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Abstract. The article’s aim is to create a method of reducing the influence on the surface eddy current
probes output signal of a number of interfering parameters without their elimination, to ensure its sta-
bility, which is achieved as a result of computer search of design and operating values of probes
Taguchi-parameters at the stage of their design. To achieve the goal the following tasks were carried
out: software for calculating the output signal of surface probes, which is based on the electrodynamic
model of the measurement process for the test object in the form of a conductive plate of infinite over-
all dimensions and finite thickness; using the Taguchi method, a special design of experiments with
the use of orthogonal arrays is constructed, the fulfillment of which makes it possible to determine the
influence of each parameter and their complex nonlinear interaction on the output signal of the probe;
by integrating the Taguchi method with computer numerical simulation, the optimal controllable pa-
rameters of the probe were determined, minimizing the signal changes caused by noise factors. The
most important research result is the method creation of providing the signals probes stability and re-
ducing the influence of noise parameters on them simultaneously without their elimination. The meth-
od effectiveness is demonstrated on the example of designing a thickness gauge, which allowed com-
puter search for a set of its optimal parameters to maximize the signal-to-noise ratio, thereby reducing
the signal variability. The significance of the obtained results lies in the creation of theoretical and
practical approaches to the design of surface eddy current probes with new properties of interfering
factors suppression, which provide the best conditions for reliable diagnostics of power equipment
objects.

Keywords: Taguchi method, computer modeling, eddy current probe, noise suppression, design of
experiment, orthogonal arrays, signal-to-noise ratio.

DOI: https://doi.org/10.52254/1857-0070.2024.4-64.02
UDC: 681.518.5+621.318+519.242

Aplicarea metodei Taguchi in proiectarea traductoarelor de curent turbionar montate pe patch pentru
diagnosticarea echipamentelor de putere
Halicenko V.Y., Trembovetka R.V., Tycikov V.V.
Universitatea Tehnologica de Stat Cerkasy, Cerkasy, Ucraina

Rezumat. Este propusd o metoda pentru reducerea influentei unui numar de parametri de zgomot simultani
asupra semnalului de iesire al sondelor de suprafatd de curent turbionar. Acest lucru asigura stabilitatea sondelor
de semnal cu proprietati nou dobandite, reducand variabilitatea acestuia. Masurile corespunzatoare sunt luate in
etapa de proiect prin cdutarea computerului atdt a parametrilor Taguchi de proiectare, cat si de operare ai
sondelor. In acest scop, se propune utilizarea integrarii metodei Taguchi cu modelarea computerizati numerica.
A fost creat software-ul corespunzator pentru calcularea semnalelor de iesire ale sondelor de suprafata, care se
bazeaza pe modelul electrodinamic al procesului de masurare a unui obiect de testare sub forma de dimensiuni
infinite §i grosime finitd a unei plici conductoare. Modelul matematic, intr-o forma analiticd, conecteaza toti
parametrii influenti cu un singur raport. Metoda lui Taguchi se bazeaza pe un design special al experimentului, a
carui implementare ne permite sa determinam efectul fiecdrui parametru si interactiunea complexa a acestora
asupra semnalului de iesire al sondei. Designul este construit folosind retele ortogonale, ceea ce il face mai
eficient. In urma experimentelor cu procesare statisticd adecvatd, s-au obtinut valorile parametrilor optimi ai
sondei, care minimizeaza modificarile semnalului cauzate de parametrii de zgomot. Valorile lor sunt estimate
tinand cont de proprietatea ,,mai mare este mai bine” pentru caracteristica statistica sub forma raportului semnal-
zgomot introdus de Taguchi in acest scop. Cele mai importante rezultate ale cercetarii sunt crearea unei metode
care sd asigure, deja in faza de proiectare, stabilitatea semnalelor de iesire ale convertoarelor si slibirea
influentei asupra acestora simultan a intregului set de parametri de zgomot fara a le suprima efectiv.
Cuvinte-cheie: metoda Taguchi, modelare computerizatd, traductor de curenti turbionari, suprimarea
zgomotului, proiectare experimentald, retele ortogonale.
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IIpumenenne meroga Taryuu npu NpoeKTHPOBAHMH HAKJIAJHBIX BUXPETOKOBBIX IIpeodpa3oBarelieii ais
AUATHOCTHKHU IHEPreTH4ecKoro 000py10BaHus
laabuenko B.f1., Tpem6oBenkas P.B., Tuukos B.B.

