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Abstract: - The questions of the possibility to improve the operational properties of a semi-trailer truck in
combination with non-rotating wheels in the infrastructure of a Smart City system, which is an unstable system
when reversing, by introducing feedback of motion control with the help of an automated data processing system
are considered. As the results of the research have shown, the use of such systems can significantly improve their
manoeuvrability and directional stability. The results of using the previously developed method of determining
the conditions for ensuring the stable movement of the semi-trailer truck in reverse with non-rotating wheels of
the semi-trailer allowed solving the problems of manoeuvring control algorithmisation described by the
mathematical model of differential nonlinear equations. The substantiated additive criterion and algorithm for
determining the optimal parameters of the motion control system of a tractor-trailer combination with non-turning
wheels of a semi-trailer are presented, which is used for the development of the improved optimisation method
of its parameters. It is shown that the application of the obtained results will reduce the area and time of vehicle
manoeuvring when performing transport tasks in the system Smart City.
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1 Introduction one of the estimated manoeuvrability indicators is the
1.1 Motivation and goal of the paper difficulty of controlled reversing movement. The
evaluation of this indicator for road trains can be
carried out with the help of two experimental
indicators of the manoeuvrability index in reverse.
One of the indicators is the length of the distance
travelled by the road train with the steering wheel
fixed before the tractor and semi-trailer start folding.

As humanity has evolved, the world has seen an
increase in the population and the vehicles it uses for
its various transport activities. The constant increase
in the number of vehicles and transport volumes leads
to more complex road conditions and reduced road
capacity, requires more people to operate vehicles, o :
and requires the development and automation of Another indicator 1S the number'of turns of the
systems to manage traffic flows and individual steering wheel per unit qf trayel during the cgntrolled
vehicles [1], [2], [3], [4], [5]. In road transport moyement of the s.eml—traller trugk relative tq a
straight reference line. The specified evaluation
indicators of manoeuvrability are used for
comparative evaluation of the studied road trains for
this operational property [2], [3], [4], [5]. It should be
noted that the limiting influence of manoeuvring
properties on the technical speed is strongly
manifested in urban conditions for the system Smart
City”, and on the operational speed - in unloading and
loading places, which, as a rule, are characterised by
inconvenient and small areas.

vehicles as a part of the infrastructure of Smart City,
non-automatic traffic control is still mostly used, but
automatic devices and drives that facilitate the
driver's labour are increasingly being used.
Automated traffic control of motor vehicles can be
carried out through the use of automatic or automated
traffic control systems for various machines and units
in the Smart city infrastructure.

A special place in traffic flows is occupied by
large-sized vehicles, which have manoeuvring
properties worse than those of single vehicles. Thus,
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1.2 Work related analysis

There are scientific publications devoted to the study
of semi-trailer truck stability. The authors of [1]
analyse the complexity of the task for a driver who is
not trained in reversing a trailer with a dolly and
propose a planning and motion control framework for
use in the automatic planning and execution of
complex manoeuvres. Paper [2] also shows how
important it is to study driver behaviour patterns for
decision-making and planning using traffic data. The
authors of [3] propose a comprehensive structure of
autonomous traffic management systems in the loV
system supporting a multi-level architecture that is
built autonomously without any centralised control
and can be used to collect, exchange, and transmit
information in a multi-link mode. Paper [4] describes
a mathematical model of a two-link road train
movement that allows, to a first approximation, to
simulate the “shuffle” manoeuvre on rigid wheels
and to give a preliminary assessment of the
controllability and stability of movement at the
design stage of a vehicle without taking into account
the instability of the road train scheme when driving
in reverse.

The mathematical model of the overtaking
manoeuvre on two-lane rural roads proposed by the
authors in [5] does not allow for assessing the
manoeuvring properties when driving in reverse. In
[6], a unified approach to local trajectory planning
and control is proposed for autonomous driving from
a guided trajectory. However, it does not take into
account the peculiarities of the trajectories of road
trains with fixed semi-trailer wheels. A review of
existing approaches and methods for planning traffic
in autonomous road traffic, their critical assessment
in terms of their advantages/disadvantages, inherent
limitations,  feasibility,  optimality,  obstacle
overcoming, and testing of the working environment
is given in [7]. In [8], the author presents
mathematical models of a road train developed by the
author to study its forward and reverse movement and
synthesises the laws of turning the wheels of a car in
the desired direction when driving in reverse. In his
dissertation [9], he developed optimisation schemes
for nonlinear control for trajectory tracking and
trajectory following in the presence of model
prediction constraints (NMPC) for both classes of
problems. The stability conditions of NMPC for
trajectory tracking based on time-varying terminal
regions and the introduction of positively invariant
sets of time-varying Lyapunov function levels as
terminal regions are derived, which allow for
expanding the area of attraction of the proposed
control schemes and thus improve the control
efficiency.
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Paper [10] solves the optimisation problem (OP)
based on the optimal control method using the
principle of maximum and linearisation with the help
of Taylor expansion, proposes new algorithms, and
proves convergence. Paper [11] presents an iterative
method of steering with longitudinal, lateral, and yaw
motion, including coupled nonlinear dynamics
between them, providing robustness to uncertainty
and external perturbations. The authors of the paper
[12] have been investigating the issues of
optimisation of motion control for a long time:
optimisation of lateral and longitudinal force
distributions in tyres as a function of tyre load,
minimax optimisation for several configurations of
independently controlled vehicles based on
numerically stable combinations of the algebraic
approach, the bisection method and the golden
section method, minimax optimisation and
consideration of the possibility of wusing the
complementarity of lateral and longitudinal forces in
the formation of yaw moment for long-distance
vehicles. In [13], a control strategy for electric power
steering based on gear angular velocity control is
proposed.

