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PREFACE

Ladies and gentlemen, dear colleagues,

Welcome to Vrnjacka Banja, to the International Scientific Conference Heavy
Machinery.

After postponing the 2020 conference due to the Covid-19 pandemic, this year the Tenth
International Conference Heavy Machinery is held by the Faculty of Mechanical and Civil
Engineering in Kraljevo, University of Kragujevac, from 23 to 25 June 2021.

It has gained a unique recognizable form for exchange of information, ideas and new
scientific researches. The Conference is held in the year when the Faculty of Mechanical and
Civil Engineering in Kraljevo celebrates the 61% year of university teaching in mechanical
engineering, nine years of university teaching in civil engineering and two years of university
teaching in occupation safety.

During several decades of existence, it has acquired specific and recognizable form in
domestic and foreign scientific circles thanks to its scientific and research results.

The goal of the Conference is to make the research from the fields covered at the Faculty
of Mechanical and Civil Engineering in Kraljevo available and applicable both within
domestic and foreign frames. Also, our scientists will have the opportunity to learn about
results of research done by their colleagues from abroad in the fields of transport design in
industry, energy control, production technologies, and civil engineering through the following
thematic sessions:

- Earth-moving and transportation machinery,

- Production technologies,

- Automatic control and fluid technique,

- Applied mechanics,

- Railway engineering,

- Thermal technique and environment protection,
- Civil engineering.

Despite the aggravating circumstances due to the Covid-19 pandemic, a high scientific
reputation of domestic and foreign participants as well as the number of papers provide
guarantees that the Conference will be very successful.

The papers reflect state of the art and deal with the wide spectrum of important topics
of current interest in heavy machinery.

| especially want to thank you the Ministry of Education, Science and Technological
Development of Republic of Serbia for support of organization of the Conference and our
efforts to promote science and technology in the areas of mechanical and civil engineering in
Serbia. | would like to express sincere thanks to all members of scientific, organizing and
technical committee, reviewers, as well as to all participants including invited speakers for
participation in the Conference and presentation of their papers.

Thank you and see you at the next conference.

Kraljevo — Vrnjacka Banja, June 2021 Conference Chairman,
Prof. dr Mile Savkovi¢
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Modal Space Based Real-Time FE Simulations of
Complex and Multifunctional Structures

Dragan Marinkovic!?*
'Faculty of Mechanical Engineering and Transport Systems, Department of Structural Analysis,
Berlin Institute of Technology, Berlin (Germany)
2Faculty of Mechanical Engineering, University of Nis, Nis (Serbia)

The finite element method (FEM) has imposed itself to structural analysts and engineers as the most powerful,
highly efficient and quite versatile numerical method. It became a standard method in the field of structural analysis, with
very well established and understood procedures of development and application. Numerous FE software packages have
been developed offering vast options of numerical analysis to the users. But, so far, all of them have one aspect in common
— the conducted computations are the so-called ‘off-line’ computations. This implies that the action of applying the loads
onto the model, on one side, and observing the resulting behavior of the model, on the other side, are separated by a
substantial amount of time that varies between seconds and hours depending on numerous parameters. However, an
incredible pace of both hardware and software developments in recent decades brought the idea of real-time FE
computations to life. This paper is focused on this enticing field of work and presents some of the originally proposed
solutions to address real-time solutions in FE simulation based on modal superposition technique.
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1. INTRODUCTION

In order to deal with real world problems, engineers
build models that need to meet two basic requirements. On
the one hand, the models must include the most important
aspects of the modelled system’s physical behavior so that
the real system is suitably represented for the specific
purpose of modelling. On the other hand, the models need
to be as simple as possible in order to make them
mathematically/numerically tractable. Searching for an
adequate compromise between these two confronting
demands is not an easy task and it needs to account for
available modelling tools. More powerful tools allow to
move the borders of modelling from simpler to more
complex models that account for more details and
additional aspects of physical behavior, whereby the
computational times are still kept in a reasonable range. In
structural engineering, numerical models are typically
used because analytical models could not cope with
arbitrary geometries and boundary conditions. This is
where the Finite Element Method (FEM) comes into play.

FEM has deservedly gained its reputation of being
the most powerful method in the fields where solving
partial differential equations over arbitrary domains and
with arbitrary boundary conditions is required. And this is
particularly valid for the field of structural analysis that
actually contributed at most to the FEM development.
Although relatively new, today FEM is a well-established
method. It is a standard tool used in the design of new
structures, proof of strength of existing structures,
optimization tasks, etc. Typical computations are
performed ‘off-line’. Actually, this term appeared only
recently as an opposite of ‘on-line’ computation. In this
sense, ‘off-line” implies that the model, together with all
the necessary data, is prepared in the preprocessor, while
the results are observed and analysed in the postprocessor.
Between the two, the solver performs its ‘magic’ in order
to transform the input data into the results containing the

displacement, strain and stress fields together with other
results at user’s choice. Hence, there is a substantial
amount of time between setting the model (preprocessor)
and observing the results (postprocessor) and it ranges
between seconds and hours, depending on the size of the
model, type of analysis, available hardware and software,
etc.

However, it is the fast pace of hardware
development in the recent years that motivated the idea of
real-time FE simulation, i.e. ‘on-line’ FE computations.
The idea is of great interest for numerous potential users.
Not only would engineers prefer to have the results of their
calculations as fast as possible (not necessarily in real-
time), but there are also fields where real-time simulation
is the most important demand. This pertains to various
types of simulators, such as surgery simulators, training
simulators, etc.

Various ideas have been addressed in the previous
three decades to achieve the objective of real-time
simulation. Those ideas reflect the needs and the hardware
and software development at that time. As a simplest
possible approach, mass-spring systems have been mostly
used in the 90’s, but there are also developments of newer
date [1, 2, 3]. The simplicity of a mass-spring model is its
main advantage — the continuum is replaced by a set of
concentrated masses interconnected with springs. Such a
model can easily account for geometrically nonlinear
effect, because the internal forces of springs are always
oriented in the direction defined by the current positions of
connected masses (nodes). Also the material nonlinearities
can relatively easily be accounted for because otherwise
complex strain/stress field is reduced to only one
component of strain/stress in the applied rod elements.
However, the major problem resides in building the model.
One needs to decide how many masses are needed, how
they are to be distributed across the continuum, how the
topology of interconnections should be defined, what
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would be the suitable stiffness of springs/rod elements.
Hence, this ambiguity of model building is the major
drawback of the approach [4], but there also belongs the
fact that no single solution is possible that would produce
high accuracy for any set of material parameters and
boundary conditions. Despite of that, this approach has
been and still is one of the workhorses in many real-time
applications, primarily there where only visual effects are
of interest and mostly for the background effects, such as
in surgery simulators [5].

Another interesting approach may be interpreted as
belonging to the group of the model order reduction
techniques. Namely, it is a kind of indirect model order
reduction. The idea is to use FEM results in order to train
the neural networks to produce fast computations for
various scenarios with a specific model. A great advantage
of this approach resides in the fact that nonlinearities of
any kind can be tackled. On the other hand, the major
drawback is to be sought in quite demanding and time-
consuming FE computations needed for training purposes.
Also, changes in kinematic boundary conditions, material
parameters and similar would require to perform a new set
of computations for training purposes, thus cancelling the
positive aspects to a great extent. Despite of that, the idea
has already found its application in structural
computations [6], virtual reality simulators [7], and
particularly in systems for real-time control [8, 9].

It is also possible to perform model order reduction
directly in the framework of FEM. This approach has a
great potential to reduce the numerical effort by several
orders of magnitude. It is a common knowledge that FE
models are quite large, often having several 100,000
degrees of freedom (DOFs). Hence, the resulting system of
equations contains the same number of equations as there
are DOFs in the system. The most time-consuming part in
computing the solution is resolving the system of
equations. However, there are suitable ways of
transforming the problem and thus reducing dramatically
the number of DOFs. Typically, one would transform the
problem into the modal space, in which each mode
represents a degree of freedom [10]. In many cases, a
relatively small number of carefully selected modes would
produce quite a solid result and this fact is used to produce
highly efficient simulations, and even real-time
simulations. This fact has been extensively used in Multi-
Body-System (MBS) dynamics. Of course, this advantage
does not come alone. There is also a drawback in the fact
that the modes are valid for one specific structure
configuration, thus making the approach suitable for linear
computations, which is an important limitation. However,
there have been some developments aiming at inclusion
geometrically nonlinear effects [11, 12]. This aspect will
be addressed in this paper.

Anyway, the most challenging task in FE-based
real-time simulation is to keep the full extend FE model
(no model reduction) and try to produce a real-time
simulation. The level of complexity increases significantly
if the demand to cover any type of nonlinearity is
included, because this implies changeable structural
parameters (primarily the stiffness matrix) which need to
be determined again for each new structural configuration.
In addition, resolving the system of equations is more
time-consuming for nonlinear problems. In such cases,

even with a relatively small number of DOFs, rigorous
nonlinear formulations render the problem numerically
very demanding and the only way of achieving real-time
simulation would be to use extremely powerful hardware
and the parallelization possibilities [13]. Most of
developments in the fields of virtual reality (VR) and
augmented reality (AR) applications were based on linear
FE models in the early days of development [14]. The
same approach was used in biomedical applications [15,
16]. With the available hardware and software at that time,
even the use of linear models was rather challenging.

However, over the course of development,
researchers have noticed that various ‘tricks’ could be
applied in order to make a trade-off between the numerical
efficiency and achievable accuracy and thus make the
inclusion of nonlinear effects mathematically tractable [17,
18]. The ‘tricks’ mostly consisted in substituting rigorous
nonlinear formulations by some simpler formulations that
keep the nonlinear effects to a large extent thus producing
visually appealing results [19, 20]. Such approaches are
mainly used in VR applications.

Marinkovic and Zehn [21] provided a comparative
survey of these techniques, in which the major directions
of development are discussed and the state-of-the-art in the
field of FE-based real-time simulation is represented.

2. MEANS OF ACHIEVING FE-BASED REAL-TIME
SIMULATION

The first question to be tackled refers to the
definition of real-time simulation. Although the term ‘real-
time simulation’ may seem intuitive, the standard
definition allows for a wider interpretation. The intuitive
comprehension of the term would imply that anything that
happens within a certain period of time At is computed and
presented on the screen within the same period of time At.
On the other hand, the standard DIN ISO/IEC 2382 [22]
states that this term denotes such an operation of a
computing system that provides the results within a
prescribed period of time. Hence, this definition does not
necessarily demand that the computation takes the wall-
clock time needed for the process to occur in reality, but
could also take a longer time, if this suits the
computational requests, or maybe even a shorter time.

At this point, one may note the multidisciplinarity
of the problem. Namely, it combines the fields of
mechanics, numerical computation and computer graphics.
Besides the displayed physical behavior of the objects, it is
also the quality of the animation and rendering that
determines the very first impression about the achieved
results.

The question arises: what would be the means to
achieve FE-based real-time simulation? The most obvious
means are more powerful hardware components and
software that is more sophisticated. A less obvious means
would be modified formalisms for structural analysis. One
could make a nice parallel between the real-time
simulation and the objective of setting the fastest time in a
F1 car around a racing track. Obviously, more powerful
hardware would correspond to a better F1 car in terms of
more powerful engine, better aerodynamics, downforce,
etc. More sophisticated software corresponds to a better,
faster driver. Now, if the hardware would be limited to
typical personal computers, whereby the aspect of possible
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parallelization is neglected, the achievable gains in
computational times would be within several percent.
Available software options would even make a smaller
difference, although the aspect of software optimization
should not be easily neglected. What remains as an
interesting option is to play around with formalisms of
structural analysis. Again, making a parallel with fastest
time around a racing track, this would correspond to the
option of reconstructing the track itself. Assuming that the
start and finish lines remain the same, one may want to
reconstruct the track in order to avoid numerous curvatures
so that higher speeds can be used along the track. This
would reduce the lap time considerably. And this is
exactly the idea used here as it offers the greatest potential
of reducing the computational time. It implies that the
rigorous formalisms may be suitably modified to account
for major effects (but not all the details) so that less
computational operations are needed to reach the ‘finish
line’. Of course, with certain aspects neglected, one would
not land exactly at the ‘finish line’ but somewhere nearby.
This is exactly the already mentioned trade-off between
the computational effort and achievable accuracy.
Depending on the specific application, this trade-off may
be either more in the favor of accuracy or more in the
favor of computational efficiency.

3. MODAL SPACE BASED FE-MODEL REDUCTION

With the objective of reducing the computational
burden considerably compared to the approach based on
the full extent FE models, a model reduction is performed.
Different approaches may be found in the literature, some
of which are mentioned in the Introduction, but the most
common approach is the modal space based approach. The
approach implies that orthogonal mode shapes, determined
in a step prior to MBS simulation, become modal degrees
of freedom, in terms of which the deformational behavior
of a structure is described. Why is this approach so
efficient? Not only is the number of degrees of freedom in
this manner dramatically reduced (by several orders of
magnitude), but the resulting equations are also decoupled.
This is due to the property of the eignemodes that are
orthogonal with respect to both the mass and stiffness
matrices. For this reason, the generalized mass and
stiffness matrices are diagonal and the resulting system of
equations decoupled. In other words, the structural
response in each of the modes is totally independent from
the structural response in other modes.

The eigenmodes used in FEM are the result of the
modal analysis. The corresponding eigenvalue problem is
obtained by assuming free vibrations with damping

neglected:

[MJ{u}+[K]{u} ={0} @
where [M] and [K] are the mass and stiffness matrices of
the FE model, and {u} are the nodal displacements with
dots above denoting the time derivatives (two dots for
acceleration). Upon assuming a harmonic solution, one
obtains the following eigenvalue problem:

([K]-of M]){oi} =0 @)

where {¢i} is the i"" mode shape vector, and i the
corresponding angular eigenfrequency. The dynamical
problem given by the FE system of equations:

[MI{a}+[Cl{a} +[K]{uf = {feu} @)
where [C] is the damping matrix and {fex} are the external
forces. It is then transformed into the modal space:

[M]{z}+[ €]z} +[R] {2} = {F} @

[M]=[o] [M][0], [E]=[e] [c][®],
[K]=[o] [K][®], {f}=[e] {f}

with [D]=[{$:1} {2} ... {dn}] being the modal matrix
(matrix of modal shapes). This is the typical way of
transforming the FE equations into the modal space and
thus reducing the FE model significantly (easily several
orders of magnitude), whereby the resulting system of
equations in additionally decoupled.

It is worthwhile to emphasize that the quality of
the results obtained with modal approach strongly depends
on the quality and number of the mode shapes used in the
simulation. The mode shapes determined in the way
described above are valid for a specific structural
configuration and a specific set of boundary conditions. In
MBS problems, one has often to deal with changeable
boundary conditions. Hence, the approach used by
commercial software package like ADAMS is the
Component Mode Synthesis (CMS) technique, particularly
the Craig-Bampton method. The method requires to
partition the flexible body degrees of freedom (DOFs) into
boundary DOFs and interior DOFs, the former belonging
to the nodes of the FE-model that the user wants to retain
in the simulation model mainly for the purpose of defining
(kinematic or dynamic) boundary conditions. In the next
step, the method requires to determine two sets of modes:
1) constraint-modes, which are static shapes obtained by
giving each boundary DOF a unit displacement, while all
other boundary DOFs are fixed; 2) fixed-boundary normal
modes, which are obtained by fixing all boundary DOFs
and computing the eingensolution as given above. Now,
the so-obtained Craig-Bampton modes are not an
orthogonal set of modes. For that reason they
orthonormalized prior to simulation in order to make them
more suitable for direct use in MBS dynamics.

As already emphasized, in this manner, FE models
can be reduced by several orders of magnitude. An
example of a car rear axle, Fig. 1, can be used for obvious
demonstration of this advantage.

| P

Figure 1: Car rear axle

Fig. 2 depicts the full extend FE model prepared at
the Institute of Mechanics, TU Berlin. It includes 42324 4-
node shell elements, 1356 3-node shell elements, 4328 8-
node hexahedral elements and 504 6-node wedge
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elements. Altogether, there are 50192 nodes, most of
which use 6 DOFs as they belong to shell elements and
therewith there are nearly 300000 DOFs in the model.
Hence, solving the full model in a dynamical analysis
would imply solving a great number of equations in each
time-step.

Figure 2: FE model of the car rear axle

Upon model reduction, one may decide to keep a
number of orthogonal modes. Of course, the choice of
modes to be kept has a crucial influence on the final
simulation results. There are numerous criteria that will
not be addressed here on how to choose a sufficient
number of modes and which modes exactly are relevant. In
many simulations, it would be sufficient to take 10-20
modes, which implies that the simulation is performed
with much less DOFs compared to the full extent FE
model, and the accuracy would still be acceptable. Fig. 3
shows two screen-shots of real-time simulation with the
car axle. Practically any CPU can perform this real-time
simulation. The only difference in the speed of simulation
would be determined by the demanding graphics of
rendering the faces of nearly 50000 elements.

Figure 3: Screen-shots of real-time simulation with the car
rear axle

3.1. Inclusion of Geometrically Nonlinear Effects

Modal space based reduction of FE models is an
excellent way of reducing the numerical effort greatly.
This is practically done by performing a great deal of
computation prior to simulation. Namely, the effort resides
in the modal analysis needed to obtain the modal degrees
of freedom and modal mass and stiffness matrices.

However, the limitation encountered with this
approach is in the fact that the modes are valid only for the
initial structural configuration and, therewith, the approach
is applicable to linear analysis. In order to extend the
applicability of the approach to moderate geometrically
nonlinear effects, a few approaches have been originally
proposed.

The first approach is based on the implementation
of the geometric stiffness matrix. The idea is to account
only for the stress stiffening effects. This is done through a
simplified computation of the geometric stiffness matrix.
The stresses are assumed to be linearly proportional to the
deformation in each single mode, which is an assumption
made in the linear analysis. In this manner, the overall
stress is easily approximated as a linear superposition of
stresses in single modes. Based on these assumptions, the
geometric stiffness matrix is approximated and added to

the linear stiffness matrix over the course of computation.
In terms of numerics, the approach is only slightly more
expensive than the pure modal superposition technique,
and if it is carefully used for the cases to which it is
applicable, it offers a highly efficient extension into
moderate geometric nonlinearities. This method was
presented by Marinkovic and Zehn [11].

Another approach, denoted as warped displacement
approach, aims at consideration of geometrically nonlinear
effects caused by relatively large rotation of single sub-
domains of the structure with respect to the structure as a
whole. For carefully chosen substructures, the average
rigid-body rotation with respect to the whole structure is
computed based on the classical modal-space solution.
This rotation is further used to rotate the displacement
field of the considered substructure, which improves the
accuracy of the obtained deformed geometry. More details
about the method can be found in Marinkovic and Zehn
[11]. The rear car axle is quite a suitable example for this
approach. The crank arms are the substructures, to which
the approach is to be applied, Fig. 4.

01\
e

%

Figure 4: Subdomains for modal displacement warping

In order to test the approach with respect to
achievable accuracy of deformed configuration, two load
cases suggested by Volkswagen AG are computed. Load
case 1 is a vertical force of 1 kN acting upon the wheel,
while load case 2 is a side force of 7 kN (see Fig. 5).

F=7 kN

X F=1 kN
Figure 5:The considered load cases

The deformation is determined by means of
presented technique with 10 and 20 modes and compared
with the results obtained by rigorous FE results from
Abaqus. Diagrams in Figs. 6 and 7 show the results. The
suspension travel is given versus toe-angle — hence, two
geometric quantities, both of which are of crucial
importance for suitable prediction of the car path in a
curve. Compared to the linear result, one can easily note
the significant improvement of the result obtained with the
presented approach. Actually, those results are relatively
close to the geometrically nonlinear results from Abaqus,
demonstrating the applicability of the approach in this
specific case. At the same time, the efficiency of
computation remains extremely high as it easily runs in
real-time.
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Figure 6: Load case 1: suspension travel vs. toe-in angle
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Another interesting approach to account for
geometrically nonlinear effects is a combined approach,
i.e. a model that combines a modal reduction and the full
extent FE model. In many cases, a linear model can
adequately describe a large portion of the considered
structure, but some structural sub-domains may exhibit
nonlinear behavior. In such a case, the modal-space
solution can be used for the linear part of the model,
whereas the nonlinear sub-domain are to be described by a
full geometrically nonlinear FE model. The two parts of
the model are then adequately coupled to each other. A
simple illustration of this approach is given in Fig. 8 left,
where a modal space based model is used for the tower
crane, but the steel ropes and the suspended mass remain a
separate part of the model, as it exhibits large rotations
with respect to the tower crane.

Linear part ‘." .‘, A
i of the model bl %

|
/’/‘-‘ ;

Part of the model with
geometrical nonlinearities

Fibure 8: Left: combined model of a tower crane with

suspended load; Right: initial configuration with
excitation force

A simple example is taken to demonstrate the
approach. A load (300 kg) is suspended on the rope and
exposed to a short impulse force (5 kN) in duration of 103
s (Fig. 8, right). The displacements of the working jib tip
(point A) is observed. The problem was computed in
Abaqus by using the full extend FE model and the rigorous

geometrically nonlinear analysis. Hence, it was a relatively
expensive simulation in terms of computational time. The
problem was also solved by means of the combined model.
The tower crane was considered to be a linear model and
the modal reduction was applied to this part of the model
in order to reduce the numerical effort as much as
possible. However, it was necessary to consider the rope
with the suspended load as a nonlinear part of the model,
because the rope exhibits significant rotations while
swinging, thus constantly changing the direction of the
force that acts onto the crane jib. In the conducted
analysis, the static computation is done first to determine
the statically deformed initial configuration. This is
actually the configuration at time t=0 s. In Fig. 9, one may
notice the difference in the static deflection of the crane jib
computed by the present model and by Abaqus. This is
clearly the consequence of the fact that the tower crane
model alone determines this response and, in the presented
approach, it a linear model, while the Abagqus model
employs the rigorous geometrically nonlinear computation
based on the updated Lagrange formulation.

The results given in Fig. 9 show a relatively good
agreement between the two formulations, particularly
having in mind the difference in the initial configurations
of both computations. It should be emphasized that the
rigorous geometrically nonlinear computation in Abaqus
was done with the model containing 1773 DOFs, while the
model used with the presented formulation has only 13
degrees of freedom (10 modes and the 3 displacements of
the suspended load). In addition, Abaqus must solve the
problem incrementally and iteratively, with the coupled
system of equations solved in each iteration.
Consequently, performing the both computations with the
same time-step, the computational time in Abaqus was
three orders of magnitude greater (measured in seconds)
than the one needed for the presented combined
formulation.
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Figure 9: Displacements of the crane jib tip: up - vertical
displacement; down - horizontal displacement
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3.2. Application to Adaptive Structures

The general idea of adaptive/multifunctional
structures consists in using advanced multifunctional
materials in order to design and integrate active elements,
i.e. sensors and actuators, into structures and thus provide
the means for their adaptive behavior. The active elements
can also be added as additional devices, if such a design
suits the structure better. Sensors provide signals that
contain information about the state of the structure. The
sensor signals are transmitted to a controller that
implements the control law, i.e. the desired structural
behavior. Hence, the controller processes the sensor
signals and determines what action should be performed
by actuators in order to produce a desired structural
behavior. The corresponding signal is then sent to
actuators. In this manner, the active elements, sensors and
actuators, are coupled to each other by means of a
controller and an active structure becomes adaptive — it
can actively react to external excitations in order to adapt
its response, mainly with the objective to protect its
integrity. In this way, the adaptive systems mimic actually
the behavior of natural systems.

The adaptive structural behavior can be used to
achieve different objectives. The control of their dynamic
behavior belongs to the most common objectives. This
approach allows to improve many aspects of their dynamic
behavior, such as comfort, robustness and safety. As
vibrations in certain regimes of work (e.g. resonance) can
give rise to serious structural damage, vibration
suppression is quite a common objective of adaptive
structural behavior. An example of adaptive structural
behavior would be the adaptive car roof depicted in Fig.
10. In this case, the adaptive behavior of the roof is used to
suppress its vibrations with the final objective of
diminishing noise in the car and thus improving driving
comfort of passengers.

Adaptive
car-roof
pannel

ctuator signal

e

Figure 10: Displacements of the crane jib tip: up - vertical
displacement; down - horizontal displacement

Control of complex structures with a large number
of DOFs would be mathematically a very demanding task.
It would be extremely difficult to design algorithms that
would efficiently address such problems. Hence, an
elegant idea to resolve the problem is needed. There is
such an idea and it is closely related to the mode
superposition technique discussed above. Its essence is to
perform control within a specific frequency range by
putting the focus onto the structural vibration modes
(eigenmodes). It has been already seen that the structural
modes are the DOFs in terms of which the structural
response is determined. This fact is massively used in the
control of such complex systems. Namely, the eigenmodes
are simply regarded as degrees of freedom to be
controlled.

The same tower crane already seen above is used as
an example. Without getting into details on exactly what
kind of effect could be realistically used for this purpose, it
is assumed at this point that a truss element can act as both
a sensor and an actuator. As a sensor, the element can
measure the strain in the element, and as an actuator, it
may produce a desired force. Strain rate proportional
active damping is implemented in the four active elements
at the bottom of the crane (Fig. 11).
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Figure 11: Tower crane with active elements and
excitation

From the strains measured by the sensors in the
four elements, the strain rate is determined and a force
proportional to the strain rate and acting oppositely to the
strain rate is induced in each active element. An external
force is set to act at the jib tip as an impulse in duration of
0.5 s. The active control is. The diagram in Fig. 12 shows
the vertical displacement of the jib tip, with (blue line) and
without (red line) active damping turned on after 3 s. The
first ten eigenmodes are used for the simulation and such a

simulation runs in real-time.
: ; 7
Time|[s!

150.0
100.0
<— Active control started

/
| N

1
-50.0
-100.0

e = With control — Without control
Figure 12: Tower crane — vertical displacement of the jib
tip with and without active damping
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The same concept is also demonstrated on another
simple example, namely a plate structure depicted in Fig.
13. The structure is meshed using 480 recently developed
piezoelectric triangular shell elements [23]. Two load
cases are considered, in both of which structure is exposed
to a concentrated force acting as a short impulse. The load
case 1 implies that only the excitation force F; acts in the
middle of the structure, while in the load case 2, it is only
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the force F, that acts (Fig. 13). The response is determined
using the first 12 eigenmodes for the modal superposition
technique. It is straightforward to recognize the motivation
for changing the position at which the force acts in the
second load case. Namely, in the first case, primarily the
first eigenmode (first bending mode) is excited and it
dominates the structural response, while the second case
excites practically all the considered modes (although
some of them to an extremely small extent).

Fi

F2 A

Figure 13: FE model of the plate: position of active
elements (red elements) and two considered load cases

The selected position of four pairs of active
piezoelements is also depicted in Fig. 13 by red lines. The
patches on the lower surface of the structure play the
sensor role, while the patches on the upper (visible)
surface act as actuators. The vertical displacement at the
mid-point is observed during the simulation as a
representative result. It is given for the case without active
control (thin red line in Figs. 14 and 15) and with the
active control started at t=5s (thick blue line in Figs. 14
and 15). The structural response without active control is
characterized by relatively small damping implemented in
the model. The active control enhances damping
significantly. As already said, in the first case, it is
primarily the first eigenmode that is excited, which is also
visible from the diagram, while in the second case
practically all the considered modes are excited. It is easily
recognized in the first response that there is only one
frequency, whereas in the second response several
frequencies can be noted. But the efficiency of active
control is the same in both cases and the simulation runs
easily in real-time. This example resembles the case of
active noise reduction in a car (Fig. 10). Basically the
same approach would be used, with the only difference in
the selection of modes to be controlled.
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4. CONCLUSIONS

The idea of physics based real-time simulation has
gained in importance in the previous two decades. Besides
applications such as various virtual-reality simulators, in
which the demand for real-time simulation is crucial, also
the classical engineering simulations would benefit from
highly efficient, and, should it be possible, even real-time
simulations. Among various ideas how to approach and
deal with real-time simulations based on the Finite
Element Method, the model reduction done by means of
the modal superposition technique is addressed in this
paper. Transformation to modal space has a great potential
in this field. By carefully selecting the modes to be used in
the simulation, the numerical effort needed for the
simulation is reduced by several orders of magnitude. In
this manner, the objective of real-time simulation is easily
achieved. However, this nice property comes together with
the limitation of the approach to linear analysis.

The paper is further focused on two specific aspects
of simulations performed using this technique. The first
one is related to the above mentioned limitation to linear
analysis. Several originally proposed methods to extend
the approach so as to cover moderate geometrically
nonlinear effects are briefly explained and demonstrated.

Furthermore, the technique is applied to adaptive
structures characterized by the ability to actively react to
external excitations in order to produce desired behavior
and thus protect their own integrity. By implementing the
strain rate proportional active damping, it has been shown
that structural vibrations can successfully be reduced,
whereby the simulations run in real-time.

The real challenge would be development of FE
formulations that would allow real-time simulations based
on full extent FE models and that would also cover
nonlinear effects. The first steps in this direction have
already been done by the author, but this is still a work in
progress.
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Industry 4.0 Context of Heavy Machinery
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Faculty of Mechanical Engineering, University of Belgrade, Belgrade (Serbia)

The Industry 4.0 model is based on integration of the Cyber Physical Systems (CPSs) and connection between
Internet of Things (loTs) and Cloud technology (CT). These are high-level methodologies for development of new
generation factories, which are more intelligent, flexible and self-adaptable. Those models generate Big Data, horizontally
by integration (network of machines, processes and sensors) and vertically by control (usually defined over five levels)
which should be analytically processed and managed by the Cyber-Physical Manufacturing (CPM). Industry 4.0 is a new
model of technology systems automation, based on the convergence of technologies that make up the concept of intelligent
manufacturing, integrated with information and communication technologies that have been applied in a new way (cloud
computing, big data analytics and Al), and based on distributed management. This approach has brought unprecedented
opportunities to technology systems, from resource levels to supply chains, which are becoming more flexible, responsive
to customer demands, and product quality is without defects. On the other hand, planning and control production in this
model must have a specific concept that defines it. Also, model has its own development, and the subject of this paper is the
analysis and synthesis of the follow two models: Industry 4.0 (14.0) and enterprise resource planning (ERP) for Heavy
Machinery Manufacturing. The paper also provides a research model for the ERP model in SMEs developing the Industry
4.0 concept for Heavy Machinery.

Keywords: Heavy machinery, Industry 4.0, Context
1. INTRODUCTION

Industry 4.0 is today and strategic national program
of scientific and technological development of the most
developed countries around the world, which has been
implemented since 2011. Today, thirty-seven countries
have this program, whose primary objective is to increase
the competitiveness, productivity and efficiency of
national industries [1,2]. On the other hand, this model is

the perspective of new paradigms such as designing and
production control.

Industry 4.0 concept is so far the best model of
technological system for managing the relationships
between supply and demand of customers from the
following aspects: quantity, variety, time of market
appearance, price, quality and design [3,4], because it
gives a model of analysis and synthesis the information

the basic framework for research, development, designing
and implementation of the next generation of
technological systems, smart factories. One of the most
important elements within them is the ERP model, which
is considered in this paper from the following aspects: (i)
historical development of the concept of planning and
production control in the context of automation of
manufacturing systems and the nature, type and volume of
data in them, (ii) ERP data management and integration
model in 14.0 concept, (iii) structure of the smart
manufacturing model 14.0 with the place of the ERP model
in it, and (iv) modelling with case studies for SMEs.
Finally, some aspects of the future development of the
ERP model for the 14.0 concept are given, especially from

during product life cycle, using cloud computing and big
data analytics. This approach makes it possible to
individualize each customer's requests, which has become
the smart manufacturing paradigm.

Industry 4.0 model is based on data-driven
technology which is networked and decentralized, and
realized in cyber space. Therefore, it is very important for
the smart manufacturing model to explore nature, the type
and size of databases used to plan and manage at the plant,
factory and supply chain levels [5-7], from the perspective
of the six technologies on which this production is based,
and which containing elements of the ERP model. This
overview is given in Table 1, with special reference to
additional characteristics related to Industry 4.0.

Table 1: Characteristics of data in smart manufacturing, including heavy machinery (adopted according to [6])

Nature of data Data type Data volume
Automatlon and Prediction technology Numerical, string, bits, symbolic Medium. (Very Iai\)rge —big
manufacturing technology volume)

Status and history of production

Data storage technology equipment

Numerical, symbolic, string, time
series, text

Very large. (Cloud
computing) ¥

Digitization technology | Artifact characterization, status

Numerical, symbolic, text Large. (Digital twin) ¥

As-is data, transformed data,
integrated data, models,
algorithms

Cloud computing
technology

Potentially data of types determined

1)
by the cloud design Very large. (SaaS)

Agent technology Application specific

Application specific Low. (Al)D

Prediction technology Application specific

Medium. (Intelligent

Numerical, categorical, time series .
9 Maintenance) »
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Information content and level connectivity in smart
manufacturing is high and is implemented through 2M
(man-machine) - computer communication, which is
monitored by Al algorithms. In the smart manufacturing
model, information flows are realized through cloud and
physical layers. Cloud layer includes models and
algorithms related to: operations and configuration
management, process and service models and condition
monitoring. ERP covers this last layer. The physical layer
includes equipment and sensors. In this way, divided

virtual-physical systems through cloud computing perform
resource sharing, managed through the ERP model.

The planning of production and technological
resources in the production control model (MRP / ERP)
has a long history, and this development has taken two
directions: (i) business aspect (from stock planning at the
plant level to the whole chain (request for offer - delivery
of the finished product) at the company level, and (ii)
technological aspect (from the software package to the
client server architecture). An overview of the
development of this model is given in Table 2 [3,8,9].

Table 2: History of ERP model development [3,8,9]

Year / model / Level Characteristics of MRP/ERP model Aspects of function
1960s/I1C /| level Inventory management and control Warehouse control
1970s /Iel\\iltflp L/ Material Requirements Planning Bill of product
1980s /IIX\I/EIP I/ Manufacturing Resources Planning Bill of manufacturing process
1990s/ERP/ IV Enterprise Resource Planning Integrate business activities across
level organization units
2000s /IeIf/EIP A4 Enterprise Resource Planning by Internet Services Oriented Architecture (SOA)
2010s / Cloud based .
ERP / VI level Cloud based ERP ERP as software a service (SaaS) model
2020s/ 14.0 ERP/ ERP of Industry 4.0 model 14.0 concept introducing
VII level

Information system for control the appropriate level
of stock in a warehouse (material, spare parts) was been
the first level in this area [9]. Material requirement
planning (MRP 1) used software applications for
scheduling manufacturing processes and for operations
raw material purchases, level two. Now, for the first time,
they are introducing into production planning and control
bill of structure, materials (BOM) and quantity.
Manufacturing Resource Planning (MRP I1) used software
for coordinating manufacturing processes from product
planning, parts purchasing, inventory control to product
distribution, level I1l. Enterprise resource planning (ERP)
uses a multi-module application software system, for
improving the performance of the internal business
processes, based on integrate business activities (planning,
purchasing and distribution) across functional departments
(marketing, design, accounting, HR), level IV. ERP II
using internet web-browsers, with Services Oriented
Architecture (SOA) and mobile devices were made
possible, is level V. Cloud ERP, level VI are business
applications are delivered as a service (SaaS) model,
suitable for SMEs as well. Finally, the last seventh level
refers to the ERP model for Industry 4.0. The previous
analysis shows that the development of the first four levels
of the ERP model was based on the development of
information systems, and after that IT technologies
involved in the development of this model. The latest
model is an internet-oriented networking concept, based
on cloud computing and Al tools in Industry 4.0 model.

2. ERP MODEL FOR INDUSTRY 4.0 IN HEAVY
MACHINERY MANUFACTURING

Digitized and networked technology systems, with
Internet of Things as per Industry 4.0 concept, have the
ability to assign production control tasks to "intelligent"
objects: machines, products and parts [10]. In this way,
greater flexibility and adaptability of the manufacturing
system itself, through the ERP model, is achieved. This
approach defines new paradigms of production planning
and control, which is based on a hybrid model of transition
at centralized to a decentralized management concept. On
the other hand, the optimization of ERP parameters is
performed at a centralized (supply chain) and / or
distributed (part) control level, which means that decisions
regarding production planning and control are made
globally or locally, according to Kanban (pull) or Holon
model.

Data became the key elements in planning, control
and executing all activities along supply chain in 14.0
model. For these reasons, an organization must carefully
treat and properly use all data to create an effective basis
for decision making [11]. The main challenge is
innovative data management on the Industry 4.0 platform,
which includes storage, exchange and use of data. The
development and implementation of such concepts must
be stimulated because only data that is error-free, up-to-
date, accessible and usable can contribute to the success of
the company, Table 3.
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Table 3: Framework of ERP model for Industry 4.0, including Heavy Machinery Manufacturing
(extended approach according to [11])

Characteristics / 14.0

Desirable features of

challenge an ERP systems Example Goals 14.0 approach
Data storage / balance Simplification of data | Simpletable structures for the logical Data on time.
centralizedand moqel. — data model. — ——— Cloud computing
decentralized h Decentralized data | Distributed storage of data in different | Bidirectional (ERP-MES?-
ecentralized approach. management. systems. PLC?) loading of data.

Data flow / the

Linkage to previous

Exchange data (verticaland
horizontal)andprocessingof different

Integration of systems fora
flexible planning and

connection of the ERP systems. | .
tem in two directions — systems._ control. Interoperability
5ys . . ERP system should deliver requested .
horizontal and vertical. | Speed of data access data within short response times, Fast reaction to changes.
The user interface ofthe ERPsystems | Improvement of human-

Data used / virtual and

real models of
intelligent products.

Visualization

should display information adequately.

machine interaction.

Integration and
Intelligence

ERP system should connect data from
different sources and hence create new
information

Generation of new
information.

Automation

ERP system should use the data to
trigger automated processes.

Reduction of errors and
increase in efficiency.

Big data analytics, Al

Industry 4.0

is building smart

factories

in

manufacturer exploitation feedback information, which is

P.11

deployment that have four dimensions [12-14]: (i) smart
manufacturing based on advanced digital-oriented
technologies (Additive manufacturing, Cloud computing
and Internet of things). It has automated flexible lines that
adapt production processes with changed conditions to the
type of product, while sometime maintaining high quality,
high productivity and flexibility, as well as production
volume, with optimal consumption of resources; (ii) smart
products (advanced production mode and new
characteristics). They generate and send to the

SMART MANUFACTURING
Level 1
Vertical integration Energy management Traceability

|
I ERP |
| | Real world
i |
' MES I
' |
' |
: SCADA || Energy Traceability
| improving final products
' |
I Sensors+actuato | | Energy Traceability of
I\ rsTPLCs I monitoring raw materials
______ 4

SMART PRODUCTS
Passive smart products
(connectivity, monitoring and
control capabilities)

SMART WORKING

SMART SUPPLY CHAIN
Digital platforms with other
companies’ units

(design, planning, etc.)

FRONT-END TECHNOLOGIES FOR INDUSTRY 4.0

Active smart products Autonomous smart products
(optimization capabilities) (autonomy capabilities)
Remote monitoring & . . .
Collaboration robots Remote operation Augmented & Virtual reality

Digital platforms with
suppliers

used primarily in the field of customer service. On this
way increases the value added of the product, and the
manufacturer develops a new business model (product +
service); (iii) new ways workers perform their activities,
based on advanced digital-oriented technologies (smart
working), and (iv) smart supply-chain (procurement of raw
materials and delivery of finished products). Bidirectional
exchange of information in collaborative production, using
it exchange also for digital platforms of design of the
innovative products, Figure 1.

Level 2

Flexibilization

Level 3

Automation Virtualization

Real world/virtuel world

Automatic
nonconformities Al for
identification maintenance
Flexible Industrial Virtual
machine robots commissioning
Additive M2M Al for
manufacturing communication manufacturing

Digital platforms with
customers

BASE TECHNOLOGIES FOR 14.0

Internet of Things for

| Cloud manufacturing SeRiAreTaii

P e e e e s oo Do==
|
|

Complexity level of implementation of Industry 4.0 elements

Figure 1: Framework for Industry 4.0 model for Heavy Machinery Manufacturing (adopted according [12])
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This framework of a smart factory is also based on
four dimensions of basic technologies for Industry 4.0: (i)
cloud manufacturing, (ii) internet of things for
manufacturing, (iii) big data (for manufacturing), and (iv)
analytics (for manufacturing). For our analyses, relate to
the ERP model, the dashed line marks elements of both
structures. On the other hand, the smart supply chain in the
14.0 concept has a special function - to create added value
for the customer, which gives them digital platforms for
planning and designing of product and production,
procurement and sales, creating a management framework
product over the life of the product. This creates a new
business model for the organization in the circular
economy - eco sustainable smart production [15,16]. In
this concept, the ERP model is a key element of the
vertical integration model, but is also whole part of the
smart chains and core technologies for Industry 4.0, as it is
shown in Figure 2. There are three integration concepts in
the Industry 4.0 model that apply [7,17,18]: (i) vertical
integration (from process - sensor, to organization
(corporate planning) - ERP). The center of integration at
this level is the cyber-physical system, which production is
realized; (ii) horizontal - from request for offer to delivery
note of finished product (marketing, designing,
production, delivery). Integration center is an intelligent
product, with added value; and (iii) supply chains and
sustainable production with a customer relationship
management (CRM) integration center. Thus, the
organization builds a new business model of its Industry
4.0 concept, the center of which is a large database and its
reporting. The ERP model plays a key role in this.

3. RESEARCH AND DEVELOPMENT OF ERP
MODEL FOR SMES IN HEAVY MACHINERY

The Industry 4.0 model currently has forty-five
elements that make up its full structure applicable in large

organizations. Our research shows that this model for
SMEs should have between fourteen and twenty-two
elements depending on the type of production that the
SME is engaged. But one of the basic elements without
this model cannot be applied is modelling - the virtual
part.

Modelling is one of the most important elements of
the 14.0 model, especially for the digital twin. This aspect
is particularly expressive in the smart manufacturing
model, where knowledge modelling is the most important
element. In the digital era, the management of
technological ~ systems including their  elements,
encountered in the following forms [19-21]: (i) centralized
hierarchical model, where we have an integrated computer
system of production and management; (ii) distributed
heterarchical model, which builds the symbiosis of the two
models (computer-aided manufacturing and management)
on the principles of biologically inspired models; (iii) CPS
based distributed control [22], and (iv) loT based
distributed control [23,24]. The last two models are
important for our research, and they are realized in the 14.0
concepts through the models: agent based, multi-agent
based and holonic based, type of control.

The ERP model in these concepts builds as an
innovative model on new paradigms, such as:
collaborative control, product-driven agents, 10T agents,
which makes the infrastructure of the model itself. The
ERP model for smart factories is used to manage all
business and technology processes in real time across the
whole supply chain, based on a fast and flexible response
to its customers' requirements. For the first time the
Industry 4.0 model allows us do this, and the ERP model
permeates the infrastructure of the entire model shown on
Figure 2 [25].

f

2 3)
Virtual _ g
Iol, Big data analytics, AT
Cloud Computing — Planning and Design
of Products and Processes (Business) -
virtual (organizations)
L
Portals
Suppliers Services CRM
ERP model
Planning and Design Management Control Quality Management
Suppliers Workshop
ERP core model
CRM, Marketing
Sales .
and Services
Purchases, Warehouses Administration and Eco and Safety
and Logistics Financial Management Management

\ J
Figure 2: ERP Industry 4.0 model, including Heavy Machinery Manufacturing (adopted according to [25])

V. D. Majstorovi¢, R. M. Mitrovi¢, Z. Z. Migkovié



Proceedings of X International Conference “Heavy Machinery-HM 2021”, Vrnjacka Banja, 23—-25 June 2021 P.13

The model has three parts: (i) virtual whole, which
is based on the cloud computing (SaaS) model. It contains
a virtual model of an ERP system, linked through loT all
business (procurement, sales, management, finance),
production (workshop) and technological (designing)
processes, with large databases that are generating. Their
analysis, optimization and decision making are perform
using Al and machine learning techniques; (ii) interfaces
(suppliers, services and CRM). Their function is to provide
to user the on-line user necessary information related to
procurement, sales and other services (for example
maintenance) that help us track the dynamics of smart
manufacturing, and (iii) core model, which includes the
business-technological and managerial functions of the
organization as well as the production itself, a total of ten
units.

In the smart factory model, the following functions
are realized using an intelligent ERP system [25,26-29]: (i)
management of customer requirements. Real time creating
the information content of request or offer using:
Electronic Data Interchange (EDI) tools, web portals,
forecasts and customer MRPs. Also managing the “Master
Production Schedule” (MPS), with open orders and
framework agreements, the procurement activities can be
scheduled (purchases and production of finished or semi-
finished goods); (ii) production planning (MRP 1). The
model calculates the needed quantities of raw materials to
be procured for the accepted requirements from the
previous point, taking into account: accepted offers,
existing stock, quantities reserved for production orders in
progress and sales plans; (iii) manufacturing scheduling

(MRP 2). Production resource planning for MRP 1 orders,
taking into account: machines capacity, labour force,
maintenance  plans, delivery times.  Technology
documentation (machining operations, tools and controls
plans) are elements of this module; (iv) management
production (Manufacturing Execution System — MES).
Monitoring and managing the complete work order at all
stages of production, both at the manufacturing plant and
at the subcontractors, including planned maintenance
orders; (v) integration and communication between
technical departments and customers. This is related for
connecting and integrating about a product (in the factory)
— PDM (Product Data Management) and product (along
lifecycle) — PLM (Product Lifecycle Management), for all
stages of product planning and designing (bills of
products) from all aspects of defining and reconsidering;
(vi) Quality Management System (QMS), EMS and
OH&S. These models manage quality information (quality
management and traceability), ecology and health
protection; (vii) management warehouses and stock,
logistics management. All changes to the storage are
monitored online via bar code or RFID, and the ERP
model takes care about required / planned quantities.
Likewise, internal transport as well as all shipments of
finished products, are monitored in the same way, and
(viii)  administration and financial management.
Production accounting management to determine all costs
and productivity parameters, by different areas and bases.

In Serbia, intensive work is being done to develop
and implement ERP models for SMEs [29], through the
national Platform for Industry 4.0 [1], Figure 3.

Iol, Big data analytics, Al

Cloud Computing — Planning and Design
of Products overall Processes (small
ERP) - virtual smart products
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Figure 3: Framework of a smart manufacturing system for Industry 4.0 in SMEs for Heavy Machinery
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On the smart workshop where real production takes
place as the creating point of manufacturing data. Virtual
shop floor of a physical one using agent technology, where
each agent has: identification, authorization, configuration,
capability, operation and status data, and transmits them
and their metadata. Data warehouse is an information hub
that stores and exchanges manufacturing data. Data
analytics center is the model creation, storage, retrieval
and uncertainty which provides machine learning,
statistical, or stochastic based models that build on
mathematical functions needed to create data driven
models. Each agent retrieves such models through a broker
agent and decides predictive operations and controls,
based on the results that models output. Manufacturing
application include applications, such as CAD, CAM,
CAQ, ERP systems. These applications communicate with
the platform through their application interfaces because
they eventually supervise and manage all activities and
events occurring on the physical workshop. Agent
manager searches adequate agents, and manages them
during their lifecycles. Data governor manages master data
as well as the lifecycle and quality of raw data. Workflow
manager controls workflows to automate the tasks
performed on the platform, manages the rules designed to
handle workflow appropriately, and engages in model
representation.  Security controller protects against
computer viruses and hacking, and controls electronic
authorization and authentication, because data and models
that incorporate manufacturing experience and knowledge
are valuable and, thus, must be protected.

For SMEs, the integral model of smart
manufacturing and ERP is researched and defined, based
on the base elements of Industry 4.0: Cyber physical
systems (CPS), M2M — Man-machine communication /
MMI — Man-machine interaction, Operation management
for 14.0, Digital Twins, Horizontal & Vertical Integration,
Using Light Signals, Smart / Mobile Maintenance,
Condition Monitoring, VR - Virtual Reality, QR Code,
Data Security, Open Communication Protocols (OPC-
UA), 10T - Internet of Things (11oT - Industrial Internet of
Things) ), Real-Time Communication, Big Data, Cloud,
Automation Pyramid, Resource Planning (ERP), Work
Order Management (MES), Supplier Relationships,
Intelligent Logistics, Customer Relationships, WWW [29].
The SMEs for which this project is implemented are from
the field of metal industry and produce parts,
subassemblies and assemblies for factories from Italy,
Switzerland, Austria, Germany and the Netherlands.

4. CONCLUSIONS

The concept of Industry 4.0 has a special place and
role for the design engineer and production planner, which
is still irreplaceable, but now has a different role, namely a
new paradigm. It is particularly reflected in the
construction and management of the digital twin model of
the smart factory, and thus of the ERP module. In [30,31],
this approach is explored in detail, and a five-level model
of the pyramid of the industrial internet is proposed: (i)
smart object (physical objects and embedded intelligence),
(ii) industrial internet of things (level 1 and network, (iii)
cyber-physical production system (level 2 and integration
previous levels), (iv) service-oriented digital twin
(ubiquitous knowledge and level 3), and (v) smart factory

(manufacturing employees and level 4). From an ERP
perspective, the specificities of executives monitoring
CPSs, facility managers and engineer resource planners
are specifically referenced and used here, as outlined in
Levels 4 and 5. One of the future directions of ERP
development is the open source model.

Research on the project [29] in the forthcoming
period will focus on the development of demonstration
models for individual 14.0 segments for SMEs (designing -
digital twin, procurement, customers, MES, etc.).

The research presented in this paper will be also
very useful for improvement of other heavy machinery
systems, such as mining or transportation machinery.
Some steps in this direction are already made i.e. an
improvement of the maintenance system of auxiliary
mining machinery in the energy sector of the Republic of
Serbia (JP EPS Company, TE-KO Kostolac) [32].

The improved system can provide more efficient
and cost-effective support to the operation of basic mining
heavy machinery. More specifically, the level of system
reliability, as well as system availability and readiness,
will be significantly raised. So far, a process approach and
modern technical knowledge, new ICT technologies, as
well as specific elements of Industry 4.0 have been
applied. The possibilities of further application of Industry
4.0 context in the maintenance and other power production
systems in order to address various challenges such as
those of productivity, safety, ecology and environmental
protection are planned to be analysed in the next period of
the presented research.

ACKNOWLEDGEMENT

Authors would like to express their sincere
gratitude to the Ministry of Education, Science and
Technological Development of the Republic of Serbia for
their support during the realisation of the project with the
contract number 451-03-9/2021-14/200105 (February 5
2021).

REFERENCES

[1] V. Majstorovic, et al., “Industry 4.0 Programs
Worldwide”, Proceedings of the 4th International
Conference on the Industry 4.0 Model for Advanced
Manufacturing, AMP 2019, Belgrade, pp. 79-99.
https://doi.org/10.1007/978-3-030-1818-2_7 (2019)

[2] V. Majstorovic, et al., “Cyber-Physical Manufacturing
in Context of Industry 4.0 Model”, Proceedings of 3rd
International Conference on the Industry 4.0 model for
Advanced Manufacturing, AMP 2018, pp. 227-238,
Belgrade, https://doi.org/10.1007/978-3-3-319-89563-5
(2018)

[3] Y. Yina, K. E. Steckeb, L. Dongni, “The evolution of
production systems from Industry 2.0 through Industry
4.0”, International Journal of Production Research, Vol.
56, Nos. 1-2, 848-861,
https://doi.org/10.1080/00207543.2017.1403664 (2018)

[4] S. Bonnaud, C. Didier, A. Kohler, “Industry 4.0 and
Cognitive Manufacturing, Ar-chitecture Patterns”, Use
Cases and IBM Solutions,
https://www.ibm.com/downloads/cas/ M8J5BA6R
(Accesed on March 2021)

V. D. Majstorovi¢, R. M. Mitrovi¢, Z. Z. Migkovié



Proceedings of X International Conference “Heavy Machinery-HM 2021”, Vrnjacka Banja, 23—-25 June 2021 P.15

[5] J. P. Usuga Cadavid, S. Lamouri, B. Grabot, A. Fortin,
“Machine Learning n Production Planning and Control: A
Review of Empirical Literature”, Proceedings of 9th IFAC
conference on Manufacturing Modelling, Management and
Control Berlin, Germany, August 28-30, 2019, IFAC
Papers On Line, 52-13, 385-390.
https://doi.org/0.1016/j.ifacol.2019. 11.155. (2019)

[6] A. Kusiak, “Fundamentals of smart manufacturing: A
multi-thread perspective”, Annual Reviews in Control,
Volume 47, 214-220, https://doi.org/10.1016
/j.arcontrol.2019.02.001. (2019)

[7] L. Monostori, P. Valckenaers, A. Dolgui, H. Panetto,
M. Brdys, B. C. Csaji, “Cooperative control in production
and logistics”, Annual Reviews in Control, 39, 12-29,
https://doi.org/10.1016/ j.arcontrol.2015.02.001. (2015)

[8] P. Osterrieder, L. Budde, T. Friedli, “The smart factory
as a key construct of industry 4.0: A systematic literature
review”, International Journal of Production Economics,
211, 35-51, https://doi.org/10.1016/j.ijpe.2019.08.011
(2019)

[9] N., N., “A Brief History of ERP — since 1960 and the
future of ERP”, https://www.erp-information.com/history-
of-erp.html (Accessed on March 2021)

[10] J. Bendul, H. Blunck, “The design space of
production planning and control for Industry 4.0,
Computers in Industry, 105, pp 260-272. https://doi.org/
10.1016/j.compind. 2018.10.010 (2019)

[11] C. A. Hochmuth, C. Bartodziej, C. Schwégler,
“Industry 4.0 Is your ERP system ready for the digital
era?”, 2017. (https://wwwz2.deloitte.com/ content/dam/
Deloitte/de/Documents/technology/Deloitte ERP_Industri
e-4-0_Whitepaper.pdf (Accessed on Feb. 2021).

