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MANEUVERABILITY AND MOVEMENT 
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Abstract 

The paper focuses on selected issues in modern public transport systems, which are 
increasingly seen as an important means of enhancing safe populations mobility, 
especially in urban areas suffering from growing traffic congestion. This is facilitated by 
the introduction of a new bus traffic system "Bus Rapid Transport" (BRT), which is the 
result of the bus public transport network development. The rolling stock used in the BRT 
system is of two types: the first one is a classic, two-link or three-link metrobus with an 
engine that runs on both diesel and gas fuel, as well as a hybrid electro-gas engine. These 
options are inherent to articulated buses, 18 and 24 meters in length. The second type is 
a bus train consisting of a bus and one or two trailers, or one or two buses. Therefore, the 
purpose of the studies is the possibility of creating a bus train based on three “Bohdan” 
buses. Special attention is paid to the maneuverability and movement stability, taking into 
account specific bus characteristics in large cities. For this purpose, the bus train consisting 
of three similar buses mathematical model was improved, with which the maneuverability 
and movement stability are determined.
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It was established that during the road train circular movement and the first bus steering 
wheels turning at the place where trailer links maximum displacement is achieved, the 
overall traffic lane width will be 6.7 m, which is much less than the permissible one, that is, 
the maneuverability of a bus train based on three “Bohdan” buses is not a limiting factor for 
its operation on urban routes. 
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1. Introduction

Modern public transport systems are increasingly seen as an important means of safely 
increasing mobility, especially in urban areas suffering from growing traffic congestion. Many 
high-income cities have a particularly strong policy of reducing the use of private road trans-
port through investment in public transport. Investment in safe public transport is also seen 
as a mechanism to promote physical activity and thus contribute to the health of the popu-
lation [14].

As of early 2023, "Bus Rapid Transport" (BRT systems) have been implemented in 186 cities 
on six continents, comprising 5607 km of lines and serving 31.5 million passengers daily. The 
largest number of passengers in Latin America is 17.5 million in 62 cities [14]. 

The metrobus or new BRT system is a result of the development of public transport. 
Compared to the subway, this project has clear advantages: lower cost of network creation, 
lower cost of rolling stock, mobility, etc. The metrobus main advantage is its complete isola-
tion on the road from other modes of transport.

The rolling stock used in the BRT system is of two types: the first one is a classic, two-link or 
three-link metrobus with an engine that runs on both diesel and gas fuel, as well as hybrid elec-
tro-gas engine. These options are inherent to articulated buses, 18 and 24 meters in length [14]. 
The second type is a bus train consisting of a bus and one or two trailers, or one or two buses.

Along with the undeniable advantages of three-section articulated buses, it has disadvan-
tages – worse maneuverability compared to trailed ones. Furthermore, the efficiency of 
articulated buses is closely linked to passenger traffic, which can change over the course 
of a day. This problem can be solved by using a passenger road train with two or three buses. 
There is a bus train at peak hour and in the period between peaks, each bus separately (it is 
possible to park one bus on the designated area).

However, the use of three-link trailed road trains requires solving certain kinds of problems, 
in particular maneuverability, which determines the fit of such road train into the street 
network, as well as the movement stability.
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The maneuverability and movement stability of road trains are determined by a combination 
of operational, mass-geometric and structural parameters of its modules. In general, the 
desired ratios of these parameters are different even for the same vehicle over a range of 
operating loads and speeds. As a consequence, there is the difficulty of obtaining at the early 
stages of road trains construction precise design parameters and quantitative indicators on 
the criteria of maneuverability and movement stability [14]. 

The modular approach to modeling presented in [12] allows for the construction of compact 
non-holonomic kinematic models of multi-link buses, which include an active bus and an 
arbitrary number of trailers connected by passive rotational joints and fixed or steered trailer 
wheels. In [6], the results of a comprehensive study on the stability of a linearized single-
track model of a two-section articulated vehicle in a plane-parallel motion are presented. 
The two parts of the vehicle model are connected at the coupling point using an original 
hinge. The equations of motion are derived in analytical form, allowing for the study of 
nonlinear models (nonlinear viscoelastic characteristics of the joint). The most important 
parameters controlling the onset of stability disturbances are identified, as well as the role 
of the equivalent rotational damping coefficient and equivalent torsional stiffness charac-
terizing the joint, in order to find criteria for its design. In [5], a unified model is proposed 
that includes the dynamics of the rotation of an articulated vehicle and the rotation about 
any axles of both the tractor vehicle (bus) and the trailer section. The model represents all 
possible existing configurations of buses, including articulated joints, power unit placement, 
and active chassis layout. For model development, three layers of the modeling process are 
presented step by step. The interaction of the tire with the bearing area is described by the 
formula, taking into account the change in vertical load. The articulated bus is represented 
as a system of differential equations. Model validation showed the expediency, efficiency, 
and convenience of the proposed approach, which can be adapted for any articulated vehicle 
in determining stability parameters in straight-line motion. In [20], a single-track dynamic 
model of an articulated bus is presented, based on the assumption that the lateral accelera-
tions of the body front part and the turning angles of the articulated bus are small. Addition-
ally, friction and clearances in the hinge coupling are not considered. The system is designed 
to accurately describe the vehicle forward and rotational motion based on differential equa-
tions of kinematic parameters representing articulated buses. Matlab-Simulink was used to 
solve the equations. The modeling results are functions of kinematic and dynamic parame-
ters, allowing the trajectory and overall traffic lane width of the articulated bus to be deter-
mined. The obtained results form the basis for an accurate assessment of the dynamic model 
and the study of the articulated bus dynamics at a higher and more complex level. In [16], 
three-dimensional dynamic vehicle and trailer models have been developed, based on which 
train dynamic model was built. The results of the studies show that for nonlinear and linear 
models, the critical speeds differ little from each other. In [3], the vehicle vertical and lateral 
dynamics equations with 6 degrees of freedom are reduced to matrix form. The movement 
of such a vehicle in the vertical and lateral planes was studied. It was shown that the devel-
oped method can be applied to analyze the movement stability, in particular of passenger 
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trains. In [4], a multivariate extension of the D2-IBC (Data-Driven - Inversion-Based Control) 
method is considered and its application to control the road train movement stability in both 
straight and curved motion is discussed in detail. In [2], a simplified analysis of the vehicle 
combinations maneuverability and movement stability, such as a towing vehicle in combina-
tion with one or two semi-trailers or road train with a full trailer, is carried out. Vehicle combi-
nations with trailers and semi-trailers are considered as linear dynamic systems with two 
degrees of freedom for each unit. The equations of motion, taking into account the influence 
of deceleration and acceleration, are derived, and the characteristic equation of motion at 
constant speed is obtained. In [17], three-dimensional linear and nonlinear dynamic models 
of a vehicle and trailer were built, based on which a dynamic model of a train was devel-
oped. Numerous results show that for nonlinear and linear models, the critical speeds are 
almost indistinguishable from each other. In [7], it is shown that heavy trucks with a large 
number of trailers (MTAHV) exhibit unstable modes of motion at high speeds, including 
folding of links, swinging the trailer and rollover, which depend on the combination of oper-
ational, mass-geometric and design parameters of the modules and their control system. 
The desired combinations of these parameters in terms of stability of the same vehicle in 
the range of operating loads and speeds are not the same. This causes difficulty in obtaining 
ready-made design parameters and quantitative indicators of a vehicle at the early stages of 
its creation according to the criteria of movement stability. In [10], the equations of a vehicle 
vertical and lateral dynamics were obtained and it was proven that such a method can be 
applied to analyze not only vehicle movement stability but also of a road trains.

