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Abstract 

In recent years, the development of container transportation served as a powerful impetus 
for increasing the length of vehicles, especially road trains, which is due to a number 
of advantages regarding the transportation of large-sized freight in a container.
Today, the whole range of containers is transported by two-link road trains consisting 
of a tractor vehicle and semi-trailer. The efficiency of such transportation can be increased 
by means of three-link road trains capable of transporting either three (two 20-foot and one 
40- or 45-foot) or four 20-foot containers. This organization of transportation will lead to 
energy savings and a reduction in environmental pollution due to the reduction of vehicles. 
However, there is a problem with the maneuverability and stability of such vehicles.
The paper developed a kinematic model of three-link road train type “B-triple” with steered 
axles (front or rear) of semi-trailer dolly with a dual drive control for these axles. Based 
on folding angles of road train links and drive control transmission ratios of the axles of 
semi-trailer dolly, the main indicators of road train maneuverability are determined – road 
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train links trajectories displacement relative to the vehicle trajectory and road train overall  
traffic lane.
It was established that when entering a turn with slight differences in folding angles of road 
train links, the steered axles of semi-trailer dolly turn in the direction opposite to the direction 
of a turn, thereby reducing the overall traffic lane. During circular motion, the overall traffic lane 
of road train with steered semi-trailers decreased by almost 2 m, but such road train does not 
meet the maneuverability requirements. The search for ways to improve the maneuverability 
of three-link road trains should be sought in the designs of three-link road trains.

Keywords: vehicle; road train; semi-trailer; container; maneuverability

1. Introduction

In recent years, development of freight transportation in containers served as a powerful 
impetus for increasing the vehicles length, especially road trains, which made these lengths, 
agree with the dimensions of ISO universal containers. The container is the most prom-
ising and widespread multimodal means of transport. Container freight transportation by 
two-links, and in recent years, three-link road trains is the most popular [10]. This is due to 
the well-known advantages of three-link road trains compared with two-link [16]. Among 
three-link road trains, 35-meter long road trains with two trailers or semi-trailers capable 
of transporting three containers may be promising, Figure 1, [13].

Fig. 1. Road train with two trailers 

This is explained by the fact that the regulations for road freight transportation, like the 
traffic rules, tend to change from time to time. So, recently in Denmark they thought about 
the need to use long road trains on public roads. This innovation is related to the idea 
of reducing the amount of exhaust gas emissions.
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Note that the total weight, dimensions and permissible loads for freight vehicles in Europe 
are regulated by DIRECTIVE 2002/7/EC, in which the maximum total weight of two-link road 
train with semi-trailer on pneumatic suspension should not exceed 44 tons. In the case of 
using three-link road trains, the total mass of the road train increases to 60 tons, and multi-
link - to 100 tons [3].

Today, in the constructions of multi-link road trains, two main layout schemes are used, as 
a rule - trailer (vehicle + n-trailers) and semi-trailer (tractor vehicle + n-semi-trailers). In this 
case, earlier studies generally concern road trains with both non-controlled and controlled 
links, which are rotated dynamically by braking the wheels of one side, which significantly 
complicates their construction. At the same time, using the kinematic control method 
(steering axles of semi-trailers with dual drive control) it is possible to achieve a signifi-
cant maneuverability improvement of the road train and its operation throughout the road 
network, which allow up to 10 tons axle load.

Trailed three-link road trains are considered in the paper [14]. Therefore, it is advisable to 
consider semi-trailer road trains (type “B-triple”) when transporting three containers.

2. Materials and Methods

The advantages of container transportation are that the transportation of large-sized freight 
in container is many times cheaper than delivery by other means. It can be used to transport 
various types of freight, including food, chemicals, equipment, etc. The container protects 
the goods inside, so it does not require complex and expensive packaging in most cases, and 
in case of multimodal transportation, transshipment operations take place much faster if 
the goods are in the container. The container can only be opened at the point of departure/
destination and at the customs, making the damage and theft of freight unacceptable [16]. 
These advantages can only be realized if the design of the container matches the freight 
being transported. Today, containers from 20 foot, Figure 2a, to 45 foot, Figure 2b, in length 
are used for freight transportation.

Fig. 2. Semi-trailer scheme for transporting: a) 20-foot container
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Fig. 2. Semi-trailer scheme for transporting: b) 45-foot container

Today, both 20-foot and 45-foot containers are transported by two-links road trains as part 
of tractor vehicle and semi-trailer. The efficiency of such transportation can be increased by 
means of three-link road trains capable of transporting either three (two 20-foot and one 
40- or 45-foot) or four 20-foot containers [7, 11]. This organization of transportation will lead to 
energy savings and reduction in the level of environmental pollution due to the vehicles reduc-
tion. However, at the same time, there is a problem related to the maneuverability and stability 
of such vehicles [5, 17, 18]. For example, in the paper [2, 6, 8] it was shown that for trailed road 
trains, the interconnections between individual links can generate a specific oscillating trailers 
behavior during vehicle maneuvers. This is confirmed by the paper results [1], where it is noted 
that trailed road trains with a large number of trailers exhibit unstable driving modes at high 
speeds, including folding links, trailer rolling and rollover. The numerical results obtained for 
kinematics of three trailers confirm theoretical considerations, giving a certain quantitative 
view of the problem. Therefore, typical kinematic models of multi-link road trains will be useful 
in solving the issues of multi-link road trains maneuverability and stability [4, 9, 15].

