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INVESTIGATION OF OPERATION
OF THE HYDROVOLUMIC
MANUAL CONTROL SYSTEM ON
THE BASIS OF A DOSING PUMP
WITH AXIAL SPOILER WITH
ACCIDENTAL LOAD

One of the factors ensuring the stable development of
agriculture is high-quality and reliable equipment. Today, the
development of hydraulic drives has largely led to its widespread
use in agricultural machinery and tractors. One of the systems
fully hydrogenated in heavy agricultural machinery is the steering
system. Hydrovolume steering system has the following
advantages - compactness, freedom in the layout of the machine,
high efficiency, accuracy, the ability to transfer significant effort to
the steered wheels with minimal effort of the operator.
Disadvantages include certain restrictions when the associated
load on the steered wheels when turning. This parameter is one
of the indicators of the quality of hydrovolume steering systems
and the minimum effort at which the process of assembling the
wheels begins, is regulated by international standards.

The article performs mathematical modeling of the
hydrovolume steering system. The mathematical model consists
of the equations of continuity of flows of the working fluid, the
equations of moments and the Lagrange equation of the 2nd
kind, which describes the operation of the planetary gearbox. The
search for solutions of this model was carried out using the
original software, built on the basis of the Runge-Kutta-Feldberg
method with an automatic integration step. As a result of the
analysis of the received transient processes areas of steady work
were constructed that allowed to receive a ratio of parameters of
system at which its steady work is provided. The proposed design
solution allowed to increase the limit value of the associated load
in excess of which there is a spontaneous movement of the
steered wheels. The analysis of the workload at the associated
load had a significant impact on the values of the overlap of the
working edges on any work of the system under the action of the
associated load, and the correct selection of these floors can
achieve significant quality improvement.

Keywords: hydrovolume steering system, hydraulic
drive, mathematical model, transient process, area of stable
operation, associated load

Introduction. Hydrostatic steering systems
are widely used in technological machines for
agricultural purposes due to their reliability, ease of
maintenance, advantageous layout, and
compactness. But in addition to the above
advantages, systems of this type have a number of
disadvantages, one of which is the possibility of
uncontrolled movement of the rod of the executive
hydraulic cylinder under the action of a passing load

91

due to a discrepancy between the characteristics of
the system. Therefore, research in this direction is an
urgent task.

Analysis of recent research and
publications. Hydraulic systems are used in mobile
machines to perform many operations, from moving
cargo and hydraulic control of equipment to moving
and driving vehicles. Due to the growing demand for
fossil fuels, many studies have been conducted to
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find new and alternative solutions for hydraulic
systems in the vehicle, as shown in [1].

In [2] the main attention is paid to the
operation of hydraulic transmissions and the control
system. The results of research published in [1], [2]
show that mathematical modeling is the basis for a
better understanding of the principles of hydraulic
system, as well as the impact of design and
operational parameters on the performance and
quality of hydraulic system.

Tracking systems not only play a role in
improving the efficiency of agricultural machinery, but
can also influence the dynamics of the machine,
determining its efficiency in performing technological
operations. The tracking system affects the durability
of the car, increasing the safety and comfort of the
driver.

Hydrostatic control is an effective way to
drive trucks that reduce driver effort, especially at low
speeds. This aspect is especially important in
agricultural tractors. The feature of these machines is
a high loading axle, large tires, off-road driving [4].
The hydrostatic steering system must ensure the
comfort and safety of the driver, ensuring the correct
ratio of the steering angle to the turn of the steered
wheels.

In [5], studies of the proposed algorithm for
tracking the path of an all-wheel drive tractor based
on inverse kinematic modeling were performed.
However, nothing is said about the effect of system
design parameters or the amount of torque on the
steering wheel during the maneuver. The work is
devoted to vibrations on the steering wheel [6]. The
purpose of the work is to study the comfort of the
driver with reference to fluctuations during the
operation. A number of experiments have been
performed on various agricultural tractors and a
number of solutions have been proposed to reduce
oscillations.

The purpose of [7] is to analyze the effect of
steering torque feedback in agricultural tractors; This
problem arises because electronic and electro-
hydraulic control systems remove the mechanical
connection to the tires, but can actually supply any
desired "artificial" torque to the steering wheel. The
work explores the topic through experimental
measurements on the vehicle and on the simulator: it
concludes that if adjustment is the only effort
required of the driver, the torque feedback moment
can be removed without affecting the work; but if the
driver also performs any other control task, the
torque feedback helps to improve performance and
effort, avoiding unnecessary steering adjustments
made by the driver when no "reference feedback" is
available. This publication notes the importance of
estimating steering torque in a traditional hydrostatic
system because of its importance as a feature of the
control system design.

Publications [8-10] consider a detailed
physical model of the hydrostatic control system of a
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tractor when driving on a hard road. A similar
approach to modeling hydrostatic steering systems is
presented in publications [12,13]. In particular, in [12]
we can find a similar approach to physical modeling,
but we consider a three-axle heavy truck. The
modeling of the vehicle is carried out taking into
account the full load of the car. An analysis of some
parts of the crane-type distributor was carried out to
assess their impact on the controllability of the
vehicle.

Therefore, it should be noted that the topic of
the publication is relevant and requires further
consideration.

Research goal there is a search for such a
design of the working edge of the spool valve, which
would fully ensure, in accordance with the current
standards, the quality of the hydrostatic steering
system under the action of a passing load.

To achieve the goal, it is necessary to solve
the following tasks:

- to develop a mathematical model of the
hydrostatic steering system, which allows to fully
determine the influence of the shape of the working
edges on the accuracy and speed of processing the
input signal;

carry out theoretical studies of the obtained
mathematical model and determine the permissible
limits of the model parameters under which the
control process takes place.

Materials and methods. The theoretical
study is based on a promising program analysis
based on the Runge-Kutti-Feldberg method.

The constructive scheme of the steering
hydromechanism showed in Fig.1. The steering
wheel (not shown in the diagram) transmits rotational
motion to the input shaft 1 of the steering
hydromechanism, which is detached from the sleeve
2 by a mechanism consisting of a pin 3, pressing into
the shaft 1, and a groove in the sleeve 2 made at an
angle of 45 . As a result, an angular installation of the
input shaft was formed, leading to movement in the
axial stresses of the sleeve and together with it a
spool 4, in the opening of which two locking washers
are installed in contact with the ends of the sleeve.
Moving the control spool to the shift without critical
workers performed spool pair, as formed by the
corresponding grooves at the spool and the housing
5.

The movement of the spool thus leads to a
change in the conditions of switching the hydraulic
line of this hydromechanism, which are determined
by the values of the opening of the corresponding
working windows of the spool pair.