Unlike articulated vehicles, the kinematic model of trailed road train is more complex [1, 11, 13]. 
More complex equations of trailed road train with steered trailers can be interpreted as virtual 
steering wheels located on the trailers, with a turning angle that is a nonlinear feedback from 
the output state of the configuration. The multi-chain form available for this latter system can 
also be restored for a general multi-link road train if additional steering inputs are replaced by 
feedback loops, the obtaining of which presents a new complex task. The success in solving 
such problems depends on how successfully the mathematical model and its essential param-
eters describing the behavior of the dynamic system in various modes are chosen [9, 18, 19].

The road train curvilinear movement is characterized by such parameters as speed, turning radius 
and steering wheels angles that do not remain constant during road train operation. Therefore, 
both kinematic and dynamic indicators are used to assess the vehicle maneuverability [14].

Dynamic indicators are supplied by three buses in traction mode.

The kinematics should provide:
�the overall traffic lane width, equal to the difference between the external and internal 
overall turning radius. Given that the overall turning radius are normalized [14], Reo = 12.5 m, 
Rio = 5.3 m, the overall traffic lane width, Wo = 7.2 m will also be normalized,
•	 ability to reverse.
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The least studied issue to date is the possibility of reversing road trains, which was almost not 
considered in theory for three-link road trains. However, for a three-link road train consisting 
of three buses, the issue of reversing may be resolved if it is assumed that the last bus driving 
when reversing is the traffic parameters of the last two buses are determined by the traffic 
parameters of that bus. In addition, such bus train moves on separate designated lanes 
where reversing is almost impossible [14]. Therefore, to determine maneuverability param-
eters it is sufficient to have simpler kinematic models and for stability, kinematic models 
supplemented by forces and moments acting on individual links of the road train.

Such models are used for non-steered and steered road trains (by folding angles) are listed 
in the work [14]. However, for a three-link road train consisting of three buses with their 
own autonomous control systems, some correction of existing models is necessary (steered 
wheels turning of the second and third buses is performed both depending on turning angle 
of the first bus steered wheels and folding angles of the road train links) to determine the 
road train maneuverability and its ability to fit into the urban network, and sufficient condi-
tions for movement stability. In this connection, the purpose of the work is to determine 
the maneuverability and movement stability indicators for a road train consisting of three 
buses, by carrying out typical maneuveres, ensuring that such a road train fits into the street 
network with movement stability.

2. Materials and Methods

In the development of a mathematical model of a road train, we use equations for both 
a  freight and passenger road train consisting of a towing vehicle and two trailers, one of 
which is steered and the other is non-steered [14]. Note that the mass, moment of inertia 
about the vertical axis and wheelbase of all three buses are the same, i.e., m1 = m2 = m3 = m;  
I1 = I2 = I3 = I; l1 = l2 = l3 = l. Each bus has an autonomous steering control system, with 
the first bus being directly controlled by the driver, and the second and third buses being 
controlled by their own systems, kinematically linked to the control system of the first bus and 
correcting of steered wheels turning angle based on folding angle Taking this into account, 
the equations of plane-parallel movement for the generalized coordinates – longitudinal 
velocity V, lateral velocity U, and angular velocity ω (yaw rate) of the road train consisting of 
three buses, as shown in Figure 1, were obtained by the section method and written in the 
form (1–13), where the following designations are used:
m1 – mass of the first bus steering wheel module, kg;
m – mass of the first, second and third bus, kg;
Vi, Ui – longitudinal and lateral velocity of the i-th bus, m/s;
ωi – angular velocity (yaw rate) of the i-th bus, rad/s;
θ, θ1, θ2 – turning angles of the first bus steering wheel module, steered wheels of second 
and third buses, rad;
φi – folding angles of the road train links, rad;
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X1, Y1 – longitudinal and lateral reactions of the first bus steering wheel module, N;
XB, YB; XC, YC; XD, YD; XE, YE – longitudinal and lateral reaction at the coupling points 
of the road train links, N;
Х12 – longitudinal reaction on the driving axle of the first bus, N;
Х21, Y21; X22;Y22; Х31; Y31; X32; Y32; Х41; Y41; Х42; Y42 – longitudinal and lateral reaction on 
the axles of the first, second and third buses, N. 
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is non-steered [14]. Note that the mass,  moment of inertia about the vertical axis and wheelbase of all 
three buses are the same, i.e., m1 = m2 = m3 = m; I1 = I2 = I3 = I; l1 = l2 = l3 = l. Each bus has an 
autonomous steering control system, with the first bus being directly controlled by the driver, and the 
second and third buses being controlled by their own systems, kinematically linked to the control system 
of the first bus and correcting of steered wheels turning angle based on folding angle Taking this into 
account, the equations of plane-parallel movement for the generalized coordinates – longitudinal 
velocity V, lateral velocity U, and angular velocity ω (yaw rate) of the road train consisting of three 
buses, as shown in Figure 1, were obtained by the section method and written in the form (1–13), where 
the following designations are used: 

m1 – mass of the first bus steering wheel module, kg; 
m – mass of the first, second and third bus, kg; 
Vi, Ui – longitudinal and lateral velocity of the i-th bus, m/s; 
ωi – angular velocity (yaw rate) of the i-th bus, rad/s; 
θ, θ1, θ2 – turning angles of the first bus steering wheel module, steered wheels of second and third buses, 
rad; 
φi – folding angles of the road train links, rad; 
X1, Y1 – longitudinal and lateral reactions of the first bus steering wheel module, N; 
XB, YB; XC, YC; XD, YD; XE, YE – longitudinal and lateral reaction at the coupling points of the road 
train links, N; 
Х12 – longitudinal reaction on the driving axle of the first bus, N; 
Х21, Y21; X22;Y22; Х31; Y31; X32; Y32; Х41; Y41; Х42; Y42 – longitudinal and lateral reaction on the axles 
of the first, second and third buses, N.  

−𝑚𝑚𝑚𝑚1�𝑉̇𝑉𝑉𝑉1 − 𝜔𝜔𝜔𝜔1𝑈𝑈𝑈𝑈1� − 𝑋𝑋𝑋𝑋1 cos 𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 sin𝜃𝜃𝜃𝜃1 = 0 (1) 

−𝑚𝑚𝑚𝑚1�𝑈̇𝑈𝑈𝑈1 + 𝜔𝜔𝜔𝜔1𝑉𝑉𝑉𝑉1� + 𝑋𝑋𝑋𝑋1 sin𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 cos 𝜃𝜃𝜃𝜃1 = 0 (2) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝜔𝜔𝜔𝜔2𝑈𝑈𝑈𝑈2� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 + 𝑋𝑋𝑋𝑋12 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 = 0 (3) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 + 𝜔𝜔𝜔𝜔2𝑉𝑉𝑉𝑉2� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 = 0 (4) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 − 𝜔𝜔𝜔𝜔3𝑈𝑈𝑈𝑈3� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑2 − 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑋𝑋𝑋𝑋22𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑3 = 0 (5) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 + 𝜔𝜔𝜔𝜔3𝑉𝑉𝑉𝑉3� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌22𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 + 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑3 = 0 (6) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 − 𝜔𝜔𝜔𝜔4𝑈𝑈𝑈𝑈4� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 − 𝑋𝑋𝑋𝑋32𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑4 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (7) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 + 𝜔𝜔𝜔𝜔4𝑉𝑉𝑉𝑉4� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 + 𝑌𝑌𝑌𝑌32𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑4 + 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (8) 

After determining the longitudinal and lateral forces on the axles of the road train links, the longitudinal, 
lateral and angular velocities of the links, the system of equations was written in the form and the 
following designations are additional used in equations (9–13) and Figure 1: 

β = φ1 + φ2; β1 = φ1 + φ3 + φ4; β2 = φ3 + φ4; β3 = φ1 + φ3; γ̇ = ω − φ̇1; γ̈ = ω̇ − φ̈1; 
γ̇1 = ω− φ̇1 − φ̇2; γ̈1 = ω̇ − φ̈1 − φ̈2; β̇1 = φ̇1 + φ̇3 + φ̇4; β̈1 = φ̈1 + φ̈3 + φ̈4; 
I – the bus central moment of inertia relative to the vertical axis, kgm2; 
ϑi – course angles of the road train links, rad; 
Mki = f(φki, φkı̇ ) – turning resistance moments of metrobus links, Nm; 
a – distance from the front axle to the bus centre of mass, m; 
b –distance from the rear axle to the bus centre of mass, m; 
c – distance from the bus centre of mass to the coupling point with the first trailer, m; 
d – distance from the coupling point with the previous link to the front axle of the bus, m; 
l – wheel base, m.

3𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝜔𝜔𝜔𝜔) + 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2𝑚𝑚𝑚𝑚 −𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 + 𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1 + 𝛾𝛾𝛾𝛾𝛾 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑[𝛾𝛾𝛾𝛾𝛾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠] + 𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 +
𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠3 + 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠3] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 ��𝜔𝜔𝜔𝜔𝜔 − 𝑠̈𝑠𝑠𝑠1�𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 + �𝜔𝜔𝜔𝜔 − 𝑠̇𝑠𝑠𝑠1�

2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠1� = −(𝑋𝑋𝑋𝑋1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃0 − 𝑌𝑌𝑌𝑌1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃0) +

+𝑋𝑋𝑋𝑋12 − 𝑋𝑋𝑋𝑋31 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃1 + 𝑠𝑠𝑠𝑠) + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃1 + 𝑠𝑠𝑠𝑠) + 𝑋𝑋𝑋𝑋32 + 𝑋𝑋𝑋𝑋41 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃2 + 𝑠𝑠𝑠𝑠1) + 𝑌𝑌𝑌𝑌41𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃2 + 𝑠𝑠𝑠𝑠1) + 𝑋𝑋𝑋𝑋42 (9) 

After determining the longitudinal and lateral forces on the axles of the road train links, the 
longitudinal, lateral and angular velocities of the links, the system of equations was written in 
the form and the following designations are additional used in equations (9–13) and Figure 1:
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is non-steered [14]. Note that the mass,  moment of inertia about the vertical axis and wheelbase of all 
three buses are the same, i.e., m1 = m2 = m3 = m; I1 = I2 = I3 = I; l1 = l2 = l3 = l. Each bus has an 
autonomous steering control system, with the first bus being directly controlled by the driver, and the 
second and third buses being controlled by their own systems, kinematically linked to the control system 
of the first bus and correcting of steered wheels turning angle based on folding angle Taking this into 
account, the equations of plane-parallel movement for the generalized coordinates – longitudinal 
velocity V, lateral velocity U, and angular velocity ω (yaw rate) of the road train consisting of three 
buses, as shown in Figure 1, were obtained by the section method and written in the form (1–13), where 
the following designations are used: 

m1 – mass of the first bus steering wheel module, kg; 
m – mass of the first, second and third bus, kg; 
Vi, Ui – longitudinal and lateral velocity of the i-th bus, m/s; 
ωi – angular velocity (yaw rate) of the i-th bus, rad/s; 
θ, θ1, θ2 – turning angles of the first bus steering wheel module, steered wheels of second and third buses, 
rad; 
φi – folding angles of the road train links, rad; 
X1, Y1 – longitudinal and lateral reactions of the first bus steering wheel module, N; 
XB, YB; XC, YC; XD, YD; XE, YE – longitudinal and lateral reaction at the coupling points of the road 
train links, N; 
Х12 – longitudinal reaction on the driving axle of the first bus, N; 
Х21, Y21; X22;Y22; Х31; Y31; X32; Y32; Х41; Y41; Х42; Y42 – longitudinal and lateral reaction on the axles 
of the first, second and third buses, N.  

−𝑚𝑚𝑚𝑚1�𝑉̇𝑉𝑉𝑉1 − 𝜔𝜔𝜔𝜔1𝑈𝑈𝑈𝑈1� − 𝑋𝑋𝑋𝑋1 cos 𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 sin𝜃𝜃𝜃𝜃1 = 0 (1) 

−𝑚𝑚𝑚𝑚1�𝑈̇𝑈𝑈𝑈1 + 𝜔𝜔𝜔𝜔1𝑉𝑉𝑉𝑉1� + 𝑋𝑋𝑋𝑋1 sin𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 cos 𝜃𝜃𝜃𝜃1 = 0 (2) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝜔𝜔𝜔𝜔2𝑈𝑈𝑈𝑈2� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 + 𝑋𝑋𝑋𝑋12 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 = 0 (3) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 + 𝜔𝜔𝜔𝜔2𝑉𝑉𝑉𝑉2� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 = 0 (4) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 − 𝜔𝜔𝜔𝜔3𝑈𝑈𝑈𝑈3� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑2 − 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑋𝑋𝑋𝑋22𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑3 = 0 (5) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 + 𝜔𝜔𝜔𝜔3𝑉𝑉𝑉𝑉3� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌22𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 + 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑3 = 0 (6) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 − 𝜔𝜔𝜔𝜔4𝑈𝑈𝑈𝑈4� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 − 𝑋𝑋𝑋𝑋32𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑4 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (7) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 + 𝜔𝜔𝜔𝜔4𝑉𝑉𝑉𝑉4� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 + 𝑌𝑌𝑌𝑌32𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑4 + 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (8) 

After determining the longitudinal and lateral forces on the axles of the road train links, the longitudinal, 
lateral and angular velocities of the links, the system of equations was written in the form and the 
following designations are additional used in equations (9–13) and Figure 1: 

β = φ1 + φ2; β1 = φ1 + φ3 + φ4; β2 = φ3 + φ4; β3 = φ1 + φ3; γ̇ = ω − φ̇1; γ̈ = ω̇ − φ̈1; 
γ̇1 = ω− φ̇1 − φ̇2; γ̈1 = ω̇ − φ̈1 − φ̈2; β̇1 = φ̇1 + φ̇3 + φ̇4; β̈1 = φ̈1 + φ̈3 + φ̈4; 
I – the bus central moment of inertia relative to the vertical axis, kgm2; 
ϑi – course angles of the road train links, rad; 
Mki = f(φki, φkı̇ ) – turning resistance moments of metrobus links, Nm; 
a – distance from the front axle to the bus centre of mass, m; 
b –distance from the rear axle to the bus centre of mass, m; 
c – distance from the bus centre of mass to the coupling point with the first trailer, m; 
d – distance from the coupling point with the previous link to the front axle of the bus, m; 
l – wheel base, m.

3𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝜔𝜔𝜔𝜔) + 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2𝑚𝑚𝑚𝑚 −𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 + 𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1 + 𝛾𝛾𝛾𝛾𝛾 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑[𝛾𝛾𝛾𝛾𝛾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠] + 𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 +
𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠3 + 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠3] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 ��𝜔𝜔𝜔𝜔𝜔 − 𝑠̈𝑠𝑠𝑠1�𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 + �𝜔𝜔𝜔𝜔 − 𝑠̇𝑠𝑠𝑠1�

2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠1� = −(𝑋𝑋𝑋𝑋1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃0 − 𝑌𝑌𝑌𝑌1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃0) +

+𝑋𝑋𝑋𝑋12 − 𝑋𝑋𝑋𝑋31 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃1 + 𝑠𝑠𝑠𝑠) + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃1 + 𝑠𝑠𝑠𝑠) + 𝑋𝑋𝑋𝑋32 + 𝑋𝑋𝑋𝑋41 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃2 + 𝑠𝑠𝑠𝑠1) + 𝑌𝑌𝑌𝑌41𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃2 + 𝑠𝑠𝑠𝑠1) + 𝑋𝑋𝑋𝑋42 (9) 

I – the bus central moment of inertia relative to the vertical axis, kgm2;
ϑi – course angles of the road train links, rad;
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is non-steered [14]. Note that the mass,  moment of inertia about the vertical axis and wheelbase of all 
three buses are the same, i.e., m1 = m2 = m3 = m; I1 = I2 = I3 = I; l1 = l2 = l3 = l. Each bus has an 
autonomous steering control system, with the first bus being directly controlled by the driver, and the 
second and third buses being controlled by their own systems, kinematically linked to the control system 
of the first bus and correcting of steered wheels turning angle based on folding angle Taking this into 
account, the equations of plane-parallel movement for the generalized coordinates – longitudinal 
velocity V, lateral velocity U, and angular velocity ω (yaw rate) of the road train consisting of three 
buses, as shown in Figure 1, were obtained by the section method and written in the form (1–13), where 
the following designations are used: 

m1 – mass of the first bus steering wheel module, kg; 
m – mass of the first, second and third bus, kg; 
Vi, Ui – longitudinal and lateral velocity of the i-th bus, m/s; 
ωi – angular velocity (yaw rate) of the i-th bus, rad/s; 
θ, θ1, θ2 – turning angles of the first bus steering wheel module, steered wheels of second and third buses, 
rad; 
φi – folding angles of the road train links, rad; 
X1, Y1 – longitudinal and lateral reactions of the first bus steering wheel module, N; 
XB, YB; XC, YC; XD, YD; XE, YE – longitudinal and lateral reaction at the coupling points of the road 
train links, N; 
Х12 – longitudinal reaction on the driving axle of the first bus, N; 
Х21, Y21; X22;Y22; Х31; Y31; X32; Y32; Х41; Y41; Х42; Y42 – longitudinal and lateral reaction on the axles 
of the first, second and third buses, N.  

−𝑚𝑚𝑚𝑚1�𝑉̇𝑉𝑉𝑉1 − 𝜔𝜔𝜔𝜔1𝑈𝑈𝑈𝑈1� − 𝑋𝑋𝑋𝑋1 cos 𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 sin𝜃𝜃𝜃𝜃1 = 0 (1) 

−𝑚𝑚𝑚𝑚1�𝑈̇𝑈𝑈𝑈1 + 𝜔𝜔𝜔𝜔1𝑉𝑉𝑉𝑉1� + 𝑋𝑋𝑋𝑋1 sin𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 cos 𝜃𝜃𝜃𝜃1 = 0 (2) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝜔𝜔𝜔𝜔2𝑈𝑈𝑈𝑈2� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 + 𝑋𝑋𝑋𝑋12 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 = 0 (3) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 + 𝜔𝜔𝜔𝜔2𝑉𝑉𝑉𝑉2� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 = 0 (4) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 − 𝜔𝜔𝜔𝜔3𝑈𝑈𝑈𝑈3� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑2 − 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑋𝑋𝑋𝑋22𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑3 = 0 (5) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 + 𝜔𝜔𝜔𝜔3𝑉𝑉𝑉𝑉3� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌22𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 + 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑3 = 0 (6) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 − 𝜔𝜔𝜔𝜔4𝑈𝑈𝑈𝑈4� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 − 𝑋𝑋𝑋𝑋32𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑4 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (7) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 + 𝜔𝜔𝜔𝜔4𝑉𝑉𝑉𝑉4� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 + 𝑌𝑌𝑌𝑌32𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑4 + 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (8) 

After determining the longitudinal and lateral forces on the axles of the road train links, the longitudinal, 
lateral and angular velocities of the links, the system of equations was written in the form and the 
following designations are additional used in equations (9–13) and Figure 1: 

β = φ1 + φ2; β1 = φ1 + φ3 + φ4; β2 = φ3 + φ4; β3 = φ1 + φ3; γ̇ = ω − φ̇1; γ̈ = ω̇ − φ̈1; 
γ̇1 = ω− φ̇1 − φ̇2; γ̈1 = ω̇ − φ̈1 − φ̈2; β̇1 = φ̇1 + φ̇3 + φ̇4; β̈1 = φ̈1 + φ̈3 + φ̈4; 
I – the bus central moment of inertia relative to the vertical axis, kgm2; 
ϑi – course angles of the road train links, rad; 
Mki = f(φki, φkı̇ ) – turning resistance moments of metrobus links, Nm; 
a – distance from the front axle to the bus centre of mass, m; 
b –distance from the rear axle to the bus centre of mass, m; 
c – distance from the bus centre of mass to the coupling point with the first trailer, m; 
d – distance from the coupling point with the previous link to the front axle of the bus, m; 
l – wheel base, m.

3𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝜔𝜔𝜔𝜔) + 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2𝑚𝑚𝑚𝑚 −𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 + 𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1 + 𝛾𝛾𝛾𝛾𝛾 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑[𝛾𝛾𝛾𝛾𝛾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠] + 𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 +
𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠3 + 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠3] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 ��𝜔𝜔𝜔𝜔𝜔 − 𝑠̈𝑠𝑠𝑠1�𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 + �𝜔𝜔𝜔𝜔 − 𝑠̇𝑠𝑠𝑠1�

2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠1� = −(𝑋𝑋𝑋𝑋1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃0 − 𝑌𝑌𝑌𝑌1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃0) +

+𝑋𝑋𝑋𝑋12 − 𝑋𝑋𝑋𝑋31 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃1 + 𝑠𝑠𝑠𝑠) + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃1 + 𝑠𝑠𝑠𝑠) + 𝑋𝑋𝑋𝑋32 + 𝑋𝑋𝑋𝑋41 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃𝜃𝜃2 + 𝑠𝑠𝑠𝑠1) + 𝑌𝑌𝑌𝑌41𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝜃𝜃2 + 𝑠𝑠𝑠𝑠1) + 𝑋𝑋𝑋𝑋42 (9) 

 – turning resistance moments of metrobus links, Nm;
a – distance from the front axle to the bus centre of mass, m;
b –distance from the rear axle to the bus centre of mass, m;
c – distance from the bus centre of mass to the coupling point with the first trailer, m;
d – distance from the coupling point with the previous link to the front axle of the bus, m;
l – wheel base, m.

The Archives of Automotive Engineering – Archiwum Motoryzacji Vol. 108, No. 2, 2025 
https://doi.org/10.14669/AM/204802

is non-steered [14]. Note that the mass,  moment of inertia about the vertical axis and wheelbase of all 
three buses are the same, i.e., m1 = m2 = m3 = m; I1 = I2 = I3 = I; l1 = l2 = l3 = l. Each bus has an 
autonomous steering control system, with the first bus being directly controlled by the driver, and the 
second and third buses being controlled by their own systems, kinematically linked to the control system 
of the first bus and correcting of steered wheels turning angle based on folding angle Taking this into 
account, the equations of plane-parallel movement for the generalized coordinates – longitudinal 
velocity V, lateral velocity U, and angular velocity ω (yaw rate) of the road train consisting of three 
buses, as shown in Figure 1, were obtained by the section method and written in the form (1–13), where 
the following designations are used: 

m1 – mass of the first bus steering wheel module, kg; 
m – mass of the first, second and third bus, kg; 
Vi, Ui – longitudinal and lateral velocity of the i-th bus, m/s; 
ωi – angular velocity (yaw rate) of the i-th bus, rad/s; 
θ, θ1, θ2 – turning angles of the first bus steering wheel module, steered wheels of second and third buses, 
rad; 
φi – folding angles of the road train links, rad; 
X1, Y1 – longitudinal and lateral reactions of the first bus steering wheel module, N; 
XB, YB; XC, YC; XD, YD; XE, YE – longitudinal and lateral reaction at the coupling points of the road 
train links, N; 
Х12 – longitudinal reaction on the driving axle of the first bus, N; 
Х21, Y21; X22;Y22; Х31; Y31; X32; Y32; Х41; Y41; Х42; Y42 – longitudinal and lateral reaction on the axles 
of the first, second and third buses, N.  

