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Abstract. The paper considers the design parameters that must be provided during the practical
implementation of small-sized reversible vibratory conveyors with an electromagnetic drive. The
proposed conveyor is developed on the basis of a classical two-mass oscillatory system. Two
oscillating masses are connected by symmetrically assembled round-shaped rods. In order to avoid
angular (torsional) oscillations of the vibratory conveyor, the geometrical centers of mass and
stiffness of the spring system are aligned at the same point. The analysis of kinematic
characteristics is performed by means of numerical solving of the system of nonlinear Lagrange-
Maxwell differential equations. The influence of the phase shift angle between the electromagnetic
excitation of horizontal and vertical oscillations on the trajectories of the mass center of the
conveying member is analyzed. The first two frequencies and forms of natural oscillations of the
vibratory conveyor are determined for estimating its dynamic characteristics. The novelty of this
study lies in the development of a new design of a vibratory conveyor with a controllable
independent electromagnetic drive that provides the conveying reversibility and efficiency.
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1. Introduction

The implementation of small-sized vibratory conveyors is most commonly carried out using
AC electromagnets. In electromagnetic drives, there are no problems associated with the transition
of resonant zones of oscillatory systems during the start-up regimes, which are typical for all
inertial drives [1]. For low-power electromagnets, in particular for both AC and DC ones [2], [3],
there are corresponding control systems allowing for changing the oscillation frequency. The use
of a variable frequency is intended to eliminate the differences between the calculated and actual
parameters of oscillations, to provide opportunities for independent adjustment of the oscillation
amplitude and selection of optimal working regimes. Due to the operation at the near-resonance
regimes, the stability of the vibratory conveyor may be disturbed, as the sensitivity to changes in
loading conditions increases. Therefore, in this case, the appropriate control system is required
[4]. The control systems themselves are being improved accordingly with the development of
modern control tools and methods [5], [6]. Vibratory conveyors in this design are used in systems
for precise feeding and dosing of different media with complex physical and mechanical properties
[7], as well as in robotic assembly systems. At the same time, conveyors with directional (inclined
rectilinear) oscillations of the working member using a single electromagnet have somewhat
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limited capabilities. More efficient ones are conveyors with adjustable elliptical trajectories and
an independent excitation scheme [8]. They can also operate in a reversive regime.

2. Design and parameters of the vibratory conveyor

In the present paper, the authors propose an original design of the vibratory conveyor based
on an enhanced two-mass oscillatory system [9], which allows for generating independent
oscillations in the directions of the axes y and z (Fig. 1). The peculiarity of the considered design
diagram is the use of two cylindrical rods being bent and allowing for the conveying member to
oscillate in the plane perpendicular to their longitudinal axes. This significantly simplifies the
conveyor design and ensures that the frequencies of free oscillations of the mechanical system are
equal in two mutually perpendicular directions. The expediency of using two independent
electromagnetic exciters was substantiated while implementing the multiple double-frequency
operation regimes of vibratory systems [10]. Due to the change in the phase shift angle between
the supply voltages of the electromagnets acting in the vertical and horizontal directions, the
rectilinear, elliptical, or circular trajectories of the mass center of the conveyor working member
can be implemented.

Fig. 1. General design and overall dimensions of the vibratory conveyor

The vibratory conveyor is implemented in the form of two separately assembled upper and
lower units (Fig. 2). The upper unit of the mass m; consists of the tray 1, electromagnets’
armatures of horizontal movement 2 and vertical movement 3, and round-shaped rods 4 for the
connection with the lower unit. The lower unit of the mass m, contains the plate 5,
electromagnets’ cores of vertical movement 6 and horizontal movement 7. The vibratory conveyor
is mounted on the base through the rubber vibration isolators. The alternating current
electromagnets of the same type are used to excite the oscillations in the horizontal and vertical
directions. The electromagnets acting in the vertical direction are switched on using a single-ended
(single-cycle) circuit, and the electromagnets of horizontal movement are switched on using a
push-pull circuit.

