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Abstract. The dynamics of a platform with processed material when its vibrations are excited by
two self-synchronizing vibration exciters is considered. A mathematical model taking into account
vibro-impact interaction of the material with the platform when the material moves with
possibility of leaving the surface is presented. The influence of the material motion and properties
on the vibration exciters self-synchronization and on the platform vibrations is analyzed. It is
found that the coefficient of restitution has almost no effect on the frequency ranges of the
vibration exciters synchronization but it affects the vibrations of the platform and the material. It
is shown that the motion modes of the platform and the material depend significantly on possibility
for the material to leave the platform surface.

Keywords: vibration machine, self-synchronization, unbalance vibration exciter, interaction with
material, impact.

1. Introduction

One of the problems in creating vibration machines with self-synchronizing vibration exciters
is to ensure a given motion of their working element, which is required for the effective
implementation of vibration-based materials and parts processing [1-4]. Usually, the design of
vibration machines is carried out on the basis of modeling their dynamics, as a result of which
their design parameters are determined. In this case, the issues of choosing a mathematical model
and its ability to adequately reflect the most significant features of the system dynamics, caused,
in particular, by the nonlinearity of the elastic-dissipative properties of structural elements, the
nonlinear interaction of the working element with the vibration exciters and the material, are of
significant importance.

Many studies are devoted to the issues of modeling and analyzing the behavior of materials
under vibration and the dynamics of vibration machines with self-synchronizing vibration
exciters. Practically important effects arising in various media and materials under vibration, such
as vibration displacement, vibration hardening, vibration separation, and vibration injection of gas
into liquid, etc., as well as their mathematical models are presented, e.g., in [1-3, 5]. In [1, 2] a
general theory of dynamic systems synchronization is presented, and problems of unbalance
vibration exciters self-synchronization in various oscillatory systems with linear elastic links are
considered. The issues of designing vibration machines with self-synchronizing vibration exciters
were considered in [5, 6]. The influence of nonlinearity of elastic links on self-synchronization of
vibration exciters was studied in [7, 8]. In [9-11] methods for ensuring the required synchronous
rotation of unbalance vibration exciters due to separate control of their power supply are
considered.

At the same time, relatively few studies take into account the influence of the processed
material and parts motion on the oscillations of the vibration machines working element [12-14].
In most practical calculations, this influence is neglected [3, 11], justifying it by a significantly
smaller mass of the material compared to the mass of the working element, the choice of vibration
excitation modes far from resonance and a significant power reserve of vibration exciters. In some
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cases, it is taken into account in the form of equivalent viscous friction forces proportional to the
material mass [5], which do not reflect the real nature of forces of interaction with the working
element. The use of such approaches allows to significantly simplify the calculations but leads to
incorrect results with an increase in the material mass and the vibrations intensity, particularly,
when vibration machines are tuned for more energy-efficient resonant operating modes.

As the results of recent experimental studies have shown, the physical and mechanical
properties of the processed material can have a significant effect on the dynamics of a vibration
machine with self-synchronizing vibration exciters [15]. Thus, in particular, when processing
granular material (in the form of metal rollers), a noticeable decrease in the amplitudes of the
working element vibrations is observed compared with the amplitudes when a solid body of the
same mass is fixed to the working element. It was also shown that the use of an additional elastic
vibration limiter leads to an expansion of the frequency range in which synchronous rotation of
vibration exciters with a mutual phase close to zero is ensured.

From the point of view of modeling and analysis of the influence of damping on dynamic
processes occurring in mechanical systems, the review [16] is of interest, which examines in detail
the issues of modeling methodology, key factors, design optimization methods, and approaches to
experimental testing. In addition, the technical capabilities of the so-called tuned particle damper
are systematically analyzed, the use of which has demonstrated its effectiveness for various
technical applications. In [17] an analysis of the conditions for the transfer of vibration energy
within a dynamic system with two degrees of freedom (translational and angular) from one partial
system to another is given. Similar situations arise in autoparametric systems, and in this work
this effect is used to excite electromotive force in solenoid coils, where damping plays a significant
role.

