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The aim of the paper is to develop a method for increasing the signal-to-noise ratio of eddy current measurement of
geometric anomalies in static planar objects without actually eliminating the inherent effects of noise factors. This is
achieved by means of Taguchi's robust parameter design of rectangular frame surface probes, which allows determin-
ing the optimal configuration of their constructions. On a specific example, a robust configuration construction of the
eddy current probe design is found, i.e., its technical variant that ensures a reduction of the output signal variance near
its average value, i.e., resistance to noise disturbances, due only to the appropriate determination of the values of the
controllable design and operating parameters of the probe without eliminating uncontrollable interference inherent in
the test objects. For the robust design of a number of eddy current meters with different functionalities, a universal
magnetodynamic model of the probe was used, which, together with the application of orthogonal arrays, allows the
creation and implementation of Taguchi-design of experiments. The software that implements this model has been veri-
fied, including by comparing it with the results of calculations on test’s examples performed using the finite element
method. The accuracy achieved in this case allows us to assert the adequacy of the created computer program. The
data obtained as part of the Taguchi-design of experiment were used to evaluate design options using the “larger is
better* quality loss function and the signal-to-noise ratios calculated on its basis, which made it possible to select the
optimal combination of design and operating parameters of the eddy current probe. The reliability of the found optimal
configuration of the eddy current probe design was proved by confirmatory calculations. The research results were also
experimentally verified on a prototype. References 21, figures 6, tables 9.

Keywords: robust parameter design, measuring geometric anomalies, rectangle surface eddy current probe, noise sup-
pression, universal magnetodynamic model of the probe, Taguchi's experimental design, quality loss function, signal-to-
noise ratio.

Introduction. The latest conceptual capabilities of modern methods of designing measuring probes
often make it possible to completely change their conventional consumer properties. This trend is also char-
acteristic of eddy current probes (ECP), which is confirmed by the creation of uniform ECPs [1, 2, 3], Smart
ECPs, in particular, multi-element probes with flexible parameterization by electronic switching [4], etc. It is
developing rapidly and is being widely implemented in engineering activities.

Among the known ones, ECPs are distinguished by a significant information content of the selected
signal. This is a consequence of the dependence of the output signals of the ECP on a significant number of
factors at the same time, which can be considered both their significant advantage and a significant disadvan-
tage. This information capability of the ECP allows for the separate measurement of a number of parameters
in the test object (TO), but other influencing factors are already becoming interferences to establishing the
actual values of the measured factor. The research and study of techniques for separate control of the effects
of a factor or their joint aggregates on the process of forming ECP signals during eddy current measurements
of specific parameters is of considerable practical interest.

The main factors affecting the ECP signal include the presence of continuity violations, changes lift-
off, local changes in the magnetic permeability of the TO material and its electrical conductivity, certain
features of the TO geometry, in particular, surface curvature, its roughness, etc. Thus, it is important to keep
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the impeding factors at a constant level in ECP measurements, which is almost always practically impossi-
ble. When more than one factor simultancously affects the output signal of a probe, it becomes quite difficult
to separate the influence of the measured factor from the influence of interfering factors. Moreover, the ECP
is characterized by influences that are inherent in the TO and cannot be controlled.

For these reasons, there is a need to find effective ways to separate the effects of factors, which are
usually focused on certain approaches to processing information selected from the ECP. There are phase,
multi-frequency, amplitude-phase, projection, and other methods. These methods are mostly based on the
analysis of hodographs of signal changes on a complex plane under certain measurement conditions related
to the choice of the frequency of the electromagnetic sensing field.

When conducting eddy current measurements, it is advisable to use the concept of signal-to-noise ra-
tio (SNR), where noise is considered any possible signal that has no relationship with the measured parame-
ter. At the same time, depending on the functionality of the measuring instrument being designed, each sig-
nal can be considered both measurable, i.e. useful, and noise that needs to be suppressed. Noise always
masks the definition of the measured parameter, so it is important to increase the signal-to-noise ratio. This
aim can be achieved by various methods, among which the most common are the choice of an effective sens-
ing frequency, parameter combination of signals of several different frequencies during testing, and the
choice of probe design.

In this study, we will focus on the implementation of the latter as the most promising in terms of ease
of implementation using the technique of robust parameter design based on the Taguchi's method when
searching for an optimal configuration of the probes design. Moreover, it is also possible to further apply
other methods of separating the information influences of the factors mentioned earlier to probes with their
improved configuration. In the following, we will understand the robasterization of the ECP to mean, in ac-
cordance with Taguchi's concept, the search for such an optimal technical option in terms of the design con-
figuration that allows to ensure the stability of the output signal to noise interferences, namely, the reduction
of variations of the output signal around its average, due only to the appropriate determination of the values
of the controllable design and operating parameters of the probes without eliminating uncontrollable interfer-
ence inherent in the TO. Moreover, it is recommended to consider and calculate the signal-to-noise ratio as a
certain performance statistic to measure the effect of noise factors on the output signal for each ECP design
configuration to be analyzed and to find the option that corresponds to the maximum value.

The Taguchi method has been widely used in industry to optimize the performance of various tech-
nical products and processes and has become even more popular in modern conditions than at the beginning
of its appearance. This is evidenced by the analysis of the latest research by scientists, for example, publica-
tion [5] and review [6], some of which are devoted to its application in non-destructive testing methods [7, &,
9]. However, the authors' attempts to find information on the use of robust design to improve the characteris-
tics of the ECP were unsuccessful, except for publications by the authors themselves [10, 11]. It conducted a
study on increasing the signal-to-noise ratio of an eddy current thickness gauge of metal plates based on a
surface encircle probe, where encouraging positive results were achieved. Thus, it makes sense to scale the
gained research experience to other types of measurements of TO parameters with surface ECP.

