensor. The
analysis of what the changing of the distance of the sensor from the tested surface (lift-off)
presented in [47] brings about was significantly extended. The novelty here is the detailed
study of the influence of the coil position in relation to the core on the values of equivalent
parameters, which were performed for various configurations. Subsequently, the obtained
results were presented for 16 configurations in a graphical form, making it possible to
observe the relationship between the geometry and position of the sensor and the value of
equivalent parameters. In the Discussion section, the six most important conclusions for
sensor constructors were formulated and discussed, thus enabling the practical application
of the developed approach. A comparative analysis that describes how to correctly interpret
the obtained values of equivalent parameters was also carried out.

2. Materials and Methods

The filamentary coil with n turns concentrated in a circle of radius r0 at a distance h0
from the conductive surface is shown in Figure 2. It was assumed that the thickness of the
plate is greater than the depth of the eddy current penetration, which makes it possible to
replace the plate in the mathematical model by means of half-space. The change in the coil
impedance resulting from bringing it close to a material with conductivity S and magnetic
permeability µr was formulated as follows [36]:

∆Z = jωπ r0µ0µrn2β

∞∫
0

c(λ) e−αβλ J2
1 (βλ)dλ, (1)

where:

α =
2h0

r0
, (2)

β = r0
√

ωµ0µrσ, (3)

c(λ) =
λ−

√
λ2 + j

λ +
√

λ2 + j
, (4)

ω is the angular frequency, µ0 is the permeability of free space, and J1(x) is the Bessel
function of the first kind of order 1.

When the impedance of the coil positioned at some distance from the conductor is
denoted as Z0, and the impedance of the coil close to the conductor as Z, the change in
impedance ∆Z = Z − Z0 can be represented as:

∆Z = R− R0 + jω(L–L0) = R− R0 − jω(L0–L). (5)

The changes in the impedance components were written in such a way so that both
the change in resistance ∆R = r = R − R0 and the change in inductance ∆L = l = L0 − L were
positive for non-ferromagnetic material. By determining the real part and the imaginary
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part of the impedance, the change in resistance r and the change in inductance l were
subsequently calculated [36].

Sensors 2023, 22, x FOR PEER REVIEW 4 of 16 
 

 

ω is the angular frequency, μ0 is the permeability of free space, and J1(x) is the Bessel 
function of the first kind of order 1. 

 
Figure 2. Rectangular cross–section of the filamentary coil located above the conductive half–space. 

When the impedance of the coil positioned at some distance from the conductor is 
denoted as Z0, and the impedance of the coil close to the conductor as Z, the change in 
impedance ΔZ = Z – Z0 can be represented as: 

Δ𝑍 = 𝑅 − 𝑅 + 𝑗𝜔(𝐿– 𝐿 ) = 𝑅 − 𝑅 − 𝑗𝜔(𝐿 –𝐿). (5)

The changes in the impedance components were written in such a way so that both 
the change in resistance ΔR = r = R − R0 and the change in inductance ΔL = l = L0 − L were 
positive for non-ferromagnetic material. By determining the real part and the imaginary 
part of the impedance, the change in resistance r and the change in inductance l were 
subsequently calculated [36]. 

2
0 0 r 0 ( ),,r R R n r ϕωπ μ μ α β= − =   (6)

2
0 0 r 0 ( , ),l L L n rπ μ μ χ α β= − =  (7)

where: 

( )2
1

0

( ), Re{ ( ) },j c e J dαβλϕ α β β λ βλ λ
∞

−=   (8)

( )2
1

0

( , ) Im{ ( ) }.j c e J dαβλχ α β β λ βλ λ
∞

−= −   (9)

Using the exact differential equations, the functions (8) and (9) can be written using 
the parameters α and β, defined in (2) and (3). 

Δ ( , ) Δ Δ ,ϕ ϕϕ α β α β
α β

∂ ∂= ⋅ + ⋅
∂ ∂

 (10)

Δ ( , ) Δ Δ ,χ χχ α β α β
α β

∂ ∂= ⋅ + ⋅
∂ ∂

 (11)

where: 

0
0

2Δ Δ ,h
r

α =   (12)

Figure 2. Rectangular cross–section of the filamentary coil located above the conductive half–space.

r = R− R0 = n2ω πµ0µrr0 ϕ(α, β), (6)

l = L0 − L = n2πµ0 µrr0 χ(α, β), (7)

where:

ϕ(α, β) = Re{jβ
∞∫

0

c(λ) e−αβλ J2
1 (βλ)dλ}, (8)

χ(α, β) = −Im{jβ
∞∫

0

c(λ) e−αβλ J2
1 (βλ)dλ}. (9)

Using the exact differential equations, the Functions (8) and (9) can be written using
the parameters α and β, defined in Equations (2) and (3).

