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Analysis of a New Vibratory Conveyor Allowing for a Sudden Stopping of the Transport

Piotr CZUBAK, Antoni LIS

Abstract: The new solutions of a vibratory conveyor utilised for transporting - with variable velocities - loose materials or objects of small dimensions, were analysed in this
study. This vibratory conveyor has a possibility of immediate suspension of the feed material flow without the necessity of the drive switching off. Up to the present, this type
of solution was realised by means of an expensive electromagnetic exciter. The conveyor analysed in this paper is induced to vibration by a significantly cheaper and often
employed electro-vibrator. Such solution has not been applied for suspension of transport so far in the industry, while it is essential at discontinuous operations of the
conveyor, especially at the feed dosage. This solution allows to design cheap production lines within which the conveyor will realise not only continuous transport. Values of
amplitudes of the trough and applied eliminator in dependence of the excitation frequency were analytically determined. The results were confirmed by the simulation analysis
of the device. The whole model of the conveyor together with the loose feed was investigated by the simulation analysis of the feed transport velocity in dependence of the

excitation frequency of the system. The obtained results are very satisfactory and provide the basis for further investigation of the conveyor in a laboratory set-up.
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1 INTRODUCTION

The subject of the analysis is the new solution of the
vibratory conveyor of a variable transport velocity with the
possibility of sudden stopping of the feed material flow,
without the necessity of the drive switch off. This conveyor
is used for transporting loose materials or objects of small
dimensions [1].

Very often there is the necessity to stop conveyor
operations in the production line. In the case of belt
conveyors this is not difficult, while in the case of vibratory
conveyors their switching off is connected with the
necessity of the system to pass through successive
resonance zones during the machine start-up and coast-up.
Vibratory conveyors-in  non-stationary  states-often
transport materials with a higher velocity than in the steady
state, which means that a sudden stop of the feed material
flow from the conveyor is difficult. Therefore there is a
scarce number of solutions, and in consequence
publications, concerning vibratory conveyors driven by
rotating inertial vibrators, are able to stop the feed flow.
However, there are known industrial solutions of
conveyors driven by electromagnetic inertial excitation
e.g. US 6253908 [2], in which controlling the transport
velocity by variable excitations is relatively easy, but such
excitation systems are twice as expensive.

There are also known vibratory conveyors (US
5615763 [3] or US 6598734 [4]), equipped with two or
more vibrators suspended to the trough, which electric
motors are driving shafts with an unbalanced mass
mounted to them, forcing vibrations at an angle oriented to
the vertical plane, passing through the longitudinal axis of
the trough. In dependence of the required transport velocity
the control system is respectively disphasing inertial
vibrators, changing the excitation value and - in
consequence - the amplitude and direction of the trough
vibrations causing the change of the feed transport
velocity. However, in such a solution it is impossible to
suddenly stop the transport.

A similar solution, in which the disphasing of vibrators
is performed by means of various mechanical joints, is
patented (US 5979640 [5]), but such systems are usually of
a low durability.

Another kind of conveyor (US 3064357) [6] is
equipped with a system of sensors connected to the control
system, which by analysing the feed layer thickness and
transport velocity, knows the amount of the transported
material and can switch off the machine in the proper
moment. The difficulty in this case is caused by the feed
amount transported during the coasting time, when
machine vibrations are much higher than in the steady
state.

There are also vibratory conveyors, (description of US
7222750 [7]), equipped with devices closing the feed flow
onto the trough or the closing is on the side of the feed flow
(US 4247019 [8]). However, systems of closing the trough
transporting loose materials based on the mechanical
system - in which parts of this system are mutually sliding
- do not work in vibratory conveyors, because it is difficult
to start the device before particles of the transported
material will enter into it.

2 STRUCTURE OF THE ANALYSED CONVEYOR

The new vibratory conveyor submitted for patenting
[9, 10] is presented in Fig. 1. This conveyor consists of a
classic trough (1) elastically supported (2) on a rigid base
in a horizontal placement. It is equipped with a system of
two counter running vibrators (3) suspended to the trough
at f§ angle. In the steady state vibrators are synchronised
and counter rotating giving the resultant rectilinear force
Fy =2msin(wt) , passing through the mass system centre

of the trough as well as through its suspension system
centre. Motors driving inertial vibrators are equipped with
the inverter (4) by means of which the control system is
able to control the rotating velocity of electrovibrators (3).