[12] A. Frank, L. Dalenogare, N. Ayala, “Industry 4.0
technologies: Implementation patterns in manufacturing”,
International Journal of Production Economics, 210, 15—
26. https://doi.org/10.1016/j.ijpe.2019.01.004. (2019)

[13] C. Emmanouilidis, P. Pistofidis, L. Bertoncelj, V.
Katsouros, A. Fournaris, C. Koulamas, C. Ruiz-Carcel,
“Enabling the human in the loop: Linked data and
knowledge in industrial cyber-physical systems”, Annual
Reviews in Control, 47, 249-265,
https://doi.org/10.1016/j.arcontrol.2019.03.004 (2019)

[14] M. Dassisti, A. Giovannini, P. Merla, M. Chimienti,
H. Panetto, “An approach to support Industry 4.0 adoption
in SMEs using a core-metamodel”, Annual Reviews in
Control, 47, 266-274,
https://doi.org/10.1016/j.arcontrol.2018.11.001 (2019)

[15] C. Fallera, D. Feldmllera, “Industry 4.0 Learning
Factory for regional SMEs”, The 5th Conference on
Learning Factories 2015, Procedia CIRP, 32, 88 — 91.
https://doi:10.1016/j.procir.2015.02.117 (2015)

[16] S. Erola, W. Sihna, “Intelligent production planning
and control in the cloud — to-wards a scalable software
architecture”, 10th CIRP Conference on Intelligent
Computation in Manufacturing Engineering - CIRP ICME
'16 Procedia CIRP, 62, 571 — 576,
https://doi:10.1016/j.procir.2017.01.003 (2017)

[17] L.D. Xua, E. L. Xu, L. Lia, “Industry 4.0: state of the
art and future trends, Interna-tional Journal of Production
Research”, VVol. 56, No. 8, 2941-2962, https://doi.org/10.
1080/ 00207543.2018.1444806 (2018)

[18] D. Ivanov, S. Sethi, A. Dolgui, B. Sokolov, “A survey
on control theory applications to operational systems,
supply chain management, and Industry 4.0, Annual
Reviews in Control, 46, 134-147,
https://doi.org/10.1016/j.arcontrol.2018.10.014 (2018)

[19] G. Morel, C.E. Pereira, S.Y. Nof, “Historical survey
and emerging challenges of manu-facturing automation
modelling and control: A systems architecting
perspective”, Annual Reviews in Control, 47, 21-34,
https://doi.org/10.1016/j.arcontrol.2019.01.002 (2019)

[20] D. Zuehlke, “SmartFactory—Towards a factory-of-
things”, Annual Reviews in Control, 34, 129-138.
https://doi:10.1016/j.arcontrol.2010.02.008 (2010)

[21] N., N., “Industry 4.0 — Opportunities and Challenges
of the Industrial Internet” (2019)
(https:/iwww.pwec.nl/en/assets/documents/pwec-industrie-4-
0.pdf (Accessed on March 2021)

[22] B. Rodi¢, “Industry 4.0 and the new simulation
modelling paradigm”, Organizacija, 50(3), 193-207.
https://doi.org/10.1515/0orga-2017-0017.

[23] K.Y.H. Lim, P. Zheng. & Chen, “A state-of-the-art
survey of Digital Twin: techniques, engineering product
lifecycle management and business innovation
perspectives”, J Intell Manuf,
https://doi.org/10.1007/s10845-019-01512-w (2019)

[24] P. Barber, “Industry 4.0 and the Digital Factory”,
https://www.weforum.org/agenda/ 2019/07/factories-lead-
fourth-industrial-revolution-automation-jobs/ (Accessed
on March 2021).

[25] N., N., “ERP and Industry 4.0”,
https://www.centrosoftware.com/en/erp-and-industry-4.0
(Accessed on March 2021)

[26] M. Ahmad, R. Cuenca, “Critical success factors for
ERP implementation in SMEs, Robotics and Computer-
Integrated Manufacturing”, 29, 104-111. http://dx.doi.org/
10.1016/j.rcim.2012.04.019 (2013)

[27] U. Cadavid, J.P., Lamouri, S., Grabot, B. et al.
“Machine learning applied in production planning and
control: a state-of-the-art in the era of industry 4.0”. J
Intell Manu, https://doi.org/10.1007/s10845-019-01531-7
(2020)

[28] H. Panetto, B. lung, D. Ivanov, G. Weichhart, X.
Wang, “Challenges for the cyber-physical manufacturing
enterprises of the future”, Annual Reviews in Control, 47,
200-213, https://doi.org/10.1016/j.arcontrol. 2019.02.002.
(2019)

[29] V. Majstorovic, et al., “14.0 for SMEs”, Project,
Faculty of Mechanical Engineering, Belgrade, (2019)

[30] D. Olson, B. Johansson, R. Carvalho, “Open source
ERP business model framework”, Robotics and
Computer—Integrated Manufacturing, 50, 30-36.
https://doi.org/ 10.1016/j.rcim.2015.09.007. (2018)

Industry 4.0 Context of Heavy Machinery



P.16 Proceedings of X International Conference “Heavy Machinery-HM 2021, Vrnjagka Banja, 23-25 June 2021

[31] F. Longo, L. Nicoletti, A. Padovano, “Ubiquitous [32] V. Simeunovié¢, at all, “Improvement of an auxiliary
knowledge empowers the Smart Factory: The impacts of a machinery maintenance system and the concept of smart
Service-oriented Digital Twin on enterprises' mining”, Yuinfo 2021, Conference Proceedings -
performance”, Annual Reviews in Control, VVol. 47, Pages http://yuinfo.org/#speakers (2021)

221-236. https://doi.org/10.1016/j.arcontrol.2019.01.001

(2019)

V. D. Majstorovi¢, R. M. Mitrovi¢, Z. Z. Migkovié



X International Conference “Heavy Machinery-HM 2021, Vrnjatka Banja, 23—-25 June 2021 P.17

Ways to Improve the Efficiency of Dump Trucks for
Transporting Asphalt Mix

A.l. Dotsenko"
Moscow Automobile and Road Construction State Technical University (MADI), Moscow (Russian Federation)

The system of operational quality control of asphalt concrete road surface during its transportation is considered.
The implementation of information technology is carried out with the help of GLONASS / GPS satellite system, which in
real time mode allows you to capture the required parameters. Then this information is transferred to the integrated
management system of asphalt concrete plant (ACP). The system for monitoring parameters of asphalt concrete mixture is
mounted on the basis of dump truck.

The developed integral monitoring of quality control of an asphalt-concrete with the use of GLONASS / GPS system
provides to increase productivity and quality of work performed, can reduce the influence of the human factor on the
quality of finished road surface, provides remote monitoring of main parameters of not only the technical means but also
laying material, provides during non standard situation adjustment of system parameters 4ACP — DUMP TRUCK -

ASPHALT CONCRETE.

Keywords: Monitoring, GLONASS / GPS, Road-construction machines, Asphaltic concrete, Quality

1. INTRODUCTION

Highways are a complex engineering and technical
constructions, one of the most critical elements of which is
the road surface. It is the condition of the road surface that
determines the quality and service life of the road, and also
ensures safe movement of vehicles.

One of the promising areas for improving the
quality of roads is the comprehensive monitoring of the
parameters of road-construction machines as well as
stacked material in the process of performing construction
operations.

The concept of monitoring in relation to control
systems of road-construction machines includes a remote
contactless method of parameter control. In monitoring
systems, satellite systems are assigned the function of
transmitting information in the forward and reverse
direction from operating machines to remote control
centers. The monitoring systems allow is accumulation of
large volumes of information, which makes it possible to
use tools to improve efficiency. To solve the above issues.
it is necessary to modernize existing dump trucks or
create a new specialized truck.

2. THE OBJECT OF THE STUDY

When considering issues related to improving of
the quality of asphaltic concrete pavements, it should be
taken into account that asphaltic concrete is a
multicomponent structure, the final operational properties
of which are affected by both factors related to the
production of asphaltic concrete mixture at an asphaltic
concrete plant (ACP), as well as an external ones, in
relation to production factors [1], namely:

Internal (production) factors

- Properties of the asphalt mixture components and
their types;

- Recipe and structure of the mixture;

- Technology of the production of asphalt mixture;

External factors

- The quality of the road cover project;

- Quality of the road base;

- Technology of transportation,
compaction of the mixture.

Figure 1 shows a generalized process for the
formation of the quality of asphaltic concrete pavement.

laying and

| QUALITY

haltic
Aaterials Asphalti
plant
Finished
#lasphaltic concrete
surface
[ 0 10 3 3
mcesgsm Lay ga:lld
compaction

Figure 1: The generalized process of quality formation of an asphaltic concrete pavement
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Now consider the individual components of the
presented technological chain, significantly affecting the
quality of the finished coating.

MATERIALS.

This part provides the information on the properties
of all components of the asphalt mixture. It consists of the
information contained in the passports for the components
of materials, and the results obtained by the factory
laboratory in the course of experimental studies on the
actual properties of materials [2].

TECHNOLOGICAL PROCESS

This part provides information on the actual values
of the process parameters [3], among which the most
important are:

- Granulometric composition of each components
of the asphalt mixture.

- Dosing error.

- Actual mixture composition for each batch.

- Temperature of bitumen, mineral materials,
finished mixture at the outlet.

- Accuracy of control.

- Frequency of control.

- Systematic error of the control system.

- Methods and algorithms for processing of
measurement results.

TRANSPORT

During the transportation of asphaltic concrete
mixture, the following operations are carried out: :

- Monitoring of the vehicle parameters - dump
truck (cargo mass, speed and direction of movement);

- Monitoring of the parameters of asphalt mixture
(temperature in the upper and lower parts of the dump
truck’s body, in its side parts);

- The time of loading, delivery and unloading of the
mixture;

- The rhythm of supplies;

- Fuel consumption level,

- Environmental conditions.

LAYING AND COMPACTION of asphaltic concrete
mixture:

- Monitoring of paver’s parameters (paving speed,
fuel consumption level);

- Monitoring of the parameters of the asphalt
mixture during installation (temperature and thickness of
the layer to be laid);

- Monitoring of the parameters of the compacting
machines (speed of the rollers, amplitude-frequency
characteristics, the number of passes on one track, the
level of fuel consumption);

- Monitoring of the parameters of the asphalt
mixture during compaction (temperature, density);

- Environmental conditions.

To implement the above program, the dump truck
must have the following additional equipment:

- Computer control unit

- Falcom F 35-XXL and antenna system Glonass /
GPS;

- Dump truck position control subsystem;

- Dump truck identification subsystem;

- Communication subsystem;

- Mixture temperature control subsystem;

- Ambient temperature control subsystem;

- Wind speed sensor;

- Automatic system for covering the mixture with a
tarpaulin in the body of a dump truck;

- Memory bloc;

-Manual data entry unit

The collected information from the dump truck is
transmitted to the Central computer server of the asphalt
concrete plant. This server, taking into account the current
situation along the route of vehicle, as well as during the
laying and compaction of the mixture, adjusts the
operation mode of the factory equipment and ensures that
the required quality of asphalt mixture is obtained at the
outlet of asphaltic concrete plant. Figures 2 and 3 show the
interaction in the process of monitoring of an integrated
cjntrol system with the subsystems «Transport» and
«Laying and compaction».

By means of GLONASS/GPS system, you can
determine the coordinates for both moving and stationary
vehicles, calculate the maximum and average speed of
movement, calculate the time after which the dump truck
will be in a given place, find out the distance to the
destination.

Currently, GSM cellular networks are an
inexpensive alternative to traditional radio communication
channels. In addition to reduction of the cost of use due to
the absence of a license fee, such a solution simplifies and
speeds up the development process, since it uses standard
protocols and methods for transmitting information.

Information in GSM cellular networks can be
transmitted:

* Via GSM voice channel,

» using GPRS;

* using SMS.

Advantages of GSM technology:

« the ability to quickly deploy the system anywhere
with GSM coverage;

« high data rate;

« the principle of payment independence from the
time of information transmission in the GPRS mode
(payment is carried out not for the time, when the terminal
is in the receiving-transmitting state, but for the amount of
transmitted or received information).

* low cost when using SMS mode;

* easy customization;

* remote control capability.

There are two types of GSM modems:

« modules that are designed for direct installation in
devices.

» modems that have their own enclosure.

If we compare modems with mobile phones, the
former have a longer service life, higher reliability and
sensitivity to the mobile network. Built-in modules and
modems are designed to be embedded in the developer's
end systems. In the simplest case, the presence of a built-in
microcontroller assumes that the PC board should have
only the appropriate circuits for matching with the
environment - the power supply system (voltage converter,
protection, filtering), transmitters, sensors, actuators, data
reception/transmission interfaces (RS232, RS485, CAN).
It significantly reduces the cost of the project and time
expenditures.

A.l. Dotsenko
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GPRS modems often have a phase of several user
inputs and outputs that fully support standard interfaces
RS-232, USB, etc., as well as connectors for connecting an
external antenna and other devices. In addition, modems
have extensive capabilities for remote configuration of
parameters and prompt programmed control of their
operation. On the other hand, modems are made as easy as
possible by eliminating such parts that are not used in this
case, such as a microphone, speaker, display, keyboard,
etc.

Among the GSM/GPRS/GPS modules and modems
currently available on the market, there are several main

a— Recommendations on

route selection

Transport

Temperatures

Speed

Location

/- coordinates of

series of remote collection and monitoring devices
developed by both Russian and foreign specialists. Russian
developments are represented by products of OOO Rateos,
for example, the navigation controller «Azimut»; sensors
for measuring asphalt-concrete mix temperature TSP/1-
1288; environmental temperature sensors TSP/1-8045.

Among the foreign equipment, we can name
Falcom F35-XXL-SI terminal; the autonomous route
recorder «Course GPS»; the GSM/GPRS modem Falcom
SAMBA.
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Figure 2: Interaction of an integrated management system with the subsystem «Transport»
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Figure 4: KamAZ 55118 dump truck with a system for monitoring parameters of asphalt concrete mixture during its
transportation.

Figure 4 shows a KamAZ 55118 dump truck with a
system for monitoring parameters of asphalt concrete
mixture during its transportation.

It should be noted that as a result of monitoring, a
significant array of data is generated, and its processing
requires lengthy computing resources. So, for each truck
after receiving its actual coordinates, it is necessary to
determine the position on the ground, the average speed in
the last segment, the average speed from the start of
movement, as well as the presumable total delivery time
and temperature fields in the truck body.

Figure 5 presents a generalized algorithm for
controlling the transportation of asphalt-concrete mix. This
algorithm includes three subroutines:

- mix loading;

- monitoring the parameters of the dump truck and
the mix during its transportation;

- monitoring the car parameters during the return to
the ACP.

After loading the car in the integrated management
system of ACP, a route chart is formed with the following
parameters: the car number, the object, the initial
characteristics of the asphalt-concrete mix.

The main subroutine in the algorithm is the
monitoring of parameters during the movement of the
dump truck (Fig. 6). When starting the subroutine, the
following parameters are determined: the location
coordinates, the readings from the temperature sensors of
the mix and the environment. The collected data are
formed into a batch and transmitted to the integrated
management system of ACP (control point).

Upon receiving these data, the control point sends a
confirmation of receipt. The received materials are
processed using the TranMaster program. Then the
position of the dump truck on the map is determined and
the temperature of the asphalt-concrete mix is monitored.
If the temperature does not correspond to the set value for
this mix grade, the control point corrects the route and
parameters of the car movement or may decide to return it
to the ACP.

The software allows the user to receive the satellite
monitoring data from the «ACP-DUMP TRUCK-
ASPHALT CONCRETE» system in the form of visual
reports, graphs and tables.

dur 5
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Figure 6: Subroutine of monitoring the parameter of the dump truck and the mix during its transportation.

3. CONCLUSION

Integrated monitoring of the parameters of dump
truck and asphalt mixtures with using of the GLONASS
system provides an increased productivity of the work
performance, reduces the influence of the human factor on
the quality of the finished road surface, and it becomes
possible to carry out the remote control of the main
parameters of not only the vehicles, but also the laid
material, as well as operational response to the adjustment
of the «kxACP—-DUMP TRUCK-ASPHALT CONCRETE»
system parameters in case of emergency.

The system for monitoring parameters of dump
truck for transporting asphalt mix, developed at the
Moscow Automobile and Road Construction University, is

being successfully implemented at construction sites of
Russian Federation.
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Experimental Study of the Influence of a Combination of Operating
Parameters of a Mobile Lift on Oscillatory Processes Occurring After
Locking the Working Platform

Igor Kyrychenko!", Oleksandr Reznikov?, Dmytro Klets?, Anton Kholodov!
!Mechanical engineering faculty, Kharkiv National Automobile and Highway University, Kharkiv (Ukraine)

Abstract. The article provides a detailed analysis of the influence of the combination of performance indicators of
mobile lifts with working platforms (MLWP) at the stage of stopping and the process of vibration damping after stopping
the working platform.

On the basis of the results of experimental research and processing of the obtained data, an analysis was made of
the influence of the angles of inclination of the upper and lower sections of the boom and the mass of the load in the
working platform on the maximum amplitude of oscillations of accelerations when the working platform is locked, the
period of oscillations and the time of their damping.

As a result of the analysis, the spectrum of the response surfaces of the maximum amplitude of acceleration
oscillations when the working platform is locked, the period of oscillations and the time of their damping from the working
mass and the angles of inclination of the lower and upper boom sections was obtained, on the basis of which it can be
concluded that the value of the maximum amplitude of acceleration oscillations in the locking time of the working platform

is most influenced by the mass of the load in the working platform.
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1. INTRODUCTION

During the MLWP operation, oscillatory processes
are observed that occur after the working platform is
locked. This operating mode is emergency and is observed
in the event of a break in the hydraulic drive of the
working equipment or an abrupt stop of the working
platform.

There is a need for a detailed study of the process
of locking the working platform of the MLWP and
identifying the performance of the machine and options for
their combination, most significantly affect the maximum
amplitude of oscillations of accelerations when locking the
working platform, the period of oscillations and the time
of their damping.

2. ANALYSIS OF RECENT RESEARCH AND
PUBLICATIONS

In recent years, a large number of studies have
appeared aimed at studying the processes observed in MPP
during operation. In the works [1-2], the issues of
theoretical development of control systems for the
movement of the working platform of hydraulic lifters are
considered, in addition, a large number of studies are
devoted to the study of processes occurring in the
volumetric hydraulic drive of machines [3-4]. The analysis
and study of the MLWP load modes are given in [5-6],
however, there is currently no comprehensive study
regarding the appearance of oscillatory modes during
operation and stopping of the machine.

In [7], the issues of determining the parameters of
motion of an auto-hydraulic lift with a rotary joint are
considered, however, insufficient attention is paid to the
experimental study of the process of locking the working
platform in modern works.

The purpose of the article is to study the influence
of the combination of the operating parameters of a mobile
lift on the maximum amplitude, period and time of
damping of oscillations of the working platform after its
locking. To achieve this goal, the following tasks have
been identified:

- to carry out a statistical analysis of the
experimental data and, on the basis of the data obtained, to
construct the response surfaces of the maximum
amplitude, period and time of damping of oscillations of
the working platform after it is locked from the operational
indicators of the working process;

- to determine the degree of influence of the
combination of operational parameters of the MP on the
oscillatory processes that occur after the working platform
is locked;

- based on the data obtained, draw conclusions and
make recommendations.

3. PRESENTATION OF THE MAIN MATERIAL

For a more detailed study of the locking stage and
the process of vibration damping after stopping the
working platform, a statistical analysis of the vibrations of
the working platform after it stopped was carried out. The
analysis was carried out according to the maximum
amplitude of the oscillations of the accelerations when the
working platform was locked, the period of oscillations
and the time of their decay, depending on the performance
indicators. As a result, the response surfaces of the
maximum amplitude of acceleration oscillations at locking
of the working platform, the period of oscillations and the
time of their damping from the working mass and the
angles of inclination of the lower and upper sections of the
boom were obtained.
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Figure 1: Response surface of the maximum amplitude of oscillations of the working platform from the angles of inclination

of the lower and upper sections of the boom: a - with a load mass of 35 kg b - with a load mass of 70 kg ¢ - with a load
mass of 105 kg
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Figure 2: Response surface of the maximum amplitude of oscillations of the working platform from the angle of inclination
of the upper sections of the boom and the mass of the load: a - at an angle of inclination of the lower section of the boom
15 °; b - at an angle of inclination of the lower section of the boom 30 °; ¢ - at an angle of inclination of the lower section

of the boom 45 °.

Experimental Study of the Influence of a Combination of Operating Parameters of a Mobile Lift on Oscillatory Processes Occurring After
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Figure 3: The surface of the response of the maximum amplitude of oscillations of the working platform from the angle of

inclination of the lower sections of the boom and the weight of the load: a - at an angle of inclination of the upper section

of the boom 15 °; b - at an angle of inclination of the upper section of the boom 30 °; ¢ - at an angle of inclination of the
upper section of the boom 45 °.
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Figure 4: The surface of the response of the oscillation period of the working platform from the angles of inclination of the
lower and upper sections of the boom: a - with a load mass of 35 kg b - with a load mass of 70 kg ¢ - with a load mass of
105 kg.
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Figure 5: The surface of the response of the oscillation period of the working platform from the angle of inclination of the
upper sections of the boom and the weight of the load: a - at an angle of inclination of the lower section of the boom 15 °; b
- at an angle of inclination of the lower section of the boom 30 °; ¢ - at an angle of inclination of the lower section of the
boom 45 °.
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Figure 6: The surface of the response of the oscillation period of the working platform from the angle of inclination of the
lower sections of the boom and the weight of the load: a - at an angle of inclination of the upper section of the boom 15 °; b
- at an angle of inclination of the upper section of the boom 30 °; ¢ - at an angle of the upper lower section of the boom 45

o
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Figure 7: The surface of the response of the damping time of oscillations of the working platform from the angles of
inclination of the lower and upper sections of the boom: a - with a load mass of 35 kg b - with a load mass of 70 kg ¢ - with
a load mass of 105 kg.
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Figure. 8: Response surface of the damping time of oscillations of the working platform from the angle of inclination of the
upper sections of the boom and the weight of the load: a - at an angle of inclination of the lower section of the boom 15 °; b
- at an angle of inclination of the lower section of the boom 30 °; ¢ - at an angle of inclination of the lower section of the
boom 45 °.
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Figure 9: The surface of the response of the damping time of the oscillations of the working platform from the angle of
inclination of the lower sections of the boom and the weight of the load: a - at an angle of inclination of the upper section
of the boom 15 °; b - at an angle of inclination of the upper section of the boom 30 °; ¢ - at an angle of the upper lower

section of the boom 45°
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As a result of the analysis of the response surfaces
of the maximum amplitude of acceleration oscillations
when the working platform is locked, the period of
oscillations and the time of their damping from the
working mass and the angles of inclination of the lower
and upper sections of the boom, it can be concluded that
the value of the maximum amplitude of acceleration
oscillations when the working platform is locked is most
influenced by the weight of the load in the working
platform. It should be noted that with a combination of
factors such as the angle of inclination of the lower and
upper sections of the boom (Fig. 1), the amplitude of
oscillations of acceleration when the working platform is
locked acquires maximum values at an angle of inclination
of the lower section of the boom of 45 ° and an angle of
inclination of the upper section of the boom of 15 °. With
an increase in the mass of the load, the maximum
amplitude of acceleration oscillations when the working
platform is locked increases by 28% (from 0.29 m/s? with
a load mass of 35 kg to 0.4 m/s? with a load mass of 105

kg).

The response surface of the maximum amplitude of
acceleration oscillations when the working platform is
locked from the working mass and the angle of inclination
of the upper section of the boom acquires maximum
values with a weight of 105 kg and an angle of inclination
of the upper section of the boom 15 ° (Fig. 2). With an
increase in the angle of inclination of the lower section of
the boom, the maximum amplitude of acceleration
oscillations when the working platform is locked increases
by 35% (from 0.26 m / s2 at an angle of inclination of the
lower section of the boom 15 ° to 0.4 m/ s2 at an angle of
inclination of the lower section of the boom 45 °).

With a combination of such factors as the working
mass and the angle of inclination of the lower section of
the boom, the response surface of the maximum amplitude
of oscillations of acceleration when the working platform
is locked (Fig. 3) acquires maximum values with a load
mass of 105 kg and an angle of inclination of the lower
section of the boom of 45°. At the same time, with a
change in the angle of inclination of the upper section of
the boom from 15 ° to 45 °, the maximum amplitude of
oscillations of acceleration when locking the working
platform decreases by 10% (0.4 m/s2 at an angle of
inclination of the upper section of the boom 15 ° to 0.36 m
/ s2 at angle of inclination of the upper boom section 45 ©).

The period of oscillation of the working platform
after stopping with a combination of factors such as the
angle of inclination of the lower and upper sections of the
boom (Fig. 4) acquires maximum values when the angle of
the lower section of the boom is 15 ° and the angle of
inclination of the upper section of the boom is 45 °. With
an increase in the mass of the load in the working platform
from 35 kg to 105 kg, the oscillation period increases by
37% (from 0.79 s with a load mass of 35 kg to 1.25 s with
a load mass of 105 kg).

The response surface of the oscillation period of the
working platform after locking from the working mass and
the angle of inclination of the upper section of the boom
acquires maximum values with a weight of 105 kg and an
angle of inclination of the upper section of the boom 45 °
(Fig. 5). With an increase in the angle of inclination of the
lower section of the boom from 15 ° to 45 °, the period of

oscillation of the working platform after locking decreases
by 36% (from 1.25 s at an angle of inclination of the lower
section of the boom 15 ° to 0.8 s at an angle of inclination
of the lower section of the boom 45 °).

With a combination of factors such as the operating
mass and the angle of inclination of the lower section of
the boom, the response surface of the oscillation period of
the working platform after locking (Fig. 6) acquires
maximum values with a load weight of 35 kg and an angle
of inclination of the lower section of the boom of 45 °. At
the same time, with a change in the angle of inclination of
the upper section of the boom from 15 ° to 45 °, the period
of oscillation of the working platform after locking
increases by 22% (0.98 s at an angle of inclination of the
upper section of the boom 15 ° to 1.25 s at an angle of
inclination of the upper section of the boom 45 °).

The damping time of vibrations of the working
platform after stopping with a combination of factors such
as the angle of inclination of the lower and upper sections
of the boom (Fig. 7) acquires maximum values at an angle
of inclination of the lower section of the boom 15 ° and an
angle of inclination of the upper section of the boom 15 °.
With an increase in the weight of the load in the working
platform from 35 kg to 105 kg, the vibration damping time
increases by 23% (from 24 s with a load weight of 35 kg
to 31 s with a load weight of 105 kg).

The response surface of the damping time of the
oscillations of the working platform after stopping from
the working mass and the angle of inclination of the upper
section of the boom acquires maximum values with a
weight of 105 kg and an angle of inclination of the upper
section of the boom 15 ° (Fig. 8). With an increase in the
angle of inclination of the lower section of the boom from
15 ° to 45 °, the damping time of oscillations of the
working platform after stopping increases by 25% (from
24 s at an angle of inclination of the lower section of the
boom of 15 ° to 31 s at an angle of inclination of the lower
section of the boom of 45 °).

With a combination of factors such as the operating
mass and the angle of inclination of the lower section of
the boom, the response surface of the damping time of
oscillations of the working platform after locking (Fig. 9)
takes on maximum values with a load mass of 105 kg and
an angle of inclination of the lower section of the boom 45
°. At the same time, with a change in the angle of
inclination of the upper section of the boom from 15 ° to
45 °, the damping time of oscillations of the working
platform after locking is reduced by 19% (from 31 s at an
angle of inclination of the upper section of the boom of 15
°to 25 s at an angle of inclination of the upper section of
the boom of 45°)

ACKNOWLEDGEMENTS

According to the specified purpose and objectives
of the study, the following conclusions can be drawn:

1. Statistical analysis of the results of the
experimental study indicates that the operating parameters
of the mobile lift significantly affect the indicators of
oscillatory processes, such as the amplitude, period and
damping time of oscillations occurring in the machine
during operation.

2. Analysis of the response surfaces of the
maximum amplitude, period and time of damping of
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oscillations of the working platform after it is locked from
the operational indicators of the working process indicates
that the highest indicators of oscillatory processes are
observed when the working platform is lowered when the
load mass and horizontal reach are maximum.

3. To prevent accidents that may arise during the
locking of the MPP working platform, it is advisable to
use a proportional hydraulic drive and a humber of safety
devices, which together will reduce the vibrations of the
working platform, significantly increase the safety and
ergonomics of the machine.
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Finite Element and Analytical Modelling of Ship Unloader
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The paper deals with the mathematical modelling of the dynamic behaviour of the structure of the ship unloader. It
is given the procedure for formulation of the reduced dynamic model which retains the main aspects of the behaviour of the
structure and yet is simple enough to be performed with standard engineering tools. The approach is applied on the real
bridge-type grab ship unloader but can also be used on similar complex structures. Initially, the complete structure is
modelled with finite element software where the natural frequencies were obtained. This 3D model is reduced to an
equivalent plane model of the sea-side part of the boom. The postulation of the analytical approach is based on the model
of a simple beam with an overhang where dynamic analysis is concerned with the Rayleigh Ritz method for estimating the
adopted admissible functions. The results of the modal analysis of the reduced mathematical model showed a small
difference from the results of finite element analysis which stands for the verification of the presented approach.

Keywords: Ship unloader, FEM analysis, Mathematical modelling

1. INTRODUCTION Table 1: Main technical characteristics of observed ship

Ship unloaders are machines located in ports and unloader
docks to facilitate bulk material exportation. These cranes Capacity, (Q) 400t/h
are used to transfer, continually, solid bulk material from Maximum load capacity, (M) 12t
the ship to the shore and conversely such as iron ore, coal, Lifting height above the rail level, (H,) 20 m
fertilizers, and grains. _ _ Reach from water side leg, (L,,) 32m

Over time, from 1959 [1] until today, the size, Reach from land side leg, (L,) 26 m
mass, and strength of the crane structures have increased Span between the legs, (L.) 28 m
due to the increasing size of ships and the constant growth Width between the Ieg:.; (1;) 14m
of goods traffic in ports. However, the structures of the Total height, (H) : ~5im

cranes remained relatively slender, i.e. their stiffness did
not increase proportionally. Therefore, the movement of 2. NUMERICAL MODEL
the trolley over the boom, as well as the lifting of the grab
with material, can cause unacceptable deflection of the
structure, especially in the vertical plane, [2]. According to
these facts, the dynamic analysis is necessary in process of
projecting in order to prevent the occurrence of unwanted
stress states and deformations that can greatly reduce the
productivity of these systems.

A detailed numerical analysis of the moving load
problem for the lifting boom of a ship unloader is given in
[3,4]. To analyze the dynamic response of the crane boom
structure due to moving mass, the first step should be to
create a reliable finite element (FE) model which will give
corresponding natural frequencies and the vibration mode
shapes of the crane structure, [5].

Creating a mathematical model plays an important
role when it is impossible to perform experimental
analyzes of the dynamic behaviour of the structure, and
can also enable the optimization of the structure by
varying the design parameters of the crane while
maintaining maximum utilization of its capacity, [6].

In this paper, a numerical and mathematical model
of the real construction of a ship unloader for obtaining its
natural frequencies is developed. It is a project of the
company Ceretti Tanfani S.p.A. Milano [7] for the needs
of the Port of Bar. The construction of the boom is made
of two girder (double girder boom) and box cross-section,
which is connected to the pillar with one forestay and one Figure 1: View of the Model 1
backstay. Main technical characteristics of this crane is
given in Table 1.

In order to perform a modal analysis of the
mathematical model of the ship unloader, it is necessary to
form its numerical model on the basis of which the natural
frequencies will be obtained, which will later be used to
verify the results of the mathematical model.

Initially, a 3D FE model — Model 1 of the entire
crane was developed (Figure 1). This model is used as a
reference for the verification of reduced numerical models.
The values of natural frequencies of the structure for the
first five modes are given in Table 2.

*Corresponding autor: University of Belgrade, FME, Kraljice Marije 16, 11120 Belgrade, Serbia, nzrnic@mas.bg.ac.rs
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Table 2: Values of the natural frequencies for the first five

modes
MODES | Frequencies [Hz] | Periods [s]
| 0.5308 1.8839
I 0.6049 1.6532
1l 1.108 0.9025
1\ 1.7362 0.576
V 2.1569 0.4636

Figure 2 shows that in the fifth mode, the boom
vibrates practically independently from other parts of the
structure. Based on this the part of the boom on the
waterside leg can be adopted as a representative to
describe the behavior of the entire crane structure, [8].

Figure 2: The fifth mode of the vibration of the ship
unloader

According to the previous assumption Model 2 was
created as an equivalent 2D, non-linear FE model of the
boom from the hinge to its end and forestay (Figure 3).
Support A is modelled as a hinge and represents the real
connection between the boom and the rest of the structure.
Table 3 gives all the geometric and physical characteristics
of Model 2.

Forestay (m, A, E)

Yy
Forestay support
/
Boom (m,(x), A, E. 1)
' s
L, x

Figure 3: Equivalent 2D FE model of the ship unloader —
Model 2

In Figure 1 it can be seen that the stiffness of the
pillar in the horizontal and vertical directions is not
negligible, so it is taken into account in Model 2 through
the springs of the corresponding equivalent stiffnesses c,, ,
and ¢, . By introducing external unit loads (force F) into
the corresponding nodes of Model 1, the displacements of
the structure &,,, 6y, and &,,,, 0,,, in the
corresponding directions were obtained. By calculating the
arithmetic values (1) and (2) of the obtained
displacements, the stiffness values c, , and ¢, ,, (3) and (4)

were determined.

)

+6
Spx = % =6.9351902-10% m €N

N )
8py = 22 ——P22 = 632639674 -10™° m @
F 14419200 N 3)
C. = —= J—
px Op,x m
d 158067900 N 4)
C. = —= J—
PV By m
Table 3: Geometric and physical characteristics of Model
2
Boom length, (L) 34.13 m
Distance from support A to support
of the forestay, (L,) 18464 m
Forestay length, (L) 25.025 m

Equivalent mass per unit meter of kg

the boom, (m,, (x)) 1007 m
(Erg:;valent mass of the forestay, 4010 kg
Young's modulus of elasticity, (E) 2.1-1012 %
Eggrlr\l/’azilrl:ie;ctlon area of the 0.09504 m?
Equivalent section area of the 0.01562 m?

forestay, (Aeq,r)
Equivalent axial moment of inertia
of the boom, (I,)

The next reduction is the approximation of the
forestay by a spring (Model 3) which stiffness is
determined by the characteristics of the forestay geometry
(5). The forestay mass is reduced to the points of its
supports. Model 3 is shown in Figure 4.

E-Agqr N
¢ = —2L —131076923,1— )
Lf m

0.0207498 m*

Figure 4: View of the Model 3

Model 4 (Figure 5) is a model in which a three-
spring system is replaced by a single spring of equivalent
stiffness. Since the stiffness of the springs is a
characteristic of the system and does not depend on the
mass and stiffness of the boom and the mass of the
forestay, all masses are neglected, while the stiffness of
the boom is taken as an infinite value. By entering the unit
load in the direction of the forestay, the displacement in
the same direction &, is obtained, on the basis of which

the values of equivalent stiffness ¢, ., can be determined

by (6).
F N
5= 1877313472 (6)

Cl,eq =
Sr,F
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Figure 5: View of the Model 4

Model 5 is a reduced model in which the spring
with the stiffness ¢, ., is divided into two springs with the
stiffnesses c¢; ¢q . and ¢y ¢4, In the horizontal and vertical
directions, respectively. The concentric mass of the
forestay in the upper support is neglected, which is shown
in Figure 6. The procedure for determining the stiffnesses
of the new springs is the same as in Model 4, while their
numerical values are determined according to:

Fe,x N
= - =50760449.52 — 7
“Leqx |851 - sina — 8,1 - cos af m Q)
F_‘Cly N
= - =9181334.46— 8
CLeay |851 - cos a + 8,1 - sinal m ®)

where Fcl,x is projection of the force in the spring on the
x-axis, F,, , is projection of the force in the spring on the
y-axis, 83 -sina is projection of the corresponding
displacement perpendicular on the forestay direction on
the x-axis, §,; - cos a is projection of the corresponding
displacement parallel on the forestay direction on the
x-axis, &3, -cosa is projection of the corresponding
displacement perpendicular on the forestay direction on
the y-axis, &,, -sina is projection of the corresponding
displacement parallel on the forestay direction on the y-
axis and «a is an angle between forestay and boom.

y

Figure 6. View of the Model 5

By applying a unit force F in the vertical direction
at support B, the displacement in the same direction §,, is
obtained. This reduces the system of two springs to one
equivalent spring whose stiffness c., is determined
according to (9). The newly made system - Model 6 is
shown in Figure 7.

F N 9
Ceq = 5 = 11900399.165 9)

Model 6 represents a beam with an overhang of
total length L = 34.1 m whose left support A presents a
cylindrical joint while at a distance of L1 = 18.5m it is
supported by a vertical spring. M; = 8695 kg is lumped
mass originating from the forestay weight and forestay
support construction. The boom is modelled as a system
with distributed mass where m;, is mass per unit length
and E1, is the flexural rigidity of the boom structure.

y
Support B E*L=E*1(x)
\ m,=m,(X)
g Ceq /{%
A My 3 %
L, |
1
L

Figure 7: View of the Model 6

Model 2 - Model 6 were verified by comparing the
obtained oscillation period of the first mode in the vertical
direction with the corresponding mode of Model 1 (mode
V from the Table 2). Oscillation period values and relative
deviations are shown in Table 4, where relative deviations
are obtained according to:

TnTa| , 100%,

n=2345,6. (10)

1
where T, is oscillation period of corresponding reduced
numerical model and T; is oscillation period of Model 1.

Table 4: Comparative table of values of the oscillation
period for the first mode of oscillation in the vertical plane

Model | Period [s] | Dev. [%]
2 0.4405 4.98
3 0.4405 4.98
4 0.4363 5.89
5 0.432 6.81
6 0.48 3.54

As can be seen from Table 4, the relative deviations
are acceptable from the aspect of engineering accuracy on
the basis of which Model 6 can be adopted as a reference
model for forming a mathematical model of ship unloader.

The first mode in the vertical plane of Model 6 is
shown in Figure 8, while the higher frequency modes are
shown in Figures 9-12.

\%\

Figure 8: First mode in vertical plane — Model 6,
f=20926Hz, T =048s

Figure 9: Second mode, f = 4.8963 Hz, T = 0.2042 s
Figure 10: Third mode, f = 13.854 Hz, T = 0.0722 s

Figure 11: Fourth mode, f = 27.357 Hz, T = 0.0365 s

Figure 12: Fifth mode, f = 46.31 Hz, T = 0.0216 s

Finite Element and Analytical Modelling of Ship Unloader
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3. MATHEMATICAL MODEL

As the system shown in Figure 6 is not a “classical”
system whose ready-made analytical solutions can be
found in the literature, it is necessary to use one of the
approximate methods for determining the natural
frequencies of the model. In the following text, the
procedure for solving this problem using the Rayleigh-Ritz
method will be presented.

The Rayleigh-Ritz method is based on solving the
equation of the form (11), which also represents the
function of moving the points on the structure.

n

yn(x) = Z a; - ®; (11)
i=1

In (11) a4, a,,..,a, are unknown coefficients
determined from the boundary conditions, and
@,,9,, ..., D, represent n linearly independent admissible
functions. By this procedure, a continuous system with an
infinite number of degrees of freedom (DoF) is reduced to
a discretized system with n DoF.

The Rayleigh-Ritz method is an extension of the
Rayleigh method which determines the fundamental
frequency of the system. In the first approximation, the
Rayleigh method can adopt a test admissible function in
the form @, (x) = %Which represents the upper limit of the

first eigenvalue, as shown in [9]. In the next
approximation, the Rayleigh-Ritz method performed an
additional reduction of the obtained value of the basic
function as well as the formation of a test function that is
sufficiently close to the form of the first mode of
oscillation of the adopted mathematical model.

The determination of higher frequencies of the
system is based on the definition of additional permissible
functions, which reduces the system to a system with a
finite number of DoF. According to [10] from an
engineering point of view the number of 5 admissible
functions describes the dynamic behavior of the system
with sufficient accuracy.

After several iterations, the admissible functions
that satisfy all geometric boundary conditions were
adopted, while some of them also satisfy the natural
boundary conditions in the left support A of the boom and
have the following shape:

0.0 =7 (12)
0,(x) = sm”L—x (13)
B(x) = smz% (14)
0 (x) = sin>T (15)
05 (x) = sm% (16)

It can be shown that the coefficients of mass and
stiffness are obtained through the kinetic and potential
energy of the system in the form:

L

mj = fmb¢i(x)¢j(x) dx + My (L) p; (L) (17)
0
62¢i(x) az¢j(x)

L
cj = fElede + Ceqpi(L)g;(Ly)  (18)
0
For the specific values of the parameters from
Table 3, the following coefficients of mass and stiffness
were obtained and presented in matrix form:

[ 1.401- 10* 1.561-10* —6.669- 103 —709.282 —421.673
| 1.561-10* 2574-10%* —2.194-10° -7.989-10%° 4.243-10° |
M=|_6669-10° —2.194-10° 1.776-10*  2.05-10% —1.089-10° (19)
ll —709.282 —7.989-103 2.05-103 2.466-10* —3.964- 103J
—421.673  4.243-10° -1.089-10° —3.964-10% 1.93-10*
[ 3.482-10° 6.384-10° —1.638-10° —5964-10° 3.168-10° ]
6.384-10° 1.704-107 —3.003-10° -1.093-107 5.808-10°
C= |—1.638 -10® -3.003-10° 8.616-107  2.805-10° —1.49-10° (20)
—5.964-10° -1.093-107 2.805-10° 4.425-10% —5.426-10°
l 3.168-10° 5.808-10° —1.49-10° —5.426-10° 1.369-10° J
The solution of the frequency equation has the [ 06
A= w? (21) EGV2 = | —0.05 | (25)
where w is a circular frequency and has a shape: [i51323 ) 11%_4J
cij r—0.685]
w= |- (22) 0.355
Y EGV3 =(-0.629 (26)
By further calculation, the following concrete —0.094
values were obtained for the first five circular frequencies L 0.016
w [s™1], natural frequencies f [Hz] and eigenperiods T [s]: 0691 1
12.921 [ 2.056 [0.486292 o —0.517 ”7
30,006 | | 4776 |0.209395 =| 0.284 (27)
w=|84672 | f=1|13.476| T =10.074206 (23) —0.415
l176.348J| l28.067J ll 0.03563 Jl —0.048
310.909 149.483 0.0202091 0.506
Eigenvectors which also represent the coefficients e
_ EGVS5 =|—-0.249 (28)
a, a,, as ,d,, as have the values: 0116
[ —0.96 1 __6 437
0.28 5 | By substituting the specific values of the
Eevi= —3;22;;20‘3 (24) coefficients a, - as as well as the adopted admissible
[ 1211-10-2 functions in (11), the following functions y,(x) are

obtained:
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y1(x) = —0.96 X+ 028 - sin™* +3.03-107% sinz% —-6.679-1073 - sin% +1.211-1073- sin‘% (29)

Y2(x) = 0.628 X = 0.777 - sin™ — 0.05 - sin == + 1152 - 107 - sin% —523-107*- sin‘% (30)
Y3(x) = —0.685 =+ 0.355 - sin = — 0.629 - sinz% —0.094 - sin% +0.016 - sin‘% (31)
a(x) = 0.691 X - 0.517 - sin™* + 0.284 - sinz% —0.415- sin% —0.048 - sin‘% (32)

21X 3mx 4TTX (33)

ys(x) = —0.691 -§+ 0.506 - sin"L—" —0.249 - sin==+0.116 - sin—— + —0.437 - sin—~

4. RESULTS AND DISCUSSION

The oscillation forms of the mathematical model of
the ship unloader obtained by the Rayleigh-Ritz method
are presented in Figure 13.

1 T T T

Y109 g5 7

0 10 20 30

Figure 13: The first five modes of vibration obtained by
Rayleigh-Ritz method

Values of eigenperiods for the first five modes of
oscillation in the vertical plane obtained by the Rayleigh-
Ritz method (23) were verified by their comparing with
corresponding periods from the numerical results of FE
Model 6 (Figures 8 - 12). Their percentage deviations are
given in Table 5, while Figures 14-18 present the graphical
comparisons of the corresponding modes of vibration.

Table 5: Percentage deviations of the eigenperiods of
Model 6 and mathematical model

MODES | Eigenperiods [s] Dev.
Math. model Model 6 | [%]

| 0.486292 0.48 131

I 0.209395 0.2042 2.54

i 0.074206 0.0722 2.78

v 0.03563 0.0365 2.38

Vv 0.020209 0.0216 6.44
0k HE“‘HH -
—\1f\] od \‘\}\‘} -
11 {3 pode)- 06 K““- §
-0.8F =

1 1
0 10 0 n
*Xnade

Figure 14: Comparison of the normalized first mode of
vibration of the mathematical and FE model

1 1 1
1] m 20 30

*+Xnode

Figure 15: Comparison of the normalized second mode of
vibration of the mathematical and FE model
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Figure 16: Comparison of the normalized third mode of
vibration of the mathematical and FE model
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Figure 17: Comparison of the normalized fourth mode of
vibration of the mathematical and FE model
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Figure 18: Comparison of the normalized fifth mode of
vibration of the mathematical and FE model

As can be observed in Figures 14 - 18, there is very
good matching of the first three normalized modes of
oscillation between mathematical and numerical model,
while slightly larger deviations occur only in the fourth
and fifth modes. This shows that the adopted admissible
functions can be considered as a sufficiently accurate
approximation of the real eigenfunctions of the dynamical
system and that the number of 5 adopted admissible
functions is sufficient to obtain reliable results from the
aspect of engineering accuracy.

5. CONCLUSION

Given that this type of construction is not widely
used as, e.g. overhead traveling cranes, the dynamic
problems that occur during their exploitation are still not
sufficiently examined and discussed in the available
literature. The aim of this paper was to present the
procedure of modal analysis which gives the first insights
into the dynamic behaviour of the structure and as such
can be used already in the design phase of these structures.

The paper shows that the complex structure of a
ship unloader can be reduced to a relatively simple 2D

Finite Element and Analytical Modelling of Ship Unloader
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system of a beam with an overhang, supported on one
fixed and one elastic support, while completely preserving
the nature of the behaviour of the real structure. As can be
seen from Table 4 and Table 5 numerically and
mathematically calculated results are in very close
agreement which means that the presented approach can
be considered acceptable from the aspect of engineering
accuracy.

The mathematical model formed in this way can be
used as a basis for further analysis of dynamics problems
that occur on structures of this type (moving load problem,
fatigue, etc.).
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The Deflection of the Column-mounted Jib Crane with Tapered Boom
by Finite Difference Method
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One of the most frequently utilized crane types in industrial applications is the column-mounted jib crane. There are
many different designs according to different requirements about lifting height, span, payload capacity, drive options, etc.
Within the efforts to optimize the structure's mass, heavy-duty jib cranes with high payload capacity and extended reach
often have their boom tapered. Besides strength, deflection is the most considered design criteria, where the crane
structure is subjected to the total payload capacity at the tip of the boom. The paper presents the application of the finite
difference method (FDM) and MATLAB code for the deflection of the column-mounted jib crane with a tapered boom.
Obtained results are very close to the results from the finite element method (FEM) model in Ansys.

Keywords: Jib crane, Tapered boom, Deflection, Finite difference method.

1. INTRODUCTION

Jib cranes are one of the most commonly installed
crane types in industrial facilities. They are used for
frequent load handling within a circular working space.
They are suitable for applications requiring repetitive
lifting and transferring of loads. The column-mounted jib
crane is a piece of highly efficient hoisting equipment. It
requires a small space for installation, and it is very safe,
energy-efficient and easy to control during operation. The
payload capacity usually goes up to 5 tons, while the reach
usually goes up to 6 meters.

An adequately designed jib crane should have
increased the material handling efficiency and speed up
the workflow. Modern industries require versatile, flexible
and cost-effective material handling equipment with
increased productivity. The requirements are usually
related to payload capacity, span/reach, lifting height,
drive options, etc. Therefore, there are many designs of jib
cranes, depending on various requirements. Nevertheless,
the typical column-mounted jib crane consists of the
column, the boom or the jib, the boom support leg
(optionally) and the hoist mounted on the trolley, which
moves along the crane boom. An essential feature of the
jib crane is its static and dynamic stability, dependent on
the structure's deflection.

Since the jib cranes are the most widespread in
industrial facilities, many engineers tried to simplify the
model and quickly define these cranes' basic parameters.
FEM models of the jib cranes certainly give the results
relevant for calculation and dimensioning but also require
a longer time to set up the calculation model.

Usually, during the design, the maximum
displacement of the jib crane boom tip is critical. So, it is
important to determine a simple expression for the boom
deflection, based on which it is possible to define the basic
parameters of the crane. In such a way, the basic geometric
parameters can be defined quickly, which would shorten
the design time.

The structural analysis of the jib crane with
different cross-sections was performed in the paper [01],
where experimental tests and FEM were used to validate
the results.

Paper [02] gives a comparative analysis of several
concept solutions of jib cranes by implementing the beam,
plate and volume finite elements using several software
packages. Several parameters (deformation energy over
construction elements, kinetic and potential energy over
mode shapes of natural frequencies, etc.) were used for
local elements optimization. The goal was mass reduction
and the increase of the natural frequencies.

The paper [03] presented an analytical model of the
lateral-torsional buckling behaviour of steel web tapered
tee-section cantilevers when subjected to a uniformly
distributed load and/or a concentrated load at the free end.
The model check was performed through FEM.

The elastic lateral-torsional behaviour of the
cantilever is analysed in [04]. The obtained results in this
research can be easily applied in designing the boom of the
jib crane. A parametric study is carried out to examine the
effectiveness of different types of restraint, the influence
of the restraint stiffness and the interplay between these
two aspects and the degree of web tapering.

Paper [05] shows the stress and deflection analysis
of the jib crane structure for different web thicknesses and
heights. The structure locations with maximum deflection
and maximum stresses were determined.

The optimization of the jib crane by the
evolutionary algorithm was carried out in [06], which
enabled significant material savings.

Paper [07] presents the length optimization of the
boom support leg, which connects the jib with the column.
The authors performed the analysis using FEM. The paper
showed the influence of the leg’s height on the deflection
of the structure.

Based on the effect of self-weight different
distribution and large deformation, a mathematical model
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of telescopic jib displacement was established in [08].
Authors deduced a formula of endpoint displacement of
large slenderness ratio telescopic jib structure. Also, the
large-deformation finite element method is used as a
criterion to evaluate the correctness and precision of the
theoretical calculation formula.

