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Reducing noise levels in eddy
current measurements using self-
differential probes of the substrate
conductivity under a layer of
conductive coating in moved
objects

VolodymyrYa. Halchenko, Ruslana Trembovetska & Volodymyr Tychkov™

In the research, the method of reducing the levels of all noises caused by uncontrollable interfering
factors has been generalized and extended to surface eddy current conductivity meters of the
substrate under a layer of non-ferromagnetic metal coating. The method is applied at the probe

design stage as a result of Taguchi’s optimization search for a combination of ECP parameters that
reduces the influence of noise factors. The designs of self-differential UECPs were analyzed. Dynamic
measurements of substrate conductivity were considered. Variants of TO structures with non-magnetic
and weakly magnetic substrates were investigated, i.e., eddy current conductivity measurements were
extended to objects with weakly magnetic substrates. As a result of confirmatory experiments, the
effectiveness of the obtained optimal combinations of parameters for both variants of TO structures
was proven. The option with rectangular coils was selected as the one with the maximum SNR

among the optimized alternative designs of the ECP. The variance analysis established the ranks of

the influence of the measuring parameters on the SNR. The statistical significance of the analyzed
parameters was determined. The Monte Carlo numerical-experimental method demonstrated the
advantages of optimal designs, which are characterized by lower signal variability under the influence
of noise factors.

Keywords Eddy current conductivity measurements, Non-magnetic and weakly magnetic substrate, Metal
coating, Moved object, Noise reduction, Taguchi's optimization method, Variance ANOVA analysis of
parameter effects

Abbreviations

ECT eddy current testing

TO tested object

ECP eddy current probe

SNR ratio signal-to-noise

DOE design of experiment

DSP digital signal processing
UECP uniform eddy current probe
EMF electromotive force

ANOVA  analysis of variance

Relevance of the Research
The measurement of electrical conductivity in materials and components is crucial in industrial processes. This
parameter serves as a specific indicator of changes in material properties, enabling the estimation of product
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condition and quality, and ensuring their reliability in various industries. This problem is not easy even for
tested objects (TO) made of homogeneous material and kept in a static state!. If the TO has a structure with
a conductive coating applied to the substrate, and if it is moved, the problem complexity of measuring the
conductivity of the substrate under the coating layer increases significantly. However, the actuality of solving
this problem is obvious. Estimating material degradation after heat treatment based on conductive properties,
inspecting TO with anodized surfaces or other protective coatings, including anti-corrosion coatings, are just
a few of the many examples of practical applications for the results of such measurements. The introduction
should not include subheadings.

The use of the eddy current testing method to achieve this goal poses certain difficulties. It can be argued
that this problem is, in a sense, intermediate between measuring the conductivity of objects made of a one single
material and measuring the thickness of coatings of essentially two-layer TOs, but it has its own peculiarities. In
addition to the traditional problems characteristic of measuring the conductivity of non-magnetic materials, in
particular, lift-off changes and local variations in the conductivity of the surface layer, which are typical for two-
layer TOs, there are additional specific problems. Noise factors that also interfere with measurements include
the variability of the thickness of the TO metal coating. For two-layer objects with a weakly magnetic substrate,
noises also cause local variations in their magnetic permeability. Also, when measuring on moved TOs, it is
necessary to take into account additional eddy currents caused by their movement at a certain speed. Thus, the
output signal of the eddy current probe (ECP) during measurements is formed as a result of the interaction of the
electromagnetic excitation field with the substrate and coating materials, as well as the action of all the additional
factors mentioned above.

There are two problems to be solved in order to obtain acceptable results during measurements. Firstly, it is
the extraction of information about the conductivity of the substrate from the selected signal. Secondly, in order
to effectively perform the first problem, it is necessary to determine the substrate parameter in the presence of
the coating as accurately and consistently as possible. This article discusses the implementation of this particular
problem, which consists of reducing noise levels and increasing the signal-to-noise ratio.

State-of-the-art

Currently, there is a well-known set of practical techniques, including constructive, hardware, methodological,
signal processing, calibration, etc., which are actually used for this purpose in industrial measurement systems>>.
We will analyze them, identifying and emphasizing existing drawbacks. Among the design solutions, self-
differential and self-nulling probes have gained popularity and widespread use, as reflected, for example, in
studies*~7, which remove the common-mode component of the signal and are effective in reducing the influence
of lift-off and macro-relief of the TO surface. However, they do not overcome measurement obstacles caused by
the electrophysical properties of TO. A common variant of ECP designs is their modifications with cores®~10,
in particular ferrite Pot-core or E-core, which are capable of concentrating the excitation field, shielding
background magnetic interference, and increasing sensitivity to deeper layers of material, thereby increasing the
SNR. However, such probes cannot be used at high temperatures of the environment due to the corresponding
instability. The essential elements of the ECP design that affect the SNR level'"!2 are the geometry and form-
factor of their coils, setting their optimal dimensions to ensure maximum sensitivity to the conductivity of the
substrate material. This approach requires multi-objective optimization, which involves the need to prioritize
individual criteria when making compromises, which is not always acceptable without losing the accuracy of
substrate conductivity measurements.

An important factor in obtaining a signal that is “clean” from noise is the adequate selection of frequency
modes for exciting the probes, i.e., adapting the excitation parameters to the measurement problem. Single-
frequency excitation and broadband multi-frequency methods, in particular sweep-frequency'>!* and pulsed
methods!'>~1%, are widely used. For single-frequency excitation, the optimal frequency ensures the skin depth of
the electromagnetic field penetrates to the substrate metal, while not being too low in order to achieve a high
SNR2. Multi-frequency excitation, including pulsed PEC, allows distinguishing contributions to signals from
different depths of the TO and is characterized by rather high noise suppression capabilities, but this occurs as a
result of processing their already selected values after measurements?’. However, it is advisable to implement the
invariance of probe signals to noise at the stage of their formation.

Noise reduction is also achieved through the use of appropriate schematic design, in particular, low-noise
preamps, analog filters, etc., and digital signal processing (DSP) (ensemble averaging, band-pass filters, wavelet
shrinkage, lock-in or synchronous detection at a given frequency, etc.)*!~2%. These tools are quite effective in
eliminating noise, both electronic noise and, more importantly, noise caused by specific properties of the TO
or measurement conditions in certain situations. In the vast majority of cases, measurements require their
comprehensive application, which can be considered a drawback.

Methods developed in recent years for denoising and SNR improvement of ECP signals based on
machine learning deserve special attention?*~?’. In particular, the denoising autoencoder?® uses unsupervised
deep learning to clean up impulse eddy current responses of probes, while?® uses ML-oriented denoising
computational algorithms aimed at improving SNR. The noise influence of lift-off was predicted using various
methods, including partial least squares regression, support vector machine regression, and convolutional
neural networks. The advantages of a neural network option that is trained and optimized using data calculated
on the theoretical TREE model proposed by Theodoulidis have been identified. Considering all the advantages
of the machine learning approach, it should be noted that they are achieved at the signal processing stage, which
is not always acceptable.

