Machinery & Energetics Journal homepage:

Vol. 14, No. 3. 2023 https://technicalscience.com.ua/en

UDbC 631.37
DOI: 10.31548/machinery/3.2023.09

Ivan Beloev’

PhD in Technical Sciences, Associate Professor
“Angel Kanchev” University of Ruse
7017, 8 Studentska Str., Ruse, Bulgaria
https://orcid.org/0000-0003-2014-1970

Volodymyr Kuvachov

Doctor of Technical Sciences, Professor
Dmytro Motornyi Tavria State Agrotechnological University
72310, 18 B. Khmelnytsky Ave., Melitopol, Ukraine
https://orcid.org/0000-0002-5762-256X

Valerii Adamchuk

Doctor of Technical Sciences, Professor
Institute of Mechanics and Automatics of Agroindustrial Production
of the National Academy of Agrarian Sciences of Ukraine
08631, 11 Vokzalna Str., Glevakha, Kyiv region, Ukraine
https://orcid.org/0000-0003-0358-7946

Zinoviy Ruzhylo

PhD in Technical Sciences, Associate Professor
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0003-3582-8687

Analytical study of the turns of bridge machines

Abstract. The research is devoted to the topical problem of the efficiency of turning wide-span bridge machines in the
track farming system. The research aims to study the curvilinear movement along the soil traces of a constant technological
track of an arbitrary multi-supported bridge machine, considering its design and method of turning, parameters, modes
of movement and loading. Experimental studies were conducted, involving the use of a modern strain track and specially
designed equipment for electrical measurements of non-electrical quantities. The processing of research data was carried
out on a personal computer. A methodology for compiling private models of turning off the bridge vehicle moving along the
soil trace of the constant technological track was developed. As a result of the joint solution problem of the bridge machine
turning, it is possible to determine all output parameters of curvilinear motion: trajectory, tractive forces, turning radius,
slipping, and actual speeds. The force interaction of the bridge machine’s undercarriage with the soil trace of a constant
track is presented based on flat sliding with a variable anisotropic friction coefficient of adhesion ¢, depending on the
properties of the track. As the radius of the wheel, the width of its tire and the air pressure in it, as well as the vertical
load that acts on it, the coefficient of traction of the bridge machine ¢ , increases, which may cause higher slippage. The
adequacy of the model of stationary turning of the overhead machine is confirmed by experimental estimation of the
resistance coefficient of the power onboard turning. The convergence of the theoretical and experimental values of this
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Analytical study of the turns of bridge machines

coefficient is within the confidence interval * ¢ in the whole investigated weight range of the bridge machine prototype.
This allows us to assess the influence of design parameters and schemes on the turning characteristics as early as the
design stage of a new bridge machine, thus optimizing the design process. The results of the research can be applied to
the organization of the process of turning the existing models of bridge machines

Keywords: controlled traffic farming, gantry systems, curvilinear motion, coefficient of traction, coefficient of adhesion,

front steered wheels

INTRODUCTION

The movement of bridge machines along the tracks of a
permanent technological track creates somewhat differ-
ent conditions and requirements for the operation of its
pneumatic tire than for a traditional tractor moving along
the agricultural background. As such, one of the require-
ments for the parameters of the technological track is
their sufficient compaction, which improves the traction,
coupling, and operational properties of bridge agricultural
vehicles moving along them (Lou et al., 2021; Tamirat et
al., 2022; Kerup et al., 2022). According to M.N. Thom-
sen et al. (2018), the restrictions on the permissible norms
of the impact of undercarriage systems on the soil in the
area of the tramline can be neglected. On the other hand,
it has been established that the width of the bridge wheel
should be as small as possible. This reduces the loss of
field area under the technological zone.

Wide-span tractor (vehicles) for controlled traffic
farming, like any vehicle, is a rather complex control ob-
ject that can be adapted to manual or automatic control
and is built according to the kinematic or power princi-
ple of turning. D.L. Antille et al. (2019) pointed out that
kinematic rotation is implemented by turning the steered
wheels (front, rear, or both front and rear) relative to the
car frame. Wide-span tractors (vehicles) with steerable
wheels are the most widely used.

S.Z.S. Al-khayyt (2018) presented studies aimed at
optimizing the trajectory of curvilinear motion (PSO) by
replacing the LSPB (linear segment with parabolic blend)
trajectory when building an array of points on the trajec-
tory. The PSO parameters were thus obtained to ensure
that the LSPB trajectories accurately display the given
waypoints. Interaction of the optimal trajectory of LSPB
with PSO was demonstrated using mathematical mod-
elling. The aforementioned method for the operational
planning of the curvilinear turn of the bridge machine is
quite simple and is used to solve such problems. However,
the influence of the mass-geometric and structural-tech-
nological parameters of the wheeled vehicle on the pro-
cess of its curvilinear movement is not considered.

M. Melnik et al. (2017) obtained parametric equations
for the trajectory of the unsteady movement of a wheeled
vehicle with front-steered wheels as a function of the an-
gle of rotation of its body, which allows describing the
processes of entering a left or right turn and exiting it. Us-
ing the models presented by the authors, it is possible to
investigate the process of turning a wheeled vehicle as a
function of time.

As such, many studies are devoted to the curvilinear
movement of traditional wheeled and tracked vehicles,
although, concerning bridge vehicles, this process has not
been studied enough. The rotation of aggregates during
fieldwork is also actively studied by scholars. A. Start-
sev et al. (2023) presented a mathematical model built to
assess the rectilinear stability of the tractor unit in the
uncontrolled turn mode. M. Song et al. (2013) attempted
to optimize the point trajectory and simulate the creation
of a given path for mowers as they turn. The authors pro-
posed an algorithm based on experimental path-planning
operation models for an autonomous mower. The results
of production tests showed a certain convergence of the
turning points.

Numerous global studies also aimed to study the
movement of mobile units on a wheeled caterpillar mov-
er. For example, M. Fashutdinov et al. (2020) considered
the theoretical prerequisites for modelling the dynamics
of the rotation of agricultural units with a wheel-caterpil-
lar mover. The authors obtained mathematical models for
determining the indicators of the turning of agricultural
units. However, during modelling the process of curvilin-
ear motion of a traditional tractor unit, the main assump-
tion underlying the force interaction of the mover with
the soil is the independence of the resulting force and
friction moment. This limits the scope of models in this
direction to large and medium turning radii and move-
ment without loads.

The studies aimed to develop a model for turning a
bridge machine moving along a compacted soil track of a
constant tramline based on the theory of flat slip with a
variable anisotropic coefficient of friction, which makes it
possible to substantiate all the output parameters of its
curvilinear movement.

MATERIALS AND METHODS
Experimental studies were carried out throughout 2020-
2021 in a specially created laboratory for testing a bridge
machine at Dmytro Motornyi Tavria State Agrotechnologi-
cal University (Ukraine).

To conduct experimental studies, a four-wheeled
overhead vehicle prototype was used (Fig. 1). Wheel
track width was 3.5 m, base length was 2.3 m, and 9.5R32
tires were used.