Therefore, the aim of the article is to create a method for increasing the signal-to-noise ratio of
eddy current geometric anomaly measurement with frame surface probes by means of Taguchi's robust pa-
rameter design, which allows determining the optimal configurations of their structures for testing static pla-
nar objects without actually eliminating the effects of their inherent noise factors.

Problem statement. Let us formulate the research problem: at the stage of designing an eddy current
measurement with a frame surface transformer probe, i.e., a means of measuring geometric anomalies of a
static planar TO in the form of violations of material continuity, curvature of its surface, its roughness, etc., it
is necessary to find, using the Taguchi's robust parameter design method, such a configuration of the probe
design, namely, its operating and design parameters, which ensures low variability, and thus stability, of the
ECP output signal without actually eliminating the effects of uncontrollable noise factors and realizes the
maximum signal-to-noise ratio.

The general methodology for implementing Taguchi's robust parameter design is described in detail
in numerous thorough monographs, for example, in [12], and recent publications [13, 14], which discuss
modern approaches to its application. The methodology adapted to the design of eddy current probes was
discussed in detail by the authors in their studies [10, 11]. For the above reasons, this article provides only
brief information necessary for further understanding of the material on the use of such methodology, with
an accent on the existing specific differences.
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Thus, the main stages of the Taguchi's method necessary for the design of the ECP, i.e., the research
objectives, are as follows: to distinguish the TO characteristic measured by the probe, which is recorded by
its output signal; to identify the controllable parameters of the ECP, as well as possible levels of their grada-
tion when varying; to determine the noise factors and their gradation levels; to assign intervals of changes in
the controllable and noise factors; to select orthogonal arrays that are appropriate to the characteristics of
both groups of factors; to create a design of experiments and conduct them, using computer modeling to
calculate the output signal of the ECP according to the proposed universal magnetodynamic model; on the
basis of ANOVA analysis (Analysis of Variance) of the influence of factors on the induced EMF of the
probe and the values of the signal-to-noise ratio calculated for each test based on the Taguchi’s quality loss
function, select the optimal configuration of the ECP design according to the appropriate combination of
gradation levels of controllable factors that maximizes the SNR; to conduct confirmatory numerical experi-
ments to verify the found optimal parameters of the ECP design configuration.

In the following, we will illustrate all these stages of robust ECP design in detail with the above ex-
amples.

Universal magnetodynamic model of the ECP. Robust parameter design by the Taguchi's method
in the classical sense refers to experimental methods for determining the desired combination of controllable
factors of ECPs that identify the configuration of their design. However, we accept that in this study, the
output signal of the probe is determined as a result of calculations using a certain mathematical expression,
i.e., computer numerical modeling. Therefore, for this purpose, we chose an analytical mathematical model
of the surface ECP [15] with correction according to [16], which can be considered universal for almost all
practical measurement applications. It was created under the following assumptions: the TO medium is lin-
ear, isotropic, and homogeneous. However, there are certain limitations to its use: possible boundary effects,
deviations of the ECP axis from the perpendicular position to the surface of the TO were not taken into ac-
count, although their influence on measurements exists in reality.

|z V4 The TO is assumed to be a two-layer of infinite

‘ width and length with thickness d; and electrophysical prop-
erties of materials o; and g (i = 1, 2), where o and u are the
electrical conductivity and relative magnetic permeability,
respectively. The TO moves with velocity v. The current of
/ T g a rectangular multi-turn excitation coil with the number of
> turns N; varies according to a harmonic law le’” with an

i s

angular frequency w. The pick-up coil of the ECP has N,

b, c o] B turns. The geometric model of the ECP above the TO is
: shown in Fig. 1.
L e When solving the problem in [15], the entire space
x / was divided into three regions: Region0(z>0),
Hy, 0 ~ Region1(-d, <z<0) and Region2(z<-d,). Provided
s, G - that the depth of penetration of the electromagnetic field is
—_— L less than the thickness of the TO (d; + d>), the mathematical
Fig. 1 model of the ECP was created assuming that the TO is con-

sidered as a half-space, i.e., d, = .

Induced by the secondary electromagnetic field generated by eddy currents in the TO, the EMF of
the surface probe over a moving object is calculated according to expression (1). It relates the design and
operating parameters of the probe, the electrophysical and geometric characteristics of the TO, and also takes
into account the location of the pick-up coil in Region 0, which is shown in Fig. 1, i.e., when the EMF is
induced by the x-component of the magnetic induction of the secondary field:

E= 20uyIN\N, T Kk K, sin h¢ eI .{e_(hﬁwﬁaz)g —e_(221+W2+”z+h1)9}d§d77 O
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Thus, we have a mathematical model of the ECP, which is in fact universal, since it can be used in a
number of cases of eddy current measurements, namely test of planar static electrically conductive products
of considerable thickness (0 << (d; +d,), v=0, u; = 1, 01 = 03, where 0 is the depth of penetration of the
electromagnetic field, 6= 7

(wﬂ,uoo_
considerable thickness (0 << (d; +d;), v#0, u; = u,, oy = 0y); inspection of planar static two-layer electri-
cally conductive products (v =0, u; # u», o1 # 03); inspection of planar moving two-layer electrically con-
ductive products (v # 0, u, # u2, 01 # 03); inspection of dielectric coatings on a static electrically conductive
basis (v=0, u; =1, a1 =0, z; = 0); inspection of electrically conductive coatings on a static electrically con-
ductive basis (v= 0, u; # u2, 01 # 03). Therefore, within the framework of using a single magnetodynamic
model of the ECP, it is possible to consider a number of similar studies.

