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Abstract. The oscillations of the structural elements,
the drive mechanism and the traction body are minimized
by optimizing the movement modes of the grain elevator
during transient processes, which made it possible to
increase its efficiency. Based on the chosen dynamic
model, a mathematical model was created using the
d'Alamber’s principle. The optimization process of the
start-up mode of the bucket elevator was considered by
the criterion of mean rate of change efforts in the traction
body during clash on the drive drum. Found laws of
motion for working branch, the tensioning drum and the
drive drum which correspond to the optimal mode of
movement of the bucket elevator. Based on the
discovered laws of motion were built kinematical
characteristics of the main parts of the elevator which are
presented in the form of graphical dependencies for the
optimal motion mode. The graphical dependencies of the
effort changes in the traction body during clash on the
drive drum and shrinkage from the tensioning drum also
received. Based on the graphical dependencies established
that during start-up bucket elevator at the optimal mode of
motion there are small oscillating processes that are the
smallest just in the optimization by the criterion of mean
rate of change efforts in the traction body during clash on
the drive drum.

Key words: bucket elevator, dynamic model,
mathematical model, motion mode, dynamic load, effort,
oscillation.

Introduction

To improve the technological of processing and
transportation of grain is advisable to increase the
efficiency of work the bucket elevator. During the motion
oscillations occur in the elements of the drive mechanism,
traction body and supporting structures, which lead to
increasing dynamic loads [1]. These loads are most
significant during transition processes (start, braking or
locking, switch from one speed to another), which leads
to the accumulation of fatigue stresses in the construction
of the elevator. This in turn leads to premature destruction
of it, and complicates the technological process of
transportation of grain material (rashes and damage the

grain), which negatively affects the safe operation of the
elevator as a whole.

Formulation of problem

The minimize oscillations of structural elements,
drive mechanism and traction body can be through
optimization of movement grain elevator during transition
processes that will improve its efficiency.

Analysis of recent research results

Works Khorolsky I. M., Kondrahin V. P.,
Spivakovsky A. O. and others [2-6] were devoted to
simulation of working process elevator as multimass
system with closed loop. In work [7] the optimization of
mode start-up is reduced to finding the minimum time
start conveyor under different conditions (strength ribbon,
no slip ribbon on the drum, and the maximum moment of
the motor). But at the calculation are used statistical
indicators of conveyor, which do not fully reflect dynamic
processes of vertical belt bucket elevators.

In [8] the mathematical model of the motion of the
bucket elevator where accepted statistical mechanical
characteristic of the drive motor is not fully reflects the
movement of the elevator. Therefore there is a need to use
the dynamic characteristics of the drive motor, which is
enough to reflect the dynamic processes at the time of
launch.

For optimization the modes of motion of the lifting
machines used the methods of dynamic programming [9],
the maximum principle [10] and the calculus of variations
[11-14].

The most appropriate method to eliminate of
oscillations in the elements of the bucket elevator is the
calculus of variations, because at the decision of problems
in the final result will getting smooth functions of changes
kinematics characteristics.

The traction body (ribbon) is the main element of
grain elevator, that’s why the modes of motion for
optimization appropriate to use criteria that reflect the
dynamic load in the traction body.
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Purpose of research

Improve the efficiency of the bucket elevator by
optimizing the mode of motion of drive mechanism.

Results of research

For optimization the modes of motion of the bucket
elevator selected the dynamic model. We will consider
that all elements of the bucket elevator are absolutely
rigid bodies besides ribbon and drive mechanism. All
inertial masses are reduced to axis of rotation of the drive
drum. The rigidity of drive mechanism reduces to this
axis too. We consider that slip between the ribbon and the
drive and tension drums are absent. Such assumption is
provided the necessary preloading ribbon and enough
clutches between drive and tension drums with ribbon.
Mass of buckets and areas between ribbons is replaced
one weight, which is concentrated in their center of mass
at the working and non-working branches of the
conveyor. Rigidity of the ribbon on the working and non-
working branches of the conveyor consider the same.

