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Summary. The article deals with the actual problem of theoretical substantiation of the method of
identification (diagnosis) of metal inclusions (hereinafter referred to as metal inclusions) in bulk raw materials
under the conditions of a conveyor belt. The presence of metal inclusions in the raw material transported by the
conveyor belt can lead to both emergencies and deterioration in the quality of the output product. The
identification method provides for diagnosing the presence of metal inclusions, determining its dimensions, type
of metal and coordinates relative to the cross-section of the conveyor belt. The results of theoretical and
experimental studies of the method for identifying metal inclusions based on a scanning signal and an additional
excitation coil are considered. A mathematical model has been developed for determining the position of metal
inclusions on a conveyor belt relative to a line perpendicular to the axis between two excitation coils, including
two trajectories for determining coordinates for three excitation coils and two receiving coils.

Key words: metal inclusions, conveyor belt, theoretical and experimental research, mathematical model,
identification method, coil system.
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Statement of the problem. Most of the ceramic industries engaged in the processing of
raw materials for the manufacture of ceramic products, in particular bricks, ceramic tiles, etc.,
require high-quality clay as raw material. Despite the improvement of the clay preparation
process, different types of metal inclusions which differ in the type of metals, shape and weight
can be found in it. The presence of metal inclusions in raw material is a major threat to the
technical condition of the technological equipment and adversely affects the quality of the final
products. It is also a typical problem for a number of other industries, such as the process of
manufacturing of building materials, recycling, storage and processing of agricultural products.

The metal inclusions get in the raw material during various technological stages of its
preparation. The inclusion of metal wires in the raw material often leads to emergency situations
and, as a consequence, to significant financial costs for the elimination of emergencies and
downtime of technological lines, as well as reducing the quality of the initial products [1, 2].
Therefore, the task of developing a method of identifying (diagnosing) the metal inclusions in
the raw material transported by conveyor belt with the possibility to automatically determine
their coordinates and dimensions requires its theoretical justification.

Analysis of available research. The analysis shows that at most of the brick production
plants the existing automated process control systems of preparation of raw materials provide
the placement of permanent electromagnet of various models (in particular P100M) above the
conveyor line. This situation does not allow to ensure the purity of the raw material to the full
extent, especially in the case of inclusion of non-ferrous metals, or in the case of inclusion of
metals, the weight of which does not actuate the electromagnet. The existing methods of
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identification of metal inclusions do not allow to determine their dimensions and coordinates
of position on the conveyor belt. Thus, in [3, 4] for the identification of metal inclusions the
LDC series chip is used, which acts as a coordinator of work with the receiving coil, performs
amplification and normalization of the received signal. However, they do not provide sufficient
sensitivity. In other works [5, 6], the pulse method is used for metal inclusion identification,
however, as in the previous case, the problem of increasing the sensitivity of the receiving coil
has not been solved. In order to increase the sensitivity of detectors, specialized approaches to
signal generation for excitation coils are used [7, 8]. Though this approach has increased the
sensitivity of the receiver coil, it is insufficient for industrial applications.

The use of methods for identification of metal inclusions using high frequencies in the
range of 1-1.5GHz [9, 10] is a promising trend; however, their use is very expensive and
requires specialised equipment and complex data processing algorithms. In [11, 12] amplitude
and phase characteristics of the received signal were studied; we used them in developing the
method of identifying metal inclusions in raw material. Thus, when a non-ferrous metal
inclusion is present in the excitation coil area, the signal from the receiving coil changes not
only the signal amplitude but also the signal phase that is relative to the excitation signal. This
property allows us to identify non-ferrous metal inclusions in the flow of raw material.

Objective of the investigation. The objective of the research is the theoretical and
experimental substantiation of the method of identification of metal inclusions in raw materials
for manufacture of ceramic products and bricks, transported by conveyor belt. The created
method of identification can be the basis for the system of diagnosing the presence of metal
inclusions, determining its dimensions, type of metal and coordinates relative to the cross
section of the conveyor belt. Integration of such a system of identification of metal inclusions
into the automated control system of processing of raw materials will improve the quality of
the initial products.

