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USE OF SELF-SYNCHRONIZATION EFFECT IN
VIBRATION CARS

Abstract. The problems of self-synchronization of a dynamic system of a resonant
type with two degrees of freedom are considered. The possibility of self-synchronization of
two suited resonant vibrating machines connected by an elastic connection is considered as
dynamic systems. A theory is given about the property of the natural frequencies of sectioned
systems. An approximate periodic solution corresponding to the self-synchronization mode
is constructed. The parameter ranges leading to a periodic re-gime are investigated. The
possibility of block design of resonant vibrating machines for technological purposes has
been established. Mathematical modeling of transient and stationary modes of a number of
resonant vibrating machines in block design has been carried out. The results of mathematical
modeling of the problem using numerical methods (Maple, Delphi) are presented. The use of
the results of theoretical studies makes it possible to abandon the rigid kinematic
synchronization of the rotors of vibration systems, which leads to a reduction in the energy
intensity of the equipment. A methodology has been proposed and devices have been
developed for experimental research of the main laws and characteristics of the technological
process of vibratory compaction of concrete mixtures. The study shows that resonant single-
mass vibrating machines, when combined into a single system, relatively easily enter the self-
synchronization mode and this mode is stably maintained when a number of system
parameters change within a relatively wide range. This makes it possible to widely use the
principle of sectioning when creating resonant vibrating machines and, in some cases, create
heavy resonant vibrating machines from standard modules. It has been established that this
method makes it possible to obtain concrete products of higher density than with known
methods. In this case, water absorption decreases by 15-25%, and strength characteristics
increase by 25-31%.
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Introduction. Modern mechanical engineering puts forward as a primary task
the problem of increasing the productivity of technological machines and equipment
while simultaneously reducing their specific metal and energy intensity.

The introduction of vibration technology is impossible without the creation of
highly efficient, reliable vibration machines and devices. Expanding the capabilities
of a vibrating machine in a number of cases is associated with the use of the
phenomenon of self-synchronization, which makes it possible to improve existing
ones and create some fundamentally new vibration devices.

The work examines new possibilities for using the self-synchronization effect
in vibration machines for technological purposes to increase the efficiency of their
operation and transition, in some cases, to their sectional design.

Currently, most reinforced concrete structures are manufactured using the
vibration method. At the same time, the most widespread type of equipment for
compacting concrete mixtures is unified block vibrating platforms with an inertial
drive in a resonant mode and operating at a frequency of 50 Hz. Along with the
advantages (ease of changeover, high vibration stability), machines of this type have
a number of significant disadvantages

Firstly, due to the resonant setting of the vibrating platform, high-power
motors are required to excite vibrations of the working element (energy consumption
of the equipment is about 5 kW per 1 ton of lifting capacity).

Secondly, due to the increased load on the bearings of the inertial drive, their
durability is sharply reduced (on average, the durability of one rolling bearing is no
more than 3500...4000 hours, which is less than the minimum permissible value
L = 5000 hours accepted in mechanical engineering).

Thirdly, the specific design of the vibrating platform (linearity of the elastic
system, harmonic nature of excitation) makes it possible to implement only
symmetrical harmonic laws of vibration of the working body, which cannot ensure
high quality compaction of rigid concrete mixtures. This is contrary to modern trends
in the development of the precast concrete industry, aimed at the use of rigid concrete
mixtures to obtain high-strength concrete and reduce cement consumption.

Fourthly, since the acceleration amplitude ranges from 3 to 6 times the
acceleration of gravity, the concrete mixture, when vibrating without a significant
inertiafree load, periodically bounces, separating from the bottom of the mold, and
air is sucked into the resulting gap; therefore, it is not possible to completely displace
air from the concrete mixture, which reduces the quality of the products.

Fifth, due to the presence of a large number of relatively short-lived elements,
machine downtime due to breakdowns turns out to be unacceptably long.

Along with this, there are machines that do not have most of these
disadvantages. Such vibration machines include a two-mass resonant vibration
platform. In addition, such a machine has one more advantage — the ability to almost
completely eliminate the transfer of dynamic forces to the base [1]. A solution to this
problem can be achieved by using the self-synchronization effect.

Materials and methods. Interest in using the features of nonlinear vibrations
in vibrating machines arose in connection with the need to solve three main problems
that are extremely important for improving the vibrating machine. We are talking
about increasing the stability of resonant modes and implementing polyharmonic
oscillations of the working body, with gearless frequency conversion. The idea of
creating vibration devices operating in resonant modes and realizing intense
vibrations with small forcing influences has long attracted the attention of designers
[2]. However, due to the strong sensitivity of the amplitude of resonant oscillations
to changes in the mass of the load of the processed medium, linear vibrating

379



A. Nurimbetov, A.T. Zhakash,

S.Dz. Salybaev, E.A. Zhakashova P.378-395

Mechanics

machines of the resonant type are not widely used [1]. To increase the stability of
resonant vibrations, it is advisable to use elastic links with a nonlinear characteristic
in vibrating machines. The presence of elastic nonlinearity contributes to the slope
of the frequency response in the main resonance zone and, as a consequence, to
increased stability of operating modes.

The simplest option for introducing nonlinearity into the elastic system of a
vibrating machine, as mentioned above, is to install elastic travel limiters (buffers).
The influence of the rigidity of buffers and the gaps with which they are installed on
the stability of resonant modes is considered in [2,3].

