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Abstract. One of the promising ways of efficiently applying high power intensity tractors is their
design and utilisation in the form of modular traction vehicles comprising two modules: the power
module and the process module. In order to provide for the sufficient manoeuvrability of the
modular traction vehicle, when its process module passes a turn, the latter is equipped with

the power module in the horizontal plane through the agency of the above-mentioned vertical
hinge joint is restrained by a hydraulic cylinder, in which the chambers above and below the
piston are connected via a throttle valve with a hydraulic resistance coefficient of about

6 N m s rad 1. This paper is concerned with the theoretical and experimental research into
the stability of motion (on turn spaces as well as in the transport mode) of a modular combined
unit, when its velocity changes and/or the slip resistance coefficient of the tyres on the wheels of
the process module, in which the hydraulic cylinder is equipped with a throttle valve with the
above-mentioned hydraulic resistance coefficient, changes.
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INTRODUCTION

the productive capacity of combined tractor-implement units. However, the greater the
power rating is, the more problematic its utilisation through the agency of the traction
effort becomes (Macmillan, 2002). The problem stands out most acutely with tractors in
the power intensity category of over 15 kW t 1 (Kutkov, 2004).

One of the promising ways of efficiently employing the tractors with high power
intensity is their design in the form of modular traction vehicles (Bulgakov et al., 2015,
2019, 2020). With this approach, the traction vehicle comprises two modules: the power
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(PM) and the process (PrM) ones (Fig. 1). A wheeled tractor equipped with a ground-
speed power take-off shaft is used as the power module. The process module is an
additional axle, the wheels of which are driven by the ground-speed power take-off shaft
of the power module, that is, the wheeled tractor.

In order to provide for the sufficient manoeuvrability of the modular traction vehicle,
when it passes a turn (on turn spaces or during travel runs), its process module is equipped
with vertical and horizontal hinge
joints. The vertical hinge joint
facilitates the angular displacement of
the process module relative to the
power module in the horizontal plane

horizontal hinge joint - through angles

plane.
The details of the design of the

connection between the power module
and the process module are presented
in Fig. 2.

Figure 1. Modular traction vehicle: PM power
module; PrM process module.

Thus, the ability of the process module to turn relative to power module in the
horizontal plane through the agency of the above-mentioned vertical hinge joint 2 is
restrained by the hydraulic cylinder 1, in which the chambers above and under the piston
are connected through a hose line (Fig. 2).

Besides that, when the modular
traction vehicle travels from one field
to another one, the process module
together with the implement linkage-
mounted on it can perform forced
oscillations relative to the power
module. In many cases, their amplitude
is so great that it results in the reduced
stability of motion of the process
module in the horizontal plane.
Eventually, that implies reducing the
rate of travel of the whole combined
unit, which is an undesirable
development.

The issue of research into the
stability of motion of articulated
power units is extensively covered in the

Figure 2. Connection between power and
process modules in longitudinal and vertical
plane: 1 hydraulic cylinder; 2 vertical hinge
joint of process module; 3 resistor SP-3A.

literature
al., 2014; Pascuzzi, 2015; Li et al., 2016; Nadykto et al., 2019).

However, the earlier obtained results of research are not quite suitable for
eliminating the problem under consideration. First of all, it has to be noted that the line
of our research is defined by the scientific hypothesis, the essence of which is stated as

-
based combined unit can be improved by means of damping the horizontal oscillations
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of the process module with respect to the power module, introducing for that purpose a

in the form of a throttle valve, which is installed on the line connecting the chambers
above and under the piston of the hydraulic cylinder 1 (Fig. 2) and has a resistance

6 N m s rad 1 (Bulgakov et al., 2019).
The aim of this completed theoretical and experimental research is to determine the

stability of motion in the travelling mode of a modular combined unit in case of varying
its rate of travel as well as in case of varying the slip resistance coefficients of the tyres
on the wheels of the process module, the linkage hydraulic cylinder of which is equipped
with a throttle valve with the earlier indicated hydraulic resistance coefficient.