∆ϕ(α, β) =
∂ϕ

∂α
· ∆α +

∂ϕ

∂β
· ∆β, (10)

∆χ(α, β) =
∂χ

∂α
· ∆α +

∂χ

∂β
· ∆β, (11)

where:

∆α =
2
r0

∆h0, (12)

∆β =
β

2σ
∆σ. (13)

According to Equations (6) and (7), the changes in the components of the coil depend
on the changes in the functions φ (α,β) and χ (α,β). The changes in resistance and inductance
of the coil can be written in the following form:

∆r = n2π
β2

r0σ
· ∆ϕ, (14)

∆ l = n2πµ0µrr0 · ∆χ. (15)

Expressions (10)–(15) can be used in the sensitivity analysis to determine the influence
of a given parameter on the change in the resistance and the inductance of a filamentary
coil. The differentiation of Equations (6) and (7) brought about the determination of the
sensitivity coefficients that define:

− the change in the coil resistance resulting from changing the distance of its location
from the tested surface (16),
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− the change in the coil resistance caused by changing the conductivity of the tested
element (17),

− the change in the coil inductance resulting from changing the distance of its location
from the tested surface (18),

− the change in the coil inductance caused by changing the conductivity of the tested
element (19).

∆rh0 =
∆r

∆h0
=

2n2πβ2

r2
0σ

∂ϕ

∂α
, (16)

∆rσ =
∆r
∆σ

=
n2πβ3

2r0σ2
∂ϕ

∂β
, (17)

∆lh0 =
∆l

∆h0
= 2n2πµ0

∂χ

∂α
, (18)

∆lσ =
∆l
∆σ

=
n2πµ0r0β

2σ

∂χ

∂β
. (19)

To denote the sensitivity, three-letter symbols have been adopted. The symbol ∆r
means that the sensitivity is defined as the ratio of the change in resistance r to the change
in a parameter of the tested element. Analogously, in the case of ∆l, it is the ratio of the
change in inductance l to the change in a given parameter. The third letter of the sensitivity
designation is the symbol of a parameter of the tested element.

Determining the sensitivity coefficients for changes in magnetic permeability is more
complicated because µr occurs not only in Equation (3) but also in Equations (6) and (7). At
first, µr was obtained from Equation (3) and substituted into Equations (6) and (7). In the
next step, the differentiation of Equations (6) and (7) brought about the determination of
the expressions for the change in resistance and inductance of the coil.

∆r = [
2πn2√ωµ0µr√

σ
· ϕ(α, β) + πn2r0 ωµ0µr ·

∂ϕ(α, β)

∂β
] ∆β, (20)

∆l = [
2 πn2√µ0µr√

ω σ
· χ(α, β) + πn2r0 µ0µr

∂χ(α, β)

∂β
] ∆β. (21)

Then, the dependence ∆β = f (µr) was determined from Equation (3).

∆β =
r0

2

√
ω σµ0

µr
∆µr. (22)

In the final step, Equation (22) was substituted into Equations (20) and (21) and the
sensitivity coefficients for magnetic permeability were obtained.

∆ rµr =
∆ r
∆µr

= [
2 π n2√ω µ0 µr√

σ
ϕ(α, β) + π n2r0 ω µ0 µr

∂ϕ(α, β)

∂β
]

r0

2

√
ω σ µ0

µr
, (23)

∆lµr =
∆ l
∆µr

= [
2 π n2√µ0 µr√

ω σ
χ(α, β) + π n2r0 µ0 µr

∂χ(α, β)

∂β
]

r0

2

√
ω σ µ0

µr
. (24)

Expressions (23) and (24) can be written in a compact form:

∆ rµr = πn2r0ωµ0 ϕ(α, β) +
πn2r0

2
√

ω3µ3
0µrσ

2
· ∂ϕ(α, β)

∂β
, (25)