Yepkacckuil rocyJapCTBEHHBIN TEXHOIOIMUECKUH YHUBEPCUTET, Uepkaccehl, Y KpanHa
Annomayus. 1ens cTaTby 3aKII0OYACTCS B CO3IAHMH METOAA OCIAOICHUS BIUSHUS Ha BBIXOJHOW CHTHAI psna
MPEIMSATCTBYIOMNAX W3MEPEHUSIM HAKIATHBIMA BHXPETOKOBHIMH MpeoOpa3oBaTelsiIMH MapaMeTpoB 0e3 HX
(hM3MUIecKoTo yCTpaHEHHs, 00ECIeUeHHs] er0 CTaOMIBHOCTH, YTO JTOCTUTAETCS B PE3yIbTaTe KOMIBIOTEPHOTO
MOVWCKAa KOHCTPYKTHBHBIX M PEKHUMHBIX 3HadeHW Tarydm-mapameTpoB mpeoOpas3oBaTeneii Ha dTame HX
IMMPOCKTUPOBAHUA. HJ’I}I JOCTHUKCHUA MOCTaBJICHHOM LCJIW BBINOJHAIUCH CJICAYIOMUE 3aaavdu: CO34aHO
nporpaMMHOe oOeclieueHre s pacdyera BBIXOJHOIO CHIHala HakJIaJHBIX HpeoOpa3oBaTeliell, B OCHOBE
KOTOpPOTO 3aJIOKeHa JJIEKTPOAMHAMUYECKasi MOJENb Mpolecca W3MepeHuil Juis o0beKTa KOHTPOJS B BHIE
TOKOTIPOBOJISIIIEH TIaCTHHBI OECKOHEUHBIX rabapUTHBIX pa3MepOB U KOHEUHOW TOJNIIMHBI; C MCIIOJIb30BaHUEM
METOaa Taryqn TOCTPOCH CHCHI/IaJ'lI)HHﬁ IJIaH 3KCIICPUMEHTOB C INMPUMEHCHHUCM OPTOTOHAJIbHBIX MAaCCHUBOB,
BBITMIOJTHECHHUE KOTOPOI'0 IMO3BOJIAECT ONPEACIUTH BJIMAHUEC KaXAOro mnapaMeTpa U UX CJIIOKHOIO HEJIMHEHHOTO
B3aMMOJICHCTBHS Ha BBIXOJHOW CHTHANl TpeoOpazoBaTelsi; WMHTerpanuedl meronma Tarydwm ¢ KOMITBIOTEPHBIM
YUCIICHHBIM MOZCITHUPOBAHUEM OIIPEICICHBl ONTHMAaJbHBIC KOHTPOIHPYEMBIC MapaMeTphl IpeoOpazoBaTeds,
CBOIIIME K MHUHUMYMY WM3MCHEHHS CHTHAaja, BBI3BAaHHBIE IMyMOBBIMH (akropamu. OICHKa ONTHMAaTbHBIX
3HaYCHHUH MPOAYKTUBHEIX MapaMETPOB MPOCSKTUPOBAHHUS BEITIOTHSIETCS C YIETOM CBOMCTBa «larger is better» mis
CTaTUCTHYECKOW XapaKTEPUCTHKH B BHJIE OTHOIICHHS CUTHAII/IIYM, BBEICHHOW s 3TOro. BaxHeHmmMmu
pe3yiabTaTaMH HUCCICIOBAHHUN SIBIICTCS CO3JAaHHE METoJa OOecledeHHUs yKe Ha JTare NPOSKTHPOBAHUS
YCTOMUYMBOCTH BBIXOJHBIX CHT'HAJOB IpeoOpas3oBaTeNied M ocnabiicHWe BIMAHUS HAa HUX OJHOBPEMEHHO BCEH
COBOKYITHOCTH IIyMOBBIX [apaMeTpoB ©0e3 ux ¢aKTHUECKoro ycTpaHeHHA. lIpomeMoHCTpHpoBaHa
3¢ GEKTHBHOCTD MPEIIOKCHHOTO METoJa Ha NpHMEpe MPOEKTHPOBAHUS BUXPETOKOBOTO TOJIIMHOMEpA, YTO
IMMO3BOJIMJIO KOMIIBIOTEPHBIM ITOHMCKOM COBOKYITHOCTH €TI0 ONTHUMAJIbHBIX KOHCTPYKTUBHBIX H PEKHUMHBIX
nmapamMeTpoB MaKCUMHU3HUPOBATH OTHOMICHHEC CI/IFHaJ'I/IHyM, TEM CaMbIM YMCHBLIIUB BapI/Ia6eHBHOCTB CUrHajaa u
€ro 3aBUCHUMOCTb OT IOMeX. 3HAYMMOCTb IIOJIy4Y€HHBIX PE3yJIbTaTOB 3aKIH0YAeTCs B CO3JaHUH TEOPETHUUECKUX U
NPaKTHYECKNX IOAXOAOB K IPOCKTUPOBAHUIO HAKJIQJHBIX BUXPETOKOBBIX IpeoOpa3oBareineil ¢ HOBBIMH
CBOMCTBAaMHM TO/ABJIECHHS MEUIalomuX (HaKkToOpoB, KOTOPbIE 00ECIEUYMBAIOT HAMITYUIINE YCIOBHS JUIS HAJCKHOH
JMarHOCTHKH 00BEKTOB YHEPIeTUUECKOT0 000pYyAOBaHNSI.

