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ABSTRACT

The problem of the lack of an algorithm for
constructing the movement of special vehicles is
considered. The aim of the research work is to develop
a software package for calculating the rotation of a
multi-link special wvehicle, taking into account an
algorithm that describes the characteristic features of
vehicle movement. The increase in the dimensions and
mass of long loads necessitates the creation of new
vehicle designs, the distinguishing feature of which is
multi-link and long wheelbase, which in turn reduces
maneuverability and requires taking into account the
peculiarities of movement along a curve. To study the
process of moving special vehicles, a geometric
modeling method was used to develop an analytical
geometric model for the rotation of the tractor and
semitrailer. Based on geometric modeling, a method
for determining the turning characteristics of a multi-
link vehicle has been developed. It is shown that
patency of special vehicles is no less important quality
in comparison with durability; the law of changing the
ratio of the angle of rotation of the steered wheels, the
various axles should provide the maximum turning
moment at maximum angles of rotation of the front
steered wheels, and should also ensure equality of wear
at small angles.

Key words: vehicles, algorithm, curvilinear motion
modeling, geometric characteristics, link path,
automation, software package, rotation angles.

1. INTRODUCTION

In the process of developing an algorithm for
constructing the movement of vehicles, comprehensive
theoretical studies were performed [1-3], in which the
following concepts were analyzed: basic concepts,
directions of development and purpose of vehicles [4-
6], the development of system tools in building the
geometry of movement of aggregates [7-9], the current
state of metrological support of vehicles, development
trends of wheeled vehicles. As a result, the ways of
building the vehicle design process were identified and
the general architecture of the movement of the model
version of the multi-link vehicle was developed.
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2. METHODOLOGY

2.1 Development of an algorithm for geometric
modeling of vehicles

The algorithm for constructing and visualizing the
geometric model of vehicles is shown in Fig. 1.

At the first level, the requirements laid down in the
terms of reference are presented in a general form. In
this case, the design process can be considered as some
process of making sequentially refined and detailed
technical  decisions, justified by appropriate
calculations, setting up an experiment, manufacturing a
prototype and testing it. The development of circuit
design solutions in accordance with the requirements of
the technical specifications and their design are the
main content of the design process.

The initial data for the design are:

- external load, delivered in the form of accelerations,
speeds, displacements, as functions of time;

- parameters characterizing strength properties:
overload, efforts in characteristic sections, moments;

- layout, that is, the space allotted for placement of the
structure and geometric constraints.

At the second level, the primary appearance is formed,
an analysis of possible solutions is carried out, and the
most appropriate options are selected. In this case, a
general view of the structure is established. A positive
decision is made when it becomes clear that it is
possible to create a structure with the initial data that
were originally issued or adjusted within acceptable
limits during operation.

At the third level, the formation of the layout scheme is
carried out, which consists in the implementation of
mutual spatial coordination of the main components to
be assembled. The layout is based on the selected
scheme, certain basic parameters. During the assembly
process, external and internal geometry is determined,
the load, equipment, equipment are assembled, units
are placed, etc. The assembly process is specific in
nature due to the characteristics of vehicles.

At the fourth level, the calculation of the characteristics
of vehicles is carried out. According to the layout, the
basic dimensions, shapes and mass inertial
characteristics are already known. This information is
sufficient to determine:



- strength characteristics;

- dynamic characteristics;

Based on the obtained values, a decision is made on the
progress of further vehicle design.

At the fifth level, performance characteristics are
calculated. These characteristics include:

- indicators of appointment;

- indicators of reliability;

- indicators of manufacturability;

- indicators of standardization and unification;

- ergonomic indicators;

- aesthetic indicators;

- patent - legal indicators;

- economic indicators.

Depending on the conditions and stage of design
development, the following methods for determining
indicators are used:
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- experimental - this method is carried out by technical
measuring means during testing or operation of the
product to detect and count the number of events.

- calculated - this method is carried out using
calculations based on established theoretical or
empirical dependencies using values and parameters
found by other methods or specified.

- expert - the method is based on the opinions of expert
groups.