However, the conducted studies and proposed
laws do not take into account the conditions for
ensuring the stability of such a road train scheme with
a semi-trailer when driving in reverse and in a given
direction. The manoeuvrability of a vehicle is one of
its main operational properties, which is described in
a number of works. Paper [14] developed
mathematical models of a road train moving in a
given direction in reverse. Paper [15] modelled
decision-making on driver behaviour when receiving
recommendations on vehicle speed using vehicle-
infrastructure communication based on energy
consumption and determining a safe speed. The
authors of [16] analysed the results of modelling the
movement of a trailer road train in reverse, a
technical solution for automatic reversal prevention
for automated parallel parking in conjunction with a
trajectory planning algorithm. In [17], the authors
analyse the reversing movement of an articulated
vehicle, namely a tractor-trailer with one trailer on
the axle, and develop a fully autonomous driving
system that allows reversing in the presence of static
obstacles. In [18], it is shown how a vehicle with
passive trailers can be easily driven using the
proposed driver assistance system and a push-pull
manual steering scheme. In [19], it is shown that the
complexity of road train control is due to
significantly pronounced nonlinearities, as well as
instability of the control object when driving in
reverse, which often leads to the phenomenon of a

‘folding knife’.
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Paper [20] proposes three control approaches for
dynamic stabilisation in a road train configuration
and a methodology for setting control gains using
kinematic and dynamic models of three actuators. In
[21], a path tracking system and a cascade controller
scheme are developed for controlling an unmanned
truck tractor when driving in reverse. In [22], a deep
learning method based on a car model is proposed to
determine the parameters of the front and rear
stiffness of a car when cornering. Paper [23]
calculates the cornering balance using a model of a
front-wheel drive vehicle with rear wheels ‘locked ’at
zero angular velocity with a handbrake applied by a
controller, taking into account drift methods
applicable to  front-wheel drive (FWD)
configurations. In [24], a V2I architecture is
proposed that can operate in both autonomous and
manually driven vehicles and coordinate their
movement based on V2I communication. In [25], the
reversing motion of a vehicle-trailer combination is
studied using a single-vehicle trajectory model with
a quasi-static tyre model to develop a simple linear
feedback controller that can ensure stable reversing
motion along a straight path. Paper [26] proposes
technical solutions for motion control reversing a
trailed road train. For this purpose, two feedback
controllers have been developed that provide the
driver with inputs for automatic control in different
situations. The problem of controlling the trajectory
of a mobile robot with two trailers was considered in
[27], for which a trajectory control algorithm was
proposed (using the LOS (Line of Sight) and PID
(Proportion, Differential, and Integral) control
algorithms).

In [28] and [29], the results obtained by scientists
using kinematic differential equations made for the
"bicycle scheme", which investigated the
manoeuvrability of tractor-trailers with non-rotating
wheels of semi-trailers moving in reverse, were
published. The study revealed that the loss of
controllability and stability of rectilinear motion is
associated with exceeding a given folding angle.

In [30], the necessity of taking into account the
peculiarities of the construction of vehicles with
different overall dimensions and designs, which
determine their operational properties:
manoeuvrability and directional stability, when
organising freight transport in the "Smart City"
system is shown. It is especially important for road
trains with semi-trailers with non-turning wheels. On
the basis of the developed mathematical model of the
rearward movement of the road train and the
proposed law of control of the front wheels of the
tractor, the conditions for bringing the road train to
stable directional movement in reverse have been
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obtained. The results of theoretical research and
simulation modelling allowed us to develop a method
for determining the conditions for ensuring stable
reversing movement of a semi-trailer combination
with non-turning semi-trailer wheels.

The aim of our research is to develop a new
method for determining the optimal parameters of the
control systems for the rearward movement of a
semi-trailer truck combination with non-turning
semi-trailer wheels for the system infrastructure
“Smart City”, which will allow us to select and justify
the law of controlling the rotation of the tractor
wheels at the stage of design and development work.