Knwouegvie cnoea: wmeron Taryuw, KOMIIBIOTEPHOE MOJICIMPOBAHWE, BHXPETOKOBHIM MpeoOpa3oBaTelb,
MOJAaBJIEHUE IYMOB, IJIaH SKCIIEPUMEHTOB, OPTOTOHANBHBIE MACCHUBBI.

INTRODUCTION parameter measured by the ECP, the influencing
factors may move from one of these groups to
another. Thus, avoiding the influence of noise
factors on the formation of the probe signal or at
least its significant reduction is a very important
problem in the practical implementation of eddy
current testing [9].

Effective testing of a certain measured
parameter is possible if the sensitivity of the
probe to it is significantly lower than to other
parameters that are not currently measurable. In
the case of only one noise factor, the problem is
solved by selecting the operating point of the
ECP on the complex plane, which is performed
as a result of a deep analysis of the complex
dependencies of the output signal on the
measured and noise parameters under harmonic
excitation of the probe [10, 11]. In multi-
parameter cases when there are more than two
noise factors, which is almost always the case,
the task becomes much more complicated and
requires the use of cumbersome mathematical
calculation methods along with measurements
either at different excitation frequencies [12] or
with a set of pick-up coils of different radii or
with their placement at different heights above

The operational safety, reliability, and durability
of power equipment largely depend on timely
and reliable monitoring and diagnostics of the
condition of its components [1-3]. Technical
diagnostics of energy facilities are usually
carried out by non-destructive testing methods,
one of which is eddy current, which is realized as
a result of the interaction of an external
electromagnetic excitation field and a secondary
field of eddy currents induced in the test object
(TO) [4-6]. In this case, changes in the condition
of power equipment are recorded by eddy
current probes (ECPs), in particular, surface.

The demand for eddy current testing in the
energy sector proves by a set of modern
publications, in particular, those devoted to the
diagnostics of certain elements of NPP steam
generators [7, 8]. The output signal of the ECP,
i.e., the EMF, is a carrier of information on a
number of TO parameters and other factors of
influence, which can be conditionally divided
into controllable productive and interfering, i.e.,
noise, factors according to their usefulness in its
formation. Moreover, depending on the
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the TO. Thus, solving this problem requires
finding new, more advanced and easy-to-use
ways to mitigate the impact of measurement
noise parameters.