a) Upper unit b) Lower unit
Fig. 2. Main parts of the upper and lower unit of the vibratory conveyor: 1 — tray; 2, 3 — electromagnets’
armatures; 4 — round-shaped rods; 5 — plate; 6, 7 — electromagnets’ cores
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The main notations of the parameters of the vibratory system and their numerical values are
presented in Fig. 3 and Table 1. The major design requirement for the implementation of a
vibratory conveyor with an independent electromagnetic drive for vertical and horizontal
oscillations is the geometric alignment of the mass centers O, and O, of the upper and lower units.
It is also necessary that the lines of action of the electromagnets’ traction forces in the horizontal
fx(t) and vertical f, (t) directions pass through a mutual center of mass. The two symmetrically
arranged round rods must be fixed in such a way that the center of stiffness of the oscillatory
system coincides with the geometric centers of mass. Meeting these design requirements prevents
torsional (angular) vibrations and rotational movements of the masses. As a result, the movement
of material on the working member will be uniform during the forward and reverse regimes.
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Fig. 3. Structural diagram and notations of basic parameters of the vibratory conveyor

Table 1. Parameters of the vibratory conveyor

Parameter Notation | Numeric value
Upper unit mass my 6 kg
Lower unit mass m, 13 kg
Stiffness coefficient of the rods c1 4.585x10° N/m
Viscous friction (damping) coefficient of the rods by 515.9 Ns/m
Stiffness coefficient of the vibration isolators Cis 2x10° N/m
Viscous friction (damping) coefficient of the vibration isolators b 200 N's/m
Number of the coil windings w 650
Surface area of the poles S 2.784x1073 m?
Nominal air gap é 3 mm
Active resistance of the coil T 18Q
Diode resistance in the forward direction r<t> 0.001 Q
Diode resistance in the reverse direction r<= 108Q
Supply voltages U, U, 0...150 V
Frequency of natural oscillations fo 53.2 Hz
Forced (excitation) frequency f 50 Hz
Phase shift angle [7) 0...180°

The design parameters of the vibration conveyor presented in Table 1 were obtained while
performing analytical calculations to ensure its operation in a near-resonance regime (close to the
second resonance). The initial parameters are the mass and length of the conveyor, and the
calculated parameters are the stiffness and viscous friction (damping) coefficients. Using
controlled independent electromagnetic excitation allows for experimentally selecting electrical
parameters for optimal transportation speed and energy consumption. These parameters can only
be determined through experimentation. This approach also allows for optimizing machine design
to maximize stiffness for specific productivity and product types.

3. Mathematical model of the vibratory conveyor motion

In general, the processes and models describing the operation of electromagnetic drives are
quite complex. They require experimental characteristics of hysteresis losses and magnetization
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curves [11]. At the preliminary stage of the study, simplified models based on idealized
characteristics of the electromagnetic system can be used. Mathematically, the laws of motion of
the masses m; and m,, together with the equations of electromagnetic processes, can be derived
on the basis of the Lagrange-Maxwell equations.

Equations of the masses motion and electromagnetic processes in the x- and y-axis directions:

my &y (8) + 1 (1 (6) — 22 (1)) + by (3, (8) — %, (8)) = £ (8),
myx, (8) — ¢4 (26, (8) — %, (©)) — by (%1, (8) — %, (D)) + cisx2 () + byska (8) = —£(8),

d d
IT: [Li(@®)iy (O] + [r +141]i1(®) = ug (8), - [L2(0)i(O)] + [r + 1g2]i2(8) = uy(2),

dt
_  poSw? W T W
LB =AO-£0), LB == [5 — () —x®)]
_ UoSW? i (t) ’
f(t) = 4 o+ (xl(t) - xz(t))] ’

my 31 (1) + ¢ (31 (0) = y2(0) + by (3:.(8) — 3. (D) = £, (1),
m,y,(t) — C1(3’1(t) - 3’2(t)) - b1(371(t) - 5’2(t)) + cisY2(t) + by, () = — £, (0),

. 2 @)
d Sw?
L OLO) + I+ raslia© = w @, f(0) =" [6_(%25”_”(0) ,

2 2 2
where Ly(t) = ——H0rW" "y (£) = ROy () = R are the
1 2(6-(x1(O-12())) (D) 2(8+(r1(O)-x2(1))) 3() 2(6-(11(0-2())

inductances of electromagnet coils; 1, = 471077 N/A? is the air magnetic conductivity; 4, is the
relative magnetic conductivity of the core material; u,(t) = u,(t) = Uysin(wt + ¢),
us(t) = Uysin(wt) are the laws of changing the voltages supplied to the electromagnets’ coils;
Ty = (1= @[ (O] - 7= +7r<*>, Tgo = (1 = @[—i,(O)]) - =77 +7r=*>, Ta3 = (1 —
®[i;(t)]) - v< > + r<*> are the idealized volt-ampere characteristics of the diodes; @ is the
Heaviside step function, which simulates the pulsed operation of the rectifier diodes; £, (), f;, (t)
are the resulting traction force of the electromagnets in the horizontal and vertical directions.