2 Problem Formulation

To date, the issue of assessing the manoeuvrability of
a fifth-wheel combination with non-turning semi-
trailer wheels moving in reverse remains
insufficiently investigated. The issue of ensuring a
stable rearward movement of this type of
combination along the reference line (collision line)
remains unresolved [6], [16].

In order to turn the combination on narrow roads
in the “Smart City” system and to accurately deliver
it to the object, it is necessary to manoeuvre it using
the front and rear wheel drive. It is difficult to steer
when reversing, as even a slight turn of the steering
wheel can cause the combination to fold. When
reversing, the position of the trailed link must be
monitored using the rear-view mirrors, the tractor cab
door, or the rear-view camera of the vehicle
navigation system. In the event of even a slight
change in the direction of travel of the semi-trailer,
the trailer must be immediately levelled in relation to
its axis of travel. To align the semi-trailer, turn the
steering wheel in the direction of the change. It can
also be levelled with a short forward movement.
However, this manoeuvring control of the road train
does not allow it to reverse accurately and quickly to
the object or in the chosen direction.

In non-automated systems, as well as in all
automated systems, the driver is involved in traffic
control. The driver uses the information received by
the senses to act on certain controls to perform a
manoeuvre that he or she determines. Most of the
information is obtained visually. In a non-automated
system, the main source of information is the road.
The driver uses the information about the position of
the road train relative to the road to make a decision
about the manoeuvre required. The time taken by the
driver to assess the situation, the position of the road
train relative to the approach object, the required
direction of travel, and to make and implement the
decision is usually referred to as the driver's reaction
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time. Tasks solved by the driver in the process of
driving a vehicle can be divided into logical and
reflex tasks. In the thinking process, logical decisions
are known to arise. In reflex actions, the role of
conditioned reflex, behavioural automatism, which is
formed on the basis of knowledge, experience, and
training, is great. In non-automated control systems,
the reaction of a road train driver is complex. He has
to evaluate the situation of road conditions and
choose the right decision from several possible ones
in order to perform the necessary motor action.
Significant reaction time leads to untimely or
erroneous control actions by the driver, which may
result in the vehicle not approaching or leaving the
roadway correctly or causing an accident.

It is particularly difficult to control the movement
of a road train if the semi-trailer is long and its width
is greater than the width of the tractor. In such
conditions, the driver has limited opportunities to
assess the position of the road train relative to the
road, to detect other vehicles and obstacles, which is
especially important in poor visibility conditions. In
heavy rain, fog, or snowfall, the visibility range is
reduced to several metres, limiting the permissible
speed. At the same time, the accuracy of estimating
the distance to objects on the road and the speed of
other vehicles is low and depends on the speed and
direction of movement. All these factors lead to low
accuracy of trajectory prediction and, consequently,
to poor road train control.

In automated on-board systems, the driver
receives not only visual information about the
position of the road train on the road, but also about
its movement parameters from various sensors. Also,
to improve driver awareness, rear-view cameras of
the car navigation system can be used, interactive
algorithms for constructing transformations of
images received by the rear-view camera into images
corresponding to such virtual cameras as wide-angle,
normal top view, and others. For them, guidelines are
also constructed, indicating how the car will move at
a given position of the steering wheel. Such
transformations are used in car navigation systems to
improve the driver's perception of the situation
behind the car. This visualisation of guidance lines
helps to ensure accident-free manoeuvres when
parking.

Computing devices included in automated control
systems can produce not only informative, but also
command information on the need to brake, increase
speed, or change the course of the road train, greatly
facilitating the driver's work, thereby reducing his
fatigue and increasing safety.

The efficiency of the driver's actions in an
automated system depends to a large extent on the
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amount and type of information delivered to the
driver.

To date, the issue of evaluating the controllability
and manoeuvring properties of a semi-trailer
combination with the wheels of the semi-trailer not
rotated relative to the frame, moving in reverse, has
not been sufficiently investigated. In such a
movement, it is required to ensure the stability of the
rearward movement of this type of semi-trailer truck
along the collision line and the necessary accuracy of
its delivery to the object with a minimum
manoeuvring area in a short time.

In order to turn the combination on narrow roads
and to deliver it accurately to the object, it is
necessary to manoeuvre using the forward and
reverse gears. It is difficult to steer when backing up,
as even a slight turn of the steering wheel can cause
the combination to fold up.

3 Problem Solution

Earlier studies have shown the theoretical possibility
of creating automated systems for controlling the
rearward movement of a tractor-trailer to an object,
capable of providing the necessary directional
stability and accurate delivery of the road train under
its loading or unloading, ensuring accident-free
movement [30]. In the Figure 1 [30], the tractor frame
is labelled | and the semi-trailer frame is labelled L.

