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TRANSPORT FEATURES OF A NEW, SELF-ATTUNED CONVEYOR

Summary. The new vibratory conveyor destined for the accurate dosing of materials
was investigated in the present work. The possibilities of the system to transport materials
in the circum-resonant zone were tested analytically, as well as by simulations. The
optimal work point of the system, which allowed a decrease in the amplitude of
eliminator vibrations on its suspension due to operations on the resonance slope, was
determined. Transport velocities depending on the excitation frequency and feed mass
were determined by simulations. The results were verified on the conveyor of industrial
dimensions designed and built in accordance with the patent application.

1. INTRODUCTION

The transport abilities of the new vibratory conveyor (patented by the authors) operating in the
resonance zone were investigated in this study. The conveyor is used for transporting and dosing loose
materials or objects with small dimensions, providing the possibility of maintaining a constant
transport velocity regardless of the feed mass and in spite of the application of a small and relatively
cheap electro-vibratory drive. This is a unique property of the inertial drive that does not change its
characteristics during operation [1]. This conveyor also provides the possibility of the precise dosage
of materials, as described in previous papers [2]

Very often, in the production line, the essential property of the vibratory conveyor is the possibility
of maintaining a constant transport velocity regardless of the feed mass when a small energy-saving
drive is applied [3]. To the authors’ knowledge, conveyors of inertial drive providing such a
possibility do not exist.

Classic conveyors with inertial drives involve a decrease in the coefficient of throw according to
Equation (1), which translates to a decrease in transport velocity at higher masses of feed [4].
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where:
e —radius of gyration,
f —angle of direction of motion,
m, — rotating mass,
m; — trough mass,
m —mass of the feed.

In our case, an increase in the feed mass causes a decrease in the coefficient of throw. However, the
resonance frequency of the second resonance is simultaneously shifted, which moves the system
nearer to the resonance peak, which, in turn, maintains the vibration amplitude at the same frequency.
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Such behavior guarantees the constant transport velocity of various feed masses, and this is a unique
property of vibratory conveyors.

The only way to maintain the constant velocity of the classic conveyor is to apply a drive of the
kinematic excitation. This solution has several faults, of which the main ones are movable joints,
which do not warrant durability under industrial conditions. In addition, such a solution transfers
significant forces to foundations.

2. STRUCTURE OF6 THE ANALISED CONVEYOR

The new patented vibratory conveyor [1] is presented in Fig. 1. This conveyor is built of a classic
trough (1) of mass m; and moment of inertia J,, is elastically supported (2) with a stiffness of kyy and
damping of byy, and is distanced from the center of mass by li» on a stiff base in a horizontal position.
It is also equipped with a system of two counter running vibrators (3) of masses m;», moments of
inertia Ji », and radiuses of gyration ei,, which are suspended to the trough at angle B and distanced
from the mass center by ai» and hi,. They are powered with electric torque M., described in
Equation (11). In the steady state, vibrators are synchronized and counter running, providing the
resultant rectilinear force, which passes through the mass center of the trough system, as well as
through the center of its suspension system.

The additional mass (4)—with a value of m. and a moment of inertia J., on its own suspension (5)
of a stiffness of k; and damping of b.—is added to the main mass (1) and has its own additional degree
of freedom ‘t.” In general, the main masses move together on x, y following the rotation direction o;
the only exception is ‘t’ for the eliminator (4).
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Fig. 1. Schematic representation of the conveyor (according to the invention)

The aim of this additional mass is to eliminate the trough vibrations at a proper control of the
vibrator’s excitation frequency in accordance with Frahm’s eliminator principle [5, 6] when the
excitation frequency is calculated as follows:
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Trough vibration stoppage causes feed transport stoppage (6) [2]. Feed is digitized to particles of
masses mMy11 to mays, which can move freely in two directions: n and & The whole feed rests on the
trough, the surface of which is distanced from the mass center by ‘H.” Moreover, every column of the
feed particles is distanced from each other by ‘d.” As for the vertical position, particles rest on each
other and the trough. It was pointed out in this study that when the conveyor is operating within the
circum-resonant zone of the second resonance, it is possible to obtain the constant transport velocity
regardless of the conveyor load. In addition, the conveyor in this zone acts as the resonance vibro-
insulated conveyor. It occurs in such a way due to the additional mass, which provides the device with
the proper characteristics through the additional resonance.