To calculate the EMF of the probes, we created software, the adequacy of which was confirmed by
verification on numerical calculations with the following design parameters of the excitation coil
ay=12mm, by =12 mm, z;, =1 mm, w; =2 mm, A, =8 mm, N, =500 and the pick-up coil — a, =3 mm,
by =5mm, z, = 1 mm, w, =5 mm, 4, =2 mm, ¢ = 6 mm, N, = 300. The electrophysical parameters of the TO
were set as follows: o7 =3.8 - 10" S/m, m=10=58" 107 S/m, b= 1. Fig. 3 shows the values of the x-
component of the magnetic induction vector obtained by formula (2) from [15] in the space between the ex-
citation coil and the conductive plate at x = - 16, ..., 16 mm, y = 0 mm, z = 5 mm, d, = 200 um, f= 2 kHz:

)); inspection of planar moving electrically conductive products of
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The results of verification of the values of the x-component of the magnetic induction vector of the
secondary field are shown in Fig. 2 and Fig. 3, where Fig. 3 contains the results of calculations by the finite
element method (FEM) [15], and Fig. 2 — by the created software. The induction values are consistent both in
terms of the type of functional dependence and numerical values. Similar results with acceptable accuracy
were obtained when comparing the output signals of the ECP calculated by the FEM and by formula (1).

The selection of orthogonal arrays for the controllable and noisy group’s factors. To create a de-
sign of experiment based on the Taguchi's method, it is first necessary to identify all influencing factors and
classify them as either controllable or noise. For an eddy current measurement, the controllable constructive
parameters are all geometric dimensions of the excitation and pick-up coils and the center distance between
them, while the operational parameters are the excitation's frequency and current. In this case, the noise factors
are the electrophysical properties of the TO material and the lift-off between the probe and the TO.

To determine the range of variation of each influencing parameter, additional studies of the sensitiv-

Table 1
Factors Variation
range
Excitation coil width a;, mm 8-16
Length of the excitation coil 5;, mm 12-16
Excitation coil cross-sectional height 4#;, mm 6-10
Cross-sectional width of the excitation coil wy, 1-5
mm
Width of the pick-up coil @), mm 1-6
Length of the pick-up coil b,, mm 2-8
Cross-sectional height of the pick-up coil /,, mm 1-6
Cross-sectional width of the pick-up coil w,, mm 1-4
Center distance between the pick-up and excita- 0-6
tion coils ¢, mm
Excitation frequency f, kHz 0.5-5
Excitation current /, A 0.1-1
Magnetic permeability u 1-3
Electrical conductivity o, -107, S/m 0.1-0.14
Lift-off z;, mm 0.5-3.0

ity of the ECP to them were performed. In
other words, numerical experiments were con-
ducted to determine the dependence the EMF
of probe on all the influencing parameters. In
this case, the parameter under analysis was
varied within certain specified limits, and all
other parameters were unchanged. The basic
initial data for analyzing the sensitivity of the
ECP to the influencing factors are as follows:

a; =12 mm, by =14 mm, hi =8 mm,
wi =3 mm, a, =3.5 mm, b, =5 mm,
By, = 3.5 mm, wy, = 2.5 mm, ¢=3 mm,
di = 4.4 mm, f=2.75kHz, I=1A,

c=01=0,=0.12- 10" S/m, M=t =1 =2.
Finally, Table 1 summarizes the parameters
affecting the output signal of the eddy current
measurement and the limits of their change.
Fig. 4 shows graphs of the change in the elec-
tromagnetic field induction modulus depending
on the electrophysical parameters of the TO,

namely magnetic permeability (Fig. 4, a) and electrical conductivity (Fig. 4, b), at different excitation fre-

quencies.
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To create the design of experiment, we chose the orthogonal array L,;(3") for the controllable and
Lo(3%) for the interfering parameters with three levels of gradation for both types [17, 18]. For this study,
modified arrays were obtained from them for the required number of influencing factors, in particular, two
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redundant factors were removed from L,/(3"), i.e., Lo7(3") is obtained, and one redundant factor was re-
moved from Lo(3%), that is, Lo(3), which is allowed by the properties of orthogonal arrays.

Taguchi’s quality loss function and SNR calculation. The Taguchi's robust design method in-
volves the use of a certain quality loss function Fitness.

It represents the standard deviation of the studied quality characteristic, i.e. the output signal of the
ECP, from its desired target value, which is calculated from the responses to the data set contained in the table

. . 1 &1 . . . .
of the design of experiment Fitness = _ZF , where E; is the output signal of the probe; » is the sample size.
n i

Then, the signal-to-noise ratio, taking into account the “larger is better” property introduced by
Taguchi, is calculated using a formula that mixes the average and variance together and assumes that the
variance is proportional to the average SNR =—10-lIg(Fitness) . The larger the value of this indicator, the

smaller the deviation of the ECP output signal from the target value.

