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START DYNAMICS OF VIBRATING MACHINES
WITH UNBALANCED DRIVE CONSIDERING ITS ELASTICITY

Purpose. Investigation of start dynamic of the vibration machine with inertia vibration exciters considering the
elastic connection of asynchronous electric motor rotors and unbalanced vibration exciter.

Methodology. Methods of applied theory of vibrations and method of direct division of motions are used for ana-
Iytical research studies. The design of processes of running start of vibration machines is executed by using the nu-
meral integration of equalizations of motions of the mechanical vibration system and equalizations of electromag-
netic transients in asynchronous electric motors in the ‘Maple’ software environment.

Findings. It is shown that availability of elastic connection brings essential features to dynamics of vibration ma-
chine drive that should be considered when designing. Formulas for assessment of the starting deformation ampli-
tudes and moments that occur in vibration machine drive coupling are obtained in an analytical form. It is demon-
strated that oscillation amplitudes of elastic coupling at the start moment mostly depend on the remoteness of its own
frequency from the current frequency in motor electricity network. An equation of coupling’s torsional oscillations
close to stationary rotation mode of unbalanced vibration exciter is obtained. Relation between oscillation of bearing
vibration system and coupling’s drive elasticity is revealed. It is found that during the start of vibration machines in
case of Sommerfeld effect, resonant oscillation of elastic-damping elements (that connect motor and exciter rotors,
which increase dynamic loads and energy losses in the system) excites, except resonant increase in braking vibration
moment and “stopping” of engine speed.

Originality. Theoretical positions of dynamics of running approach of vibration machines with inertia drive con-
sidering elastic compounds of rotors of electrical motor with limited power and unbalanced vibration exciter power
got their further development. It is found that if the spring element is in the drive, natural oscillation frequencies of
vibration machine are added to its critical frequencies.

Practical value. The results of scientific work allow choosing options of vibration machines with unbalanced drive
in a more reasonable way, which will reduce the amplitude of its start vibrations, dynamic loads and energy losses.
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lations, asynchronous motor

Introduction. Vibrating machines and devices are
widely used in various industries [1—3]. The most com-
mon ones are vibrators with inertia drive due to simple
design, a compact size with a large perturbing force.
However, in transient modes of operation of such ma-
chines there may occur resonant vibrations, which are
accompanied by a significant increase in dynamic loads
on structural elements. For example, the practice of ex-
ploitation of vibroplatform of type SMJ, VB-15, VB-20
for volumetric compaction of concrete mixtures gives
evidence of frequent failures of shafts which intercon-
nect balance weights of separate vibroblocks. The con-
struction of these shafts includes flexible couplings with
elastic elements, which can be the main cause of de-
structive vibration.

Analysis of the recent research and publications. Start
of the vibration machine with inertia drive has been in-
vestigated in several papers, e.g. [1, 4, 5]. Among recent
works that addressed the problem of start-up of such
machines articles [6, 7] are to be considered. However,
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in these and other known publications on this issue,
only dynamic models of machines with rigid links are
used. In some works for computer simulation of dynam-
ic processes in vibration machines with the inertial ex-
citer and asynchronous electric motor a mathematical
model is used taking into account elastic connection of
the engine rotors and exciter. However, analysis of the
influence on the dynamics of the machine of an elastic
connection of the rotors has not been carried out. The
methods of calculation of the elements of the vibrating
machines with unbalanced drive are given in many
works. However, in all of them the issues related to the
couplings of the drive, are confined to a description of
their design.

Description of the vibrating system and equations of
motion. Currently, the most widely used are vibrators
with flat character of oscillations of the working body.
The considered vibrating system is a solid support asso-
ciated with a fixed base with elastic damping elements
(Fig. 1). On the carrier body there is set an unbalanced
vibration exciter, which is driven in rotation by a motor
of asynchronous type. However, the rotors of the motor
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Fig. 1. Scheme of the vibration machine

and exciter are connected with flexible couplings, whose
rigidity is substantially smaller than the stiffness of the
rotor of the motor and the shaft of the exciter. We should
note that in general, the rotors can be connected by any
elastic-damping element (e. g. a belt drive). The oscilla-
tory system is characterized by five generalized coordi-
nates: the angles of rotation of the engine rotors ¢,, the
agent ¢, and carrier of the body ¢ and its vertical and
horizontal displacements y, x. The differential equation
of motion of the system is written in the following
form [8]

1, 4B, (6= 0, ) +e. (0 =9, ) = L = R (¢));
L, =B (01—, ) —c. (0, —9,) =

= —R2(¢2)+ma(5c'sin(p2 + jcos@, —prsing, + £cos,);
A/[)}+Byy+cyy:ms(('p2005(p2—¢§Sin(p2); (1)
M3 +B X +c X +c, 0= ms(f;&z sing, + ¢3 cos<p2);

Jo+B,p+c,ptc X = —mar((;&z sing, +¢3 cos o, ),

where 1, I, are given moments of inertia of the rotors of
the engine and the exciter, accordingly; m, ¢ stand for
the mass of the exciter and eccentricity; M, J are the
mass and moment of inertia of the carrier body; B,, By,
By, B, are the coeflicients of the viscous friction of cou-
pling and suspension springs of the carrier body; c,, c,,
¢y, ¢, are stiffness of the coupling and suspension; r is
the distance which determines the position of the axis of
the exciter to the center of mass of the carrier body; g is

acceleration of free fall; L;, R (('p,.) are points of the en-
gine and the forces of resistance to rotation of the motor
and exciter.