Ignored the transverse vibrations of the buckets and
ribbon, because they are minor compared to the main
movement and they are more dependent on design
features of the elevator but not from the mode of
movement.

The chain contour of ribbon with buckets and drums
are represented as chain open-circuited contour in the
dynamic model of the bucket elevator (Fig.1). Conditional
cut of ribbon made at the point of clash the ribbon on the
tension drum. This is accepted that the tension of the
ribbon at this point is equal to pre-loading ribbon with
device tensioning with a force Fo. Such assumption is
accepted and used by many authors for the study of
ribbon and chain conveyors [2].
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Fig. 1. Dynamic model of the bucket elevator.

As a result of the accepted assumptions the bucket
elevator consider as mechanical system with five degrees
of freedom, which is presented as a dynamic model,
shown in Fig. 1. For generalized coordinates was taken
the angular coordinates of rotor of the electric motor,
which are reduced to the axis of the drive drum ¢q , drive
drum ¢1 and tension drum ¢, and also longitudinal the
linear coordinates of the center of mass of the working
and non-working branches of the bucket elevator.

For the purpose of differential equations of motion
bucket elevator, dynamic model is presented in Fig. 1, we
use the principle of dynamic equilibrium of d'Alembert.
According to this principle the equations of motion have
the form:

Jo@o =My =y, — 1),

J10, =Cy(p, — @) —crior —x) + CI’(XZ - (Plr)v

Mm%, = c(pr — %) —c(X —@,r)—mg, 1)
myX, = Fy +m,g —c(x, —¢y1),

3,0, =cr(x —p,r) =M, - Fr,

where: Jo , Ji, J2 — moments of inertia relative to their
axes of rotation of the drive mechanism, which was
erected to the axis of rotation of the drive drum, drive and
tension drum to accordance,

m;, my, — the total masses of the working and non-
working branches of the elevator to accordance,

co — stiffness of elastic elements of the drive
mechanism that reduced to the axis of rotation of the
drive drum,

¢ — stiffness of half the length of ribbon on the
working (non-working) branch of the conveyor,

My — the driving moment on shaft of the motor that
reduced to the axis of rotation of the drive drum,

M, — the moment of resistance from loading buckets
that reduced to the axis of rotation of the tension drum,

r — the radius of the drive drum and tension drum,
which were adopted equal,

g — acceleration of free fall.

Consider the optimization process the start-up mode
of the bucket elevator by the criterion of mean rate of
change efforts in the traction body during clash on the
drive drum. We will define the efforts in the traction body
during clash on the drive drum from the third equation of
the system (1):

Ry = C((”lr - Xl) =mX; + C(Xl - ¢2r)+ mg. (2)

From the last equation of the system (1) will find the
coordinate x; through ¢, and it second derivative for time:

M,/r+F
X1:¢2r+J2¢2+ 2/ * = (3)
cr C

We will differentiate expression (3) for time, as a
result we receive:

Xl—‘r+£"' X’l—"l’+£lv
D, CI’%’ D, Cl’(pZ'
vV VIV J.ow

X =0, +—20, X, =@, I +—2¢p,, (4
X =0, Cr¢2X1 (2 CI’(OZ 4)

VERRY Jovieoviwv 3. v
X :%r‘*‘_z%v X1:(/72r+_2¢2-
cr cr
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Substituting the expressions (3) and (4) in depending
(2), then we have'

R,= mJ, (pz (m +‘r] jrgo2+MT+F +mg. (5)

We WI|| differentiate expression (5) for time, as a
result we receive the depending of speed changes efforts
in the traction body during clash on the drive drum:

m,J, J_2 (i ©)
cr (02 r7_ ¢2'

The mean rate of change efforts in the traction body
during clash on the drive drum defined as an integrated

functional:
1
. 1 u 2
Rllcx = _JRlzldt ) (7)
t, 0

where: t — time, t; — the duration of the transition process
(start, braking, speed change, reverse).
The integrand expression of functional (7) is:

2
. mJ, Vv J
f =R} :[ érz +(ml+r—§)r(p2} . (8)

