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Excnepumenmanvuo 00CnioxHceHi no8OPOMHO-KOAUBANL-
ni eibpauii niampopmu eibpomawuiiu, 30yoxiceni KYaboeuUM
asmobanancupom.

3axon 3sminu eibponpuckopeio na naam@opmi 6u64aA6ca 3
BUKOPUCMAHHAM 0AMUUKIE aKCeslepoMempis, niamu anaio-
2060-UuPposozo nepemeoprosaua 3 USB inmepgeiticom i nep-
COHANILHO20 KOMN'tomepa. Amniuimyoa weuoKux i noeitoHUx
giOponepemiuens nAIAMPOPMU 6UCHANACA 3 BUKOPUCTNAHHAM
J1a3epH0o20 NPOMeHs.

Bcmanoeneno, wo pe3onancha wacmoma (uacmoma
8JaCHUX Koausanv) naam@opmu cmanosums: 62,006 pad/c
ons macu naampopmu 2000 2; 58,644 pad/c — ons 2180 e;
55,755 pad/c — 0na 2360 2. lloxubxa eusnauenns vacmom me
nepesuwye 0,2 %.

Kyavoeuii asmobanancup 30yoixicye npaxmuuno ideanohi
deouacmomui eéibpauii nram@opmu eiopomamunu. Ilosinvna
uacmoma 6ionogidae weudxocmi odepmanns uewmpy Kyio
HABKO0 N03006X4CHLOI 0CI 6ana, a wWeudxa — weuoxocmi
obepmanna 6any 3 NPUKpinieHumM 00 Hb020 0eOALAHCOM.
Jleouwacmomnuil pescum 6unHuxae 6 wupoxomy oianaszomi
3MiHU napamempis i 0OCHOBHI 1020 XAPAKMEPUCIMUKU MOKHCHA
3Minioeamu 3Mino10 mMacu Kyav i debananca, Kymoeoi ueuo-
Kocmi obepmanns eany.

Excnepumenmanvio 6CmMano6aeHo, wo Kyii 3acmpsaiomo
Ha wacmomi, menuwioro npuéausno na 1 % pesonancnoi wacmo-
mu Koaueans naamgopmu.

Y npunywenni, wo naamgopma 3diiicuioe déouacmom-
Hi KOJIUBAHHS, 6 NPOZPAMHOMY naxemi 01 CIMAMUCMULHOZO
ananizy Statistica 6yau nidiopani xoedivicumu 6 610noeiono-
My 3axoni. IIpu ybomy 6yno 6cmanosneno, wo:

— npouec B6U3HAMEHHSA BeaUUUH KOoeiuicHmie CmiliKuil
(pobacmnuii), xKoediuienmu npaxmuuno me 3MiHIOIOMbCA 610
3MiHU THMeEPBANY 1aACY BUMIPIOBAHHSA 3AKOHY PYXY naAam@Popmu;

— amniimyoda npuckopensv 6i0 NOGLIGHUX KOJAUSAHL NPSL-
Monponopuitina cymapmii maci Kyav i xeadpamy wacmomu
3acmpa6ants Kyiv;

— amnaimyoa weuoKux KOJIUBAHL NPAMONPONOPUIUHA
debanancy na xopnyci asmoéanancupa i xeaopamy Kymoeoi
weuoxocmi obepmanns eany.

Posbisicnicmo Misc 3aKonoM pyxy, OmpumManum excnepu-
MEHMANLHO 1 3AKOHOM, OMPUMAHUM MEMOOAMU CIMAMUCTUY -
HO020 ananizy, menwa 3 %.

Ompumani pesynvmamu poéasmv axmyarbHuMu K
ananimuuni 00Cai0Ncenna ounamiKu, posananymoi eibpoma-
wuHu, Max i cmeopenns 00CaiOH020 3paA3Ka iGpoOMaMUnU

Kniouoei cnosa: inepuitinuii 6iopo3oyonux, déonacmomui
eiopauii, pesonancua eidpomawmuna, asmoéanrancup, inep-
uiiina éiopomamuna
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1. Introduction
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ergy efficient [2], and the multi-frequency-resonance ones

combine the advantages of both the first and second [3].

Among such vibratory machines as screeners, vibra-

The excitation of two-frequency resonant vibrations is

tory tables, vibratory conveyers, vibratory mills etc., proposed to enable using the passive auto-balancers - ball,
very promising ones are the multi-frequency-resonance  roller, pendulum [4]. The method is based on the Sommerfeld

machines. effect [5].
Designs of the new vibratory machines have been pro-

Multi-frequency vibratory machines demonstrate bet-

ter performance [1], resonance machines are the most en-  posed and the operational performance of several such




machines has been studied theoretically, employing 3D
modeling, and conducting the field and computational ex-
periments [5-8].