It should be noted that losses from friction in the

bearings of the engine R, ((bl) are negligible (due to the
rotor equilibrium). Therefore, they are neglected while
analyzing the influence of the moment force of the bal-
ance weight on the dynamics of the system is not taken
into account; since small oscillations are regarded, we
consider that the coupling has a linear characteristic, the
characteristics of the system dynamics with a nonlinear
coupling are to be analyzed by numerical simulation.
Presentation of the main research. The most intense
oscillations and, respectively, the maximum dynamic
load in the drive vibrators occur during its running
(coasting), in particular, at the moment of starting the
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engine and during the passage of the resonance frequen-
cies of the carrier body. Let us consider these two peri-
ods of the system motion. To the study the first of them,
we will describe the relative motion of the rotors of the
engine and the vibration exciter connected by a cou-
pling, using a single variable — the angle of twist of the
coupling ¢,

i} . L
O1y +2b.p + D201, :Tl"'
| ! @
+1—[R2((p2)—mg()'c'sin 9, + Jcosp, —prsing,) |,
2

I +1 I +1
where @, =0, — 0y, b =B, ——2; p = |c.1—2%.
Pr2=0; = P25 O Bc 21112 pc c [1[2

In the considered class of vibrators (“soft isolated vi-
bration”), run of their engine before reaching the zone

of the resonant frequencies of the carrier body occurs

fast enough. During this period, the frequency ¢, is still
small enough and in the right part of equation (2) the
second item can be neglected. The numerical estimation
of its components counts in favor of this simplification
of equation (2); so does the fact that vibrators with un-
balanced drive are usually given the moment of inertia of
the rotor of the electric motor which is much lower than
the given moment of inertia of the exciter. Thus, a kind
of motor starts without load occurs. Let us note that this
start is inherent in many types of machinery (metal and
woodworking machines, rolling conditions, and oth-
ers); in this approach it is of no critical difference how
many degrees of freedom a carrying system of the vibra-
tor has, i.e., linear, flat or spatial fluctuations in opera-
tion. Thus, oscillatory processes arising in the drive at
the moment of start, first of all, depend on the dynamics
of the motor. Considering that at the initial moment of
the start the induction motor has significant fluctuations
of its magnetic moment with frequency close to the fre-
quency of the current, the expression L, in the right
part of (2) can be represented in the form
L= Ls,a,,(l—e‘bm" cos®,, 1) (here L, is the starting
torque of the engine; b,,, is a coefficient characterizing
the attenuation of the oscillations of the electromagnetic
torque ®,,, = 6.28f.,.; four = 50 Hz) [9]. Thus, exploring
the first of the selected periods of the start, we neglect
the process of attenuation of these oscillations. This as-
sumption is justified because a short period after switch-
ing on the motor is examined, where the fluctuations
have no time to decrease significantly (in addition, their
extinction is much slower than that of free oscillations of
the actuator).

In this case, the general solution of the equations of
the relative motion of the rotors of the engine and of the
exciter (2) is presented as

0, =0, +Ae " cos(p,t+a,)+ B cos(w,,—B), (3)

start

where ¢, = is the angle of twist of the coupling

c
under the action of a statically applied moment Ly,
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(static deformation); A4;, «; is still integration; B, =

— Lstart . tg = 2 bc (Dcur
’ 2 2
Il \/(pcz - mgur )2 + 42 bczmgur Pe = Oy

It is obvious that the steady-state oscillatory process
is completely different in the pre- resonance and reso-
nant fields. Naturally, significant differences exist in
these cases for starting vibrations as well. First, let us
consider the practically more interesting non-resonant
cases (the natural frequency of the coupling p,is suffi-
ciently far from the excitation frequency ,,,), for which
resistance in the analysis of forced oscillations can be ne-
glected. In this case, we write the solution (3) in the form