Differentiating the expression (8) in compliance with
the equation (9), we have:

6f of of of
8(0 op, 8(52

s

Rll

;
6 :2 { 1, (02 (ml+£jr¢2:|1
8(/) r

d® of J, ) | mJ, v N

———=2m A+ —Ep,+|m+2re, |,

dt* 6, ( ! rzj{ o 2 ( ) (oz}

d°> of mJ, | mJ, J, | v
F v :2 172 §02+ m +—= r(p2 (10)
cr cr r
o0,
After substituting expression (10) in equation (9) we
obtain the differential equation tenth order:

mJ. ) x m.J J Vil
(#J P+ 22 2(m1+_§j'r'§02+
cr cr r

J, 2 v
+ ml+F re, =0.

Divide all the members of (11) on the coefficient
near oldest derivative and will made a substitution:

(11)

k=\/ml+"]2/r2cr2 =\/m1r2+J2C’ 2
mlJZ mlJZ
we got
Vil
(92+2k2 ¢2+k4¢2 =0. (13)

Equation (13) is a homogeneous differential equation
tenth order with constant coefficients. For it solution will

make the characteristic equation
104 2k2r® + k*r® =0, which can be written in this
form:
ro(rt +2k%r? +k*)=0 (14)
Solution of equation (14) gives:
r® =0, (15)
r*+2k’r>+k*=0. (16)
From equation (15) we'll have six roots:
n=r=r=r,=r,=r,=0, (17)

and the equation (16) is biquadrate equation which after
the  replacement p= r2,

p?+2k’p+k*=0.

Solution of this equation gives:
P, = k2 £Vk! —k* =—k?,

p, = p, = k>

S N
r9,10:\/p—2: V-k? ==

As a result, the general solution of equation (13),

based on the roots (17) and (18) of the characteristic
equation (14), has the form:

@, =C,+Ct+Ct° +C,t* +C.t* +C,t° +
+(C, + Cyt)sinkt +(C, + C,it )coskt
@, =C, +2Ct +3C,t° +4C.t% +
+5Ct* +(C, — Cok — Cokt)sinkt +,
+(Cy + C,k + Cykt)coskt
@, = 2C, + 6C,t +12Ct* + 20Ct* -
—(2C,, + C.k + Cikt )k sinkt + ,
+(2C, — Cyk — Ckt )k coskt
@, = 6C, + 24C,t + 60C,t* —
—(3C, — Cok — Cypkt )k?sinkt —,
—(3C,, +C,k + Cgkt)k* coskt

I\

@, = 24C, +120Ct +
+(4C,, + C.k + Cokt )k sinkt —
—(4C, — Cok — C okt )k® coskt,

have a form

Then

(18)

\
@, =120C, + (5C, — C,k — C,okt)k*sinkt —
—(5C,, + C,k + Cgkt )k * coskt,
where: Ci, (..., Cio — constant of integration which
found from the boundary conditions of motion:

v
=0,¢, =0,
v Vv

=0,¢0,=0,9,=0.

(19)

t=0:¢,=0,0,=0,¢, =0,9,

(20)

t=t:9,=0,,¢,=0,p,



30 Loveykin V. S., Loveykin J. V., Tkachuk L. B.

where: o, - the established angular velocity of the
tensioning drum, t; — the duration of the transition process
(start-up).

Substituting the boundary conditions (20) in the
system of dependencies of kinematic characteristics of the
tensioning drum (19), we obtain a system of linear
equations to determine the constants C; (i=1, 2, ..., 10):

C,+Cy =0,

C,+C,+C;k =0,

2C, +2C.k —Cok* =0,

6C, —3C,,k*—~C,k*> =0,

24C, —4C8k3 + Cgk4 =0,

C,+2C,t, +3C,t7 +4C.t3 +

+5C4t; +(Cy — Cok —Cyokt, )sinkt, +
+(Cyp +C k +Ckt, )coskt, = o,
2C, +6C,t, +12C,t7 +20C,t’ -
—(2C,y +C,k + Cgkt, ksinkt, +
+(2C, —Cgk —C,okt, )k coskt, =0,
6C, +24C.t, +60C,t” —

