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Abstract

Road freight transportation remains the dominant mode for goods distribution worldwide, with
articulated vehicles playing a critical role in this sector. However, these vehicles are prone to severe
instability phenomena such as jackknifing, trailer sway, and rollover, particularly under high-speed
or emergency maneuvers. This paper presents an advanced steering stability control strategy for
articulated vehicles based on Model Predictive Control (MPC) and differential braking, aiming to
enhance lateral and yaw stability during autonomous driving operations. The proposed controller
integrates trajectory tracking and yaw stability objectives within a unified optimization framework,
systematically handling multi-variable constraints. A dynamic model of a tractor-semitrailer
combination has been developed, enabling accurate representation of vehicle kinematics and tire
forces. Simulation results demonstrate that the inclusion of differential braking significantly reduces
articulation angle and yaw rate deviations, preventing instability even at speeds exceeding the critical
threshold of 31.04 m/s. Comparative analysis reveals that coordinated braking applied to both tractor
and trailer units achieves superior performance over single-unit application, particularly under high-
speed conditions. While the findings confirm the effectiveness of MPC-based differential braking for
articulated vehicle stability, the study also highlights the current limitation of simulation-based
validation and the need for experimental testing to ensure real-world applicability. Future research
should explore multi-actuator coordination, including active front steering integration, to further
enhance stability and reduce longitudinal speed loss.

Keywords: articulated vehicles; autonomous driving; steering stability; differential braking; model
predictive control; yaw control

1. Introduction

Road freight transportation continues to dominate global logistics, accounting for a significantly
higher share than maritime, rail, or air transport. Its flexibility and cost-effectiveness make it the
preferred choice for domestic and regional goods distribution. Articulated vehicles —comprising a
tractor unit coupled with one or more trailers—are the backbone of this system. However, their
complex dynamics introduce critical safety challenges.

The stability of articulated vehicles has been a subject of extensive research for decades, driven
by the critical safety challenges posed by their complex dynamics. Articulated configurations —such
as tractor-semitrailers and multi-trailer combinations—are particularly vulnerable to instability
phenomena including jackknifing, trailer sway (snaking), and rollover, which can occur under high-
speed conditions, abrupt steering maneuvers, or uneven load distributions. These instability modes
not only compromise vehicle control but also increase accident severity compared to single-unit
vehicles [1,2]. Figure 1 shows an example of these instabilities.
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Figure 1. The snaking phenomenon that can occur with any car/trailer combination.

In general, the following types of instability may occur [3].

The first type is divergent instability, which occurs when the mass of the trailer is partially
supported by the towing vehicle at the coupling point. If the vertical force exerted by the trailer on
the towing vehicle becomes excessively large, the vehicle combination exhibits a monotonically
unstable motion, ultimately compromising overall stability.

The second type is unstable oscillatory yaw motion. In this case, the oscillation amplitude is
unbounded, even under non-linear conditions. As the amplitude increases, the slip angle also grows,
which reduces the average cornering stiffness due to the digressive, non-linear tire cornering force
characteristic. This progressive reduction in cornering stiffness exacerbates the instability, making
the situation increasingly critical.

Two distinct types of trailer oscillations can be identified [4], as illustrated in Figure 2.

Line of travel

Line of travel

i
0.1

0 [

Direction
of Slide

Direction

Tractor rear wheels
locked-up or spinning

(a) Tractor jackknife

Trailer wheels
locked-up and sliding %

(b) Trailer swing

Figure 2. Two jack-knife possibilities of a tractor-semitrailer.

The tractor may jackknife (Figure 2a) either under power or during braking, particularly when
the rear wheels of the tractor lose grip or traction. This condition results in an acute angle between
the tractor and trailer, severely compromising maneuverability and safety.

Trailer swing (Figure 2b) may occur when the trailer axle wheels lock during braking, causing
the rear of the trailer to swing outward and increasing the risk of collision. Trailer swing is often
considered a form of yaw instability, even though the vehicle combination may remain
mathematically stable.

A complete analysis of articulated vehicles can be found in [5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0302.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0302.v1

3 of 22

The progression from passive mechanical systems to active and intelligent controllers reflects
the growing complexity of articulated vehicle dynamics and the demand for autonomous driving
capabilities. Traditional systems such as Electronic Stability Control (ESC) and Roll Stability Control
(RSC) provide reactive interventions but lack predictive capabilities, limiting their effectiveness
under extreme conditions [1].

Another significant research challenge in the automotive industry is the development of
autonomous vehicles, which are defined as vehicles capable of perceiving their surroundings and
replicating human driving and control abilities [6] The degree of autonomy in a vehicle is categorized
into six levels. Currently, several companies are focusing on the development of Level 4 and Level 5
vehicles [7], although the highest level available on the market today is Tesla’s Autopilot, classified
as Level 3.