L b
0, =@, —e | =ty B || —<sinp.t+cosp,t |+
¢ 4

c c

+B, cosm,, !,

cur

5 -1
where B, z—ﬁ(l—&?j .
D,

Let us consider pre- and post resonance cases sepa-
rately. Then p,,. > o, after simple transformations we
obtain ¢, = ¢,(1 — cosw,,f). Thus, when switching the
motor, starting fluctuations relative to the average angle
of torsion ¢, with a relatively slowly damped amplitudes
occur in the coupling (if you consider the process of
damping oscillations of the electromagnetic torque of
the motor) with frequency ®,,. An important thing in
the case of the drive p,,, > o, is that, a kind of “static
application of the engine” torque occurs at which free
oscillations are not excited, and transient oscillatory
process is completely determined by the process of
damping oscillations of the torque of the engine. The
maximum value of the amplitude starting oscillation of
the coupler will be approximately equal to the value of
double static deformation; the magnitude of the damp-
ing in the coupling does not appreciably affect the flow
of oscillatory processes in the drive. Thus, the duration
of the start of oscillation of the actuator depends only on
the duration of transient processes in the engine.

Taking into account (4),amoment M, =c.@, + B.9,,
that occurs in the coupling immediately after starting
the engine, can be determined by the formula

c

4R’
% COS((D
b,

M,~L,|1- |1+

start

t+a) |,

cur

-1
2.2
where o= arccos[ 1+4hc#J ; b :b—c is the rela-
y2 b,
tive damping coefficient.

Therefore, the maximum torque in the coupling will
be at a level of 2L, its value will fluctuate with the
frequency w,,, relative to stable value, which equals the
starting torque of the motor. Of course, in the case of the
“so called static load” and a significant distance p, from-
., the fluctuation of the torque in the coupling would
be the same as starting fluctuations of motor torque.
Changes in damping ability of the coupler influence the
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value of the torque arising in it insignificantly, and do
not affect the duration of his hesitation. At that time,
reduction in the natural frequency of the coupling (ap-
proximation to w,,,) results in a considerable increase in
the magnitude of the starting torque in the coupling.

Let us consider the post resonance case p, < -
The general solution of (3) is presented as

P =0, [1 —e b1+ h? cos(p,t —a)} +

P (5)
+¢,, ——COS®,, 1.

cur

The expression (5) shows that immediately after
starting the engine a distinct transition process will oc-
cur in the coupling. It is completely determined by the
first term (5) and is a damped oscillation of the cover
coupling with the natural frequency p.. Numerical anal-
ysis (5) allows concluding that in the case of low damp-
ing capacity of the coupling, the maximum oscillation
amplitude will be no more than half the value of its stat-
ic deformation. The increase in the coefficient of vis-
cous friction coupling reduces the amplitudes and dura-
tion of vibrations. According to (5), they quickly fade
and further occur with a frequency ., significantly

L 2
smaller than ¢, amplitude 4= MPTC; the duration
c wcur

of the latter is insignificant, while it does not depend on
the damping capacity of the coupling, and is determined
only by the duration of the start of oscillations of the
electromagnetic torque.

Similar conclusions can be drawn regarding the
changes of moment that occurs in the coupling at start-
up in the case p, < ®,,. Taking into account (5), its
magnitude at the initial and following periods of start-
up can be estimated by the formula

M.=L,, [1 —e i JA ) (1 4y cos(p,t+ al)};

Mc = Lstart [1 - 2bc sin (Dcurtj’ (6)
®

cur

2
4

NEwTS

According to the first expression (6), the maximum
amplitude can reach values of more than two starting
points of the motor for greater resistance (4, > 0.8); at
low and intermediate resistance values on the level
1.5L,, Such relatively large starting amplitude fades
away quite rapidly. The following start-up period, ac-
cording to the second expression (6), their value will be
significantly lower than L,,,,,.

In the resonant case (p. = ®.,) the general solution
of (3) will be presented in the form

P =0, [1—%e¢f 1+8h2 +4h! cosp,t+

+Lsin Ot |
2h

c

where o, =arccos
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Then, the expression by which it is possible to esti-
mate the initial deformation of the coupling and the am-
plitude of time arising in it (given the fact that free vibra-
tions decay fast enough), is written in the form

= I—Lsinw ty;
P =0y 2% cur’ |°

c

M,=L,, {1—%,1“@2 sin((ncu,tJrOLQ)} (7)

c

1
where o, =arccos——.
J1+4h?

Analysis of expression (7) shows that for small coef-
ficients of viscous friction (4, < 0.3), the maximum de-
formation of the coupling and the value of arising torque
in it can be relatively large — at times more than a static
applied starting torque. Certainly, in the case of high
friction, even in case p, = ®,,. their amplitude values
will not be resonant.

We should note that to simplify the above the limited
cases were considered. Obviously, when the frequencies
p.and o, do not differ so much, in the case of p, = ®,,,,
formulated regularities are preserved in the form of a
certain trend.