—(3C, —Cyk —Cokt, Jk?sinkt, —
—(3C,, +C,k +Cykt, )k? coskt, =0,
24C, +120Ct, +

+(4C,y + C,k + Cykt, k®sinkt, —
—(4C, —Cgk —C,okt, )k* coskt, =0,
120C, +(5C, — Cok — C,okt, k* sinkt, +
+(5C,, +C,k +Cgkt, )k“ coskt, = 0.

As a result of solving the system of equations (21)
we find the constants of integration C; (i=1,2,...,10) and
substitute the depending (19).

The (19) is the optimization the mode of motion of
the bucket elevator by criterion of mean rate of change
efforts in the traction body during clash on the drive drum

during start-up.
For the bucket elevator with parameters that were

(21)

calculated [15]: Jo=65 kg-m?, J1=78,4 kg-m?,
Jo=78,4 kg-m?, ,=5,7 rad/s, R=0,315m,
Co=2000 N-m/rad, = ¢=330000 N/m, n;=32, ny,=32,

m,=9 kg, m,=9 kg in the program of the Mathematica 9.0
[16] were calculated kinematic characteristics that are
represented as graphs which are shown in the Fig. 2.

These graphs show characteristics for optimal mode
of motion by the criterion of mean efforts in the traction
body - the dotted line, and by the criterion of mean rate of
change efforts — a solid line. Knowing the law of mation
of the tensioning drum, which corresponds to the optimal
mode of motion of the bucket elevator by a system of
differential equations (1) we find the laws of motion of
other parts. Law of motion of the working branch is
defined from dependencies (3) and (4) and represented as
graphs on the Fig. 3.
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Fig. 2. Graphs of changes kinematic characteristics
of the tensioning drum: a) speed, b) acceleration.

]
x;',mfs
-
F
15 Z
.
’
’
1o -
PR
’
’
(RS !
,
oo F
']
¥
.|....|....|rS
1 2 3 4 7
a)
nr 2
x;',mfs
20R
' b
! Iy
L3y iy
[ I ry
i 1 1 j.
l-ﬁ—b I P B
! I 1 il b
oA I
0s5f ! 1
I v ' 1 \ RN
U "L v g \ b
L | 1 ! (W | LI -
U | 127 Qs NSy A 4 f,.S‘
LY o

b)
Fig. 3. Graphs of changes kinematic characteristics
of the working branch: a) speed, b) acceleration.
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And the law of motion of the drive drum will defined Then substitute into the equation (24) expressions
from the third equation (1) and represented as graphs on . v
the Fig. 4: ®,, ¢, and @, from the system (19), so we have:
¢1=_¢2+2ﬁ+ﬂ(x'1+g), C,+Ct+Ct?+C,t° +
roo ) N m, %, +¢x, = cr| (C, + Ct)sinkt + +
. . X m.. . . X m
G ==, + 2T1+C—;X1, G ==, + 2T1+c_rlxl' (22) +(C, + Cyt)coskt
v 2C, +6C,t —
e a X mY VoV mp v J _
¢, =~ +2T+EX1, O =—0,+ 2T+EX1- +| M, + 22 |r| — (2C, + Cek + Cekt )k sinkt + | +
+(2C, — C,k — C,kt )k coskt
d;'.radls m,J, [ (4C, +Cok + Cekt)k®sinkt -
F + _c +
) L - cr | —(4C, — C,k — Cgkt)k® coskt
i ; J M
: Ry, +ng+272+3F0
N crC, +
3 -_ i

