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INVESTIGATION OF DYNAMIC PROCESSES IN THE PROPELLER OF MINITRACTOR

The article presents the results of theoretical investigations that were carried out by the authors during the
development of the design of a crawler propulsion engine with an elastic caterpillars. A differential equation is derived
that describes the dynamic process and allows us to investigate the transients in a complex mechanical system that is a
motive.
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Introduction. Creation of a crawler engine originates from 1818 when Frenchman Dubosh received a
patent for the equipment of crews with moving rail tracks. As you know (Vasiliev V.V., 2008), crawler
machines have several advantages over wheels, it is explained by its widespread usage, particularly in
agriculture. Among the advantages of crawler engines it should be underlined:

- large area of the support, it allows to reduce the pressure on the support surface;

- high traction-coupling properties.

At the same time, the running systems of agricultural tractors have anthropogenic impact on the soil.
Under the condition of multiple influence, its physical, mechanical and agronomic properties are under
deterioration. Because of over-consolidation of the soil, the formation of the track deteriorates the quality of
the implementation of technological operations related to soil cultivation, sowing and harvesting
(Yemelianov, A.M., 2013). In order to reduce the negative influence of metal caterpillars, the engines
rubber-metal elements (e.g., hinges), rubber-metal caterpillars, snowmobiles, rubber-reinforced caterpillars,
elastic tracks of caterpillars are used (Candela M.V., Riabchenko V.N., Lipkan A.V., Yemelianov A.M.,
2000; Tatalin B.F., Andreev G.V., Shiriaev V.l., Erohin A.P., 1977; Bumbar LV., Kandel M.V.,
Candela N.M., Ryabchenko V.N., Shilko P.A., 2010; Abuzov, A.A., 2012).

The introduction of such constructive solutions is due to increase traction potential of tractors, reduce
pressure on the soil, increase permeability and reduce dynamic loads in the elements of the crawler. The
issue of improving crawler machines by constructing running systems with rubber elements is highlighted in
researches by (Lapik V.P., 2015; Jinzheng Zhang, Qi Wang, Qich Jin, 2018; Bukharovskaia A.N., 2011,
Takashi Fukushima, Eiji Inoue, Muneshi Mitsuoka , Shigeki Inaba, Takashi Okayasu, 2006; Ma Rabbani,
Susumu Takeoka, Muneshi Mitsuoka, Eiji Inoue, Takashi Fukushima, Takashi Okayasu, 2010, Lapika V.P.,
2010; Tolchynsky N.A., Teleshchev V.A. 1986; and others).

It has been established that the use of a propeller with rubber-wagon tracks allows to reduce the
dynamic loads on the soil from the body of the machine by 2.5 times. During the movement of the machine
on solid soils, the acceleration of the vibrations of submerged masses is reduced by 67%, that reduces the
harmful effects of the car's vibrations on the soil (Lapik V.P., 2015). In addition, it has been found that the
use of guns with rubber-reinforced caterpillars increases productivity and reduces the technogenic impact on
soil (Bukharovskaia A.N., 2011).

The vibration characteristics of the rubber tracked system with the construction of a dynamic model
are investigated by Jinzheng Zhang, Qi Wang, Qich Jin (2018). The authors formed a dynamic model based
on theoretical analysis which allows to predict the actual state of motion and vibration characteristics of the
rubber track system on the soil. The results of the experiment whose purpose is to determine changes in the
vibration acceleration of the centre of gravity of the system of rubber caterpillars is also stated. The adequacy
of the dynamic model recommended by the authors for predicting the vibration characteristics of the rubber
track system has been experimentally confirmed. The study of the vibrational characteristics of a tractor with
a rubber motive is also devoted to the work of Takashi Fukushima, Eiji Inoue, Muneshi Mitsuoka, Shigeki
Inaba, Takashi Okayasu (2006). Deeper is numerical modeling, the results of which are presented by Ma
Rabbani, Susumu Takeoka, Muneshi Mitsuoka, Eiji Inoue, Takashi Fukushima, Takashi Okayasu (2010).

The authors developed a two-dimensional model for predicting vibration characteristics, it differs from
previous inputs of vertical dynamic force transmitted to guide rollers on a rubber track. The introduction of
the vertical component into a mathematical model has allowed improving the prediction of the dynamics of
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loading forces on the elements of a crawler propeller with a rubber track. Despite the experience
accumulated in agricultural engineering, the design of craftsmanship designs with rubber and rubber-
reinforced elements requires the further implementation of a considerable amount of research work, both
theoretical and experimental.