This article considers technological processes in which the processed material, located on a
vibrating platform, can leave its surface. The platform vibrations are excited by two
self-synchronizing unbalance vibration exciters, implementing a unidirectional periodic excitation
when they rotate in opposite directions.

The main objective of the work is to assess how accounting for the possibility of the material
to leave the platform surface and their subsequent vibro-impact interaction (hereinafter, the impact
model) influences the excited platform vibrations, the material motion and the vibration exciters
synchronization depending on the excitation frequency and the contact interaction properties.

2. Mathematical model

The calculation model of the vibrating platform (Fig. 1) is a solid body with two unbalance
vibration exciters rigidly fixed to it, which the rotation excites the platform vibrations in the 0XY
plane. The platform with vibration exciters has a mass m, and a moment of inertia J, relative to
the common center of mass at point O. The platform is installed on a fixed base using linear-elastic
elements with stiffness ¢, /2 and damping b,,/2, located symmetrically at a distance [ from the
vertical axis OY. The platform compliance in the OX direction is constrained by an elastic element
with stiffness ¢, and damping b,.. The vibration exciters are located symmetrically relative to OY
axis at an equal distance from the system center of mass. The platform vibrations are described by
displacements x and y of its center of mass along the corresponding coordinate axes and by an
angle of rotation ¢, measured from the horizontal axis counterclockwise, relative to its static
equilibrium position. The vibration exciters have the same imbalances m,r and are driven by
almost identical induction motors. The motors torque characteristics are described by the Kloss
formula [3, 14]:

20;MiS;iS¢

Lyi(¢in) = 2 +s2 ' (1)
ci c

where i = 1, 2 is the vibration exciter number, M; and s.; are the critical torque and slip of the
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i-th motor, respectively, s; = (wo; — 0;9;)/wy; is the slip of the i-th motor, wy; = w,/P is the
synchronous rotational speed of the i-th motor, P is the number of pole pairs of the motor,
w, = 21f,, where f, is the frequency of the supply voltage, o; = +1 is the coefficient, taking into
account the direction of the i-th motor torque (o; = +1 corresponds to the action of the motor
torque counterclockwise). The vibration exciters rotate in opposite directions. It is important to
note that both electric motors are powered from a common AC source, the frequency of which
will determine both the angular velocity of the imbalances and, accordingly, the disturbing forces,
and the movement (forced vibrations) of the entire system. Thus, the power frequency of the
vibration exciters is the control parameter for the system under consideration.

ALY

1y I Oy ‘ M2 I

Fig. 1. Vibrating platform model

The calculation scheme under consideration describes the processes of movement and
interaction of granular material and parts (hereinafter, the material) with a vibrating working
element of vibration machines, where the material is processed under unidirectional vertical
vibration. Such disturbance is used, for example, for vibro-impact hardening of structural
materials, for vibration compaction of bulk materials, for vibro-abrasive processing of parts, etc.
The resulting vibration movement of the processed material consists of movements of each
individual particle. This movement is characterized by a complex nature and a significant number
of contact interactions, both of the material particles with the vibration platform surface, and
among themselves. Taking these interactions into account requires building rather complex
models and performing resource-intensive calculations [18, 19]. To achieve the goal of this work,
it seems rational to use a material model consisting of two parts (hereinafter, the layers). One layer
describes the movement of a material part relative to the vibration platform and takes into account
the forces of contact interaction with its surface, the other layer takes into account the influence
of contact interaction between the material particles that occurs during their relative movement in
the vertical direction. Note that similar material models, in a slightly different form, are used, for
example, when solving problems of vibration compaction and vibration screening [2, 3].