Taguchi's design of experiment. The elements of the orthogonal

arrays with three levels of gradation of factors, namely low, medium, and Table 2 -

high, are recalculated into units of real physical quantities, i.e., a design of &2 10 S/m | z.m
gh, are recajcu’a physica’ q 1€, £ L |1 0.1 0.0005
experiment for the interfering parameters (Table 2) and controllable pa- 5 1 012 000175
rameters (Table 3) is obtained. 3 1 0.14 0.003
In the further course, according to the constructed plan, the next [ D 01 0.00175

stage of research is carried out, namely, for each experiment with the speci- [3 B 0.12 0.003
fied design parameters (Table 3), the EMF of the probe E, (10" V) is de- [ 2 014 0.0005
termined at the specified settings for all noise factors (Table 2) and the SNR | 7 3 0.1 0.003
values are calculated, which are listed in Table 4. 8 3 0.12 0.0005
9 3 0.14 0.00175

Table 3
Ne a,m | bym | h,m | w,m a,, m by, m hy, m Wy, M ¢c,m | f,Hz | ILA
1 0.008 | 0.012 | 0.006 | 0.001 | 0.001 0.002 | 0.001 0.001 0 500 0.1

0.008 | 0.012 [ 0.006 | 0.001 | 0.0035 | 0.005 | 0.0035 | 0.0025 | 0.003 | 2750 | 0.55

0.008 | 0.012 | 0.006 | 0.001 | 0.006 0.008 | 0.006 0.004 0.006 | 5000 |1

2
3
4 0.008 | 0.014 | 0.008 | 0.003 | 0.001 0.002 | 0.001 0.0025 | 0.003 | 2750 |1
5 0.008 | 0.014 | 0.008 | 0.003 | 0.0035 | 0.005 | 0.0035 | 0.004 0.006 | 5000 | 0.1

11 0.012 | 0.012 [ 0.008 | 0.005 | 0.0035 [ 0.008 | 0.001 0.0025 | 0.006 | 500 0.55

12 10012 |0.012 |0.008 |0.005 | 0.006 0.002 | 0.0035 | 0.004 0 2750 |1

13 10012 |0.014 |0.01 0.001 | 0.001 0.005 | 0.006 0.0025 | 0.006 | 500 1

14 10012 |0.014 |0.01 0.001 | 0.0035 | 0.008 | 0.001 0.004 0 2750 | 0.1

15 10.012 | 0014 |001 0.001 | 0.006 0.002 | 0.0035 | 0.001 0.003 | 5000 | 0.55

23 1 0.016 |0.014 |0.006 |0.005 |0.0035 |0.002 | 0.006 0.004 0.003 | 500 0.1

24 1 0.016 | 0.014 |0.006 | 0.005 |0.006 0.005 | 0.001 0.001 0.006 | 2750 | 0.55

25 10.016 |0.016 |0.008 |0.001 | 0.001 0.008 | 0.0035 | 0.004 0.003 | 500 0.55

26 1 0.016 |0.016 |0.008 |0.001 |0.0035 |0.002 | 0.006 0.001 0.006 | 2750 |1

27 1 0.016 | 0.016 | 0.008 | 0.001 | 0.006 0.005 | 0.001 0.0025 |0 5000 | 0.1

ISSN 1607-7970. Texn. enexmpoounamuxa. 2025. Ne 5 81



Table 4

Noise factors

Ne S S & g & 5 S 5 S SNR

3 Sy < S < ] Sy S Sy

1 2 3 4 5 6 7 8 9
1 7.35 6.52 5.74 4327 | 29.77 | 62.28 44.24 92.53 63.84 | -59.218
2 5200 | 4510 3880 5340 3830 | 8440 4430 10400 6180 -5.959
3 39760 | 34250 | 29320 | 22610 | 20800 | 30380 | 16530 | 26650 | 19860 7.610
4 3610 | 3120 2680 3950 2750 | 6630 3220 8230 4660 -8.879
5 2810 | 2440 2100 1710 1540 | 2300 1240 1860 1510 | -15.018
11 359.7 | 3574 | 344.1 1159 1007 1269 1458 1778 1683 | -24.850
12 10910 | 10170 | 9230 | 11010 | 9500 | 14510 9620 14600 | 11720 0.695
13 224 220.7 | 2106 | 731.8 | 628.6 | 7332 931.4 1064 1050 | -29.040
14 1815 1640 1458 1853 1508 | 2532 1606 2900 2008 | -14.909
15 8487 | 7322 6245 6581 5388 9406 4840 9070 6404 -3.601
23 4277 | 4362 | 4282 | 1212 114 131.9 159.7 1718 | 178.74 433
24 10760 | 10150 | 9294 | 12010 | 10400 | 15470 | 10640 15630 | 13206 1.158
25 308.8 | 310.1 | 3013 | 948.1 | 8455 | 1040 1205 1468 | 1381.52 | -26.141
26 5547 | 5257 4820 5849 5137 | 7760 5148 7452 | 6353.21 | -4.866
27 4789 | 4356 3849 4124 3539 | 5271 3157 4712 | 3919.82 | -7.852

where we used the coding u;, 03, z1,, i =1, ..., 9;j = 1, ..., 27 to set combinations of factors

Determination of optimal Taguchi's parameters. The calculated values of signal-to-noise ratios
for all experiments are used to further determine the optimal controllable parameters of the ECP, taking into
account the “larger is better” property [9]. A number of statistical indicators for each controllable parameter

at all levels of its gradation, namely, mean values (SNR)*";

absolute error of the mean value

A =(SNR)—(SNR)“" , where (SNR) is the mean value of the signal-to-noise ratio of all controllable parame-

ters, which is - 14.671 dB; standard deviation St.Dev (Table 5), allows us to find the Taguchi's parameters of
the probe that provide the maximum SNR, i.e., their optimal values (Table 6).