" J
m,X, +CX, = +203(m1+2—§ r+|+
r

+m,g + Z&JJF0
r

+ {ch2 + 6C4r(m1 + Z%Ht +
+CrCt’ +crC,t* +
I
crC, —(2C, + C.k kr m1+2r—2 +
+ +

m,J
+(4C, +C5k)k3é—rz

crC, — Cekzr(ml + 2‘]—§J +

+ t rsinkt +
+Ck* mJ,
cr
J,
b) crC, +(2C, —Ckkr| m +2-2 |-
Fig. 4. Graphs of changes kinematic characteristics n r n
of the drive drum: a) speed, b) acceleration. mJ
(4C, —C k k® =2
Solving the penultimate equation of system (1), we
found the law of motion non-working branch of elevator: , J,
m,X, +CX, =Crg, +mg +F,.  (23) crCy — Cgk r(ml + 2—2) +
Substitute into the equation (26) the expression ¢, * smJ, tcoskt
from the system (22) considering of expressions X, and + Gk cr
X, at (3) and (4), resulting we have: M, X, + CX, = 8, + a,t + a,t” +a.t® + 5)
5
o J . i
m, X, + CX, = Cr, + [2—5 + mljr(p2 + +(a, +at)sinkt + (a; +at)coskt
r (24) We write the equation (25) in this form:
mJ. v M " 2y _ 2 3
M mgeoMeap X, + KX, 6.10+a1t+a2t +at” + 26)
cr r +(a, +agt)sinkt + (a, +a,t)coskt
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Here

k, =m,/c. 27)

The general solution of (29) we looking as the sum

of a full solution of the homogeneous equation and a
partial solution of the full equation, so:

X, =X, + X, (28)

The homogeneous equation X +k’X; =0. We

write to him the characteristic equation r’+k*=0,
whence I, ==2k;. Then the general solution of the
homogeneous equation is:

X, = A sink;t + A, coskt, (29)
where: 41 i A2 — constants which determined from initial
conditions of movements.

Based on the type of the right side of the equation
(29), his partial solution has the form:

X, =B, +Bt+Bt* +B,t’ +
+(B, + Bgt)sinkt + (B, + B,t)coskt

We will differentiate expression (5) for time twice,
as a result we receive:

£, = 2B, + 6Bt — (2Bk + B,K? + Bkt sinkt + o
+ (285k —Bek? - B7k2t)cos kt

Substituting expressions (33) and (34) in equation
(29), then we have:

(30)

2Bk + .
2B, + 6Bt — ) ,. [sinkt +
+ B,k + Bkt
+(2Bok — Bgk? — B k%t )coskt +
B, + Bt + Byt + B,t* +
+ k2| +(B, + Bgt)sinkt +
+ (B, + B,t)coskt

(32)

=a, +at+at’ +at’+

+(a, +agt)sinkt +

+(a, +a,t)coskt.

We group the components of the left side of the

equation (32) according to the components of the right
side of the equation and then obtain:

2B, + Bk = a,,

6B, + Bk’ =a,

szl2 =8y Bsklz =8,
—(2B,k + Bk?)+ BK? =a,,
—B.k® + B,k{ = a,,

(2Bk — Bgk? )+ Bok? = a,
~B,k* + Bk’ =a,.

Having solved a system of linear equations, we find:

B _ a, —2a, /k;
0 klz ’

(33)

B — al 68‘3/k12
1 k12 ’
a a
Bz :k_lgs Bg :k_lgy
2ka, /(k2 —k?)+a,
B4 = k2_k2 !
' (34)
a
B5 = k12 _5k2 !

o _ 3 —2ka, /(7 -K°)
6 k2_k2 '
1

a
B, = kf—7k2'

Then the general solution of equation (26) has the
form:

X, = A sinkt+ A, coskt + B, + Bt + B,t* +

+ B,t* + (B, + Byt)sinkt + (B, + B,t)coskt
Take the time derivative of the expression (35):

%, = Ak, cosk,t — Ak sinkt+B, +2B,t +3B,t* +

+ (B, — Bgk — B,kt)sinkt + (B, + B,k + B.kt)cosk;

%, =—AkZsinkt - Ak’ coskit+2B, +6B,t -

— (2B, + B,k + Bkt )k sinkt + (2B, — B;k — B,kt )k coskt.

