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ABSTRACT 
 
The process of delivery of indivisible goods is carried out 
by special transport. These units are a two-link road train 
and consist of a tractor and semitrailer (the total length of 
the road train is more than 35 m). Typically, the power and 
coupling properties of the tractor are not enough to meet 
the requirements for cross-country ability, so the semi-
trailer is equipped with an additional power plant and 4-8 
pairs of active wheels. 
 
Conventional two-link road trains combine the positive 
qualities of two vehicles at once - a towing vehicle and a 
trailer. If these vehicles are all-wheel drive, then these 
vehicles turn into articulated road trains with all driving 
(active) wheels and doubled payload, capable of delivering 
off-road bulky indivisible goods. 

 
Keywords: rotation angle, law, rotation, special transport, 
cargo delivery, active semi-trailer, active axis, rotary axis. 

 
 
 
 

1. INTRODUCTION 
 
During the movement of any wheeled unit between the 
wheels and the roadway, significant loads arise in the 
contact patch, especially when cornering, affecting the 
trajectory of movement, and therefore it is very important 
to correctly evaluate the parameters of the steering system 
[1 - 3]. In the case of special vehicles, this issue is more 
acute due to the significant mass of the road train (16 tons 
per axle load). Next, we will consider the distribution of 
the rotation angles of the wheels of the semi-trailer. 
 
The kinematic relationship between the steering angles of 
the left and right steered wheels when turning the car has 
been the subject of many works by various researchers, 
and some statistical material has been accumulated [2, 4 - 
9]. Therefore, upon further consideration, we will assume 
that the law of distribution of rotation angles between the 
left and right wheels is known. It is necessary to determine 
the relationship between the steering angles of the steered 
wheels along the axles of the semi-trailer, considering the 
angles average between the steering angles of the left and 
right wheels. The scheme of accepted notation is given in 
Fig. 1. 
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Figure 1: The scheme of accepted designations 

аi is the distance from the projection of the center of gravity on the longitudinal axis of the semi-trailer to the i-th axis; Лi 
is the distance from the projection of the instantaneous center of rotation on the longitudinal axis to the i-th axis; Лс is the 
distance from the projection of the instantaneous center of rotation on the longitudinal axis to the hitch; θଷ is the angle of 

rotation of the wheels of the last (rear) axis; ߰ଷis the angle between the velocity vector of the center of the rear axle and the 
longitudinal axis of the semitrailer;δଷis the angle of the rear axle; R is the distance from the instantaneous center of rotation to 

the axis of the semi-trailer; γ is the folding angle of the road train. 
 

The direction in which the axis velocity vector 
deviates when exposed to centrifugal force is taken as the 
positive direction of the angles. Therefore, the angle δ3 is 
always positive, the angle θ1 is always negative. 

Due to the fact that multi-axle high-cross-country 
trains are usually designed so that normal axle loads are 
assigned approximately the same, all further 
considerations will come from this assumption. 

 
2.METHODOLOGY 
 
The law of change in the angle of rotation of the steered 
wheels of the first, second, third, etc. axles, compared with 
the angle of rotation of the steered wheels of the last (rear) 
axis, can be different depending on the type and purpose 
of the unit. It can be selected on the basis of conditions for 
ensuring uniform wear of tire wheels of various axles, or 
from the condition of ensuring maximum turning moment, 
etc. 

We will further consider the following cases of 
choosing the law of the ratio of rotation angles of the 
steered wheels of the rear and i-th axles: 

a) based on the conditions for ensuring the linear law 
of the distribution of angles of withdrawal along the axes; 

b) based on the conditions of equality of wear of tire 
wheels of the steered axles; 

c) based on the conditions for ensuring the maximum 
turning moment created by the wheels of the steered axles. 