It is a relevant task to experimentally investigate the
workability of the specified excitation method for dual-fre-
quency resonance vibrations for a single-mass vibratory
machine with the rotational-oscillatory motion of platform.

2. Literature review and problem statement

Paper [4] suggested using, as a dual-frequency vibra-
tion exciter, a passive auto-balancer of the ball-, roller-, or
pendulum- type. Under certain conditions, correcting loads
get together, cannot catch up with the shaft onto which the
auto-balancer is mounted, and get stuck at the resonance
frequency of platform oscillations. This is how the first,
inertial vibration, exciter forms, stimulating slow resonant
oscillations of the platform. The unbalanced mass is installed
on the casing of an auto-balancer. This is how the second,
inertial above-resonance vibration, exciter forms, exciting
fast (above-resonance) oscillations of the platform. Dual-fre-
quency vibration parameters are changed by altering the
speed of shaft rotation, the unbalanced mass on the auto-bal-
ancer's casing, the total mass of loads.

The workability of the new method was investigated for
a single-mass vibratory machine with a rectilinear trans-
lational motion of platform, applying 3D modeling [4], by
conducting a field experiment [6], analytically [7], and [8]
in the course of computational experiments [8].

Of relevance is the initiation of dual-frequency vibra-
tions in single-mass vibratory machines with the rotation-
al-oscillatory motion of platform. Such machines have a sim-
ple structure and a single resonance frequency, facilitating
the task of their design.

It should be noted that the modes at which correcting
loads get stuck were investigated:

[9] — for the rotor, mounted on two isotropic supports,
which held a dual-pendulum auto-balancer;

[10] — within a flat model of the rotor on isotropic
supports, which held a multi-pendulum (multi-ball) au-
to-balancer;

[11] — within a flat model of the rotor on isotropic supports,
which held a multi-pendulum (multi-ball) auto-balancer;

[12] — for a flexible rotor with two dual-pendulum au-
to-balancers;

[13] = for a flat rotor with a two-ball auto-balancer, in-
stalled in the middle of a flexible weightless shaft;

[14] — within a flat model of the balanced rotor on isotro-
pic supports, which held a two-ball auto-balancer;

[15] — for the rotor, mounted on two isotropic supports,
which held two dual-pendulum auto-balancers;

[16] — within a flat model of the rotor on isotropic sup-
ports, holding a two-ball auto-balancer;

[17] — within a model in which the disc rotor is mount-
ed onto a flexible shaft and the shaft holds a two-ball
auto-balancer;

[18] — within a flat model of the rotor on anisotropic
supports, holding a two-ball auto-balancer;

[19] — within a flat model of the rotor with a two-ball auto-bal-
ancer installed on isotropic supports attached to an elastic-viscous
base that executes the rectilinear reciprocating motion.

In the cases specified, the rotor is mounted on axisym-
metric (isotropic) supports. In all cases, one observed the

modes at which loads get stuck at frequencies close to res-
onant.

However, the examined vibratory machine has a strong
asymmetry of supports. It is therefore important to test
whether in this case the passive auto-balancer would operate
as two independent inertial vibration exciters and whether
dual-frequency vibrations would be excited in this case.

Analytically, the stability of regimes for getting stuck
was examined by Lyapunov at a small value of ratio of
mass of the correcting loads to the rotor's mass. On the one
hand, such studies are rather labor-intensive. On the other
hand, the stability conditions obtained using this technique
demonstrate (strongly) asymptotic properties [8]. Therefore,
the conditions become inapplicable even at a slight increase
in the small parameter. In contrast, the law of motion of the
system, which corresponds to the mode when loads get stuck,
shows no asymptotic properties and is almost uniformly suit-
able for all values of the system parameters.

Given the above, it is relevant initially to experimentally
explore the law of rotational-oscillatory vibrations of a vi-
bratory machine platform, excited by the ball auto-balancer.

3. The aim and objectives of the study

The aim of this work is to study experimentally the
rotational-oscillatory vibrations of a vibratory machine
platform, excited by the ball auto-balancer. Achieving the
aim would make it possible to draw a conclusion about the
operational performance of the examined vibratory machine
and to address correctly the further analytical study into its
dynamics.

