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ABSTRACT

Context. The task of creating a radio system (RS) for identifying metals in the middle of subgroups of magnetic and nonmag-
netic metals based on eddy current devices (ECD) is considered. The object of study is the radio identification system.

Objective. Development of a radio system that allows you to expand the possibilities of ECP by identifying a metal in a subset of
non-magnetic (copper, gold, silver, etc.) and magnetic (steel, nickel) materials.

Method. A block diagram of the RS, which uses the processing of ECD signals in the time and spectral regions, is proposed. PC
allows to identify the type of metal from which the control object (CO) is made, within the subsets of non-magnetic and magnetic
materials, which allows to increase the probability of detecting CO hidden in a dielectric medium, made of non-ferrous, precious or
ferrous metals.

The validity of the results obtained from the verification of the technique was tested on a laboratory model of the PC, which con-
sists of an analog eddy current part and a microcontroller with ADC to transfer data to a laptop, which implements the methods of
signal processing. The article proposes the hypothesis of an informative parameter and a mathematical model that explains the causes
of the signal and its form. The possibility of using RS to solve the problem of metal identification within a subset of non-magnetic
and magnetic materials has been experimentally confirmed.

Conclusions. Experimental studies carried out confirmed the efficiency of the proposed RS and the methods for processing the
ECP signal, the software that implements it, which allows us to recommend it for the development of devices for identifying the
metal from which the test object is made. Prospects for further research are to adapt mathematical and software not only to the base
of metal images, but also to create images of complex objects, which will make it possible to identify a hidden metal object and
thereby expand its capabilities.

KEYWORDS: eddy current transducer, metal control objects, metal identification.

ABBREVIATIONS No, N1are numbers of turns of the corresponding coil
RS is a radio system; and metal,
ECD is an eddy current devices; [ is a length of sample;
CO Isa control object; U, is a voltage at the output of the synchronous phase
FD is a phase detector; detector;
OK is an obj ect of c;ontrol; U, is a voltage at the input of the phase detector;
PlLis gpulse induction; ) f.1s a frequency of signal at the input of the phase de-
VLF is a very low frequency detection. tector;
Jupr 18 a frequency of reference signal;

o NOMENCLATURE ¢ is a phase shift between reference and voltage in the
M is a interdependence; receiving coil;
S, 1s an effective area of the metal; U, is a reference voltage;

Mz is a residual’s magnetization;
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X 1s a magnetic susceptibility, relative units;
o is a conductivity, sm/m;

U, max 18 @ maximum voltage value on the antenna;
AU,, is a change in voltage on the receiving an-
tenna;

V' is a linear velocity of the object of control along
the antenna turns;
L is a distance between receiving and transmitting

antennas;
Qgtart 18 a value of initial phase shift;

@ ., 1S @ maximum value of the offset of the initial

phase;
A¢is a change in the initial phase under the control

of the object of control;

x is a discrete samples;

m is a number of samples in the sample;

P(x) is a polynomial of approximation of a section
from discrete readings;

Ay, A, are highest positive maxima of the graphic-
digital image;

K% is a an integral parameter that can be used to esti-
mate the difference in signals;

S1,S2 are areas under the
different metals to be compared;

A S is a the estimated value of the difference between
metals;

S, fn2, fu, fr2 are the lower and the upper strips of

intersection of two

the spectrum of the two metals to be compared;
Af is a difference in spectrum width by level —-40dB.

INTRODUCTION

The task of identifying the metal from which the metal
objects are made are important for a number of branches
of the national economy. Usually X-ray, luminescent and
chemical methods are used for its solution. However, they
need to clear the surface of the objects and do not allow
objects to be explored remotely without damaging their
surface. In addition, they require the presence of a metal
object, which must be placed in the working area of the
device, and do not allow the identification of hidden ob-
jects in a dielectric environment, for example, the soil.
However, there are methods of detecting metal objects
and devices built on the eddy current method, which al-
low to detect hidden objects and dichotomically (black or
color) to identify the type of metal. The detected hidden
object is extracted from the environment in which it is
located, and then, if this is necessary, is investigated by
known methods. It is a labor-intensive and complex proc-
ess that requires considerable time and laboratory re-
search.

The object of study The object of development and
research is the radio engineering system of metal identifi-
cation.

The subject of study The subject of research is the
form of the waveform of the eddy current devices (ECD)
at the output of the phase detector RS obtained from con-
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trol objects made of different magnetic and nonmagnetic
metals.

The purpose of the work Industrial ECD solves the
problem of dichotomy identification of the objects being
investigated, detecting and dividing them into two subsets
(magnetic or black) and (non-magnetic or colored). How-
ever, it remains important to identify the metals in the
middle of subsets, that is, the definition of the object is
made of copper or gold, steel or nickel.

1 PROBLEM STATEMENT

Development of radio engineering system, which pro-
vides remote identification of metals on the basis of the
previously developed methodology.

Among the set of parameters xi characterizing the sig-
nal (amplitude, phase change of the signal during scan-
ning, transition of the signal through zero, change of po-
larity, etc.), it is necessary to find those that characterize
the metal as much as possible, measure their values and
create a base of graphical-digital images of metals of this
signal, which is an array of identification parameters x =
{xi}, i=1, 2, ..., N, where N is the number of parameters
characterizing the signal and comparing it with those
found in the database.

