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The purpose of the paper. Substantiation of structure (design), parameters and operation modes of the
improved vibratory finishing machine. Analysis of dynamical processes which occur during “lap over lap” dressing.
I nvestigation methodology. Mathematical model of motion of the mechanica system of vibratory finishing machine
was developed on the basis of Lagrange differential equations of the second order. For the purpose of describing
friction between the working surfaces of the laps, the Coulomb friction model was used. Stiffness parameters of al
elastic elements were modeled in accordance with the Hooke's law. Energy losses in eastic dements during their
tension-compression were taken into account by corresponding coefficients of dissipation (damping). Simulation
modelling of motion of the machine’' s mechanica oscillatory system was carried out in MathCAD software by means
of solving the derived differential equations of the system’s motion using the numerical methods of Runge-Kutta.
Obtained results. Structural and functional peculiarities of the improved vibratory finishing machine for lapping flat
surfaces of cylindric and prismatic parts were considered. Design (calculation) diagram of its mechanical oscillatory
system was substantiated and differential equations of motion of oscillating masses were derived. Simulation
modelling of the laps’ motion during their dressing was carried out and the correspondence of the obtained results to
the input modelling parameters (operation in near-resonance mode with the given oscillation amplitudes) was
andyzed. Scientific novelty. For the first time we obtained following results: spatial design (calculation) diagram of
mechanical oscillatory system of the improved vibratory finishing machine was proposed; mathematical model of
plane-parallel motion of oscillating masses (with circular trajectories of oscillations) was devel oped; possibilities of
performing the laps dressing using “lap over lap” method were substantiated by means of ensuring their circular
oscillations. Practical value. The results of the performed investigations can be used during designing new and
improving existing structures of vibratory finishing machines for finishing treatment (lapping) of flat surfaces of
cylindric and prismatic parts.

Keywords: lap, vibratory finishing machine, inertial parameters, stiffness parameters, resonance, energy
dissipation, oscillatory system, plane-parallel motion, circular oscillations.

Introduction and problem stating. Vibratory finishing machines are usually used for performing
finishing technological operations, in particular, for lapping flat surfaces of cylindric and prismatic parts
[1]. One of the possible designs of such machinesis presented in Fig. 1. The basic component elements of
the machine are the upper 1 and the lover 2 laps, drive 3 (in this case — electromagnetic one), and the
system of elastic elements 4-6 which connect movable parts with each other of the machine and are used
for mounting (installing) the machine on the fixed frame (base, foundation etc.). In particular, the springs 4
are placed between reactive (exciting) masses 7 (electromagnets’ armatures) and electromagnets’ frames 8
attached to the lower lap 2. The rod-type elastic element 5 connects the upper 1 and the lower 2 laps. In
order to mount (install) the machine on the fixed frame (base, foundation etc.), the coil cylindrical springs
6 are used.

The oscillations of the machine’ s working bodies (Iaps) are excited by el ectromagnets 3 through the
elastic systems 4 and 5. Taking into account the fact that each of three couples of eectromagnets are
placed (attached) with the angle shift of 60° on the circle of the lower lap, by means of rational setting the
control system of electromagnetic excitation up and of rational choosing the inertial and stiffness
parameters of the mechanical oscillatory system of the machine, it is possible to ensure antiphase
oscillations of the laps along the circular trajectories and to perform “lap over lap” dressing.
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Fig. 1. Design diagram of vibratory finishing machine
for lapping flat surfaces of cylindrical parts
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Nowadays, the mgjor problem of calculating and designing of such vibratory equipment consists in
complicity of adequate describing the dynamics of the spatial (three-dimensional) mechanical oscillatory
system of the machine taking into account the periodical plane-paralld motion (circular oscillations) of the
laps and of the carrier (flyer) with parts during the excitation by three couples of eectromagnets. In this
paper, there will be carried out the modelling of the vibratory finishing machin€'s operation during the
process of the laps dressing, i.e. without the carrier with parts. Also, there will be substantiated design and
force parameters of the machine's mechanical oscillatory system. The possibilities of ensuring the plane-
paralle motion of the carrier with parts placed between the working surfaces of the laps will be the subject
of further investigation in this field.

