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DETERMINATION OF RATIONAL
CONDITIONS FOR THE
MOVEMENT OF TRANSPORT
AND TECHNOLOGICAL UNITS

WHEN USING TECHNOLOGICAL
MACHINES WITH DRIVING WHEELS

The object of research is the operation process of a transport and technological unit with the driving wheels of a technological machine.
One of the most problematic areas of the effective operation of an energy-intensive tractor as part of a transport and technological unit

is the incomplete use of the potential capabilities of the tractor engine. This is due to the fact that at the beginning and at the end of the
technological operation the mass of the load of the technological machine will be different. A possible solution to this problem is the use of
additional driving axles of the technological machine, which allows to increase the relative share of the coupling weight in the unit. This
allows part of the engine power to be realized through the tractor’s running system, and part to be transferred to the technological machine.

During the study, it was found that when transferring part of the power to the technological machine, three modes of movement are
possible: Py> Py Piy=Pyyys Pir< Py For their analysis, taking into account the dynamic components of the movement, an equivalent
dynamic model of the transport and technological unit was used. The oscillations of longitudinal forces acting on the unit characteristic of each
mode of movement were obtained. It was found that the movement of the unit with the transmission of part of the power to the drive wheels
of the technological machine must be implemented under the movement condition P> Py, i. . under partial underload. This is due to the
fact that the proposed movement mode allows stabilizing the oscillations of longitudinal forces and increasing the part of the engine power
that can be realized in the traction mode. In particular, for this movement condition, the potential traction force Py, increases to 45.92 kN
with a decrease in the mean square deviation oy, = 1.74 kN. Also, this movement mode is characterized by the absence of the technologi-
cal machine running into the tractor, as a result, there are the smallest dynamic oscillations and a stabilizing effect for longitudinal forces.

Due to this, the possibility of activating the wheels of the technological machine with compensation for the negative factors inherent
in the movement of all-wheel drive vehicles is ensured. Compared with similar known methods of using full engine power for transport

and technological units with variable mass, ensuring a certain movement condition will increase the efficiency of their work.
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1. Introduction

In recent years, there has been a clear trend in the world to increase
the energy density of tractors, for the most part, manufacturers are fo-
cused on the possibility of using complex tillage and wide-grip machine-
tractor units. They allow to minimize the number of passes through the
field and provide better fuel efficiency. The use of such units prevents
soil destruction and compaction. When such a combined unit includes
a module with a variable mass (hopper, trailer-loader, container, etc.).
It is impossible to achieve a constant tractor engine load, since the mass
of the load will be different at the beginning and end of the technological
operation. Many studies have been devoted to the problem of increasing
the efficiency of energy-intensive tractors [1, 2]. The main condition for
increasing the energy saving of such tractors is the full use of the potential
capabilities of their engines [3]. When performing a technological opera-
tion, a large amount of energy is consumed, including on the dynamic
components of the tractor movement [2]. Researchers draw attention to

the feasibility of increasing the number of drive wheels and switching to
all-wheel drive, as this allows for maximum use of the tractor’s coupling
weight and improves a number of operational characteristics [4, 5]. It is
well known that the characteristics of the supporting surface affect the
efficiency of off-road vehicles and ensure the required coefficient of adhe-
sion [6, 7]. Research results show that optimal performance, regardless
of the vertical load distribution, is achieved when the torque is shifted to
the rear axle. In [8], the issues of wheel-supporting surface interaction are
considered and the influence of rolling radius fluctuations on changes in
the coefficient of slippage of tractors with MEWD is established.

Studies have shown that improper drive of the front wheels of
a tractor leads to power circulation in the transmission system, ex-
cessive tire wear, reduced efficiency and increased fuel consumption.
The studies were conducted for a tractor with mechanical front-wheel
drive (MFWD) during straight-line movement [9, 10].