THEORETICAL PREMISES

It is assumed that the modular combined unit together with the YOX plane performs
plane-parallel motion at a constant velocity of Vo (Fig. 3). The practical experience of
operating a multitude of different agricultural combined units has proved that the
assumption about the invariance of their operating rate of travel is quite correct.

The above-mentioned plane is tied by its axis to the vertical hinge joint of the
process module, the centreline of which passes through the point , which is the effective
centre of mass of the modular traction vehicle.

In the YOX plane, the modular
traction vehicle-based combined unit
has the following three degrees of
freedom: 1) transverse displacement
Xt course angle of
the power module; 3) angular
displacement of the process module
relative to the longitudinal axis of
symmetry of the power module.

When the modular traction
vehicle-based combined unit is in the
transport mode of motion, the single
force Fb (Fig. 3) generated by the rear
axle of the power module is sufficient
for its movement. Apart from the said
force, the following inputs are acting
on the modular combined unit:
1) rolling resistance forces applied to
the front axle of the power module
Pfa and to the axle of the process
module P ; 2) lateral forces Pa, Pb

Figure 3. Equivalent schematic model of external
forces and moments acting on modular combined
unit in horizontal plane.

and Pc applied at the points , and , respectively; 3) resultant moment m and
resultant vector Rm of the external perturbing forces. The latter one is represented here
with its longitudinal Rv and transverse Rg components.

The slips of the tyres on the front and rear axles of the power module as well as the
axle of the process module are represented by the angles , and , respectively.



2343

As mentioned earlier, the mutual angular mobility of the process module and the
power module in the horizontal plane is restrained by the hydraulic cylinder, in which
the chambers above and under the piston are connected by a throttle valve with a
resistance coefficient of Km.

The mathematical model of the transport mode motion of the modular traction
vehicle-based combined unit appears as the system of three differential equations (1).
The following designations are used in the system: Mt, Jt mass of the power module
and its moment of inertia about the vertical axis that passes through the point (Fig. 3);
ka, kb, kc slip resistance coefficients of the tyres on the wheels of the front and rear axles
of the power module and the axle of the process module, respectively; Jm moment of
inertia of the process module and the agricultural implement linkage-mounted on it about
the axis that passes through the point ; L, am, bm design parameters of the modular
traction vehicle, which are shown in Fig. 3.

(1)

The following components are the input variables in the system of differential
Eqs (1):

1) control action in the form of the angular displacement of the steer wheels of
the power module in the modular traction vehicle;

2) perturbing action in the form of the resultant turning moment .
The following components are the output parameters in the functioning of the

dynamic system under consideration: displacement Xt of the point , which is the
effective centre of mass of the modular traction vehicle; course angle of the power
module; angular displacement of the process module relative to the power module.

The analysis of the stability of motion of the dynamic system under study is best of
all performed with the use of the amplitude and phase frequency response characteristics.
Currently, these characteristics are efficiently applied for solving similar problems
(Yildiz, 2010; Anche & Subramanian, 2018; Ghasemi, 2018). It has been found that just
these characteristics represent best of all the stability of a dynamic system in the form of
its response to the input perturbing action.

It is to pointed out that the amplitude frequency response characteristic shows the
frequency distribution of the coefficient of the input action amplification by the dynamic
system. The phase frequency response characteristic of a dynamic system shows the
frequency distribution of the lag in its response to the input action expressed in terms of
angle or time values.

In case of follow-up dynamic systems (the system under consideration falls exactly
into this category), the ideal amplitude frequency response characteristic and phase
frequency response characteristic exist. In particular, the amplification of the input
perturbing action by the dynamic system (that is, its amplitude frequency response
characteristic) has to be equal to 0 within the whole range of its frequencies (Rotach,
2008)
possible, ideally - tending to infinity (Rotach, 2008).