One of the most important directions is the study of transients in the propulsion system. When
changing direction of movement, at the beginning of motion, braking, there are significant dynamic loads
that exceed the static. The need for analysis of transients is connected particularly with the fact of the
productivity and energy consumption of a machine that depends on the time of its occurrence
(Smekhov A.A., Erofeev N.I., 1975).

In this article we will consider the beginning of the crawler movement for a mini tractor with an elastic
caterpillar to obtain a differential that describes the dynamic process in the mechanical system.

Materials and methods. The basis of the research is the model (Nalobina O.0., Golotiuk M.V.,
Gavrysh V.S., Markova O.V., 2018), which is designed to solve the problem of increasing the pull-spring
characteristics of the minitractor by even distribution of pressure from the crawler to the ground, increasing
the smoothness of the course and maneuverability in the areas with a difficult relief.

Figure 1. shows the crawler engine of a mini tractor.

BARN

6! s\ 4 C
Fig. 1. Crawler thruster of a mini tractor: 1-drive wheel, 2-sprocket wheel, 3-stroke wheel, 4, 5, 6 -
clamping rollers

Let's consider the beginning of the motion of the proposed propellant. During the start of the car there
are significant dynamic loads, which proves the need for a dynamic calculation of the mechanical system.
We write down the equation in generalized coordinates:

d [dEj dE
—| = |-—==F,,
dt\ ds ds y

where F, —general force, $§ — general speed, which is the speed of an elastic caterpillar (S =@, ,where o

, s —angular speed of the driving wheel |; r,, m — radius of this wheel).

During the tractor work is spent on moving the elastic track and overcoming the resistance resulting
from friction in the supports of the wheels and rollers, the bend of the caterpillar, overcoming the resistance
of the soil and resistance in the contact area with the bolts of the lower support unit. The following power
factors apply to the elements of the mechanical system represented by the propulsion engine: the driving

moments M,, M,, M, applied to the driving wheel 1, the steering wheel 2, the tensioner wheel 3,
respectively.
Determine the general force F, . It should be kept in mind that the elastic caterpillar in the process of

movement overcomes the load due to its weight.
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If the mass of the caterpillar is marked m_, its length L_, then the intensity of the distributed load

m.g
9. =
L,

, Where g — acceleration of gravity.

The vector of this load is applied in the middle of the caterpillar by its width, directed downwards.
Components of the vector force g, act along the pass line (left and right free branches that run in and

out of the driving wheel) — g, and in the plane of the propulsion — g, .

m.g :

Ou =g, -COS@, === 00Sa;
‘ 1
el (1)

U, =0, -Sine, =—=sina,.

C
where «, — the inclination angle of the free branches of the elastic caterpillar to the horizontal; g, —
component of the force vector g., which additionally loads the caterpillar within the areas AB,
CD (Fig. 1);
g., — component of the force vector g_, which is transmitted to the support of wheels.

The kinematic energy of the system consists of the product of the kinetic energies of the constituent
systems. Consider them.

Driving wheel 1: E , =

N |-

V2 | \Y,
(mlv2 + Ilwf)=7(ml+r—§j; o=
1 1

N

Guide wheel 2: E, =V—(m2 +I—§ .
2 r,
2

(2)

Tension wheel 3: E_; = v m, + I, :
2 I

2
Clamping rollers 4 and 5: V—{m +|—2j where: k=45.
2

Above information is valid provided that it moves along an even horizontal bearing surface.
If the caterpillar is found on the barrier, the centres O, and O, (fig. 1) rotate around the point O,

(fig. 2, d). The direction of rotation depends on the type of obstacle (its shape and height). To simplify the
calculation we accept:
- the rotation is in the direction of movement of the tractor;

- at the fixed moment of time, the axis of the level O,,O, deviates from the initial position on the
corner ¢ (fig. 2, d), 0,0, —for angle ¢, .
As ¢ >> ¢, , admit that centre movement O; relative to the centre O, is insignificant and we ignore
them. Then the magnitude of the absolute velocity of the point O, determines:
Vi =V +V3, +2V -V, cosg, (3)
where Vo, =@, [O,0,].
Consider (3) write an expression for determining the kinetic energy of the roller 5:
m, (V2 +Veo, + 2V Voo cosw) V2
K5 2 + or2 (4)

5
Roller 6 has an additional degree of freedom, which is conditioned by moving in a plane perpendicular
to the lower supporting surface of the elastic track. Consider this, the absolute speed of the centre O, of
roller determines:

Vi =VZ+V?+2V-V, cosy, (5)
where V, —moving of the centre O, in the direction of compression of the spring, e.g. upwards;
7 —angle between velocity vectors V i V. (fig. 2, e).
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The mechanical system of the propulsion, in addition to the above elements, contains an elastic
caterpillar. Define its kinetic energy. To this end, conditionally split the contour of the elastic caterpillar into
sections: ABC for which — E,,. =mV? (here the velocity of the elastic caterpillar is equal to the derivative
of the generalized coordinate s). At the site of the CD we have an increase in kinetic energy due to the need

to overcome the friction between the surface of the elastic caterpillar and the soil, the value of which will be
determined:

AE=FS, (6)
where F, = um.g, here x4 — coefficient of friction;

m, —mass of elastic caterpillar (lower branch);

g=9,81m/s’;

S —an area of soil on which work is done to overcome frictional forces S=CD .

Consider this, we have the expression for determining the kinematic energy of the reference track of
the caterpillar:

Ecp = mcvz +4m.gS., =m, (V2 + :ugSCD) . )

We define a general force for the equality of elementary works.

In the functioning of the mechanical system, the work is spent on the transport of an elastic caterpillar,
the bend of the caterpillar, the overcoming of resistance in the wheels of the wheels and rollers, and the
resistance of the frictional forces between the bottom support track of the caterpillar and the ground.

Taking into account all the listed costs significantly complicates the calculations, but for optimal
design of the engine there is a need for their maximum consideration. Therefore, the calculation of work
wake up provided the most complete consideration of all factors, but with certain assumptions, which will be
discussed below.

The elements of the mechanical system (propeller), as indicated above, have the following force
factors (fig. 2): the driving moment M,, applied to the driving wheel; moments M,, M,, attached to guide

and tensioning wheels; M,, M., M, —moments attached to rollers. M,, M,, M,, M., M, —moments of

resistance, which depend on the losses of friction in the supports, resistance to bending of the pass, radial and
axial efforts. Radial forces depend, in turn, on the tension of an elastic caterpillar.
Radial forces transmitted to the wheels 2 and 3 are determined: R =F +F,, where

F +F,=2Fssina, /2, where «, — the angle of the grip (contact) of the caterpillar and the wheels 2 and 3,
where 2F, =2EA(¢g, +¢,), here E — elastic module of elastic caterpillar material; A — cross-sectional area
of the caterpillar; ¢, &, — relative elongation of caterpillar branches.

The moment of resistance of the wheels 1, 2, 3 can be presented in the form of calculation Iv'—r
r

K

where M, _ the force that should be applied to the wheel to overcome the resistance. Provided that the
r

resistance forces act in the plane of the wheel, they can be considered as resistance in the bearings, which

according to (Artbolevskyi 1.1., 1988): 1.22KR, {d£+£J where K — coefficient of rolling friction, R, —
r

K 8

radial force acting in the plane of the wheel; d_ — ball bearing diameter, r, — outer radius of inner bearing

ring. Introduce the designation: 1, ZZK{di +£j =K,, then:

M, = Kn.lrerl'
M, = Kn.zrerZ’ 8)
M; =K 3LR, .
Provided that the supports act not only in the plane of the wheel with force R_, but also in the axial
direction (perpendicular to the plane of the wheel) with force R,, we have:
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Mz = Kn.zrer2 + rzRozi
M, = Kn.sr3Rr3 + r3R031 )

Ml = Kn.lrerl + rlRol-

Fig. 2. Schemes for calculation: «a, b, ¢ — the forces acting on the branches of the elastic caterpillar and
on the support of the wheels; d — scheme of mixing the roller 5 if the barrier is overcome; e — components of

the vector of absolute speed of the centre O, of roller.

As it is seen from fig. 1 axial load of the wheel 1 is created due to the weight of the caterpillar g, : in
general for all wheels:

m
Ry, = L°,g cosa,, (10)

C

where L. — the length of the section of the belt, the weight of which is transferred to the wheel resistance 1.
Determine with high accuracy the fraction of the load, which is transmitted on the axle of wheels 1, 2, 3 is
rather difficult. Therefore, in order to simplify the calculations, we assume that the part of the weight of the

. . . . . m
elastic track is transmitted to the axle of each wheel (1/3), that is approximately ?gcos a, .

The support of wheels 2 and 3 also transmits the load that arises in the segment of the CD from the
weight of the rollers — g, . Denote the weight of one roller m_, length of the plot CJ] — L, then the

oK !
m_ng

on

Assume that 1/2 of the additional load from the impact of rollers on the support area of the caterpillar
is transmitted to wheels 2 and 3. In addition, the force on the axis of the tensioned wheel 3 is transferred
from the side of the hemisphere 7 (Fig. 1). Denote it R, . This force is perpendicular to the axis of the wheel.