Analysis of modern information sources. In publications [2]-{6], [13], the basic stages of
designing process and the fundamental techniques of calculating the resonant vibratory machines with
electromagnetic drive and in-phase maotion of the working bodies are considered. The major of such
machines operate on the basis of “zero-stiffness” phenomena. In the works [7] and [8], the basic principles
of vibratory treatment of parts are presented and the models of predicting the roughness of the laps
working surfaces of vibratory finishing machines are proposed. On the basis of the results of experimental
investigations, the optimality criteria of the process of vibratory finishing treatment of parts are
substantiated. In publication [9], the new design of the resonant vibratory finishing machine with
electromagnetic drive and circular oscillations of the laps is proposed and the differential equations of the
working bodies’ motion are derived. In the work [10], the kinematic diagrams of different drives of flat-
dressing machines are analyzed and the peculiarities of using the cycloidal trgjectories of the dresser
(dressing tool) for regulating the roughness of the laps working surfaces are substantiated. In the
investigations presented in [11], the kinematic model of the machine for finishing treatment of parts is
presented and the ssimulation modelling of the laps' motion during the parts' lapping is carried out. The
adequacy of the proposed models was substantiated on the basis of experimental investigations performed
with a help of the high-speed camera. In the patent [12], there is proposed the device for simultaneous
lapping the surfaces of cylindrical parts on both sides using the common vibratory finishing machines.

By analyzing the information sources on the subject of the vibratory finishing treatment of the parts
flat surfaces, we can conclude that the problems of dynamic analysis, substantiation of parmeters and
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operation modes, as well as simulation modelling the operation of vibratory lapping machines are not
completely solved. In the papers [14] and [15], the investigations of the authors on the mentioned subject
were initiated, in particular, three- and four-mass planar diagrams of vibratory finishing machines were
considered, the differentials equations of the working bodies' motion were derived, inertial and stiffness
parameters of corresponding mechanical oscillatory systems were substantiated, and simulation modelling
of the straight-line (trandational) oscillatory motion of laps during their dressing was carried out. In this
paper the investigations initiated in [14] and [15] will be completed in the direction of developing a spatial
(there-dimensional) design (calculation) diagram of mechanical oscillatory system of the improved
vibratory finishing machine, of deriving the corresponding differential equations of the oscillating masses
motion, of substantiating the inertial and stiffness parameters and the parameters of excitation of the
system, of dynamic analyzing periodical plane-parallel motion (circular oscillations) of the laps during
their dressing, of simulation modelling the laps’ motion etc.

The purpose of the paper. Substantiation of design (structure), inertial, stiffness and excitation
parameters, as well as operation modes of the improved vibratory finishing machine in order to ensure the
necessary oscillations amplitudes of the working masses and the given resonance mode setting-up.
Analysis of dynamical processes which occur during “lap over lap” dressing.

Constructing the design (calculation) diagram of mechanical oscillatory system of vibratory
finishing machine and stating the idea of its operation. In order to perform further modelling the laps
dressing of vibratory finishing machine using the “lap over lap” method, let us consider the simplified
design (calculation) diagram of its mechanical oscillatory system (Fig. 2). The body of the mass my isthe

upper lap, which can slide over the working surface of the lower lap (the body of the mass my) and is
kinematically connected to the lower lap with a help of the elastic system characterized by the stiffness ¢
and the damping coefficient m. The lower lap is mounted (installed) on the unmovable supporting surface
(foundation, frame, body etc.) using the vibration isolators with the characteristics of stiffness and damping
c, and m,, respectively. The excitation of the system’s oscillations is performed due to application
(exerting) of the periodically changing force F (t) between the reactive masses nmy and the lower lap.
Herewith, the reactive masses are the armatures of the electromagnets, which are connected to the
electromagnets’ frames with a help of the elastic elements with stiffness ¢, and damping coefficient m.

The electromagnets’ frames are attached to the lower lap. Three couples of eectromagnets are uniformly
placed on the circle of the lower lap, and each couple operates at the same phase. Thus, due to application

of the periodically changing forces F (t) between three couples of reactive masses mg with the phase shift

of 60° alows the excitation of periodical plane-parallel motion (circular oscillations) of the laps with
respect to each other. In the conditions when the phases of the laps’ oscillations are not equal, the process
of their mutual (reciprocal) dressing (or, so called, process of “lap over lap” dressing) will be performed.
This process will be the most intensive in the conditions of antiphase maotion of the laps.

Therefore, the major problem (task) of this paper consists in substantiation of the possibilities of
exciting the circular trajectories of the laps' oscillations with the certain phase shift using three couples of
electromagnetic vibration exciters attached to the lower lap.