With such an approach, the mathematical modelling of the stability of motion of a
particular dynamic system amounts in essence to selecting such parameters of it, which
provide for the best approximation of the ideal amplitude frequency response



2344

characteristic and phase frequency response characteristic by the actual ones.
The actual amplitude frequency response characteristic and phase frequency

response characteristic can be obtained from the respective transfer functions. In the case
under consideration the transfer function in terms of the turning moment in relation
to the course angle of the power module appears as follows:

. (2)

The similar function in terms of the same perturbing action (that is, the moment
), but in relation to the angular displacement of the process module, is more

complex:

. (3)

The following designations have been assumed in the Eqs (2) and (3):

The methods and algorithm of calculating the actual amplitude and phase frequency
response characteristics of a particular dynamic system, when it responds to both the
control and perturbing actions, are in considerable detail described in the book (Rotach,
2008) and many other literary sources. However, before the modelling can be started, it
is necessary to verify the adequacy of the developed mathematical model (1). The
procedure of this process is described in detail hereafter.

MATERIALS AND METHODS

The adequacy of the mathematical model (1) has been verified by comparing the
two amplitude frequency response characteristics. One of them is the theoretical
characteristic At calculated with the use of the transfer function (3). The second one Ae

has been obtained by the authors as a result of their experimental investigation of the
combined tractor-implement unit under consideration.
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The latter characteristic has been determined in field conditions during the
travelling of the modular traction vehicle with a plough mounted on it in the transport
mode. The technical specifications of the combined unit under study is presented in Table 1.

Table 1. Technical specifications of modular traction vehicle with plough

Parameter Designation Unit Value
Mass of power module Mt kg 3,820
Longitudinal wheel base of tractor L m 2.37
Mass of process module m kg 2,500
Mass of PLN-5-35 plough Mp kg 800
Moment of inertia of power module Jt kN m s2 15.7
Moment of inertia of process module with plough Jm kN m s2 15.9
Tyres on front wheels of power module:

width
diameter
air pressure
vertical load on axle

9.00R20
ba

Da

a

m
m
MPa
kN

0.24
0.95
0.10
12.70

Tyres on rear wheels of power module:
width
diameter
air pressure
vertical load on axle

15.5R38
bb

Db

b

m
m
MPa
kN

0.40
1.57
0.12
25.30

Tyres on wheels of process module:
width
diameter
air pressure
vertical load on axle

16.9R38
bc

Dc

c

c

m
m
MPa
kN

0.43
1.69
0.13
32.70

Rolling resistance force by front wheels of power module Pfa kN 1.27
Tractive effort by rear axle of power module Fb kN 10.10
Rolling resistance force by wheels of process module Pfc kN 3.27
Design parameters shown in Fig. 3 am

bm

m
m

1.22
1.22

Resistance coefficient of throttle valve on hydraulic
cylinder of process module

Km N m s rad 1 6

During the experimental investigation, the modular traction vehicle complete with
the five-bottom plough mounted on it travelled along the 250 m long record run at a
constant speed. The agronomic background, on which the combined tractor-implement
unit under consideration performed motion, was a scuffled stubble field of winter wheat.
The moisture content of the soil was measured in the layer of 0 10 cm with the use of
the MG-44 electronic moisture meter with the following specifications: soil moisture
content measurement range - 1 40%; measurement error - 1%; duration of one
measurement - below 3 seconds.

The time ta spent by the combined unit under consideration to cover the 250 m long
record run was recorded with the use of the electronic stop watch FS-8200 with a
measurement accuracy of up to 0.1 s. Later, the rate of travel Vo of the combined unit under
consideration was calculated with the use of the following formula: .
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During the experimental investigations, the angular displacement and the angular
acceleration -5-35 five-
bottom plough rear-mounted on it were recorded in the PC with the use of an 8-channel
analogue-to-digital converter.

The angular displacement of the process module in the horizontal plane was
measured with the use of an SP-3A slide-wire gauge with a straight-line characteristic
and a rated resistance of 470 Ohm. The slide-wire gauge was installed on the axle of the
vertical hinge joint connecting the power and process modules in the modular traction
vehicle (pos. 3, Fig. 2).