The auxiliary mass (5) is connected on its suspension
(6) to the main mass (1). Its aim is the elimination of trough
vibrations at the proper control of the excitation frequency
of vibrators, in accordance with the Frahm's eliminator rule
[11]. When the trough vibrations stop, the feed transport
also stops (7).
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Figure 1 Schematic presentation of the conveyor being the subject of the invention

3 PRINCIPLE OF THE CONVEYOR OPERATIONS

The concept predicts the possibility of transporting
material with a velocity typical for the given machine class,
when the excitation frequency is significantly below the
partial frequency of the additional mass of the eliminator
(5) at its suspension (6). In order to stop the feed flow the
excitation frequency should be changed in such a way as to
obtain a value equal to the natural partial frequency of the
mass (5) on its suspension. When constants m. and k. are
selected in such a way as to have partial frequency equal to
the excitation frequency w:

o=,[— (1

the vibrations of mass m. are steadying and the force in
spring k. counter balances the excitation force - in case of
a lack or a small damping in the system -
P = mye;sin(wt)+m,e,sin(wt) damping vibrations of the
main mass, i.e. of the trough (1). This effect occurs
regardless of the natural frequencies of the basic system.
The system of the Frahm's eliminator operates in the
antiresonance valley surrounded on both sides by
resonance zones and this valley width depends on the ratio
of the eliminator mass to the main mass. The stopping of
vibrations of the trough, and in consequence the feed
transport stopping, can be achieved in a short time.
Damping of vibrations is nearly total. It should be
emphasised that the feed transport is stopped even at small
vibrations of the trough, before their total damping, due to
a small coefficient of throw. The advantage of this solution
constitutes the possibility of stopping the feed flow without
the necessity of switching off the device and - in
consequence - without the necessity of the system passage
through the resonance zones. This conveyor is very
suitable for the accurate dosage of the feed, especially in
the mode of the frequent stops of the transport. An
additional benefit of this solution is the fact that when the
transport is stopped the feed distributes uniformly along the
trough. The transport restart occurs when the excitation
frequency of unbalanced masses decreases itself to the
operating frequency of the conveyor in the steady state. At

that time, the vibrations of the mass of the dynamic
eliminator (5) will not significantly influence the vibrations
of the main mass (1) and the transport will restart.

4  ANALITICAL INVESTIGATIONS

The system presented in Fig. 1 has four degrees of
freedom related to coordinates x, y, zand /3 - respectively,
and two degrees of freedom related to electrovibrators. At
the assumption that the trough suspension stiffness in x and
y direction is identical and that the direction of the
excitation force originated from electrovibrators passes
through the centre of gravity as well as through the
suspension system centre, the conveyor system can be
reduced to the system presented in Fig. 2 [12, 13].
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Figure 2 Simplified scheme of the conveyor presented in Fig. 1

The mathematical model of the conveyor is then
simplified and its analysis is definitely easier.

Equations of the system presented in Fig. 2 are as
follows:
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mt+b, (i —$)+k,(r—5)=0 2
ms —b, (¢ —$)+bs—k (r—s)+kys = Fy(r)
Assuming monoharmonic excitation in the form:
By (1) = myw*sin(wr) (3)
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m - sum of masses of unbalanced vibrators

e - eccentric of the vibrator mass, and limiting to the steady
state, the differential equations system can be reduced to
the following forms:

~m@’T +bIo(T ~S)+k (L -S)=0

4
—mrw2§+btfw(§—1)+bszw§+kr(g—z>+ks§=mew2( :
where:

T - amplitude of the eliminator harmonic motion along
coordinate 7,

S - amplitude of the trough harmonic motion along
coordinate s,

- circular frequency of the excitation force Po(?),

T=

I - imaginary unit,

m; - mass of the conveyor trough,

me - mass of the dynamic eliminator,

m - sum of unbalanced masses of the vibrator,

e - eccentric of the mass m,

k+, be - sum of elasticity and damping of leaf springs in the
working direction 7,

ks = 2k, = 2k, - coefficient of elasticity of the support
system of the vibroinsulating frame,

bs = 2b, = 2b, - damping coefficient of the support system
of the vibroinsulating frame