Statement of the task. To study the propagation of electromagnetic waves in the «clay
layer — metal-insulator» system it is necessary to develop a mathematical model that takes into
account the electromagnetic permeability of the medium and metal inclusions and is based on
the formation of electromagnetic field after passing through the metal inclusion with distinctive
electrical and magnetic properties. It is based on a method based on generation of magnetic
field with moving maximum of excitation coil intensity amplitude, proposed in [13]. It allows
the registration of secondary vortex flow fields, which occur in objects with ferromagnetic
properties under the influence of the primary low-frequency magnetic field. In this case, the
magnetic field is generated by means of coils supplied with alternating current. The generated
eddy currents primarily depend on the current strength of the excitation coil, its frequency and
the properties of the metal inclusions (geometric dimensions, type of metal). The developed
method of identification of the metal inclusions in the raw material is based on the improved
electromagnetic method, which is devoid of its main drawback — the magnitude of the receiving
signal is inversely proportional to the sixth power of the distance between the diagnostic system
and the object of diagnosis (metal inclusion).

Development findings. Electromagnetic waves, which pass through the medium with
certain electromagnetic properties, are transformed. At the exit of the medium these
transformations are described by the formula

H,=H,-e“ " (1)
where« is is the coefficient of attenuation of the wave, o is the magnetic field strength at the
entrance of the medium, kis the wave number. Wave number depends on properties of the
medium:
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k=w- 8a'lua_ (2)

It is obvious that the estimation of electromagnetic field at low frequencies gives an
integral estimation of the medium and, if different materials are present, an average estimation
will be obtained, (Fig. 1.)

y

Figure 1. Model of the formation of an electromagnetic field after passing through an object with distinctive
electromagnetic properties Figure 1. Model of the formation of an electromagnetic field after passing through an
object with distinctive electromagnetic properties

Depending on the trajectory of a particular magnetic field line, it will have its own length
and propagation coefficient. In this case all lines will be added and the total field H> will have
an integral estimation of all lines between the emitting and receiving coils.

In order to theoretically justify the developments of a method of identification of metal
inclusions such as steel, aluminium and copper, an experimental device has been developed
(Fig. 2). Experiments on the experimental device included determination of electromagnetic
wave attenuation coefficient and wave number.

The experimental device contains a sinusoidal signal generator connected to one of the
coils. The coil generates an electromagnetic field which propagates, passes through a metal
inclusions and reaches the receiving coil. The wave number is determined using a phase meter
and the attenuation coefficient is determined by the ratio of the amplitude values using a
detector [14].

With the help of this device a study of the interaction of copper and aluminium metal
inclusions with the electromagnetic field was carried out. This investigation involved
measuring the change in signal amplitude ratio at the receiving coil with the sample of metal
inclusion and without it. The study also involved measuring the phase change when introducing
into the space between the coils metal inclusions of different size and different metals [15].

Figure 2. Photo of the experimental device
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As a result in Fig. 3 and Fig. 4 with the help of an oscilloscope we obtained hodographs
in the presence of the metal inclusion (copper, 120 grams) and without it.
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Figure 3. Screenshot of the oscilloscope in the Figure 4. Screenshot of the oscilloscope in the

absence of metal in the control area presence of metal (copper) in the control area

As a result of the experiments (Fig.5) it was found that when the size of the aluminium
metal inclusion increases, the signal phase approaches 2 degrees compared to the signal without
metal inclusion and the signal amplitude decreases to 0.8. In the case of copper metal inclusion,
the maximum amplitude ratio is 0.5. If steel metal inclusions are analyzed, the ratio increases
to 2. The results obtained allow us to state that after interaction of metal inclusions with the
electromagnetic field, the magnetic field strength changes the phase and the amplitude ratio.
The magnitude of these changes depends on the magnetic and electrical properties of the metal.
These properties can be taken as a diagnostic indication of the presence and properties of a
metallic inclusion in an electrically non-conductive medium [16].
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Figure 5. Diagrams of the dependence of the phase shift angle and the amplitude of the received signal on the
size and type of metal inclusion: a — aluminum part, b — copper part, ¢ — iron part