It should be noted that this aim can be
achieved at the design stage of the ECP using the
Taguchi method, which has been widely used
and proven effective in many technical
applications, including non-destructive testing
[13, 14]. However, the authors did not find any
information on its involvement in the design of
the ECP in scientific sources. Whereas the
method can control the variability of the ECP
output signal by optimizing the input parameters,
i.e., it makes it possible to obtain a stable signal
even in the presence of factors that affect its
variation. The method is based on a special
design of experiments, the implementation of
which allows us to determine the effect of each
parameter and, most importantly, their complex
interaction of the output signal of the ECP. As a
result of the experiments, the values of Taguchi-
parameters are obtained, i.e., the optimal
controllable parameters of the probe that
minimize signal changes caused by noise
parameters. It is also important to minimize the
number of experiments within the design of the
experiments, which is ensured by using some
types of orthogonal arrays to create them, which
are most adapted to the designed specific version
of the ECP design. In general, this is determined
by the number of controllable productive and
noise parameters, as well as the number of
graded levels of their representation in the
designs of the relevant experiments. The results
obtained using orthogonal arrays are almost as
good as those obtained wusing full-factor
experiments. This is possible due to their
fundamental property by providing a balanced
and fair comparison of levels for any parameters.
Therefore, the Taguchi method implements a
statistical approach that allows you to gain
important knowledge about a complex
multivariate measurement process. The method
was created as an experimental one, but to
determine the output signal of the ECP, the
values obtained by computer calculations
according to the corresponding mathematical
model of the measurement process can be
included in the design of experiments. That is,
the Taguchi method is integrated with computer
numerical modeling. The method involves the
use of a certain loss function, i.e., the fitness-
function Fitness, which is interpreted as the
deviation of the characteristic under study from
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its desired target and which is calculated from
the responses to the data set contained in the
experiment design table. Subsequently, its values
are transformed in accordance with [15, 16] into
the signal-to-noise ratio used for optimization,
i.e., finding such a combination of the set of
values of the controllable productive parameters
of a particular grading level to have the largest
average response:

%:—1010g10(Fitness) (1)

Where H’tness:LZLZ, y, is the output
n = y,-

signal of the probe.

The verification of the truth of the found
Taguchi-parameters of the ECP design is carried
out by conducting a test experiment to ensure
that the found values improve the value of the
S/N ratio compared to its analogues at the initial
values of the corresponding parameters.

Therefore, taking into account all of the
above, the purpose of the article is to create a
method for mitigating the effect on the output
signal of a number of parameters that noise with
measurements by surface ECPs without their
physical elimination and ensuring its stability,
which is achieved as a result of a computer
search for both design and operating values of
the Taguchi-parameters of probes at the design
stage.

I. PROBLEM STATEMENT

To implement the method, the design envi-
ronment of performance and noise parameters is
first determined, which is identified by a list of
variables, intervals of their possible values, and
accepted levels of their gradation. For each of
the possible vectors of PFT productive parame-
ters, numerical experiments with different levels
of noise determined by the NFT vectors are per-
formed to obtain an array of probe EMF values,
i.e., its modulus mod(E,) (Fig. 1).

This array is used to calculate the output sta-

tistics (%) , where j=1,...,9, defined in the
j

form (1). This statistic is used as a criterion for
comparing vectors of productive parameters.

Instead of studying the project environment
as a whole, it is advisable to use statistical meth-
ods of designing experiments to move to the ap-
propriate subset of it in the form of a matrix of
controllable productive parameters.
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matrix of controllable matrix of noise ECP output output statistics
parameters parameters signal
Experi- | noise parameters
Experi Productive design mfm NlFl NlFJ NlFa mod(E)
i g N
ment parameters 2 1 2 2 |——» mod(Z) [y)
PF; | PF, |PF; | PFy }’ 3 3 1 1 » mod(E;) Nk
1 1 1 1 1 4 2 2 1 |—————p» mod(E,)
2 1 2 2 2
3 1] 3 373 . . .
4 2 1 2 3 . . .
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2 Experi- | noise parameters
ment |NF; | NF: | NF;
: > 2 ! < 1 1 1 1 |——— mod(Ey;) _
9 3 3 2 1 \ 2 1 2 2 |————» mod(E;,) [%)
3 [2 111 |——> mod(Es) o
4 2 2 1 |————» mod(Ey)

Fig. 1. Scheme of the formation of a hypothetical simplified general design of Taguchi experiments in
the presence of 4 productive parameters and 3 noise parameters with three and two levels of gradation,
respectively.

As a result, the output statistics are estimated
for all vectors of the controllable parameter ma-
trix and all vectors of the noise parameter matrix.

It is necessary to find such a vector among
other possible productive parameters in the envi-
ronment that maximizes the average output sta-
tistics by gradation levels:

A)

Where n is the number of noise parameters
vectors, E is the amplitude of the output signal of
the ECP.