Matching the characteristics of the image of the meas-
ured signal with that in the database and is the identifica-
tion criterion — P. The similarity criterion reflects the per-
centage similarity of the signal from the new metal to the
signal from the database, where m is the percentage simi-
larity of each of the informative parameters of the new
signal to informative parameters from the database. Crite-
rion P is calculated by averaging only the minimum val-
ues (K) of the vector m:

K

Mk
k=1 K
The problem of constructing and recognizing graphic-

digital images of the PC output signal is considered in this
article.

P =

2 REVIEW OF THE LITERATURE

There are now a large number of ECD, including those
that are produced serially. All of their plural can be divided
into two classes: tonal VLF and pulse PI [1]. Devices of
type PI that work with pulse signals [1] and in essence are
low-frequency radar stations [1, 2, 3]. The ECD in the
modern market is represented by metal detectors from the
manufacturers: Minelab, Fisher, Garret [1, 3].

The tonal include devices such as VLF, which to
indicate the presence of an object using the sound
difference frequency between the reference and rebuilt
under the influence of the object frequencies. The
difference in frequency allows the operator to listen the
tone of the signal to determine the object. Qualified
operator can distinguish colored metal from black.

Information about the object under study is in the
amplitude, phase, or frequency of the signal received by
the antenna, and it is considered that one of these
parameters is informative and the others are interfering.
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The amplitude method [4] is widely used for signal analy-
sis in the case when the informative parameter is the am-
plitude of the signal, and the interfering phase or fre-
quency. The device tracks the amplitude of the input sig-
nal and when it reaches a certain threshold, it sends in-
formation to the indicator device indicating the presence
of the object. By the amplitude of the signal, one can also
determine from which metal (black or color) the object of
control is made. In this case, changing the phase or fre-
quency of the signal does not affect the readings of the
metal detector. Most modern metal detectors use metal
identification at the threshold level of the signal, which
allows only dichotomous analysis.

Phase and frequency methods are mainly used in de-
vices for non-destructive control of parameters of metal
objects [5, 6] and are used with significant influence of
the interfering factor on the amplitude of the signal. In
them, the amplitude detector is replaced by phase or fre-
quency. These two methods can also be used to search for
hidden objects. So, on the principle of phase shift meas-
urement, a metal detector CM6000-Di52HM manufac-
tured by the US, which allows you to detect hidden metal
objects.

The theoretical work on the development of methods
for identifying the type of metal from which a hidden
object is constructed, based on the measurement of phase
shifts between reference and informative signals, are pre-
sented in [6] and [7]. However, the authors [6, 7] failed to
realize the identification of metals in the middle of sub-
sets of magnetic and nonmagnetic materials. The pro-
posed methods allow only dichotomous identification
(magnetic — nonmagnetic material). In papers [8, 9] and
[10], we propose methods for processing the ECD signal,
which allow the identification of metals in the middle of
subgroups of magnetic and nonmagnetic materials.

The purpose of this work is to explain the features of
the radio engineering system of metal identification [11],
built on the basis of the eddy current detection method of
metal objects, the development of a mathematical model
of the output signal of the ECD and software that
implements the methods of identification of metals.
Unlike the known [4, 6, 7], it is possible to determine the
metal from which the object of control is made from a set
of nonmagnetic (gold, copper, silver) and magnetic (steel,
nickel) metals. The proposed model allows to describe the
signal at the output of the phase detector RS, built on the
basis of circuitry solutions of the input cascades of the
serial metal detector CM6000-Di5S2HM [11], which is
further processed by the methods proposed in [8, 9, 10]
and allows you to realize the goal.

3 MATERIALS AND METHODS

The basis of the ECD is the excitation of eddy currents
on the surface of the investigated metal OK, which arise
as a result of the interaction of the electromagnetic field
provided by the radiation (transfer) coil of the antenna
system. Antenna system has two coils (transmitting and
receiving). Transmitter emits a low-frequency signal
(frequency 6.6 kHz), and the receiving register Foucault
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currents are given in OK. They cause a secondary
electromagnetic field, which is recorded by the receiver
coil of the antenna system, is processed by the electronic
unit and transmitted to the indicator device. The signal
excited by the electromagnetic field in the output coil of
the antenna system of the ECD is complex and depends
on the conductivity of the investigated object and its
magnetic properties [6].

The basis for explaining the emergence of an informa-
tive parameter is taken by Brusini’s model [7], which he
proposed in his dissertation paper. It considers a mathe-
matical model consisting of three objects (from the re-
ceiving and transmitting coils and a metal sample that
moves over the coils and is the object of control). Sche-
matically, the interaction between objects of the system is
shown in Fig. 1.

The transmitter of the antenna emits a low-frequency
signal that interacts with the receiving antenna directly
(parasitic signal) and through an OK, which re-emitting
the signal.