Table 5
Factor aj b h
Level 0.008 | 0.012 [ 0016 | 0012 | 0014 [ 0016 0.006 0.008 0.01
(SNR)™ | -16.864 | -14322 | -12.828 | ~16.231 | -14.271 | -13.512 1 1413 -14.631 | -15273
A 2193 | 0349 | 1.844 | -1.56 0.4 1.16 0.561 0.041 -0.602
St.Dev 18.712 | 17399 | 16415 | 19.862 | 16278 | 16364 | 27.246 9.846 9.573
Continuation of Table 5
Factor Wi a b,
Level 0.001 0.003 0.005 0.001 0.0035 | 0.006 | 0.002 0.005 0.008
(SNR)™ | -15998 | -14382 | -13.635 | _1g6 | -13.756 | -11.659 | -1922 | -13.856 | -10.939
A -1.326 0.29 1.036 -3.927 0.915 3012 | -4549 | 0816 3.733
St.Dev 19.825 | 16211 | 16510 | 19.634 | 1597 16.205 | 23.016 | 10.282 | 16.0165
Continuation of Table 5
Factor hy Wy c
Level 0.001 0.0035 | 0.006 0.001 0.0025 0.004 0 0.003 0.006
(SNRY™ | -14372 | -14731 | -1491 | -16335 | -14211 | -13.468 | 14043 | -14.456 | -15.516
A 0.299 -0.06 -0.239 -1.664 0.461 1.203 0.628 0.216 -0.844
St.Dev 19971 | 16706 | 15924 | 20.654 | 16314 | 15296 | 20411 | 15527 | 16.514
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Continuation of Table 5

Factor f 1

Level 500 2750 5000 0.1 0.55 1

(SNR)™ | -32.879 | 8158 | 2977 | 6908 | -10730 | 6356

A -18.208 6.514 11.694 -12.257 3.941 8.316

St.Dev 13.184 7.875 11.015 17.7 11.078 15.211
Table 6

Taguchi- 611:16 b1:16 h1:6 W1:5 a2:6 b2:8 h2:1 W2:4 c=0 FS =1
parameters mm mm mm mm mm mm mm mm mm kHz A

(SNR)“" dB | 1.843 | 1.159 | 0.561 | 1.036 | 3.012 | 3.732 | 0.299 | 1.203 | 0.628 | 11.69 | 8.315

The statistical significance of the influence of design parameters, i.e. factors, on the performance
sign in the form of the ECP signal was assessed by multifactorial analysis of variance ANOVA [19, 20]. The
method is based on the division of the total variance of the studied factor into separate parts, each of which
characterizes the influence of a particular parameter on the performance sign. A precondition for the use of
ANOVA is the fulfillment of a number of conditions: the observations are independent of each other; have a
normal distribution and homogeneous variance. Therefore, the initial data for each of the 27 experiments,
i.e., the values of the output signal, were subjected to the procedure of checking their compliance with the
normal distribution law. In this study, each experiment has a sample of 9 elements. For this purpose, we used
the Shapiro-Wilk criterion, which is the most effective method for solving this problem for small samples,
and the d'Agostino-Pearson test, which is an integration of tests for analyzing skewness and kurtosis.

Table 7 shows the results of checking the initial data for their compliance with the normal distribu-
tion law according to these two criterions. Also, for some experiments, in particular, Ne 22, 17, 27, normal
probability plots are shown in Fig. 5 a, b, c, respectively, which provide an additional opportunity to visually
verify the assumptions about the normality of the data distribution.

Table 7
Ne Shapiro-Wilk Test d'Agostino-Pearson Test
W-stat p-value alpha normal DA-stat p-value alpha normal

1 0.917 0.373 0.05 yes 0.467 0.791 0.05 yes
2 0.833 0.0493 0.05 no 4.556 0.103 0.05 yes
3 0.969 0.887 0.05 yes 0.446 0.799 0.05 yes
4 0.823 0.037 0.05 no 4.549 0.102 0.05 yes
5 0.972 0911 0.05 yes 0.465 0.792 0.05 yes
6 0.915 0.352 0.05 yes 0.508 0.775 0.05 yes
7 0.954 0.742 0.05 yes 0.672 0.714 0.05 yes
8 0.914 0.351 0.05 yes 0.647 0.723 0.05 yes
9 0.837 0.054 0.05 yes 3.315 0.19 0.05 yes
10 0.959 0.794 0.05 yes 0.357 0.836 0.05 yes
11 0.88 0.157 0.05 yes 2.137 0.343 0.05 yes
12 0.84 0.057 0.05 yes 2.0 0.366 0.05 yes
13 0.863 0.104 0.05 yes 2.304 0.315 0.05 yes
14 0.855 0.085 0.05 yes 3.566 0.168 0.05 yes
15 0.941 0.596 0.05 yes 1.04 0.594 0.05 yes
16 0.85 0.075 0.05 yes 3.881 0.143 0.05 yes
17 0.94 0.591 0.05 yes 1.079 0.582 0.05 yes
18 0.86 0.0977 0.05 yes 2.383 0.303 0.05 yes
19 0.885 0.181 0.05 yes 1.415 0.492 0.05 yes
20 0.986 0.99 0.05 yes 0.187 0.91 0.05 yes
21 0.882 0.165 0.05 yes 2.08 0.353 0.05 yes
22 0.82 0.034 0.05 no 3.221 0.199 0.05 yes
23 0.857 0.09 0.05 yes 247 0.29 0.05 yes
24 0.87 0.123 0.05 yes 1.568 0.456 0.05 yes
24 0.88 0.16 0.05 yes 2.059 0.357 0.05 yes
26 0.863 0.105 0.05 yes 1.918 0.383 0.05 yes
27 0.987 0.991 0.05 yes 0.0807 0.96 0.05 yes
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Thus, according to the Shapiro-Wilk criterion, only three experiments fail to confirm the hypothesis
that the experimental data are distributed according to the normal law, while the d'Agostino-Pearson criterion
confirms it in all cases. Nevertheless, even in cases where the data does not follow the normal distribution
law, there are minor deviations from it. However, it should be noted that Fisher's criterion, used in analysis
of variance to determine the significance of factors, is characterized by resistance to deviations from normal-
ity and homogeneity of variances [21], so there is every reason to use it. The statistical significance of the
influence of each factor on the signal-to-noise ratio of ECP is assessed by this criterion by comparing the
corresponding sample variance MS and the variance of reproducibility MS, ., Which, in turn, is due to
random factors. If (MS/MS, >F  where a is the accepted level of significance equal to 0.05, m; is the