Compact and easy-to-use mathematical models development will help to solve the problem 
of reliable traffic forecasts for multi-link vehicles various kinematic designs. In the paper [12], 
a modular algorithmic approach to the kinematic modeling of road trains with n-trailers is 
proposed, based on vehicle all wheels pure rolling condition, which is practically justified for 
low-speed maneuvering conditions. This approach is also realized in the paper [15], where 
trailed road train links trajectories, hingedly connected to each other, are tracked. Unlike the 
trailed road train, kinematic model of semi-trailer road trains type “B-double” and “B-triple” 
is more complex. At the same time, more complex equations to ensure the required maneu-
verability level can be interpreted as virtual control of wheels placed on semi-trailers, whose 
rotation angles are determined by non-linear feedback from the original system configura-
tion state [15].

The vehicle maneuverability and stability characteristics, as is known, are determined by 
a combination of operational, mass-geometric and structural parameters of its modules and 
their control systems, which, in terms of maneuverability and stability even for the same 
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vehicle in the range of operating loads and speeds are different [14]. Success in solving 
such problems depends on how well the mathematical model and its essential parame-
ters describing the dynamic system behavior in different modes of motion are chosen. For 
maneuverability – it is an equation in plane-parallel motion, taking into account low speeds, 
for stability – it is a spatial motion. Thus, the complex differential equations of plane-parallel 
motion are known to determine the maneuverability and stability of two-link semi-trailer 
and three-link trailed road trains, however, the use of these equations for the comparative 
evaluation of multi-link container carrier road trains can lead to a significant error. In this 
regard, the aim of the work is to determine the maneuverability indicators of three-link 
“B-triple” road trains with steered axles of semi-trailer dollies.

3. Results

For multi-link road train, the overall curvilinear traffic lane in contrast to the straight traffic 
lane, has a complex shape, limited by trajectories projections on horizontal plane of external, 
relative to the center of a turn, tractor vehicle side and trailer or semi-trailer rear end. The 
road train overall traffic lane at the turn is determined by the tractor vehicle main trajectory 
and trailer or semi-trailer trajectory displacement from the main trajectory to the center 
of a turn. The overall traffic lane and overall corridor (space part taken by the road train at 
a turn) reach their maximum on a stable curvilinear, that is, on a circular trajectory. It is on 
this trajectory that the multi-link road trains overall traffic lane should be determined. In 
paper [14] it is stated that the road trains maneuverability indicators (at speeds not exceeding 
10 m/s) can be determined on wheels rigid in lateral direction, that is, by kinematic models.

Consider three link road train type “B-triple” turn kinematics, Figure 3.

 

Fig. 3. Three-link road train type “B-triple”
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Earlier studies have proved that “B-triple” road trains with non-steered trailed links, as well 
as with steered trailed links and direct drive control on semi-trailers steered axle, do not 
meet the regulatory documents requirements.

One possible way of improving such road trains could be to use a dual drive control [14] on 
steered axles of semi-trailer dollies.

To do this, consider two fundamentally different control systems:

•	 Scheme	№1	–	road	train	with	front	steered	axles	of	semi-trailer	dollies;
•	 Scheme	№2	–	road	train	with	rear	steered	axles	of	semi-trailer	dollies.

Note, however, that three-axle semi-trailer dolly with two rear non-turning axles can always 
be reduced to a two-axle one, given that the multi-axle dolly turning kinematics is equivalent 
to a two-axle one. To clarify dual drive control operation, let's first consider two-link road 
train with two-axle semi-trailer [14].

In case of fixed turn and coincidence of main tractor vehicle (1 – Figure 4) and semi-trailer 
dolly (2 – Figure 4) trajectories, the dolly pivot axle (3 – Figure 4) shall be turned at an angle 
θ1 - Figure 4. The folding angles φ1 and φ2 will be used between longitudinal axes of road train 
links as the setting parameters for dual turn control system of semi-trailer dolly steered axle. 
Angle θ1 in this case is a function of the first folding angle (the angle between tractor vehicle 
and semi-trailer skeleton longitudinal axes) and the second folding angle (the angle between 
semi-trailer skeleton and its dolly longitudinal axes), i.e., θ1 = f (φ1, φ2).

Fig. 4. Road train design scheme with dual drive control on the axle of semi-trailer dolly
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When the road train is on input transition path, reduced rotation angle θ of tractor steered 
wheels is increased by values Δθ. At the same time, the rotation angle of semi-trailer steered 
axle will increase by Δθ1 due to operation of dual control system and increasing of folding 
angles by values φ1 and φ2, respectively. This process can be represented in the form [14]:
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Previous studies [14] proved that the maneuverability of three-link road train type “B-double” 
is mainly determined by the second semi-trailer trajectories displacements relative to the 
tractor trajectory. It can be predicted that maneuverability will be determined by the third 
semi-trailer trajectory displacement according to the vehicle trajectory for “B-triple” road 
train as well. In this case, when determining the folding angles of three-link “B-triple” road 
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trailer, first semi-trailer with the second semi-trailer, and then the second and third semi-
trailers, Figure 5.