The use of additional drive axles of the unit (activation of the trailer
or agricultural machine drives) allows to increase the relative share
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of the coupling weight in the unit by redistributing the torque to the
technological part of the unit with the driving wheels. With this ap-
proach, only part of the engine power will be realized through the
tractor running system, and its specific material consumption can be
reduced. When switching to the use of an active drive on the wheels of
a technological machine (hopper, trailer-loader, container), problems
similar to four-wheel drive tractors or vehicles will arise. With the pe-
culiarity that multi-mass models must be used to simulate the dynamics
of movement. The movement of combined variable-mass units, such
as sowing complexes or complexes for applying mineral fertilizers and
plant protection products to the soil, looks especially complex from
the research perspective. In works [11, 12], the issues of motion dy-
namics and energy saving of combined sowing units are considered,
but the problem of changing the mass of the cargo in the bunker of an
agricultural machine is not given enough attention. In works [13, 14],
a model of the unit is created, which allows studying the effects of fluc-
tuations in the mass of liquid cargo on the dynamics of the unit’s motion,
but the issues of energy saving and energy-eflicient modes of motion are
not considered. In work [15], a method for calculating the load on the
wheel during rectilinear motion of a road train containing two articulated
vehicles is substantiated. It allows predicting the loads on the axles, wheels
or hinges to assess the maximum achievable characteristics in longitudinal
dynamics (acceleration, braking, lifting, lowering). Dynamic models
that take into account the specifics of the operation of multi-wheeled
vehicles are presented in the following works and focus on taking in-
to account the transverse and longitudinal slip of the wheels [16] and
the dynamic load on the axle of a semi-trailer with air suspension [17].

In [18], the advantages of using modular traction vehicles with
variable traction force, which expands the scope of their use, are con-
sidered. In [19], the redistribution of load during the movement of
multi-wheeled vehicles is considered. However, insuflicient attention
is paid to the issues of motion dynamics.

In [20], a dynamic model of the transmission is substantiated and
the results of the study of the dynamic and traction-energy characteris-
tics of an all-wheel drive traction vehicle are presented. In [21], a vehicle
design is proposed to improve off-road characteristics, which includes
a tractor with a wheeled chassis of increased cross-country ability and
a trailer with a driving axle.

Among the variety of simulation studies of the movement of ag-
ricultural machinery during transport and technological work, the
PowerMix test procedures are popular [22].

The balance of power distribution of the traction and drive unit is
significantly influenced by the "pushing force” Py, from the active work-
ing bodies or wheels of the agricultural machine [23]. Depending on the
ratio of P, and the traction force on the tractor hook Py, three cases of
movement of the unit are possible: when P> Py, a torque (driving)
moment M and a tangential force acting in the direction of movement
of the MTA are applied to the tractor drives. In this case, skidding of
the tractor drives is possible (6>0). When Pyy=P,,,, the MTA move-
ment is carried out without skidding of the tractor drives (9 =0). When
Pyr> Py, the tractor drives are loaded with a negative moment M, in
which the traction force Py is directed against the tractor’s movement,
which leads to negative skidding (6 <0) [23]. It follows that the optimal
traction-energy parameters are achieved when the traction force of the
tractor and the pushing agricultural machine and the sum of the rolling
resistances of the tractor and machines are equal. However, this state-
ment is relevant for a stable mode of movement or for a dynamic equi-
librium mode, which are almost impossible to achieve in operation.

Therefore, it is relevant to conduct an analysis of the three specified
cases, which allows formulating the condition for the effective opera-
tion of the traction and drive unit taking into account the dynamics of
movement. When distributing power between the driving wheels of
the transport and technological unit, it is necessary to take into account
that the resistance to movement and vertical loads on the wheels, i. e. the

weight distribution of the unit, change continuously and are oscillatory
processes. An additional factor is the change in the mass of the techno-
logical part of the unit, which affects the weight distribution between
the driving axles of the tractor. That is, the movement of the transport
and technological unit in real operation is quasi-static with a constant
average speed and fluctuations in the instantaneous speed. Thus,
the aim of research is to determine the rational modes of movement of
the transport and technological unit under the condition of using the
active drive of the wheels of the technological machine, taking into
account the dynamics of movement.