The working fluid under pressure pO is
supplied to two sockets in the case - to the third evil
and the first area (Fig. 1). The first of these sockets,
together with the edges on the gold spools, opens
with such a "revelation" - if the spool is in the center
of the position, all the fluid flow generated by the
pump station through the working windows 5 and 6
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opens as significant, L5 for significance, resulting in
the pressure pO in the pressure cavity approaches
the drain pressure. The pressure in the evil magic,
which is associated with the corresponding bores in
the body, equal to p7. The opening of these edges
depends on the cut-off edges 9 and 10, the opening
of which in the neutral position is L9 and L10.

The discharge line also supplies the working
fluid to the end of the borehole in the housing, which
is connected to the cavities of the dosing mechanism
6 by the respective working windows. The spool
collar, the working edges of which 3 and 4 are made
with positive overlaps L3 and L4, together with the
edges of the corresponding bore in the housing
create working windows of the spool pair connecting
the right cavity of the actuating hydraulic cylinder 7
under pressure p3 with the dosing mechanism
cavity. , pressure to some extent p2, or evil (pressure
p7)

The extreme left side of the spool, the edges
of which 7 and 8 are made with positive overlaps L7,
L8 boring edges, rectilinearly left cavity of the
actuator with the cavity of the dosing mechanism,
which is conducted by intermediate pressure p1, and
when moving zlotys in gold).

We assume that the movement of the spool
occurs in the positive direction shown in Fig. 1 as x.
At the same time working windows 1,3,7 having
opening L1, L3, L7 accordingly open (fig. 1). The
working fluid from the pressure channel enters the
dosing unit. Further from the dosing case, the
working fluid through the working window 3 enters
the right cavity of the hydraulic cylinder. The piston of
the hydraulic cylinder moves, pulling the fluid from
the left cavity to the left. The shaft of the dosing
mechanism 6 by means of a planetary gear 8 and a
cardan 9 is extended with a spool sleeve.

When the liquid passes through the dosing
unit, its shaft rotates, which is transmitted through the
gearbox and the cardan to the spool sleeve and
move it in the opposite direction, turning the spool to
its original position. The water supply to the power
circuit is stopped. Naturally, all the working fluid from
the pressure channel through the working window,
as it forms "from the critical center", passes through
the sinister channel.

The mathematical model of the hydrovolume
manual mechanism includes the level of continuity of
series flows, acting forces and moments, as well as
equations that determine the special leaf of the work
of this hydraulic system.

When storing a mathematical model taking
into account the results of previous assumptions [2],
the same assumptions were made:
viscosity, viscosity and coefficient of
neutralization of working processes, not freezing
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from temperature delays of robots on the steering
hydromechanism in a tired temperature mode;

the loss of tic at the directed steering
hydromechanism and on external valves as usually
having insignificant size will not be considered;

the coefficient of pliability of the liquid
did not heal from the carcass and the content of the
gas composition, as in the tedious mode of operation
of the steering hydromechanism, its number varies
slightly;

pressure of support on evil insignificant
and healthy invariable;
leakage factor and fluid flow in the units
of hydraulic units is constant and has not healed
from the size and shape of the gaps;
the separation between the
phenomena of the hydromechanism is insignificant,
which allows the identification of its system with zoo-
average parameters and does not allow the inclusion
of wave processes;
pulsation of the pump supply taking into
account its significant frequency allows not to take
into account its influence on the operation of the
steering hydromechanism;
in the process of testing the control
signal, which is a force action on the spool sleeve,
the movement of the hydraulic system elements
occurs without stopping, which allows not to take into
account the dependence of dry friction forces on
speed.

The considered system can be conditionally

divided into two subsystems - hydraulic and
mechanical. The operation of the hydraulic
subsystem is described by the equations of

continuity of the working fluid flows, and the
operation of the mechanical subsystem is described
by the equations of moments and forces; in addition,
the operation of the planetary reducer is described
using the Lagrange equation of the second kind.

The equation of the balance of the flow of
working fluid in the pressure line connecting the
pump with the corresponding channels in the spool
housing (Fig. 1) has the following form:

QH = Q1 + Qz +Q5 +Q6 +QyT.H +QﬂEd>.H ) 1)
where Q,, - the flow rate of the fluid supplied

from the pump; Q: - flow through the first working
window of the spool; Q. - flow through the second
working window of the spool; Qs and Qs - fluid flow
through the working windows 5 and 6 of the spool
pair, forming an open center; Qeum. - is the flow rate
of fluid leakage from the pressure line due to its leak;
Qoepn. - flow rate aimed at compensating for the
deformation of the pressure line filled with the
working fluid under the action of pressure po.
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Fig. 1. Constructive scheme of the hydrovolume steering system

on the basis of the pum

The flow equation in the cavity connecting
the first working window with the dosing mechanism
cavity and the eighth working window (with overlap
Ls) and under pressure p1, has the form

Ql = Qﬂ + QB + QBI/[T.,Z]l + QHER[Z + Q,HEfpl ! (2)
where Q, - the consumption of fluid

consumed by the dosing mechanism during rotation;
Qs - fluid flow through the eighth working window of
the spool pair; Q,,, ,, - the cost of leakage of fluid

from the cavity of the dosing mechanism under
pressure p1; Q. - the flow rate of the liquid

through the gaps between the cavities of the dosing
mechanism, which are under pressure p1 and p2. Quer
1. - fluid flow rate caused by deformation of the cavity
and the working fluid under pressure ps.

The balance of fluid flow in the cavity, which
is connected to the second cavity of the dosing
mechanism, with the pressure line through the
second working window and the right cavity of the
cylinder through the third working window can be
determined by equation

Qﬂ +Q17EP.E = Q3 +Q2 +szEd).2 +QVT.,H2 ) (3)
where Qs - fluid flow through the third
working window; Qg - fluid consumption to
compensate for the deformation of the cavity under
pressure p2. Q,, ,, - the cost of fluid leakage from

the second cavity of the dosing mechanism due to
leaks.

The supply of fluid through the third window
of the spool pair into the cavity of the hydraulic
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cylinder is the reason for the movement of the piston
at the appropriate speed. Thus a part of liquid
through the fourth working window (with overlapping
L4) enters the housing bore associated with the drain.
Thus, the cost equation for this cavity will be as
follows

Qs = Qu +Q4 +QyT.u1 +QnEP.u +QﬂE¢.3 _QB3 ' (4)
where Qu — fluid consumption, providing the
movement of the piston at a given speed; Qs — fluid
flow through the fourth working window of the spool
pair; Q. ,, - the cost of fluid leakage from the right

cavity of the cylinder due to the pressure drop ps;
Quzryy - the cost of flowing fluid from the cavity of the

cylinder under the action of pressure drop ps and pa;
Qupos - fluid consumption to compensate for the

deformation of the cavity under pressure ps; Qss —
anti-vacuum valve in case of pressure ps becomes
lower than atmospheric.