The stress and the deflection calculations were
performed through finite element analysis (FEA) in [09].
Firstly, after using analytical expressions, the density of
the mesh was corrected. In the second phase of the
calculation, the height and thickness of the web were
varied.

The analysis of stresses and deflections was
performed by using FEA in [10]. Also, the analysis of
individual parts for the connection with the fundament was
carried out.

Using FEA and the direct integration method, the
dynamic responses of the jib crane structure in vertical and
horizontal directions were considered in [11]. Forced
vibration responses of the jib structure due to equivalent
moving forces were determined, where the mass matrix
was time-dependent.

Integrated FEA of whole jib crane model was
established in [12] and arm-side deflection formula for this
type of crane structure was derived.

The paper [13] gave a refined expression for the
deflection of the jib crane boom tip, taking into account
the actual load position at the very end of the boom.

The paper [14] shows the finite difference method
(FDM) application procedure for the deflection
determination on the simple elastically restrained
cantilever beam with continuously varying box-like cross-
section and linear change of section height.

This research applies the previous approach for
determining the deflection of the column-mounted jib
crane with a tapered boom.

2. THE MATHEMATICAL MODEL BY FDM

The structures of the heavy-duty cranes are
optimized to achieve lighter designs and reduce production
and operational costs. The column-mounted jib cranes
with high lifting capacity and long reach have optimized
booms with a variable cross-section (Fig. 1 [15]).

The main parameters of the model and its cross-
sections are depicted in Fig. 2, while the detailed
calculation model is presented in Fig. 3.

—

Figure 1: Heavy-duty column-mounted jib crane with a
non-uniform boom [15]
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Figure2: The model and the cross-sections
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Figure 3: The calculation model with the finite difference
scheme at point B

Column 1 is a thin-wall pipe with a diameter of D

and wall thickness 8. The non-uniform boom 2 is a web-

tapered I-beam with a linear change of its height along its

longitudinal coordinate z2 (Fig. 2). It is better to use the
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distance between the flanges' centroids h than the height to
simplify the expressions. In terms of the centroids'
distance at the boom start (hs) and centroids' distance at
the boom tip (he), it has the following form:

h=h(z,)=h,~(h,~h)2 @

where L — boom’s length.

The web thickness is 61, while the thickness of the
flanges is .. The flanges of the I-beam have constant
width b along the longitudinal boom axis.

Hence, the moment of inertia of web-tapered I-beam can
be written as follows
o,h* +6bs,h?

1,(z,) = T )

Further, the approximate but more straightforward
expression for its cross-sectional area is

A, (2,) = 2b6, +6,h 3
So, the weight per unit length of the boom reads
d,(z,) = pg(2bs, +o,h) 4)

where p — mass per unit volume for steel and g - gravity.
Hence, the starting and ending weight per unit
length of the boom are

d, =0,(z, =0) = pgA,(z, = 0) = pg(2bs, + 5,h,)
d. =09,(z, =L) = pgA,(z, = L) = pg(2bo, + o,h,)
Static equilibrium of the structure gives the
following expressions for forces and bending moments

Ry =F +[2b52 +51%]ng ®)
2 2
M, = F(L—%){(Zb@+51hs)L?—51(hs —he)%}?g ©)
R, =R, +q,H U]
M, =M, 8

where
g1=pgA1 - the weight per unit length of the column
A — cross-sectional area of the column
H — the theoretical height of the column (taken along its
longitudinal axis from the base plate bottom to the
centroid of the boom’s cross-section centroid).
Governing differential equation for bending of the

column is:

dzyl(zl):_Ml(zl):_Ml(Zl):__MA — MA (9)
dz;* El, B, B B
where
B;=El; - column bending stiffness,
M, (z,) =-M, = const. - bending moment.

According to FDM, the axial coordinate becomes
z:=i-s and the second derivative of the deflection line has
the approximate form:

. Y., —2Y. +Y,
yl(zl) ~ % (10)
where
i — the point ordinal,

s — the adopted distance between two adjacent
nodes along the neutral axis in an undeformed state of the
structure. Hence, Eq.(9) becomes transformed:

Yia—2Yi+Yi ~ M,
s )

(11)

Boundary conditions

z,=0)=0
ylf ,=0) 12)
Y1 (Zl =0)=0
after transformation by FDM become
Y, =0
Yoyt Yia| _YEY Y (13)
2s |O 2s

The superscript index “f” stands for the
displacement of a fictitious node (the node out of the curve
domain). After introducing designation for characteristic
node ordinal B=H/s, the deflection line of the column can
be represented by the following set of algebraic equations:

2
i =02y, = MaS

1
M,s’

i=1--2Y,+Y, = (14)

1
. M,s?
i=24B-15Y,, —2Y,+Y,, =—2°

1
Governing differential equation for bending of the
tapered boom is:

d’y,(z,) _ M,(z,)

= 15

dz,’ El,(z,) (15

where
72 z
Mz(zz) = _MB + RBZZ -pP9 {(2b52 +§1hs)?2_51(hs _he)g_zL ||
F
[z~ (L-a)]
3 2

Iz(zz) — 51h (ZZ)—:"I:2652h (ZZ)

According to FDM, the axial coordinate becomes
2,=(i-B)-s and the second derivative of the deflection line
has the approximate form:

. Y. —2Y +Y,
Y, (Zz) ~ % (16)
Boundary conditions
z2,=0)=0
y(z, =0) 17)

Y, I(Zz =0)= VA I(21 =H)
after FDM transformation yield the expressions for the
displacements of the fictitious nodes before and after point

B (Fig. 3)
M

YBf+l = ?ASZ +2Yg =Yg

" (18)
Yo, =Yg ——28" —2Y, +2Y, ,
Bl

Hence, the system of algebraic equations (14) now
can be continued and complemented with the algebraic

equations which are derived from governing differential
bending equation for the boom:
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2
=B oY, Y, 42, = eS| 121
E | ahd+6bs,nZ 1,
i:B+1—>—2YBl+YBZ:P9
+ + R (19)
i=B+2:C-1Y,,-2Y,+Y,, =P
w
Fr.
T-—[(i-B)s—(L-a)]
i=C+D-1-Y,,-2Y,+Y,, =P—2
w
where
2
lezs
E

2 3
Q=M, ~R,s+pg| (205, +5h,) >~ 5,(h ~h) >

2 3L
2

3
R :51[h5 ~(h, —he)%} +6b5{hs ~(h, —hE)E}

: 2.2 i 33
T:MB_RB(i_B)s+pg|:(2b52+51hs)(l_E23) > _51(hs_he)(l_38|_) d :|

w =51{h5 -(h, —he)@} +6b3, [hs ~(h, —he)@}

C:H+L—a

3. THE COMPARISON WITH FEM MODEL RESULTS

Based on the system of algebraic equations (14)
and (19), a MATLAB code was written, and the
displacements for Yj, j=1,..., N=D nodes were calculated
for the numerical example with the following data:

E=2.1-10°kN/cm?, H=400cm, L=600cm, F=30kN,
a=80cm, d=50cm, o0=1.2cm, b=30cm, o1=1.2cm,
d»,=1.6cm.

The value of the boom's starting section height hs
was changed within interval 400+600mm, while its ending
section height he took values between 200mm and 300mm,
both incremented by a 50mm step. The results for boom tip
displacement Yp for such input parameters are given in
tables 1,2 and 3. Also, for comparison purposes, the FEM
model was built in ANSYS for each test case. The relative
error is displayed in the far-right column of the tables.

Fig. 4 presents the test case in ANSYS for
he=200mm and hs=500mm (bolded cell in table 1), Fig. 5
shows the boom's tip displacement concerning the heights
of the start and end section of the boom, while Fig. 6 is the
graphical interpretation of results in table 1.

Table 1:Boom tip displacement for h,==200mm

he=200mm
Yp[mm]
rel. error
hsfmm] | FDM | FEM
400 69.43 | 71.172 -2.45%
450 63.83 | 65.514 -2.57%
500 59.66 61.23 -2.56%
550 56.47 57.888 -2.45%
600 53.99 | 55.219 -2.23%

Table 2: Boom tip displacement for h.=250mm

he=250mm
Yp[mm]
rel. error
hgmm] | FDM | FEM
400 66.91 68.669 -2.56%
450 61.88 63.535 -2.60%
500 58.12 59.702 -2.65%
550 55.24 56.64 -2.47%
600 52.99 54.208 -2.25%

Table 3: Boom tip displacement for h.=300mm

he=300mm
Yp[mm]
rel. error
hgmm] | FDM | FEM
400 64.9 66.665 -2.65%
450 60.32 62.029 -2.76%
500 56.89 58.476 -2.71%
550 54.25 55.684 -2.58%
600 52.19 53.427 -2.32%

Type: Directional Deformation(Z Axis)

Unit: mm
Global Coordinate System

2.4949 Max
45857
-11.666
18.747 z
-25.827
32.908
-39.968 @
47.069 ¥
-54.149

Figure 4: ANSYS test case for he=200mm and hs=500mm
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Figure 5: The boom's tip displacement in relation to its
start and end section heights
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Figure 6: The graphical interpretation of results in table 1

4. THE CONCLUSION

The presented FDM method and applied algorithm
yielded a compact system of algebraic equations,
convenient for code writing and solving by MATLAB.
The results obtained from the FDM model are in very
good compliance with the results from the FEM model
built in ANSYS. Relative error (less than 3%) is mainly
caused by the approximate value for the boom’s moment
of inertia (Eg. 2). The main advantage of the FDM and the
proposed procedure is that it can show the influence of any
design parameter on the boom’s tip displacement once
written and solved, which makes it convenient for crane
structure optimization. The presented FDM method is
universal and can be applied to other types of cranes in the
future.

ACKNOWLEDGEMENTS

This paper is supported by the Ministry of
Education, Science and Technological Development of the
Republic of Serbia through Contract No. 451-03-9/2021-
14/200108.

REFERENCES

[1] Chaudhary S. A., Khan N.S., “A review paper on
structural analysis of cantilever beam of jib crane”,
International Journal of Engineering Research and General
Science, ISSN 2091-2730, Vol. 3, No. 3, pp. 612-615,
(2015)

[2] HadZzikaduni¢ F., Vukojevi¢ N., Huseinovi¢ S., “An
analysis of jib crane constructive solution in exploitation”,
12th International Research/Expert Conference "Trends in
the Development of Machinery and Associated
Technology" - TMT 2008, ISBN 9958-617-41-6, Istanbul,
Turkey, 26-30 August 2008, pp. 789-792, (2008)

[3] Yuan W., Kim B., Chen C., “Lateral-torsional
buckling of steel web tapered tee-section cantilevers”,
Journal of Constructional Steel Research, ISSN 0143-
974X, Vol 87, pp. 31-37, (2013)

[4] Andrade A., Providéncia P., Camotim D., “Elastic
lateral-torsional buckling of restrained web-tapered I-
beams”, Computers and Structures, ISSN 0045-7949, Vol
88, pp. 1179-1196, (2010)

[5] Rajmane S.M., Jadhav A., “Finite element analysis of
jib crane”, International journal of innovative research in
technology, ISSN 2321-1156, Volume 2, Issue 6, pp. 404-
407, (2015)

[6] Gandhare K., Thute V., “Design Optimization of Jib
Crane Boom Using Evolutionary Algorithm”, International
Journal of Scientific Engineering and Research (1JSER),
ISSN Volume 3, Issue 4, pp. 5-8, (2015)

[7] Yawale P., Khandare N., “Effect of Length of Boom
Support Leg on Free Standing Jib Crane”, International
Journal of Scientific Engineering and Research (IJSER),
ISSN 2319-7064, Volume 4, Issue 5, pp. 19-23, (2016)

[8] Gening Xu, Guangheng Gao, “Displacement
Calculation Method of Super-long Telescopic Jib Structure
Considering the Effect of Self Weight and Large
Deformation”, Researches and Applications in Mechanical
Engineering Vol. 2, Issue 4, ISSN 2327-1582, pp. 99-104,
(2013)

[9] Kiranalli S.S., Patil N.U., “Jib Crane Analysis using
FEM”, 1JSRD - International Journal for Scientific
Research & Development, ISSN (online): 2321-0613
Volume 3, Issue 4, pp. 185-189, (2015)

[10] Khetre S.N., Chaphalkar S. P., Meshram A.,
“Modelling and stress analysis of column bracket for
rotary jib crane”, International Journal of Mechanical
Engineering and Technology (IJMET), ISSN 0976-6359,
Volume 5, Issue 11, pp. 130-139, (2014)

[11] Gasi¢ V., Zrni¢ N., Rakin M., “Consideration of a
moving mass effect on dynamic behaviour of a jib crane
structure”, Technical Gazette, ISSN 1848-6339, Volume
19, Issue 1, pp. 115-121, (2012)

[12] Ma, Xiao, and Hui Wang. “Column Jib Crane Based
on ANSYS Analysis of Static Stiffness and Improving
Measures.” Key Engineering Materials, ISSN 1662-9795,
Vol. 522, pp. 485-89, (2012)

[13] Pavlovi¢ G., Gasi¢ M., Savkovi¢ M., Zdravkovi¢ N.,
Markovié¢ G., “Comparative analysis of the models for
determination of deflection in the column-mounted jib
crane structure”, Mechanics Transport Communications,
ISSN 2367-6620, Vol. 15, No. 3/2, pp. V-5-V11, (2017)

[14] Nebojsa Zdravkovi¢, Mile Savkovi¢, Goran
Markovié¢, Goran Pavlovi¢, “The determination of the
deflection of the beam with continuously varying cross-
section by the finite difference method”, IMK-14 —
Research & Development in Heavy Machinery, Vol. 26,
No. 1, ISSN 0354-6829, pp. EN19-EN 23, (2020)

[15] https://jibcranemanufacturer.com/pillar-jib-crane

The Deflection of the Column-mounted Jib Crane with Tapered Boom by Finite Difference Method


https://jibcranemanufacturer.com/pillar-jib-crane




X International Conference “Heavy Machinery-HM 2021”, Vrnjatka Banja, 23-25 June 2021 A.25

Analysis of Elevators Dynamic Parameters with Solution of Summary
Data Acquisition During Experimental Research
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Modelling of the dynamic behavior of elevators with high lifting velocities (contemporary elevators in building
construction and mine elevators) is a complex task and an important step in the design process and creating conditions for
safe and reliable exploitation of these machines. Due to high heights and lifting velocities, the standard procedures for
dynamic exploitation are not adequate. With the purpose of identifying the basic parameters of the dynamic model (stiffness
and damping), a unique method was applied, based on experimental measures for a concrete elevator. Due to the
verification of this procedure, the experiment was conducted on a mine elevator in RTB Bor, Serbia. Simulations of the
dynamic behavior of an empty and loaded cage are presented using the obtained computational-experimental results.

Keywords: Mechanical characteristics of steel ropes, Data acquisition, Experimental research

1. INTRODUCTION

The elevator quality is estimated according to
several important indicators. Safety, comfort, and
reliability are especially important features [1]. These
indicators depend on, first of all, vibrations occurring
while the elevator is in motion. Vibrations are a
consequence of driving parameters, inertial characteristics
and elasticity of the binding elevator elements.

Judging by the dynamic impact on the vibration
values, an elevator can be divided into two basic parts. The
first part is a driving mechanism (engine, reductor, brake,
and couplings), while the second part is a cabin lifting
system, mostly made of steel ropes for lifting the
counterweights on one end and cabin (cage) on the other
end and their guide rails. The driving mechanism
comprises elements that are much more rigid and have
smaller mass compared to the cabin lifting system, which
in turn causes the oscillations in smaller amplitudes and
higher frequencies. As well as that, bearing in mind the
oscillations are indirectly transferred to the cabin (cage),
via ropes, it can be deduced that the lifting system has a
much bigger influence on the comfort during the motion
than driving mechanism elements does.

While the elevator is in operation mode, the hoist
ropes increase and decrease their free length, so the
parameters, such as rope stiffness and damping are
constantly being changed [2] and [3]. In high-speed
elevators, a dynamic instability may occur during lifting
(reduction of free length), due to an increase in relative
deformation. This seriously impacts the safety of the
passengers. Since classic models are based on elastic body
(rope) oscillations with constant dynamic parameters
(mass, stiffness and damping), it is necessary to form such
dynamic models that will enable the analysis and
definition of the dynamic behavior of elevators with
variable parameters [4] and [5].

Due to the fact that special attention has to be paid
to the accuracy of installing and making of cabin guide
rails and counterweight in high-speed elevators, the
following conclusion arises. Without the addition of

external influences, it can be concluded that longitudinal
oscillations are dominant, as opposed to transversal
oscillations.

Taking into consideration that up until this moment
the problems in driving mechanism vibrations were the
subject of a great number of scientific and research papers,
with standard analyses as the most frequently applied
method, it seems logical that the main focus of elevator
dynamic research should be pointed towards innovative
methods for analyzing the longitudinal oscillations with
variable parameters [6].

The mine elevators are used to interconnect
different mine horizons by using a mine cage (which is
moved between at least two firmly set guide rails), whose
dimensions and construction enable ore loading and are
approachable to people.

The mines use two systems, one with a drum and
the other with a driving pulley (Koepe system). Fig. 1
provides a scheme of the most applied lifting system in
mine facilities with a friction mechanism (Kdepe system).

Figure 1: Exploitation facility in the mines with an
underground shaft

In the systems with a lifting drum, the carrying
ropes are wound and stored on a drum. The drums are
located in the machine room which is usually sideways of
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the mine shaft, and the ropes go down from it over the
deflector pulleys into the shaft next to the cabin.

Friction lifting systems (Kdepe) are mostly used in
European mines. The drive is set above or sideways to the
mine shaft. In the case when it is located sideways (Fig. 1)
deflector pulleys are used and they are set above the mine
cage (cabin) and the counterweight. The main advantages
of the system are decreasing of a driving motor, i.e.
necessary torque, a simpler usage of a higher number of
steel ropes and the possibility of setting the driving pulley
directly above the mine shaft. However, due to the
limitations in contact pressure (1.75 MPa) and the limits of
slipping (S1/S2<1.4) between the ropes and the pulley, the
advantages are lost, so in practice both systems are applied
almost equally.

2. FORMING A SUITABLE MODEL FOR THE
DYNAMIC ANALYSIS OF MINE ELEVATORS

2.1. Standard Models

There has been a large number of researchers
interested in studying longitudinal oscillations and their
studies have been based on the general theory about the
application of oscillation of elastic bars with constant
parameters (mass, stiffness, and damping). These are the
so-called standard models. Those models are acceptable
for analyzing elevators with low lifting velocities and
heights. Fig. 2a and 2b show models with one and two
degrees of freedom and a rope of constant lengths,
represented here as Hook’s, i.e. Calvin‘s body.

A certain improvement has been made with the
analysis of high-lift elevators (> 35 m) and low velocities
(till 3 m/s) by using the model represented in Fig. 2c. The
model represents a bar of a constant length with an equally
spreaded mass q (kg/m), i.e. it is a model of an elastic
body with an unlimited number of degrees of freedom and
a concentrated mass at the bottom end as the boundary
condition.

a) b) c)
Figure 2: Standard dynamic models; with one degree of
freedom (a), with two degrees of freedom (b), and a
“heavy” constant length bar (c)

Based on the analysis which was shown in detail in
[7] to [9], in the case when the free rope length is small
compared to the cabin mass, it is possible to significantly
simplify the dynamic model analysis.

In accordance with the above, when it comes to
high-lift elevators and low velocities, it is approximately
possible to create load oscillation models with one degree
of freedom, with a “heavy” spring, which was studied in
general literature. Also, it is necessary to replace the total

mass (of both load and rope) with an equivalent mass Me =
M+(1/3)-gL, reduced in the cabin place, [10] and [11].

2.2. Dynamic Elevator Models with Variable Dynamic
Parameters

Fig. 3a shows the most common solutions of the
lifting systems for high-speed elevators with a driving
pulley, while the corresponding dynamic model is shown
in Fig. 3b.

5T
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Figure 3: Dynamic model of a high-speed elevator

In order to secure comfort during the motion,
control programs are used in contemporary elevators. They
define the circumferential velocity of the pulley. Thus,
they also define the cabin motion velocity (a kinematic
condition), as opposed to the previous period when the
motion velocity depended a great deal on the driving
electromotor’s mechanical characteristics and brake
system (the dynamic equilibrium condition). In the earlier
periods, a replacement of one-speed engines with two-
speed engines was observed as a significant improvement.
This bettered the motion comfort in braking instances and
aided the accuracy of stopping the cabin. As for the
process of a regular elevator, in cases when there is no
slipping of the steel rope on the driving pulley and when
the driving characteristic is represented via a rope velocity
at the meeting point of the rope and pulley, the elevator
model can be simplified and represented in the form
shown in Fig. 4.
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Figure 4: Elevator model with a rope of a variable length
with boundary conditions

Upon observing just the upcoming rope end, the
model can be represented as a system with an unlimited
number of degrees of freedom; at one end it is rolling onto
the pulley at a v(t) velocity, while on the other it is
burdened with concentrated mass. Due to the variable rope
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length during the motion, the stiffness (c=EA/L) changes.
This is a characteristic of parametric oscillations and
contributes to the possible occurrence of resonance. To
this end, it is necessary to complete certain steps in the
analysis of dynamic behavior. One needs to determine the
critical lifting velocity, during which the unstable motion
occurs, i.e. the rope strain is increased when its free length
is reduced.

The deformation of an arbitrary cross-section
represents the function of the position x, and the time t,
i.e.

u=f(xt) @

Upon observing the equilibrium of the elementary

part (dx), it can be deduced that:
q-dx.azu(x,t)
g at?

By representing the rope as Calvin’s model, where
the influence of internal friction can be taken into
consideration via the so-called rope resistance force factor
(bs), the dependence of the inner force in the rope on its
deformation can be noted in this form:

—e.A 2. .
S(x,t)=E-A > |:U(X:t)+bf

=-5(x, t)+S(xt)+—dx+q dx+ 9% g 2

®)

6u(x,t)}
ot

If the Eq. (2) is divided with g-dx and a
g

replacement for S(xt), this is obtained:

d%u(x,t) g-E- A o? ( ou(x, t)) N
2 ; (xt) + b - +g+a (4)
By using the dlfferentlal equation, (Eq. (4)) and the
equilibrium condition of moments on the driving pulley, it
is possible to form a system of equations that describes a
dynamic equilibrium on the driving pulley in the case of a
model shown in Fig. 4b in this form [12]:

q 0%, (x,t) o* ou, (x,t) a
q WXt _ o i) 1121 (5
PR E-A. v [ul(x,t)ntbf Y i|+q (Hg] (5)

q 2%y, (xt) o U, (x,1) (,.a
.o =E-A o [uz(x,t)+bf — J+q (lig] (6)

U1(|1,t) —U2(|2,t) +

R Eeal _g.ad
Mo=1, B4 ax{+bf;[ul(ll,t)—uz(lz,t)]} TR ()
with:

Ui, Uy - elastic deformation of the rope on the incoming
and outgoing rope end,

E - rope elasticity modulus,

A - rope’s cross-section area,

a - acceleration of the driving mechanism,

M - driving motor torque

i - gear ratio,

n - driving mechanism efficiency,

Jr - moment of inertia of rotational masses, reduced to the
shaft of a driving pulley,

R - driving pulley radius,

g - rope weight per meter.

3. DYNAMIC PARAMETERS DETERMINATION BY
SUMMARY DATA ACQUISITION

Experimental studies shown in this paper represent
the sequel of the research in [8]. The measuring was done
on a mine elevator in RTB Bor, Serbia; the maximum
projected cage lifting velocity was 16 m/s and the

projected lifting height was 523 m in the first phase and
763 m in the second phase of mining. The driving
mechanism is shown in Fig. 5. The other significant
characteristics of this exploitation machine can be seen in
Tab. 1.

Figure 5: Driving machine of a mine elevator and the
connecting tools for connecting the hoist ropes and the
cage

Table 1: Mine elevator technical characteristics
Power: 1500/2860 kW, number of|
revolutions: 122.2 rpm, torque:
117.2/233.4 kNm

Mass: 13 t (it includes the cage|
Cage (cabin) |and the connecting tools for
connecting the hoist ropes), Fig. 8
Counterweight Mass: 21 t

Z = 6 pieces,

d = 27 mm (150 wires per cross
section).

Lang’s lay ropes, three right hand
lang’s lay ropes, and three leff]
hand lang’s lay ropes.

Breaking force: 561 kN, tensile
strength of the wires: 1700 MPa.
Unit mass: 3.02 kg/m.

7 = 2 pieces,

d = 50 mm (222 wires per cross
Compensation| section).

ropes Connected with the cage vig
rotating hooks to  prevent
unwinding. Unit mass: 9.64 kg/m.

Driving
electric motor

Hoist ropes

A mine shaft is like a round cross-section, with a 10 m
diameter. The transfer of the driving moment to the hoist
ropes is done through friction (Kdepe system) from the
grooved drum with a 2.5 m diameter.

3.1. Equipment Used and the Method for Measuring Data
Acquisition

The following measuring equipment was used for
the mine elevator experiment:

e Universal 8-channel measuring amplifier (2 pieces),
QUANTUM X MX480B, pos. 10a and 10b (Fig. 6),

e A computer for storing the measuring signals, pos. 13
(Fig. 6),

e Antennas for the wireless transfer of the measuring
signal (2 pieces) NanoStation loco NS2L, made by
IBIQUITI NETWORKS; 5 km range with the antennas
optical visibility, pos. 12a and 12b (Fig. 6),

Analysis of Elevators Dynamic Parameters with Solution of Summary Data Acquisition During Experimental Research
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¢ Incremental encoder - the number of revolutions sensor
AINS 41, made by Meyer Industrie-Electronic GmbH
— MEYLE; measuring range up to 6000 rpm and with
an allowed axial/radial load at the output shaft of 30/20
N, pos. 9 (Fig. 6),

e Optical measuring device for the number of revolutions
ROS type, made by Monarch Instrument; measuring
range varies from 1 to 250 000 rpm, pos. 1 (Fig. 6),

e Accelerometer HBM B12, pos. 2 (Fig. 6),

e Strain gauges HBM LY41-6/120, pos. 3 to 8 (Fig. 6),

o Software for acquisition and processing of measuring
signals, HBM catmanEasy-AP.

I_‘_Bmke_‘_l S _

=L T:-__‘_"QT_QR__ _ E‘L%f3§ z

J uﬁ: 12b u o
= Wire ropes

@27 (6p.)

292 m

Counterweight
M=211

Cage without

Cage | | oad -3t

Figure 6: Schematic layout of the measuring places

The experiment was done according to the principle
of summary data acquisition via a wireless data transfer,
by using the NanoStation loco NS2L antennas (pos. 12a
and 12b, Fig. 6). This way, a complete synchronization of
the collected data on the cage roof and machine room was
achieved. The drum number of revolutions was measured
with an AINS 41 incremental encoder (pos. 9, Fig. 6). It
was set on the adaptive carrier with a 127 mm diameter
measuring wheel, which was directly leaned onto the rim
of the brake disc, Fig. 7a. The encoder measuring signal
was led to the amplifier (pos. 10b, Fig. 6), and then via a
LAN switch (pos.11b, Fig 6) and the antenna (pos. 12b,
Fig. 6) wirelessly connected to the other radio antenna
positioned on the cage (pos. 12a, Fig. 6). The measuring
signal was stored in a common computer file (pos. 13, Fig.
6) placed on the cage. It was done via another LAN switch
(pos. 11a, Fig. 6).

Figure 7: The incremental encoder connected with the
measuring wheel positioned on the rim of the brake disc
(a), and the optical sensor (number of revolutions sensor)
positioned on the cage (b)

The lifting and lowering velocity of the cage was
measured via a roller guide, whose change in the number
of revolutions was registered with an optical sensor (pos.
1, Fig. 6), positioned on a small magnet table, Fig. 7b. The
change in the cage’s acceleration during the measuring
process was registered by an HBM B12 accelerometer

(pos. 2, Fig. 6), set on the connecting tools of the cage
through a magnetic holder, Fig. 8a. The force changes in
the hoist ropes were monitored by measuring the
deformation of the connecting tools (pos. 3 to 8, Fig. 6).
The deformations were measured on each connecting tool
(out of 6 in total), by using the HBM LY41-6/120 strain
gauges, Fig. 8b

Figure 8: Measurements of acceleration (a) and
deformations (b) on the cage connections tools

All measuring signals were led to the other eight-
channel measuring amplifier (pos. 10a, Fig. 6) and they
were recorded on the computer (pos. 13, Fig. 6) via an
LAN switch (pos. 11a, Fig. 6).

3.2. Results of the Experiment

Experiment results and determination of the
dynamic model parameters in this paper are shown in four
characteristic motion cases (lifting and lowering) of the
cage, with and without load. A significantly higher number
of measurements was completed for different cases
(different positions for starting and stopping the cage
motion etc.) and the results are presented in [7]. Here, the
results of lowering and lifting of an empty cage and a
loaded cage (traction machine) are presented.
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Figure 9: Mine elevator parameters that are relevant for
the analysis
According to those, the system oscillation
parameters are defined. The characteristics of

experimental cases are as follows:

1) Lowering an empty cage from position +104 m
to position +56 m (48 m). The action of stopping the cage
was performed by suddenly switching off the driving
electromotor (at a high velocity, Fig. 9a).

I1) Lifting of an empty cage from position +56 m to
a position +199 m (143 m). Stopping the cage was done
just like in the case above, with the sudden switching off
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the power to the driving electromotor, at a high velocity,
Fig. 9b.

I11) Lifting a loaded cage (the traction machine for
wagons, mass ~9.35 t) from position a -71 m, to position
+52 m (123 m). Stopping the cage was done at a low
speed, Fig. 9c.

1VV) Lowering the loaded cage (the traction machine
for wagons, mass ~9.35 t) from position +52 m to -71 m
(123 m). Stopping the cage was done at a low speed, Fig.
9d.

The results of the conducted experimental research
can be seen in the following figures, which are showing
the changes in the winding velocities of hoist ropes that
were wound onto the drum; cage acceleration and changes
in the forces in the hoist ropes, i.e. on the elements for
connecting the ropes to the cage. The results are valid for
all four chosen examples of motion. The diagram shows
the character of the changes of the said parameters. It
shows the cage oscillation amplitudes that occur after
stopping the driving machine. This part of the diagram
(after stopping the driving machine) is used to set the
mechanical characteristics of steel ropes (harmonic

oscillations).
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Figure 10: Diagram with the results obtained during
lowering an empty cage and sudden stopping, at a “high”
velocity (I motion case)
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Figure 11: Diagram with the results obtained during
lifting the empty cage and sudden stopping, at a “high™
velocity (11 motion case)
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Figure 12: Diagram with the results obtained during the
loaded cage lifting process (111 motion case)
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Figure 13: Diagram with the results obtained during
loaded cage lowering process (IV motion case)

3.3. Main dynamic parameters
Stiffness is the basic parameter of oscillatory
processes and it represents a feature of a material that
defines the ratio between load and deformation. It is
viewed as a constant matter in most oscillatory processes
with small amplitudes and elements made of steel and
similar materials [13]. On the other hand, it is a case with
some materials also used in mechanical engineering that
the feature is not linear, which brings to the occurrence of
the so-called non-linear oscillations whose analysis is
more complex on numerous levels. A specific case of non-
linearity happens at the lifting machines with steel ropes
and it refers to the fact that the stiffness changes together
with the change in the ropes’ free lengths in the following
relation:
o) = ®
L-1(t)

Apart from the variable stiffness, attention should
be paid to the elasticity modulus (E), which is much more
difficult to define in comparison with the homogenous
bodies since the steel rope is a complex structure,
consisting of a large number of wires layered into strands,
while the strands are stranded into a rope with the core
made of steel or fibre.

There are different expressions mentioned in the
literature, for its calculation depending on the wire
elasticity modulus and the angles at which the wires lay
into a strand, and strands into a rope. These expressions
only give approximate data because the real magnitudes of
the elasticity modulus, apart from the above mentioned
parameters, depend on the stress magnitude, core material,
time spent in service (the number of load cycles), types of
wire connections etc.

80
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Figure 14: Stress-extension curves for new stranded wire
ropes with fibre core, after 10 loadings, [14]
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Figure 15: Stress-extension curves for new stranded wire
ropes with fibre core, after 10 loadings for the difference
stress levels, [14]
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Fig. 14 and 15 show the experimental results [14]
which show a noticeable difference in the results between
the first loading of the rope (new rope), and after 10
loadings (Fig. 14), and also the effect of the stress level
with the loading and unloading in Fig. 15.

Nevertheless, the application of the results
generated in this way is disputable when it comes to
dynamic processes. Adequate elasticity modulus values for
the ropes in exploitation can be gained through direct
measuring in the real working conditions of the elevator
facilities.

Damping. In a lot of practical systems, oscillation
energy is gradually transformed into heat or sound, the
effect mostly known as damping. Despite the fact that the
quantity of such energy is relatively small, it is important
to dedicate some attention to damping in order to predict
the oscillatory systems response, such as the elevator
systems considered in this paper.

Damping at the elevator is complex and it happens
because of the rope inner friction (viscous and hysteretic
damping), Coulomb's friction on guide rails and damping
due to the air flow around the cabin (cage) in the elevator
shaft [8] and [10].

Since the presented experiment results (Tab. 2)
refer to the moment of stopping the cage (v=0), damping
as a consequence of air flow around the cage can be
neglected.

The friction on the elevator guide rails creates the
damping force (Coulomb's friction) which is constant in its
magnitude, but it is of the opposite direction compared to
the motion of the oscillating load. Since this type of
elevator requires special attention to be paid to the guiding
accuracy and reducing the guide rails friction, in the
example with centrical cabin load, the friction forces can
be neglected in relation to the total load. Nevertheless, the
influence can be of importance for cabin oscillation
analyses.

The size of the impact caused by rope damping and
damping due to guide rails friction is possible to define via
“overlapping” of the diagram measurement results and
simulation results, as presented in Fig. 16.

£
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150 155 160 165 170 175

Time |s]
Figure 16: The impact of inner and Coulomb's friction on
oscillating systems when b=5161 Ns/m (Table 2)

Based on the theory about free harmonic damping
oscillations, it is concluded that for determining the
dynamic parameters, one should take the part of the cage
oscillation diagram after the driving machine is stopped.

By measuring the amplitudes and oscillating
periods of free damping oscillations (changes in cage
acceleration), the damping coefficient () can be
determined via a logarithmic decrement, and based on this,
a resistance force coefficient (b):

i X st L5220 (9
Xi+1 n Xi+n T
b=2-6-M, (120)
with:
Xi, Xi+1 and Xi+n - measured oscillating amplitudes,
T - measured oscillating period of free damping
oscillations,

M, =M +q %L(t) - reduced oscillating mass,

M - total mass hanging on hoist ropes (loaded cage and
compensation ropes),

L(t)=L —jv(t)dt - hoist ropes’ free length

v(t) - circumferential velocity of the pulley (drum).

Determining the stiffness coefficient (c) and
elasticity modulus (E) of hoist ropes can be performed
with the measured oscillation parameters (oscillating
period, oscillating amplitudes, etc.):

c=M, o (11)
c-L

E=—— 12
A (12)

with:

w=~@*+6° - circular frequency of free oscillations,

2z

.]’_'
Fig. 17 is an illustration of determining the said

mechanical characteristics of hoist ropes based on the cage

acceleration changes diagram (after the driving machine
was stopped) in the 111 motion case.

= - damping oscillation frequency
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Figure 17: The measured values of cage acceleration for
111 motion case

Based on the diagram in Figs. 10 to 13 and the
expressions (Eg. (9) and (12)), mechanical characteristics

of steel ropes are defined, as shown in Table 2. Upon
analyzing the measured results, it can be concluded that
the data for elasticity modulus are in agreement with the
data from the literature [14]. The higher values of
elasticity modulus for loaded cabins are seen as a
consequence of the rope that was constructed by putting
the lays of wires in strands, and strands into a rope. This
confirms the validity of the applied procedure, enabling us
to define the real (exploitation) values in mine elevators.
The damping coefficient values, for which there is no
significant comparative data, are not constant in size, but
appear to be different in the analyzed experiments.

Table 2: Values obtained by measuring and parameters of hoist ropes

L [m] Me [ka] d[sY] o [rad/s] | c[N/m] | b[Ns/m] | E[MPa] ol
I (Fig9a) | 409 18 797 0.33 4.67 409163 | 12222 98 440 0.070
Il (Fig. 9b) 1 266 20525 0.21 5.69 663 329 8718 103 792 0.037
I (Fig. 9¢) 1 413 28 099 0.09 4.26 510 803 5161 124 095 0.022
IV (Fig. 9d) | 536 26 613 0.18 3.88 401 206 9639 126 498 0.047

3.4. Computer simulations results

In order to simulate the mine elevator operation
process, the study has set the change in hoisting rope
velocity at the point of winding onto the driving drum as
the change (diagram), obtained by direct measuring on the
driving machine via an incremental encoder (pos. 9, Fig.
6).

— —— cage acceleration - measurement results
:@ __ cage acceleration - dynamic model
=] simulation .
g -»\_zx,_
= :
a
]
% e e
.15 i 1 t I i
40 80 120 160 190
Time [s]
Slika 18: Cage acceleration diagrams in the motion case
11 (Fig. 9¢)

An oscillation diagram was separated with the
purpose of verifying the dynamic model during the whole
period while the cage was moving, as well as after the
complete stop in the driving machine moving. The
acceleration diagram in the Il motion case is shown,
“overlapping” the diagram with the measured results, Fig.
18.

Judging by the diagram in Fig. 18, it can be
concluded that the dynamic model with dynamic
parameters, determined by the measuring with satisfactory
accuracy, shows the real behavior of a mine elevator. As a
result, this makes computer simulations possible, which
will analyze the real loads of the exploitation facility [7].
The described method is a new approach that will ensure
the analysis of dynamic behavior in systems for vertical
hoisting, which can be found in exploitation.

As an illustration of the possibility of dynamic
analysis, the following section shows diagrams that
represent changes in individual values. They were created
in specialized software for dynamic analysis, MSC
ADAMS, using the experimental data shown in Table 2.
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Figure 19: Diagram showing the changes in cage position,
velocity, and acceleration, for Il motion case
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Figure 20: Comparative diagrams showing the changes in
the elongation, stiffness coefficient, and resistance force
coefficient of hoist ropes, for 111 motion case

4. CONCLUSION

The paper presents an experimental method that
can be used to determine dynamic parameters such as
stiffness, elasticity modulus, and damping in exploited
elevator steel ropes. Certain elasticity modulus values that
are presented in Tab. 2 reveal the noticeable dependence
on the load, i.e. rope stress. In addition, the damping
coefficient in ropes is not a constant size, but it depends on
the position of a cage. It can be deduced that ropes
experience a combination of viscous damping and
hysteretic damping, which should be further investigated
in these systems.

Mine elevators are used in the mines with
underground exploitation at the depths as deep as 2000 m
with the carrying capacity of maximum 30 t and the lifting
velocities up to 20 m/s. Therefore, their analysis is of
special interest because they define the quality basis for
optimal projecting and their maintenance in relatively
heavy working conditions.
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Apart from the mentioned extreme parameters, the
complexity of the dynamic analysis of these facilities is
primarily due to these facts:

e The basic model is an oscillatory problem with an
infinite number of DOF and it is influenced by a large
number of factors.

e The driving torque is a variable value (the function of
the pulley rotational speed and the operating load).

* The stiffness of the wire rope varies with the changes
in the cage position, causing parametric oscillations.

« Steel rope elasticity modulus is not a constant value, as
it is the case with homogenous bodies. It depends on
rope structure, stress level and how long the rope was
in service.

« Damping in the wire rope is a feature which has not
been sufficiently examined. It is a consequence of the
inner friction of a hysteretic type, depending on the
construction of the rope, stress in the rope, contact type
and friction between the wires, then lubrication,
oscillation amplitudes etc.

e The influence of friction in the guide rails on the
damping of the whole system cannot be ignored.
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Load Analysis of Steering Mechanism of Wheel Loader

Jovan Pavlovi¢!", Dragoslav Janosevi¢!, Boban Nikoli¢!, Vesna Jovanovié?, Nikola Petrovi¢!
Faculty of Mechanical Engineering, University of Ni3, Ni$ (Serbia)

The paper presents, in the first part, a mathematical model for determination of the load components of a rotating
joint of a hydraulic steering mechanism for controlling the motion of a wheel loader. In the second part of the paper,
results of research are given, of the steering mechanism load obtained by the numerical simulation of working cycle of the

loader which has in mass 15000 kg.

Keywords: Wheel loader, Mobile hydraulic, Steering mechanism

1. INTRODUCTION

A wheel loader is mobile machine mainly used to
load and unload bulk materials and for light excavation
work. The general configuration of wheel loader kinematic
chain consists of: the rear L1 (Fig. 1) and front L, moving
mechanism and the manipulator with arm Lz and bucket L,.
The rear and front moving mechanism are connected by
vertical joint thus forming articulated vehicle. Wheel
loaders do not have axle suspension, the front wheels are
attached directly to the front body, and the rear axle is
allowed to oscillate around the longitudinal axis, thus allo-
wing all wheels to maintain contact with the ground.

Steering of the wheel loaders and other vehicles of
large capacity requires great physical effort from the ope-
rator and therefor are large number of different types of
steering system. One of the most important requirements
of easily steering is the reduction of control effort and less
transmission of shock loads from wheels to the steering
wheel and therefore to the body of operator. In order to
enable easy steering of a large capacity vehicles in the ste-
ering system are included power systems with a particular
source of energy whose main task is to reduce the force re-
quired on the steering wheel, where by the energy parame-
ters of power steering systems, controlled by the input si-
gnal, performs the activation of valve-regulating members
of the hydrostatic system.

Compered with other types of steering system, two
hydraulic cylinders arranged symmetrically on a frame has
become a major form of steering mechanism for articula-
ted wheel loaders. Articulated steering mechanism provi-
des higher steering torque than conventional pivot steering
systems of vehicles of the same weight [1]. A major
disadvantage of off-road vehicles with articulated steering
system is low maximum velocity. This is made by snaking
phenomena considered as self-path changing and the stee-
ring of the vehicle is completed by the push and pull of the
steering hydraulic cylinders.

Research of steering mechanism of wheel loader
and other articulated vehicle is related to design optimiza-
tion of steering mechanisms with objectiv function to mi-
nimize pressure fluctuation, vibration noise, and a waste
of torque during the process of steering due to the differe-
nce of stroke between two cylinders and the difference
arm. The differences of stroke and arm are reduced based
on a genetic algorithm and optimization validation is done

by software package MSC Adams [2].

In a paper [3] dynamic model and validation of an
articulated steering wheel loader on slopes and over
obstacles is given. A scale wheel loader was designed and
manufactured to validate the dynamic model in three
conditions (turning on level ground, turning on slopes, and
passing over obstacles). The developed dynamic model
was found to be useful and could serve as an important
tool for analysing the stability of wheel loaders.

In a paper [4] mathematical model of steering
kinematics is given. Turning resistance torque have been
obtained experimentally and it was concluded that depends
on geometrical parameters, mass distribution and a type of
suspension system of an articulated body steer vehicle
with a combination of a ground type. It is important how
does a driving system is designed because of its influences
on wheels torque while turning.

The development and testing of a novel steering
concept for vehicles with articulated steering are presented
and explained in paper [5]. The opportunities are offered
with respect to energy consumption, replacement of the
hydraulic steering system, and stability of the angle of
articulation are emphasized.

In paper [6] analysis of a loads acting on steering
mechanism during turning of an articulated vehicle is
given. Load analysis is necessary for optimization of
steering mechanisms and represent input parameter for
optimal selection of hydrostatic steering drive mechanism.

Figure 1: Physical model of wheel loader
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2. HYDROSTATIC STEERING MECHANISM OF
ARTICULATED WHEEL LOADER

The function of the movement control system of
mobile machines is reflected in the mobility of the
machine, which is characterized by: manoeuvrability,
agility and possibility of the machine.

Manoeuvrability is the ability to change the direction
of the machine. Manoeuvrability is characterized by the
ability of the machine to achieve curvilinear movement along
the path of the largest possible curvature with a minimum
overall surface area of movement, regardless of external
movement restrictions. The possibility determines the
conformity of the minimum overall surface of the machine
movement with the external restrictions of the given path of
movement. Mobility (manoeuvrability) of machines is
achieved by its movement control system, which, in principle,
consists of a mechanism and drive control.

Kinematic chain of moving mechanism of articulated
wheel loaders consists of rear moving mechanism L; (Fig. 2)
and a front moving mechanism L, which are connected with
vertical joint O,.

The general power steering hydrostatic system of
mobile machines build the following basic components:
hydraulic pump 2 (Fig. 2), the rotary control valve 3 with a
steering wheel 3.1 and steering pillar 3.2 and hydraulic
cylinders 4. The system components are connected to an
open hydraulic circuit. The drive of the rotary control va-
Ive is performed directly with a hydraulic pump 2 or from
the priority valve 2.1 (Fig.2), with a hydraulic pump 2
which is used to drive some other system of the machine,
for example, the brake system or drive system of the mani-
pulator.

Rotary control valves.- At the hydrostatic steering
system, rotary control valves has a dual function: a) as a
rotary valve for the distribution of oil to the chamber of
hydrocylinder of steering mechanism and b) as a hand
pump in the case of failure of the main hydraulic pump,
during spraying running lines or other malfunction of the
steering system. The rotary control valve is powered by
the operator with the steering wheel of the machine by
which, depending on the installation space, it can be
directly connected with rotary valve, or via a rigid or an
articulated steering pillar

It has been developed power steering systems with
the closed and open center. The power steering system of
open center with non reaction (OC/NR) has the hydraulic
pump which is in the neutral position connected with a tank
P-T. Wherein L and R lines of the power steering system
blocked so that the external loads of wheels are transferred
to the power steering system but the operator via the
steering wheel does not feel.

The rotary control valve in power steering has
working lines indicated with L (left) and R (right) and
does not like the rest of control valves A and B. The
power steering systems with the closed-center in
hydrostatic control system mainly is driven by the
hydraulic pump with the constant specific flow.

At the power steering system of the open center
with reaction (OC/R) in the neutral position lines L-R are
connected to hydraulic cylinders of the steering
mechanism. External forces that are acting on the
hydraulic cylinder, the operator feels as reaction forces on

the steering wheel. If the operator lets go the steering
wheel after the rotation of machine in a road curve, the
wheels and steering wheel correct themselves and the
machine continues to move in a linear trajectory.

3. LOAD ANALYSIS OF STEERING MECHANISM

For the articulated steering mechanism of the
loader during the movement and loading operation of the
machine, the steering resistance torque M, is determined
according to the equation (Fig. 2):

Mo :Wmaxi(l Izj (1)
2 I

where: Wmax — resistance that in intensity is equal to the

maximum traction force of the machine, B4 - width of the

bucket, | — wheelbase distance, |, — distance from front axis to

axis of articulated joint the moving mechanism.

Figure 2: Hydrostatic steering system of articulated
moving mechanism of wheel loader [8]
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For practical use, companies that manufacture co-
mponents of hydrostatic steering mechansim have develo-
ped empirical formulas for determination of articulated
steering loads:

=

M, = ‘4“(\/ar2+|or2 +yfaZ +4b2 )+ F- £ (1, +1,) (2)
where: F; - static load of one tire of the wheel loader under
load:

9-m @3)
N

ny- number of tires, u - tire and ground friction coefficient,
f - rolling resistance coefficient, a, by - reduced tire contact
surface of tire and ground:

b
a, :a?e\/;; by =?e\/; (4)

where: a.=(0,4+0,45)-D - the length of the contact su-rface
of the tire with the ground, be=(0,55+0,6)-b - the width of
the contact surface of the tire with the ground [7].

Authors in paper [2] have been concluded that
steering resistance torque of pivot steering is usually 2-3
times that of driving, thus, the pivot steering torque is
taken as the calculated load. The following equation
describes empirical formula for steering torque that comes
from the test curve:

n
M, _Gu ((),1.|_+o,(5)(0,:2,t)2 +o,1b+2,6) ®)
n

F, =

where: G - vertical load on the tire, # - steering mechanism
efficiency, u - friction coefficient, L - wheelbase of the
vehicle, b - tire width.

When the wheel loader is fully loaded, the load of the
front axle is greater than that of the rear axle. When the wheel
loader is moving and steering, the wheels of the front axle, at
same time, are rolling and slipping, and the rear axle wheels
only have drag torque caused by the opposite rotation of the
left and right wheels. During steering, the machine has to
overcome three resistances due to:

¢ wheel alignment,

o wheel rolling,

o wheel dragging.

1 Fp1
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A mathematical model of wheel loader steering is
shown in Fig. 3. The model takes in consideration forces
that acts on loader when is turning, neglecting wheel and
air resistance, friction in the joint and rotating inertia
forces.

Firstly, is observed rear then front part of moving
mechanism. For the correct selection of the components of
the steering hydrostatic system, one of the conditions is
that the drive torque My is greater than the load torque Mo:

M, >M, (6)
Based on force analysis, the load torque of rear
moving mechanism L, is [3]:
B
Mo =(Fp; — Fp )'E—(Fn +Fr2) 4+ Fy (i =xg)
The load torque of front moving mechanism L; is:
B
Moz =(Fps - FD3)'?_(FT3 +Frg) 1y +Fip (= %) (8)

where: FD1, FDz, FD3, FD4 - driving fOI‘CES, FT1, FTz, FT3,
Fra - lateral forces, Fi1, Fiz - inertial forces of wheel loader,
B - track width, I1, 1> - wheelbase of the wheel loader, X,
X2 - centar of mass coordinates of rear and front part.
Drive torque of hydrostatic steering mechnism is
obtained by:
Mp:Fcl'rl"'Fcz'rZ ©)

where:

D? —d? D?
Fcl:|:%”’ p_TI”’ po:|770m (10)

Figure 3: Model of loader steering analysis

Load Analysis of Steering Mechanism of Wheel Loader
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DZx

= A p- 4 7T Po Mem (11)
where: F¢; - the retraction force of hydraulic cylinder, Fc; -
the extraction force of hydraulic cylinder, D, d - diameter of
the piston and the piston rod of hydraulic cylinder, p, po-
pressure in the main and return lines of the hydraulic cyli-
nder, 7em - mechanical efficiency of hydraulic cylinder ry, 12
- transmission lenghts of the hydraulic cylinders in relation
to the vertical axis of the articulated joint.

One factor of significant importance in articulated
steering of a vehicle is the track width B. Different driving
forces Fpi acting on a driven axle produce a torque around
the vertical axis of each vehicle section. As both sections of
a vehicle are connected by an articulated joint, opposite
torques acting on the front and the rear section are
required. The consequence is that steering requires to
apply the driving force differences on an axle conversely
in front and rear section. For instance, if higher traction
forces exist on the right hand front side and the left hand
rear side, the vehicle will buckle to the left. Fig. 3 shows
the steering principle and the forces acting on the vehicle.

Dynamic considerations show that lateral forces
acting on the centers of mass of the two vehicle sections
create a self-reinforcing or self-stabilizing characteristic,
depending on the position of the center of mass. If the
centers of mass of the two vehicle sections, compared to
the respective axle, are located between this axle and the
link, the vehicle tends to continue buckling on its own.

FCZ

4. SIMULATION OF WHEEL LOADER STEERING

In this part of the paper, the results of the numerical
simulation of loader steering within the entire working cy-
cle are presented. The general cyclic manipulation task of
the loader consists of operations: loading (Fig.4) transfer
and unloading of material or cargo and return to the
beginning of a new cycle. During loading and unloading
operations, the direction of movement of the loader is
normal to the position of the gripping material or load, ie
to the longitudinal axis of the vehicle into which the unloa-
ding is performed. Depending on the position of the place
and the method of unloading, the paths of the loader du-
ring the transfer and return operations to the beginning of
the new cycle are usually in the form of the letters V or Y.

The numerical simulation was done in the software
package MSC ADAMS (Automated Dynamic Analysis of
Mechanical Systems) and firstly is simulated steering
process of a loader which have in mass 15000 kg and a
bucket volume of 2.3 m3, from a given Onin=45° t0 Omax=-
45° which does not move and which is loaded with a full
bucket. The tire and ground friction coefficient is x=0,7.