residual ) a,my,my

number of degrees of freedom of the relevant factor, m, is the number of degrees of freedom of all random
factors, then the influence of the evaluated factor on the performance sign is insignificant. In the
case (MS/MS >F , the difference between the variances of MS and MS, .. is significant and, ac-

residual ) a,m,m

cordingly, a significant influence of the evaluated factor is observed. Also, the conclusion about the signifi-
cance of the factors can be made by comparing the accepted significance level a with the indicator p ob-
tained for each factor, where p is the probability that the influence of the factor on the resultant sign is ran-
dom. If p < 0.05, then the hypothesis of no influence of the factor is rejected and a conclusion is made about
its statistical significance. The critical value of Fisher's criterion for this research is Fygs24=6.94. Further,
comparing the actually obtained values of the variance ratios for each factor, the insignificance of the pa-

rameters /1, and %, was revealed

Table 8 (Table 8). Table 8 uses the fol-

Parameters SS MS F p Q, % lowing notation: SS is the sum of

7 squares of the variance compo-

@ 74.964 37482 51.664 0.001389 nent, F is the variance ratio at the

b, 35.448 17.724 | 24.430 0.005726 0.47 degree of freedom m; =2, Q is

hy 6.109 3055 4210 0.103712 0.08 the percentage contribution of
each factor.

wi 26.254 13.127 18.093 0.009907 0.35 A visual assessment of

a 228014 | 114007 | 157.141 | 0.000158 3.06 the best settings for each control-

by 317.624 | 158.812 | 218.898 | 0.000082 4.26 lable parameter based on the

: : : : ) average SNR values with an

hy 1.353 0.676 0.932 0.465233 0.018 indication of the twofold limits

w 39850 | 19925 | 27463 | 0.004608 053 | of the standard ‘error St.error

around its mean is shown in

¢ 10.388 5.194 7.159 0.047678 0.14 Fig. 6. The ratio (SNR)™ by

A 4596362 | 2298.181 | 3167.694 | 0.000001 61.63 levels of the controllable parame-

1 2114.187 | 1057.094 | 1457.043 | 0.000002 | 28.36 | ters for the excitation coil is

rosidual 5900 0.726 shown in Fig. 6, a; for the pick-

: : up coil —in Fig. 6, b; for the axial

relative position of the coils relative to each other — in Fig. 6, c; for the operating parameters — in Fig. 6, d.
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Confirmation of the reliability of the optimal configuration of the ECP design. The reliability of
the found optimal configuration of the ECP design was proved by confirmatory calculations. Thus, with the
determined optimal parameters of the ECP (Table 6), we have the best value SNR = 18.815 dB, which is
greater than any value obtained in Table 4 of the design of experiments. At the same time, the deviation of
the ECP output signal from the target value is minimal and does not exceed 0.107. Thus, the correctness of
the found controllable parameters of the designed ECP is confirmed.

In addition, the results of

Table 9 . . .
Z.m theoretical sFudles were experi-

Parameters 0.0005 | 0.001 ] 0.0015 | 0.002 | 0.0025 ] 0.003 | mentally verified on a prototype.
Foues V 10.346 | 9.514 | 8.791 | 8.147 | 7.563 | 7.027 | For the experiment, we used a
Epeass V 10412 | 9461 | 875 | 8214 | 7.532 | 6.981 | TO making of I12XI8HI0T ma-
Relative error, % 0.63 | 0557 | 0466 | 0.822 | 0.41 | 0655 | terial with a diameter of

D =105 mm and a thickness that
is twice the depth of penetration of the electromagnetic field, such as # =10 mm. The excitation of the tested
ECP, which has geometric dimensions (Table 6), was carried out by an OWON XDG3082 arbitrary waveform
generator. It provides the generation of sinusoidal signals in the frequency range of 1 pHz — 80 MHz with an
accuracy of £ 1 ppm and an amplitude of 1 mV — 5 V with an accuracy of £ 1 % with an amplified signal out-

ISSN 1607-7970. Texn. enexmpoounamuxa. 2025. Ne 5 85



put of up to 2 A. The output signal of the pick-up coil was recorded by an ANENG AN888S PRO voltmeter
with an accuracy of £ 0.3 %. In this experiment, of the three noise factors, only the change in the lift-off z; can
be performed with a certain step, and the variation of the electrophysical characteristics of the TO cannot be
ensured. Therefore, the TO is characterized by constant electrophysical properties = 1.5, 6=10.135 - 10’ S/m,
and the lift-off between the TO and the eddy current probe was set in the range of 0.5 — 3 mm with a step of
0.5 mm and measured with a digital micrometer MCD — 50 - 0.001 with an error of £ 0.002 mm. The average
EMF value based on the results of three measurements under the specified experimental conditions is shown in
Table 9. In addition, the EMF values obtained by calculations using the mathematical model (1) and the corre-
sponding relative measurement errors are also given there for comparison.