Modeling of vibrator start-up. Numerical integration
of system (1) is made with the following basic parame-
ters: M=330kg; J=10.5kg - m? [,=0.004 kg - m? I, =
=0.04 kg - m% m=35kg; €=0.033m; ¢, =c,=5x
x 103 N/m; Co=2.1" 10* N/m; B, = B, = 1.8 - 10° kg/s;
B, = 180 kg - m?/s; P, = 1.5 kW, n,,,, = 1415 rot/min
(used for modeling, the so-called A-model of the asyn-
chronous motor [9]).

As shown in Fig. 2, a, in the case of p, > ®,

O)Cul'

there arise monoharmonic damped vibrations of its Half-
muff with a frequency o, relative to the average angle of
twist @g. Let us pay attention to the fact that the oscilla-
tory process in Fig. 2, a copies the process of vibration
damping of engine torque (Fig. 3, curve 7). An increase
in the damping capacity of the coupling slightly reduces
the amplitude of its oscillation and does not affect their
duration, which is determined only by the duration of
transient processes in the engine. The maximum defor-
mation of the coupling is approximately equal to 2¢,,.

According to Fig. 3, the curves of starting points of
the engine and coupling practically overlap: the maxi-
mum value of the moments is around 2L, while they
oscillate with a frequency ., of relatively stable values
L, Changes in damping ability of the coupling slightly
influence the course of oscillatory processes, when an ap-
proximation p, to »,,, the frequency leads to a substantial
increase in arising value of the torque in it. Moreover, its
amplitudes become larger than amplitude of the motor
torque; impact resistance coupling becomes significant.

(L = 2.5), when the engine is turning in the coupling

®
In post resonance case p, < @, [ 9 = 2.5J in the
c
coupling immediately after starting of the engine there
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Fig. 2. Time variations of the torsional deformation of the
coupling during startup:
a— Oy < po=7855":b—wy,>p,=1255; 1—h,<0.3;
2—h.= 0.9, (horizontal line — o,,)

occurs an oscillatory process with the fundamental fre-
quency p,. (Fig. 2, b) which rapidly fades to the relatively
small amplitudes. Maximum start amplitude of these os-
cillations reaches a value 1.5¢,,. When you increase the
coefficient of viscous friction of the coupling, they sig-
nificantly reduce and at the time of start-up become low-
er than @,,. The greatest values of the torque that occurs in
the coupling at start-up do not exceed the limits 2L,
(Fig. 4); however, they fade quite quickly. Let us note that
in the case p. < o,,, fluctuations of torque in the coupling
are much lower than launcher fluctuations of engine
torque. The increase in natural frequency of the coupling
(its approach to ,,,) leads to an increase in oscillations
arising in it; and the magnitude of its amplitude obtains
greater value than the amplitude of the motor torque.

In the resonant case (p. = ®.,,), for small coefficients
of friction (4, < 0.3), a process of growing deformation
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Fig. 3. Temporal changes in the engine torque (1) and the
moment the coupling (2) in case @, < p,= 785s';
h.= 0.3, (horizontal line — L,,,)

Rl

A
§ AAAAAA

e

0 od]o O.btU 008 01 012 014 016 0.18
-101 U
20

Fig. 4. Temporal changes in torque in the coupling (h. <
<0.3):

11—, >p.=1255";2— o, ~p.=310s"!

of the coupling and the value of the arising torque oc-
curs immediately after starting (Fig. 4, curve 2). How-
ever, this increase is relatively short, and the maximum
amplitude of the torque in the coupling does not exceed
2.5L,. Inthe case of large friction, the resonant growth
of the time the coupling is hardly observed.

The motion during the passage of the resonance fre-
quencies of the carrier body. To study this period of mo-
tion, we use the method of direct separation of motions
[1]. Then the solution of system (1) can be represen-
ted as

@; = ot + o) +y 1, of);  q;=qlt, o),

where @ is some previously unknown frequency at which
there is a “stuck” of rotor speed; o,(?) is slow, but y; and
g; = X, y, ¢ are fast 2n-periodic functions of time , and
their average values for the period are equal to zero; we
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also assume that \y; < . Assumptions, regarding slow

changes, is adopted in the sense that &; < .

Let us note that the application of the method is
guaranteed even for the relatively large o, at least near
stationary regimes o, = const [ 1], which will be discussed
below; the study of such modes (“stuck” motor speed —
maximum loaded mode as well as superresonance es-
tablished mode — operating mode) is the most interest-
ing practically.

Following the procedure of the method, it is easy to
come to a system of equations with slow and fast move-
ments of the rotors of the engine and the exciter in the
form [1]

1,6y +B0uy, +c.ap, + oy = L (‘D);
16, = B0y, —c oy, +kyity =—Ry (@) +V(@);  (8)
L +Bwy +ewp, =y

179, =By —cwip =uts, )
where G, =0y =0y W =V -y WY =k
W, =00~k ©(.0,) = me(ising, +

2n/o

+§C080, = Brsing, +§¢050,); Viw)=" | @(G.0,)dx
T
0

is the so-called vibratory moment [1], which is an addi-
tional dynamic load on the engine caused by fluctua-
tions of the carrier body on which the vibration exciter is
installed.