4. Kinematic and dynamic characteristics of the vibratory conveyor

To solve the systems of nonlinear differential Eqs. (1) and (2) with impulse functions, the
MathCad software and special numerical methods, in particular, Adams (BDF) and RADAUS,
were used. Among the results of the numerical modeling, the main interest is raised by the
trajectories of the center of mass of the working (conveying) member at different values of the
phase shift angle in the range of ¢ = 0...90° defining the electromagnets switching schemes
(Fig. 4). Depending on the value of ¢, we can obtain directional (rectilinear) (Fig. 4(a)) and
elliptical (Fig. 4(b-d)) trajectories with different values of the ellipse axes and the angle of
inclination of its main axis.

One of the conditions for the effective workability of a vibratory conveyor is to ensure the
appropriate value of the first frequency of natural oscillations of the structure considered as a
system with distributed parameters. It ensures the operation of the vibratory system in a near-
resonance regime with a ratio of the forced frequency to the first frequency of natural oscillations
0f 0.96...0.98. This frequency determines the motion of separate vibrating masses as a system of
absolutely rigid homogeneous bodies without any additional and parasitic deformations. In this
case, the bending and shear deformations should be performed by round rods and vibration
isolators. Therefore, the task of calculating the frequencies of natural oscillations is crucial at the
design stage of vibratory conveying structures [12]. This is ensured by determining the appropriate
rigidity of the structure and calculating the corresponding geometrical parameters of the round rods.
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As a result of the simulation and frequency analysis performed in the Autodesk Inventor
software, the value of the first natural frequency of 53.4 Hz was obtained (Fig. 5(a)). The conveyor
operates at the forced frequency of 50 Hz, or within the range of frequencies up to the first natural
frequency. The use of the excitation frequencies over 53.4 Hz is unacceptable, taking into account
the fact that the next value of the natural frequency of 55.1 Hz (Fig. 5(b)) is determined by the
resonant form of torsional vibrations. The structure may have insufficient torsional stiffness when
the corresponding waveform is detected at a frequency of less than 50 Hz. In this case, the torsional
vibration frequency is affected by the distance between the cylindrical rods. Therefore, it can be
increased by moving the clamps of the round rods to the edges of the conveying tray. It is also
necessary to change the position of the electromagnets’ cores for horizontal excitation.
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E g )
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Fig. 4. Motion trajectories of the mass center of the upper unit at different phase shift angles

a) b)
Fig. 5. Simulated frequencies of natural oscillations: a) first one of 53.4 Hz; b) second one of 55.1 Hz

The obtained kinematic parameters of motion of the oscillating masses are further used to
analyze the fatigue strength and durability of the elastic elements (round rods) [13], [14].

At the values of the phase shift angle of ¢ > 90°, the trajectories become symmetrical with
respect to the y-axis, which ensures reversal of the vibratory conveyor operation and change of
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the conveying direction. In general, to influence the motion trajectories, we can also change the
power supply parameters of the electromagnets ¢, Uyq,Uy,, Uyz. To improve operational
efficiency, if appropriate control systems are available, it is possible to additionally adjust the
excitation frequencies w;, w,. In this case, taking into account the nonlinearity and stochasticity
of the vibration processes and processed media [15], it is necessary to generate more complex
trajectories in terms of ensuring maximum conveying efficiency.

5. Conclusions

The general principles of designing, modeling, simulation, kinematic and dynamic analysis of
the small-sized reversible vibratory conveyors with an electromagnetic drive are developed. The
use of an independent electromagnetic excitation in horizontal and vertical directions makes it
possible to generate rectilinear and elliptical trajectories of the center of mass of the working
member (conveying tray). In this case, in addition to changes in supply voltage and forced
frequency, the trajectories are influenced by the phase shift angle between the electromagnets for
horizontal and vertical oscillations. Considering the possible practical implementation, the use of
the controlled independent electromagnetic excitation allows for experimental selecting the
electrical parameters that provide optimal conditions for both transportation and energy
consumption. These conditions for a particular product or material can only be determined
experimentally. Subsequently, the machine design can also be optimized in terms of ensuring the
maximum stiffness for a specific productivity and type of the product to be conveyed.
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