Technical problems leading to the problem of synchronization of vibrators. A
significant number of vibration machines and installations use not one, but several
vibrators installed either on one common supporting body (the vibrating organ of the
machine), or on two or more bodies connected in one way or another.

In other cases, the use of several relatively low-power vibrators, instead of one
more powerful one, is due to the need to disperse the disturbing force over a vibrating
organ of considerable size.

Currently, there are three main methods of synchronizing mechanical
vibrators. The simplest way is to introduce kinematic connections between the
vibrator rotors, i.e. kinematic synchronization [4]. The second method of
synchronizing mechanical vibrators is electrical synchronization, where the desired
synchronization is achieved by using an electric shaft system or synchronous motors
[5-11]. Both of the methods described above for coordinating the rotation of vibrator
rotors — kinematic and electrical — refer to forced synchronization. The third method
is self-synchronization. The phenomenon of self-synchronization of mechanical
vibration exciters, in the simplest case, represents unbalanced rotors driven into
rotation by asynchronous electric motors. The essence of the phenomenon is that
several such rotors installed on a common working body of the machine rotate with
the same or multiple average angular velocities and certain phase shifts, despite the
absence of any kinematic connections between them, for example, gearing, chain
transmissions and etc. Synchronicity and a certain phrasing are ensured
automatically due to the vibrations of the bodies on which the rotors are installed.

The conditions for the existence and stability of synchronous movements of
vibration exciters are usually obtained based on the analysis of differential equations
of motion of the system. To do this, it is necessary to determine under what
conditions the original system has a solution of the form:

o =S +ag,i=(L...,S) 1)

where: S is the number of vibration exciters in the system; ¢; — Angular coordinates
of vibration exciter rotors; « — synchronous frequency; &; — a number that takes
on a value *i, depending on the direction of rotation of the i-th rotor; «j — Phase

angle of the i-th rotor (in the general case «j =const).

To find out the conditions under which stable solutions of the form (1) exist
in the original system, the Poincare-Lyapunov small parameter method is most often
used [6]. Its essence in relation to the problem of self-synchronization is that some
terms of the equations of the original system are assumed to be arbitrarily small and
correspondingly assigned to them an infinitely small order . In this case, the

parameter must be introduced into the terms of the equations describing the
interaction of vibration exciters in the system. Then, neglecting the small terms of
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the equations (assuming u =0), proceed to solving a simplified, so-called generating
system, from which periodic solutions with a period are determined T=2/z up to
arbitrary constants ¢ i=(1,..., S) The latter are found from special equations
obtained taking into account the assumption that p can take arbitrarily small values.

These conditions, which establish a certain relationship between the single angles of
rotation of the rotors, are called the conditions for the existence of synchronous
movements of the original system.

The above methods for solving the problem of self-synchronization of
vibration exciters show that the difficulty of finding the conditions for the existence
and stability of synchronous movements is determined, first of all, by the type of the
original system. For quasilinear systems, these conditions can often be obtained in
analytical form. In some cases, analytical solutions are also possible for some
nonlinear systems. In the general case, the solution can only be obtained by
calculating the system on a computer. A systematic presentation of the theory of
synchronization of vibration exciters, as well as a review of relevant studies, are
given in the works of I.1. Blekhman [4].

The use of the phenomenon of self-synchronization opens up the possibility
of significant improvements in drive devices of vibration machines, making it
possible to eliminate highly noisy and quickly worn-out gears, chain drives, and
cardan shafts. It turns out to be possible to place vibration exciters at significant
distances from each other, etc.

Along with this, in vibration technology there is another wide area of technical
applications of the self-synchronization effect. We are talking about the possibility
of connecting individual resonant vibration machines into a single system that
performs periodic oscillations. This task turns out to be extremely relevant when
creating heavy resonant vibrating machines for technological purposes. If it is
resolved positively, it becomes possible to quickly change the increase in the size of
the working bodies of resonant vibration machines, as well as move to their
sectioning. To solve this problem, the following theorem is used [12-21].

Let us consider two elastic discrete one-dimensional systems described by the
following linear differential equations with constant coefficients:

n

Xi + > ainj =0, (I :1,...,n) 2
j=1
n+m .

Xi+ X aijXj=0, (i=n+1..,n+m) (3)
j=n+1

In the future, through ||| and ||| we will denote the coefficient matrices of
the system (2) and (3)

Theorem. Let there be two elastic systems defined by coefficient matrices |||
and || let there be a frequency Po such that detHa_ ERZ |- detHb— EPOZH _0, where E

is the identity matrix (i.e. Po is the natural frequency of each system).

Then, when any two masses belonging to different systems are connected by
an elastic connection of arbitrary rigidity, the frequency Po will be the frequency of
natural oscillations of the combined system. Then the system turns out to be
connected and its characteristic equation can be written in the form:
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|| a— EPO2 + adyy —adys ||
| —eJsv 6—ERF + fss |

A(Po) =det

where, o and B are some constants, and J;; is a matrix located at the intersection of
the i-th row and the j-th column, equal to one. The remaining elements of this matrix
are equal to zero.

