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Abstract: Together with the research and development of belt conveyors, diagnostic methods for their
reliable operation have been developed. Our research is focused on the development of a diagnostic
system and method of sensing the magnetic markers implemented directly into the conveyor belt,
as in this way, it is possible to determine the velocity of the conveyor belt, which can be a source of
information about the potential malfunction of the drive unit, control system, or of the belt itself. The
magnetic markers can be also used to mark the particular segments of the conveyor belt, which can
significantly enhance maintenance procedures thanks to the identification of damaged segments and
the possibility to stop the conveyor belt in the maintenance area. However, problems can occur with
the implementation of the magnetic markers. To prevent the magnetic markers from falling out, FEM
(finite element method) simulations and analyses of commercially available magnetic markers with
different dimensions were performed to analyze the nominal and friction force and related average
contact pressure acting on the magnetic markers implemented into holes drilled into the conveyor
belt in the curved state when passing through the drum.

Keywords: belt conveyor; diagnostics; magnetic sensor; finite element method (FEM); transportation
system

1. Introduction

Conveyor belt transportation systems have been widely used in many applications,
from simple belt conveyors that can be found in supermarkets, to complex airport belt
conveyor systems. In general, belt conveyors support the idea of sustainable transportation,
as according to many sources, they make a positive contribution to environmental and
economic issues; as belt conveyors in general produce only limited emissions, they can use
renewable resources for their operation, while minimizing the impact on the environment
and the generation of noise. Furthermore, considering pipe conveyor belts, they can be
used for the transportation of dust materials and eliminate air pollution, which is especially
important in urban areas. Their economic sustainability lies mainly in their operation;
conveyor belts represent a cost-efficient transportation mode, and support not only logistics
inside companies, but also sustainable transportation at the regional level.

In some cases, mainly considering belt conveyor utilization in industrial applications,
difficult operational conditions have to be considered. To avoid outages of the belt con-
veyors that can cause significant financial losses, together with the development of belt
conveyors, convenient diagnostic methods have to also be developed as diagnostics allows
obtaining information about the technical condition of the main components of the belt
conveyor, using the results of which the control system can adapt to changing conditions [1].
Research in the area of diagnostics is focused on the different components and parts of
belt conveyors and also on the different diagnostic methods based on various physical
principles. The most characteristic design feature is the fact that thousands of idlers support
the moving belt. One of the critical elements of an idler is the rolling element bearing,
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which requires monitoring and diagnostics to prevent potential failure. Roller damage
detection can be analyzed using, for example, a measurement of the jacket’s vibrations
of rollers [2] or the transverse vibrations [3]. Research is also focused on the diagnostics
of the technical condition of gearboxes of belt conveyors because they can increase the
reliability of the conveyor belt system significantly, especially considering gear units for
variable-frequency drives [4]. In practice, the most convenient seems to be the integrated
approach of diagnostics based on vibration and television methods; a method of analyzing
impurity in greasing liquid is given in [5], particularly in connection with the appropriate
information systems for the rational management of the belt conveyor [6]. The utilization
possibilities of inspection robots for the autonomous monitoring of conveyor belt condi-
tions also hold a great deal of potential and are much discussed. They can perform, for
example, noninvasive vibration [7] or acoustic [8,9] measurements on the gearbox housing
even in harsh operational conditions; applying diagnostic features based on time-frequency
analysis and the suitable filtering method based on the developed diagnostic algorithms,
the diagnostic results can enhance the functionalities of the diagnostic system and the
resistance to demanding operational conditions [10]. One of the novel methods for the
inspection of idlers is based on rotational speed measurement and related image data
analysis [11]. The relation is assumed to be that the rotation speed decreases due to internal
defects. As this methodology is also based on remote sensing, it can be effectively applied
in mobile inspection robots such as unmanned aerial vehicles (UAVs) or unmanned ground
vehicles (UGVs). Together with the advances in remote sensing methods and utilization
of robots and unmanned systems, it is necessary to develop energy-efficient technologies
and possibilities for their application in machinery condition monitoring, including long-
range, reliable, and cost-effective radio modules; mesh networking capabilities; contactless
battery systems allowing convenient and safe infield battery replacement; and systematic
approaches to data processing including signal conditioning and validation [12].