Fig. 5. Three-link “B-double” road train at an unsteady turn design scheme

Taking into account the dependences known from the kinematics, as well as the results of 
the paper [14], we will get the equations that determine folding angles of the road train links:
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Taking into account the dependences known from the kinematics, as well as the results of the paper [14], 
we will get the equations that determine folding angles of the road train links: 
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Where: β1 = (π⁄2 − φ1 − α1); β2 = (φ1 + φ2 + α1); β3 = (π⁄2 − φ2 − α1); β4 = 
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The expressions (6-13) are as follows, Figure 5: 
Li – distance from the coupling point of semi-trailer to the point midway between the second and third 
axles of the dolly, i = 1, 2, 3; 
Lj - distance from the coupling point of semi-trailer to the point midway between the first and second 
axles of the dolly, j = 1, 2, 3; 
a, b – distance from the tractor vehicle center of mass to the front and rear axles, respectively; 
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer; 
c1 – distance from the first semi-trailer center of mass to the coupling point with the vehicle; 
c2 – distance from the second semi-trailer center of mass to the coupling point with the first semi-trailer; 
c3 – distance from the third semi-trailer center of mass to the coupling point with the second semi-trailer; 
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly; 
a1,2,3; b1,2,3 – distance from the first, second and third semi-trailer dolly center of mass to the front and 
middle of the two rear axles, respectively; 
d1, d2, d3 – distance from the center of the first, second and third semi-trailer to the point located in the 
middle between the second and third axles of the dolly, respectively; 
φi (i = 1-6) – folding angles of the road train links; 
θ, θ1, θ2, θ3 – rotation angle of the tractor steered wheels and steered axles of the first, second and third 
semi-trailer. 

Folding angles of road train links and rotation of steered axles, which determine dual drive control 
transmission ratios, should be determined during the road train circular motion. In this case, calculation 
formulas for determining folding angles and rotation angles of semi-trailers steered axles are determined 
by the links geometric parameters and defining parameter – the rotation angle of corresponding link. 
Table 1 indicate the dependencies for determining folding angles and rotation angles of semi-trailers 
steered axles with both front and rear axle drive. 

Tab. 1. Folding angles and turning angles of semi-trailers steered axles 
Drive on front axle of semi-trailer dolly Drive on rear axle of semi-trailer dolly 
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The expressions (6-13) are as follows, Figure 5:
Li –  distance from the coupling point of semi-trailer to the point midway between the 

second and third axles of the dolly, i = 1, 2, 3;
Lj -  distance from the coupling point of semi-trailer to the point midway between the first 

and second axles of the dolly, j = 1, 2, 3;
a, b –  distance from the tractor vehicle center of mass to the front and rear axles, respec-

tively;
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer;
c1 –  distance from the first semi-trailer center of mass to the coupling point with the 

vehicle;
c2 –  distance from the second semi-trailer center of mass to the coupling point with the 

first semi-trailer;
c3 –  distance from the third semi-trailer center of mass to the coupling point with the 

second semi-trailer;
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly;
a1,2,3; b1,2,3 –  distance from the first, second and third semi-trailer dolly center of mass to 

the front and middle of the two rear axles, respectively;
d1, d2, d3 –  distance from the center of the first, second and third semi-trailer to the point 

located in the middle between the second and third axles of the dolly, respec-
tively;

φi (i = 1-6) – folding angles of the road train links;
θ, θ1, θ2, θ3 –  rotation angle of the tractor steered wheels and steered axles of the first, 

second and third semi-trailer.
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Folding angles of road train links and rotation of steered axles, which determine dual drive 
control transmission ratios, should be determined during the road train circular motion. In 
this case, calculation formulas for determining folding angles and rotation angles of semi-
trailers steered axles are determined by the links geometric parameters and defining 
parameter – the rotation angle of corresponding link. Table 1 indicate the dependencies for 
determining folding angles and rotation angles of semi-trailers steered axles with both front 
and rear axle drive.

Tab. 1. Folding angles and turning angles of semi-trailers steered axles

Drive on front axle of semi-trailer dolly Drive on rear axle of semi-trailer dolly
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The expressions (6-13) are as follows, Figure 5: 
Li – distance from the coupling point of semi-trailer to the point midway between the second and third 
axles of the dolly, i = 1, 2, 3; 
Lj - distance from the coupling point of semi-trailer to the point midway between the first and second 
axles of the dolly, j = 1, 2, 3; 
a, b – distance from the tractor vehicle center of mass to the front and rear axles, respectively; 
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer; 
c1 – distance from the first semi-trailer center of mass to the coupling point with the vehicle; 
c2 – distance from the second semi-trailer center of mass to the coupling point with the first semi-trailer; 
c3 – distance from the third semi-trailer center of mass to the coupling point with the second semi-trailer; 
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly; 
a1,2,3; b1,2,3 – distance from the first, second and third semi-trailer dolly center of mass to the front and 
middle of the two rear axles, respectively; 
d1, d2, d3 – distance from the center of the first, second and third semi-trailer to the point located in the 
middle between the second and third axles of the dolly, respectively; 
φi (i = 1-6) – folding angles of the road train links; 
θ, θ1, θ2, θ3 – rotation angle of the tractor steered wheels and steered axles of the first, second and third 
semi-trailer. 

Folding angles of road train links and rotation of steered axles, which determine dual drive control 
transmission ratios, should be determined during the road train circular motion. In this case, calculation 
formulas for determining folding angles and rotation angles of semi-trailers steered axles are determined 
by the links geometric parameters and defining parameter – the rotation angle of corresponding link. 
Table 1 indicate the dependencies for determining folding angles and rotation angles of semi-trailers 
steered axles with both front and rear axle drive. 