Experimental studies were conducted in a special-
ly equipped laboratory for testing with a test section
length of 50 m.
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Figure 1. Experimental bridge machine

Source: V. Bulgakov et al. (2021)

When conducting experimental studies, modern meth-
ods of strain measurement were used with a tense-resistive
torque sensor. Transmission and fixation of strain gauge
signals through transducers were transferred to a person-
al computer (PC). The results of strain measurement data
were processed by statistical methods using a PC. The
torque on the wheels of the axle machine was measured
with a TW-2T-60K-S sensor, production — China, the char-
acteristics of which are as follows:

Max Torque Capacity — 81 kKN-m; Nonlinearity (% of
Full-Scale Output) — 1%; Configuration — Heavy Duty Sin-
gle or Dual Wheel.

The signal received from the torque sensor through an
analogue digital converter was received and processed by
a PC in the Excel software environment, discussed in de-
tail by D. Zhuravel et al. (2020) and V. Borysov et al. (2020).

Modern methods of mathematical modelling of the
behaviour of complex dynamic systems, agricultural
machines and machine units were used. These meth-
ods involve modelling the movement of these objects
by developing their equivalent circuits for both the en-
tire machine-tractor unit and its element (wheel), as well
as compiling differential equations of motion based on
them. The resulting analytical dependencies were solved

a) ASA-Lift WS 9600 WS

using well-known application programs on a PC. The
results obtained are presented in the form of graphical
dependencies.

RESULTS AND DISCUSSION

The operation of any wheeled vehicle occurs under many
outside factors (forces and their moments), which change
its position in space and deviate the movement from a
given trajectory. The quality of processing one or another
dynamic system of input variables depends on its charac-
teristics. Relatively wide-span tractors (vehicles) such is its
scheme, as well as design and other parameters. Therefore,
the correct choice of the latter, from the standpoint of the
necessary controllability and stability of its movement,
provides it with the optimal transformation of the control
and perturbing effects acting on it.

In the design of complex and expensive bridge ma-
chines (Fig. 2), the simulation process is becoming in-
creasingly common, allowing to reduction, and sometimes
eliminating, various types of in-situ testing (Pedersen et
al., 2016). In the operational cycle of any bridge machine
a curvilinear motion (turning), the characteristics of which
are often decisive in the design of new or evaluation of ex-
isting models of equipment, must be considered.
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Figure 2. Agricultural bridge machines

Currently, there are many steering models, most of
which have been developed for fast-wheeled and tracked
machines (Hac et al., 2009; Shahgoli et al., 2010; Nastasoiu
& Ispas, 2014). The steering of such machines is adapted
to manual steering and is built according to the kinematic
or force principle of rotation. However, the application of

these models to bridge wide-span machines is not always
justified, due to the peculiarities of their technological cy-
cle. Furthermore, some scientists recommend using exactly
the power (onboard) rotation of the axle machine, which is
implemented by rotating the wheels of the different sides
of the machine at different speeds. Alternatively, combined
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kinematic-force diagrams are proposed for use, improving
the controllability of overhead machines.

The specific features of the bridge machine sometimes
pose additional problems in the study of curvilinear mo-
tion, not all of which have been solved until today. The idea
of the scientific approach is to consider the bridge machine
as a controlled object, the curvilinear motion of which is
determined by the links imposed on it, provided by the de-
sign and control system, and interacting with the soil track
of a constant technological track.

Traditional turning of wheeled machines is performed
on a certain area, the size of which depends on the mini-
mum radius of the turn, and includes several phases: en-
tering the turn, the turn itself and exiting from the turn
(Nadykto et al., 2015). Due to the presence of elasticities
in the “wheel-supporting surface” system, the trajectory of
the mobile machine when turning does not depend unam-
biguously on the turn of the steering wheel. All this makes
it difficult to automate the process of turning (Nastasoiu
& Ispas, 2014). The most widespread methods for turning
mobile machines are those that involve rotating the steered
wheels (front, rear or both front and rear) relative to the
body or by changing the position of one part of the mobile
machine relative to the other in the horizontal plane (artic-
ulated frame). In this case, if the machine has all the steer-
ing wheels, they can turn simultaneously on the front and
rear axles in different directions (full-return mode or “path
in the track”) or to one side (crab mode). Considering the
general structure of its chassis and steering drive, a pure-
ly on-board (power) turn in the horizontal plane, which is
carried out by different rotation speeds of the wheels of the
right and left side, is considered a promising way to turn
the overhead machine. In this case, a four-wheeled axle
machine with a sideways turn is turned around the abso-
lute centre of turn of the intersection of the extension of
the front and rear axles. The lateral displacement of the
machine relative to the trajectory line is possible only as a
result of uncontrolled sideways drift.

There are two main theoretical methods for wheeled
machine rotation in terms of describing the force interac-
tion between the propulsor and the supporting surface.

First — for machines with steerable wheels and articu-
lated frames, the lateral departure method is widely used
(Pascuzzi, 2015). The description of force interaction is
based on the Rocard hypothesis of linear dependence of lat-
eral force on the angle of wheel departure, explained by the
elastic properties of the tire and applicable in the absence
of sliding (Wang et al., 2016). Attempts to account for wheel
slip of a machine within the theory of lateral guidance run
counter to the underlying assumptions, and sometimes vi-
olate the laws of mechanics. Models of this type have prov-
en themselves well in describing the rotation of fast cars on
a solid base with large turning radii, where there is virtually
no slip of the wheels and, the transverse force can be easily
explained by the action of the normal acceleration. Howev-
er, the movement of a bridge vehicle with wheels that do not
have large hooks, due to their lack of use when driving on

the constant hard track, will inevitably slip when turning.
Therefore, models based on lateral guidance cannot be ap-
plied to describe the curvilinear motion of a bridge machine.

Another type of mobile machine with non-swivelling
wheels and power sideways rotation, where the interac-
tion of the propulsor with the ground is characterized by
increased slip (Wang et al., 2008). The elastic properties of
the tire are neglected in these models. Following those, the
basic forces in contact are reduced to a single equilibrium
force applied at the centre of pressure, which corresponds
to progressive sliding, incompatible with curvilinear mo-
tion. Adding a friction torque to the result traction limit
will exceed the traction limit of the machine. When a ma-
chine turns, with the friction torque present, the value of
the resultant force must be less than its traction limit. The
larger the torque, the smaller the final force, which makes
it unpredictable and does not allow the ground reaction to
be explicitly noted.

Different methodological approaches in describing
the interaction of wheeled and tracked movers with the
soil complicate their application to a bridge vehicle, espe-
cially with a combined mover. In the theory of turning of
wheeled and tracked machines, models of passive turning,
which takes place in the technological cycle of many bridge
machines, are insufficiently studied.

At the beginning of the study, the assumption that the
turning of the bridge machine, regardless of the type of its
mover, is accompanied by sliding within the soil trace of a
constant track was considered. The elementary tangential
friction (adhesion) forces caused by the contact of the pro-
pulsor with the bearing surface of the soil track of a con-
stant technological track are determined by the direction
of relative motion and the anisotropy of the interaction
between the propulsor and the soil. In this case, in the pro-
cess of turning the bridge machine, its propulsor performs
a flat motion (Fig. 3).

