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Abstract: The low energy efficiency and excessive power of electric motors of large-scale vibrating
machines for processing bulk materials motivated a new design of the inertial drive. This drive
consists of one motor and two coaxial unbalanced masses, whose rotational frequencies are related in
the ratio 2:1. This approach allows for a generation of the excitation force with variable amplitude
and frequency, which changes depending on the inertial characteristics and shaft rotation frequency
and does not relate to the phase difference of the unbalanced masses. Because of this, the symmetry
axis of the resulting vector hodograph can be changed. The spectral composition of the exciting
force up to 200 Hz contains higher harmonics, the energy share of which is 25.4% from the 2nd
harmonic and 14.1% from the 3rd and higher harmonics that correspondingly improves bulk material
treatment in comparison to single-frequency vibrators. The finite element model is used for checking
the strength capacity of the most loaded units of a dual-frequency drive. Its use allows the realization
of complex trajectories of motion that are more technologically efficient for variable parameters of
the treated media and energy saving in sieving screens and other vibrating machines.

Keywords: sieving screen; inertial vibrator; dual-frequency; spectrum; FEM simulation

1. Introduction

Vibrating screens, conveyors, rammers, and other various bulk materials processing
machines are widely used in mining, metallurgical, construction, and other industries.
Unfortunately, until now the energy efficiency of existing vibrating machines is low enough
and the energy consumed by electric motors is spent on heating bearings and suspension
units of inertial vibrators, and only small part actually results in useful work. This is
because media consisting of separate particles can dynamically change their spatial distri-
bution structure, physical and mechanical characteristics during screening, transportation
or compaction.

Because of the abovementioned factors, the efficiency of vibrating machines with fixed
oscillation parameters decreases. The required additional process control and changes in
the technology and parameters of vibrating machines usually leads to practical difficulties,
as it is necessary to ensure the uncertain values of the relevant parameters (amplitude and
frequency of oscillations) within the appropriate limits.

Besides, the power of the electric motors of the most frequently used above-resonance
vibrating machines needs to increase by 30-50% (depending on machine design) to pass
the main resonance of the machine structure and to prevent Sommerfeld effect manifested
in the form of the non-ideal (limited power) drive restraining around the critical range of
rotation speed [1]. Upon passing resonance range of speed, electric drives spend excessive
energy for excitation of vibrating machines, e.g., sieving screens. Additional power of the
electric motors of inertial vibrators causes the installation of more expensive bearings and
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other elements of structure with a greater carrying capacity that increases the overall cost
of machines.

Following the theory and practice of bulk media separation and transportation, it is
recommended to implement higher values of accelerations and displacements. However,
according to the practical observations given in a review [2], doubling of vibrator motor
speed quadruples stress on elements, doubling of stroke length doubles the stress, and
even a 10% increase in vibrator rotor speed halves the shaft bearings life. Hence, the
trivial approaches to inertial vibrator design by increasing power and rotation velocity are
impractical and lead to higher energy consumption and cause more frequent failures due
to cyclic fatigue, while diagnostics is difficult due to action of high amplitude periodical
excitation [3,4].

Like the solution for a problem of the increasing technological and energetic efficiency
of vibrating machines, the task involves developing inertial drives with a simple design
but with regulated operating modes and the possibility to provide complicated trajectories
of vibrating surface motion. Those drives should provide a wider spectrum of vibrations
excited without additional motors and energy consumption.

2. State of the Art in Design of Inertial Drives

The analysis of recent studies indicated the main directions in the development of
new types of inertial drives for vibrating machines working in various technological chains.
This primarily applies to more complex trajectories and poly-frequency oscillations of the
moving bodies.

The electromagnetic or hydraulic drives are more easily controlled and preferable for
use in some types of resonant vibrating machines, which, even when excited by unbalanced
drives have much less energy consumption [5]. In [6,7], the asymmetric elastic piecewise-
linear characteristics have been synthesized for the realization of the two-frequency res-
onant operation modes of the two-mass vibratory machines with pulse electromagnetic
disturbance. Due to this, the corresponding operation modes with vibration impacts having
a wide spectrum were obtained. However, electromagnetic drives are not a common case
for a majority of industrial plants. Their implementation is rather assumed for manual
vibrating tools of small power. In contrast, inertial drives are widely used in the majority
of industrial vibration machines.