The growing demand for autonomous driving technologies in heavy-duty vehicles further
emphasizes the need for robust stability control systems. Autonomous articulated trucks must
execute complex maneuvers without human intervention, requiring advanced control strategies that
can manage nonlinear dynamics, multi-body interactions, and stringent safety constraints.
Traditional stability systems, such as ESC or RSC, offer partial solutions but lack the predictive
capabilities and adaptability necessary for fully autonomous operation.

With respect to the control system, the MPC is an advanced control method [8]. This technique
has been successfully used in many industrial applications, like thermal energy control [9], collision
avoidance [10], vehicle stability [11], and energy management [12]. The MPC capacity of working
with non-linear systems makes it appropriate for several applications in engineering, being of
particular interest its use in autonomous vehicles [13].

Several automotive companies, such as Ford, BMW, Honda, PSA, and Toyota, are actively
investigating the implementation of advanced control systems. These systems have a wide range of
applications, including traction control, semi-active suspension control, vehicle stability
management, and energy optimization in electric vehicles. Although such control strategies typically
involve high computational demands, the integration of multi-parametric programming with an
appropriately designed prediction horizon can significantly reduce the computational burden on
vehicle microcontrollers, enabling real-time execution in on-board systems.

The stability of articulated vehicles under high-speed conditions and emergency maneuvers has
been extensively studied, leading to the development of several advanced control strategies. These
approaches differ in their mathematical foundations, robustness to uncertainties, and computational
requirements. Among them, MPC has emerged as the dominant methodology. MPC predicts future
system states over a receding horizon and computes optimal control actions by solving a constrained
optimization problem at each time step. Its ability to handle multi-variable systems and incorporate
operational constraints makes it particularly suitable for articulated vehicles with complex dynamics.
Studies such as [14,15,16] demonstrate the effectiveness of MPC in trajectory tracking and yaw
stability control. However, its main limitation lies in the high computational demand, which requires
efficient algorithms for real-time implementation.

Another widely explored approach is Fuzzy Logic Control, including fuzzy PID variants. These
controllers rely on linguistic rules and membership functions rather than precise mathematical
models, making them robust to parameter variations and load changes. [17,18] highlight the intuitive
design and adaptability of fuzzy controllers in managing nonlinearities. Nevertheless, their
performance strongly depends on the quality of the rule base, and they may be less effective in highly
dynamic scenarios compared to predictive methods.

Sliding Mode Control (SMC) represents a robust nonlinear technique that forces system
trajectories to follow a predefined sliding surface, ensuring invariance to matched uncertainties.
Reference [19,20] report that SMC provides excellent robustness against disturbances and parameter
variations. Despite these advantages, the chattering phenomenon associated with SMC can lead to
actuator wear and degraded performance, requiring careful design to mitigate this issue.
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Optimal control strategies such as the Linear Quadratic Regulator (LQR) have also been applied
to articulated vehicle stability. LQR minimizes a quadratic cost function to achieve optimal
performance for linearized systems. Reference [21] demonstrate its effectiveness when accurate
models are available. However, its applicability is limited in nonlinear and time-varying conditions,
which are common in articulated vehicle dynamics.

Adaptive Control techniques offer real-time parameter adjustment to compensate for variations
in system dynamics, such as changes in payload or road conditions. References [22,23] show that
adaptive controllers can maintain stability under varying operating conditions. The main drawback
of these methods is the increased complexity associated with tuning multiple adaptive parameters.

Finally, Integrated Multi-System Control strategies combine multiple actuators—such as active
front steering and differential braking—to achieve coordinated control. References [16,24,25]
emphasize that this approach provides superior performance in maintaining yaw and lateral
stability, particularly in autonomous driving applications. However, it requires sophisticated
coordination algorithms and sensor fusion to ensure seamless operation.

Table 1 summarizes the dominant control approaches identified in recent literature:

Table 1. Control Methodologies for Articulated Vehicle Stability.

Control Key Studies Characteristics
Approach
Model Predictive | [14,15,16] Optimization-based,
Control predictive capability,

handles constraints

Fuzzy Logic /| [17,18] Robust to  parameter

Fuzzy PID uncertainty, intuitive rule
design

Sliding Mode | [19,20] Robust against

Control disturbances, invariant to

matched uncertainty

LOR/Optimal [21] Optimal performance,
Control requires accurate model
Adaptive Control | [22,23] Handles parameter

variations, loading changes

Integrated Multi- | [16,24,25] Coordinates multiple
system Control actuators for enhanced
performance

Several techniques are employed to prevent trailer jackknifing and trailer swing in articulated
vehicle combinations.