Other research is focused on the fault diagnostics of the drive units. The actual condi-
tion of the conveyor power unit can be determined, for example, from thermal images [13]
obtained with a thermal imaging camera or from optoelectronic current transformers used
as information sensors for the control and protection systems of induction motors [14].
Another possibility is to retrieve information from current sensors and/or voltage sensors
located in the input line of the motor to detect irregular behaviors [15]. Considering the ap-
proach based on multisensor information fusion, the challenge is also to correctly recognize
the current state and to design an intelligent decision-making system based on the com-
bination of the multisource information [16,17]. Consequently, it is possible to effectively
describe the fault type and to achieve strong operability in the systems. Monitoring the belt
conveyor drive motor electrical parameters [18] or the reductors [19] can also serve as a
basis for predictive diagnostics to detect anomalies and possible defects, so it is possible to
fix them before they result in a failure.

However, the working element of any conveyor is the belt. Damage to this element
causes costly downtimes in the operation of the transport system. Due to the working
conditions, which can be highly demanding if we consider industrial applications, and
contact with the material, it is exposed to damage. Proper operation can be the way to
effectively extend the life cycle of a belt. An overview of the types of belt damage, together
with a classification of their causes and methods of prevention and condition monitoring,
is presented in [20]. Conducting conveyor belt diagnostics without the need to take the belt
off the conveyor and test it in laboratory conditions is a very important aspect. One of the
possibilities allowing on-site diagnostics is current testing, and thus, obtaining knowledge
about the current thickness of the conveyor belt is necessary [21].

Together with the development of diagnostics methods, methods for the evaluation of
conveyor belt damage have also been studied. For example, in [22], an artificial-intelligence-
based approach based on the two-layer neural network implemented in MATLAB using
the Deep Learning Toolbox set is presented. Other method is based on the support vector
machine, which is a powerful supervised machine learning algorithm for classification
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in fault diagnosis that uses the grey wolf optimizer approach for optimizing the support
vector machine’s parameters [23].

Some of the very promising methodologies used for the monitoring and/or diagnostics
of belt conveyors are methods based on magnetic sensors. They can be very effectively used
for the monitoring of magnetic materials (for example, steel cords based on weak magnetic
field constant nondestructive testing) and adopt a sensor array with horizontal and vertical
transducers to guarantee accuracy in the fault location and amplitude [24]. A similar
approach is also presented in [25,26], a belt conveyor monitoring system that measures and
processes data from an array of magnetic sensors using automatic algorithms to process
them, in order to obtain information about the beginning of the belt loop, the location of
joints of particular belt segments, and the final location and size of corrosion or cutting
damage to the steel cords inside the belts. Digital magnetic imaging technology of steel
cord belts based on magnetic imaging technology with a multisensor array called MYRIAD
is described in detail in [27]. A very interesting solution is based on a vibration sensor
that relies on mechanical vibration to monitor its operational stability, for the purpose
of preventing mechanical failure using a self-powered mechanical vibration sensor, and
based on the coupling of an electromagnetic generator with a magnetic levitation system
that can easily respond to tiny external mechanical vibrations for energy harvesting and a
triboelectric nanogenerator for active sensing [28]. The magnetic module of the DiagBelt
system, also involving a vision, prediction, rip detective (prevention), and safety factor
module, is able to automatically and precisely detect the location of defects along the belt
axis and on the belt section [29]. However, in addition to using a magnetic sensor for the
diagnostics of magnetic materials used to construct the belt conveyors, magnetic sensors
can be also used for the diagnostics of the hyperelastic parts of conveyor belts, for example,
using the magnetic markers, e.g., in the form of magnetic microwires [30].

The main advantages of magnetic sensing lie in the possibility of contactless sensing,
the possibility of the nondestructive diagnostics or inspection, and the reliability of the
obtained data. Therefore, attention in this area is paid to the development of different types
of magnetic sensors based, for example, on eddy current sensing [31], the giant magne-
toresistance phenomenon [32], or electromagnetic encoders [33], and also related methods
used for increasing the resolution of obtained data [34,35] to reveal hidden defects [36] and
damage [37] of different materials.

