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ABSTRACT

BACKGROUND: Currently, combines and tractors, being the most energy-intensive transport and technological
machines for agricultural purposes, largely determine the possibility of transition to an efficient and environmentally
friendly agricultural economy, and also provide the technical aspect of the transformation of the agro-industrial complex
into the leading sector of the country’s industry. One of the sources of dynamic loads in the units and subsystems of tractor
equipment are self-oscillating modes.

AIMS: Study of the conditions for the occurrence of self-oscillating processes in the design of wheeled tractor trains
and development of methods to increase the handling and safety of their movement by means of reducing the galloping and
yawing of the tractor-tractor when towing heavy loads.

METHODS: 1t has been established that due to the coupling of oscillations along the longitudinal displacement of a truck
tractor and a trailer with oscillations along the vertical displacement of the center of mass and with pitch angle oscillations
of the truck tractor, when an auto-oscillatory mode occurs in the interaction zone of an elastic wheel with a solid surface,
the same mode of self-oscillation will occur along the mentioned degrees of freedom. Moreover, it is possible to specify
the sequence of occurrence of self-oscillating modes in different zones of the tractor train design.

RESULTS: First, self-oscillations are excited in the contact patch of a wheel with a solid surface when a complete
slip occurs, then self-oscillations along the pitch angle of a truck tractor body begin and after that self-oscillations along
the vertical displacement of the center of mass of a truck tractor occur. Folding angle oscillations of a tractor train are
associated with oscillations of the translational motion of wheel centers, which lead to the emergence of an self-oscillating
mode, both with partial and full slip in the interaction zone of an elastic tire with a solid surface. Since the self-oscillations
of each of the wheels occur at random times, the self-oscillations of a truck tractor along the folding angle will be chaotic.

CONCLUSIONS: The practical value of the study lies in the possibility of using the proposed methods to identify the danger
of self-oscillating processes in the design of promising types of agricultural machinery.
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AHHOTALNA

06ocHoBaHue. B HacTosilee BpeMA KOMbalHbl M TpaKTOpbl, ABNAACH Hambosiee 3HEProEMKUMU TPAHCMOPTHO-TeX-
HONOrMYECKMMU KOMNNIEKCAMM CENbCKOXO3AWCTBEHHOrO Ha3HAYeHWA, BO MHOrOM OMPedensioT BO3MOXHOCTb Nepexona
K BeJeHMI0 3QGEKTMBHOMO M 3KONIOMMYECKM YMCTOr0 arpoXo3ANCTBa, a TaKKe 06ecneymBaloT TeXHUYECKUIA aceKT npeob-
pa30BaHWUA arponpOMBbILLIEHHOMO KOMMJIEKCA B NepeoBOM CEKTOP MPOMBILLIEHHOCTU cTpaHbl. 04HUM M3 UCTOYHMKOB BO3-
HUKHOBEHWUA OMHAMUYECKMX HArpy3oK B Y3Nax W arperatax TpaKTOPHOM TeXHWUKM ABNAIOTCA aBTOKO/1e6aTeNbHblE PEXKMUMBI.

Lenb paboTbl — M3y4eHMe YCNOBUI BOSHUKHOBEHMA aBTOKONe6aTeNbHbIX NPOLIECCOB B KOHCTPYKLIMM TPAKTOPHLIX Mo-
€3/10B Ha KOMIECHOM Xo[y U pa3paboTka MeTOLO0B NOBbILIEHWA YCTOMYMBOCTM, YNIPABAAEMOCTM M HE30MACHOCTM UX OBUMHKE-
HWS 33 CYET CHUMKEHMA FaNoNMpOBaHUA U PbICKaHWUS TpaKTOpa-TArada Npu BYKCUPOBKe TAMENbIX MPY30B.

