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1. INTRODUCTION

Directional Stability of an Agricultural
Tractor

The discrepancy between the plow width and the tractor width leads to the
asymmetry of plowing units. The geometry of the plowshare surface of the
moldboard plow contributes to the generation of lateral forces on the
working tool. All this leads to the imbalance of the tool and the deviation
of the tractor from straight-line movement during plowing. To maintain
straight-line movement, the driver has to adjust the machine every 5-10
meters, which is highly tiresome. To study the causes of lateral slips of the
plowing unit, we constructed a mathematical model, which consists of the
equations of controlled movement and equations of the tractor’s
uncontrolled shear under the action of external forces from the plow. The
description of the force interaction of the drive with the ground is based on
the mathematical theory of friction, taking into account anisotropy and
elastic properties in contact. Based on the passive shear model, we
constructed a hodograph diagram of the maximum tractor shear force
[from the side of the working tool. We found that the shear force reaches its
maximum friction value only in the case of a translational shear, when its
line of action passes through the tractor’s center of gravity. In all other
cases, the shift (slip) of the tractor is caused by a lower force. We
formulated the features and assumptions of the model as applied to
caterpillar and wheeled tractors. As a result, we found that, regardless of
the direction of the lateral displacement of the plow’s traction resistance,
the tractor is slipped towards the plowed field. The result of the numerical
experiment showed that the main reason for the slip of the wheeled
plowing unit is the difference in soils along the sides of the tractor but not
the deviation of the plow traction resistance.

Keywords: directional stability; mathematical model; lateral slip;
moldboard plow; ground contact; plowing unit; mathematical theory of
friction.

impact on the steering wheel is 15-20 times in a 100-
meter travel section [6]. In caterpillar tractors, the impact

The initial step to a good harvest is high-quality soil
treatment [1]. Today, modern agriculture includes
various pre-seeding treatment technologies. However,
the main method is still traditional plowing with a mold-
board plow, which has a positive effect on the further
growth and development of plants [2]. In terms of
energy intensity, plowing takes 30-35% of the entire
energy consumption in field cultivation [3]. The arable
layer inversion technology does not only cuts and
embeds weeds to a depth inaccessible for germination
but also ensures mixing of soil layers and protects it
from infectious agents [4].

The discrepancy between the plow width and the
tractor width leads to the asymmetry of plowing units.
When the plowing unit is in operation, a turning moment
is created from the side of the working tool, which
deflects the tractor from straight-line movement [5]. To
maintain straight-line movement, the driver has to
constantly adjust the machine. In wheeled tractors, the
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on the friction control lever is every 4-6 m of the unit
travel [7]. This leads to the operator’s increased fatigue
and a decrease in the productivity of up to 10-15% [8].
The main reason for the slip of the plowing unit from the
straight-line direction is the impact of the plow on the
tractor [9-10]. The composite surface of the moldboard
plow leads to a deviation of the normal resistance force P
by a certain angle 3=15°...25° relative to the longitudinal
axis of the tractor [11]. To compensate for the lateral
component P, of the plow resistance force, a landside
plate is installed in the horizontal plane. The length of the
plate is limited by the technological process and the
structural dimensions of the plow. The friction of the
landside plate consumes up to 17% of the total traction
resistance of the tractor, which makes us look for other
ways of balancing the plow in the horizontal plane [12].
Studies of the directional stability of s tractor unit
during plowing began long time ago [13—15]; however,
this issue remains relevant today [16—18]. The solution
to the problem of the directional stability of a plowing
unit is often limited by the balance of only one working
tool (plow) [12, 19]. At the same time, studying the
movement of the entire plowing unit in general will
allow us to understand better the causes of the side slip
of the machine. We will construct a mathematical model
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of the unit’s slip to assess the influence of each factor
on the deviation from straight-line movement.

The purpose of the researchis to construct a mathe-
matical model of the plowing unit movement allowing us
to assess the influence of various factors on the directio-
nal stability of a tractor with an asymmetric external load.