Tab. 1. Folding angles and turning angles of semi-trailers steered axles 
Drive on front axle of semi-trailer dolly Drive on rear axle of semi-trailer dolly 
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The expressions (6-13) are as follows, Figure 5: 
Li – distance from the coupling point of semi-trailer to the point midway between the second and third 
axles of the dolly, i = 1, 2, 3; 
Lj - distance from the coupling point of semi-trailer to the point midway between the first and second 
axles of the dolly, j = 1, 2, 3; 
a, b – distance from the tractor vehicle center of mass to the front and rear axles, respectively; 
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer; 
c1 – distance from the first semi-trailer center of mass to the coupling point with the vehicle; 
c2 – distance from the second semi-trailer center of mass to the coupling point with the first semi-trailer; 
c3 – distance from the third semi-trailer center of mass to the coupling point with the second semi-trailer; 
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly; 
a1,2,3; b1,2,3 – distance from the first, second and third semi-trailer dolly center of mass to the front and 
middle of the two rear axles, respectively; 
d1, d2, d3 – distance from the center of the first, second and third semi-trailer to the point located in the 
middle between the second and third axles of the dolly, respectively; 
φi (i = 1-6) – folding angles of the road train links; 
θ, θ1, θ2, θ3 – rotation angle of the tractor steered wheels and steered axles of the first, second and third 
semi-trailer. 

Folding angles of road train links and rotation of steered axles, which determine dual drive control 
transmission ratios, should be determined during the road train circular motion. In this case, calculation 
formulas for determining folding angles and rotation angles of semi-trailers steered axles are determined 
by the links geometric parameters and defining parameter – the rotation angle of corresponding link. 
Table 1 indicate the dependencies for determining folding angles and rotation angles of semi-trailers 
steered axles with both front and rear axle drive. 

Tab. 1. Folding angles and turning angles of semi-trailers steered axles 
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The expressions (6-13) are as follows, Figure 5: 
Li – distance from the coupling point of semi-trailer to the point midway between the second and third 
axles of the dolly, i = 1, 2, 3; 
Lj - distance from the coupling point of semi-trailer to the point midway between the first and second 
axles of the dolly, j = 1, 2, 3; 
a, b – distance from the tractor vehicle center of mass to the front and rear axles, respectively; 
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer; 
c1 – distance from the first semi-trailer center of mass to the coupling point with the vehicle; 
c2 – distance from the second semi-trailer center of mass to the coupling point with the first semi-trailer; 
c3 – distance from the third semi-trailer center of mass to the coupling point with the second semi-trailer; 
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly; 
a1,2,3; b1,2,3 – distance from the first, second and third semi-trailer dolly center of mass to the front and 
middle of the two rear axles, respectively; 
d1, d2, d3 – distance from the center of the first, second and third semi-trailer to the point located in the 
middle between the second and third axles of the dolly, respectively; 
φi (i = 1-6) – folding angles of the road train links; 
θ, θ1, θ2, θ3 – rotation angle of the tractor steered wheels and steered axles of the first, second and third 
semi-trailer. 

Folding angles of road train links and rotation of steered axles, which determine dual drive control 
transmission ratios, should be determined during the road train circular motion. In this case, calculation 
formulas for determining folding angles and rotation angles of semi-trailers steered axles are determined 
by the links geometric parameters and defining parameter – the rotation angle of corresponding link. 
Table 1 indicate the dependencies for determining folding angles and rotation angles of semi-trailers 
steered axles with both front and rear axle drive. 

Tab. 1. Folding angles and turning angles of semi-trailers steered axles 
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The expressions (6-13) are as follows, Figure 5: 
Li – distance from the coupling point of semi-trailer to the point midway between the second and third 
axles of the dolly, i = 1, 2, 3; 
Lj - distance from the coupling point of semi-trailer to the point midway between the first and second 
axles of the dolly, j = 1, 2, 3; 
a, b – distance from the tractor vehicle center of mass to the front and rear axles, respectively; 
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer; 
c1 – distance from the first semi-trailer center of mass to the coupling point with the vehicle; 
c2 – distance from the second semi-trailer center of mass to the coupling point with the first semi-trailer; 
c3 – distance from the third semi-trailer center of mass to the coupling point with the second semi-trailer; 
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly; 
a1,2,3; b1,2,3 – distance from the first, second and third semi-trailer dolly center of mass to the front and 
middle of the two rear axles, respectively; 
d1, d2, d3 – distance from the center of the first, second and third semi-trailer to the point located in the 
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φi (i = 1-6) – folding angles of the road train links; 
θ, θ1, θ2, θ3 – rotation angle of the tractor steered wheels and steered axles of the first, second and third 
semi-trailer. 

Folding angles of road train links and rotation of steered axles, which determine dual drive control 
transmission ratios, should be determined during the road train circular motion. In this case, calculation 
formulas for determining folding angles and rotation angles of semi-trailers steered axles are determined 
by the links geometric parameters and defining parameter – the rotation angle of corresponding link. 
Table 1 indicate the dependencies for determining folding angles and rotation angles of semi-trailers 
steered axles with both front and rear axle drive. 
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The expressions (6-13) are as follows, Figure 5: 
Li – distance from the coupling point of semi-trailer to the point midway between the second and third 
axles of the dolly, i = 1, 2, 3; 
Lj - distance from the coupling point of semi-trailer to the point midway between the first and second 
axles of the dolly, j = 1, 2, 3; 
a, b – distance from the tractor vehicle center of mass to the front and rear axles, respectively; 
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer; 
c1 – distance from the first semi-trailer center of mass to the coupling point with the vehicle; 
c2 – distance from the second semi-trailer center of mass to the coupling point with the first semi-trailer; 
c3 – distance from the third semi-trailer center of mass to the coupling point with the second semi-trailer; 
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly; 
a1,2,3; b1,2,3 – distance from the first, second and third semi-trailer dolly center of mass to the front and 
middle of the two rear axles, respectively; 
d1, d2, d3 – distance from the center of the first, second and third semi-trailer to the point located in the 
middle between the second and third axles of the dolly, respectively; 
φi (i = 1-6) – folding angles of the road train links; 
θ, θ1, θ2, θ3 – rotation angle of the tractor steered wheels and steered axles of the first, second and third 
semi-trailer. 