Fig. 1: Schematic of the vehicle position before
reversing (X-axis coincides with the collision line).
Source: [30]

Mathematical models describing the reversing
motion of a road train under different laws of
controlling the rotation of the tractor wheels have
been developed. The complete system of equations of
the road train motion, taking into account the control,
takes the following form [30]:

) V-sinp V-cos-sinf
PO =—F—+ 7 ;
: V- cospsin
a) = 20,

€y
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Z(t) =V - cosg - cosp - sina;

X(t) =V -cosp-cosp - cosa;
@(t) = Ky - B() + Ky - a(t) + K3 - Z(0).

Having transformed the given system of equations
using the Laplace transform with non-zero initial
conditions and then excluding the variables f(z) and
a(t) from the system, we apply the Rouse-Hurwitz
criterion to evaluate the stability of the system. The
obtained necessary and sufficient conditions for its
stable reversing motion of the road train can be
represented by the inequalities [30]:

{(Kl—%)-%>l(3 > 0;
K, > % ;
K, > 0.

Modelling of possible road train movement from
different initial positions relative to the object is
carried out and recommendations for the initial
priority placement of the road train relative to the
object are determined. Control methods and schemes
of traffic control systems, as well as a method for
determining the conditions for ensuring stable
reversing movement of a semi-trailer combination
with non-turning semi-trailer wheels have been
developed [30].

Obviously, if we represent the functions in the
form p=f(t), a=f(t) and z=f(t), it will be seen: the
shorter the time of manoeuvring of the road train near
the guide, the smaller will be the areas under each
curve B(t), a(?), z(t). Thus, it is reasonable to choose
the sum of areas of all functions (), a(t), z(t) as the
optimality criterion for finding the coefficients K,
K,, K5 i.e.

é; J 1AL~ 1BOI+ Az - la(O] + 43 - 1z(©)]]dt,

)

where: | - quality criterion of the system; A;... Az -
proportionality coefficients, allowing to take into
account the influence of each of the three parameters
B). a(t), 2(1).

If we assume that we do not care about the
position of the tractor in relation to the semi-trailer in
the final result, the coefficient A; in criterion (2) is
not decisive.

Therefore, we set the coefficient A; = 0.1. The
accuracy of the semi-trailer's position on the
longitudinal collision line depends on two
parameters: «(¢) and z(t). Let's determine in what
ratio linear and angular errors can be located, because
it should depend on the length of the semi-trailer base
and will be different for different road trains. For the

E-ISSN: 2224-2856

564

Maryna Kolisnyk, Oleksandr Piskachov, Iryna Piskachova

example under consideration, let us take into account
the lengths of the bases of the tractor and semi-trailer:
A, 2
A L @

3

Knowing the ratio of coefficients A;, A, A3, we
can proceed to the solution of the problem, the
essence of which is to find the minimum of criterion
(3) when varying Ky, K;, K5 within the limits given
by the conditions of stable movement of the road
train [30].

To solve the problem, we will use the Gauss-
Seidel method of optimisation (gradient descent). It
is known that the gradient of the function is called the
vector giving the direction of the maximum change
in the function of this change:

y = I(Kll Kz, K3)

The essence of the gradient descent method is as
follows: around the initial point defining the quality
criterion in the space of varying parameters, a
number of preliminary experiments and calculations
are carried out, planned in such a way that each
parameter Kj,... K3, takes two values. After simple
calculations, the components of the gradient vector
equal to approximately measures of the "slope" of the
function along the coordinate axes are determined.

Then one step is performed along the gradient
direction at the found point.

The gradient is determined again and another step
is performed. The procedure is repeated until the
extremum is reached, where the gradient components
become equal to zero or the difference of criteria
calculated at different points is less than or equal to a
predetermined value €, which determines the
accuracy of finding the minimum. The gradient

vector of the target function has the following form:
| a1 a1
I(Kl,Kz,K3) = aKl eq + aKZ e, + 6K3 €3, (5)

where e1... e3 are independent unit vectors directed
along the corresponding coordinate axes, and the
partial derivatives are calculated at the point under
consideration.

Its inverse vector indicates the direction of
descent. The components of the gradient vector are
approximated in the neighbourhood of the point
under consideration:

0l I(Ky; .. K3y, Ky + A, ..., Ky) = F(Kyi, Koy, oo, Ky
oK; A ’

(6)

where A is a small displacement in the K; direction.
The unit gradient vector can be represented as:
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I(Kl,Kz,K3) = Ul " 61 + UZ " 62 + U3 " 63,
where
al
K,

AN

Then we find the position of the new point
according to

Uy = @)

Kiy1 = Ky + AKy) - U;. (8)

Having determined the strategy of choosing the
order of solving the problem, let's draw up its
algorithm (Figure 2).

The solution of the system of nonlinear equations
by the numerical Runge-Kutt method is denoted by
RKGS.