To accomplish the aim, the following tasks have been set:

— to determine the resonance frequencies of the platform
with and without additional loads, to verify research methods;

— to establish the type of vibrations of the platform and
to select coefficients for the assumed law on a change in the
vibration accelerations of the vibratory machine platform
employing the methods of statistical analysis;

— to investigate the operation of auto-balancer as a du-
al-frequency vibration exciter;

— to study the effect of parameters of the vibratory ma-
chine and auto-balancer on the characteristics of dual-fre-
quency vibrations.

4. Methods to study the vibrations of a vibratory machine
platform excited by the ball auto-balancer

The rotational-oscillatory motion of a vibratory ma-
chine platform is studied based on the motion of a platform
frame. The frame is considered to be a solid body. Motion
of the frame is studied based on vibration accelerations.
This relates to that the vibration displacements (vibration
velocity) of slow oscillations of the platform are significantly
larger than the vibration displacements (vibration velocity)
of rapid oscillations. Only the vibration accelerations are
comparable.

In order to measure vibration accelerations, the ac-
celeration sensor MMA6231Q 2AX 4 is used. The range
of measured vibration accelerations is +4g. The analog
signal from the sensor is digitized by the analog-to-digital
converter (ADC) board ADXL202EB-232A with a USB
interface made by Analog Devices, Inc. (USA). The sensor



is connected to the board, which is connected to a personal
computer.

The measuring system operates under 3 modes:

1. Under the oscilloscope mode, a computer screen dis-
plays a chart of several oscillations of the signal acquired by
the board.

2. Under the mode of spectral analyzer, a computer
screen displays a chart of the oscillation spectrum.

3. Under the recorder mode, the signal acquired from the
sensor is picked up and digitized.

The type of the excited vibrations of the platform is to
be defined applying the provisions from the theory of oscil-
lations [20].

The range of frequencies of the excited vibrations is de-
termined under the mode of spectral analyzer.

The law of change in the vibration acceleration, acquired
and digitized under the recorder mode is interpreted as a
signal. The data obtained are subsequently stored in the
form of a table.

An acceleration sensor allows acquiring an analog signal
from the frame. The ADC board digitizes the signal N times
per second and records it in the form of a table with two
columns. The first column is time, the second column is the
magnitude of a signal in volts.

Based on the conducted experiments, an assumption is
made on that the platform oscillations are the dual-frequen-
cy ones. Coefficients in the law of change on the vibration
accelerations at the two-frequency oscillations are identi-
fied by using the least squares method, implemented in the
software package for statistical analysis Statistica [21]. To
this end, the data from a table of vibration accelerations are
processed by Statistica. Such an approach improves the ac-
curacy of determining such vibration characteristics as the
rapid and slow oscillation frequency. That greatly simplifies
the process of determining the amplitudes of oscillations in
corresponding vibration accelerations.

Coefficients in the law of change in the vibration accel-
erations are derived by at least three times. This makes it
possible to both find the mean values for the coefficients and
to evaluate the accuracy of determining these magnitudes.

We compare the laws of change in the vibration accelera-
tions, obtained experimentally and when using the methods
of statistical analysis.

We propose to examine the proportionality of change in
the amplitude of the platform applying a laser pointer.

Additional details of the course of experiments are de-
scribed in the statement of the results of experiments.

5. Results of studying the rotational-oscillatory
vibrations of a vibratory machine platform excited by
the ball auto-balancer

5. 1. Description of the laboratory bench for a vibra-
tory machine

To investigate the vibrations excited by the ball au-
to-balancer, we modernized the bench constructed earlier
[6] (Fig. 1). In the experiments, we chose the design of sup-
ports that enable the rotational-oscillatory motions of the
platform (Fig. 1, b).

The bench enables:

— changing the number of balls in an auto-balancer;

— changing the mass of the unbalanced mass by using
several identical unbalanced masses (Fig. 1, ¢);

— changing the mass of the platform applying additional
loads (Fig. 1, d);

— changing the frequency of shaft rotation, the rigidity
of spring supports;

— measuring the vibration accelerations at the platform;

— observing the motion of balls relative to the casing of
an auto-balancer under stroboscopic light;

— estimating the amplitudes of rotational-oscillatory
vibrations of the platform based on the motion of the laser
beam on the screen.

b c d

Fig. 1. Bench for a vibratory machine: a — general layout
(1 - bed, 2 - elastic support of the platform, 3 — hinge
support of the platform, 4 — platform, 5 — shaft support;

6 — shaft; 7 — auto-balancer; 8 — unbalanced mass; 9 -
asynchronous motor; 10 - belt transmission; 11 - vibration
sensor, 12 - laser pointer); b — hinge support of the
platform; ¢ — unbalanced mass and balls; d — additional loads,
A - place to install additional loads

5. 2. Characteristics of the bench for a vibratory ma-
chine and testing the methods of research

Experiments were conducted for two balls in the au-
to-balancer. The mass of one ball is 21 gm.