Depending on the technological process and design of the vibration machine, several
separated vibrators may be installed [8]. There are obligatory requirements to ensure
their stable synchronous rotations, which can be provided by kinematic links via gears
or dynamically. In some types of machines, the in-phase rotation is required at multiple
frequencies [9,10], as well as implementing the mentioned elliptical trajectories under
conditions of gradual wear and cyclic fatigue of supporting springs [11].

An important point in the studies is the analysis of dynamical processes taking
into account the electromechanical characteristics of the drive [12,13] for its sufficiency
and avoidance of negative effects during the motor start-up and passing resonances of
the machine. It should be noted that there are sufficient conditions under which stable
synchronization takes place [14]. In this case, in contrast to a single-frequency system, it is
more effective to provide dual-frequency oscillations of technological machines [15,16]. For
this purpose, resonant machines with multiple frequencies and with clearly established
values of multiple harmonics of the oscillations at the corresponding frequencies are
proposed [17]. To control these machines, it is ultimately necessary to implement adaptive
and synchronized drives.

Following the task of implementing complex oscillation trajectories, some studies
take into account the influence of changes in frequencies and initial phases of rotation of
individual motors on the trajectory of vibrating surfaces. Provision of elliptical and circular
trajectories has led to the use of three [18] and even four [19] electric motors in systems. This
significantly complicates the design and process of equipment management, and increases
its cost. In contrast, dual-frequency systems with a single motor are more attractive.
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For example, such solutions are based on the combined use of automatic balancing and
synchronization [20,21]. Therefore, the use of one electric motor is a priority in any case.

The different features of double or more rotors for designing dual-frequency inertial
drives are considered in [22-25]. Dynamic characteristics analysis of a single motor and
coaxial dual-rotor systems with inter-shaft bearings are represented in [26,27] and issues
related to friction and shaft imbalance are investigated. Excitation of poly-harmonic
vibrations in single-body vibration machine with inertia drive due to non-linearity in the
elastic clutch is investigated in [28]. Design of nonlinear anti-resonance vibrating screen is
described in [29]. A changeable amplitude-frequency mode is implemented in [30] for the
vertical concrete compactor using interfered fields of vibration waves. An energy-saving
vibration unit with a poly-phase spectrum of vibrations is proposed in [31].

Searching the patents within the class B06B1 categories: 162 (making use of masses
with adjustable amount of eccentricity), 161 (adjustable systems, i.e., where amplitude or
direction of the frequency of vibration can be varied) and 166 (systems, where the phase-
angle of masses mounted on counter-rotating shafts, can be varied) have discovered new
types of vibrators and methods of bulk material fractions separation based on impulsive
force generation, e.g., KROOSH screening technology [32]. Their vibrating separator [33]
contains a source of single-frequency vibration excitation but special adapters generate
mechanical impulses with a wide-range random spectrum. This provides continuous
self-cleaning of the vibrating surfaces and intensive disaggregation of the sieved material.

In any type of rotating vibration machine, to provide reliable operation, it is necessary
to analyze the most loaded elements for strength capacity and durability under operating
conditions using an FEM-based CAE-calculation systems [34].

3. Methodology of Design

In this section, the new design is represented of dual-frequency unbalanced inertial
drive, its kinematic and force generation functions as well as spectral components of the
resulting force vector.

3.1. Structural Scheme and Design of the Drive

After considering several constructive schemes of dual-frequency inertial vibrating
drives, the final design is selected and shown in Figure 1. The drive contains two indepen-
dently and coaxially mounted unbalanced masses 1 and 2, which are placed in a single
housing 3 through the bearing supports 4. The outer housing 3 has mounting locations
for mounting on the vibrating machine. The two gears 5 and 6 rotate unbalanced masses 1
and 2 from one electric motor 7. Masses 1 and 2 can be independently installed with the
corresponding phase shift ¢ = ¢; — ¢2, which determines the behavior of the vibration
system.