−𝑚𝑚𝑚𝑚1�𝑉̇𝑉𝑉𝑉1 − 𝜔𝜔𝜔𝜔1𝑈𝑈𝑈𝑈1� − 𝑋𝑋𝑋𝑋1 cos 𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 sin𝜃𝜃𝜃𝜃1 = 0 (1) 

−𝑚𝑚𝑚𝑚1�𝑈̇𝑈𝑈𝑈1 + 𝜔𝜔𝜔𝜔1𝑉𝑉𝑉𝑉1� + 𝑋𝑋𝑋𝑋1 sin𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌1 cos 𝜃𝜃𝜃𝜃1 = 0 (2) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝜔𝜔𝜔𝜔2𝑈𝑈𝑈𝑈2� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 + 𝑋𝑋𝑋𝑋12 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 = 0 (3) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 + 𝜔𝜔𝜔𝜔2𝑉𝑉𝑉𝑉2� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑1 = 0 (4) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 − 𝜔𝜔𝜔𝜔3𝑈𝑈𝑈𝑈3� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑2 − 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑋𝑋𝑋𝑋22𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑3 = 0 (5) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3 + 𝜔𝜔𝜔𝜔3𝑉𝑉𝑉𝑉3� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 sin𝜑𝜑𝜑𝜑2 + 𝑌𝑌𝑌𝑌21𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃1 + 𝑌𝑌𝑌𝑌22𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 + 𝑋𝑋𝑋𝑋21𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃1 − 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 cos𝜑𝜑𝜑𝜑3 = 0 (6) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 − 𝜔𝜔𝜔𝜔4𝑈𝑈𝑈𝑈4� + 𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 − 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 − 𝑋𝑋𝑋𝑋32𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑4 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (7) 

−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚4 + 𝜔𝜔𝜔𝜔4𝑉𝑉𝑉𝑉4� + 𝑌𝑌𝑌𝑌𝑋𝑋𝑋𝑋 + 𝑌𝑌𝑌𝑌31𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃2 + 𝑌𝑌𝑌𝑌32𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑4 + 𝑋𝑋𝑋𝑋31𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃2 = 0 (8) 

After determining the longitudinal and lateral forces on the axles of the road train links, the longitudinal, 
lateral and angular velocities of the links, the system of equations was written in the form and the 
following designations are additional used in equations (9–13) and Figure 1: 

β = φ1 + φ2; β1 = φ1 + φ3 + φ4; β2 = φ3 + φ4; β3 = φ1 + φ3; γ̇ = ω − φ̇1; γ̈ = ω̇ − φ̈1; 
γ̇1 = ω− φ̇1 − φ̇2; γ̈1 = ω̇ − φ̈1 − φ̈2; β̇1 = φ̇1 + φ̇3 + φ̇4; β̈1 = φ̈1 + φ̈3 + φ̈4; 
I – the bus central moment of inertia relative to the vertical axis, kgm2; 
ϑi – course angles of the road train links, rad; 
Mki = f(φki, φkı̇ ) – turning resistance moments of metrobus links, Nm; 
a – distance from the front axle to the bus centre of mass, m; 
b –distance from the rear axle to the bus centre of mass, m; 
c – distance from the bus centre of mass to the coupling point with the first trailer, m; 
d – distance from the coupling point with the previous link to the front axle of the bus, m; 
l – wheel base, m.

3𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝜔𝜔𝜔𝜔) + 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2𝑚𝑚𝑚𝑚 −𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 + 𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1 + 𝛾𝛾𝛾𝛾𝛾 2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑[𝛾𝛾𝛾𝛾𝛾𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠] + 𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑 +
𝑙𝑙𝑙𝑙)[𝛾𝛾𝛾𝛾𝛾1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠3 + 𝛾𝛾𝛾𝛾𝛾12𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠3] −𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 ��𝜔𝜔𝜔𝜔𝜔 − 𝑠̈𝑠𝑠𝑠1�𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠1 + �𝜔𝜔𝜔𝜔 − 𝑠̇𝑠𝑠𝑠1�

2
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠1� = −(𝑋𝑋𝑋𝑋1𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝜃𝜃0 − 𝑌𝑌𝑌𝑌1𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃𝜃𝜃0) +
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Fig. 1. Bus train consisting of three “Bohdan” buses turning diagram 

To integrate the bus train motion equations, we define the necessary initial values for differential 
equations. 

A. Load on bus axles.
The following assumptions were made when determining axle loads:

• the bus is evenly loaded,
• the bus centre of mass is in a vertical longitudinal plane.

The bus train in question consists of three “Bohdan A-092” buses, whose mass is m = 8450 kg, wheel 
base l = 4.200 m, bus length L = 7.430 m, bus track B = 1.683 m, bus width Bw = 2.380 m, bus height 
H = 2.700 m, coordinates a = 2.300 m, b = 1.900 m, distance from the center of mass to road plane h = 
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Fig. 1. Bus train consisting of three “Bohdan” buses turning diagram 

To integrate the bus train motion equations, we define the necessary initial values for differential 
equations. 

A. Load on bus axles.
The following assumptions were made when determining axle loads:

• the bus is evenly loaded,
• the bus centre of mass is in a vertical longitudinal plane.

The bus train in question consists of three “Bohdan A-092” buses, whose mass is m = 8450 kg, wheel 
base l = 4.200 m, bus length L = 7.430 m, bus track B = 1.683 m, bus width Bw = 2.380 m, bus height 
H = 2.700 m, coordinates a = 2.300 m, b = 1.900 m, distance from the center of mass to road plane h = 
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Fig. 1. Bus train consisting of three “Bohdan” buses turning diagram 

To integrate the bus train motion equations, we define the necessary initial values for differential 
equations. 

A. Load on bus axles.
The following assumptions were made when determining axle loads:

• the bus is evenly loaded,
• the bus centre of mass is in a vertical longitudinal plane.

The bus train in question consists of three “Bohdan A-092” buses, whose mass is m = 8450 kg, wheel 
base l = 4.200 m, bus length L = 7.430 m, bus track B = 1.683 m, bus width Bw = 2.380 m, bus height 
H = 2.700 m, coordinates a = 2.300 m, b = 1.900 m, distance from the center of mass to road plane h = 
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To integrate the bus train motion equations, we define the necessary initial values for differential 
equations. 

A. Load on bus axles.
The following assumptions were made when determining axle loads:

• the bus is evenly loaded,
• the bus centre of mass is in a vertical longitudinal plane.

The bus train in question consists of three “Bohdan A-092” buses, whose mass is m = 8450 kg, wheel 
base l = 4.200 m, bus length L = 7.430 m, bus track B = 1.683 m, bus width Bw = 2.380 m, bus height 
H = 2.700 m, coordinates a = 2.300 m, b = 1.900 m, distance from the center of mass to road plane h = 

Fig. 1. Bus train consisting of three “Bohdan” buses turning diagram

To integrate the bus train motion equations, we define the necessary initial values for differ-
ential equations.
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A. Load on bus axles.
The following assumptions were made when determining axle loads:
•	 the bus is evenly loaded,
•	 the bus centre of mass is in a vertical longitudinal plane.