The conducted researches have revealed possible
areas of optimal coefficients K;...K5. Therefore, we
can start the solution by setting one of the possible
values of K; ...K3, taking the initial step as follows

Let us calculate the total area under the curves for
the given initial values of Kj ...K3, denoting it as
M, (P).

Let us change the value of K; by the step size
AK; and determine the total area for each case,
denoting it as N;(P).Then we can determine the
gradient in K; according to (5):

M,(P) — N1(P)
AK, '

GR, = €))

Fig. 2: Generalised algorithm for investigating the
mathematical model (1). Source: created by the
authors
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Returning the original value of K;, we do the
same operations for K,, Kzand determine GR, and
GR;.

M,(P) — N,(P)

GR, = 10);

2 e (10)
M,(P) — N3(P)

GRy =——F——"—— 11);

Having determined the gradients of the vector
along each of the three directions, we find the step
sizes AK;, according to (7).

GR
AK, = ! ;o (12)
JGR? + GR? + GR?
R
AK, = 2 ;o (13)
JGR? + GR? + GR?
GR
AK; = > (14)

JGRZ ¥ GRZ + GRZ

Now, with the help of (8) we can determine the
new values of K; 1.

However, since the values of K;...K3 cannot go
beyond the limits that ensure the stability of the
straight-line motion of the road train and specified in
(2), it is necessary to introduce a penalty function to
form a new composite function:

N

P(K;) = 1(K;) + z o[Gi (kD]
j=1
where I (K;) —bounded function under consideration;
P(K;) — composite unbounded function; ¢ [Gj (Ki)] -
penalty function that takes into account the
constraints given by the inequalities.

Taking advantage of (15) in the case of output
K;...K5 out of bounds, they are assigned a penalty
value, which leads to an infinitely large value of the
target function and allows us to arrive at another
point more suitable for further research:

K;
K1:K1+.Q'(1+T>

(15)

K,=K,+0- [1+— (Kl l)] (16)

Ks = K3 + 0,

where Q is the value of the penalty.

Calculations are carried out until the minimum is
found and the condition is fulfilled:

M, (P — 1)| — |My(P)| < e. (17)

As aresult of the research, graphical dependences
were obtained for different initial positions of the
road train relative to the collision reference line at
different values of K;...K3:

B = f(t) (Figure 3);
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a = f(t) (Figure 4);
z = £(©) (Figure 5);
¢ = @(t) (Figure 6).

Fig. 3: Graph of the function § = f(t) at the values
of the coefficients. Source: created by the authors:

1. K,=1.63; K,=3.695; K;=0.255;

2. K,=3.9; K,=21.9; K;=2.69

Fig. 4: Graph of the function @ = f(t) at the values
of the coefficients. Source: created by the authors:

1. K,=1.63; K,=3.695; K;=0.255;

2. K1=3.9; K,=21.9; K;=2.69

Z, m
0,45
04 -
035
03
0,25 -
0,2 2
0,15
01
0,05
0
0,05 0 10 20 30 40 50 b sec

Fig. 5: Graph of the function z = f(t) at the values
of the coefficients. Source: created by the authors:

1. K;=1.63; K,=3.695; K;=0.255;

2. K,=3.9; K,=21.9; K;=2.69
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1.5

Fig. 6: Graph of the function ¢ = @(t) at the values
of coefficients. Source: created by the authors:

1. K;=1.63; K,=3.695; K3=0.255;

2. K1=3.9; K,=21.9; K3=2.69

Studies have shown (Figure 3, Figure 4, Figure 5
and Figure 6) that the road train manoeuvres along
the reference collision line in such a way as to reduce
the angle of folding of the links B(t), the angle of
inclination of the semi-trailer axis to the collision line
o(t) and the displacement z(t) to zero value.

At K1=1.63, K,=3.695, K3=0.255 and the initial
position of the road train =0, a=0, z=0.4 m,
manoeuvring continues for about 40 sec, and further
the semi-trailer truck moves steadily along the
collision line. Consequently, by fulfilling the
conditions (2), it is possible to ensure the stable
reversing movement of the road train along the
collision reference line at different initial positions.

Creation of an automated or automatic system for
controlling the movement of a road train,
implementing the control law (1) under condition (2),
makes it possible to significantly reduce
manoeuvring time, especially in poor visibility
conditions (at night), when the width of the semi-
trailer exceeds the width of the tractor.

By setting the optimal values of K; ... K3 for the
control system, it is possible to significantly reduce
the manoeuvring area of the combination.

4 Conclusion

The questions of the possibility to improve the
operational properties of a semi-trailer truck
combination with non-rotating wheels of a semi-
trailer, which is an unstable system when reversing in
the infrastructure of the “Smart City” system, by
introducing feedback of motion control with the help
of an automated data processing system are
considered.
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As the results of research have shown, the use of such
systems can  significantly = improve  their
manoeuvrability and directional stability in the Smart
City system. The results of using the previously
developed method of determining the conditions for
ensuring the stable movement of the road train in
reverse with non-rotating wheels of the semi-trailer
allowed solving the problems of algorithmization of
manoeuvring control described by a mathematical
model of differential nonlinear equations.