Thus, the best gradation levels for each of the
productive parameters are searched, so that the
probe signal has the lowest variability, i.e., is
insensitive to noise factors. According to the
Taguchi method, this combination of levels
(Taguchi-parameters) is considered optimal, and
minimizing the effect of noise on the ECP signal
is equivalent to minimizing the standard devia-
tion. Therefore, to find the optimum, we use
methods of designing experiments rather than
numerical optimization algorithms.

n

" 1010s L.
=-10-log,, ;(mod(Ef )

! ~—>max (2)

h2 R2

. 1 .
Where 4= A dRdh ,
e {(R2—Rl)~(h2—hl)];[“£ !
A]:/U(/ ‘R-1
2

II. DESCRIPTION OF RESEARCH
METHOD

At the initial stage of designing surface ECPs
with new properties, to draw up a design of
experiment using the integration approach by
combining the Taguchi method and computer
numerical modeling of the measurement process,
it is necessary to determine the structure of the
design table and the corresponding mathematical
model for calculating the probe output signal.

The electrodynamic model of the process of
measuring the ECP for a TO in the form of a
plate in the analytical form in the cylindrical
coordinate system is represented by the relation
[17], which, to determine the EMF E, relates a
number of parameters, including the design and
operating  parameters of the  probe,
electrophysical and geometric characteristics of
the TO:

E==j-0-w,, -§A(PYI, (3)
:

|:J'J] (/IR)JI(ﬂp)eﬁ‘Zh‘dj'—i__[Jl (lR)J,(ip)(ﬂ] ,e-/l(zﬂz)d/l , jzl.e,fwt’
0 0

(}“'ﬂz'qz)'(ﬂs g T, 'q\?)'ed.qz '(i'ﬂzﬁ'qz)'(:uz qs - K 'qz)'e-d.qz

0= y
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A:(A'ﬂz+%)'(ﬂ2'q3+/‘3'92)'ed.q2 '(/l'ﬂz'qz)'(:uz'%'ﬂs'qz)'e_d-q"a

92:\/’12'k22 :\/’12+j'w‘02‘/ln'#2» %:\/’12’](32 :\/’12+j'w'03‘/‘n'#3’ =1, 0;=0,

K=, p-0

J1() is a first-order Bessel function of the first
kind; 4 is the azimuthal component of the
magnetic vector potential, Wb/m; [ is an
alternating sinusoidal current of angular
frequency m, A; R is the radius of the turn of the
ECP excitation coil with an insignificantly small
cross section, m; /4 is the height of the coil
location above the surface of the TO, m; d is the
thickness of the plate, m; p, z are the coordinates,
m; uo =47 107, H/m is the magnetic constant in
vacuum; u is the relative magnetic permeability
of the environment; ¢ is the electrical
conductivity of the environment, S/m;
(R2—R1)x(h2—hl) is the cross-section of the

probe excitation coil, m?, Wyes the number of
turns of the pick-up coil of the ECP; P is an
observation point with coordinates (p, z)
belonging to the contour Lc of the pick-up coil of
the ECP.

The mathematical model of the measurement
process was obtained under the following
assumptions: the probe field is considered quasi-
stationary; wave processes in the air are
neglected; bias currents in a conductive medium
are also neglected.

The model contains a non-proprietary integral
of the first kind, for the calculation of which it is
advisable to use the Gauss-Laguerre quadrature
formula and the truncation method. Formula (3)
allows us to calculate the amplitude and phase of
the output signal of a transformer surface ECP,
the pick-up coil of which is located in the lift-off
and the lower plane of the excitation coil.

The structure of the general table of the
design of experiments is determined by the
number of influential productive and noise
parameters.

For certainty, we will assume that an eddy
current thickness gauge with inherent new
properties is being designed, for which the signal
measured parameter is the thickness of the TO d;
productive design parameters - the inner radius
of the excitation coil R/, the outer radius of the
excitation coil R2, the radius of the pick-up coil
p, the height of the pick-up coil z, the distance to
the upper surface of the excitation coil 42, and
the operating parameters - the excitation
frequency f, the excitation current [; noise
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parameters - the magnetic permeability of the
TO u, its electrical conductivity o, and the lift-
off hl. Accordingly, we will have 7 productive
controllable parameters and 3 noise ones. If we
determine the levels of gradation of their
presentation in separate tables of design of
experiments for each of these two groups, it is
possible to select suitable types of orthogonal
arrays in L-format from the relevant catalogs, in
particular  Lo(3%), Lis(2',37), etc., which
automatically determine the number of
experiments required to implement both designs.