2. Materials and Methods

The object of research is the operation process of the transport and
technological unit with the driving wheels of the technological machine.

The research was conducted on the example of the transport and
technological unit XT3-240K when aggregated with the technologi-
cal machine MJKT-16. The technological speed of movement was
taken as 10 km/h, with the traction resistance of the technological
machine Ry,,=12.5 kN. When studying the dynamics of the move-
ment of the transport and technological unit with a variable mass,
dynamic models of all-wheel drive tractors [2] were analyzed as part of
multi-element machine-tractor units (complexes for sowing, fertilizing,
harvesting, etc.) [11-14]. In general, the specified models are used for
the mathematical description of the plane-parallel movement of the
unit with the tractor in the tractor mode. The analyzed models are quite
complex when switching to an all-wheel drive unit using active wheels
of the technological machine. Therefore, in this study, it is proposed to
use an equivalent dynamic model, which will simplify the modeling of
motion dynamics and focus on the study of the motion conditions when
using active wheels of a technological machine.

Research objectives:

- tosubstantiate the dynamic model of a transport and technologi-

cal unit with active wheels and to analyze the dynamics of the unit’s

motion, with different ratios of traction and pushing forces;

— to determine the rational conditions for the movement of a trans-

portand technological unit, taking into account the dynamic com-

ponents and the redistribution of part of the engine power to the

active wheels of the technological machine at different speed modes.

The following scientific methods were used in the study: Mathematical
modeling of a transport and technological unit in the process of per-
forming a technological operation in crop production when studying
the features of its motion. Mathematical modeling allows to conduct
a calculation experiment and obtain theoretical foundations for sub-
stantiating the conditions for the movement of a transport and techno-
logical unit with active wheels of a technological machine. This method
allows to obtain dynamic characteristics of the unit and to investigate
the change in oscillation of longitudinal forces without conducting
a field experiment. In further studies, the use of the method of par-
tial accelerations [24] and the corresponding diagnostic equipment
is planned when conducting the experiment. The obtained data after
processing and filtering represent a stochastic random signal of the
acceleration of the unit, which is advisable to analyze using mathemati-
cal statistics methods. Therefore, for the adequacy of the compared
parameters when studying the conditions of movement of the transport
and technological unit taking into account dynamic components based
on modeling, the use of the method of statistical analysis is proposed.

The main task of using the active wheel drive of the transport and
technological unit is to create additional traction power by fully using
the potential capabilities of the tractor engine. This approach opens up
much wider possibilities for completing units due to the ability of the
tractor to work equivalently to tractors of higher traction classes. This is
especially true for variable mass machines, since to ensure the greatest
efficiency, the traction class must be changed during the performance
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of the technological operation. When analyzing the dynamics of the
movement of the unit, special attention should be paid to the state-
ment regarding the equality of traction and pushing forces. Since this
statement is true from the point of view of energy conservation and
functional stability, it is relevant only for a uniform mode of movement,
which cannot be achieved in operation. To simplify the mathematical
description of the model, an equivalent model of a transport and tech-
nological unit (Fig. 1) for steady (quasi-static) movement with flywheel
masses, the kinetic energy of which corresponds to the total energy of
the masses being replaced, will be used.