1. On the basis of the conducted research, using
the mathematical model (1) and using the necessary
and sufficient conditions of stable reversing motion
of the road train (2), the optimisation parameters
included in the wheel turning control law are
determined.

2. The additive optimisation criterion has been
substantiated and developed, which makes it possible
to evaluate the quality of the automated control
system operation by minimising the area and
manoeuvring time when reversing to the object.

3 Based on the method of numerical integration of
the system of differential nonlinear equations with
high accuracy, a generalised algorithm for the study
of the mathematical model (1) has been developed.

4. An algorithm for determining the optimal
parameters of the motion control system of a semi-
trailer truck with non-rotating wheels is developed,
which is used to develop a methodology for
optimising the parameters.

5. An improved method of optimising the
parameters of the tractor-trailer reversing motion
control systems is proposed.

6. The presented graphical results confirm that the
application of the developed method will reduce the
area and time of manoeuvring vehicles in reverse
when performing transport tasks in the infrastructure
of the system “Smart City”.

References:

[1] N. Evestedt, O. Ljungqvist Ta D. Axehill,
Motion planning for a reversing general 2-trailer
configuration using Closed-Loop RR”, 2016
IEEE/RSJ Int. Conf. Intell. Robots Syst. (IROS),
Daegjeon, South Korea, 9-14 October 2016,
2016, pp- 3690-3697. URL:
https://doi.org/10.1109/IROS.2016.7759544
(date of access: 10.12.2024).

T. Gindele, S.Brechtel Tta R. Dillmann,
Learning Driver Behavior Models from Traffic
Observations for Decision Making and
Planning, IEEE Intelligent Transportation
Systems Magazine. 2015. Vol. 7, No. 1. pp. 69—
79. URL:

(2]

E-ISSN: 2224-2856

567

Maryna Kolisnyk, Oleksandr Piskachov, Iryna Piskachova

[7]

[9]

https://doi.org/10.1109/MITS.2014.2357038
(date of access: 10.01.2025).

J. Contreras-Castillo, J. Antonio Guerrero
Ibanez and S. Zeadally, A seven-layered model
architecture for Internet of Vehicles, Journal of
Information and Telecommunication. Vol. 1,
No. 1, 2017, pp- 1-21. URL:
https://doi.org/10.1080/24751839.2017.129560
1 (date of access: 01.12.2024).

V.V. Redchits, B.I. Kalchenko and E.V.
Golovina, A mathematical model for calculating
the parameters of the curvilinear motion of two
trains at maneuver "turn" at the design stage, in
Bulletin of NTU "KhPI". Series: Transport
machine building. Kharkov, NTU "KhPI", 2017,
No. 5 (1227), pp. 14-18. ISSN 2079-0066.
URL: https://repository.kpi.kharkov.ua/items/5
63efc2d-fd18-459¢-a0d1-fe9b2d9297aa (date of
access: 15.12.2024).

C. Llorca, A.T. Moreno, A. Lenorzer, J. Casas
and A. Garcia, Development of a new
microscopic passing maneuver model for two-
lane rural roads, Transportation Research Part
C: Emerging Technologies, Vol. 52, 2015,
pp. 157-172. URL:
https://doi.org/10.1016/j.trc.2014.06.001 (date
of access: 10.01.2025).

X. Li, Z. Sun, Q. Zhu and D. Liu, A unified
approach to local trajectory planning and control
for autonomous driving along a reference path,
in International Conference on Mechatronics
and Automations, Tianjin, China, 2014,
pp. 1716-1721. URL:
https://doi.org/10.1109/icma.2014.6885959
(date of access: 10.12.2024).

Ch. Katrakazas, M. Quddus, Ch. Wen-Hua,
D. Lipika, Real-time motion planning methods
for autonomous on-road driving: State-of-the-
art and future research directions,
Transportation Research Part C: Emerging
Technologies, Vol. 60, November 2015, pp.
416-442. URL:
https://doi.org/10.1016/j.trc.2015.09.011 (date
of access: 1.12.2024).

D. Tatievskyi, Realization of reverse motion of
the model of a semitrailer road train, EUREKA:
Physics and Engineering, vol. 3, 2018, pp. 59-
66. URL: https://doi.org/10.21303/2461-
4262.2018.00644 (date of access: 1.12.2024).
T. Faulwasser, Optimization-based Solutions to
Constrained Trajectory-tracking and Path-
following Problems, Dissertation thesis, 2012,
181 p. URL: https://opendata.uni-
halle.de/bitstream/1981185920/11648/1/thesis.
pdf (date of access: 9.01.2025).