At each point of contact of the axle-motor with the con-
stant track (Fig. 3), a basic friction force dT=¢-q- dF (where
¢ — adhesion coefficient, g — the normal pressure at the ele-
mentary site dF of the bearing surface) is present, directed in
the opposite direction to the linear velocity V, which in turn
is perpendicular to the radius r, connecting the point with
theinstantaneous centre of the sliding (adhesion) velocities.

Combining all basic forces (Fig. 3) to the instantane-
ous centre of velocities (point C), and adding them over the
contact area, expressions for the projections of the result-
ant force (in the longitudinal T, and transverse T, direc-
tions) and the moment M are obtained:

y-n
=_ ————d&dn,
Ty fn ff q%x (x=8)2+(y-n)? §dn

b=l a9y mpmge 4 40 M

<ﬂx(y—n)2+q)y(x—€)2)

= =¥ )dédn,

M=l J; q( Teomome ) %

where g - the normal pressure at the contact point with

coordinates &, ; ¢,, ¢, — transverse and longitudinal coeffi-
cients of adhesion at the point with coordinates ¢&, 7.
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Figure 3. Formation of forces in the contact of the wheel of a bridge machine with the constant track
Note: dT - basic friction force; ¢ — friction coefficient; g — normal pressure; dF — elementary area of the support surface;
V - linear velocity; r — radius connecting the point with the instantaneous centre of sliding (adhesion) velocities;
C - instantaneous centre of velocities; T,, T, - projections of the resulting force in the transverse and longitudinal directions;
M - moment; a — angle of inclination of the elementary friction force in the longitudinal direction

Source: developed by the authors

Dependence (1) considers the relationship between
the force and the friction (adhesion) moment, as well as
the anisotropy of the interaction through different adhe-
sion coefficients ¢,, ¢ . The force factors in it are formed
in the contact of each propulsor support with the soil. The
integration limits can be used for any shape and size of the
contact surface. However, in describing the rotation of a
bridge vehicle, dependence (1) does not consider the defor-
mation of the soil in the traces of the constant technologi-
cal track and the elastic properties of pneumatic tires.

Elastic properties of the soil trace of a constant track will
be considered by variable coefficients ¢, ¢,. To determine
them, the maximum tangential traction force, which is de-
veloped by the wheel of a bridge machine, is assumed to be:

N, @)

Pkmax = ¢yd '

where ¢ , - longitudinal coefficient of traction at full slip,
N, - vertical operating load, which acts on the wheel of the
bridge machine. From tractor theory, it is known that the
maximum tangential traction force that a tractor wheel de-
velops can be determined from the expression (Nadykto et
al., 2020):

=5 S

kmax  Omax Ok k ' L’ (3)

0

where § - slip ratio (maximum) of the axle machine
wheels, S, — sum of the vertical projections of the bearing
surfaces of the wheel sprocket submerged in the soil, k; -
sum of the vertical projections of the bearing surfaces of
the wheel sprocket submerged in the soil, L — is the length
of the arc of traction of the wheel hitches with the bearing
surface (the trace of the permanent tramline), the value of
which find from the expression (Nadykto et al., 2020):

L=ry <arctanM +2 -f,f), 4

0.5—f2

where r, — wheel radius, f, -
coefficient.

wheel rolling resistance

The rolling radius r, of the wheel of a bridge machine
can be determined by its static radius r, and normal tire
deflection h,:

)

r,=ryth,.

The normal tire deflection of a mobile machine or trac-
tor wheel can be determined from the expression (Mitkov
etal., 2021):

NE
he = oy )
where p - tire pressure, r,, b, - static radius and wheel di-
ameter of the bridge machine.

The sum of the vertical projections S, of the bearing
surfaces of the wheel axles of the bridge machine, buried
in the soil, determined from the expression (Mitkov et
al., 2021):

Se =1y (21— hy) - (bo — h)Te, )

By substituting the values of S,, L, r, (4-7) into (3) and
equating the expressions (2) have:
1
Omax Thy [(2:79 — hy)-(bg — hy)]2(ro + hy)
1
fre(1=£)?
0.5—f

(arctan (8)

+2 fk2> = @Pya * Ny

From the analysis of the obtained equation (8) it fol-
lows that with the increase of the coefficient of adhesion
9,4 of the bridge machine under the contact of its wheels
with the bearing surface of the constant track, the maxi-
mum slip coefficient 6__increases. With the increase of the
wheel radius r,, the width of the tires b, and air pressure p_,
as well as the vertical load N, exerted, the wheel grip ¢,
with the bearing surface of the permanent technological
track increases as well. Hence the conclusion is that the
greater the traction of the wheel of the bridge machine
with the bearing surface of the constant technological
track, the more slipping can be achieved. The nature of this
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relationship is determined by the parameters of the bridge

machine, the mode of its movement and the properties of

the bearing surface of the traces of a constant track.

Results of studies of the maximum slip coefficient esti-
mation d___of the wheel of a bridge machine from the value
of its friction coefficient ¢ , are shown in Figure 4.
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Figure 4. Dependence of the maximum slipping ratio of the bridge machine ¢

max

from the coupling coefficient ¢ , with the bearing surface of the soil trace of the permanent technological track

Note: o - slip coefficient; ¢ , - adhesion coefficient
Source: developed by the authors

The result obtained in Figure 4 can be explained as
follows. The phenomenon of slipping of the bridge ma-
chine wheels is caused by the displacement of the sup-
port surface of the trace of the constant track by the
tires until the necessary amount of tangential stress is
formed in it. The higher the strength of the bearing sur-
face on which the wheel of the bridge machine moves,
the less the slippage affects the connection between the
soil particles. As a result, the depth of the wheels sink-
ing into the soil is reduced and, accordingly, the energy
consumption for the formation of a groove by the star-
shaped hooks is reduced. Therefore, the degree of wheel
slip is determined by the amount of horizontal deforma-
tion (shearing) of the soil, which is carried out by the
star gears. The specified horizontal deformation of the
soil depends on the specific pressure on the bearing sur-
face of the permanent trace of the technological track
and on its ability to resist deformation.

The force factors T, T,M in the contact of the wheel
of the bridge machine with the bearing surface of the con-
stant trace of the technological track depend on the un-
known coordinates of the instantaneous velocity centre,
which reduces the force problem to the kinematics of its
motion. Next, it was investigated the kinematics of the
curvilinear motion of the constant track system — mover—
bridge machine, and describe the connections arising in
the process of its rotation. It was introduced a stationary
coordinate system (xOy), the machine’s motion system
(x,0,y,) and local frames of reference (x; y,), associated
with each of the thrusters of the bridge machine (Fig. 5).