The equivalent dynamic model is described by the following pa-
rameters:

I, I - respectively, the moments of inertia of the flywheel masses of
the engine, the driving and driven parts of the clutch. J,, — moments of in-
ertia of the common part of the transmission brought to the output shaft;

Lirts Lura> Lapnts Ly — moments of inertia, respectively, of the tractor
and technological machine axles;

my — operating mass of the tractor, kg. m,, — mass of the technologi-
cal machine (trailer), calculated m,,=m_+m;, m. - constructive mass
of the trailer, m; - mass of the cargo being transported. Depending on
the type of machine and the nature of the technological operation, the
movement of the center of gravity can be described by a linear or para-
bolic dependence and presented as a function of time or path;

Lyrt, L, Lyms Loma — moments of inertia, respectively, of the driv-
ing wheels (disks) of the tractor and the technological machine;

Lrts I, Ty I — moments of inertia, respectively, of the tires of
the driving wheels of the tractor and the technological machine;

¢ ki — the angular stiffness and damping coefficient of the com-
mon part of the transmission are given. c,r1, a2, Cami> Cama> kar1> Karas
Kam1s kamz — the angular stiffness and damping coefficients, respectively,
of the drive parts of the front and rear axles of the tractor and the tech-
nological machine are given;

CwTl> Cw2s Coml> Cwmas Kutts ks Kynts ki — the angular stiffness
and damping coefficients, respectively, of the driving wheels of the trac-
tor and the technological machine are given;

11> €125 Comts Com> Kerts Keras Ky ke — given angular stiffness and
damping coefficients of the tractor and technological machine tires.
Tl CeTls Camts Comts Kt Keras Kt ko — coefficient of longitudinal
stiffness and damping coeflicients of the tire-soil pair, respectively, of
the tractor and technological machine tires;

M, - engine torque. M, — moment of resistance at the engine in-
puts. Meri, Myrs, M1, M, — moments of tangential forces of the trac-
tor and technological machine wheels when interacting with the soil;

Do Pcb Pir Par1> Par2> Paml> Pam2> PwTl> Pwi2> Pwmls Pwm2 PeT1> P12
@um1> P — angles of rotation and angular displacements of the unit ele-
ments, the angular velocity is denoted by w with the corresponding index.

In this case, Py — traction force on the tractor hook, which is spent on
overcoming the traction resistance R, of the technological machine (bar-
rel, trailer, bunker). Pyr=R,,; Py, — pushing force created by the driving
wheels of the technological machine in this study will vary depending on
the drive power transmitted to the driving wheels. To study three cases of
movement of the unit: Pyr> Pyy; Prr=Pys Py <Py Pro — potential trac-
tive force of the unit (tractor + technological machine), which can be used
to overcome the traction resistance of agricultural implements R, in a com-
bined unit (soil-tillage implements). This indicator is used as an estimate for
comparing the efficiency of the unit with all-wheel drive and the classic one.

The differential equation of motion of the engine crankshaft is
represented using the DAlembert principle

I-¢=M,—M,. (1)

Since for tractors with mechanical transmission in a steady state
mode of movement ¢, = ¢, and the reduced moment of inertia of the
engine can be taken as the sum of the moments of the engine and clutch,
equation (1) will take the form

(IQ +1, )glid =M, -k, (q’){, -0, )fc,r (god -0, ) (2)

Lets represent the moments of tangential forces of the wheels of the
tractor and the technological machine when interacting with the soil,
through the moments determined by the elasticity and damping in the tires

M/Tl :(C,le A+, 'j’m +(aTl/rdT] )R;Tl )rdTl;
M/Tz :(C,\»Tz ')‘zrz +sz ');sz +(“T2/rde )R:Tl)rde;

: ©)
Mfml :(C A +kml A +(aml/rdml)R:ml)rdml;

xml tml tm]
MfmZ = (mez .A'tmz + ka 'ﬂ“mz + (amz/rdml )Rsz )rdml‘

where A1, A2, A1, Ao — the longitudinal deformations of the tires
of the corresponding wheels; R.r1, R.p2, Ronts Romo — the vertical re-
actions in the contact spot of the wheel with the supporting surface;
ary, ara, Ami, Ay — the displacements of the vertical reactions rela-
tive to the wheel axis, which can be represented taking into account
the coefficient of rolling resistance and longitudinal deformation:
ari(m)= [ 1(m) " Td1(m) + Aet(m)s TdT1 Td12 Tdmts Tdma — dynamic radii, re-
spectively, of the wheels of the tractor and the technological machine.

