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MANOEUVRABILITY
AND DIRECTIONAL STABILITY
OF THREE-LINK ROAD TRAINS
TYPE “B-TRIPLE"

ROMAN MARCHUK!, VOLODYMYR SAKHNO?, VIKTOR POLIAKOV3,
MYKOLA MARCHUK?, NAZAR MARCHUK?>, OLEKSII PALAMARCHUK®

Abstract

Improving the efficiency of freight road transport, in particular container transport, requires
changes to the length and full mass of trailer and semitrailer road trains. Accordingly, for
three-link layout schemes, the overall dimensions and weight parameters increase, while
it is necessary to comply with the requirements for axle loads.

Since the regulatory frameworks of many countries require compliance with the axle load,
this makes it necessary to increase the number of axles and to extend the road train, which
adversely affects its turning performance. Conversely, improving turning performance
through the use of steered axles (wheels) on trailers and semitrailers reduces straight-
line directional stability. Therefore, to enhance the applicability of such road trains, the
option of employing a dual steering drive system for the steered bogie axles of semitrailers
is considered.

The research methodology involves taking into account folding angles of the road train links,
steering drive transmission ratios and accordingly the turning angles of the semitrailers
steered axles, which determine the links trajectories displacement and the road train
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swept path width for different locations of the semitrailer with extended-base and for
circular movement of the road train.

For a three-link "B-triple" road train with non-steered semitrailers, the swept path
width was 11.3 m, which significantly exceeds the permissible value of 7.2 m. Equipping
the semitrailers with dual steering drive systems for the rear bogie axles substantially
improved manoeuvrability, reducing the swept path width to 9.13 m, however, this value still
does not meet regulatory requirements. At the same time, road trains with rear-steered
axles (wheels) of the trailer links demonstrate inferior directional stability compared to
road trains with front-steered axles (wheels) of the trailer links.

To reach a final conclusion regarding the feasibility of a particular road train configuration,
further studies on such road trains' directional stability are required.

Keywords: road train; trailer; semitrailer; axle; wheel; link; stability; manoeuvrability

1. Introduction

Ensuring the sustainable and stable development of the national economy necessitates
the implementation of intermodal transport systems. One of the most promising and wide-
spread among them is container transportation. The container is the most promising and
widespread multimodal means of transport. They are now transported by almost all modes
of transport, owing to the mobility of the packaging [1]. The widespread implementation of
container transport is based on the use of heavy goods vehicles and justifies energy savings
and a reduction in environmental pollution due to the limited number of vehicles and drivers,
necessary for the transport of large quantities of goods and people. As a consequence, two-
and three-link truckloads are increasingly used, whose articulated joints make long vehicles
versatile in use and allow quick manoeuvring even in busy urban environments.

In modern automotive engineering, when designing multi-articulated vehicle combinations,
the choice of trailer units remains a relevant issue and is actively discussed in the litera-
ture. Two main layouts of multi-articulated vehicle combinations are distinguished: trailer
and semitrailer configurations. In the trailer configuration, each unit rests on its own axles,
whereas in the semitrailer configuration, each unit rests both on its own axles and on the
axle(s) of the preceding unit. Among three-unit vehicle combinations, 35-m-long road trains
with two trailers (Figure 1) or with three semitrailers capable of transporting three containers
can be considered promising [2]. The use of multi-articulated vehicle combinations must be
supported not only by progressive transport legislation, but also by the solution of specific
technical problems aimed at ensuring a high level of safety of both the vehicle combination
itself and the overall traffic flow, among which manoeuvrability and directional stability are
undoubtedly key.
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Fig. 1. Three-link road train

The basis of multi-articulated vehicle combinations, along with tractor units, is formed
by trailers and semitrailers. At the same time, despite the considerable diversity of layout
schemes of multi-articulated vehicles, their design can be composed of a relatively small
number of structurally complete functional elements - modules. Thus, the unified system
“road train" can be represented as consisting of two or more subsystems articulated with
each other: the “tractor unit” and the “trailer units (trailer or semitrailer])’, depending on the
layout scheme of the combination. At present, two main layout schemes are typically used
in multi-articulated vehicle combinations: trailer-based (vehicle + n-trailers) and semitrail-
er-based (tractor unit + n-semitrailers). Semitrailer schemes, in particular the “B-triple” type,
require further investigation.