Folding angles of road train links and rotation of steered axles, which determine dual drive control 
transmission ratios, should be determined during the road train circular motion. In this case, calculation 
formulas for determining folding angles and rotation angles of semi-trailers steered axles are determined 
by the links geometric parameters and defining parameter – the rotation angle of corresponding link. 
Table 1 indicate the dependencies for determining folding angles and rotation angles of semi-trailers 
steered axles with both front and rear axle drive. 

Tab. 1. Folding angles and turning angles of semi-trailers steered axles 
Drive on front axle of semi-trailer dolly Drive on rear axle of semi-trailer dolly 

φ1 = arcsin L12+c02−b2

2L1×�l2ctg2θ+c02
− arctg c0

lctgθ
φ1 = arcsin L12+c02−b2

2L1×�l2ctg2θ+c02
− arctg c0

lctgθ

φ2 = arcsin L12−c02+b2

2L1×�l12ctg2θ+b2
+ arctg b

L1ctgθ
φ2 = arcsin L12−c02+a2

2L1×�l12ctg2θ+a2
− arctg a

L1ctgθ

φ3 = arcsin L22+c12−b12

2L2×�l22ctg2θ1+c12
− arctg c1

L2ctgθ1
φ3 = arcsin L22+c02−a12

2L1×�L12ctg2θ1+c12
− arctg c1

L2ctgθ1
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The expressions (6-13) are as follows, Figure 5: 
Li – distance from the coupling point of semi-trailer to the point midway between the second and third 
axles of the dolly, i = 1, 2, 3; 
Lj - distance from the coupling point of semi-trailer to the point midway between the first and second 
axles of the dolly, j = 1, 2, 3; 
a, b – distance from the tractor vehicle center of mass to the front and rear axles, respectively; 
c0 – distance from the vehicle center of mass to the coupling point with first semi-trailer; 
c1 – distance from the first semi-trailer center of mass to the coupling point with the vehicle; 
c2 – distance from the second semi-trailer center of mass to the coupling point with the first semi-trailer; 
c3 – distance from the third semi-trailer center of mass to the coupling point with the second semi-trailer; 
l1, l2, l3 – distance between extreme axles of the first, second and third semi-trailer dolly; 
a1,2,3; b1,2,3 – distance from the first, second and third semi-trailer dolly center of mass to the front and 
middle of the two rear axles, respectively; 
d1, d2, d3 – distance from the center of the first, second and third semi-trailer to the point located in the 
middle between the second and third axles of the dolly, respectively; 
φi (i = 1-6) – folding angles of the road train links; 
θ, θ1, θ2, θ3 – rotation angle of the tractor steered wheels and steered axles of the first, second and third 
semi-trailer. 

Folding angles of road train links and rotation of steered axles, which determine dual drive control 
transmission ratios, should be determined during the road train circular motion. In this case, calculation 
formulas for determining folding angles and rotation angles of semi-trailers steered axles are determined 
by the links geometric parameters and defining parameter – the rotation angle of corresponding link. 
Table 1 indicate the dependencies for determining folding angles and rotation angles of semi-trailers 
steered axles with both front and rear axle drive. 

Tab. 1. Folding angles and turning angles of semi-trailers steered axles 
Drive on front axle of semi-trailer dolly Drive on rear axle of semi-trailer dolly 

φ1 = arcsin L12+c02−b2

2L1×�l2ctg2θ+c02
− arctg c0

lctgθ
φ1 = arcsin L12+c02−b2

2L1×�l2ctg2θ+c02
− arctg c0

lctgθ

φ2 = arcsin L12−c02+b2
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φ2 = arcsin L12−c02+a2

2L1×�l12ctg2θ+a2
− arctg a

L1ctgθ

φ3 = arcsin L22+c12−b12

2L2×�l22ctg2θ1+c12
− arctg c1

L2ctgθ1
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Folding angles of road train links and rotation of semi-trailers steered axles make it possible to determine 
the transmission ratios of dual drive control system. Usually, the first drive control transmission ratio is 
chosen close to unity. Then the second transmission ratio of rear axle drive control of the first, second 
and third semi-trailers will be determined as: 

𝑢𝑢𝑢𝑢1 = θ1+ϕ2
ϕ3

            (14) 

𝑢𝑢𝑢𝑢2 = θ2+ϕ3
ϕ4

            (15) 

𝑢𝑢𝑢𝑢3 = θ3+ϕ4
ϕ5

            (16) 

Considering the fact that drive control transmission ratio depends on folding angles of road train links 
and rotation angle of semi-trailer steered axle, in Figure 6, as an example, the dependence on folding 
angles of road train links φ1, φ2, φ3, φ4, φ5, φ6 on rotation angle of the tractor vehicle steered wheels 
during road train circular motion is given. 
From the above correlation, Figure 6, it follows that as rotation angle of the tractor steered wheels 
increases, all folding angles of road train increase, but the largest change occurs for the third (folding 
angle between the first and second semi-trailer) and fifth (folding angle between the second and third 
semi-trailer) folding angles. The folding angles, in turn, determine drive control transmission ratio, 
Figure 7. A characteristic property of dual drive control is that the transmission ratio does not remain 
constant, but changes with the change of the corresponding road train folding angle. 
The folding angles and drive control transmission ratio determine the magnitude and direction of rotation 
angle by steered axles (wheels) of semi-trailer dolly. From equations (14-16), we determine the rotation 
angles of semi-trailers dollies steered axles. We get: 

θ1 = 𝑢𝑢𝑢𝑢1ϕ3 − ϕ2           (17) 