N E—
kuml .i cmuL

k. iYe

am2

Pka:Pk7+Pm = 'R\'m my

P

i

Fig. 1. Equivalent dynamic model of a transport and technological unit with active wheels
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The equation of motion of the tractor as part of a classical unit can
be represented as follows

M,

¢+M —(R,+R,). (4)

X =

xm

Tar1 Tara

The equation of motion of the technological machine in a unit with
all-wheel drive

fml

rdml

M
= -R

xa®

o

':iml

+R,, (5)

When using all-wheel drive, equations are added to the system of
equations of the classical unit that describe the operation of the driving
wheels of the technological machine, then the system of equations will
take the form

(Ie * ICI).(p-cI = Me _klr ((/’cl _(/)lr )_Clr ((pcl _(p!r );
Ilr '(tblr =G, ((Dd —-¢, )+ klr ((pgl

where d7, d73 — coefficients that take into account the slippage of the
front and rear driving wheels of the tractor, respectively; 6,1, 0, — coef-
ficients that take into account the slippage of the front and rear driving
wheels of the technological machine, respectively.

Solving the above equations allows to obtain the dynamic compo-
nents of the operation of the transport and technological unit. The unit
was presented as a system consisting of functional subsystems: engine,
transmission, bridges, wheels, etc.

Since the main task of the modeling was to clarify the conditions
of movement of the transport and technological unit regarding the

distribution of pushing P, and traction Py forces, taking into account
the dynamic component of movement.

The methodology for conducting research using the above equiva-
lent dynamic model is as follows.

For the transport and technological unit of the XT3-240K trac-
tor when aggregated with the MJKT-16 technological machine at
a technological speed of 10 km/h and the traction resistance of the
technological machine Ry, =12.5 kN. The basic, estimated perfor-
mance characteristics when using the tractor in the tractor mode with
a 4x4 wheel formula were obtained. The model included the perfor-
mance characteristics in 3 gears of 2 ranges with a maximum power
on the hook for this gear of 90 kW and the tractor engines slipping
within 10-12%. The values of P,p, P, and the acceleration of the basic
unit a were obtained as estimated indicators.

The relationships of the specified parameters are determined from
the equation of the traction balance of the unit (tractor)

Pu=F =Py =R

xm?

(6)

-Q, )_ Cart (q’n P )_ K (¢[r ~@ )_Cu'I'Z (Qon ~Purs )_
_kaTZ (¢n _(pﬂn )_Caml ((Ptr Pt )_knml (¢:r _(pnml )_ Cam2 ((pn P )_ kaml (('btr _¢am2 );

where Py - the tangential traction force of
the tractor; Pyr - the rolling resistance force of

IaTl .('b.aTl = C:ITl ((Dn - aTl )+ kuTl ((/)Ir _q.)uTl )_CWTI ((puTl _(prl )_kle ((/)uTl _(ﬁble ); the trathr Wheel.S; P.ktl - the pOtentlal traction
[ _ ( )+k ( o )—c ( 3 )—k ( S ) force (estimated indicator), which can be used
M'I'Z aTl?2 (Il 2 aT?2 (ph (pu'l'l wl'2 q)u'I'Z q)w'lz wl'2 (puI‘Z (pw'l'z > to overcome the traCUOﬂ reSIStdnce ofagrlcul,
Imnl Dot = Cam ((pn (. )+kuml ((pn (Pum] )_Cwml ((Puml 0 )_kwml (¢am1 _(pwml ); tural implements R in a combined unit (SOil'
. . . tillage implements); R, — the resistance force

I“"'Z Pz = ((P,, Pamz ) am2 ((Pr, Doz )_Cme ((Pamz TPz )_ Ky ((paml TPz )’ £¢1mp . ); R . ;
) ] of the technological machine (trailer, barrels,

Ly @y = wll( Pur1— \v11)+kull( Port qow'l‘l)_ct’l‘l(qow'l‘l _(pm)_ku‘l(‘pwn _q’m); bunker).