The characteristic matrix in this case is presented in coagulated form. It is
required to show that Py — is the frequency of natural oscillations of the system, i.e.,
that

A(Ry) =0 (4)

Relations (4) allow us to obtain such a linear combination of the first n row,
which, when added to the S-th row, brings the characteristic determinant to the form

”a — EP02 + a‘]VV — aJVS "

A(Py) =det
° I 0 6—EPS + Mgs | )

Determine the coagulated matrix can be calculated based on the relation
AB
CD

Since in case (5) the matrix is zero, and det ||D|| , according to (3), is equal to
zero, then A(R,) =0 and the theorem is proven.

This theorem states that if there are two vibration machines with resonant
tuning to the same frequency, then the resonant tuning is preserved even after these
machines are in some way combined into one common system.

Mathematical model of the system. As dynamic systems, we consider the
possibility of self-synchronization of two suited resonant vibrating machines
connected by an elastic connection. The diagram of the system under consideration
is presented in Figure 1.

det

_ detHD _ CA—lH provided that det|A|=0.

x;

Fig. 1. Design diagram of a sectioned resonant vibrating machine

We will assume that each block is an elastic system with one degree of
freedom. In the system under consideration, vibrations are excited by eccentric
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vibrators with elastic elements in the connecting rod. The elastic restoring
characteristics of the main elastic bonds will be described by relations of the form:

Po(x) = kixj + Bix;> (i =12). (6)

We will assume that energy dissipation in the main elastic bonds obeys the
viscous Kedwin-Voigt hypothesis. We will assume the elastic characteristics of the
drive shock absorbers to be linear, and we will neglect the energy dissipation in them.
The indices for the coefficients will indicate that the characteristics of the
corresponding elastic connection belong to each other. We will accept the
characteristics within the framework of the V.O. Kononeiko model. Then, for the
design scheme presented in Figure 1, under the assumptions made above, the
differential equations of motion can be written in the form:

My¥q + 1% + (Ko + K )X + ﬁle + K12 (X —X2) =Kgppsin ¢y,

MoXp + &2%p + (Koo + Ko )Xo + B2X3 — ki (Xg — X2) = Ko oSin ¢y,

1P + G191 = Mg —bi@y + kippo(X — psingy) cos ey, (")
J26P2 + 92P2 = Moo —bagpp + koo (¥ — pSingy) cos gy,

where: m;, m; are the masses of the working parts; Ji, J, — moments of inertia
reduced to the cranks; Kio, k20— rigidity of drive elastic connections; ¢;, ¢, —angles
of rotation of the cranks; X1, X2 — movements of the centers of mass of the working
bodies; ki, is the rigidity of the elastic connection connecting the working bodies;
Myo-by @, Mog-b, @, torque characteristics of engines in the working area,
reduced to cranks; p — crank radius (eccentricity).

Energy dissipation in elastic elements is also taken into account. In this case,
the hypothesis of viscous friction was accepted and the dissipation coefficients were
assumed to be equal & and &,. To calculate the torque reduced to the crank

developed by the electric motor at a constant gear ratio between the engine and the
crank, you can use the expression M g, = MU +b;p;U 2, where U is the gear ratio.

To speed up calculation work, a table of coefficients is proposed in the work Mg,
b; for different engine powers.

Approximate solution to the problem of self-synchronization of a dynamic
system with two degrees of mobility. System of equations (7) is autonomous.
Determining the parameters of periodic solutions of such systems is significantly
complicated by the need to clarify the period of this solution at each stage of
calculations. At the same time, there is always the possibility of reducing these
problems to constructing a periodic solution of some auxiliary non-autonomous
system, the order of which is one unit lower than the order of the original system.

d?x _d[dxiJ_ de, d (d(oldxij: » d?x , den dx
dt

X' = - . - )
'odt? dt dtde, | dtde, dep? do, dog,
_dp_ d%p do do;

dt? dpf  dey dgy

bi
(i=1, 2) (8)
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After transforming the system, equation (7) taking into account (8) will take
the form:

d?x dey dx dx :
my| of 7%“010'7@171 + a0+ (Ko + ki)Xg + B4 + k12 (% — %) =kgopsingy,
dof @ doy dey

mz[a,f 0’ , , dor d
2 dey dey

dx .
]+ SZahﬁ + (koo +ki2)Xa + B33 — k1o (X4 — Xp) =kogpSing,,

d .
o ﬁ + her = Mg by + kipp(¥ — psingy) cos gy, ©)

d2¢? de, d d d )
3| o —2 +a’1ﬂ7a)l +92601ﬂ:Mzo—bzwlﬂ”zop(xz—PS'nfﬂz)COS(Pz,
dey dey o dey dey

where, o = %_“t’l

The main features of the behavior of such a system can be established by
analyzing approximate solutions of relatively low orders. To a first approximation,
the periodic solution (9) has the form:

X1 =Acosg, + Bsing, = Hy cos(p, —1); X, =Ccosgy + Dsing, = Hycos(g — 65);
@ =M cos2¢p + Nsin2p; +ay; @, = Lcos2p, +Gsin2g, + ¢ +a; (10)

where: o — phase shiftangle, oH; =VA2 +B?, H, = Jc2+p2

The determination of the parameters of the approximate solution is determined
based on the Galerkin-Bubnov method. The conditions of harmonic balance lead to
a comprehensive system of equations for A B,C,D,M,N G, L, o, «.

klO + k1+k12 —mla)g +%m1(M 2 + N2)+%ﬂ1(A2 + Bz)i| A+ 81a)OB—k12C =0;