Figure 1. The design concept of the inertial dual-frequency drive.
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%
Due to the rotation of individual unbalanced masses, the resulting vector R is created
and applied to the common axis of rotation with the corresponding phase angle ¢.

3.2. Determination of Force and Kinematic Characteristics

5
The resulting vector of the excitation force R is defined as the vector sum of the two

inertial forces components:
- =

.
R=Fu+Fmn 1)

Components of inertial forces of individual unbalanced masses

N
’le =F sin(wlt + (pl) (2)

.
’sz = Fysin(wat + ¢2) 3)

where @1 and gy—the corresponding initial phase angles.
Amplitude values of inertial forces due to the rotation of unbalanced masses:

F = mywirg; 4)

Fy = mgpw3r . )

The vector sum (1) can be represented as the following dependence taking into account
the periodic functions of inertial components:

R(t) = \/Flz + F? + 2F Fycos(wat —wit + @2 — @1). (6)

The resulting instantaneous phase ¢(t) is the angle of the resulting force vector R(#)
rotation around the axis:

Fi(t) = Fycos(wit + @1) + Fycos(wat + ¢2); ()
Fy(t) = Fisin(wit + ¢1) + B2 sin(wat + ¢2); ®)
¢(t) = angle[Fx(t), Fy(t)]. ©)

A time-varying angular velocity w(t) of the radius vector is defined as the derivative
of the angle of rotation:

w(t) = iqh(t) _ F12w1 + F2wy + Fi B cos(wit — wat + @1 — ¢2) (w1 + wy)
o dt B F? + F2 4+ 2F F, cos(wit — wot + @1 — ¢3)

(10)

The obtained analytical dependences are time-varying force and kinematical parame-
ters functions of the inertial vibrator. They functionally take into account all the design
characteristics of unbalanced masses, their initial position, and velocity of shaft rotation.
The technical parameters of the considered design of vibrator and corresponding ampli-
tudes of generated inertial forces are given in Table 1. The 3D model of dual-frequency
vibrator assembled with a motor is shown in Figure 2.

Table 1. Characteristics of imbalances and amplitudes of generated inertial forces.

Mass w, [rad/s] mg, [kgl rq x 1073, [m] E [kN]

1 314 3.9 6.2 2.38
2 157 11.0 219 5.94
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Figure 2. General view of dual-frequency vibrator assembled with a motor.

4. Results of Inertial Drive Simulation

The use of the obtained calculation Formulas (1)-(10) allows us to investigate the
advantages and particular features of the proposed design solution. Taking into account the
set values of unbalanced masses (see Table 1), their rotation speeds, and initial phases, it is
possible to synthesize specific kinematic characteristics and trajectories that will determine
the functionality of the proposed design solution.

4.1. Analysis of Force and Phase Relations

The derived functional dependences (6) and (9) can be combined into the form of a
polar graph R(¢), which allows to estimate the changes in the amplitude of the resulting
force and to construct a required trajectory of oscillations about the common axis of
unbalanced masses rotation. It turns out that the phase shift angle allows us to change the
location of the symmetry plane of the hodograph of the resulting force vector.

Consider the influence of the phase shift angle between unbalanced masses in Figure 3.
For the first case of phase difference (¢; = 0° and ¢, = 90°), perturbation force is symmetrical
about the horizontal direction and for the second case (¢1 = 90° and ¢, = 0°), the drive
produces symmetric oscillations in the projection on the vertical axis.

Depending on the purpose of the vibrating installation, the required values of the
initial phases can be selected. The asymmetric law of oscillation in the projection of the
resulting vector on the corresponding axis will cause the effect of transportation along this
axis. Therefore, the use of the phase shift angle like in Figure 3a will lead to the appearance
of transporting the bulk media along the axis, which is required for the vibrating screens.
For stationary vibrating tables, a phase shift should be used, like in Figure 3b, as there
should be no asymmetric oscillations in the axial direction to avoid the movement of the
media in the filled compaction form.