The angular acceleration of the process module was recorded with the use of an
MMA 7260QT (Freescale Semiconductor) acceleration transducer. Its main
specifications were as follows: output signal - analogue; acceleration measurement
range - 1.5 g; sensibility - 300 mV g 1; bandwidth - 150 Hz.

In order to use the measurements of the angular displacement and the angular
acceleration obtained as a result of the completed experimental investigations, the
standard deviations and the normalized spectral densities have to be calculated with the
use of the PC. The obtained statistical characteristics can be used for determining the
actual amplitude frequency response characteristic in accordance with the following
formula:

, (4)

where , standard deviations of the oscillations of the angular displacement of
the process module and the turning moment acting on it; , normalized
spectral densities of the oscillations of the angular displacement of the process module
in the modular traction vehicle and the perturbing moment acting on the process module.

The value of the latter is determined with the use of the following expression:

, (5)

where moment of inertia of the process module complete with the mounted plough
about the axis that is aligned with the vertical hinge joint of the process module (point ,
Fig. 3). This parameter has been determined by way of calculation.

As already stated above, the experimental amplitude frequency response
characteristic has been compared with the theoretical one calculated with the use of the
transfer function (3). The parameters present in the said function include the slip
resistance coefficients of the tyres on the wheels of the modular traction vehicle ka, kb

and kc. Their values depend on the vertical load acting on the tyre, its diameter D,
width b and air pressure .

In view of the fact that each of the axles of the modular traction vehicle is compliant
with the following condition:

, (6)

the values of the slip resistance coefficients of their tyres are calculated similarly (Xie,
1984) with the use of the following expression:

e
m m

A =
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. (7)

The values of the slip resistance coefficients of the tyres ka, kb and kc are calculated
by the formula (7) taking into account the data in Table 1. The values obtained as a result
are used as one of the analysed parameters in the theoretical calculation of the specially
developed mathematical model (1). The reason for choosing the above approach can be
explained as follows. Knowing the pattern of the effect the aforesaid coefficients have
on the stability of motion of the modules in the modular traction vehicle, it is not difficult
to find out with the use of the formula (7) the required values of the air pressure in the
tyres on all its wheels. Eventually, that can be efficiently implemented under the practical
conditions of operation of the modular traction vehicle.

The second parameter that is variable in the process of theoretical investigations is
the rate of travel of the modular traction vehicle-based combined unit in the transport
mode. The parameter Vo varies from 2 to 5 m s 1 (7.2 18.0 km h 1). The smaller speeds
of moving in the transport mode are inefficient, while moving at greater rates is restricted
by the operating specifications of the modular traction vehicle. These specifications
stipulate that the maximum rate of travelling in the transport mode of such a modular
vehicle may not exceed 5.5 m s 1.

RESULTS AND DISCUSSION

During the experimental investigations, the soil moisture content of the agronomic
background within the layer of 0 10 cm did not exceed 14.5%. The modular traction
vehicle with the plough travelled at rates, the mean value of which was equal
to 3.95 m s-1. Exactly this value of the motion velocity Vo was used for calculating the
theoretical amplitude frequency
response characteristic (At) of the
investigated tractor-implement
combined unit in its response to the
perturbing action (moment ) with
the use of the transfer function (3). The
comparison of the obtained
characteristic with the experimental
one ( ) has proved their satisfactory
convergence (Fig. 4).

Such convergence unequivocally
indicates that the mathematical model
(1) of the transport mode of travel of a
modular traction vehicle with an
agricultural implement (in this
particular case - a plough) mounted on
it is adequate, hence, perfectly suitable
for further theoretical investigations.

Figure 4. Amplitude frequency response
characteristics of investigated combined unit:
1) theoretical At,; 2) experimental Ae.