Our research is focused on a diagnostic system of conveyor belts, which is based on
magnetic markers implemented directly into the conveyor belt. In this way, it is possible
to also monitor nonmagnetic hyperelastic belts and to evaluate parameters such as opera-
tional load monitoring, monitoring the wear or damage of conveyor belts, and also for the
effective planning of maintenance procedures. Another application possibility in regard to
belt conveyors is the utilization of the magnetic markers, for example, for the determination
of the velocity of conveyor belts or to mark particular segments of the belt conveyor, which
enables a quick identification of the damaged segments. Another application can be stop-
ping the conveyor belt directly in the maintenance area, which can reduce the maintenance
time significantly. Furthermore, the measurement of the velocity of the conveyor belt’s
movement can also indicate the potential problems with the conveyor belt’s power or
control systems. However, considering the application of magnetic markers in practice,
several issues have to be solved. Our research has been focused on the implementation of
magnetic microwires in the role of magnetic markers, directly into the conveyor belt during
the manufacturing process. These kinds of magnetic markers have several advantages: they
can be implemented directly into the structure of the belt, and thanks to the dimensions of
the magnetic microwires (for our purposes, the diameter of the microwire was up to several
tenths of a micrometer with a length of approximately 2 cm), they cause no significant
structural changes to the conveyor belt and, furthermore, thanks to the glass coating of the
magnetic microwires [30], their reliable utilization during the whole operational life of the
conveyor belt can be expected.
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To support the idea of sustainable transportation, there is also a need to monitor belt
conveyors that have already been in operation to prevent failures and malfunctions, and
to increase their operational time as one of the key economic parameters. In this case, the
implementation of magnetic microwires is not a suitable solution. The most convenient
solution for this situation seems to be the implementation of magnetic markers directly
into the conveyor belt. However, the placement of magnetic markers in practice can be
a very challenging task. Although magnetic markers were embedded into the conveyor
belt and glued, due to the demanding operational conditions of many types of industrial
conveyor belts and also due to the passing of the belt through the conveyor belt drums,
the experimental operation showed that the magnetic markers can drop out from their
position, which can result in a serious problem in the diagnostic system. Therefore, the
main goal of this part of our research presented in the article was to analyze the most
convenient dimensions of the magnetic markers, together with the methodology of their
implementation into the conveyor belt transportation systems.

2. Materials and Methods
2.1. Belt Conveyor

Our experimental research was performed on the belt conveyor located at the Faculty
of Mining, Ecology, Process Control and Geotechnologies of the Technical University of
Kosice. The whole experimental system was modular; therefore, it was possible to mount
and demount the structural parts of the system, including the drum, and to place the parts
into the desired positions. In our case, the drum diameter was 400 mm; the maximum
width of the installed belt was 400 mm and its thickness was 8 mm. The details of the drum
of the experimental belt conveyor, together with the CAD model of the belt conveyor drum,
can be seen in Figure 1.

(a) (b)

Figure 1. Experimental belt conveyor. (a) Conveyor belt drum; (b) CAD (computer-aided design)
model of the drum of the experimental belt conveyor. 1. Drive drum (& 400 mm /469 mm) with
a 1.1 kW bevel gearbox, allowing smooth speed regulation in the range of 0-1.6 m-s—1. 2. The
modular aluminum frame of the belt conveyor ensures sufficient rigidity in the entire belt conveyor
transportation system.

2.2. FEM (Finite Element Method) Model of the Conveyor Belt Segment with the Implemented
Magnetic Marker

The calculation model consists of a magnetic marker created from a cylindrical
neodymium magnet with a diameter of 4 mm and a length of 4 mm inserted into a cylin-
drical hole of the same dimensions. The hole was created by drilling into the hyperelastic
material of the conveyor belt in a curved state when passing through the drum of the
belt conveyor, as can be seen in Figure 2. Consequently, the hole was glued. When the
conveyor belt was straightened after passing through the drum, the creation of pressure on
the magnet was ensured, which also helped to keep the magnet in the desired position to
prevent it from falling out.
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(a) (b)

Figure 2. CAE (computer-aided engineering) model. (a) Conveyor belt with the embedded magnetic
marker in a curved state when passing through the drum; (b) Detail of the hole with the magnetic
marker drilled into the conveyor belt.

The strength calculations in the Creo-Simulate module are based on the method of
geometric element analysis, the principle of which is based on dividing the analyzed volume
into the elements that precisely respect the created 3D model. The Creo-Simulate Structure
module involves the possibility of generating the mesh from the elements automatically.
The AutoGEM tool includes various settings that allow adjusting the created finite element
mesh. In our case, as can be seen in Figure 3, for the calculation model with the magnetic
marker of a diameter of 4 mm, 8605 volume elements of the tetra type with a size of 3 mm
were used in total.

AutoGEM Summary

Entities Created:

Beam: 0 Edge: 11866
Tri 0 Face: 18390
Quad: 0 Face-Facelink: 0

Edge-Face Link:

Brick:

Criteria Satisfied:

Angles (Degrees

Min Edge Angle: Max Edge Angle: 164.53

Max Aspect Rati
Elapsed Time: 0.03 min CPU Time: 0.07 min

Close

Figure 3. Created 3D mesh model of the conveyor belt with the embedded magnetic marker in a
curved state when passing through the drum.