Matepuanbl u MeToAbl. YCTaHOBIEHO, YTO BBUAY CBA3AHHOCTM KoflebaHMWiA Mo NMPOAONLHBIM NEPEMELLEHUAM TpaKTopa-
TAraYa W TENEeXKKU-NpuLena ¢ KonebaHMAMM NO BEPTUKANbHLIM MepeMeLLeHNAM LieHTpa Macc U Mo yriy npofosibHO-
YrNOBbIX KoNebaHUN TpaKkTopa-TArada Npy BO3HWMKHOBEHWM aBTOKONEHATeNbHOMO perkuMa B 30He B3aMMOAENCTBUA 3na-
CTMYHOrO Kofeca ¢ TBeP/bIM OMOPHBLIM OCHOBAHWMEM TOT e PEMKMUM aBTOK0Ne0aHWUM BO3HUKHET M MO YKa3aHHbIM CTENeHAM
cBoboAbl. MpuyeM MOMHO YKasaTb MOCEe0BaTeNIbHOCTb BO3HWUKHOBEHWS aBTOKOEHATENbHBLIX PEHUMOB B PasfMUHbIX
30HaX KOHCTPYKLMM TPAKTOPHOrO noe3pa.

Pesynbratbl. CHauana aBTOKoNe6aHWA BO36YHOAKOTCA B 30HE KOHTAKTa KoMeca C OMOpHbIM OCHOBaHWEM MpU BO3HMK-
HOBEHWUM MOJHOIO CKOJbMKEHWSA, MOTOM HaYMHAKOTCA aBTOKOMebaHWA No MPoLOSIbHOMY YIily HaKMOHA Kopnyca TpaKTopa-
TAra4a M Nocse 3TOr0 HauMHalTCA aBTOKONebaHUA Mo BepPTMKa/bHLIM MepeMeLLeHMAM LIEHTPa MacC TPaKTopa-TArava.
KonebaHua no yriy cknagblBaHWA TPAKTOPHOT0 N0e3/ia CBA3aHbI C KoflebaHWAMM N0 NOCTyNaTefIbHOMY [BUMHKEHMIO LEEHTPOB
Konec, YT0 NPUBOAMT K BO3HUKHOBEHWMIO aBTOKONIEOATENIbHOMO PEXKMMA, KaK NPY YaCTUYHOM, TaK W MpU MOSTHOM CKOJbMe-
HWUM B 30HE B3aUMOLENCTBMA 31aCTUYHOM LLIMHBI C TBEPALIM OMOPHLIM 0CHOBaHMeM. [10CKOMbKY aBTOKoNebaHMA Ha KamaoM
U3 Komec BO3HMKAIOT B CNly4aliHble MOMEHTbLI BPEMEHW, TO aBTOKONebaHWA TpaKTopa-TArada no Yray cKnagbiBaHus 6yayt
HOCUTb XaOTMYHbIV XapaKTep.

3akniouenue. paKTnyecKan LIEHHOCTb MCCNEOBaHWA 3aKMI0YaeTCA B BO3MOMHOCTY UCMOAb30BaHWA NpeanoHKeHHbIX
METO/10B BbIFB/IEHWA OMacHOCTM BO3HWUKHOBEHWA aBTOKONebaTeNbHbIX NPOLECCOB MPU NPOEKTUPOBAHWM MEPCNEKTUBHBIX
BW[0B CE/IbCKOX03ANCTBEHHOM TEXHUKMW.

Knioueawie cnoga: mpaKmopr/L”/ noe3od; GBMOKOCOAHUS; PbICKaHUe;  2a/ionupoesaHue;  hosbileHue ycmodqueocmu
u ynpaeJiseMocmu; be3onacHocme ABUMNCEHUS.
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BACKGROUND

Presently, combines and tractors, being the most
energy-intensive transport and technological agricultural
complexes (TTACs), largely determine the possibility of
transition to an efficient and environmentally friendly
agricultural economy and provide the technical aspect of
the agro-industrial complex (AIC) transformation into the
country’s advanced industrial sector [1-3].

For a long time, the main direction of improving the
TTACs was to increase productivity and reduce initial cost
and operational costs, which resulted in the formation of
approaches for designing new machines through force—
torque and mass—dimensional scaling of field-proven
subsystem modules. In increasing labor productivity in the
AIC, the extensive form of the development of structures
has led to an increase in the weight of objects manufactured
to 35 tons or more [4—6]; this has considerably deteriorated
the environmental safety of the technological process,
owing to soil overconsolidation by movers and the
intensification of the generated force disturbances, which
prevents the creation of normal working conditions for
the operator [7-9]. The problem of reducing the structure
weight and the structure loading requires a two-pronged
solution, which consists of reducing the existing kinematic
disturbances from the supporting surface and force
disturbances from technological sources. However, the
selected class of ground-based nonsuspension vehicles
features several design and functional aspects that prevent
the implementation of technical solutions used in transport
engineering, which favors the reduction of the dynamic
loads of TTACs.