The further theoretical analysis of the amplitude frequency response characteristic
and the phase frequency response characteristic plotted with the use of the transfer
function (3) has resulted in the following findings. As the rate of travel of the
investigated combined unit rises from 2 to 5 m s 1, the amplitude frequency response
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characteristics of the angular displacement of the process module responding to the
perturbing action (moment ) reach their resonance peaks at a frequency of 10 s 1

(Fig. 5).
At the same time, the amplitude frequency response characteristics themselves

change very little, especially at travel rates of Vo = 2 m s 1 and higher. That can be
explained by the inertia of the process module with the plough mounted on it that

As regards the phase frequency response characteristics, they vary little within the
range of frequencies of 0-10 s 1 (Fig. 6). A substantial difference in the response lag of
the process module responding to the perturbing action occurs at frequencies within the
range of 10-20 s 1, then, again, it disappears.

Figure 5. Amplitude frequency response
characteristics of angular displacement of
process module responding to perturbing
action at different travel rates of modular
combined unit (Vo): 1) 2 m s 1; 2) 3 m s 1;
3) 5 m s 1.

Figure 6. Phase frequency response
characteristics of angular displacement of
process module responding to perturbing
action at different travel rates of modular
combined unit (Vo): 1) 2 m s 1; 2) 3 m s 1;
3) 5 m s 1.

It should be reminded that the lag in the response of a dynamic system to a
perturbing action has to be as great as possible. In view of that, it is desirable that, when
the frequency of oscillations of the angle of the process module is within the range of
10 20 s 1 (1.6 3.2 Hz), the modular combined unit moves at a velocity not exceeding 3 m s-1

(Fig. 6). Although, that is applicable more theoretically, than in practice. Here is why.
At a frequency of about 15 s 1 the greatest phase difference is observed between the

two modes of motion: 2 and 3 m s 1 (curves 1 and 2), on the one hand, and 5 m s 1 (curve
rad.

That means that, when Vo rises from 2 (or 3) m s 1 to 5 m s 1, the lag in the response of
the process module to the perturbing action decreases by mere 3.5 15 1 = 0.23 s. At other
frequencies within the range of 10 20 s 1 the difference is even smaller.

That brings to the conclusion that the rate of travelling in the transport mode of the
modular combined unit under consideration within its variation range of 2 to 5 m s 1 has
a negligible effect on the process of oscillation of the angular displacement of the process
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module in the modular traction vehicle, when it is under the action of the perturbing
action in the form of the turning moment.

Essentially the same can be stated about the slip resistance coefficients of the tyres
on the front ka and rear kb wheels of the power module.

As regards the slip resistance coefficient kc of the tyres on the wheels of the process
module, the result is different. When its value increases from 160 to 210 kN rad 1, the
maximum value of the amplitude frequency response characteristic of the dynamic
system rises (curve 2, Fig. 7). The further growth of the value of the coefficient k results
in the decrease of the said characteristic. At the same time, the resonance peaks of the
amplitude frequency response characteristics (curves 3 and 4) shift to the area of higher
frequencies.

Although the phase frequency response characteristics differ from each other at
frequencies of over 6 s 1, the difference is small (Fig. 8).

Figure 7. Amplitude frequency response
characteristic of angle of process module
responding to perturbing action at different
values of coefficient k :
1) 160 kN rad 1; 2) 210 kN rad 1;
3) 260 kN rad 1; 4) 310 kN rad 1.

Figure 8. Phase frequency response

responding to perturbing action at different
values of coefficient k :
1) 160 kN rad 1; 2) 210 kN rad 1;
3) 260 kN rad 1; 4) 310 kN rad 1.

The final conclusion is that installing tyres with a slip resistance coefficient of about
260 kN rad 1 and higher on the wheels of the process module contributes to the reduction

horizontal plane.
The following step is to analyse the impact that the turning moment Mo has on the

dynamics of oscillation of the course angle of the power module in the modular traction
vehicle. In this case, the amplitude and phase frequency response characteristics are
generated with the use of the transfer function (2).
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The same as in case of the process module, the variation of the rate, at which
the modular combined unit under consideration travels in the transport mode, within the
assumed range of 2 5 m s 1 has an
insignificant effect on how the power
module responds to the perturbing
action in the form of the moment
(Fig. 9).