2. MATHEMATICAL SLIP MODEL

The movement of the plowing unit under the action of
eccentric resistance forces from the plow side is a
combination of controlled straight-line movement and a
passive uncontrolled shift [20].

The controlled movement equations, taking into
account small lateral deviations and low motion speeds,
can be written in the form of ordinary curvilinear
integrals [21]:

T Ly
X, :J.Vcos I—dT dt
0 0P
(1
T t v
Ve =IVsin ‘[—dT dt
0 0 P
where x., y. are the coordinates of the unit’s center of
mass in a fixed reference, r=0...T is the movement time;
Vs the speed, p is the radius of the trajectory curvature.
The uncontrolled shift equations are the equations
of the power balance of the entire plowing unit (Fig. 1).
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where P is the resulting plow resistance force; {3 is the tilt
angle of the resistance force to the longitudinal axis of the
tractor; x;, ¥, are the coordinates of point K of applying the
resulting resistance force of the plow relative to the
tractor’s center C of mass; Ry, is the resistance force of the
landside plate; B is the tractor wheel track; Py are the forces
of resistance to the movement of the i caterpillar band
(side); y; are the coordinates of the instantaneous center O
of sliding of the contact area of the i caterpillar band (side);
F., Fy;, M; are the total force factors in the contact of each
caterpillar band (side) with the ground [22].
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The force factors in the drive-ground contact are
essentially friction forces.A shift relative to the ground
is observed when the friction forces reach their limiting
value. There is no relative slip in cases of all lower
values of the forces in the contact. The mathematical
theory of friction [23] allows us to determine the
maximum (limiting) values of the force factors in the
contact of the drive with the ground, when the external
force P causes a rotational shift relative to some
instantaneous sliding center O. Then, the force factors
Fy, Fy, M; in the i contact are the functions of the
unknown coordinates x;, y; of the instantaneous sliding
center O in the coordinate system linked with the
geometric contact center [24]:
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where ; is the coefficient of friction in the i contact
with the ground; x;, y; are the coordinates of the instan-
taneous sliding center of the i ground contact area in the
coordinate system linked with its geometric center; v, 1
are the present coordinates of the contact points.

The introduction of a variable friction coefficient
under the integral of the force factors Fy;, Fy;, M; allows
us to take into account the elastic properties at each con-
tact point [25] and establish the relationship between the
force factors and the radius p of the trajectory curvature:
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where [ = Wy 1s the maximum coefficient of friction
in the longitudinal and transverse directions; th is the
hyperbolic tangent function; A is the empirical coe-
fficient characterizing the elastic properties of the
ground; p is the radius of the trajectory curvature.
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Figure 1. A diagram of the forces acting on the plowing unit
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Characteristics of the caterpillar unit movement.
The length of the caterpillar band-to-ground contact L is
much larger than its width b. This allows us to replace
the double integral in equations (4) with a single one
with an error of no more than 2% [26]. In this case, the
average normal pressure in the contact is ¢ = G/2Lb.

A caterpillar plow tractor generally moves along the
unplowed part of a field at a certain distance from the
edge of the furrow (provided that the furrow wall is not
shedding) (Fig.2a), which allows us to accept identical
ground conditions under both caterpillar bands.

However, due to grousers, the interaction of the
caterpillar band with the ground acquires anisotropic
properties, which can be expressed by introducing
different friction coefficients p; in the longitudinal p,;
and transverse L,; directions [26]. Because of the trans-
verse arrangement of grousers, there is almost no elastic
deformation of ground in this direction, since the
ground cut begins almost at once py; = [yy;.

As aresult, the force factors F;, F,;, M; are as follows:
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Figure 2. Movement of (a) a caterpillar and (b) wheeled
tractor during plowing

Characteristics of the wheeled unit movement. The
technology of plowing with a wheeled plowing unit
implies the movement of the wheels of one side along
the bottom of the furrow (Fig. 2b). This results in a
constant lateral tilt of the machine. The consequence is a
different normal load on the sides determined by [12]:
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where the “+” sign is used for the lower side moving in
the furrow, the “-” sign is used for the upper side
moving along the virgin soil; a is the tilt angle of the
tractor, / is the height of the tractor’s center of mass; ab
is the length and width of the wheel track.