Kyo + kg +Kgp — Mad +%m1(M 2, N2)+%ﬂl(A2 ¥ BZ)}B—gleA— ki2D = kyop;

k20 +k2 +k12 —mza)g +%m2(M 2 + N2)+%ﬁ2(C2 + DZ):l C +82a)0D—k12A=

=Kkygpsina +%k20p Gsina —%kzop Lcose;

k20+k2+k12—m2a)§+;m2(M2+N2)+iﬁ2(C2+D2)} D-

1 1 1 2
2J1a)oN + B]_M :Eklop A, —2J1a)OM + B]_N :Eklop B—Eklop ;
1
(91 +bp)ay — My =§k10/0 A
2J,mpN +byM — [2J2(M 24 N2)+4sz§]|_+ 2b, oG =%k20p (G—DL)cosa +

+%k20p (D-CL)sina —%kzopz sin2«;
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—2J,mpM +byN —[232(|v| 24 N2)+4J2w§]s —2b2a)0L:%k20p (G-CD)sina —
—%kzop (L- DG)COSa—%kZOpZ cos2a;
(95 +0y)@wy — My +b(MG — NL) — 23,00 (ML + NG) =%k20p(C ~CG)+

+;kzop[D - DG +;CLjsina —%kzopz(LCOSZa—GSin 2a).

In order to simplify the calculation on a computer, the system (11) is
collapsed. At the same time, the system of equations obtained by condensing (11)
turned out to be very cumbersome and did not lead to the desired result. Therefore,
the following assumptions are made in the form of solution (10):

W =y =Cconst; ¢y =@ +a. (12)

After this, the system will look like this:

klO + kl + k12 — mla)g +%ﬁ1(A2 + Bz)i| A+ Sla)oB - k12C = 0,

klO + kl + k12 - mla)g +%ﬂ1(A2 + Bz):| B —Sla)oA— k12D = klop;

k20 + k2 + k12 - mza)g +%,82(Cz + Dz):| C+ Sza)oD - kle: kzopsina; (13)

k20 + k2 + k12 - mz(l)oz +%ﬂ2(C2 + DZ):| D—ga)oC - klZB :kzopCOSa;

1 1 .
(91 +D1)ap =M1 =—kiop A (9 +b2)mp —Mag = koop(Cosa — Dsina).
It is possible to transform system (13) to a system with fewer equations. As a
result of simple but cumbersome transformations, system (13) is reduced to a system
of two nonlinear algebraic equations with two unknowns ay, , A? + B2,

2, .2 2via2 . 2 2 by 5
f(@oA? + B?) {(_al +efep)(A”+ BY) — 2610034 + Kipds —Kiop L

23,

2
f,(0yA2 +B2) {(aé +6705)s + 25,008, +2231ae +ki> (A? +B?) —klzopz} N
ap

+a, —k&p? (A% +B?) =0,

385



A. Nurimbetov, A.T. Zhakash,

S.Dz. Salybaev, E.A. Zhakashova P.378-395

Mechanics

3
where = klo + kl-l- k12 —mla)g +Zﬂ1(A2 + BZ), dp = (gl+b_|.)a)0 - MlO;

ag = (g2 +by)apy —Ma;

—2a, —2a; — ;a)(A% + B?) |
€209 ’

a4 = 28.2 +81a)0)(A2 + Bz), 8.5 =
2 3

Research results and discussion. Analysis of the results of mathematical
modeling of the system. Solutions of the system of equations (14) make it possible
to determine the main parameters of the oscillation process to a first approximation.
If the system of equations (14) has real solutions, then this indicates the fundamental
possibility of the existence of a self-synchronization effect in the system.

A numerical solution to the system of equations (14) was obtained using a
Delphi program. The bisection method was used to solve the system.

The specific object of research was a system with the following parameter
values: mz, m; — masses of working bodies; Ji, J, — moments of inertia reduced to
the cranks; kao, k2o — rigidity of drive elastic connections; ¢;, ¢, —angles of rotation
of the cranks; x1, X, — movements of the centers of mass of the working bodies; ki,
is the rigidity of the elastic connection connecting the working bodies; elastic
connection stiffness kq, k.

m, = 7800 kg; k; =k, =6.05-10" N /m;

k1o =Ko =8-107N/m; bPL=p =1011N/m3; & =& =8'1055‘N/m;
p=0015m; J;=J,=585H -m/s%; gy=0,=22N-m-s;
M].O:MZO =107736Nm, b1=b2 =173.86 N-m-s.

Values of stiffness ki, mass m; varied within the following limits:
kyp =107 N/m+2-108N /m inincrements 5-108 N /m, m, =3800kg +7800kg in
increments of 500 kg.

This was carried out with the aim of assessing the possibility of locking the
system into self-synchronization mode when parameters change. Varying the value
ky» is due to the fact that when drawing up the equation of motion, it was assumed
that the form installed on the working bodies with (or without) technological load
does not ensure their transformation into one absolutely rigid body.

In this regard, an elastic connection with stiffness was introduced into the
mathematical model k;,, which can take any value, given the practical impossibility
of its control.