Results. Taking into account the information above, the axial loads on wheels 1, 2, 3 are determined:

intensity of the distributed load g, = , Wwhere n —number of rollers.
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m
Ry, = ;g cosay;

Rozz%cosaz+%s (0SS ) pevemmmeieeaaiiiiiiiiiiie (11)
RoazmégCOSanrszngS (0<s<s,).

The change of the general coordinate s occurs from 0 to s, or s, ; 0 —for wheel 2 relates to the point
C; s, —point K ; for wheel 2 points B i A as well.

From (9), taking into account above information, we obtain the expressions for determining the
moments:

M, =K,.iR, + 1Ry =K,.h2EA(5 +5,) + rl%cosa1 _

- r{ZEA(gl 18,)K s+ %cos%}.

M, =K, LR, +LR, =2K, ,LEA(g +5,)+ rz[még cosa, + mgg ns} =
m m (12)
=T, {ZKMEA((;l +&,)+ g[?cos% +7’<nsﬂ.

My =K, 36 (R, +R, )+ LR =1 (2K, sEA(5 +&,) + Mg ) + 1,9 {%0050{3 +%ns} =

=, {[ZKMEA(g1 +&,)+ Mg |+ g{%cow3 +%ns}},

Introduce the replacement:
a =2rEA(g +¢,) K,

m.9

b =r

cosa;,
(13)

We have:
M,=a +D.
M,=a,+b,-s . (14)
M,=a,+d,+b;-s.
We will determine the general force from the equality of the sum of the elementary effort of the
operating forces of elementary work, which is spent under the condition of the generalized force. Let's make

a sum of elementary works. To sum up, we assume that the analyzed technical system we has an elementary
possible movement o5s.

25A=M1§—M2§—M3§—qoks-5s:Fyﬁs. (15)
nn I I3
Consider (13) we have:
I:y=a1+b1_a2+b2-s_a3+d3+b3-s. (16)
nn r fy
Consider (16), (2), (7), (4) write equations (1):
6 . .
K(ZI—‘;+mk §+4m.§ +m ugs—m ugs = B+h 3+bS 3+d+h,S , (17)
k= I Y r I3
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or
a+b a +b,-s a+d;+b;-s
n7 I I3

Equation (18) — differential equation describing the dynamic process in the mechanical system. This
equation allows us to investigate the transients in the mechanical system.

Conclusions. It is proposed the design of a crawler propulsion with elastic caterpillars in order to
solve the problem of increasing the traction and spring characteristics of the mini tractor by uniformly
distributing pressure from the track gun to the soil, increasing the smoothness of the course and
maneuverability in the areas with difficult terrain.

A differential equation is obtained that allows to investigate the transients in a mechanical system,
which is a motive. Moreover, the research will be continued in order to obtain equations that describe the
dynamic processes during inhibition.

Using the results of research, you can improve the work of the propeller, subject to changes in loads
on its elements.

6
KS[ZI—;-kaj-i-(‘lmc —m_uQ)$§ +m ugs = (18)

k=1 rk
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Hanooéina 0.0., I'onomiwk M.B., bynoza 0.3., I'epacumuyk O.IL, Ilyuys B.C., Illoéxomyo O.B., Mapmunioxk B./I
JociixzkeHHs: TMHAMIYHMX NpoueciB y pyuwii MiHiTpakTOpa.

XO0MI0BI CHCTEMH CLIBCHKOTOCIONAPCHKUX TPAKTOPIB MAlOTh TEXHOTCHHHH BIUIMB Ha IPYHT. 32 YMOBHM 0araToKpaTHOTO
BIUIMBY HOTipUIYIOThCS HOro (hi3MKo-MeXaHiYHi Ta arpOTeXHIYHI BIACTHBOCTI. BHACTiIOK MepeyIiibHeHHS IPYHTY, YTBOPEHHS KOJii
TIOTIPIIYETHCS SIKICTh BUKOHAHHS TEXHOJIOTIYHHX OTIepalliif, MOB’I3aHHUX i3 00po6ITKOM IPYHTY, MOCIBOM Ta 30MpaHHIM BpOXKaro. 3
METOI0 3MEHIIECHHS HEraTUBHOTO BIUIMBY METAJICBUX T'YCEHHI[b Ha IPYHT 3aCTOCOBYIOTh PYIIil 3 'yMOBOMETAJICBUMH €JIEMEHTaMH
(HampuKIIa], MIapHipaMH), TYMOBOMETAJIEB] I'yCEHHII, THEBMOTYCEHHIII, TyMOBOApMOBaHI I'YCEHUIIl, €IACTUYHI TPAKH I'YCCHUIIb.