Articulated heavy vehicles or road trains consisting of a truck tractor and a semitrailer
(or trailer) are among the most widely used means of road transport [3-4]. On the other
hand, in contrast to single-unit vehicles, road trains create significant safety challenges on
highways due to their large mass and considerable overall dimensions, the high position
of the centres of mass of individual units, and the internal forces acting at their articulation
points [5].

The presence of articulated joints helps to reduce the effective wheelbase of the vehicle,
thereby improving low-speed turning capability, whereas the large road train mass and high
centre of mass reduce stability at high speeds in three potentially unstable motion modes:
folding, rollover and trailer sway [6-7]. Trailer sway and rollover are directly related to the
increase in lateral acceleration acting at the centre of mass of the semitrailer (trailer). This
occurs due to the generation of lateral forces at the semitrailer tyres with a time delay rela-
tive to the tractor unit, which results in larger yaw angles and higher lateral accelerations of
the semitrailer [8]. Among the measures aimed at reducing lateral forces at the wheels of
the road train, semitrailer steering systems appear to be the most effective. Various steering
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concepts for articulated and multi-steered vehicles have been investigated since the early
stages of road train research [9]. The most common passive steering systems include direct
steering systems, self-steering axles and steering bogies. Studies of passive semitrailer
steering systems have shown that, while these systems improve low-speed manoeuvra-
bility and reduce tyre scrubbing, they degrade high-speed stability of the road train. Active
steering systems allow designers to eliminate the complex mechanical mechanisms required
for passive systems and, if properly tuned, can also provide appropriate steering perfor-
mance for different objectives, regardless of vehicle speed. However, low-speed and high-
speed requirements are inherently conflicting due to the different lateral slip behaviour of
vehicles at different speeds [10-11]. In view of this, two critical safety problems of the road
trains require improvement: insufficient static stability of the semitrailer (trailer) and a high
tendency to rollover at high speeds, which can easily lead to accidents. This can be avoided
by lateral control system based on braking and semitrailer (trailer] steering [12]. In this work,
the amplification of lateral acceleration feedback is used to evaluate the lateral performance
of the road train. The problem of cornering and lateral dynamics control is considered for the
road train with a trailer on a "Dolly” trolley. Integrated chassis control approaches combining
braking, steering and stability control functions for multi-axle vehicles are comprehensively
reviewed in [13]. In [14], a control system for a tractor and semitrailer with a dolly combination
with active feedback and feedforward steering control is investigated. In [15], the influence
of steering-related parameters on articulated vehicle lateral stability is investigated using
a single-track dynamic model.

Unlike passenger cars, for which static or divergent instability associated with oversteer is
the primary concern, road trains may also exhibit dynamic or oscillatory instability, mainly
due to reduced yaw damping at high speeds [16]. The road train is characterised by a unique
dynamic phenomenon known as the rearward amplification (RWA) factor, defined as the ratio
between the maximum peak lateral acceleration at the centre of mass of the semitrailer
(trailer) and that of the tractor unit during a manoeuvre [17]. From the RWA perspective, road
train is more prone to unstable motion modes, for example during a “slalom” manoeuvre. For
most passenger cars, the rollover threshold exceeds 1.0 g; for light trucks, vans, and SUVs,
it ranges from 0.8 g to 1.2 g, whereas for loaded road trains, it often lies well below 0.5 g [18].

The dominant factors affecting the lateral stability of the road train include the moment of
inertia of the semitrailer (trailer), the longitudinal position of the centre of mass, the location
of the coupling device, and the layout configuration (axle positions relative to the centre
of mass) [19]. Trailer oscillations can be mitigated using appropriate controllers. Thus, in
[20], the measured folding angle and its time derivative are used to generate asymmetric
braking pressure at the semitrailer (trailer) wheels to limit trailer sway. In [21], an adaptive
sliding-mode controller was proposed to improve the lateral stability of articulated vehicles
based on yaw rate and articulation angle control. In [22], an active trailer differential braking
controller based on a linear quadratic regulator (LQR] is investigated, whose integration with
active differential braking of the tractor further improves the lateral stability of both the
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vehicle and the trailer. In [23] a comprehensive review and classification of control schemes
forimproving the lateral stability of car-trailer combinations is presented. The study analyses
various active steering and yaw stability control approaches for articulated vehicle systems,
including coordinated steering strategies for both tractor and trailer units. The review also
compares the effectiveness of different control methods under various driving conditions
using standard manoeuvres and lateral stability performance indicators.