It was found that for all the considered parameter values, the system reached
a periodic oscillation mode. Figure 2 shows the dependence of the phase shift angle
o rotation of the cranks in a steady state of motion of the system due to rigidity k;,

at different values of A.
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\-‘H‘"‘H-._ wo=l0,852

R ________d?.p, 1705

i 0558

N

Fig. 2. Dependence of phase shift angle A on stiffness ki, at different values of A

Here A mass ratio, i.e. 2 - My Analysis of the results obtained shows that
my

with an increase in connecting stiffness kj, there is a decrease in the phase shift
angle a. In the limit during the transition to an absolutely rigid connection of masses
my and My The operating mode of vibration exciters tends to be in phase. This fact

should be taken into account in the practical use of the self-synchronization effect in
resonant machines, especially in heavy machines for technological purposes.

The graphs provided in Figure 3 shows that the average angular velocity of
rotation of the cranks in steady motion changes relatively little when the mass
changes m, . A general increase in the masses of the working bodies leads to a slight

decrease in speed mo. During calculations it was found that the rigidity k;, has
virtually no effect on the average angular speed of rotation of the cranks. Change in

hardness and magnitude ;=L also does not have a significant effect on the
ma

vibration amplitudes of the working bodies.

-1
U)D sec

| |
o036 N 0%n/m
N k,,= 10°n/m
e \\hﬁkﬁé = 15410%nm

60.34

0.5 0.6 0.7 0.8 A

Fig. 3. Dependence of the average angular velocity wo on the ratios mass A=mi/m,
at different values of ki,

Since there was a problem of assessing the acceptability of representing
approximate solutions in the form (7), direct integration of the original system of
differential equations was also carried out with the solutions reaching the mode of
steady motion.

In this case, the integration was carried out by the Runge-Kutta method, which
turns out to be satisfactory in terms of calculation stability. To solve on a computer,
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system of equations (7) is used in conical form. For this, the following notation has
been introduced:

XN=Y1, @ =Ys5: Xo=V2; @ =VYs5 X =Ya; (15)
M=Y7, X2=Y4; @2=Yg

After substituting (15) into (7), performing some transformations, we obtain:

1 .

Fi=y3 F =m—[k1o,05|n Y5 — (k1o + ki) y1 — A1yt — e1ys —Kio(y1 — Y2)]
1

. 1 . 3

Fa=y4; Fy :m—z[kzopsm Y6 — (Koo + k2)Y2 = B2Y2 —€2Y4 + Ko (y1 - Y2)]
1 .

Fs=y7; F= J—[klop()ﬁ — psinys)cosys + Mg —by; —g1y7 ) (16)
1

1 ]
Fe =Yg Fs =£[kzop(y2 — psinyg)cosye + Mg — (b +92)yg]

To implement the Runge-Kutta method scheme, subroutines were used to
enter the initial parameters of the problem and initial conditions. The subroutine,
composed of standard elements, uses the Runge-Kutta method scheme. The
subroutine also includes a procedure for calculating the right-hand sides of the
system of equations (7).

Solutions of the system of equations (7) correspond to the following initial
conditions:

X =X, =0.0021; @ =0y=0; G =gp=60cY; 5=s,=0;

The initial integration step was taken equal to 0.005 s for small values; 0.001
s for large Kiz, Kio, Kzo, K1, K2, 31, 3>

The results of calculations carried out on the basis of approximate relations
and obtained as a result of direct integration of the original system of differential
equations showed good agreement. Some of the calculation results are shown in Fig.
2.

In Figure 2 solid lines show the results obtained by the approximate method,
and dotted lines show the results of direct integration.

The conducted research shows that resonant suited vibrating machines, when
combined into a single system, relatively easily enter the self-synchronization mode
and this mode is stably maintained when a number of system parameters change
within a relatively wide range. This makes it possible to widely use the principle of
sectioning when creating resonant vibrating machines and, in some cases, create
heavy resonant vibrating machines from standard modules.

Experimental research. To carry out the experiments, a specially made steel
mold 2 measuring 10x30x10 was rigidly attached to the vibration stand table. The
steel mold was filled to the required level with concrete mixture 3, after which the
surface of the mixture was leveled (Fig. 4). On top, to compact the concrete mixture,
a steel plate 4 was placed with two rigidly welded posts 5, onto which springs with
different diameters and stiffness coefficients were placed. Specially made cylindrical
weights 6 are installed on the springs, freely moving back and forth along the racks;
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the source of sound frequency oscillations for the VEDS-400 vibration stand (Fig.
5) was a GB-27 type generator.

The signal coming from the generator was amplified and the operation of the
vibration stand 1 was controlled, respectively, using a stabilized amplifier and a
SUPV-01A control panel.

DU-5 acceleration sensors were attached to the cylindrical weights. The same
sensors are attached to the vibration table table. Using shunt and resistance
magazines, the sensors were calibrated so that their readings, with the same specified
mechanical parameters of the system, were equal to each other.

The acceleration of vibrations of the vibration stand table using the DM-162
vibration station varied from 0 to 4.5.

T7T77 T &g r & &

Fig. 4. Vibration stand Fig. 5. Vibration stand VZDS-400

The experimental part of the work, which was carried out on a laboratory
installation, can be divided into 3 main stages:

First stage: Conducting experiments usingweights installed on the plate
(body).

Second phase: Conducting experiments using weights installed on equal plates
(bodies).

Third stage: Experimental testing of the possibility of using self-
synchronizing weights for compacting more rigid concrete mixtures.

