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The paper examines the results of metal object identification using an eddy current dynamic control system
based on the amplitude-phase method of processing the response from the object under study. The article
proposes an improved signal-response model of the eddy current dynamic control system. The considered
aspects of the implementation of the dynamic control process allowed us to improve the previously proposed
analytical model of signal-response description, thanks to which it now takes into account the electrical and
magnetic characteristics of metals analytically, and not by approximating the shape of the response signal
as in the previous model.

The work emphasizes that an important variable of the model is the speed of passing a metal object over the
antenna plane. The speed affects the shape of the signal-response and the information coefficients calculated
later. A study was conducted to determine the optimal speed of passing a metal object over the antenna
surface, which corresponds to the range of linear speeds of 4...6 m/s.

Metal identification using several different rotation frequencies is better and more accurate, as it allows for
a more informative characterization of an unknown new sample and to determine which ones it is most
similar to.

The investigation for determine the optimal rotation frequency of metal objects above the antenna plane
allowed to increase the informativeness of the system, as evidenced by the increase in the correlation difference
when distinguishing metals, for example, copper and other metals, from 10-15% to 20-25%, for example,
tantalum from 8-12% to 15-20%, and cobalt from 10-12% to 20%.
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Introduction

The problem of remote identification of metal
objects is relevant for a number of practical appli-
cations [1]. Various methods are used to solve it, in
particular, X-ray, optical emission, eddy current [1].
The use of the eddy current dynamic control system
(ECS) proposed in [2] is quite effective [3].

A number of works [3-5] are devoted to the
processes of signal formation in eddy current devices,
but they do not fully explain the peculiarities of the
occurrence of the response signal and its shape.

This publication presents the results of
measurements based on the proposed improved ECS
and the analytical model of signal-response description
from metal objects, which were carried out using the
ECS improved by the authors [2]. ECS is built on
the basis of circuit solutions of input stages used in
metal detectors (signal generator, output amplifier,

low-noise input amplifier and phase detector) [3], and
a microcontroller. Metal identification is carried out
using software built on the basis of the signal processing
technique proposed in [2, 3].

1 Mathematical model of
response signal formation in
the eddy current method

1.1 Description of the improved eddy
current system of the dynamic

control method

There are a number of mathematical models that
explain the operation of the eddy current method of
detecting metal objects. In particular, these are the
Bruschini model [4], the model of A. Yu. Grinyev
[6] and the model of the theory of non-destructive
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testing [7]. A specially improved eddy current testing

system (ECS) was used to carry out the research.
The structural diagram of the modernized ECS

is shown in Fig. 1 [3,8]. The ECS consists of an

antenna system (transmitting and receiving coils),
a low-frequency signal generator, signal amplificati-
on and processing units, a clock generator, a micro-
controller, and an indicator device.
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Fig. 1. Structural diagram of the modernized system

The low-frequency signal generator [9] generates
signals in the kilohertz range (6.6 kHz), which, using a
transmitting coil, emit an electromagnetic field into the
studied medium. As a result of electromagnetic inducti-
on, Foucault currents (surface currents) arise on the
surface of the studied metal object and them generat-
ing secondary electromotive force (EMF), which are
received by the receiving coil [10], cause a response
signal in it and are fed to the amplification and primary
processing unit.

Synchronization between nodes is provided by a
clock pulse generator (output amplifier) and a mi-
crocontroller STM32H745.

The system can operate in two modes: Dynamic and
Static and emit two types of signals, respectively: tone
and pulse. The microcontroller switches the operating
modes of the transmitting coil, so that it can emit
either tone or pulse signals.

The emission of a pulse signal is required if the
metal sample is too large and cannot be examined
dynamically — the measurement is carried out through
an amplitude detector. The measurement of phase
characteristics is carried out by multiplying digiti-
zed samples from the ADC1 and the comparator, the
samples are taken with the frequency Ftacl. According
to the signals of the microcontroller, the initial phase
of the probing signal can be changed and, through the
feedback loop through the comparator, the changed
signal can be fed to the microcontroller and multiplied
with the signals from the ADC1 in the pulse mode of

operation (this is how the phase detector of the pulse
signal is implemented, which operates either in binary
mode, i.e. by detecting zero crossings) — this is how
the phase characteristics for large metal samples are
measured.