The safe operation of any vehicle is largely determined by its dynamic properties, particularly
its stability and handling performance. At present, the problem of determining the stability
conditions of two-link articulated vehicle combinations has been extensively studied. In
particular, studies [24-25] investigate the dynamic stability and motion behaviour of articu-
lated transport systems using multi-body and linearised dynamic models. The equations of
motion are derived considering the influence of braking, acceleration and lateral dynamic
effects. However, for three-link road trains, such mathematical models still require further
development, particularly for manoeuvrability and stability analysis. Therefore, the aim of
this study is to determine the lateral manoeuvrability and stability indices of "B-triple” type
road trains and to identify ways to impraove them.

2. Materials and Methods

We use a well-known system of equations that describes the motion of a three-link road
train type “B-double”. This system of equations was taken as the basis for formulating the
equations of motion for the road train type “B-triple” (Figure 2 and 3).
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Fig. 2. Three-link road train type “B-triple”




30 The Archives of Automotive Engineering — Archiwum Motoryzacji Vol. 113, No. 3, 2026
https://doi.org/10.14669/AM/225308

Fig. 3. Computational scheme of a three-link road train type “B-triple”

When formulating the equations of motion, the following notation is introduced:

m, [; mi, [;; me, I2; ms, [3; ma, [s; ms, Is; me, I« — mass and central moment of inertia of the
tractor unit's, the bogie of the first semitrailer, the frame of the first semitrailer, the bogie of
the second semitrailer, the frame of the second semitrailer, the bogie of the third semitrailer,
and the frame of the third semitrailer, respectively, kg and kg'm?,

Y1, Y2, ys — articulation angles between the road train links, rad;

v, ¥; — derivative of angular velocity and derivative of angular acceleration, rad/s? and rad/s?;
01, P2, P3, P4, Qs, Ps — absolute angles between the tractor frame and the frame of the first
semitrailer; between the frame of the first semitrailer and its bogie; between the bogie of the
first semitrailer and the frame of the second semitrailer; between the frame of the second
semitrailer and its bogie; between the bogie of the second semitrailer and the frame of the
third semitrailer; and between the frame of the third semitrailer and its bogie, respectively,
rad;

V, U - longitudinal andlateral, velocities of the tractor unit's centre of mass, m/s;

o — yaw velocity of the tractor unit's centre of mass, rad/s;

® — yaw acceleration of the tractor unit's centre of mass, rad/s?;

M - mass of the tractor (equivalent mass of the system reduced to its centre of mass), kg;
M, - inertial coefficient [equivalent mass / additional mass term), kg;

M; = f(¢i) — turning resistance moments of the road train links, N'-m;

Xij, Yij, Zij — longitudinal, lateral, and vertical reactions of the supporting surface acting on
the road train wheels, N;

i — index denoting the vehicle segment (tractor unit or semitrailer,i=1to 4]J;

j —index denoting the axle number of the carresponding segment (j =1to 3J;
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a — distance from the front axle to the centre of mass of the tractor unit's, m;

¢ — distance from the centre of mass of the tractor unit's to the coupling point with the first
semitrailer, m;

di, dz, ds, ds, ds, ds — distances from the centre of mass of the first semitrailer to the coupling
point with the tractor; from the centre of mass of the bogie of the first semitrailer to its
front axle; from the centre of mass of the second semitrailer to the coupling point with the
first semitrailer; from the centre of mass of the bogie of the second semitrailer to its front
axle; from the centre of mass of the third semitrailer to the coupling point with the second
semitrailer; and from the centre of mass of the bogie of the third semitrailer to its front axle,
respectively, m;

I1, 15, Is — distances from the bogie centre of mass to the coupling paint with the Ffirst, second,
and third semitrailers, respectively, m;

l2, 14, Is — distances from the bogie centre of mass to the point located midway between the
first and second axles of the first, second, and third semitrailers, respectively, m;

0 - steering angle of the tractor wheels, rad;

01, 02, 65 — steering angles of the bogie axles of the first, second, and third semitrailers,
respectively, rad.