The existence of a hinge support enables only one motion
for the platform, which is the rotational-oscillatory motion.

In the absence of shaft rotation and at fixed balls in the
auto-balancer, we investigated small rotational-oscillatory
motions of the platform based on its vibration accelerations.

In accordance with the linear theory of oscillations, the
law of change in the vibration accelerations must conform
(formally) to the law of free damped oscillations [20]:

U=ae™" cos(o,t+B)+U,, M

where wg is the frequency the platform's natural oscillations;
a, B are the amplitude and phase of oscillation; Uy is a con-
stant offset.

We turned the ADC board on under the oscilloscope
mode, the platform deviated from the equilibrium position
and was then abruptly released. Next, the oscilloscope read-
ings were recorded during platform's oscillations.



The result of the conducted experiments is the derived
dependence of the platform's vibration accelerations on time.
In the dependence, time varies at an equal step. Note that
both a step in the change of time and the interval of "mea-
suring" the vibration accelerations may vary within broad
ranges.

Next, the data acquired were transferred to the software
package for statistical analysis Statistica. The software
package employs the least squares method to determine
unknown coefficients a, &, g, B, Uy, included in the law of
damped oscillations (1).

Parameter identification was carried out at different
time intervals, corresponding to n=1, 3, 6, 9 slow oscillations
of the platform of the vibration machine. During a single
slow oscillation of the platform, its vibration accelerations
are measured approximately 115 times. We computed mean
values for parameters; the results of identification are given
in Table 1. Similar results were obtained for the platform
with additional masses of 180 gm and 360 gm (Table 1 shows
the mean values of parameters). It also gives the percentage
of the maximum difference n between the vibration accel-
erations that were established experimentally and based on
law (1) (at all points of vibration acceleration measurement).

Results of identification of coefficients in the law of change in the vibration

accelerations (1)

— the law of change in the platform vibration accelera-
tions is described with a great accuracy by the law of free
damped oscillations (1);

— the increasing interval of time almost does not increase
the discrepancy between the actual vibration accelerations
and those established in line with the law of damped oscil-
lations (1);

—an increase in the mass of the platform reduces the
frequency of natural platform oscillations.

The frequency of natural platform oscillations depends
on the moment rigidity C of the elastic supports of the plat-
form and on the momentum of inertia I of the platform rela-
tive to the axis around which the platform oscillates

wres,z\jc/li’ /121,2,3/ (2)
In its turn
12=I1+p.H2, 13=12+uH2:I1+2uH2, 3)

where p=180 gm is the mass of a single additional load,
H=0.2 m is the distance from the center of mass of the addi
tional load to the rotation axis of the platform.
We derive from (2)
Table 1

C=w? I. “)

res; i

o Rigidity C of the elastic supports of the
No. ’ n « oo B h UnV | n(%) | platform does not change. Since there is an
gm rad/s .
overabundance of experimental data, we have
1| 2,000 1 8.3825 | 61.9572 | —61.0113 | 1.3975 | 1.3952 1 introduced, in order to minimize, the following
2 3 56559 | 61.4434 | -59.2161 | 1.2510 | 1.3965 | 1 functional
3 6 5.7121 62.1635 | —55.4631 | 1.2572 | 1.3948 1 ) 9
F(CI)=w, I, -C]"+
4 9 5.3431 62.2685 | —55.8437 | 1.2337 | 1.3948 1 y '2 )
5 Mean | 6.2734 61.9581 | —57.8836 | 1.2849 | 1.3953 1 +[0)“’82(I1+HH )=Cl+
2 2 2
6 | 2180 | Mean | 44.3388 | 58.7406 | -69.7573 | 1.3960 | 1.3944 | 1 Ho,, (1, +20H7) = CT 6))
7 2,360 | Mean | 293.5435 | 55.7752 | —41.7880 | 1.8388 | 1.3938 1 Based on the results of experiments, we

Fig. 2 shows diagrams of the platform vibration accelera-
tions, constructed based on formula (1) and on the results of
a full-scale experiment.

determined values C=234.6789 N-m/rad and
1;=0.0610 kg-m? that minimize functional (5).
The corresponding resonance frequencies, mo-
ments of platform inertia, as well as calculation
errors, are given in Table 2.