Thus, the processed material is modeled by a system of two bodies: the lower one with mass
m,,1, modeling the layer of material in contact with the platform, and the upper one with mass
m,,,, modeling the remaining part of the material. Both bodies are connected to each other by a
linear viscoelastic element with stiffness coefficient ¢, and damping coefficient b,
characterizing the elastic-dissipative properties of the material during the relative motion of its
particles. The ratio between the masses of the material layers and the values of c,, and b,, can be
determined both experimentally and computationally. In the latter case, the modulus of elasticity
of the material can be used as c,,. In this case, the b,, value should be subcritical in order to
maintain the conditions of force interaction, but to exclude the occurrence of intensive relative
vibrations of the material particles. The motion of the material is described relative to the moving
coordinate system O'X'Y’, attached to the platform, which coincides with the coordinate system
OXY in the undeformed state of the system. Under the action of the platform vertical vibration,
vertical movement of particles in the lower material layer occurs, and accordingly, between the
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material particles and the vibration platform, predominantly normal contact forces of interaction
arise, which affect the dynamic behavior of the vibration machine [5]. Taking this into account,
in the model it is assumed that the material layers can move relative to the platform only along the
normal to its surface, i.e., along the 0'Y’ axis, and friction between the material and the platform
surface can be neglected. Then the motion of the material relative to the platform is described by
the displacement y,,; of the lower body center of mass (point 0,,; in Fig. 1) relative to initial
position upon contact with the platform and the displacement y,,, of the upper body center of
mass at point (point 0,,,) relative to the lower body (point 0,,,). The considered model of the
system allows one to take into account both modes of the material motion: without leaving and
with leaving the platform surface, as well as the mutual influence of the movements of the
platform, the material and the vibration exciters. Note also that when processing a relatively thin
layer of material, which thickness is commensurable with the characteristic particle size, the model
can be significantly simplified and presented by only one layer.

The motion of the system under consideration, assuming that the platform rotation angle ¢ is
small, is described by a system of differential equations, including:

1) Equations of the vibration platform motion:

2
Mi + b, x + c,x = mrrZ(cos(qoi) @ + sin(@,) @),

=1

2
M+ b,y + cyy = —Fg — Mg+ m,r ) (sin(pp) 97 = cos(@0) ¢,

£ ()
2
J@ + by +cpp = mrrZ((—l)i“(au(QD) sin(@;) — azi(¢)cos(¢;)) o7
i=1
— (=D (ay;(@) cos(:) + azi(¢) sin()) @),
where a1;(p) = pcos(yy) — (=)™ pe sin(yy), azi (@) = (=) psin(y) +

pe cos(y1), iy = mo/M, M =mg + 2m,, ] = Jo + 2m,p*(mg + 2m, cos(2y1)) /M, y, = m —
Y1, Cp = 2¢yl, b(p = 2byl;
2) Equations of the vibration exciters rotation:

Je®i = Lui — Lri = myr(g cos(g;) +sin(g;) ¥ — cos(9y) ¥ — (1) (a1:() sin(gy)

—130() cos(9)$? — (— 1) (ar(9) cos(@) + ax (@) sin(@))P), (=12, O

where J, = J; + m, 12, ], is the moment of inertia of the drive motor shaft, Lg; is the moment of
resistance to rotation of the i-th electric motor, proportional to the centrifugal force of inertia
during the unbalances rotation;

3) Equations of the material motion:

{mwl(y + j}wl) — . = bywYwz — CwYwz + My1g =0,

My (V + Yw1 + Iw2) = bwVwz + CwVwz + Myg =0, @

where F, is the normal contact force of interaction between the material and the platform.

Thus, the complete system of equations consists of 7 equations for 7 unknown motion
parameters x, y, @, @1, ¥2, Yw1, Yw2 and for the unknown normal contact force F,. To close the
system Egs. (2-4), two different modes of the material motion are taken into account: the attached
to the platform mode and the detached one.