This is an example of an equation:

M(U - Vo) + Myjcw? — (mydy + myly + (mz + my)ly) - (Frcospy — yising;) —myd, -
(y1cosy; — yisiny;) — (mzds + myl3) - (y2c0sy, — y3siny,) — mydy - (yoc0sy, — y3siny;) —
(msds +mgls) - (V3cos@s + y3sings) = = Niy (Xq; + Yyisinbyy) — Xy (Xzjsinyy + Yyjcosy,) —
Yio1(Xsiesin(B; +v2) + Yaycos(6; +v2)) — Tp=y (X4p5in(93 +¥3) + Yapcos(63 + V3))

(1)

lw+cMy - (a’) - U+Cvm) + c(mydy + myly + (Mg + myly) - (F1cos@q + y2sing,) +

cmydy (y1cosyy + Visiny:) + c(mads + myl3) - (Vacosy, + y3siny,) = a Xis, (Yicos6,; —
Xyisinby) — ¢ Xoq (Xjsiny; + Yjecosy;) 2
- for the frame of the first semitrailer:

(11 + mld% + mzl% + (m3 + m4)l%)y1 + (m1d1 + m211 + (m3 + m4)lz) . [(V - U(U)Sln(pl +

(Vw - U)cos<p1] — mydyly (Y cos@, + Vising,) = dy Xioq Xgjsinyy + 1 Yoy Xojsing, +

dy Xio1 Yajcosyy + 1 Yoy Yajc0s ¢, (3)

- for the bogie of the first semitrailer:

(I, + myd3)iy + (mads + myly) - [(V — Uw) - sin(gy + ¢3) + (Vo — U) - cos(py + ¢3)] =
dy Xjo1Yoj + 1 X1 Yoy + My 4)
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- for the frame of the second semitrailer:

(I3+mgd2+myl2)y, + (madsz+myls) - [(U —Vw)siny, + (Vo — U)cosyz] =d3 Yp=q X3 Siny, +
I3 =1 X3 Sings + dz Y= Yarcosys + I3 XY= Yacosp3 (5)

- for the bogie of the second semitrailer:
(I+mad3)iy + mudy[(U — Vw)siny, + (Vo — U)cosy,| = dy Xioy Yar + la Xieq Yax + My (6)

- for the frame of the third semitrailer:

(15+m5d52,+m61§))73 — ls(msds+mels)ys = ds Yp=1Xapsinys + ls Xp_1 Xapsings +
ds Y3—1 Yapcosys + s Xp—q Yapcosgs @)

- for the bogie of the third semitrailer:

(Is+med2) i3 + meds[(U — Vw)sinys + (Vo — U)cosys| = dg Xpo1 Yap + ls Xper Yap + Mz (8)

The system of equations (1-8) includes the longitudinal and lateral forces acting on the road
train wheels, as well as the road train layout and mass parameters.

The longitudinal forces X; are defined as:

X,:=f'Zi (9)

f — rolling resistance coefficient of the road train wheels, assumed to be identical for all
wheels;

Z; - normal reaction of the suppaorting surface acting on the wheels of the i-th axle of the
road train, N.

The lateral forces acting on the wheels of the road train axles are determined using the D.A.
Antonov formula:

Y = qkyoeb (10)

Yij = qijkyoe,ijbij (11)

q;; — coefficient accounting for the influence on tyre slip of the normal support reactions
redistribution, traction and braking forces, the inclination angle of the wheel plane relative to
the supporting surface, tyre inflation pressure, slip of the rear non-steered wheels, transient
slip, road surface quality, wheel oscillations when motion over an uneven surface and wheel
motion on unpaved roads;

kyoe ij — extreme (maximum] lateral stiffness coefficient;

d; - tyre [axle] slip angle, rad.
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The viscous friction moments in the steering systems of the tractor unit and semitrailer are
proportional to the angular velocity of the equivalent wheels rotation:

Mpy; = h; - 6; (12)

h; - viscous friction coefficients in the steering system compaonents, h;=15 Nms/rad;
6, - angular velocity of the steered wheels rotation, rad/s.

The elastic moments in the steering systems of the tractor unit and semitrailer are propor-
tional to the steering angles of the equivalent wheels and to the stiffness of the steering
mechanism:

My = x;i - 6; (13)
y; — steering mechanism stiffness coefficients, y; =110 to 1770 Nm/degree.