Uv — - Analysis =— - Experiment Table 2
1,6 Iﬁi A I Natural (resonance) frequency of platform oscillations
L
1,4 1 j = o Orez Orez,
. % rad/s — | rad/s — o 9
12 E. No. | M, gm experi- | calcula- Error, % | I, kg-m
ment tion
1 T T T T It’ S
0 0.2 0.4 0.6 0.8 1 1 2,000 | 61.9581 | 62.0063 0.078 0.0610
2 2,180 | 58.7406 | 58.6439 0.165 0.0682
Fig. 2. Diagrams of platform vibration accelerations, corresponding =5 55775 5
to the free damping oscillations of the platform 3 2,360 7264 7752 0.088 0.0754

Fig. 2 and Table 1 show that:

— the process of determining the magnitudes of parame-
ters is stable (robust); the parameters almost do not change
from the change in the number of measurements of vibration
accelerations;

Table 2 shows that the error in determining the
natural (resonance) frequencies of platform oscil-
lations does not exceed 0. 2 %.

When adding loads, the mass of the platform
grows by 18 %, and its axial inertia moment - by 24 %.



5. 3. Identification of coefficients in the dual-frequen-
cy law of change in the platform vibration accelerations

Experiments were conducted for two balls in the au-
to-balancer. The mass of one ball is 21 gm.

We determined the frequencies and intensity of oscil-
lation components in the range up to 100 Hz (the mode
of spectral analyzer). We observed at the spectral ana-
lyzer the presence of two components: at the frequency of
47 Hz - caused by the unbalanced mass; at the frequency
of 9 Hz - caused by the balls (Fig. 3).

o o e o o o
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Fig. 3. Fragment of the software window under the mode of
"Oscillation spectrum analysis"

The platform executes a complicated rotational-oscilla-
tory motion caused by the sum of two circular motions - the
unbalanced mass with the rotor rotation frequency and the
balls with the natural oscillation frequency of the platform.
This suggests that the platform vibration accelerations
(formally) change in line with the law of dual-frequency
oscillations [20]:

U=U,cos(wt+8)+Ugcos(w, t+7)+U,, (6)

where Uy is the oscillation amplitude with the rotor rotation
frequency; o is the rotor rotation frequency; ¢ is time; & is
the phase for rotor; Up is the oscillation amplitude with a
frequency of ball rotation; eres is the ball rotation frequencys;
y is the phase for balls; Uy is a constant offset.

We derived experimentally a dependence of vibration
accelerations on time. The data were transferred to the soft-
ware package for statistical analysis Statistica. The software
package employed the method of least squares to determine
unknown coefficients Uy, o, 8, Ug, ores, y, Uy, included in the
law of dual-frequency oscillations (6).

The results of identification are given in Table 3. It also
gives the percentage of maximum difference n between the
vibration accelerations derived experimentally and the vi-
bration accelerations established based on the dual-frequen-
cy law of oscillations (6).

Results of identification of parameters of dual-frequency vibrations

(for M=2,000 gm)

Fig. 4 shows diagrams of change in the platform vibration
accelerations, derived experimentally and by using the meth-
ods of statistical analysis.
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Fig. 4. Diagrams of platform vibration accelerations over the
time of: @ — a single; b — two slow oscillations of the platform

Diagrams (Fig. 4) and Table 3 show that:

—the process of computing the magnitudes of coeffi-
cients in the dual-frequency law of changes in the vibration
accelerations (6) is stable (robust) as the magnitudes of co-
efficients almost do not depend on the time interval in which
they are calculated,;

—at both small and large time intervals (over the time
of several slow oscillations of the platform), the discrepancy
between the actual vibration accelerations and the vibration
accelerations established based on the dual-frequency law
(6) does not exceed 3 %;

—the frequency of slow platform oscillations equals
61.360 rad/s or 9.766 Hz, which is less by approximately 1 %
than the natural oscillations of the platform.

Similar results were obtained for the platform with a
single and the two additional loads.

Thus, despite the strong asymmetry in supports, the
ball auto-balancer excites almost perfect dual-frequency
platform oscillations. In this case, the balls get stuck at a
frequency slightly less than the resonant one.