Yeij

Figure 5. Diagram of unsteady rotation of an

arbitrary multi-support bridge machine
Note: xOy - system of fixed coordinates; x,O,y, — system
of moving coordinates coinciding with the centre of rotation
of the machine; x , y , a - current coordinates of the centre
of mass and the angle of rotation of the machine body in
the fixed coordinate system; P, — resistance to movement
ij of the supporting wheel; m, ] — mass and moment of
inertia of the machine relative to the vertical axis passing
through its centre of mass; P, P, M- external forces
and external moment, reduced to the centre of mass of
the machine; T, T, ., M, — force factors in contact ij of the
support wheel with the trace of the constant technological
track; y, — angle of rotation ij of the support relative to the
vertical axis in the machine system

Source: developed by the authors
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ti-support bridge machine with n axes (i = 1, ..., n) and m
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supports on each axis (j = 1, ..., m) a generalized model of
its controlled rotation should be formulated:

m¥, =N Z}n:l[Txij-cos(yij +a)— Tyij-sin(yl-j +a) +fL-j-Gl-]--sin(yl-j +a)|+P,
MY = Nieq Z}"zl[Txif sin(y;; + @) +Ty;;- cos(yij + a) — fi;-Gij-cos(yi; + @)| + P,
Jia =Ny X [Ty sinyij —Toije cos vy (Lij — Ym + Xyj-sinyy; + vy cosyy;) — ®)
—fi]-~G,-j~Cosyij'(Bij - xm) — fijGij-siny;;- (LL-]- - xm) - M;; +
+(Tyi]--cosyl-j + Txij~sinyij)-(3ij — X + X;j°COS Y — yl-j~sinyij)] +M,

where x , y , a — the current coordinates of the centre of
mass and the angle of rotation of the machine body in a
fixed Cartesian system, f, - G, =P, - resistance of support
wheel movement ij, m, ] — mass and moment of inertia of
the machine relative to the vertical axis passing through its
centre of mass, P, P,M- external forces and external mo-
mentum applied to the centre of mass of the machine, T,
T, M, - force factors in the contact of the support wheel ij
with a constant technological track. The initial conditions
of motion of the bridge machine (coordinates of the instan-
taneous velocity centre) are taken from the solution of the

moving-away problem. Next, it was written down the cou-

pling reactions of the bridge machine for the considered
diagram (Fig. 5). In the case of the power (onboard) rota-
tion of the bridge machine, when the supports of its thrust-
ers are unguided, it is sufficient to consider its stationary
rotation, according to which the beginning of the moving
system x,0,y, coincides with the turning centre of the turn-
ing machine. In this case, the kinematics of the unguided
randomly positioned support wheel of the bridge machine
is shown in Figure 6. Based on Figure 6, the actual speed
V,,; of the contact patch points (point A) of each arbitrarily
positioned support wheel ij of a bridge machine is the sum
of the theoretical speed V, and sliding speeds V.

Figure 6. Kinematics of an unguided randomly positioned support wheel of a bridge machine
Note: C; - point of the wheel body located above it; V,, - theoretical speed of movement directed along the rolling plane
ij of the support wheel; A, - point of the contact spot of any ij arbitrarily located support wheel of the bridge machine;
V,,; — actual speed of the contact spot point; V,, - theoretical speed; V. - sliding speed; x , y; — coordinates of the
instantaneous centre of speeds of the propeller support in the machine system; V., - theoretical speed of the axis ij of the
support; O,C; - distance from the centre of rotation of the machine to the instantaneous centre of speeds ij of the support;

y; — angle of rotation i of the support relative to vertical axis in the machine system

Source: developed by the authors

The only point in Figure 6 without slip is the instanta-
neous velocity centre, therefore the wheel body point (C)),
located above it has only theoretical velocity V,,, directed
along the rolling plane of the support wheel ij. Using the
orthogonality theorem for the unguided thruster support,
according to which, when the machine rotates, the instan-
taneous centre of velocities of the support area of an arbi-
trarily located thruster support lies on the perpendicular
dropped from the centre of rotation of the machine to the
plane of its rolling, write the bond equations for each sup-
port wheel in the form:

X+ sin ;- ycij- cosy, =0, (10)
and

V,=0-(0,C), (11)
where x_, y,, - coordinates of the instantaneous veloci-
ty centre of the thruster support in the machine system,
V,,; — theoretical speed of the ij axis of the support, O,C; -
distance from the centre of rotation of the machine to the
instantaneous centre of velocities ij of the support, y, - ro-
tation angle ij of the support relative to the vertical axis in

the machine system.

Machinery & Energetics. Vol. 14, No. 3
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The geometric relation equation (10) reflects the de-
sign scheme and parameters of the bridge machine (base,
track, number of supports and their mutual positioning)
since the transformation of coordinates of the instantane-
ous centre of speeds (x,, y,;) for any design of the support
and running system (with steerable or nonrotating support
wheels) is performed by consecutive shifting and turning.

The kinematic relationship equation (11) is deter-
mined by the turn control scheme and reflects the mode of
motion of each support (driven, leading, braking). In some
cases, it is more convenient to write equation (11) through
force factors, since the latter are functions of instantane-
ous velocity centre coordinates:

O driven wheel (flange) of a bridge machine:

T,;=0, (12)
O brake wheel (side) of an overhead machine:

x;=0, (13)

O individually driven motor-wheel:
Vrij

w=——t 14

X2ty a9
O individually driven motor-wheel:
_ Vmjs1 _ Xo+BHXjiq

k= Yoy = merm (15)

A different combination of geometric (10) and kine-
matic equations (12-15) allows for a description of restric-
tions imposed by the design scheme of the bridge vehicle
(number of propulsor supports, their mutual arrangement,
steering scheme, base, and track) and control system on its
curvilinear motion parameters. As a result of solving the
system of equations (9) considering the unknowns x_, y,,
o and the coordinates of the instantaneous velocity centre
(x;, ¥,), all force and kinematic characteristics of curvilin-
ear motion of the bridge machine were acquired, namely
angular velocity, trajectory of motion, longitudinal and
transverse components of the velocity of the centre of
mass, actual turning radius, normal acceleration, traction
forces and slipping on the leading supports, distribution of
normal reactions on the supports, power losses and their
change in time, depending on the control parameters.

Considering that when turning, the bridge machine
moves within the boundaries of the trace of a constant
track, its curvilinear movement must occur with a constant
radius. Therefore, the generalized model of controlled cur-
vilinear motion requires a transformation to build partial
models of the system solution (9). For this, it is enough to
consider the stationary and statistical stationary modes
of the turning of the bridge machine. A stationary turn is
characterized by a constant radius and acceleration of the
bridge machine and is realized with constant control pa-
rameters:

7,=0,i=0. (16)

The model of the stationary rotation is made in the
natural coordinates of the moving trihedron (a =0). The
unknowns are the coordinates of the centre of rotation in
the machine system of its angle speed y,, its angle speed
o and the coordinates of the instantaneous velocity cen-
tre x,, y,. The stationary rotation model is a system of
2nm coupling equations (10-15) and three equations of
motion:

—mw?y, = 2{'=1Z;”=1(Txij-cos Yij — Tyij-siny;; +fij-Gij-sinyij) + P,
—mw?xy = Zz‘ﬂZ}":l(Txij‘sinyij + Tyij-cosyy; + fl-j*Gij*cosyij) +P,

0=, X5 [_Mij + Ty %G + Y& = fiy Gy (,”‘?ij +y%4 - xij)] +M.