Thus, the maximum signal measurement error does not exceed 1 %.

Conclusions. Thus, in the study, on the example of an eddy current geometric anomaly meas-
urement, we carried out its computer robust design using a comprehensive integrated approach combin-
ing numerical modeling and the Taguchi's method. The physical process of measurement is analyzed
and, as a result, influential controllable and uncontrollable factors are identified.

Software for the implementation of robust design of an eddy current measurement was created.
Based on test calculations using the finite element method, the software was verified by comparing the re-
sults of calculating the x-component of magnetic induction. Graphs of the change in the magnetic induction
modulus of the secondary electromagnetic field depending on uncontrolled parameters of the TO, in particu-
lar, magnetic permeability and electrical conductivity, at different excitation frequencies were obtained and
the lower and upper limits of the change in all influencing factors were determined for further research. Tak-
ing into account the number of factors, two types of orthogonal arrays, namely L,7(3") and Lo(3*) with three
levels of their gradation, were chosen to build a design of experiments. As a result of the numerical experi-
ments, the design and operating optimal parameters of the eddy current measurement were determined,
which ensure signal immunity to interference with SNR = 18.815 dB. The reliability of the found optimal
configuration of the ECP design was proved by confirmatory calculations. In addition, the experimental veri-
fication of the research results was carried out on the prototype, which showed the reliability of measure-
ments by the designed ECP with a maximum relative error of no more than 1 %.

The scientific novelty of the research is the creation of a method of computer robust parameter de-
sign of frame ECPs for measuring geometric anomalies of static planar objects using an integrated approach
combining numerical modeling and the Taguchi's method, which ensures signal stability to changes in air
lift-off and variations in TO parameters.

Within the framework of the proposed design method and using the universal magnetodynamic
model of the ECP, similar studies are promising for the measurement testing of planar moving electrically
conductive products of considerable thickness; planar static and moving two-layer electrically conductive
products; dielectric and electrically conductive coatings on a static conductive basis.
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Bcmyn. 3menwenns aniugy nepeukoorcaiouux pakxmopie na opmyeants CUSHALY 8UXPOCIPYMOBO20 NEPemseopiosayd
we Ha emani NPOEKMYBAHHSA € 8ANCTUBOIO 3a0aYel0 N0 YAC KOHCMPYIOBAHHS GUMIPIOBAYIE 2eOMEMPUYHUX AHOMANI.
Peanizayis yvozco moociusa Huzkow memodis, cepeo AKux sUOLIAEMbCs 0080 NPOCMA MeXHIKA pobacmHo2o napame-
MPUYHO20 NPOEKMYBAHHA HA 0CHOGI Memody Tazyui y npoyeci noutyky onmumanbHoi Kougpieypayii KoHcmpykyii nepe-
meoprosayis. Memoro pobomu € po3podoxa memooy nio8uLeHHs GIOHOUEHHS CUSHAL/WYM BUXPOCIPYMOBUX BUMIPIOBA-
Yig 2eOMEMPUYHUX AHOMANIU Y CMAMUYHUX NAACKUX 006 €kmax Oe3 akmuuHo2o YCYHeHHs NPUMAaMAaHHUuX iM 6nausié
wymosux ¢paxmopis, Axi 6 Oinbwil mipi enacmusi 00’ekmam Koumponro. Memooonozia docrnioxceHs nepedbauac Ha-
CMYNHI OCHOBHI emanu, sKi HeoOXIOHi 3a015 GUKOHANHA NPOEKMYBANHS GUXPOCMPYMOBUX NEPEMBOPIOAi6 3a MEMoooM
Tacyui:
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— BUOKpeMJIeHHsl BUMIPIOBAHOI nepemseoprosayem XapaKkmepucmuky o0’ ekmy KOHmMpoo, KA QIiKcyemvcs 1020 8uxio-
HUM CUSHATOM;
—i0enmughixayis KOHMPOILOBAHUX NAPAMEMPIE GUXPOCTNPYMOBUX NEPEMBOPIOGAYIE MA MONCIUBUX PIBHIG iX epadayii y
pasi eapitoeansi;
— BUBHAYEHHS WYMOBUX pakmopie ma ix pieHie epadayii;
— NPU3HAYEHHsL IHMEPBANI8 3MIH KOHMPOIbOBAHUX MA ULYMOBUX (hakmopie,
— 00panHs OPMOSOHATILHUX MACUBLE;
— CIMBOPEeHHs. NIAHY eKCNePUMEHMI8 Ma NPoGedeHH s IX 3a YHIBEPCAIbHOK MACHIMOOUHAMIYHOK MOOELII0 3407 004UC-
JIEHHSI BUXIOHO20 CUSHATLY BUXPOCMPYMOBUX NEPEMBOPIOBAIE i3 GUKOPUCIAHHAM KOMN T0MEPHO20 MOOETI0BANHS,
— Ha ocHosi ANOVA-ananizy eniugy paxmopie Ha iHOYKO8AHY eleKMpOopYWLiliHy CULy Nepemeoproeaya ma po3paxosa-
HUX 07151 KOJXCHO20 ICRUmMY 3HaA4eHb 8iOHOWEeHHs cusHan/uym Ha 6a3i yukyii empamu skocmi Tazyyi 8UKOHAHHA 0OPAH-
Hs ONMUMAIBHO20 8apiaHmy KOH@I2ypayii KOHCMPYKYIT 8UXPOCMPYMOBUX NePpem8opro8ayis 3a 8i0n06ioHO0 KOMOIHAYI-
€10 pisHie epadayii KOHMPOILOBAHUX PAKMOPIE, Wo MaKkcumizye nokasHuk SNR;
— npogedeHHs RIOMBEPONCYIOUUX YUCETbHUX eKCNepUMEHMI8 w000 NepesipKu 3HAUOeHUX ONMUMATbHUX Napamempis
KOH@i2ypayii koncmpykyii nepemeopiosauis.