Volume 20, 2025



WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2025.20.55

[10] H. Zhang, H.Wang, Y.Xu Tta Z.Guo,
Optimization methods rooted in optimal
control, Sci. China Inf. Sci.s, Vol. 67, No 12,
2024, article number 222208. URL:
https://doi.org/10.1007/s11432-024-4207-5
(date of access: 11.01.2025).

[11] Y. Kurishima Ta K. Nonaka, Robust and
Nonlinear Integrated Steering / Driving Force
Control Using Sliding Mode Control with
Iterative Computational Method for Front
Steering Vehicles, Transactions of the Japan
Society of Mechanical Engineers Series C..
2011. Vol. 77, no 782, pp. 3705-3720. URL:
https://doi.org/10.1299/kikaic.77.3705 (date of
access: 10.01.2025).

[12] O. Nishihara, Dynamic Optimum Distributions
of Lateral and Longitudinal Tire Forces in Four-
Wheel Independent Steering Vehicles: Tire
Force Distribution Patterns and Optimality
Criteria Method (Mechanical Systems),
Transactions of the Japan Society of Mechanical
Engineers Series C. 2010. Vol. 76, no. 772.
pp. 3577-3586. URL:
https://doi.org/10.1299/kikaic.76.3577 (date of
access: 12.01.2025).

[13] M. Kurishige, O. Nishihara Ta H. Kumamoto, A
New Control Strategy to Reduce Steering
Torque Without Perceptible Vibration for
Vehicles Equipped with Electric Power
Steering, Journal of Vibration and Acoustics.
2010. Vol. 132, No 5, 054504 (5 pages) URL.:
https://doi.org/10.1115/1.4001838  (date of
access: 12.01.2025).

[14] M. Kolisnyk, O. Piskachov and 1. Piskachova,
Maneuverability of the Road Train in the
System Smart City, 2023 27th International
Conference on Circuits, Systems,
Communications and Computers (CSCC),
Rhodes (Rodos) Island, Greece, 2023, pp. 139-
143. URL:
https://doi.org/10.1109/CSCC58962.2023.0002
9 (date of access: 09.01.2025).

[15] B. Yu, S. Bao, F. Feng, J. Sayer, Examination
and prediction of drivers ’reaction when
provided with V2I communication-based
intersection maneuver strategies, Transporta-
tion Research Part C: Emerging Technologies,
Vol. 106, 2019, pp. 17-28, ISSN 0968-090X,
URL: https://doi.org/10.1016/j.trc.2019.07.007
(date of access: 1.12.2024).

[16] M. Werling, P. Reinisch, M. Heidingsfeld and
K. Gresser, Reversing the General One-Trailer
System: Asymptotic Curvature Stabilization and
Path Tracking, in IEEE Transactions on
Intelligent Transportation Systems, Vol. 15,

E-ISSN: 2224-2856

568

Maryna Kolisnyk, Oleksandr Piskachov, Iryna Piskachova

No.2, April 2014, pp. 627-636. URL:
https://doi.org/10.1109/TITS.2013.2285602
(date of access: 10.11.2024).

[17] A. Elhassan, Autonomous driving system for
reversing an articulated vehicle, thesis, KTH,
Regl., 2015, 82 p-
URL: http://urn.kb.se/resolve?urn=urn:nbn:se:k
th:diva-175373 (date of access: 1.12.2024).

[18]J. Roh, Jae & Chung, Woojin, Reversing
Control of a Car with a Trailer Using the Driver
Assistance System, International Journal of
Advanced Robotic Systems, Vol. 8, No. 2, 2011,
ISSN  1729-8806, pp. 114-121. URL:
https://doi.org/10.1109/ROBIO.2011.6181744
(date of access: 5.01.2025).

[19] D. Tatievskyi, Realization of reverse motion of
the model of a semitrailer road train. EUREKA:
Physics and Engineering, Vol. 3, 2018, pp. 59-
66. URL:  https://doi.org/10.21303/2461-
4262.2018.00644 (date of access: 11.01.2025).

[20] E. Lucet, A. Micaelli, Stabilization of a Road-
Train of Articulated Vehicles, Journal Robotics
and Autonomous Systems, Vol. 114, 2019,
pp. 106-123. ISSN 0921-8890.
URL: https://doi.org/10.1016/j.robot.2019.01.0
16 (date of access: 15.12.2024).

[21] A. Aldughaiyem, Y. Bin Salamah Ta I. Ahmad,
Control Design and Assessment for a Reversing
Tractor—Trailer System Using a Cascade
Controller, Appl. Sci., Vol. 11, No 22, 10634,
(13 p.), 2021. URL:
https://doi.org/10.3390/app112210634 (date of
access: 15.12.2024).