Static stationary rotation is characterized by low op-
erating speeds (@ =0) of the bridge machine, with the cen-
trifugal forces being so small that they can be neglected.
This reduces by one the number of unknowns and converts
equations of motion (17) to equilibrium equations (the left
parts are zero). The number of geometric coupling equa-
tions (10) is equal to the number of bridge machine propul-
sor supports, and the number of kinematic coupling equa-
tions (11) is reduced by one due to the exclusion of angular
rotation speed w:

17

Yij
Ryj

(18)

w =

The adequacy of partial models (17) was tested using
the force and kinematic parameters of the bridge machine
prototype movement (Fig. 2). Experimental verification
of the main theoretical provisions was performed on the
example of a stationary force (on-board) rotation of the
prototype of a bridge vehicle, which allowed to exclude the
influence of various random factors. The experiment con-
sisted of 6 trials with different weights of the bridge ma-
chine with three times the number of repetitions of each
trial. A simulation of the bridge machine loading was car-
ried out by placing additional mass on it (Ostanin, 2022).
During the experiment, the driving radius and torques
on driving wheels were measured, with their subsequent
recalculation to the moment of resistance to turning:

M,=0.5B-(T,-T). (19)

The power diagram of the on-board turning prototype
of the bridge machine is shown in Figure 7.

Following Figure 7, the turning model of a bridge vehi-
cle consists of:

O three equations of motion (17):

0 = X7 X7y (Teyj cosyyj = Tyyy-sinyy; + fiy Gy siny;) + Py,
0 = X1y 37y (Tagj sinyi; + Tyij cosyy + fijGij- cosy;) + Py,

0=%r, Y7, [Mij + Ty %%+ v&; — fijGij: (,Ixczij + yczij)] -M,

O two equations of geometric relations (10):

(20)

Machinery & Energetics. Vol. 14, No. 3

N



L Beloev et al.

(1) o (1)

1 R.j T ‘
Cis T "\M ol &
M?v T\IZ N P\ /\/[::J T\H

Figure 7. Diagram of forces acting on the bridge machine, when it performs a force (onboard) turn
Note: T, T ., M, - force factors reduced to the centre of mass of the left and right sides of the bridge machine in contact
ij of the support wheels with traces of a constant tramline; P, P,, M - external forces and external moment reduced to the
centre of mass of the machine; P - resistance movement ij of the supporting wheel; » — angular speed of rotation

Source: developed by the authors

Yoty = 0'}’ 1) The obtained research results allow to assess the im-

Y1 =Dy, pact of design parameters and schemes on the characteris-

O one equation of kinematic connections with one of the tics of turning at the design stage of a new bridge machine,
sides of the bridge machine disconnected: thereby optimizing its design. Issues related to the study
T =0. 22) of the traction qualities of wheeled vehicles are considered

" by A. Panchenko et al. (2019), and V. Bulgakov et al. (2021).

The adequacy of the model was evaluated by the force  They noted that for the machine as a whole, traction and

parameter — the coefficient of resistance to rotation: dynamic properties are usually estimated by the traction
n efficiency and dynamic factor. However, each of the wheels
u= G—L” (23)  of the bridge machine operates under certain conditions

in terms of vertical load, input torque, and driving condi-

The analysis of the convergence of theoretical and tions. Therefore, the traction properties of the wheel of the
experimental values showed that the theoretical depend-  bridge machine depend on a large number of parameters.
ence u(G) lies within the confidence interval #¢ through-  These include its design parameters, on the one hand, and
out the investigated weight range G of the prototype the physical and mechanical properties of the surface of

bridge machine (Fig. 8) (Aghbalyan & Simonyan, 2022). permanent tramline tracks, on the other.
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Figure 8. Theoretical dependence and experimental values of the coefficient u from the weight G of the bridge machine
Note: 1 - turning resistance coefficient; G — weight of the bridge machine
Source: developed by the authors

The obtained research results significantly supplement  research basis. The obtained mathematical models consid-
the known knowledge about the turning of wheeled vehi-  er the passive rotation of bridge machines in the process of
cles, for example, presented by V. Nadykto et al. (2015) and  their curvilinear movement without a control action from
S.P. Pozhidaev et al. (2016), who used the theory of active  the operator. In particular, the uneven traction resistance
controlled movement (under the action of an operator) asa  that the bridge machine experiences along the width of its
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span; uneven vertical load on the support wheels from the
left and right sides of the machine; the presence of support
wheels for agricultural implements located in the area of
the width of the span of the bridge machine and anoth-
er, which redistributes its traction and coupling properties
unevenly from its left and right sides. S.P. Pozhidaev et al.
(2016) studied the kinematics and force interaction of the
wheel or caterpillar of a traditional tractor with the soil at
the moment of turning in detail. However, the issues of the
curvilinear motion of a wide-gauge wheeled vehicle with a
power (on-board) method of its control were not consid-
ered in this study, which makes it impossible to use the
obtained theoretical and experimental studies to simulate
the curvilinear motion of a bridge vehicle.

At the same time, the movement of the bridge ma-
chine along the soil tracks of a permanent tramline cre-
ates such conditions under which the modelling of forces
in the contact of the mover with the surface of the tramline
leads to the disappearance of the boundary between the
wheeled and caterpillar mover and suggests the possibility
of a unified approach to describing their force interaction
with the support surface. Therefore, following M. Fashut-
dinov et al. (2020), greatly simplifies the process of stud-
ying the turning property of a bridge machine, even with
a wheeled-caterpillar mover, as was considered, where the
machine turn models are based on various methodological
approaches when describing the interaction of the mover
with the soil.

The obtained mathematical models of the curvilinear
motion of bridge machines consider the variety of their de-
sign schemes and control systems, which impose certain
restrictions on the characteristics of the curvilinear mo-
tion, manifested in the form of superimposed kinematic
and geometric relationships. This significantly distin-
guishes the well-known theories of unsteady motion of a
wheeled vehicle with front steered wheels, presented, for
example, by V. Melnik et al. (2017).

T. Szakdcs (2010), I. Demsar et al. (2012), and
M.Z. Song et al. (2014) researched large external loads act-
ing on the bridge machine and the use of propulsion de-
vices with small lugs on it was considered the presented
studies to characterise their significant slip when turning
within the boundaries of the permanent tramline track on

Thus, the results of the study and its analysis showed
that with an increase in the weight of the bridge machine
due, for example, to an increase in its size or the use of heav-
ier technological equipment on it, when moving along the
soil track of a constant tramline, the resistance coefficient
p of its rotation tends to decrease. The obtained research
results allow to address the problem of power rotation of
a wide-span bridge machine, considering the slight defor-
mation of the soil in the traces of a permanent tramline.