The sixth level is the final in the formation of the
layout of vehicles. If all the requirements of external
design are satisfied and there are no contradictions at
the stages of internal design, the process of shaping the
appearance of vehicles should end with a technical
proposal, i.e., the release of general drawings, layouts,
three-dimensional models, as well as the issuance of
characteristics and results according to particular
criteria of all levels.
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Figure 1:- Block diagram of the process of designing vehicles

It can be seen from the description of the features of
the formation of the layout of vehicles, the layout of
this type of machines differs from the layout of
conventional trucks, the choice of layout of a special
part.

3.MATHEMATICAL MODEL OF MULTI-LINK
VEHICLE MOVEMENT

To determine the dependencies between the angles of
rotation of the wheels of the links of vehicles, we use
the scheme presented in Fig. 2.
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The width of the corridor B is the difference between
the maximum R; and minimum R turning radii:
B=R, —R. 1)

We write down the necessary geometric relations for
determining the value of B.

_ Lr—xp,

R = roors @)
Rey = R + I ©)
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Figure 2 : Scheme of rotation of the vehicle:

L.is wheelbase of the tractor; L,is wheelbase of the semi-trailer; L,,;is distance from the hitch point to the i-th axle of
the semi-trailer; Ois the center of rotation; P,is the pole of rotation of the tractor; xis distance from the rear axle of the
tractor to the turning pole; lis the distance from the vertical axis of the fifth wheel coupling to the pole of rotation P,
on the longitudinal axis of the tractor; Piis pole of rotation of the semi-trailer; R.,is the radius of rotation of the hitch

point; Rjis the maximum turning radius; Ryis tractor turning radius; Ris the minimum turning radius; vy is the folding

angle; yis the folding angle; ®.,is the average angle of rotation of the steered wheels of the first axle of the tractor;
02V.isthe average angle of rotation of the steered wheels of the i-th axle of the semi-traile; xis is the distance from the
rear axle of the tractor to the point of intersection of its longitudinal axis with R,

When modeling curvilinear motion, it is necessary to

Y 12 ecify the rotation angles of the steered wheels. The

R= JRCZLI + [an_x] = JRI? +1g - [an_x] ; é&ering trapezoid is considered ideal, calculating the

rotation angles of each wheel according to the known

Y inematic dependencies. Consider the design scheme

Ry = ,/RZ + ["T] =Ri + &+ Lyx. determining the angle of rotation of the wheels of
the tractor in Fig. 3.

Figure 3 : Calculation scheme for determining the angle of rotation of the steered wheels: P - steering pole, C - center
of mass, O - instantaneous center of rotation

The average angle of rotation of the wheels of the front

Then, for the external (with respect to the direction of
axle is used as the driving signal: rotation) steering wheels of the i-th axis located in front
of the rotation pole (Fig. 3):
lep — 2
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L-1,-X
tgﬁi_ext = 1B :

L—x, + ?tgﬂlcp

For internal (with respect to the direction of rotation)
steered wheels of the i-th axis located in front of the
turning pole (Fig. 12):

L-1,—X
tgﬂi_in = 1B :
L - Xp _?tgﬂlcp

For external (with respect to the direction of rotation)
steered wheels of the i-th axis, located behind the
rotation pole (Fig. 3):

- X, + 1
tgﬂiliext = :

tgﬂlcp
k
L - Xp + 7tgﬂlcp
For internal (in relation to the direction of rotation)
steered wheels of the i-th axis located behind the
rotation pole (Fig. 3):

tgﬂiliin =

B
. tgﬂlcp

2
Informulas (6-10):
Lis the base of the wheeled vehicle;
lyiis the distance from the front to the i-th axis of the
machine;

tgﬂlcp
L-Xx, -

liis the distance from the rear to the i-th axis of the
machine;

Biis the track of the wheeled vehicle;

x,is the distance from the last axis to the rotation poleP
(Fig. 3).

Now consider the design scheme for determining the
angle of rotation of the wheels of the semitrailer in Fig.
3.