In order to describe the motion of the oscillating masses, let us take the inertial coordinate system
with the centreat point O (Fig. 2). Herewith, the axes Ox and Oy form the horizontal plane, in parallel to

which the oscillations of the system’s bodies are performed. The axis Oz is directed upwards, and the axis
Oy —in the direction of action of the initial excitation force of one of the couples of e ectromagnets (i.e.
along the diametrical line connecting the centres of the cores of the synchronized electromagnets). The
motion of the oscillating masses my and m, will be described by the corresponding generalized
coordinates x, y; and X, Yo, which represent the displacements of the mass centres of the upper and
lower laps with respect to their equilibrium position.
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In the plane of contact of the laps working surfaces, there occurs the friction force, which will be
modelled in accordance with the Amontons -Coulomb’ s laws. Also, let us assume that the deformations of
the elastic elements are performed according to the Hooke' s law, and the energy dissipation is proportional
to the square of the speed of their deformation.

Developing the mathematical model of the machine's mechanical oscillatory system. The
oscillations of the upper lap of the mass my are kinematically excited through the elastic elements (with the
coefficients of stiffness ¢; and damping m ), which connect it to the lower lap of the mass m, (Fig. 2). In
the plane of contact of the working surfaces of the laps, there occurs the friction force proportional to the
force of their pressing and directed oppositely to the direction of the speed of motion of the upper laps with
respect to the lower lap. Thus, in order to describe the motion of the body my (upper lap) in accordance

with the Newton's second law, let us write the following differential equations:

my > (1) +m ok (t) - % (1)) +or x4 (1) - %2 (1)) =- F;

my o () +m (% (1) - ¥ (1) +er {va(t) - ¥2(t) =- Ry,
where Ry, = fxmy xgosign (g (t) - %o (t )) Fty = f xmy xg>sign (¥ (t) - ¥ (t)) arethe projections of the
friction force between the laps contacting surfaces on the axes Ox and Oy; f is the coefficient of
diding friction depending on the materials and on the state of the laps’ working surfaces, g is freefall

(D

accleration; sign(# (t)- %, (t)) is the function defining (specifying) the direction of the mutual
(reciprocal) motion of the upper and lower laps. It can be determined by the following formula:

1 if (g (1) - % (t))>0
son(3(t)- % (1) =11 if ( 4 ()- (t))
50, if (4 (1) t))
11 it (% (t)- % (1)>0
son(1 ()~ %2(0)=1-1 i (&1() ,(9)<0
|
10, if (Ja(t)- Y2t ))=
The reactive masses my (electromagnets armatures) are excited to perform oscillatory motion by
application (exerting) of the periodical excitation force F (t) which occurs between the armatures and
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cores of the electromagnets. Taking into account the fact that the el ectromagnets are placed in couples, and
are diametrically and symmetrically attached to the circle of the lower lap, and each of three couples of
electromagnets operates at the same phase, let us derive the differential equations of motion of reactive
Masses:

mg s (t) +rr§><(&3l(t)- &Z(t))+02><(x3l(t)- x2(t)):0;
mg s (t "‘"t*(%l (t)- %o ( )+<.‘Q>‘(y3l t)-yz(t))=-F>sinW>¢;

my, X, ( +"t*(f<32 t))+02x(x32 - (t))=-F>Gin(w>¢+60°)>sin(60°); o
ms, s, (1) + ™ {35, (1) t))+02*(y32 - Y2 (t)) =~ F »sin(w xt +60°) xcos60°
mg, g, (1) +mp g, () - Ko (1)) +c2 {xg, (t) - %2 (t)) = F >sin(w ¢ +120°) xsin (60°);

m, 4, (t) +"t>‘(f’33 t)- %o (t )+<.‘Q><(y33 t) - y2(t)):F>sin(w>¢+120°)><00360°,
where mg , g, , My, are the total masses of the first, second and third couple of electromagnets; xs ,
X3, X3,, Y31 Y3, Y3, arethegeneralized coordinates describing the displacement of the mass centre of
each couple of eectromagnets projected on the axes Ox and Oy with respect to their equilibrium

positions; w isthecircular frequency of the excitation force F (t)

The lower lap is performing oscillatory motion due to its kinematical connection to the eastic
elements (with the coefficients of stiffness ¢, and damping m), which connect the lap to the reactive
masses Ny , My, , My, . Inorder to describe the motion of the lower lap in accordance with the Newton's

second law, let us write the following differential equations:
my iy (1) +my 3y (1) - S, (1) - A, (1)~ g, (1)) +m (s (1) - ey (1)) +
+