CONCLUSIONS

As a result of this research, a methodology for compil-
ing private models of turning the bridge vehicle moving
along the soil trace of the constant technological track
was created. As a result of the joint solution problem of
the bridge machine turning, it is possible to determine all
output parameters of curvilinear motion: trajectory, trac-
tive forces, turning radius, slipping, and actual speeds.

The force interaction of the bridge machine’s under-
carriage with the soil trace of a constant track is presented
based on flat sliding with a variable anisotropic friction co-
efficient of adhesion ¢ , depending on the properties of the
track. As with the radius of the wheel, the width of its tire
and the air pressure in it, as well as the vertical load that acts
on it, the coefficient of traction of the bridge machine ¢,
increases, and more slippages can be achieved in doing so.

The adequacy of the model of stationary turning of
the overhead machine is confirmed by experimental esti-
mation of the resistance coefficient of the power on board
turning. The convergence of the theoretical and experi-
mental values of this coefficient is within the confidence
interval * ¢ in the whole investigated weight range of the
prototype of the bridge machine. This allows to assess the
influence of design parameters and schemes on the turn-
ing characteristics as early as the design stage of a new
bridge machine, thus optimizing the design process.

The prospect for further research is the development
of static and dynamic models of the turn of the bridge ma-
chine and, on their basis, to substantiate the parameters
of the influence of structural and technological parame-
ters on the dynamics of its turn, as well as the wear pro-
cesses of its wheel tires.

the headland. Such an approach to describing the interac- ACKNOWLEDGEMENTS
. . . . . None.
tion of the propeller of a wide-span machine with the soil
is absent when describing the movement of traditional mo- CONFLICT OF INTEREST
bile machines when they perform a turn. None.
REFERENCES

[1] Aghbalyan, S., & Simonyan, V. (2022). Study of hardening and structure of maraging powder steel grade PS-
H18K9MS5TR (18%Ni+9%Co+5%Mo+1%Ti+1%Re+66%Fe). Scientific Herald of Uzhhorod University. Series “Physics”, 52,

46-55. doi: 10.54919/2415-8038.2022.52.46-55.

[2] Al-khayyt, S.Z.S. (2018). Creating through points in linear function with parabolic blends path by optimization
method. Al-Khwarizmi Engineering Journal, 14(1), 77-89. doi: 10.22153/kej.2018.10.005.

[3] Antille, D.L., Peets, S., GalamboSov4, J., Botta, G.F., Rataj, V., Macak, M., Tullberg, ].N., Chamen, W.C.T., White, D.R.,
Misiewicz, P.A., Hargreaves, P.R., Bienvenido, J.F., & Godwin, R.]. (2019). Review: Soil compaction and controlled
traffic farming in arable and grass cropping systems. Agronomy Research, 17(3), 653-682. doi: 10.15159/AR.19.133.

Machinery & Energetics. Vol. 14, No. 3

4


https://physics.uz.ua/en/journals/vipusk-52-2022/doslidzhennya-zmitsnennya-ta-strukturi-martensitno-poroshkovoyi-stali-marki-ps-h18k9m5tr-18-ni-9-co-5-mo-1-ti-1-re-66-fe
https://doi.org/10.22153/kej.2018.10.005
https://doi.org/10.15159/AR.19.133

L Beloev et al.

[4] Borysov, V., Hevko, L., Torubara, O., Borysova, S., Milko, D., Zhuravel, D., Tsymbal, B., Bratishko, V., Samoichuk, K., &
Postol, Y. (2020). Revealing new patterns in resource-saving processing of chromium-containing ore raw materials
by solidphase reduction. Eastern-European Journal of Enterprise Technologies, 103, 24-29. doi: 10.15587/1729-
4061.2020.196653.

[5] Bulgakov, V., Pascuzzi, S., Nadykto, V., Ivanovs, S., & Adamchuk, V. (2021). Experimental study of the implement-
and-tractor aggregate used for laying tracks of permanent traffic lanes inside controlled traffic farming systems. Soil
and Tillage Research, 208, article number 104895. doi: 10.1016/j.still.2020.104895.

[6] Demsar, I., Bernik, R., & Duhovnik, J. (2012). A mathematical model and numerical simulation of the static stability
of a tractor. Agriculturae Conspectus Scientificus, 77(3), 143-150.

[7] Fashutdinov, M., Khafizov, K., Galiev, I., Gabdrafikov, F., & Khaliullin, F. (2020). Research of dynamics of turning of
machine-tractor aggregate with tractor on wheeled-crawler mover. BIO Web of Conferences, 17, article number 00056.
doi: 10.1051/bioconf/20201700056.

[8] Hac, A., Fulk, D., & Chen, H. (2009). Stability and control considerations of vehicle-trailer combination. SAE
International Journal of Passenger Cars — Mechanical Systems, 1(1), 925-937. doi: 10.4271/2008-01-1228.

[9] Kerup,K.,Bruun,S.,Pedersen,H.H.,Nielsen,].A.,Gémez-Munoz, B.,Boldsen, S.K.,Rasmussen, A., & Olesen, ].E. (2022).
Experiences from conservation agriculture approaches on conventional and organic arable farms. SSRN Electronic
Journal. doi: 10.2139/ssrn.4292663.

[10] Lou, S., He, J., Li H., Wang, Q., Lu, C., Liu, W., Liu, P., & Zhang, Z. (2021). Current knowledge and future directions
for improving subsoiling quality and reducing energy consumption in conservation fields. Agriculture, 11(7), article
number 575. doi: 10.3390/agriculture11070575.

[11] Melnik, V., Dovzhyk, M., Tatyanchenko, B., Solarov, O., & Sirenko Yu. (2017). Analytical method of examining the
curvilinear motion of a four-wheeled vehicle. Easterm-Euroean Journal of Enterprise Technologies, 3(7(87)), 59-65.
doi: 10.15587/1729-4061.2017.101335.

[12] Mitkov, V., Kiurcheyv, S., Nurek, T., Chorna, T., Thnatiev, Y., Kuvachov, V., Glowacki, S., Hutsol, T., Yermakov, S., &
Terenov, D. (2021). Scientific bases of the combined units aggregation based on arable and row-crop tractor. Warszawa:
Libra-Print. doi 10.22630/SGGW.IIM.9788382370072.

[13] Nadykto, V., Arak, M., & Olt, J. (2015). Theoretical research into the frictional slipping of wheel-type undercarriage
taking into account the limitation of their impact on the soil. Agronomy Research, 13(1), 148-157.

[14] Nadykto, V., Kyurchev, V., Bulgakov, V., Findura, P. & Karaiev, O. (2020). Influence of the plough with tekrone
moldboards and landsides on ploughing parameters. Acta Technologica Agriculturae, 23(1), 40-45.

[15] Nastasoiu, M., & Ispas, N. (2014). Study on the dynamic interaction between agricultural tractor and trailer during
braking using Lagrange equation. Applied Mechanic and Materials, 659, 515-520. doi: 10.4028/www.scientific.net
AMM.659.515.