The angle of rotation of the inner steered wheel of the
rear axle of the semi-trailer @.0"" is determined by the
following equation:

Lp—x

egerre = L)

nnmax R—0,5B,

Ly+x

=
2 2 _[Ln=x
2R i HE [P ~Ba

(11)
whereR ;1S the minimum turning radius of the
vehicle;

B, iswheel track of the semi-trailer,
xis the distance between the rear axle and the rear
axle of the semi-trailer.
It is important to understand that the rotation value of
this wheel cannot exceed the value determined by the
design of the steering trapezoid.
The reduced axis refers to the imaginary axis of the
semi-trailer, along which the minimum corridor of
movement of the entire vehicle is calculated taking into
account its external dimensions.

tgﬂ 1cp )

tgﬂlcp (8)

9)

(10)
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The steering angle of the steered wheels of the semi-
trailer:
- for external in relation to the direction of rotation of

the wheel:
_ (om="5%)

R+0,5B;

BHeII

LgOnni Sign (Lom' - anj) ;

(12)
- for internal with respect to the direction of rotation of
the wheel:

BHYTp __ (Loﬂi_Ln%) . Lg+x
12 G‘)nm' - R—0,5B, sign (Lom' -, )
(13)
Therefore, to describe the process of turning a multi-
link wvehicle, it is necessary to draw up a dynamic
mathematical model that takes into account both the

control system and the side withdrawal phenomenon.
4.RESULTS

For the convenience of describing the process of
turning a multi-link vehicle, we introduce the following
concepts:

- front driven wheel of the tractor - a fictitious wheel
conventionally located in the geometric center of the
front wheel drive, the rotation angle of which is
determined by the kinematics of the steering drive of
this wheel drive;

- the driven rear wheel of the tractor — a fictitious
wheel conventionally located in the geometric center of
the tractor’s rear wheel drive (most often this wheel is
not turning, otherwise the steering angle of this wheel
is determined by the kinematics of the tractor’s rear
wheel drive);

- reduced wheel of the semi-trailer - a fictitious wheel
conventionally located in the geometric center of the
wheel stroke of the semi-trailer, the rotation angle of
which is determined by the kinematics of the steering
wheel drive of the semi-trailer.

The design scheme for turning a multi-link vehicle is
shown in Fig. 4.

The following notation is accepted:

XOYis fixed coordinate system;

a;is heading angle of the vehicle link;

L;ishase of thei-th link of a multi-link vehicle®;
uyisangle of rotation of the front driven wheel of the
tractor;

e;is the displacement of the coupling poiniand (i = 1)
of the links relative to the center of the reduced wheel i
of the link (the offset is taken positive if the coupling
point is shifted forward relative to the center of the
reduced wheel iof the link and with the opposite sign -
otherwise);

@;is the angle of rotation of the reduced wheeliof the
semi-trailer relative to the frame of this linki (i =
2,..,n);

! The base of the tractor (i = 1) is the distance between
the centers of the front and rear driven wheels, and the
base of the semitrailer (i =2,..,n) is the distance
between the coupling point of the semitrailer with the
previous link and the center of the wheel of the given
trailer in the direction of the multi-link vehicle .



Yi1+1i8 folding angle between iand (i = 1) links of the
vehicle

i=1.n-1);

V;is velocity vector of the coupling pointiand (i + 1)
links of the vehicle;

¥,.:1s the angle between the directions of the vector V;
and the frame iof the link (i = 1,...n — 1);

0;is the instantaneous center of rotation of the i link
i=1,.,n);

V,.is speed vector of the rear driven wheel of the
tractor;

V,;is the velocity vector of the reduced wheel of the
semi-trailer (i = 2, ...,n).

I
¥
4
.
B} A
ﬂ. = ,‘ v
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The equations describing the process of turning a
multi-link vehicle were obtained taking into account
the following assumptions:

- the magnitude of the velocity vector of the
rear driven wheel of the tractor is kept constant;

- a flat bicycle model of a multi-link vehicle
is considered;

- the influence of disturbances acting by
external forces are not taken into account;

- the phenomenon of lateral tire retraction is
not accepted;

- the speed of rotation of the front wheel of
the tractor is taken constant.

Figure 4: Calculation diagram of the kinematics of rotation of a flat bicycle model of a multi-link vehicle

The family of multi-link vehicles, designed to transport
long indivisible goods weighing up to 300 tons on
roads of different categories, is implemented according
to the scheme of truck trains containing from one to
four semi-trailers. Based on this, taking into account
the algorithm of movement of vehicles, a software
package was developed designed to calculate the
characteristics of the curved motion of a multi-link
vehicle, which has from one to four semitrailers. The
calculation results are:

- geometry of the trajectory of the links of the vehicle;

- heading angles of links and the rate of change;

- angles of folding, rotation of the wheels and the speed
of their change.