Fluid from the left cavity of the hydraulic
cylinder under pressure ps enters the borehole in the
spool housing and through the seventh working
window with an overlap L7 merges into the tank. Fluid
is also supplied to this cavity through the eighth
working window. Given the above, the equation of
cost balance for a given cavity will look like

Qu +Q8 +Q17EP.LI +QB4 _QﬂEd).A _er.uz = Q7 ' (5)
where Q,, - fluid flow through the
appropriate overflow valve into the line connecting
the left cavity of the hydraulic cylinder with the
channel in the housing, in the case when the
pressure ps becomes lower than atmospheric; Q .,
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fluid consumption to compensate for the
deformation of the fluid-filled cavity of the hydraulic
system under pressure ps; Q,;,, - the flow rate of

fluid leakage from the cavity due to its leaks.

To determine the pressure values of pO at all
positions of the spool, it is also hecessary to take into
account the flow of fluid in the cavities formed by
boring in the housing and the edges of the "open
center" (Ls, Ls), and clipping (Lo, L1o), through which
the unloading of the pumping station in the absence
of a control signal on the input shaft. These
equations will look like this

Qs = Qm +QZZE<D6 ) (6)

Qs = Qg +QgEa>5 ’ (7)

where Qo, Q1o — drain fluid flow through the
ninth (Le) and the tenth (Lio) clipping edges; Qguess,
Qreps — fluid consumption to compensate for the
deformation of the fluid volume concentrated in the
grooves between the clipping edges and the edges
of the "open center".

Components of equations (1) — (7) are
determined by the following dependencies.

Fluid flow through the first spool pair window
(L)

7r~d3~§93-(p0— p1)
2L ax)

1
2 .
M- fl(XB)'J;'\/pO_ pl‘ 'Slgn(po - pl) X2 L1

where dz — spool diameter; 3o — gap in the
pair of spool - housing; v - kinematic viscosity of the
working fluid; p - the density of the working fluid; p -
the coefficient of consumption of the working fluid; xs
— spool position.

Fluid flow through the second working
window of the spool pair (L2)
7-dy -85 - (Py = P,)
12.v-p-(L,+X,)

2 .
M- fz(xs)'\/;'\”po_pz"SIQn(po_ P,) =% 2L,

Fluid flow through the third working window
of the spool pair (L)

7-d; '593 '(pz - ps)
12:v-p-(-Ly+ %)

2 .
M- fs(xz)‘\/;‘\’pz_ pz"5|gn(p2_ Py) = % > L

Fluid flow through the fourth working window

of the spool pair (L4)
7-dy -85 - (Ps— P;)
12.v-p-(L,+X%)

—->X <L

.(8)

- X <-L,
Q= , (9)

->X <L

» (10)

Q

- X <-L, 1
0.~ (1)

- 2 _
M- f4(X3)'\/;'\/p3_ p7"5|gn(p3_ p;) =% =-L,

Fluid flow through the fifth working window of
the spool pair (Ls)
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7Z'~d3~593-(p0—p5) <L
12:v-p-(Ls = %) (12)

2 i
- fs(xg)-\ﬁ-\/ Po = Ps| -sign(py = ps) > %, 2 L
Fluid flow through the sixth working window
of the spool pair (Ls)
”'d3'§93’(po - Ps)
12-v-p- (L +%)

2 .
H- fe(xs)'ﬁ'\/po_ pe‘ 'SIQn(po_ pe)_)x:s 2

Fluid flow through the seventh working
window of the spool pair (L7)

— =X,

Q

- X < Lg (13)

Qe

7172~d3~593'((p|_4_p7)) Sx <L,
vepe (=L + X
Q- p . , (14)
M f7(X3)'\/;'\'p4 - p7‘ 'Sign(pA - p7) X2 L7
Fluid flow through the eighth working
window of the spool pair (Ls)
3
ﬁ'ds'é‘e'(p47p1) _>)(3<_L8
Q- 12.v-p-(L+X%;) ,(15)
, =
2 .
H- fs(xs)'\/;'\/pzx - p1‘ -sign(p, — p,) = % = -1

In the equations (8) — (15) the actual change
in the size of the opening area of the working window
of the spool pair is taken into account, provided that
the working edge of the spool is made conical (Fig.
1). In this case, the dependence of the opening area
of the working window on its movement x will look
like this

7+(d; +68,)-(5-cos(y) + (x—L)-sin(y)) — X% <b (16)

7-(dy +8,) (% ~b— L) +(, +b-tg(»))’ %, >b

Fluid flow through the ninth and tenth edges
(with openings L9 and L10), taking into account the
fact that the edges are formed by the straight end of
the spools, is determined by the dependences:

7Z'~d3~593~(p5— p7)

f(Xa) =

0| 2V 7erh g
ﬂ'fg(xs)'\/j'\/ps_m'Sign(ps_p7)_>X3SL3
7-d;-8; -(Ps— Py) Sox > L
12.v-p-(Ly +X5) ’ ’ (18)

o =
2 .
M- flo(x3)'\E'\Mps_ p7‘ -sign(ps — p;) > X, < Ly

The value of the area of the working window
of the spool pair, formed by the clipping edge, is
determined by the expression:

7r~(d3+59)-J(—X3+L)2+(5g)2 —>x <L L (19)
0.25-7-\(d; +6,)" —(dy )’

Leakage losses through gaps in joints are
calculated as fluid flow through a flat slit under
accepted assumptions:

- the shape of the surfaces forming the flow
channel is perfect;

f(x)=
—>X =L
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surface is not taken into

account;

- the gap is symmetrical.

In this case, the flow of fluid through the
cross section of the leakage gap will be determined
by the following dependencies

Qyrn =00"Po,

Qyra =01'Py,

Qyra2 =02'P2,

Qyrui =03'P3,

Qyr.u2 =04°pa.

According to [4], the values of the
coefficients of leakage oi of the liquid through the
gaps can be determined by the following formula

roughness

ci= Bird%Liw(po,LPC)lo£ vifirdi, 1=0...4, (21)

where Bi - the width of the gaps of fluid flow
in the direction perpendicular to the direction of fluid
flow in the i-th section of the hydraulic system; & -
the depth of the fluid leakage gaps in the i-th section
of the hydraulic system; | - the length of the fluid
leakage gaps in the direction of fluid flow in the i-th
section of the hydraulic system; u(p,t°C) - dynamic
viscosity of the fluid, which depends on the pressure
and temperature of the working fluid; Vi — the relative
speed of movement of one of the walls, which sets
the boundary of the gap. The sign "+" refers to the
case when the wall moves in the direction of the
zone of reduced pressure, "-" - in the opposite
direction.