One of the sources of dynamic loads in the units
and assemblies of tractor equipment is self-oscillating
modes.

The preventive recognition of the initiation of this
process is of particular interest, as it enables active safety
systems (for example, dynamic stabilization systems)
to react at an early stage and prevent the development
of the buckling process or, at least, minimize its
consequences [10-16].

This work [17] describes the effect of a significant
and sharp loss of the average traction force during the
acceleration of a wheel-mounted towing tractor with
asymmetric or asynchronous oscillations of the drive
wheels. The oscillatory modes lead to both partial and
almost complete loss of the average thrust force. This can
be dangerous when driving on public roads. However, the
methods of combating the occurrence of self-oscillatory
modes in vehicle design are not considered in this work.

AIM

This work aims to analyze the conditions for the
occurrence of self-oscillating processes in the design
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of wheel-mounted tractor-trailer trains and to develop
methods for increasing the stability, controllability,
and safety of their movement by reducing the galloping
and yawing of the towing tractor when hauling heavy
loads.

MATERIALS AND METHODS

To identify the conditions for the emergence of a
self-oscillating regime in a certain area U € R*, where
the behavior of an object is described by a system
of differential equations with a nonlinear right-hand side,

{yl = /10> Va5 V)i

. (M
V2= L0 Y2000 V0 )5

we use the Bendixson criterion [18]. According to this
criterion, for our conditions, if the equation

2 a

does not change the sign and does not vanish identically,
the system of Eq. (1) cannot have limiting cycles and closed
phase trajectories in this region (i.e., self-oscillatory modes
cannot arise). We distinguish between cases of “hard”
and “soft” excitations of self-oscillations, as presented
in [19].

The design scheme for the movement of a wheel-
mounted tractor-trailer train on a solid support base is
presented in Fig. 1, where T — mass of MT of the sprung
parts of the tractor; 2 — mass m; of the tractor wheel;
3 — radial stiffness C, of the tractor tire; 4 — tangential
stiffness C, of the tractor tire; 5 — support base; 6 —
rotating tractor wheel; 7 — radial damping k;, of the tractor
tire; 8 — towing device with stiffness C,. and damping
ky; 9 — mass M, of the sprung parts of the trailer; 10 —
mass m, of the trailer wheel; 77 — tangential rigidity C,,,
of the trailer tire; 12 — rotating trailer wheel; 13 — fixed
support; x;, X, — longitudinal displacements of masses
2; xy, X,, — the longitudinal displacements of masses
1 and 9, respectively; x; — longitudinal displacements
of mass 10; F, and F, — friction forces in the zone of
interaction between the wheels of the front and rear
axles of the tractor; F; — the reduced friction force in
the zone of interaction of the trailer wheels; w,,,
angular speeds of rotation of the wheels of the tractor
front and rear axles, respectively; w,, — angular speed
of rotation of the trailer wheel; r;, r,, — the radii of the
tractor and trailer wheels, respectively; T;, T, — torques
applied to the tractor wheels; T, — the reduced moment
of rolling resistance on the trailer wheels; X, Y, —
coordinate axes connected with the center of gravity of
the tractor body; ¢ — the angle of longitudinal inclination
of the tractor body; {;, [, — the distances from the center

W,or —
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of gravity of the tractor body to the front and rear axles
of the tractor, respectively, in the associated coordinate
system; and z,. — the distance from the center of gravity
of the tractor body to the attachment point of the towing
device in the associated coordinate system.

Body 1 has mass M; and represents the mass of the
sprung parts of the towing tractor, while body 9 has
mass M, and represents the mass of the sprung parts
of the trailer. Bodies 2 with mass m, function as the
sliding wheels of a towing tractor. Bodies 1 and 2 are
interconnected by a spring 4 with stiffness C,. To consider
the longitudinal-angular oscillations of body 1 along
angle, ¢ we consider the radial rigidity of the towing
tractor tire C, (springs 3) and the radial damping (7) k
of the tractor tire.

