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Abstract: Theoretical investigations into the capabilities of a coaxial inertial drive with various
operating modes for vibratory conveyors and screens are conducted in the paper. The coaxial
inertial exciter is designed with one asynchronous electric motor and the kinematically synchronized
rotation of two unbalanced masses. Three variants of angular speeds ratios, namely ω2/ω1 = 1,
ω2/ω1 = –1, and ω2/ω1 = 2, are considered. Based on these relations, the circular, elliptical, and
complex motion trajectories of the working members are implemented. In the first two cases,
single-frequency harmonic oscillations take place. In the latter case, the double-frequency periodic
oscillations are excited. The dynamic behavior of the motor’s shaft during its running-up and
running-out is considered. The influence of the inertial parameters of the unbalanced rotors and
the relative phase shift angle between them on the elliptical trajectories of the vibratory system’s
mass center motion is investigated. The use of forced kinematic synchronization provides the motion
stability of the vibratory system for all considered working regimes.

Keywords: vibratory machines; dynamical model; coaxial inertial drive; asynchronous electric motor;
double-frequency oscillations; elliptical trajectories; kinematic synchronization

1. Introduction

Inertial vibration exciters are the most commonly used drives of vibratory screens and
conveyors. Depending on the granulation (pelletization) degree and the physicomechanical
characteristics of the medium being treated, the rectilinear, circular, or elliptical vibrations
of the working member must be provided. These trajectories can be generated due to the
specific installation of a single vibration exciter relative to the vibratory system’s mass center
or by implementing two or more exciters [1]. It is expedient to mount the inertial exciter on
the line that passes through the mass centers of the oscillating members of the vibratory
screen. If this is not provided at the design stage, the motion trajectories of different points
over the whole working surface will be different [2], which can have a negative effect on
the efficiency and output of various technological and manufacturing processes. In practice,
these negative effects can be observed during the process of discharging the material from
a vibrating sieve when this material is intensively hopping (jumping) over the sieving
surface. This effect is caused by the additional torque of the inertial vibration exciter, which
generates parasitic angular oscillations of the sieve about its center of mass.

Among the most efficient vibration exciters are the ones that allow for changing the
amplitude and frequency of oscillations and the trajectory of the working member motion.
The specific mounting of the industrial vibration exciters on the rotating (turning) flanges
provides the possibility of changing the vibrations’ amplitude and the motion trajectories
of the oscillating bodies [3]. As such, the synchronous rotation of two unbalanced rotors,
which are symmetrically around the center of mass installed on the screen’s body, can be
provided using additional systems of frequency control [4].
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Another factor affecting the amplitude–phase–frequency characteristics of the vibra-
tory system and the motion trajectory of the working member is changing the stiffness
parameters of the main and additional supporting springs. Such springs can be installed
between two tiers (decks) of the sieves [5]. A novel approach to implementing various
elliptical trajectories of the vibratory system is based on controlling the characteristics
and parameters of its dynamic model. This technique can be provided due to applying
special controllable magnetorheological dampers characterized by changeable stiffness and
dissipation characteristics [6]. These devices allow for transforming the traditional circular
trajectory to the elliptical or rectilinear one. However, the industrial prototypes of such
dampers are currently not widespread, because further investigations on their reliability
and longevity are to be carried out.

The complex trajectories of the vibratory system motion can be generated by applying
a larger number of independently driven unbalanced rotors. In such systems, the basic
motion parameters (acceleration, velocity, displacement amplitude, and orbit shape) can be
controlled by changing the rotation direction, frequency, and initial phase of each unbal-
anced rotor. The implementation of several independent exciters provides the necessity of
developing unique theoretical approaches and applying the specialized control systems
to ensure their synchronous rotation [7]. The synchronization conditions are defined by
the design of the structural elements of the vibratory system, which can be significantly
complicated by the exciter’s specific parameters, with free bodies additionally performing
rotary motion [8]. For the kinematically synchronized vibration exciters, the problems of
providing motion stability are very important from the viewpoint of implementing the
directed (rectilinear) oscillations of the working member [9]. As such, the application of
the double-frequency working regimes can be an effective way of improving simple single-
frequency vibratory machines by using the technical capabilities of the existent drive [10]
or by changing its design parameters [11].

A large number of scientific and practical investigations are dedicated to the possi-
bilities of implementing two and more independent vibration exciters. As a result of the
counter-rotation of two unbalanced masses at different angular speed ratios, it is possible
to generate directed (rectilinear), circular, elliptical, and more complex trajectories of the
working member, e.g., similar to Lissajous figures [12]. For the systems with three vibra-
tion exciters, significantly larger opportunities to affect their kinematic characteristics are
opened [13]. In such systems, the influence of the initial phases of separate unbalanced
rotors and the conditions of their dynamic self-synchronization is determinative [14].

The implementation of three independent vibration exciters (unbalanced rotors) im-
proves the operational efficiency and output of technological machines and vibratory
systems with asynchronous electric drives (Figure 1). The stable motion conditions can be
reached at the corresponding phase-frequency characteristics [15] and can be estimated by
analyzing the motion stability criteria [16]. Better opportunities for controlling and holding
stable working regimes are typical for synchronous electric drives [17]. However, it is
necessary to mention that dynamic processes occurring in machines equipped with several
drives are much more complicated and require a broader range of problems that should
be analyzed [18]. Most commonly, the problems are caused by the resonance phenomena
occurring in vibratory equipment during its multi-frequency excitation. In such a case, the
problem of providing dynamic rigidity and strength is of the most urgent ones, and can be
solved at the stages of designing and frequency analysis of the corresponding vibratory
system [19].