[16] Ostanin, V. (2022). Effects of repulsion and attraction between rotating cylinders in fluids. Scientific Herald of
Uzhhorod University. Series “Physics”, 51, 39-47. doi: 10.54919/2415-8038.2022.51.39-47.

[17] Panchenko, A., Voloshina, A., Milaeva, I. & Luzan, P. (2019). Operating conditions’ influence on the change of
functional characteristics for mechatronic systems with orbital hydraulic motors. In V. Nadykto (Ed.), Modern
development paths of agricultural production: Trends and innovations (pp. 169-176).Berlin: Springer. doi: 10.1007/978-
3-030-14918-5 18.

[18] Pascuzzi, S. (2015). A multibody approach applied to the study of driver injuries due to a narrow-track wheeled tractor
rollover. Journal of Agricultural Engineering, 46(3), 105-114. doi: 10.4081/jae.2015.466.

[19] Pedersen, H.H., Oudshoorn, F.W., & McPhee, J.E. (2016). Wide span - re-mechanising vegetable production. Acta
Horticulturae, 1130, 551-557. doi: 10.17660/ActaHortic.2016.1130.83.

[20] Pozhidaev, S.P., Troyanovskaya, I.P., & Shkarovskii, G.V. (2016). Some questions in the theory of movement of self-
propelled machines and units. Kyiv: Agrarian Media Group.

[21] Shahgoli, G., Fielke, ]., Desbiolles, J. & Saunders, C. (2010). Optimising oscillation frequency in oscillatory tillage. Soil
and Tillage Research, 106(2), 202-210. doi: 10.1016/j.still.2009.10.005.

[22] Song, M.Z., Kang, S.W., Chung, S.O., Kim, K.D., Chae, Y.S., Lee, D.H., Kim, Y.J., Yu, S.H. & Lee, K.H. (2013). Path
planning algorithm for an autonomous mower tractor. Korean Journal of Agricultural Science,42(1),63-71.doi: 10.7744/
cnujas.2015.42.1.063.

[23] Song, P., Zong, C.-F., & Tomizuka, M. (2014). A terminal sliding mode based torque distribution control for an
individual-wheel-drive vehicle. Journal of Zhejiang University: Science A, 15(9), 681-693. doi: 10.1631/jzus.A1400101.

[24] Startsev, A., Romanov, S., & Storozheyv, 1. (2023). Motion stability of tractor transport unit in uncontrolled rotation
mode. In Proceedings of the 8th International Conference on Industrial Engineering (pp. 300-308). Berlin: Springer.
doi: 10.1007/978-3-031-14125-6_30.

[25] Szakécs, T. (2010). Developing stability control theories for agricultural transport systems. Acta Polytechnica
Hungarica, 7(2), 25-37.

[26] Tamirat, T.W., Pedersen, S.M., Robert Farquharson, J., de Bruin, S., Forristal, P.D., Sgrensen, C.G., Nuyttens, D., &
Pedersen, H.H. (2022). Controlled traffic farming and field traffic management: Perceptions of farmers groups from
Northern and Western European countries. Soil and Tillage Research, 217, article number 105288. doi: 10.1016/j.
still.2021.105288.

[27] Thomsen, M.N., Tamirat, W.T., Pedersen, S.M., Lind, K.M., Pedersen, H.H., de Bruin, S., Nuyttens, D., Vangeyte,
J., Forristal, P.D. & Sgrensen C.G. (2018). Farmers perception of Controlled Traffic Farming (CTF) and associated
technologies. IFRO working paper. Copenhagen: University of Copenhagen.

Machinery & Energetics. Vol. 14, No. 3 e


http://repositsc.nuczu.edu.ua/bitstream/123456789/10612/1/%d0%a6%d0%b8%d0%bc%d0%b1%d0%b0%d0%bb%20%d0%91.%d0%9c.%20%d1%81%d0%ba%d0%be%d0%bf%d1%83%d1%81%202020.pdf
http://repositsc.nuczu.edu.ua/bitstream/123456789/10612/1/%d0%a6%d0%b8%d0%bc%d0%b1%d0%b0%d0%bb%20%d0%91.%d0%9c.%20%d1%81%d0%ba%d0%be%d0%bf%d1%83%d1%81%202020.pdf
https://doi.org/10.1016/j.still.2020.104895
https://www.researchgate.net/publication/289184121_A_Mathematical_Model_and_Numerical_Simulation_of_the_Static_Stability_of_a_Tractor
https://www.researchgate.net/publication/289184121_A_Mathematical_Model_and_Numerical_Simulation_of_the_Static_Stability_of_a_Tractor
https://doi.org/10.1051/bioconf/20201700056
https://www.sae.org/publications/technical-papers/content/2008-01-1228/
http://dx.doi.org/10.2139/ssrn.4292663
https://doi.org/10.3390/agriculture11070575
https://doi.org/10.15587/1729-4061.2017.101335
http://www.tsatu.edu.ua/mvz/wp-content/uploads/sites/5/monografia3_proofread-.pdf
https://agronomy.emu.ee/vol131/13_1_18_B5.pdf
https://agronomy.emu.ee/vol131/13_1_18_B5.pdf
https://physics.uz.ua/en/journals/vipusk-51-2022/yefekti-vidshtovkhuvannya-i-prityagnennya-mizh-obertovimi-tsilindrami-u-flyuyidakh
https://link.springer.com/chapter/10.1007/978-3-030-14918-5_18
https://link.springer.com/chapter/10.1007/978-3-030-14918-5_18
https://doi.org/10.4081/jae.2015.466
https://doi.org/10.17660/ActaHortic.2016.1130.83
http://library.kpi.kharkov.ua/files/new_postupleniya/nvtdsm.pdf
http://library.kpi.kharkov.ua/files/new_postupleniya/nvtdsm.pdf
https://doi.org/10.1016/j.still.2009.10.005
https://doi.org/10.7744/cnujas.2015.42.1.063
https://doi.org/10.7744/cnujas.2015.42.1.063
https://doi.org/10.1631/jzus.A1400101
https://link.springer.com/chapter/10.1007/978-3-031-14125-6_30
https://www.researchgate.net/publication/49619290_Developing_Stability_Control_Theories_for_Agricultural_Transport_Systems
https://www.sciencedirect.com/science/article/pii/S0167198721003615
https://www.sciencedirect.com/science/article/pii/S0167198721003615
https://ideas.repec.org/p/foi/wpaper/2018_12.html
https://ideas.repec.org/p/foi/wpaper/2018_12.html

Analytical study of the turns of bridge machines

[28] Wang, Q., Zhao, H., & He, J. (2016). Design and experiment of blades—combined no and minimum-till wheat planter
under controlled traffic farming system. Transactions of the Chinese Society of Agricultural Engineering, 32(17), 12-17.

doi: 10.11975/j.issn.1002-6819.2016.17.002.

[29] Wang, X., Gao, H., Tullberg, J., Li, H., Kuhn, N., McHugh, A., & Li, Y. (2008). Traffic and tillage effects on runoff and soil
loss on the Loess Plateau of Northern China. Australian Journal of Soil Research, 46, 667-675. doi: 10.1071/SR08063.