The unknown constants 4; and A4, determined from
initial conditions of motion:

t=0:x,=X%X,=0. (37)
Having substituted the initial conditions (40) in the
depending (38) and (39) we get:

(36)

A, + B, + B, =0;
(38)
Ak, +B,+B, +B,k =0.
From the system (41) we have:
A =_(Bl+B7 +54k)/k1; (39)

A, =-B, - Bq.

After finding the law of motion the non-working
branch of elevator we can define the law of motion of the
rotor of the electric motor that reduced to the axis of the
drive drum.

For this we use the second equation of (1):

cr) J cr
= 1+2— |+2Lp ——(X, +X,),

Do =@ . . (2] Co( 1 2)

. cr) J,.. cr,.. .

Oy =@ 1+2— +_1(P1__(X1+X2)’ (40)
C0 0 CO

. cr’) J. NV cr,. .

Gy =0 1+2— +_1(P1__(X1+X2)'
CO 0 CO
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Table 1. The mean and maximum values for optimal regimes.

Criteria for evaluation

Indexes

The mean efforts in the traction body

The mean rate of change efforts in traction body

The mean value

The maximum value

The mean value The maximum value

X;, m/s 1.311 1.784

1.246 1.793

X, m/s? 0.733 2.184

0.525 0.918

@,, rad/s 4.116 5.622

3.909 5.693

@, , rad/s? 2.365 6.941

1.575 2.777

@, , radls 4.184 5.664

3.983 5.693

@, , rad/s? 2.029 5.246

1.712 2.935

Rii, N 14944 15586

14947 15425

Ra1, N 9042 9988

9039 9413

10000

5000

-;f,s

Ry(f), N

10000

T
L]

sooo |
sooo [
4000

2000 -

: : 4;*,3

1 2 3
b)
Fig. 5. Graphs of change of efforts in the traction
body: a) during clash on the drive drum, b) at shrinkage of
the tensioning drum.

Now can find dependences of changes of resilient
and driving moments of the drive mechanism from using
the first equation of the system (1):

My, =¢, ((/’o - (/’1)7 (41)
M0=M01+‘]0¢0- (42)

Effort in the traction body during clash on the drive
drum is defined by the following expression (Fig. 5. a):

R,, =c(p,r —x,) (23)
Efforts in traction body at shrinkage of the
tensioning drum (Fig. 5. b):

Ry = C(Xl - (02r)- (24)

In the program Mathematica 9.0 for optimal mode of
motion was calculated the mean and the maximum values
of the following indicators:

- angular velocity and acceleration of the drive and
tensioning drums,

- linear velocity and acceleration consolidated mass
of working branches,

- efforts in the traction body during clash on the
drive drum and at shrinkage of the tensioning drum.

As a result of the calculations obtained data are
presented in the Table 1.

From the graphic of dependencies can see that at
start-up of the bucket elevator in its moving parts there
are oscillatory processes.

The magnitude of these oscillations depends on the
accuracy of modelling parts of the conveyor.

To simplify the optimization mode of motion by
criterion of mean rate of change efforts in the traction
body during clash on the drive drum is used a dynamic
model with one mass on the working and non-working
branches in accordance.

After analysing the graphs can see that oscillatory
processes occurring during optimization the mode of
start-up by the criterion of mean efforts in the traction
body is greater than during optimization by the criterion
of mean rate of change efforts.

The maximum value of acceleration on the working
branch and on the drive drum during optimization effort
in the traction body is 2.5 times higher than the same
value at optimization of rate of change efforts.

Also, the maximum value of efforts in the traction
body at shrinkage of the tensioning drum at the first
criterion is 4% higher than in the second.

It should be noted that the graphs of change efforts in
the traction body during clash on the drive drum have
smaller fluctuations than at the shrinkage of the
tensioning drum.