After solving these equations versus unknowns 7 and
S the complex amplitudes value is obtained:

—moo (~bie” + I +21k.b,

(mm* —m @ (k, + k)= me@k, + ok, =bb® )~ 1(m.® (b, +b,) b+ m@*b, —b k) (I, + Ib,w)

)

—m,w* (—mra)2 +k, +Ibra))

|tr

Modules of complex values (which are not shown here
because of a significant size of such solution) determine the
real values of amplitudes.

The above given equations can be used to determine
amplitudes of the trough and eliminator vibrations as the
excitation frequency function. Fig. 4 presents the
dependence of the trough vibrations amplitude in the
excitation frequency function, while Fig. 3 presents
analogical vibrations of the eliminator for the parameters
of the conveyor given in Tab. 1.

It is seen from these figures that the system is not
passing through any resonance zone when the excitation
frequency changes from the operational frequency 110
rad/s to the frequency causing the feed transport stopping
157 rad/s.
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Figure 3 Amplitude of the eliminator vibrations in the motion direction

When the feed transport is stopped the dynamic
eliminator operates in the resonance slope related to the
second frequency of the system and not in resonance, as it

(mm0* =m0 (k, + k) = mo@k, + ok, = beby )= 1(me® (b +b,) = b+ ma’b, b ko)

is often erroneously assumed (Fig. 3). In addition, due to
infinitely variable change of the amplitude of the trough
vibrations between the excitation frequencies 110 and 157
rad/s (when the transport stops), it is possible - in a
relatively simple way - to control the feed transport
velocity from the stop to full velocity. This provides the
possibility of accurate dosing of the feed.
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Figure 4 Amplitude of the trough vibrations in the motion direction
5 SIMULATION INVESTIGATIONS

On account of a strong dependence of the eliminator
efficiency on damping occurring in the system [14, 15],
calculations performed without taking into consideration
the feed load are burdened with a large error [16, 17]. It can
be expected in the case of the analyzed conveyor that the
feed will have a smaller influence on the eliminator
operations since this eliminator does not have any direct
contact with the feed, as it happens in case of resonance
conveyors. Nevertheless, further investigations were
performed on the model taking into account the feed load
(Fig. 5). This provides also the possibility of determining
the transport velocity and the width of the zone in which
the feed transport decays.
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Figure 5 Model of the vibratory conveyor loaded with the feed

The analyzed system consists of two inertial vibrators,
excited by induction motors (described by means of a static
characteristic). These vibrators are exciting for vibrations
a frame suspended on a spiral springs system. The
conveyor trough together with the feed [18, 19] is
suspended on the frame, by means of the leaf springs

i m.+m; +
0 mhy +myhy
my +m,
m, +my +
0 —mya; —mya,
my +m,
m, (/122 +a§)+m1 (hlz +a12)
mhy +myh, —ma; —mya,
M= +J, +J,
) myhesin(p)—
mesin(p)  mecos(g)
mayecos ()
) myhye,cos (@, ) -
mye,cos(@,)  myeysin(gp,) )
mya,e,sin (g, )
m,cosf3 m.sinf 0

The mathematical model of such a system consists of
the matrix Eq. (6) describing the machine motion, Eq. (13)
describing the electromagnetic moment of drive motors,
Eq. (12) used for determining the motion of successive feed
layers and of dependences (10) and (11) describing normal

system allowing for the relative motion of the trough and
frame only along 7 axis.