It is worth noting an important property of
orthogonal arrays that allows you to remove a
certain number of columns from them, if
necessary, that is, to reduce the number of
parameters that appear in their typical version.
In this case, the modified array will still be
orthogonal. Thus, it is possible to customize
standard arrays to one's needs. After preparing
two separate design of experiments, it is
necessary to combine them into a common
design according to the following scheme
(Fig. 1). The next stage of research involves
calculating the values of the fitness function and
the signal-to-noise ratio using formula (1).

The calculated values of signal-to-noise ratios
for all experiments, individual parameters, and
average S/N values of each parameter for all
gradation levels are used to further evaluate the
optimal values of the productive parameters of
the ECP design, taking into account the "larger is
better" property [18]. The aim of optimization
design is to find a combination of performance
parameters that minimizes the impact of noise
parameters. Verification of the obtained estimate
is carried out by conducting a test numerical
experiment, which should confirm the
correctness of the Taguchi-parameters.

III. NUMERICAL EXPERIMENTS

According to the mathematical model (3), the
software was developed, the adequacy of which
was determined in the COMSOL Multiphysics
environment by the finite element method. The
test numerical modeling was performed for the
case of representing the probe excitation system
by a turn with the following initial data:
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(p, z=(10-107, 1-107) m; =2 kHz; d=5-10" m;
R=20-10° m; h=2-10° m; I=1 A; ¢=3.77-107
S/m, u=1. A comparative analysis of the results
of calculations of the magnetic vector potential
values obtained in two different software envi-
ronments shows that the calculated values coin-
cide with a fairly high accuracy of 0.039 %.

In order to determine the lower and higher
limits of changes in each influential parameter,
additional studies of the sensitivity of the ECP to
them were previously conducted.

Thus, using formula (3), a number of numeri-
cal experiments were conducted to determine the
dependence of the output signal of the ECP on
the influencing parameters, provided that the

parameter under analysis varied within certain
specified limits, and all other parameters re-
mained unchanged.

The initial data for this analysis are as fol-
lows: R1=20-10" m, R2=21-103 m, A/=2-10" m,
h2=3-10° m, z=1-10 m, »=13-10 m, d=3-107
m, /=1.5 kHz, I=1 A, 6=6.99-10° S/m, u=20.

The finalized values of the limits for chang-
ing the influential parameters are shown in
Table 1.

The orthogonal array Lis(2!,37) was chosen
for the productive parameters (Table 2), and the
array Lo(3*) was chosen for the noise parameters
with three levels of gradation for both types
(Table 3) [19].

Table 1

Influencing parameters on the output signal of the ECP when TO's thickness measuring

Limits of change of influencing parameters Lower bound Upper bound Factor symbol
Inner radius of the excitation coil R/, m 0.0184 0.0208 A
Outer radius of the excitation coil R2, m 0.020916 0.02352 B
Radius of the pick-up coil p, m 0.01118 0.0195 C
Di§tance to the top edge of the excitation 276102 394102 D
coil #2, m
Height of the pick-up coil z, m 9-10* 1.1-10° E
Excitation frequency f, kHz 1.125 1.875 F
Excitation current /, A 0.75 1.25 G
Magnetic permeability u 18.4 21.6 H
Electrical conductivity o, S/m 6.431-10° 7.549-10° J
Lift-off 2]/, m 1.84-10° 2.16-10° K
Table 2
Modified orthogonal arrays Lis(2!,37) for Table 3
productive parameters Modified orthogonal arrays Lo(3*) for noise
parameters
N |A|B|C|D|E|F|G
1 1 1 1 1 1 1 1 Ne 1 2 3 4 5 6 7 8 9
5 1121212121212 H|i1|1]|]1|2]2|2]3|3]3
3 113131313133 J|1 |23 (1(2|3|1]2]3
4 i1 1112121313 Kj1{2 3 (1}2]3|23]1
5 2121213131111 Since these arrays have a larger number of
6 121331111212 factors than required for this study, they were
7 311211131213 further modernized, namely, one factor was
3 3121312111311 removed, in particular, a factor with two
9 1313113121112 gradations was removed from L;g(2',37), and one
0 (111131312211 redundant factor was removed from Lo(3%). The
1 12111301312 values of the parameters iI.l the ' selected
2 1322111113 orthqgonal arrays are converted into units of real
B3 21231130 physical quantltles (Table 4, Tgble 5),
7 2231 21113 correspondmg to low, medlur.n,.and high levels
5 2131213211 of their gradation. By combining the sel@cted
6 313231 arrays, the total number of computational
experiments to be performed under this design is
17 |3]2]1|3]1]2]3 162. Thus, a general design of experiments has
18 (33 (2]1(2(3]1
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been created, the quality of which determines the
effectiveness of further research [20-22].
Subsequently, according to the design, the next