The wheels 2 slide relative to the support base
5, while frictional forces F, and F,, work upon them,
depending on the speed of the wheels sliding relative
to the support base. The support base 5 is represented
as an inextensible and weightless tape. The wheels 6 and
the tape of the support base 5 interact without relative
sliding. Then, the sliding velocity is V., =V, — ;77,1 =
1,2, where V; is the linear velocity of body 2 in the fixed
coordinate system.

The movement of body 2 is progressive. Let us introduce
coordinates for the displacement of the bodies. Let x, be
the displacement of the front wheel of the towing tractor
in the fixed coordinate system, and x, be the displacement
of the rear wheel of the towing tractor in the fixed coordinate
system. We assume that at x; = x, = 0, the springs 4 are

a

Z,
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undeformed, and there is no sliding of the mass 2 relative
to the support base 5, while F(V,,) = 0.

The calculation scheme for the trailer comprises the
sprung mass 9 and a simplified model of the reduced
wheel, consisting of the body 10 and rotation element 13.
The trailer wheel moves in the driven mode, and the
reduced rolling resistance moment Tc is applied to it. The
sliding velocity for the trailer wheel can be determined by
the equation

I/sk pr = Vpr - (’Okpr Vkpr ’
where V. is the linear velocity of body 10 in a fixed
coordinate system.

The developed calculation scheme for the interaction
of an elastic wheel with a solid support base enables us
to study the processes occurring in the interaction zone
in traction, driven, and braking modes.

As the scheme is based on a Coulomb dry friction
model, when the static friction force exceeds the sliding
friction force, we take the model proposed in [19].

RESULTS AND DISCUSSION

To study the process under consideration, we present
the differential equations of motion of a tractor—trailer
train and its main links. According to the theorems
on the conservation of momentum and the moment
of momentum, we present the following differential
equations for the front wheel of a towing tractor:

ﬁ-“ !

5

6

12

Fig. 1. Analytical model of interaction of an elastic wheel with a solid surface.
Puc. 1. PacueTHaa cxema B3aMMOLeMCTBUA 3NaCTUYHHOIO KoMeca C TBEepAbIM OMOPHbIM OCHOBAHWEM.
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x =W;

I/1 = _(FI - Cx'xl + CxxT)’
m,

Olpir = Oyyrs

. 1
Opr = J_(T1 —Frg)s

kT

where J,; is the moment of inertia of the towing tractor
wheel relative to its axis of rotation.

Similarly, for the rear wheel of the towing tractor, we
obtain the following:
X, =V
. 1
Vy=—(F, =Cux, + C.xp);

m

Olior = Opars

) 1
Wprp = J_(Tz = Fynp).

kT

For the translational movement of the towing tractor’s
center of gravity, we obtain the following:

X, =V

VT ZMLT[C'V (x1 —xT)—i- C. (x2 - X, )] - (2

1
e oo )b 7,

For vertical oscillations of the towing tractor center
of gravity:

1
M_[CZ (ZT + ll(P) +C, (ZT - lz(P)] - ©)

T

1
—M—[kﬂ (V, +Lo, ) +ky (V, - Lo, ) |-M,g.

T

For longitudinal—angular oscillations of a towing tractor:
¢ =0;
) 1
Oy = J_[Czll (ZT + ll(P) -G, (ZT _Zz(P)] -
T

B ®)

[kl (V, + Loy )+ eyl (V, = Loy ) | =

\|>—‘

T
z

el a )

T
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where J; is the main moment of inertia of the towing
tractor about the transverse axis, passing through its center
of mass.

The differential equations for the reduced trailer wheel
are the follows:

X, =V
I/?a = _(Fj’a - Cxprx3 + C’Cprxpr )’
2
a’kpr = (’Okpr;
) 1
(kar = J (F;r;cpr _Mc)’
kpr

where J,, is the moment of inertia of the trailer wheel
about its axis of rotation.
For the translational movement of the center of gravity
of the trailer:
X, =V,;

pr?

1| Colxr =5, )=k (=7, )] 6

M| ~C, (5, )

pr

The conditions for the occurrence of self-oscillating
processes in the zone of a wheel interaction with a solid
support base are detailed in [19].