Viscosity change u(p,t°C) depending on the
pressure p and temperature t°C is determined
according to the dependence [4]:

u(p,t°C)=pso po-exp(bppi)-(50/t°C) Ng ,i=0..4, (22)
where by — coefficient that depends on the
properties of the working fluid, bp = 0.0023 ...

0.0033; N - an indicator of the degree whose value

depends on the initial viscosity of the liquid.

Flow in hydraulic units from the high
pressure zone to the low pressure zone due to
incomplete tightness of the hydraulic units is
determined by the dependences: - in the case of
gear hydraulic machines [4]:

Qrep.a= on'(p1-P2). (23)
- in the case of hydraulic cylinders [5]:
Qrepy = ou(Ps-pa), (24)
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where o, ou- the coefficients of fluid flow
between the cavities of the dosing mechanism from
the high pressure chamber to the low pressure
chamber. The values of these coefficients can also
be determined by dependencies (21), (22).

The costs incurred in the deformation of the
volumes of the hydraulic cavities filled with fluid due
to changes in pressure in these cavities are
determined by the dependences [5]: (20)

Quedpi=Ki(pi)’Wi-dpi/dt, wherei=0,..,6, (25)

where Ki(pi) — coefficients of pliability of the
corresponding highways and cavities of this hydraulic
system; Wo'- the volume of the line from the pumping
station to the inlet of the metering pump; Wi the
volume of the cavity connecting the first working
window of the spool with the corresponding cavity of
the dosing mechanism; Wz - the volume of the cavity
connecting the second working window with another
cavity of the dosing mechanism; W3 - the volume of
the cavity of the hydraulic line connecting the spool
distributor with the right cavity of the hydraulic
cylinder; W4 - the volume of the cavity of the
hydraulic line connecting the left cavity of the
hydraulic cylinder to the spool distributor; Ws, Ws -
the volumes of cavities between the sides of the
spool that connect the windows of the "open center”
with the clipping edges.

Study of the dependence of the coefficient of
pliability on pressure Ki(p) engaged in many
researchers both experimentally and theoretically. As
a result of their research [4], obtained a formula for
calculating the coefficient of ductility, which takes into
account the total deformation of the working fluid, as
a gas-liquid mixture under isothermal compression,
and the pipeline (cavity):

Ki(pi)= Ext* (1-2-pia/ov(pi-at+pire) —2-pi-t- Exdo (pir12—
pA)x (1- pir/ocEx) In(pi-i+ +oupirs)/(piatorpi)),
i=0,.,6. (26)
The second group of equations that are part
of the mathematical model of the system of
hydrovolume steering is the equation of motion of
individual elements. The calculation scheme for
determining the current forces and moments is
shown in Fig. 2.
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Fig. 2. Estimated scheme of forces and moments acting on the elements
hydrovolume steering system.

Equation of moments of forces acting on the

sleeve:

M, =M,+M,+M, +

FMy M+ Mg+ My + My

where Mz — the moment that occurs when the

pin on the input shaft on the surface of the groove in the
sleeve; Ms — torque to overcome dry friction between
the end face of the sleeve 2 and the lock washer; Ms —
torque to overcome dry friction between the pin and the
groove in the sleeve; Ms — the moment to overcome the
viscous fluid friction between the shaft 1 and the sleeve
2; Mg — moment to overcome the liquid friction between
the sleeve and the spool; Mg — the moment of
resistance from a cardan; Mio — the moment of dry
friction forces acting between the end face of the sleeve
and the spool washer; M1 — the moment of inertia of
the sleeve; M2 — the moment to overcome the dry
friction between the end of the spring zero and the end
of the sleeve.

The sleeve is also under the action of forces
directed along the axis, the balance equation of which
has the following form

R, =R;+R;+R +R;+R, +R, +R;, (28)

where R2 — axial component of the pin
pressure force on the groove; Rs — the force of
resistance of the spring of the zero installer; Rs — axial
component of the dry friction force between the pin and
the groove of the sleeve; Ry — force of liquid friction at
relative movement of a shaft and the plug; Rs — the
force of fluid friction during the relative movement of the

(27)
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sleeve and the spool in the axial direction; Re— the force
of dry friction in the splined pair of the bushing - cardan;
Rio— the force of resistance from the spool when
pressing the sleeve on the snap ring; Riz — the force of
inertia of the sleeve.

The equation of forces acting on the spool has
the form:

Rs + R =Ry, +R3 + R, +R;s, (29)

where Ri2 — the force of inertia of the spool;
R13 — the force of liquid friction between the spool and
the housing; Ri4 — the force of dry friction between the
spool and the housing; Ris — hydrodynamic force.

Equation of forces applied to the rod of the
hydraulic cylinder:

Rs =R +Rg+Ry, (30)

where Ris — the force developed by the
hydraulic cylinder in the presence of a pressure drop in
its cavities; Ris — external technological load on the
hydraulic cylinder rod; Rig — the force of inertial load on
the rod of the cylinder; Rz — friction losses when
moving the piston of the hydraulic cylinder.

Equation of moments applied to the dosing
mechanism shaft:

My, =M +Mg+M,; + Mg, (31)

where M — the moment that develops the
dosing mechanism; Mis — the moment of inertia of the
moving parts of the dosing mechanism, reduced to its
shaft; Mis — moment from the forces of liquid friction in
the dosing mechanism; M1z — moments of external
loading of the dosing mechanism from a reducer; Mis —
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loss of torque, which develops a dosing mechanism to
overcome the forces of dry friction.

Equations (27) - (31) include the values of
moments and forces acting on the constituent elements
of the hydraulic system, determined in accordance with
the conditions of their operation as part of the hydraulic
steering mechanism.

External control torque on the input shaft Mz,
which actuates the spool sleeve is determined by the
amount of elastic deformation of the pin, which presses
on the side surface of the groove, taking into account
the gap between the finger and the groove:

1)
0 >lo, —0,|< 2, (32
M. = I, 'COS(YI)
2 5,
C, o —0,— H“P1_(Pz‘<7
I, - COsY, r, -cos(y,)

where @1 — the angle of rotation of the input
shaft; g2 — the angle of rotation of the sleeve; C2 —
bending stiffness of the pin; &2 — gap in a pair of pin
grooves; y1 — the angle of the helical groove in the
sleeve; r2 — the radius of the sleeve.