Classic resonance conveyors operate on the trough mass resonance, which, in practice, causes
significant forces to be transferred to the foundations due to the high stiffness of the conveyors’
suspension. A fault of such conveyors also constitutes a significant influence of the conveyor mass on
its transport velocity due to resonance damping (among other reasons) [7].

The analyzed conveyor does not have the abovementioned faults. Its resonance at the working
frequency is related to the suspension stiffness of the additional mass, which is not connected to
foundations. The main suspension is relatively soft, and therefore, it does not transfer significant
forces to the foundations at the work amplitude.

The constant transport velocity is achieved without the need to control the conveyor’s rotational
speed. This is due to the fact that the trough mass also has only a small influence on the second
resonance frequency, on which the growing slope of the conveyor operates. An increase in the trough
mass shifts the second resonance frequency towards lower frequencies. Since the feed mass influences
the trough mass [4,8], the increase in the feed mass causes the resonance frequency to shift
spontaneously. In accordance with the analyses performed in these studies, at the angle trough
vibration of 30° inclination to the horizontal line, Y% of the feed mass should be added. Of course, this
significantly influences the shifting of the first resonance [9] and—albeit to a much smaller degree—
the second resonance.

Theoretically, instead of the first resonance, there should be three resonances. However, when
stiffnesses ky and ky are the same and the excitation force passes through the center of the machine’s
mass, these three resonances merge into one.

The frequency of the second resonance is mainly related to the mass and stiffness of the eliminator
suspension. This is why, at a constant frequency, the feed decreases the resonance amplitude on the
one hand and causes the device to operate near the top of the resonance amplitude on the other hand.
In fact, despite the application of a very small inertial drive, the constant transport velocity is obtained
regardless of the feed mass; however, the resonance frequency remains below the excitation frequency
only until the moment when the feed ‘will shift.’

3. SIMULATION INVESTIGATIONS

In order to determine the transport velocity in dependence on the system excitation frequency, the
system presented in Fig. 1 (loaded with the feed) was investigated. The mathematical model of such a
system essentially contains six equations, one for each degree of freedom. Additionally, there are 20
feed particles that can move in two independent directions, yielding another 40 equations.

The presented mathematical model calculated from Lagrange’s equations of the second kind
contains Matrix Equation (3) (describing the machine movement), Equation (11) (describing the
electromagnetic moment of drive motors), Equations (9) and (10) (determining the movements of
successive feed layers), and Equations (7) and (8) (describing normal and tangent interactions in
between feed layers, as well as between the feed layer and machine body) [10-12].

[M]-[q]=[L] 3)



8 P. Czubak, W. Sur6wka

[ m +m + ]
" ! 0 mh, + m,h, me, sin(@,) m,e, cos(g,) m, cos 8
m,+m,
m.+m, + . .
0 7 : - mlal - m2a2 mlel COS(@J) mZeZ Sm(¢2) me sm ﬂ
m, +m,
i emh —ma —ma, M08 @) Emh ral) mhesin(p) = mhe cos(p) = (&)
M = o > o 7y J, +J, mya,e cos(ep))  mya,e, sin(@,)
m,h,e, sin —
mye, sin(@,) me, cos(g,) mlalel COS(((ZIJ)) mlelz +Jo 0 0
11+1 1
m,h,e, cos —
m,e, cos(p,) m,e, sin(@,) mzazez Sin((zz)) 0 mzef +J, 0
2¥2%2 2
m, cos m, sin B 0 0 0 m, |
.. . .. . . .. .o T
g=[x y a ¢ ¢, 7] (5)

mzengzz sin(p,) - mlel¢12 cos(¢g) =2k (x+ha) = 2b (X + ha) - 7;(01) - Tl(ﬂz) - Tl(oa) - Tl<04) - Tl(os)
- mzez‘/.’z2 cos(¢,) + ”1161‘/.’12 sin(g,) - ky(y +ha)- ky (y-ha)- b}-(j’ +ha)- by(j’ —-La)- Fl(on - Fl(oz) - E(os) - Fl(o4) - E(OS)
mhep; cos(p) —mae; sin(@,) +myhe,p; sin(,) + mya,e,p; cos(,) — 2k b’ = 2k hx = 2b hc = 2b h*c— k (y + L)l +
0= k,(y=ha)ly =b,(y + L)l +b, (3 = La), (T gy + Ty + T3y + Loy + Lo H, + 2oy, + dF, o) = dF o4 = 2dF, o5
M,y = by sen(¢y) —myge, cos(@;)
M,y = b3 sgn(@,) — myge, cos(p,)
-kr-b7t

(6)

)

where:

Fj 4.1 —normal component of j-layer pressure on j-1 in k- column,

T¢-1n — tangent component of j-layer pressure on j-1 in k-column,

i — indicator of the material layer, /=0 is related to the machine body,

k — indicator of the material layer column.