Steering the wheel loader from 6=0° to =45° takes
2.5 5 (8-10.5 s in simulation), while turning from 6=45° to
6=-45° takes 5 s (10.5-15.5 s in simulation) And such a
duration of the turning cycle is an ergonomic requirement
to turn the loader from Gmin to Omin for 5 s making 4 turns of
the steering wheel.

Force components that are acting on articulated jo-
int are given on Fig. 5a.

Manipulator

= All Other

X4

04

X3

Figure 4: Working cycle of wheel loader: a) cycle in the form of letter V, b) 3D model of loader in ADAMS
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The results of the loader rotation simulation are
given by the diagram in Figure 6a and it can be seen that
the highest value of the steering torque resistance is
M021=70000 Nm

As another way of steering, the real working cycle
(Fig. 6b) of the loader in the shape of the letter V is given,
which after loading and moving backwards for the length ry,
rotate by the angle #:=20°. The diagram in Figure 6b shows
that then the steering torque resistance is Moz-60 KNm.

After that, the loader rotates by an angle of §=60°,
in oposit direction, where it rotates and at the same time
moves in a straight line forward to the place of unloading.
Then the loader also achieves a steering torque resistance
of My2=60 kNm. It can be noticed that by moving and
simultaneously steering, the loader achieves lower steering
resistances then on stationary steering.

CONSLUSION

The load analysis of steering mechanism of wheel
loader represents input of optimal synthesis of steering
mechanism and right choice of hydrostatic system
components.

Fi1
[N]

0000

The analysis defined the components of the hydro-
static transmission with the most important component -
rotary control valve. Two types of power steering systems
have been developed with the closed and open center.

For optimal synthesis and load analsysis of steering
system it has been developed a general mathematical model
of wheel loader with rear and front part of moving
mechanism which are connected with vertical joint
forming thus articulated vehicle.

Using force analysis, the model has been developed
which take in consideration forces that acts on loader
when is turning, neglecting wheel and air resistance,
friction in the joint and rotating inertia forces. Firstly, is
observed rear then front part of moving mechanism. For
practical use, companies and researchers have developed
empirical formulas for determination of articulated
steering loads.

In the last chapter of the paper, the results of the
numerical simulation of loader steering have been prese-
nted. The results of obtained simulation are given for two
case of wheel loader steering: stationary steering with full
loaded bucket and for whole working cycle of loader in the
V-shape path
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Figure 5: Force components acting on articulated joint: a) stationary steering, b) steering in cycle with V-shape path
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Figure 6: Torgue components acting on articulated joint: a) stationary steering, b) steering in cycle with V-shape
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The casts of continuous track segments, used in the continuous track assembly, are very responsible components of
the tanks drive system. Continuous track segments, are made by casting process, where casting can be considered an
unsurpassed technological process for these parts. As a solution in such cases, the use of specialized CAD/CAE/CAM tools
for simulation, optimization and geometric modelling of products and casting tools is imposed. By applying the mentioned
tools, the time of development of a new product and its production process is shortened in relation to traditional methods
with prototype testing. In this paper, the improvement of the casting process of continuous track segments, was carry out by
using the software MAGMAsoft. The concept applied in this paper, includes virtual production, practical realization of the
defined technological process, improvement of the existing technology with final check of the casting quality, through

mechanical and metallographic tests.

Keywords: Casting, Continuous track segment, CAD/CAE/CAM, Simulation

1. INTRODUCTION

Continuous track segments are the main parts of
continuous track assembly, which is the component of
tanks propulsion and drive system [1]. For the production
of continuous track segments, is used casting technology
with high-alloy wear-resistant manganese steel.

Metal casting is probably the oldest production
technology, whose roots go back to the time when the first
metals and metallurgy were discovered. Casting
technology is constantly improving through the research
process in the field of applied sciences and engineering. In
the previous period, the basic source of innovation in
casting technology has been primarily in multidisciplinary.

The defence industry, ie production of weapons,
tools and armoured vehicles for military needs, cannot
exist without casting technology. From 30 to 70% of the
mass of these products are parts made by casting
technology. Many of them, are very important parts, and
they can't be manufactured in rationally way by using
alternative production technologies [1].

2. FORMATING PAGES MODERN TECHNOLOGY
FOR DESIGN A PRODUCT AND MANUFACTURING
PROCESSES

Modern technology for design a product and
manufacturing processes include:

a) Specialized CAE tools (MAGMASOFT and
similar) intended for the simulation and
optimization of casting processes (casting,
hardening, cooling etc.)

b) CAD tools for geometric modelling of a products
and casting molds (model, mold cavity, etc.)

c) CAE tools for analysis and simulation of the
mechanical behaviour of castings in the static and
dynamic domains, by using the FEM

d) CAM tools for design of manufacturing process of
the molds and models [1].

The development of the casting process is
increasingly based on scientific results, obtained through
the use of specialized modern software tools. This
software enables virtual production based on simulations,
in order to optimize process parameters, improve the
quality of castings and reduce production costs.

Nimbulkar and Dalu (2016) presented the
application of Auto-CAST X1 software to simulate the
casting process. In this paper, the authors emphasized the
importance of the design of the infusion system and
feeding system, for the correctness of the casting, using
different simulations in the mentioned software [2]. Jie
and co-authors (2014), applied the Pro Cast software to
improve the aluminium alloy casting process. The general
conclusion drawn by the authors, is that by increasing the
casting temperature and casting speed, can solve problems
of porosity [3]. Dabade and his associates (2013) used
MAGMAsoft software to analyze various defects in the
casting process. They detected the causes of casting
defects, through simulations of different variants of casting
and gating systems [4].

Duci¢ and others (2017) presented a methodology
for optimization of the gating system for sand casting,
using a genetic algorithm. The subject of optimization was
the geometry of the gating system, ie, the cross section of
the pouring cup and the sprue height, while the goal of
optimization was to minimize the casting time. In this
case, the simulation was used to verify and evaluate the
optimized inflow system geometry [5].

2.1. Casting in the sand molds

For the production of continuous track segments,
the casting in sand molds is used as the main technology.
Casting in the sand molds, is suitable for production of
continuous track segments, because this parts have
complex geometry with high geometrical and dimensional
accuracy.

After the breakup of Yugoslavia, most of the
technological knowledge disappeared, especially those that
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existed in the former republics of Yugoslavia. The
production of continuous track segments, was initially
realized in Slovenia (Ravne), and then in Bosnia and
Herzegovina (JelSingrad). After that, this production was
developed and continued in the former machine tool
factory "lvo-Lola-Ribar", but with limited success. For
none of the mentioned production units, data on the
applied technological production processes have been
saved. During the search of the warehouse of the Serbian
Army, only samples of continuous track segments were
found [1].

3. CASTING DEFECTS

Verification of the proposed casting technology can
be done by applying the simulation and optimization tool
MAGMASOFT. This software is specialized in modelling
and simulation of all phases of the metal casting process.
For the imported CAD model (Figure 1), a simulation of
the casting process was performed and the CO, mold was
made. On the base of this CO, mold and in according to
the previously given technological parameters, continuous
track segment was cast.

N
N

Figure 1: CAD model of continuous track segment

The analysis of the sample casting part, which is
obtained in according to the previously defined
technology, revealed significant and visible casting
defects. The criteria of porosity and microporosity,
obtained by simulation on the model, with great reliability
coincide with the real situation.

For the simulation of the casting process, by using
MAGMASoft, was create CAD 3D model of all elements
of the mold cavity: gating system (pouring cup, sprue,
choke, runner, and ingates), casting with cores, risers and
gas vents and more. A properly designed gating system
should ensure that the liquid metal pours into the mold
cavity quickly and without turlbulence [6].

Figure 2: Simulation model of casting technology applied
in previous phases of development of continuous track
segment

The proposed solution showed an inadequate
feeding system (Figure 2) (topology, position, geometry,
etc.) and filtration. Williams' risers are obviously,
oversized and dysfunctional in the critical phase of
hardening. The Military Technical Institute, this
technology declared as unsuccessful, because this
technology did't give the casting part with required
geometric and metallurgical characteristics.

Figure 3: Hot spots in the casting part without influence of
gating system and riser

Auxiliary risers were also dysfunctional due to
poor location - they were far from hot spots (Figure 3). By
analyzing the simulation, it can be noticed vortex motion
and level oscillations of the metal filling (multiple filling
and subsequent melting of the metal that has already
started to harden in the filling phase). Due to the long
casting time, a cold zone appeared before the end of the
casting process. Also, the fluidity of the molten metal in
the final stage is very poor. Cold shuts and the final
porosity appeared on the model of the casting part.Those
phenomenons also was confirmed in the selected
characteristic cross section of the real casting part (Figure

Figure 4: The final porosity and cold shuts

From all the above, it can be concluded that it is
necessary to define the new casting parameters. The new
casting parametars will be obtaion on the base of the
knowledge gained in previous activities and through the
casting process simulation and optimization of the new
gating system (filling, hardening and cooling).

4. CASTING TECHNOLOGY FOR PRODUCTION OF
CONTINUOUS TRACK SEGMENT

In order to improve the casting technology of
continuous track segment, test casting of continuous track
segment members was performed in foundry IKL Guca.
Using decades of experience in casting manganese steels
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(steel X120Mn12 (DIN), or Hetfield steel of chemical
composition: C = 1.1-1.25, Si = 0.30-0.50, Mn = 11.5-13,
Crmax = 0.20, Smax < 0.02, Pmax < 0.035), in the
foundry of IKL Guca with the application of modern CAE
tools for simulation and optimization of the casting
process (MAGMASOFT), a new solution of the casting
system was proposed, after which a continuous track
segment was cast from the mentioned material. Hatfield
steel is characterized by the fact that in the process of
exploitation, its surfaces become harder when in contact
with other material, which significantly improves the
performance of the casting part, in this case the continuous
track segment. Through this improvement of the casting
process, emphasis is placed on the casting of the casting
without internal defects (porosity and the appearance of
gas bubbles), as well as the mechanical and metallographic
characteristics of the casting. If the mentioned
characteristics  are  satisfactory, the  geometric
harmonization of the casting is performed. Based on the
casting technological parameters given during the
simulation process, a continuous track segment was cast in
the sand molds (Figure 5). From the characteristic cross-
sections (Figure 6) it can be seen that the casting part has
no internal defects.

Figure 5: Sand mold an ' casting part after removal
of the pouring syst
I7, A5 v

Figure 6: Characteristic cross-sections of continuous
track segment as confirmation that there are no internal
defects

4.1. Mechanical - metallographic characteristics of the
continuous track segment

The mechanical characteristics of the casting part
after the technological process of normalization are:
tensile strength: Rm = 600 N / mm2, elongation (I = 5d0)
%: A = 20. It can be stated that an austenitic polygonal and
uniform cross-sectional structure has been achieved

(Figure 7), expected for Hatfield steel, which should be
transformed into martensite during exploitation under
stress, which provides the steel with hardness and wear
resistance. The carbides are small and evenly distributed
so that their network is not noticeable anywhere. The
presence of non-metallic inclusions is also negligible.
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Figure 7: Microstructure of continuous track segment
material

4.1.1. Hardness of castings after thermal treatment

In order to transfer the load that appears on the
components of the caterpillar, the caterpillar members
(continuous track segment) must, after thermal treatment,
have the appropriate mechanical characteristics
determined by the hardness, which must be in the range of
170 HB to 207 HB.

4.1.2. The bending force of the casting part

A parameter that is also an indicator of the
mechanical characteristics of continuous track segment is
the bending resistance. When bending the castings of
continuous track segment after thermal treatment,
according to the schemes presented in Figures 8 and 9,
forces of not less than 300 kN, 320 kN and 240 kN,
respectively, must be obtained. In the event that the
continuous track segment break during bending, the
specified force values must be obtained before the fracture
occurs.

Based on the testing of cast samples performed at
the Military Technical Institute in Belgrade, the bending
test loads were met, and the obtained microstructure of the
material corresponds to the required structure so that
further tests and harmonization of geometric
characteristics of castings can be continued.

N
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Figure 8: Bending the continuous track segment with the
ridge upwards
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Figure 9: Bending the continuous track segment with the
ridge down

5. CONCLUSION

Continuous track segment used to form a caterpillar
assembly (caterpillars), as a component of the caterpillar
moving tank are responsible components and from the
aspect of their production, casting technology can be
considered an unsurpassed technological process. As
solutions in such cases, specialized CAE tools for
simulation and optimization of the casting process (very
often internal cracks and residual stresses occur during
casting cooling) and CAD tools for geometric modeling of
casting parts, elements of gating system, cores, etc.) are
imposed. For many metal foundries, the simulation of the
casting process has become a standard tool for designing
the casting system, feeders and studying thermal processes
in order to obtain the desired characteristics of the casting
part. Also, simulation has become one of the instruments
in quality assurance and process optimization systems. The
improvement of the casting process for production of
continuous track segment was carried out using the
MAGMAsoft software package. The application of the
methodology presented in the paper shortens the
development time of a new product and its production in
relation to traditional methods of trial and error.

Verification and final quality control was performed by
mechanical - metallographic tests.
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Selection of steel, dimensions and fabrication technology for the welded structure are all parts of the design
process, because they are in close connection with the function of the structural whole under certain conditions of
exploitation for the predicted service life. Quality of welded joints in the process of production of the welded structure is
being defined by properties that the structure has to possess in order to fulfill certain requirements, which is being
accomplished by the selection of the adequate welding procedure and welding parameters, implementation of inspection
programs for all technological operations, as well as by performing mechanical and technological tests in order to
determine the magnitude of strength and deformation of base material and welded joints. Constituent parts of a welded
joint are base material, heat affected zone and weld metal. Heat affected zone of structural steels is being characterized by
the fusion zone, overheating zone, zone of complete normalization and zone of incomplete normalization.

In this paper the effect of change in hardness of weld metal and heat-affected zone on mechanical properties of
welded joints when base material is quenched and tempered steel C45 is being considered. Test results showed that the
application of welded structures made of quenched and tempered steels with hardness HV10 > 400 and tensile strength
UTS > 600 MPa is useful only when the stress concentration is low (o <2) and when there are no residual stresses due to
welding.

Keywords: Supply quenched and tempered steel, Mechanical properties, Hardness of the welded joint, Heat affected

zone
1. INTRODUCTION

Safety of welded structures depends on the
simultaneous influence of technological, metallurgical,
structural and exploitational factors, or in other words on
the welding procedure and shape of welded joints, stress
concentration and heterogeneity of structural and
mechanical properties of constituent parts of welded joints
(base material, heat affected zone, weld metal). Increase or
decrease of endurance of welded joints under exploitation
conditions, apart from the presence of stress concentrators
and residual stresses that occur due to welding, is also
being affected by the heterogeneity of mechanical
properties of base material, heat affected zone and weld
metal, as well as by the width of heat affected zone and
weld metal, Fig. 1

Weld melal_

Base Base
material material
LY

Narrow HAZ

Y, Wide HAZ
Figure 1: Appearance of a welded joint

Structure and mechanical properties of individual
constituent parts of welded joints depend on the welding
regime and chemical composition of base and filler
material. With the increase of the cooling rate within the
subcritical temperature range, strength and yield stress for
weld metal and heat affected zone grow and, depending on
the chemical composition of steel, are 1.5-2 times larger
than for base material [1].

Numerous researches have been carried out around
the world in order to determine the effect of various

welding procedures on mechanical properties of quenched
and tempered steels. Researches regarding the effect of
laser welding parameters on geometry, mechanical
properties and structure of weld metal and heat affected
zone, showed that large increase of hardness in the area of
the welded joint does not necessarily affect the mechanical
properties in a negative way [2]. Experimental researches
regarding the friction welding of steel C45 (DIN EN
10083) and tests that were carried out in order to
determine the mechanical properties of weld metal and
heat affected zone enabled the defining of optimum
welding parameters for this procedure [3]. Predictions of
temperature fields for quenched and tempered steels
subjected to the effect of double elliptical heat sources
were considered by Goldak and his associates, through the
use of modelling and finite element method [4], while
analyses of microstructures contributed in defining of
geometry coefficient of a welded joint [5,6].

2. EFFECT OF THE WELDING THERMAL CYCLE ON
MECHANICAL NON-HOMOGENEITY OF THE
WELDED JOINT

The presence of non-homogeneous zones is
characteristic for welded joints. There are soft layers —
zones with lower hardness value than that of the base
material and hard layers - zones with higher hardness
value than that of the base material. Those layers could
exist in weld metal, diffusion zone, which is located in
near proximity of the fusion zone, and in the heat affected
zone, especially for thermally or thermo-mechanically
hardened metals. Causes of occurrence of these non-
homogeneous layers are diffusion of alloying elements
from weld metal into base material, larger amount of

*Corresponding author: Bulevar vojvode Misi¢a 43, 11000 Belgrade, Serbia, miodrag.arsic@institutims.rs
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hardened material in weld metal, near the fusion line, and
presence of a thermal gradient.

Examples of distribution of hardness, measured
transversely on macro strips of two samples, are presented
in Fig. 2. When the martensite steel sample, prone to
softening aging, is concerned, soft layer is located in weld
metal, Fig.2b. As far as the other sample, taken from
thermally hardened steel, is concerned, soft layer is located
in the heat affected zone. As can be seen in Fig. 2b and 2c,
hardness sharply changes from a minimum value, caused
by structural and technological properties of a welded
joint, to a maximum value characteristic for base material.

HV A

400 * oo

2]
[ ]
L

H 200
d %

—>
distance

a) Positions of soft  b) Hardness values

and hard layer for soft and hard
layer
HVy
Y[
VT4
.l 0 + distance
Tweld
HAZ| 7o HAZ
sl H |s

¢) Hardness distribution
for the welded joint
Figure 2: Examples of distribution of hardness

Relative thickness of the soft layer x is being
obtained through the use of the following equation [1]:

h
— 1
K q 1)

where: h — width of the soft layer, mm

d — thickness or diameter of the sample, mm.
Static endurance of welded joints (o) with variable
mechanical properties of the soft or hard layer, subjected
to pure shear or to tension, is being obtained as follows

[7]:

— pure shear

Oss =2-Rg -k,

ooy = 2-Rgy -k, @)
— tension

Ors = Rpg K

om =Ry ke 3)

where: Rys - yield stress of the soft layer, Ryy - yield stress
of the hard layer, kc - coefficient of mechanical non-
homogeneity (coefficient of contact strengthening).

3. EXPERIMENTAL TESTS

Steel C45 is hardly weldable due to a large amount
of carbon (CE > 0.45). It is necessary to perform
preheating of sheets before welding in order to create a
reliable welded joint. Nevertheless, welding was
performed without preheating, in order to avoid the effect
of heat treatment on hardness values.

Analysis of parameters that greatly influence the
selection of the welding procedure (weldability of the
material, energetic possibilities of welding procedures,
geometrical complexity, economic indicators) enabled the
determination of the most adequate procedure — 111 and
filler material - E 51 5B 262 (electrode diameter de = 3.25
mm), with welding parameters | = 130A, U = 25V, direct
current (=), polarity (+), idle voltage of 70 V in all welding
positions, except when welding vertically downwards.

Tensile and hardness testing have been performed
on 250 x 10 x 5 (20) mm specimens with a butt weld, Fig.
3, while the hardness testing has been performed on 200 x
90 x 10 mm specimen with a cruciform welded joint, Fig.
4. Plate with the butt joint and dimensions of samples
which were used for the fabrication of specimens,
depending on the type of testing, are presented in Fig. 5.
Tensile tests were performed on butt welds in case when d
> B — axisymmetric deformation and when d << B -
plannar deformation, Fig. 3. Plate with the butt weld and
dimensions of samples from which the specimens were
taken, depending on type of testing, are presented in Fig.
5. On specimens taken from samples 1, 2 and 3 grooves
with stress concentration as < 2 have been machined in
the soft layer, while on specimens taken from samples
17,2°,3’ grooves were machined in the hard layer (width of
specimens is 5 mm), according to Fig. 2 (details A and C).
Notches have been machined in the soft layer of
specimens taken from samples 4, 5 and 6 (width of
samples is 20 mm). Hardness testing has been performed
on sample no. 7, as presented in Fg. 3 (details A and C).

i

— I 1
a1 A
=J 'UL,_J_ %
= I
7 —1"

115 2 115

230

Figure 3: Specimens for tensile and hardness testing
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Figure 4: Specimen for hardness testing
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Figure 5: Plate with the butt joint and dimensions of
samples from which the specimens were taken depending
on type of testing

4. RESULTS AND DISCUSSION

Hardness results, according to Vickers HV10, are
presented in Fig.6 and 7, while comparative tensile
strength results for specimens 1, 2, 3 and 1', 2, 3' with
notches in the soft and hard layer are presented in Table 1.

Hardness results for butt and fillet welds showed
that highest values of hardness occur in transition zones
between weld metal and the heat affected zone.

Analysis of fracture surfaces of specimens on
which tensile strength tests were performed showed that
the strength of the soft layer has a greater effect on static
endurance of welded joints than the strength of the hard
layer.

400

N/

100t

i 1319l 7 sNIS 1112 4/ 5 |8 1011214 [
¥
) 0 |

Figure 6: Hardness distribution diagram for the butt weld

320

Figure 7:Hardness distribution diagram for the fillet weld

Table 1: Tensile strength results for specimens with a
notch in the soft and hard layer

Groove in
the soft 1 2 3
) layer Mean
Specimens |
Groove in value
the hard 1 2 3
layer
Soft layer,
Tensile strength for | UTS [MPa] 550 | 540 | 542 | 544
the axisymmetrical 1
deformation d>B Hard layer,
UTS [MPa] 670 | 675 | 680 | 675
Tensile strength of the soft layer
for the plannar deformation d<<B, | 650 | 590 | 620 | 620
UTS [MPa]

Strength of the Welded Joint with Improved Mechanical Properties of Weld Metal and Heat Affected Zone
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5. CONCLUSION

Lower hardness of the soft layer of the welded joint
has a greater effect on tensile strength of the welded joint
under conditions of static axisymmetrical loading. Also,
based on performed tests, it can be concluded that
deformation and strength of the welded joint under
conditions of plannar loading increase tensile strength
under static load.

It can be generally concluded that the use of welded
structures made of quenched and tempered steel C45 with
hardness HV10 > 400 and tensile strength UTS > 600 MPa
is purposeful only if the stress concentration is low (o <
2) and if there are no residual stresses due to welding.
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Overhead bridge cranes are intermittent transport devices that are exposed to dynamic loads during load transport.
Experiments with cranes and their runways for dynamic phenomena requires great preparation and represents dangerous
experiments. Therefore, according to the theory of similarity in mechanical engineering, it is possible to perform
experiments on scaled laboratory models of cranes. The results obtained from such experiments are completely equal to the
results obtained during the testing of real cranes. The topic of this paper is the project of modernization of the laboratory
model of a two-girder overhead bridge crane from 1970, which is located in the laboratory of the Department of
Mechanization and Design Engineering at the Faculty of Technical Sciences in Novi Sad. At the beginning, a brief history
of the crane model is given and similar models used at other faculties are presented. Then the installed crane drives are
shown - the drive of the bridge and trolley, as well as the lifting drive. The scheme of crane drive control is given. At the
end, the design of the runway for the crane model is presented and its construction is shown.

Keywords: Laboratory crane model, Crane drives, Crane runway

1. INTRODUCTION

Each phenomenon in technics can be viewed as a
set of influencing factors, each of which participates in the
course of the phenomenon with certain associations. If a
construction is presented as a model in a certain scale,
every phenomenon on that construction can be observed
on the model, but it will also be in the scale of the model.
In this way, the behavior of the construction due to the
action of a phenomenon can be predicted. In other words,
this is also called model testing.

Model testing is applied when it is impossible to
perform the test in time or if there is an economic or
technical advantage of testing on the model in relation to
the actual construction. Testing time is much shorter and a
much deeper understanding of the phenomenon is gained.
The best examples of this can be found in aeronautics. In
addition to numerous economic and technical
requirements, aviation technology is characterized by a
high risk to human life. Therefore, key tests are performed
on prototype models of new aircraft. With today's
advancement of computer technology, modelling
technique still has its very important place in the
development process.

The model technique should not be viewed
competitively in relation to the computer technique, but
both techniques should be viewed as mutually
complementary. Sometimes it is impossible or very
difficult to analytically describe a phenomenon on a
computer without prior experimental testing on the model.

2. THEORY OF SIMILARITY

To study mechanical phenomena, numerous terms
such as force, stress, deformation, weight, velocity,
acceleration and frequency were introduced. These terms
are derived from basic units: length, time and mass. In
order for model testing to be used in the construction of a
real machine, there must be some relationship between the

model and the original, or in other words the model and
the original must be similar. The conditions of similarity
are set by the theory of similarity and they are such that
the differential equations of the problem for the original
and the model coincide [1].

There are several types of similarities: geometric,
kinematic, dynamic, static, thermodynamic, etc. [2].

2.1. Geometric Model Similarity

Two bodies (original and the downsized model) are
similar if there is a relationship between their lengths L
and L

L
o= A 1)
where:
e scale coefficient — 4.

If A is a piece of the original body surface and A’ is
the corresponding body surface of the downsized model,
then between those surfaces a relationship exists:

A 2
7= 2

This also stands for the relationship between

corresponding volumes:
4 3
o= ®)

If there is a correlation between the length, surface

and volume of the original model in the form of:

f= (Ll,Lz,...,Al,Az, ...,Vl,Vz, ...) :0 (4)
there is the same correlation if a A times smaller unit of
length is taken into consideration:

f=(AL, AL, 24, 24, , 3V, %, .) =0 (5)

Concerning (4), it implies:

f = (Lll, Lzl, ...,All, Az’, seey Vll, Vzl, ...) = O (6)
which means that the same correlation can be applied to
the downsized model.

*Corresponding author: Trg Dositeja Obradovic¢a 6, 21000 Novi Sad, R. Serbia, e-mail: ilankovic@uns.ac.rs
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2.2. Static Model Similarity

Concerning the Hooke's law, between forces which
act on two geometrically similar bodies with elastic
modules E, a relationship can be established:

f=(L, ALy, 24, , 24, , 3V, , 3, ) =0 (7)

because the dilatation due to the geometric similarity is
e _an

€ AL/l

2.3. General Remarks

The absolute similarity of the phenomenon requires
that at all times in all appropriate points of space, process
parameters and elements of one system must be
proportional to the corresponding parameters of another
system. When applying the theory of similarity in
technical and physical tasks, they differ in terms of
complete, incomplete or approximate similarity. In the
case of complete similarity, there is a dependence of the
corresponding parameters of the model and the original,
which is expressed by the ratio coefficient A and it is
usually adopted as a constant, but in special cases it can be
variable depending on mode, time or spatial coordinates.
In the case of incomplete similarity, the changes in all
basic parameters that characterize the studied phenomenon
are partially similar (either only in time or only in space).
In the case of approximate similarity, some factors that do
not significantly affect the course of the phenomena are
modelled approximately or not taken into account at all.
This introduces an error that can be assessed in some way.
This means that this similarity is related to some adopted
or additional simplifications, which were assessed as
possible on the basis of analytical or experimental tests.

2.4. Model Testing Methodology

In static testing of constructions, there are generally
three concepts with differences in testing methods and
objectives [3].

According to the first conception, the model serves
as a computer. This means that model testing replaces
complex static calculations of constructions, which change
with many simplifications. The model is loaded so that it
remains in the domain of elastic deformations. Based on
that, the hypotheses on which the calculation is based can
be evaluated. According to the second conception, the
model should show everything that happens in the original
model or can happen in nature. Therefore, the load can go
beyond the calculation, i.e., individual parts of the
downsized model can be loaded beyond the limit of
proportionality, and even up to the failure of the
construction. According to the third conception, model
testing does not serve as a computer, but as a control of
individual parameters that are obtained or uncertainly
estimated by analytical method (size or sign of voltage,
shape of elastic lines, etc.). Which concept will be applied
depends on the problem being studied. In other words, the
model testing methodology is adapted to the needs of the
problem being tested. In any case, the downsized model
must be made according to certain conditions in relation to
the original model, and these conditions are dictated by the
law of similarity - The events and states on the original
model and the downsized model are physically similar if
the influences acting on both causes relatively the same
consequences on them [3].

2.5. Material for Model Creating and Modelling Scale
Selection

Models can be made of materials other than the
material of the actual construction and this depends on the
phenomenon being studied on the model. Various metal
materials can be used to make the model, such as steel,
brass and aluminium.

When modelling metal constructions, it is most
favourable to use the same type of metal on the model and
the original, since they are approximately homogeneous
and isotropic and behave approximately according to
Hooke's law. The disadvantage of using metal models is
the need to apply relatively high loads due to the high
strength of the material, which can create difficulties in
laboratory tests. Metal models often have problems related
to the manufacturing technology, due to small sheets with
thicknesses that can be below 1 mm. If technological
similarity is required, welding in this case can be difficult.
In such situations, the use of aluminium can be considered
because at relatively lower loads, sufficient deformations
can be obtained for measurement. The use of brass, which
has twice the modulus of elasticity of steel, can also be
considered, so the same deformations can be obtained with
a lower load, and in addition, brass is easier to process.

The use of plastic materials for model making can
be applied when the loads are not examined on the model,
but the influence of the shape of the model on the
manifestation of a certain phenomenon is examined. When
considering any material, however, its specific weight
should also be taken into account. It is possible to add
mass in the form of weights in precisely defined places in
order to simulate a higher specific weight.

The scale in the case of the application of metal
models usually ranges from 1:5 to 1:15, while in the case
of the application of plastic materials it ranges from 1:100
to 1:25 [4].

3. THE ANALYSED MODEL OF TWO-GIRDER
OVERHEAD BRIDGE CRANE

The laboratory model of two-girder overhead
bridge crane was primarily intended for static testing. The
development of this model and the procedure of its testing
are discussed in [4]. The model was made in the scale of
1:10, based on the existing real bridge crane located in the
Bajina Basta Hydroelectric Power Plant. The original
version of the model was not equipped with electric motor
drives, figure 1.

~ - M |

Figure 1: Authentic photograph of the bridge crane model
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Based on figure 2, the following elements of the
laboratory model of a two-girder bridge crane can be seen:
1 — crane bridge, 2 - trolley, 3 - test weight carrier, 4 - test
weights and 5 - stand for static tests. On the static test
stand, there is a rail track segment on which the crane rests
over four wheels. In its original state, the crane could
move only a few centimetres along the segment of the rail
track. The trolley could move freely on the bridge on both
sides. Test weights could be hung on the trolley via a bar
carrier as a free-hanging load. By moving the trolley, it
was possible to examine the load of the supporting
structure along the entire length of the bridge.

girder bridge crane

Figure 3 shows the components of the two-girder
bridge crane model. The crane bridge consists of two main
girders (2) and two side girders (1) which are
interconnected by a screw connection, while the elements
of the supporting construction are obtained by soldering
steel sheets. The screw connection is made with miniature
screws M 1.8x0.35 5 mm long. In this way, an exceptional
similarity with the actual construction was achieved, and
thanks to that, much greater accuracy of all calculations of
the supporting structure was obtained.

N 2 /

1

Figure 3: Components of the laboratory model of a two-
girder bridge crane

Two papers have dealt with different topics related
to this bridge crane model so far. The first paper [4]
included the following:

e Analysis of the occurrence of dynamic load in
bridge cranes;

e Review of methods for calculating the dynamic
load of constructions;

e Review of methods for determining the stress
state by model testing;

e Calculation of stress under dynamic load of the
bridge crane;

e Determination of stress using model testing on a
bridge crane model;

e Analysis of the conformity of the results of the
model test with the existing test data of the actual
construction of the bridge crane.

Within the paper [4], the development of drive
mechanisms for the movement of the crane model is

proposed, because in that way the kinematic similarity of
the model with the actual construction could be achieved.

Figure 4: Authentic photograph of crane model testing
instruments [4]

Another paper [5] dealing with this model of a
bridge crane included the determination of the stress-strain
state by calculation and experiment. An overview of
procedures and procedures for the analysis of stress-strain
state required for the design and dimensioning of a bridge
crane was given. A comparative analysis of experimental
and computational results was also given.

7 s

Figure 5: Authenticgraph of determination of stress-
strain state of laboratory model of bridge crane [5]

4. EXISTING MODELS IN THE WORLD

In the meantime, from the preparation of the paper
[4] to the preparation of this paper, various models of
bridge cranes have appeared in the world literature, some
of which are presented below.

4.1. University of Technology in Tallinn, Estonia

Figure 6: Model of the brde crane gFihe University of
Technology in Tallinn [6]

Project of Modernization of Laboratory Model of Two-girder Overhead Bridge Crane
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A paper [6] from the University of Technology in
Tallinn describes how to operate bridge cranes without the
use of sensors. For these needs, a laboratory model of a
bridge crane was made, figure 6. The disadvantage of this
work is the construction of the bridge crane, which does
not correspond to actual crane constructions because the
control of the crane is greatly influenced by the dynamic
loads from the inertia of the moving parts.

4.2. Yantai University of China and Chinese Academy of
Sciences

The paper [7] describes the mathematical approach
of bridge crane control where a prototype model of a
bridge crane for the application of the mentioned control
was made for that purpose, figure 7.

Figure 7: Model of a bridge cfane of Yantai University of
China and Chinese Academy of Sciences [7]

The disadvantage of this bridge crane model is also
the construction that does not correspond to the actual
crane constructions. The model is more reminiscent of a
CNC (Computer Numerically Controlled) machine tool.

4.3. Busan National University, South Korea

The paper [8] describes the adaptive control
scheme of container cranes. A laboratory model was
developed to test the described control method, figure 8.
The disadvantage of this model is the same as in the
previous examples, a construction that does not correspond
to the actual crane construction.

I
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lley & hoist motors with encoders |
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Figure 8: Container crane model of Pusan National
University [8]

4.4. Kranbau Kéthen, Germany

Kranbau Kothen from Germany is one of the top
crane manufacturers in the world. They manufacture
special, process and automated cranes. For marketing

purposes, they made an identical model of a bridge crane
for transporting foundry pots. The crane on which the
model is made has a total weight of 450 t. The model that
can be seen in figure 9 is made similarly to the smallest
details. It moves on a segment of the track with its own
drive and is controlled by wireless commands.

Figure 9Mode| fé foundry bridge crane [9]

This is one of the best examples in the world when
it comes to bridge crane models. The exact parameters of
the crane drive and calculations related to this model or its
actual construction are not known, so conclusions can be
made only on the basis of photographs and a short report
on the manufacturer's website [9].

4.5. Cukurova University, Turkey

Figure 10 shows a laboratory model of the crane
support structure intended for testing control and safety
systems to prevent side effects during crane operation in
order to increase the performance of the crane operator as
well as greater safety in the crane operating area [10].
Also, the flaw of the model is the fact that does not
correspond to actual crane designs.

'“;-lllj id

— #

igure 10: Model of the crane support structure [10]

4.6. Pavia University, Italy

Figure 11 shows a model of the supporting
structure with a crane bridge for testing saturation zones
and dead zones at the actuator [11]. The flaw is the fact
that the crane bridge does not have its own drive
mechanism, it is driven by a belt system.
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Figure 11: Model of a crane bridge for actuator tesfing

5. THE DRIVE MECHANISM OF THE CRANE
MODEL

For practical reasons, a DC electric motor was
chosen. A large number of different DC electric motors
types are available, and two basic types will be compared.

5.1. DC electric motors with brushes

These DC motors are characterized by internal
commutation via graphite brushes. The disadvantage of
this type of motor is the need for a reducer on the motor
output shaft in order to increase the torque and reduce the
rotational speed. In addition, graphite brushes wear out,
which shortens the lifespan.

Electric motors with reducers (with multistage gear
or planetary gearbox) are extremely expensive, so the
available electric motors with a built-in worm gearbox are
chosen, figure 13. The worm gearbox is self-braking, but
self-braking is an advantage in this case because it is not
necessary to install a mechanical brake in the drive
mechanism.

Plastic worm

gear
(@) Permanent
Q Graphite brush : magnet

O 3

Adjusting screw

Commutator Armature
Figure 13: Cross section of DC motor with graphite
brushes and worm gear [12]

5.2. DC electric motors with brushes

This type of Brushless DC motor is characterized
by electronic commutation, figure 15, most often
performed by inverters, in the case of robotics and hobby
modelling via ESC (Electronic Speed Controller), figure
14. The advantages of this type of electric motor are
higher power per unit mass, and it is also geometrically
more suitable for the bridge crane model. The
disadvantage of using this type of DC motor is the high
cost of the electric motor itself and its controller. Also, a
disadvantage in the use of ESC is the limited possibility of
adjusting the parameters of the electric motor such as
acceleration and deceleration. The controller itself does
not provide the ability to connect to another
microcontroller. However, ESC as such is quite sufficient
for the needs of hobby modelling.

e 7L AN ) - :

Figure 14: Example of DC motor with electronic

commutation and control (black box) for driving the
movement of a film camera on a rope

Hall sensors

Permanent magnet
rotor

Figure 15: Cross section of DC motor with electronic
commutation [13]

5.3. DC electric motors with brushes

Based on the previously presented examples of DC
electric motors, a DC motor with a built-in worm gearbox
was chosen, figure 16. This selection satisfies economic
conditions, but also technical conditions from the aspect of
drive control. The chosen electric motor has rated voltage
of 12 V, rated current 2.5 A and rated power 30 W. This
electric motor also has 2 speeds, one of 60 min™ and one
of 40 min. The weight of the electric motor with the
reducer is 1.3 kg. The gear ratio of the worm gearbox is
50. As a reminder, a total of two electric motors are used
to drive both sides of the bridge crane.

3 4
b & d

Sl
Figure 16: Selected DC motor with worm gearbox
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During the work on the drive mechanism of the
bridge crane, restauration was done by removing corrosion
and applying new paint layers on the model construction.
In free wheels of the crane, bearings were placed in order
to reduce resistance during crane movement.

The model of the bridge crane with built-in electric
motor drives and movement mechanisms, after the
restoration of crane model, is shown in figure 17. The
electric motor supports are connected to side girders of the
crane via a screw connection on the upper side of side
girders. The connection was made with the help of two M6
screws, 5 mm long, on both sides of the girders.

y ; JVRSE SE FADDVINE W

Figure 17: Restored model of a bridge crane with a built-
in electric drive

The speed of rotation of the DC motor depends on
the interaction of two magnetic fields in the motor, one
field is inside the stator whose source is permanent
magnets, and the other field is electromagnetic, inside the
rotor armature, which is obtained by establishing current
in the motor, figure 18. If this interaction of magnetic
fields is controlled, the speed of rotation of the motor can
also be controlled. Since the stator magnetic field is
permanent, only the electromagnetic field in the rotor
armatures can be controlled. If the strength of the
electromagnetic field is changed by regulating the flow of
current through the rotor windings, more or less magnetic
flux will be produced, which results in a stronger or
weaker interaction between the magnetic and
electromagnetic fields. This results in a higher or lower
motor speed.

Brush rotor with
windings and 2 poles

Permanent

magnets
e Power

supply

Stator

Figure 18: Working principle of DC motor with graphite
brushes [13]

5.4. The control unit of the DC motor

A typical way of DC motor control is the
application of PWM (Pulse Width Modulation) control,
i.e., pulse-width modulation of the motor power supply.

In other words, the voltage level at the motor input
is regulated. Therefore, pulse-width modulation switches
the electric motor on and off in pulses with a constant
frequency. By changing the time between these pulses, the
motor speed also changes. In electronics, this is achieved

by using transistors. A transistor-based driver was selected
as a mediator between the motor and the microcontroller.

Figure 19: VNH2SP30 DC Motor Driver [14]

An electric motor controller with the following
characteristics is used for the chosen electric motor, figure
19:

e Name: VNH2SP30 DC Motor Driver;

e Maximum voltage: 16 V;

e  Maximum current: 30 A (at times);

e Continuous current: 14 A (with additional
cooling);

e Continuous current: 6 A (without additional
cooling);

e Maximum PWM frequency: 20 kHz;
e  Overheat protection;
e Keeping the voltage within operating limits.

The microcontroller represents the so-called PLC
(Programmable Logic Controller), which means that it can
be programmed for a large number of different
applications. It is used in industry wherever it is necessary
to somehow control machines, production lines or collect
certain measurement data. The microcontroller used in this
case is the Arduino ATMega 2560 Rev. 3, figure 20.

— s

- -
Figure 20: Arduino ATMega 2560 Rev3 microcontroller
[15]

The bridge crane model drive control scheme is
given in Figure 21.

,| Hanging
" |control box

Ind.ic ator Control
l,lght signal
signal

v
—»{ Microcontroller

Motor Motor
parameter Cc_)nt:rol parameter
feedback signal feedback
signal DC motor DC motor signal
control unit| |control unit
DC motor DC motor
2 1

Figure 21: Block diagram of bridge crane model control
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5.5. Hanging control box

igure 22: Created control box and its 3D model

The hanging control box of the crane is made with
8 buttons and 2 signal lights, figure 22. The red light
indicates whether a button is activated, and the green light
indicates whether the electrical cabinet is on. Buttons are
made in pairs to drive the bridge, trolley and the lift. The
hanging control box was made on a 3D printer with FFF
technology (Fused Filament Fabrication) using ABS
plastic. A label with markings for each key is provided on
the back of the control box.

6. THE DRIVE MECHANISM OF THE TROLLEY

Electric motors with worm gearboxes, which are
used to drive the bridge, have a nominal voltage of
12VDC, power of 30W and a speed of rotation at the
output of the gearbox of 60 min-1. Therefore, the current
of an individual electric motor is approximately 2.5A. In
the event of a shaft blockage, the current is approximately
10A. These electric motors can work in both directions of
rotation. A total of two electric motors with a gear drive
are used for the crane model and one electric motor with
gear drive for the trolley. The difference in the electric
motor for the trolley drive in relation to those for the crane
drive is the constructive design of the housing, figure 23.

- =

Figure 23: Electric motor with worm gearbox for trolley
drive

The electric motor of the trolley drive is mounted
perpendicular to the central shaft, Fig. 24. The worm gear

is made of plastic and is fixed to the shaft by means of a
pin. The electric motor of the trolley drive is mounted for
the construction of the trolley by means of a bearing plate
1.5 mm thick, on its lower side. The material of the
supporting plate is steel S235JR, and the plate itself is
painted. The plate is connected to the trolley construction
by means of several M3 screws. A lifting drive mechanism
is also mounted on this plate.

(appearance of the trolley from the bottom)

Figure 24. shows the positions of elements of the
drive  mechanisms on the trolley: the supporting
construction of the trolley (1), the drive wheel (2), the
bearing housing (3), the bearing (4), the worm gear (5), the
drive electric motor (6), the central drive shaft (7), bumper
(8), support plate (9), lifting drive assembly (10), free
wheel (11) and crane support construction (12).

7. LIFTING DRIVE MECHANISM

The lifting mechanism on this crane model is
designed for lifting smaller and lighter, demonstration
loads, figure 25. Therefore, this mechanism can be fitted
into a compact form. The provided electric motor is made
with a combination of worm and gear reducer, as a whole.
To connect the output shaft of this gearbox to the rope
pulley, it is necessary to use a gear pair with a gear ratio of
1: 1 in order to transfer the rotational movement to the
pulley. The pulley is mounted on the shaft by means of
two bearings. The pulley itself is designed with a coil at
the beginning of which the end of the rope is fixed. Under
the pulley, the installation of sliders for guiding the rope
along the coil is planned.

Figure 25: Final concept of the lifting drive mechanism

Figure 26. shows positions of the elements of the
lifting drive mechanism: the supporting construction of the
trolley (1), the driving electric motor of the trolley
movement (2), the driving electric lifting motor with the
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reducer (3), the driving gear of the electric motor (4), the
driven gear pulley (6), self-locking nut (7), rope winding EO
pulley (8) and the steel wire rope (9).

' 1

KI1 KI2
Y SV
\ |Ml SU M2
\ ] RE] KI5 KI7
Figure 26: Mounted drive mechanism for lifting on the S || M3 M4
trolley
The electric motor for the lifting drive, figure 27, is KI6 KI8
made with a worm gearbox and gear ratio i = 588. The RE2
nominal voltage is 12VDC (6-15V), and the speed of
rotation on the output shaft of the reducer at a nominal
torque of 78 Ncm is 10 min™. The current without load is
35mA, and with load of 180mA. The torque blocking the
motor is 314 Ncm and in that case the current is 1A.
KI3 KI4

Figure 28: Positions of electronic components on the
crane model and on the runway

9. CRANE MODEL CONTROL SCHEME

Figure 29 shows the crane control scheme with all
important elements.

8 i

Figure 27: Electric motor with worm gearbox for the
Iifting drive END END END END
SWITCH KI1| [SWITCH K12| |SWITCH KI3| [SWITCH KI4

8. ELECTRONICS ON THE CRANE MODEL

The layout of the electronics on the crane model is Y
done according to figure 28. The markings are as W A W

followed: EO — electric cabinet, KI1-Kl4 — bridge end
switches, KI5-KI8 — trolley end switches, M1 and M2 -

DC motors of the crane model, M3 — DC motor of the DC MOTOR | | :| DCMOTOR
trolley, M4 — DC motor of the lifting mechanism, RE1 — CONTROLLER . | | [CONTROLLER
rotary crane encoder, RE2 — rotary trolley encoder, SV - |
vibration sensor in the middle of the trolley, SU2 - L03
acceleration sensor in the middle of the trolley and S - it i
siren. L]

There are end switches at all four ends of the ARDUINO
runway. There is a rotary encoder on one drive electric ¥
motor of the crane. Additionally, there are strain gauges on : =1  SIREN
the bridge of the crane model for monitoring the stress in
the supporting construction of the crane. A vibration and HANGING | DC MOTOR DC MOTOR
acceleration sensor are mounted on the trolley in the COTRNOL | CONTROLLER | | | ||| CONTROLLER
geometric center of the trolley, and a rotary encoder is BOX
located on the drive shaft of the trolley. The steel wire C Yy i O
rope is tightened between the side girders of the bridge and fii
allows free sliding of the trolley electric cables during the
movement of the trolley. There is also a warning siren on S & SO
the bridge. The end switches of the bridge are placed =5 =5 =D =5
separately from the model crane, at the ends of the SWITCH KI5| |lswiter k16| lswrten k7| lswiten xis
runway. These switches are mounted by means of support -
plates on the runway. Figure 29: Crane model control scheme
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10. DESIGN AND CONSTRUCTION OF THE
RUNWAY

In order to complete the model of the two-girder
bridge crane, the design and construction of the runway
was done.

The basic parameters of the runway are:

» crane load capacity: 320 kg;

e runway span: 1,837 m;

e runway height: 1,4 m;

e runway length: 3,2 m;

« runway profile: IPE 80;

» material of used profiles: Steel S235.

The runway design was performed in Autodesk
Inventor Professional software, the Dynamic Simulation
module in the same software was used for dynamic
analysis, while the Autodesk Inventor Nastran software
was used for FEM analysis. The CAD model of the
runway and crane is shown in figure 30.

It is important to note that the complete
construction of the runway took place at the Faculty of
Technical Sciences in Novi Sad - preparation of profiles,
joining profiles with screw connections and MIG / MAG
welding and final painting.

Figure 30: CAD model of the runway and crane

In the pictures that follow, it is possible to see the
process of manufacturing and assembling of the runway.

Figure 31: Assembling of IPE 80 profile on vertical
columns

Figure 33: Precise mounting of the square rail

Figure 34: Welding of the square rail on the IPE 80
profile

Figure 35 shows the final appearance of the
assembled runway and with the crane model on it in the
Laboratory for Mechanical Structures, Transport and
Construction Machinery, Chair of Machine Design,
Transport Systems and Logistics, Department of
Mechanization and Design Engineering, Faculty of
Technical Sciences, University in Novi Sad, R. Serbia.
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i !-'% : . R e
Figure 35: Final appearance of the runway with the crane
model

11. CONSLUSION

The process of creating the model of a two-girder
bridge crane began half a century ago with the idea whose
main goal was to give future generations of students the
opportunity to get acquainted with this type of transport
machine through experiments with it and to acquire
additional knowledge and skills they will need in the
future.

The modernization of the crane model, which was
realized by introducing electric drives for the crane, the
trolley and lifting mechanism, led to bringing the 50-year-
old teaching equipment to a modern level through a
symbiosis of two sciences that were completely separate at
the time when the model was created - mechanical
engineering and electrical engineering. An example is
given through which future generations of students can
understand that a modern mechanical engineer must know
the basics of electrical engineering and machine control in
order to be successful in his career.

On the other hand, design and construction of the
runway has shown that a good engineer must also possess
practical skills in addition to theoretical knowledge. The
use of design software, dynamic and static analysis
software demonstrated the importance of the skill of using
CAD software, while the construction of the runway
emphasized the need for good practice of students during
their studies in order to better prepare for the job waiting
for them after graduation.

Finally, it is necessary to express the desire for
further improvement of this teaching equipment so that
half a century does not pass again until some next
modernization.
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Basis for the Design of Drive-In and Drive-Through Racking
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Drive-in and drive-through accumulation racking systems are recommended for great amounts of goods with few
various units. According to the “First In, Last Out” - FILO and ““First-In, First-Out™ - FIFO principle, the palletized load
unit are stored into deep tunnels accessible by forklift trucks for handling operations. This allows exploiting as much room
as possible and eliminating the aisles traditionally required for manipulating purposes. This paper provides basic
information on the requirements, design and use of drive-in an Improvement of casting technology of continuous tracks
segment using CAD/CAE/CAM software tools d drive-through racking systems in accordance with current regulations and
standards. Minimum required clearances and tolerances due to all influencing parameters for manually operated systems

are discussed.

Keywords: Pallet racking, Drive-In, Drive-Through, Regulation, Standard

1. INTRODUCTION

Within the most popular adjustable pallet racking
configuration each pallet is accessible from an operating
aisle.  Conventional pallet racking tunnels systems
connected in the block with loadable aisles are static
accumulation system recommended for great amounts of
goods with only few various units [1]. The main principle
of this racks structure is to store pallets on deep rail beams,
one after the other. The forklift truck drives into the rack
aisle to position and reposition the pallet units. According
to the “First-In, Last-Out” - FILO or “First-In, First-Out” -
FIFO principle there are two types of the rack
configuration as shown on the layout in Fig. 1; Drive-In
Rack (DIR) and Drive-Through Rack (DTR) [2]. DIR
and/or DTR racks are systems of racking that provide
blocks of storage where pallets are stored two or more
deep and where access is gained by driving a forklift truck
into a lane with pallets supported along their sides on
beam rails supported from the uprights. In DIR system
which provides FILO principle of functioning, the forklift
truck drives into a lane and reverse out, allows loading and
unloading from the same face of the rack structure. This
method for storage products does not require monitoring
of deadlines and therefore not necessarily the first pallet
stored is the first taken. DTR system is very similar to DIR
actually identical in the structure, but in functioning the
forklift truck could drive through the line if there are no
pallets in the line. DTR configuration which follows FIFO
method for storage is mainly used in food and
pharmaceuticals field. This method of storage allows
loading of pallets from a front storage system and the
discharge from the opposite side. For both types racking
configuration can be typically four pallets in height,
minimum two but usually three or more pallets in depth
(recommended up to seven due to monitoring) and can be
numerous bays wide. Drive-in & drive-through racking
can store up to 75% more pallets in the same space than
adjustable racking - depending on the application [3]. The
aim of this paper is to specify the basic on the
requirements, design and use of drive-in and drive-through

racking systems in accordance with current FEM

regulations and EN standards.
DIR ‘
Block Vertical Bracing

e ...

DTR Operating ,
Block Aisle *

_Figure 1: La;;o_ut of a DriVe-In / Drive-Through Raé.k—/Z]-
2. RACK CONFIGURATION

A typical DIR or DTR configuration is shown in
Fig. 2 and Fig. 3. Both systems can be braced or unbraced.
The upright frames (1) and/or mono post (2) connected
with top-tie beams (3) form a basic spatial structure of the
bloc of tunnels, i.e. group of interconnected lanes. The
lane shown in Fig. 1 is the space between adjacent rows of
uprights, perpendicular to the operating aisle shown in Fig.
1 too, allowing the forklift truck to enter the space and to
pick and deposit unit loads (4) in depth and height. Spacer
(5) is structural component joining a mono-post or upright
frames with another upright frame in the down-line
direction. Unit load, i.e. individual loaded pallet lies on the
beam rails (6). Bracket (7) is an element with hooks which
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engage in holes or slots in the upright and supporting the
beam rail and connecting it to the upright. Sometimes the
beam rail may be bolted directly to the upright. Vertical
bracing (8) as bracing structure in the vertical plane
provides the rack stability in cross-line direction. Plane
bracing (9) as top horizontal bracing structure provide
down-line stability. In the down-line direction upright
frame bracing (10) provides stability too. For an unbraced
structure the cross-line stability is provided by the
restraining effect of the top-tie beam to upright connection
and of the upright to floor connection. Ground rails (11)
fixed to the ground or directly to the uprights provides
visual and mechanical guidance to help the operator to
centre the forklift truck at the lane entry. Pallet entry
guides (12) are elements positioned in front of each beam
rail to help the operator to centre the unit load at the lane
entry. Rear pallet stopper (13) mechanically prevents
falling of the unit load at the end of line. Upright protector
(14) is usually integral part of the baseplate on the entry
uprights.