We derive the equation of the ratio of the angles of 
rotation of the wheels of the last and i-th axes with the 
linear law of the distribution of the angles of withdrawal 
along the controlled axes of the semi-trailer. To do this, we 
write the equation of the distance from the projection of 
the center of rotation on the longitudinal axis of the semi-
trailer to the i-th axis: 

Л௜ ≈ −ܴ߰௜ 
assuming that tgψi=ψi. Then from the equation ψi=θi 

+δi we determine 

θ௜ = 	−
Л௜
ܴ −δ௜  

Since the conclusion is made under the assumption of 
a linear law of the distribution of angles of withdrawal 
along the axes, then 

δ௜ = 	 δଷ
௜ߙ
ܽଵ

 

Consequently, 
θ௜ = 	− Л೔

ோ
−δଷ

ఈ೔
௔య

 (1) 

θଷ = 	− Лభ
ோ
−δଷ (2) 

Divide (1) by (2): 
஘೔
஘భ

=
Л೔
ೃାஔయ

ഀ೔
ೌయ

Лయ
ೃ ାஔయ

 (3) 

Considering equations (1), (2) and (3), it can be noted 
that, with the linear law of the distribution of the angles of 
withdrawal along the axes, the ratios of rotation angles 
depend on the geometric arrangement of the axes on the 
longitudinal axis of the semi-trailer and the position of the 
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center of gravity of the unit. In this case, the angle of 
deviation of the i-th axis will be noticeably smaller than 
the angle of deviation of the rear axis δ3. A number of 
researchers argue that tire wear is in a quadratic 
dependence on the amount of angle of withdrawal, so the 
i-axis will be put in more favorable conditions from the 
point of view of wear than, for example, the rear axle, 
which is irrational. In addition, if the axial drag 
coefficients are equal, the lateral force acting on the axis of 
number i will be less. This will create a smaller turning 
point than one would have, which will undoubtedly affect 
the value of the minimum turning radius. 

As a result, the selected law of the ratio of the angles 
of rotation of the steered wheels of the i-th axis is not 
sufficient. The wheels of the i-th axle under this law do not 
reach the intended angle of rotation, the quality of the 
semi-trailer in understeer is not fully used, the wear of the 
tires of the steered wheels is uneven. 

We derive another equation for determining the ratio 
of the angles of rotation of the steered wheels of the i-th 
axis, based on the condition of equality of the angles of 
removal of the steered axles, i.e., the uniformity of wear of 
the steered wheels of all axles. 

Ifδi= δз, thenθ௜ = 	− Л೔
ோ
−δଷ 

 
Consequently, 

஘೔
஘య

=
Л೔
ೃାஔయ
Лయ
ೃ ାஔయ

≈ Л೔
Лయ

 (4) 

In this case, the ratio of the steering angle of the 
steered wheels depends only on the geometric arrangement 
of the axles on the longitudinal axis of the semi-trailer. 

With a rigid kinematic drive, the specified ratio of the 
steering angle of the steered wheels can be satisfied only 
for certain driving conditions, for other driving conditions 
it will not be optimal. 

Formulas (3) and (4) give slightly different results, 
since the value δଷhas a small value in comparison with the 
other terms of the equation; therefore, formula (4), 
although it is insufficient, can still be used in practical 
calculations. 

We further analyze the last case of the ratio of 
rotation angles of the controlled axes, based on the 
conditions for using the maximum turning moment. 

In order to obtain a greater turning moment (for 
example, to obtain smaller turning radii or to exit from a 
deep gauge), the rotation angles of the steered wheels of 
all axles must be increased. Undoubtedly, it is unlikely 
that it will be possible to make the maximum angle of 
rotation of the steered wheels of the i-th axle larger than 
that of the rear steered axle for structural reasons. This is 
due to the fact that the angle of rotation of the rear steered 
axis is usually made as possible as possible, based on the 
layout of the body or frame, or on the basis of the design 
capabilities of the cardan joint of the wheel drive. 
Therefore, in the zone of maximum values of the angle of 
rotation of the rear steered wheels, we define the following 
equation for the dependence of the rotation angles of the i-
th controlled axis on the rotation angle of the front 
controlled axis: 

θi= θз 
Under these conditions, the angles of removal of the 

controlled axes will not be the same. Define the values of 

the angles of withdrawal, which will then occur on the i-th 
axis: 

Since ߰௜ = ௜ߠ + ௜ߜ = зߠ +  ௜, thenߜ
௜ߜ = − Л೔

ோ
− зߠ = − Л೔

ோ
+ Лз

ோ
+ зߜ = ЛзିЛ೔

ோ
+  з (5)ߜ

The average range of steering angles is transitional 
from one law to another. Therefore, the ratio of the 
rotation angles θз and θimust satisfy the inequality. 