∆lµr = πn2r0µ0χ(α, β) +
πn2r0

2
√

ω µ3
0 µr σ

2
· ∂χ(α, β)

∂β
. (26)
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In order to present the characteristic of the changes in sensitivity coefficients, they
were presented as a function of parameter β for several values of α (Figure 3). This choice
results from the fact that the conductivity of the tested material in the expression for the
change in the coil impedance (1) occurs only in the form of parameter β, and the distance
h0 only in the form of parameter α.
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Parameter βm is the maximum of function φ (α,β), and it determines the frequency for
which the resistance of the sensor does not change along with the change in the conductivity.
As distance h0 increases, all sensitivity coefficients (10)–(13) decrease, and the sensitivity
of the instrument also decreases. The sensitivity coefficients ∆rσ and ∆lσ depend greatly
and non-monotonically on the conductivity, frequency, and radius r0. This means that
only the optimal selection of these parameters will ensure the best sensitivity of the sensor.
Therefore, at the stage of designing a conductometer, flaw detector, and other eddy current
devices, it is crucial to carefully select the geometry of the sensor and the frequency of the
current. According to the authors, it is convenient to employ the method developed for
this purpose, which consists in carrying out what follows:

(1) In the first step, the components of impedance Z0 of the sensor positioned away from
the conductive material should be measured. During the measurement, it is best to
use the same frequency value as in the planned tests.

(2) The second measurement is made for the same sensor after bringing it close to a con-
ductive material of known conductivity σ and known magnetic permeability µr. The
impedance Z should be measured at the same frequency as in step 1.

(3) On the basis of the measured impedance values, the changes in resistance ∆R = R − R0
and the changes in inductance ∆L = L0 − L caused by bringing the sensor close to
the conductor are determined. In the case of the computer simulation of the tests or
at the stage of designing the sensor, the changes in impedance components may be
calculated with, for example, the finite element method or analytical expressions.
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(4) After obtaining the changes in the impedance components of the sensor, with the
employment of the mathematical model of the filamentary coil, substitute parameters
r0, h0 are calculated. At this stage, it is also possible to determine coefficients of the
sensitivity of the analysed parameter to the change in the resistance and the change in
the filamentary coil’s reactance.

When the values of r0, h0 and appropriate sensitivity coefficients are known, it is
possible to precisely determine the properties of the sensor. The use of the same method of
evaluation based on equivalent parameters for different sensors with different geometries
makes it possible to compare them according to one criterion, which greatly simplifies the
analysis process.

3. Results

In the measurements and calculations, a sensor in the form of a cylinder-shaped coil
containing 700 turns was applied (Figure 4). The outer diameter of the coil was 25 mm,
whereas the height was 14.8 mm. In the centre of the coil, there was a hole with a diameter
of 8.1 mm, wherein an I core made of material F1001 with magnetic permeability µ = 3500
was placed. The employed core had a diameter of 8 mm and a height of 29.3 mm. The sensor
impedance was measured using the Agilent E4980A precision LCR meter with an accuracy
of ±0.1% for frequencies f = 10 kHz and f = 100 kHz. Each measurement was performed
three times, and the arithmetic mean of the obtained values was calculated. In this way,
the effect of random measurement error was reduced. Such an error is also influenced
by the precision of the core installation and the positioning of the sensor in relation to
the tested element. The influence of these parameters on the measurement result may
be noticeable primarily for small values of the lift-off distance. In order to minimise this
influence, washers were utilised, which ensured: the stabilisation of individual elements of
the sensor and a position parallel in relation to the tested surface. The geometric dimensions
of the coil and the core were measured using a micrometre screw gauge with an accuracy
of ±0.05 mm.
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Figure 4. I-core sensor and plates made of bronze (B) and copper (C) used in measurements.