+Cz*(3xxz(t)'xsl(t)'xsz()' X3, ( )+°1>‘(X2 X (t)) =
=Fxdn(wx +60°)xsin(60°) + F xsin(w % +120°) xsin (60°) + Fy;
©)
my < (1) + my {359 (1) - %5, (1) - 9, () - 93, (1) +m %o (1) - Wa (1))
+0 {392 (1) ¥, (1) 3, () v, (1) + e {y2 (1) - (1)) =
=F>sinw x + F >sin(w x + 60°) xc0s60° - F >sin(w xt +120°) xcos60° + Ry .

Taking into account the equations (1)—(3) describing the motion of the oscillating masses of the
mechanical system of vibratory finishing machine, we can develop the general mathematical model of the
system’s motion dynamics during “lap over lap” dressing:

11 if (& (t)- % (t) >0
my >y (£) + m Xk (t) - o (1)) + e e (t) - X (1)) =- f ""‘1"94 L if (4 (t)- H (1)) <O
£0, i (J (t)- % (1) =0,
_ (4)
11 0f (% (t)- ¥2(t)) >0
my > (1) +m (¥ (t) - ¥2 (1) + o (1) - YZ(t))='f"ml"9"}_'l if (¥ (t) ¥2 (1) <0;
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mz><3&z(t)+mz><3xf‘z(t)' ¥ (t) - 4, (1) - %, (t) )*”1*(*‘20)' % (1)) +
+C, ><(3><x2 (t) - %3, (t) - %, (1) - X, ( )+cl><(x2 (t)) F >sin(wxt +60°) xsin (60°) +

11 if (% (t)- % (1)) >0

+F >sin(w %t +120°) >sin (60°) + f mxgx}_-L it (% (t)- % (t))<0;
£0, it (4 (t)- 4o (1)) =0,
my g (t) + My {359 (1) - %5, (1)~ ¥a, (1) - ¥, (1) + m (¥ (1) - % (t))+
+03 {392 (1) ¥, (1) - 3, (1)~ va, (1)) + e {¥2 (1) - ya (1)) =F ssin(w ¢t + 60°) >c0560° -

110t (% (t)- 3’2())>
- Fxsin(w 3 +120°) xc0s60° + F>sinw ¢ + f xmy xg % - 1, if (% (1) )

011 (4(1)- &z())
mg s (t) +rr§><(&3l(t)- &Z(t))+02><(x3l(t)- x2(t)):0;

mg, s, (t +rrw(§131 (t)- ¥ )+o2x(y3l t)-yg(t))=-F>sinw>¢;
Mg, >, (1) + mp {4, (1) - Ko (1)) + G2 { g, (1) - % (1)) =- F>sin(w>x +60°) xsin (60°) ;
my, g (t)+my ¥, (t)- %2 (1)) + 0o {ys, (t) - v2 (1)) =- F xsin(w>t +60°) xcos60°;
mg, g, (1) +mp kg, (1) - %o (1)) +c2 {xg, (t) - %2 (£)) = F>sin(w ¢ +120°) xsin (60°);

mg, 4, (t) +rr§><(£(33 t)- ¥ ( t)+<.>2><(y33 t) - y2(t)):F>sin(w>¢+120°)>cosGO°.

In order to check the adequacy of the developed mathematical model (4) and to substantiate the
proposed idea of operation of the vibratory finishing machine during the process of the lap’ dressing, it is
necessary to carry out the simulation modelling of the laps' motion in applied software. Let us use the
inertial and stiffness parameters and the parameters of excitation of the machine’'s mechanical oscillatory
system as the input data substantiated in the paper [15].