The moment of dry friction Mz arises due to
pressing by the spring established with initial tension,
the plug to the end face of a lock ring:

M, =fi-F-ry, (33)

where f1 — coefficient of friction between the
specified surfaces; rs — the value of the radius at which
the friction actually occurs; Fs — the force of elasticity of
the spring, which in this case is equal to

F, =C, - (AX+X,), (34)

where Ci — the coefficient of elasticity of the
spring; Ax + x2 — complete deformation of the spring,
which is determined by the previous deformation Ax
and moving the sleeve xz, which occurs during the
operation of the mechanism.

The moment of dry friction of a pin on a groove
Ms occurs when the condition of selecting the gap &2
and proportional to the normal force of pressing the pin
to the side surface of the groove, which in turn is
determined by the amount of torque Ma.

0 b -] <

5,
r,-cos(y,)

(35)
M

fz 'Cz '(¢1’¢27

5 N
bZ
r,-Cosy,

5,
r,-cos ()

Mechanical losses to overcome friction during
the relative movement of the surfaces of the parts
separated by a layer of working fluid depends on the
speed of the relative movement of the parts [5].

The moment of liquid friction between the shaft
and the sleeve

M. =241 -
® ﬂl(dt dt

where B — coefficient of liquid friction (active
resistance) during the rotational movement of parts; rl -
radius of friction in the gap shaft 1 - sleeve 2

The moment of liquid friction in the pair of
bushings - spool;

]'tg(71)—>‘¢17¢2‘2

98

2022 ma mexHOoJ102IsIX
d4, dé,

Ms:ﬂ'%( dt  dt j

where ¢, — the angle of rotation of the spool;

rl - radius of friction in the pair of vulka - spool.
The moment of liquid friction in a pair of spools
- the case:

@37

9, doy

M=/ , 38
=85 (38)
where ds — spool diameter.

The moment of liquid friction in the pump -

dispenser
dg

M, =8, —, 39
5 =B (39)

where ¢, - the angle of rotation of the shaft of
the dosing mechanism; g, - the coefficient of

mechanical losses due to liquid friction in the dosing
mechanism, which takes into account the design
features and size of this mechanism.

Moment Ms occurs when turning the propeller
shaft and is determined by the magnitude of the elastic
deformation of the pair of propeller - sleeve and is
calculated depending:

_O —>|¢5—¢2|<|56+57|
- C4'(¢5 _¢2)_>|¢5 _¢2|2|56 +57|

where Cs — torsional stiffness of the propeller
shaft; p2 — the angle of rotation of the sleeve; ¢s — the
angle of rotation of the propeller shaft; 66 — gap in the
connection cardan shaft - bushing; 67 — gap at the
driveshaft drive shaft - gearbox satellite.

The moment that develops as a dosing
mechanism depends on the fallow

Mia=q - (p1- p2). (41)

Inertial advancement of elements in
hydromechanism, as they are wrapped, signified by
advancing fallows.

Moment of forces of inertial tension,
applications to the bushing
d’¢,

dt>

where 1, - moment of inertia of the bushing.
Moment of inertial load applied to the propeller

(40)

9

M, =1,- (42)

shaft:
d’g
M15 :IS'T;, (43)
where |, - moment of inertia of the propeller
shaft.

Moment of inertial loading forces of the dosing
mechanism:

d 2
2%
dt
where |, - the moment of inertia of the moving

parts of the dosing mechanism, reduced to its shaft.
The components of the equations of acting
forces are determined by the following dependencies.

My = (44)
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The forces of liquid friction are equal:

R =15 (@5)
R, (S22 ()
Ra=f 52, @7)
Ry =1 (49)

where g, - the coefficient of proportionality of

the force of liquid friction of the speed of relative linear
movement of the parts of the hydromechanism.

The force of friction at the point of contact of
the pin and the groove of the sleeve is in the nature of
dry friction. When determining its value, the presence of
a gap is taken into account & 2 in the connection of the
specified parts. Then

S.
0 _)|¢1_¢2|< £
R _ r,-cosy,
Y 5 B
f,.—2 —¢|> 2
2o, >l 4| r,-coSy,
0.
0 _)|¢1_¢2|< .
r,-COSy,
= c .(¢ 4 _5) s (49)
fz.#_)|¢l_¢2|2 2

r, r,-Cosy,

Accordingly, the force of dry friction during the
longitudinal movement of the slotted hole in the sleeve
relative to the toothed gimbal, taking into account the

gap in their connection is determined by this
dependence.
0 > | — 5| <|6; + 5]
R, = M =
’ f4’r_9_>|¢5_¢2|2|56+57|
6
0 > | -] <|5 + 5
=|. C4- (¢ -¢,—-6,-6 , (50)
f,- (== 7)—>|¢5—¢2|z|56+57|

rG

where f4 — the coefficient of friction in the pair of
cardan - slotted hole.

Strength of resistance Rz, acting on the sleeve
from the input shaft is determined by the amount of
torque M, attached to the steering wheel. Given the
backlash (gap) in the connection pin - groove, this
relationship takes the form

1)
0 _>‘¢1_¢2‘< :
R r,-Cosy,
) = =
M 0,
72'tg(71)—>‘¢1_¢2‘2 2
r, r,-COSy,
1)
0 %‘¢1_¢2‘< 2
LCOS  (51)
= 0,
Cz'(¢1_¢2_ 2
2 O 19— - ] 2 —2
\ r, r,-C0SY,
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The force developed by the spring of the zero
installer, within the actual displacements of the sleeve,
is determined by the linear relationship:

R, =C,-X,, (52)

where Ci — spring stiffness; x> — deformation of
the spring, which is equal to the movement of the
sleeve.

Strength of resistance Rio, which occurs due to
the elastic deformation of the snap ring under the action
of linear movement of the sleeve, taking into account
the axial gap 84 in the combination of these parts is
determined by the dependence

R, = 0 —> X, <0,
O G, (X =% =8,) > X, 25,
where Cs — stiffness of the retaining ring.
The forces of inertial load, which occur when
moving with the acceleration of the bushing, spool and
brought to the rod of the hydraulic cylinder mass of the

moving parts of the steering mechanism, are
determined by the following dependencies:

N )

d?x

R17:m2’T22; (54)
d?x

Rizzms'Tza; (55)
d?x

R19:m4'T24! (56)

where mz — bushing mass; ms — spool weight;
ms — the mass of moving parts of the steering
mechanism is reduced to the rod of the hydraulic
cylinder.

In determining the hydrodynamic force is taken
into account the fact that in this case the total value of
the hydrodynamic force is determined by the
simultaneous action of individual hydrodynamic forces
at several edges.