In the dynamic mode of operation of the ECS, the
signal from the output amplifier is fed to the amplitude-
phase detector and the transmitting coil with tone
signals and digitizes them through ADC2 with a
frequency of Ftac2.

After multiplication in the phase detector, the
analog signal is digitized and fed to the microcontroller
unit. The dynamic range of the microcontroller’s ADC
is about 84 dB [11]. In the microcontroller, the signals
received from the samples under study are compared
with a library of reference signals [2, 3], which are
stored in the microcontroller’s memory. The compari-
son result is fed to the indicator device. The moderni-
zed ECS is built on a dual-core STM32H745 mi-
crocontroller. The first core controls the operation of
the eddy current unit, the second core converts the
measured data into the format required for further
transmission to the indicator device (HP 4540s laptop).
At this stage of development, all processing is carried
out on the laptop, the keyboard and display are used
for visual control of the ECS operating modes, and the
possibility of writing digitized samples to flash memory
is also provided.

In the future, the program code for the mi-
crocontroller will be added so that all processing takes
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place only on the basis of the built-in STM32H745 cores
(M7 and M4) and there is no need to use a laptop —
then the system will have two options for use:

- stationary system for dynamic control of the
composition of metals or alloys;

- portable metal detector with the ability to distin-
guish metals by type (unlike modern metal detectors
that distinguish between magnetic / non-magnetic)
[2,3].

Information is transmitted to a personal computer
in 16-bit packets [12, 13]. A USB port is used
for connection. The PC is equipped with the
MATLAB application package, in which, using the
response signal amplitude normalization program and
computer programs for graphic-digital imaging and
spectral methods, classification features are numeri-
cally determined.

Dynamic scanning of a metal object is carried out
by a rotating laboratory setup, which allows stabilizing
the relative movement of the antenna system and the
metal under study, and allows changing the relative
speed of movement of objects in a plane parallel to
them.

Therefore, in the designed experimental system,
the reflected signal is its relative characteristic, which
becomes absolute only after comparing different metals
and creating their base.

1.2 Improved amplitude-phase model
of response signal formation

Let us consider the processes that occur in the input
cascades of the ECS we used for eddy current analysis
of metals when scanning objects of control (OC) [3].

The signal at the input of the ECS phase detector
can be represented as:

U. = f [Uv(JC, Hors U)] .

If there is no OC in the area of operation of the
antenna system, a signal with a frequency of w. The
instantaneous voltage value in the receiving antenna
will be Upz = Upz max cos(wt), where Uyz max — the
amplitude of the signal induced in the antenna.

In a previous work, an attempt was made to develop
a signal model for an eddy current control system [14].
Taking into account the movement of the antenna over
the metal OK, the instantaneous value of the signal at
the receiving antenna can be written as:

Uz = Uiz cos (277‘215) cos(wt + (1)), (1)

where ¢(t) = @start + %t, Ystart — initial phase shift
value, Ymax — maximum value of the initial phase shift,
Ay — initial phase change step, Uz — voltage in the
receiving antenna taking into account the movement
of the metal OC, U;zo — base voltage value on the
antenna, V — linear velocity of movement of the metal

OC along the antenna turns, L — distance between the
receiving and transmitting antennas.

At that time, studies were conducted using a loop
antenna in the form of a double ring, where the receiv-
ing antenna is placed inside the transmitting antenna
of a larger diameter in one plane, Fig. 2a. When a metal
sample was carried over the plane of the antennas, the
metal crossed the active zone twice, i.e. two arms. The
current studies were conducted using a loop antenna, in
which the edges of the transmitting (Tx) and receiving
(Rx) antennas partially overlap each other and form a
narrow active zone (L) and thus have only one working
arm, L =0,06 m, Fig. 2b.
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Fig. 2. Structural design of the loop antenna of the
control system: (a) — two active zones, (b) — one active
zone

Reducing the number of active arms and conduct-
ing a series of studies at different speeds of passing the
sample over the antenna plane allowed us to reconsi-
der the previously proposed signal model and make
changes to it.

In the previously proposed model, the phase shift
of the response signal, which is one of the informative
coefficients, had to be measured separately experi-
mentally. That is, the phase value was determined
when the metal passed over several reference coordi-
nates and this range between them was then divided
by the number of points of the cosine. The graph was
constructed by approximation, where for each iteration
of the cosine, a separately measured phase value was
substituted [11, 13]. This approach is not convenient
due to the large time costs for signal modeling, and
the model also did not take into account the magnetic
permeability of the metal and dielectric conductivity.