When contact between layers occurs, forces are applied in the normal Fj.;» and tangent Tj .74
components. Meanwhile, when there is a lack of contact, the forces are equal to zero:

F;'.(j—l.k) = (77‘/—1,/( - 77,-,k )P k {
The force in the tangent direction originating from friction is calculated as follows:

T gy =—HE, 1y 580(8,, =€) (®)

Equations of motion in directions & and n of individual feed layers (while taking into account the
conveyor influence on lower feed layers), are of the following form:

- Sgn(n‘/;l,k - nj,k) ' Sgn(ﬁj—l,k - U,A)]} (7)
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where:
M — moment generated by drive motors,
My — break-down torque of drive motors,
W — synchronous frequency of drive motors,
Wut — stall frequency of drive motors.

Such a non-linear mathematical model could be solved with numerical analysis. Runge-Kutta’s
algorithm was chosen to solve this system of equations. The time step of the simulation was 1-107s,
which is sufficiently dense to obtain proper results of feed and trough contact phenomena. The
numerical model was calculated in the Pascal environment, and the set of constants used is listed in
Table 1 below.
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Table 1
Parameters used to perform the simulation
Definition Unit Symbol Value
linear dimension m [ 0.177
linear dimension m I 0.177
linear dimension m h 0
linear dimension m hi 0.045
linear dimension m h 0.177
linear dimension m ai 0.231
linear dimension m az 0.155
linear dimension m d 0.35
linear dimension m H 0.12
radius of a vibrator unbalance m e 0.02
radius of a vibrator unbalance m e 0.02
total stltjfness of suspension for eliminator’s Nim k. 320 002
suspension
stiffness of suspension N/m ke 71 040
stiffness of suspension N/m ky 71040
coefficient of viscous damping Ns/m by 1582/ ¢,
coefficient of viscous damping Ns/m b, 1582/ ¢;
total coe?fﬁcient of viscous damping for eliminator’s Ne/m b 298/ o)
suspension
mass of the trough kg my 28
rotating mass | kg mi 0.0415 or
0.083
rotating mass II kg ms 0.0415 or
0.083
mass of the eliminator kg Me 26
central moment of inertia of the excitation I kgm’ Ji 0.001
central moment of inertia of the excitation 11 kgm J> 0.001
central moment of inertia of the trough kgm’ Jr 2.56
central moment of inertia of the eliminator kgm’ Je 0.9
break-down torque Nm M 5
synchronous speed rad/s Wss Variable
break-down torque speed rad/s Wt Variable
restitution coefficient - R 0.13
coefficient of friction - U 0.4
Hertz-Staierman stiffness N/m ks 10®
Hertz-Staierman constant - p 1
coefficient of viscous damping in bearing Nms bsi 0.0009
coefficient of viscous damping in bearing Nms bs2 0.0009

The simulation model assumes that the virtual trough is of an infinite length and that the particles
are constantly moving along its length. However, this model does not assume that the particles change

their velocity from zero to the nominal one when falling on the trough.
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Investigations indicate that the influence of this change on the system is minimal and is related only
to the momentum change at the moment when the particle contacts the trough. This, in practice,
converts into a constant pressing force in a horizontal direction. The force value for this conveyor does
not exceed 1.5 [N], and it only stretches transverse the springs of the main suspension. In reality,
particles falling on the trough almost immediately obtain the nominal velocity, which is constant along
the entire length of the trough. In industrial practice (and in our simulations), the height of its bed is
constant at the whole length of the trough at a constant speed of supplying feed (but not in amounts
higher than the conveyor output).