[M]-[¢]=[Q]

mhy +myh,

m,e,cos ((pl )

2
myej +Jy,

mhy +myh,

mzezsin((pz)

mhesin(g)—maecos(p) myhye,cos(p,)—myaeysin(p,)

2
mye; +Jg,

0

m,cosf

mesinf3

(6)

()

and tangent influences between feed layers as well as
between the feed layer and machine body.

i=[¢5 B & & ]

m262¢22sin(¢2) - m1el(0125i“((01 )= 2k, (x+ha)=2b, (x+ ha) - Tl(m) - T1(oz) - Tl(os) - T1(04) - Tl(os) -

—m262¢722sin(¢2 )+mlel(p125in((pl )- ky (y+ha)- _by (y+ha)- by (y+ha)- F1(01) —Foo) — FI(OB) - F1(04) —Fis)

_by (y+hae)- by (y+hLa)—Fon —Fo — Fiosy — Fos — Flos) — _mlel(/’lzsm((/’l) —me ¢12sin((p1 )+m262(/)225in(g02 )+ m262¢22sin((p2)

®)

0= —2k h* a2k hx —2b.hx = 2b W o~k (y + ha)l + k, (y + L)l )
_by (y+ha) + by (v +hLa)hL (o + oz + Tz + Ticoay + Tiosy My ++2dF o) + dF ) — dF gy —dF o5
M, - bs1¢125ign(¢1) — m; ge;cos(¢y)
M, - bsz(”zzSign((ﬂz) —myge,cos(¢,)—k,7—b,T
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where:

7 - dependent coordinate,

Fj (i1, » - normal component of the j-th layer pressure on
Jj—1 in the k-th column,

T, (-, v - tangent component of the j-th layer pressure on
j—1 in the k-th column,

j - indicator j = 0 of the material layer is related to the
machine body,

k - indicator of the column.

When the successive feed layers j and j — 1 (in the
given column) are not in contact, the contact force in the
normal Fj, .1, » and tangent T}, (i, » direction — between
these layers - is equal to zero. Otherwise, the contact force
in the normal direction between feed layers j, k and j—1, k&
(or in case of the first layer: between the layer and trough),
is as follows [20]:

F o =ik =107 k-

1-R? . _ (10)
{1- > [1-sgn(nuLk-—no,k)-sgn(nyLk-—njk)]}

and the force originated from friction in the tangent
direction:

Ty o) = —HE; G, k)SGN(ééj,k _fj—l,k) (an

Equations of motion in directions | and| of individual
feed layers, with taking into account the influence of the
conveyor on lower feed layers, are of the form:

m E=T, =Tt
nj, k 7, G-1,k) J+L, G, k) (12)

My (11 = =My 1 & +F; 1 1y = Finy k)
M 2mut(@ss _¢Zil)(a)ss _a)ut) (13)
el .
(wss — @, )2 + (wss - ¢1 )2

M, - moment generated by drive motors
M, - moment of stall of drive motors,

s - synchronous frequency of drive motors,
wy - stall frequency of drive motors.

Simulations were performed for the parameters given
in Tab. 1.

Table 1 Parameters of the simulated system

L =1m;
L=1m;
h=0m;
h1=0,4m;
hy=0,8 m;
a;=0,8m;
a;=0,4m;
d=0,8m;
H,=0m;

e1= ¢ =0,029 m;

ke =2464900 N/m

ky =k, =100000 N/m;

b, =b,=400 Ns/m

b.= 100 Ns/m;

b1 = by =0,00009 - coefficient of vibrators bearings resistance (Ns?/m);
m, =360 kg;

my =m, =20 kg;

m. =100 kg;
Ji=J,=0,01 kgm?
J,=50 kgm?;

J. =30 kgm?;

M,;= 50 Nm;

w,,= variable (rad/s);
@, = variable (rad/s);
R=0,13;

n=0,4;

k=108 N/m.

6 RESULTS OF SIMULATION INVESTIGATIONS

In order to verify the operational correctness of the
new solution of the vibratory conveyor several simulations
were performed. The example of the waveforms of the
trough and feed in the vertical direction as the time
function, for the steady state operation of the conveyor
during the transport, is given in Fig. 6. It can be seen that -
at the simulated parameters - the conveyor is in the mono-
strike system.
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Figure 6 Waveforms of vertical directions of the trough and the feed loaded on
it, for the steady state operations of the conveyor
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Figure 7 Vibrations of the trough in the motion direction

Fig. 7 presents trough vibrations in the motion
direction, while Fig. 8 the transport velocity, for variable
excitation, which - for the given simulation - is shown in
Fig. 9. After switching on the conveyor obtains the
operational frequency in the steady state being equal to 110
rad/s, at which the transport starts. In between the 10" and
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15" second the excitation frequency increases up to
achieving 157 rad/s, for which the additional mass on its
suspension was tuned.