The input coil shows the voltage from the transmitter

U and the sample U :
USP (1) = —ioM, 1,e™,
U (1) = —ioM,,1,e™,

iot _
le™ =

M, | ioL(R—inl) jor
2 272 106 >
L | RP+o°L

where M is a reciprocation, which is determined by the
connection between the elements of the system, R is the

sample resistance, L is the inductance of the sample.
Phase shift between voltages
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Figure 1 — Model of interaction of the investigated metal
with coils of the antenna system
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Smin = 0.1 Sz42ka>  Smax zrazka»

2
S - % =4.910° M, ik = 6600 Hz,

zrazka

tpron = 0.073 sec,

where y is a magnetic susceptibility, S, is a effective

area of the metal, No, N1 are number of turns of the cor-

responding coil and metal, / is a sample length. The pa-
rameter defining the influence of the OK on the signal in
this model [5, 7] is the interinduction M, My, is a techni-
cal constant determined by the flow coupling between the
two coils, My, Ta M), — these are variables that depend on
the properties of the sample and its position relative to the
antenna coils. When the OK moves, the relationship be-
tween mutual inductances My, and M), changes, which is
determined by the change in the effective magnetic sus-
ceptibility y =u-—1 and the change in conductivityo,

which is introduced into the system of connected objects.
The signal from the receiving U, and the transmission
U, of the coils comes to the FD [12], the scheme of
which is shown in Fig. 2, which allocates a signal propor-
tional to the cosine of the phase difference between U,
and U,

upr+
R1

1
L

I% 1
iUupr

Figure 2 — Phase detector scheme [12]

Output signal FD is determined by the dependence [12]:

) 0, Je#
Ua:

wpr
1.
EUeCOS(p, Se=Supr

where U, is a voltage at the output of the synchronous
FD, U, is a voltage at the input of the FD, £, is a signal
frequency at the input of the phase detector, £, is a fre-
quency of the reference signal (frequency, which is emit-
ted by the antenna system RS), ¢ is a phase shift between
reference and voltage in the receiving coil, U, is a refer-
ence voltage.

At the output of the FD, a change in the phase shift
between signals in the transmitting and receiving coils of
the antenna system occurs when the OK passes over the
coils. When scanning an object by antenna system, the
heterogeneous object passes first over the transmission
turns, between the transmitter and the receiving coils and
over the receiver. The signal form on the output of the FD
is shown in Fig. 3.

With further move of the antenna system over the OK
from its center to the transmission coil there is a similar
signal but a mirror shape. The maximum amplitude of this
signal is less than the first. This is due to the residual
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magnetization of OK [5, 13]. Signal at the input of the
phase detector RS

U, =—aaif Vi o=[[B-0S Wb B=p,(H+M) T,
N
where Mz is a residual magnetization, which is deter-
mined by the magnetic and conducting properties of the
control object, H is a the magnetic field strength created
by the transmitting antenna.

The voltage U, depends on the speed of the antenna
passing over the OK and on the residual magnetization of
the M metal from which the OK is made.

When the antenna move over the OK, there are
currents Foucault whose density increases when the OK
reaches the center of the coils [7]. After passing through
the center of the antenna system, the metal has residual
magnetization [5] and begins to interact with the other
shoulder of the antenna system, which leads to a decrease
in the amplitude of the signal. A difference in signal am-
plitudes occurs when passing one and the other antenna
system shoulder. This difference is an informative pa-
rameter in the FD signal, which defines the material from
which the object of control is made.

To confirm the hypothesis of the effect of residual
magnetization that occurs during scanning, a signal is
investigated at the output of the phase detector for OK’s
made of monolithic metal and from a set of thin plates
isolated from each other (Fig. 4). In the experiment, a
duralumin solid sample measuring 20x25x3 mm and a set
of duralumin foil plates of the thickness of 0.08 mm of the
same size were used.

The signals received at the output of the phase detec-
tor are shown in Fig. 5. As we see for a monolithic sam-
ple, there is a difference in signal amplitudes when pass-
ing over different shoulders of the antenna system and
there is no set of plates for it, which confirms the possibil-
ity of using it as an informative parameter.

Mo
Mo g M;j»
+—> P

0.5
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-0.5
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-1

0 50 100 150 200
Figure 3 — To explain the shape of the signal at the output
of the FD
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Isolator

Figure 4 — Types of OK that were used to explain the effects of
Foucault’s currents

Monolithic metal

\ Thin plates

... Time 200.0ms  @:72.00ms

Figure 5 — Signals at the output of the FD for the OK from
the set of plates (left) and the monolithic metal

The values of My, and M), and the voltage at the out-
put of the phase detector were calculated for different
locations of the OK relative to the antenna system. The
results of calculating these values for duraluminium OK
are given in Table 1. The coordinates of the places of ac-
commodation were measured in relative units, where 0 is
the beginning of the reference, the coordinate of the last
turns of the transmission coil, and 200 is the center of the
antenna system.

When the OK moves, the ratio between the mutual
inductances M has changed, which is determined by the
change in the effective magnetic susceptibility and the
change in conductivity, is introduced into the system of
connected objects. Calculations can be made for other
materials. To do this, we must use the data presented in
table 2. As we see the signal at the output of the FD de-
pends on the values of the magnetic susceptibility  , the

specific conductivity o and x — the coordinate of the posi-
tion of the OK relative to the antenna, that is, is a function
Uy =f(x70).