[30] Zhuravel, D., Samoichuk, K., Petrychenko, S., Bondar, A., Hutsol, T., Kubon, M, Niemiec, M, Mykhailova, L., Grédek-
Szostak, Z., & Sorokin, D. (2020). Modeling of diesel engine fuel systems reliability when operating on biofuels.
Energies, 15(5), article number 1795.

IBan Benoes
Kaumupart TeXHiuHMX HayK, TOLEHT
Pycencobkuii YHiBepcuteT «AHren Kunuep»
7017, Byn. CTymeHTChbKa, 5, M. Pyce, Bonrapis
https://orcid.org/0000-0003-2014-1970

Bonoaymup Ilerposuyu KyBauos

IlokTOp TeXHIYHMX HaYK, ITpodecop
TaBpilicbkuii epskaBHUI arpOTEeXHOMIOTIUHMIA yHiBepcuTeT iM. [Imutpa MoTOpHOTO
72310, mpocm. B. XmMenbHUIIbKOTO, 18, M. MeniTomnosnb, 3amopizbka 001., YKpaiHa
https://orcid.org/0000-0002-5762-256X

Banepiit BacunboBuu AzaMuyK

IoKTOp TeXHIYHUX HayK, Tpodecop
[HCTUTYT MeXaHiKM Ta aBTOMATUKY arpoIpOMICIOBOTO BUPOOHUIITBA
HarrioHanpHOI akajmeMii arpapHMx HayK YKpainu
08631, Bys. Bok3anbHa, 11, cmt. [11eBaxa, KuiBcbka 06:1., YRpaina
https://orcid.org/0000-0003-0358-7946

3inoBiit Bonogumuposuu Py>kuio

KaHgnpat TexHiUHUX HayK, JOLEHT
HauioHanpHMIT yHiBepcuTeT 6iopecypciB i MpUPOJOKOPUCTYBAHHS YKpaiHu
03041, Byn. TepoiB O6oponu, 15, M. Kuis, Ykpaina
https://orcid.org/0000-0003-3582-8687

AHaniTM4yHe pocnip)XeHHs HOBOpOTiB MOCTOBUX MaLllUUH

AHoTauiqa. Po60oTa npucBsyeHa BUPIlIEHHIO aKTyalIbHOI Mpo6ieMu eheKTUBHOCTI TOBOPOTY MOCTOBMX MAIIMH Y KOMiliHi i
cuctemi 3eMepobcTBa. MeTo0 pobOTH € TOCTiIKeHHSI KPUBOIIHITHOTO pyXYy IO C/Iiax IPYHTY MOCTiTHOI TeXHOIOTiUHO1
KOJTii MOCTOBOI MaIllMHY 3 ypaxXyBaHHSIM i1 KOHCTPYKTMBHOI CXeMM Ta CIiocoby IMOBOPOTY, MapaMeTpPiB, peskUMiB pyxy Ta
HaBaHTaXeHHs. EXcriepyMeHTaabHi AOCTiAKeHHS IPOBOAUINCH 3 BUKOPUCTAHHSIM Cy4acHOI TEH30MeTPUYHOI JOPiIXKKU
Ta CrenialbHO PO3PO6IEHOro 06IaJHAHHS IJIs1 eIeKTPUIHMX BUMipIOBaHb HeeJTeKTPUUHNUX BenuuuH. O6pobKy TaHmX
IOCITiIKeHHSI TPOBOAVIIM Ha ITePCOHATbHOMY KOMIT I0Tepi. B pe3ynbTaTi poBeieHnxX AOCTiIKeHb pO3p06IeHO MEeTOLMUKY
CKJIaJaHHSI MaTeMaTUUYHMUX MOJeseil TIOBOPOTY MOCTOBOI MalllMHMY, SIKa PYXa€ThCS 10 IPYHTOBOMY CJIiy MOCTiiiHOI
TeXHOJOTiuHOi Kouii. [Ticjst cIiibHOTO PO3B’sI3aHHSI MOoJesielt MOBOPOTY MOCTOBOI MalllMHM MOXKHA BU3HAUUTH BCi
BUXiIHi mapaMeTpu ii KpUBOMIHITHOTO PyXy: TPAEKTOPIIO, CYIIU TSTH, PaZiiyC TIOBOPOTY, KOB3aHHS, HaKTUYHI MIBUAKOCTI.
IIpencraBieHO CMIOBY B3a€EMOZil0 XO[JOBO1 YaCTMHM MOCTOBOI MalllMHU 3 IPYHTOBUM CJIiJOM OCTi/iHO1 KOJIii Ha OCHOBI
TIJIOCKOTO KOB3aHHS 3i 3MiHHMM KOedillieHTOM aHi30TPOITHOTO TePTs 3UerIeHHS ¢, 3AJIEXXHO Biz BiacTMBoOCTe KOMii. 3i
36i/bIIIeHHSM pafiyca Koeca, IMPUHM IIVHY Ta TUCKY MTOBITPSI B HbOMY, a TAKOXK BepTUKAIbHOTO HABAaHTaKEHHS, 10 Jii€ Ha
HBOTO, 30UIbLIYETHCS KOEDILiEHT 34ETIIeHHS] MOCTOBOT MAILVHN @, , TPV LIbOMY MOXKHA JJOCSITTH GLIBILIOTO MPOGYKCOBYBAHHS.
AnekBaTHICTh MOJei CTalioHapHOI'0 MMOBOPOTY MiABiCHOI MalllMHM MiATBEP/KeHO eKCIIepUMeHTaJIbHOIO OI[iHKOI0
KoedillieHTa OmIopy CUI0BOTO 6GOPTOBOTO MTOBOPOTY. 3613KHICTh TEOPETUUHMX Ta €KCIIepUMeHTaTIbHUX 3HAUeHb LIbOTO
KoeillieHTa 3HaXOOUTHCS B Meskax JOBipUOTo iHTepBaty o y BCbOMY IOC/TiIKyBaHOMY BaroBOMYy [Jiaria3oHi MPOTOTUITY
MOCTOBOi MauIMHu. Lle 103BOJIsI€ OLiHUTY BIUVIMB KOHCTPYKTUMBHMX IIapaMeTpiB i cxeM Ha OBOPOTHI XapaKTePUCTUKU
111e Ha eTarli IPoeKTyBaHHSI HOBOI MOCTOBOI MalllMHY, TAKMM UMHOM ONTMMi3yl0uM Npoliec MpoeKTyBaHH. Pe3ynbraT
JOCTiP)KeHb MOYXKHA 3aCTOCYBaTH 1O OpraHisallii mpolecy oBOpoTY Ail0uMX Mojiesieli MOCTOBUX MalllH

KniouoBi cnoBa: kepoBaHe 3eMJepOOCTBO; IMOPTaAbHI CUCTEMM; KPUBOMiHIMHMIT pyX; KoedillieHT 3uerieHHS;
KoedinieHT aaresii
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