Isz Pora = ( Pury = Pur> )+kwT2 ( Pury (prz )_CtTZ ((puTZ () )+ ktTZ ( Pora ¢1T2 ); Usmg the basic 1nd1cators, the transfer. of
i ( )+k ( ) ( )+k ( . ) part of the tractor engine power to the active
winl” Pt = Comt \ Pt ~ P st \ Pamt (pwml Com \Ponnt = Pt it \Pomt ~ Po )5 wheels of the technological machine is simu-
Iwnw (pumZ Com2\ Pamz = Prumz ) kwml (¢amz _(/)wmz )_sz ((pwmz O )+klm2 ((pwm2 _¢1m2 ); lated. Since the main purpose is always to study
three cases of movement of the unit: Ppr> Py
Ly @y =Cpy (Q’wz 1 =P )+ku 1 ( o1 = Pir )_(Cm Kyt )' +_1R ] Tarys Pir="Pyy; Pir< Py, for these cases the trends of
T changes in the oscillations of the longitudinal

- ] ) forces acting on the unit are determined. The
Ly @y :Ctrz((/’m _q’m)+km(§0wrz _q’ﬂ‘z) [ Cery s Hhs /l“, Tl Rzlz]’luz’ pushing force Py, is calculated based on the
e power required to overcome the costs of self-
.. . . a i i i
I it Pomt = Comt ((pwml P )+ kiml ((pwml O )_C[mel ’1 t kxml ot T ijml ]rd;nl ; g:‘f{f Silsoéle?;trl;?;zzh;()fl&?;itls r]r\llijlh:llz;\r/r-hlz
where k=0.85; 1; 1.15. That is, 85%, 100% and
m2 '¢tm2 =Con2 ((pw)nZ Pz )+kmzz (‘pwmz q)imz) [CWZ lImZ + kxmz 'A.‘tmz +alL2RZ'”Z ermz; 115% of the power spent on moving the tech-
Tama nological machine, taking into account fluctua-
m, X, :%4_ My (Rmx +R, ); tions in engine power. When modeling, let’s
Ty T2 take Ry, as the average value from the calcula-
L M, M, tions of the base unit R,,,,=12.5 kN.
m, X, ; + . +R,—R; For an all-wheel drive unit, an increase in
dml dn2 Py, is characteristic, since the realization of the
X =@ Ty — /’1’1 =6y A potential power of the tractor engine increases.
=@, T Zm 8py s So, in the case of using active wheels, the poten-
tial traction force of the unit is equal to
X =Py Ty — A’tml 6ml /l[ml’
% =P Ty Ay =6, A B,=F;+F, _P/T -k, ()

where Py, — the traction force of the technological machine (pushing
force), kN.

To compare the fluctuations of longitudinal forces in different cases
of movement (Py> Pyy; Prr=Pyi Pir< Pyy) using a dynamic model,
let’s obtain Py, Py, and acceleration a of the unit with active wheels
of the technological machine for each of the values k=0.85; 1; 1.15.
Using statistical analysis methods, it is possible to determine the best
case of movement.

Since the transport and technological unit, depending on the
characteristics of the operation and equipment, can operate at different
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technological speeds. Further analysis of the cases of movement
(Par> Pys Pyr= Py Pir< Py) according to the above method is car-
ried out for different speed modes of movement.

3. Results and Discussion

3.1. Results of modeling of dynamic components of the opera-
tion of the transport and technological unit

The maximum traction force on the hook Pyryp.y is presented
in the modeling as the maximum traction force at a certain gear,
limited by the parameters of the interaction of the wheel with the
supporting surface (coefficients of adhesion ¢ and slippage 8). When
using the tractor in the tractor mode, Py, will be equal to the maxi-
mum traction force on the hook Py, at a certain transmission gear,
minus R,

Simulation results for the base unit and the unit with the driving
wheels of the technological machine under the condition of movement
k=0.85; k=1; k=1.15: potential traction force Py, (Fig. 2); resistance
force of the technological machine R, (Fig. 3).