The approach proposed by the authors of the article in studies provides a signal with a high SNR
value and significantly lower variations under the influence of lift-off changes, geometry instability, and
local electrophysical noise deviations from the norm in the materials of the TO structure. It provides for
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implementation at the theoretical and experimental level, which is aimed at optimizing the search using the
Taguchi method for the design and operating parameters of probes on the DOE obtained, including by computer
modeling using mathematical models of the direct problem and orthogonal arrays. The found optimum provides
the maximum SNR together with the minimum variance of output signals, determined by the combination of
all specified noise factors, within the selected ECP design. The approach was used for robust parameter design
of surface probes for measuring the conductivity of thick objects and plate thickness gauges, and proved to be
effective, as interference-free signals are obtained at the stage of their formation. It seems promising for solving
the problem mentioned in this article.

Therefore, despite the noticeable progress observed in modern approaches to noise suppression in eddy
current measurements, the analyzed techniques do not fully solve this problem. In most cases, this is achieved
at the stage of processing signals already selected from probes. The instruments used do not allow simultaneous
suppression of the entire range of noises, but are tuned only to certain types of noise or, at best, to some of
their combinations. The Taguchi optimization method, which aims to overcome these drawbacks for certain
types of eddy current measurements, takes a somewhat distinct position in this regard, but it requires further
development for the problem formulated in the article.

Main attributes of the research
The object of this research is the process of eddy current measurements of the electrical conductivity of the
substrate under a layer of metal coating using a surface probe.

The subject of research is a method for simultaneous suppression of all types of noise most significant for
such measurements, caused by both the conditions of their conduct and the properties of the moved TO, which
is implemented as a result of Taguchi’s robust parameter design of optimal probe designs and ensures noise
reduction during signal formation, rather than after their selection.

The purpose of this article is to develop a method for maximizing SNR and, accordingly, reducing the
noises level of surface self-differential eddy current conductivity meters of non-magnetic and weakly magnetic
substrates under a layer of metal coating of a moved object, caused by a combination of simultaneous changes
in lift-off, geometric inconsistencies, local noise deviations from the norm of the electrophysical properties of
coating materials and the substrate of the TO, as a result of an optimization search for the design and operating
parameters of the ECP of a priori selected design.

The main scientific contributions of this study are as follows:

+ The method of noise reduction proposed earlier by the authors, the advantage of which is its application at
the design stage, which ultimately ensures the selection of noise-free signals directly from the probes without
additional processing, has been generalized and extended to surface self-differential eddy current conductiv-
ity meters for non-magnetic and weakly magnetic substrates under a layer of metal coating of moved object.

« Taking into account all the characteristics inherent in these dynamic measurements, in particular, the gener-
ation of additional eddy currents caused by the movement of the TO at a certain speed.

« Extension of eddy current conductivity measurements with TO with a non-magnetic substrate, as is usually
the case, to objects with weakly magnetic properties.

o Selecting the design of the ECP with rectangular coils from among their optimized self-differential variants
for maximum SNR.

o Determination, as a result of variance ANOVA analysis, of ranked orders of parameters affecting the signal-
to-noise ratio, verification of their significance using statistical methods based on Fisher’s criterion.

o Numerical-experimental verification using the Monte-Carlo method of the optimal parameter combinations
of substrate conductivity meters found to suppress output signal variations under noise effects, both individ-
ual interference and their combination.

The structure of the article is as follows: in section «Theoretical modeling and robust parameter design»
include subsections «Research on the energy levels of signals from meters with competitive excitation systems»,
«Taguchi’s robust parameter design methodology for finding optimal designs for meters», «Research on the
energy levels of signals from meters with competitive excitation systems», «Taguchi’s design of experiments
for rectangular coils meters», «Taguchi’s design of experiments for tangential meters», «Comparative analysis
based on the SNR criterion of optimal designs for conductivity meters», «Confirmatory experiment to establish
the optimality of the meter design», «Variance ANOVA-analysis of the influence of meter parameters on SNR»,
«Numerical-experimental research of signal variability in meters using the Monte-Carlo method» and section
«Conclusions».

Theoretical modeling and robust parameter design

Research on the energy levels of signals from meters with competitive excitation systems
Selecting the design of probes for eddy current conductivity measurements is one of the most important tasks
that requires effective decisions to be made among known alternatives in conditions of information uncertainty.
Having certain knowledge about the advantages and disadvantages of a number of ECP designs, it is necessary to
choose one that has high sensitivity to the measured value, a significant signal level, certain design features, etc.
An analysis of promising directions for the creation of new probe designs led to a focus on self-differential or self-
nulling surface transformer variants***>. In these researches, two modifications of such designs were selected,
which represent uniform eddy current probes (UECP) with orthogonal coils. The first type of design includes
a rectangular excitation coil, which is located in parallel to the object of measurement. The pick-up coil of this
design is also rectangular and is characterized by a perpendicular orientation relative to the TO surface. The
second type also has a rectangular excitation coil, but it is oriented perpendicular to the TO surface. Such a probe
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excitation system generates an electromagnetic field tangential to the TO surface, unlike the first design, where
its direction is normal to the surface. In this design, the pick-up coil has a cylindrical form-factor and is placed
parallel to the TO surface. In both cases, self-differential eddy current probes with a single pick-up coil function
as self-balanced systems, in which the induced signals represent the gradient of locally generated EMF in their
semi-segments. The designs primarily ensure suppression of insignificant lift-off noises®>, mutual compensation
of the influence of coating layers and surface inhomogeneity, and improved sensitivity to conductivity changes.

Let us explain the principle of operation of such probes using the example of an ECP with rectangular coils.
Let us assume that two identical semi-segments, symmetrically located relative to the Oz axis (Fig. 1), together
form a pick-up coil. If the centre-to-centre distance between the coils is c=0 and the tested object is stationary
v=0, then the EMFs induced in the semi-segments by eddy currents compensate each other. This is due to
the symmetry of the distribution of eddy currents density under the semi-segments of the pick-up coil in a
conductive environment that is uniform in terms of its electrophysical properties. Therefore, due to the intrinsic
self-differential property of the design, the resulting EMF of the probe is zero. When v#0, the tested object is
moving and the density of eddy currents is redistributed under the semi-segments of the pick-up coil, with a
higher concentration under one of them. Therefore, the balance of the EMF of the semi-segments is disturbed
and, accordingly, a differential signal is formed, which is proportional to their difference. This is caused by the
asymmetry of the resulting electromagnetic field and, accordingly, the difference in the distribution of the x-
component magnetic flux density B,. Therefore, the coil responds to the field gradient, and even relatively small
changes in the conductivity of the substrate have a significant effect on the probe signal. Schematic designs of
uniform self-differential ECPs with orthogonal coils are shown in Fig. 1.

Therefore, further research was focused on modeling the measurement processes of both types of ECPs
located above moved TOs with coatings of various non-magnetic materials applied to them. Numerical
experiments were conducted for non-magnetic and weakly magnetic substrates under all other equal conditions.
The best design was selected based on a comparative analysis of the modeled output signal levels of both types of
designs. That is, the higher energetic level of the signal is decisive for conclusions about the effectiveness of the
design. Mathematical models of probes for calculating induced EMF at sinusoidal excitation /e’“* with angular
frequency w are as follows.