When improving the signal model, the following
physical effects were used:

—the occurrence of Foucault currents on the surface
of a metal sample under the action of an alternating
EM field [15];

— the phenomenon of mutual induction in a coil
(loop antenna) when a charged body is passed over it
according to Faraday’s law;

—mechanical modulation by rotating the metal over
the antenna planes.

A correctly balanced antenna system [16,17] is such
that a signal with a minimum amplitude of a few mi-
llivolts is transmitted from the transmitting antenna
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to the receiving antenna at a probe signal amplitude
of 40 V. When a metal sample appears in the plane of
the antennas, Foucault currents are induced on it, the
balance between the antennas changes, and the signal
level at the output of the receiving antenna changes
[18,19].

According to Faraday’s law of electromagnetic
induction [20, 21], the electromotive force (EMF) is
directly proportional to the rate of change of magnetic
flux

e=—-N R
where N —number of coil turns. The source of magnetic
flux is a metal sample with eddy currents on its surface
and rotating above the antenna planes. This important
point was used in improving the signal model. Eddy
currents are different due to the different magnetic and
electrical properties of metals and their alloys [22,23].

In this regard, the value of the initial phase of the
alternating EM field appears in part of the formula [2]:

(2)

where V is the linear transfer velocity of the metal
sample, L this is the length of the active area of the
antennas, i.e. V/L is the frequency of rotation of the
metal sample above the coils, .., (f) — the phase of
the alternating magnetic flux, which is proposed to be
calculated from the influence function ¢4 (x, 8) [2,7].

The influence function ¢; (z, 8) in non-destructive
testing tasks is used to calculate the applied voltage in
the receiving antenna, [2,7] it takes into account the
electrical and magnetic properties of metals:

Y x? 4§32
$1 (:L‘7 ﬁ) - 2 - )
pr + /22 + B
where p, — relative magnetic permeability, z = ARz,
A — integration parameter [1/m|, 8 = Rz.\/Wjiq0, 0 —
electrical conductivity of metal, u, — absolute magnetic
permeability.

Since z is a location coordinate, for the task of
developing a signal model, it is proposed to replace it
with time references ¢, which allow us to calculate the
value of the influence function when a metal sample is
carried at different times, that is, at different coordi-
nates.

Therefore, the modified version of the influence
function has the following form:

_ v t2 +jB?
pr + /17 + jB?
The process of induction of Foucault currents on the
surface of a metal sample begins with the approach to
the edge of the transmitting antenna, at the same time,
the moving sample changes the EMF of the receiving
antenna. The EMF reaches its maximum value when
the sample is above the active zone of the antennas —

their overlap plane. After overcoming this zone, the
EMF begins to decrease. The change in the EMF

v
Uz = Uiz cos <27rLt + <,0Zm(t)> ,

(3)

o1 (x, ) (4)

value in the time domain may have the form of a
triangular function, possibly a Gaussian distribution
function, possibly an exponential-like one, therefore,
various forms of the envelope EMF were investigated in
the signal model, Fig. 3. The EMF can be represented
in a simplified way as a triangular one:

1
Uizo-ky k=f(t); t= 0...§T
Ures(t)= ) ,
Uizo - (Ty—ky) k=f(); t= 5T...T

(5)

where T is the time of transfer of the metal sample
above the antenna plane, y is the gain coefficient.
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Fig. 3. The bypass EMF in a receiving antenna with
one active zone

Thus, the improved signal model can be represented
as:

Uz =Uyey - cos(wt + ¢(t)) - cos (ZW‘gt + wzm(t)> . (6)

The envelope shape for an antenna with two active
zones can be represented as the sum of two triangles
that are overlapping each other, Fig. 4.
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Fig. 4. The bypass EMF in a receiving antenna with
two active zones

The simulated signals [24] for copper and steel
are similar to those obtained experimentally: polari-
ty of the first extremum, ratio between the extremes,
Fig. 5-6.
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Signal Copper

Fig. 5. Signal from a copper sample:
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Fig. 6. Signal from a steel sample: (a) — simulated, (b) — experimentally measured

The signal model requires further study, because
the shape of the envelope of the EMF value in the time
domain is not known for certain [25]. When modeling
in the Matlab environment, a triangular shape, a bell-
shaped shape, and an exponential shape were tested,
and all of them gave different ratios of signal extrema
and the polarity of the first. Figures 5-6 shows the
results for the bell-shaped envelope [26].