A highly effective measure is ESC [26]. ESC systems continuously monitor vehicle dynamics and
intervene by applying selective braking or reducing engine torque to maintain directional stability.
These interventions are particularly valuable during sudden steering inputs or slippery road
conditions, significantly reducing the likelihood of both jackknifing and trailer swing.

Anti-Lock Braking Systems (ABS) also play a critical role in stability management. ABS prevents
wheel lock-up during braking (Kienhofer and Cebon 2019)[27] , especially on trailer axles, ensuring
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tire-road contact and steering capability. This minimizes the risk of jackknifing and swing caused by
locked wheels during abrupt deceleration.

Design improvements such as advanced fifth-wheel coupling systems [28] with controlled
articulation or damping help reduce abrupt angular changes between tractor and trailer. These
systems minimize jackknife risk during sharp turns or sudden deceleration.

In addition, active trailer sway control [29] detects oscillatory yaw motion and applies corrective
braking or torque adjustments to stabilize the trailer. This technology is particularly useful for
mitigating swing during high-speed lane changes or in crosswind conditions.

The choice of control parameters varies based on the instability mode being addressed. Studies
targeting jackknifing prevention prioritize articulation angle control, while those addressing trailer
sway focus on yaw rate deviation. Multi-objective controllers typically monitor both tractor and
trailer yaw rates along with the articulation angle. These finding are summarized in Table 2.

Table 2. Control parameters based on the instability mode.

Parameter Type Studies Using This Parameter
Yaw rate [17,20,24,25]
Sideslip angle [17,19,30]

Articulation/hitch angle | [14,19,20]

Fifth wheel angle [23]

Yaw moment [25]

Across all these techniques, differential braking emerges as a critical actuator for yaw stability.
This technique involves the selective application of braking forces to individual wheels or axles,
generating an asymmetric braking distribution that produces a corrective yaw moment. By
counteracting undesired rotational dynamics, differential braking effectively mitigates instability
phenomena such as jackknifing and trailer sway. Its implementation is cost-effective because it
leverages existing braking systems, making it suitable for integration with electronic stability
programs. Studies such as [1,20] confirm that tractor-only differential braking provides significant
yaw control authority, although its influence on trailer dynamics is limited. Conversely, coordinated
braking on both tractor and trailer units, as demonstrated by [14,15], achieves superior performance,
particularly at high speeds where trailer sway becomes critical.

Several advanced control strategies have been developed to optimize the use of differential
braking in articulated vehicles. Among these, MPC stands out as the dominant approach due to its
predictive capabilities and systematic handling of multi-variable constraints. MPC-based controllers,
such as those proposed by [14,15], integrate trajectory tracking and yaw stability objectives within a
unified optimization framework. Reference [16] further extended this concept by coordinating active
front steering with differential braking through a bi-level MPC structure, achieving enhanced path
tracking and yaw control.

SMC has also been applied to differential braking systems, exploiting its robustness against
disturbances and parameter uncertainties. Reference [19] introduced a phase-portrait-based SMC
method that uses differential braking to maintain dynamic stability in car-trailer combinations.
Similarly, Reference [20] implemented a multi-objective SMC algorithm for heavy tractor-
semitrailers, focusing on jackknife prevention and yaw stability. Despite its robustness, SMC requires
careful design to mitigate the chattering phenomenon, which can lead to actuator wear.

In addition, Fuzzy Logic Control has been employed to manage nonlinearities and uncertainties
without relying on precise mathematical models. Reference [17] demonstrated that fuzzy logic can
effectively generate additional yaw moments through differential braking, improving lateral stability
under varying load conditions. Adaptive Control strategies have also been explored, adjusting
braking torque in real time to compensate for changes in vehicle parameters such as payload or road
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friction. Reference [22] analyzed active trailer differential braking using adaptive control to prevent
instability during dynamic maneuvers.

Recent research emphasizes Integrated Multi-System Control, which combines differential
braking with other actuators such as active front steering and torque vectoring. Reference [24]
proposed a coordinated control strategy for distributed-drive articulated trucks, combining
differential braking with steering interventions to enhance anti-jackknifing stability. Reference [25]
also investigated integrated control schemes that leverage both braking and steering for
comprehensive yaw motion management.