The process of providing the stable motion of the double-frequency systems with
multiple frequencies of the unbalanced rotors is significantly more complicated [20]. The
stability problem, which consists of ensuring the constant phase shift of rotors, can be
solved by applying the corresponding control system and by monitoring (estimating) the
operation parameters of the electric motors [21,22]. The stability must be provided in the
specified range of technological conditions and loading factors [23].
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Figure 1. Vibration conveyor with three inertial drives (“GEA Group AG”).

In general, the modern tendencies of the development in vibratory technologies and
systems require generating more complex motion trajectories with a broader spectrum of
harmonics. This can be reached by implementing the compound (combined) motions of
the working members of the vibration exciters, particularly the planetary-type ones [24,25].
The enhanced excitation provides complex trajectories of the working members, which
are characterized by the additional oscillatory processes and the increased number of
harmonics. As such, the working sieving surfaces must be appropriately designed [26].
Unambiguously, the increase in the number of harmonics improves the efficiency of the
technological processes in conjunction with reducing the power consumption of the drive
due to generating smaller vibration amplitudes. Estimation of technological benefits is very
important while implementing novel designs of vibratory machines and while repairing
and modernizing the existing ones [27]. As such, the qualitative dynamic analysis of the
efficiency of the technological processes and operating conditions of vibratory systems is
carried out with the help of traditional numerical methods (e.g., FEM) and by applying
novel techniques (e.g., DEM) [28,29].

In order to improve the efficiency and energy savings of various vibratory systems,
the inertial-type exciter designed in the form of the doubled unbalanced rotor is proposed
in [30,31]. The characteristic feature of such a drive is generating two non-stationary
disturbing forces in two mutually perpendicular directions and, correspondingly, two
fundamental harmonics of the higher (upper) and lower order with respect to the funda-
mental frequency of the motor’s shaft. Solving the corresponding parametric synthesis
problems allowed for implementing two designs of the double-frequency vibration ex-
citer characterized by an equal range of the disturbing force [30,31]. In such a case, one
exciter generates double-frequency oscillations with an emphasis on the first harmonic,
while another exciter is focused on the second harmonic. The proposed double-frequency
vibration exciter allows for implementing the reversibility effects, which are very important
for vibratory conveyors [32]. The vibratory devices and their drives must be designed
while taking into account the necessity of providing maximal compactness and the highest
indicators of operational efficiency [33].

The motivation of the present research is the development of a theoretical basis for
the implementation of the single-frequency and double-frequency operating regimes of
the vibratory systems with different trajectories of the working member motion using the
coaxial vibration exciter driven by a single asynchronous electric motor, which actuates
two kinematically synchronized unbalanced rotors. The forced synchronization allows for
providing the exact prescribed ratio between the rotors’ frequencies and phase shift angle
under different technological conditions. The use of a single vibration exciter of the compact
design solves the problems of ensuring motion stability and dynamic synchronization,
which take place during the multi-drive systems’ operation. Additionally, the conducted
research is necessary to consider the operational modes of the electromechanical drive to
assess the loading during transient processes. Specific attention must be paid to the progress
of the running-up (speeding-up) processes when the effects of “sticking” (“jamming”)
of the electric motor’s shaft rotation at the natural frequencies of the vibratory system
can occur [34–36]. In multi-mass oscillatory systems, several working regimes can be
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implemented [37]. In the near-resonance operating conditions of the double-mass systems,
the Sommerfeld effect is desirable. However, in this case, the control possibilities are
limited to some extent [38]. This fact is related to the possibility of a sudden change in the
system’s operating conditions and going into the far-over-resonance working regimes with
undesired phases (modes) of vibrating bodies, distorting the required trajectory of motion.

The purpose of this research paper is to investigate the different variants of kinematic
synchronization of the novel coaxial inertial exciters and complex trajectories of the working
members’ motion. In order to study the transient regimes of the system, the double-
coordinate model of the asynchronous electric motor is used. As a result, the influence
of the inertial parameters of the exciters and the relative phase shift between them on the
elliptical trajectories of the vibratory system’s mass center motion is determined.

2. Design of Vibrator and Methods of Research
2.1. Dynamical Model of the Inertial Vibration Exciter with a Single Asynchronous Electric Motor

The kinematic diagram of the vibration exciter (Figure 2) consists of the internal 1
and external 2 unbalanced rotors, which are coaxially installed in a single body 3 with the
help of bearings 4. The actuation of the unbalanced rotors is performed through the belt
transmissions 5 and 6 from a single asynchronous electric motor 7.

Machines 2023, 11, x FOR PEER REVIEW 4 of 17 
 

 

drive to assess the loading during transient processes. Specific attention must be paid to 

the progress of the running-up (speeding-up) processes when the effects of “sticking” 

(“jamming”) of the electric motor’s shaft rotation at the natural frequencies of the vibra-

tory system can occur [34–36]. In multi-mass oscillatory systems, several working regimes 

can be implemented [37]. In the near-resonance operating conditions of the double-mass 

systems, the Sommerfeld effect is desirable. However, in this case, the control possibilities 

are limited to some extent [38]. This fact is related to the possibility of a sudden change in 

the system’s operating conditions and going into the far-over-resonance working regimes 

with undesired phases (modes) of vibrating bodies, distorting the required trajectory of 

motion. 