Let’s record the mathematical expression for the sig-
nal at the output of the phase detector, using the signals
that arrive at the input of the phase detector are harmonic.
This allows us to offer a mathematical expression that
takes into account the characteristics of the motion of the
OK relative to the antenna system coils and allows for a
signal similar to the experimental. In the absence of an
OK in the area of the antenna system on the receiving coil
from the transmission signal is given by frequency o, the
instantaneous value of whereUy; =U (7 max €OS(01) ,
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where Uz max — the maximum value of the signal given
in the receiving coil of the antenna system.

Table 1 — The values of M,; and M, and the received
voltage at the output of the OK

Coordinates Moy, M, Voltage
0 -9,9523e-10 —1,0477e-10 | —0.0000 + 0.0013i
100 -9,9502¢-10 —1,0498¢-10 | —0.0522 —0.1028i
150 —9,9492¢-10 —1,0508¢—10 | 0.4804 +0.1520i
200 —9,9481¢-10 —1,0519e-10 | —0.9770 + 0.0567i

Table 2 — Characteristics of metals are required for calculations

Metal ’( -magnetic G -conductivity,
susceptibility, r.u. sm/m
Steel 100 7 690 000
Nickel 100-600 11 500 000
Copper 9631 0’6 59 500 000
Silver 23.1x1 0’6 62 500 000
Gold _34.4x 10*6 45 500 000

If the antenna system moves in parallel with the me-
tallic OK and crosses it along the axis passing through the
center of the antenna system, then the phase and ampli-
tude of the induced signal changes at the output of the
receiving coil.

The instantaneous signal value given in the receiving
coil will look like:

U, :UlZmax(l-i-mcos(%t))cos(mt+(p(t)),

where Uz ax 1S a the maximum voltage value on the

AUz , AU,, is a change in voltage

1Zmax
on the receiving antenna when passing OK over the
antenna, V is a linear velocity of the OK along the an-
tenna turns, L is a distance between receiving and

Ao

antenna, m =

transmitting antennas,

(p(t) = (Psrart + t H (pstart

max

is an initial phase shift value, ¢, ,, is @ maximum value
of the offset of the initial phase (table 3), A¢ is a change
of initial phase under the action of OK.

Table 3 — Initial phase shift value

Metal 0,0y deg.
Steel 10 72°
Copper electro technical -120°

After forming U ; by synchronous FD, a signal is

proportional to the phase shifts in the antenna system,
which arise due to the influence of the OK on the inter-
induction between the antennas.

The synchronous detector allocates a signal that is pro-
portional to the speed of the movement of the OK and the
nature of its change. In Fig. 6 for the example shows a sig-
nal simulated for OK made from electro technical copper.
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Figure 6 — Signal from copper OK, modeled on the proposed
model

Further processing of the U, signal was carried out by
the methods proposed by the authors in [8, 9, 10]. This is
the spectral method and the method of graphic images, the
comparison criteria in which are the spectral characteris-
tics of the received signals (for the first method) and the
critical points of the time signal (for the second one).
Let’s consider briefly the signal processing by the method
of graphic-digital images [10]. To do this, we need to
digitize the signal from FD, normalize it by duration and
amplitude, and transform it into a graphic image whose
information parameters are the extrema of the signal and
the point of transition through zero. The digitized signal is
approximated by polynomial functions in the regions de-
termined by the maxima and minima of the FD signal. For
each approximation interval, we set the number of dis-
crete points xjj, X3,...,X, obtained experimentally in

the process of digitizing the signal, and write the ap-
proximation interval polynomial [14—16]:

P(x)=q +a2x+a3x2 +---+an_1x".

Next, we convert the approximated signal into a
graphic image [10, 11], in which the continuous change of
the signal is replaced by characteristic lines (points of
placement of extremums and zeros). Which differ in co-
ordinates, height and polarity. The corresponding time

signals (Fig. 2) graphic images for steel and copper are
presented in Fig. 7 (blue is marked by extremes, red is the
point of transition through the zero level), where A; and
A, are the largest positive graphic-digital image maxima.
An integral parameter that can be used to estimate the
difference in signals is K% [17]:
A1 —
K= 1—AZ-IOO%.
41
Identify the type of metal and verify the correctness of
the identification of the metal by the spectral method [8,
9]. The informative parameters in it are the area under the
outburst spectrum and the spectrum band at the level of -
40 dB of the signal taken from the FD.
The spectral density S*(f) [8] as well as the signal at
the output of the FD depends on p,,n,, o, and in the

frequency region is described by the expression S'(f) = S
(HR(f), where R(f) and S(f) — fading factor when passing
through the multilayer environment in which the OK is
located and the spectrum of the signal, respectively [9].
We assume that all parameters, except for the mag-
netic permeability and conductivity are the same. Then
the spectral density of the output signal depends only on
p, and o their values can be determined from which

metal is made of OK.

In the proposed radio system both methods are used
simultaneously, which increases the probability of identi-
fication of the metal from which the OK is made.