The lateral tilt of a wheeled tractor leads to a
redistribution of the weight load between the sides (6).
According to calculations, the tilt angle is 5-6°, which
corresponds to the 13-15% difference in the normal
load. A change in the normal load on the wheels leads to
a change in the size of the contact patch (Fig. 3),
increasing the track length @, while its width b remains
unchanged [27]. Besides, the movement on a loose
ground contributes to an additional increase in the
contact patch of one of the tractor sides [28].

The symmetrical arrangement of the tire tread
pattern allows us to accept identical friction
coefficients in the longitudinal and transverse direc-
tions W,y = Wy The elastic properties in the contact
are provided in the longitudinal direction due to the
crushing of the ground, and in the transverse direction -
due to the deformation of the tire. Besides, the wheels
of different sides move on the ground with different
properties. Taking into account the aforesaid, the force
factors Fy;, Fy;, M; (3) will be as follows:
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where L, is the maximum friction coefficient in the i
side-to-ground contact; f; is the coefficient of the i side
rolling resistance.

Figure 3. A change in the dimensions of the wheel-to-
ground contact depending on the normal load

Coupling equations. Uncontrolled movement (with-
out the driver’s control action) is characterized by a
fixed relative movement of the drive supports (wheels
or caterpillar bands) corresponding to a single sliding
center (point O) for the contacts of both sides [8,29],
which allows us to write the missing coupling equation:

Y=»mtB ()

where 1,2 is the caterpillar band (side) index.

A quasi-static slip model includes the system of
equations (1-8), where the unknown radius p of the
trajectory curvature is unambiguously determined [23]
from the equilibrium equations (2), taking into account
formulas (3—7). Thus, each value of the external plow
resistance force P corresponds to its own radius p of
the trajectory curvature and the instantaneous sliding
center O.

We will conduct a numerical experiment for a
detailed analysis of the impact of various factors on the
movement trajectory of a plowing machine-tractor unit.

3. RESULTS OF THE NUMERICAL EXPERIMENT

The plow resistance force is characterized by the
module P, direction, and point of application.

The determination of the plow resistance force
module P is a very complicated task, depending on many
factors: the type of the ground being treated, the depth of
treatment, the speed of movement, the weight, shape and
width of the plow (number of bodies), etc. [30]. The
transverse component P, is generally compensated by
the response of the landside plate R. Its increase leads to
an increase in the length of the landside plate and,
consequently, an increase in the coverage and tractive
effort. The correct choice of the landside plate size
allows us to achieve the equality [12]. Psinf = Ry. Then,
the uncontrolled shear is preconditioned only by the
lateral displacement y, of the longitudinal component P,
of the plow resistance force.

The longitudinal component P, is perceived by the
traction force XF,; of the tractor characterized by
friction. Consequently, there is no side slip (cross slip)
when the force P, is less than the limiting value
according to the equilibrium conditions. The limiting
(maximum) value of the shear force P corresponds to a
certain direction (line of action) [29]. F.A. Opeiko
proved the uniqueness of the connection betweenthe
ultimate strength and the line of action.

The direction of the shear force is determined by the
shape of the ploughshare surface and is taken into
account through the tilt angle f§ of the resultant plow
resistance force P to the longitudinal axis of the tractor
[12]. For a comprehensive study of the dependence of
the limiting force P on the direction, on the basis of the
equilibrium equations (2), we constructed a hodograph
diagram of the shear force using the example of a
caterpillar tractor (Fig. 4).It allows us to determine the
limiting values of the shear force P,, and its
components P, and P, for each line of action. The
accounting of the anisotropy reduces the values of the
maximum shear force and rotates the hodograph
diagram towards a lower friction coefficient by an angle
o, which depends on the ratio of the friction coefficients
in the longitudinal p, and transverse py, directions.