In the zero position of the spool, the pressure
in the cavities of the distributor acts evenly on all
surfaces of the open center, hydrodynamic forces Prpo,
Pra10 act on the edges 9 and 10, and they are directed
in the opposite direction, and therefore the resultant of
these forces is zero. In the case where the spool shifts
in a positive direction, the hydrodynamic forces Prpg,
Prat0, acting on the edges 9, 10 of the open center,
have different sizes, in addition, as you open the spool
opens the first edge, begins to rotate the shaft of the
pump - dispenser and the liquid enters the cavity
between edges 2 - 3, and through edge 3 passes into
the cavity of the cylinder, during this time, the
hydrodynamic force acts on the edge 2 Prp. At the exit
of the hydraulic cylinder, the liquid enters the cavity
between the edges 7 - 10 and passes to the drain, in
which case there is a hydrodynamic force Prato on the
surface of the edge 10, but on the other hand, a force
acts Praio. Therefore, the resulting hydrodynamic force
acting on the spool with its positive displacement is:

R1I5 = P}mo - Prmo + Przzg + Pazz . (57)
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When the spool is negatively moved, the
forces act in the same way on the edges of the open
center 9, 10. But not the first, but the second edge
opens, so the hydrodynamic force acts on the spool
Prps and accordingly in the drain cavity - hydrodynamic
force Prpe. The resulting hydrodynamic force in the
negative movement of the spool is;

R15 = _ng + Pmlo - ng - Przzs (58)

According to the results of a number of studies
[5], the magnitude of the hydrodynamic force acting on
the individual edges of the spool can be correctly
determined by the formula

Py =-p-Q-V-cosd, (59)

where p - the density of the working fluid; Q -
fluid flow through the gap; 6 - the angle of direction of
fluid flow through the gap between the edges of the
spool and the housing, for the spool pair of this design,
the angle of the working edge is equal to 3°, that will
determine the direction of flow of the working fluid
through the slit.

The force developed by the hydraulic cylinder
is proportional to the pressure drop in its cavities

Ri6 = Fs - (p4- p3) (60)

To simulate the operation of a planetary
gearbox, which is used as a transmission mechanism
between the dosing mechanism and the feedback
cardan, the most appropriate was the use of the
Lagrange equation of the second kind.

For our case, the Lagrange equation will take

the form:
i i(Tl +-|—2) _ M17 '5¢4+M9 '5¢6 7 (61)

dt\ o¢ o9,

where T1 — kinetic energy led, T2 — kinetic
energy of the gear, ¢4 — the angle of rotation of the input
shaft of the gearbox, ¢s — the angle of rotation of the
output shaft of the gearbox.

We accept as the generalized coordinate @a,

then

¢e:£'¢41
I

8
where e — gear eccentricity, rs — the radius of
the dividing circle of the gear. Considering (62),
equation (61) takes the form:

d( o 2-e
_(_(T1+T2)j: My, +r_'M9

(62)

63
dt\ o¢ 5 63)
The kinetic energy of the carrier is determined
by the dependence:

T1:£.|8.(dﬂj , (64)

2 dt
where |, - moment of inertia led; (P4 - the

angle of rotation of the planetary gearbox.
The kinetic energy of the gear is determined by
the dependence:

2
Tzzl.m .V 2+1. (%j ,

5 M Vo 4| (65)
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where m, - gear weight; V,, - linear speed of

rotation of a point on the rim of the gear, defined as the
product of the angular velocity of rotation of the carrier
by the value of the eccentricity and is calculated

dg,

depending on V, = e-E; I, - the moment of inertia

of the gear; ¢, - gear rotation angle.
Then addiction (65) takes the form

1 dg, ¥ 1 dg. )
T ="m.-le 24| +=.], .| 28 66
225[ dthg(dt (66)

Based on equations (63), (64) and (65), as well
as the corresponding kinematic relations for the
planetary gear we get the following equation for the
planetary gear

1 (dg,Y , Iy 2-e
02 L +e?  me+d 2| =M. 2= M. (67
Z(dtj(“ )M M 0

Research results and their discussion.

The obtained system of equations (1) - (26),
(27) - (60), (67) unambiguously determines the state of
the parameters that describe the behavior of the
hydraulic system of volumetric steering. In compiling
these equations, as well as in determining the
dependences that determine the values of the
parameters, we used the results of experimental
studies of steering mechanisms such as CBA.O1, as
well as similar ones manufactured by other companies,
which were conducted for many years Vinnytsia
National Technical University. The performed
computational experiments allowed to obtain results
that closely coincided with the experimental ones.

The study of this mathematical model has
some difficulties due to the high degree of nonlinearity
and high order of the system. The mathematical model
was studied by conducting a numerical experiment
using an original package of applications developed on
the basis of the Runge - Kutt - Feldberg method. The
developed model and the developed technique of its
research allow to analyze in detail the nature and
features of dynamic processes during the operation of
the hydraulic system and to develop measures to
improve the quality of the characteristics of steering
hydromechanisms such as MRG.01.

Transients obtained as a result of the
program under the action of the associated load - in
Fig. 3.

Vuwroka, m/c

0.006

0.004

0.002 ‘
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Fig. 3. Transient process of the speed of
the executive hydraulic cylinder of the system
when using a spool distributor with rectangular
grooves on the working edges

When studying the dependence of the
stability region in the case of a co-load on the rod of
the steering cylinder, it was found that the system
responds to this perturbation in a slightly different way
than the action of the counter load. Under the action of
the associated load, the system is almost stable, but
when the load reaches a certain value, the cylinder
rod breaks, the fluid breaks, and the machine loses
control, so when considering the associated load, it is
advisable to consider the failure area of the steering
cylinder rod. The transition process illustrating the
process of failure of the rod is shown in Fig. 4.

In fig. 4 shows the transient process of the
speed of the rod of the executive cylinder when using
a spool distributor with conical edges with the following
system parameters: g= 80 cm?3rad, w1=20 rpm, y =3°,
Fz = 30 cm?, 11=0.6 mm,
b=0.6 mm, =0.6 mm, ,=0.9 mm, k=2 mm,
le =2 mm, Iz =0.9 mm, ls = 0.6 mm, lo= - 0.5 mm, lio =
- 05 mm, b1 = 0185 mm, b = 0.195 mm,
bz = 0.195 mm, bs = 0.165 mm, bs = 0.155 mm,
bs = 0.155 mm, b7 = 0.165 mm, bg = 0.185 mm.

It should be noted that when obtaining the
transients, which are presented in Fig. 3 and fig. 4
values of the width of the groove on the edge
(parameter a) and the number of grooves (parameter
n) were selected so that the cross-sectional area of
the modernized spool distributor is equal to the cross-
sectional area of the spool distributor window of the
basic structure.