The bus train in question consists of three “Bohdan A-092” buses, whose mass is m = 8450 kg,  
wheel base l = 4.200 m, bus length L = 7.430 m, bus track B = 1.683 m, bus width Bw = 2.380 m,  
bus height H = 2.700 m, coordinates a = 2.300 m, b = 1.900 m, distance from the center of 
mass to road plane h = 1.320 m, distance from the center of mass to coupling point with the 
second bus c = 3.700 m, load on front axle G1 = 37462 N, on rear axle Gi = 45348 N.

B. Redistribution of loads on the wheels of road train axles.
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1.320 m, distance from the center of mass to coupling point with the second bus c = 3.700 m, load on 
front axle G1 = 37462 N, on rear axle Gi = 45348 N. 

B. Redistribution of loads on the wheels of road train axles.

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(14) 

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(15) 

where: 
Gi – load on the i-th axle of the road train, N; 
Pj – lateral force acting at the center of mass of the bus, N: 

𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2

𝑅𝑅𝑅𝑅
 (16) 

where: 
R – bus turning radius, m. 

C. Bus inertia moments.
The bus central moment of inertia relative to the transverse axle was determined according to the work
[14] through the inertia radius relative to the transverse axle:

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 = �1
2
𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏 + 1

3
(𝐻𝐻𝐻𝐻 − ℎ)ℎ ± 1

6
𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏  (17) 

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 = 1.876  m 

The bus inertia moment was determined by a known formula: 

 𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖2𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖  (18) 

𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 29738.7 kgm2 

D. The longitudinal forces on the bus axles are defined as:

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (19) 

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 37462 ∙ 0.02 = 749.2 N

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 45348 ∙ 0.02 = 907.0 N

where:  
fi – the bus wheels rolling resistance coefficient, fi = 0.02; 
g – gravity acceleration, m/s2. 

E. The bus axles wheels lateral forces were determined by I. Rokar’s hypothesis [14]:

 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

�1+𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖(𝜑𝜑𝜑𝜑2𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2)−1𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

2
(20) 

where:  
δi – slip angles of the wheels of the road train i-th axle, rad; 
Yi – lateral reactions on the wheels of the road train i-th axle, N; 
φ – adhesion coefficient between the tire and bearing area in a transverse direction, φ = 0.6; 
ki – lateral slip resistance coefficient, k1 = 85000 N/rad, k2 = 170000 N/rad (tire 215/75R17.5). 

Slip angles included in expression (20) are defined by means of the bus centre of mass velocity 
projections and steering wheels turning angles: 

where:
Gi – load on the i-th axle of the road train, N;
Pj – lateral force acting at the center of mass of the bus, N:
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1.320 m, distance from the center of mass to coupling point with the second bus c = 3.700 m, load on 
front axle G1 = 37462 N, on rear axle Gi = 45348 N. 

B. Redistribution of loads on the wheels of road train axles.
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where: 
Gi – load on the i-th axle of the road train, N; 
Pj – lateral force acting at the center of mass of the bus, N: 
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where: 
R – bus turning radius, m. 

C. Bus inertia moments.
The bus central moment of inertia relative to the transverse axle was determined according to the work
[14] through the inertia radius relative to the transverse axle:
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𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 = 1.876  m 

The bus inertia moment was determined by a known formula: 
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𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 29738.7 kgm2 

D. The longitudinal forces on the bus axles are defined as:

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (19) 

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 37462 ∙ 0.02 = 749.2 N

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 45348 ∙ 0.02 = 907.0 N

where:  
fi – the bus wheels rolling resistance coefficient, fi = 0.02; 
g – gravity acceleration, m/s2. 

E. The bus axles wheels lateral forces were determined by I. Rokar’s hypothesis [14]:

 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

�1+𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖(𝜑𝜑𝜑𝜑2𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2)−1𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

2
(20) 

where:  
δi – slip angles of the wheels of the road train i-th axle, rad; 
Yi – lateral reactions on the wheels of the road train i-th axle, N; 
φ – adhesion coefficient between the tire and bearing area in a transverse direction, φ = 0.6; 
ki – lateral slip resistance coefficient, k1 = 85000 N/rad, k2 = 170000 N/rad (tire 215/75R17.5). 

Slip angles included in expression (20) are defined by means of the bus centre of mass velocity 
projections and steering wheels turning angles: 

where:
R – bus turning radius, m.

C. Bus inertia moments.
The bus central moment of inertia relative to the transverse axle was determined according 
to the work [14] through the inertia radius relative to the transverse axle:
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1.320 m, distance from the center of mass to coupling point with the second bus c = 3.700 m, load on 
front axle G1 = 37462 N, on rear axle Gi = 45348 N. 

B. Redistribution of loads on the wheels of road train axles.

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(14) 

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(15) 

where: 
Gi – load on the i-th axle of the road train, N; 
Pj – lateral force acting at the center of mass of the bus, N: 

𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2
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where: 
R – bus turning radius, m. 

C. Bus inertia moments.
The bus central moment of inertia relative to the transverse axle was determined according to the work
[14] through the inertia radius relative to the transverse axle:
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𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 29738.7 kgm2 

D. The longitudinal forces on the bus axles are defined as:
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𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 45348 ∙ 0.02 = 907.0 N

where:  
fi – the bus wheels rolling resistance coefficient, fi = 0.02; 
g – gravity acceleration, m/s2. 

E. The bus axles wheels lateral forces were determined by I. Rokar’s hypothesis [14]:

 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

�1+𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖(𝜑𝜑𝜑𝜑2𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2)−1𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

2
(20) 

where:  
δi – slip angles of the wheels of the road train i-th axle, rad; 
Yi – lateral reactions on the wheels of the road train i-th axle, N; 
φ – adhesion coefficient between the tire and bearing area in a transverse direction, φ = 0.6; 
ki – lateral slip resistance coefficient, k1 = 85000 N/rad, k2 = 170000 N/rad (tire 215/75R17.5). 

Slip angles included in expression (20) are defined by means of the bus centre of mass velocity 
projections and steering wheels turning angles: 

The bus inertia moment was determined by a known formula:
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𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 37462 ∙ 0.02 = 749.2 N

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 45348 ∙ 0.02 = 907.0 N

where:  
fi – the bus wheels rolling resistance coefficient, fi = 0.02; 
g – gravity acceleration, m/s2. 

E. The bus axles wheels lateral forces were determined by I. Rokar’s hypothesis [14]:

 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

�1+𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖(𝜑𝜑𝜑𝜑2𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2)−1𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

2
(20) 

where:  
δi – slip angles of the wheels of the road train i-th axle, rad; 
Yi – lateral reactions on the wheels of the road train i-th axle, N; 
φ – adhesion coefficient between the tire and bearing area in a transverse direction, φ = 0.6; 
ki – lateral slip resistance coefficient, k1 = 85000 N/rad, k2 = 170000 N/rad (tire 215/75R17.5). 

Slip angles included in expression (20) are defined by means of the bus centre of mass velocity 
projections and steering wheels turning angles: 

D. The longitudinal forces on the bus axles are defined as:
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1.320 m, distance from the center of mass to coupling point with the second bus c = 3.700 m, load on 
front axle G1 = 37462 N, on rear axle Gi = 45348 N. 

B. Redistribution of loads on the wheels of road train axles.

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(14) 

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(15) 

where: 
Gi – load on the i-th axle of the road train, N; 
Pj – lateral force acting at the center of mass of the bus, N: 

𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2

𝑅𝑅𝑅𝑅
 (16) 

where: 
R – bus turning radius, m. 

C. Bus inertia moments.
The bus central moment of inertia relative to the transverse axle was determined according to the work
[14] through the inertia radius relative to the transverse axle:

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 = �1
2
𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏 + 1

3
(𝐻𝐻𝐻𝐻 − ℎ)ℎ ± 1

6
𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏  (17) 

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 = 1.876  m 

The bus inertia moment was determined by a known formula: 

 𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖2𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖  (18) 

𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 29738.7 kgm2 

D. The longitudinal forces on the bus axles are defined as:

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (19) 

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 37462 ∙ 0.02 = 749.2 N

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 45348 ∙ 0.02 = 907.0 N

where:  
fi – the bus wheels rolling resistance coefficient, fi = 0.02; 
g – gravity acceleration, m/s2. 