The first one is designed for ECPs with multi-turn rectangular coils**
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Fig. 1. Variants of self-differential ECP designs for (a) probe with rectangular coils and for (b) probe with
pancake circular pick-up coil.
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Where £ and # are Fourier transform integration variables. y1,=4 - 7- 1077 is the magnetic constant in vacuum. d,
is the coating thickness. a, is the width of the excitation coil. b, is the length of the excitation coil. h, is the height
of the excitation coil cross-section. w, is the width of the excitation coil cross-section. a, is the width of the pick-
up coil. b, is the length of the pick-up coil. &, is the height of the pick-up coil cross-section. w, is the width of the
pick-up coil cross-section. ¢ is the axial distance between coils. N, is the number of turns in the excitation coil.
N, is the number of turns in the pick-up coil. 4, is the magnetic permeability of the coating. y, is the magnetic
permeability of the substrate. o, is the electrical conductivity of the coating. o, is the electrical conductivity of
the substrate. v is the speed. z, is the lift-off.

And the second one is for tangential multi-turn ECPs with pancake circular pick-up coil and rectangular
excitation coil*
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Where J, () is the cylindrical Bessel function of the first kind and first order. r, is the inner radius of the cylindrical
pick-up coil. r, is the outer radius of the cylindrical pick-up coil. z, is the lift-off. z, is the distance between TO
and the upper edge of the cylindrical pick-up coil.

Software products for modelling the measurement process were created based on both of the above
mathematical models. To determine their adequacy, test calculations were performed for comparison with
the results of experimental and numerical experiments using FEM, which were conducted by the authors of
mathematical models and presented in studies®*%°. For verification calculations, data was used that coincides
with that utilized by the authors of the models and is grouped in Tables 1 and 2.

The graphs Fig. 2 obtained show good agreement with those given in articles**?°. The functional dependence
in Fig. 2a was obtained by calculations using created software from the data in Tables 1 and 2 for comparison
with the FEM-modeling results shown in Fig. 5 from® for a probe with rectangular coils. The graph in Fig.
2b was constructed for a similar purpose for a probe with a pancake circular pick-up coil. It is intended for
comparative analysis with experimental data obtained in Fig. 5 from?®.

Probe with pancake circular
Probe with rectangular coils pick-up coil

excitation coil | pick-up coil excitation coil | pick-up coil

a, (mm) 12 | a, (mm) 3 |a (mm) |5 r, (mm) |9
b, (mm) 12 | b, (mm) 5| b, (mm) |12 r, (mm) | 7.9
z, (mm) 1 |z, (mm) 1 |z,(mm) | 119 |z (mm) | 1.2
w, (mm) 2 | w, (mm) 5 |w, (mm) |05 |z,(mm) |52
h, (mm) 8 | h, (mm) 2 | by (mm) |24 c 5
N, 500 | N, 300 | N, 40 |N, 100
I1(A) 1 | ¢ (mm) 6 | I(A) 0.1

Table 1. Initial data for verification of software complexes.
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Probe with
Probe with pancake circular
rectangular coils | pick-up coil

0, (S/m) |3.8:107 | g, (S/m) |3.6-107
t# 1 # 1
0, (S/m) | 5.8:107 | g, (S/m) |0
Hy 1 Hy L
d(mm) |0.2 d(mm) |1

Table 2. Parameters of tested objects for verification calculations.
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Fig. 2. Results of verification calculations for (a) probe with rectangular coils and for (b) probe with pancake
circular pick-up coil.

Taguchi’s robust parameter design methodology for finding optimal designs for meters
Taguchi’s robust parametric design method was created for use in quality control engineering and aims to reduce
the variability of process or product performance characteristics. In other words, the philosophy of the method
is to include quality in the product or process at the design stage. This is achieved by identifying the parameters
that have the greatest impact on the quality of the product and finding their design values that will achieve the
specified goal and ensure effective operation. The determining factor is that the design process researches the
target performance indicator in a specific mixed form of its average value and variance, which Taguchi defined
as signal-to-noise ratio. Product design is carried out in such a way that the ratio of signal, i.e., product quality,
to noise, i.e., disturbing factors, is maximized. Product quality is observed at randomly selected levels, and those
that differ significantly from the average are considered unacceptable.

This approach is ideal for designing ECPs, which are characterized by multi-parameter signals. In different
technical applications, some factors may be measurable, while in others, they may be interfering. With this in
mind, it is necessary to identify the factors that interfere with measurements, the effect of which on the output
signal of the probe must be minimized. For conductivity substrate meters of non-magnetic objects under a
conductive coating, these factors include local changes in conductivity and its thickness, as well as lift-off. For
weakly magnetic substrates of objects, the heterogeneity of the magnetic permeability of the material, namely
its possible variations, is an additional factor. From a physical point of view, these parameter variations are not
noise in the classical sense, but represent uncertainties associated with the heterogeneity of the properties of the
material of the tested object and the measurement conditions. All these factors are uncontrollable. It should be
noted that variations in factors within the Taguchi robust optimization problem in terms of the specified method
should be considered as noise components of the signal.

The Taguchi method is experimental because it uses a DOE to determine the influence of design and operating
parameters on the output signal of the meter under conditions of noise disturbance caused by the above factors.
This design is created using orthogonal arrays, which have special properties. Their distinctive feature is that
they check all possible combinations for each pair of parameters, rather than searching through all of them. This
leads to a significant reduction in the number of experiments, but the design allows the entire parameter space
to be explored. The format of arrays is selected based on the sum of design and operating parameters, which is
determined by the design of the meter's probe, and the level of discretization of these variables accepted in the
research. The columns of the DOE are associated with the parameters under research, and the rows correspond
to individual experiments. The design is filled in for each experiment with the levels of parameter values.
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The selection of possible formats of orthogonal arrays, i.e., L-design, is carried out from reference catalogs
listed in specialized literature. The following symbols are used: L, (NL™?), where NE is the number of
experiments, NL is the number of levels, and NP is the number of parameters. The number of experiments is
calculated according to the equation NE = (NL—1) x NP+ 1. L-design ensures a balance between the number of
experiments and the accuracy of the estimation of the impact of all analyzed parameters, a fair comparison of
levels for any parameter, and any interaction between them.

Data on the impact of parameters on the SNR of the meter is collected by conducting a series of experiments
according to the created DOE. It should be noted separately that the output signals of the ECP are determined
by numerical simulation using Eq. (1) or (8) and then used to calculate SNR values, which serve as performance
indicators’

SNR = —10-1g (Fitness) (11)

In the Eq. (11)

Flitness = %
“— (mod (E,))

k2
Where E, is the output signal of the probe.  is the sample size.

To implement the optimization algorithm, Taguchi recommends using the Fitness quality loss function,
which measures the deviation of the optimized characteristic from the desired target value by mixing the average
and variance. The smaller the loss value, the better the match between the obtained value and the desired value.
Therefore, a small loss function value leads to a large SNR value. According to Eq. (11), the loss function value
is converted to SNR. The type of Fitness function is selected in accordance with the optimization goal. That is,
the functional dependence selected for these studies corresponds to the property “larger is better”. To find the
optimal Taguchi parameters for the substrate conductivity meter, the average (S N R) values are calculated for

each parameter and gradation level. Based on the maximum average (SN R) values for different parameters,

their optimal combination is determined as a result of associative links with the corresponding gradation levels.
Thus, the analysis of main effects is used to optimally combine parameters with the highest average response.
This combination of controllable parameters minimizes the influence of noise factors.