Simulation modelling of the laps motion during their dressing. The simulation (numerical)
modelling of the laps’ motion will be carried out by solving the system of differential equations (4) in
MathCAD applied software, which is one of the most widespread and of the most efficient instruments of
computer modelling and automation of engineering analysis. In the considered case, it is necessary to
model the oscillations of the laps and of the reactive masses (armatures of € ectromagnetic exciters), which
are described by the system of ten linear nonhomogeneous differential equations of the second order with
constant coefficients. In order to numerically solve this system of equations let us use the RADAUS
method. The technique of determination of the input and initial data, and the design parameters of the
mechanical oscillatory system of vibratory finishing machine is substantiated in the paper [15]. In the
considered case, for carrying out the modeling of the system's motion let us adopt the following
parameters:

—inertial parameters of the investigated system: my =nmp =9 kg, my =mg, =, =0,4 kg (these
parameters are taken on the basis of machine s design, see Fig. 1);

— stiffness parameters: ¢; =4x10° N/m, ¢; =10° N/m, ¢;, =10° N/m;

— excitation parameters: F =10 N, w =314 rad/s (50 Hz);
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— initial conditions of modeling: initiadl positions of the working masses
% (0) =% (0)=x3 (0) =x3, (0) =5, (0)=0; initial  velocities of the working masses

% (0) =%, (0) = 4, (0) =4, (0) = %, (0) = 0;

— coefficient of friction between the working surfaces of thelaps: f =0,09.

In order to simplify and to reduce the duration of the modelling process let us consider the case of
the system motion without taking into account the dissipation of energy in eastic elements. Therefore, in
the differential equations (4) let usassume m =m, =0.

The results of simulation (numerical) modelling of the oscillating masses' motion of the mechanical
system of vibratory finishing machine are presented in Figs. 3-4. In particular, in Fig. 3, a, b, there are
presented the time dependencies of displacements of the oscillating masses from their equilibrium
positions during the machine starting. In the Fig. 3, c, there are the graphical dependencies of the steady-
state oscillatory mation of the system’s bodies under the influence of periodical excitation forces provided
by three couples of €ectromagnets.
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As it can be seen in Fig. 3, the upper and the lower laps oscillate at the opposite phases with equal
amplitudes X; » X5 »Y; » Y, »1,2 mm. Reactive (exciting) masses move at the opposite phases with
respect to the lower lap with amplitudes X3 » Y3 » 3 mm, which are smaller than the width of the air gap
between the cores and the armatures of the driving electromagnets. The approximate phase shift between
the laps oscillations along two perpendicular axes Ox and Oy (see Fig. 2) is equal to p/2. This fact

allows to make the pre-conclusion about occurring of the circular oscillations of the laps. That is why, in
order to substantiate the presence of the antiphase circular oscillations of the laps and to confirm (justify)
the proposed idea of “lap over lap” dressing, let us model (draw) in Fig. 4 the trgjectories of the plane-
paralled motion of the laps (i.e. graphical dependencies y; (%) and y, (%o)).

In Fig. 4, a, there are presented the trgjectories of the laps motion during the first 0.3 s after the
machine start, and in Fig. 4, b, —for thefirst 1 s. Asit can be seen from the obtained results, the laps move
along the circular tragjectories in opposite senses (directions). The process of the machine starting is
uniform, and it takes about 1.5 s for the machine to reach the stable (steady-state) operation mode, i.e. for
the laps to reach the maximal amplitudes of oscillations X; » X5 » Yy » Yo »1,2 mm. Therefore, we can

conclude that the prescribed inertial and stiffness parameters of the mechanical oscillatory system of
vibratory finishing machine allow ensuring (providing) the efficient process of the laps dressing by the

“lap over lap” method.
N

W )
)

)/ ——\
NS

l

Yy
e I
I

RN

|/|’:

N
W)

i N
W)

iz

- —0.00033
ﬂ'ﬂ{i}%&u}ms— 0.00017- 0.00001 0.00016 0.00032 —%.0&033— 0.00017—0.00001 0.00016 0.00032
X1, X, H
a
0.00117 0.00116
000058 0.00:058
il I FLE N
¥ m o L l ',1”'.,, it yym 0 .I" Pl A L)
T2 O iy == N
—0.00059 —0.00057
— 000118 = —0.00115
—5.04}119— 0.00030— 0.00001 0.00038 0.00116 0.001 E{H}lli— 000058 -0 000057 0.00114
X1, m X2, m
o

Fig. 4. Trajectories of the laps motion during the process of the machine starting:
a—for thefirst 0.3 safter the start; b —for thefirst 1 s after the start

Puc. 4. Tpackmopii pyxy npumupis é npoyeci 3anycxky 6epcmama.
a —3a nepwi 0,3 ¢ nicis 3anycky; 6 — 3a nepuiy 1 ¢ nicisa 3anycky