To achieve the required accuracy in the calculation results by applying the method of
geometric elements, adaptive P-technology was used. To ensure high-quality results, the
adaptive finite element methods use the methodology based on error theory, modifying the
finite element network during the solution process in order to determine the approximate
solution within certain ranges from the “real” solution of a continuous problem. In practice,
it means that during the calculation, the calculated values g, b, ¢, corresponding to the
deformation, stress energy, and root mean square value of the stress, respectively, are
compared. The edges of the particular elements are divided into the same number of
segments, and the verification is performed in these particular points.

In Figure 4, the principle of edge dividing, together with the principle of increasing the
calculation accuracy by increasing the polynomial degree of the base functions, is shown.
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The calculated values in the n-th iteration are compared with the values from the previous
iteration step until the set convergence accuracy is achieved. If not, the polynomial degree
is gradually increased up to the maximum value of 9. The default value of the polynomial
degree is 6 and the accuracy of the calculation (convergence) is 10%. If necessary, these
values can be adjusted.

exact solution
al,bl,ct

a2.b2,c2 accuracy

convergence accuracy
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Figure 4. Principle of (a) Edge dividing; (b) Increasing the calculation accuracy by increasing the

o N EEms—ms s

polynomial degree.

As can be seen in Figure 5, the calculation model was loaded with the deforma-
tion caused by the straightening of the conveyor belt after its passing through the drum.
Considering the drum diameter of 400 mm, this deformation Dy was equal to 23 mm.

1020

Figure 5. The 3D calculation model with the applied deformation.

Considering the created calculation model, for the magnetic marker, the isotropic
material properties were chosen and for the conveyor belt, the isotropic hyperelastic
material properties from the PTC material library of the Creo-Simulate 7.0 software were
chosen. The applied material characteristics of isotropic and isotropic hyperelastic materials
are summarized in Table 1.
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Table 1. Applied material characteristics.

Property Value Property Value
Structural Type Isotropic Structural Type Isotropic Hyperelastic
Density 7.83 x 1077 (t/mm?) Density 1.12 x 1077 (t/mm?)
Young’s Modulus 199,948 (MPa) Material Model Mooney-Rivlin
Poisson’s Ratio 0.27 C1o 0.259 (MPa)
Shear Stiffness 78,719.7 (MPa) Co 0.065 (MPa)
D, 0.00114 (1/MPa)
Thermal Expansion 1.17 x 107% (1/°C) Thermal Expansion 0.000274 (1/°C)
Thermal Type Isotropic Thermal Type Isotropic
. 43.0125 .. o
Conductivity (mW/ (mm-°C)) Conductivity 0.245 (W /(mm-°QC))
8 9
Specific Heat 4.7334 % 10 Specific Heat 107> 10

(mm?/(s2-°C)) (mm?/(s2-°C))

As can be seen from Table 1, for the calculations in our case, the Mooney-Rivlin
hyperelastic material law was applied:

W = Cio(Ti = 3) + Cor (B = 3) + - (e = 12 0
where W is the strain energy function; I; and I, are stretch invariants; Cyg, Cg1, and D; are
material constants determined by tests; and J, is the elastic volume ratio.

In general, the strain energy density function in the hyperelastic material is a function
of the stretch invariants or principal stretch ratios. The constraints on the strain energy
function W are as follows:

Zero strain = Zero energy: W(0) = 0 (no energy is stored if not loaded).

Zero strain = Zero stress: W/(0) = 0 (unloaded condition).

The second derivative must be positive: W' (e) = ¢/(¢) > 0 for all ¢, because stress ¢
always increases if strain ¢ increases; otherwise, it means instability.

If the D; value is zero, it means that the material is incompressible. Creo-Simulate
internally used D; = 1/(500 x Gg), which corresponds to a Poisson ratio of 0.4995. The
elastic volume ratio J. can be calculated as follows:

Ie =7 (2)

where | is the total volumetric ratio and [y, is the thermal volume ratio.
The initial shear and initial bulk modulus can be described with the help of the material
constants. For the Mooney-Rivlin material model, the initial shear modulus Gy becomes:

Go = 2(Cqo + Con)- 3)

The Poisson ratio y used in the analysis can be determined from the used values for
the initial shear modulus Gy and initial bulk modulus Kj using the equation:

3Ky —2Gp

M= 6Ko +2Go” @

Finally, Creo-Simulate uses the above-mentioned p-degree finite element implementa-
tion to analyze hyperelastic materials. One of the advantages is that no special procedure
is needed when the Poisson’s ratio approaches 0.5. If the value specified for D; = 2/Ky
is less than 1/500 x Gy, Creo-Simulate uses this value as the limit for D;. So, we obtain
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the following for the maximum possible Poisson’s ratio used to approximate the ideal
incompressibility:
Eo 1000E, 1499

2
Ko=p; = 100060 = 30-2w) 20 +w "7 3001

~ 0.4995. ()