After that, a confirmation experiment is performed using a combination of optimal levels. The experiments
also include a variance ANOVA-analysis of the data, which allows estimating the relative response value in
percent caused by each parameter.

The statistical significance of the parameters is determined using Fisher’s test. The design of the experiment
ultimately allows for the assessment of complex relationships between parameters. The optimal result obtained
using orthogonal arrays is close to that obtained using a full-factor approach. At the same time, parametric
design reduces the variations in the output signal of the meter by reducing the influence of the sources of its
variation.

Finally, we note that the proposed method for optimal design of meters is rather heuristic. The ECP designs
found using this method are locally optimal. There are certain limitations to its application, which are due to the
given discrete levels of the analyzed factors. The rather simplified method of representing noise without taking
into account its distribution and statistical properties does not allow for an adequate analysis of uncertainty. In
addition, the results obtained are only adequate within certain ranges of factor variation, which is characteristic
of all studies based on designs of experiments. However, the method also has all the advantages of this approach,
as it does not make any assumptions about the functional relationships between influencing factors.

Research on the energy levels of signals from meters with competitive excitation systems

In order to select the best design from two options in terms of output signals, simulations were performed
using Egs. (1) and (8), respectively. At the same time, in order for the results to be considered comparable, the
initial data for both design options were set to be as possible identical or measurable. Thus, the following initial
parameters were adopted for the excitation coil, as shown in Table 3.

For a rectangular excitation coil, its height above the TO surface is determined by the size z, and is 1.5 mm
(Fig. 1a). Whereas for a tangential meter, this parameter depends on a number of other design parameters: a,,
w,, h,, z,, and is determined by z. Taking into account the distance between the pick-up and excitation coils,
z,=14.5 mm. The design parameters of the pick-up coils are given in Table 4.

The number of turns in the pick-up coils in both cases is N, =30. The operating excitation parameters for
both types of meter designs were set as follows: v=10 m/s, f=20 kHz, I=0.3 A. At the same time, for all cases
of the tested object structures, the coating thickness d1 was taken to be 0.3 mm, and the substrate thickness
was taken to be infinite. Subsequently, for non-magnetic and weakly magnetic substrate and a series of non-
magnetic coatings, the output signals of the designs were determined. In the first experiment, it was assumed

Parameter | a, (mm) | b, (mm) | h; (mm) | w, (mm) | N,
Value 10 16 4.0 1.0 150

Table 3. Design parameters of the excitation coil.
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Coil type | Rectangular Circular

Parameter | a,(mm) | b,(mm) | h,(mm) | w,(mm) | ¢((mm) |7 (mm) | r,(mm) |z (mm) | z,(mm)

Value 8.9 8.9 1.0 1.0 2 10.16 11.16 1.5 25

Table 4. Design parameters of pick-up coils.

Coating material Substrate material
Parameter | Ag |Cu |Au (Mg (Zn |Pt |[Cr |Ti |Al
o (MS/m) | 62.1 |58.0 |452 |22.0 | 16.6 |95 |79 |2.4 | 369

Table 5. Cases of non-magnetic substrate and coating materials.

Coating material
Probes output signal E Ag Cu Au Mg Zn Pt Cr Ti
ECP with rectangular coils (V) | 0.1684 | 0.1679 | 0.1661 | 0.1605 | 0.1586 | 0.1556 | 0.1549 | 0.1522
Tangential ECP (V) 0.1409 | 0.1405 | 0.1389 | 0.1340 | 0.1324 | 0.1297 | 0.1291 | 0.1267
A (V) 0.0275 | 0.0274 | 0.0272 | 0.0265 | 0.0262 | 0.0259 | 0.0258 | 0.0254

Table 6. Output signals of probes for object structures with non-magnetic substrate.

Coating material
Probes output signal E Ag Cu Au Mg Zn Pt Cr Ti
ECP with rectangular coils (V) | 0.1695 | 0.1691 | 0.1672 | 0.1064 | 0.1576 | 0.1527 | 0.1514 | 0.1462
Tangential ECP (V) 0.1418 | 0.1414 | 0.1398 | 0.1338 | 0.1314 | 0.1271 | 0.1260 | 0.1214
A (V) 0.0277 | 0.0276 | 0.0274 | 0.0266 | 0.0262 | 0.0256 | 0.0254 | 0.0247

Table 7. Output signals of probes for the structure of object with a weakly magnetic substrate.

that the substrate and coating were non-magnetic materials, i.e., their magnetic permeability was y » 1, and
their electrical conductivities are given in Table 5. Accordingly, for the second experiment, a weakly magnetic
material, monickel (Ni+Cu), was selected as the substrate, for which the electrophysical parameters are as
follows: =60 MS/m, y =4.1, and the coating options were specified as in the previous case.

The output signal E for both designs of eddy current probes for the first experiment, when the substrate
material is non-magnetic, is shown in Table 6, and for the second experiment, in Table 7. In addition, for
comparison of the designs, Tables 6 and 7 show the difference in signal levels A.

Thus, the results obtained indicate a slight difference in signals of approximately 25 mV for ECP designs with
rectangular coils and their tangential variant. That is, there is no absolute and significant advantage in the energy
level of the signal of one design over another, and it is difficult to choose the best one. Therefore, in the future,
we will study and analyze the ability of both of these designs to provide the maximum SNR value, which will be
considered the selection criterion.

Taguchi’s design of experiments for rectangular coils meters
First, let us consider the construction of Taguchi’s design of experiments for eddy current probe with rectangular
coils (Fig. 1a) in two cases of substrate: the first is a non-magnetic substrate and coating, and the second is a
weakly magnetic substrate and non-magnetic coating. The prerequisite for choosing one or another orthogonal
array, on the basis of which Taguchi’s design of experiments is based, is to establish the number of design and
operating parameters for the selected probe design. Thus, for the ECP design with rectangular coils, the design
parameters are: length, width, height, and cross-sectional width of the excitation coil; length, width, height, and
cross-sectional width of the pick-up coil and the center-to-center distance between the coils, and the operating
parameters are the frequency of the electromagnetic field and the speed of movement of the TO. Thus, the total
number of these parameters is NP = 11, which makes it possible to determine the format of the orthogonal array
L,,(2%, 5'1)¥, which requires NE = 50 experiments and NL = 2 gradation levels for one factor and NL = 5 for
eleven. The properties of orthogonal arrays allow us to remove excess factors and use only the necessary number
of them?®. Then, from this orthogonal array, we do not use factor 2!, which gives a rather rough its gradation on
only two levels. Therefore, we finally use a modified orthogonal array L, (5'!), which completely covers the needs
in terms of the number of factors and has an increased discretization for each factor.

To create a Taguchi design of experiments for this array, ECP parameters were set in the following ranges:
a,=10-22 mm, b1= 16-28 mm, h1:4—8 mm, w,=1-4 mm, a4,=8-14 mm, b2:8—14 mm, h2: 1-2 mm,
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w,=1-4 mm, c=2-8 mm, f=20-30 kHz, v=10-25 m/s. The excitation current was constant and equal to
I=03A.