We should note that while obtaining the system of
equations (8), linearization of the expressions L, =
=Ll<(p1), Ri((bi) as in [1] was performed close to the
stationary values ¢; =, where k,, k, are the damping
coefficients. In equations (9) the value p > 0 is consid-
ered as a small parameter (taking into account the prox-
imity of the investigated stationary regimes to uniform
rotation, and the fact that the uneven rotation of the ro-
tors is invoked primarily by the oscillations of the axes of
vibration exciters and the action of torques the balance
weight).

The magnitude of the vibratory moment for the con-
sidered vibrating system can be determined by the for-
mula

V(o)= —%m > AR, (10)

4;=X,Y,¢

mew?

M\/(o)2 —pg )2 +4bq2oa2

forced oscillations of the carrier body in a stationary
mode; p, is the frequency of natural oscillations of elas-

where A4, = is the amplitude of

tic suspended from the carrier body; b, (ifg=x,

ythen M,= M, if g= ¢ then M,=J).

According to (10), in the case of resonant growth of
the oscillation amplitude of the resonance, the load on
the engine increases.

For stationary modes (8) we will present the system
in the form

__"q
M,
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c(oy —0p) = Li(w);

¢y = ap) = =Ry(w) + Vo). an

From (11) we see that during the “stuck” speed of
the engine in the area of the resonant frequencies of the
carrier body, the average values of the twist angle of the
sleeve and the torque emerging in it (its elastic compo-
nent) take values somewhat larger than their average val-

ues at start (respectively o, * —"%, M, = c,0;; = Lyay

c
where L, is the maximum (critical) drive moment).
Therefore, in the case of the Sommerfeld effect, the to-
tal resistance moment on the motor shaft is approxi-
mately equal to its maximum torque. As a result, the
running vibration exciter is suspended.

According to equations (9), the intense vibrations
can excite the drive of the vibrator during the passage of
areas of natural frequencies of its carrier body. There-
fore, it can be expected that more pronounced manifes-
tation of the resonant mode occurs at the level of fast
movements. Let us turn to the corresponding equations
(9). In the present method, they can be solved approxi-
mately. Looking for solvation (9) in the form of a series

in powers of the small parameter y; =y +py® +...,
we write the equation of relative rapid fluctuations of the
engine and the exciter close to stationary regimes in the
form

.

57 D> A sinQot+o,)+

2 4;=x.y,9
! 12
meg (12)

€,
+—=cos(of+a.,),
]2

Yy +2b,0,, + P2y, =

where F=ms»?.

It should be noted that in (12), and below, the values
of phase shift o, are not critical.

The solution of equation (12), given the fact that free
vibrations decay fast enough and can be neglected, is
presented in the form

F
21,\(p2 ~402) +166267 450
N meg

L (P2 =) +4b2e?

Vs A, sin2of +

(13)

cos(mt+[3g).

Analysis of the solution (13) of equations of relative
torsional vibration of the coupling elements near the sta-
tionary modes of motion gives evidence of the following:

- dependence of amplitude of coupling (frequency
o, 20) on the frequency of rotation of vibration exciter
has resonance character;

- resonance increase in the amplitude of the oscilla-
tions except in the case of coincidence (proximity) of
the natural frequency of the coupling p, (multiple fre-
quencies) and frequency of rotation of the pathogen
may occur near the natural frequencies of the carrier
body p,. In this case, in the coupling the amplitude of
the oscillations moment arising in it increases with reso-
nance (its elastic component and the viscous forces of
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resistance); consequently, the dynamic loads in the
drive increases as well as the unevenness of rotation of
the rotor and loss of energy. Thus, the elastic drive ele-
ments (resonance oscillations) may increase the addi-
tional load on the engine provoking Sommerfeld effect.
Typically, elastic couplings of machine drives satisfy
the condition of vibration isolation, which is determined

®
by inequality —% > \/5 (w, is operating frequency). That
D,
is, the couplings are usually quite “soft” p, < ®, (so far

as the strength condition). At the same time, the passage
by unbalance vibration exciter of frequency p, at start
must happen quickly. At the same time, we know that
quick passage by the vibration exciter of the carrier body
p, own frequencies is not always possible, and may even
be “stuck” of its speed in the field p,. Then resonant vi-
brations of the carrier body will be excited. According to
(13), there will be resonant increase in the amplitude of
torsional vibrations of the coupling. Greater fluctua-
tions in the couplings will occur when p, and p./2 fre-
quencies are close, which is highly probable for the drive
of the considered soft vibration isolated machinery
(p. < w,) with “soft” couplings. Therefore, at the start-
up of vibrator with unbalance drive and “soft” coupling,
there is risk of significant resonant oscillations of the
coupling. To avoid this, first, we can recommend a suf-
ficient distance of p, and p./2 frequencies (at least

2"#> 1.25). Certainly, while selecting the parameters

q
of the vibration machine, one should not overestimate

the frequency p, (which facilitates the passage zone of
the resonance), as well as not to underestimate the fre-
quency p,.