4 EXPERIMENTS
Experimental studies were conducted on a layout,
based on which tonal VLF system was adopted (very low

detection frequency). The layout diagram is shown in
Fig. 8.
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—
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Figure 7 — Graphic images of signals of a number of steel and copper OK’s (different sizes and different orientations relative to the
antenna system)
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Block 1 Block 2 Block 3
Transmis._sion / - Low frequency Microcontroller
Receptlo? signal generator
“antenna
L
Block 4 Block 6
Reception Indicator
“antenna”
L
Block 5 Block 7
Phase detector, amplifier Clock pulse
and filters generator

Figure 8 — The block diagram of the layout of the radio engi-
neering system

The RS layout consists of transmitting and receiving
antennas (blocks 1 and 4), a low frequency signal genera-
tor (block 2) that excite the transmitter of the antenna
system, a block 5 that provides amplification and phase
detection of a signal, a pulse generator (block 7) required
for synchronization of the operation of the blocks of the
RS, the microcontroller (block 3), which performs the
normalization of the signal in amplitude and duration ac-
cording to a specially developed algorithm, and the indi-
cator block 6 necessary for processing the digitized signal
in accordance with the developed x methods for assessing
signals and indicating the result of identification.

The microcontroller block 3 processes the output sig-
nal of block 5 according to the method developed by the
authors developed in [2, 10], which allows the identifica-
tion of metals, based on the comparison of the signal
taken from the output of the phase detector and recorded
in the memory block of the microcontroller unit. In Fig. 9
shows the shape of the signal at the output of the FD for
the OK made of steel, which is obtained theoretically and

experimentally measured on the RS model. As we see the
coincidence of signals is sufficient, so that the proposed
hypothesis of physical processes in the work of RS con-
sidered lawful.

In the RS model, a signal was measured at the output
of the phase detector of block 5 (the input of the ADC of
the AtMega32 microcontroller [18, 19] of block 3),
which, with the help of the developed software, normal-
ized the signal by amplitude and duration and transmitted
to the indicator device — a laptop, which calculated the
necessary parameters of identification.

1

0.5

uor

-0.5F

t, disc

L 1

0 2000 4000 6000 8000 10000
Figure 9 — Signals at the output of the FD theoretical (dashed
lines) and experimental (solid line) for the OK made of steel

The values of K% for the theoretical and experimen-
tally received signals have the following values [20]:

~0,93-0,80

Ktheor 100% =14%;

s

0,96-0,78
p=—""

Kex *100% =18%.

In Table 3 the characteristics of graphic images of
some metals, investigated in this work (the base of
graphic images) are given.

Table 3 — The coefficients of graphic-digital images for different metals

Sample name (column) and .number 1 5 3 4 5 6 7
in order of extremum (line)
Steel 0.3055 -0.9471 0.9461 —-0.9007 0.9826 —0.5326 0.1844
Coordinates of extremes 8 18 28 36 46 57 69
Coordinates of zeros 12 23 32 41 52 65
Copper —0.2551 0.8720 —0.9963 0.4949 —0.1403
Coordinates of extremes 7 18 29 41 52
Coordinates of zeros 11 23 36 49 56
Silver 86,8% pure —0.2462 0.8406 -0.9917 0.5086 —0.1494
Coordinates of extremes 7 17 28 40 50
Coordinates of zeros 10 22 35 47 57
Titanium 0.5026 -0.9139 1.0000 —0.5525
Coordinates of extremes 5 14 26 35
Coordinates of zeros 8 20 31 41
Gold 90,0% pure -0.2354 0.8405 -0.9624 0.5098 -0.1512 0.0540 0.0350
Coordinates of extremes 9 20 30 42 54 63 65
Coordinates of zeros 13 25 37 50 61
Lead —0.3122 0.9769 —0.9954 0.4797 —0.1736
Coordinates of extremes 6 15 25 36 47
Coordinates of zeros 1 9 20 31 43
Bismuth 0.2011 0.2887 —0.9310 1.0000 —0.4570 0.2582
Coordinates of extremes 3 7 16 25 36 45
Coordinates of zeros 10 20 32 42
Aluminum -0.3073 0.8535 —1.0000 0.4309 -0.1411 0.0240 —0.042
Coordinates of extremes 7 18 27 38 50 57 60
Coordinates of zeros 11 22 34 46 56 58
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For each OK in the columns 1,2, ... the values and co-
ordinates of the sequences of extremums are given, as

And the difference between the bands is according to
the formula:

well as the coordinates of the points of the signal passing ful = fn2 .

through the zero level. Fn= T 100% ,  fu2 fu2,
As can be seen from Table 2, each metal has a differ-

ent arrangement of extremums and zero poin‘Fs, so their Fv= Sr—fn 100%, fu> fn,

values can identify the type of metal from which the ob- S

ject is made. To do this, you need to create an image for Ant Ay

an object from an unknown metal, calculate its coeffi- Af = —

cients, and compare them with those that are already in
the base, and find the corresponding image, thereby de-
termining the type of metal.

In Table 4 and 5 the spectral characteristics of the in-
vestigated materials are given [20].

5 RESULTS

where fn1, fn2, fu, fv2 are the lower and upper bands of
the spectrum [21-23] of the two metals that to be
compared, Af is a difference in spectrum width by level
-40dB [24, 25].