Л೔
ೃାஔభ

ഀ೔
ೌభ

Лభ
ೃ ାஔభ

≤ ஘೔
஘య

< 1 (6) 

Summing up, we can say that the law of change in 
the angle of rotation of the steered wheels of any of the 
axes cannot be the same for all units regardless of its 
purpose. The law of change of rotation angles for wheeled 
vehicles, which require high transport qualities, as well as 
high cross-country ability and maneuverability should 
provide both the maximum turning force in the range of 
large values of the angle of rotation of the wheels and 
uniform tire wear on all steered wheels in the range of 
small values of the angle of rotation of the steered wheels. 

 
3. RESULT 
 
The question of the relationship between the folding angle 
of the road train and the angle of rotation of the rear axle 
remains unclear. If we approach the choice of rotation 
angles of the rear steered axis without taking into account 
the features of road trains with steered wheels, then we can 
obtain an aggregate with a clearly expressed instability of 
movement. The steered wheels do not affect the dynamic 
stability of the stationary movement of the road train, but 
the deterioration in the stability of the rectilinear 
movement with steered wheels is observed. This is due to 
the stabilization of the steered wheels. During unsteady 
motion on steered wheels, the direction of the reactive 
force acting in the contact print can change. As indicated 
in the theory of stability of motion of biaxial vehicles, 
under any position of the kingpin it is fundamentally 
impossible to achieve that the stabilizing moment on the 
rear steered wheels remains positive for all angles of 
rotation of the wheels. Since the steered wheels of the 
semi-trailer are used only as an auxiliary turning 
mechanism, it is necessary to ensure that the lateral 
reaction in the contact of the tires of the steered wheels 
does not change its direction, then there will be no 
deterioration in the stability of movement due to 
stabilization of the steered wheels. In this case, the use of 
steered wheels as an auxiliary turning mechanism is 
understood to mean such a mode of movement when a 
steering angle is created on the steered wheels so that the 
wheels do not create a turning moment, but only remove 
the moment of resistance to rotation that they could create 
if they moved in uncontrolled wheel mode. The steering 
system on steered wheels must be designed so that the 
wheels roll either without a pull or even with some 
positive pull, creating little resistance to turning. In order 
for the steered wheels to never go into a mode of 
movement with a negative pull and to not change the 
direction of the acting reactive force, it is necessary to set 
the following ratio of the folding angle and the angle of 
the last (rear) steered axis: 

зߠ = Лз
Лс

ߛ) + 0,1) (7) 
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Considering that the angle θz is always positive, to 
ensure the stability of the movement, it is desirable to have 
no turning of the rear steered wheels up to γ≈5° (from the 
experience of designing the special transport). With a 
further increase in the folding angle of the road train, the 
amount of rotation of the rear steered wheels should be 
determined from equation (7). For high-traffic trains when 
driving with very small turning radii and low speeds, i.e. 
in the zone of maximum values of the folding angle, where 
it is required to create the maximum turning moment, it 
must be borne in mind that from the layout condition θэ ≤ | 
θ |. Where | θ | the maximum possible angle of rotation of 
the rear axle. 

Thus, the choice of the angle of rotation of the rear 
steered axis must be assigned based on the following 
inequality: 

Лз
Лс

ߛ) + 0,1) ≤ 	θэ	 ≤ 	 |θ|	 (8) 
 

4. CONCLUSIONS 
 

1. The ratio of the angles of rotation of the steered 
wheels of various axles should depend on the type and 
purpose of the unit. 

2. For transport units in which durability is the most 
important quality, the ratio of the rotation angles of the 
steered wheels of different axles should ensure minimal 
tire wear, and, therefore, be determined by the formula (3) 
or (4). 

3. For units of special purpose, in which cross-
country ability and overcoming obstacles are no less 
important qualities compared to durability, the law of 
changing the ratio of the steering angles of the steered 
wheels, the various axles should provide maximum torque 
at the maximum steering angles of the front steered 
wheels, and also ensure equality wear at slight angles of 
rotation of the front wheels. The law of change in the ratio 
of the angle of rotation of the steered wheels in the entire 
range of their changes should be determined in this case by 
inequality (6). 

4. To ensure the stability of movement of multi-axle 
vehicles, the law of the ratio of the folding angle of the 
road train and the rear steered wheels should be 
determined by inequality (8). 
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