The purpose of this research paper is to investigate the different variants of kinematic 

synchronization of the novel coaxial inertial exciters and complex trajectories of the work-

ing members’ motion. In order to study the transient regimes of the system, the double-

coordinate model of the asynchronous electric motor is used. As a result, the influence of 

the inertial parameters of the exciters and the relative phase shift between them on the 

elliptical trajectories of the vibratory system’s mass center motion is determined. 

2. Design of Vibrator and Methods of Research 

2.1. Dynamical Model of the Inertial Vibration Exciter with a Single Asynchronous Electric 

Motor  

The kinematic diagram of the vibration exciter (Figure 2) consists of the internal 1 

and external 2 unbalanced rotors, which are coaxially installed in a single body 3 with the 

help of bearings 4. The actuation of the unbalanced rotors is performed through the belt 

transmissions 5 and 6 from a single asynchronous electric motor 7.  

 

Figure 2. Kinematic diagram of the inertial vibration exciter with a single asynchronous electric 

motor, as follows: 1, 2—internal and external unbalanced rotors, respectively; 3—exciter’s body; 4—

bearings; 5, 6—belt transmissions; 7—electric motor. 

Due to the use of such a diagram, the vibration exciter resultant force 𝑅(𝑡), which is 

transmitted to the machine’s body, changes according to the following dependence:  

𝑅(𝑡) = √𝐹1
2 + 𝐹2

2 + 2𝐹1𝐹2 cos(𝜔2𝑡 − 𝜔1𝑡 + 𝜑)  (1) 

where 𝐹1 = 𝑚1𝑟1𝜔1
2, 𝐹2 = 𝑚2𝑟2𝜔2

2 are the magnitudes of excitation (disturbing) forces 

of the internal and external unbalanced rotors, respectively; 𝑚1𝑟1, 𝑚2𝑟2 are the static mo-

ments of the internal and external unbalanced rotors, respectively; 𝜔1, 𝜔2 are the angular 

speeds of the internal and external unbalanced rotors, respectively; 𝜑 = 𝜑2 − 𝜑1 is the 

relative phase shift angle between the internal and external unbalanced rotors. This for-

mula corresponds to the parallelogram law of two vectors’ addition of instant forces �⃗�1(𝑡) 

Figure 2. Kinematic diagram of the inertial vibration exciter with a single asynchronous electric
motor, as follows: 1, 2—internal and external unbalanced rotors, respectively; 3—exciter’s body;
4—bearings; 5, 6—belt transmissions; 7—electric motor.

Due to the use of such a diagram, the vibration exciter resultant force R(t), which is
transmitted to the machine’s body, changes according to the following dependence:

R(t) =
√

F1
2 + F22 + 2F1F2 cos(ω2t−ω1t + ϕ) (1)

where F1 = m1r1ω1
2, F2 = m2r2ω2

2 are the magnitudes of excitation (disturbing) forces
of the internal and external unbalanced rotors, respectively; m1r1, m2r2 are the static
moments of the internal and external unbalanced rotors, respectively; ω1, ω2 are the
angular speeds of the internal and external unbalanced rotors, respectively; ϕ = ϕ2 − ϕ1
is the relative phase shift angle between the internal and external unbalanced rotors.
This formula corresponds to the parallelogram law of two vectors’ addition of instant

forces
→
F 1(t) and

→
F 2(t) with the constant relative phase shift angle ϕ between them. The

magnitude of the resultant vector |
→
F 1(t) +

→
F 1(t)| is denoted as R(t).
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Based on the previous investigations [10], the following synchronization conditions are
substantiated as the most desirable ones from the viewpoint of practical implementation:
ω2 = ω1, ω2 =−ω1, and ω2 = 2ω1, under the specific values of the relative phase shift angle
ϕ between the unbalanced rotors. In order to provide these relations, two belt transmissions
1 and 2 are used for actuating two coaxially installed unbalanced rotors from a single electric
motor (Figure 3).
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exciter. (a) ω2 = ω1; (b) ω2 = −ω1; (c) ω2 = 2ω1.

The drives with asynchronous electric motors are the most commonly used in vibratory
systems and require relatively simple control systems for changing their shafts’ angular
speed. The use of a single electric motor for actuating two unbalanced rotors allows for
saving energy and increasing operating efficiency. In order to analyze the drive operation,
the most widespread double-coordinate electromechanical model of the asynchronous
electric motor is used [39,40]. The electromagnetic torque generated by the motor’s shaft is
determined using the following formula [40]:

Td(t) =
√

3·p·Lm·
(
isβ(t)·irα(t)− isα(t)·irβ(t)

)
(2)

where p is the number of poles; Lm is the mutual inductance; isα, isβ, irα, and irβ are the
projections of the stator’s and rotor’s currents on the coordinate axes α− β, respectively.

The currents projections on the axes α− β are determined by the following system of
differential equations [17]:

Rs·isα(t) + d
dt (Ls·isα(t) + Lm·irα(t)) = usα(t)

Rs·isβ(t) + d
dt
(

Ls·isβ(t) + Lm·irβ(t)
)
= usβ(t)

Rr·irα(t) + d
dt ϕ1(t)·

(
Lr·irβ(t) + Lm·isβ(t)

)
+ d

dt (Lr·irα(t) + Lm·isα(t)) = 0
Rr·irβ(t)− d

dt ϕ1(t)·(Lr·irα(t) + Lm·isα(t)) + d
dt
(

Lr·irβ(t) + Lm·isβ(t)
)
= 0

 (3)

where usα(t) = U0 sin(ωt), usβ(t) = U0 sin
(
ωt− 2π

3
)

are the laws of changing the voltage
on the stator’s winding; U0 is the nominal voltage value; ω is the nominal cyclic (angular)
frequency of the voltage change.