3. 4. Influence of the bench parameters on the charac-
teristics of dual-frequency vibrations

The characteristics of dual-frequency vibrations are
affected by such basic parameters as the mass of the unbal-
anced mass on the casing of the auto-balancer Mp, the total
mass of balls M, the mass of platform M, the shaft rotation
frequency o,

5. 4. 1. Impact of the combined mass of balls on the
characteristics of vibrations

The experiment was conducted for 2, 3, and 4 balls.
The mass of a single ball is 21 gm. We established under
the oscilloscope mode, based on oscillograms (Fig. 5),
that an in increase in the mass of balls di-
rectly proportionally increases the ampli-
tude of slow oscillations of the vibratory
machine platform.

Table 3

” It should be noted that the ampli-
No. n UA, UB,V @ Ores srad | y,rad | Up V| D tude of slow oscillations is directly pro-
B rad/s | rad/s (%) . . .
portional to the balancing capacity of
1 1] 0184 | 0465 |307.744 | 61358 | 2641 | 0298 | 1418 | 3 | auto-balancer. However, even 4 balls oc-
2 2 0187 | 0.452 |307.750 | 61.351 | 2.632 | 0.277 | 1.415| 3 cupy a small part of the treadmill. In
3 3 | 0179 | 0467 |307.763 | 61.372 | 2628 | 0.284 | 1421 | 3 | this case, the balancing capacity of the
auto-balancer is approximately derived
Mean value | 0.183 | 0.461 [307.752 | 61.360 | 2.634 | 0.286 | 1418 | 3 | from formula




S=nm(R-7), 7

where n is the number of balls, m is the mass of a single ball,

R is the radius of the treadmill, r is the radius of the ball.
A similar experiment on determining the proportion-

ality of change in the amplitude of the platform was con-

respective swings of oscillations S at the far side of the plat-
form (Table 4).
Table 4

Computation of swings of slow oscillations at the far side of
the platform

ducted using a laser pointer (Fig. 6).
No. H, mm L, mm K, mm S, mm
—— Analysis ——— —— Analysis ——— —— Analysis —— 1 41 2.625
- - - - Experiment - - - - Experiment - - - - Experiment
. 25 e 25 2 200 3,200 58 3750
1 - - -
13 1 13 %g 13 % 5 7 1688
14 14 14
S s
08 1 087 08 1 5. 4. 2. Influence of mass of the unbalanced mass at
8:421 s 8:421 s 81‘21 ¥ s the auto-balancer's casing on vibration characteristics
’ 0 ol ' 0 ol ’ 0 ol The unbalanced mass at the casing of the auto-balancer
o ' b ' c ' is rigidly fixed pendulums. The experiment was conducted

Fig. 5. Diagrams of vibration accelerations of platforms
at different total mass of balls: a — M_,=42 gm;
b— M,~=63gm; c— M,~84 gm
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Fig. 6. Installation diagram of a laser pointer: 1 - platform,
2 - laser pointer, 3 — laser beam, 4 — graph paper

When conducting the experiment, the unbalanced mass
was removed from the casing; we changed only the number
of balls in the auto-balancer. During operation of the plat-
form, the laser beam was projected onto a graph paper; we
measured the length of the beam's projection K (Fig. 7).
Positioning the graph paper at a distance L from the axis
around which the platform oscillates makes it possible to
increase the projection of a laser beam by L/H times.

a b c

Fig. 7. Testing the proportionality of change in the amplitude
of platform's oscillations at a different total mass of balls:
a— M,~42 gm; b— M_.,~63 gm; c — M.,~84 gm

It was confirmed that the amplitude of slow oscillations
of a vibratory machine platform is directly proportional to
the summary mass of balls. In addition, we computed the

for three values of mass of the unbalanced mass Mp: 10, 15,
and 20 gm. The platform's mass is M=2,000 gm.

It was established under the oscilloscope mode, based
on oscillograms (Fig. 8), that an increase in the mass of the
unbalanced mass at the casing of the auto-balancer increases
directly proportionally the amplitude of rapid oscillations of
the platform.

—— Analysis ——— ——Analysis ——— —— Analysis ——
- - - - Experiment - - - - Experiment - - - - Experiment
2,2 2,2 2,2
2 2 2
1,8 1,8 1.8
1,6 1 1,6 1 1,6 1
1.4 1 et 14
1,2 1 1,2 1 1,2 1
14 1+ 1+
0.8 08 M08
0 08 T 0§
02 Ls oo LS 032 5 s
0 0,1 0 0,1 0 0,1
a b c

Fig. 8. Diagrams of vibration accelerations of the
platforms at a different total mass of the unbalanced mass:
a— My=10gm; b — Mp=15 gm; ¢ — M7=20 gm

Similar to the previous experiment, we conducted study
using a laser pointer. When conducting the experiment, the
balls were removed from the auto-balancer, we changed only
the total mass of the unbalanced mass at the auto-balancer's
casing. During vibrations of the platform, the laser beam was
projected onto a graph paper; we measured the length of the
beam's projection (Fig. 9).