The implementation of Taguchi’s design of experiments involves determining the output signals of the meter
under noise disturbances, which are also formed by an orthogonal array. Therefore, we also apply the L, (2",
5!1) array with its modifications. In the case of a non-magnetic substrate, when there are three noise factors, we
use L50(53), and for a weakly magnetic substrate, we use L50(54). At the same time, noise factors, which are the
same for both non-magnetic and weakly magnetic substrates, were set in the following ranges: d=0.3-1.3 mm,
z,=1.5-2.5 mm. Two types of object structures with two different coating and substrate materials were studied.
The electrophysical properties of a non-magnetic aluminum substrate with a chrome coating were taken as
follows: 0, = (6.32-9.47) MS/m, 0,=36.9 MS/m.

For the object with a weakly magnetic substrate and a titanium coating, these properties were as follows:
p,=3.28-4.91, 0, = (1.92-2.88) MS/m, g, =60 MS/m. The final DOE for eleven design and operating parameters
is shown in Table 8. The same table shows the results of calculating the output signal of the ECP with rectangular
coils under the influence of noise factors with their 50 combinations, which are given in Table 9 for a non-
magnetic substrate and Table 10 for a weakly magnetic one. The numerical values in the numerator correspond
to case 1 of the substrate, and those in the denominator correspond to case 2. The results obtained for both
analyzed substrate examples are then used to calculate the SNR values (Table 8).

Taguchi’s design of experiments for tangential meters

When constructing a DOE for this type of design, we focus only on the differences inherent in it (Fig. 1b). That
is, the design parameters of a circular coil are its outer and inner radii, and all other parameters are the same as
previous case. Their total number is NP = 10. Therefore, to create a design of experiments, we use the orthogonal
array L, (2, 5') with its modification L,,(5'°) using the same initial data as above. The outer and inner radii of

Controllable parameters Output signal (V)

v SNR
Ne |a, (mm) | b, (mm) |h, (mm) | ... | w,(mm) | c(mm) |f(kHz) | (m/s) |1 2 .. |49 50 (dB)
0.1072 | 0.1009 | ... | 0.0845 | 0.0803 | —20.86

1 10 16 4 ... | 1.00 2.0 20.0 10.00
0.1030 | 0.0964 | ... | 0.0743 | 0.0706 | —21.61
0.2560 | 0.2418 | ... | 0.2062 | 0.1965 | -13.17

2 10 19 5 ... | 1.25 3.5 22.5 13.75
0.2470 | 0.2311 | ... | 0.1829 | 0.1740 | —13.88
0.4600 | 0.4360 | ... | 0.3776 | 0.3606 | —7.97

3 10 22 6 ... | 1.50 5.0 25.0 17.50
0.4454 | 0.4203 | ... | 0.3378 | 0.3221 | -8.63
0.7024 | 0.6669 | ... | 0.5827 | 0.5571 | —4.24

4 10 25 7 .. | 175 6.5 27.5 21.25
0.6815 | 0.6443 | ... | 0.5238 | 0.5001 | —4.86
1.0152 | 0.9679 | ... | 0.8581 | 0.8230 | —0.92

5 10 28 8 ... [ 2.00 8.0 30.0 25.00
0.9881 | 0.9386 | ... | 0.7790 | 0.7464 | -1.49
0.6596 | 0.6309 | ... | 0.5597 | 0.5386 | —4.63

20 | 19 28 6 ... [ 125 8.0 25.0 10.00
0.6422 | 0.6119 | ... | 0.5099 | 0.4901 | -5.17
0.1375 | 0.1324 | ... | 0.1189 | 0.1152 | —-18.11

21 |22 16 8 .. |15 35 20.0 25.00
0.1343 | 0.1289 | ... | 0.1098 | 0.1062 | —18.57
0.3090 | 0.2987 | ... | 0.2717 | 0.2637 | —=10.98

22 |22 19 4 .. | 1.75 5.0 22.5 10.00
0.3027 | 0.2916 | ... | 0.2524 | 0.2446 | —11.41
0.5693 | 0.5483 | ... | 0.4957 | 0.4798 | -5.74

23 |22 22 5 ... | 2.00 6.5 25.0 13.75
0.5567 | 0.5345 | ... | 0.4581 | 0.4427 | —6.20
0.6368 | 0.6137 | ... | 0.5574 | 0.5395 | -4.74

24 |22 25 6 ... | 1.00 8.0 27.5 17.50
0.6233 | 0.5989 | ... | 0.5160 | 0.4987 | -5.19
0.4179 | 0.4019 | ... | 0.3620 | 0.3499 | —-8.46

46 | 22 16 8 .. | 175 6.5 25.0 10.00
0.4083 | 0.3914 | ... | 0.3334 | 0.3218 | -8.94
0.4717 | 0.4542 | ... | 0.4119 | 0.3984 | -7.37

47 |22 19 4 ... | 2.00 8.0 27.5 13.75
0.4615 | 0.4431 | ... | 0.3808 | 0.3678 | —-7.82
0.1518 | 0.1468 | ... | 0.1349 | 0.1308 | —-17.11

48 |22 22 5 ... | 1.00 2.0 30.0 17.50
0.1490 | 0.1437 | ... | 0.1258 | 0.1218 | —-17.51
0.1933 | 0.1872 | ... | 0.1704 | 0.1656 | —15.03

49 | 22 25 6 .. | 1.25 3.5 20.0 21.25
0.1894 | 0.1828 | ... | 0.1587 | 0.1541 | —15.44
0.3159 | 0.3051 | ... | 0.2767 | 0.2684 | —10.82

50 | 22 28 7 ... | 1.50 5.0 22.5 25.00
0.3092 | 0.2976 | ... | 0.2566 | 0.2486 | —11.25

Table 8. DOEs for the ECP design with rectangular coils.
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Parameter's values
Ne 1 2 3 |...[|30 |31 (32 |33 |.. |48 (49 |50
d (mm) 0.30 | 0.30 0.3 |... |0.30 [0.55 | 0.55 |0.55|... |13 |1.30 |1.30
z, (mm) 1.50 | .75 | 2.0 | ... |2.50 | 1.50 | 1.75 [ 2.00 | ... | 2.00 | 2.25 | 2.50
g, (MS/m) | 632 [7.11 |79 |... | 947 | 7.11 | 7.90 | 8.69 | ... | 7.11 | 7.90 | 8.69

Table 9. Design of experiments for noise factors for non-magnetic substrate.

Parameter's values
Ne 1 2 3 .. |30 31 32 33 .. |48 49 50
d (mm) 0.30 | 0.30 {0.30 | ... | 0.30 | 0.55 | 0.55 | 055 |... |13 |130]|1.30
z, (mm) 1.50 | .75 | 2.00 | ... [2.50 | 1.50 | 1.75 | 2.00 | ... | 2.00 | 2.25 | 2.50
g, (MS/m) | 1.92 | 2.16 | 240 | ... |2.88 | 2.16 | 2.40 | 2.64 |... | 2.16 | 2.40 | 2.64
Uy 328 | 3.69 | 410 | ... |4.10 | 3.28 | 3.69 | 4.10 | ... | 4.50 | 4.91 | 3.28

Table 10. Design of experiments for noise factors for weakly magnetic substrate.

the pick-up coil were accepted in the range: r, =10.16-12 mm, r, = 12.5-18 mm. For this type of design, Table 11
shows the DOE for ten design and operating parameters with fifty experiments. The result according to this
design of experiments was obtained at similar values of noise factors, which are given in Tables 9 and 10.