The system of differential Equations (3) is to be solved with respect to the current at
the following zero-value initial conditions:

irα(0) = 0, isα(0) = 0, irβ(0) = 0, isβ(0) = 0 (4)

In order to perform the numerical modeling and analysis of the electric motor running-
up (speeding-up) conditions, the electromechanical model of the vibratory system [35] is
used, and the characteristics of the asynchronous electric motor of 1.1 kW power [41] are
presented in Table 1.
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Table 1. Technical characteristics of the asynchronous electric motor [41].

Parameters Symbol Values

Electric power P 1.1 kW
Nominal voltage U0 230 V
Nominal speed n 1420 rpm

Number of poles p 2
Stator resistance Rs 7.6 Ω
Rotor resistance Rr 3.6 Ω

Stator inductance Ls 0.6015 H
Rotor inductance Lr 0.6015 H

Mutual inductance Lm 0.58 H
Moment of inertia J 0.005 kg·m2

2.2. Dynamical Model of the Vibratory System with Kinematically Synchronized
Unbalanced Rotors

The dynamical model of the vibratory screen or conveyor can be presented in the form
of a single-mass oscillatory system [42] with two degrees of freedom, which is subjected
to the unsteady disturbance generated by the considered vibration exciter. This model is
correct enough in the case when the exciter is installed in the mass center of the working
member. The following motion equations describe the double-coordinate spatial oscillations
of the working member and the rotary motion of the electric motor’s shaft about its
longitudinal axis:

m· d2

dt2 x(t) + kx·x(t) + cx· d
dt x(t) = Rx(t)

m· d2

dt2 y(t) + ky·x(t) + cy· d
dt y(t) = Ry(t)

I· d2

dt2 ϕi(t) + Mr(t) + V(t) = Td(t)

 (5)

where m is the total mass of the working member and the vibration exciter; kx, ky are the
stiffness coefficients of the supporting springs; cx, cy are the damping (viscous friction)
coefficients of the springs; I = ∑2

i=1
(

J + miri
2) is the total inertial moment of the rotating

masses about the longitudinal axis of the motor’s shaft; J is the moment of inertia of the
motor’s shaft about its longitudinal axis; Mr(t) is the moment of the viscous friction forces
acting in the motor’s shaft bearing, as follows:

Mr(t) = ∑2
i=1

(
γ·
∣∣∣∣ d
dt

ϕi(t)
∣∣∣∣+ f ·miri·

d
dt

ϕi(t)2·d0i
2

)
(6)

while V(t) is the vibration moment acting upon the motor’s shaft, which is generated due
to the plane oscillations of the vibratory system, as follows:

V(t) = ∑2
i=1 miri·

(
d2

dt2 y(t)· cos(ϕi(t))−
d2

dt2 x(t)· sin(ϕi(t))
)

, i = 1, 2 (7)

Additionally, Rx(t), Ry(t) are the projections of the alternating disturbing force of the
exciter on the coordinate axes x and y, as follows:

Rx(t) = m1r1·
((

d
dt ϕ1(t)

)2
· cos(ϕ1(t)) + d2

dt2 ϕ1(t)· sin(ϕ1(t))
)
+

+m2r2·
((

d
dt ϕ2(t)

)2
· cos(ϕ2(t) + ϕ) + d2

dt2 ϕ2(t)· sin(ϕ2(t))
)

,

Ry(t) = m1r1·
((

d
dt ϕ1(t)

)2
· sin(ϕ1(t))− d2

dt2 ϕ1(t)· cos(ϕ1(t))
)
+

+m2r2·
((

d
dt ϕ2(t)

)2
· sin(ϕ2(t) + ϕ)− d2

dt2 ϕ2(t)· cos(ϕ2(t))
)

(8)

All parameters of the vibratory system needed to perform numerical modeling are
presented in Table 2.
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Table 2. Parameters of the vibratory system.

Parameters Symbol Values

Total mass of exciter m 100 kg
Unbalanced mass 1 m1 5 kg
Unbalanced mass 2 m2 5 kg

Springs’ stiffness in horizontal and
vertical directions kx, ky 3.944 × 105 N/m

Coefficient of viscous damping in horizontal and
vertical directions cx, cy 2512 N·s/m

Coefficient of viscous friction in bearings γ 0.01 N m s/rad
Static moment of the internal unbalanced rotor m1r1 0.15 kg·m
Static moment of the external unbalanced rotor m2r2 0.06 kg·m

Total inertial moment of rotating masses I 0.015 kg·m2

Bearing inner diameters d01
d02

0.050 m
0.120 m

Friction coefficient in bearings f 0.004

Let us adopt zero-value initial conditions for solving the system of differential Equa-
tions (5), as follows:

ϕi(t) = 0,
d
dt

ϕi(t) = 0, x(t) = 0,
d
dt

x(t) = 0, y(t) = 0,
d
dt

y(t) = 0 (9)

The systems of differential equations describing the motion conditions of the vibratory
machine (5) and the electric motor’s shaft (3) are considered simultaneously with the
general synchronization condition of the unbalanced rotors, as follows:

ϕ2(t) =
ω2

ω1
·ϕ1(t) (10)

The input voltage control of the electric motor, which is provided by the frequency
converter, is assigned as a piecewise linear function, as follows:

U0(ω) =


230

148.7 ω [V], i f 0 ≤ ω ≤ 148.7
[

rad
s

]
230 [V], i f 148.7

[
rad

s

]
< ω ≤ 200

[
rad

s

] (11)

Correspondingly, the instantaneous values of alternate voltages are assumed to be
as follows:

usα(ω, t) = U0(ω) sin(ωt);usβ(ω, t) = U0(ω) sin
(

ωt− 2π

3

)
(12)

In order to mimic real practical conditions as closely as possible, an electromechanical
model of a vibration system with the equations of motion of an asynchronous electric motor
(2)–(4), (11), (12), taking into account its real parameters (see Table 1), was used.