2.3. Diagnostic System of the Conveyor Belt

The diagnostic system of the conveyor belt is based on the 4th generation of VEMA
magnetometers, which is an original result of the research and development activities of
the Faculty of Aeronautics of the Technical University of Kosice in cooperation with the
company EDIS vvd, Kosice, Slovakia. From the point of view of the functional principle,
the VEMA magnetometer belongs to the fluxgate magnetometers, which use a sharp
transition of the magnetic core into the saturation region, i.e., so-called magnetic flux
gating. Compared to other types of fluxgate magnetometers, the relaxation principle of the
magnetic field sensing in the VEMA magnetometers uses the conversion of the magnetic
field measurement to a measurement of the difference in the time intervals of the relaxation
of the accumulated energy in the sensor core to the connected load. The laboratory tests and
the optimization of the new VEMA magnetometer electronics are currently in progress and
use directly integrated diodes in the digital optocoupler for the relaxation, thus reducing
the complexity of the sensing chain [38]. A new sensor excitation system is also integrated
in the tested electronics, which uses a three-state current source based on a single excitation
current reference and a complementary bridge of the field-controlled transistors, which
suppresses noise more effectively when using the time interval difference measurement.

Thanks to the construction, it is possible to use both resistive and capacitive loads,
but so far, the best results have been achieved with a parametric load in the form of two
anti-parallel-connected diodes, whose signals are accordingly demasked with respect to the
excitation signals. A new sensor excitation system is also integrated in the tested electronics,
which uses a three-state current source based on a single excitation current reference and a
complementary bridge of field-controlled transistors, which more fully suppresses noise
when using a time interval difference measurement.

The relaxation principle of the VEMA magnetometer provides, thanks to its functional
principle and electronics, the possibility of applying a part of the conveyor belt diagnos-
tic systems, while advanced digital processing algorithms related to the simultaneity of
measurements of anomalous magnetic fields are used for the signal processing. In this
application, it serves as the basis of a technology verified in laboratory conditions for
detecting the magnetic markers embedded in the belt conveyor.

The main advantage of this solution in comparison to the other methods of magnetic
marker sensing is that the VEMA series of magnetometers, that have been developed in
our department, have been applied in practice in industrial applications for more than
30 years [39]. Transferring the technology of the VEMA series magnetometers into practice
is performed in co-operation with the EDIS vvd. company, Kosice, Slovakia. Currently,
the VEMA magnetometers have been used not only for laboratory measurements in the
role of the precise four-channel magnetometers with a resolution better than 1 x 107 T, a
min. frequency range of 250 Hz, direct range without sensitivity switching of 100 uT, and
a linearity better than 0.5% FS, but they have also been used in HFT systems (indicators
of ferromagnetic objects), which are computer-controlled magnetometric digital devices
equipped with algorithms for recognizing the presence of ferromagnetic objects on the belt
conveyors. They are designed for extremely difficult environmental, vibrational, dusty,
and above all magnetic, operating conditions. The main task of the HFT system is to
protect the belt conveyors and the technological devices from the damage caused by pieces
of iron found in the transported material. As the HFT systems based on the developed
magnetometers have been in operation for more than 30 years, for detecting the magnetic
markers, the same measurement principle was also chosen in our diagnostic systems in
spite of the higher price in comparison, for example, with the different types of MEMS
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(Micro-Electro-Mechanical System) devices because, in our case, the reliability of the whole
systems was the key factor.

For the experimental measurements, neodymium cylindrical magnets in the role of
magnetic markers were used. The magnetic properties are characterized according to the
manufacturer-MAGSY, Puchov, Slovakia as VMM4-N35 and the cylinders were magnetized
in parallel with their axis. The temperature resistivity was 80 °C. The distance between
the magnetic markers in the practical operation has to be set according to the operational
conditions of the conveyor belt and is mainly dependent on the velocity of the conveyor
belt. The expected mechanical or impact loading of the conveyor belt belongs to the other
important factors.

3. Results

The proof-of-concept measurements were performed on the experimental belt con-
veyor and confirmed the assumption that the magnetic marker must have a sufficient
magnetic moment to be reliably detected. The measurement results visualized in Figure 6
show a part of the measurement record representing the change in the magnetic field
measured on the inner side of the tension roller of the conveyor belt.
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403 ]n\ .
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number of sample (-)

Figure 6. Measurement of the magnetic field on the experimental conveyor belt with the embedded
magnetic marker.