The steering angle of the semitrailer bogie axle is determined as:

0123 = UaP2,46 — U1 P135 (14)

u;, Uy — transmission ratios of the direct and feedback drives determine the dual steering
drive transmission ratio of the semitrailer axle.

3. Results

Integration the equations of motion (1-8) was performed using the following initial data:
m = 2400 kg; m; = m3 = ms = 1700 kg, m, = my = mg = 2500 kg (with the semitrailer loaded
with a 40-ft container) and m, = my = mg = 1830 kg (with the semitrailer loaded with a 20-ft
container]; ky; =160000 Nm; Ky, = kyj3 = 220000 Nm; kyp = kyoy = Kypo = Ky3 = Ky3p = Ky3p =
kys = kya1 = kys4p = 240000 Nm; I, = 36288 Ns/m; Iy, = I3 = Iys = 2754 Ns/m (with the semi-
trailer loaded with a 20-ft container]; Iy, = Iy4 = Iy = 15550 Ns/m (with the semitrailer loaded
with a 20-ft container); Iy, = Iy, = Iy = 28350 Ns/m (with the semitrailer loaded with a 40-ft
container); h =15 Nms/rad; x = 145 Nm/degree; a= 2593 m; b=1987 m; ¢ =4.505 m; d; = d3 =
ds = 85 m [with the semitrailer loaded with a 40-ft container); d; = d; = ds = 5.6 m (with the
semitrailer loaded with a 20-ft container);d, =d;=dg=16m;1;=12=13=105m;14=15=16 =
1.65 m; u; = 0.95; u, =1.15.

For these initial conditions, as well as for the road train turning mode defined by the steering
mode coefficient [kf'g/Va, @ -is the equivalent angular steering speed of the tractor wheels),
the road train manoeuvrability and motion stability indices were determined.
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Figures 4-6 present the calculated yaw velocity results of the road train links, lateral accel-
eration, wheel slip angles of the axles and articulation angles of the units (links) during the
execution of the “entry into a turn” manoeuvre.

The stable nature of motion of the road train links during this manoeuvre is indicated by the
decaying oscillations of the links yaw velocity (Figure 4). However, it should be noted that the
absolute values of the yaw velocity of the third semitrailer are significantly higher than those
of the first and second semitrailers, which may lead to a loss of stability as the motion speed
of the road train increases.
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Fig. 4. Variation of the yaw velocity during the road train entry into a turn; (a) the first semitrailer,

(b) the second semitrailer, (c) the third semitrailer

The motion stability can be assessed to a greater extent by the magnitude of the lateral
accelerations acting at the centres of mass of the individual links. According to the litera-
ture, motion stability can be considered satisfactory if the lateral accelerations at the centre
of mass of a link do not exceed 0.45 g [2]. This condition is satisfied by the road train under
consideration (Figure 5). In addition, the decaying nature of the oscillations also indicates
stable motion of the road train. However, the accelerations acting at the centre of mass
of the third semitrailer exhibit a cyclic character, which, with an increase in motion speed,
may lead to a loss of motion stability of the road train.
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Fig. 5. Variation of the lateral acceleration during the road train entry into a turn over the transient

process; (a) the first semitrailer, [b) the second semitrailer, (c) the third semitrailer

Based on the values of lateral accelerations, the lateral forces acting at the centres of mass
of the individual links were determined and subsequently the lateral forces and slip angles
of the links were obtained (Figure 6).
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Fig. 6. Variation of the steering angle and slip angles of the steered axle of the First semitrailer

(a) and the non-steered axles of the second (b) and third (c) semitrailers during the road train

entry into a turn

It should be noted that the maximum slip angles of the second and third semitrailers are
approximately 2-5 times greater than those of the steered wheels of the tractor unit. The
variable nature of lateral acceleration and lateral forces leads to oscillations of the lateral slip

angles of the links, which may result in excessive road train oversteer and a loss of stability
as the motion speed increases.
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The slip angles, together with the steering angle of the tractor controlled wheels, determine
the folding angles of the road train links, which in turn define the steering angles of the semi-
trailer axles, the displacement of the trajectories of characteristic points of the semitrailers
relative to the trajectory of the tractor unit, and the road train swept path width (Figure 7).
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Fig. 7. Variation of the steering angles of the controlled axles of the semi-trailers (a) and the road