The attached mode is determined by the conditions of the existence of contact between the
lower layer and the platform surface:
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Fe>0, yw1 =0, y41 =0, Y =0. )

Then from Eq. (4):
{mwlj} - Fc - bwywz — CwYw2 T My1 g = 0, (6)
mWZ(y + j}wz) - bwywz + CwYwz + My29 = 0.

The attached mode motions are determined by the joint solution of system Eq. (2), (3) and (6)
with varying frequency of the supply voltage.

At F. = 0 the contact between the material and the platform is lost and the further motion mode
is determined by the value of F, at the next moment in time: if F, takes positive values, the attached
motion mode continues, and if F, takes negative values, the material leaves the platform surface
and its free-flight begins.

In the free-flight phase, the motion of the material and the platform is described by the same
Egs. (2-4) provided that F. = 0. The end of the free-flight phase is determined by the condition of
collision of the material with the platform, i.e., y,,; = 0. At the moment of collision, the material
interaction with the platform is modeled by a direct central impact, as a result of which the
velocities of the material and the platform moving elements instantly change, the values of which
after the impact are determined as follows:

.4 My . .
=—"—(1+R)yy +7",
Vw1 = ~RYu1,

5’\4+/2 =Ywz + (1 + R)yu1,
sin(2¢,) + sin(2 m2r?S
J'C+ _ _]e( ( §01) ( §02)) T y +5C

= 2k, ’ (7
 —mr(mirisin(p,)sin(p; — 9) + Mocos(9)S, |
(pl = k1 + gal )
.. myr(mir2sin()sin(p; — @;) — M.cos(9,))S, . _
P = k + ¢z,
1

where the superscripts — and + denote the values of velocities before and after the impact,

respectively, k = 2k;/(Jo(—=2 + cos(2¢,) + cos(2¢p,))m2r? + 2MJ?), k, = mir*sin(e, —

©2)? = 2MmZr?], + M?JZ, S, = kk:nTm(l + R)y,1, R is the coefficient of restitution. The
w1l

subsequent mode of the system motion is determined based on the values of material velocity ;5

and contact force F. found after the impact. Note that the assumption of a direct central impact

adopted in this model is due to the above-mentioned features of the platform vibration modes and

the material under consideration.
3. Simulation results and their analysis

In the considered problem statement it is assumed that for processing the material the platform
should perform vertical oscillations, requiring excitation by a unidirectional vertical periodic
force. Such excitation is realized with synchronous rotation of vibration exciters with a phase
difference of A@ = m (hereinafter, synchronous-antiphase rotation). Note that in the considered
system, due to vibration exciters self-synchronization, their stable synchronous rotation with a
phase difference different from A@ = m is possible. In this case, the platform vibrations different
from strictly vertical ones could be excited. Therefore, when modeling the system motion and
analyzing the results, the main attention is paid to the ranges of vibration exciter rotation
frequencies, in which their synchronous-antiphase rotation is realized.
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Egs. (1-7) were solved numerically with the following values of the system parameters:
my = 12.42 kg, m, = 0.045 kg, J, = 0.11 kgm? J; =0.8:103 kg'm?, m,,; = 0.75m,,,
r=0.09 m, p= 0128 m, y; = 22,5°, y, = 157,5°, ¢, = 580 kN/m, ¢, = 470 kN/m,
¢y, = 1.8 kN'm/rad, b,, = 300 Ns/m, b, = 40 N's/m, b, = 0.77 N's*/m, g = 9.81 m/s*, M,q =
Mg, = 12 N'm, s;q =5, = 0.15, P = 2. The selected values of the vibration platform
parameters correspond to the parameters of the test rig presented in [15]. To obtain the frequency
characteristics, the calculations were carried out with a gradual change in the power supply
frequency of the vibration exciters motors with a step of Af, = 0.5 Hz for different ratios of the
material and the platform masses u,, = m,,/M (m,, = m,,; + m,,,) in the range of ,, € [0, 0.2],
and values of the coefficient of restitution R in the range of R € [0, 1]. To assess the influence of
the material motion on the excited vibrations of the platform, the obtained results were compared
with the calculation results obtained using a model in which the interaction with the material is
taken into account by the equivalent viscous friction forces proportional to the material mass, not
taking into account the detached motion of the material (hereinafter, the non-impact model) [5].