Comparative analysis based on the SNR criterion of optimal designs for conductivity meters

Based on the obtained SNR values (Tables 8 and 11), the optimal Taguchi parameters are searched. Specifically,
SNR grouping is performed in advance for each parameter and gradation level, and their average values are
calculated. Based on the associative relationships between the maximum values of the average (SN R) for

different parameters and the corresponding levels of their gradations, an optimal set is formed for the first
structure of the meter and the object with a non-magnetic substrate, as shown in Fig. 3. For the same meter in
the case of a weakly magnetic substrate, a similar optimal design is obtained.

The following optimal parameters were obtained for the tangential meter (Table 12). It should be noted that
the parameters are the same for both non-magnetic and weakly magnetic substrates.

Confirmatory experiment to establish the optimality of the meter design
Confirmatory experiments were also conducted to determine the SNR values that provide the optimal designs
obtained for both substrate options. That is, with the same variations in the influence of uncontrollable noise
parameters, the EMF values and the SNR were determined. The obtained SNR values for the considered types of
optimal designs with different substrate options are shown in Fig. 4. To verify that non-optimized designs have
lower SNR values, Figs. 5 and 6 show their values for all 50 options.

Thus, the obtained SNR values indicate that the best level is provided by the probe structure with rectangular
coils for both materials TO structures. Therefore, this particular variant of the optimal probe design was
considered in further studies.

Variance ANOVA-analysis of the influence of meter parameters on SNR

Subsequently, for the selected ECP with rectangular coils, a multifactor variance ANOVA-analysis was
performed using Fisher’s criterion®®* to assess the influence of design parameters on SNR. At the same time,
a preliminary check of the prerequisites for the application of ANOVA-analysis was performed, the fulfillment
of which gives grounds for its adequate use. As a result, a number of statistical indicators were obtained for all
design and operating parameters of this probe design with different substrate options. Thus, for a non-magnetic
substrate, the results are given in Table 13, and for a weakly magnetic substrate, in Table 14, where the following
designations are used: SS - sum of squares of the variance component and residuals, MS - mean square of
the variance component and residuals, F is the variation ratio at a given degree of freedom equal to 4, p is the
probability of a random effect of a factor on the resultant feature, and W is the contribution of each factor to the
total its effect (%).

Then, the statistical significance of each factor is established by checking the condition F' > Fy ¢, t,, where
a=5% is the accepted significance level, ¢, is the number of degrees of freedom of the corresponding factor, ¢, is
the number of degrees of freedom of all random factors, Fi ¢, ¢, is the critical value of Fisher’s criterion (for this
study it is 3.48). Thus, for both cases of substrate materials, the statistical insignificance of the same parameters of
the probes, such as the width of the excitation coil w,, the height h, and the width w, of the pick-up coil, and the
speed of movement of the tested object v, is observed. At the same time, the most influential design parameter
is the center-to-center distance between the coils, which accounts for 74% of the total influence of all factors.
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Controllable parameters Output signal (V)
f

Ne | w, (mm) | r (mm) | r,(mm) | ... |h,(mm) |c(mm) | (kHz) |v(m/s) | 1 2 49 50 SNR (dB)

0.1363 | 0.1269 | ... | 0.1033 | 0.0974 | —19.02
1 1.00 10.16 12.50 ... | 1.00 2.0 20.0 10.00

0.1365 | 0.1269 | ... | 0.0891 | 0.0838 | —19.67

0.2732 | 0.2558 | ... | 0.2132 | 0.2018 | —12.81
2 1.75 10.62 13.87 ... | 125 3.5 225 13.75

0.2733 | 0.2555 | ... | 0.1852 | 0.1751 | —13.44

0.4270 | 0.4019 | ... | 0.3418 | 0.3247 | -8.78
3 1250 11.08 15.25 ... | 1.50 5.0 25.0 17.50

0.4267 | 0.4009 | ... [ 0.2995 | 0.2846 | —9.37

0.5890 | 0.5572 | ... | 0.4824 | 0.4599 | -5.85
4 1325 11.54 16.62 ... [2.00 6.5 27.5 21.25

0.5881 | 0.5554 | ... | 0.4267 | 0.4072 | —6.40

0.7542 | 0.7168 | ... | 0.6305 | 0.6031 | -3.57
5 |4.00 12.00 18.00 ... | 1.00 8.0 30.0 25.00

0.7526 | 0.7142 | ... | 0.5630 | 0.5395 | —4.09

0.4332 | 0.4084 | ... | 0.3522 | 0.3347 | -8.57
20 | 1.00 11.54 13.87 ... | 175 3.5 30.0 17.50

0.4321 | 0.4068 | ... [ 0.3097 | 0.2949 | -9.17

0.3208 | 0.3017 | ... | 0.2546 | 0.2419 | -11.31
21 |3.25 11.08 13.87 .. | L75 5.0 22.5 10.00

0.3209 | 0.3013 | ... | 0.2231 | 0.2118 | -11.89

0.4892 | 0.4622 | ... | 0.3970 | 0.3784 | -7.51
22 | 4.00 11.54 15.25 ... | 2.00 6.5 25.0 13.50

0.4888 | 0.4611 | ... [ 0.3506 | 0.3342 | -8.07

0.9528 | 0.9003 | ... | 0.7776 | 0.7407 | —-1.69
23 | 1.00 12.00 16.25 ... | 1.00 8.0 27.5 17.50

0.9513 | 0.8975 | ... | 0.6860 | 0.6542 | —2.26

0.2808 | 0.2656 | ... | 0.2295 | 0.2184 | —12.30
24 | 1.75 10.16 18.00 ..o | 125 2.0 30.0 21.25

0.2802 | 0.2642 | ... | 0.2029 | 0.1936 | —12.87

0.5967 | 0.5633 | ... | 0.4852 | 0.4618 | —5.78
46 | 1.75 10.62 18.00 ... | 1.50 6.5 27.5 17.50

0.5958 | 0.5615 | ... | 0.4273 | 0.4071 | —6.36

0.6665 | 0.6279 | ... | 0.5404 | 0.5132 | —4.85
47 | 2.50 11.08 12.50 ... | L.75 8.0 30.0 21.25

0.6648 | 0.6252 | ... | 0.4737 | 0.4508 | —5.46

0.1357 | 0.1279 | ... | 0.1077 | 0.1025 | —-18.76
48 |3.25 11.54 13.87 ... [2.00 2.0 20.0 25.00

0.1359 | 0.1279 | ... | 0.0955 | 0.0907 | —19.28

0.3335 | 0.3150 | ... | 0.2689 | 0.2564 | —10.87
49 | 4.00 12.00 15.25 ... | 1.00 3.5 225 10.00

0.3336 | 0.3146 | ... | 0.2378 | 0.2266 | —11.41

0.5629 | 0.5319 | ... | 0.4569 | 0.4355 | —-6.29
50 | 1.00 10.16 16.62 .o | 125 5.0 25.0 13.75

0.5625 | 0.5307 | ... | 0.4036 | 0.3847 | —6.84

Table 11. DOE:s for the design of a tangential ECP.

Numerical-experimental research of signal variability in meters using the Monte-Carlo
method

In the following experiments, we will use the Monte-Carlo method to prove the effectiveness of suppressing
noise parameters that cause variations in the output signal of the probe around the undistorted case.