L‘\\

\\‘\:‘

X

Figure 2: Drive-in rack configuration without bracing
tunnel

In some unbraced configuration without vertical
and plan bracing, especially for the DTR structures, extra
stability of the system is provided by the “blind line” (15)
where storage is prevented as shown in Fig. 3. In that case
system must have at least one bracing tunnel [4]. The
minimum width of the bracing tower should be:

I.,=H/10 1)
where is:
Ic — bracing tunnel width, i.e. uprights distance;
H — drive-through height.
The horizontal action T to be considered at the
top to design the bracing is:

T=F,/N @)
F,=N,-N,-N,-P/200 ®)
N=2-Ny-N, )

where is:

Fn — total horizontal action at the top of the drive in;
N — total amount of vertical bracing;

N, — number of levels (brackets) in height;

Ni — number of pallets in depth;

N; — number of tunnels;

P — maximum pallet weight;

Nsp — number of frames in depth;

N¢ — number of bracing tunnels.

Figure 3: Drive-through rack configuration with bracing
tunnel

3. PARAMETERS INFLUENCING THE MINIMUM
REQUIRED CLEARANCES

Clearances are required to ensure safe operation
condition in placing and picking by operators withing the
storage system environment concerned and with the
intended manually operated mechanical equipment [2].
Parameters influencing the minimum required clearances
are as following:

. Floor flatness;

Rack production tolerance;
Rack installation tolerance;
Rack deformation.

Pallet tolerance;

Lift truck properties;

3.1. Floor Flatness

For the system levels up to 6 m the floor flatness is
not a critical parameter in the effective use of DIR or DTR
provided that the floor flatness satisfies at least class FM3
according to EN 15620 [5] or DIN 182020 group 3 as an
alternative. For the storage levels over 6 m the floor
flatness should satisfy at least class FM3 according to EN
15620 or DIN 182020 group 4.

3.2. Rack production and installation tolerances
Rack production and installation tolerances are
given in Table 1 and shown in Fig. 4 [2].
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Table 1: Tolerance limit values for the installed rack /2]

Type of Description Limit
tolerance value
Horizontal tolerances
S8ATop Maximum variation in width of 15
individual lane (at top) (mm) -
SABOTTOM Maximum variation in width of +5.0
individual lane (at bottom) (mm)
SAT (n) Total deviation in rack length £2.0n

cumulative at top or bottom (mm).
n- number of lines

SE Frame alignment in the down-line +3.0
direction (measured separately at top
and bottom) (mm)

C: Maximum out-of-plumb upright in the 1/500
cross-line direction
D Rack depth (mm) +5.0 per
frame
Jx, Jz Maximum bow imperfection of upright | 1/1000
Cx Maximum out-of-plumb upright in the 1/500

down-lane direction

Vertical tolerances

L Maximum deviation of bracket level +H/250
with regard to the top of baseplate level

(mm)

M Maximum deviation of pallet support 6.0
level between both sides of the pallet
(mm)

|
i
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e SRR T e T

Varlation of the clear lane width affects safo pallet bearing width
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Figure 4: Relevant rack production and installation
tolerances /2]

3.3. Rack deformations

The deformation limits and clearances are based
on the operational method for placing pallets in DIR/DTR
given in FEM 10.2.04 [6] and EN 15635 (2008) [7]. When
a pallet is being placed into a drive-in rack, the following
sequential loading activities take place as shown in Fig. 5

[6]:

a) The fork lift truck drives with a pallet to the pallet
storage location, Fig. 5 (a).

b) The driver raises and manoeuvres the pallet into the
racking lane, clear of the rack uprights, with the no
forward tilt on the forks, at the required storage level
and with the pallet load positioned centrally between
the uprights, Fig. 5 (b).

¢) The truck is then driven forward to the set down
position keeping the pallet and truck mast clear of
contact with the beam rails or other parts of the drive—
in rack structure, Fig. 5 (c).

d) The driver lowers the pallet carefully onto the beam
rails, releasing the load from the forks. Once in contact
with the beam rails the pallet must not be slid or
dragged along or across these supporting members.

e) The driver takes the forks out of the pallet, reverses the
truck carefully back out of the lane and then lowers the
forks.

In DIR or DTR racking the sequence of
placement of loads shown in Figure 6 (a) and 6 (b) should
be followed [6-7]. On the input cycle the first pallet is
placed at position 1 and the rack is loaded from the bottom
upwards and from the back outwards. On the output cycle
the procedure is the exact reverse, from the top down
working in towards the back of the drive-in rack. Beam
rails of DIR / DTR racking fitted with integral or non-
integral sloping side guards should be loaded as shown in
the sequence illustrated in Fig. 5.

4,1 £ rJ‘

(a) raise pallal lo corect slorage level al enlry 1o the  (b) cenlralise the pallet between the guardrails at
lane entry to the rack then drive the truck to the set down
position

- 3

{c) at set down pasition, place the pallet centrally

Key

a - positioning clearance of the pallet between guardrails
b - sufficient clearance

e - example of a guard integrated into the beam rail

Figure 5: Correct sequence of loading for types of drive-in
systems with guardrails /6-7/

— Ouytput
3|6 101 7| 41 1 #
25 1|8 || 5] 2
T[4 7 (.'_”p“t 12| 9] 6] 3

(a) (b)

Figure 6: Loading (a) - Unloading (b) sequence for drive
in racking /6-7/

The pallet shall be centralised between the
selected lane uprights by first using the fork side shift, if
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necessary, to centralise the pallet in relation to the truck
mast and then by steering the truck before the pallet enters
the lane. The racking structure is not designed to provide
pallet or truck mast guidance. Therefore minimum safe
bearing of pallet on rails must be foreseen as show in Fig.
7 [6].

; _‘; Beam rail guard
/ Load < -
Pallet g * I|
¥ ! Pallet ¥
| height_|
.. [ I

Mlmmum?ﬂ mm L_| Pallet | ¥
pallet bearing in the worst case _..I_..
on a beam rail with no guard Minimum 20 mm
with the pallet in the extreme allet bearing on
left position eam rail

Figure 7: Minimum safe bearing of a pallet on DIR/DTR
beam rails with the pallet in the extreme left position /67

3.4. Pallet specification for DIR/DTR racking

The specification of pallets used in drive-in
racking shall include for a quality of pallet that when
loaded with the specified goods to be stored shall not
deflect more than the pallet span/100 when supported on
the beam rails with a minimum bearing on one side of 20
mm, see Fig. 7. The pallet span is the nominal clear
dimension between the beam rails. Timber pallet quality is
extremely important for the safe operation of pallet
racking and particularly drive-in racks. Weak pallets or
damaged pallets (e.g., with broken bottom boards) should
not be used neither should incorrect types of pallets.
Advice on suitable pallet types can be obtained from
prospective suppliers.

3.5. Lift truck properties
Lift truck shall be equiped with side-shift for
operation at storage levels above 6 m [2]. This assists to
correctly deposit the pallet on the pair of beam rails and it
is recommended for all applications. Mast stifness shall be
in accordance with EN 15635 clause 8.7 [7]. The
maximum lifting height shall be sufficient to allow driving
down lane without touching the pallet rail. The lane width
and detailing of the baseplate connection shall ensure that
the lift truck can eneter and drive in a lane adequate
clearances. Relevant truck dimensions are given in Fig. 8
as following:
1 - Between the outer tyre edges;
2 - Overall width;
3a - Width of cabin (standard);
3b - Width of cabin (special for DIR / DTR);
4 - Width of lower mast (including and attached
equipment);
5 - Width of middle mast (if any, and including any
attached equipment);
6 - Width of upper mast (including any attached
equipment);
7 - Ground clearance;
8 - Height of overhead guard (cabin);
9 - Height of lower mast;
10 - Height of middle mast;
11 - Lift height.
The speed at which the lift truck is driven in the
rack storage lanes is critical to the safe operation of the

storage system [6]. To prevent the mast from flexing and
swaying excessively on uneven floors and striking the
beam-rails, the truck speed must be regulated by the driver
to suit the floor flatness and the mast flexibility.
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Figure 8: Relevant rtuck dimensions for the cross line
direction /27

4. CLEARANCES

The clearances detailed should be considered in
relation to the overall measurements of the pallet and load
(i.e. including any pallet load overhang) and the type of
beam rail, with or without a pallet guide element [8]. With
regard to the clearance consideration there are five
potential critical positions as shown in Fig. 9 [2]:

o Pallet or truck body with respect to the baseplate,
upright and floor rail (if present) (Item 1;
clearances a7 and ag in Fig. 10),

e  Truck cabin in relation to the beam rail outer side
(Item 2; clearance ag in Fig. 10),

e Truck mast in relation to the beam rail (Item 3;
clearance ajg in Fig. 10)

e Pallet edge with regards to the pallet beam rail
guard, if any (Item 4; clearance % as in Fig. 11)

e Pallet load with regard to the upright (Item 5;

clearance a; in Fig. 11).
T T SPE—| | B

Figure 9: Relevant positions for the specification of
minimum clearances /2]

R. Vujanac, N. Miloradovié, P. Zivkovié, L. Petrovié



Proceedings of X International Conference “Heavy Machinery-HM 2021”, Vinjacka Banja, 23—-25 June 2021 A.61

The spacing between the sides of the pallet
(including the pallet load) and the uprights should at least
be in accordance with the following (see Fig. 11 (a),
dimensions a; and a,) [8]:

e High drive-in racks (top bracket level higher than
about 5 m) and/or relatively high turnover, 100 mm;
e Other cases 75 mm.

The spacing between a pair of beam rails shown
in Fig. 10, a11, in a drive-in rack should be so chosen, that
the bearing width, dimension as (see Fig. 11) of the pallet
bearer on the beam rail is at least 20 mm [8].

Account must be taken of the most unfavourable
placement of the pallet (pallet on one side against an
upright or side guide rail) and the maximum lateral
bowing deflection, Aaji1, of the uprights (see Fig. 11 (a)
and (b) and the width tolerance, W, , of the bay (see Fig.
12).

The spacing between the pallet load and the
upright during placement of the pallet should be at least 45
mm (see Fig. 11, dimension as) when the pallet is
positioned 25 mm above the horizontal support surface of
the beam rail.

The spacing between the side guide rail, when
present, and the uprights should be at least 45 mm at the
point of contact of the pallet and beam rail guide element
when the pallet is positioned 25 mm above the horizontal
support surface of the beam rail in Fig. 11, dimension aa.

The spacing between the wheels of the fork lift
truck and the side of the base plates should be at least 75
mm (see Fig. 10, dimensions a7).

The spacing between the wheels or body of the
fork lift truck and the side of the uprights should be at least
75 mm (see Fig. 10, dimension ag)

The following minimum clearance dimensions
each side must be taken for the spacing between the fork
lift truck and the side of the pallet beam rails.

o At the lowest bracket level, 75mm (see Fig. 10,
dimension ao);

e Other bracket levels, 100 mm (see Fig. 10, dimension
a10).
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Figure 10: Truck aisle clearances and pallet rail spacing

dimensions with respect to fork lift truck /8/

A
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The spacing, as, between the pallet and a side
guide rail should be at least 50 mm when the pallet is
positioned 25 mm above the horizontal support surface of
the beam rail and touching one of the guide rail elements,
see Fig. 11(b).

The spacing, bs1, between the top of the pallet load
and bottom surface of the rack cantilever bracket or beam
rail when the pallet is seated on the horizontal support
surface of the beam rail, should be as for dimension Y3 for
APR Class 400 [8].

The spacing between pallets in determining the
overall rack bay depth should be at least 25 mm [8].

The pallet span a1 is the nominal clear dimension
between the beam rails, see Fig. 10.

ar a1

b1l|

Pallet central
aez | between uprights az

Beams without
guides

Ll [ | L]
| B |

b+

Pallet at extreme left
against a beam rail
as integral pallet guide

" —— ]
1 aG T

b- o

Pallet at extreme left

against the uprights

when no pallet guides
are provided

1 3 | ]

L

Minimum pallet

bearing as

(@) Placement of pallets

- Slope contact point for guidance

a3 Load on pallet

a4 >
= bs

b le—Design pallet clearance
over and under rails

Rack upright \

Load on pallet

Rack upright

44— [

)
an as An

(b) Beam rail guide detailes

Figure 11: Vertical and horizontal clearances for drive in
racking with regard to the unit load /8/
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Design dimension
X

Centres of uprights

+——+
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B X+WT or 'WT
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WT = Erection tolerance
If WT < +5 mm then Ar= 0
If WT> +5 mm then Ar= WT

Figure 12: Truck aisle clearances and pallet rail spacing
dimensions with respect to erection tolerance /8/

For drive-in racks, the maximum lateral bending
of the uprights as a consequence of pallets already in place
should be considered. It is necessary to determine the sum
of the bending deflections Aa of adjacent uprights towards
each other, (dimension Aa according to the FEM
recommendations in preparation for drive-in racks). This
dimension Aai: (see Fig. 13) can assume a value of up to
+30 mm, depending upon the rack upright properties,
overall height, bracket length and pallet load.

The width tolerance Wr between consecutive
uprights together with Aa should also be considered in
assessing the horizontal beam rail pallet support
dimensions as and as.
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Fig 13: Measurement of upright bending deflection /8/

The minimum bearing of the pallet on the right
hand rail with the pallet hard over to the left side is shown
in Fig. 14 as 20 mm.
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Figure 14: Uprights Lateral bending deflection /87
5. CONCLUSIONS

Drive-in and or drive-through racking system is
strongly represented high density storage solution
especially in refrigerated chambers, food warehouses,
water and drink manufacturers and distribution centres.
The palletized load units usually are stored into deep
tunnels accessible by forklift trucks for handling
operations. This allows exploiting as much space as
possible and eliminating the aisles traditionally required
for service purposes in adjustable pallet racking
configurations. The configuration chosen must be right for
the realistic product movement through the warehouse.
Firstly, adequate principle of functioning FIFO or FILO
must be satisfied referring to the stored goods. Then, some
logistic consideration must be taken into account because
if the system is much too deep, or much too high, it will
increase operating costs, because of the time required to
take load from the storage, or to put load in the storage.
This is simply because operation of a forklift truck within
a rack system must be done carefully and relatively slowly
in comparison to the lift trucks normal operating speed.
After the proper configuration is selected, unit load
characteristics determine the required design of the
components used. Most common materials used in the
rack structures are light cold-formed profiles or hot-rolled
steel in standard structural shapes. At the end the
functionality of DIR and/or DTR systems can be
additionally improved with automatization of handling
process where adequate systems can better achieve results
instead of traditional fork lift truck. Introduction of radio
shuttle as standard equipment and its improvement with
shuttle carriage together with vertical reciprocating
conveyors brings to the fully automatization of the system.
Beside of faster handling thsi system allow further
increases in productivity, reduced damages, improved
safety and ergonomics.
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The main directions in this research are focused mainly on the peculiarity and nature of the decision-making process.
The desire is to develop and improve a multi-criteria approach to solve logistics and many real problems. The most common
issues in the standard multi-criteria decision-making (MCDM) technique are obtaining criteria weights, the possibility to
work with a large number of criteria and alternatives, and ranking and selecting the most desirable alternative. Generally,
the produced ranks obtained by different techniques would have different levels of similarities. Kendall's tau-b was selected
to analyse the similarities of the produced ranks by proposed approach in a case with a flat and hierarchy structure of
criteria. The study demonstrates the robustness of the proposed approach by changing a criteria number and highlights the
significance of sensitivity analysis in assessing the reliability of MCDM outcomes.

Keywords: Decision-making, Logistics, Location, Criteria, Kendall's tau-b, Sensitivity analysis

1. INTRODUCTION

The location problems have an interdisciplinary
character and could be solved with the application of
complex procedures in the selection of solutions [1], [2],
[3], [4]. MCDM methods are the most common approach
applied for the evaluation process of location alternatives.
The ranking, sorting, and selecting the most desirable
alternative with the obtaining of criteria weight and the
possibility to work with a large number of criteria [7] and
alternatives are the most common issues in the standard
MCDM techniques.

Generally, solving various tasks [5,6] and multi-criteria
location problems uses the methodology of comparing
alternatives pairwise to discover if they are indifferent or
incomparable [8].

Also, not all MCDM problems present evaluation
criteria simultaneously, so a hierarchical structure of criteria
can exist. For example, at the first level, they intuitively
combine them (e.g., economical alternative characteristic
combines the following features (sub-criteria): costs of
location activation, the average cost of infrastructure
(water/sewerage system), investment in the construction of
access routes, and infrastructure, period of return on funds,
etc.). The consequences of this approach (flat structure of
criteria) may be many criteria, the problems of determining
the relative weight of each criterion, and insufficient
information provided by the dominance relation, which
makes many alternatives incomparable.

This paper used and compared a modified and extended
outranking method with the flat and hierarchical structure
of criteria. The modified algorithm with the development of
an appropriate software tool simplifies the process of
ranking, provides a more objective comparison of various
individual criteria to rank the alternatives, and finally
reduces the influence of experience and subjective
evaluation of the decision-maker (DM) [9].

The developed algorithm, through several stages of
iteration, relatively easy and quick made unique solutions.
The proposed procedure recommends that the number of
criteria at the 1-st level of ranking and sub-criteria on the r-
the level does not exceed 12. The level of significance
criteria or the levels of decomposing should be limited to 3
[10].

The influence of experience and subjective assessment
of the DM s reduced to a minimum by changing the
existing generalized criterion and implementing the new
one, by changing the procedure selecting generalized
criteria and transforming the mean values of the outranking
flow in case of hierarchy structure of criteria.

The statistical significances of the differences between
the obtained ranks in the case with and without a hierarchy
structure are calculated using Kendall's tau-b test. The
robustness of the proposed approach is demonstrated by
changing a criteria number and sensitivity analysis in
assessing the reliability of MCDM outcomes.

This study provides efforts to create an effective
decision-making process and is organized in the following
way: Section 2 gives basic concepts of the proposed approach
with provided a hierarchy structure of criteria; Section 3 is
provided a numerical example of the selection process with
or without hierarchy structure of criteria; Section 4 gives a
statistical comparing of the obtained results and sensitivity
analysis; Section 5 collects conclusions.

2. THE PRINCIPLES OF EVALUATING
ALTERNATIVES BY MODIFIED APPROACH

In operational research, theorists and practitioners
have developed many methods and approaches to multi-
criteria decision-making. The MCDM method is used for
ranking a finite number of alternatives by considering
multiple criteria. By combining methods [11,12] for
determining the relative importance of criteria and classical
methods of ranking alternatives, an optimal decision on a
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specific problem is made, regardless of the nature of the
parameters that describe it. The proposed selection
methodology in domain logistics and transport systems
combines experiences in applying known decision-making
methods and modifications.

2.1. The process of evaluating alternatives with flat
structures of criteria

The outranking methods [13] construct a binary
relation which reads: alternative a is at least as good as
alternative b, which means a outranks b. PROMETHEE
method [14] is well adapted to the decision problems and is
based on pairwise comparisons of alternatives for each
criterion. This study is focused on a modified
PROMETHEE approach based on improving the family of
methods for multi-criteria ranking through a change of the
existing generalized criteria and introducing the new ones
(for a detailed description in case of the flat structure of
criteria see [9]). The proposed approach introduces a
preference function to describe DM preference. The type 1l
of preference function (V-shape criterion) and type V (V-
shape with indifference criterion) are replaced with the
linear criterion whose parameters are calculated through
linear regression. The type V and VI of preference function
are calculated by regression analysis [9].
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Figure 1: The chosen generalized criterion based on the
method of least squares (type VI) /9/

The generalized criterion in which the sum of squares
of deviations of experimental points from the theoretical
curve is the least is chosen based on the method of least
squares by the developed appropriate software tool (Fig.1).

2.2. The process of evaluating alternatives in case of
hierarchy structure of criteria

In the multi-criteria hierarchy process, criteria
decomposition can go to a certain (r-th) level [10]. The
relative weight of criteria or sub-criteria must be determined
at each level. A formal record of such problems is given in
Table 1, where are:

- m - number of alternatives;

- n - number of criteria functions at r-th level;

- s - number of criteria functions at (r-1)-th level,

- | - number of criteria functions at 2-nd level;

- k - number of criteria functions at the 1-st level.

G. Markovi¢, C. Francu, M. Savkovi¢, N.

Table 1: A formal record of the problem of multi-criteria
analysis with hierarchy structure of criteria /10/

Criterion level Alternatives Rel'atlve
weights
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The primary criterion (first level of observation)
could be expressed with criterion function at 1-st level K,
i.e., the sub-criterion function at the 2-nd level could be
expressed with K2, etc. We assume that for each criterion,
DM has determined its importance (weights) an". The sub-
criteria functions of a certain level don't need to have equal
requirements (type min or max).

The algorithm of the procedure proposed for solving
multi-criteria optimization with the hierarchy structure of
criteria is shown in Fig. 2 (for a detailed description of the
hierarchy structure of criteria, see [9]).

The following phases can
implementation procedures:

Phase 1: Definition of the matrix of criterion values
for specific alternatives and standard deviation for each
criterion

Phase 2: Ranking of alternatives based on sub-
criteria functions at a k-level which is carried out in several
steps:

Step 2.1: Selection of the preference function
Step 2.2: Calculation of the preference index for each pair
of alternatives (IT)

For each pair of alternatives (ai, ax), the preference
index is determined by the expression:

Z?zlepi(ai’ak)’ 1)
Z::l(oj

where: wj - the assigned relative weight of criterion.

Step 2.3: Calculation of the values of flows (d)

Following the preference index, the input, output, and
outranking (pure) flows of action are defined for each
alternative. The mean values transformation of the net
outranking flow from a k-th level, which are used to rank
the alternatives at a (k-1)-th level, is performed by the
expression:

describe  the

(a,a,)=

d(a )-mind
o, - 2(3)-mind @
R
where is:
R = max® — min®, 3)

The "range" - R represents the difference between
maximum and minimum values of the net outranking flow.
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Figure 2: The proposed algorithm for solving multi criteria hierarchy process /10/

Therefore, in the first iteration, the multi-criteria
analysis starts from the last r-the level, where the criterion
functions accurate values are used. In the next iteration with
criteria functions at an r-1 level, the transformed values of
the net outranking flow @ obtained in the previous stage are
used. Thus, calculated results represent the new matrix of
alternatives and the criteria by which the criteria are
decomposed down into r-1 levels. Finally, the procedure is
repeated until the 1-st (primary) level.

Phase 3: Generation of the final ranking

The ranking procedure on the 1-st level is performed
by forming the table of partial ranking according to the
PROMETHEE | method, creating the table of complete
ranking according to the PROMETHEE |l method, and
forming the table of interval ranking according to the
PROMETHEE Il method [11].

3. AN ILLUSTRATIVE EXAMPLE

In this section, an illustrative example shows
strategic decision-making by ranking potential alternative
locations of a new logistics warehouse and implementing
the proposed approach in case of a hierarchy structure of
criteria. Let us assume that the DM must analyse potential
locations (zones) A1 to As.

Tables 2 and 3 presents a list of criteria and sub-
criteria for evaluation [10]. Again, the decomposition of
criteria is performed only up to the second level.

3.1. Evaluation model with the flat structure of criteria

At this stage, pre-defined alternatives are evaluated
based on the adopted criteria and their relative weights.

After defining the given criteria for each alternative
and the corresponding transformation of criterion type min
in the type max (Table 4), the standard deviation values for
each criterion are given in Table 5.

The results of the multi-criteria analysis are
displayed in the form of a report presenting a final order of
the alternatives PROMETHEE |, PROMETHEE II, and
PROMETHEE IlI, and a graph of the interval order of
alternatives (Fig.3).

Table 2: Criteria for evaluating the alternatives

Label . Relative
Criteria of Rel_atlve Labe_l Of. weights of
.. | weights |sub-criteria o
criteria| sub-criteria
K11 40%
Technological Ki 20% K12 40%
K13 20%
Social/ Kay 20%
labor Kn 20% K22 35%
Ko 45%
Legal-regulator Ka1 35%
%rame?wk Yl ki | 10% Kaz 35%
Kss 30%
Ka1 40%
Economical Kiv 25% Ka2 40%
Kas 20%
Ksy 20%
Technical Kv 25% Ks2 40%
Kss 40%

Statistical Comparison of the Evaluation Process Results of Location Alternatives in the Case of the Flat and Hierachy Structure of Criteria
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Table 3: Sub-criteria for evaluating the alternatives
Label Sub-criteria — 2nd level
Ku |Road transport system-distance from the highway - (km)
K12 |Effective railway transport system - (points)
Kiz |Airport access-min distance - (km)
K21 |Unemployment rate - (points)
K22 |Alleviate unemployment - (%)
K2z |Availability of specialized technicians - (points)
Ks1 |Availability of land - (points)
Ka Possibility of regulating ownership over land and facility
- (points)
Kssz |Coordination with the spatial and urban plans - (points)
Ka1 |Costs of location activation - (euro/m?)
Kaz Average cost of infrastructure (water/sewerage system) -
(euro/m?)

Generating the final ranking of alternatives based on
the criteria K11, K12 and Kis requires calculating preference
index values by Eq. (1) (Table 9) and flows for each pair of
alternatives. It is automated by the developed software tool.

Table 5: Standard deviation of criteria
S-the sum of squares of the generalized criterion

. function
Criterial o Tvoe | Tyoe Tvoe | Tyoe
Type I [Type II |y|[|) K‘/’ Type V \{’f \)’ﬁ

K: [50.87392.8500 |2.0500(0.06302/0.2500| 0.0568 | 0.0426 |0.0873
Kz [1.019802.5185]0.8518|0.1599|0.5185|0.1482|2.5185|0.1774
Ks [33.39101] 2.8500 |2.0500] 0.0405 |0.3000| 0.0221 [0.01237|0.0133
K, |7.72103 | 2.8500 |1.0500]0.0738 |1.0500/0.05561] 0.0237 |0.4389
Ks |0.07348 | 2.8500|1.0500|0.0738 |1.0500| 0.0556 | 0.0237 |0.4389

Kaz |Period of return on funds - (months)

Ks1 |Geological characteristics of the location - (points)

Kss Technical possibjlities for coqnection_ with the
infrastructure of railway transportation - (points)

Technical possibilities for connection with the

infrastructure of road transportation - (points)

Ks3

3.2 Evaluation model with hierarchy structure of criteria

According to the proposed procedure for pre-defined
criteria, the multi-criteria analysis should be conducted in
two phases:

Phase 1: Multi-criteria analysis of the criteria
functions at a 2-nd level by the PROMETHEE |1l method.
Table 7 shows the input data related to these sub-criteria
functions.

After defining a matrix of criteria values for specific
alternatives and with appropriate transformation so that the
criteria of minimum type are transformed to type max, the
values of standard deviation value for each criterion are
determined. In the next step of this phase, a preference
function P; (ai, ax) should be assigned to each criterion to
compare two alternatives. Based on the preference
functions, the generalized criterion in which the sum of
squares of deviations of experimental points from the
theoretical curve of the generalized criterion is least is
chosen [10].

Table 4: Input data for multi-criteria analysis

Alternatives max/
Criteria AL A As A As ®j | min
K1 26 75 | 164 | 80 24 ] 0.08 | min
Ki Kiz 4 5 2 3 3 0.08 | max
Kis 60 10 109 | 35 70 0.04 | min
K21 23 | 211 | 39 | 16.6 21 0.04 | min
Ki | Kz 0.6 | 0.65| 0.8 | 0.65| 0.6 | 0.07 | max

K23 4 3 2 3 2 0.09 | max
Ks1 4 3 2 2 2 0.035 | max
K| Kaz 3 2 2 3 3 0.035 | max
Kss 4 3 2 3 3 0.03 | max

Ka1 54 60 56 | 55.2 | 40.8 | 0.1 | min
Ks |0.82] 093|064 | 0.36 [1.3017| 0.1 | min
K3 60 84 | 120 | 72 72 0.05 | min
Ks1 3 3 2 3 3 0.05 | max
Kv | Ks 4 4 2 4 4 0.1 | max
Ks3 4 3 2 4 3 0.1 | max

Kiv

Table 8 shows the procedure for selecting
generalized criteria functions for the criteria K11, K1z, and
K13.

Ke [0.74833|2.1875 |1.4375/0.281250.3125|2.1875|2.1875]0.4241
Kz 0.8 |1.8571)|0.7142|0.1428|0.2857|2.8571|4.0000 |0.3091
Kg 10.48989 | 1.5277 |1.5277|2.5277 |1.5277|2.5277|2.5277 |0.9982
Ko [0.63245]1.85711.8571]|0.35710.3571|1.8571|1.6442]0.6306
Kio [6.518895| 2.8500 |1.0500{0.0573|1.0500{ 0.0398 | 0.0164 |0.3360
Ky [0.312303) 2.8500 |2.0500{ 0.0364 |0.4500/ 0.0127 | 0.0059 |0.0114
Ky, [20.64558) 2.5185 |1.1851|0.0755|0.4629|0.0724|0.0691 |0.1651
Kis 0.4 |0.87500]0.8750(1.8750(0.8750| 1.87501.8750 |0.7509
Kis 0.8 |0.87500]0.8750(1.8750|0.8750| 1.87501.8750 |0.7509
Kis |0.748331) 2.1875 |1.4375(0.2812|0.3125|2.1875| 2.1875 |0.4240

Table 6: The values of the index of preference
The values of the index of preferences P(a,b)
relative to alternatives

Output
flow

0.26800|0.68360|0.17998 | 0.28394 | 1.4155
0.50329|0.09722|0.21666| 0.9021
0.04813]0.15620| 0.4180
0.23973|1.1684
0.9116

AL A2 Az A4 As

AL 0
Az |0.08487 O
0.08504(0.12859 0
A4 |0.11841]0.23604 | 0.57424 0
As [0.09959(0.1824410.51090|0.11864 0

Examined
s

0.38791|0.81507|2.27205|0.44397 | 0.89654

0.300

0.250 ar

= A1
* A1

0,200

0.150

0.100 A2

0.050 Moo pg

&2

0.000 AE G AT A A ————————

0050

0100

0150

-0.200

0250

-0.300

-0.350

0450

0500

Figure 3: The final order of alternatives for flat structure
of criteria

G. Markovi¢, C. Francu, M. Savkovi¢, N. B. Zdravkovi¢, R. Doki¢, M. Popovi¢



Proceedings of X International Conference “Heavy Machinery-HM 2021”, Vinjacka Banja, 23—-25 June 2021 A.69

Table 7: Input data for ranking the alternatives based on
sub-criteria functions K1, Kiz, and Kis

Criteria Alternatives o

Al | A2 | As | Ada | As !

Ki | 26 | 75 | 164 | 80 | 24 | 04 min

max/min

Table 11: Input data and transformed values of the net

outranking flows of criteria Ky, Kii, Kivand Ky obtained in

Phase 1

N Alternatives max/min
Criteria j

A1 | A2 | A3 | As | As

Ki | K2 4 5 2 3 3 0.4 max
Kiz | 60 | 10 | 109 | 35 | 70 | 0.2 min

Table 8: Standard deviation and the chosen generalized

Kai |23 | 21139 |16.6 | 21 | 0.20 min
Kin| K2 | 06]065)|08]065]|06]0.35 max
Kas | 4 3 2 3 2 0.45 max

Table 9: Preference index values with input and output
flows
Preference index values P(a,b)
Compared to alternative

A A | A | A | A |
glAl 0 ]0.16656 | 0.81871 [0.31803] 0.15015 |1.45345
Z|AJ0.26212| 0  [0.90982 [0.42359] 0.46777 |2.06329
Al 0 0 0 0 0 [0.00000
2|A{005377| 0 |0.61532| 0 [0.08323[0.75232
<|Ad 0.05686 | 0.17375 | 0.60825 [0.19208] 0 |1.03094

0.37275 | 0.34030 | 2.95210 |0.93370| 0.70114

The order of alternatives is obtained based on
interval order using the PROMETHEE Il method. The
transformed values of net outranking flow for the K
criterion are obtained using Eq. (2) and (3) and given in
Table 10. In the same way, the values of net outranking flow
are obtained for the remaining criteria functions at the 1-st
level of Ky, Ky, Kiv, and Ky. The values are shown in
Tables 11, 12, and 13.

Table 10: Transformed values of the net outranking flows
of criteria K, obtained in Phase 1

Ai Cij

A1 0.86262
Az 1.00000
As 0.00000
A 0.59266
As 0.70200

Phase 2: Multi-criteria analysis of the criteria
functions at the 1-th level, where the input data are
transformed values of the net outranking flows obtained in
the previous stage (Table 14).

The determined values of standard deviation value
for each criterion (K, Ky, K, Kiv, and Ky) and chosen
generalized criterion functions are shown in Table 15.
Generating the final ranking of alternatives based on the
criteria K, Ky, K, Ky, and Ky is done with the family of
methods PROMETHEE I, II, and 11 (Ar> As> Ax> As> As).

Based on the comparative analysis of the ranking of
a potential location of the logistics warehouse, by the
proposed procedures, the DM makes the final decision - a
conceptual solution (alternative 1-A;) exceeds all present
constraints and represents the best solution.

criterion for criteria K_n,' Ki2 and K13_ — Alternatives max/min
S - the sum of squared deviations for generalized | Chosen Criteria j
L Al | A2 | As | A | As
Sub — criterion gen.
criterig  © e || TYPE | Type | Type | Type | Type [ Type [criterion Ka | 4 3 2 2 2 1035 max
yeel m vl v vl vl Kin | Ks2 3 2 2 3 3 1035 max
K [50.874]2.850|2.050|0.06302] 0.250 [0.0568/0.0426/0.0874| Type VI Kss 4 3 2 3 3 0.30 max
Ki2 [1.01982.51850.8519 0.1599 |0.51850.14822.51850.1774 Type V
Kiz [33.391]2.850|2.050 | 0.0405 | 0.3000.02200.0123/0.0133 Type VI Alternatives max/min

Criteria A1 | A2 | As | A4 As i

Ksi| 54 | 60 | 56 |55.2| 408 |04 min
Kiv | Ks2 [ 0.82]0.93|0.640.36 | 1.3017 |0.4 min
Ka3| 60 | 84 | 120 | 72 72 0.2 min

o Alternatives max/min
Criteria j

Al | A2 | As | As | As

Ks1 3 3 2 3 3 |02 max
Kv | Ks2 4 4 2 4 4 |04 max
Ks3 4 3 2 4 3 |04 max

Table 12: Preference index values with input and output
flows

Preference index values P(a,b)

Compared to alternative
Output
AL Az As Ay As flow

A 0 0.19688 | 0.57613 |0.19687|0.42187|1.39176
A2 0.16224 0 0.35988 0 0.3062 |0.82837
0.32813 | 0.24063 0 0.24062/0.328121.13750
A4 0.22085 | 0.09193 | 0.39687 0 ]0.39696|1.10662
As| 0.05467 | 0.01553 |0.163560| O 0 0.23377

Alternatives
>

0.76589 | 0.54497 |1.496450| 0.4375 |1.45321

Table 13: Input data for multi-criteria optimization in

Phase 2
. Alternatives max
Criteria ®j |,

A1 Az As Ag As min
Ki 10.86262| 1 0 ]0.59266| 0.702 |0.20|max
Ku | 0.9771 |0.79576|0.45563| 1 0 |0.20{max
Kin 1 (031793 0 |0.50916|0.50916|0.10 max
K [0.74526f 0 |0.33817| 1 |0.66863|0.25/max
Kv 1 (080823 O 1 {0.80823|0.25|max

Table 14: Transformed values of the net outranking flows
obtained in the previous stage — Phase 1

Transformed values of the net outranking flows

A1 A2 As Ay As

K {0.862615 | 1.000000 | 0.000000 | 0.592656 | 0.701998
Ki110.928637 | 0.853619 | 0.000000 | 1.000000 | 0.430345
Kin| 1.000000 | 0.450924 | 0.000000 | 0.613741|0.613741
Kiv| 1.000000 [ 0.000000 | 0.04743410.933870 | 0.958466
Kv|0.870650|0.960054 | 0.000000 | 1.000000 | 0.845921
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Table 15: Standard deviation and chosen generalized 00
criterion for K, Ky;, Kii, Ky, and Ky.
S - the sum of squared deviations for generalized |Chosen 0300 Py
Sub - criterion gen. oo | W Al
Criterig © Tvoe | Type | Type | Type | Type | Type | Type [criterion * A
YU W L Jav [ v | v | v 0200
Ki [0.3448]2.8500[1.4500/0.0405/0.6500[0.01760.0072[0.1343[Type VI -
Ku_[0.3771]2.8500[1.4500/0.0242{0.25000.01700.0161]0.6593[Type VI ’
Kii_[0.3249[2.5185[1.7407]0.0865/0.2963)0.0651(0.0553]0.0865[Type VI 0.100 —
Kiv _[0.3470[2.8500[1.4500/0.0582{0.4000]0.0516]0.0485[0.0589[Type VI oo b Aty e
Kv 0.3717]2.1880.6875/0.1066/0.6875/0.0938[2.1875|0.3329[Type V Ay ns
0,000 ARG AT AR AGT AL
0400 A2
0350 A <0.050 = :
0.300 :::. :: 0100
0250
4 Al 0150
0150 0200
o100 0250
0.050
0300 AT
0.000 P AT AR AR A A3
0050 aa A5 0.350 yang
0100 "2: :: 0.400
0450
0200 Figure 5: The final order of alternatives — decision matrix
0250 5A'1OC
=0.300
-0.350 0.350
0.400 0300
0450 o) - B 1
0500 g 3 e "ML
0.200 * AL
0550
0150
Figure 4: The final order of alternatives with hierarchy 0100
structure of criteria 0050
3.3 Comparative results 0000 Bt Ratad Nadinar pveion
By ranking the alternatives with different criteria 0050 t R, s
numbers (Tables 16 - 20), it is possible to notice a 0100
significant correlation and the stability of the final rank of 0150
five alternatives by proposed procedure with hierarchy 0200
structure of criteria for 10, 12, and 15 criteria (5A-10C, 5A- o0
12C and 5A-15C).
-0.300
Table 17: Input data for multi-criteria optimization in 0350
Phase 2 — decision matrix 5A-10C it A
Alternatives b A3
Criteria o Tnai)r(1/ 0450
Az A, Az Ay As 0500
K, (0981681 1 0 |0.536289(0.803354| 0.20 |max
Ko | O |0583250/0605362) 1 02245253 020 max PROMETHEE | | PROMETHEE Il | PROMETHEE Il
K 1 0226350 0 |0.513765/0.5137654 0.10 |max Rang Rang Rang
Ky |0.606200 0 |0.632908) 1  [0.632960| 0.25 |max 3 A 2 ™ 3 A
Kv 1 1 0 1 1 0.25 |max
3 A 3 A1 3 As
Table 19: Input data for_ multl-crlt_erla optimization in 1 A 2 A 1 A
Phase 2 — decision matrix 5A-12C
Criter Alternatives max ! As ! As ! As
riteria j .
A1 A2 A3 A4 As * | min 0 As 0 As 0 As
Ki l0.862615] 1 0 10.592656/0.701997/0.20|max Figure 6: The final order of alternatives — decision matrix
Ki 10.977096/0.7957600.455633 1 0 0.20|max SA-12C
Km | 1 [0.226350 0 [0.5137650.513765/0.10|max 4. STATISTICAL COMPARISON OF RESULTS
Kiv 0.6062000 0 [0.632908] 1 |0.63296|0.25/max Kendall's tau-b test was selected to analyse the
Ky 1 1 0 1 1 10.25/max produced ranks by the proposed approach through different

criteria numbers in terms of their pairwise correlations.
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These non-parametric tests are used to test for associations
in hypothesis testing. The null hypothesis (Ho) is that there
is no association between the variables under study or no
correlation.

4.1. Kendall's tau-b test

The main advantages of using Kendall's tau-b test
are as follows: the better statistical properties and the
interpretation of Kendall's tau-b in terms of the probabilities
of observing the agreeable (concordant) and non-agreeable
(discordant) pairs is straightforward.

Kendall's tau-b coefficient is calculated using Eq. (4)
as follows [16]:

fe o @

B \/(no —n)(ng —ny)

7B

where are:

and nc is the number of concordant pairs; np is the number
of discordant pairs; t; is the number of tied values in the i-th
group of ties for the first quantity, and u; is the number of
tied values in the j-th group of relations for the second
quantity. This formulation yields zg between —1 and + 1.
The value of —1 stands for 100% negative association, and
the value of + 1 stands for 100% positive associations. The
value of zero stands for the absence of any association.

4.2. Statistical comparison of results

The final, sorted ranks obtained by modified
approach with hierarchy structure of criteria were
statistically analysed by Kendall's tau-b test using a specific
macro written in Excel. Table 20 gives a statistical result of
Kendall's tau-b test for decision matrix with five
alternatives and 10, 12, 15, and 20 criteria [analysed in 10].
The results obtained for a-level = 0.05 shows the similarity
of performances between two statistical tests for criteria
number larger than ten. Cases B, C, and D provide the exact
ranking. The rank difference increased when the criteria
number is decreased (case A).

The problem is also analysed using standard
methods for multi-criteria analysis. The obtained results are
the same: Ai> As> Ax> As> As. In all cases, the most
optimal variant remains unchanged, which indicates the
robustness of the proposed approach in resolving these
types of multi-criteria tasks. The detailed comparison of the
proposed method using the third level of criteria
decomposition on a better way should be giving information
about applicability and robustness.

4.3 Sensitivity analysis

It is often difficult to get a robust result due to the
relative importance of a given criterion [17]. Therefore, an
interactive tool called walking weights is used to check the
sensitivity of the results. In our case, the four criteria, Kio,
ki1, kis, and kis, have the most impact on the alternatives

(Fig. 7).

Table 20: Analysis of differences using rank correlation

test
Set of ranks obtained with specific criteria|
Alternatives number
A (C10) | B(C12) | C(C15) | D(C20)
As 4 1 1 1
Az 1 4 4
As 5 2 2 2
As 2 5 5 5
As 3 3 3 3
Compared
groups of A-D B-D C-D
ranks
P-value 0.058592 | 0.004511 | 0.004511
Statistical
significance | -1.566698 | 2.611164 | 2.611164
value Z-score
Kendall's tau-
b test 06 ! !

The criteria weights were changed in increments: -
50%, -25%, -10%, +10%, +25%, +50%, while the values of
other criteria are customized so that the total of their
weights is always 1 (Fig.7). Thus, it can be seen that the
weight changes of observed criteria for the different values
do not lead to changes in the final rank of alternatives.

In all cases, the most optimal variant remains
unchanged, which indicates the robustness of the proposed
approach in resolving these types of multi-criteria tasks.

action2 [ action3
a

1]
actions

actionl action4

crite aite crite crite crite oite oite oite oite ot oite oite aite dite orite

action2 action3

action1 action4 action5

50%

2% 2% 4% 5%

ite crite aite oite oite oite oite oite aite ot gite gite aite oite oite

Figure 7: Sensitivity analysis
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5. CONCLUSION

An MCDM problem with a hierarchy structure of
criteria could be solved by conventional multi-criteria
optimization methods by the developed algorithm. Through
several stages of iteration, it is relatively easy and quick to
make unique solutions. The proposed procedure is based on
the transformation of mean values of the pure flow sub-
criteria functions obtained by PROMETHEE Il by
introducing new types of generalized criteria for expressing
decision-makers criteria selection. The power of the
algorithm lies in the simplification of ranking while
respecting all the characteristics and parameters of an
alternative, more objective comparison of the impact of
various individual criteria for ranking alternatives, and
reducing them to a common goal function.

The study demonstrates the robustness of the
proposed approach by changing criteria numbers and
highlights the significance of sensitivity analysis in
assessing the reliability of MCDM outcomes. The MCDM
outcomes depend on the distribution of the weighting
amongst criteria. The detailed comparison of the proposed
approach with more decomposition level or with the Robust
Ordinal Regression approach [8] and detailed sensitive
analysis (e.g., identifying tolerable change) are directions
for future research. The desire is to develop and improve a
multi-criteria approach to solve logistics and many real
problems and allow the DM to obtain comprehensive
preference relation concerning all criteria and sub-criteria at
different times levels of hierarchy.
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Basic Parameters of a Tensile Testing Device for Conveyor Belts

Nikola Ilankovi¢!, Dragan Zivani¢™, Atila Zeli¢!, Mirko Katona!
Faculty of Technical Sciences/Department of Mechanization and Design Engineering, University of Novi Sad, Novi Sad
(R. Serbia)

The most important element of belt conveyors is the belt, both in terms of construction and economic reasons,
because it has the largest share in the investment cost. As it is both a load-bearing and a pulling element, it is very
important to choose and maintain the belt correctly in order to maximize its service life. Belt manufacturers specify in the
specification the tensile strength of the belt, which is the basic size used when calculating the belt conveyor and selecting
the belt. However, there is not much research regarding the behaviour of the belt during exploitation, i.e., whether and to
what extent it loses tensile strength over time. In this paper, the design of a device for testing conveyor belts is presented.
At the beginning, an overview of existing research in the area is given and the types of axial belt tests performed according
to the standards are listed. Then, the construction of the device for testing conveyor belts is shown, an overview of the
measuring equipment that will be used is given, and their connection scheme is shown. Finally, the need for a detailed
study of the fatigue of the carcass of the belt was emphasized in order to obtain a clearer picture of the behaviour of the
belt during operation.

Keywords: Belt conveyors, Belt carcass, Axial test device
1. INTRODUCTION

Material handling plays a major role in the
industry. Mass production mainly depends on transport
systems and it can be said that conveyors are a component
without which modern products could not be found in
stores in appropriate quantities. The most important [ ror
conveyor is the belt conveyor, which consists of a large ]
number of elements. However, no element is economically
more important than a conveyor belt. The belt has a large
share in the initial investment and therefore its
construction must be chosen with great care. It consists of
three basic parts - the upper and lower protective rubber
layer and the middle load bearing layer. Protective layers
have the role of protecting the load bearing layer from the
material being transported. The role of the load bearing
layer is to accept the tensile force required to move the
belt with the material and to absorb the impact energy that
is released as the material is loaded on the belt. It consists

2.1. Belt sampling and required environmental conditions
Sampling is performed on the basis of a precisely

determined sampling technique defined in [1]. The

sampling scheme is shown in figure 1.

of one or more layers of fabric that can be made of natural Figure 1: Sampling scheme on the conveyor belt

or artificial materials. The strength of the belt depends on The number of samples to be taken depends on the
the type of material and the number of load bearing layers length of the belt and is determined in [2]. Table 1 shows
of the belt, i.e., depends on the tensile strength of the belt the required number of samples in relation to the total
[N/mm]. According to [1], manufacturers are obliged to length of the belt.

clearly mark on each belt information about who the

manufacturer is, what material the bearing layers are made Table 1. Number of samples depending on the total length

of and how many there are, the tensile strength of bearing of the belt
layers, whether the belt has special properties and to Total length of the Number of
indicate on each belt the serial number. In order for conveyor belt [m] samples
manufacturers to be able to guarantee the characteristics of L <500 1
the belt, it is necessary to test the belt samples through 500 <L <1000 2
several experiments, the largest and most significant of 1000 < L <2000 3
which are performed by axial testing of the samples. 2000 < L <3500 4
3500 <L <5000 5
2. OVERVIEW OF STANDARDS APPLICABLE IN 5000 < L < 7000 6
THE FIELD OF TESTING OF CONVEYOR BELTS 7000 < L < 10 000 7
As stated in the introduction, conveyor belts are the Note: It is necessary to take one
most important component of belt conveyors and therefore additional sample for each 5000 m if
there are a number of standards governing this area. the length of the belt is over 10 000 m.
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In order for the testing of belt samples to be
adequate, it is necessary to comply with the defined
weather conditions in [3], as well as a certain time interval
that should pass between sampling and the testing itself.
There are 5 combinations of weather conditions during
which testing is possible and they are shown in table 2.

Table 2. Required atmospheric conditions

Temperature Rela_tl\_/e
[°C] humidity
[%]
Atmospheric
1 conditions A 20£2 65+5
o | Atmospheric | 5, 505
conditions B
Atmospheric
3| conditions C 27 %2 65+5
(tropical)
Atmospheric
4 conditions D 23+2o0r20 /
(only temp. 2
control)
Atmospheric
conditions E
5 (only temp. 27+2 /
control,
tropical)

2.2. The testing device

The device for axial testing of samples of conveyor
belts should work on the principle of CRE - constant speed
of elongation of the sample, or on the principle of CRT -
constant speed of movement of the jaws. The device must
be capable of stretching the belt sample at a speed of 100 +
10 mm / min. It needs to be designed according to [4].

Jaws of the device should be designed to prevent
movement of the belt sample during the test and therefore
it is necessary to use jaws with a serrated surface shown in
figure 2.

30°

=50

Figure 2: Recommended design of serrated jaws

Before using the device, it is necessary to calibrate
the force and displacement measuring system for each
force and displacement range which will be used. The
calibration of the force and displacement measuring
system is performed using instruments to confirm the
specified values. Calibration of the displacement
measuring system is performed using the etalon, while
calibration of the force measuring system is performed
according to [5]. It is possible to use weights of known
masses or instruments to exercise known forces. The class
of the instrument for realizing the known force must be of
a better accuracy class than the device being calibrated.

An example of a device for testing samples of
conveyor belts is given in figure 3, where 1 indicates the
measuring force transmitter, 2 is the upper jaw, while 3
indicates the belt sample.

Figure 3: INSTRON 5960 series device

2.3. Types of axial tests of conveyor belt samples
There are 4 types of axial tests of conveyor belts
samples:
e determination of tensile strength and elongation
of the belt sample;

e determination of elastic and permanent
deformation of the belt sample and modulus
of elasticity;

e determining the resistance to separation of
the belt sample layers;

e determining the maximum force that can be
withstood by the connection of the ends of
the belt sample.

The tensile strength and elongation of the belt
sample are determined according to [6]. This test is used to
determine the tensile strength of the belt sample in the
longitudinal and transverse direction of the sample and
elongation of the sample under the action of the reference
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force - one tenth of the nominal tensile strength of the belt
multiplied by the width of the belt sample in the narrowest
part expressed in millimeters. The tensile strength of the
belt [N / mm] is a quantity that shows how much force the
belt can withstand before it breaks. It is calculated by
dividing the maximum force [N] recorded during the test
by the width [mm] of the test sample in the narrowest part.
The test is performed by placing the belt sample in jaws of
the testing device and stretching it to the desired limits
depending on the type of test. An example of a belt sample
elongation test at the breaking point is shown in figure 4.

Figure 4: Belt sample test procedure

There are four types of samples that depend on the
tensile strength of the belt, i.e., of the nominal tensile
strength of the sample. Samples A, B and C are used
arbitrarily when the tensile strength of the belt is less than
2000 N/mm, while sample D is used when the tensile
strength of the belt is greater than 2000 N/mm.

Testing of elastic and permanent deformation of the
belt sample and modulus of elasticity is performed
according to [7]. As for light conveyor belts, they are
tested according to [8]. The test is performed by stretching
the belt sample. The force with which the sample is
stretched depends on the tensile strength of belt sample
plies. The elastic deformation test of a belt sample is
shown in figure 5.