Ay, Ay, mm A, rad
0.08

\
’,0 l‘/ (4
4 . .
_. \ j\

ol g ), 4 N— %, o

15 20 25 30 35 f,Hz 40

a) RMS amplitudes of the platform vibration

T Ap,rad
m
2
0 —_ -

15 20 25 30 35 fHz 40

b) Phase difference of the vibration exciters rotation A¢g
Fig. 2. Simulation results at u,, = 0

Fig. 2 shows the root-mean-square values (RMS) of the platform vibration amplitudes in the
vertical Ay, horizontal A, and angular /Lp directions (Fig. 2(a)), and the phase difference of the
vibration exciters rotation A¢g (Fig. 2(b)) at their steady-state synchronous rotation, depending on
the excitation frequency f (frequency of the vibration exciters synchronous rotation) in the
absence of material on the platform (u,, = 0). One can see that the required modes of
synchronous-antiphase rotation of the vibration exciters are realized in the frequency range of
21-31 Hz between the first and second resonant frequencies of the system (inter-resonant
frequency range), and at frequencies higher than 35.5 Hz above the third resonant frequency of
the system (over-resonant frequency range). In these frequency ranges, practically unidirectional
vertical harmonic oscillations of the platform are excited. Approaching the second resonance
frequency, an increase in the deviation of the A values from 7 is observed, caused by an increase
in the impact of platform oscillations on the vibration exciters rotation due to the growth of

JOURNAL OF VIBROENGINEERING. NOVEMBER 2025, VOLUME 27, ISSUE 7 1 2 1 7



PLATFORM OSCILLATIONS IN THE CASE OF VIBRO-IMPACT INTERACTION WITH PROCESSED MATERIAL.
GRIGORY PANOVKO, ALEXANDER SHOKHIN

oscillation amplitudes and, accordingly, the energy dissipated in the system. In this case horizontal
and angular oscillations of the platform are also excited. The transition through the second
resonance of the system is accompanied by an abrupt change in the vibration exciters rotation
frequency, as well as an abrupt change in the phase Ag, the system oscillations amplitudes and
shape (the corresponding jumps are shown by arrows in Fig. 2(a)). In the frequency range of
31.5-34.5 Hz, located between the second and third resonance frequencies, synchronous-in-phase
rotation of the vibration exciters with A = 0 is settled, at which mainly horizontal and angular
oscillations of the platform are excited.

Fig. 3 shows the results of modeling the oscillations of the platform with the material at
tw = [0, 0.1, 0.2] taking into account the completely inelastic collision between the material and
the platform R = 0. The platform vibrations and the material motion at y,, = [0, 0.1, 0.2] for three
different distinctive excitation modes — in the inter-resonant frequency range at a distance from
the second resonant frequency at f = 25.75 Hz and near this resonant frequency at f = 30.7 Hz,
and in the over-resonant frequency range at f = 38.75 Hz are shown in Figs. 4-5. It is evident
(Fig. 3(b)) that with an increase in the material mass up to yw,, = 0.2, the boundaries of the
frequency ranges of vibration exciters synchronous rotation with A@ =~ m remain practically
unchanged. In the frequency range of 21-27.5 Hz (Fig. 4(a)), an increase in the material mass leads
to an increase in the platform oscillation amplitudes; the oscillations character remains practically
unchanged and remains close to harmonic with a period equal to period of excitation. Fig. 5 shows
the material motion relative to the platform. One can see that the material motion is periodic with
a period equal to the period of excitation. The attached mode motion is observed in the frequency
range of 21-24.5 Hz at u,, = 0.1 and 21-24 Hz at pu,, = 0.2. At excitation frequencies above
24.5 Hz, the material motion consists of alternating the phases of attached mode motion and the
phases of free-flight (Fig. 5(a)). In the presented graphs, the attached mode motion phases
correspond to the periods of time when y,,; = 0. The free-flight phases correspond to the periods
of time when y,,; > 0.