Therefore, according to the algorithm of this method, we will sequentially generate noise parameters in
the ranges specified in Tables 9 and 10, and during the simulation of measurements, we will observe changes
in the ECP signal, whose designs are optimal for non-magnetic and weakly magnetic substrates caused by
these interferences. In addition, parameters for noise modelling were generated at predetermined intervals
in accordance with the law of uniform distribution to ensure equal probability of their values occurring. The
number of implementations in the series was 30, although it could be arbitrarily large, but it is important to
choose a number that makes it impossible for the noise parameters to coincide with those shown in Tables 9
and 10. Comparison with the results of similar observations for the best (worst) non-optimal design options in
terms of SNR (Tables 8 and 11) allows us to verify the effectiveness of the designs found in terms of reducing
signal variance.

For the case when the substrate is non-magnetic, four numerical experiments were carried out, in each of
which the noise factor, the influence of which was investigated, varied, while other noise parameters were fixed.
Thus, in the first experiment, the noise parameter was the lift-off zZ;, while the other parameters were set as
follows: d=0.3 mm, Yy = p,=1,0,=7.9 MS/m, 0,=36.9 MS/m. In the second experiment, d =var, z,=1.5 mm,
and the other parameters were taken from the previous experiment. In the third experiment, the noise parameter
is the electrical conductivity of the coating material o, =var, and all other parameters are constant. In the last
experiment, the influence of three noise parameters z,, d, o, was studied simultaneously. Thus, Table 15 groups
the initial data on noise parameters at which these numerical experiments were performed.
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by W) by w2 f
Levet fMlean Level, flean Levet, flean Levet ftlean Levet fMlean
mm [N mm [SNR. mm [SNR- mm [SNR- mm [PNE-
dB dB dB dB dB

16 |10.44 1.00 §-9.62 8.0 }11.90 1.00 |-9.77 20.0 F11.75

19 |-9.83 1.75 |-9.70 9.5 }10.69 1.25 |-9.79 22.5 }10.57

22 1951 2.50 |-9.72 11.0 |-9.71 1.50 |-9.64 25.0 |-9.50

25 |-9.56 3.25 |-9.79 12.5 |-8.56 1.75 |-9.80 27.5 |-8.77

28 |-9.30 4.00 |-9.80 14.0 §-7.77 2.00 |-9.63 30.0 §-8.05

a) hl as 112 [ v
Levet f'lean Levet fMean Leve, flean Levet fMlean Levet, f'lean Levet, flean
dB dB dB dB dB dB
10 |-947 4 |-8.95 8.0 F1035 1.00 |-9.70 20 [16.43 10.00)-9.77
13 §-9.02 5 |-934 9.5 }10.07 1.25 |-9.68 35 [11.69] 13.75§-9.63
16 |-9.19 6 |-9.74 11.0 [-9.68 1.50 |-9.78 50 |-8.77 17.501-9.77
19 |-0.19 7 }10.10 12.5 |-9.46 1.75 |-9.66 6.5 |-6.65 2125|-9.73
22 F11.77, 8 }10.50] 14.0 §-9.07 2.00 |-9.81 8.0 §-5.09 25.001-9.73
A Y A Y A A Y A
Design and operating parameters ot the optimal design
ai. b;. hy. Wi aj. b,. hy. W, c. f v,
mm mm mm mm mm mm mm mm mm kHz m/s
13 28 40 10 14 14 175 20 80 30 13:75

Fig. 3. Determination of optimal parameters for a meter with rectangular coils and a non-magnetic substrate.

a, b, h, w, b, h, c f v
Taguchi-parameters | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (mm) | (kHz) | (m/s)
Values 22 28 4.0 1.0 12 18 1.0 8.0 30 10

Table 12. Parameters of the optimal design of a tangential ECP.

B ECP with recte'mgular coils | B ECP with rect'angular coils .
1.8 [ MM tangential ECP 1 I tangential ECP
1.61 L .
1.6 J 1.0 0.95
14T 1 0.8 1
m 1.2 1 1 m 06 1
= =
£ 1o 1 g o4} :
w w
08r 1
02 1
0.6 1
0.0 | 1
| 021 |
- -0.2 1
02T 1 -0.304
0.0 ' 0.4 !
(a) (b)

Fig. 4. SNR values of optimal designs (a) for non-magnetic substrate material and (b) for weakly magnetic
substrate.

The obtained dependencies of the relative deviation J, % of the output signals of the ECP from the change
in the lift-off z, of the optimized and two variants of non-optimized designs are shown in Fig. 7, the coating
thickness d - in Fig. 8, the electrical conductivity of the coating material ¢, - in Fig. 9. The case of their combined
simultaneous action is demonstrated in Fig. 10.

For the optimal design, the relative error under the influence of lift-off is in the range from 0.042% to 16.35%,
and the best option of the non-optimized design provides this indicator from 0.044% to 16.56%, while the worst
option has a range of 0.086-21.34%. When coating thickness was taken as the noise factor, the ranges of relative
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Fig. 5. SNR values for non-optimized designs of ECPs with rectangular coils for (a) non-magnetic substrate

and for (b) weakly magnetic substrate.
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Fig. 6. SNR values for non-optimized designs of tangential ECPs for (a) case of non-magnetic substrate and

(b) case of weakly magnetic substrate.
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Table 13. Results of ANOVA-analysis for the probe in determining the electrical conductivity of a non-

magnetic substrate.
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8,%

Parameters | SS MS F P W%
a, 46.6011 | 11.6503 | 548.615 | 0.0000010 | 4.29
b, 8.6689 2.1672 | 102.055 | 0.0000560 | 0.79
h, 14.6468 3.6617 | 172.431 | 0.0000150 | 1.35
w, 0.1190 0.0297 1.401 | 0.3544060 | 0.01
a, 10.3954 2.5989 | 122.381 | 0.0000360 | 0.95
b, 108.6785 | 27.1696 | 1279.425 | 0.0000001 | 10.02
h, 0.1524 0.0381 1.794 | 0.2672380 | 0.01
w, 0.2745 0.0686 3.232 | 0.1151350 | 0.02
c 808.2808 | 202.0702 | 9515.540 | 0.0000001 | 74.52
f 86.6142 | 21.6535 | 1019.671 | 0.0000001 | 7.98
v 0.1135 0.0284 1.336 | 0.3722980 | 0.01
residual 0.1062 0.0212

Table 14. Results of ANOVA-analysis for the probe in determining the electrical conductivity of a weakly

magnetic substrate.