Figure 5: Elastic deformation test of a belt sample

Determination of the resistance of the belt sample
to separation of belt layers is performed according to [9].
It is not possible to use this test on light conveyor belts as
described in [10]. There are two ways in which this test
can be performed - methods A and B. According to
method A, it is necessary to separate the upper protective
rubber layer from the rest of the sample at one end of the
sample so that the jaw can accept the sample, Figure 10. It
is necessary for one jaw to grab the rubber layer and the
other jaw to grab the rest of the sample. The sample is then
stretched and the force required to separate the layers by
an additional 100 mm is recorded. It is then necessary to
repeat the procedure for each subsequent ply until the
middle of the sample is reached. Next, it is necessary to
put another sample in the jaw and start from the lower

protective rubber layer and repeat the procedure until the
middle of the sample is reached. Separation of the layers
should occur between them, if it happens that during the
separation a layer begins to split inwards, such a
phenomenon should be noted because it is an indicator of
the inadequate connection between the layers. According
to method B, the same steps are performed at the
beginning as with method A. The difference is that the
individual plies are not separated, but 2 by 2 plies are
separated. In both methods, it is necessary to find the mean
value of the force at which layers separate. Also, it is
necessary to note the minimum value of the force at which
the separation occurs. Obtained results are evaluated
according to [11]. The mean adhesion [N/mm] is obtained
as the quotient of the mean force [N] recorded and the
sample width [mm]. The minimum adhesion is obtained as
the quotient of the minimum value of the force [N] that
was recorded and the width of the sample [mm].

According to [1], the value of adhesion (resistance
to separation) should be close to the values shown in table
3:

Table 3. Adhesion values
Adhesion [N/mm]

Between plies and rubber covers
Between -
lies Cover thickness [mm]
P 08-15 above 1,5
5 3,5 4,5

The testing procedure of the belt sample to
separation of belt layers is shown in figure 6:

Figure 6: Test of resistance to layer separation of a belt
sample

Concerning the determination of the maximum
force that can be withstood by the connection of ends of
the belt sample, there are three ways to connect ends of the
belt:

o vulcanization (hot joining) - used for belts
with textile or synthetic plies, with one, two
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or more plies, as well as for belts where steel
ropes are used as plies;

e adhesive (cold bonding) - used for belts with
textile or synthetic plies, with two or more
plies;

e mechanical — it is considered as a temporary
connection.

First two ways of connecting belt ends are tested
according to [12], while the third way of connecting belt
ends is tested according to [13]. When testing connections
formed by vulcanization and adhesion, the tensile strength
of the joint, the delamination strength of an adhesive joint
and the shear strength of an adhesive joint are examined.
The belt sample is placed in jaws of the test device and the
sample is stretched until the joint breaks. Then the tensile
strength of the joint is calculated as the quotient of the
measured force [N] and the width of the sample [mm]. It is
not necessary to prepare a sample for this test, i.e., it is
possible to test rectangular samples with a minimum width
of 100 mm. According to [1], the percentage of loss of
tensile strength of joints in relation to the tensile strength
of the belt is shown in table 4.

Table 4. Percentage of loss of tensile strength of joints in
relation to the tensile strength of the belt
The loss of tensile
strength at joints of belt
ends [%]
0,2
0,2Y) 0,59
0,33
0,25
5 0,2
1) combination with reinforcement interlayer
and 2-step joint
2) without reinforcement interlayer
Testing of the vulcanized joint of the belt sample is
shown in figure 7.

Number of plies

AWIN|F

Figure 7: Vulcanized belt joint test

3. PREVIOUS RESEARCH IN THE FIELD OF
TESTING OF SAMPLES OF CONVEYOR BELTS

In [14], a device of small dimensions for axial
testing of conveyor belt samples is presented. Its structure
is presented and the construction of a system for
measuring forces in a belt sample is described - 3 sensors
consisting of a full bridge of strain gauges. The sensors are

placed in a plane with an angle between them of 120 °,
which achieves better linearity and repeatability of
measurements. The device scheme is shown in figure 8.

Tension screw
Force Tightening nut

Transducer

Amplifier,
AD
converter

R5232/USB
[ s |

Aluminium
tube

Frame

Figure 8: The scheme of the testing device [14]

Furthermore, [15] shows how the belt sample
behaves during axial testing. Two tests were performed -
continuous loading of the belt sample to the breaking point
and step loading of the belt sample with periods of
relaxation. During the experiment, a belt sample was
monitored in metro-tomography to determine the behavior
of the load bearing layer, which is a novelty in this field.

Fatigue testing of a polymer composite material
sample is presented in [16]. The sample was tested with a
ratio of minimum and maximum voltage, R, defined to be
0.1. The test frequency was 4 Hz. It has been shown that
the damage that occurs during the fatigue test manifests
initially as cracks in the sample which then spread
transversely and lead to layer delamination.

In [17], the examination of the connection of two
ends of the belt is presented. It was determined that there
is a decrease in the tensile strength of the belt at the joint.
The belt sample was statically tested, but was also tested
for fatigue. It is shown that the tensile strength of the
sample, the modulus of the belt elasticity, the modulus of
the rubber cover have an influence on the bond strength
and the correlation between the stated parameters and the
maximum tensile strength of the joint is given. In fatigue
testing, a correlation was given between the number of
fatigue cycles after which the splice was delaminated and
the tensile belt strength, the elasticity modulus of the belt
and the adhesive strength of the joint.

4. DESIGN OF THE DEVICE FOR AXIAL TESTING
OF SAMPLES OF CONVEYOR BELTS
Input data for device design:
e maximum tension force: 50.000 N;
e stroke of the jaw: min. 127,5 mm;
e sample tensioning speed: 100 mm/min + 10
mm/min;
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e constant tensioning speed,;
e possibility of achieving a longer sample
loading period.

The scheme of the device is shown in figure 9. It is
consisted of the worm gear screw jack (1), connecting
shaft (2), helical geared motor (3), supporting construction
(4), upper jaw (5), belt sample (6), lower jaw (7), tension
load cell (8) and potentiometric displacement sensor (9).

1 2 3

Lo

|

YAV

Figure 9: The scheme of the testing device

The worm gear screw jack, connecting shaft and
helical geared motor are chosen from the catalogue [18].
The worm gear screw jack has an anti-rotation guide,
figure 10. The thread size of the spindle is 40x7 and the
material is C45. Stroke pro full rotation of the input shaft
is1 mm.

Figure 10: Worm gear screw jack [18]

In order to achieve the desired tensile force of
50.000 N with the screw jack, the required torque is 34
Nm [18]. Because of that, the chosen helical geared motor
has the rated torque of 47 Nm, rated power of 0,55 kW and
rated output rpm of 107 min, figure 11.

Figure 11: Helical geared motor [18]

The connecting shaft was chosen for drive transfer
from the motor to the screw jack. It can transfer 78 Nm
and can compensate large shaft misalignments — axial,
radial and angular. The shaft is shown in figure 12.

Figure 12: Connecting shaft [18]

The tension load cell was chosen from the
catalogue [19] and it is shown in figure 13. It has the
capacity of 7.500 kg which is exactly 73.575 N — it
provides enough reserve for testing. The load cell is
equipped with ball-and-socket joints that provide only
force transmission to the load cell.

Figure 13: Tension load cell [19]

The potentiometric displacement sensor was chosen
from the catalogue [20]. The measuring range of the
sensor is 0 + 500 mm with the measuring resolution of
0,01 mm. The measuring range overpasses the required
range for testing of belt samples and the reason for that is
to provide a possibility for different usage of the sensor in
the future. It is shown in figure 14.
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Figure 14: Potentiometric displacement sensor [20]

In order to automate the device, electrical
components are needed to control the electric motor. Also,
in order to get results from the load cell and displacement
sensor, an acquisition device that reads signals from
sensors is needed, and a computer is needed to display
these results. Figure 15 shows control components
required to operate the testing device and shows their
connection.

L)1 Screwjack Helical geared motor

} Frequency inverter
requency inverter
Position
sensor PLC
= Modules for PLC
Belt P
sample
,/ p.

e

Load cell

Figure 15: Device control components and the connection
diagram

PLC model FBs - 32MA, figure 16, is selected
from the catalog [21] with following characteristics:

e 20 connectors for digital input lines 24 V DC (2
high speed lines 100 kHz, 6 medium speed lines
20 kHz, 8 medium speed lines total 5 kHz);

e 12 lines of relay or transistor output (2 lines of
high speed 100 kHz, 6 lines of medium speed 20
kHz;

e 1 RS232 or USB port.

Figure 16: Programmable logic controller FBs - 32MA
[21]

The electric motor is a very complex control object
and the PLC is not designed to control it directly [22].
Therefore, when controlling an electric motor with a PLC,
a frequency inverter is also required. The three-phase
model NES1 - 007 HBE, figure 17, from the catalog [23],
with a nominal power of 0.75 kW, was selected.

Figure 17: Frequency inverter NES1 - 007 HBE [23]

The supporting structure of the testing device was
calculated according to [24]. The chosen profile is U200,
material Steel S355.

The final appearance of the testing device is shown
in figure 18.

=

Figure 18: CAD model of the testing device
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5. SAFETY PRECAUTIONS AT WORK WITH THE
DEVICE FOR TESTING SAMPLES OF CONVEYOR
BELTS

On both sides of the device, doors are planned for
protection from parts of the belt sample that can break out
and injure the operator of the device as well as the
personnel who are nearby when the sample is torn. When
working with the device, it is recommended that the device
be used by one operator who will set up the belt sample
and manage the test. In the case where the device would be
used by two operators, it could happen that one operator
sets the belt sample and the other accidentally starts the
belt sample test. Although safety doors are planned, the
operator and staff (students observing the test) who are
near the device are required to wear goggles and safety
shoes, figure 19. The device operator is required to wear
protective gloves while placing the sample in the jaw
device.

Figure 19: Device operator with protective equipment

Before starting the test, the operator needs to
perform a visual inspection of the device, as well as the
environment of the device to determine whether the device
is in good condition and safe to use. In case he notices
some machine elements in the vicinity of the device, it is
necessary to determine whether those elements belong to
the device or not. If the elements belong to the device, the
test is postponed until the fault of the device is rectified.

In case the operator notices some dirt such as oil
around the device or on the device itself, it is necessary to
determine the cause of the dirt. When the cause of the dirt
is a malfunction of the device, the test is postponed until
the fault is rectified. Before starting the test, it is necessary
to check whether the belt sample is properly clamped
between the clamping surfaces of the jaws. When the
sample is properly clamped, it is necessary to close the
protective door and after that it is possible to start the test
safely. After the test, the movable jaw must be returned to
its initial position and then the device must be turned off.
When the jaw is in the initial position and the power
supply to the device is stopped, the operator can open the
protective door and remove the tested belt sample.

After the test, it is necessary to clean the device for
testing conveyor belts, and dispose of the tested belt
sample in a safe place.

6. CARCASS FATIGUE

Cycling loading and offloading generally leads to
fatigue failures. However, the cyclic action is not limited
to tensile or compressive modes where lateral tension or
compression eventually leads to failure. Repetitive
bending (flexural) and twisting (torsional) are other means
by which fatigue failures occur [25].

Figure 20. shows the principal differences between
straight tensile failures and that of a tensile fatigue failure.

a)
Not fatigue

b)
Not fatigue

Siress

Time

Figure 20: The principal differences between straight
tensile failures and tensile fatigue failure

When a single fibre is stressed at a relatively fast
speed, tensile failure eventually occurs as shown by curve
a). When stress is aplied at relatively slow speed, the fibre
undergoes gradual extension or creep and reaches the
breaking point at lower stress level over a longer period,
curve b). When cyclic loading in form of reduction and
increase in the applied load is experienced, as shown by
the sinusoidal profile, curve c), failure never occurs.
Fatigue-resistant  structures, i.e., suspension bridges
specialised conveyor belts and so forth, are designed and
erected based on this principle. However, when cyclic
loading and off loading is applied, failure occurs rather
quickly. This is indeed what is commonly referred to as
fatigue failure.

Fibre fatigue is relatively new concept compared to
metal fatigue where unforeseen disastrous accidents in the
early days of engineering led to serious consideration of
metal fatigue. Since only small cyclic forces lead to
fatigue failures, failure always occurs within the elastic or
fully reversible regions of materials, i.e., along the
Hookean region not far from the origin of stress-strain
axis. Fibres differ from metals in one major way and that
is fibres can not undergo comporession as they tend to
buckle under comporessive stresses, thus giving the rather
desirable aesthetic property of flexibility and drape, which
is absolutely unacceptable in metals.

Fibres being semi-crystalline materials display
visco-elastic behaviour, i.e., a bit of viscous liquid and a
bit of elastic behaviour. This translates into a classical
stress-strain curve that is common to most fibres. Elastic
and plastic regions in visco-elastic materials are not clearly
defined in fibrous materials.

Fibres are also anisotropic in nature, which means
that there are directional restrictions for molecular
alignments and thus crystallinity within a fibre. This
inherent property directly influences the failure mode of
the fibre depending on the directional application of the
cyclic stresses. Hence fibre fatigue failures can be far more
complex that metal failures. Furthermore, given the
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inherent flexibility of fibres, under normal practical
conditions and use, no single failure mode could be held
responsible as the sole cause of the ultimate failure. Under
these circumstances the fibrous materials, like conveyor
carcass, could be undergoing tensile stretch/failure as well
as tensile/flexural and/or torsional failures whilst also
experiencing some form of abrasion and this is not even
taking temperature and humidity variations into account.
Hence a very confused and complex state of affairs could
be the outcome of what might otherwise credulously be
taken as a straightforward failure.

Where once individual experiences and trial and
erros methodologies were the dominant approach in design
and product development, today almost exclusively all
performance materials are designed and manufactured on
their functional requirements and their predictive
behaviour supported by in-depth understanding of their
failure characteristics. Although mathematical modelling
and accurate theoretical predictions masterminding
performance criteria continues to remain an ongoing
challenge.

7. CONCLUSION

The design of the device for testing conveyor belts
is used to make a device that will be used for testing
various conveyor belts in the laboratory of the Department
of Mechanization and Design Engineering at the Faculty
of Technical Sciences, University of Novi Sad, Novi Sad,
R. Serbia.

Since conveyor belts are among the most
responsible elements of belt conveyors, their testing before
use is very important. In order to obtain the value of the
force that the conveyor belt can withstand before the
occurrence of its permanent deformation as well as before
the occurrence of tearing of the belt, it is necessary to test
the belt by applying tension.

When calculating belt conveyors for a certain
material, the force that occurs in the belt is calculated.
However, in practice, there are materials whose
parameters are not constant values but change.

During the transport of gravel, the density of which
changes due to the content of water and sludge during
transport and therefore in the conveyor belt may occur
forces that are greater than the value of the force obtained
by the calculation. The action of such forces leads to
improper operation of the conveyor, and in more extreme
cases it can also lead to the failure of certain elements of
the belt conveyor.

Using a belt sample testing device, it is possible to
simulate the action of a force greater than the force
obtained by the calculation and thus come to the
conclusions of what consequences this leaves on the belt.

To obtain such data, further research is needed,
which could be the topic of some future work, and in the
implementation of that research, a designed device for
testing conveyor belts is necessary.
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This research presents the problem of optimization of the most critical cross-sectional area of Ramshorn hook,
where the geometric parameters of the trapezoidal and T cross-sections were taken as optimization variables. The
minimization of the area of the cross-section of the Ramshorn hook was set as the main goal in this research. The stresses
at the inner and outer fibers of the hook cross-section were taken according to the DIN standard, and they represented the
constraint functions for the optimization model.

As a method of optimization, two nature-inspired metaheuristic algorithms were applied for this optimization
problem, using MATLAB software: Water Cycle Algorithm (WCA) and its modified version Evaporation Rate based Water
Cycle Algorithm (ER-WCA). The optimization results for both types of cross-sections were compared to show which one
achieves the best results. The comparison of the applied optimization algorithms was performed, too.

Keywords: Ramshorn hook, Optimization, Water cycle algorithm, Evaporation rate based water cycle algorithm

1. INTRODUCTION

Ramshorn hook is a very important component for
lifting and hanging of heavy load capacities for heavy-duty
cranes and the marine industry. Ramshorn hook should be
designed and manufactured in such a way that it delivers
the best performance under all working conditions without
function cancellation, failure and accident. The failure
depends on various factors such as material properties,
geometry and overload.

The design of a crane hook involves the
determination of parameters such as type of material, the
cross-sectional area, and shape, the radius of curvature,
etc. For this reason, the problem of analysis and
optimization design of a crane hook is the subject of
research in many publications.

The analysis of these types of equipment is mainly
done by applying FEM. In the paper [1], an analysis of one
standard hoist hook with a capacity of 20 tons was carried
out using Autodesk Simulation software. The paper [2]
presents the FEM analysis of Ramshorn hook using
ANSYS software package, where a comparison of circular
cross-section with T and | cross-sections was performed.

In the research [3], the design of a hoisting
mechanism of an EOT crane is presented, with the FEM
analysis of the crane hook in the ANSYS software
package. The cross-section of one standard hook was
modified, and other different cross-sectional shapes were
also observed, such as circular, square, trapezoidal and
triangular cross-sections. In the paper [4], the design and
validation of the hook with T cross-section, used in double
spring balancers are given. CREO and ANSYS software
packages were used for the 3D model and FEM analysis.

Recently, laminated crane hooks have become
increasingly used. The review paper [5] gives an overview
of the literature about the design, analysis and
optimization of this type of equipment.

The paper [6] presents an analysis of the fracture of
a hook-shaped steel rod from a lifting beam, resulting from
the torsional overload of the hook body, where

microstructural, fractographic, and strength evaluation
were used as analytical techniques.

In addition to FEM, analysis can also be done
analytically. In the paper [7], the stresses at the
characteristic points of the critical cross-section of one
standard crane hook were calculated using an approximate
method and using two exact methods, where these values
were compared with the critical stresses according to DIN
standard. The recommendations are given in the case
where the stresses are calculated by an approximate
method.

Numerical optimization methods are of great use
for engineering problems, especially metaheuristic
optimization algorithms. In the paper [8], the optimization
of different cross-sections of a crane hook was performed
using several metaheuristic algorithms. In the paper [9],
the optimization and comparison for two cases of T and |
cross-sections of a crane hook were performed, using two
physics-inspired optimization algorithms.

Based on the above publications, it can be seen the
importance of the analysis and optimization of these types
of equipment. This research will be carried out the
optimization of the trapezoidal cross-section of Ramshorn
hook, as well as T cross-section of one standard hook
capacity. It also will be carried out and a comparison of
results for both cross-sections.

2. OPTIMIZATION PROBLEM

2.1. Optimization model:

The next figure shows one standard Ramshorn
hook, according to [11], as well as the static model for
calculation (Fig. 1).

Also, Fig. 1 shows the critical place (A-A) where
the analysis and optimization of the cross-section are
performed, which is the topic of this research.

The goal of the research for this optimization
problem is to minimize the objective function (cross-
sectional area) subjecting the constraint functions, which
are composed of critical stresses.
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Figure 1: Ramshorn hook

The mathematical formulation of the objective
function is:

F(X)= AX) = A(¥ - %,) (1)
where the parameters from x; to X, present the
optimization variables.

The input parameters for this optimization problem
are:
F - the lifting force, according to [10],
a, - inner diameter (Fig. 1), according to [11],

0,4+ O4.,q - Critical stresses, according to [10].

Below will be present the objective functions for
both profiles and the constraint functions.

2.2. Objective function for trapezoidal cross-section:

The objective function is represented by the area of
trapezoidal cross-section of Ramshorn hook at the most
critical location (A — A, Fig. 1).

The cross-sectional area (Fig. 2), the objective
function, is:
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Figure 2: Trapezoidal cross-section
The previous figure shows the geometric

relationships between parameters that are required for the
calculation, where:
e, - the position of the center of the cross-section (Fig. 2),

R, - the radius of inner fiber (Fig. 2),
R, - the radius of outer fiber (Fig. 2),
R, - the radius of the centroidal axis (Fig. 2),
r - the radius of the neutral axis (Fig. 2),
Y, - the distance between the centroidal axis and the
neutral axis (Fig. 2).
Other geometrical parameters and variables that are
the subject of optimization, are shown in Fig. 2.

The radius of the neutral axis is defined in the
following way, (3) and (4):

_ A
r= A 3
Ar »
d_A:bl_(eo+al+2-h.l—eoj_lnal+2-h_
p 2 h & (4)

Ar
_bl'(l_eo)l € :bZ/b.I.

2.3. Objective function for T cross-section:

The objective function is represented by the area of
T cross-section of Ramshorn hook at the most critical
location (A — A, Fig. 1).

The cross-sectional area (Fig. 3), the objective
function, is:

A=A =b-t+h-s (5)
< b o
8 ﬂf
1
- / S
£ &
f &
/ o
>
I
=
o S
2
Figure 3: T cross-section
The previous figure shows the geometric

relationships between parameters that are required for the
calculation, and their meaning is the same as in the
previous case.

The radius of neutral axis is defined in following
way, (6) and (7):

_ A
A P
d—A:b-Ina1+2't+s~Inal+2'(h+t) @)
P = a+2-t

Ar

2.4. Constraint functions:

The optimization process is based on critical
stresses, according to [10], where crane hook is treated as
a curved beam.
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The maximum values for normal stresses in the
characteristic points (point 1 and point 2, Fig. 2 and Fig. 3)
are:

oo F M -
2-A S, R
and
F M h
O-d:ﬂ__'_z ©)
: Sx R2
F
M:?RC (10)
S, =AY, (1)
where:

M - the bending moment,
S, - the static moment of the area.
The maximum values for shear stress is:
F
T=—
2-A
Finally, the mathematical formulation of the
constrain functions are:

gl=0'1=\10'22+3-12 <0, (13)
g2=0'2=\/0'd2+3-z'2 <oy (14)

Also, this analysis is adopted that the minimum
value of the thickness of the profile is 0.5 cm (for T cross-
section).

3. APPLIED OPTIMIZATION ALGORITHMS

In this paper, the optimization procedure was
performed using two metaheuristic algorithms based on
nature: Water Cycle Algorithm (WCA) and its modified
version Evaporation Rate based Water Cycle Algorithm
(ER-WCA). Both algorithms are simulated in the
MATLAB software.

The Water Cycle Algorithm (WCA) as an
optimization method is introduced in [12]. The
fundamental concepts and ideas which underlie the WCA
are inspired by nature and based on the observation of the
water cycle process and how rivers and streams flow to a
sea in the real world. Similarly to other metaheuristic
algorithms, the proposed method begins with an initial
population, the so-called raindrops. The best individual
(best raindrop) is chosen as a sea. Then, a number of good
raindrops are chosen as a river and the rest of raindrops are
considered as streams which flow to the rivers and the sea.
The paper [13] provides a detailed open source code for
the WCA, of which the performance and efficiency has
been demonstrated for solving engineering constrained
optimization problems.

The Evaporation Rate based Water Cycle
Algorithm (ER-WCA) is a modified version of the WCA,
[14]. In order to define this concept, in the ER-WCA, the
evaporation process is modified by adding the concept of
evaporation rate, which offers improvement in search.
Furthermore, the evaporation condition is also applied for
the streams that directly flow to the sea based on the new
approach. The ER-WCA shows a better balance between
exploration and exploitation phases compared to the
standard WCA. The ER-WCA was able to find the global

(12)

and

minimum in multi-criteria optimization problems with a
minimum possibility of getting trapped in the local
minimum.

The source codes for both algorithms are present on
the website [15].

4. OPTIMIZATION RESULTS

The optimization process was performed using the
mentioned algorithms WCA and ER-WCA. The source
codes were taken from the website [15], written for
MATLAB software.

The optimization variables are bi, h, and b, for
trapezoidal cross-section (Fig. 2) and b, t, hand s, for T
cross-section (Fig. 3). Input parameters for optimization,
according to [10] are: F=80 kN (for the hook capacity:
Q=8t, drive group: 3m, strength class: S) and a;=6.3 cm.
The permissible stresses are taken according to [10], and
their values are: o,4=15 kN/cm? — tensile critical stress and
044=6.3 kN/cm? — compressive critical stress.

The cross-sectional area of standard crane hook
[11], in comparison to which the optimal results are
compared is: A=24.857 cm? Some geometrical
constraints (height and width) were taken, too.

For both algorithms, population size is: 200,
number of rivers+sea: 4 and number of iterations: 1000
(control parameters for optimization).

The following tables show the results of
optimization for trapezoidal cross-section (optimal cross-
sectional geometric parameters and areas, convergence
characteristics and savings in material) for both
algorithms, (Table 1+Table 3).

Table 1: Results of optimization for trapezoidal cross-

section
Method WCA ER-WCA
bs (cm) 2.641352 2.645896
h (cm) 15.243012 15.216829
b, (cm) 0 0
time (s) 13.848421 16.549830
Best (cm?) 20.131 20.131
Mean (cm?) 20.148 20.134
Worst (cm?) 27.668 21.842
Std 0.324 0.057
Saving (%) 19.01 19.01

Table 2: Results of optimization for trapezoidal cross-
section with constraint (Hmax=6.7 cm)

Method WCA ER-WCA

b; (cm) 4.616152 4.616152

h (cm) 6.7 6.699999

b, (cm) 2.678085 2.678086

time (s) 14.078390 14.361893
Best (cm?) 24.436 24.436
Mean (cm?) 24.445 24.458
Worst (cm?) 27.290 32.798
Std 0.141 0.318

Saving (%) 1.69 1.69

Application of Water Cycle Algorithm on Ramshorn Hook Optimization Problem
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Table 3: Results of optimization for trapezoidal cross-

section with constraint (Hnax=10 cm)

Table 7: Results of optimization for T cross-section with
constraint (Hmax=10 cm)

Method WCA ER-WCA Method WCA ER-WCA
b1 (cm) 3.454282 3.454283 b (cm) 9.276761 9.176871
h (cm) 10 10 t (cm) 0.5 0.5
b, (cm) 0.776428 0.776428 h (cm) 9.5 9.5
time (s) 16.587225 16.122742 s (cm) 1.189075 1.194284
Best (cm?) 21.154 21.154 time (s) 18.112465 16.886159
Mean (cm?) 21.167 21.157 Best (cm?) 15.935 15.934
Worst (cm?) 25.513 23.850 Mean (cm?) 16.012 15.950
Std 0.233 0.086 Worst (cm?) 31.315 22.507
Saving (%) 14.90 14.90 Std 0.680 0.281
The following tables show the results of Saving (%) 35.89 35.90
optimization for T cross-section (optimal cross-sectional The following figures show the convergence
geometric  parameters  and convergence diagrams for the mentioned methods of optimization and
characteristics and savings in material) for both cross-sectional types (Fig. 4+Fig. 10).

algorithms, (Table 4+Table 7).
Table 4: Results of optimization for T cross-section

Method WCA ER-WCA
b (cm) 6.070106 6.070106
t (cm) 0.5 0.5
h (cm) 18.978059 18.978059
s (cm) 0.5 0.5
time (s) 17.216509 15.875222
Best (cm?) 12.524 12.524
Mean (cm?) 12.558 12.543
Worst (cm?) 30.619 26.777
Std 0.685 0.458
Saving (%) 49.62 49.62

Table 5: Results of optimization for T cross-section with
constraint (Hmax=6.7 cm)

Method WCA ER-WCA
b (cm) 11.340956 11.339729
t (cm) 0.5 0.5
h (cm) 6.2 6.2
s (cm) 2.405889 2.405988
time (5) 18.525694 16.721073
Best (cm?) 20.587 20.587
Mean (cm?) 20.967 20.648
Worst (cm?) 32.519 44314
Std 1.562 1.025
Saving (%) 17.18 17.18

Table 6: Results of optimization T cross-section with

constraints (bmax, Hmax=6.7 cm)

Method WCA ER-WCA
b (cm) 6.7 6.7

t (cm) 0.607912 0.588040

h (cm) 6.092088 6.111960

s (cm) 2.821345 2.834086

time (s) 15.932656 16.322639
Best (cm?) 21.261 21.262
Mean (cm?) 21.562 21.568
Worst (cm?) 33.245 29.585
Std 1.256 1.236
Saving (%) 14.47 14.46

5. CONCLUSION

It can be noted that the optimization task was
successfully realized, as can be seen from the values of
savings in material, shown in the previous tables (Table
1+Table 7). In this case, a saving of 19% was achieved for
trapezoidal cross-section, while for T cross-section,
savings of as much as 49% were achieved.

For both types of cross-section profiles, the
optimum height values are significantly higher than the
standard height (6.7 cm) for the observed example (Table
1 and Table 4). In the case of the trapezoidal cross-section,
for optimal geometric values, a triangular cross-section
was obtained (Table 1). For this reason, additional
geometric constraints are included.

With the height restriction (Hmax=6.7 cm), for the
trapezoidal cross-section, very small savings are obtained
(Table 2), which means that the standard hook for the
observed example is designed optimally since the cross-
section of the standard hook is a trapezoidal shape. With
increasing height (Hnax=10 cm), the value of the optimum
cross-sectional area decreases (Table 3).

In the case of T cross-section, with height
restriction (Hmax=6.7 cm), an enviable value of material
savings was achieved, but the width of the profile base
was much larger (Table 5). For this reason, the width
restriction of the profile base was also observed, so that
there was a slight increase in the optimum cross-sectional
area, which was expected (Table 6). With increasing
height (Hmax=10 cm), the value of the optimum cross-
sectional area decreases (Table 7). Finally, it should be
noted that this cross-sectional shape gives a much lower
value of the optimum cross-sectional area in comparison to
the trapezoidal cross-section.

Regarding the applied optimization algorithms, it
should be said that in most cases both algorithms gave the
same values of optimal surfaces. In most cases, the ER-
WCA algorithm achieves better values of the convergence
diagram parameters, and especially for the standard
deviation value (Table 1+Table 7).

Regarding the time it takes to perform the
optimization process, in some cases the first optimization
method performed better time, and in some cases the
second method (Table 1+Table 7).
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Finding the Optimal Shape of Hydraulic Scissors Lift Legs Using HHO
Optimization Method

Marko Todorovié™™, Radovan Bulatovi¢t, Mile Savkovié!, Goran Markovié?
Faculty of Mechanical and Civil Engineering in Kraljevo, University of Kragujevac, SERBIA

By analysing the forces in legs of the hydraulic scissors lift using symbolic variables, the expressions for stress have
been derived. Novel Harris hawks optimization algorithm had been used in order to get the optimal values of variables that
present geometrical characteristics of the cross section of the hydraulic scissors legs, for the given scissors lift. By
connecting the optimal cross sections across the length of the scissors lift legs, optimal geometric shape of the scissors lift

legs had been acquired, and displayed in this paper.

Keywords: Harris hawks optimization, hydraulic scissors lift, optimal shape of scissors lift legs

1. INTRODUCTION

Lifting platforms that employ the scissors
mechanism are very commonly used in various situations
where it is needed for load that contains objects, people, or
both at the same time to be transferred across the vertical
plane. They can be installed permanently in which case
they cannot be easily moved to different locations without
disassembling them. There are also mobile lifting
platforms with scissors mechanism where the mechanism
is installed on some kind of carts or trailers.

The mechanism itself is consisted of one pair of
beams on each side that are connected in the middle,
making one pair of scissors. Multiple pairs of scissors can
be stacked on top of each other which enables the platform
to be lifted to higher altitude with shorter beams.

Lifting is usually accomplished by hydraulic or
pneumatic cylinders that are connected to the beams of the
scissors mechanism, so the whole mechanism can be
illustrated as presented in figure 1.
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Figure 1: llustration of the lifting platform with scissors
mechanism

By elongating the hydraulic or pneumatic
cylinder, the angle between the beams changes which, as
one end of each beam is fixed, leads to platform changing
the altitude and load being lifted.

During the design process of any piece of
machinery or mechanism, the goal is to achieve the best
performance and stability, while lowering the amount of
material used for construction. That is a good practice
because, not only it makes the final product cheaper, but it
makes it lighter which reduces the dead load, hence the
energy needed for the mechanism to work is lower.

The dead load reduction can be accomplished by
using the optimal geometrical shape of the beams, and the
optimal shape can be derived using different optimization
methods.

In papers [1] and [2] the kinetic analysis of
hydraulic scissor lifts with a single set of scissors is being
represented, while in the article [3] more general
expressions were derived for lifting platforms with
multiple sets of scissors stacked on each other. Using
similar mathematical model, kinetic analysis will be done
in such way that it can be used as starting point for the
optimization algorithm.

Optimization represents a process where the most
superior values of the parameters (variables) are obtained
based on the given constraint functions, for the observed
objective function. [4] There are many optimization
methods that can be used for sucessfully completing this
task. In past decades, many new p-metaheuristic methods
have been developed, and one of them, the novel Harris
Hawk optimization method that was purposed in the
article [5], will be used for performing the optimization.

2. HARRIS HAWK OPTIMIZATION

Harrison hawk optimization, described in detail in
the article [5] is metaheuristic, population based
optimization method. Its creation is inspired by the
specific ways Harris hawks hunt in groups.

Initial population in this method is consisted of
randomly generated positions of hawks in set boundaries
which represent hunting area. The best solution in each
iteration represents the prey which escapes within the
searching area. Based on prey’s energy, hawks change the
way they attack the prey. Energy of the prey represents the
value of the objective function for the values of parameters
that are being stored inside of the prey’s location.

As the hawks hunt the prey, the location of the
hawks evolves through the iterations until the set number
of iterations has been completed following this rule:

Xran (t) - |Xran (t) —2rX(t | =05
xern= {(xmbm(t)d— Xn®) —r:(LB+rf<u§9)— 1) g<os @
...where the X,...q(t) represents location of random hawk
in the previous iteration t, X (t) represents the location of
each hawk in iteration t, X,,ppi:(t) is the location of the
prey in the iteration, LB and UB are limits of the searching
area, q is the chance for hawks to choose each perching
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strategy, and X,,,(t) is the average position of all hawks in
the current iteration.

Energy of the prey is modelled in the way that it
decreases through iterations, as the prey, mostly rabbit gets
more and more tired as it is being chased by the hawks. If
the value of the energy of the prey is less than 1, it means
the rabbit is weak enough for hawks to attack it. This
means that the optimization algorithm switches from the
phase of exploration to the phase of exploitation. The
energy of the prey is being calculated using the following
rule:

E = 2E, (1 - %) @)

In the equation (2), E, is the number that

randomly changes its value in the interval (-1,1), t is the

number of the current iteration, while T is the total number

of iterations. Different phases of the optimization process
are being illustrated in the figure 2.

Figure 2: Different phases of Haris Hawks optimization
algorithm [6]

The source code provided with the article [5] is
consisted of four scripts written in MathWorks Matlab
programming languages: main.m, initialization.m, HHO.m,
Get_Fuctions_details.m.

The “main.m” script is the script where the number
of members of initial population (number of hawks) is
being defined, the name of the object function that is
addressing the function with the exact name from the
“Get_Function_details.m” file, as well as the total number
of iterations the optimization algorithm is supposed to
complete. This script is the script that starts the
optimization process, and it calls all other scripts and
functions.The first script that is being called is the
“Get_Function_details.m™ script which contains all the
needed information about the object function: lower and
upper boundaries of the searching area, the dimension of
the problem, and it calculates the value of the object
function. This is the file that is usually being modified for
the purpose of performing custom optimization.

When the needed parameters are defined as output
from the previous script, the script “HHO.m” is being
called. Input for this script contains all of the previously
defined variables: number of members of the initial
population, total number of iterations, limits of the

searching area, as well as the value of the object function.
This script first calls the “initialization.m” script which
then creates the initial population following the rules
defined in previous steps, after which the optimization
process begins. The initial population evolves through
iterations until the maximum number of iterations is
completed. The outputs from the “HHO.m” are the
“Rabbit_Location” (optimal values of the optimized
variables) and the “Rabbit_Energy” (value of the object
function for the values of optimized variables). Illustration
of the algorithm is shown in the figure 3.

main.m

N,T,F

[[Get_Function_details.m ||

| ub, 1b, dim, fobj |

HHO.m

I initialization.m I

until t<T
|

Figure 3: Hlustration of the source code of the HHO
algorithm: N — number of hawks, T — total number of
iterations, F — name of the function, ub, Ib — boundaries of
the searching interval, dim — dimension of the problem,
fobj — value of the object function, t - current iteration

3. KINETIC ANALYSES

In order to perform the optimization, it is required
to define the object function as well as the constraints,
which is why it is necessary to perform kinetic analyses.
Since these platforms usually carry the load that often can
be humans, the speed of lifting is usually not high, so
dynamic changes of load in the components of the
platform can be neglected, therefor the platform can be
observed as static structure.

The structure of the platform is consisted of two
legs of equal length, AC and AB, hydraulic cylinder GH
that is usually placed in the plain behind the mechanism
itself, but for the purpose of performing the Kkinetic
analyses it can be represented as shown in the figure 1.
Cylinder is connected to the leg AB over pin support G
which is placed on a distance a from the pin E, and it is
connected to the leg BD over the pin H that is placed on a
distance b from the pin G, forming the triangle GEH. The
ends of the legs, A and D are fixed with pin supports,
while B and C are connected to pinned collar on smooth
rod which enables them to move in horizontal direction as
the platform is lifting or lowering. The angle between the
leg AC and ground is labelled as the angle «, the angle
EGH is labelled as the angle ¢, while the angle GHE is
labelled as the angle B. Since the pin E is located in the
middle of both legs, the angle GEH equals 2a. On the
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horizontal metal sheet CD the load T is being placed on
distance l; from the pin C.

When disassembled, directions of the forces in the
pins of individual components can be assumed as it is
represented in the figure 4.

Based on the assumed directions of forces in
figure 3, system of equations can be formed.

Static equations for the member DE:

IX; =0:Xp =0 (3)
Y, =0:Y,—-T+Y,=0 4)
ZMi(D) =0:Y;L—-Tl =0 (5)
Static equations for the member AC:
X, =0: X, —Fcos(a+@)+X;=0 (6)
Y, =0:Y, —Fysinfle+ @)+ Y, —Y. =0 (7
YL . Ye
ZML'(E) =0: — T + Fcil sm((p) a— T
; 9)
X, sin(a)
+———=0
2
- JF I—|C
D a) c

d)

Figure 4:Free body diagram of the lifting platform: a)
horizontal metal sheet, b) leg AC, ¢) leg BD,
d) triangle GEH

Static equations for the member BD:
X, =0: —Xp+Fycos(a+¢@)—Xg =0 (10)
Y, =0: =Y, + Fysin(fa+¢)—Ys+Y; =0 (11)

YsL YpL )
ZML'(E) =0: T + T - Fcil sm(ﬁ) b+ (12)
XpA sin(a
+ D—() — 0
Solutions of this system of nine equations are:
LT
‘L™ 2a sin(g) (13)
Tl
Y,=T- Tf (14)
Tl
Xg = Fy cos(a + @) (16)
X,=0 a7
2 YcL
¥y == (Fasin(p)a - -5°) (18)
v, = 2LY; + F; (sin(a -I;p) L — 2asin(¢)) (19)
L(Yp + 2Y;) — 2asin(¢) F,;
= D Cc cil (20)

L
...where L represents the horizontal projection of the
length of the platform leg A, and F,; is the force withing
the hydraulic cylinder.

The mass of the scissors lift itself was not
accounted in the previous system of equations because, as
it is stated in the article [3], the weight of the scissors lift
itself can be added to the active load:
mp~g_2Q+mp‘g

T=Q-g+ (21)
For the purpose of this paper, the mass of the scissors lift
will be neglected.
4. OBJECT FUNCTION AND CONSTRAINTS

It was assumed that for the scissors platform legs
would be used a beam with the cross section that is shown
in figure 5.

|

g

Figure 5: The cross section of the beam: t — thickness of
the box, h — height of the box, g — width of the box

By knowing the shape of the cross section, the
geometrical properties and the load in each point across
the length of the legs, the diameter of pins A, B, C, D, E,
G and H can be calculated. Considering that the attack

Finding the Optimal Shape of Hydraulic Scissors Lift Legs Using HHO Optimization Method



A.92 Proceedings of X International Conference “Heavy Machinery-HM 2021”, Vrnja¢ka Banja, 23—-25 June 2021

force on the pins is making shear stress within it, the
diameter of the minimal diameter of the pin can be
determined in the following way:

d= i;d0=d+0.1 (cm) (22)

m-m: Tgep
...where d is the diameter of the pin, m is the number of
shear surfaces, 74,, is allowed shear stress in the pin for
the given material, and F, is the shear force that is
attacking the pin, and it is equal to:
F, =T (2)? + A(2)? (23)

Putting the pins in the beam that makes a leg of the
scissors lift platform weakens the beam, so the cross
section at those places have the shape that is represented in
figure 6.

L
i . 27 '

NN

N

7 / / !
g

Figure 6: The weakend cross section of the beam

4.1. Object function

The goal of the optimization is to find the optimal
ratio between the height and width of the cross section of
the beam for the given static load. In order for that to be
accomplished, the shear stress, normal stress and
combined stress in the beam should not exceed the
allowed values for the material from which the beam was
made, but it should be close to that limit.

The minimal area of the cross section, or the
minimal moment of inertia can be calculated, but the
question that remains is if the cross section should have
higher height or width, and by how much should one
dimension be larger than the other. The optimization
algorithm such as HHO can help in the search for the
answer to the question.

Since the load of the beam changes along its length,
the optimal height and width of the profile in the cross
section changes accordingly. The thickness t, on the other
hand, will be taken as constant in every point of the
beams.

In order to perform the optimization, appropriate
object function must be set within the code. Considering
the expressions for calculating the shear t and normal
stress o are:

M A
o) = (D) + i) = L an (D 5 (24)
_T®)'5,@
T(Z) = W (25)

...the combined stress can be calculated with the following
expression:

o,(2) = \/a(z)z +3-1(2)? (26)

...where the variables are:

- oy(2),04(z) — normal stress from the bending
moment and axial force at the point z;

- 1(z) - shear stress from the shear force at the
point z;

- M(2),T(z),A(z) — bending moment, shear force
and axial force at the point z;

- 5.(2),1,(2),S(z) - the first moment area,
moment of inertia and area of cross section at the
point z:

Sx(2) = g(2)t

2

e -t (h(z) ~ t)

2 2

Ja@?, @0

3 4 2

L) =12 [g(f;t . <h(z)2 - t)
(28)
N t(h(z) — 2t) B tdy(2)3

12 12

S(z) =2t(g(2) + h(z) — 2t — dy(2)) (29)

Since the optimization algorithm searches for the
optimal values of the variables in such way that the object
function has minimal value, and the combined stress in
this situation should as high as it is allowed, then the
optimization algorithm has to minimize this function;

o,(2) = —\/cr(z)2 + 3-1(2). (30)

4.2. Limits of the searching area

The cross section of the beams has a shape of a
box, as presented in the figure 5 and the figure 6.
Considering that the thickness of the wall of the box is
constant across the length of the beam, the only two
variables are height and width of the box.

If either the height or the width of the cross section
is equal to 2 - t, then the shape of the cross section is not a
box, but rather a rectangle. In order to keep the shape of
the cross section a box, the minimal height and width of
the cross section of the beams should be 2 - t. The lower
boundary in the script “Get_function_details.m”” is defined
as the vector, and it has the following form:

Ib=1[2-t2-t] (3)

The maximum values of the height and the width
are not as important. Lower upper boundary should result
in faster convergence to the optimal solutions, but this
should be taken with precaution, because it still has to be
high enough so the possible optimal solutions would not
be cut out by setting the upper limit too low.

4.3. Constrains

In order to get the shape of the structure that can
safely endure the given load, normal stress, shear stress, as
well as combined stress must not exceed the limits for the
given material. Following that thought, the four limits can
be set:

g1 =0(2)? +3 - 1(2)? — 040 < 0; (32)
A(z)
g2 = @ ~ Odop <0; (33)
M(z) h(z)
9=TG) 2w SO 34
T(2)S,
9o = —(IZ)(Z)EZ) — Tugp < 0. (35)
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Additional two constraints can be applied so the
width would not be too bigger then height, and the other
way around. This behaviour can be constrained in the
following way:

g5=%—3so; (36)
g6=%—3s0. (37)

One additional constraint should be applied in the
places where the pins pass through the beams:
g7=4'd0—hS0 (38)

4.4. Source code modification

The optimal shape of the hydraulic scissors lift legs
can be acquired by doing multiple optimizations across the
length of the legs. Each of the legs has been divided into
three sections and each section is divided into ten
equidistant subsections, as it is shown in figure 7, where
the optimization is performed for each of them
individually. Hence, the leg AC has been divided into
sections: AG, GE, EC, and the leg DB has been divided
into sections: DH, HE and EB.

Figure 7: Graphical representation of the leg AC with its
subsections

The fastest way to perform thirty optimizations in a
row is to write a script that would call the “main.m” script
which starts the optimization process for different
locations on the scissor legs. The created “start.m’ script
is erasing content of the files that contain the location and
energy of the prey, then it resets the counter and enters the
for loop until the total number of optimizations has been
completed. The counter provides the needed progression
of the z parameter (position of the section for which the
optimization is being performed) through optimizations,
and it saves the value of the counter in the separate file.

The value of the counter then enters the “main.m”
script that runs either the “AC.m” or “BD.m” script,
depending on which leg is being optimized. Those two
scripts contain geometrical characteristics of the scissors
lift (such as the position of the hydraulic cylinder, total
length of the legs, etc.), the formulas derived in the third
chapter of this paper, and they are being executed before
the “Get_Function_details.m” script because the values of
the axial and shear force, and bending moment are needed
for calculating the levels of stress. The reason why these
scripts need to be run separately rather than within
“Get_Function_details.m” script is because it shortens the

time needed for performing each iteration within the
optimization process. Considering that there could be
thousand iterations in single optimization, and that there
would be thirty optimizations like that one, the creation of
additional script and placing the calculations of the forces
and bending moment in it is justified as considerable
amount of time is being saved.

The last change in the “main.m” file represents
adding the two lines of code where each saves the values
of the prey’s location and energy at the end of each
optimization, so when the whole process is finished, and
all thirty optimizations are done, the optimal results for
each subsection can be found in one text file.

After applying the purposed changes, the
illustration shown in figure 3 takes the form represented in
the figure 8.

start.m

main.m

|N,T,F=

] AC.m/BD.m |

Y
[T@), a2), n()]

\ 4
| Get Function_details.m |-

| ub, 1b, dim, fobj |

h 4
HHO.m

| initialization.m

until t<T __

TE

e

v 5 E
Rabbit_location N L
Rabbit_energy 8 2
) 2z

o9

until j<30 Ll
——

Figure 8: lllustration of the source code with
modifications applied

5. RESULTS

For the platform that lifts the 1000 kg of load with
centre of gravity located on [ = 0.5 m distance from the
pin D, in the lowest position of the platform, when the
angle a = 7.5°, and the parameters that define the position
of the hydraulic cylinder: a = 0.4 - Am, b = 0.3 m, axial,
shear, and bending moment diagrams for both AC and BD
legs are shown in figures 9 and 10. Diagrams for the same
platform when it is in the position where a = 75° are
shown in figure 11 and figure 12.

By comparing the diagrams, it can be concluded
that the load in the scissors lift legs is highest in the lowest
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position of the platform, making it the only relevant
position of the platform for the optimization.

The thickness of the walls of the profile is set to
t = 6 mm. Boundaries of the searching area, according to
the equation 37 are:

Ib=1[2-06,2-0.6] =[1.21.2] (39)
ub = [100,100] (40)
Shear force
[ -
- (; 0.2 0.4 06 0.8 1 1.2 1_.4
z[m]
Axial force
. 1000 I T T T I
2
<
) ] 0.2 0.4 06 08 1 12 1.4

z[m]
Bending moment

0 0?2 0?4 076 078 1 1?2 1.4
z[m]

Figure 9: Static diagrams for the AC platform leg in the

a = 7.5° position

Shear force
- 68
E . E
-
0 0.2 0.4 0.6 0.8 1 1.2 14
z [m]
Axial force
15000
= 10000
£ 5000
0
-5000
0 0.2 0.4 0.6 0.8 1 12 14
Z|[m
Bending moment
— 1000 -
E 500 — ]
= 0
-500 _‘\_,__/ 1
= -1000 :
0 0.2 0.4 086 08 1 1.2 14
z[m]

Figure 12: Static diagrams for the BD platform leg in the
a = 75° position

If the material of the scissors legs are being made
from is structural steel S235, and safety factor is v = 1.50,
allowed limits for both normal and tangential stress are:

kN
Paop = 1670

kN
Taop =9 o

The number of hawks (size of initial population)
was set to N = 60, and the maximum number of iterations
was set to T =500. These parameters represent the

500 Shear force needed input information for the optimizer. After the
Z ggg _ optimization process is being completed, optimal values of
. :§§88 L i - i the scissors legs, height and width are being shown in the
0 0.2 0.4 06 2] 0.8 1 1.2 1.4 table 1 and table 2
Axial force Table 1. Results of the optimization process for the leg AC
= -10000 kN
eE | 2 [m] pleml | glem) | o, [22]
. 0 02 0.4 06 08 1 12 1.4 0 1.68 1.20 16
Bending moment 0.0156 1.99 1.59 16
= 968 . .  — 0.0311 1.79 4.88 16
Z 355 0.0467 2.03 4.25 16
=2 T 0.0622 2.21 4.39 16
' ' ' ' 0.0778 2.41 4.40 16
z[m]
Figure 10: Static diagrams for the BD platform leg in the 82823 ggj ig; ig
= 7.5° position : : :
“ P 0.1244 4.63 159 16
Shear force 0.14 3.54 5.25 16
T 0.2022 4.10 2.56 16
z E - 0.2644 2.32 3.40 16
el 0.3267 164 4.06 16
0 02 04 06 0.8 1 1.2 14 0.3889 2.02 5.84 16
Axidl ferce 0.4511 248 5.96 16
_. 000 0.5133 3.45 4.24 16
< ;30001 0.5756 3.28 6.48 16
-15000 . - : : 0.6378 3.19 8.77 16
0 0.2 0.4 0.6 2] 08 1 1.2 14 0.7 488 598 16
Bending moment 0.7778 6.88 2.45 16
= - : ' : 0.8556 3.73 7.12 16
= éﬂ | \__/ 0.9333 3.61 6.38 16
e 02 04 06 0.8 1 1.2 14 1 5889 4218?1 ;Ig ig
z [m] . . .
Figure 11: Static diagrams for the AC platform leg in the 1;‘61‘611 égg ‘Igj ig
a = 75° position : : :
1.3222 2.63 1.65 16
1.4 2.39 1.20 6.32

M. Todorovi¢, R. Bulatovi¢, M. Savkovi¢, G. Markovi¢
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z [m] h [em] glem] oy [k—NZ]
cm
0 2.40 1.20 6.32
0.0778 2.27 2.25 16
0.1556 3.17 2.39 16
0.2333 2.81 4.69 16
0.3111 3.78 3.72 16
0.3889 3.06 6.93 16
0.4667 5.36 2.99 16
0.5444 4.27 5.62 16
0.6222 3.70 8.28 16
0.7 6.96 2.60 16
0.7333 431 7.90 16
0.7667 4,58 414 16
0.8 3.72 8.96 16
0.8333 3.85 4.40 16
0.8667 441 3.85 16
0.9 5.10 4.26 16
0.9333 6.97 2.71 16
0.9667 5.34 7.48 16
1 4.49 7.29 16
1.0444 3.79 8.60 16
1.0889 5.02 4.45 16
1.1333 5.36 3.21 16
1.1778 3.00 8.09 16
1.2222 3.10 6.00 16
1.2667 3.21 4.15 16
1.3111 3.28 5.87 16
1.3556 2.11 3.70 16
1.4 1.68 1.20 16

The values from table 1 and 2, as well as the ratio
between the height and width of the profile across the
length of the legs are being visualised in the figure 13 and
figure 14.

The three-dimensional models of the scissors lift
legs AC and BD made using the parameters from tables 1
and 2 are being shown in figures 15 and 16.

z [em]

20 40

60 80 100

z [em]

120 140

Figure 13. Visual representation of the values from
the table 1

z [em]

0 20 40 60 80 100 120 140

Z [em]

Figure 14. Visual representation of the values from

the table 2

b)

Figure 15: Three-dimensional model of the scissors lift

leg AC: a) isometric view, b) cross section view

b)
Figure 16: Three-dimensional model of the scissors lift
leg BD: a) isometric view, b) cross section view
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6. CONCLUSION

Comparing the results of the optimization
represented on graphs displayed in figure 13 and figure 14
with the static diagrams displayed in figure 9 and figure
10, it can be concluded that the width of the profile g(z)
tends to be larger than the height h(z) as the z gets further
from the pins in both AC and BD leg.