He 3Baxarouum Ha IOCBil, HAKOINHWYEHHH Yy CUILCHKOTOCIOAAPCHKOMY MAaIIMHOOYIYyBaHHI, IPOCKTYBAHHS KOHCTPYKIIiH
T'YCeHHYHHUX PYIIiiB 3 T'YMOBHMH Ta TyMOBOApPMOBaHHMH eJIEMEHTaMH BHMArae MoJajblIOro MPOBEICHHS 3HAYHOT0 00’ €My HayKOBO-
JOCITITHUX POOIT K TEOPETUYHOTO TaK i EKCIIEPUMEHTAIILHOTO XapaKkTepy.

OnHMM i3 aKTyalnbHHX HAmpsMKIB € JOCITIDKSHHs MepeXiHUX MPOLECiB y CUCTeMi pyIlis ryceHMYHux mamuH. ITin gac
3MiHH HaNpsMKY PyXy, Ha [I0YaTKy pyXy, FaJibMyBaHHI BUHUKAIOTh 3Ha4YHI AMHAMIUHI HaBaHTa)KCHHs, IJ0 NEPEBUILYIOTh CTATHYHI.
IToTpeba B anasi3i nepexiaHUX MPOLECIB OB’ s3aHa, 30KpeMa 3 THM, 10 MPOAYKTHBHICTh Ta CHEPrOBUTPATH MAIIMHU 3aJIeKaTh Bil
4acy IXHbOTO IIPOTIKaHHSI.

VY pmaniif cTaTTi PO3MITHYTO IOYATOK PYXYy TI'YCEHHYHOTO pYIIis AT MIHITPAaKTOpa 3 eIacTHYHOIO T'YCEHHICI0 3 METOIO
OTpUMaHHS JU(EPCHIIIHHIX PIBHIHB, SIKi OIMCYIOTh AMHAMIYHHUH MpoLec B MEXaHI4Hii cucreMi. B 0CHOBY mocnmimkeHb IOKIIaICHO
po3po0IieHy aBTOpaMH METOAWKY JUISl BHUDIIICHHS 3a]ad IiJBHIIEHHS TATOBO-NPYXHWHHUX XapaKTEPUCTHK MIHITPAKTOpa MUIIXOM
PIBHOMIPHOTO PO3MOALTY THCKY 3 O0KY I'yCEHHYHOI'O PYILis Ha IPYHT, IiIBUIICHHS [UIABHOCTI X0y Ta MAHEBPEHOCTI Ha IUISTHKAX i3
CKJIaJIHUM penbedom.
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BOJIHOTO TOCIIO/IAPCTBA Ta MPUPOJOKOPUCTYBaHHA, PiBHe, YKpaiHa.

T'EPACUMYYK Onexcandp Illasnosuu, KaHOAUAAT TEXHIYHUX HAyK, MOLEHT Kadeapu TaTy3eBOTro
MAaIMHOOYyBaHHs Ta JIICOBOrO rocrmogapctsa, JIyIbKuil HalliOHATBHUN TEXHIYHHUIA yHiBepcuTeT €-mail:
alex_gop_ukr@ukr.net.

HYVI]b Bimanii Cmenanosuy, KaHIUAAT TEXHIYHUX HAYK, JOICHT, 3aBilyBau Kadeapu raay3eBOro
MalHOOYAyBaHHS Ta JICOBOTO rocroaapcTsa, JIynpkuii HamioHANBHUH TEXHIYHAN YHIBEPCHUTET.

LIIOBKOMY]] Onexcandp Borodumuposuy, KaHAUIAT TEXHIYHUX HAYK, JOLEHT Kadeapu rary3eBoro
MaIIMHOOYAYBaHHS Ta JIiCOBOTO TOCToNapcTBa, JIylnbkuii HalliOHAaTbHUI TEXHIYHUH YHIBEPCHUTET.

MAPTHHIOK Bikmop Jleonidoguu, KaHAWNAT TEXHIYHUX HAyK, IOLUEHT KadeApu Taly3eBOTrO
MalHOOYAyBaHHS Ta JICOBOTO rociogapcTBa, JIynpkuii HallioHATbHAN TEXHIYHUN YHIBEPCHUTET.
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