40 Asmomamu3sauiss 8UpobHUYUX rpoyecie y MawuHobydysaHHi ma ripunadobydyeaHHi. Bun. 52. 2018

Conclusions. In the paper, there is proposed the new design solution of the vibratory finishing
machine for lapping flat surfaces of cylindrical and prismatic parts. The major advantage of the considered
design consists in the use of the rod-type eastic dement, which simplifies the possibility of providing the
laps' mation along the circular tragjectories and of carrying out the process of “lap over lap” dressing. By
performing the analysis of modern information sources and investigations on the subject of the article, it
was defined that the problems of modelling and studying of the plane-parallel motion of the laps of
vibratory finishing machines are purely presented and need to be paid much more attention. It was also
concluded, that the problems of substantiation inertial and stiffness parameters, as well as the excitation
parameters of the system, dynamic analysis of plane-parallel motion (circular oscillation) of the laps during
their dressing, simulation modelling of the laps’ motion etc. are not enough studied. That is why, in this
paper, there was set atask of analysis of dynamic processes occurring during the “lap over lap” dressing.

The spatial (three-dimensional) design (calculation) diagram of the mechanical system of the
improved vibratory finishing machine was proposed. The possibilities of carrying out the laps’ dressing by
the “lap over lap” method due to the excitation of antiphase circular oscillations of the laps were analyzed.
The idea of using three couples of eectromagnets placed symmetrically on the circle of the lower lap as
the vibration exciters was proposed.

The mathematical model of dynamics of the machine s mechanical oscillatory system consisting of
ten linear nonhomogeneous differential equations of the second order with constant coefficients, which
describe the motion of each of five oscillating masses: upper and lower laps and three reactive (exciting)
bodies, is devel oped.

In order to check the adequacy of the developed mathematical model and the substantiation of the
idea of operation of the vibratory finishing machine during the process of the laps dressing, there was
carried out the simulation modelling of the laps' motion in the MathCAD applied software. In order to
numerically solve the derived system of differential equations, the RADAUS method was used. The
technique of determination of the input data and design (calculation) parameters of the mechanical
oscillatory system of vibratory finishing machine was substantiated in the previous publications of the
authors. That is why in this paper, the basic parameters of the system were considered as given ones.

Based on the modelling results, the were constructed the time dependencies of the oscillating
masses displacements from their equilibrium positions during the process of the machine starting; the
graphical dependencies of the steady-state (stable) oscillatory motion of the system’s bodies under the
influence of the periodical excitation forces provided by three couples of electromagnets; the trajectories of
the laps' motion for the first 0.3 s and 1 s after the machine starting. Based on the obtained graphical
dependencies (plots), there were made the following conclusions: 1) the upper and the lower laps oscillate
at the opposite phases with equal amplitudes X; » X5 »Y; » Y, »1,2 mm; 2) the reactive (exciting)

masses move at the opposite phase with respect to the lower lap with the amplitudes X3 » Y3 » 3 mm,

which are smaller than the width of the air gap between the cores and armatures of el ectromagnets; 3) the
laps move along circular trajectories in opposite senses (directions); 4) after approximately 1.5 s, the
machine reaches the stable (steady-state) operation mode, i.e. the maximal amplitudes of the laps
oscillations are reached; 5) the prescribed inertial, stiffness and force parameters of the mechanical
oscillatory system of vibratory finishing machine allow providing the effective process of the laps dressing
by the “lap over lap” method.
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I. B. Ky3n0, B. M. 3axapos, B. M. Kopenaiii
Hanionansnuii yHiBepcutet “JIbBiBCbKa MOMiTEXHIKA”

MOJEJIOBAHHS ITPOLECY ITIPABKUA INIPUTUPIB BIGPOBUKIHUYBAJIBHOI'O BEPCTATA
o Kyswo 1. B., 3axapos B. M., Kopenoiii B. M., 2018