Since we consider the possibilities of operation of the vibrator itself, we omit the
equations of rotary oscillations, that is, we assume that translational movement is carried
out relative to two axes. In general, if a specific vibration machine is to be considered,
then accordingly this movement must be taken into account. That is, for modelling, a
generalized dynamical model was simplified, which is described by four coordinates, and
we adopted three coordinates instead.

The systems of differential equations of motion of the electric motor (3) and vibra-
tion system (5) are solved jointly by the Rosenbrock numerical method using the Maple
program and the dsolve function, the parameters of which are described in the software
package manuals.

The variable input parameters are the phase shift angle between the unbalanced
masses, their static moments (see Table 2) and the ratio of the angular speeds of rotation (10).
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This made it possible to assess the influence of these parameters on the trajectories and
kinematic characteristics of the movement of the center of mass. The nature of transient
processes in the form of the start-up and run-out of the electric motor was also studied.
With this, we checked the possibility of providing different modes based on one electric
motor and the sufficiency of its power for system start-up.

3. Results

While performing the analysis of the system vibrations, the transient and steady-
state working regimes of the exciter are considered at different ratios between the angular
speeds of the unbalanced rotors. This is shown in Figures 4–8. The considered ratios have
been chosen based on the practical needs for implementing elliptical (ω2 = −ω1) and
circular trajectories (ω2 = ω1) on standard vibratory machines. Other ratios will produce
distinct trajectories, so they have not been considered in this paper. In practice, for some
applications, other ratios of angular speeds, which lead to deviation from the elliptical or
circular trajectories, may take place and be appropriate. However, for this, it would be
more appropriate to use two independent asynchronous motors. Since we currently use
one electric motor and kinematically synchronized rotations in order not to complicate the
design of the vibrator, we used the most common synchronization conditions. The ratio
ω2 = 2ω1 was substantiated in our previous studies and was taken for comparison.

Machines 2023, 11, x FOR PEER REVIEW 8 of 17 
 

 

In order to mimic real practical conditions as closely as possible, an electromechanical 

model of a vibration system with the equations of motion of an asynchronous electric mo-

tor (2)–(4), (11), (12), taking into account its real parameters (see Table 1), was used.  

Since we consider the possibilities of operation of the vibrator itself, we omit the 

equations of rotary oscillations, that is, we assume that translational movement is carried 

out relative to two axes. In general, if a specific vibration machine is to be considered, then 

accordingly this movement must be taken into account. That is, for modelling, a general-

ized dynamical model was simplified, which is described by four coordinates, and we 

adopted three coordinates instead. 

The systems of differential equations of motion of the electric motor (3) and vibration 

system (5) are solved jointly by the Rosenbrock numerical method using the Maple pro-

gram and the dsolve function, the parameters of which are described in the software pack-

age manuals. 

The variable input parameters are the phase shift angle between the unbalanced 

masses, their static moments (see Table 2) and the ratio of the angular speeds of rotation 

(10). This made it possible to assess the influence of these parameters on the trajectories 

and kinematic characteristics of the movement of the center of mass. The nature of transi-

ent processes in the form of the start-up and run-out of the electric motor was also studied. 

With this, we checked the possibility of providing different modes based on one electric 

motor and the sufficiency of its power for system start-up. 

3. Results  

While performing the analysis of the system vibrations, the transient and steady-state 

working regimes of the exciter are considered at different ratios between the angular 

speeds of the unbalanced rotors. This is shown in Figures 4–8. The considered ratios have 

been chosen based on the practical needs for implementing elliptical (𝜔2 = −𝜔1) and cir-

cular trajectories (𝜔2 = 𝜔1) on standard vibratory machines. Other ratios will produce dis-

tinct trajectories, so they have not been considered in this paper. In practice, for some ap-

plications, other ratios of angular speeds, which lead to deviation from the elliptical or 

circular trajectories, may take place and be appropriate. However, for this, it would be 

more appropriate to use two independent asynchronous motors. Since we currently use 

one electric motor and kinematically synchronized rotations in order not to complicate 

the design of the vibrator, we used the most common synchronization conditions. The 

ratio 𝜔2 = 2𝜔1 was substantiated in our previous studies and was taken for comparison. 

In Figure 4, the running-up (speeding-up) and running-out (stopping) processes take 

less time under the conditions of synchronous counter-rotation of the unbalanced rotors 

(𝜔2 = −𝜔1) and transient oscillations with a frequency of about 10 Hz at the beginning. 

At multiple angular speeds (𝜔2 = 2𝜔1), the transient processes of the motor’s shaft rota-

tion are slightly longer. As such, the decrease in the shaft angular speed with respect to 

its nominal value is observed within the range of the permissible slip. 

 

Figure 4. Time series of the electric motor’s shaft angular speeds under different synchronization 

conditions of the unbalanced rotors. 

Figure 4. Time series of the electric motor’s shaft angular speeds under different synchronization
conditions of the unbalanced rotors.