From the measurement results, it can be seen that the amplitude of the magnetic
field signal, which was induced by the passing of the magnetic marker, is almost twice
that of the signal induced by the rotation of the belt conveyor cylinder. It is, therefore,
possible to reliably detect the passing of magnetic markers implemented with the required
spacings even in demanding operational conditions with significant interference or noise
caused by the movable or rotating ferromagnetic parts of the belt conveyors. The obtained
information can be consequently used to calculate the distances between the magnetic
markers, and from these distances, it is possible to determine the speed of the conveyor
belt, to detect the overloading of the conveyor belt, or to determine areas where there is a
risk of conveyor belt damage, which are important factors for the predictive maintenance
of the conveyor belt. Furthermore, thanks to the magnetic markers, the conveyor belt can
be stopped directly at the intended place for its maintenance.

However, during the experimental operation of the belt conveyor with the embedded
magnetic markers, the problem of the magnets falling out occurred. Therefore, further
research was focused on the integration of the magnetic markers into the hyperelastic
material of the conveyor belt.
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After passing the conveyor belt through the drum, the belt was straightened, which
caused contact pressure on the cylindrical magnet inserted into the belt. The created stress—
strain state was analyzed using FEM (finite element method) analysis in the Creo-Simulate
7.0 software, the results of which can be seen in the following figures.

In Figure 7, the segment of the conveyor belt with the implemented magnetic marker
can be seen, along with a visualization of the deformation created after straightening the
belt. From the calculated simulation results, it is clear that from the initial curving of the
conveyor belt segment until its straightening, the deformation reached a value of 24.13 mm.

241288
21.7159
19.3030
16.8902
144773
12.0644
965152
7.23664
482576
241288
0.00000

Figure 7. Deformation (in mm) of the conveyor belt segment after passing through the drum.

The corresponding calculated von Mises stress from straightening the conveyor belt
segment with the integrated magnetic marker after passing through the drum can be seen
in Figure 8. From the simulation results, it can be seen that higher values of the stresses can
be observed in the upper part of the magnetic marker, which were caused by the contact
pressure created after straightening the conveyor belt and by the creation of pressure on
the magnet from the hyperelastic material of the belt in the specified position. The values
of the corresponding contact pressure on the contact surfaces created between the magnet
and the hyperelastic material are shown in Figure 9.

0.18586
0.18000
0.16000
0.14000
0.12000
0.10000
0.08000
0.06000
0.04000
0.02000
0.00048

Figure 8. Von Mises stress (in MPa) of the conveyor belt segment after passing through the drum.

The highest value of the contact pressure was in the upper part of the magnet, in
the same area, where the von Mises stress value also increased. This area represents
the surface, where the greatest pressure is acting on the magnetic marker exerted by
the hyperelastic material of the conveyor belt after its passing through the drum and its
subsequent straightening.

The contact cylindrical surface between the magnet and the hole in the hyperelastic
material of conveyor belt A had a size of 50.2655 mm?. The average value of the calculated
contact pressure p on this surface was approximately 0.04 MPa. The size of the normal
force N in this case would be:

N =p-A (6)
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(@) (b)

Figure 9. Contact pressure (in MPa). (a) On the wall of the cylindrical magnetic marker (diameter

4 mm, height 4 mm); (b) On the contact surfaces between the magnetic marker and the cylindrical
hole, into which the magnetic marker is inserted.

This means that the normal force would be 2 N. The size of the friction force F between
the contact surfaces of the magnet and the cylindrical hole, into which the magnet is inserted,
with the assumed coefficient of friction f = 0.6 in terms of shear, can be calculated as:

F=fN @)

which represents a value of 1.2 N. It is the minimum force that must be overcome to eject
the magnet from the hole, considering the conditions that the magnet is not additionally
secured against ejection in another way, for example by using glue or the vulcanization of
the belt.

For a comparison, the numerical analyses and simulations were also performed with
magnetic markers of different dimensions. In Figure 10, the simulation results of the
cylindrical magnetic marker with a height of 2.5 mm and a diameter of 19 mm can be seen.

0.16175 027448
0.15164 024703

014153 “ 023134
(b)

013142 021566
012131 0.19998
Figure 10. Contact pressure (in MPa) (a) on the wall of the cylindrical magnetic marker (diameter
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(@)

19 mm, height 2.5 mm); (b) on the contact surfaces between the magnetic marker and the cylindrical
hole, into which the magnetic marker is inserted.
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In this case, the contact surface between the magnetic marker and the conveyor belt
was three times larger in comparison to the reference magnetic marker. The calculated
normal force was 22.38 N and the friction force in this case was much higher—it reached
a value of 13.4 N. The average contact pressure of this magnetic marker was 0.15 MPa.
In Figure 11, the simulation results of other commercially available cylindrical magnetic
markers with a diameter of 2 mm and a height of 5 mm can be seen. From the performed
analysis, it was determined that the nominal force was only 1.57 N, the friction force was
0.9 N, and the average contact pressure in this case reached a value of 0.05 MPa.
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0.07151 0.07818
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i
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0.03608
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0.02405
0.01804
0.01203
0.00601
0.00000

(a) (b)

Figure 11. Contact pressure (in MPa) (a) on the wall of the cylindrical magnetic marker (diameter
2 mm, height 5 mm); (b) on the contact surfaces between the magnetic marker and the cylindrical
hole, into which the magnetic marker is inserted.