Nevertheless, the improved signal model has clear
advantages:

— the value of the phase shift for a specific type of
metal is calculated analytically, not by approximation;

— Lenz’s law of mutual induction is taken into
account and based on it, an envelope is added to the
formula, which allowed us to obtain signals similar to
the experimental ones.

From equation (6) it is clear that the speed of
transferring the sample over the antenna planes is a
factor influencing the shape of the response signal. At
different speeds, the response signal has a different
shape — it can stretch and decrease in amplitude at
low speeds and gain a large amplitude and merge into
one at high speeds. All this leads to the fact that
the information coefficients about the response signal,
which characterize a particular metal or alloy, will be

different and the correlation difference between them
is also different.

Therefore, it is appropriate to determine the range
of speeds that will be optimal in order to obtain the
maximum mutual difference between the metals.

2 Experimental results and
discussion

The response signal U is fed to the input of
the analog-to-digital converter and is subsequently
converted into a digital code and processed in the
electronic unit using digital methods proposed in [2],
which allows identifying the metal from which the
control object is made [26].

The purpose of processing is to extract information
coefficients that characterize a specific metal or alloy.
These are their mutual ratio (K%), mean square di-
flerence between the amplitude of the head harmonic
and others (KOP), the area of the spectrum under the
envelope (S;s), the curvature of the envelope spectrum
(Esym), the lower (f,) and upper (f,) limits of the
spectra. They can be represented as a row matrix
f(K%7 EsymaKOP» Sa:s7 fn7 fv)
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Schematically, the identification process can be
represented as:

U(Maau)j[@]jf(l(%a EsymaKOPa Sac& fna fv)v

where ® — a nonlinear filter, after passing through
which information coefficients are extracted.

At different speeds of movement of the OC relati-
ve to the antenna, the signal shape will be different,
accordingly the informative coefficients will also be
different. The correlation of the coefficients with each
other for different metals will lead to better or worse
identification of them.

To study the problem of optimal speed,
measurements were carried out with a frequency
gradation from 10 to 18 Hz, with a step of 2 Hz
(5 variations) [27,28].

The resulting signal-response is characterized by six
information coefficients [3]. When comparing the signal
from an unknown sample with the signal from a known
one, the percentage difference is calculated for each
information parameter, the result is summed up and
averaged. Accordingly, for two identical samples, the
correlation discrepancy is 0%.

The classical analysis of finding extreme [11], which
involves calculating the derivative with respect to one
of the variables and equating the result to zero, is
not acceptable because the criterion for maximum
information between metals is the row matrix, not the
initial function.

To find the optimal speed of movement of metal
samples over the antenna, we suggest going the way
of approximation — measuring information coefficients
at different frequencies of rotation of the OC, and
calculating the correlation discrepancy between metals
at these frequencies. The greatest value of the correlati-
on discrepancy will be at the optimal frequency — this
will increase the correct identification of metals and
alloys.

The calculation of the correlation difference can be
represented as:

1<~ [P/ —P;}
R = — jult
K nz< P}

i=1

-100%) P} > Py, (7)

where P;, P, — the value of the parameters of each of
the information features of the signal, n — number of
information analysis parameters, n = 6.

It is important to note that the values of the weight
coefficients for each of the 6 parameters are equal to 1,
because determining the correct weight coefficients is a
matter of further research.

Table 1 shows the values of the correlation di-
fference of 20 different types of chemical elements at
a rotation frequency of 14 Hz.

From Table 1 it can be seen that the correlation
difference between metals and non-metals is signifi-
cant, therefore it remains appropriate to determine the
optimal frequency of rotation of the sample above the
antenna.

To demonstrate the dependence of the correlation
difference (ordinate axis) on the frequency (absci-
ssa axis), a sample from the first row is taken and
compared with 19 samples placed in the columns. That
is, carbon and 19 other metals, steel and 19 other
metals, cobalt and 19 other metals, etc. Different cases
are shown in Fig. 7 — Fig. 8.

Correlation difference % for cobalt

10 12 14 16 18

Fig. 7. Correlation difference from frequency for cobalt
and other 19 elements

Correlation difference % for copper

60 T T

Fig. 8. Correlation difference with frequency for copper
and other 19 elements

Analysis of the diagrams shows that there is no
clearly defined optimal frequency, but there is a
frequency range of 12...14 Hz, at which the maximum
correlation integral characteristic is ensured.