In the first stage of the experiment, the impedance components of the air-core sen-
sor positioned at different distances from the conductive surface, which were copper
(σ = 58.42 MS/m) and bronze (σ = 10.47 MS/m) plates, were measured. The electrical
conductivity of the plates was measured using a Foerster Sigmatest 2.069 instrument with
an absolute accuracy of ±0.5% of the measured value. The thickness of the plates was
greater than the depth of the eddy currents penetration. At the same time, the surface
of each plate was large enough so that no edge effect was observed. In the next stage
of the experiment, a core was placed in the coil. By changing the position of the coil in
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relation to the core and changing the distance of the sensor from the conductive surface,
the impedance components of the sensor were measured. The measurements were carried
out for 16 test configurations utilising the air-core sensor (Table 1) and for 32 configurations
using the I-core sensor (Table 2). The lift-off distance of the sensor from the tested surface is
marked as h. In the case of the sensor without a core, it is the distance from the lower edge
of the coil to the surface of the tested element. If the sensor has a core, it is the distance
from the core to the surface. In such a case, the distance from the bottom edge of the coil to
the bottom edge of the core is hc. For each measurement, equivalent parameters r0, h0 of the
filamentary coil were determined using the algorithm developed in [39]. The value of the
filamentary coil impedance determined with the employment of the equivalent parameters
was different from the measured value of the sensor impedance by less than 0.01%. The
integration in Formula (1) was performed using Gauss–Kronrod quadrature implemented
in Matlab. The absolute error tolerance of the integration in the numerical procedure was
1 × 10−8. The changes in frequency f and conductivity σ caused very small changes in the
values of r0, h0—much smaller than the error of the method for measuring the impedance
components. For this reason, Tables 1 and 2 also show the average value of the equivalent
parameters, which turned out to be very useful in the final assessment of the properties of
the sensors.

The interpretation of the obtained results is shown in Figures 5–8. Next to the di-
mensioned sketch of the sensor and the tested element, equivalent parameters r0, h0 are
presented. Due to this, it is easy to compare the influence of positioning the coil in relation
to the core and the influence of moving the sensor away from the tested surface on the
value of the equivalent parameters and, thus, on the metrological properties of the sensors.

Table 1. Equivalent parameters of the air-core sensor.

Average Value
h

[mm]
hc

[mm]
f

[kHz]
σ

[MS/m]
∆R
[Ω]

∆X
[Ω]

∆L
[mH]

r0
[mm]

h0
[mm]

r0
[mm]

h0
[mm]

Figure
Number

0

- 10 58.42 5.81 59.88 0.95 8.30 6.13

8.30 6.13 Figures 5a
and 8a

- 100 58.42 20.07 643.6 1.02 8.29 6.12
- 10 10.47 11.44 51.25 0.82 8.31 6.14
- 100 10.47 44.87 615.3 0.98 8.30 6.12

4

- 10 58.42 1.64 21.92 0.35 8.37 10.12

8.37 10.13 Figures 5b
and 7a

- 100 58.42 5.55 231.5 0.37 8.36 10.12
- 10 10.47 3.36 19.51 0.32 8.37 10.14
- 100 10.47 12.56 223.7 0.36 8.37 10.12

8

- 10 58.42 0.58 9.76 0.16 8.42 14.24

8.42 14.24 Figure 5c- 100 58.42 1.94 101.9 0.16 8.42 14.23
- 10 10.47 1.23 8.92 0.14 8.43 14.25
- 100 10.47 4.44 99.2 0.16 8.42 14.23

16

- 10 58.42 0.12 2.91 0.05 8.50 22.45

8.50 22.45 Figure 5d- 100 58.42 0.40 30.03 0.05 8.50 22.45
- 10 10.47 0.27 2.74 0.04 8.50 22.46
- 100 10.47 0.93 29.47 0.05 8.50 22.45

Table 2. Equivalent parameters of the I-core sensor.

Average Value
h

[mm]
hc

[mm]
f

[kHz]
σ

[MS/m]
∆R
[Ω]

∆X
[Ω]

∆L
[mH]

r0
[mm]

h0
[mm]

r0
[mm]

h0
[mm]

Figure
Number

0 0

10 58.42 25.74 362.6 5.77 15.3 5.08

15.30 5.12 Figures 6a
and 8b

100 58.42 84.69 3812 6.07 15.5 5.27
10 10.47 55.04 325.1 5.18 15.0 4.99

100 10.47 195.3 3695 5.88 15.4 5.14
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Table 2. Cont.