0.010 4 ! { { { { ! { { |
n i

ol L LA

0.008

0.006

0.004

0.002

0

0 0.2 04 0.6 tec
Fig. 4. The transient process of the speed
of the executive hydraulic cylinder of the system
when using a spool distributor with conical
working edges

Comparative analysis of the processes
shown in Fig. 2 and 3, shows that the transition to the
design of working windows in the form of rectangular
grooves, when all other conditions of operation of the
hydraulic steering mechanism significantly increases
the limit value of the associated load. So the mode of
uncontrolled operation of the steering
hydromechanism at which speed of movement of a
rod of the executive hydraulic cylinder starts to exceed
that set by giving of the pump, at the rectangular form

ma mexHorsoegissx
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of edges comes at the accompanying loading
pron = 45.0 kN, while in the conical shape of the edges,
this mode occurs with the associated load pron = 24.0
KN at the given parameters of system of hydrovolume
steering.

When studying the system, it was found that
the most informative about the state of the system
under the action of the associated load is the
dependence of fluid flow through the anti-vacuum
valve on the pressure drop across the actuator (Fig.
4).

Q, emc

0.18

0.12

0.06 -

0
6 10 14 18 22 Ap, MlMa

Fig. 5. Dependence of the flow of working
fluid through the anti-vacuum valve at: 1 - conical
shape of the spool distributor windows; 2 -
modernized design of the spool distributor
windows.

In case of uncontrolled movement of the
hydraulic cylinder rod, the pressure in the drain cavity
of the hydraulic cylinder increases rapidly, while in the
pressure cavity the pressure drops and when the
pressure reaches its minimum allowable value - anti-
vacuum valves are triggered. thereby rupture of the
working fluid. In fig. 4. the expense characteristic of
the anti-vacuum valve for two constructive variants of
execution of a spool of the distributor is shown. The
first curve is obtained when modeling a spool with
conical throttle edges. In the case of using a spool of
this design, the phenomenon of uncontrolled
movement of the hydraulic cylinder rod occurs when
the pressure drop on the actuator of the hydrovolume
steering system, which is 8 MPa. While the use of a
spool with grooves on the throttle edges (curve 2)
allows you to work with a pressure drop in the cavities
of the cylinder up to 15 MPa. Also, compared with the
results of the study of the basic model, the
modernized model when changing the angular
velocity of the steering wheel works under the action
of the associated load on the cylinder rod better than
the base model. As the angular velocity of the steering
wheel increases, the pressure drop at which the
uncontrolled movement of the hydraulic cylinder stem
of the hydraulic steering system begins decreases in
both the basic and modernized models, but in the
modernized model, the pressure drop on the hydraulic
cylinder is 1.8 times greater than in the basic models.
Under the action of counterload, the upgraded system
works equally efficiently compared to the base, so the
proposed change in the shape of the throttle edge of
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the spool increases the ability of the dosing unit of the
hydraulic steering system under the associated load
by approximately 1.8 times. spool and does not affect
the stability of the system.

Also of great importance for the stability of the
system is the amount of fluid supplied. So with
increasing size of the dosing unit, and constant supply
of fluid to the system, the area of stable operation at
the associated load decreases, until there is howhere
to switch to a new size of the pumping station.

The research allows us to draw the
following conclusions:

1. The compiled mathematical model
accurately reflects the processes and dynamics of the
behavior of the hydrovolume steering system.

2. Based on the analysis of the model, the
influence of the main parameters of the hydraulic
system on the stability of its operation is revealed.

3. Identified dependencies allow to develop
recommendations for improving the quality or stability
of work by synthesizing the parameters of the
hydraulic system.

4. The need for a more differentiated
allocation of pumping station costs is identified.

5. In order to increase the manufacturability of
the spool pair, it is necessary to increase the angle of
the working edge of the spool distributor, but since this
parameter adversely affects the stability of the system,
it is necessary to change the design of this element.

The analysis of work at the associated load
revealed a significant impact of the values of the
overlap of the working edges on some work of the
system under the action of the associated load, and
the correct selection of these floors, you can achieve a
significant increase. The obtained results allow
recommendations for the choice of standard size of
work surfaces.

References

1. Casoli, P.; Gamba A.; Pompini, N.; Ricco,
L. (2016) Hybridization methodology based on DP
algorithm for hydraulic mobile machinery—Application
to a middle size excavator. Autom. Constr. 61, 42-
57. [in English].

2. Rossetti, A.; Macor, A.; Scamperle, M.
(2017) Optimization of components and layouts of

hydromechanical transmissions. Int. J. Fluid
Power,18,123-134. [in English].
3. Zardin, Barbara & Borghi, M. &

Gherardini, Francesco & Zanasi, Nicholas. (2018).
Modelling and Simulation of a Hydrostatic Steering
System for Agricultural Tractors. Energies. 11. 230.
10.3390/en11010230.

4. Daher, N.; Ivantysynova, M. (2014)
Energy analysis of an original steering technology that
saves fuel and boosts efficiency. Energy Convers.
Manag. 86,1059-1068. [in English].

5. Gultekin, LY.; Comert, S.; Erkal, G.;
Balkan, T.; Unlusoy, Y.S. (2016) Modeling and

ma mexHorsoegissx
2022

simulation of power steering system for agricultural
tractors. In Proceedings of the International
Conference  on  Advances in  Automotive
Technologies, Istanbul, Turkey, 11-14 October 2016;
pp. 1-6. [in English].

6. Oksanen, T.; Backman, J. (2013)
Guidance system for agricultural tractor with four
wheel steering. In Proceedings of the IFAC Bio-
Robotics Conference, Sakai, Japan, 27-29 March
2013. [in English].

7. Sakthivel, A.; Sriraman, S.; Verma, R.
(2012) Study of Vibration from Steering Wheel of an
Agricultural Tractor. SAE Int. J. Commer. Veh.
2012, 5, 441-454. [in English].

8. Ammon, D.; Borner, M.; Rauh, J. (2006)
Simulation of the perceptible feed-forward and feed-
back properties of hydraulic power-steering systems
on the vehicle's handling behavior using simple
physical models. Veh. Syst. Dyn. 2006, 44,158-170.
[in English].

9. Panetta, G.; Mancarella, F.; Borghi, M,;
Zardin, B.; Pintore, F. (2015) Dynamic Modelling of an
Off-Road Vehicle for the Design of a Semi-Active,
Hydropneumatic  Spring-Damper  System. In
Proceedings of the ASME International Mechanical
Engineering Congress and Exposition, Volume 4B:
Dynamics, Vibration, and Control, Houston, TX, USA,
13-19 November 2015. [in English].