Table 5 — Percentage difference in parameters between copper
and some other metals

dThChp e;centage dlffere(?ce 1S cilcut{ai[le d f.br t?e arelasl Comparable metals The difference in The difference in
under the bypasses according to the following formula: the arcas under the the bands
(8, 9]: bypass
S1—S»2 Silver vs copper 7.8% 4.48%
S = ‘— 100%, S1282, Gold vs copper 5.6% 1.67%
! Copper vs titanium 15.8% 11.96%
where S1,S2 is a square under the intersection of two Copper vs lead 2.5% 1.99%
different metals to be compared, AS is an estimated Copper vs aluminum 8.927% 7.8%

value of the difference between metals.

The results of identification of the metal are shown in

table 6 on the example of duralumin.

Table 4 — Spectral characteristics of some investigated materials

Metal Spectrum width by S under the bypass spectrum (dB-Hz)
level 40dB (Hz)
Steel 20 3.84+£0.12...23.05+ 0.25 444.5043.62
Copper 6.72 +£0.08...27.48 £ 0.16 575.88+3.12
Steel and copper together 7.51+0.19...26.00 £ 0.22 485.50+ 4.23
Gold 90.0% pure 6.50 £0.15...27.99 + 0.32 545.0 £ 4.39
Bicmyr 4.89+0.11...28.46 + 0.86 580.6 £ 10.8
Silver 99.99% pure 6.64 +0.10...27.00 + 0.14 544.36 + 3.55
Silver 90.0% pure 1 Ruble 1896y. 6.72 +£0.04...27.55+ 0.29 556.87 +£4.74
Silver 90.0% pure 50 kopeck 1912y. 6.75+ 0.05... 27.50+0.17 552.81+ 3.88
Silver 88.5% pure Thaler 1665y. 6.67£0.09 ...26.84 £ 0.19 541.30 +3.34
Silver 75.0% pure Thaler 1648y. 6.66 £ 0.08...27.02 + 0.21 544.43 £ 3.00
Silver 68.3% pure 1618y. 7.09 £0.13...28.27 £ 0.23 553.04 +4.34
Nickel 9.56£0.11...26.77 £ 0.18 495.00 +4.50
Titanium 7.44 £0.29... 27.84 £ 0.36 537.66 = 5.15
Table 6 — Results of identification of the metal
Metal Metal new: duralumin
benchmark Difference %, for each of % similar to
informative parameters the standard
1 2 3 4 5
Metal Polarity S Fn Fv K% Spectrum. method Time method
Steel 100 21.111 44.779 20.099 72.300
Copper 0 2.516 3.363 4.743 12.211
Gold 90,0% pure 0 3.274 6.527 2.975 13.748
Bismuth 100 2.853 29.679 1.346 7.681
Silver 99,99% pure 0 3.452 4514 6.407 16.602
Silver 90,0% pure 0 1.322 3.363 4.501 10.754
Nickel 100 12.148 26.491 7.204 24.385
Titanium 100 4.694 6.533 3.495 24.385
Duralum 0 1.156 2.246 2.489 1.475 98,29% 98,52%
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The decision on the similarity of an unknown metal to
an existing one is based on the matrix of differences (col-
umns 1-5 of Table 6). The line with the largest number of
minimum differences is selected (the selected positions in
bold are highlighted in Table 6) and for this position, the
percentage similarity is calculated, by averaging only the
minimum values.

The number of cases of correct identification duralu-
minium: 45 times out of 50, the probability of 0.90.

The researches carried out on the developed experi-
mental RS confirmed the possibility of accumulation of
signals of groups of different metals and the creation of
images of objects, which can be different metals.

6 DISCUSSION

The experimental studies confirmed the hypothesis
about the possibility of using the eddy-current method for
the identification of metals. The proposed model with a
sufficient probability allows us to link the signal form at
the output of the FD with the parameters of the metal
from which the OK is made, as can be seen from the
comparison of the calculated and experimentally taken
signals.

As can be seen objects made of different materials can
be identified by the difference between the two highest
positive peaks in the signal FD. To do this, the processing
of the signal uses a graphical-digital method, which, by
the amplitudes of the maxima and their time placement,
allows identification of objects of control by the type of
metal from which they are made.

CONCLUSIONS

Thus, the actual task of identifying metal objects is
solved by new information features detected in the form
of a signal at the output of the ECD, its transformation
into a graphical-digital image of a metal object, its
analysis and comparison with images recorded in the
memory of the eddy current radio system. The signal
processing technique and the radio engineering system
that implements it are developed.

The scientific novelty of the obtained results are to
derive new information criteria in the output signal of the
eddy current converter that characterize the metal type. It
is proposed to identify metals to compare graphically-
digital images of a signal obtained from an unknown
metal with images recorded in a database of known
metals, which allows them to be identified within the
subsets of non-ferrous (non-magnetic) and ferrous
(magnetic) metals. To improve the accuracy of the
obtained results, it is proposed to use the spectral
identification method simultaneously with the graphical-
digital method.

The practical significance of the obtained results are
to explain the causes of differences in the form of signals
received from different metals, to create a database of
graphical-digital images and to develop a layout of a
radio-technical identification system, which allows to
distinguish metals within the subgroups of non-ferrous
and ferrous metals.