OpuzinansHicms nposedeHux 00Caiodicenb NoasA2aAe y BUKOPUCIAnHi Memody Tazyui 3 NOEOHAHHAM YUCENbHO-
20 MOOeMO8anHsL 3407 PO3POOKU MEMOOY KOMN IOMEPHO20 POOACMHO20 NAPAMEMPULHOZO NPOEKMYBAHHS PAMKOBUX
BUXPOCIPYMOBUX NEPEMBOPIOBAUIE OJisl BUMIPIOBANHS 2COMETMPUYHUX AHOMANIT CIAMUYHUX NIACKUX 00 €KMig, KOmputi
3abesneuye nio 4ac UMIPHOGAHL CMIUKICMb CUSHANLY 00 3MIH NOSIMPSHO20 3A30py ma 8apiayii WymMosux napamempis
00’€xmie KOHmMpPO0, MOOMO NIOBUUEHHSl 3HAYEHb BIOHOWleHHs cueHan/wiym. Pesynemamu. Ha npuxnadi 3uaiioena
pobacmua KOH@I2ypayis KOHCMPYKYIL UXPOCMPYMOB020 Nepemeopro8ayd, moomo maxuil il mexuiyHuil eapianm, aKutl
3abe3neuye sMeHuleHHs OUCNEPCii BUXIOHO20 CUSHALY HABKOJO 1020 CepeOHbO20 3HAUEHHS, MOOmMo CMIUKICMb 00 uLy-
MOBUX 30YpeHb, 3a80A4YIOUU MINbKU 8I0N0GIOHOMY BUSHAYEHHIO 3HAYEHb KOHMPOIbOBAHUX KOHCMPYKMUBHUX MA pe-
JHCUMHUX Napamempis nepemeoprogayis 6e3 ycyHeHHs HeKOHMPOIbOBAHUX 33840, NPUMAMAHHUX 00 €EKMAM KOHMPOIIO.
3aonsn pobacmnozo npoeKmysanis HU3KU GUXPOCMPYMOBUX GUMIPIOBAUI8 PI3HO20 (DYHKYIOHALY 3anpONOHO6ARA YHIGep-
CANbHA MASHIMOOUHAMIYHA MOOeNb HAKIAOH020 PAMKOB020 Nepemeoprosayd, AKd pa3om i3 6UKOPUCAHHAM OpMO2o-
HAIbHUX MACUBI8 0d€ 3M02y po3pobumu ma peanizyeamu nianu excnepumenmie Tazyui. [Ipoepamne 3abe3neuenns, uo
peanizye yio Mooels, NPOUULIO 8ePUPIKAYII0, 8 MOMY YUCHL CRIBCIMABIICHHAM [3 Pe3VIbMAmamu pO3PAXYHKIE HA Mecmo-
BUX NPUKIAOAX, BUKOHAHUX MEMOOOM CKIiHUeHHUXx enemenmis. /locsenyma npu yboMy MOYHICMb 0A€ MONCIUBICHIb
cmeepodcysamu npo adekeamHicms cmeoperoi komn tomepnoi npoepamu. Ompumani ¢ pamkax euxonauus niany Ta-
2yui OaHi BUKOPUCMAHO Ol OYIHKU 6APIAHMI6 KOHCMPYKYIU 3a 00NoMo2010 (yHKyil empam sxocmi muny «larger is
bettery ma obuucienux Ha it 0CHOGI 3HAUEHb BIOHOUEHb CUSHA/WYM, WO OAN0 3M02Y 0OPAMU ONMUMATbHY KOMOIHAYII0
KOHCMPYKIMUGHUX M PENCUMHUX NAPAMEMPI8 8UXPOCMPYMOB020 nepemeoprogadd. J[ocmosipricms 8i0uyKanoi onmu-
ManvHOI KOHGieypayii KOHCMPYKYIi 8UXPOCMPYMOB020 Nepemaopiosaia 008edeHa niomeepo’CyUUMU PO3PAXYHKAMU.
Takooic Ha 0ociOHOMY 3DPA3KY NPOBEOeHA eKCNepUMeHmAalbHa nepesipka pesyibmamis 0ocaiodxcens. biom. 21, puc. 6,
Tabm. 9.
Knwowuoei cnosa: pobactHe napamMeTpuyHe MPOEKTYBaHHS, BUMIPIOBAHHS [€OMETPUYHUX aHOMalil, MPSIMOKYTHHUI Ha-
KJIaJJHUH BUXPOCTPYMOBHI MEPETBOPIOBAY, MOAABJICHHS LIyMIB, YHIBepCalbHa MarHiTOAMHAMIYHA MOJIEJb IEPETBOPIO-
Baya, IuiaH ekcriepuMeHTiB Taryui, QyHKIis BTpaT SIKOCTI, BITHOIIEHHSI CUTHAJ/LIIYM.
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