Meta poGoru. OOrpyHTYBaHHS CTPYKTYpH, HapameTpiB 1 pEeKXUMIB (QYHKLIOHYBAaHHS YyJOCKOHAJIEHOTO
BiOpOBHKIHUYBaJIBHOTO BepcTaTa. AHaji3 JUHAMIYHHX IIPOIIECIB, SIKI BHHUKAIOTH IIJ] 4Yac IMPaBKU <«IIPUTHP IO
nputupy». Mertogum  mocaikeHb.  MaremMaTMuHy ~— MOJENb  pyXy ~ MeXaHIYHOI  KOJHMBHOI  CHCTEMH
BiOpOBHKIHUYBaJIBHOIO BepcTarta OyayBaius Ha OCHOBI audepeHLianbHUX piBHsHB Jlarpamxka apyroro poxy. s
OITUCY TEpPTd MK pPOOOYMMH TOBEPXHSIMU HPUTHPIB BUKOpUcTaHO KynoHiBCbky Mozenb TepTs. JKopcrkicHi
rapamMeTpu yciX IMPYKHHX eJIEeMEHTIB MOJENIOBAIM BIANOBIMHO 10 3akoHy ['yka. BTpatu eHeprii B IpyKHHX
eleMEHTaX B Ipoleci iX CTHCKaHHSA-PO3TATYBaHHS BPaxOBYBAJHCS BIANOBIIHUMH Koe(illieHTaMH AHCHIIAIT
(memn¢ysannst). Imitamiiine MOJENIOBaHHS pPyXy MEXaHIYHOI KONHBHOI CHCTEMH BEpCTaTa BHKOHYBald B
nporpamioMy mponykti MathCAD i3 po3B’si3aHHsIM BUBEJACHUX MU(EpEHIiadbHUX PIBHSIHb PyXy CHCTEMH Ta
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BUKOPDHCTaHHSIM uHcelbHUX MerofiB Pynre—Kyrru. PesynsTatm po6orn. Po3risHyTO KOHCTPYKTHBHI 1
(YHKIIOHAJBHI OCOOJHMBOCTI  YIOCKOHAJIEHOI'O BiOPOBHUKIHYYBAaJbHOI'O BepcTaTta JUisl TPHUTHPAHHS IUIOCKUX
MOBEPXOHb LWJIIHAPUYHUX 1 NpU3MaTHYHHUX Jeraneil. OOrpyHTOBaHO pPO3PaxXyHKOBY CXEMY WHOro MeXaHiuHOI
KOJIMBHOI CHCTEMU Ta BUBENIEHO MU(epeHIlialIbHI PiBHSIHHS PyXy KOJUBHUX Mac. BUKOHaHO uncenbHE MOJETIOBAHHS
pyXy TpUTHPIB B TMpoOIeci iX NpaBKM Ta IPOAHATI30BAaHO BIAMOBIAHICTh OTPUMAHHMX PE3YJALTATIB BXITHUM
rnapamerpaM MOJeIoBaHHsA (poboTa y pekuMi, OIM3bKOMY J0 PE30HAHCY 13 3aJaHUMM aMIUNTyIaMH KOJHMBAHb).
HaykoBa HoBm3Ha. Brepiie: oOrpyHTOBaHO NPOCTOPOBY PO3PaxyHKOBY CXE€MY MEXaHIYHOI KOJIUBHOI CHUCTEMH
YIOCKOHAJIEHOTO BiOPOBHMKIHYYBaJILHOTO BepCTara; Mo0OyJ0BaHO MaTeMAaTHYHY MOJIEINb IUIOCKO-TIApATIEIbHOTO PYXY
KOJIMBHHUX Mac (3 KOJOBUMH TPA€EKTOPISIMH KOIUBAHbB); OOIPYHTOBAHO MOMIIUBOCTI 3MiHCHEHHS MpPaBKH POOOUMX
OpraHiB METOJIOM KIIPUTHP II0 MPUTHPY» 32 paxyHOK 3a0e3eueHHs iX KOJMOBUX KoiuBaHb. [IpakTHyHe 3HAYEHHS.
Pe3ynpraTi mpoBeneHMX [OCIHIIPKEHh MOXKHA BHKOPHCTATH IIiJ] 4Yac NPOEKTYBAaHHS HOBHX Ta YAOCKOHAJCHHS
ICHYIOUMX KOHCTPYKILIH BiOpDOBHKIHYYBaJbHUX BepCTaTiB Uil (DIHIIIHOrO NPUTHUPAHHS IUIOCKUX MOBEPXOHb
UWTHIPUYHKX 1 TPU3MATHYHUX JIeTajeH.

Knwowuosi cnosa: niputup, BIOPOBHKIHUYBAJIBLHHN BepCTaT, iHEPIiiHI IMapaMeTpH, >KOPCTKICHI IapaMeTpH,
PE30HAHC, JIMCHIIAIS €Heprii, KOJIMBHA CHCTEMA, INIOCKO-NIapalIebHUN PyX, KOJIOBI KOJIMBAHHSI.
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