E. The bus axles wheels lateral forces were determined by I. Rokar’s hypothesis [14]:

 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

�1+𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖(𝜑𝜑𝜑𝜑2𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2)−1𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

2
(20) 

where:  
δi – slip angles of the wheels of the road train i-th axle, rad; 
Yi – lateral reactions on the wheels of the road train i-th axle, N; 
φ – adhesion coefficient between the tire and bearing area in a transverse direction, φ = 0.6; 
ki – lateral slip resistance coefficient, k1 = 85000 N/rad, k2 = 170000 N/rad (tire 215/75R17.5). 

Slip angles included in expression (20) are defined by means of the bus centre of mass velocity 
projections and steering wheels turning angles: 



93The Archives of Automotive Engineering – Archiwum Motoryzacji Vol. 108, No. 2, 2025
https://doi.org/10.14669/AM/204802

where: 
fi – the bus wheels rolling resistance coefficient, fi = 0.02;
g – gravity acceleration, m/s2.

E. The bus axles wheels lateral forces were determined by I. Rokar’s hypothesis [14]:
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1.320 m, distance from the center of mass to coupling point with the second bus c = 3.700 m, load on 
front axle G1 = 37462 N, on rear axle Gi = 45348 N. 

B. Redistribution of loads on the wheels of road train axles.

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(14) 

𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2

+
𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗ℎ
𝐵𝐵𝐵𝐵

(15) 

where: 
Gi – load on the i-th axle of the road train, N; 
Pj – lateral force acting at the center of mass of the bus, N: 

𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2

𝑅𝑅𝑅𝑅
 (16) 

where: 
R – bus turning radius, m. 

C. Bus inertia moments.
The bus central moment of inertia relative to the transverse axle was determined according to the work
[14] through the inertia radius relative to the transverse axle:

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 = �1
2
𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏 + 1

3
(𝐻𝐻𝐻𝐻 − ℎ)ℎ ± 1

6
𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏  (17) 

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖 = 1.876  m 

The bus inertia moment was determined by a known formula: 

 𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖2𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖  (18) 

𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 29738.7 kgm2 

D. The longitudinal forces on the bus axles are defined as:

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (19) 

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 37462 ∙ 0.02 = 749.2 N

𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓 = 45348 ∙ 0.02 = 907.0 N

where:  
fi – the bus wheels rolling resistance coefficient, fi = 0.02; 
g – gravity acceleration, m/s2. 

E. The bus axles wheels lateral forces were determined by I. Rokar’s hypothesis [14]:

 𝑌𝑌𝑌𝑌𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

�1+𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖(𝜑𝜑𝜑𝜑2𝐺𝐺𝐺𝐺𝑖𝑖𝑖𝑖
2)−1𝛿𝛿𝛿𝛿𝑖𝑖𝑖𝑖

2
(20) 

where:  
δi – slip angles of the wheels of the road train i-th axle, rad; 
Yi – lateral reactions on the wheels of the road train i-th axle, N; 
φ – adhesion coefficient between the tire and bearing area in a transverse direction, φ = 0.6; 
ki – lateral slip resistance coefficient, k1 = 85000 N/rad, k2 = 170000 N/rad (tire 215/75R17.5). 

Slip angles included in expression (20) are defined by means of the bus centre of mass velocity 
projections and steering wheels turning angles: 

where: 
δi – slip angles of the wheels of the road train i-th axle, rad;
Yi – lateral reactions on the wheels of the road train i-th axle, N;
φ – adhesion coefficient between the tire and bearing area in a transverse direction, φ = 0.6;
ki – lateral slip resistance coefficient, k1 = 85000 N/rad, k2 = 170000 N/rad (tire 215/75R17.5).

Slip angles included in expression (20) are defined by means of the bus centre of mass 
velocity projections and steering wheels turning angles:

•	 for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus
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• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

•	 for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus
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• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

•	 for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus
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• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

After slip angles determination, the lateral force on the wheels of metrobus axles is found 
by expression (20).
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F. The viscous friction moments in bus steering are proportional to the steered wheels 
turning angles [14]:
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• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

where:
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14];
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• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

 – angular velocity of steering wheels turning, rad/s.

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the 
reduced wheels:
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• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

where:
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering 
wheel to the turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14].

To find the three-link road train maneuverability and movement stability indicators in 
dynamic equations (9–13), the kinematic equations should be added [14]:
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• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

and the equations for turning (yaw) angles of the second and third bus:

The Archives of Automotive Engineering – Archiwum Motoryzacji Vol. 108, No. 2, 2025 
https://doi.org/10.14669/AM/204802

• for the wheels of steered axle δ1 and non-steered axle δ21 of the first bus

𝛿𝛿𝛿𝛿1 = 𝜃𝜃𝜃𝜃0 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑢𝑢𝑢𝑢
𝑣𝑣𝑣𝑣

(21) 

𝛿𝛿𝛿𝛿21 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 −𝑢𝑢𝑢𝑢𝑢𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑣𝑣𝑣𝑣

(22) 

• for the wheels of steered axle δ31 and non-steered axle δ32 of the second bus

𝛿𝛿𝛿𝛿31 = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2+𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏2
𝑣𝑣𝑣𝑣2

� = −𝜃𝜃𝜃𝜃1 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)+𝑏𝑏𝑏𝑏(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1

(23) 

𝛿𝛿𝛿𝛿32 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 �−𝑢𝑢𝑢𝑢2
𝑣𝑣𝑣𝑣2
� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1−(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+𝑑𝑑𝑑𝑑(𝑏𝑏𝑏𝑏+𝜑̇𝜑𝜑𝜑1)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1+(𝑢𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏)𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝜑𝜑𝜑𝜑1
(24) 

• for the wheels of steered axle δ41 and non-steered axle δ42 of the third bus

𝛿𝛿𝛿𝛿41 = −𝜃𝜃𝜃𝜃2 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚[(−𝑢𝑢𝑢𝑢3 + 𝑏𝑏𝑏𝑏2𝜔𝜔𝜔𝜔3)]/𝑣𝑣𝑣𝑣3 = −𝜃𝜃𝜃𝜃12 + 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 −
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢
𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2}  (25) 

𝛿𝛿𝛿𝛿42 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(−𝑢𝑢𝑢𝑢3)/𝑣𝑣𝑣𝑣3 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2 − [−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 −
𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐1(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 + 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1 + 𝜑𝜑𝜑𝜑𝜑 2)}/{[𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 + (𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑1]𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑2 +
[−𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1(𝑢𝑢𝑢𝑢 𝑢 𝑐𝑐𝑐𝑐𝜔𝜔𝜔𝜔)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝜑𝜑1 − 𝑑𝑑𝑑𝑑(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1) − 𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 + 𝜑𝜑𝜑𝜑𝜑1)]𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑𝜑𝜑2} (26) 

After slip angles determination, the lateral force on the wheels of metrobus axles is found by expression 
(20). 

F. The viscous friction moments in bus steering are proportional to the steered wheels turning angles
[14]:

 𝑀𝑀𝑀𝑀1𝑓𝑓𝑓𝑓 = ℎ1𝑓𝑓𝑓𝑓𝜃̇𝜃𝜃𝜃 (27) 

where: 
h1f – viscous friction coefficient in steering parts, h1f = 30 Nms/rad [14]; 
θ̇ – angular velocity of steering wheels turning, rad/s. 