Thus, at starting the vibrators in case of manifesta-
tion of the effect of Sommerfeld, except for the resonant
growth of brake vibration torque and “stuck” of engine
speed, there excite resonance oscillations of elastic-
damping elements connecting the rotors of the motor
and exciter which increase dynamic loads and energy
losses in the system. From the above it follows that the
“hard” couplings have advantages when used in a vibra-
tion machine drive.

We should note that the reduction of the amplitude
of the coupling in the resonance region can be achieved
(except by changing its parameters) by reduction of nat-
ural frequencies of the vibrator, by increasing the damp-
ing of fluctuations of the carrier body and its mass.

The effect of resonance oscillations of the coupling
during the passage zone of the natural frequencies of the
carrier body is well visible in Fig. 5, which is obtained as
a result of numerical integration of equations (1).
Graphs show a resonant increase in the amplitude of the
rotary oscillations ¢, (with frequency 20 = 109.7 s') of
the coupling and the torque arising in it with “stuck” of
the motor speed in the area of self-frequency carrier sys-
tem p, for the case of its relative proximity to the fre-
quency p./2 (p,=p,=57.7s", p,=58.9s" and p,/2 =
= 58.4 s7!) while at start-up without the “stuck” speed
(the static moments of balance weight are reduced from
me = 0.54 kg/m to me = 0.42 kg/m for other similar pa-
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Fig. 5. Changes in time:

a — amplitude of torsional vibration coupling; b — the mo-
ment in the coupling, in case: 1 — the manifestation of the
Sommerfeld effect; 2 — no effect

rameters). A resonant increase in the amplitudes of the
oscillations is not observed (Fig. 5, curve 2). Despite the
“stuck” of speed of the engine it is important that there
is no substantial growth of the amplitude of the coupling
and the torque arising in it also in the case of the relative
distance of frequency p, and p./2.

Conclusions. The amplitudes and duration of vibra-
tions of an elastic coupling of the drive of the vibration
machine at the time of start, first of all, depend on how
distant is its own frequency from the frequency of the
current in the power supply of the engine. In case of re-
moteness of the starting frequency, fluctuations will be
relatively small and quickly fade regardless of the damp-
ing capacity of the coupling. In case of closeness of p,
and o, the fluctuations are considerably large, espe-
cially for small resistance, but their duration is in any
case minor and determined by the duration of the start
of oscillations of the torque of the engine. Thus, the
amount of deformation of the coupling and the torque
arising in it do not have time to obtain values that are
significantly larger than their double static value.

A resonant increase in the amplitude of vibrations of
elasto-damping elements of the actuator except in the
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case of coincidence (proximity) of the frequency of its
own fluctuations p, (multiple frequencies) and frequen-
cy of rotation of the pathogen may occur near the natu-
ral frequencies of the carrier body p,. In the case of a
“stuck” motor speed in the area p, of arising resonant
vibrations of the drive are more dangerous than those
which are generated at the time of start-up: at approxi-
mately the same amplitude, their duration can be sig-
nificantly greater. To avoid resonant oscillations of an
elastic coupling in the area p, we should primarily pro-
vide sufficient distance of p, and p./2 own frequencies
from each other.
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Merta. JlochimxeHHsI TMHAMIYHMX MPOLECIB MPU
nycKy BiOpaLiiiHOI MalIuHU 3 AeOajJaHCHUM BiOpO3-
OYIHUKOM KOJIMBaHb 3 YpaxyBaHHSIM IMPYKHOCTI OTO
3’€THaHHS 3 POTOPOM aCMHXPOHHOT'O €JICKTPOIBUTYHA.

Meroauka. /Uil aHaJiITUYHUX NOCIIIXKEHb BUKO-
pucTaHi MeTOAM MPUKJIAAHOI TeOopii KOMMBaHb, IMiIXil
BiOpallifiHOI MeXaHiKu i METOJ MPSIMOTO PO3MiICHHS
pyxiB. MojentoBaHHsI Tpolecy MYyCKYy BiOpoMallvHU
MOJIATaIo Y CHiJIbHOMY YUCEJIbHOMY iHTETpYBaHHI AU-
(bepeHLiaIbHUX PIBHSIHb PYyXy MEXaHiYHOI KOJWBaJIb-
HOI CMCTEMM Ta AWHAMiIYHOI MoOjeJli aCMHXPOHHOTO
€JCKTPOABUTYHA 3a HOIIOMOTOI0 IIPOTPaMHOTO IIPO-
nykty Maple.