In some cases, the simulation of the bed height is not determined, but it is regulated by means of
the feed mass. We consider velocity as the average velocity of all particles and propose that it properly
presents the bed movement. This was confirmed by the laboratory tests. An example of the waveform
of the trough vibration and feed layers moving on this trough is given in Fig. 2.
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Fig. 2. Exemplary feed movement (green line) on the through surface (red line)

There is a possibility of fluidizing the very fine (small elements) feed, which, in practice, delays
the process of falling on the trough but does not cause any lack of momentary contacts, as described in
the simulation model by the contact force equation. This force occurs at the moment of hitting the
trough and influences the machine’s operation. Therefore, not only does the trough movement
influence the feed, but feedback coupling also occurs. The feed is not treated as one element in the
simulation model. During the contact, successive elements hit the trough in a very short time.
Damping in the feed occurs since the contact force equation contains the coefficient of restitution, and
consequently, the additional damping (which is dependent on the feed mass) is introduced into the
system. This additional damping is treated as dry friction.

4. RESULTS OF SIMULATION INVESTIGATIONS

Data series, which are solutions to equations of motions in time, constitute the simulation results.
This means that we obtained displacements, velocities and accelerations for all 46 degrees of freedom.
Since the presentation of all results would cause a significant increase in this paper’s length, the
authors decided to focus on transport velocity only. This velocity was determined every time by
averaging the velocities of all 20 feed particles. The data representing various feed masses and two
values of the inertial excitation force are presented in Figs. 3-5. The rotational speed of synchronized
vibrators was determined directly from simulations.

The transport velocity is maintained, regardless of the feed mass, by the self-control of the
conveyor. This phenomenon can be explained as follows. A feed influences a conveyor in two ways: it
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damps the trough movement, thereby lowering the amplitude, and it influences the second resonance
by shifting it as if to add % of the feed mass to the resonating mass [4].
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Fig. 3. Average transport velocity of the feed series on the conveyor at the nominal excitation of 40 N

Thus, on the one hand, together with a higher feed mass, the amplitude decreases by a higher feed
load, while, on the other hand, the resonance is shifted nearer to the work point, which increases the
amplitude in such a way that it ultimately remains unchanged despite the feed addition.

Considering that the operation occurs at the same frequency, the constant transport velocity is obtained
regardless of the feed mass. This was confirmed by the simulation and experimental tests performed
during this study.

The series of amplitude-frequency characteristics of the performing element at the harmonic
excitation amplitude of 40 N for various feed masses are presented in Figs. 3 and 4. As seen in the
diagram, the transport velocity of Vy=0.35 [m/s] is obtained at a constant frequency of 166 rad/s
regardless of the feed mass, up to a mass exceeding 2 kg.

The system operates in such a way that, at a small mass of the feed, the resonance and,
consequently, the maximum velocity occurs at 167 rad/s. Thus, when the frequency is set to 166 rad/s,
we operate on the resonance slope; meanwhile, when the feed mass equals 4 kg, the resonance occurs
at 163 rad/s, which means that we operate exactly in the resonance. The result of such behavior of the
device is a constant transport velocity regardless of the feed load since the system is self-attuned.

Of course, the amplitude-frequency characteristic is consistent with the transport velocity.
However, it should be kept in mind that the coefficient of throw increases with the frequency square,
and therefore, feed movement does not occur at the first resonance. It should also be mentioned that
the real geometrical limitations of the eliminator allow an amplitude of only 12 mm to be achieved,
which reduces the resonance characteristic of lighter feeds [13]. The real system stops behaving like
the system with an eliminator, and amplitudes do not increase, which is favorable considering the
structure’s safety.

The diagrams show that, at the excitation amplitude of 40 [N], it is possible to obtain the constant
transport velocity of 0.35 [m/s] for the feed mass of 3 kg, while at the excitation of 80 [N], the same
velocity can be obtained for the feed mass of app. 5 kg (Fig. 5). It should be emphasized that such
small excitations are sufficient since this conveyor operates in the resonance zone, not the typical
resonance conveyor where the main suspension, being of high stiffness, causes the transferring of
significant forces to the foundation.
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Fig. 4. Magnification of the resonance zone from Fig. 3

T T T T T T

—0.3kg
—1kg
2kg | 4
—3kg
—4kg
5kg
—6kg
—8kg | |
— 10kg

Vi [m/s]

180 190

Omega [rad’s]

Fig. 5. Average transport velocity of the feed series on the conveyor at the nominal excitation of 80 N

5. TESTING THE CONVEYOR ON THE INDUSTRIAL SET-UP

The successive stage of controlling the simulation correctness constituted the analysis of the trough
motion in the work direction by means of the speed camera of the GOM Metrology system, allowing
movements of special markers placed on the trough to be traced (Fig. 6). From the figure, one can see
that the markers follow the same direction as the same amplitudes. This guarantees that the main mass
is in linear motion, which also means that the self-synchronization of the two vibrators is correct and
that we can expect steady transportation velocity along the trough. These accurate tests allowed us to
draw the quasi-stable characteristic amplitude of the trough from the work point, thereby slowly and
uniformly reducing the excitation frequency up to the stoppage.