Owing to the connection of oscillations in phase
coordinates x;, x, with the coordinates of x; in the system
of Egs. (2), z; in the system of Egs (3), and ¢ in the
system of Eqs (4), when a self-oscillating mode occurs
in the interaction zone of an elastic wheel with a solid
support base, the same mode of self-oscillations also
arises in the indicated degrees of freedom. Moreover,
the sequence of occurrence of self-oscillating modes
in various zones of the tractor—trailer train structure
can be identified. First, self-oscillations are excited in
the contact zone of the wheel with the support base
during total sliding, then self-oscillations occur along
the longitudinal angle ¢ of the inclination of the towing
tractor body, and after that, self-oscillations occur along
the vertical displacements z; of the center of mass of the
towing tractor.

We study the conditions for the occurrence of self-
oscillatory processes in terms of the folding angle of the
tractor—trailer train relative to the coupling point S for
the “bicycle” scheme presented in Fig. 2, in which 7 —
towing tractor; 2 — trailer; 3 — front wheel; 4 — rear
wheel; y — angle of rotation of the longitudinal axis of
the towing tractor relative to the longitudinal axis of the
trailer; w,, — the angular velocity of rotation of the towing
tractor relative to the vertical axis passing through the
coupling point S; L,, L, — distances from point S to the
front and rear axles of the towing tractor, respectively; and

Fyy, F,, — frictional forces at the total wheel sliding in the
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zone of the interaction between the front and rear wheels,
respectively.

Differential equations for the rotational motion of
a towing tractor relative to the vertical axis passing through
the coupling point S for the design scheme presented
in Fig. 2 are stated as follows:

Y = O

Oy :_JLI:F;‘ILI +Fy2L2:|’

z

(6)

where J, is the moment of inertia of the towing tractor
relative to the vertical axis passing through the coupling
point S.

We use the friction model of Egs. (4) and (7), because
the study of the occurrence of a self-oscillating process
along the folding angle y before the start of total sliding in
the interaction zone of the wheels with the support base is
the most interesting.

The sliding s in this case is calculated as follows:

sk o1 )
V7 + ol

Substituting Egs. (2), (5), and (7) into the system
of Eq. (6), we finally obtain the following:

Fig. 2. Analytical model of a truck tractor in turn relatively
to the vertical axis through the S coupling point.

Puc. 2. PacyeTHas cxeMa NoBopOTa TPaKTOpa-TAra4a 0THOCUTESb-
HO BEPTMKANbHOW OCY, NPOXOAALLEN Yepes TOUKY CLENKM S.
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Y =0

As shown in the system of Eqg. (8), oscillations in angle
y are associated with oscillations in the phase coordinates
Xy, X,. As shown above, during the translational motion
of the tractor-trailer train wheels along the phase
coordinates x,, x,, a self-oscillating mode may occur,
both with partial and total sliding in the zone of the
interaction of an elastic tire with a solid support base.
Because self-oscillations on each of the wheels occur at
random times, the self-oscillations of the towing tractor
along the folding angle y will be chaotic.

CONCLUSIONS

1. The emergence of a self-oscillating mode in the zone
of interaction of an elastic tire with a solid support
base is a useful diagnostic attribute that allows for
recognizing the development of the process of loss of
adhesion between the wheel and the support base.

2. Through analytical studies, it has been established
that owing to the connection of oscillations along
the longitudinal displacements of the towing tractor
and the trailing bogie oscillations along the vertical
displacements of the center of mass and along the
angle of longitudinal-angular oscillations of the
towing tractor, when a self-oscillating mode occurs
in the zone of interaction of an elastic wheel with a
solid support base, the same mode of self-oscillations
will also occur in the indicated degrees of freedom.
Moreover, the sequence of occurrence of self-
oscillating modes in various zones of the tractor—
trailer train structure can be identified. First, self-
oscillations are excited in the zone of contact of the
wheel with the support base during total sliding; then,
self-oscillations occur along the longitudinal angle of
inclination of the towing tractor body, and after that,
self-oscillations start along the vertical displacements
of the center of mass of the towing tractor.

3. Through analytical studies, it has been established that
fluctuations along the folding angle are associated
with oscillations in the translational movement of the
centers of wheels, which leads to the emergence of
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a self-oscillating mode, both with partial and total
sliding in the zone of the interaction of an elastic tire
with a solid support base. Because self-oscillations on
each wheel occur at random times, the self-oscillations
of the towing tractor in terms of the folding angle are
chaotic.
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