An overview of the FEM analysis results of the cylindrical magnetic markers with
different dimensions is summarized in Table 2.

Table 2. Comparison of magnetic markers with different dimensions.

. Magnetic Average
Magnetic Marker Contact Normal Friction Contact
Marker . Surface A
Height (mm) Diameter (mm?) Force N (N) Force F (N) Pressure p
(mm) (MPa)

4 4 50.2655 2 1.2 0.04

25 19 149.226 22.38 13.4 0.15

5 2 31.4159 1.57 0.9 0.05

4. Discussion

Sustainable belt conveyors have many environmental and economic benefits that can
accelerate sustainable development at a company but also at the regional level. However,
their fair and efficient operation is dependent on their continuous and reliable operation.
Therefore, many types of monitoring and diagnostic systems have been developed. Our
goal is to support the idea of sustainability not only with the design and implementation
of a diagnostic system into new belt conveyors, but also by offering a solution to existing
belt conveyors that have already been in operation. Therefore, modifying the developed
monitoring system, which is based on the implementation of magnetic microwires to also
sense magnetic markers created from permanent magnets, was necessary.
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Experimental measurements performed on the experimental belt conveyor confirmed
the assumption that the magnetic markers with the chosen dimensions can be reliably
detected by the developed magnetometer, even in the presence of significant interference.
Furthermore, due to the applied modified induction method of sensing, magnetic markers
can also be applied in difficult operational and environmental conditions that are often
present during industrial use.

However, problems occurred during the long-term operation of the belt conveyor,
when it was found out that the magnetic markers could fall out of the conveyor belt. As the
experimental conveyor belt transportation system is modular—which means that different
types of belts with different widths, various belt velocities, and also different positions of the
support parts of the systems were tested—we have not statistically evaluated the specific
indexes or alert index values yet. Additionally, although the magnetic markers falling out
has not been a common phenomenon in the laboratory conditions, because of the conveyor
belt operating in difficult environmental conditions with wide temperature, humidity, and
dust ranges, or in conditions with expected high values of mechanical or impact loading,
this infrequent problem also has to be considered. This is important not only due to the
implementation of the verification algorithm into the signal and data processing algorithms
during evaluation of the distances between the magnetic markers, but also because the
magnetic markers, when falling out, can be attracted to the ferromagnetic part of the belt
conveyor transportation system and cause serious problems in terms of mechanical damage
to the power systems, bearings, etc.; significant interference; or even the malfunction of
electronic or control devices.

Therefore, our further research was focused on the implementation of magnetic mark-
ers into the conveyor belt. First, the magnetic markers were implemented into the hole that
was drilled into the conveyor belt in the curved state when passing through the drum of
the belt conveyor, instead of the holes in the straight part of the conveyor belt. Another
considered possibility was to enhance the drilled hole, for example, with a stepped hole
to prevent the magnetic marker from falling out; however, considering the on-site imple-
mentation of the magnetic markers into the existing belt conveyor systems, this possibility
would be difficult to apply in practice.

The next part of the research was focused on the selection of the most suitable dimen-
sions of the magnetic markers. From the performed numerical analyses, it can be concluded
that from the tested magnetic markers, the most convenient was the magnetic marker with
the largest contact surface. It was the flattest magnetic marker with a height of only 2.5 mm;
however, the simulation results showed that the friction force that had to be overcome
by the magnet was several times higher in comparison to the higher magnetic markers
with smaller diameters. Additionally, the average contact pressure was, in this case, four
times higher in comparison to the reference magnetic marker and three times higher in
comparison to the third tested magnetic marker.

The results of the performed simulations and calculations can be summarized as the
dependence of the contact surface on the forces—see Figure 12, where they are presented
after the application of the linear regression model on the obtained datasets. During
the calculations, no weighting methods were applied. In the related Table 3, the linear
regression coefficients are overviewed. It can be seen that the simulation results confirmed
the theoretical assumptions that with increasing contact surface, the normal and friction
force would also increase. The deviation from the linear dependence was evaluated in the
form of the RMSE (root mean square error) and RSS (residual sum of squares).
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Figure 12. Dependence of the contact surface on the normal and friction force.