First stage. At the beginning of the stage, weights with the same masses and
with nonlinear elastic connections operating in a resonant mode were considered.
Tuning to the resonant mode of oscillation of weights was carried out visually by
rotating the knob of the frequency regulator of the sound generator in the range from
1 to 100 Hz. The resonant frequency value was measured with a 43-32 frequency
meter. At the same time, stable synchronous and in-phase movement of the loads
was observed. Even after an artificial stop of one of the loads, synchronism and phase
alignment were instantly restored; to establish the phase relationships of the loads,
similar experiments were carried out for various mass ratios of the loads (mi/m; =
1.05; 1.1; 1.2; 1.3) and for different accelerations of kinematic excitation (Ag=0.3g;
0.5g; 1g; 1.59).

At the end of the stage, similar experiments were repeated for a system with
linear elastic connections. At the same time, in the resonant mode, such violations
of the synchronism and in-phase movement of the weights were observed, such as
the damping of the oscillations of one of the weights until a complete stop or the
movement of the weights in ant phase. In conclusion of the experiment, it should be
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noted that the non-resonant oscillation mode of a system with two weights does not
ensure self-synchronization of these loads. And in this mode there can be no question
of using weights to compact more rigid concrete mixtures.

Second phase. The formulation of such an experimental problem aims to study
the influence of the fact of separation of the plate on which weights are installed on
the effect of self-synchronization of their oscillations. At this stage, the entire cycle
of experiments of the first stage was repeated and results similar to the results of the
first stage were obtained. That is, stable synchronous and in-phase movement of the
loads was observed in the resonant mode and with nonlinear elastic connections.

In addition, in both the first and second stages, the influence of the rigidity
and thickness of the concrete mixture layers on the synchronism and in-phase
movement of the loads was considered. It was found that these factors did not have
a significant impact on the self-synchronization effect.

Third stage. To compact rigid concrete mixtures, effective external
mechanical action (vibration) is necessary, and for particularly rigid (heavy, fine-
grained, soil concrete) concrete mixtures, the use of vibration compaction in
combination with a weight is required.

Experience in using vibration compaction technology with an inertial load
indicates its high efficiency and opens up wide possibilities for application on
existing and designed lines for the production of reinforced concrete products.

The question of the possibility of using two or more small-sized weights in
the manufacture of long-length reinforced concrete products in order to increase their
strength characteristics is of interest.

For strength testing, control samples were made from more rigid concrete
mixtures, compacted using standard technology and using technology using two self-
synchronizing weights. Two concrete mixture compositions were used: a normal
mixture and a mixture with a reduced cement content. Using standard technology
(on a VZDS-400 vibration stand, Fig. 5), five samples were molded from a mixture
of normal composition; using the proposed technology, five samples from a mixture
of normal composition and five samples from a mixture with a reduced cement
content.

After 28 days of normal hardening, the samples were tested for compression
on a PSU-50 testing machine. Based on the test results, the compressive strength
limits of the specimens Pcxx were determined, which are presented in Table. 1.

Analysis of tabular data indicates an increased efficiency of the vibration-
impact mode of vibration seals compared to the standard harmonic one. This is
expressed as follows.

Firstly, the use of shock vibration, achieved with the help of self-
synchronizing loads, instead of the usual harmonic one, allows (without changing
the composition of the concrete mixture) to increase the compressive strength of
concrete by an average of 25-31%.

Secondly, the shock mode of vibration makes it possible to reduce
consumption by 10.1 (compared to its content in a mixture of normal composition)
and at the same time not “lose” in the strength of concrete.

Thirdly, the proposed method of vibration compaction of the concrete mixture
ensures the production of concrete products of a higher density than with known
methods, as well as a decrease in water absorption and an increase in the frost
resistance of products.

390



ISSN 2308-9865 Mechanics and Technology / 2025, No.2(88)

eISSN 2959-7994 Scientific journal
Table 1
Strength test results
Vibration compaction using Vibration compaction using weights
standard technology
Normal mixture Normal mixture Mixture with reduced
cement content
400 kg/m® | 300 kg/m® | 400 kg/m® | 300 kg/m® | 360 kg/m® | 270 kg/m®
1 20.1 13.5 30.2 20.4 21.4 14.1
2 194 14.2 29.4 19.2 21.1 15.0
3 22.2 12.8 28.6 21.3 23.4 13.6
4 22.0 14.3 28.0 20.6 21.3 14.5
5 23.3 14.4 27.8 194 21.8 15.3
Average 214 13.6 28.8 20.18 21.8 14.56

A Delphi program was compiled that allows visual observation of the
movements of the dynamic system under consideration (Fig. 6). The program allows
you to vary the basic parameters of the system. In addition, a program has been
compiled in the Maple language that allows obtaining, on the basis of the scheme
under consideration, the kinematic parameters of a dynamic system. Figures 7 and 8
show the synchronous movement of blocks.

The results show that the self-synchronizing mode in these machines is
maintained by the device when changing a number of system parameters within a
relatively wide range.