G. The elasticity moments in bus and trailer steering are proportional to turning angles of the reduced
wheels:

 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝 = 𝜒𝜒𝜒𝜒1𝜃𝜃𝜃𝜃 (28) 

where: 
χ1 – bus steering drive stiffness coefficient, which is the torque ratio applied to the steering wheel to the 
turning angle of the bus locked steered wheels, χ1 = 6303 Nm/rad [14]. 

To find the three-link road train maneuverability and movement stability indicators in dynamic 
equations (9–13), the kinematic equations should be added [14]: 

 �
𝑥𝑥𝑥𝑥𝑥 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 − 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑦𝑦𝑦𝑦𝑦 = 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑣𝑣𝑣𝑣 + 𝑢𝑢𝑢𝑢𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣̇𝑣𝑣𝑣 = 𝜔𝜔𝜔𝜔 
 (29) 

and the equations for turning (yaw) angles of the second and third bus: 

 𝜃𝜃𝜃𝜃1,2 = 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢1,3 (30) 

where:  
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the second and
third buses steered wheels to the appropriate folding angles, for the bus direct drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

where: 
u - drive control transmission ratio, which is defined as the ratio of the turning angle of the 
second and third buses steered wheels to the appropriate folding angles, for the bus direct 
drive control, u = 0.6 [14];
φ1, φ2 – folding angles of the first and second, the second and third buses, rad.

3. Results

According to UNECE Regulation 36 [8], the main indicator of vehicle maneuverability is the 
overall lane width during its circular movement, determined by integrating the initial system 
of equations (9–13).
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The road train maneuverability indicators were determined in a circular movement, provided 
that the bus external position is moved along an arc of radius Reo = 12.5 m. Initial conditions 
are additionally defined as: v0 = 5 m/s, θ0 = 0.375 rad.

Figure 2 shows the first bus centre of mass trajectory and the bus train overall traffic lane 
width.

Fig. 2. The first bus center of mass trajectory (a) and bus train overall traffic lane width (b)

Analysis of graphs, Figure 2, shows that road train circular movement under mode rota-
tion coefficient: 
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3. Results

According to UNECE Regulation 36 [8], the main indicator of vehicle maneuverability is the overall 
lane width during its circular movement, determined by integrating the initial system of equations (9–
13). 
The road train maneuverability indicators were determined in a circular movement, provided that the 
bus external position is moved along an arc of radius Reo = 12.5 m. Initial conditions are additionally 
defined as: v0 = 5 m/s, θ0 = 0.375 rad. 
Figure 2 shows the first bus centre of mass trajectory and the bus train overall traffic lane width. 

(а)        (b) 
Fig. 2. The first bus center of mass trajectory (a) and bus train overall traffic lane width (b) 

Analysis of graphs, Figure 2, shows that road train circular movement under mode rotation coefficient: 
Kn = θ̇0/v0 → ∞ (i.e. the first bus steered wheels turn in place at an angle θ0 = 0.375 rad) at which the 
maximum displacement of the trailed links is achieved,  the external overall turning radius is Reo = 12.5 
m, the internal overall turning radius is Rio = 5.8 m and the overall traffic lane width is 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐 =
6.7 m, significantly less than the permissible, Wo = 7.2 m, Figure 2 (b). Thus, the maneuverability of 
the bus train made on three “Bohdan” buses is not a limiting factor for its operation on urban routes. 
Therefore, consider the bus train movement stability in unsteady movement when performing various 
maneuvers. 
When operating buses in cities, the most typical maneuver is the "lane change" maneuver, when the bus 
departs from a stop, makes detours, overtakes, etc. Graphic changes of buses lateral and yaw velocity, 
lateral acceleration when the road train performs the "lane change" maneuver at a velocity of 15 m/s, as 
well as changes in the maximum buses acceleration from the movement velocity are shown in Figures 
3–5. 

 (i.e. the first bus steered wheels turn in place at an angle  
θ0 = 0.375 rad) at which the maximum displacement of the trailed links is achieved, the 
external overall turning radius is Reo = 12.5 m, the internal overall turning radius is Rio = 5.8 m 
and the overall traffic lane width is Reo − Rio = 6.7 m, significantly less than the permissible, 
Wo = 7.2 m, Figure 2 (b). Thus, the maneuverability of the bus train made on three “Bohdan” 
buses is not a limiting factor for its operation on urban routes. Therefore, consider the bus 
train movement stability in unsteady movement when performing various maneuvers.

When operating buses in cities, the most typical maneuver is the "lane change" maneuver, 
when the bus departs from a stop, makes detours, overtakes, etc. Graphic changes of buses 
lateral and yaw velocity, lateral acceleration when the road train performs the "lane change" 
maneuver at a velocity of 15 m/s, as well as changes in the maximum buses acceleration from 
the movement velocity are shown in Figures 3–5.
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Fig. 3. Change of buses lateral velocity (a) and yaw velocity (b) when the road train performs  

the "lane change" maneuver at a velocity of 15 m/s

  Fig. 4. Change of buses lateral acceleration 

when it performs the "lane change" maneuver 

at a speed of 15 m/s

Fig. 5. Change of maximum buses acceleration 

from the movement velocity performing the 

"lane change" maneuver

Analysis of the graphs shows that the lateral velocity and yaw velosity of the buses when 
the road train performs "lane change" maneuver at a velocity of 15 m/s increase from the 
first bus to the second and third. This is because the second and third bus have smaller 
radius than the first. However, these velocities do not give a full picture of the bus train 
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stability, as  they only qualitatively characterize the bus train behavior when it performs 
various maneuvers, including "lane change". According to DSTU 3310-96 [15], the length of 
the input part «lane change» is 24.0 m, the length of the linear part: 60 m, this is enough 
for the maneuver execution. Quantitatively, the bus trains stability can be measured by the 
lateral acceleration acting at the buses centre of mass. The change in lateral acceleration 
is similar to the change in lateral velocity and yaw velocity, i.e. the acceleration value from 
the first to the next increases. The lateral acceleration in the bus centre of mass is shown 
to be dependent on the road train velocity. Thus, already at a velocity of 20 m/s, the lateral 
acceleration of the third bus reaches a critical value of 3.6 m/s2, i.e. the maximum velocity of 
the bus train should be limited to 20 m/s, Figure 5. This should be taken into account when 
designing the bus train and its operating criteria.

4. Discussion

Based on studies results, it was established that the maneuverability is not a limiting factor 
for road train operating possibility on urban routes. More questions arise when determining 
the movement stability, especially when road train performing different maneuvers, consid-
ering that the bus train velocity in BRT system is at 25 m/s. The comparative analysis of 
accelerations at the center of mass of the first, second and third buses can be used as 
a reference for further research in determining the movement stability according to a spatial 
model, that is, taking into account the bus body roll when performing various maneuveres.

5. Conclusions

Based on the existing model of a three-link articulated bus, a mathematical model of a bus 
train consisting of three identical buses has been developed, with which the maneuverability 
and movement stability indicators were determined.

It was established that during road train circular movement under mode rotation coefficient:  
Kn → ∞ (i.e. the first bus steered wheels turn in place) at which the maximum displacement 
of the trailed links is achieved, the overall traffic lane width will be  6.7 m, which is significantly 
less than the permissible one: 7.2 m, that is, the maneuverability of the bus train made on 
three “Bohdan” buses is not a limiting factor for its operation on urban routes. The lateral 
accelerations acting at the buses center of mass depend on movement velocity when the 
road train performs various maneuvers, including “lane change”. It has been established that 
already at a velocity of 20 m/s, the lateral acceleration of the third bus reaches a critical 
value of 3.6 m/s2, i.e. the maximum velocity of the bus train should be limited to 20 m/s. This 
should be taken into account when designing a bus train and its operating criteria.
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