Machines 2023, 11, x FOR PEER REVIEW 9 of 17 
 

 

In Figure 5, for the steady-state regime (t > 0.4 s), the peak-to-peak amplitudes of 

torque are almost the same (47–51 Nm) for all three cases. For the second case (Figure 5b), 

torque has greater negative values (up to -20 Nm), and the average torque is lower. This 

is due to the action of vibration moment by Formula (7) when two masses rotate in oppo-

site directions. The fluctuation (modulation) of the electric motor’s shaft torque is more 

notable under the conditions of two masses counter-rotation in comparison with the other 

regimes (Figure 5a,c). 

   
(a) (b) (с) 

Figure 5. Time dependence of the electric motor’s shaft torque at different synchronization condi-

tions of the unbalanced rotors. (a) 𝜔2 = 𝜔1; (b) 𝜔2 = −𝜔1; (c) 𝜔2 = 2𝜔1.  

Under the conditions of equal angular speeds of the unbalanced rotors (𝜔2 = 𝜔1), the 

traditional single-frequency oscillations are excited and the circular motion trajectories of 

the system’s mass center are described in Figure 6. In this case, the disturbing force is 

almost constant with its amplitude value of 3.6 kN (Figure 7). Under the counter-rotation 

conditions of the unbalanced rotors (𝜔2 = −𝜔1), the elliptical trajectories are described, 

and the disturbing force changes its value within 2–4 kN. In the case of double-frequency 

oscillations (𝜔2 = 2𝜔1), the trajectories are similar to the circular ones but are slightly dis-

torted by the second harmonic. Here, the disturbing force is characterized by the largest 

range of 2–8 kN.  

 

Figure 6. Trajectories of the mass center motion at different ratios between the angular speeds of the 

unbalanced rotors. 

Figure 5. Time dependence of the electric motor’s shaft torque at different synchronization conditions
of the unbalanced rotors. (a) ω2 = ω1; (b) ω2 = −ω1; (c) ω2 = 2ω1



Machines 2023, 11, 97 9 of 16

Machines 2023, 11, x FOR PEER REVIEW 9 of 17 
 

 

In Figure 5, for the steady-state regime (t > 0.4 s), the peak-to-peak amplitudes of 

torque are almost the same (47–51 Nm) for all three cases. For the second case (Figure 5b), 

torque has greater negative values (up to -20 Nm), and the average torque is lower. This 

is due to the action of vibration moment by Formula (7) when two masses rotate in oppo-

site directions. The fluctuation (modulation) of the electric motor’s shaft torque is more 

notable under the conditions of two masses counter-rotation in comparison with the other 

regimes (Figure 5a,c). 

   
(a) (b) (с) 

Figure 5. Time dependence of the electric motor’s shaft torque at different synchronization condi-

tions of the unbalanced rotors. (a) 𝜔2 = 𝜔1; (b) 𝜔2 = −𝜔1; (c) 𝜔2 = 2𝜔1.  

Under the conditions of equal angular speeds of the unbalanced rotors (𝜔2 = 𝜔1), the 

traditional single-frequency oscillations are excited and the circular motion trajectories of 

the system’s mass center are described in Figure 6. In this case, the disturbing force is 

almost constant with its amplitude value of 3.6 kN (Figure 7). Under the counter-rotation 

conditions of the unbalanced rotors (𝜔2 = −𝜔1), the elliptical trajectories are described, 

and the disturbing force changes its value within 2–4 kN. In the case of double-frequency 

oscillations (𝜔2 = 2𝜔1), the trajectories are similar to the circular ones but are slightly dis-

torted by the second harmonic. Here, the disturbing force is characterized by the largest 

range of 2–8 kN.  

 

Figure 6. Trajectories of the mass center motion at different ratios between the angular speeds of the 

unbalanced rotors. 

Figure 6. Trajectories of the mass center motion at different ratios between the angular speeds of the
unbalanced rotors.

Machines 2023, 11, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 7. Time dependencies of the disturbing force of the inertial vibration exciter at different ratios 

between the angular speeds of the unbalanced rotors. 

The amplitudes of vibrations in horizontal and vertical directions are within 2 mm 

under all operating conditions (Figure 8). The transient processes occurring in the vibra-

tory system during its running-out (stopping) are of specific interest. In particular, under 

the conditions of the unbalanced rotors’ counter-rotation (𝜔2 = −𝜔1), the running-out 

(stopping) processes are less intensive, and the oscillations die out (decay) quicker (Figure 

8b). At other operating regimes (𝜔2 = 𝜔1, 𝜔2 = 2𝜔1), these processes are much longer and 

more intensive (Figure 8a,c).  

In general, the processes of intensively increasing the working member oscillation 

amplitude during the motor’s shaft running-up (speeding-up) and running-out (stop-

ping) can be significantly shortened by implementing special vibration isolators [43]. 

Based on the thorough analysis of the obtained dynamic parameters, let us present the 

technical characteristic of the vibratory system in Table 3. 

 
 

(a) 

  
(b) 

Figure 7. Time dependencies of the disturbing force of the inertial vibration exciter at different ratios
between the angular speeds of the unbalanced rotors.

In Figure 4, the running-up (speeding-up) and running-out (stopping) processes take
less time under the conditions of synchronous counter-rotation of the unbalanced rotors
(ω2 = −ω1) and transient oscillations with a frequency of about 10 Hz at the beginning. At
multiple angular speeds (ω2 = 2ω1), the transient processes of the motor’s shaft rotation
are slightly longer. As such, the decrease in the shaft angular speed with respect to its
nominal value is observed within the range of the permissible slip.