At this frequency the additional mass acts as the
Frahm's eliminator, eliminating the trough vibrations in the
motion direction, which - in practice - means the stopping
of the feed transport. In between the 20™ and 25" second
the excitation frequency decreases, causing the trough
vibrations to increase until they obtain the amplitude of
vibrations in the steady state, causing restarting of the
transport. After the 30" second the conveyor is switched
off and, in successive seconds, passes through the coasting
phase.

0,15 T
‘ o~ N run-down
\\uﬁl,“ o\ 7
’}"ilJ\"rV\‘J\M — \ | — —
0,1 ‘»“ | ‘
| [ |
run-up V\_ ,"‘ [
transport | / transport |
0.05 il ] [ \
| |
» | ‘ \
i \ J \ ‘l
< | |
N i
0 - i 'MMMw‘\ﬂ.!u'.w.;M:MWW,W
e
change of change of '
freequency freequency ,
[ " lack of <
=005 | transport
-01 - -
0 5 10 IS 20 25 30 35 40 45
t/s
Figure 8 Feed transport velocity
160
140
run-down
120
100 L run-up
% ;ranspon_ transport
i change of change of
=]
£ 60 freequency freequency
~ f " lack of i
3 transport I
40
20
il
i
0 1A -
‘J‘.} il |l o
i
55 [
0 5 10 15 20 25 30 35 40 45

t/s
Figure 9 Rotational speed of vibrators

A successive important problem constitutes the width
of the antiresonance valley, at which the transport will stop,
which means - in practice - determining how accurately
condition Eq. (1) must be satisfied to stop the transport.

The trough vibrations amplitude in the working
direction as the function of the excitation frequency for
quasi steady states, is presented in Fig. 10. It can be seen
from the diagram that the transport will stop between 154
and 160 rad/s, a relatively wide range not causing problems
with controlling the excitation frequency of conveyors
(small trough vibrations during the transport stopping do
not cause feed motion because of a low coefficient of
throw). The results shown in the diagram in Fig. 10 are

analogous to the ones determined earlier from analytical
equations (Fig. 4). Moreover, in this case the system passes
through the higher number of resonances related to the
higher number of degrees of freedom.

0,025

002 |

0,015

transport in lack of
001 steady state transport

N

—0,005

—0.,01

—0.,02

—0,025
0 20 40 60 80 100 120 140 160

w /rad/s

Figure 10 Trough vibrations in the working direction as the function of the
excitation frequency of vibrators for quasi steady states

7 CONCLUSIONS

Detailed analysis of obtained results allowed for
formulating the following conclusions:

The analytical and simulation investigations of the
new solution of the conveyor fully confirmed its suitability
in production applications. Both operating in the
discontinuous mode and continuous material dosage are
discussed. Up to the present, conveyors with the electro-
vibratory drive, which have the possibility of a sudden
transport stop, are not common in the industry.

Proposed stop of the transport due to the large width of
the antiresonant zone is presented as an easily applicable
task. In the tested conveyor the transport can be stopped at
the excitation frequency from 154 to 160 rad/s. The width
of the antiresonant zone influences the easiness of the feed
dosage.

Investigations of the conveyor loaded with feed,
indicated that during the transportation it stably operates in
the single-stroke mode, while when the transportation is
stopped the feed movement decays and its velocity
oscillates near zero.

Once the frequency is being retuned between the
transportation and stopping stages the system is not passing
through any resonance zone, which in case of the electro-
vibratory drive is unusual.

A drawback of this solution is an insignificant velocity
increase of the transport before its decrease at the transport
stopping as well as a temporary velocity increase
(exceeding the velocity at the stable state) at restarting the
transport. These temporary velocity increases can be
reduced by the proper control of the excitation frequency.

This type of conveyors is suitable for the application
in production lines, e.g. in glass-works, where the feed
transport is often discontinuous and the feed amount is very
accurately dosed when the furnace is supplied with it.
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