The increase in signal amplitude with increasing
rotation speed did not give a clear increase in the
correlation difference between the coefficients, which
is an unexpected result. At too high a frequency, the
responses converge to one extremum, which can be
explained by insufficient charging of the OC by the
secondary field.

It should also be noted that the study and determi-
nation of weighting coefficients in future studies of each
of the information parameters of the signal-response
will give a more pronounced percentage difference in
the samples between each other.
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Table 1 Correlation difference values of different metals

RI)

Part 1
Ne | Correlation 1 2 3 4 5 6 7 8 9 10

difference% metals
1 Carbon 0 45.34 | 18.53 | 16.11 | 12.46 | 7.20 | 16.95 | 11.45 | 11.81 | 14.02
2 graph Steel tab. 45.34 0 51.99 | 41.93 | 42.15 | 43.00 | 47.86 | 43.81 | 41.11 | 43.82
3 Cobalt 18.53 | 51.99 0 15.84 | 13.18 | 14.65 | 24.11 | 11.52 | 13.40 | 10.74
4 Magnesium 16.11 | 41.93 | 15.84 0 5.03 | 10.64 | 14.42 | 8.64 6.47 8.43
5 Duralumin 12.46 | 42.15 | 13.18 | 5.03 0 6.23 | 14.15 | 3.73 5.25 5.79
6 Vanadium 7.20 | 43.00 | 14.65 | 10.64 | 6.23 0 14.30 | 6.62 7.45 8.46
7 Chromium 16.95 | 47.86 | 24.11 | 14.42 | 14.15 | 14.30 0 16.49 | 16.31 | 16.28
8 Copper 11.45 | 43.81 | 11.52 | 8.64 3.73 6.62 | 16.49 0 8.65 7.20
9 Brass 11.81 | 41.11 | 13.40 | 6.47 5.25 7.45 16.31 8.65 0 4.83
10 | Zinc 14.02 | 14.02 | 10.74 | 8.43 5.79 8.46 | 16.28 | 7.20 4.83 0
11 | Zirconium 11.08 | 45.14 | 20.22 | &8.79 791 8.30 6.58 | 10.84 | 11.55 | 12.43
12 | Molybdenum 12.64 | 47.02 | 22.71 | 13.44 | 12,52 | 12.82 | 4.65 | 14.25 | 14.64 | 14.14
13 | Silver 999 7.64 | 45.18 | 17.29 | 13.09 | 9.50 6.12 | 13.95 | 10.34 | 8.19 8.91
14 | Cadmium 20.36 | 44.13 | 20.15 | 6.33 10.19 | 15.31 | 11.14 | 13.00 | 10.82 | 12.66
15 | Indium 7.80 | 47.02 | 20.18 | 13.30 | 10.75 | 8.73 9.95 9.57 | 15.16 | 15.71
16 | Tin 12.63 | 47.08 | 20.09 | 11.56 | 10.57 | 10.69 | 6.15 11.54 | 12.81 | 10.84
17 | Tantalum 16.93 | 46.31 | 22.03 | 13.66 | 12.28 | 11.27 | 7.27 | 14.90 | 14.12 | 14.07
18 | Tungsten 7.50 | 43.86 | 14.67 | 11.12 | 6.65 3.51 | 15.56 | 7.42 6.45 7.56
19 | Gold 999 13.25 | 46.90 | 12.20 | 16.08 | 11.39 | 10.88 | 23.60 | 8.64 | 11.57 | 9.85
20 | Gold 900 (5r 1898y | 6.48 | 49.51 | 16.41 | 20.19 | 16.52 | 11.36 | 20.26 | 13.84 | 15.78 | 14.52

RI)