10.Sun, Y.; He, P.; Zhang, Y.; Chen, L.
(2011) Modeling and Co-simulation of Hydraulic
Power Steering System. In Proceedings of the Third
International Conference on Measuring Technology
and Mechatronics Automation, Shangshai, China, 6-7
January 2011. [in English].

11.Kaletnik H., Sevostianov I., Bulgakov V.,
Holovach 1., Melnik V., lhnatiev Ye, Olt J. (2020)
Development and examination of high-performance
fluidisedbed vibration drier for processing food
production waste. Agronomy Research. 18(4), P.
2391-2409. [in Ukrainian]

12.Bulgakov V., Sevostianov |., Kaletnik G.,
Babyn I, Ivanovs S., Holovach 1., lhnatiev Y. (2020)
Theoretical Studies of the Vibration Process of the
Dryer for Waste of Food. Rural sustainability research
44(339), [in English].

13.Iskovych-Lototskyi (2006) Osnovy teorii
rozrahunku processive ta obladnannya dlya
vibroudarnoho pressuvannya. Monografiya
[Foudations of calculation theory and elaboration of
processes and equipment for vibro-blowing pressing.
Monograph]. Vinnytsia: UNIVERSUM-Vinnytsia [in
Ukrainian].

14.lvanov, N., Sharhorodskyi, S., Rutkevych
V. (2013) Matematicheskaia model hidroprivoda
blochno-portsionoho  otdelitelia  konservirovannykh

kormov. MOTROL. — — Ne 5. — S, 83-91. [in
Ukrainian]

15.lvanov, M.l, & Sharhorodskyi, S.A., &
Rutkevych, V.S. (2013). Pidvyshchennia

ekspluatatsiinoi  efektyvnosti  blochno-portsiinoho

102



Ne 2 (105) Bibpauii e mexHiyi

vyvantazhuvacha konservovanych kormiv shliakhom
hidrofikatsii pryvoda robochukh orhaniv [Improving the
operational efficiency of the block-batch unloader of
canned fodder by hydration of the drive of working
bodies.]. Promyslova hidravika i pnevmatyka -
Industrial hydraulics and pneumatics. Ne1(39). 91-96
[in Ukrainian].

AOCNIMXEHHA POBOTU CUCTEMM
raPOOB’EMHOIO PYJNIbOBOIO KEPYBAHHA
HA BA3I HACOCA-IO3ATOPA 13 OCbOBUM
30INTOTHMKOM NP Afi NONYTHOIO
HABAHTAXEHHA

O0Hum i3 ¢bakmopie  3abe3rneyeHHs1
cmabirbHO20 Po38UMKY CiflbCbKO20 20criodapcmea €
siKicHa ma HaliliHa mexHika. Ha cb0200Hi po38umokK
2ifpaeriiqyHuUx rnpueodie y 3HauHIl Mipi rpussie 00
ecebiyHo20 tio2o 3acmocyeaHHs y
CirlbCbKO20Cno0apChKUX MawuHax ma mpakmopax.
OdHiero i3 cucmem, sika € rosHicmio 2idpoghiko8aHoK
Y BaXKUX CiflbCbKO20CrO0apChKUX MalluHax — €
cucmema  pynboeo2o  KepysaHHsl.  [idpoob’emHa
cucmema pynbo8020 KepysaHHSI MaeE HacmyrHi
riepesazu — KOMIMaKmHIiCMb, BirlbHICMb Y KOMIOHO8Y
mawuHu, eucokuti KKL, moyHicmb, Moxiiugicms
repedayi 3Ha4yHUX 3yCUsb Ha KepoeaHi Koreca npu
MiHiMarnbHUX 3ycurnsx mexaHizamopa. [o Hedoriikie
crnid 8idHecmu reaHi obmexxeHHs1 rpu Oii' MorymHo20
HasaHMaXXeHHs Ha KepoeaHi Koreca 0 4ac
rnosopomy. [aHuli napamemp € 0OHUM i3 MOKa3HUKI8
sKkocmi  2i0poobeMHUX ~ cucmeM  Py/ib08020
KepyeaHHs | MiHiMaribHe 3ycurnnis rpu  sKomy

ma mexHorsoegissx
2022

royuHaemscsi npouec cKknadaHHsI Koriic
peanameHmyembcs MpKHapOOHUMU cmaHdapmamu.

Y cmammi eukoHaHO = MamemamuyHe
moderoeaHHs1 2i0po06’eEMHOI cucmemu  pyribo8o2o
KepysaHHs. MamemamuyHa modesib ckrnadaemscs i3
PiBHsIHb HEpPO3pUBHOCMI 1OMOKi8 POBboYOI PiIdUHU,
pieHsIHb MOMeHMI8 ma pieHsiHHS JlagpaHxa 2 pody,
3a OoroMoz20l0  SIK020  ornucyemecsi  poboma
rnnaHemapHoeo pedykmopa. Nowyk po3e’saskie daHoi
moderni 30ilicHr8aacsi 3a GOMOMO20K0 OpuU2iHarIbHO20
npoepamMHo20 3abesriedeHHs1 MobydosaHO20 Ha
ocHogi memody PyHee-Kymmu —®enib0bepea i3
asmoMamuy4yHUM  KDOKOM  iHMeepye8aHHs. y
pesynsmami  aHanizy —ompumaHux — rnepexioHux
npouecie 6ynu nobydosaHi obnacmi cmitikoi pobomu,
wo Oano 3Mo2y ompumamu  Crlie8IOHOWEHHS
napamMempie cucmemu rfpu SKUX 3abesnedyemscs ii
cmilika poboma. 3arporioHO8aHe KOHCMPYKMUBHe
piteHHs1 003801USI0 MIGBULLUMU 2paHUYHE 3HAYEHHST
0MyMHO20 HaBaHMaXXeHHS MU NepesuULLEHHI K020
8i0by8aemMbCsl CaMoBiflbHe NMepPeMIlleHHs] KeposaHUX
Koric. lNposedeHuli aHaniz pobomu ripu rornymHomy
HasaHMaXXxeHHi eusisu8 cymmesull 68rue 3HaqeHb
riepekpummsi poboqux KPOMOK Ha sKicb pobomu
cucmemu npu Oif MOMNYMHO20 HaBaHMAaXKEeHHS,
rpuyoMy rpasusibHUM MidbopoM yux nepekpums,
MOXKHa 0ocsiamu 3Ha4YHO_20 MiOBULLEHHST SIKOCMI.

Knro4oei cnoea:. zidpoobemHa cucmema
pyrboB8020  KepysaHHs,  eidpaeniyHuli  rpueoo,
Mamemamu4yHa  Modesib,  nepexioOHul  rpouyec,
obriacme cmitikoi pobomu, norymHe Ha8aHMaXeHHs
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