Experiment 1 | Experiment 2 | Experiment 3 | Experiment 4
Ne |z, (mm) d (mm) o, (MS/m) z, (mm) | d (mm) | o, (MS/m)
1 1203 0.97 7.592 2.13 0.30 8.469
2 |234 0.62 6.753 1.55 0.41 7.496
3 |216 0.61 6.529 1.76 0.61 6.478
4 1234 0.41 8.132 2.40 0.34 6.856
5 |16l 1.1 8.052 2.23 0.49 7.301
26 | 1.69 0.79 8.512 2.16 0.89 8.119
27 | 1.68 0.80 7.139 1.60 1.25 8.446
28 | 1.96 0.81 7.981 1.55 0.69 6.352
29 | 1.60 0.99 7.580 1.96 0.49 7.399
30 | 1.60 0.91 8.170 2.23 0.87 8.756

Table 15. Noise factors for the case of a non-magnetic substrate.
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Fig. 7. Dependences of the absolute value of the relative deviation §, % of the output signals of the ECP on
variations of lift-off z, (a) for the optimized design, (b) for the best non-optimized design, (c) for the worst

non-optimized design.

deviation variation for the designs under consideration (Fig. 8) were as follows: for the first — 0.8-3.22%, for the
second — 0.82-3.29%, and for the third — 1.19-6.33%. The smallest variations are observed when the electrical
conductivity of the coating material was taken as the interfering factor (Fig. 9). Thus, for the optimal design,
these variations in relative error range from 0.018% to 0.35%, while for the best option of a non-optimal design,
they range from 0.019% to 0.36%, and the worst option has 0.024-0.45%. With the simultaneous combined
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Experiment 1 | Experiment 2 | Experiment 3 | Experiment 4 | Experiment 5

Ne |z, (mm) d (mm) o, (MS/m) B, z, (mm) | d (mm) |, (MS/m) |p,

1 |214 0.54 2.520 3.87 1.66 0.35 2.62 4.41
2 192 0.95 2.536 3.66 2.29 0.30 2.56 4.15
3 | 159 0.32 2.454 3.66 1.94 1.06 2.70 3.51
4 1220 0.44 2.348 4.17 2.01 0.41 2.88 4.47
5 |216 0.85 2.876 3.37 1.57 0.97 2.12 3.33
26 | 1.55 0.81 2.819 3.65 2.10 0.85 2.60 3.53
27 | 1.60 0.75 2.078 3.29 1.69 1.30 2.62 4.73
28 | 2.15 1.24 2.032 3.42 1.73 1.17 2.80 3.60
29 | 241 0.55 2.034 4.68 1.74 0.48 2.69 4.34
30 | 1.93 1.03 2.477 4.61 1.91 0.58 2.30 4.77

Table 16. Noise factors for the case of a weakly magnetic substrate.

influence of all the noise factors mentioned here, we have the following relative deviations, whose values range
from 2.12% to 19.75% for the optimized design option, from 2.16% to 20.00% for the best non-optimized design
option, and from 2.99% to 27.45% for the worst non-optimized design option.

A similar study was conducted when analyzing TO with a weakly magnetic substrate. However, in this case,
another noise factor is added - the magnetic permeability of the substrate. Table 16 shows some numerical values
of noise parameters for performing experiments.

The parameters and electrophysical properties of the materials were taken as follows: d=0.3 mm, p =1,
0,=2.4 MS/m, 0,=60 MS/m, y,=4.1 - experiment 15z, =1.5 mm, 4, =1, 6, =2.4 MS/m, ¢,=60 MS/m, y,=4.1-
experiment 2; d=0.3 mm, zy=15mm, y =1, 06,=60 MS/m - experiment 3; d=0.3 mm, p,=1,0,=24 MS/m,
0,=60 MS/m - experiment 4; 4, =1, 0,=60 MS/m - experiment 5.

Thus, these experiments also show a reduction in output signal variations for the optimized design compared
to the non-optimized ones. In the first experiment, the maximum relative deviation is 17.49%, 17.7%, and 22.75%
for the specified design options. For the second experiment, these indicators are as follows: 9.27%, 9.42%, and
14.3%. When the noise factor is the electrical conductivity of the coating material, a slight variation in output
signals is obtained with a relative deviation ranging from 0.0011% to 0.326% for the optimized design, and
slightly higher values for the non-optimized designs. Variations in the magnetic permeability of the substrate
material also produce insignificant signal fluctuations with relative deviations in the range of 0.028-0.63% and
higher values for non-optimized designs, ranging from 0.64% to 1.12%. With the simultaneous cumulative effect
of all four noise factors, the range of relative deviation when using the optimal probe design is from 2.67% to
22.76% and, accordingly, 3.53-30.5% for the non-optimized design.

Conclusions

In summary, it should be noted that in this study, for movable surface self-differential eddy current conductivity
meters of non-magnetic and weakly magnetic substrates of an object located under a layer of metal coating, a
method of suppressing all noises characteristic of this problem was implemented based on Taguchi optimization.
As a simulation result, two optimal designs were obtained for the tangential type and with rectangular coil
meters, which turned out to be the same for measurements of the conductivity of TO with non-magnetic and
weakly magnetic substrates. It was established that the optimal design of the ECP with rectangular coils in the
case of a non-magnetic substrate of the TO has a signal-to-noise ratio of 1.61 dB, while the best of the non-
optimized designs has a negative SNR of 0.92 dB, and the worst also has a negative SNR of 20.86 dB. At the
same time, even if we consider the minimum SNR increase of 2.53 dB from these options, this gives an increase
in the meter signal level of approximately 25.8%. Similar results were obtained for the measurement of the
electrical conductivity of a weakly magnetic TO. A confirmatory experiment established that the best SNR level
is provided by a probe structure with rectangular coils. Thus, for measurements on a non-magnetic substrate,
this design has an SNR value 7.6 times higher, and in tests on a weakly-magnetic TO in 4 times higher compared
to the tangential design of the meter.

Numerical-experimental Monte Carlo experiments have shown that signal variations, estimated by relative
deviations for both substrate cases, are approximately of the same order of magnitude. It should also be noted that
in all cases, the optimized design of the meter provides smaller signal variations. Thus, assuming that only noise
factor z, is present, the maximum relative signal deviation for this design is almost 5% less than for the worst
non-optimized version. This indicator is slightly lower, by 3%, when the noise factor is the coating thickness. The
maximum relative deviation of 0.35% for the optimal design and 0.45% for the non-optimized design was quite
insignificant when only the influence of the variation in electrical conductivity of the coating material was taken
into account. In this case, the deviation indicator improved by only 0.1%. A reduction in relative deviation of
almost 7.7% is observed when the signals to the meter are obtained taking into account the simultaneous action
of all noise factors. Thus, in all numerical experiments, there is a more or less decrease in the relative deviation
for the optimized design option, which indicates its effectiveness compared to the non-optimized options.
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Using ANOVA variance analysis based on its statistical indicators, the significance of the design and
operating parameters of the eddy current meter was determined. Thus, for both TO substrate materials, the
same number of statistically insignificant probe parameters were identified, namely the width of the excitation
coil w, and height h,, the width of the pick-up coil w,, and the speed of movement of the tested object v. Then,
the variation ranges of design parameters in order of decreasing its influence is as follows: the center-to-center
distance between the coils, the length of the pick-up coil, the excitation frequency, the width and height of the
excitation coil cross-section, the width of the pick-up coil, and the length of the excitation coil.

Data availability

The datasets used in this study are publicly available and subject to their respective licensing terms. The UCI
HAR dataset is available at: https://www.kaggle.com/c/uci-har and is distributed under the Creative Commons
Attribution 4.0 International (CC BY 4.0) license, permitting sharing and adaptation with proper citation. The
PAMAP?2 Physical Activity Monitoring dataset is accessible at: https://www.kaggle.com/code/avrahamcalev/tim
e-series-models-pamap2-dataset, also under the CC BY 4.0 license, requiring attribution for any use. No addi-
tional data were generated during the current study.
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