Fig. 9. Testing the proportionality of change in the amplitude
of platform at a different mass of the unbalanced mass Mp:
a—10gm; b— 15 gm; ¢ —20 gm

It was confirmed that the amplitude of rapid oscillations
of a vibratory machine platform is directly proportional to
the mass of the unbalanced mass. We computed the respec-
tive swings of oscillations S at the far side of the platform

(Table 5).



Table 5

Computing the swings of rapid oscillations at the far side of
the platform

No. H, mm L, mm K, mm S, mm
1 9 0.625
2 200 3,200 14 0.875
3 18 1.25

5. 4. 3. Simultaneous influence of the total mass of
balls and mass of the unbalanced mass on vibration char-
acteristics

In order to obtain a more accurate quantification of
the influence of mass of the balls and the mass of the un-
balanced mass on dual-frequency vibrations, we conduct-
ed a two-level experiment. The result is given in Table 6.

It was established in the course of the experiment
that the ratio of amplitudes of rapid and slow oscillations
to respective masses almost does not change. This con-
firms that the values for the rapid and slow oscillation
amplitudes are directly proportional to, respectively,
the mass of the unbalanced mass or the total mass of
the balls.

Dependence of amplitudes of rapid and slow oscillations of platform
(M=2,000 gm) on the total mass of the balls and mass of the unbalanced mass

3. 4. 5. Influence of shaft rotation frequency on vibra-
tion characteristics

A change in the frequency of shaft rotation was brought
about by installing pulleys of different diameter. The ex-
periment was conducted for three values of shaft rotation
frequency: 1,500, 2,250, 3,000 rpm.

The influence of shaft rotation frequency on vibration
characteristics was estimated based on the diagrams of vi-
bration accelerations under the oscilloscope mode (Fig. 10).

—— Analysis —— —— Analysis ——— —— Analysis ——
- - - - Experiment - - - - Experiment - - - - Experiment
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Fig. 10. Diagrams of the platform's vibration accelerations at
a different shaft rotation frequency: @ — ®,=1,500 rpm;
b— ®,~=2,250 rpm; ¢ — ©®,=3,000 rpm

Table 6 It was established that the amplitude of
accelerations due to the rapid oscillations of

the platform is proportional to the square of

shaft speed.
Mass Amplitudes Frequencies
N UA UB
o Ya
Mg’ M;; Uy v | Upv | oprad/s | @ rad/s M, Moy 6. Discussion of results of studying
g £ the rotational-oscillatory vibrations of a
1 20 | 63 | 02841 | 0.6656 | 307.7412 | 61.6621 | 0.0142 | 0.0106 vibratory machine platform, excited by
the ball auto-balancer
2 20 42 0.2855 | 0.4654 | 307.7501 | 61.6553 | 0.0143 | 0.0111
3 | 15 | 42 | 02184 | 04658 | 307.7498 | 61.7017 | 0.0146 | 0.0111 The research conducted has shown that
the ball auto-balancer excites almost per-
4 15 63 | 0.2175 | 0.6671 | 307.7511 | 61.6632 | 0.0145 | 0.0106 | fect dual-frequency rotational-oscillatory

3. 4. 4. Influence of mass of the platform on vibration
characteristics

The influence of mass of the platform on vibration char-
acteristics was estimated based on the vibration acceleration
diagrams, constructed under the mode of oscilloscope. It was
established that:

—an increase in the mass of the platform reduces the
frequency of slow oscillations of the platform;

— the amplitude of accelerations due to the slow oscil-
lations of the platform is proportional to the square of the
frequency at which balls get stuck.

The same experiment implied studying the stability of
dual-frequency vibrations against a change in the mass of
the platform. To this end, during bench operation, we threw
additional loads on the platform in the form of plasticine
(total mass is up to 0.5 kg). It was established that a du-
al-frequency vibration mode is resistant to a change in the
mass of the platform. Increasing the mass of the platform
reduces the frequency at which loads get stuck. In this case,
the balls automatically adjust to the changed mass of the
platform. The frequency at which balls get stuck is approx-
imately 1 % less than the resonance frequency of platform
oscillations.

vibrations of a vibratory machine platform.
Slow frequency corresponds to the rotational
speed of the center of the balls around the
longitudinal axis of the shaft, while the rapid
one - to the shaft rotation speed. Balls get
stuck at a rotation speed that is lower by
about 1 % than the resonance frequency of
platform oscillations.