SR
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Figure 4. Shear force hodograph diagram

The analysis showed that at a passive shear, the
maximum value of the shear force Py, = G(u — f) is
possible only in the case of a straight-line shear, when
the line of the force action passes through the ma-
chine’s center C of the mass. This private case
characterizes translational sliding. The movement
trajectory, taking into account the slip, is a straight line
(line 1 in Fig. 5) and is provided by a displacement of
the hitch point relative to the longitudinal axis of the
tractor [31-32]. In all other cases, there is an instan-
taneous rotational shear, and the shear force is less than
its maximum value P < P.,. The presence of the
instantaneous rotational shear leads to the fact that if
the driver takes no control action, the value of the
lateral deviation y. quadratically increases with an
increase in the distance covered x, (lines 2-4 in Fig. 5)

(-]
A

o

30 25 20
distance covered x, m

10 5

-1
lateral deviation y, m

Figure 5. Movement trajectories of the plowing unit: 1 - translational slip, 2 - slip caused by the displaced traction resistance of
the plow, 3 - slip caused by different ground contact conditions; 4 - total slip
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An increase in the lateral displacement y, (the arm
of the force action) leads to an increase in the rotating
effect and, consequently, to an increase in the side slip
of the tractor. The calculations have shown that
regardless of the direction of the lateral shift y;, the
deflection of the tractor was always observed in one
direction - towards the plowed field.

Different movement conditions of the tractor sides
have the maximum impact on the directional stability
of the plowing unit. The calculations have shown that
due to the difference in the coefficients of friction ;
and of rolling resistance on the sides f;, the tractor loses
its directional stability even when there is no impact of
the external load from the plow. In this case, the lateral
deviation (line 4 in Fig. 5) exceeds the slip value from
the plow resistance force (line 2 in Fig. 5).

4. CONCLUSIONS

The mathematical slip model consists of the equations
of controlled straight-line movement and the equations
of uncontrolled passive shear under the influence of
external forces, which represent the power balance of
the plowing unit.The interaction of the tractor drive
with the ground is presented on the basis of the
mathematical theory of friction, taking into account the
anisotropy and elastic properties in the contact.

Each line of action of the shear force has a corres-
ponding limiting value. When the force is less than this
value, there is no sides hear and slip of the tractor from
straight-line movement. The shear force reaches its
maximum friction value when its line of action passes
through the machine’s center of mass. In this case,
there is a translational shear, and the slip trajectory is a
straight line.When the line of action of the shear force
does not pass through the tractor’s center of mass, the
static balance is violated at its lower value, and an
instantaneous rotational shear occurs. In this case, the
value of the lateral deviation from the straight-line
direction quadratically increases depending on the
distance  covered. The interaction anisotropy
additionally reduces the value of the limiting shear
force.

The movement of one side of the tractor along the
bottom of the furrow creates different conditions in the
wheel-to-ground contact. The normal load, track size,
friction, and rolling resistance coefficients differ on the
sides, which leads to the loss of the machine’s directi-
onal stability (even if there is no resistance on the plow).

In the future, the proposed mathematical model can
be used as the basis for the development of an
automatic (unmanned) tractor control system.

REFERENCES

[1] Birkas, M., Dekemati, 1., Kende, Z., Radics, Z.
andSzemdk, A. From the multi-ploughing soil
tillage to direct drilling — Progress in soil tillage and
soil conservation, AgrokemiaesTalajtan,vol. 67, no.
2, pp- 253-268, 2018.doi:10.1556/0088.2018.00012

[2] Birkas, M. Tillage, impacts on soil and environ-
ment, Encyclopedia of Earth Sciences Series,vol.