© Abramovych A. O., Agalidi Y. S., Piddubnyi V. O., 2020
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Prospects for further research is the creation of
mathematical support for the implementation of spectral
and graphical-digital methods of identification,
development of new and effectively operating units of the
radio engineering system.
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AHOTAIIA

AxTyanbHicTh. Po3risiHyTOo 3amady ctBopeHHs pagiotexHiyHol cucremu (PC) ineHTudikauii MeTaniB B cepeAnHi miarpyn Mar-
HITHUX Ta HEMarHiTHMX METaJiB Ha OCHOBI BHXpOCTpyMoBuX meperBoproBauiB (BCII). O6’ekToM HOCITIKEHHS € pajioTeXHiYHA
cucTema izeHTudikamii Metais.

Mertopa. Po3poOka pamioTexHidHOI cuCTeMH, sika J03BoJIsIE po3umpuTt MoxiauBocti BCII nuisixom izentudikamii Metany B mii-
MHOXHHI HEMarHiTHUX (MiJb, 30JI0TO, CPiOJI0 1 IHIMKX) 1 MATHITHUX (CTaNb, HiKEJIb) MaTEPialiB.

3anponoHoBaHa cTpyKTypHa cxema PC, sika 6a3yerscst Ha 00poOni curranis BCII B wacoBiit Ta cekTpaibHild 001acTsIX, sika Ha-
JIa€ MOYIJIMBICTD iAeHTH(]IKALIT THITy METaly B MeXaX MMiIMHOKHHMA HEMarHITHUX 1 MarHITHUX MaTepialliB, IO JO3BOJISIE ITiABUIUTH
HMOBIPHICTh BHSIBIICHHS IIPHXOBAHUX B JI€JIEKTPHIHOMY cepefoBuIli 00’€kTiB KoHTpoo (OK), BUTOTOBICHHX 3 KOJBOPOBHX Ta
YOPHUX METaJIB.

Pe3yabTaTh. J[OCTOBIpHICTh OTPHMAHUX PE3YJIbTATIB EPEBIPKH POOOTH METOIUKH IepeBipsiiach Ha labopaTtopHoMy MakeTi PC,
SIKUH CKJIaJa€eThCs 3 aHAJIOr0BOI BUXPOCTPYMOBOI YaCTHHM Ta MikpokoHTpoiepa i3 AIIT s nepenavi qaHux Ha HOYTOYK, IO HPO-
rpamMHO peaiizye MeToqu 0OpoOKu curHaity. B cTaTTi 3amporoHoBaHa rimore3a BUHHKHEHHS iHPOPMATHBHOIO MapaMeTpy Ta MaTe-
MaTH4YHa MOJIENb, SKa IOSCHIOE NMPUYMHM BUHUKHEHHS CUrHaMy Ta Horo ¢opmy. ExcriepumeHTanbHO HiATBEpIKEHa MOXIUBICTBH
Bukopuctanas PC mis ineHTndikanii MeTaniB B paMKax MiJMHOKHHNA HEMArHITHUX 1 MATHITHUX MaTepialiB.

BucnoBku. [IpoBeneHi ekcnepuMeHTaIbHI JOCTIIKEHHS i ATBEPANIN Mpane3 aTHicTh 3anpornonoBanoi PC ta MeToaiB 00poOku
CUTHAJIIB BUXPOCTPYMOBUX II€PETBOPIOBAUIB, IPOrPaMHOTo 3abe3IedeH s, 0 Horo peanizye. Pesynpratn poOoTH 103BOISIOTH pe-
KOMEHJIyBaT! CTPYKTYpY PajiOTeXHIYHOI CHCTEMH Ul PO3POOKM IpmiIafiB ifeHTH]IKaIii MeTany, 3 SKOro BUTOTOBJICHUI 00’ €KT
KOHTpOJI0. [IepcrieKTHBY NOAANBIINX TOCIIDKEHb MOJISraloTh B afanTaliii MaTeMaTHYHOrO i IPOrpaMHOro 3a0e3IeUeHHs He JINIIe
6a3u 00pa3iB MeTaliB, a i JJIsl CTBOPEHHs 00pa3iB CKIaAHUX 00’€KTIB, 110 103BOJMTH 1IeHTH(IKYBAaTH 00’ €KT, i THM CaMHM, PO3IIHU-
pUTH iX (YHKIIOHATbHI MOYKJIUBOCTI.

KJUIFOYOBI CJIOBA: BUXpOCTpYMOBHI IEPETBOPIOBAY, METAIEBI 00’ €KTH KOHTPOJTIO, iIeHTU]IKALlisI METaIiB.
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PAANOTEXHUYECKASI CUCTEMA HAEHTUO®UKALIN METAJIJIOB HA OCHOBE BUXPETOKOBBIX
HPEOBPA3OBATEJIEN

A6pamoBHY A. A. — acnupaHT Kadeapsl paJHoTeXHHYECKUX YCTPOHCTB U cHcTeM HalnoHambHOr0 TEXHHYECKOTO YHUBEPCUTETA
Yxpauns! «Kuesckuii nonurexauyeckuit MHCTUTYT uMeHH Hrops Cuxopckoro», Kues, Ykpauna.