Table 4
Design of experiments for noise parameters

stage of research is carried out, namely, for each Ne H J K
experiment, the EMF of the probe is determined 1 184 6431000 | 0.00184
at the specified settings for all levels of factors 2 184 16990000 | 0.002
and the S/N value is calculated for each of them 3 | 184 7549000 | 0.00216
(Table 5). At the same time, for the entire set of 4 |20 6431000 | 0.002
experimental data, the minimum EMF value is 5 20 6990000 | 0.00216
0.008719 V, and the maximum is 0.0999 V 6 120 7529000 000184
The next stage involves the selection of
rational combinations of the design and 7 216 6431000 | 0.00216
operating parameters of the probe according to 8 |21.6 6990000 | 0.00184
the criterion of maximizing S/N. 9 1216 7549000 | 0.002
Table 5
Design of experiments for productive parameters

Ne A B C D E F G S/N

1 |0.0184 | 0.020916 | 0.01118 | 0.00276 | 0.0009 | 1125 | 0.75 -40.8927

2 10.0184 | 0.022218 | 0.01534 | 0.003 0.001 | 1500 |1 -29.4873

3 10.0184 | 0.02352 | 0.0195 | 0.00324 | 0.0011 | 1875 | 1.25 -20.2394

4 10.0196 | 0.020916 | 0.01118 | 0.003 0.001 | 1875 | 1.25 -33.5477

5 10.0196 |0.022218 | 0.01534 | 0.00324 | 0.0011 | 1125 | 0.75 -34.6718

6 |0.0196 | 0.02352 | 0.0195 | 0.00276 | 0.0009 | 1500 |1 -23.9131

7 10.0208 | 0.020916 | 0.01534 | 0.00276 | 0.0011 | 1500 | 1.25 -28.1325

8 10.0208 | 0.022218 | 0.0195 | 0.003 0.0009 | 1875 | 0.75 -24.8341

9 10.0208 | 0.02352 | 0.01118 | 0.00324 | 0.001 | 1125 |1 -40.3505

10 | 0.0184 | 0.020916 | 0.0195 | 0.00324 | 0.001 | 1500 | 0.75 -25.6035

11 | 0.0184 | 0.022218 | 0.01118 | 0.00276 | 0.0011 | 1875 |1 -35.4354

12 | 0.0184 | 0.02352 | 0.01534 | 0.003 0.0009 | 1125 | 1.25 -30.1614

13 | 0.0196 | 0.020916 | 0.01534 | 0.00324 | 0.0009 | 1875 |1 -28.0298

14 | 0.0196 | 0.022218 | 0.0195 | 0.00276 | 0.001 | 1125 | 1.25 -23.4327

15 | 0.0196 | 0.02352 | 0.01118 | 0.003 0.0011 | 1500 | 0.75 -40.4383

16 | 0.0208 | 0.020916 | 0.0195 | 0.003 0.0011 | 1125 |1 -25.3630

17 | 0.0208 | 0.022218 | 0.01118 | 0.00324 | 0.0009 | 1500 | 1.25 -36.0704

18 | 0.0208 | 0.02352 | 0.01534 | 0.00276 | 0.001 | 1875 | 0.75 -32.2822

To do this, we performed a statistical analysis
for each productive parameter at all levels of its
gradation, namely, we calculated the average

values (%v)p ; the absolute error of the average

value Az(b/_N)—(%)pwd, where (%) is the

average value of the signal-to-noise ratio of all
productive parameters, which is -30.716 dB;
standard deviation St.Dev, the results of which
are shown in Table 6. The obtained values make
it possible to find the Taguchi-parameters of the
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ECP that provide the maximum S/N ratio, i.c.,
their optimal values (Table 7).