Average Value
h

[mm]
hc

[mm]
f

[kHz]
σ

[MS/m]
∆R
[Ω]

∆X
[Ω]

∆L
[mH]

r0
[mm]

h0
[mm]

r0
[mm]

h0
[mm]

Figure
Number

0 4

10 58.42 17.45 273 4.34 15.6 6.71

15.68 6.76 Figures 7b
and 8c

100 58.42 57.15 2854 4.55 15.8 6.91
10 10.47 37.68 247.6 3.94 15.6 6.64

100 10.47 123.2 2775 4.42 15.7 6.78

0 8

10 58.42 11.57 196 3.12 15.6 8.5

15.61 8.46 Figure 8d100 58.42 37.8 2043 3.25 15.8 8.71
10 10.47 25.16 179.3 2.86 15.6 8.23

100 10.47 87.56 1991 3.17 15.5 8.39

4 0

10 58.42 10.58 155.9 2.48 13.3 7.55

13.35 7.56 Figure 6b100 58.42 35.46 1638 2.61 13.4 7.56
10 10.47 22.1 140.5 2.24 13.4 7.56

100 10.47 80.76 1588 2.53 13.4 7.56

4 4

10 58.42 7.79 127.9 2.04 14.0 9.28

14.05 9.29 Figure 7c100 58.42 25.97 1336 2.13 14.0 9.28
10 10.47 16.47 116.5 1.86 14.1 9.31

100 10.47 59.36 1299 2.07 14.0 9.28

8 0

10 58.42 4.11 73.79 1.17 13.6 11.89

13.61 11.91 Figure 6c100 58.42 13.68 768.1 1.22 13.6 11.88
10 10.47 8.74 67.84 1.08 13.6 11.98

100 10.47 31.30 749.1 1.19 13.6 11.87

8 8

10 58.42 2.46 52.15 0.83 14.6 15.55

14.63 15.53 Figure 7d100 58.42 8.13 539.4 0.86 14.6 15.51
10 10.47 5.33 48.61 0.77 14.7 15.54

100 10.47 18.7 528.1 0.84 14.6 15.53

16 0

10 58.42 0.94 23.65 0.38 14.4 21.11

14.37 21.11 Figure 6d100 58.42 3.09 243.3 0.39 14.4 21.08
10 10.47 2.07 22.3 0.36 14.4 21.15

100 10.47 7.15 238.9 0.38 14.4 21.10
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4. Discussion

The essence of the proposed approach lies in correctly interpreting the values of
parameters r0, h0, which unambiguously characterise the metrological properties of eddy
current sensors. Based on long-running studies and the results presented in this paper, the
authors formulated and then discussed a number of conclusions that enable the effective
and efficient application of the developed approach.

(1) The lower the value of h0, the greater the sensitivity of the sensor.

The intensity of the eddy currents induced in the tested material has a decisive influ-
ence on the sensitivity of the sensor. The smaller the distance h0, the closer the filamentary
coil is to the conductor, so the intensity of the eddy currents increases (Figure 3). It is
well known that the core concentrates the magnetic flux around itself, thus increasing the
sensitivity of the sensor. How large this increase is can be assessed based on the value of
parameter h0.

(2) The higher the value of parameter r0, the greater the changes in the impedance
components caused by the change in the measured quantities.

Both in the process of designing the sensor and while selecting the optimal test
parameters, it is important to obtain the highest value of r0 and, thus, the highest possible
sensitivity of the sensor.

(3) The employment of the core brings “the coil magnetically closer to the tested material”.

The use of the core results in a decrease in the value of h0, which corresponds to
bringing the coil in contact with the conductor. Parameter h0 may be treated as a measure
of the efficiency of the core performance.

(4) The higher the value of parameter r0, the larger the area of the tested element where
eddy currents that change the components of the coil impedance are induced.

Parameter r0 depends primarily on the inner radius and the outer radius of the real
coil. Along with an increase in the value of these radii, the coverage of eddy currents
induction in the conductor also increases. This property should be utilised appropriately
according to the application of the sensor. In the case of testing large surfaces, such as plates
or metal sheets, designers aim to obtain the most extensive inspection coverage. However,
there are applications, such as rod testing, coin sorting or crack detection in small-diameter
cylinders, where a short inspection coverage is preferable. This requirement results from
the fact that various factors disturbing the measurement occur in close proximity or that
there is the likelihood of an edge effect.

(5) The higher the value of hc, the lower the sensitivity of the sensor.

When height hc increases due to moving the coil “up” along the core, the value of
equivalent parameters increases. The sensitivity of the sensor decreases because a small
increase in r0 cannot compensate for a very large increase in h0.