A mathematical model has been developed to determine the induction of the magnetic

field of a two coil system. Using the principle of superposition, the process of calculating the
induction of the two coils has been decomposed into two components. These induction

26 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 3 (103), 2021https://doi.org/10.33108/visnyk_tntu2021.03


https://doi.org/10.33108/visnyk_tntu2021.0

Leonid Zamikhovskyi, Ivan Levitskyi, Mykola Nykolaychuk, Yuriy Striletskyi

components are determined separately for each coil. Then the fields of the two calculations are
added and thus the field of the two coils is formed, Figure 6.

Figure 6. Model for calculating the induction of the magnetic field at any point in the plane

The current coil is divided into a certain number of segments, which form the field
emission areas dl [17]. The number of sections determines the accuracy of the result. As their
number increases, the length dl decreases, but their number increases. The system is directed
along the axis of coordinates Z. Therefore at each point in the plane the value will be determined
by the coordinate along the Z axis. The components must be defined as the sum of the effects
of all the segments of the coil with current. Thus we have to find the distribution of inductances
from the two coils. And then we have to find the sum of inductions at each of the calculated
points.

A simplified simulation of the total magnetic field without taking into account phase
shifts, which are neglected at low frequencies, is carried out using a third coil the centre of
which is located at a certain point in space. At this point, the field induction will be generated
by the two current coils. This induction will create a secondary field that is proportional to the
magnetic properties of the area. These magnetic properties depend on the size and magnetic
properties of the metal inclusion.

By adopting a generalised coefficient that takes into account size and properties, we
look for the equivalent current that generates the secondary field. After that, we have to find
the distribution of the induction of the secondary magnetic field. The simulation results can be
observed as a three-dimensional model of distribution of the induction of the magnetic field,
according to simulation results in MatLab environment, Fig. 7.

Figure 7. Distribution of current values of magnetic field strength in the developed system of coils in the
presence of a model of metal inclusion
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The graph shows that due to the large size of the excitation coils the field around them
is complex. Therefore, in order to measure the field induction, the receiving coil is placed at a
certain distance from the end of one of the excitation coils. As a result of the measurements
carried out, we obtained graphs of the dependence of EMF in the receiving coil on the position
of metal inclusions of different sizes along the axis perpendicular to the axis of the coils with
different magnetic properties (Fig. 8). In order to study the metal inclusions of different sizes,
a signal value was introduced, which indicates the ratio of the geometric size of the metal
inclusions in relation to the distance between the excitation coils. The graphs of the studies of
the copper or aluminium metal inclusions have shown that their amplitudes are attenuated, but
they do not differ significantly in amplitude from each other, so they partially overlap.
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Figure 8. Dependence of the EMF on the position of metal inclusions of different sizes with different
magnetic properties: 1, 2, 3 — iron of different sizes (12%, 18%, 68%), 4 — copper (36%), 5 — aluminum (34%)

From the graphs of the relationship between the position of the metal inclusion and the
magnetic field strength, it is possible to find its distance from the axis between the two
excitation coils, which is as follows:

U,=K:-—"— 3

where U, is the EMF at the output of the receiving coil, K is the coefficient of proportionality,
x is distance of the metal inclusion from the axis between the two excitation coils K11 and Ko,
y is the generalizing coefficient of the coil parameters.

Figure 9 shows a scheme of the experiment. The graph (Fig. 10) shows the measurement
result which is invariant to the axis of symmetry. Therefore, with this coil system it is
impossible to determine the exact position, only the displacement relative to the axis of the
excitation coil.