The obtained Taguchi-parameters were
verified by conducting a test numerical
experiment. Thus, with the determined optimal
parameters of the ECP (Table 7), we have a
predicted value of S/N=-19.1149 dB, which is
bigger than any value obtained in Table 5 of the
design of experiments. At the same time, the
EMF of the probe signal is from 0.102 V to 0.11
V, i.e. the signal variation from its average value
is £ 3.5%.
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Table 6
The results of statistical calculation of productive parameters
Ne Level (%)Id A St.Dev
0.0184 -30.3033 0.41259 7.246097
A 0.0196 -30.6722 0.04365 6.704024
0.0208 -31.1721 -0.45623 6.206812
0.020916 | -30.2616 0.45434 5.983752
B 0.022218 | -30.6553 0.06061 5.580716
0.02352 -31.2308 -0.51495 8.301248
0.01118 -37.7892 -7.07328 3.152597
C 0.01534 -30.4608 0.25504 2.585253
0.0195 -23.8976 6.81824 1.976516
0.00276 -30.6815 0.03444 6.845206
D 0.003 -30.6386 0.07724 5.789202
0.00324 -30.8276 -0.11168 7.485683
0.0009 -30.6503 0.06563 6.642403
E 0.001 -30.7840 -0.06809 6.065658
0.0011 -30.7134 0.00247 7.450253
1125 -32.4787 -1.76279 7.421627
F 1500 -30.6075 0.10836 6.383146
1875 -29.0615 1.65443 5.794657
0.75 -33.1204 -2.40454 6.960412
G 1 -30.4299 0.28601 6.297032
1.25 -28.5974 2.11853 5.992380
Table 7
The Taguchi-parameters of the probe
Parameter | RI, m R2, m r, m h2, m z, m f,Hz 1A
Value 0.0184 0.020916 | 0.0195 0.003 0.0009 1875 1.25
(%)[ ,dB | -30.3033 | -30.2616 | -23.8976 |-30.6386 | -30.6503 | -29.0615 | -28.5974
All of this confirms the correctness of the In this case, there are no significant

found productive parameters of the designed
ECP.

In addition, an ANOVA analysis of variance
of the parameters was performed [23], the results
of which indicate their statistical significance
except D and E (Table 8) at a degree of freedom
of 2. Where SS is the sum of the squares of the
variance component, MS is the mean square of
the variance component, F is the variance ratio,
and p is the significance level.

For the residuals, similar parameters are
SSyesiaua=0.0917, MS;esiana=0.0306 at the degree
of freedom 3.

For a more stable estimate of the variance of
the residuals, the non-significant parameters are
combined into one error group, which gives
MSesianar = 0.0376.

17

differences in the EMF signal of the probe, i.c.,
all relevant parameters have been taken into
account correctly, and there are no unexpected
interactions between them.

Table 8
Results of the ANOVA analysis
Ne | SS MS F p
A 2281 | 1.140 | 37.33 | 0.0075
B 2.851 | 1.425 |46.66 | 0.0055
C 579.5 | 289.75 | 9482.7 | 0.000002
D 0.117 |0.058 | 1.92 0.2896
E 0.053 | 0.026 | 0.87 0.501
F 35.138 | 17.569 | 574.97 | 0.0001
G 62.111 | 31.055 | 1016.3 | 0.000057
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Fig. 2. (%\/) by levels for the controllable productive parameters: a - internal radius of the

excitation coil R1; b - external radius of the excitation coil R2; c - pick-up coil radius r; d - distance to the
top edge of the excitation coil /22; e - height of the pick-up coil location z; f - excitation frequency f; g -
excitation current 1.
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DISCUSSION AND CONCLUSIONS

Thus, to visually assess the best settings for
each productive parameter, we graphically
analyzed the average S/N values and indicated
the two-fold limits of the standard error St.error
around its mean (Fig. 2).

The graphs clearly demonstrate the
correctness of the conclusions about finding the
Taguchi-parameters of the probe.

It should also be noted that the study quite
effectively used the proposed method of
reducing the impact of noise parameters on the
output signal of the ECP, which is implemented
at the design stage. To implement this method,
the software for calculating the output signals of
the ECP based on the electrodynamic model of
the process of measuring the TO in the form of a
conductive plate of infinite dimensions and finite
thickness was created and verified in COMSOL
Multiphysics.

Design of experiments for controllable
productive and noise parameters using
orthogonal arrays that take into account the
influence of each parameter and their nonlinear
interaction with each other on the output signal
of the probe is constructed. On their basis, an
effective general design of experiments was
created to establish the Taguchi-parameters of
the ECP.

Thus, as a result of the numerical experiments
with their statistical processing, the design and
operating optimal parameters of the ECP were
found, which ensure signal stability with S/N=-
19.115 dB and its variability from the average
within + 3.5 % caused by noises.
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