The procedure for determining the law of change in a
vibration acceleration using the method of statistical anal-
ysis has proven effective. The process of computing the
magnitudes of coefficients for the dual-frequency law of
change in the vibration accelerations is stable (robust) since
the magnitudes of coefficients almost do not depend on the
time interval in which they are computed. The discrepancy
between laws obtained experimentally and by employing
methods of statistical analysis is less than 3 %.

Rotational-oscillatory vibrations of the platform could be
also effectively studied based on the motion of a laser beam.

It is possible to change, in wide ranges, characteristics
of vibrations by altering the mass of the balls, mass of the
unbalanced mass, mass of the platform and shaft speed. In
this case, the amplitude of slow oscillations of the platform is
directly proportional to the total mass of balls, while that of the
rapid ones — to the mass of the unbalanced mass.



Increasing the mass of the platform increases its axial
moment of inertia and reduces the resonance frequency of
oscillations.

The amplitude of accelerations due to the slow oscil-
lations of the platform is proportional to the square of the
frequency at which balls get stuck. The amplitude of acceler-
ations due to the platform's rapid oscillations is proportional
to the square of shaft speed.

It should be noted that the results were obtained for a
particular vibratory machine bench. Therefore, the results
cannot be applied in full to other vibratory machines with
a vibration exciter in the form of a passive auto-balancer.
However, the approach taken in this paper could be applied,
without fundamental changes, to other vibratory machines,
including those with a different kinematics of platform mo-
tion.

In the future we plan to construct and analyze a me-
chanical-mathematical model of a vibratory machine with a
rotational-oscillatory motion of the platform and a vibration
exciter in the form of a passive auto-balancer.

7. Conclusions

1. An effective method for studying the platform's vibra-
tions is the processing of digitized vibration accelerations of
separate points of the platform using the methods of statis-
tical analysis.

Resonance frequencies of platform oscillations: in the
absence of additional masses, 62.006 rad/s or 9.869 Hz; with
an additional mass of 180 gm, 58.644 rad /s or 9.333 Hz; with
an additional mass of 360 gm, 55.775 rad/s or 8.877 Hz. An
error in determining the resonance frequencies does not ex-
ceed 0.2 %. Increasing the mass of the platform reduces the
resonance frequency of platform oscillations.

2. Assuming the platform executes the dual-frequency
oscillations, we employed the software package for statistical
analysis Statistica to select coefficients for the law of change
in the platform vibration accelerations. It was found that:

— the process of determining the magnitudes of coeffi-
cients is steady (robust); coefficients almost do not change
from altering the time interval,

— at both small and large time intervals (over a period of
several slow oscillations of the platform), the discrepancy be-
tween the laws of change in the platform vibration accelera-
tions that were established experimentally and by employing
a method of statistical analysis does not exceed 3 %.

Thus, despite the strong asymmetry of supports, the ball
auto-balancer excites almost perfect dual-frequency vibra-
tions of the platform.

3. Auto-balancer operates as two separate vibration excit-
ers. In the first one, the balls almost uniformly revolve around
the longitudinal axis of a rotor at a frequency close to the
resonance frequency of platform oscillations. In so doing, the
balls excite slow resonant oscillations of the platform at a larg-
er amplitude. In the second one, a mass at the auto-balancer's
casing excites rapid oscillations of the platform at a current
above-resonance frequency of the rotor rotation (48.98 Hz).

A change in the mass of the platform alters the resonance
frequency. However, the balls automatically adjust to fit the
current resonance frequency. In this case, the balls' rotation
frequency (at which they get stuck) is slightly lower (up to
1 %) than the resonance frequency of platform oscillations.

4. Basic parameters of the system affect vibration charac-
teristics in the following way:

— the amplitude of slow oscillations is directly propor-
tional to the total mass of balls;

— the amplitude of rapid oscillations is directly propor-
tional to the mass of the unbalanced mass at the auto-bal-
ancer's casing;

— the amplitude of accelerations due to the slow oscil-
lations of the platform is proportional to the square of the
frequency at which balls get stuck;

— the amplitude of accelerations due to the rapid oscilla-
tions of the platform is proportional to the square of the shaft
rotation frequency;

— increasing the mass of the platform decreases the fre-
quency of slow oscillations of the platform.
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