train swept path width [b) as a Function of the trajectory turning angle

Thus, the displacement of the trajectories of the semitrailers’' characteristic points increases
progressively as the steering angle of the tractor steered wheels changes from O (at turn
entry] to 2z (during circular motion), as shown in Figure 6a. Based on the magnitude of the
semitrailers trajectory displacement, the road train swept path width was determined. The
baseline configuration was taken as a three-link "B-triple” road train with non-steered semi-
trailers. For this road train, the swept path width during circular motion amounted to 11.3 m,
which significantly exceeds the permissible value Bg = 7.2 m. Equipping the semitrailers with
dual steering systems on the rear bogie axles significantly improved the road train manoeu-
vrability indices. In particular, the swept path width of the three-link “"B-triple” road train with
a dual steering system on the steered rear axles of the semitrailers was reduced to .13 m,
which still does not meet the requirements of regulatory documents (Figure 6b). At the same
time, both the steered and non-steered road trains exhibit insufficient turning ability, which
may serve as a prerequisite for motion stability.

The analysis of the calculated yaw velocity and lateral accelerations acting at the centres
of mass of the semitrailers at a vehicle speed of 5 m/s indicates a steady-state motion of the
road train.

An increase in the road train speed up to 15 m/s during circular motion also confirms satis-
factory motion stability of the road train (Figure 8] and the possibility of its operation on the
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general road network. In this case, increasing the outer turning radius to 15 m ensures
acceptable values of handling and stability indicators, which allows the operating conditions
of the road train to be considered satisfactory.
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Fig. 8. Lateral acceleration of the road train links at a speed of 15 m/s and circular motion

4. Discussion

The integration of the equations of motion was performed for a road train consisting of
a Scania tractor and three Krone semitrailers loaded with two 20-foot containers and one
40-foot container. The yaw velocity of the road train links, lateral accelerations, wheel slip
angles, folding angles and swept path width during the manoeuvre “entry into a turn” were
determined. The stable nature of the motion of the road train links during this manoeuvre
is confirmed by the decaying oscillations of the yaw velocity and lateral acceleration, whose
magnitudes do not exceed the permissible limits.

The slip angles, together with the steering angle of the tractor's controlled wheels, deter-
mine the folding angles of the road train links. In turn, these angles define the steering
angles of the controlled axles of the semitrailers, the lateral displacement of the character-
istic points of the semitrailers relative to the tractor trajectory, and the swept path width of
the road train. For a three-unit road train, type “B-triple” with non-steered semitrailers, the
swept path width reached 11.3 m, which significantly exceeds the permissible value of 7.2 m.
Equipping the semitrailers with dual steering systems on the rear bogie axles significantly
improved the manoeuvrability of the road train (the swept path width decreased to 9.13 m);
however, even in this case, the road train with steered semitrailers does not meet the regu-
latory requirements. At the same time, both steered and non-steered road trains exhibit
insufficient turning ability, which may serve as a prerequisite for stable motion.
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5. Conclusions

As a result of the conducted research, the following conclusions can be drawn:

the system of equations describing the planar motion of a three-unit “"B-triple” road train
with semitrailers equipped with dual steering systems on the rear bogie axles has been
improved,

it was established that, according to the yaw velocity and the magnitude of lateral accel-
erations acting at the centres of mass of the semitrailers at a speed of 5 m/s, the motion
of the road train is stable. Increasing the road train speed to 15 m/s during circular motion
also indicates satisfactory motion stability and the possibility of its operation on the
general road network,

it was shown that for a three-unit "B-triple” road train with non-steered semitrailers,
the swept path width is 11.3 m, which significantly exceeds the permissible value of 7.2 m.
Equipping the semitrailers with dual steering systems on the rear bogie axles significantly
improves the manoeuvrability of the road train (the swept path width decreases to .13 m};
however, the road train with steered semitrailers still does not meet regulatory require-
ments. At the same time, both steered and non-steered road trains demanstrate insuffi-
cient turning ability, which may contribute to motion stability.

Based on the results, further research on improving manoeuvrability indicators for three-

link road trains type "B-triple” can be achieved in two ways: by revising transport legislation
regarding their manoeuvrability or by developing more advanced control systems.
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