Pe3syabraTtu. IlokazaHo, 1110 HasBHICTb MPYXXHOTO
3’eIHAaHHSI BHOCUTb iCTOTHiI OCOOJIMBOCTI B TUHAMIKY
npuBOJa BiOpoMallKH, 1110 MOTPiOHO BpaxoByBaTHU IpU
iX mpoekryBaHHi. B aHamiTmuHiii ¢opmi oTrpumani
(opMyu, KOTpi 4O3BOISIOTH OLIHUTU aMILTITy AU ITyC-
KOBUX AedopMalliii i MOMEHTIB, 10 BUHUKAIOTh Y
mydTi puBona. [IponeMoHCTpOBaHO, IO aMILTITYaU
KOJIMBaHb MPYXHOI My(BTHU B MOMEHT MYyCKY, 31€0i1b-
1I0T0, 3aJieXXaTh BiJl BiIgaJieHOCTI il BJIACHOI YacTOTHU
Bil 4aCTOTU CTPyMy B MepeXi KUBIICHHS IBUTYHA.
OTpuMaHi piBHSIHHSI KPYTWIbHUX KOJUBaHb My(pTHU
nobau3y CTalliOHApHUX peXUMIB oOepTaHHSI nede-
JIAaHCHOTO 30yTHMKa (III0 y T. 4. BpaXOBY€E BUITAIOK ,,3a-
CTpSITAaHHS “ IIBUIKOCTI ABUTYHA B 30HI Pe30HAHCHUX
4acToT BiOpoMalinHu). BUSIBIEHO B3a€EMO3B’SI30K KO-
JIMBaHb HECy4ol CUMCTEMHU BiOpPOMAILMHU Ta MPYKHOL
MydTu ipuBoAa. BctaHoBIeHO, 1110 TTPU MTYCKY BiOpo-
MalllMH y pa3i nposBy edekty 3ommepdenbaa, Kpim
PE30HAHCHOTO 3POCTaHHSI raJibMiBHOTO BiOpaliiiHOro
MOMEHTY W ,,3aCTpSITAaHHS“ IIBUIKOCTI IBUTYHA, 30Yy-
JUKYIOThCSI PE30HAHCHI KOJUBAHHS TMPYKHO-AEMIT(Y-
JOUMX €JIEMEHTIB, IO 3’€IHYIOTh POTOPM IBHUTYHA Ta
30yAHMKA, SIKi 30UIbIIYIOTh AMHAMIYHI HABaHTaXXEHHSI
11 BTpaTu eHeprii B CUCTEMi.

HaykoBa HoBH3HA. OTpUMaIM MOJATBIIOTO PO3BU-
TKY TE€OpEeTUYHi MOJOXEHHSI NUHAMiKU ITyCcKy BiOpa-
HiMHMX MalllMH 3 iHEepLUiAHUM MPUBOAOM 3 ypaxXyBaH-
HSM TIPY>KHOCTi 3’€IHAHHS POTOPIiB €JIEKTPOABUTYHA
00MeKeHO1 IMOTYKHOCTI i1 AedaiaHCHOTo BiOpo30yaHM -
Ka. BctaHoBJIeHO, 1110 32 HASIBHOCTI Y TPUBOII ITPYKHO-
ro eJleMeHTa 10 IOro KPUTUYHUX YaCTOT J00ABIISIOThCS
YaCTOTHU BJIACHUX KOJMBaHb BiOPOMALLIMHU.

IIpakTuuna 3HauumMicTb. Pe3ynbrati poboTH 103BO-
JISIOTh OiIbII OOTPYHTOBAHO BUOMPATU MapaMeTpu Bi-
OpalifiHMX MallWH 3 AebaJaHCHUM MPUBOIOM, 110 10-
3BOJIUTH 3MEHIIIYBATH aMILTITyOIN MOTO ITyCKOBUX KO-
JIMBaHb, IMHAMIYHi HaBaHTAaXXEHHSI Ta BTPAaTU €HEPTil.

KmouoBi cioBa: eibpauyiiina mawuna, dedbarancHuil
8i0p030YOHUK, NPYICHA Mydma, nycK 8ibpomamutu, pe-
30HAHCHI KOAUBAHHS, ACUHXPOHHUI e1eKmpPOo08U2yH
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Heab. MccnenoBaHue NMHAMUYECKUX IIPOLIECCOB
MPpU MycKe BUOPOMAILIMHBI C NebaTaHCHBIM BUOPOBO3-
OynuTesIeM ¢ YUeTOM yIPYTroCTH €r0 COeIMHEHMUSI C PO-
TOPOM aCMHXPOHHOTO IBUTATEJIS.