In Figure 5, for the steady-state regime (t > 0.4 s), the peak-to-peak amplitudes of
torque are almost the same (47–51 Nm) for all three cases. For the second case (Figure 5b),
torque has greater negative values (up to −20 Nm), and the average torque is lower. This is
due to the action of vibration moment by Formula (7) when two masses rotate in opposite
directions. The fluctuation (modulation) of the electric motor’s shaft torque is more notable
under the conditions of two masses counter-rotation in comparison with the other regimes
(Figure 5a,c).

Under the conditions of equal angular speeds of the unbalanced rotors (ω2 = ω1),
the traditional single-frequency oscillations are excited and the circular motion trajectories
of the system’s mass center are described in Figure 6. In this case, the disturbing force is
almost constant with its amplitude value of 3.6 kN (Figure 7). Under the counter-rotation
conditions of the unbalanced rotors (ω2 = −ω1), the elliptical trajectories are described,
and the disturbing force changes its value within 2–4 kN. In the case of double-frequency
oscillations (ω2 = 2ω1), the trajectories are similar to the circular ones but are slightly
distorted by the second harmonic. Here, the disturbing force is characterized by the largest
range of 2–8 kN.
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Figure 8. Time dependencies of the working member displacements at different synchronization
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The amplitudes of vibrations in horizontal and vertical directions are within 2 mm
under all operating conditions (Figure 8). The transient processes occurring in the vibratory
system during its running-out (stopping) are of specific interest. In particular, under the
conditions of the unbalanced rotors’ counter-rotation (ω2 = −ω1), the running-out (stop-
ping) processes are less intensive, and the oscillations die out (decay) quicker (Figure 8b).
At other operating regimes (ω2 = ω1, ω2 = 2ω1), these processes are much longer and
more intensive (Figure 8a,c).

In general, the processes of intensively increasing the working member oscillation
amplitude during the motor’s shaft running-up (speeding-up) and running-out (stopping)
can be significantly shortened by implementing special vibration isolators [43]. Based on
the thorough analysis of the obtained dynamic parameters, let us present the technical
characteristic of the vibratory system in Table 3.
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Table 3. Technical characteristics of the vibratory system.

Parameters
Angular Velocities Ratio ω2/ω1

1 −1 2

Static moments of the unbalanced rotors
1/2, kg·m 0.15/0.06

Angular speed of the unbalanced rotors
1/2, rad/s 148.7/148.7 148.7/−148.7 148.7/297.4

Disturbing force, kN 3.6 2–4.5 2–8.2
Total mass, kg 100

Displacement amplitude, mm 2
Acceleration, m/s2 40.7 53.2 89.4

Power, kW 1.1

The previously performed investigations show that the relative phase shift angle ϕ is
of crucial importance for defining the character of the working member acceleration and
the trajectory of the mass center motion. In particular, under double-frequency conditions
(ω2 = 2ω1), the acceleration characteristics change both in horizontal and vertical directions.
That is why, considering the technological purpose of a vibratory machine, it is necessary
to choose the corresponding values of the relative phase shift angle ϕ, which provides the
required character of the acceleration changing in the corresponding direction [31].

The use of the synchronous counter-rotation of the unbalanced rotors (ω2 = −ω1)
allows for implementing elliptical trajectories of the working member. The recommended
geometrical parameters of the obtained ellipse are determined by the technological require-
ments aimed at providing maximal efficiency of the corresponding process [44]. During
the operation of the proposed vibration exciter and while generating elliptical oscillations
of the working member, the position of the ellipse major axis is inclined at the angle ϕ/2
with the horizontal axis. Under steady-state operating conditions, the lengths of the ellipse
minor and major axes and the amplitudes of horizontal and vertical oscillations of the
working member are defined by the static moments of the internal and external unbalanced
rotors (Figure 9).
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Figure 9. Trajectories of the working member’s mass center motion at different values of the phase
shift angle ϕ and static moments of the unbalanced rotors m1r1/m2r2 under their counter-rotation
conditions, as follows: ω2 = −ω1.

A similar principle of the unbalanced rotors’ counter-rotation is implemented in the
multidrive vibratory systems [45]. In such a case, the forced frequency also influences the
system’s dynamic characteristics. The determinative characteristic feature of these systems
is the possibility of controlling the inclination angle of the elliptical trajectory with the
horizontal axis and the lengths of the ellipse minor and major axes by changing the wide
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range of parameters, e.g., forced frequency, relative phase shift angle, static moments of the
unbalanced rotors, etc.

In order to improve the operational possibilities of the considered drive, it is expedient
to ensure the fast change in the relative phase shift angle between the unbalanced rotors.
This can be implemented in practice by applying controllable electromagnetic and eddy-
current clutches, special reversible mechanisms, phase shifters, or electric motors with two
shafts, etc. In order to improve the running-up conditions of the vibratory machine, it is
expedient to ensure that the phase shift angle ϕ = 180◦ at the transient working regimes of
the electric motor. When the motor starts operating at the steady-state conditions and the
angular speed of the shaft reaches the nominal value, the phase shift angle can be changed
to the required value. This allows for fast control of the machine’s dynamic parameters
and the trajectories of the working member.