Table 3. Linear regression model coefficients of the dependence of the contact surface on the normal
and friction force.

RMSE (Root Mean RSS (Residual

Force Slope a () Offset b (N) Square Error) Sum of Squares)
Normal N 0.186 +2.462.1072  —5.690 4 2.283 2.204 4.857
Friction F 0.118 4 1.444.1072  —3.436 + 1.338 1.292 1.669

Another advantage of the flat magnetic marker is that it can be glued more easily
because the contact surface is larger. However, in our opinion, problems can occur regarding
dirt or even humidity, which can affect the magnetic markers with a larger contact surface
more significantly than smaller magnetic markers, mainly considering wear to the glue
or the conveyor belt’s hyperelastic material where the hole was drilled. The glue can be
also affected by the vibrations caused by the power systems of belt conveyors. However,
considering the advances in this area, newly developed power systems only have low
levels of vibrations and noise.

Another problem that can occur is the material falling to the conveyor belt from a
certain height. In the case of dynamic stress, the conveyor belt is loaded by the impact
stress. This means that the value of the load changes in a short time interval and stresses
that are several times higher in comparison to the corresponding static stresses are quickly
generated. These can be expressed by the dynamic impact factor, which determines the
ratio in which the deformation increases in comparison to the static deformation of the
system. The issue of the dynamic impact loading was analyzed in detail in [40]. From
the theoretical assumptions, it is obvious that even when the material is released from no
height, the static value of the deformation and stresses increases by two times.

5. Conclusions

Together with the development of belt conveyors as a very environmentally friendly
and cost-effective solution for material and freight transportation, diagnostic methods of
belt conveyors have been developed, as the experience of users shows that the majority
of belt damage is caused by the improper operation of the conveyor or by the technical
condition of the belt conveyor components. The diagnostic methods are focused mainly on
the drive units, gear boxes and rollers, and for diagnostic purposes, many different types of
physical principles can be used. They are usually based on the measurement of vibrations
or acoustic signals, on optical principles using cameras or thermal cameras, and even on
the combination of inspection robots or unmanned vehicles. This research was also focused
on an improvement in the signal and data processing to improve the measurement results.
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Our research is focused on the development of a diagnostic system based on magnetic
markers implemented directly into the conveyor belt. Thanks to this system, it is possible
to monitor the velocity of the conveyor belts because of the known distance between the
magnetic markers, which can indicate potential problems not only with the powering of the
conveyor belt or with the control systems, but also with the wear of the belt. The magnetic
markers can also be applied to mark particular segments of the conveyor belt, and in this
way, it is possible to quickly identify the damaged segments and, consequently, directly stop
the damaged part of the conveyor belt in the maintenance area. In this way; it is possible to
reduce the maintenance time significantly, even with nonmagnetic hyperelastic conveyor
belts. The findings obtained from the magnetic markers can also be a valuable source of
information for predictive maintenance, as it is possible to avoid emergency stoppages
during the operation of the conveyor belt and to economically plan the maintenance of
the conveyor belt in operation. Another advantage is that the magnetic measurements
are contactless, and for the evaluation of the obtained measurement results, simple and
effective algorithms can be used.

However, to support the idea of sustainable transportation, the monitoring and di-
agnostic system based on the magnetic microwires was modified so that it can be used
not only in new conveyor belts—into which the magnetic microwires can be easily imple-
mented during the manufacturing process—but also for conveyor belts that have been
directly in operation already. For this reason, it was necessary to modify the system for
sensing magnetic markers in the form of the cylindrical permanent magnets. Although
it was proved that magnetic measurements can also be used in demanding operational
conditions with different types of interferences, considering the utilization of this diagnostic
system in practice, several tasks still need to be solved. One of them is the implementation
of the magnetic markers into the conveyor belt, as during the experimental operation of
the model belt conveyor, problems to do with the magnetic markers falling out can occur.
From the ongoing research, it can be concluded that the one of the preventive actions is to
drill holes for the magnetic markers, not in the straight part of the conveyor belt, but in
the curved state when the magnetic marker is passing through the drum. In this way; it is
possible to increase the average contact pressure acting on the magnetic marker passing
during the most critical part of the conveyor belt. Attention was also paid to the dimensions
of the magnetic markers. From the simulation and analysis results, it can be concluded that
as the friction force and related average contact pressure acting on the magnetic marker is
dependent on the contact surface between the magnetic marker and the conveyor belt, for
our purposes, the flatter magnet, the more easily it can be glued to the conveyor belt and
the more suitable it is to fill the role of a magnetic marker.
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