Metomuka. 1T aHAIUTUYCCKUX WCCIIeTOBaHUIA
WCTIOJIb30BaHbl METOMIBI TIPUKJIAHON TeOpHUM KoJjieba-
HUI, TTOAX0O BUOPALIMOHHON MEXaHUKU W METOI, TIPS~
MOTO pa3IeicHMST ABVKeHU. MoaeampoBaHUE IIPO-
1ecca Imycka BHOPOMAIIIMHBI COCTOSUIO B YMCJIEHHOM
WHTETPUPOBAHUM YpPAaBHECHUWI NBWXKCHUS MEXaHWYE-
CKOM KoJiebaTeIbHOU CUCTEMbl U JMHAMUYECKON MO-
JeJIM aCMHXPOHHOIO IBUTaTesisi C IOMOIIbIO MPO-
rpaMMHoOro nponaykra Maple.

Pesynbratel. [lokazaHo, YTO Hajuyue YIpyroro
COEIMHEHMSI BHOCUT CYIIECTBEHHBIE OCOOEHHOCTH B
IWHAMUWKY TIPUBOJA BUOpPOMAIIMH, KOTOpPhIE HYKHO
VIUTBIBATh TIPU WX MPOCKTUPOBAHUK. B aHammTmde-
ckoit ¢opme ToNydeHBl (HOPMYIbI, TTO3BOJISIONINE
OLICHUTh aMIUTUTYOBI ITYCKOBBIX IehopMaluii 1 Mo-
MEHTOB, BO3HHMKAMOINUX B MydTe mpmBoma. Ilpome-
MOHCTPUPOBAHO, YTO AMIUIUTYIBI KOJICOAaHUIT YIIpy-
roif My(QThl B MOMEHT ITyCKa, B OCHOBHOM, 3aBUCSIT OT
YVIAJEHHOCTHA €€ COOCTBEHHOU YacTOTHI OT YacCTOThI
TOKa B ceTM nuTaHus nsuratens. [lonxydyeHo ypaBHe-
HUe KPYTWIbHBIX KOJeOaHUil My(Thl BOJIU3U CTALIMO-
HapHBIX PEXKUMOB BpallleHUsI BUOPOBO3OYyIUTENS (KO-
TOPOE YUYUTHIBAET B T.Y. CJIyyail ,,3aCTpeBaHUs " 4aCTO-
THI IBUTATEIIS B 30HE PE30HAHACHBIX YACTOT BUOpOMa-
muHb1). O6HapyXkeHa B3aUMOCBS3b KOJIEOAaHUI Hecy-
e CUCTeMBI MAIIMHEI U MY(PTHI IPUBOIA. Y CTAaHOB-
JICHO, YTO TIpU ITyCKe BUOOMAIIIMH B CJTy4ae IpOsIBIIe-
Hust adekra 3ommepdenbaa, KpoMe pe30oHAHCHOTO
BO3pacTaHMUs BUOPAIIMOHHOTO MOMEHTA U ,,3aCTpeBa-
HUS“ CKOPOCTHU ABUTATENSI, BO3OYKIAIOTCS PE30HAHC-
HbIE KOJICOaAHUS YIIPYTO-AeMII(UPYIOIINX 3JTEMEHTOB,
COCIUHSIIONINX POTOPHI ABUTATEISI M BO3OYIUTENS, KO-
TOpbIe YBEIUUYUBAIOT JMHAMMUYECKUE HArpy3Kd U T0-
TEepU PHEPTUU B CHCTEME.

Hayunas nosusna. [Tonyuunu nanbHeliiiee pa3Bu-
THE TEOPETUUCCKUE TTOJIOKECHUST TMHAMUKH ITyCKa BU-
OpallMOHHBIX MAallWH C WHEPIWOHHBIM IIPUBOIOM C
YYETOM YIIPYTOCTU COSTMHEHUST POTOPOB JIEKTPOIBU -
raresst OrpaHMYEHHONW MOIITHOCTH U 1€0aTaHCHOTO BHU-
OpoBO30YIUTENIS. YCTAaHOBJICHO, UYTO MPU HAJTUIUU B
IIPUBOJIE YIIPYTOTO 3JIEMEHTA K €T0 KPUTHIECKUM Ja-
CTOTaM J00aBJISIIOTCS YaCTOThI COOCTBEHHBIX KoJieba-
HUIt BUOpOMAIIIHBI.

IIpakTHyeckas 3Ha4MMOCTb. Pe3yiabTaThl pabOThI
MMO3BOJISIIOT O0JIee 000CHOBAHHO BLIOMPATH MapaMeTPhI
BUOpPOMAIIIMH C Je0alaHCHBIM TTPUBOIOM, YTO TTO3BO-
JINT YMEHbBIIATh AMIUIMTYIBI ITYCKOBBIX KOJICOAHWIA,
IWHAMWYEeCKUEe HAarpy3KU U TTOTEPU SHEPTUH.

KimoueBblie cioBa: subpomawuna, 0ebaraHCHbll 8U-
0p06030ydumens, ynpyeas mygpma, nyck eubpOMauiuHsl,
PEe30HAHCHblE KOAeOAHUsl, ACUHXPOHHbLIL 08Ueament
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