[22] K. Koysuren, A.F.Keles ta M. Cakmakci,
Online Parameter Estimation using Physics-
Informed Deep Learning for Vehicle Stability
Algorithms, 2023 American Control
Conference (ACC), IEEE, San Diego, CA,
USA, 2023, pp. 466-471,
URL: https://doi.org/10.23919/ACC55779.202
3.10156092 (date of access: 8.12.2024).

[23] E. Velenis, FWD vehicle drifting control: The
handbrake-cornering technique, 2011 50th IEEE
Conference on Decision and Control and
European Control Conference, Orlando, FL,
USA, 2011, pp- 3258-3263,
URL: https://doi.org/10.1109/CDC.2011.61611
95 (date of access: 19.12.2024).

[24] V. Milanés, J. Godoy, J. Pérez Rastelli, B.
Vinagre, C. Gonzalez, E. Onieva, J. Alonso,
V2I-Based Architecture for Information
Exchange among Vehicles. 7th IFAC
Symposium on Intelligent Autonomous Vehicles,
Sep. 2010, Lecce, Italy, 2010, 7 p. URL:

Volume 20, 2025



WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2025.20.55

https://inria.hal.science/hal-00738034v1
of access: 1.12.2024).

[25] L. Mihalyi ta D. Takacs, Linear Stability of
Reversing a Car-trailer Combination, Periodica
Polytechnica Mech. Eng., Vol. 67, No. 2, 2023,
pp- 87-93. URL:
https://doi.org/10.3311/PPme.18971 (date of
access: 1.12.2024).

[26] L. Joseph, A. K. Mondal, Autonomous Driving
and Advanced Driver-Assistance Systems
(ADAS), Boca Raton: CRC Press, 2021, 540 p.
URL: https://doi.org/10.1201/9781003048381
(date of access: 1.12.2024).

[27] Chao Qin, Yong Zhang and Jin Cheng, Path
tracking control of tractor-trailer mobile robot
with two trailers, International Conference on
Automatic Control and Artificial Intelligence
(ACAI 2012), Xiamen, 2012, pp. 1536-1539,
URL: https://doi.org/10.1049/cp.2012.1275
(date of access: 18.12.2024).

[28] I. Kageyama Ta Y. Saito, On the Backward

(date

Maneuverability of Articulated Vehicles,
Vehicle System Dynamics, 1985, Vol. 14,
No. 1-3, pp- 42-46. URL:

https://doi.org/10.1080/00423118508968794
(date of access: 18.12.2024).

[29] I. Kageyama Tta Y. Saito, On the backward
maneuverability of articulated vehicles, Vehicle
System Dyn., Vol. 15, sup1, 1986, pp. 222-232.
URL: https://doi.org/10.1080/00423118608969
138 (date of access: 01.12.2024).

[30] M. Kolisnyk, O. Piskachov and I. Piskachova,
Method for Determining the Conditions for
Ensuring Stable Rearward Movement of a Semi-
trailer Combination with Non-turning Semi-
trailer Wheels, WSEAS Transactions on Systems
and Control, No. 19, 2024, pp. 271-282. URL:
https://doi.org/10.37394/23203.2024.19.30
(date of access: 01.01.2025).

E-ISSN: 2224-2856

569

Maryna Kolisnyk, Oleksandr Piskachov, Iryna Piskachova

Contribution of Individual Authors to the
Creation of a Scientific Article (Ghostwriting
Policy)

The authors equally contributed in the present
research, at all stages from the formulation of the
problem to the final findings and solution.

Sources of Funding for Research Presented in a
Scientific Article or Scientific Article Itself
No funding was received for conducting this study.

Conflict of Interest
The authors have no conflicts of interest to declare
that are relevant to the content of this article.

Creative Commons Attribution License 4.0
(Attribution 4.0 International, CC BY 4.0)

This article is published under the terms of the
Creative Commons Attribution License 4.0

https://creativecommons.org/licenses/by/4.0/deed.en
UsS

Volume 20, 2025


https://scholar.google.com/citations?view_op=view_citation&hl=uk&user=U_uBSbIAAAAJ&sortby=pubdate&citation_for_view=U_uBSbIAAAAJ:M3NEmzRMIkIC
https://scholar.google.com/citations?view_op=view_citation&hl=uk&user=U_uBSbIAAAAJ&sortby=pubdate&citation_for_view=U_uBSbIAAAAJ:M3NEmzRMIkIC
https://scholar.google.com/citations?view_op=view_citation&hl=uk&user=U_uBSbIAAAAJ&sortby=pubdate&citation_for_view=U_uBSbIAAAAJ:M3NEmzRMIkIC
https://scholar.google.com/citations?view_op=view_citation&hl=uk&user=U_uBSbIAAAAJ&sortby=pubdate&citation_for_view=U_uBSbIAAAAJ:M3NEmzRMIkIC
https://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/deed.en_US