Mathematical model Data speedx1 |speedx2 [speedx3

Start

Speed 0 A S S S S S S S RS NN SN £ N S e s S S B B R

Data table

x1 x2 x3 x3

12000 | 9000 0773
200 173 150

4 5,85 7

1 22 3

100 0 0

A @ o oo o=

o I 1 < N e K = a -

Fig. 6. Observation of the movements of the dynamic system under consideration
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Fig. 7. Moving the first block
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Fig. 8. Moving the second block

Conclusion. The problems of self-synchronization of a dynamic system of a
resonant type with two degrees of freedom are considered. A theory is given about
the property of the natural frequencies of sectioned systems. An approximate
periodic solution corresponding to the self-synchronization mode is constructed. The
parameter ranges leading to a periodic regime are investigated. The possibility of
block design of resonant vibrating machines for technological purposes has been
established. Mathematical modeling of transient and stationary modes of a number
of resonant vibrating machines in block design has been carried out. The results of
mathematical modeling of the problem using numerical methods (Maple, Delphi) are
presented. The use of the results of theoretical studies makes it possible to abandon
the rigid kinematic synchronization of the rotors of vibration systems, which leads
to a reduction in the energy intensity of the equipment. A methodology has been
proposed and devices have been developed for experimental research of the basic
laws and characteristics of the technological process of vibratory compaction of
concrete mixtures. It has been established that this method makes it possible to obtain
concrete products of higher density than with known methods. In this case, water
absorption decreases by 15-25%, and strength characteristics increase by 25-31%.

Experience in using vibration compaction technology with an inertial load
indicates its high efficiency and opens up wide possibilities for application on
existing and designed lines for the production of reinforced concrete products.

The conducted research shows that resonant single-mass vibrating machines,
when combined into a single system, relatively easily enter the self-synchronization
mode and this mode is stably maintained when a number of system parameters
change within a relatively wide range. This makes it possible to widely use the
principle of sectioning when creating resonant vibrating machines and, in some
cases, create heavy resonant vibrating machines from standard modules.
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TEPBE/IC MALUMHANAPBIHAAFbI QUHAMUKANBIK, }KYMEHI
©3AINHEH CUHXPOHAOAY

AHpaTtna. EKi epKiHAiK aapexkeci 6ap pe3oHaHCTbIK yArigeri AMHAMUKANAbIK XKyheHi
e3/iriHeH CMHXPOoHAZAY MiHAEeTTepi KapacTbipblnagpl. CepniHAai XKyhenep petiHae cepniHAaj
6annaHbicneH 6alinaHbicKaH 6ip naacTMHaNbl PE30HaHCTbl eki TepbenicTi MaluMHaHbI
©34iriHeH CUHXPOHAAY MYMKiHAiM KapacTbipbinfaH. CeKUuMANaHFaH XKyhenepaiH, MeHLWiKTi
Tepbenic KUWiNiKTepiHiH, KacueTi Typanbl Teopua KenTipiareH. ©O3iH-e3i cuMHXpoHAay
peMMiHE COMKec KeneTiH KaKblHAATbIIFAH Mep3iMAiKk Wwewim KypblafaH. KeseHaik
peXkMmre oKeseTiH MnapameTpiaep aymarbl 3epTTenreH. TexHONOruA/bIK MaKcaTTaFbl
pe3oHaHCTbl Tepbenic MalumMHanapbiH 6/10KTan opbiHAAY MYMKiHAIM 6enrineHreH. BNOKTbIK,
OpblHAAYAaFbl Pe30HAHCTbI Tepbenic malmMHaNapbIHbIH, BipKaTap KOHCTPYKUMANAPbLIHBIH,
oTneni XoHe CTAUNOHAP/IbIK PEeXMMAEPiH MaTeMaTuUKaiblK MOAeNbAey KYPridiireH.
HymbIcTa caHAbIK d4icTepMeH maTemaTuKanbik mogenbaey (Maple, Delphi) HaTuxkenepi
KenTipinreH. TeopuAnbik 3epTTeynepaid, HaTUKenepiH nanganaHy Tepbenic KyhenepiHiu
poTOp/apbIH KaTaH KMHEMATUKaAbIK CMHXPOHAAyAaH 6ac TapTyFa MyMKiHAiIK 6epegai, 6yn
YKabAbIKTbIH, 3HEPTUA CbIMbIMABINLIFBIH a3aiTyFa anbin Kenedi. beToH KocnacbiH Tepbenic
TbIfbI34ayAblH, TEXHOIOTUANBIK NPOLECIHIH, HEeri3ri 3aHAbINbIKTapbl MEH CMMaTTamanapbiH
9KCMEepPUMEHTTIK 3epTTeyre apHanfaH aAicTemMe YCbIHbIIbIM, KYPbUIFbINAp 33ip/IeHreH.
yprisinreH 3epTrey pe3oHaHcTbl 6ip Maccanbl Tepbenic mawwmHanapbl onapabl 6ipbiHFan
Kylhere BipiKTipreH Kesge canbICTbipManbl TYpAe ©3A4iriHeH CUMHXPOHAAY penmiHe oHaW
KipeTiHiH KoHe Oy/n peXuMm CanbICTbipMasbl TYPAE KeH, ayKbiMAa KyWeHiH OipkaTtap
napameTpaepi e3repreH Kesae TypaKTbl YCTanaTbiHbIH KepceTreH. byn pesoHaHcTbl Tepbenic
MalUMHaNapblH }Kacay KesiHAe cekumnanay KaFnmaaTbliH KeHiHeH naiganaHyFa KaHe bipkatap
affannapga CTaHAapTTbl MoAy/bAepAeH ayblp Pe30HaHCTbl Tepbenic malmHanapbiH
YKacayfa MYMKiHAiK 6epepi. Byn apic 6enrini Tacingepre KapafaHaa HEFypP/bIM KoOfapbl
TbIfbI3AbIKTafbl 6€TOH ByMbIMAAPbIH anyfa MYMKIHAIK 6epeTiHi aHbIKTangbl. byn pette cy
CiHipy 15-25%-fa a3aagpl, an 6epikTik cunaTramanapsl 25-31%-fa ynfasabi.