θ2 = 𝑢𝑢𝑢𝑢2ϕ4 − ϕ3           (18) 

θ3 = 𝑢𝑢𝑢𝑢3ϕ5 − ϕ4           (19) 

When entering a turn at insignificant all folding angles, for steered axles of semi-trailers dollies there is 
a negative rotation angle value (turn in the direction opposite to the rotation angle of tractor vehicle 
steering wheels). With the further folding angles increase, the rotation angles direction for steering axles 
of semi-trailer dollies will coincide with the tractor vehicle steering wheels rotation direction, which 
will lead to a reduction in semi-trailer trajectories displacement and road train overall traffic lane. 
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Folding angles of road train links and rotation of semi-trailers steered axles make it possible to determine 
the transmission ratios of dual drive control system. Usually, the first drive control transmission ratio is 
chosen close to unity. Then the second transmission ratio of rear axle drive control of the first, second 
and third semi-trailers will be determined as: 

𝑢𝑢𝑢𝑢1 = θ1+ϕ2
ϕ3

            (14) 

𝑢𝑢𝑢𝑢2 = θ2+ϕ3
ϕ4

            (15) 

𝑢𝑢𝑢𝑢3 = θ3+ϕ4
ϕ5

            (16) 

Considering the fact that drive control transmission ratio depends on folding angles of road train links 
and rotation angle of semi-trailer steered axle, in Figure 6, as an example, the dependence on folding 
angles of road train links φ1, φ2, φ3, φ4, φ5, φ6 on rotation angle of the tractor vehicle steered wheels 
during road train circular motion is given. 
From the above correlation, Figure 6, it follows that as rotation angle of the tractor steered wheels 
increases, all folding angles of road train increase, but the largest change occurs for the third (folding 
angle between the first and second semi-trailer) and fifth (folding angle between the second and third 
semi-trailer) folding angles. The folding angles, in turn, determine drive control transmission ratio, 
Figure 7. A characteristic property of dual drive control is that the transmission ratio does not remain 
constant, but changes with the change of the corresponding road train folding angle. 
The folding angles and drive control transmission ratio determine the magnitude and direction of rotation 
angle by steered axles (wheels) of semi-trailer dolly. From equations (14-16), we determine the rotation 
angles of semi-trailers dollies steered axles. We get: 

θ1 = 𝑢𝑢𝑢𝑢1ϕ3 − ϕ2           (17) 

θ2 = 𝑢𝑢𝑢𝑢2ϕ4 − ϕ3           (18) 

θ3 = 𝑢𝑢𝑢𝑢3ϕ5 − ϕ4           (19) 

When entering a turn at insignificant all folding angles, for steered axles of semi-trailers dollies there is 
a negative rotation angle value (turn in the direction opposite to the rotation angle of tractor vehicle 
steering wheels). With the further folding angles increase, the rotation angles direction for steering axles 
of semi-trailer dollies will coincide with the tractor vehicle steering wheels rotation direction, which 
will lead to a reduction in semi-trailer trajectories displacement and road train overall traffic lane. 
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Folding angles of road train links and rotation of semi-trailers steered axles make it possible to determine 
the transmission ratios of dual drive control system. Usually, the first drive control transmission ratio is 
chosen close to unity. Then the second transmission ratio of rear axle drive control of the first, second 
and third semi-trailers will be determined as: 

𝑢𝑢𝑢𝑢1 = θ1+ϕ2
ϕ3

            (14) 

𝑢𝑢𝑢𝑢2 = θ2+ϕ3
ϕ4

            (15) 

𝑢𝑢𝑢𝑢3 = θ3+ϕ4
ϕ5

            (16) 

Considering the fact that drive control transmission ratio depends on folding angles of road train links 
and rotation angle of semi-trailer steered axle, in Figure 6, as an example, the dependence on folding 
angles of road train links φ1, φ2, φ3, φ4, φ5, φ6 on rotation angle of the tractor vehicle steered wheels 
during road train circular motion is given. 
From the above correlation, Figure 6, it follows that as rotation angle of the tractor steered wheels 
increases, all folding angles of road train increase, but the largest change occurs for the third (folding 
angle between the first and second semi-trailer) and fifth (folding angle between the second and third 
semi-trailer) folding angles. The folding angles, in turn, determine drive control transmission ratio, 
Figure 7. A characteristic property of dual drive control is that the transmission ratio does not remain 
constant, but changes with the change of the corresponding road train folding angle. 
The folding angles and drive control transmission ratio determine the magnitude and direction of rotation 
angle by steered axles (wheels) of semi-trailer dolly. From equations (14-16), we determine the rotation 
angles of semi-trailers dollies steered axles. We get: 

θ1 = 𝑢𝑢𝑢𝑢1ϕ3 − ϕ2           (17) 

θ2 = 𝑢𝑢𝑢𝑢2ϕ4 − ϕ3           (18) 

θ3 = 𝑢𝑢𝑢𝑢3ϕ5 − ϕ4           (19) 

When entering a turn at insignificant all folding angles, for steered axles of semi-trailers dollies there is 
a negative rotation angle value (turn in the direction opposite to the rotation angle of tractor vehicle 
steering wheels). With the further folding angles increase, the rotation angles direction for steering axles 
of semi-trailer dollies will coincide with the tractor vehicle steering wheels rotation direction, which 
will lead to a reduction in semi-trailer trajectories displacement and road train overall traffic lane. 
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Folding angles of road train links and rotation of semi-trailers steered axles make it possible to determine 
the transmission ratios of dual drive control system. Usually, the first drive control transmission ratio is 
chosen close to unity. Then the second transmission ratio of rear axle drive control of the first, second 
and third semi-trailers will be determined as: 