Py, kN

a

P kN ! : :
2 : | |
il 1\ VYN (N )

R ” T T !
44 R R L. doeene] (. -
P S | B S S !
0 5 10 15 Ls

The average value of the maximum traction force on the hook is
Pirmax=48.21 kN, the standard deviation oya= 1.63 kN. In this and
subsequent calculations, the obtained value Pirya, will be used as
a base for determining the potential traction force Py, which can be
additionally used to overcome the traction resistance of agricultural
implements. Its value is determined taking into account the resistance
force Ry, and is Pp,=33.74 kN at o3,,=1.93 kN. In this case, the stan-
dard deviation R,,, is 6, = 1.03 kN.

As basic indicators, the values of speed and acceleration fluctua-
tions of the unit were obtained without using the drive wheels of the
technological machine (Fig. 4, a).

The average speed value is 10.32 km/h with a deviation &, =
=0.22 km/h, since a steady motion is considered, the average accel-
eration value is zero. Its oscillation in the longitudinal plane under
the action of forces applied to the unit is an estimated parameter
and can be used in the future when conducting experimental studies
0,=026 m/s* According to the results of the calculations, let’s obtain a,
for different conditions of movement: k=0.85 (Fig. 4, b), k=1 (Fig. 4, c),
k=1.15 (Fig. 4, d).

Piar kN : ! : !
< et AR
50 II’ ‘ it 1 I I]rl'| | H\llw “ ”‘|| ﬁ
o (SRS T 1T
PPN IR N LS S A |

0 5 10 15 LS

Fig. 2. Force P, (potential traction force) of the base unit and the unit with active wheels of the technological machine:

a - base unit; b — £=0.85; c - k=1;d - k=1.15

R..kN T T T |
i i i
14 G- e —— A
12 |
i
10 ~-4-----—--- e 4
i i
g L [ A
0 5 10
a
Ry kN H
] 1
6 .
3 i 1
0 i“ IJ il
ER LR R IR} IR LS -1
S S S S S
0 5 10

R, kN~

xm?

JE——

Fig. 3. Traction resistance R, of the technological machine for the base unit and the unit with active wheels of the technological machine:

a - base unit; b — k=0.85; c - k=1;d - k=1.15
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Fig. 4. Acceleration of the base unit and the unit with active wheels of the technological machine: 2 — base unit; & - £=0.85; c — k=1;d - k=1.15

3.2. Determining the influence of speed on changes in longitu-
dinal force oscillations

For further analysis, it is advisable to determine the dependence
of the change in oy, ky on the speed of movement of the unit, since
transport and technological units can operate in a wide range of tech-
nological speeds (Fig. 5).

Analysis of the obtained results allows to state that the tendency to
increase the oscillations of Py, when transmitting power to the driving
wheels of the technological machine at k=1-1.15 persists regardless of
the change in the speed of movement. It is also possible to pay attention
to the general decrease in oscillations at a speed of 12 km/h.

Dependences of the change in the oscillations of acceleration
o, kN on the speed of the transport and technological unit are pre-
sented in Fig. 6.

0 3 10 15

c

20 ¥V km/h

A general problem of analyzing the oscillations of the forces ap-
plied to the transport and technological unit when moving across the
field is the complexity of the experimental determination of the corre-
sponding forces. Since the installation of additional strain gauge links
affects the dynamics, the use of strain gauges on structural elements is
complicated by the problem of calibration, the determination of forces
is possible only as a function of the traction force, etc. Therefore, to
compare theoretical and experimental results, the acceleration of the
unit can be used, which will allow using the method of partial ac-
celerations [24] to determine the necessary values of forces and their
characteristic oscillations.