Tipek ce3pep: cuHxpoHaay, Tepbenmeni mawwuHanap, Tepbenic KywenTKiwTep,
Tepbenic anaHgapsol, cepnimai 6ainaHbicTap, aBTOHOMAbI XKynenep.
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CAMOCUHXPOHU3ALUN LUHAMMUYECKOM CUCTEMbI
B BUBPALUOHHbIX MALLUMHAX

AHHOTauMA. PaccMaTpuBaloTCA 33fayuM  CaMOCUMHXPOHU3AUMW  AUHAMMYECKOM
CMCTEMbl PE30HAHCHOrO TMMA C ABYMSA CTeneHamM cBobogbl. B KauecTBe guMHaMUYECKUX
CUCTEM PACCMATPUBAETCA BO3MOMKHOCTb CaMOCWUHXPOHM3aLMKM  [ABYX OAHOMACTHbIX
pe30HaHCHbIX BUOPOMALLMHbI, CBA3aHHbIX YNPYrom cBA3bto. [pMBOAUTCA TEOPUSA O CBOMCTBE
YacToOT COOCTBEHHbIX KONEBAHUIN CEKLMOHMPOBAHHbIX cnuctem. CTpouTca npubanKeHHoe
nepuoanYecKkoe peLleHne, COOTBETCTBYIOLL e peXumMy caMOoCUHXPOHU3aumn. Uccneaytotca
obnactm napameTpoB, NpuBOAALWME K MNEPUOSUYECKOMY pPEXMMY. YCTaHOBAEHA
BO3MOXHOCTb 6/I04HOTO WMCMOJIHEHUA PE30HAHCHbIX BUOPOMALLUMH TEXHONOTMYECKOTO
Ha3HadeHus. [poBeAEHO MATEMATUYECKOE MOLEIMPOBAHNE NEPEXOAHbIX U CTALMOHAPHbIX
PEXUMOB PALA KOHCTPYKLMM PE30HAHCHbIX BMOpOMAWWMH B 6J0YHOM WCMONHEHUMU.
MpuBoauTCA pe3ynbTaTbl MaTeMaTUYECKOrO MOZAENMPOBAHUA 33434M  YMCAEHHbBIMM
metogamu (Maple, Delphi). Mcnonb3oBaHMe pe3ynbTaToOB TEOPETUYECKUX UCCNeA0BaHMM
NMO3BOMAIOT OTKA3aTbCA OT JKECTKUX KUHEMATUYECKUX CUHXPOHM3ALUKM  pPOTOPOB
BMOpPOCUCTEM, UTO MPUBOAMUT K YMEHbLLEHWIO SHEProeMKocTu obopyaoBaHua. MpeaioxKeHa
MeTOAMKa 1 pa3paboTaHbl yCTPONCTBA A/1A SKCMEPUMEHTANIbHOTO UCCNEeA0BaHMIN OCHOBHbIX
3aKOHOMEPHOCTEN W XapaKTepPUCTUK TEXHO/MOrMYecKoro npouecca BUOPOYNIOTHEHUMU
6eToHHOlM cmecn. [lpoBeaeHHOe WUccnefoBaHME MOKasbliBAaeT, YTO Pe30HaHCHble
O0AHOMACCHble BUOPOMALIMHBI NpU 06beaUHEHUM UX B €AMHYI0O CUCTEMY CPaBHUTENbHO
NIETKO BXOAAT B PEXMM CAMOCUHXPOHU3ALLUW U STOT PEKMUM YCTOMUYNBO YAEPKUBAETCA NPU
U3MEHEHUN pAfa MapaMeTpoB CUCTEMbl B CPABHWUTE/IbHO LWIMPOKUX npegenax. 3To
NO3BONAETCA NPU CO34aHUN PE30HAHCHbIX BUOPOMALLUHbI LUIMPOKO MCNO/Ib30BaTb MPUHLMN
CEKUMOHMPOBAHMA U B pALE CYYaeB CO34aBaTb TAXKE/ble PEe30HAHCHblE BUOPOMALUMHBI U3
CTaHAAPTHbIX MOAy/1ei. YCTAaHOBEHO, YTO AaHHbIA METOZ NO3BOIAET NONYUYNTb BETOHHbIE
nsgenna 6Gonee BbICOKOM MAOTHOCTM, YeM NpPU U3BECTHbIX cnocobax. Mpu 3sTOM
BogonornawieHme ymeHbwaetrcA Ha 15-25%, a NpPOYHOCTHbIE  XapaKTePUCTUKKU
yBennumnsaetca Ha 25-31%.

KnioueBble cnoBa: cMHXpOHM3aLmMA, BUBpaLMoHHble MaluMHbl, BU6poBo3byanTenu,
BMOPONNOLWAAKK, YNPYTUe CBA3WU, AaBTOHOMHbIE CUCTEMbI.
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