My =0
- -, =01
—_—— -y, = 0.2
L2
Y
1
U\___
35 40 ];,Hz
a) RMS amplitudes of vertical vibration of the platform
T Ap,rad
Hy =0
—-— — :uw:()'l
a
5 —-— -y =02
1 2 3
0 — _ L
15 20 25 30 35 f,Hz 40

b) Phase difference of the vibration exciters rotation Ag
Fig. 3. Simulation resultsatR =0: / —pu,, =0.1,2—-p,, =02,3-p,, =0
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Fig. 4. Platform vertical vibrationatR =0: / — u,, =0.1,2-p,, =02,3-p, =0

In the frequency ranges 27.5-31 Hz and above 35.5 Hz, the platform oscillation amplitudes
decrease with an increase in the material mass (Figs. 4(b)-4(c)). In the frequency range of
29.5-31 Hz, non-periodic oscillations of the platform (Fig. 4(b)) and the material (Fig. 5(b)) are
observed. It is apparently associated with an increase in the amplitudes of the material tossing and
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the duration of its free-flight phase, and, accordingly, an increase in the intensity of collisions

between the material and the platform. In the over-resonant frequency range, as we move away

from the third resonant frequency, periodic oscillations of the platform close to harmonic

(Fig. 4(c)) and periodic modes of material motion (Fig. 5(c)) with the same period equal to the

excitation period are settled.
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Fig. 6 presents the simulation results for u,, = 0.2 obtained using the non-impact model and
the impact model for R = [0, 0.3, 0.5]. The platform oscillations excited in the inter-resonant
frequency range at a distance from the resonant frequency at f = 25.75 Hz and f = 28.75 Hz, and
near the resonant frequency at f = 30.7 Hz, as well as in the over-resonant frequency range at
f =38.75 Hz are shown in Fig. 7. To compare the results, the parameters of the equivalent viscous
friction in the non-impact model were selected based on the equality of the root-mean-square
values of the amplitudes of the platform vertical oscillations excited in the compared models at
the same frequency near the second resonance (at f = 30.9 Hz).

A comparison of the results for different values of R in the range of 0 < R < 1 shows that
increasing R does not significantly change the frequency range boundaries of vibration exciters
synchronous rotation with Ag ~ m. However, changing R affects the vibrations of the platform
and the material. When R changes in the range of values 0 < R < 0.3 in the frequency range of
29-31 Hz, a relatively small increase in the platform oscillation amplitudes (within 5 %) is
observed, while in the over-resonant frequency range, a decrease (within 5 %) is observed. In the
frequency range of 21-29 Hz, almost no change in the oscillation amplitudes is observed. The
change in the character of platform oscillations and material movement depending on the
excitation frequency practically corresponds to that obtained at R = 0. In the inter-resonant
frequency range at 0.3 < R < 1, an increase in R leads to a decrease in the excitation frequency
at which non-periodic vibrations of the platform and the material occur. Thus, at R = 1,
non-periodic modes occur at excitation frequencies above 26 Hz. Note that in the frequency range
of 21-26 Hz, the amplitudes and character of the vibrations of both the platform and the material
do not depend on R. In the over-resonant frequency range, an increase in R in the range of
0 < R < 1 leads to an increase in the excitation frequency, starting from which periodic vibrations
of the platform and the material are settled with a period equal to the excitation period.

T T T T T T

A ¥ mm H non-impact
model

51 - = R=0 =
- == R=03
........ R=05

4t

3+ 4

2
2!
1+ : -
; t .