Since the force Py, was considered as a potential force that the unit
can realize in a certain gear, the power transfer to the driving wheels
was limited precisely by the value Ry,

o, kN
6

S

0 5 10 15 20V km/h

0 3 10 15

20V km/h
d

Fig. 5. Dependences of the change in gy, kN on the speed of movement of the base unit and the unit with active wheels of the technological machine:

a - base unit; b - £=0.85; c - k=1;d - k=1.15
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Fig. 6. Dependences of the change in @, kN on the speed of movement of the base unit and the unit with active wheels of the technological machine:

a - base unit; b - £=0.85;c - k=1;d - k=1.15

To realize the potential capabilities of the tractor engine as part of
the all-wheel drive unit, it is advisable to transfer the greatest possible
power to the active wheels of the technological machine, that is, to use
its coupling weight to the maximum.

If the aggregate includes an agricultural implement, the power
transmitted to the drive wheels of the technological machine will
increase in proportion to the increase in the resistance of the ag-
ricultural implement Ny, = (R, + Ry,) - V- k (potentially up to the
clutch limit), while the condition of movement at k=0.85-0.9 must
be maintained.

3.3. Research limitations and prospects for its development

The limitations of this research are the use of an equivalent
dynamic model, which was used to simplify the modeling of the
dynamics of the movement of a multi-mass semi-mounted trans-
port and technological unit. This study did not consider the types
of power transmission to the wheels of the technological machine,
which will additionally affect the dynamics of movement and is
necessary for further practical implementation. The practical value
of the results obtained is to obtain theoretical foundations for the
development of methods for rational power transmission to the ac-
tive wheels of the technological machine, which are obtained taking
into account the dynamic components of movement. Their use will
allow to substantiate the designs of active wheel drives, which will
be able to flexibly adapt to the transmission of the required part
of the power. Given the conducted research, it can be clearly deter-
mined that these designs should be based on combined hydrome-
chanical or electromechanical transmissions with electronic control.
The use of adaptive control will allow to level the kinematic mis-
match and reduce or completely eliminate the circulation of power
in the wire.

Further development of the research, taking into account the
practical use of the results, is to conduct field experiments with in-
depth statistical and spectral analysis of the oscillation of longitudi-
nal forces.

4. Conclusions

Using the equivalent dynamic module of the transport and tech-
nological unit, the dynamic component of the movement was analyzed
in three cases of movement of the unit: Ppp> Py Pir= Py Pir< P
It was determined that the movement of the unit with the transmission
of part of the power to the drive wheels of the technological machine
must be implemented with partial underloading P> Py,,,. This is due
to the fact that for the movement condition at k=0.85, the potential
traction force Py, increases to 45.92 kN with a decrease in the mean
square deviation oy, = 1.74 kN. In this movement mode, the technologi-
cal machine does not run into the tractor, as a result, there are the small-
est dynamic oscillations and a stabilizing effect for longitudinal forces.

When analyzing different speed modes of movement of the trans-
port and technological unit. It was found that the tendency towards
movement with partial underloading P> Py, is preserved at all
working and transport speeds for the considered unit. It should be
noted that if there is an agricultural implement in the unit, the power
transmitted to the drive wheels of the technological machine will in-
crease in proportion to the increase in resistance. Potentially, such
an increase is possible up to the clutch limit, which will charac-
terize such a mode as rational from the point of view of energy saving
and stability of operation. In this case, the condition of movement at
k=0.85-0.9 must be maintained. A further increase in k is possible
only when the wheel is operating in a free mode, for which it is nec-
essary to implement the power transmission in such a way that the
power necessary to overcome the moment of tangential forces of its
interaction with the soil is transmitted to a specific wheel. That is, to
ensure the dynamic balance of the elements of the unit in the absence
of moments of running of the technological machine on the tractor.
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