(6) The number of turns of the coil does not affect the value of equivalent parameters.

Changing the number of coil turns does not change the value of r0, h0. The parameter
specifying the number of turns appears as n2 both in the formula for the impedance of
the real coil and in the formula for the filamentary coil (1). This property constitutes
an important advantage over the analysis with a single-turn coil. Only in the case of
a filamentary coil is it possible that the number of turns does not impact the results of the
comparison and evaluation of the properties of eddy current sensors.

The above conclusions were used to perform an exemplary comparative analysis. The
equivalent parameters determined for the air-core sensor placed on the tested surface are
r0 = 8.3 mm and h0 = 6.13 mm. After having inserted the core, the value of parameter h0 de-
creases (h0 = 5.12 mm), thus increasing the sensitivity of the sensor. At the same time, param-
eter r0 increases from 8.3 mm to 15.3 mm, which causes an additional increase in sensitivity
due to the increase in the magnetic field range. Similarly, it is possible to analyse the effect of
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moving the sensor away from the tested surface. The air-core sensor that is brought into con-
tact with the tested surface has an equivalent height of h0 = 6.13 mm. After moving the sen-
sor 4 mm away from the tested surface, h0 = 10.13 mm, i.e., ∆h = 10.13 − 6.13 = 4 mm. If the
sensor is 8 mm away from the tested surface, h0 = 14.2 mm, i.e., ∆h = 14.2 − 6.13 = 8.07 mm.
Moving the air-core sensor away from the surface of the tested element by a particular value
increases h0 by the same value. In the case of the I-core sensor, the changes in parameter h0
are slightly different. Such a sensor, when brought into contact with the tested surface, takes
the value of parameter h0 = 5.12 mm. When the sensor is moved 4 mm away from the tested
surface, h0 = 7.56 mm, i.e., ∆h = 7.56 − 5.12 = 2.44 mm. Moving the sensor away from the
tested surface by 8 mm brings about an increase of the value of parameter h0 = 11.91 mm,
i.e., ∆h = 11.91 − 5.12 = 6.79 mm. The beneficial effect of the core is apparent. For small
distances, moving the sensor away increases the equivalent height h0, however, by a value
that is smaller than the actual distance. Thus, the sensitivity of the I-core sensor decreases
less significantly than that of the air-core sensor.

5. Conclusions

This paper presents a practical way of using the method of evaluating the metrological
properties of eddy current sensors with the use of equivalent parameters of a filamentary
coil. The presented sensitivity analysis makes it possible to obtain expressions that define
the influence of a selected parameter of the sensor-tested element system on changes in
the coil impedance components. The developed geometric interpretation of changes in
sensitivity coefficients allows a better understanding of the characteristic of changes in the
analysed sensitivity coefficients. It is the first time that the question of how the position
of the coil in relation to the core affects the equivalent parameters has been examined. In
the measurements, a sensor with a removable I-core was used. Due to this, it was possible
to observe the influence of the core on the metrological parameters of the sensor. The
measurements were carried out for different frequency values using thick copper and
bronze plates. The sensor was positioned at different distances from the tested surface,
while the position of the coil with respect to the core was also changed. The measured
values of the impedance changes were employed to determine the equivalent parameters.
The results of the calculations confirmed that parameters r0, h0 may be successfully used to
evaluate the properties of eddy current sensors.

The presented method for describing the sensors using two numbers that are equiv-
alent parameters of r0, h0 is easy to perform and provides a number of benefits. The
usefulness of the proposed concept consists in enabling the comparison of very different
sensors with the employment of the same measure. It is enough to determine the sensitiv-
ity coefficients of the examined physical quantities with the application of the universal
filamentary coil model. Then, equivalent parameters, which are the dimensions of the ideal
filamentary coil, are determined for the real sensors. On the basis of the once-determined
values of r0, h0 and sensitivity coefficients, the metrological properties of the sensors can
be assessed. The proposed method can be utilised for many applications, such as the
designing of sensors, selection of test parameters, computer simulations, interpretation of
the obtained results, etc.

In this article, the properties of I-core sensors were analysed due to the fact that they
were used in the designed device. In further work, sensors with different geometry will
also be employed to detect various types of defects. In addition, tests of conductors of other
shapes, including roughness and porosity of the tested surface, are being planned.
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