Due to the constraint g, in the places where the
pins pass through the legs, the height of the profile
increases, while the width is getting shorter.
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A Survey of Research on Industry 4.0 in Intralogistics
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This paper presents the research, development and application of Industry 4.0 in Intralogistics in the last five years.
The progress made in Intralogistics, using Industry 4.0, is presented. An overview of the basic principles and elements of
Industry 4.0 as well as its impact in the field of Intralogistics is given. Intralogistics is a field that is still being researched
and has great potential for further development. Finally, the aim of this paper is to focus on sustainability parameters,

technology and elements that still need to be worked on.

Keywords: Industry 4.0, Intralogistics, Sustainability parameters, technology and elements

1. INTRODUCTION

For humanity, continuous development and
progress is necessary in all fields, including industry.
Modern societies have higher expectations, so continuous
development is essential. Throughout centuries, the
industry has developed by applying scientific knowledge
and achievements. So far, the industry has gone through
four different revolutions:

1%t Industrial Revolution (Ca. 1750),

2" Industrial Revolution (Ca. 1900),

Digital Revolution (Ca. 1970),

Industry 4.0 (today).
The new technology that will be applied in the
industry must be sustainable in order to be successful and
applicable worldwide. Sustainability and implementation
means that economic, social and environmental aspects
must be fulfilled. This is possible through further research
and better utilization of these aspects and contributions of
Industry 4.0 in the field of Intralogistics. Smart
intralogistics will lead to increased flexibility and
productivity in the future. All possibilities must be taken
into account when accepting the changes brought by
(Intra) Logistics 4.0.

A certain group of scientific papers, journals and
catalogs dealing with this topic was analyzed. These
scientific papers provide us with a complete insight into
previous research.

The following is an overview of published works in
the previous five years (Figure 1), covered by this paper.

Statistics of scientific papers published
in the previous 5 years

2020 : : d
2019 . . l d
5 Rl bR =
= 2017 . . d
2016  —
2015 |—
0 2 4 6 g

Number of published papers

Figure 1: Statistics of scientific papers published in the
previous 5 years (which are covered in this paper)

Below is an overview of the countries in which the
paper was published, according to the main author (Figure
2). Statistics are given according to papers from
references.

Statistics of scientific papers according
to the countries in which they were

published
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Figure 2: Statistics of scientific papers according to the
countries in which they were published

2. INDUSTRY 4.0

Industry 4.0 is coined as the Fourth Industrial
Revolution, hence the ‘4.0°. To understand this
terminology, a brief summarization on the earlier three
revolutions is necessary (Figure 3).

1* Industrial 2nd Industrial Industry 4.0
Revolution Revolution
- Mecharization of - Extersie electiicalion ~ (NG tAZation = Intemet of Things &
manal labor Brough - Developmentof the  — Mfomation and Cyber-Physical-
tho of water and stoam  communication communication Systems
pawer infrastructure lechnciogy ~ Systems of Systems
- Transiben from the - Mass producticn and incroasingly inteligont | Decentralized decisicrs
agricultueal bo the division of labor systama (Sami-JALtonomous
industrial society Systoms
From Local From _Local*
to Global® 1o Global”
* i
“ye
)
I i and systems as
well as :ymmt of systems
Ca. 1750 Ca, 1900 Ca. 1070 today -

Figure 3: Hlustration of Industrial Revolutions
(adapted from [2])
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The first Industrial revolution was characterized by
the introduction of the steam engine, which provided
mechanical motion for labor activities and resulted in the
transition from hand production to machine production.
The second revolution was characterized by the
mobilization of people and information due to
improvements of infrastructure facilities as railroads and
telephone lines. Technological innovations, as the factory
electrification and the development of the production line,
enabled mass production. In the Third revolution, the rise
of computers and communication systems occurred. [1]

This has improved the collection, processing and
analysis of information, as well as enabled automated
production.

It should be noted that accelerated development in
all fields is yet to come, so expectations for the future are
high.

The term Industry 4.0 was first introduced in 2011
in Germany, but in the same time other European countries
began to make major changes. Then came the terms
"Smart Factory", "Industrial Internet of Things (I1oT)" or
"Smart Industry" that we use today.

The concept of Industries 4.0 implies connecting
machines, products, systems and people that can share
information and manage themselves and each other. In
such a model, all objects are smart entities that have the
ability to autonomously manage, control and communicate
with the environment. Industry 4.0 understands complete
automation and digitalization of business systems and their
connections with the environment. This leads to the
existence of a virtual reality model in which it is possible
to monitor and manage all processes and activities. ICT,
software applications and information platforms have the
biggest role in the concept of Industry 4.0 because they
provide connecting the virtual and physical business
system. [3]

In [4] the concept of Industry 4.0 is presented using
a theoretical framework with the application of technology
and its functionality.

The main elements of Industry 4.0 are Cyber-
Physical Systems (CPS), Internet of Things (loT),
Industrial Internet (Industrial Internet of Things), Internet
of Services (loS), Cloud Computing, Internet of Energy
(loE), Big Data, Artificial Intelligence (Al), Augmented
Reality (AR), 3D printing, Blockchain. Each of these
elements is presented in [5].

The Industry 4.0 distinguishes four key principles
[1].

e Interoperability between cyber physical systems,
which emphasized the collaboration between the
different cyber-physical systems via the Internet
of Things

e Information transparency, which accentuates the
large amounts of data that are processed into
information and are shared, in order to establish
an open and transparent business environment

e Technical assistance to humans, is providing the
user with systems that are able to assist in the
performance of complex tasks within for example
production activities

e Autonomous decision-making of the cyber-
physical systems, through the increasing quality
of transparent information available for these

systems, and their improving programming,
autonomous decision making by cyber physical
systems is becoming more developed.
The fields in which the influence of 4.0 Industry
may bring improvement [6]:

e Productivity improvement: Industry 4.0
provides several improvements such as
automation, real-time inventory management, and
continuous optimization that lead to productivity
enhancement.

e Increased quality: ongoing monitoring and
control of production allows for improved quality
of products and services.

e Increased flexibility: with a customer-centric
approach, Industry 4.0 allows manufacturing
flexibility through automation and robotics.

e Increased speed: with enhanced product life
cycle  management and  physical-digital
integration, the speed of production is enhanced.

e Safer and better working conditions: with
increased automation, real-time monitoring of
incidents, better-designed workstations, and
enhanced work structuring, workers have safer
and better working conditions.

e Improved collaboration: as the availability of
data is enhanced, and digital layer and physical
layer are integrated the intra- and inter-
organization collaboration is improved.

e Sustainability: optimized use of resources,
reduction in defects, and other environmental
improvements make operations more sustainable.

e Innovation: Industry 4.0 leads to new ways of
creating value and new forms of employment, for
example through downstream services.

3. LOGISTICS 4.0

The term Logistics 4.0 appeared in 2011 within
Industry 4.0. Everything within Industry 4.0 related to
logistics ~ (Transportation, Warehousing, Packaging,
Distribution, Loading/Unloading and Information service)
will be now Logistics 4.0.

A feature of Logistics 4.0 is smart process
management.

The most important technologies and applications
used in Logistics 4.0 are Wireless Sensors Networks,
Internet of Things, Automatic Guided Vehicle, 3D
Printing, Drones, Cloud Computing, Big Data,
Blockchain, Robotics and Automation, Augmented
Reality. Each of these elements and technologies is
presented in [3]. We can see that there is an overlap of
elements in Industry 4.0 with Logistics 4.0, which is
logical considering that Logistics 4.0 comes from Industry
4.0.

Table 1 provides an overview of the applied
technologies and applications used in Logistics 4.0 as well
as the personal impression of the authors on their
importance and contribution.
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Table 1: The applied technology and the corresponding
elements with the sources in which they are processed as
well as their use

B.3

Blockchain 11, [[13%] [51. +

. 3], [9], [13],
; Robotics and [
Technologies and . ;
g Source Utilization Automation [1], 1101, [5]; LA
elements 8],
. ; [31. [9], [10],
erﬁllgfvsv c?rekr;sors 31, [51, 71, [€] - Augmented Reality [51, [8] ++
[1], 3], 51 [6] Utilization: n/d not enough data yet, + less / bad, ++ moderate,
Internet of Things [71, [81, [9], +H+ +++ high / excellent
[10], [11] 4. INTRALOGISTICS
Automatic Guided | [1], [3], [7], [8], . Intralogistics is a subset of Logistics 4.0.
Vehicle [12], [13], [14] The history of Intralogistics dates back to the immediate
o [1, 3], [5] post-war period, when economic and industrial
3D Printing [10], [15] ++ development was mainly driven by manufacturing.
Transportation at the factory initially relied on simple
equipment such as bag carts, other trolleys and overhead
Drones [3] n/d .
cranes. The goods were stored at ground level, as stacking
[31, 151, [71, [8], the blocks in height led to poor visibility and accessibility.
Cloud Computing [9], [10], [11], +H+ [17]
[13] Since 1950, Intralogistics has been evolving. In
_ 131, [51, [8] Figure 4, we can see significant features in Intralogistics
Big Data [10], [11] + shown according to years of  development.
< Production % Storage ' E Distribution | © Flexibile S Globalisation | < Supply chain | ©Smart
= . palettes =technology =technology & production line aoutsourcing =managment =intalogistics
. forklifts ™ erackfeeder |~ e electric —ast-ig-time ™ e commission- | € e-commerce | &, o
. » high rack ¢ 1nonorail . auto picking [>  ing robotics & s internet 4 o cvber
C; a:téickmg storage systems equipment o data « pick-by- phvéical
o utapaatic * AGVs » sorting networks voice . syétems
systems * AS/RS systems ® bus-systems e wireless e intelligent
* VNA trucks ® micro- Il;cl;];a;régsdes  logistics infrastructure
~ Frrrtree controllers . control post * RFID * augmented
management * inventory $ CAD-Systems » inventory » digital acaliy
(punch cards) management e data management factory * smart
(process transmission (standardised management
computer) (radio or IR) software » preen
» mobile computer) warehousing
terminals ® animation
o pick-by-light sofbgare
= inventory
management
(presonal
computer)
® simulation
systems

Figure 1: History of Intralogistics (the paper [17] complemented)

Definitions of Intralogistics [18]:

The new term “Intra-Logistics" describes the

e Under
Intralogistics

“Supply Chain
controls

Management”,
the flow of

organization and optimization of internal material flow
and logistic technologies as well as the goods
transshipment in industry, trade and in public institutions
by means of technical components, partial and full systems
and services.

e Intralogistics as a brand describes the
organization, realization and optimization
of internal material flows in industrial and
trading companies as well as in public
institutions by means of technical systems
and services.

materials along the entire value chain.

o Intralogistics describes the internal flow of
materials between different "logistics
hubs" - from the flow of materials in
production, distribution centres, airports
and seaports - as well as the associated
flow of information.

e Intralogistics is part of a trend-setting
industry which consists of thousands of
companies in in Germany (e.g. from
manufacturers of lifting and crane devices,
forklifts and storage technology, to

A Survey of Research on Industry 4.0 in Intralogistics
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developers and suppliers of complete physical systems
systems). e Roller as a source of
Megatrends will determine the development of information
Intralogistics in the future. » Controller drum drive
In order to get acquainted with the subject of unit
research and examination in Intralogistics, an overview of _ Intelligent _ o
the fields with a description and the corresponding infrastructure, ¢ Production combination
reference is given, Table 2. Sensor system . Forkllft_s with tat_)let
at the forklift e Increasing security
Table 2: The subject of application in Intralogistics is truck, e Design and application of [23]
presented in the papers Celluveyor - Celluveyor -
Omnidirection Omnidirectional Cellular
. al Cellular Conveyor
Subject of Description Source Conveyor
applying e Impact of AGV and
increase productivity
Blockchain e  Operation plans
Logistics 4.0 AVs AGVs in * AGV Ecosystem
Application Electronic market industrial *  Software for AGV [24]
and DB platforms 1] environments e Proposed layout of the
Schenker 3D printing - reduction of warehouse and the path
Application storage space for the movement of
Results Interview  with DB vehicles
Schenker e Eco-indicators
Ability to  maintain
flexibility As mentioned in the introduction, sustainability
The role of AMR will justify the application of Industry 4.0 in Intralogistics.
AUtONOMOLUS applicati_on _ It cpnsists of the foIIowi_ng factors: economic, social and
mobile robots Connection,  automation environmental aspects (Figure 5).
in smart and fast information | [13] As already stated, these aspects represent
Intralogistics exchange sustainability.
Comparison of AMR and Sustainability should reflect the following:
ﬁn(i);/ct of AMR e Economic: _An affordable system that
application Work_s eff.|C|ent_Iy, _offers common
Solution of the collection solutions, is financially stable and
problem using Shuttle supported. Selects and supports the local
vehicle economy.
Automated Mechanical  solutions, e Social: The basic needs of individuals /
S;oer?rgi;svir;d technical characteristics, 1] communities to bg met in a _sgfe way and
Systems design and specification to support good living conditions as V\_/eII
(AS/RS) of Shuttle vehicle as safety at work, on an equal footing
Requirements and within the collective.
problem improvement e Environment: Reducing the consumption
Creating a subsystem _ of non-renewable resources, reduced
Better information greenhouse gas emissions, as well as
exchange taking into account pollution and waste.
\S/Sinrsecl)gzs communication Use of technc_;logy that reuses energy and
New design warehouse recycles certain components.
Smart and fewer workers )
Warehouse ?g?gns management | [20]
Efficiency that (L s
contributes to reducing o :
mistakes g :
Opportunities and :5 a
challenges in Sri Lankan t wcicssirsl :_.
Application of Flexibility - a variety of 1 5
AGV and assessments, tasks and - b
other resources [21] = :
technologies Assessment and 4 i
to increase dimensions of flexibility . t
flexibility Application schemes \0 Y/
Smart Control of conveyor belts [22]
Conveyor Conveyor belts as cyber - Figure 5: Illustration of interrelationship in Intralogistics
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To indicate the importance of sustainability factors
in the field of Intralogistics, Table 3 provides an overview

Table 3: Assessment of fulfilment of Sustainability factors described by papers

Level of
Source | Description Sustainability factors meeting
criteria
¢ Reduction of storage space and | Economic ¥
problematic  supply of raw
[1] materials in 3D printing Social /
e Company DB Schenker efficiency - -
and safety Ecological (Environmental) +
e  Application in various industries Economic ++
[5] e  Man-centered management model Social ++
Ecological (Environmental) /
e Real-time progress monitoring, | Economic ¥
enhanced quality and safety, and
[6] improved communication between | Social +
stakeholders is the contribution of - -
the application Ecological (Environmental) +
e Contributes to  Sustainability Economic +
Factors
[10] Perspective for customers, | oo -
production, employees
. O_pportunltles, threats and the Ecological (Environmental) /
biggest problems
e Comparison from an economic and | Economic -
technical perspective
[13] e  Price chart analysis and impact of | Social /
flexibility and productivity ) )
o Direct impact of AMR Ecological (Environmental) /
e Industry 4.0 and its impact on )
ecological sustainability Economic t+
e Resources, Recycling - Extending
[15] the product life cycle, 3D printing Social /
e Energy - Smart management,
Smart Meter
e Reduction of costs Ecological (Environmental) +H+
e Environmental Protection
e New environmental challenges for | Economic ¥
ports and terminals
[17] e  Environmental Social /
aspects - -
o Forms of environmental impacts Ecological (Environmental) et
e Analysis of the novelty of the
method relies in the possibility of | Economic ++
evaluating the virtual systems of
systems, equipped with the needed
[21] functionalities, before its actual Social /
development (process
requirements, assessing factors:
feasibility, development  costs, ] )
market potential and effective | Ecological (Environmental) /
impact on the current processes)
e Intelligent infrastructure Economic /
[23] e  Sensor system at the forklift truck Social +
Ecological (Environmental) /
e Increase productivity and reduce | Economic ¥
environmental impact
[24] e Reduction of energy consumption Social /
e Eco - indicators (AGV emission - -
measurement) Ecological (Environmental) +++

A Survey of Research on Industry 4.0 in Intralogistics
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e Smart factory production system
opposite  Traditional production | Economic v ++
line
e Beneficial Outcomes, Flexibility,
[26] Productivity, Resource and Energy | Social v +
Efficiency, Transparency,
Promoting Integration, Profitable,
Friendly to Staff with application | Ecological (Environmental) v +
demonstration
e  Market offer_with faster, safer (less Economic v +
damage) equipment
e Safe handling .
[27] e  Optimization of consumption of Social Y i
raw materials, resources, energy Ecological (Environmental) v +
o E-sales
e  Reduction: transport costs, | Economic v it
resources, energy consumption
[28] e  Green Warehousing Social /
e Investments and recommendations - -
o Numerical experiments Ecological (Environmental) v +++
e Lean management Economic /
e  Supplier factors, Customer factor,
[29] Process factors, Control and human | Social v +
factors ] .
Ecological (Environmental) v +
e Life cycle assessment of all parts Economic /
[30] e  Climate change Social /
e Graphical display of results Ecological (Environmental) v +++

Level of fulfillment of criteria: / unexplored, + less/poor, ++ moderate, +++ high/excellent

From the previous table (Table 3) and the
mentioned scientific papers, it is noticeable that the
economic factor is most represented in as many as thirteen
papers, then the environmental factor in ten, while the
social factor is represented in seven papers. Thus, it is
concluded that the greatest importance was given to the
economic factor, while other factors gained less
importance. Therefore, we came to the conclusion that it is
necessary to identify other factors in order to achieve
adequate representation.

The level of fulfilment of the criteria is a personal
assessment of the author of this paper and gives us an
insight into the importance that the author has given to a
certain factor in his work.

5. CONCLUSION

The idea of this paper is to provide an overview of
the research, development and application of Industry 4.0
in Intralogistics.

By developing the industry over the years, i.e.
centuries, we come to today: Industries 4.0.

In the introduction, the authors give a statistical
overview of the processed papers by years and countries of
publication, in order to get the best possible impression of
the time and places of research that are described. At the
beginning we can get acquainted with the origin of
Industry 4.0 and its concept.

The most significant elements that define Industry
4.0 at its core are:

e Big Data,
Smart Factory,
Cyber Physical Systems,
Internet of Things (1oT),

[ ]
[ ]
[ ]
e Interoperability.

This paper provides references that deal with each
of these elements. Four key principles of development are
given, as well as the area of application in which Industry
4.0 can bring improvement.

To understand the concept of Intralogistics, we
need to get acquainted with Logistics, of which it is a
subset.

In this particular case, Logistics 4.0 (which was
created by the implementation of Industry 4.0), has its own
technologies and related elements that it applies, Table 1.
The given table shows the use of technologies and related
elements in the mentioned scientific papers. All of the
above technologies and elements must be further
developed in the future in order to make progress.
Intralogistics has developed gradually, throughout history,
in accordance with the development of storage technology,
market needs, as well as the needs of distributors and
customers (users). That's how ‘Smart Intralogistics’ came
about.

In this paper, new definitions of Intralogistics are
presented. Emphasis is placed on monitoring megatrends
and the current method of application.

In order to better understand mentioned term, a
table with paper dealing with the application of "Smart
Intralogistics™ of its elements and technologies is given,
Table 2. We notice that in the last 5 years the list of
published scientific papers on a given topic is deficient (30
papers in the period from 2015 to 2020), but also that in
recent years that has changed for the better (13 papers in
the period from 2019 to 2020). We emphasize what has
already been mentioned in Industry 4.0 and what is
important for this part: Sustainability.
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The factors that make up Sustainability are:
Economic,
Social and
Ecological (Environmental).
Since the paper is based on research, a table is
given describing the presence of these significant factors,
Table 3.

After processing the collected data, we can
conclude that Intralogistics with the application of
Industry 4.0 is still in development, not only in practice,
but also in scientific research.

In the future, intralogistics will continue to monitor
and apply scientific knowledge. This will result in
opportunities for improvement during development.
Consideration would be reduced not only to a scientific
basis, but also to its application in the industry practice.

Countries around the world understand the benefits
of switching to "Smart Intralogistics”, while countries in
the region, including Serbia, will need more time to
embrace and implement it.
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Determination of the Probability of a Geap Pump Fault Using the Bayes
Network and Netica Software

Jovana Peri¢®, Mirko Djapi¢?, Tanja Miodragovi¢!, Stefan Pajovi¢t
The Faculty of Mehanical and Civil Engineering in Kraljevo, University in Kragujeva¢, Kraljevo (Serbia)

The literature dealing with risk analysis and finding an adequate solution in the mechanical engineering sector
shows that the use of the Bayesian network as one of the methods for risk assessment in this context is well known.
Therefore, the authors of this paper use the Bayesian network, while accordingly, for the purpose of simpler work with
Bayesian networks, special software has been developed, one of them being Netica, as the most commonly used method for
determining an adequate solution, and in this case determining the probability of malfunction. gear pumps if the
probabilities of variables that directly affect the correctness of the pump are known. The procedure for determining the
probability of malfunction of the gear pump in the specific example shown in this paper is obtained first by designing the
Bayesian network, and then by creating the same network in Netica software, where pre-defined nodes (variables) to which
assigned values are entered in program, after which the arrows show the dependences of the given variables, and then
enter the conditional probabilities of these variables and form a network on the basis of which the probability of

malfunction of the gear pump is determined.

Keywords: Bayesian networks, Netica software, conditional probabilities, variables, adequate solution,

faulty operation of the steam pump.

1. INTRODUCTION

Bayesian networks represent directed, acyclic
graphs where nodes play the role of variables and branches
represent their interconnectedness. Linking variables is a
basic problem, because it is necessary to clearly determine
the relationship between each of the two variables that are
observed. This is followed by the assignment of
conditional probabilities, which also requires a lot of
knowledge in the field that is the subject of the
examination. From the model thus formed, it is possible to
draw a conclusion about each of the variables, taking into
account the influences that other variables have on it
Also, the Bayesian network provides the ability to model
the interdependence of a large number of variables. When
it comes to the relationship of two dependent variables,
inference is simple. In this case, the answer is given by
Bayes' theorem. However, a much more complicated case
arises when there are several dependent variables for
which the required conditional probabilities due to
complexity cannot be calculated using Bayes' theorem but
using Bayesian networks [1], [2].

As an adequate solution is one of the key segments
in the machine system, this paper shows how to obtain a
probability that shows the percentage of non-correctness
of the gear pump operation if the probabilities of variables
that directly affect the correct operation of the pump are
known. One of the variables that directly affects the
correct operation of the gear pump, which is performed
using Bayesian networks and Netica software, is oil
overheating.

Overheating of the oil as one of the consequences
can be due to excessive friction or elevated ambient
temperature or insufficient amount of oil. Furthermore, the
presence or absence of excessive friction can lead to shock

loads or pump overload or excessive speed. While
elevated ambient temperature or insufficient oil or shock
loads or pump overload or excessive speed has a direct
impact on the correct operation of the gear pump. From
the given example, it is easy to conclude that each of the
variables affects another variable or depends on some
variable. This would further mean that the variables can be
chained in a certain way, which is the first step in forming
a Bayesian network. For variables that are directly related,
it is necessary to determine the conditional probabilities,
this is done on the basis of previous experience and
theoretical knowledge of the person making the
conclusion. So the first step in determining the probability
that shows the percentage of non-operation of the gear
pump is the process of designing a Bayesian network
where each variable is defined in detail, and then creating
a Bayesian network in Netica software in which
predefined variables are entered into the program and
formed a network.

2. THE PROCEDURE FOR DESIGNING A BAYES
NETWORK

In order to design a Bayesian network, it is first
necessary to define the following:

* nodes in the network (variables to be solved),

« possible outcome of each node (values received
by each of the variables),

» branches in the network (interdependence of
variables),

» the probability distribution of each of the
variables depending on the probability distribution of their
parents in the network.

The next step is to assign probabilities. They
represent the initial probabilities assigned to the variables,

*Corresponding author: Jovana Peri¢, The Faculty of Mechanical and Civil Engineering in Kraljevo of the University in Kragujevac,

Dositejeva 19, 36000 Kraljevo, peric.j@mfkv.kg.ac.rs
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and they are arrived at on the basis of some previous
research. When it comes to the Bayesian network,
probability would imply anticipating the outcome of each
of the variables when no evidence is known for any node
in the network.

A variable that is not affected by any other variable
in the network is called a parent or root. They are placed
first in the network. Then the parents connect the branches
with the variables on which they have a direct influence
and they are called children. This procedure continues
until the final variables are reached, those that do not have
children, ie they do not affect any of the variables. A
similar procedure is used when assigning probabilities. It
is first necessary to assign probabilities to the variables
that represent the root in the network.

This is the probability in the observed example of a
malfunction of the gear pump, overheating of the oil.
Then, for each variable that has parents, a conditional
probability table is formed. So for each variable it is
necessary to take into account all combinations of
probabilities of its parents. The number of parents of a
variable determines the dimensionality of the table.

Figure 1 shows the analysis of the interdependence
of nodes (variables) in the network. The presence of
excessive friction, elevated ambient temperature and
insufficient oil depends on whether the oil is overheated or

Too much friction

Pump
overload

Impact load

Oil overheating

not. So, this variable overheating oil has three children.
Furthermore, impact loads, pump overload, excessive
speed depend on whether there is too much friction or not.
Well, this variable also has three children. While the
variable malfunction of the gear pump, which is also the
question that arises in order to reach an adequate solution
to the problem, has five parents, depends on elevated
ambient temperature, insufficient oil, shock loads, pump
overload and excessive speed. In order for this model to be
complete, it is necessary to associate each variable with
the corresponding conditional probability, Figure 2.

Each of the variables that has parents is
accompanied by tables of conditional probabilities that
will be taken into account by each of the outcomes of her
parents. As the number of parents increases, so does the
number of conditional probabilities that will be associated
with the mentioned variable. For example, a node that has
two parents will be associated with a total of 4
probabilities, because each parent has two states in which
it can be. Thus, the total number of conditional
probabilities joining the node, which has n parents, is 2".
This procedure performs the design of the Bayesian
network, which is further entered into the Netica program,
which leads to a percentage probability of failure of the
gear pump.

Elevated ambient
temperature

Not enough oil

Gear pump
malfunction

Figure 1: Bayesian network
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Too much | Too much Not encugh | Mot enough
lamblent lemp.| ambsdent temp.
friction Yes | friction No Yes N ol Yes oil No
i Overheating|
oil Yes 333 B8.7 52 948 ol Yas 426 574
Owverheating Overheating
ol o k] 282 96.3 T oil No 418 58.2
Pump
Impact load toad
Impaict load | Impact load Pump Pump | Toofast | Toofast
Yes No overload Yes| overload No No
Too much Too much Too much -
friction Yes | 411 %89 | friction Yes | 398 802 || friction Yes w3
Ge;l'uww
Too much Too much Too much malfunction
friction No 60.8 39.2 friction No B15 385 friction No 4.7

Figure 2: Bayesian network with conditional probabilities

3. CREATING A BAYES NETWORK USING NETICA
SOFTWARE

Calculating probabilities in Bayesian networks that
have a large number of nodes can be very complicated if
the probabilities were calculated “on foot”. In order to
make working with Bayes' networks as simple as possible,
several software tools have been developed, one of which
is used in this work is Netica.

Bl retica
File Edt Layout Moddy Table Network Cases Report Style Window Help
REERT < ~|jcoeN o1 Emam o mEL| 2

([

The principle of operation of this program is
extremely simple. It is necessary to enter nodes
(variables), values that variables can receive, conditional
probabilities, more precisely everything that is defined by
the formatting procedure. After that, the arrows show the
dependence of the given variables and a network is
formed. Figure 3 shows the appearance of the working

window of the running Netica program.

Figure 3: Appearance of the Netica program window

In the following text, it will be briefly explained
how the Bayesian network is created with the help of
Netika software, through the determination of the
probability that shows the percentage of non-operation of
the gear pump.

Creating a network in software begins with
selecting defined nodes that represent variables. Netica
software provides the ability to draw three types of nodes,

arranged respectively in the form: circle, square and
hexagon. These are, respectively: nodes of "nature”, nodes
of "decisions" and nodes of "values". Nature nodes are
variables that can be influenced by the decision maker.
They are used to represent empirical or calculated
parameters and the probabilities of occurrence of different
states. Decision nodes are management variables that can
be directly implemented by the decision maker. These

Determination of the probability of a geap pump fault using the Bayes network and Netica software
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nodes represent a set of available management actions.
They are closely related to value nodes, which are used to
estimate the correct optimal decision on the network that
will maximize the sum of the expected values of the value
nodes. Next to the nodes, there is also an arrow that is used
to establish the dependencies between the nodes.
Relationships between nodes can be entered as individual
probabilities, in the form of equations, or they can be
downloaded from a data file.

In the concrete example of the network in Netica,
the network will be drawn over the nodes of nature, and
the relations will be entered as probabilities. When a
sufficient number of nodes are displayed in the Netica
software workspace, determined whether they are of

Proceedings of X International Conference “Heavy Machinery-HM 2021”, Vrnjacka Banja, 23— 25 June 2021

discrete or continuous type, then the values that the
variable can receive are entered, Figure 4, the next step is
to connect the nodes to establish dependency and provide
the ability of Netica to recognize who the parents of each
of the variables are and thus enable easier entry of
predetermined conditional probabilities, Figure 5. A
further step is to enter the conditional probabilities that are
known, Figure 6. Now, when all probabilities have been
entered by clicking on the Compile Net option, the
probabilities for all variables in the network are obtained
Figure 7, after the check, based on previously defined and
entered probabilities, the probability is determined, which
shows the percentage of gear pump failure.

Oil overheating

Yes
No

Too much friction

Elevated ambient temperature

Not enougle oi

Yes
No

Yes

Impact load Too fast

Yes
No

Yes
No

e o]

Name: | GeapPumpMalfunctiom Title: | Geap pump malfunctiom

Nature w |

State: _w [ |Ves New oK

Discrete w |

Geap pump malfunctiom

Yes
No

Number:

Delete

Apply

Description -

Reset
Close
Table

Help

Figure 4: Node naming, input of node type and values that node receives

Oil overheating
Yes . i
No

Elevated ambient temperature

Too much friction
Yes
No X

Yes
No

el

Pump overload
Yes Lo
No .

Impact load
Yes
No :

Geap pump malfun

Yes .
No .

ctiom

Figure 5: Connecting nodes
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Yes
No

Qil overheating

4
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Too much friction

temperature

Yes

Yes | No

No

Not enougle oil
Yes s
No

] .

Impact loa Pump overload Too fast
Yes R Yes 1 Yes )
No i Mo L] (o
\‘\‘ A NotEnougleQil Table (in Bayes net Untitled_1_Engo) | = | &
Node: NotEnougleOil Appl 0K
Geap pump malfunctiom - nosaly hd PPy
:I? i Chance  w| % Probabiity v| |Reset  Close
0il overheating Yes No
Yes 42.6 57.4
No 41.8 58.2
Figure 6: Entering conditional probabilities
Oil overheating
Yes 500 mmms |
No 500 -
L
Too much friction Elevated ambient temperature Not enougle oil
Yes 50.7 i T
Yes 525 = Yes o jmml |
No  47.5mmmm | No 49.3 | No  57.0 jmmmmm |
/ 3 \
Impact load Pump overload Too fast
Yes 504 mmmm Yes 501 mmmm Yes 402 pmmm
No 498 | | [~ No 499 N No 518

T

Geap pump malfunctiom
Yes 3
No

64.0
36.0

Figure 7: Assigned probabilities to all nodes

4. POSSIBILITY OF CHANGE OF PROBABILITY ON
THE CORRESPONDING NODE (VARIABLE) IN THE
FORMED NETWORK

In the finished Bayesian network, Netica offers the
possibility of changing conditional probabilities, if there is
a need for that, more precisely if there is evidence for a
variable, ie it is known what value the given variable
takes. In order to change the probability of the
corresponding variable, it is necessary to set its probability
to the appropriate one, after which the program will

change the probabilities of other nodes that depend on that
node (variable).

Modification within the given network for
malfunction of the gear pump was performed on the node
(variable) pump overload, where the problem observer set
the probability for the selected node (variable) is 100, after
which the program automatically adjusted the conditional
probabilities of all other variables with to which it is
related and in this way it is easy to calculate the
percentage of malfunction of the gear pump when there is
a change in the probability of the corresponding variable,
Figure 8.

Determination of the probability of a geap pump fault using the Bayes network and Netica software
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Oil overheating

Yes 542 jmmmm
No 458 P

Too much friction

Yes
No

417 )]
58.3

Y

Elevated ambient temperature
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No

47.0 o
53.0 p— |

Not enougle oil

R

Yes
No

Geap pump malfunctiom

69.7
30.3

Yes
No
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Figure 8: Probability change on the selected node

Impact load Pump overioad | Too fast
Yes 526 mmmm Yes 100 Yes 57.9 mmmmm
No 47.4 jmmem | | No o[ No 421 jmmemi |
CONCLUSION

In the last few decades, new methods have been
developed for mechanical engineering that enable faster
and more efficient solving of problems that designers
encounter when making decisions. Before solving any
problem, the most important thing is to determine the
exact cause of the problem. This involves a series of
actions, observations and interpretations of the very cause
of the problem that would lead to the presence of a
suspected problem. In almost all areas of mechanical
engineering, the exact cause of the problem can be solved
by experience, intuition, knowledge or skill, but also by
using programs that enable faster and more efficient
problem solving. One such program is the Netica software,
the principle of operation, design process and creation of
the network is presented in this paper. The whole
procedure performed to create a Bayesian network in the
given example provides the possibility to determine the
percentage values of gear malfunction if variables (causes)
are known that directly affect the correct operation of the
pump.

The paper also provides an opportunity for the
problem observer to adjust the probability of a variable
depending on his problem after the network is created,
after which the modified Bayesian network can be easily
adapted to the new data, no matter how many variables
there are. This actually means that if one probability
changes on one of the variables, it is possible to
automatically adjust the conditional probabilities of all

other variables to which it is related, which further
provides the possibility of easily calculating the
probability of malfunction of the gear pump.
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Jet Lagging in Abrasive Water Jet Cutting of High-Speed Tool Steel

Ramiz Kurbegovic'”, Mileta Janjic!
Faculty of Mechanical Engineering, University of Montenegro, Podgorica (Montenegro)

Abrasive water jet machining is a very efficient unconventional method for contour cutting of different types of
materials. As one of the main characteristics of the quality of surfaces machined with this method is curved lines that appear
during machining. These lines are a consequence of the deviation of the abrasive water jet from its ideal vertical line, jet

lagging, which are the cause of machining errors.

The aim of this work is to investigate the influence of machining parameters on jet lagging. The samples of high-speed
steel EN HS6-5-2 (JUS ¢.7680) were machined with an abrasive water jet under varying working pressure, traverse speed,
abrasive mass flow rate, and stand-off distance. The jet lagging was measured at twenty places along with the depth of cut,
and based on these results, the relationship between the jet lagging and machining parameters has been formed.

In order to correctly select the process parameters, an empirical model for the prediction of jet lagging in abrasive
waterjet cutting of high-speed steel EN HS6-5-2 was developed using regression analysis. This developed model has been
verified with the experimental results that reveal high applicability of the model within the experimental range used.

Keywords: Jet lagging, Abrasive waterjet, Empirical model, High speed tool steel, Regression analysis

1. INTRODUCTION

Abrasive Waterjet Cutting [AWJC] has various
distinct advantages over the other non-conventional cutting
technologies, such as no thermal distortion, high machining
versatility, minimum stresses on the work piece, high
flexibility and small cutting forces and has been proven to
be an effective technology for processing various
engineering materials [1]. It is superior to many other
cutting techniques in processing variety of materials and has
found extensive applications in industry [2]. However,
AWJC has some drawbacks and limitations. It creates
tapered edges on the kerf, especially when cutting at high
traverse rates [3,4], generate loud noise and a messy
working environment.

In the abrasive water jet cutting, the tool is the
abrasive water jet, Figure 1.

High pressure
Water water

orifice

Mixing
chamber

Abrasive
nozzle™~Jit Abrasive
; water jet

Workpiece

Feed
direction

Figure 1: Schematic view of abrasive water jet cutting [5]

The abrasive water jet is a narrow, high-speed water
jet stream, formed by highlighting the small diameter water
orifice. Downstream from the orifice, in the mixing
chamber, abrasive particles are added in the high-speed
water jet. They are accelerated by momentum exchange
with the high-speed water jet in an abrasive nozzle. From
there, the abrasive water jet is directed to the work piece.

The principles on which the abrasive water jet
machining process is based on is erosion. Some authors
explain the process of erosion as a kind of abrasive wear, at
which abrasive particles and water jet repeatedly impact the
surface, resulting in flushing of the material from that
surface [2,6].

There are several papers dealing with the formation
of cut front geometry and the factors that influence its final
appearance. Mostly, the cutting front geometry of the
workpiece machined by the abrasive water jet is influenced
by machining parameters such as operating pressure, stand-
off distance, traverse speed, abrasive flow rate [2,7].

Defining the geometry of the cutting front, is in fact,
the determination of the deviation - lagging, Yiag, Of the
abrasive water jet from the vertical line. Momber and
Kovacevi¢ [2] explained the deviation of the cut front
geometry from ideal as a consequence of energy loss during
the cutting process, Figure 2.

Theoretical cutting geometry «— Cutting direction  Real cutting geometry

Cutting front
Cutting front h=fx)

4,

=

Figure 2: Deviation of the cut front geometry from ideal
[2]
The line that defines the lagging of abrasive water
jet is described by Zeng, Heines and Kim [8] as a parabola.

*Corresponding author: Ramiz Kurbegovic, Faculty of Mechanical Engineering, University of Montenegro, Podgorica, rkurbeg@gmail.com
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The aim of this work is to investigate the influence
of machining parameters, such as operating pressure, p,
standoff distance, Sd, traverse speed, U, and abrasive mass
flow rate, Ma, on jet lagging and to make an empirical
model for the prediction of jet lagging in abrasive waterjet
cutting of high-speed steel EN HS6-5-2.

M. Chithirai Pon Selvan i N. Mohana Sundara Raju
[9] observed the maximum cutting depth, hmax, as a main
parameter for evaluating the applicability of the abrasive
water jet machining process for a particular material. They
found that water pressure has the most effect on the depth
of cut and surface roughness. An increase in water pressure
is associated with an increase in depth of cut but a decrease
in surface roughness. Depth of cut constantly increases and
surface roughness decreases as mass flow rate increases. As
nozzle traverse speed increase, surface roughness increases
but depth of cut decreases. This means that low traverse
speed should be used to have more depth of cut and surface
smoothness but is at the cost of sacrificing productivity.
This experimental study has resulted that standoff distance
has no apparent effect on depth of cut. Nevertheless, surface
smoothness increases as stand-off distance decreases. Using
regression analysis, they developed a model for predicting
the depth of cut of stainless steel. During the development
of the model, various parameters of the abrasive water jet
machining process were taken into account. Their model is
represented by a formula:

p0,339 . Ma0,107 ,dal,795, 0,878

e &)
Pl

where p is the working pressure, Ma is the abrasive
mass flow rate, da is the mean value of the abrasive particle
diameter, pa is the density of the abrasive particles, E is the
material modulus of elasticity, U is the traverse speed, Sd is
the stand-off distance of the cutting head from the
workpiece, pw is the density of the water and dj is the
diameter of the water jet.

This model showed a good corelation with the
experimentally obtained results and will be used as a basis
for experimental analysis of the influence of the machining
process parameters on the jet lagging.

2. EXPERIMENTAL WORK

Samples presented by Kurbegovic, Janjic, Vukcevic
and Durovic [10], Table 1, concerning the influence of the
water pressure (p), traverse speed (U), abrasive flow rate
(Ma) and stand-off distance (Sd) on the abrasive water jet
lagging, were used for creating relationships and adopting a
mathematical model of influence of the machining process
parameters on the jet lagging.

Ninax =678

0324, ;0,137 {0.009

Table 1: Samples and its machining parameters [10]
Sample 1

Sample 2 Sample 3

N 4
p1=1999MPa | p2=251,7MPa | ps3=299,9 MPa

U =20 mm/min U =20 mm/min U =20 mm/min
Ma =395 g/min Ma = 395 g/min Ma =395 g/min
Sd=2mm Sd=2mm Sd=2mm
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Sample 4

Sample 5

Sample 6

ps =413,7 MPa

p =413,7 MPa

ps =351,6 MPa
U =20 mm/min U =20 mm/min U =20 mm/min
Ma = 395 g/min Ma = 395 g/min Ma = 395 g/min

Sd=2mm Sd=2mm Sd1=3mm

Sample 7 Sample 8 Sample 9
i
R é- i I

p = 413,7 MPa p = 413,7 MPa p = 413,7 MPa
U =20 mm/min U =20 mm/min U =5 mm/min
Ma = 395 g/min Ma = 395 g/min Ma = 395 g/min

Sd2 =4 mm Sdz =6 mm Sd=2mm

Sample 11

Sample 10

-

Tane

Sample 12
55

p =413,7 MPa

p =413,7 MPa

p =413,7 MPa
U2 =10 mm/min U3z =30 mm/min U4 =40 mm/min
Ma = 395 g/min Ma = 395 g/min Ma = 395 g/min
Sd=2mm Sd=2mm Sd=2mm
Sample 13

Sample 14

Sample 15

i)

p =413,7 MPa p =413,7 MPa p =413,7 MPa
Us = 60 mm/min U =20 mm/min U =20 mm/min
Ma =395 g/min | Ma1 =166,5g/min | Ma2 =229 g/min

Sd=2mm X=2mm Sd=2mm

Sample 16

Sample 17

R

p = 413,7 MPa
U =20 mm/min
Mas = 274,5 g/min

Sd=2mm

p = 413,7 MPa
U =20 mm/min
Mas4 = 331,5 g/min
Sd=2mm

The system used for machining the samples is the
product of WIS, model NCX 4020, Sweden. The diameter
of the water orifice was 0,254 mm and the abrasive nozzle

R. Kurbegovic, M. Janjic
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(focusing tube) diameter was 0,768 mm (ROCTEC 100).
The abrasive material was Garnet mesh 80.

The material used for the experiment is high-speed
tool steel EN HS6-5-2 (JUS ¢.7680, AlISI M2), produced
with the Electro Slag Remelting (ESR) method in a round-
shaped ingot, normalized, bandsawed to 42 mm thick discs
and lathe cut to 40+0,05 mm. Material is then water jet
machined to a 40x40x110+0,05 mm specimens. The side
which is water jet machined is milled and flatten to 38+0,05
mm for distinction purposes. The material was cut to a
length of 30 mm. Then the flow of abrasives was stopped
and then the machine was stopped. After that, the specimens
were cut till the end with Wire Electric Discharge
Machining (WEDM). Cutting with WEDM was done to
avoid damaging the cut front line and that it could be
possible to measure the jet lagging.

Measurements for determining water jet lagging
were performed in twenty places (at the same distance)
along the sample thickness using an optical microscope.
Measurement principle of jet lagging is shown on Figure 3.

“llag

<

Y,..=a'hP

lag

s —sample thickness

\ 4
Figure 3: Measurement of jet lagging [11]

Measured values of jet lagging for samples shown
in Table 1, are shown in Table 2.

Table 2: Measured values of jet lagging [10]
Sample 1 | Sample 2 | Sample 3 | Sample 4

Ylag, MM

0 0 0 0 0

2 0,0978 0,0774 0,0693 0,0590
4 0,1473 0,1294 0,1277 0,0804
6 0,1554 0,1534 0,1661 0,1531
8 0,2108 0,2133 0,2104 0,1865
10 0,3152 0,2726 0,2436 0,2198
12 0,4381 0,3314 0,2608 0,2537
14 0,5450 0,4058 0,3066 0,3042
16 0,6765 0,5350 0,4178 0,4162
18 0,8117 0,6642 0,5569 0,5385
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Sample 5 | Sample 6 | Sample 7 | Sample 8

20 1,0111 0,7969 0,6451 0,6536

22 1,2282 0,9297 0,8191 0,7461

24 1,4628 1,1341 0,9932 0,8241

26 1,7640 1,3384 1,1247 0,9159

28 2,0834 1,5427 1,2561 1,0661

30 2,5039 1,8170 1,3876 1,2163

32 - 2,0914 1,6424 1,4484
34 - 2,4332 1,8973 1,6805
36 - 2,8380 2,1376 1,9127
38 - 3,2731 2,4666 2,1448
40 - 3,8638 2,7958 2,3769

mm Ylag, mm
0 0 0 0 0
2 0,0453 0,0651 0,0709 0,0703
4 0,0906 0,1303 0,1418 0,1407
6 0,1359 0,1954 0,2126 0,2110
8 0,1811 0,2309 0,2571 0,2813
10 0,2264 0,2754 0,3016 0,3517
12 0,2717 0,3198 0,3329 0,4220
14 0,3170 0,3643 0,3708 0,4923
16 0,3623 0,4087 0,4087 0,5627
18 0,4076 0,4624 0,5130 0,6330
20 0,4786 0,5160 0,6173 0,7033
22 0,5329 0,6443 0,7217 0,8407
24 0,6382 0,7726 0,8260 0,9782
26 0,7434 0,9107 0,9803 1,1337
28 0,8487 1,0489 1,1346 1,2892
30 0,9539 1,1871 1,2890 1,4448
32 1,1120 1,3642 1,5121 1,6671
34 1,2701 1,5414 1,7351 1,8894
36 1,4282 1,7185 1,9582 2,1116
38 1,5863 1,8957 2,1813 2,3339
40 1,7445 2,0729 2,4045 2,5563
Sample Sample Sample
Sample 9 10 11 12
r:r'n Ylag, mm
0 0 0 0 0
2 0 0 0,0926 0,0926
4 0 0 0,1852 0,1852
6 0 0 0,2777 0,2777
8 0 0 0,3703 0,3703
10 0 0,0329 0,4351 0,4351
12 0 0,0658 0,5232 0,6626
14 0 0,1023 0,6245 0,8925
16 0,0393 0,1389 0,8342 1,1718
18 0,0786 0,2365 1,0439 1,4512
20 0,1179 0,3342 1,3387 1,8412
22 0,1572 0,4319 1,6336 2,2312
24 0,1965 0,5532 1,9633 2,6259
26 0,2359 0,6744 2,2930 3,0207
28 0,2752 0,7631 2,7636 3,5046
30 0,3289 0,9202 3,2342 3,9984
32 0,3826 1,0672 3,7047 4,4723
34 0,4363 1,2141 4,1753 4,9562
36 0,5485 1,3298 4,6183 5,4635
38 0,6608 1,5612 5,0612 5,9708
40 0,7730 1,6769 5,5042 6,4779
Sample Sample Sample Sample
13 14 15 16
I"fr]]I"T] Y lag, mm
0 0 0 0 0
2 0,0926 0,0926 0,0926 0,0834
4 0,1852 0,1852 0,1852 0,1668
6 0,2777 0,2777 0,2777 0,2503
8 0,3703 0,3703 0,3703 0,3439
10 0,5809 0,4715 0,4715 0,4175
12 0,7997 0,6278 0,6278 0,4691

Jet Lagging in Abrasive Water Jet Cutting of High-Speed Tool Steel
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Ylag, mm

o]

VS

—e—p=199.9 MPa
—eo—p=251,7 MPa
—o—p=299.9 MPa

p=351.6 MPa
—e—p=413.7 MPa

(@)
Ylag, mm
8 7 6 5 4

||||||||||||||||||||

[o R SO N =

T T T T T T T T T T T
B ¥ Y S L Y ]
[==R T N N N N e )

14 1,1137 0,8224 0,7458 0,5187
16 1,4497 1,0830 0,9277 0,7437 4
18 1,7856 1,4235 1,0865 0,9907 [
20 2,3621 1,7762 1,3359 1,2030
22 2,9387 2,1288 1,5853 1,4153
24 3,4368 2,5145 1,8378 1,7352
26 4,0273 2,8689 2,0485 2,0485
28 4,6854 3,2476 2,3667 2,3667
30 5,3470 3,6263 2,6848 2,6848
32 6,0086 4,0051 3,0029 3,0029
34 6,6703 4,3838 3,321 3,3210
36 7,5399 4,9571 3,8172 3,6890
38 8,4366 5,5929 4,3531 3,9815
40 9,3471 6,1071 4,8004 4,1935
Sample
17
r:r’n Yiag, mMm

0 0

2 0,0410

4 0,0820

6 0,1229

8 0,1639

10 0,2962

12 0,4284

14 0,5606

16 0,6928

18 0,8251

20 0,9999

22 1,1748

24 1,3876 <
26 1,7095

28 2,0332

30 2,3569

32 2,6806

34 3,0043

36 3,3133

38 3,6340

40 3,9440

It was concluded in [10] and shown on figure 2 that
as the cutting depth increases, the deviation of the front
cutting line from its ideal line, jet lagging, also increases.
The increase in traverse speed and the distance of the
cutting head from the machining material, stand-off
distance, results in an increase of the jet lagging. As the
values of the abrasive flow and working pressure processing
parameters increase, the jet lagging decreases. This clearly
demonstrates the strong correlation between the jet lagging

and the applied machining parameters.
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Figure 4: Influence of (a) operating pressure, (b) traverse
speed, (c) abrasive mass flow rate and (d) stand-off
distance on jet lagging [10]

3. PREDICTIVE MODEL FOR JET LAGGING

AWJC process involves a large number of variables
that affect the cutting performance. Dimensional analysis is
a powerful analytical technique in describing the
relationship between physical engineering quantities (such
as jet lagging) and independent variables. This technique is
used to develop mathematical model for the jet lagging
based on the experimental data for high-speed tool steel.
The constants in the models were obtained by the regression
analysis technique. These constants were statistically
determined at minimum 95 % confidence level. This model
relates the jet lagging to four process variables, namely
water pressure, nozzle traverse speed, abrasive mass flow
rate and nozzle stand-off distance.

Mathematical model adopted for this research work
will be as follows:

Y ag=a-h°-p°-U°-Ma®-Sd’ @)

where a, b, ¢, d, e, f are regression analysis
coefficients.

The above model is valid for the operating
parameters in the following range for practical purposes and
machine limitations:

e  Water pressure: 199,9 MPa <p <413,7 MPa,
e Traverse speed: 5 mm/min < U < 60 mm/min,

e  Abrasive mass flow rate: 166,5 g/min < ma < 395
g/min and

e  Stand-off distance: 2 mm < Sd < 6 mm.

The mathematical model that describes the impact of
the corresponding machining parameters on the jet lagging
was given for each diagram.

Ylag:1-347 . h 2132 | p -1.251 (3)
Standard deviation of (3) is R = 0.9948869.

Yag=0.0001017 - h 194 . Y 104 4)
Standard deviation of (4) is R = 0.986002.

Ylag:1-022 . h 1821, \g 09575 (5)
Standard deviation of (5) is R = 0.9948869.

Yag=0.001864 - h 1789 . 5q 032 (6)
Standard deviation of (6) is R = 0.9943339.

It is shown that the model predictions are in good
agreement with the experimental data with the deviations
less than 3 %. Also, using the MATLab software package,
multiple regression analysis was performed on the
measured values of jet lagging, Ylag, and given in a 3D
representations in figure 5, within the experimental range.
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Figure 5: Influence of (a) operating pressure, (b) traverse

speed, (c) abrasive mass flow rate and (d) stand-off
distance on jet lagging

Based on the measured values in Table 2, the
relationship between the jet lagging and operating pressure,
stand-off distance, traverse speed, abrasive mass flow rate
and depth of cut, is formed. This relationship is represented
by a mathematical model described in (2).

14008, 0.1086. 1.1424

Y 1ag=3.4656- 5053 gl T (7
Standard deviation of (7) is R = 0.9702062.
Figure 6 shows the observed values of the jet

lagging versus the values of the jet lagging predicted by the
model presented in (7).

7

FPredicted

0
Observed
Figure 6: Observed versus predicted values of the jet
lagging

4. CONCLUSIONS

Experimental investigations have been carried for
the jet lagging in abrasive waterjet cutting of high-speed
tool steel. The effects of different operational parameters
such as: pressure, abrasive mass flow rate, traverse speed
and nozzle stand-off distance on jet lagging have been
investigated.
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The change of the jet lagging as the function of
operating pressure, stand-off distance, traverse speed, and
abrasive mass flow rate can be noted. With the increase of
the traverse speed, there is an increase in the jet lagging.
Furthermore, it can be observed that the increase of
operating pressure and abrasive flow rate causes the
decrease of the water jet lagging. This clearly suggests a
firm correlation between the water jet lagging and the
referred machining parameters. The influence of the depth
of cut on the jet lagging is also significant. With the
increasing depth of cut, the jet lagging also increases.