Part 2
Ne | Correlation 11 12 13 14 15 16 17 18 19 20

difference% metals
1 Carbon 11.08 | 12.64 | 7.64 | 20.36 | 7.80 | 12.63 | 16.93 | 7.50 | 13.25 | 6.48
2 graph Steel tab. 45.14 | 47.02 | 45.18 | 44.13 | 47.02 | 47.08 | 46.31 | 43.86 | 46.90 | 49.51
3 Cobalt 20.22 | 22.71 | 17.29 | 20.15 | 20.18 | 20.09 | 22.03 | 14.67 | 12.20 | 16.41
4 Magnesium 8.79 13.44 | 13.09 | 6.33 13.30 | 11.56 | 13.66 | 11.12 | 16.08 | 20.19
5 Duralumin 791 12.52 | 9.50 10.19 | 10.75 | 10.57 | 12.28 | 6.65 11.39 | 16.52
6 Vanadium 830 | 12.82 | 6.12 | 15.31 | 873 | 10.69 | 11.27 | 3.51 | 10.88 | 11.36
7 Chromium 6.58 4.65 | 13.95 | 11.14 | 9.95 6.15 7.27 | 15.56 | 23.60 | 20.26
8 Copper 10.84 | 14.25 | 10.34 | 13.00 | 9.57 | 11.54 | 14.90 | 7.42 8.64 | 13.84
9 Brass 11.55 | 14.64 | 819 | 10.82 | 15.16 | 12.81 | 14.12 | 6.45 | 11.57 | 15.78
10 | Zinc 12.43 | 14.14 | 891 12.66 | 15.71 | 10.84 | 14.07 | 7.56 9.85 14.52
11 | Zirconium 0 6.11 8.55 12.25 | 5.21 3.90 8.82 9.65 18.20 | 14.75
12 | Molybdenum 6.11 0 11.97 | 9.73 5.70 4.22 7.20 13.42 | 21.59 | 16.14
13 | Silver 999 8.55 11.97 0 16.91 | 11.71 857 | 12.45 | 3.82 11.62 | 9.70
14 | Cadmium 12.25 | 9.73 16.91 0 14.06 | 12.02 | 11.27 | 15.59 | 20.49 | 24.43
15 | Indium 5.21 5.70 | 11.71 | 14.06 0 591 | 10.94 | 11.56 | 17.18 | 11.52
16 | Tin 3.90 4.22 857 | 12.02 | 5.91 0 7.32 | 10.59 | 18.32 | 14.79
17 | Tantalum 8.82 7.20 | 12.45 | 11.27 | 10.94 | 7.32 0 12.80 | 20.63 | 20.19
18 | Tungsten 9.65 | 13.42 | 3.82 | 15.59 | 11.56 | 10.59 | 12.80 0 9.87 | 10.70
19 | Gold 999 18.20 | 21.59 | 11.62 | 20.49 | 17.18 | 18.32 | 20.63 | 9.87 0 7.94
20 | Gold 900 (5r 1898y | 14.75 | 16.14 | 9.70 | 24.43 | 11.52 | 14.79 | 20.19 | 10.70 | 7.94 0
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Conclusions

The article considers the signal-response model of
the eddy current dynamic control method system.
The considered aspects of the dynamic control process
implementation allowed us to improve the previously
proposed signal-response model, thanks to which it
now takes into account the electrical and magnetic
characteristics of metals analytically, and not by
approximate substitution as in the previous model.
An important part of the model is the shape of the
envelope of the process of the emergence of a secondary
electromagnetic field on the surface of a metal object
and its attenuation, which occurs during dynamic
control, namely when the metal object is carried over
the plane of the antennas. Determining the correct
shape of the envelope in the future will allow obtaining
theoretical signals more similar to experimental ones.

When performing the simulation, the variable is the
speed of the metal object passing over the antenna
plane. The speed affects the shape of the response
signal and the information coefficients calculated later.

Considering that the weighting coefficients are
taken equal to 1, the obtained results showed that
the optimal is not a single rotation frequency, but the
results of metal identification from the range of rotation
frequencies within 12-14 Hz, which corresponds to the
range of linear speeds of 4...6 m/s.

Metal identification using several different
frequencies is better and more accurate, as it allows
for a more informative characterization of an unknown
new sample and to determine which ones it is most
similar to.

Conducting research to determine the optimal
rotation frequency of metal objects above the antenna
plane allowed to increase the efficiency when distingui-
shing metals due to the increase in the correlation
difference in the example of copper and other metals
from 10-15% to 20-25%, in the example of tantalum
from 8-12% to 15-20%, and in the case of cobalt from
10-12% to 20%.