The running-up (speeding-up) processes of the vibratory system at different syn-
chronization conditions can be characterized by the corresponding amplitude–frequency
characteristics (frequency response functions) (see Figure 10), which are typical for all single-
mass vibratory systems. The frequencies of resonances in vertical (y) and horizontal (x)
directions are equal for two variants of a single frequency synchronisation, namely ω2 = ω1
and ω2 = −ω1. In the case of double-frequency synchronization, namely ω2 = 2ω1, a small
difference in resonances for the horizontal and vertical coordinates x and y is observed.
At the same time, the values of the stiffness in both directions (kx, ky) are assigned as
equal (3.944 × 105 N/m), as they are similar in real machines. The observed effect is a
consequence of the assigned phase-shift angle (ϕ = 90

◦
) between rotating unbalanced

masses and the Sommerfeld effect, which plays a more significant role in the second case.
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The coincidence of natural frequencies in both directions (ωn = 62.8 rad/s) can
increase the machine resonance vibration amplitudes during the running-out period when
the machine passes internal resonances at a slow rate of the exciters’ rotational speed
decreasing. Meanwhile, the divided peaks of machine resonances can provide smoother
stopping without excessive loading on the structural elements. In addition, the influence
of the initial phase-shift angle on amplitudes of machine vibration under synchronization
condition ω2 = 2ω1 is shown in Figure 11. Depending on the phase-shift angle, either
the horizontal (x) or vertical (y) direction will have greater amplitude at almost the same
frequency of internal transient resonance.
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4. Discussion

The recently carried out theoretical investigations are focused on substantiating the
possibilities of replacing the multi-drive vibratory systems with several inertial exciters
by a single vibration exciter with two synchronized coaxially installed unbalanced rotors
driven by a single asynchronous electric motor.

The main emphasis is laid on the implementation of circular, elliptical, and complex
oscillations of a single-mass vibratory system under the single-frequency and double-
frequency excitation conditions. In order to obtain the usually required elliptical trajectories
of the working member motion, the synchronous counter-rotation of the unbalanced rotors
is applied at ω2 = −ω1. As such, the significant influence on the ellipse geometrical
parameters is imposed by the static moments of the unbalanced rotors. Therefore, it is
expedient to provide a simple and fast change in the rotors’ inertial parameters while
designing the vibration exciter. The value of the inclination angle of the ellipse’s major axis
is equal to half the relative phase shift angle of the unbalanced rotors.

The use of the double-frequency working regimes at ω2 = 2ω1 is characterized by
larger values of the working member accelerations compared to the single-frequency
conditions. The oscillation amplitudes of the working member are about 2 mm at all
operating regimes. The use of forced kinematic synchronization allows for providing
the constant value of the relative phase shift angle between two unbalanced rotors and
ensuring the motion stability of the oscillating bodies.

The main dynamic characteristics of the vibratory system and the electromechanical
parameters of the asynchronous electric motor remain stable during both the transient and
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steady-state working regimes at all considered synchronization conditions. The differences
between the running-up (speeding-up) and running-out (stopping) processes for different
operating conditions are negligible (insignificant in practice). Therefore, the working capac-
ity both of the drive and the vibratory machine is provided under all operating conditions.

As the method of cyclic loading reduction on the structural elements of large-scale
vibratory machines (sieving screens, heavy feeders), drives of exciters should be regulated
from working frequency up to the moment of stopping. Currently, operators usually
switch off the power supply and machines pass the main resonance very slowly with high
amplitudes and additional stress on the structural elements of machines.

Undoubtedly, the problem of ensuring the stability of rotary motion is decisive for
vibratory machines. Especially, as shown in the literature review, it applies to systems
with several motors. The use of kinematic coupling between unbalanced masses on the
coaxial shafts allowed us to use a single electric motor. As a result, the stability of the
movement will now depend on the operation of one electric motor. We calculate the system
in such a way that the electric motor operates in a stable mode with a nominal frequency of
rotation within the permissible slip limits. The clear periodic functions are obtained for the
amplitudes of oscillations in the X and Y directions. We understand that this approach may
not cover all theoretically available cases, but the main problem of the transition through
resonance has been investigated and the motor reached the nominal frequency of rotation
in a stable mode. In general, it can be stated that the developed model is adequate for this
version of the coaxial vibrator and proves its stability for chosen ratios of angular speeds,
phase shifts, and assumed initial parameters.

The variety of operating conditions, which can be reached with the help of the con-
sidered drive, has determinative technological advantages. The implementation of the
kinematically synchronized and coaxially installed unbalanced rotors allows for decreas-
ing the manufacturing and maintenance costs of the machine drive and for simplifying
the control system. The proposed inertial vibration exciter can be equipped with two
independent electromechanical drives for each unbalanced rotor for even more extensive
flexibility of control and technological performance, and these issues will be considered in
further investigations.

5. Conclusions

The improved coaxial inertial drive is designed for vibratory screens and conveyors,
which allows for generating the oscillations of the working member at different ratios
between the angular speeds and initial phase shifts of two kinematically synchronized
unbalanced rotors for various motion trajectories.

Depending on the technological requirements and the synchronization conditions, the
developed drive can provide both the constant disturbing force of about 3.6 kN and the
alternating force within 2.0–8.2 kN at a constant power supply of approximately 1.1 kW.

The drive has a simple and compact design and allows for generating the easily
controllable circular, elliptical, and complex trajectories of the vibratory machine’s working
member. The exciter can be effectively implemented in both the resonance and over-
resonance vibratory conveyors and screens. The principal advantage of the proposed
coaxial scheme is the possibility to use only one drive but generate elliptical trajectories of
vibrating working surfaces.

The drive is currently equipped with a single asynchronous electric motor, but the
motor type and the number of independently used motors can be changed. These problems
will be analyzed in further research on the subject of the paper.
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