It is interesting that the exponent associated with the
depth of cut, in all Equations (3, 4, 5 and 6), has a value of
about 2.

As a result of this study, it is observed that these
operational parameters have a direct effect on jet lagging. It
has been found that traverse speed has the most effect on jet
lagging. An increase in traverse speed is associated with an
increase in jet lagging. These findings indicate that the use
of low traverse speed is preferred to obtain overall good
cutting performance, but at the cost of productivity. Jet
lagging constantly decreases as the mass flow rate
increases. It is recommended to use a more mass flow rate
to decrease jet lagging. Among the process parameters
considered in this study traverse speed and abrasive mass
flow rate have a similar effect on jet lagging, but one
opposite from another. Stand-off distance has no apparent
effect on jet lagging, but to achieve an overall cutting
performance, a low stand-off distance should be selected.

From the experimental results, an empirical model
for the prediction of jet lagging in the AWJC process of
high-speed tool steel has been developed using regression
analysis. Also, verification of the developed model for
using it as a practical guideline for selecting the parameters
has been found to agree with the experiments. Therefore,
the need for extensive experimental work in order to select
the magnitudes of the most influential abrasive waterjet
cutting parameters on jet lagging of high-speed tool steel
can be eliminated.

Based on the model from (7), it can be concluded
that with the proper selection of the machining parameters,
the desired values of the jet lagging can be achieved. The
entire length of the cut does not need to be machined with
such selected machining parameters, but only the parts of
the path that make the curve, because major mistakes occur
there.

From the (7), we can conclude that an increase of the
depth of cut, stand-off distance and traverse speed leads to
an increase of the jet lagging, and with an increase of
operating pressure and abrasive mass flow rate jet lagging
decreases.

The experiments were carried out on only one
material, EN HS6-5-2, so that the obtained models are only
valid for this material. It is necessary to carry out the
experiments on different materials or the same material with
different heat treatments to determine the effects of the
mechanical properties of materials on the jet lagging.

It would also be interesting to carry out the
experiments on the same material with different thicknesses
and other mechanical properties, and to investigate this
phenomenon and its dependencies.

NOMENCLATURE
da Mean diameter of abrasive particles
d; Diameter of water jet
h Depth of cut
Ma Abrasive mass flow rate

Working pressure

U Traverse speed

Sd Stand-off distance
E Materials Young’s modulus

Y lag Jet lagging

Pa Abrasives density

Pw Density of water
S Sample thickness

a,b,c,d ef Coefficients of regresion analysis
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Application of Taguchi method to bevel angle optimization during
plasma arc cutting

Dragoljub Lazarevic?, Andjela Lazarevic®”
Faculty of Mechanical Engineering, University of Nis (Serbia)

Increasing machinability is usually a challenging issue, thus represents an often-explored topic. Many useful tools
and methodologies were developed to support engineers and researchers in their effort to optimize production and find
good trade-off between competitive priorities in manufacturing. Taguchi optimization method represents experimental
methodology that allows engineers to obtain information about the process factors’ effects on the selected outcome, with
the minimum number of experiments. In this paper one element of the plasma cut quality was investigated, namely bevel
angel in terms of the combination of plasma cutting process input factors: cutting current, cutting speed and material
thickness. The orthogonal array L9 was developed, therefore nine experiments were conducted while each experiment was
repeated 3 times under the same conditions. Signal-to-noise ratio, analysis of means and analysis of variance were
undertaken to estimate the factor effects on the process output, optimal combination of the input factor levels, as well as
these factors significance with the 95% of confidence. Finally, the confirmation testing was done in order to verify the

expected response of the obtained optimal combination of the input factor levels.

Keywords: Plasma cutting, Taguchi method, bevel angle, optimization

1. INTRODUCTION

Plasma arc cutting is non-conventional machining
process that employs thermal energy for removing
material from the kerf zone, as well as the high kinetic
energy of the plasma jet. Plasma arc is formed by heating
pressurized plasma gas, which is supplied in a gap
between the cutting nozzle and the electrode of the plasma
torch (cathode). The ionization of constricted plasma gas
begins with the ignition high frequency spark, forming a
pilot arc. When the cutting torch is sufficiently close to the
workpiece, the pilot arc is transferred to the material,
acting as an anode. Thus, the main arc is established
between the cathode and the workpiece material [1].
Passing through the nozzle, outside toward the workpiece
material, plasma arc maintains gas ionization of the
plasma jet, containing heated partially ionized gas, with
high kinetic energy. Plasma jet heats the workpiece’s
surface in the kerf zone, which melts and partially
vaporize material at a localized area of workpiece. Melted
material is expelled out of the kerf by the kinetic energy of
plasma jet. After initial piercing of material, plasma arc is
moved across the workpiece’s surface to produce required
cut [2, 3].

The electrode is usually made of water-cooled
copper, which melts fast. Therefore, its durability was
improved by using a tungsten or hafnium inserts at the top
of each electrode, which is the point where the arc
attaches. The selection of plasma gases is wide, starting
from the compressed air or oxygen, toward nitrogen,
carbon dioxide, argon and different argon mixtures
(hydrogen-argon ...). For cooling the torch components
and consumables, the shield gas is employed. If plasma
cutting process involves cutting with transferred arc
materials that could be cut are aluminium, brass, carbon
steel, mild steel, stainless steel, cast iron, copper, copper
alloys, high nickel, magnesium etc [4].

Plasma arc cutting has wide range of applications in
various manufacturing processes, intended either for final
products or further processing. Plasma arc cutting is also a
fascinating process that provokes researchers to undertake
different kind of experimental investigations, metering,
statistical ~ analysis, modelling, simulations and
optimizations. In this process researchers are facing high
quantities of energy and intense temperatures and
velocities in plasma jet, that impact significantly to the
cutting quality. High temperatures of ionized gas lead also
to the significant changes in plasma jet depending of the
distance from the workpiece, or the position in the kerf
area during cutting. Finally, high temperatures during this
process influence considerably working conditions and
environment, therefore, a special attention should be
assigned to the safety issues at the work floor [5,6].

In the past years, researches focused on the plasma
arc cutting process could be classified into several groups.
Although the technology is getting more and more
advanced and the precision is increased, the phenomena
that follow intense phase transformations of material
during plasma cutting are very often subject of different
investigations and challenges in research. Cutting quality
is still subject of interest for many researchers, especially
in application of different artificial and computational
intelligence methods or advanced statistical methods for
process modelling and optimization, with respect to the
various elements of plasma cut quality [7].

Number of studies is devoted to the investigation of
the relationship between plasma cutting parameters and
desired cut quality characteristics. Some of them do not
investigate relations between cutting parameters and their
interrelations in terms of finding mathematical or other
models of the processes abstracted as black box. They
present the metering results, varying one or more
parameters, using the graphical representation as one of
the most explicatory ways of data representation. These
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studies could be important from the empirical point of
view, since it is useful to have as many data as it could be
obtained in order to reach the appropriate conclusions of
the plasma arc cutting process [8-10].

Each investigation of the plasma cutting process
aimed to understand process mechanisms and effects of
the plasma cutting parameters on the quality
characteristics, gave special attention to the experimental
investigation. Although many types of designs of
experiment were used for plasma cutting process
modelling and optimization (Box-Behnken design, Box-
Wilson design etc.) [11-14], in recent years the application
of Taguchi orthogonal arrays dominated.

Salonitis investigated the effects of cutting power,
cutting speed, cutting height and plasma and gas pressure
on the kerf taper angle, surface roughness and the size of
heat affected zone (HAZ) by Taguchi L9 orthogonal array,
which was followed by the empirical regression model
development [15]. Bhuvenesh used Taguchi method to
achieve the optimum condition for material removal rate
and surface roughness, while its study revealed that the
surface roughness is inversely proportional to the material
removal rate [16]. Plasma arc surface hardening was also
explored using Taguchi design, while the significance of
process parameters and its interactions was investigated
[17]. Plasma surface hardening was also investigated by
Yang, while the Taguchi L9 orthogonal array was used.
One research included the study of the effect of specimen
thickness on the maximum hardness obtained in plasma
surface hardening, while the other one is related the
process optimization to achieve maximum hardened depth
of ASSAAB 760 Steel [18,19]. It could be concluded that
the surface roughness and material removal rate are the
most investigated output process parameters, while usual
input process parameters are cutting speed, material
thickness, cutting current and gas pressure.

Standard for thermal cutting, including plasma arc
cutting, provided the methodology and evaluation criteria
for the cut quality classification SRPS EN 1SO 9013:2017
(Thermal cutting — Classification of thermal cuts -
Geometrical products specification and quality tolerances).
These standard defined terms related to the cutting
process, as well as finished workpiece and specified the
determination of the quality of cut surface, including the
definition of bevel cut [20]. Bevel angle is angle of the cut
edge. When bevel angle is 0° for vertical cut, the cut
surface is under 90° comparing to the both upper and
lower side of the workpiece (the torch position is
perpendicular to the workpiece surface during cutting).
However, this cut characteristic is not always easy to
reach, therefore bevel angle is measured to assess the
quality of the cut. Bevel angle is influenced by cutting
speed, cutting current, material thickness, torch movement
direction, standoff distance (distance between the nozzle
and workpiece) [21]. Bevel angle, as one element of the
plasma cut quality, was previously explored by
experimental research and application of artificial neural
network to model the impact of plasma cutting current,
cutting speed and material thickness on the bevel angle
[22].

However, the purpose of this research was to
investigate the impact of cutting current, cutting speed and
material thickness on the bevel angle during plasma arc

cutting. The experiment was based on the Lg orthogonal
array, in which three factors are varied at three levels.
Based on the observed experimental results, the analysis of
means (ANOM) and analysis of variance (ANOVA) was
done (ANOVA) was done in order to determine process
parameter significance and to find the optimal setting of
the plasma cutting input parameters with respect to as
small as possible bevel angle.

2. TAGUCHI DESIGN AND EXPERIMENTAL SETUP

Taguchi method is closely related to the quality
engineering, as a research procedure for improving
functionality by taking advantages of measurement
methods in functional, multidimensional space. It
introduced the idea of robust design which is design of a
product that causes no trouble under any conditions
(especially uncontrollable environmental conditions) or
which are insensitive to component variation. This could
be reached if the product functions could be evaluated
under known and unknown conditions, by experimentally
manipulating its design parameters, with the objective to
find product design configuration insensitive or less
sensitive to variation [23]. Taguchi methodology proposed
to conduct the design of experiment using special set of
orthogonal arrays, which stipulates full information out of
as low as possible number of experiments, by choosing
adequate level combinations of the input process
parameters. Therefore, this Taguchi approach significantly
reduces the time and cost of the experiments since it uses
various types of fractional designs to study the entire
experimental hyperspace.

In this paper, the Taguchi methodology was used to
find optimal setting of the plasma cutting input parameters
to make this process as less sensitive as possible. The
considered process parameters were cutting current,
cutting speed and material thickness. The observed output
parameter was bevel angle, as an angle of the cut edge, in
the cases when the cut edge is not perfectly squared to the
surface of the workpiece.

Therefore, three input parameters were selected,
each having three levels (low, medium and high). Based
on parameter factors and levels, L° (3°) orthogonal array
was developed, followed by the experimental setup in
accordance with orthogonal array variable factor layout.
For the same experimental setup, each experiment was
repeated three times. Table 1 shows low, medium and high
level of the input process parameters of the cutting current,
cutting speed and material thickness.

Table 1. Input parameters and their levels

Level
Cutting parameter 1 2 3
(low) | (medium) | (high)
Cutting current [A] 80 100 130
Cutting speed [mm/min] | 800 1,200 1,900
Material thickness [mm] 8 10 15

The experiment was performed on the CNC
machine HPm Steel Max 6.25 (High Performance
Machinery). Plasma cutting unit used on this machine was
Hypertherm HPR130. The workpiece material was
X10CrNiMn-16-10-2 (EN 10025), with the following
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chemical composition: 0.1 % C; 16 % Cr; 10 % Ni and 2
% Mn [4].

Taguchi method parameter design converts the
output (response) parameter to the signal-to noise ratio.
This ratio combines the mean (signal) and the standard
deviation (noise) of the output process parameter at each
setting of input parameters in orthogonal array into a
single performance measure. Basically, it compares the
level of a desired signal to the level of background noise.
There could be distinguished three types of this ration,
depending on the criterion for the quality characteristic to
be optimized: smaller-the-better, larger-the-better, and
nominal-the-better. In this paper smaller-the-better ration

was used since the objective is to make output as small as
possible.

7, =SIN =—10Iog[32y§) 1)
n j=1

Where #; is signal-to-nose ratio of the i" trial, yjj is
j™" observed value of the response in i trial.

Design of experiment, together with the response
value, as well as calculated signal-to-noise ration are
shown at figure 2.

Table 2. Design of experiment and experimental results (signal-to-noise ration)

. Cutting Cutting M_aterial Bevel angle Signgl to
Trial no. current speed thickness noise
I [A] v [mm/min] s [mm] Bl B2 B3 3

1 80 800 8 3.32 3.40 3.78 -10.896
2 80 1,200 10 2.8 3.40 3.25 -9.995
3 80 1,900 15 2.7 2.67 3.03 -8.958
4 100 800 10 3.6 3.74 4.06 -11.607
5 100 1,200 15 3.35 3.60 3.25 -10.638
6 100 1,900 8 2.5 2.26 2.44 -7.612
7 130 800 15 34 3.35 3.45 -10.630
8 130 1,200 8 2.45 2.50 2.85 -8.320
9 130 1,900 10 2.18 2.40 2.32 -7.241

3. ANALYSIS OF THE RESULTS AND DISCUSSION

3.1. Analysis of means (ANOM)
ANOM is the average response for each
combination of input process parameters levels in a

statistic Taguchi method and is used to estimate factor of
the process parameters. Figure 1 represents average
response at each process parameter level, where it could be
seen which parameter affects more on the bevel angle.
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Figure 1. ANOM - response diagram for S/N ratio
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Figure 1 reveals the optimal combination of input
plasma cutting parameters and their levels that yield to the
optimum bevel angle with minimum variance around the
target value. This combination includes cutting current at
the high level (130 A), cutting speed at high level as well
(1,900 mm/min) and material thickness at low level (8mm)
(AngCl).

3.2. Analysis of variances (ANOVA)

ANOVA for the S/N ratios was carried out in order
to assess the effect and significance of each process
parameter. Table 3 shows the result of ANOVA for signal-
to-noise ratio for bevel angle.

Table 3 shows ANOVA for signal-to-noise ratio

Degrees of Sum of Mean Fisher’s ratio
Source
freedom squares square (3]
Cutting current 2 2.978 1.489 37.194
Cutting speed 2 14.532 7.266 181.477
Material thickness 2 1.947 0.974 24.314
Error 2 0.080 0.040
Total 8 19.538

In order to perform ANOVA, the total sum of
squared deviations was calculated, which was then
decomposed into sum of squared deviations due to each
input process parameter and sum of squared error.

F test was then applied to assess the which input
process parameter have significant effect on the bevel
angle. The mean of squared deviations due to each process
parameter was calculated, which is equal to the sum of
squared deviations due to each input process parameter
divided by the number of degrees of freedom associated
with each process parameter. Finally, Fisher’s ratio (or F
value) represents the ratio between the mean of squared
deviations (variance) of the input cutting parameter and
the mean of error squared (error variance). F test value of
the individual process parameter is compared with the
standard F table value at the 5% significance level. If the F
test value is greater than table value, the cutting parameter
can be considered significant. Table F value is 19,
therefore, it could be concluded that all three input process
parameters represent significant input parameter for the
observed quality characteristic.

Table 3 also enabled to measure percentage
contribution of each input process parameter on the bevel
angle.

80.00 74.38
60.00
40.00
2000 1> 997
0.00
Cutting  Cufting Material
current speed  thickness

Figure 2. Percentage contribution of each input process
parameter

From figure 2 it could be observed that the change
of all input process parameters, for the given experimental
hyperspace, affects the bevel angle significantly. From the
parameter contributions, it is obvious that the most
influential plasma cutting process parameter with respect
to the bevel angle is cutting current (74.38%). The second-
high parameter contribution is cutting current (15.24%),
while the material thickness has the least impact although
not neglecting (9.97%).

3.3. Confirmation test

Since the optimal combination of input process
parameters and their levels (A3B3sC1) does not match any
experimental observation carried out in Taguchi
orthogonal array from table 2, the verification of the
estimated result against experimental value was needed.

Once again, the experiment carried out for the
cutting current of 130A, cutting speed of 1,900 mm/min
and material thickness of 8mm. After three experimental
runs and bevel angle measuring, its average level, as well
as signal-to noise ratio was calculated.

To predict signal-to-noise ratio of the bevel angle
obtained with optimal conditions the following equation
was applied:

770pt =TI +Z(ﬁ| _ﬂm) (2)

where nm is the overall mean of the signal-to-noise
ratio and m; is the mean of the signal-to-noise ratio at the
optimal level of each factor i.

Since the experimental signal-to-noise ratio was -
6.418, while estimated signal-to-noise ratio was -6.522 it
could be concluded that the estimated value is very close
to the experimental value, therefore, the optimal
combination of input process parameters by could be
confirmed.

4. CONCLUSIONS

In this paper, Taguchi method was used to find the
optimal combination of the input process parameters that
yield to the optimum bevel angle with minimum variance
around the target value. The experimental investigation
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was performed in accordance with the Taguchi Lg
orthogonal array, for the selected number of three input
process parameters and their levels. The investigation
showed that the optimal combination of the process input
parameters is as follows: high level cutting current (130
A), high level cutting speed (1,900 mm/min) and low level
material thickness (8mm) - A3B3Ci. This conclusion
could be supported by the consideration of the named
parameters impact on the cut surface quality from the
theory, practice and experience. Namely, when cutting
current increase more energy is transferred to the
workpiece, therefore the plasma jet needs to spend less
time in the kerf zone. This is the reason why cutting speed
should increase when using higher cutting current.
Increasing the cutting current increase the plasma cutting
unit ability to cut, especially if thicker materials are about
to be cut. However, for the particular material thickness
range, the increase in cutting current and speed will not
significantly impact the quality, as it was confirmed also
by this investigation. However, it should be stated that
material thickness is influential parameter for wide ranges
of thicknesses, and it represents one of the first parameters
to be considered during the selection of the plasma cutting
unit.

The confirmation test led to the conclusion that
experimental results obtained after repeating the
experiment by setting input process parameters at optimal
levels (A3B3C.) are very close to the estimated results,
therefore the optimal machine setting ca be verified for the
considered experimental hyperspace.

This paper also investigates the effects and
significance of input process parameters cutting current,
cutting speed and material thickness on bevel angle. F test
was used to determine whether each input process
parameter has significant effect on the bevel angle. The
analysis has showed that all considered process parameters
are significant. The cutting speed was identified as the
most significant process parameter followed by the cutting
current and finally material thickness.

As it was suggested by many researches for various
machining processes, Taguchi approach was proved as
powerful methodology for plasma cutting process
optimization. The design of experiment was simplified
comparing to the potential full factorial experimental
design, where 27 combinations of the input process
parameters were needed to perform the experimental
investigation. The number of 9 performed experiments,
with three repetition each, was three times lower than if
the full factorial design was carried out. This considerably
decreased the time and cost of the experimentations, while
the optimum input process parameter combination at
specified levels can be simultaneously discovered for the
bevel angle with minimum variance.
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Influence of technical-technological characteristics of workpieces on the
choice of CNC machine tools
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The largest number of influences of the metal processing industry and the machine tool industry must be analyzed in
defining the strategy, research and development of new products and technologies. The development of the industry and a
large number of different products have conditioned certain requirements in terms of different structures of machining
systems. One of the important conditions for the selection of CNC machine tools are the technical and technological
characteristics of the workpieces. In this paper, prismatic workpieces will be considered. According to the technologies
needed for the processing of a certain family of prismatic workpieces, it is necessary to define the structure of CNC machine
tools. One of the ways to form the structure of CNC machine tools is from the appropriate library of standard machine
modules. The goal is to increase productivity in production and reduce the number of machines, tools and accessories for

their production.

Keywords: Workpiece, Machining system, CNC machine tools, Modules of machine tool

1. INTRODUCTION

Machining of workpieces on machine tools is achieved
by the relative movement of the tool and the workpiece. The
path of relative contact between the tool and the workpiece
depends on the shape of the workpiece being machined.

The path of relative contact is composed of elementary
translational and rotational movements, which are realized
by rectilinear and circular movement of the working organs
of the machine tool. Each trajectory of the relative contact
of the tool and the workpiece can theoretically be realized
by a maximum of six elementary movements:

» Three translational movements along orthogonal
coordinate axes,

* Three circular motions around these coordinate axes.

For the operation of machine tools, in addition to the
movements that form the trajectory of the relative contact
of the tool and the workpiece, additional movements are
often required. These movements are most often related to
the manipulation of tools and workpieces [1].

Modern machine tools and multi-position special
machines have one, two or more main movements, several
auxiliary movements and several additional movements.

Therefore, the total number of elementary movements
of the formation of forms and additional movements can
reach more than ten of movements, such as transfer lines.
These elementary movements are highly predetermined by
the technologies and morphology of the work items for
which the machine tool is selected or designed. Hence, the
influence of workpiece and technologies on the elementary
movements of the education of form and on the structure of
kinematic connections is of decisive importance.

2. DEVELOPMENT OF MACHINE TOOLS

Previously, machine tools specialized in a particular
production process or a set of several such processes. With
the development that eliminated all technological
shortcomings, there was a significant re-examination of
functionality. A "machining centers" has been developed
capable of providing several functions that have

traditionally been performed by different groups of
machines such as milling machines, drills, lathes, etc. With
the development of such machining centers, and the ability
to get to know the possibilities of machine tools by simply
looking at the name, it has become a thing of the past.
Although the names of processes such as scraping, final
milling, etc. used to describe the process, the structure and
appearance of the machines performing these operations
can be completely different.

The main improvement of the machine tool came
from the development of controllers that controlled
functions such as movement, spindle, flow, fault diagnosis,
coolant, tool changers, pallet changers, memory storage,
etc. This almost eliminated the need for qualified machine
operators and significantly reduced idle time in machine
tools.

Many motion functions are integrated and controlled
on a single CNC machine tool providing great flexibility,
and the trend is to incorporate multiple functions.
Technological advances have created a trend of "adding
more features to an already complex machine tool for
producing more complex components." This created the
need for a systematic methodology for presenting current
and future machine tools.

2.1. Application in industrial practice

Metal processing companies have a range of
machine tools, from traditional lathes and milling machines
to CNC machining centers, and perform the contracted
work on these machines. Before they earn, they charge an
hourly rate for the machine, the operator and the general
cost of the job. The hourly rate for a machine depends on
the price of the machine, so the rate charged by different
companies may vary depending on which machine they
intend to use for production.

Therefore, the method for quickly adjusting the
capabilities of the machine tool, depending on the
complexity of the component being processed, is basic for
the customer and engineers for economical and high-quality
production.
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Within  special industrial sectors such as
pharmaceutical, aerospace and food there is a group of
specific workpieces. These workpieces have different
weights, are machined outside the standard dimensions and
have special characteristics.

A large number of characteristics present in such
treatments cause high costs for their production. They are
often produced once and with the help of code generated by
CAD / CAM software [2].
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Figure 1: classification of different types of metal
processing

Figure 1 shows the classification of basic types of
metal processing
A study of the literature about machine tools
identified the following basic points [3]:

« Advances in machining technology have reached a
point where high-quality tools have been developed,
coolants have been designed, control systems and
controllers have been developed, technologies have been
improved and better design methods have been applied.
CNC machine tools capable of performing several
processes that are traditionally performed on different
machine tools have been developed. An analysis of some
commercially available machine tools has indicated that
there are machines that have widely different functions of
movement and degrees of freedom.

* The block structure of the machine tool is divided into
two parts as the main flow of forces and the flow of forces.
This laid the foundations for the method of describing
machine tools by an alphanumeric sequence.

» Shino and Ito presented the machine tool design
methodology. They said the primary step was to provide a
motion function in the block structure, which was then
improved by structural design methods for mechanical
properties. This shows that future machine tools can have
more blocks that provide more complex motion functions.
This was useful for developing alphanumeric code.
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Figure 2: Integration of machining on traditional
machine tools with machining centers (TC-turning centre,
MC-machining centre)

Figure 2.A, B show that CNC machine tools can
effectively replace various processing methods performed
by a group of traditional machine tools. It is therefore
natural that CNC machine tools now play a leading role in
metalworking.

3. CHARACTERISTICS OF WORKPIECES

The basic division of workpieces is: cylindrical
(axisymmetric) and prismatic. In this paper, will be
considered  prismatic  workpieces due to their
characteristics.

The processing of non-rotating (prismatic) workpieces is of
special importance for any metal processing industry,
because:

« they are of special importance for the functions of the
machines in which they are installed,

« high percentage of the cost of machine structure waste
on these parts (minimum 50%),

« production cycle and processing times are the longest.

Of the total number (100%) of prismatic workpieces,
which appear in the metal processing industry, 35% belong
to the group of plate-shaped objects and about 65% to the
group of housing-shaped objects. Of the total number of
prismatic parts, 80% do not exceed a volume of
650x650x650, which means that 80% of prismatic
workpieces can be processed on machine tools with a
working volume of 800x800x800 and smaller than these.

Prismatic workpieces can in principle be machined on
three-coordinate drill-milling machines of different degrees
of automation, with the proviso that workpieces with curved
surfaces cannot be machined on machine tools with manual
control [4].
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Certainly, the results of workpiece processing are not
the same, neither in terms of quality, productivity, nor in
terms of price per workpiece. These and similar factors have
a decisive influence on the orientation of work items on the
available CNC machine tools, ie on the investment in new
machines.

3.1. Characteristics of workpieces

Some of the basic characteristics of workpieces are:

« D - dimensional characteristics

The dimensions of the workpiece are directly related to
the volume of the working space of the machine. In order to
satisfy all the necessary processing operations, it is
necessary that the workpiece corresponds to the working
volume of the machine.
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Figure 3: Dimensions of the workspace different types of
machining centers from Deckel Maho DMC

* M - mass - weight
Workpiece classification by weight:

« light weight workpiece (up to 5 kg)

» medium weight workpiece (from 5 kg to 500 kg)

* high weight processing (up to several tons)

Some of the characteristics according to the working
space of the machine is that the maximum workpiece
weight for the DMC650 machine is 800 kg, and the
maximum workpiece weight for the DMU 270 FD machine
tool (5-axis milling machine) is 7 tons.

e M- Material

Some of the most common processing materials are:
aluminum alloys, cast iron, copper alloys, magnesium
alloys, insoluble alloys, stainless steels, carbon steels,
titanium alloys.

Depending on the machining material and the tool material
(high-speed steel or hard metal), machining parameters
such as cutting speed, pitch, cutting forces, etc. are defined.
e K —Construction characteristics

In terms of construction characteristics, it can be considered
what type of surfaces are being processed, whether they are
flat surfaces or have cylindrical, conical depressions or
protrusions, whether the surfaces are stepped, whether they
have certain grooves or pockets, whether the surfaces are
from the outside sides of the workpiece or also internal,
which require tool movement (linear or contour machining
in several axes).

e T -technological (types of processing)

According to the technical drawing of the treatment,
the following may be required: rough and / or fine
treatment of a surface. Depending on the required type of
processing (extensive milling, face milling, groove
milling, hole milling, thread cutting, ...), it is necessary to
take into account the choice of machine and tools with
appropriate parameters.

e Q- quality / measure accuracy
Processing accuracy includes:

* accuracy of measures

« surface shape accuracy, and

« the accuracy of the relationship between two or more

surfaces.

The accuracy of the measures represents the degree of
concordance achieved with the nominal measure.

The accuracy of the shape of the surface represents the
degree of concordance of the treated surface with the
corresponding geometric surface.

The accuracy of the mutual relation of surfaces is
defined by the appropriate deviation from the given nominal
position, such as the deviation from parallelism, directness,
coaxiality of cylindrical surfaces, etc.

e O - processing operations (coarse, fine, ...)

For each machining operation, it is necessary to define
whether it is rough or fine machining. The sequence of
operations is also defined in order to make optimal use of
available tools and processing modes.

The field of computer-aided modeling workpieces
has developed a number of techniques for unambiguous
three-dimensional representations of objects.
Characteristics recognition is a sub-discipline of modeling
that focuses on the design and application of algorithms for
detecting production data from manufactured solid models
to computer-aided design (CAD) systems [5].
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Examples of this production information include
functions such as holes, slots, pockets and other shapes that
can be machined on modern CNC machine tools, Figures 4
and 5. Automated feature recognition has been an active
research area in solid modeling for many years.

4. MODULAR DESIGN

The modular principle is a very popular method in
the design of cars, diesel engines, household appliances,
information devices, industrial equipment, etc. This trend
can be considered as one of the great contributions of
modular machine tool design to those working in other
industries. Modular design can be classified into a
significant number of variants, depending on the idea, goals
and scope of application, areas of application, expected
advantages, etc. In addition, the terminology of modular
design itself has changed along with hierarchical changes in
its meaning. Therefore, it is very difficult to present
modular design in a simple sentence. Currently, the
presence of modular design in the production sphere ranges
from tools, templates and clamping accessories, through
machine tools, to the production system [6].

ATC
Number of wols 30

Main motor
20

Rotary indexing
machine

Y

Type MX3 : Maximum spindle speed 4500 rpm. Allowable torque 3.6 kg-m.
Spindle taper no. 40

Figure 6: Modular design of the machining center
(MC- machining center, courtesy of lkegai Iron Works)

Figure 6 shows an advanced version of the MC-
machining center of the Japanese company lkegai Iron
Works (type MX3)) in the early 1980s. As can be seen,
modular design is preferably used to produce 10 variants,
ranging from a flexible pallet-type FMC (flexible
manufacturing cell), through flexible transfer lines FTL
(flexible transfer line), to a five-axis processing machine. In
this case, the leading modules are the pole, the stand, the
worktable, the tool magazine, the main spindle, etc. This

machine is a typical precursor to today's five-axis CNC
machine tools.

Once the group of modules has been determined, a
CNC machine tool with the required dimensional and
performance specifications can be designed and
manufactured as needed by selecting and combining the
required modules from a predetermined group. In this case,
the module must be standardized so that it has functionality
or appropriate performance, including interchangeability
with other modules. Figure 7 shows the hierarchical
structure of a machining center (MC). For example, a
machine consists of a unit assembly, a unit consists of
functional assemblies, and a functional assembly is a
combination of several parts - modules. Therefore, the
question arises as to how to determine the module fully
taking into account the hierarchical attributes of the
product.

Level 1: Machine

Level 2: Unit complex

| S 1
Level 3: Module complex % Z

Spindle head  Column Cross slide Slide & base Table

Level 4: Module % ﬁﬁ@ % @ & &

Figure 7: Modular structure of design
machining center (MC- Machining center)

The following principles must be observed in
modular design:

1. Modules must be replaceable without the use of
measuring equipment.

2. The module must be self-contained with its own
drive system, return voltage and lubrication systems or
design accessories for easy expansion of such systems.

3. Each unit must have its own servo package with
electronic connection to the digital input.

4. Modules must be usable in any orientation.

5. Modules must be replaceable within about half an
hour.

6. The machining operations that are allowed in the
first stage are scraping, drilling, grinding and milling.

It has been observed that modular design for
conventional machine tools can provide economic benefit
to the manufacturer and user, together with a wide range of
choices according to production requirements.

4.1. Application of modular design for CNC machine tools

Modular design has been applied to CNC machine
tools, with the aim of enabling machine flexibility from a
hardware aspect. When the required machine tool flexibility
is far greater than that possessed, the machine tools must be
reconfigured to strengthen the machine flexibility by
modular design, Figure 8.
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Figure 8: Horizontal machine tool with modular
design (Scharmann Co.)

For a given family of parts, as shown in the first
block in Figure 9, the processing characteristics for each
part will be extracted as shown in the second block and
compared with the processing characteristics library shown
in the third block to find the desired motion modules shown
in the fourth. block through matching the corresponding
movements. Different types of workpieces will lead to
different sets of modules shown in the fifth block [7].
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Determination Selection Farmation
1 I I
[ 1 ] | | | |
Part Family Machining Machinlng  Module Machine Madules
N Functions Functions Components

N 8 Module 1

= 3 *
T Module 2 %
ey

Feature Module Component
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Figure 9. Diagram of module selection

As an illustrative example of the industrial
application of mold making, Table 1 lists the processing
characteristics that are allocated according to the STEP
standard for a family of four given workpieces.

Part 1 includes five processing features: (i) two
general pockets; (ii) 10 protrusions (and depressions) inside
the pocket - cylindrical; (iii) two slots - rectangular profile;
(iv) two blind holes - drilled; and (c) seven blind holes -
cylindrical. Parts 2 and 3 contain six machining
characteristics each, and part 4 contains four machining
characteristics.

All these functions can be fitted with seven
machining features (MF - machinihg features) as noted in
Table 1: MF1— “General Pocket”; MF2— “Pocket bulges
- cylindrical”; MF3— “Slot - rectangular profile”; MF4—
“Blind hole - oppositely drilled”; MF5— “Blind hole -
cylindrical”; MF6— “Bulge - general profile”; MF7—
“Staircase”; MF8— “Rotated Profile - Removed Material
Within Profile”.

Table 1: Machining features extraction

Part 1 Part 2 Part 3 Part 4

Machining Features: Machining Features: Machining Features: Machining Features:

(1) General Pocket (2) (1) General Pocket(1) (1) General Pocket (1) (1) General Pocket (1)
(2)  Boss withina (2)  Boss—General (2)  Boss—General (2)  Boss—General

Pocket— Profile (3) Profile (1) Profile (1)
Cylindrical (10) (3)  Boss within a (3) Boss withina (3)  Revolved

(3)  Slot—Rectangular Pocket— Pocket— Feature—Volume
Profile (2) Cylindrical (3) Cylindrical (5) Removal (1)

(4)  Blind (4)  Slot—Rectangular  (4)  Step (1) (4)  Blind Hole-
Hole—Counter- Profile (2) (5 Blind Cylindrical (14)
Bored (2) (5)  Blind Hole—Counter-

(5)  Blind Hole— Hole—Counter- Bored (2)

Cylindrical (7) Bored (2) (6) Blind Hole—
(6)  Blind Hole— Cylindrical (7)

Cylindrical (7)

Table 2: Corresponding motion requirements

Machining Feature Spindle Axis Motion Requirement

MF1 z x-Translation, y-Translation, z-Translation
MEF2 z x-Translation, y-Translation, z-Translation
MF3 z x-Translation, y-Translation, z-Translation
MF4 z z-Translation

MF5 z z-Translation

MFé z x-Translation, y-Translation, z-Translation
MF7 z x-Translation, y-Translation

MF8 v z-Translation

Note: MF1—“General Pocket”; MF2—“Boss within a Pocket—Cylindrical”; MF3—"Slot—Rectangular
Profile”; MF4—"Blind Hole—Counter-Bored”; MF5—"Blind Hole—Cylindrical”; MF6—"Boss—General Profile”;
MF7—"Step”; MF8—"Revolved Feature—Volume Removal”.

Table 2 shows how these processing characteristics
are related to the corresponding movement requirements.
For example, MF1 (general pocket) is processed by placing
the spindle in the z-axis and moving it in the x, y and z-axes.
For MF2 to MF8, their movement requirements are detailed
in Table 2.

5. CRITERIA FOR SELECTION OF THE MACHINE
TOOL

The selection of workpieces for machining on

CNC machine tools is often guided by the following
criteria:

« Small and medium series with multiple repetitions,

*Complex geometry of workpieces with high

processing requirements,

« High cost of production and long time of possible

procurement or production in case of scrap,

« Work items with a long production cycle.
When describing the structural characteristics of CNC
machine tools, the following are important [8]:

* position of the axis of the main working spindle,

« working stroke length (X, Y, Z),

* desk surfaces,

» maximum weight of the workpiece,

* positioning accuracy,

« installed power,

« speed and translational movements,

« time required to change tools,

« time required to change the work item,

 ways to change tools and work items and more.

6. CONCLUSION

All possible combinations of modules in the
structural model of the CNC machine tool give many
variant solutions, each of which is not adequate for
realization from the production point of view. A large
number of variant solutions are only theoretical
possibilities, because the production of such structural

Influence of technical-technological characteristics of workpieces on the choice of CNC machine tools
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models of CNC machine tools would be very complex, and
the functional characteristics would not meet the necessary
requirements in terms of the possibility of upgrading the
automatic pallet change system. In addition, modularity
would not be satisfied, as some structural models of CNC
machine tools would be suitable only for machining smaller
and lighter workpieces, and some only for machining large
and heavy machine parts.

The optimal structural solution of the CNC
machine tool must be adapted to the technical and
technological requirements of the cutting process when
processing prismatic workpieces.
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Frequency Analysis of Noise at different Milling Parameters of Steel

Mladen Rasinac®”, Branko Radi¢evi¢!, Milan Kolarevié¢!, Aleksandra Petrovi¢!, Miso Bjeli¢!
'Faculty of Mechanical and Civil Engineering, University of Kragujevac, Kraljevo (Serbia)

The aim of this paper was to experimentally analyse dependency between level of noise in octave band at various
standardized central frequencies (31.5, 63, 125, 250, 500,..., 16000 Hz) and different cutting parameters of milling. Based
on data from our previous research we analyzed dependency between level of noise in octave band, at standard frequency
500 Hz, and axial and radial depth of cut. In Design-Expert® software we have found adequate models and equations that
describes these dependencies. The experimental results obtained can be used for future investigations in this field.

Keywords: Milling, Noise, Frequency analysis

1. INTRODUCTION

In the literature it is usual to compare noise levels
in milling process with respect to the spindle speed, feed
rate, axial and radial depth of the cut. Purpose of those
comparisons is to gain insight in effects of cutting
parameters on occurrence of noise and vibrations. [1,2,3]

In addition to measuring noise levels, it is often
useful to search characteristic patterns in acoustic spectra
of certain technological process (milling, welding,
grinding,...).

We have employed the acoustic spectra in analysis
of sound emission caused by milling in a series of
experiments with different technological parameters.

In [1,2] are explained in detail experiments that
were conducted in our previous research. Based on the
data obtained in the first set of experiments [1] we have
done analysis of level of noise in octave band at different
standardized central frequencies.

2. EXPERIMENT

As was mentioned above, in [1,2] are explained in
detail experiments that were performed. Here are the most
important data. Machine was CHARNOA CNC
SYSTEMS (vertical milling machine). We used the
milling cutter of diameter of 40 mm and with four APKT
inserts and tool holder SANDVIK. For measurements of
the sound pressure level (SPL) microphone Bruel & Kjaer
2270 was used. The distance between the centre of the
cutter and the microphone was 200 mm. Material of the
workpiece was carbon steel S355. The dimensions of the
workpiece were: 80x55x55 mm. [1]

In Table 1 are given values of the cutting
parameters for each of the experiments of the first set.

Table 1: Values of cutting parameters in first set of
experiments [1]
Cutting parameters

Experiment | 218 | Feeqrate | SPindle | Radial
ho. depth [mm/min] speed depth
[mm] [rpm] [mm]

1.1 05-3 | 150 800 5

1.2 1 | 375-900 | 1000 5

1.3 1 300 |600-1300 [ 5
1.4 1 150 1000 | 5-40

3. FREQUENCY ANALYSIS

In [1] we have done analysis of maximum sound
pressure level L. . ,dBA and equivalent sound pressure

level L, dBA on cutting parameters (axial depth of cut,

feed rate, spindle speed and radial depth of cut).

There were performed analysis of time variations of
sound pressure level. Here, the goal was to do a frequency
analysis of noise levels for different cutting parameters.

By frequency analysis of noise levels for all
mentioned cutting parameters, it is noticed that the
maximum noise level occurs at a frequency of 500 Hz. On
Figures 1 and 2 are given values of level of noise in octave
band for all standard central frequencies for 8 passes in
experiment 1.1. and 1.4.

From the given diagrams it can be clearly seen that
the maximum level of noise occurs at a frequency of 500
Hz. The same was obtained for other experiments (1.2,
1.3).

90

Leq, [dBA]

0.5 1 1.5 2 2.5 3
ap, [mm]
=31.5Hz —A—f=63Hz =—=f=125Hz ——f=250Hz £=500 Hz
——f=1000 Hz 2000 Hz f=1000 Hz ——f=8000 Hz —#—f=16000 Hz

Figure 1: Equivalent sound pressure level at standard
central frequencies for 8 pasess in experiment 1.1.

*Corresponding author: Mladen Rasinac, Dositejeva 19, 36000 Kraljevo, rasinac.m@mfkv.kg.ac.rs
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Figure 2: Equivalent sound pressure level at standard
central frequencies for 8 pasess in experiment 1.4.

Below we will focus on the frequency of 500 Hz.
On Figures 3 and 4 are given values of noise level
at standard central frequency of 500 Hz.
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Figure 3: Equivalent sound pressure level at 500 Hz for

8 passes in experiment 1.1.
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Figure 4: Equivalent sound pressure level at 500 Hz for -
8 passes in experiment 1.4.

In Tables 2 and 3 are given values of equivalent
sound pressure level at standard frequency of 500 Hz for
different values of axial and radial depth of cut (for all 8
passes).

Table 2: Equivalent sound pressure level at 500 Hz for
different values of axial depth of cut

500 Hz

Pass 1 2 3 4 5 6 7 8

Axial
depth [ 05 | 1.0 [ 1.8 | 20 | 22 | 25 | 28 | 3.0
[mm]

L
“ 1699|750 797|809 821|827 |852] 851
dBA

Table 3: Equivalent sound pressure level at 500 Hz for
different values of radial depth of cut

500 Hz

Pass 1 2 3 4 5 6 7 8

Radial
depth 5 10 15 20 25 30 35 40
[mm]

Loy
dBA

9421969 | 963 (893|833 |815]|811|788

4. DEPENDENCE BETWEEN LEVEL OF NOISE AND
PARAMETERS OF MILLING

In Design-Expert® v.9.0.6.2 software we have
entered the data obtained from experiment, in order to find
a suitable mathematical model that describes the
relationship between level of noise and axial depth of cut,
and level of noise and radial depth of cut, at frequency of
500 Hz.

The obtained mathematical model in the form of a
polynomial of n-th degree represents the response
function.

4.1. Dependence between level of noise and axial depth of
cut

Of the mathematical models available has been
proposed quadratic model. In Table 4 are given ANOVA
analysis of the proposed quadratic model.

After analysis of variance (ANOVA) the adequacy
of the proposed mathematical model was confirmed. F
value of the model (F=338.71) implies the model is
significant and there is only a 0.01% chance that an F-
value could occur due to noise. Low probability value
(p=0.00000459<0.0500) confirms that the model
parameters are also significant. Coefficient of
determination (R-squared) and other statistics have good
values which confirms the justification for choosing a
mathematical model, Table 5.

The final equation of the mathematical model, with
real coefficients, which adequately describes the
dependence between equivalent sound pressure level, at
frequency of 500 Hz, and axial depth of cut is as follows:

L,, = 65.47268+10.09477-a, ~1.17185-a> (1)

A graphical representation of the mathematical
model described by (1) and the arrangement of the
experimental points is given in Figure 5.

M. Rasinac, B. Radi¢evi¢, M. Kolarevi¢, A. Petrovi¢, M. Bjeli¢
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Table 4: ANOVA analysis for the quadratic model

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type I11]

Source Sum of df Mean F p-value
Squares Square Value Prob > F
Model 191.2038 2 95.6018777 338.7148 | 4.59E-06 significant
A-ap 187.3202 1 187.3202349 663.6703 1.65E-06
A2 3.883521 1 3.883520509 13.7592 0.013864
Residual 1.411245 5 0.282248918
Cor Total 192.615 7

Table 5: Computational values of statistics for the
evaluation of a quadratic model

Std. Dev. | 0.531271 | R-Squared 0.992673
Mean 80.075 | Adj R-Squared | 0.989743
CV.% 0.663467 | Pred R-Squared | 0.972526
PRESS 5.291962 | Adeq Precision [ 46.05464

Loq (dBA)

65 —f

® Design Points
95% C| Bands

Design-Expert® Software
Facter Coding: Actual
Leq (dBA)

Figure 5: 2D response of the noise level

15

a, (mm)

25

4.2. Dependence between level of noise and radial depth
of cut

Here, of the mathematical models available a sixth
degree model is proposed. In Table 6 are given ANOVA
analysis of the proposed sixth degree model.

After analysis of variance (ANOVA) the adequacy
of the proposed mathematical model was confirmed. F
value of the model (F=7003.46) implies the model is
significant and there is only a 0.91% chance that an F-
value could occur due to noise. Low probability value
(p=0.009147<0.0500) confirms that the model parameters
are also significant. Coefficient of determination (R-
squared) and other statistics have good values which
confirms the justification for choosing a mathematical
model, Table 7.

Table 7: Computational values of statistics for the
evaluation of a sixth degree model

Std. Dev. 0.09559 | R-Squared 0.999976
Mean 87.675 | Adj R-Squared | 0.999833
CV.% 0.109028 | Pred R-Squared | 0.832819
PRESS 64.19342 | Adeq Precision | 202.5326

The final equation of the mathematical model, with
real coefficients, which adequately describes the
dependence between equivalent sound pressure level, at
frequency of 500 Hz, and radial depth of cut is as follows:

L, =124.5-14.7371-a, +2.546904-a% —0.19554-a] +..
..+0.007273-a% —0.00013-a° +8.98-107 - a’ (2)

Table 6: ANOVA analysis for the sixth degree model

ANOVA for Response Surface Sixth model

Analysis of variance table [Partial sum of squares - Type I11]

Source Sum of df Mean F p-value

Squares Square Value Prob > F

Model 383.9659 6 63.99431041 7003.459 0.009147 significant
A-ae 59.91608 1 59.91608272 6557.143 0.007861
AN2 4.83933 1 4.839330035 529.6104 0.027646
A"3 7.767073 1 7.767073306 850.019 0.021827
AN 2.60352 1 2.60351976 284.926 0.037671
A"5 3.386447 1 3.386446886 370.6086 0.033039
A"6 1.545606 1 1.545606061 169.1492 0.048853
Residual 0.009138 1 0.009137529
Cor Total 383.975 7

Frequency analysis of noise at different milling parameters of steel
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A graphical representation of the mathematical
model described by (2) and the arrangement of the
experimental points is given in Figure 6.

100 — ® Design Points
P 95% Cl Bands

Leq (dBA)

Design-Expert® Software
Factor Coding: Actual
T Leq (dBA)

12 19 = 3 0

a.(mm)
Figure 6: 2D response of the noise level

5. CONCLUSIONS

Measurements of noise reveal the maximum and
equivalent values of sound pressure level, allowing studies
of the influence of the cutting parameter to the generated
noise. [1] In addition to measuring noise levels, it is often
useful to search characteristic patterns in acoustic spectra
of certain technological process.

The analysis performed in this study have shown
that the maximum level of noise occurs at a frequency of
500 Hz for each value of the selected parameters.

Because the maximum noise level is observed at
that frequency, we focused our analysis on finding the
dependence between level of noise and axial depth of cut,
and level of noise and radial depth of cut, at frequency of
500 Hz. Mathematical models that describe these
dependencies were found in the software Design-Expert®
v.9.0.6.2. By Analysis of variance (ANOVA) adequacy of
the proposed mathematical models was confirmed.

More reliable results can certainly be obtained by
performing a larger number of experiments.

The described methodology can serve as a basis
for further research in this direction.
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The application and development of additive technologies has led to a significant change in production technologies.
The application of these technologies significantly accelerates the development and shortens the production time of new
products. In the product development process, the first step is to create a product model in order to eliminate the shortcomings
of the final product. However, the creation of a physical model can be very complicated and expensive, so in recent times,
the creation of a virtual product model is performed, using the appropriate CAD software. By applying 3D printing, physical
models, prototypes or finished products are quickly obtained from a virtual product model. However, the quality of these
products depends on many factors (type of 3D printer, print speed, print temperature, layer thickness, etc.). In this paper, the
influence of the printing parameters on the FDM 3D printer at accuracy of the geometry of the created mode is presented.
The material from which the parts were printed is ABS plastic, and the following parameters were varied: printing speed,
layer thickness, extrusion speed, printing temperatures, etc. The paper presents the optimal printing parameters in which the

appropriate surface quality and the exact geometry of the part are obtained.

Keywords: Heavy machinery, Mechanical engineering, Civil engineering

1. INTRODUCTION

The term additive technology can be explained by
the following definition "adding material in the form of
layers, which is in contrast to conventional technologies to
subtractive manufacturing in order to obtain the desired
product™ [1-4]. The application of these technologies
significantly accelerates the development and shortens the
production time of new products. Additive technologies
make it possible to make parts from just a few millimetres
to entire residential buildings. The goal of additive
technologies is to quickly and accurately create a three-
dimensional object, based on CAD models, with the goal of
significant cost reduction compared to traditional
technologies. [3-5]

Additive technologies are also called 3D printing.
These technologies can be divided into several groups based
on the principle of operation:

* Binder jetting

* Sheet lamination

 Material extrusion

« Direct energy deposition

 Material jetting

* Powder bed fusion

* Vat photo polymerisation [5, 6]

The processes also differ according to the type of
material from which the part is made:

* Polymers,

* Ceramics,

* Metal

Process of 3D printing consists of several steps. The
first step is to create a 3D model and adjust the print
parameters; this process is called pre-printing preparation.
The next step is the production of the part, i.e. 3D printing.
The last step is to remove the excess material and, if
necessary, to correct the product and this process is called
post processing. [6].

Fuse deposition Modelling (FDM) is a typical
representative of additive technologies and consists in the
fact that the product is manufactured by building layer by
layer of thermoplastic materials. The material is used in the
form of a wire and is wound on a spool; the wire can be of
different diameters, as follows: 1.75 mm; 2.85mm and
3mm. The group of materials most commonly used includes
for 3D printing:

* Acrylonitrile butadiene styrene - ABS

* Prolactic acid - PLA

* Polyethylene terephthalate glycol - PET-G

* Polyvinyl Alcohol - PVA
Typical FDM printer is shown in figure 1. The printing
process consists in drawing a wire filament (fig. 1 position
1) through the hot extruder (fig. 1 position 2) set to melting
temperature of the filament. In the extruder, the solid
material turns into a liquid state and is applied layer by layer
to the hot working bed (fig.1 position3), until the finished
product is obtained.[7]

Figure 1: Tipical FDM printer [7]

*Corresponding author: Petar Beki¢, Aleksandra Medvedeva 20, NiS., Serbia, petar.djekic@akademijanis.edu.rs
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Pre-printing preparation is one of the most important
processes in FDM printing. During this process, a CAD
model with the appropriate extension STL, OBJ, etc. needs
to be processed by a piece of software called a "slicer,"
which converts the model into a series of thin layers and
produces a G-code file. In this step it is necessary to set the
following parameter:

» Working parameters

« Printing speed

« Layer thickness

« Infill pattern

« Infill density

Working parameters mainly depend on the type of
material, so the manufacturer's recommendations for
extruder and work bed temperatures are mainly used.

Printing speed represents the speed of movement of
the nozzle and the following speeds are distinguished:
printing speed, infill speed and travel speed.

Layer thickness denotes the height of layer which is
stacked over other 3d printing is carried out by the addition
of filament over layer. [6-9]

Infill pattern presents outer coated part of plastic
which is inside the print. In 3D printing, different infill
patterns can be used lines, concentric, zigzag, etc. [6-9]

Infill density is an amount of plastic whichever is
incorporated inside the printing, usually ranging from 20 to
80 percent, rarely 100 percent is used.

2. EXPERIMENTAL

2.1. Material and device

For the purposes of this research, ABS thermoplastic
with the following characteristics was used:

e Density 1.04g / cm3;

¢ Filament diameter 3 mm;

o Extruder temperature: 220-240 ° C;

o Bed temperature: 100-110 ° C.

The samples were made on a Pangu 13 printer with a
nozzle diameter of 0.3 mm, and with a print space size of
150x150x150mm.

2.2. Dimensions and shapes of samples

All Samples for this research were modelled in Solid
Works and then post processed in software called
“Repetier-Host”.

For the purpose of testing the influence of printing
speed on dimensional stability and roughness, a test tube o