𝑢𝑢𝑢𝑢1 = θ1+ϕ2
ϕ3

            (14) 

𝑢𝑢𝑢𝑢2 = θ2+ϕ3
ϕ4

            (15) 

𝑢𝑢𝑢𝑢3 = θ3+ϕ4
ϕ5

            (16) 

Considering the fact that drive control transmission ratio depends on folding angles of road train links 
and rotation angle of semi-trailer steered axle, in Figure 6, as an example, the dependence on folding 
angles of road train links φ1, φ2, φ3, φ4, φ5, φ6 on rotation angle of the tractor vehicle steered wheels 
during road train circular motion is given. 
From the above correlation, Figure 6, it follows that as rotation angle of the tractor steered wheels 
increases, all folding angles of road train increase, but the largest change occurs for the third (folding 
angle between the first and second semi-trailer) and fifth (folding angle between the second and third 
semi-trailer) folding angles. The folding angles, in turn, determine drive control transmission ratio, 
Figure 7. A characteristic property of dual drive control is that the transmission ratio does not remain 
constant, but changes with the change of the corresponding road train folding angle. 
The folding angles and drive control transmission ratio determine the magnitude and direction of rotation 
angle by steered axles (wheels) of semi-trailer dolly. From equations (14-16), we determine the rotation 
angles of semi-trailers dollies steered axles. We get: 

θ1 = 𝑢𝑢𝑢𝑢1ϕ3 − ϕ2           (17) 

θ2 = 𝑢𝑢𝑢𝑢2ϕ4 − ϕ3           (18) 

θ3 = 𝑢𝑢𝑢𝑢3ϕ5 − ϕ4           (19) 

When entering a turn at insignificant all folding angles, for steered axles of semi-trailers dollies there is 
a negative rotation angle value (turn in the direction opposite to the rotation angle of tractor vehicle 
steering wheels). With the further folding angles increase, the rotation angles direction for steering axles 
of semi-trailer dollies will coincide with the tractor vehicle steering wheels rotation direction, which 
will lead to a reduction in semi-trailer trajectories displacement and road train overall traffic lane. 
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Folding angles of road train links and rotation of semi-trailers steered axles make it possible to determine 
the transmission ratios of dual drive control system. Usually, the first drive control transmission ratio is 
chosen close to unity. Then the second transmission ratio of rear axle drive control of the first, second 
and third semi-trailers will be determined as: 

𝑢𝑢𝑢𝑢1 = θ1+ϕ2
ϕ3

            (14) 

𝑢𝑢𝑢𝑢2 = θ2+ϕ3
ϕ4

            (15) 

𝑢𝑢𝑢𝑢3 = θ3+ϕ4
ϕ5
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Considering the fact that drive control transmission ratio depends on folding angles of road train links 
and rotation angle of semi-trailer steered axle, in Figure 6, as an example, the dependence on folding 
angles of road train links φ1, φ2, φ3, φ4, φ5, φ6 on rotation angle of the tractor vehicle steered wheels 
during road train circular motion is given. 
From the above correlation, Figure 6, it follows that as rotation angle of the tractor steered wheels 
increases, all folding angles of road train increase, but the largest change occurs for the third (folding 
angle between the first and second semi-trailer) and fifth (folding angle between the second and third 
semi-trailer) folding angles. The folding angles, in turn, determine drive control transmission ratio, 
Figure 7. A characteristic property of dual drive control is that the transmission ratio does not remain 
constant, but changes with the change of the corresponding road train folding angle. 
The folding angles and drive control transmission ratio determine the magnitude and direction of rotation 
angle by steered axles (wheels) of semi-trailer dolly. From equations (14-16), we determine the rotation 
angles of semi-trailers dollies steered axles. We get: 

θ1 = 𝑢𝑢𝑢𝑢1ϕ3 − ϕ2           (17) 

θ2 = 𝑢𝑢𝑢𝑢2ϕ4 − ϕ3           (18) 

θ3 = 𝑢𝑢𝑢𝑢3ϕ5 − ϕ4           (19) 

When entering a turn at insignificant all folding angles, for steered axles of semi-trailers dollies there is 
a negative rotation angle value (turn in the direction opposite to the rotation angle of tractor vehicle 
steering wheels). With the further folding angles increase, the rotation angles direction for steering axles 
of semi-trailer dollies will coincide with the tractor vehicle steering wheels rotation direction, which 
will lead to a reduction in semi-trailer trajectories displacement and road train overall traffic lane. 
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Folding angles of road train links and rotation of semi-trailers steered axles make it possible to determine 
the transmission ratios of dual drive control system. Usually, the first drive control transmission ratio is 
chosen close to unity. Then the second transmission ratio of rear axle drive control of the first, second 
and third semi-trailers will be determined as: 

𝑢𝑢𝑢𝑢1 = θ1+ϕ2
ϕ3

            (14) 

𝑢𝑢𝑢𝑢2 = θ2+ϕ3
ϕ4

            (15) 

𝑢𝑢𝑢𝑢3 = θ3+ϕ4
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Considering the fact that drive control transmission ratio depends on folding angles of road train links 
and rotation angle of semi-trailer steered axle, in Figure 6, as an example, the dependence on folding 
angles of road train links φ1, φ2, φ3, φ4, φ5, φ6 on rotation angle of the tractor vehicle steered wheels 
during road train circular motion is given. 
From the above correlation, Figure 6, it follows that as rotation angle of the tractor steered wheels 
increases, all folding angles of road train increase, but the largest change occurs for the third (folding 
angle between the first and second semi-trailer) and fifth (folding angle between the second and third 
semi-trailer) folding angles. The folding angles, in turn, determine drive control transmission ratio, 
Figure 7. A characteristic property of dual drive control is that the transmission ratio does not remain 
constant, but changes with the change of the corresponding road train folding angle. 
The folding angles and drive control transmission ratio determine the magnitude and direction of rotation 
angle by steered axles (wheels) of semi-trailer dolly. From equations (14-16), we determine the rotation 
angles of semi-trailers dollies steered axles. We get: 