Tests were performed with the sampling frequency of 100Hz, which satisfies the Whittaker-
Nyquist-Shannon-Kotelnikov sampling theorem, up to 50Hz of the excitation frequency. Such seldom
sampling, which was limited by the equipment, makes it necessary to use a larger data series to find
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representative results. This means that, in practice, slow changes are necessary in the excitation

frequency during a measurement.
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Fig. 6. Screen capture of GOM software used while studying the machine’s movement, oscillating in its work
direction, recorded with a high-speed camera

In diagrams from the real measurements (Fig. 6), four resonance amplitudes are seen: three of the
device passing through resonances related to the main suspension and one (the main resonance) related
to the additional mass of the eliminator. In the simulation results (mentioned previously), only one
resonance was visible.

The first three resonances resulted from a slightly different elasticity of real springs in the x and y
directions and inaccurate excitation passage through the machine’s center of gravity. However, they
have no influence on the conveyor operation in the vicinity of the main resonance related to the mass
of the eliminator.
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Fig. 7. Spectrum analysis of the course from Fig. 6
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Fig. 8 presents the comparison of amplitudes obtained during simulations with real amplitudes of
the conveyor at a negligible load of a feed. The blue line represents the characteristic determined from
the displacement notation (Fig. 6) by means of Fast Fourier Transform (FFT), shown in Fig. 7. The
high compatibility of the results, especially in the zone of the target resonance, is depicted in the
diagram. In consideration of structural reasons, the investigations of the real conveyor were performed
for a trough amplitude equal to 3 mm, which is the maximum available amplitude for this structure.
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Fig. 8. Frequency analysis of the measurement of the quasi-stable empty conveyor, excited by a force of 80 N,
overlapped on the frequency characteristic of the conveyor, obtained from simulations at a negligible
feed load (0.3 kg)

5.1. Investigations in the Work Point Under the Feed Load

The transport velocity determination for various feed masses, as the excitation frequency function,
is very difficult in the laboratory research set-up. It is difficult due to the necessity of maintaining and
controlling the feed mass on the operating conveyor. Thus, the authors focused on showing the
dependence of the transport velocity on the feed mass at a constant excitation frequency, which we
determined as the nominal velocity (165 rad/s).

Several feed loading tests at frequencies corresponding to nominal transport parameters (165 rad/s)
were performed in order to verify whether the conveyor will operate under industrial conditions
according to the expectations and will transport the feed with a constant velocity regardless of its
mass. The accurate speed of vibrators was controlled by means of the stroboscopic lamp. It should be
mentioned that the rotational speed was very stable because we investigated the system for a 10%
unbalanced nominal electrovibrator, which means that motors were significantly over-motored for
such a system, which caused their operation to remain highly stable. This was the case for both the 40-
and 80-N harmonic force excitations (Fig. 9).

Tests on the laboratory research set-up confirmed the results obtained from numerical simulations.
Differences in values between simulations and measurements reached a maximum of 10%. This is a
highly satisfactory result, especially when the machine operation in the resonance zone is taken into
account.

6. CONCLUSIONS

e To the authors’ knowledge, the conveyor of a new structure presented in this work is the only
double inertial drive conveyor that allows feed transport with a constant velocity without additional
controlling regardless of the mass of the feed.
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e [nvestigations performed in this study indicate the possibility of material transport by a conveyor
equipped with a small excitation module; however, its unchanging characteristic can be obtained
only for a limited loading.

e When a higher drive is applied, the conveyor can transport larger masses of the feed with a constant
velocity.

e The limitation of the eliminator amplitude protects the conveyor against breaking down.

o The conveyor structure also allows a very precise dosage of the feed (revealed already in a previous

paper [2]).
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Fig. 9. Survey of the transportation velocities of conveyors excited with 40-N and 80-N forces versus a series of
loads with 165 rad/s speed
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