Calculations are carried out under specified traffic
conditions and design parameters of a multi-link
vehicle.

The software package allows you to calculate the
rotation of a multi-link vehicle at any angle from 0 ° to
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360 ° (Fig. 5). In addition, the program allows you to
calculate the trajectories of the links of a multi-link
vehicle when it is moving along a road consisting of an
arbitrary number (up to 50 inclusive) of road sections
with a tractor rotation angle of not more than 180 ° in
each section. The road section (Fig. 5) includes:

— rectilinear sub-section characterized by

length;

— input  transitional  subsection  (this

subsection is characterized by a constant

speed of rotation of the front driven wheel of

the tractor);

— circular sub-section of a given radius;

— output transitional  subsection  (this

subsection, like the input, is characterized by a

constant speed of rotation of the front driven

wheel of the tractor).
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Figure 5 : Road sections:
0,A;is a rectilinear subarea; A; B; is input transitional subsection; B;C; is circular subarea;
C;D;is output transitional subsection; O; is center of rotation on the i circular subsection

5.CONCLUSION

The described model of curvilinear motion of the
adhesion point of the semitrailer and the tractor allows
us to estimate the degree of deviation of the trajectory
of the semitrailer with an accuracy of + 5%.

The trajectory of a planar curvilinear motion is
modeled by simple sections.

A model of the dynamics of movement during the
passage of a curved section of a turn is determined.
Complex sections of motion are divided into sections
described by simple geometric laws.

The practical implementation of the developed
algorithm for constructing the geometry of the
movement of vehicles has shown the rationality and
prospects of this approach to the problem of
determining the degree of deviation of the trajectory of
the vehicle semitrailer. This approach allows you to
objectively identify the basic geometric characteristics
of the movement of a multi-link vehicle and can be the
basis for the development of an automation system for
controlling the movement of a tractor and semi-trailer.

REFERENCES

1.G.1.Gladov, A.M. Petrenko. Special vehicles: Theory.
Moscow: Academic Book ICC, 2006. 215 p.
2.B.N.Belousov, S.D. Popov. Extra-heavy wheeled
vehicles. Design. Theory. Payment. Moscow:
Publishing House of MSTU named after N.E. Bauman,
2006. 728 p.

3.N.L.lvanina, V.L Golovchenko.  Automated
calculation and construction of the overall lane of long-

1478

base truck trains when they are rotated 90 ° and 180 °.
News of NTU "KhPI".2013. No. 1 (975). Pp. 48 - 64.
4.M.T.Lychin, M.M.Zzhileikin. Development of
principles for increasing the maneuverability of long-
axle multi-axle road trains with semitrailers. News of
higher educational institutions.Engineering.2017 11
(692), 36 p.

5.V.V.Malanin, V.V. Ayupov.On the classification of
scientific papers on the study of the movement of the
road train from the perspective of a systematic
approach. Dep. in NIINavtoprom, 1981, No D580.12 p.
6.V.A. Pavlov. The study of the agility of a multi-link

trailed road train. - Diss. Cand. tech. Sciences,
Moscow, 1968. 172 p.
7.M.Kuprikov, L.N.Rabinskiy.  Influence  of

infrastructure constraints on the geomet- rical layout of
a long-haul aircraft Journal of Mechanical Engineering
Research and De- velopments 2018 41(4), Pp. 40-45
https://doi.org/10.26480/jmerd.04.2018.40.45

8.M. Kuprikov, L.N.Rabinskiy. Vertical take-off and
landing aircrafts: Myth or reali-ty of modern aviation,
Journal of Mechanical Engineering Research and
Developments 2018 41(4), Pp. 46-52
https://doi.org/10.26480/jmerd.04.2018.46.52

9.L. Markin. Discrete geometric models in problems
of automated assembling of ob- jects. IOP Conference
Series: Materials Science and Engineering (MSE)",
vol. 451, 2018, No012124 URL:
http://iopscience.iop.org/article/10.1088/1757899X/451
/1 /012124/pdf