Conclusions
1. The dynamic model the mode of motion of the

bucket elevator was constructed as mechanical system
with five degrees of freedom. For optimization the mode
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of motion of the bucket elevator by the criterion of mean
rate of change efforts in the traction body during clash on
the drive drum was created a mathematical model, which
based on the chosen dynamic model. Using the developed
mathematical model obtained dependences of kinematic
and force characteristics of parts for this optimal mode.
Analyzing the results can see that optimization for both
criteria of evaluation leads to oscillations, but in the
second case (rate of change), these oscillations are much
smaller.

2. In order to get rid of these oscillations is
recommended to optimize the mode of motion by the
criterion of mean acceleration the rate of change efforts in
the traction body during clash on the drive drum.

3. Also it is necessary be noted that during conducted
research was obtained optimal mode of motion at a
constant force of resistance downloading the grain. It
would be advisable to consider the impact of variable
resistance downloading the grain, as is done for scraper
conveyors in [17-20].
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OIITUMIBALIA PEXMMY 3AITYCKY KOBIIOBOI'O
EJIEBATOPA 3A KPUTEPIEM CEPEJHLOI
MBUJKOCTI 3MIHU 3YCUJIJIA B TA3I TUIA I,
YAC 3ITKHEHHS HA IIPUBOJIHWI BAPABAH
B. C. Jlosetikin, }O. B. Jloseiikin, JI. b. Tkauyk

Anortanisg. KomuBaHHS CTpPYKTYpHHX €JIEMEHTIB,
MEXaHi3My TIpPHBOJA 1 TArOBOTO OpraHy 3BEIEHI [0
MIHIMyMy [LUIIXOM ONTHMI3allil pEeXUMIB pyXy Ha
eJIeBaTOp MiJl Yac MepexiJHUX MPOLECIB, IO J03BOJIMIO
MIBUIUTH HOro e(eKTUBHICTh. B 3alekHOCTI Bij
00paHO1 AMHAMIYHA MOJIC)Ib, MATEMaTHYHA MOJIENb Oyia
CTBOpPEHA 3 JOMOMOTOI0 IpHHIMITY 1 ' Anambepa. [Iporec
ONTHMI3alil MTyCKOBOTO PEXHMY KOBIIOBOTO €JI€BaToOpa

OyB po3risHyTHI Kputepii CepeaHs MIBHAKICTh 3MiHU
3yCWIIsl Ha TATOBHHM OpraH IijJ dYac 3iTKHEHHS Ha
mpuBOAHOMY OapabaHi. 3Haii/ieHI 3aKOHH PyXy pobOodoi
TiTkW, HaTsOKHAN OapabaH mpuBOXHUE OapabaH, KA
BIZINIOBi/Ia€ ONTHMAIFHOMY PEXHUMY pPyXy B KOBIIOBHH
emeBaTop. Ha OCHOBI BUSBIICHHX 3aKOHIB pyxXy Oymu
noOysoBaHi KiHEMaTH4YHI XapakTepHUCTUKH OCHOBHHUX
4acTHH Ji(Ta, SKI NpPEeACTaBIeHI y BHUIIsAL rpadidHuX
3aJ@KHOCTEH Ul ONTUMAJbHOTO PEXKUMY  PYXY.
I'paciyni 3anexHOCTI 3MIHM 3yCWIJIb Ha TATOBHH OpraH B
XOJll 3ITKHEHHS Ha TpPHUBOJHOMY Oapabani i ycajka 3
HaTsDKHOI OapabaHa Takox oTpumaB. Ha ocHOBI
rpadiuyHAX 3aJEeKHOCTEH BCTAaHOBICHO, IO MPH ITyCKY
KOBILIOBOTO €JIEBATOPa IPU ONTUMAIBHOMY PEXHMI pyXy
€ HEBENHUKI KOJNMBAJBHI TPOIECH, SKi € HaWMEHIIUMH,
BCHOT'O B ONTHMIi3allii 32 KPUTEPIEM CepeIHBOI MIBUAKOCTI
3MIHM 3yCWUISI Ha TATOBHH OpraH y Xoji 3iTKHEHHS Ha
IpUBOHOMY OapalbaHi.