460 = VOL. 49, No 2, 2021

4, pp. 903-906, 2010. doi:10.1007/978-90-481-
3585-1_266

[3] Kim, Y.S., Kim, W.S., Abu Ayub, Siddique Md.,
Baek, S.Y., Baek, S.M., Cheon, S.H., Lee, S.D.,
Lee, K.H., Hong, D.H., Park, S.U. and Kim, Y.J.
Power transmission efficiency analysis of 42 kW
power agricultural tractor according to tillage
depth during moldboardplowing, Agronomy, vol.
10(9), no. 1263, 2020. doi:10.3390/agronomy
10091263

[4] Garbout, A., Munkholm, L.J. and Hansen, S.B.
Tillage effects on topsoil structural quality
assessed using X-ray CT, soil cores and visual soil
evaluation. Soil and Tillage Research, vol. 128,
pp- 104-109, 2013. doi: 10.1016/j.still.2012.11.003

[5] Rucins, A. andVilde, A. Modelling forces acting
on the plough body.Simulation in Wider Europe —
19th European Conference on Modelling and
Simulation,no.88338, pp. 425-430, 2005.

[6] Vilde, A. and Rucins, A. Simulation of the impact
of the plough body parameters, soil properties and
working modes on the ploughing resistance.
Proceedings 10th International Conference on
Computer Modelling and Simulation, n0.4489017,
pp. 697-702, 2008.doi:10.1109/UKSIM.2008.113.

[7] Stroganov, Yu.N., Lukashuk, O.A. and Akulova,
A.A. Movement stability of tractor unit. ACM
International Conference Proceeding Series. Part
F, mno. 137690, pp. 117-120, 2018.doi:
10.1145/3191477.3191501

[8] Bartnicki, A., Dabrowska, A., Lopatka, M.J. and
Muszynski, T. Experimental research on
directional stability of articulated tractors. Solid
State Phenomena, volume 210, pp. 77-86, 2014.
doi: 10.4028/www.scientific.net/SSP.210.77

[9] Liu, Z., Yue, M., Guo, L. and Zhang, Y.
Trajectory planning and robust tracking control for
a class of active articulated tractor-trailer vehicle
with on-axle structure. European Journal of
Control,vol. 54, pp. 87-98, 2020.doi:10.1016
/j.ejcon.2019.12.003

[10]Parkhomenko, G.G., Voinash, S.A., Sokolova,
V.A., Krivonogova, A.S. and Rzhavtsev, A.A.
Reducing the negative impact of undercarriage
systems and agricultural machinery parts on soils.
IOP Conference Series: Earth and Environmental
Science, vol. 316 (1), no. 012049, 2019. doi:
10.1088/1755-1315/316/1/012049

[11]Du Plessis, H.L.M. and Venter, G. Soft surface
lateral forces and force modelling for a tractor
type. Journal of Terramechanics, vol. 30, no. 2,
pp. 101-110, 1993.d0i:10.1016/0022-4898(93)
90023-Q

[12]Blednykh, V. and Svechnikov, P. Theoretical
foundations of tillage, tillers and aggregates.
Chelyabinsk, 2014.

[13] Gyachev,L.V.Movementstabilityofagriculturemac
hines.Moscow,1981 (in Russ.).

FME Transactions



[14]Wu, D-H. A study of symbolic manipulation in
directional stability analysis for tractor and trailer.
SAE Technical Papers, 1994. doi:10.4271/942384

[15]Lobas, L.G. Directional stability of two-member
wheeled machines.Soviet Applied Mechanics,vol.
25, no. 4, pp. 414-420, 1989. doi:10.1007/BF00
886688

[16]Gorin, G.S., Godzhaev, Z.A., Golovach, V.M.
andKuzmin, V.A. Dynamics of machine and
tractor units: directional stability with an
asymmetrically attached semi-mounted
plow.Agricultural machines and technologies, vol.
5, pp. 3-8, 2017.doi. org/10.22314/2073-7599-
2017-5-3-8

[17]Velmurugan, M.A., Sreenivasulu, R.M., Arun-
kumar, S. Suchin Karthik, K. Agricultural tractor
stability ~control ~with hinged implement.
FISITAWorld Automotive Congress,F2018-VCP-
043, 2018.