Regardless of the set initial value of the phase shift angle ¢, developed drive produces
the periodic resulting force, which varies within a range R(f) = 3.55-8.32 kN (see Figure 4a)
and instant frequency range w(t) = 51.7-202.0 rad /s (see Figure 4b) with median value about
179.2 rad/s.
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Figure 3. Projections of the resulting force vector for different phase shift angles: (a) ¢1 = 0° and ¢, = 90°; (b) ¢ = 90° and
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Figure 4. Time-series: (a) resulting force and angle of its rotation; (b) angular velocity.

The resulting perturbation according to Equation (2) and Figure 4a is asymmetric and
periodic. However, as it turned out, its maximum value Rmax = 8.32 kNN does not depend
on the difference in the angle of phase shift but depends on the inertial characteristics of
unbalanced masses and their rotational frequencies.

The spectral composition of the resulting force is shown in Figure 5. The effective
range is limited to 200 Hz for the assumed frequencies of shafts rotation. In addition to
the two frequencies of excitation with the main peaks about 26 Hz and 51 Hz, the higher
harmonics are also excited due to non-symmetrical waveform of resulting force.

The amplitudes and corresponding energy share of these harmonics (from 3rd to
7th) in the resulting force is about 14.1%. If to compare with a single-frequency vibrator,
the contribution of the 2nd-7th harmonics increases to 25.4%. This means that for lower
supplied power of the electrical motor in a vibration machine, it can demonstrate the
same efficiency of media treatment. This is because of the fine fractions of bulk materials
prone to aggregation require a higher frequency of, e.g., sieving screen, vibration or more
amplitude of working surface displacement that supposes more energy consumption of
the electrical motor. Therefore, the efficiency of the technological process can be enhanced
by the proposed drive, due to a wider poly-frequency range of treated media excitation
always having variable physical properties (size of particles, hardness, and water content).

The non-linear relation of resulting inertial force R(f) and instant frequency w(t) is
shown in Figure 6. In contrast, the power characteristic of industrial single-frequency
vibrators has the form of a point at this diagram. Using such graphs, designers can
synthesize working characteristics of dual-frequency vibrators depending on specific
requirements of technological processes.
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Figure 5. Power spectral density of a resulting force generated by dual-frequency vibrator and energy
shares of higher harmonics.
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Figure 6. Nonlinear relation of resulting inertial force and rotation frequency.

4.2. FEM Analysis of the Vibrator Units

Taking into account that sieving screens are usually above resonance machines, there
is no threat of higher harmonics matching with machine main natural modes of vibration,
which may cause overloading of its structural elements. Besides the technological and
energetic advantages, the proposed inertial drive will spread out the supplied electrical
motor energy among several frequencies of vibration, and in such a way, the dangerous
amplitudes of machine transient resonances will be significantly reduced during start-
up and slow down. Nevertheless, the reliability of vibrating machines greatly depends
on the right choice of bearings and their load capacity under the action of significant
periodical radial forces. Therefore, the main units of the developed drive are checked by
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FEM simulations. A detailed FEM analysis of strength capacity is carried out based on
values of reactions in the bearings supports of coaxially rotating masses.

The main elements of a dual-frequency inertial vibrator (see Figure 7) are the central
unbalanced shaft and unbalanced frame, on the edges of which two unbalanced masses
are installed. Inertial force F; of the unbalanced shaft produces the reaction forces Rp and
Rg in the supports. They act as the additional impacts on unbalanced frame loaded by
their inertial force F,. The values of the reactions in the supports of the unbalanced frame
Rc and Rp are accounted for together with reaction forces Rp and Rp for the selection of
bearings in the supports of the vibrator shaft.

cover ring rotor frame

3
unbalanced \ Rc \th ~T]
shaft (mass 1) [ N A

unbalanced X ]
‘x‘ = N
mz',iSS ? a e — center of gravity of the

unbalanced mass 2

L IE[ | F' |
— F.2 A \ Ry MF2
o el g
center of gravity of the
>J unbalanced mass | /><

A= —J—jlunbalanced

v

r) g T S| mass 2

4
_H 135* % -
bearing N 169*

403

Figure 7. The scheme of reactions forces in the supports of a dual-frequency inertial vibrator.