Here, the same as in case of the
process module, the resonance peaks
of the amplitude frequency response
characteristics are found at a frequency
of 10 s 1. But the amplitude of
oscillations of the angle is smaller in
comparison to the amplitude of
oscillations of the angle . For
example, when the combined unit
travels at a rate of 2 m s 1, the
maximum value of the amplitude
frequency response characteristic of
the oscillation of the course angle of the
power module (curve 1, Fig. 9) is
about 1.9 times smaller than that of the

Figure 9. Amplitude frequency response
characteristic of angle in response to
perturbing action at different values of travel rate
Vo: 1) 2 m s 1; 2) 5 m s 1.

amplitude frequency response characteristic of the oscillation of the angular
displacement of the process module (curve 1, Fig. 5). When the rate, at which the
modular combined unit travels in the transport mode, is equal to 5 m s 1, the amplitude
of oscillations of the angle is reduced by factor of 1.5 in comparison to the oscillations
of the angle .

Essentially, such a result is quite logical, since the mass of the power module in the
modular combined unit is by 520 kg greater, than the mass of the process module
complete with the plough mounted on it. Moreover, the turning moment acts on the
process module with the plough directly, which is not the case for the power module.

The mentioned circumstances are exactly what explains the fact that changing the
values of the slip resistance coefficients of the tyres on the wheels of the rear and
especially front axles of the power module has little effect on the oscillation of its course
angle under the action of the perturbing moment. Theoretically, the value of the
discussed coefficient depends mostly on the air pressure in the tyre (Xie, 1984). That
implies that in the selection of the value for this parameter (the value of ) the preference
must be given not to the stability of the power module under the impact of the perturbing
action, but to some other factors (for example, the kinematic mismatch between the
drives of the axles in the power module).

The dynamics of the lag in the response of the power module to the oscillations of
the moment is as follows. When the perturbing action oscillates at a frequency of
under 8.5 s 1, the variation of the travel rate of the combined unit from 2 to 5 m s 1 has
little effect on the dynamics of the oscillation of the course angle maintained by the power
module of the modular traction vehicle (Fig. 10).
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Theoretically, within the perturbing moment oscillation frequency range of 8.5
12.5 s 1 it is more advantageous for the modular combined unit to travel at a lower speed,
because in that case the lag in the
response of the power module to the
perturbing action is greater. That is
especially true for the perturbing
moment oscillation frequencies that
are close to 10 s 1 (curve 1, Fig. 10).

At perturbing moment oscillation
frequencies of over 12 s 1 it is
preferable for the modular combined
unit to travel at a greater rate (up to
5 m s 1, curve 2, Fig. 10). When that
is complied with, especially at
frequencies of over 16 s 1, the desired
lag in the response of the power
module in the modular traction vehicle
to the perturbing action grows by more
than 0.5 rad. In terms of time, that is
equal to about 0.1 s, which is exactly
the expected result.

Figure 10. Phase frequency response
characteristic of angle in response to
perturbing action at different values of travel
rate Vo: 1) 2 m s 1; 2) 5 m s 1.

CONCLUSIONS

The mathematical model of the modular traction vehicle-based combined unit
moving in the transport mode that has been developed by the authors is adequate. The
results of the investigations carried out with the use of this model reveal the following:

1. Changing the rate of travel of the combined unit within the range of 2 to 5 m s 1

does not impair the stability of motion of either the process module or, the more so, the
power module
amplitude frequency response to the perturbing turning moment improve, although
insignificantly, when the parameter Vo increases. The phase frequency characteristic of
the process module in the modular traction vehicle responding to the mentioned moment
somewhat deteriorates, but only at relatively high frequencies of its oscillation, that is,
at frequencies of more than 10 s 1. The response lag of the power module in the modular
traction vehicle is virtually invariable with regard to the changes in the combined unit
motion condition within the range of 2 5 m s 1.

2. The values of the slip resistance coefficients of the tyres on the wheels of the
power module do not have any noticeable effect on the response of the module to the
oscillations of the perturbing moment. At the same time, the value of the slip resistance
coefficient of the tyre on each of the wheels of the process module has to be equal to at
least 130 kN rad 1.
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