[18]Karimi, D. and Mann, D. Role of motion cues in
straight-line driving of an agricultural vehicle.
Biosystems Engineering, vol.101, no. 3, pp. 283-292,
2008.d0i:10.1016/j.biosystemseng.2008.09.006

[19]Schmid, I. Engineering approach to truck and
tractor train stability. SAE Technical Papers, 1967.
doi:10.4271/670006

[20]Pozin, B.M., Troyanovskaya, I.P. and Apanasik,
V.G. Tracked machine passive rotation problems
(statement, motion model). Bulletin of the South
Ural State  University.  Ser.  Mechanical
Engineering Industry, vol. 25, no. 97, pp. 70-74,
2007 (in Russ.)

[21]Zhakov, A.O. and Troyanovskaya, I.P. Tractor
Motion Model with Deviation from a Rectilinear
Movement under the Influence of External Off-
center Forces. Bulletin of the South Ural State
University. Ser. Mechanical Engineering Industry.
Vol. 20, no. 3, pp. 15-23, 2020 (in Russ.).
doi:10.14529/engin200302

[22] Troyanovskaya, 1., Ulanov, A., Zhakov, A.
andVoinash, S. Friction Forces at the Wheel's
Contact with the Ground in a Turning Vehicle,
Tribology in Industry,vol. 41, no. 2, pp. 166-171,
2019.doi:10.24874/t1.2019.41.02.03

[23]Opeiko, F.A. Mathematical Theory of Friction.
Minsk, 1971 (in Russ)

[24] Troyanovskaya, I.P. andPozin, B.M. Forces of
Friction at the Wheel-to-Ground Contact in a
Turning Vehicle. Procedia Engineering, vol. 129,
pp- 156-160, 2015. doi: 10.1016/j.proeng.
2015.12. 025

[25]Zhakov, A.O. and Troyanovskaya, I.P. The effect
of anisotropy on the interaction of the caterpillar
propeller with the soil during the vehicle turn.
Journal Tractors and agricultural machines. vol.
2, pp. 43-49, 2020. (in Russ.) doi: 10.31992/0321-
4443-2020-2-43-49

[26]Mendes, A.D.S., Fleury, A.D.T., Ackermann, M.,
Leonardi, F. and Bortolussi, R. Assessing the

FME Transactions

influence of the road-tire friction coefficient on the
yaw and roll stability of articulated vehicles.
Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile
Engineering, vol. 233, no. 12, pp. 2987-2999,
2019. doi:10.1177/0954407018812957

[27]Lipkan, A. et al. Rationale for selecting a method
for determining parameters of the contact spot of
pneumatic wheel mover with support base.
Bulletin of Science and Practice, vol. 5, no. 6, pp.
212-228, 2019. doi: 10.33619/2414-2948/43/27

[28]Hahina, A.M. and Ustinov, V.V. Dependence of
contact area and deformation modulus of forest
soil. Actual directions of scientific research in the
XXI century: theory and practice, vol. 3, no. 9-2,
pp- 287-290, 2015. doi:10.12737/16489

[29]Opeiko, F.A. Wheeled and caterpillar running.
Minsk, 1960 (in Russ.)

[30]Jiangyi, H. and Cunhao, L. Research on a method
to measure and calculate tillage resistance of
tractor mounted plough,Agricultural
Mechanization in Asia, Africa and Latin America,
vol. 49, no. 1, pp. 67-73, 2018.

[31]Jiangyi, H., Cunhao, L. Research on a method to
measure and calculate tillage resistance of tractor
mounted plough, Agricultural Mechanization in
Asia, Africa and Latin America, vol. 50, no. 4, pp.
38-43, 2020.

[32]Fan, Y. Agricultural mechanization technology
under the concept of precision agriculture. Agricu-
ltural Science &Technology and Equipment, vol.
5, pp- 104-105, 2009.