The resulting periodic force of the vibrator R(t) acting on the vibrating machine served
to check its strength by FEM simulation. According to the results of the model analysis (see
Figure 8), the values of the maximum von Mises equivalent stresses 40.96 MPa in the inner
unbalanced shaft and 5.46 MPa in outer unbalanced housing do not exceed the endurance
limits of structural steel under cyclic fatigue, which is the condition of durable and stable
drive operation.

Besides, based on the reaction forces used in calculations of strength capacity, the
power losses for rolling friction are also estimated in bearings of shafts supports. Results
are summarized in Table 2.

In general, the presented design of a dual-frequency vibrating drive with variable
kinematic and force characteristics can work as an autonomous unit on the industrial
vibration machines. It can also be equipped with an internal combustion engine. In manual
vibrating machines, poly-frequency vibration is better for perception by operators.
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Figure 8. The results of the calculation of equivalent stresses in unbalanced masses: (a) inner unbalanced shaft, (b) outer

Table 2. Power losses on rolling friction in bearings.

Rotation . Reaction . . Moment Power
. Diameter Coefficient . .

Pos. Velocity d [mm] Force of Friction of Friction Loss
w, [rad/s] ’ R, [kN] M, [Nm] P, [W]

A 314 45 2.004 0.0015 0.068 21.35

B 314 45 0.534 0.0015 0.018 5.65
C 157 120 5.083 0.0040 1.22 191.54
D 157 120 3.236 0.0040 0.78 122.46

5. Discussion and Conclusions

Although different types of treated media activation principles have been proposed
in many published studies and declared in patents, the main amount of bulk materials
processing in industrial plants is still provided by the rotating unbalanced vibrators. The
efficiency of bulk media sieving, compaction and transportation machines is made low
enough by the energy consumed in electrical inertial actuators. Also, the well-known
Sommerfeld effect requires additional power of electric motors to pass resonance ranges
of rotation speeds which correspond to the main natural modes of machines’ structural
vibrations.

The implementation of electromagnetic and other types of excitation in resonant
types of vibrating machines, which consume much less energy than conventional above-
resonant machines, is a rare case for industrial plants. The standard approach to activate
the treatment process of prone to aggregation fine fractions is to increase the amplitude and
acceleration of oscillated media. This approach significantly (power function of rotation
speed) reduces service time of bearings and increases the overall cost of vibrating machines.

To solve these problems, recent developments of vibratory units and corresponding
technologies are directed to dual and multi-frequency excitation by different methods.
High-frequency, up to ultrasound range, activators are used including devices generating
impact forces with a wideband spectrum of random oscillations. However, tuning of such
devices for the required elliptical trajectory of particles motion is difficult for realization.

The proposed design of a dual-frequency vibrating drive includes only a single
motor and allows the realization of complex trajectories of working surfaces with a
variable force both in amplitude value (3.55-8.32 kN) and in the frequency of oscillations
(51.7-202.0 rad/s).

The investigated exemplary design of inertial drive showed that the maximum value
Rmax = 8.32 kN does not depend on the difference in the angle of phase shift between two
unbalanced masses, but depends on their inertial characteristics and rotational frequencies.
This design can be easily scaled to implement in large-size vibrating machines.
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Due to a created special waveform, the amplitude and corresponding energy ratio of
high harmonics excited in the resulting force are about 14.1% for dual-frequency vibration
and about 25.4% if compared with a single-frequency vibrator. Such redistribution of
supplied to electrical motor energy allows less dangerous passing of transient modes
for the above resonance industrial machines. Besides, the poly-frequency vibration with
moderate amplitudes of harmonics is better for perception by operators and allows them
to achieve better energy efficiency.

The finite element model simulations of a dual-frequency inertial drive allowed us to
check the strength capacity of the most loaded units to provide their durable operation.
Power losses due to rolling friction in the bearing supports correspond to the generally
assumed values in machine design and do not cause additional energy consumption.
Instead, only one electrical motor implementation for dual-frequency force generation
significantly reduces the power losses in the inertial drive.

Such variable periodic characteristics allow the implementation of technological sys-
tems that will be more efficient at energy consumption and processing materials with
uncertain physical and mechanical characteristics in contrast to systems with constant
kinematic and force generation parameters.
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