Aramuau 1O. C. — kaHJI. TeXH. HayK, CT. HAy4H. COTPYIHHK Kadenpsl paJuOoTEeXHUYECKUX YCTPOHCTB U cucteM HaroHanbHOro
TEXHUYECKOTO YHUBepcuTeTa YKpauns! «KueBckuii nonutexaudeckuit ”HCTUTYT uMeHH Urops Cuxopckoro», Kues, Ykpauna.

Moanyouplii B. A. — kaHI. TeXH. HayK, JOUEHT Kadeaphl paAHOTEXHUIECKUX YCTPOUCTB U cHcTeM HallMoHanbHOTO TEXHHUYECKO-
ro YHUBepcHuTeTa YKpanHbl «KueBckuil monurexHnuecknii HHCTUTYT UMeHH Urops Cukxopckoro», Kues, Ykpanna.

AHHOTAIMS
AKTyalIbHOCTB. PaccMoTpeHa 3aada co3manus paguoTexandeckoit cucremsl (PC) naeHTH(UKAINT METaJUIOB B CEpEeIMHE MO-
TPYII MAarHUTHBIX ¥ HEMarHUTHBIX METAJUIOB HA OCHOBE BUXPETOKOBEIX MpeodpaszoBareineil (BTII). O6bexToM Hccaen0BaHus SIBIIS-
eTCs paJUOTEXHUIECKast CHCTEMAa MICHTH(OUKALIHH.
Metoa. Pa3paboTka paguoTeXHHYECKON CHCTEMBI, KOTOPasi MO3BOJISIET pacIipuTh BosMoxkHocTH BTII nmyTtem mnentudukanuu
MeTaJlla B OJAMHOXKECTBE HEMarHUTHBIX (MeJib, 30JI0TO, Cepedpo | Apyroe) U MarHUTHBIX (CTajlb, HUKEIb) MaTepPHUaJIOB.
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H3rOTOBJIEHHBIX U3 LIBETHBIX, APAarOUE€HHbIX UJIK Y€PHBIX METAJIJIOB.

IIpennoxena crpykrypHas cxema PC, xoTopast ucronsszyer obpadorky curnanoB BTII Bo BpeMeHHOH U crekTpaibHOH obmac-
1sx. PC no3Bosier uieHTHGUINPOBATh TUII METala, U3 KOTOPOro BhIONIHEH 00bekT KoHTpos (OK), B paMkax MOoJMHOXKECTB He-
MarHUTHBIX U MAarHUTHBIX MaTEpHaJIOB, YTO MO3BOJIET IOBBICUTh BEPOATHOCTD BBISBICHUS CKPBITBIX B IuajekTpudeckoil cpene OK,

Pe3yabTathl. J0CTOBEPHOCTH MONYyYEHHBIX PE3yNIBTATOB MIPOBEPKU PAOOTHI METOAMKHU NPOBEPSIIACH HA JTaOOPaTOPHOM MaKeTe
PC, koTOpBIif COCTOUT U3 aHATIOTOBOW BUXPETOKOBOW YacTH U MUKpOKoHTpoiuiepa ¢ AL anst mepenaun JaHHBIX Ha HOYTOYK, KOTO-
PBIif IpOrpaMMHO peanu3yeT MeToAs! 00paboTKM curHanma. B craThe mpeasoskeHa Tumore3a BO3HUKHOBEHUSI HH(POPMATHBHOTO Mapa-
MeTpa M MaTeMaTHdecKasi MOJelb, KOTopas OOBSICHIET NIPUYNHBI BOSHHKHOBEHMS CUTHATA M ero GopMy. DKCIIepUMEHTAILHO HOA-
TBEPIKI€HAa BO3MOXHOCTD MCIIOJI30BaHUS KOMITBIOTEPOB VISl PEIICHNUS 3aJaul HASHTU(QHUKAIIMY METaUIOB B PaMKaxX ITOJMHOXECTBa
HEMarHUTHBIX U MATHUTHBIX MaTepUajoB.
BeiBoabl. [IpoBeieHHBIE IKCIIEPHIMEHTAIBHBIE MCCICIOBAHMS HOATBEPIMIN PaboTOCIIOCOOHOCTh mpemiokenHoil PC u Meronos
o6pabotku curHanos BTII, nmporpaMmuoro obecrnedeHusi, KOTOPOe €ro peaausyeT, YTO MO3BOJISIET PEKOMEHI0BaTh ee sl pa3paboTKu
MpuOOpPOB HAEHTH(HHUKAIMKE MEeTalna, U3 KOTOPOro M3rOTOBIEHHBIH 00BEKT KOHTpois. IlepcrekTuBbl JanpHEHINX HCclIel0BaHUH CcO-
CTOST B aJanTallii MAaTEMAaTHYECKOTO W MPOrPaMMHOTO obecriedeHusl He TOJBKO 0a3pl 00pa30oB METAIOB, HO M CO3laHHsA 00pa3oB
CJIOXKHBIX OOBEKTOB, YTO MO3BOJIUT HICHTU(DHINPOBATH CKPBITHII METANINUECKHI OOBEKT U TEM CaMBIM PACIIHPHUTH €€ BO3MOKHOCTH.
KJ/IIOUEBBIE CJIOBA: BuxpeToKOBBIi IIpeoOpa3oBaTelb, METANINIECKHE 00BEKTH KOHTPOJLSL, HACHTH(HUKAL METaJlIOB.
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