NOMENCLATURE

a,b wheel contact length and width

B the tractor wheel track

L the longitudinal tractor base

H the height of the tractor’s center of mass

F.F,M the force factors in the contact with the
ground

P the resulting plow resistance force

Py the forces of resistance to movement

Ro the resistance force of the landside plate

q the normal contact pressure

\%4 the tractor speed

Xe Ve the coordinates of the unit’s center of mass
the coordinates of point of applying the

XYk resulting resistance force P of the plow

relative to the tractor’s center of mass

the coordinates of the instantaneous
XisVi v g

sliding center

Greek symbols

is tractor lateral tilt angle

the tilt angle of the resistance force to the
longitudinal axis of the tractor

the radius of the trajectory curvature[m]

is the empirical coefficient characterizing
the elastic properties of the ground

the coefficient of friction in the contact with

= 2 O T K
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the ground
the maximum coefficient of frictionin the

Hon contact with the ground

the coefficient of friction in the longitudinal
Holy  and transverse directions
YN the present coordinates of the contact points

CTABUWJIHOCT CMEPA KPETAIbA
HOJ/bONNPUBPEJHOI TPAKTOPA

H. TpojanoBckaja, A. 3akoB, O. 'pedeHITYNKOBA,
C. Bojuam, E. Tumodejen

Hecknan n3mely mmpuHe Iuiyra v IIMpUHE TPaKTOpa
JOBOAM JO acCHUMETPUYHOCTH arperara 3a opambe.
['eomeTpyja MOBpIIMHE paOHHKA KOJ PAaoOHOr ILTyTra
JONPUHOCH CTBapamy JaTepaHuX cuia Ha opyhy. Cse
TO JOBOAM OO HEpaBHOTEeXke opyha M oncTymama
TpakTopa OJ INPAaBOJMHHJCKOI KpeTama 3a BpeMme
opama. Jla OM onpkaBao NPaBOJIMHHJCKO KpETame
TpaKTopa, BO3a4 TpakTopa Mopa [Ia mpuiarohasa
MamuHy cBakux 5-10 Merapa, IITO je BeoMa HAIOPHO.
Jla OMCMO HCTPOXHIM y3pOKE JIaTepaHOr KIIU3ama
TPaKTOpa, KOHCTPYHCAIM CMO MaTeMaTHYKH MOJEI
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KOjU C€ CacToju oOJ jeJHaYMHa KOHTPOJIMCAHOT
KpeTamba W jeIHaylMHAa HEKOHTPOJIMCAHOT CMHIAmba
TPaKTOpa IO JI€jCTBOM CIIOJbAIIBLMX CHJIA KOje
JejcTByjy Ha turyr. Omuc MHTEpaknuje JIejcTBa CHila
m3Meljy ToroHa W TOJUIOTE 3aCHOBaH je Ha TEOPHjU
Tpema, IPH YeMy Cy y3eTH y 003Up aHH30TpONHdja M
eNacTHYHa CBOjCTBA KOHTAKTA.

Ha ocHOBY Monena macHBHOT cMHLama KOHTPYHCAIH
CMO XOJOrpaM MaKCHMallHE CHJIE CMHUIama Koj
TpakTopa Ha cTpaHu opyha. YTBpawim cmo jaa cuia
CMHIaba JOCTH)KE MaKCUMAaJIHy BPEIHOCT TPEHha caMo
y Chyd4ajy TpaHCIATOPHOI CMHIamka KaJa HamaaHa
JIMHUja TPOJIa3d KpO3 TEXHIITE TpakTopa. Y CBUM
OCTalIMM CIIy4YajeBUMa CHIa Mamer HHTEH3UTETa je
y3pOK  KiM3awka Tpakropa. KapakrepucTuke WU
MPETIOCTaBKe Mojena ¢y HopMyJInucaHe IPUMEHOM Ha
TpaKTOpy TYCeHHYapy M Toukamry. Y TBpheHo je ma 6e3
o03upa Ha JaTepaHH T[IOMEpaj pPAOHHWKA KO
OTIIOPHOCTH Ha By4y TPAKTOp KJIM3U IpeMa MOOPaHOM
1oJby. Pesynrar HymMepHYKor eKcepHMEHTa MoKasyje
Ja je TJaBHM Y3pOK KIHM3ama arperarta TpakTopa
TOYKalla pa3lidKa y 3eMJBUINTY OyX o0e cTpaHe
TPaKkTOpa a HE OJCTYIame PAOHUKA KOJ OTHOPHOCTH
Ha ByYYy.
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