Kuiio4uoBi cjioBa: KOBIIOBWI eneBaToOp, AWHAMIYHA
MOJIEIb, MATEMATHYHA MOJIENb, PEXKUM PYXy, ANHAMITHUX
HAaBAHTAKEHb, 3yCHUIIb, KOJHBAHb.

OIITUMU3ALNA PEXXMMA 3AITYCKA
KOBIIOBOI'O 2JIEBATOPA T10 KPUTEPUIO
CPEJIHEM CKOPOCTHU UBMEHEHHUS YCUJINS
B TSAT'E TEJIA BO BPEMA CTOJIKHOBEHU A
HA TIPUBOJIHOM BAPABAH
B. C. Jloseiikun, 10. B. Jlogetikun, JI. b. Tkauyx

AnHoraunus. KomebaHus CTPYKTYpHBIX 3JIEMEHTOB,
MeXaHu3Ma TPHBOJA W TITOBOTO OpraHa CBEACHBI K
MUHHMYMY TTyTE€M ONTHMH3AINU PEXUMOB IBHKCHUS Ha
9JIEBaTOP BO BPeMs TMEPEXOAHBIX IIPOIECCOB, HTO
MO3BOJIMJIO  TOBBICHTHE  ero 3¢ ¢dekTuBHOCTh. B
3aBHCUMOCTH OT BBIOpAaHHON JWHAMHUYECKas MOJEb,
MareMaTtuueckas MoJeJb ObUla cO3/laHa C MOMOUIBIO
npuniuna  a'AnambGepa. IIpouecc  ontumu3zauuu
ITyCKOBOTO  PEXHMMa KOBIIOBOTO  3jeBaTropa  ObLI
paccMoTpeH kputepuil CpenHsis CKOPOCTh H3MEHEHHS
YCWJIMSI Ha TTOBBIM OpPTaH BO BpeMs CTOJIKHOBEHHs Ha
npuBoHOM Oapabane. HailiieHbl 3aKOHBI JIBHXKEHUS
pabodeii BeTBH, HATSDKHOW OapabaH ©W  MPUBOITHOM
0apabaH, KOTOpPBIA COOTBETCTBYET  ONTHMAJIbHOMY
peXUMY JIBIKCHHS B KOBIIOBBIA 3ieBatop. Ha ocHoBe
O0OHApY)KCHHBIX 3aKOHOB IBWKCHUS OBUIH TTOCTPOCHBI
KHHEMATHICCKHE XApAaKTCPUCTHKH OCHOBHBIX YacCTel
mudTa, KOTOpBIE TNpPEACTaBIEeHH B BHAE TIpaduIecKux
3aBHCHUMOCTEH I ONTHMAJIBHOTO PEKUMa IBIDKCHHUS.
I'paduueckne 3aBHCHMOCTH H3MEHEHHsI YCWIMHA Ha
TATOBBI OpPraH B XOJI¢ CTOJKHOBEHHS HA IPHBOTHOM
Oapabane W ycagka M3 HATSDKHOTO OapabaHa Takxke
mosyausi. Ha ocHoBe Tpaduueckux 3aBUCUMOCTEH
YCTaHOBJIEHO, YTO MPH MyCKE KOBIIOBOI'O AJIEBATOpPA MPHU
ONTUMAIILHOM PEXUME JBIDKCHHS €CTh HEOOJBIINe
KoJIe0aTeNnbHbIC MPOIECChl, KOTOPBIC SBIISIOTCS CaMBIMU
MaJeHbKUMHU, BCETO B ONTHUMH3AIUH 10 KPUTEPHUIO
cpelHel CKOPOCTU U3MEHEHHMsI YCUITUS HA TATOBBIA Oprax
B X0Jie OOCCTOJIKHOBCHHS Ha MPUBOJHOM OapabaHe.

KiroueBbie cJ0Ba: KOBILIOBBIN 3J1€BaTop,
JTMHAMHUYECKask MOJEIb, MAaTEMAaTHIECKasi MOAEIb, PEKIM
JIBYDKCHHS, JTUHAMHYECKHX Harpysox, yeunni,
KosieOaHHH.
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