Analyzing dependence (3), to determine the position of the metal inclusion it is not
enough to have a voltage at the output of the receiving coil. It is necessary to determine the
value of the other two components. The coefficient y depends on the coil parameters and its
value can be pre-determined by calibrating the coil system. The coefficient K can be determined
by using an additional measuring coil system which operates simultaneously but at different
frequencies.
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Figure 9. Scheme of the experiment: MB — metal Figure 10. The graph of the dependence of the voltage
inclusion, 1, 3 — excitation coils, 2 — receiving coil UK?2 of the receiving coil on the position of the metal
inclusion X

To determine the position of the metal inclusion between the coils, the measurements are
performed using the parallax method [18]. The method involves simultaneous measurement of
EMF by two coils shifted in space by a fixed magnitude. For simultaneous measurement, excitation
is performed at different frequencies for each pair of coils (Fig. 11). The EMF (Ux2) from the two
receiver coils (2, 4 in Figure 11) was measured. The results obtained are given in Fig. 12.
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Figure 11. Layout of the coils: 1, 3 — excitation Figure 12. Graphs of the dependence of the EMF of
coils of the first trajectory; 1, 5 — coils of excitation  the two receiving coils K. and Kz, from the position
of the second trajectory, 2, 4 — receiving coils of the metal inclusion between them

In order to fit the graph in dependence (3), the passive component, which is formed by the
excitation coil, was subtracted. The dependence graphs after subtracting the established value
caused by the non-informative components and the approximated dependence are given in Fig. 13.
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Figure 13. Approximation of the found EMF by the selected function:
1, 3 — measured values, 2, 4 — approximated values
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As a result, to calculate the position of the metal inclusion, which is located between the
axes of the receiving coils, it is necessary to perform two independent measurements. Thus we
obtain a system of equations, assuming the distance between the coils as d:

y
Ual:K(szrxzj

y @
Uy, =K —5—F—3
(y2+(d—x)2]

Expressing from the first equation of the system (4) coefficient K and substituting it into
the second equation of the system we get:
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As a result of simplification, we obtain a mathematical model for determining the
position of the metal inclusion relative to the axis of the excitation coils:

_ G-d+4Gd’-y*(G -1y ()

% = G-1

The solution of the equation provides two values of coordinates, but we choose the
positive and less than distance d as the final one. If neither of them meets this criterion, then
the metal inclusion is outside the measuring coil system.

Approbation studies have been carried out with raw materials used at
«Ceramicbudservice» Ltd, (Ivano-Frankivsk, Ukraine). Several times the metal inclusions of
heterogeneous metals were present in the raw material, and their coordinates relative to the
conveyor belt cross-section were fixed in advance. The measuring system, with the help of the
developed mathematical model, performed identification of metal inclusion, which included
the fact of metal inclusion detection, determination of metal inclusion type, calculation of metal
inclusion coordinates. The deviation of calculated coordinates from the actual ones was not
more than 3 cm with the conveyor belt width of 60 cm.

Conclusions. The results of the experiments, using the developed research device,
confirmed the possibility of using the properties of changes in the amplitude and phase of the
measured signal of the receiving coil as a diagnostic feature for identification of metal
inclusions both by type of metal and by their size. The empirical dependence of metal inclusion
on the conveyor belt in relation to its axis between the two excitation coils has been established.
A mathematical model for identification of metal inclusions, which includes two trajectories of
determining their coordinates, using the parallax method and additional excitation coils, has
been developed. Using it, it is possible to diagnose the presence of metal inclusion by its
position in relation to the axis of the excitation coils and by the type of metal inclusions (iron,
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aluminum or copper). The mathematical model is the basis of the proposed system for removal
of identified trace metal inclusions [19], which is integrated into the plant automated control
system of the raw material processing.
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MATEMATUYHI OCHOBU METOAY ITEHTU®IKALIIL
METAJIOBKJIIOYEHDb Y CUPOBUHI 3 ABTOMATHYHUM
BU3HAYEHHAM IX KOOPAUHAT

Jleonin 3amixoBcbkuii; IBan JleBunbkuii; Mukosa Hukosaiiuyk;
KOpiii Crpineubkuii

leano-Dpankiecokulli HAYIOHATLHUL MEXHIYHUL YHIBepcumem Hapmu i 2azy,
leano-Dpanxiecvk, Ykpaina