Thus, an improved signal-response model and
determination of the range of rotation speeds of a
metal sample above the antenna planes to increase the
efficiency allow us to further investigate the issue of
controlling those metal surfaces and samples to which
there is currently no physical access.
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YaocKoHaJIEHHS CUCTEMH BUXPOCTPYMO-
BOIr0 KOHTPOJIIO Ta MOMEJIi aHaJi3y Ccu-
THAJIy BiAryKy ajig 30iabiieHHda iHdOp-
MaTHUBHOCTI npu izmenrudikailii meranis

Abpamosun A. O., Basicenos B. T.

B poboti po3risimaioThes pe3yabrarh imeHTudikarmi me-
TajeBuX 06’€KTIB 33 JOMOMOTOI0 BUXPOCTPYMOBOI CHCTEMU
JUHAMIYHOTO KOHTOJIIO, Ha 0a3l aMILITyaHO-(a30BOro Me-
TOmy OOpOOKM BiATYyKy Bim 00’€KTa, MO MOCIIIKYETHCS.
B craTTi 3amponioHoBaHa yIOCKOHAJEHA MOIEIh CUTHAJIY-
BII'YyKYy BUXPOCTPYMOBOI CHCTEMHU JWHAMIYHOTO METOIY
KOHTPOII0. BpaxoBaHi acmekTn 371HCHEHHS IPOIECY TUHA-
MIiYHOTO KOHTPOJIIO TO3BOJIVIM YAOCKOHAJUTH 3aITPOIIOHO-
BaHy pPaHIIIe aHAJITUYHY MOJEJb ONWCY CUTHAJIY-BLATYKY,
3aBIdKA YOMYy BOHA TeIEeD BPAXOBY€ €JEKTPUYHI Ta Ma-
THITHI XapaKTEpPUCTUKNA METaJIB AHAJITUIHUM TILITXOM,
a He AMPOKCUMAINNHUM IICTaB/IeHHAM (HDOPMU CHUTHAIY-
BIATYKY, K MOTIEPeTHS MOIEb.

B poboTi akImeHTOBAHO yBary, 0 BasKJIUBOIO 3MIiHHOIO
MOJIeJIi € IIBHAKICTH ITPOHECEHHsI METaJIeBOro IIPe/MeTra
Hag mwiomuuolo aHteH. IIIBuakicts BrmMBae Ha dopmy
CHUTHAJIY-BIATYKY Ta PO3PaXOBAHUX B MOJAJIBITOMY iHEMOpP-
mamifinnx koedinierTis. IIpoBeneno mociimpKeHHs i3 Bu-
3HAYEHHS OTITUMAJIHBHOI TITBUIKOCTI TTPOHECEHHST METAJIEBOTO
IpeMeTa HaJl IOBEPXHEI0 AHTEH, M0 BIAIIOBIAAE Jiaa30Hy
sinifiEux wBuaKocreit 4...6 m/c.

InenTudikanis MeTasiB Ipu BUKOPUCTAHHI KiJTBKOX pi-
3HUX YacTOT O0epTaHHsd € KPAIO0 Ta TOYHIIION, ajKe
I03BOJIsIE OLTbIT iHGOPMATHBHO 0XapAKTEPU3yBATH HEBIIO0-
Muil HOBHII 3pa30K TA BU3HAYUUTH [0 IKUX BIH € MAKCHMAJIb-
HO HOAI0HMM.

IIpoBements mociigkeHb 10 BUSHAYEHHIO OIITUMAJIBHOL
4acToTH 0OO6EepTaHHs METAJIEBUX IIPEAMETIB HaJ| IJIOUUHOIO
AQHTEH [T03BOJMIO 30iabmnTH iH(GOPMATUBHICTH CHCTEMH,
OpO MO0 CBiIYMIO 3POCTAHHS KOPESIIMHOI PI3HMIN Hpu
PO3pi3HEHHI MeTaJiB Ha IIPUKJIAJL MiJl Ta PEIITH METaJIB
3 10-15% mo 20-25%, ma mpuknami tantaay 3 8-12% mo
15-20%, a xobanbry 3 10-12% no 20%.

Karouosi crosa: eTeKTPOMArHiTHI BJIACTUBOCTI METAJIIB;
BuxpocTpyMmoBa cucrema; STM32H745 MikpokoHTpOJIEp;
MOZEeIb CUTHAJY-BIATYKY; imenTudikaris meTaais; MmaTtema-
THYHE MOJE/TIOBAHHS; aMILIITY/IHO-(Hha30BUIl METO pEECTPa-
mii curnanis; indopmarusaicTs; STM32; MeTasomykad
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