θ1 = 𝑢𝑢𝑢𝑢1ϕ3 − ϕ2           (17) 

θ2 = 𝑢𝑢𝑢𝑢2ϕ4 − ϕ3           (18) 

θ3 = 𝑢𝑢𝑢𝑢3ϕ5 − ϕ4           (19) 
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From the above correlation, Figure 6, it follows that as rotation angle of the tractor steered 
wheels increases, all folding angles of road train increase, but the largest change occurs for 
the third (folding angle between the first and second semi-trailer) and fifth (folding angle 
between the second and third semi-trailer) folding angles. The folding angles, in turn, deter-
mine drive control transmission ratio, Figure 7. A characteristic property of dual drive control 
is that the transmission ratio does not remain constant, but changes with the change of the 
corresponding road train folding angle.

The folding angles and drive control transmission ratio determine the magnitude and direc-
tion of rotation angle by steered axles (wheels) of semi-trailer dolly. From equations (14-16), 
we determine the rotation angles of semi-trailers dollies steered axles. We get:
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Fig. 6. Dependence of road train links folding angles 
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According to the defined folding angles of road train links and drive control transmission 
ratios, and accordingly, the rotation angles of semi-trailers steering axles (rear steered 
axles are adopted, which provide smaller overall traffic lane and trajectories displacements 
in comparison with the front steered axles [14]), the links trajectories displacements were 
determined, Figure 8a, and the road train overall traffic lane, Figure 8b for the same initial 
data as for the non-steered semi-trailers shown in Figure 1. At the same time, it was consid-
ered that the tractor vehicle enters a turn and continues to move along a circular trajectory 
with an external overall turning radius Red = 12.5 m, and the trailed links along transition 
trajectories.

  

Fig. 8. a) Semi-trailers trajectories displacement and b) road train overall traffic lane 

As follows form Figure 8a, all semi-trailers moved in the opposite direction relative to the 
tractor-vehicle trajectory as they entered the turn. This is explained by dual drive control 
operation. With slight differences at the beginning of the movement in road train folding 
angles with drive control transmission ratio of semi-trailers steering axle of a smaller unit, 
the rotation angles of steering axles θ1, θ2, θ3, acquire a negative value, i.e. semi-trailers 
steering axles turn in the direction opposite to the direction of a turn, thereby reducing the 
overall traffic lane. Despite the fact that the road train overall traffic lane with steered semi-
trailers has decreased by almost 2 m, such road train does not meet the maneuverability 
requirements of DIRECTIVE 2002/7/EC.
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4. Discussion

In order to increase the efficiency of road transportation, reduce fuel consumption and 
exhaust gas toxicity per unit of carried freight, it is rational to increase the vehicle length, 
especially of road container trains. Among three-link road trains, 35-meter road trains with 
two trailers or semi-trailers capable of carrying three containers may be promising.

Today, in the constructions of multi-link road trains, two main layout schemes are used, as 
a rule - trailed (vehicle + n-trailers) and semi-trailed (tractor-vehicle + n-semi-trailers). In 
contrast to the trailed three-link road trains, maneuverability studies of three-link “B-triple” 
road trains are much less, especially for road trains with steered semi-trailers. This led 
to such a study.

As shown by earlier studies, kinematic models can be used at the preliminary stage of deter-
mining road trains maneuverability indicators (at the same time, the error in determining 
maneuverability indicators based on the kinematic and dynamic model does not exceed 12%). 
This model is based on the determination of road train links folding angles and drive control 
transmission ratios of semi-trailer dolly, in the form of a dual drive control. For this drive, 
rotation angle of a dolly steering axle is defined as a function of the previous (direct control 
connection) and the following (reverse control connection) road train folding angles. Thus, 
when entering a turn with slight differences in folding angles of road train links, the rotation 
angles of steering axles acquire a negative value, that is, semi-trailer dollies steered axles 
turn towards the opposite direction of the turn, thereby reducing the overall traffic lane. 
Despite the fact that the overall traffic lane of a road train with steered semi-trailers has 
decreased by almost 2 m, such road train does not meet the maneuverability requirements 
of DIRECTIVE 2002/7/EC. Therefore, the search for ways to improve the maneuverability 
of three-link road trains should be sought in the designs of three-link trailed road trains.

5. Conclusions

A kinematic mathematical model of three-link road train type “B-triple” with steered axles 
(front or rear) of semi-trailers dollies with a dual drive control on these axles has been devel-
oped. In terms of road train links folding angles and drive control transmission ratios of the 
axles of semi-trailers dollies, the road train main maneuverability indicators are determined 
- road train links trajectories displacement relative to the vehicle trajectory and road train 
overall traffic lane.

It was established that when entering a turn with slight differences in folding angles of road 
train links, steered axles of semi-trailer dollies turn in the direction opposite to the direction 
of a turn, thereby reducing the overall traffic lane. During circular motion, the overall traffic 
lane of road train with steered semi-trailers decreased by almost 2 m, such road train does 
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not meet the maneuverability requirements of DIRECTIVE 2002/7/EC (overall traffic lane 
Botl = 8.1 m > [Botl = 7.2 m]).
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