) B
’

0 ———eeeee e | 1

15 20 25 30 35 40f,Hz

Fig. 6. RMS amplitudes of vertical vibration of the platform at u,, = 0.2: / —impact model at R = 0,
2 — impact model at R = 0.3, 3 — impact model at R = 0.5, 4 — non-impact model

A comparison of the results obtained using the non-impact model and the impact model shows
that when oscillations are excited at the same frequencies, the amplitudes and the shapes of the
oscillations, determined with and without taking into account the collisions of the platform with the
material, can differ significantly. In the inter-resonant and over-resonant frequency ranges at a
distance from resonance, this difference appears in the values of the platform oscillations amplitudes.
Moreover, in the inter-resonant range there are two frequency regions: 21-26 Hz, in which the
oscillation amplitudes for the impact model A; are greater than those for the non-impact model Ay;
(Fig. 7(a)), and 26-29 Hz, in which Ay; > A; (Fig. 7(b)). In the over-resonant frequency range at a
distance from resonance, Ay; > A; (Fig. 7(d)), and with an increase in R the ratio Ay, /A, rises up.
In the inter-resonant frequency range near the second resonant frequency, significant differences are
observed both in the amplitudes and in the platform oscillations shape (Fig. 7(c)).
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4. Conclusions

The results obtained in this work are in good agreement with the experimental results obtained
on the test rig [15]. An increase in the material mass leads to a decrease in the platform vibration
amplitudes in the frequency ranges of the vibration exciters synchronous rotation. At the same
time, a slight leftward shift of the exciting frequency at which a jump into the over-resonant
frequency range occurs is observed (Fig. 3). The transition through resonance is accompanied by
an abrupt change in the rotation speeds of the vibration exciters and the mutual phase of their
rotation, the values of which are established near A@ = m, corresponding to the
synchronous-antiphase rotation mode, which is also observed in the experiments [15].

The performed analysis shows that taking into account or neglecting the possibility of the
material to leave the vibration platform surface can lead to significant differences in the motion
modes of both the platform and the material, determined at the same excitation frequencies. Thus,
in particular, the occurrence of non-periodic oscillations of the platform and the material can affect
the vibration processing efficiency. These differences become stronger with an increase in the
processed material mass and the vibrations intensity, and are more pronounced when vibrations
are excited at near-resonant frequencies. It is shown that the coefficient of restitution, with values
of 0 < R < 0.3, has no significant effect either on the vibrations of the platform and material (the
relative change in amplitudes does not exceed 5 %) or on the frequency range of vibration exciters
synchronization. Increasing R changes the frequency ranges boundaries in which periodic and
non-periodic modes of oscillations of the platform and material are excited: in the inter-resonant
frequency range the boundary frequency decreases, while in the over-resonant range it increases.
Furthermore, it was found that in the frequency range of 21-26 Hz, the vibration amplitudes and
shapes of both the platform and the material do not depend on R. It should be noted that in the
considered model, the value of R characterizes the collision properties of the processed material
layer with the platform, rather than its individual particles, and depends significantly on the
material layer height. This must be taken into account when choosing the modeling parameters
[20]. When modeling a processed material whose layer height is commensurate with the
characteristic dimensions of its particles (grains), the R values determined for pairs of colliding
materials from standard experiments, presented, for example, in [21], should be used. When the
material layer height significantly exceeds the characteristic sizes of its particles, the values of R
should be determined from special experiments, which are beyond the scope of this work, and this
seems to be a topic for further research. In the absence of experimental data, in a number of cases
R = 0 can assumed with a sufficient degree of accuracy [20, 22]. The discovered features of the
vibration platform dynamics, caused by the interaction with the processed material, typical for
many processes used in practice for processing granular materials, should be taken into account
when studying the vibration technological processes dynamics and selecting rational parameters
for vibration machines and their operating modes.
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