Peztome. Posenanymo axmyanvHy 3a0ayy meopemuyHo20 OOIpYHMY8anHs memooy idenmuikayii
(Oiacnocmysants) mMemanesux 6KNOUeHsb (0ali 3a MeKCMoOM — MEMANIOBKIIOYEHD) Y CURVUIL CUPOBUHT 8 YMOBAX
KOHGeEpHOI cmpiuku. Hasaenicmb Memanoskuiouensb y cupoGUHi, Wo MpaHcnopmyemscsa KOHGEEPHOIO CMPIYKOIO,
Modce npuzsecmu K 00 GUHUKHEHHS A6APIUHUX CUMYayid, max i 00 No2ipueHHs AKOCmi 6UXiOHOI nPoOyKyil.
Memanosxniouenns nompanisaioms y CUPOGUHY HA KOJICHOMY emani pyxy CUpOGUHU MEXHONO02IYHOI0 JiHIEI0
supobrnuymea. Memoo ioenmuixayii nepeddbayae 0iacHOCMY8AHH HAABHOCHI MEMAN0BKIIOYEHHS, BUSHAYEHHS
11020 eabapumis, muny Memaiy i KOOPOUHAM 8IOHOCHO NONEPEeYHO20 nepepisy KOH8eepHoi cmpiuku. Poszenanymo
pe3yibmamu meopemuKo-eKCHepUMeHMAIbHUX 00CAI0NCeHb Memoody i0eHmupikayii MemanogxkioueHb Ha 6asi
CKAHYIOHY020 CUSHATY Ui 000amMKO80i KOmywKu 30y0dcenHs. Pospobreno mamemamuuny modenv GU3HaUeHHs
NONONCEHHAM MEeMANo8KIIOYeHHs HA KOHBEEPHIll cmpiuyi 8IOHOCHO NiHIL, nepneHOUKYIAPHIU oci mixc 0goma
KOMYWKamu 30y024CceHHs, W0 BKIOUAE 081 MPAEKMOPIT BUSHAYUEHHS KOOPOUHAM 0151 MPbOX KOMYUIOK 30Y0XHCEHHS
i 06ox mputimanvHux Komywiox. Mamemamuuna modenv 6a3yemvcs HA NAPATEKCHOMY MemoOi 6U3HAYeHHs
KOOpOUHAM MemAano8KIIOYEHHSI N0 OMPUMAHUX CUSHANAX 13 NPUUMATbHUX KOMYWoK. HJocuiodcenns 63aemooii
MA2HIMHO20 NOAs 3 MEMANOGKIIOUEHHAM NOKA3ANU HAAGHICMb  3ANEICHOCMI  MIJIC  PO3MIPOM — CAMO20
Memano8KIoYents, eudy Memany ti AMHIINY 0010 NPUITHAIMO20 CUSHATY, 8ETUNUHONIO 3CY8Y (a3u MidC CUSHATOM
BUNPOMIHEHHA U NPUUHAMUM CUSHATIOM. 3anponoHo8ano 000amKo8y KOmYwKy 30V0dicenHs, sKa 3abe3neuye
napanenvbHicms  JHIll HANPYICEHOCMI MASHIMHO20 MO [ 30iIbUye YYMAUBICMb NPUUMATLHOT KOMYUIKU.
Peszynomamu mooenrosanns 6 npoepamnomy cepedosuwyi MatLab niomeepoicyioms 00CmOGIpHICHb OMPUMAHUX
Odanux. Pospobnena moodenv nepedbauac moocnrusicmv macuimabdy8aHHs CUCMEMU WIISIXOM HAPOWY8AHHS
KLIbKOCMI NPULLMATbHUX KOMYUIOK § KOMYUWOK 30Y00iceHHst 830082iC JIHII nepepi3zy KOH8eEPHOI cmpiuKiL.

Kniouoei  cnosa:  memanogkiouenus,  KOHBEEpHA — CMPIuKd,  MEOPemuKo-eKCnepuMeHmanbti
00CIONCEHHSA, MAMEMAMUYHA MOOEb, Memoo i0eHmu@iKayii, cucmema KOMYUuLox.
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