Across all these approaches, a key finding emerges: tractor-only braking provides effective yaw
control but limited trailer stabilization [1,20], while trailer-only braking directly mitigates trailer sway
but lacks influence on tractor dynamics (Tian et al. 2025; Sun et al. 2016; 2014; Gao et al. 2020.
Coordinated braking on both units delivers optimal stability, reducing articulation angle and yaw
rate deviations under critical speed conditions [14,15,17,19]. These results confirm that differential
braking, when combined with advanced control strategies, is a cornerstone for achieving safe and
reliable autonomous operation of articulated vehicles. These results are summarized in Table 3.

Table 3. Comparative effectiveness of braking configurations for yaw and sway stability.

Configuration Studies Findings

Tractor only [1,20] Effective for yaw control
but limited trailer
influence

Trailer only [22,24,31,32] Direct trailer

stabilization, effective for
sway control

Both units [14,15,17,19] Superior performance,
comprehensive stability
control

Finally, driver assistance systems and training complement these technologies. But, in the
context of autonomous driving, the role of driver assistance systems evolves into fully integrated
automated control architectures that replace human intervention entirely. Traditional features such
as adaptive cruise control and lane-keeping assist become foundational components of advanced
autonomous systems, which incorporate real-time sensor fusion, predictive algorithms, and
coordinated braking strategies to maintain stability under dynamic conditions. These systems can
continuously monitor articulation angles, yaw rates, and lateral accelerations, applying corrective
actions such as differential braking and active trailer sway control without relying on driver input.
Furthermore, machine learning-based predictive stability controllers can anticipate critical
scenarios—such as sudden lane changes or low-friction surfaces—and adjust braking forces across
tractor and trailer axles to prevent jackknifing or swing.

The transition from driver assistance to full autonomy eliminates the variability associated with
human decision-making and reaction times, enabling precise, coordinated interventions that
optimize safety margins. However, this shift requires robust redundancy in sensing and actuation
systems, as well as fail-safe algorithms to handle sensor degradation or unexpected environmental
conditions. Ultimately, the integration of advanced stability control strategies —such as electronic
stability control, differential braking, and active sway mitigation —into autonomous platforms is a
cornerstone for achieving reliable and safe operation of articulated vehicles in mixed traffic
environments.

This paper contributes to the evolving field of autonomous articulated vehicle control by
introducing an MPC-based steering stability system that integrates differential braking as a primary
actuator. The proposed system is designed to enable autonomous trajectory tracking while
preserving yaw stability under a wide range of operating conditions, including scenarios that exceed
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the critical speed threshold. By leveraging predictive control, the vehicle can adapt to a predefined
path and execute standard driving maneuvers without human intervention.

The core innovation lies in combining yaw stability control with coordinated regulation of
vehicle speed and steering angle —parameters inherently managed by autonomous driving systems.
This holistic approach ensures that articulation stability is maintained during critical situations such
as sudden lane changes, emergency braking, and low-friction surfaces. Differential braking, which
applies unequal braking forces to individual wheels to generate corrective yaw moments, serves as
the primary mechanism for stabilizing the articulated configuration under dynamic conditions.

Ultimately, the main contribution of this work is to provide “intelligence” to articulated vehicles,
transforming them into fully autonomous systems capable of safe and reliable operation. Through
detailed modelling and simulation, we demonstrate the effectiveness of the proposed MPC-based
control strategy and outline directions for future experimental validation.

The transition toward fully autonomous articulated vehicles requires control systems that go
beyond conventional stability interventions. Existing studies employing MPC for yaw stability
primarily focus on mitigating articulation angle deviations or preventing jackknifing through
differential braking or steering coordination [14,15,16]. While these approaches demonstrate the
predictive capability of MPC and its effectiveness in handling multi-variable constraints, they
generally address stability as an isolated objective and do not explicitly regulate longitudinal speed
to maintain safe operating conditions.

The system proposed in this paper introduces a holistic control strategy that integrates trajectory
tracking, yaw stability, and longitudinal speed regulation within a unified MPC framework. This
design enables autonomous driving functionality by allowing the articulated vehicle to follow
predefined paths while dynamically adjusting its speed to prevent instability. Unlike previous works,
which intervene only when instability is imminent, the proposed controller proactively manages
vehicle dynamics by predicting future states and applying corrective actions in real time. Differential
braking serves as the primary actuator for yaw control, while speed regulation ensures that the
vehicle remains within stability limits even under high-speed or aggressive maneuvers.

This dual capability —stability preservation and speed management—represents a significant
advancement over existing MPC-based solutions. By embedding longitudinal velocity control into
the optimization problem, the system not only prevents instability but also optimizes overall dynamic
performance, positioning it as a key enabler for safe and reliable autonomous operation of articulated
vehicles. The remainder of this paper details the modeling approach, controller design, and
simulation results that validate the effectiveness of this integrated strategy.

The remainder of this paper is organized as follows. Section 2 Material and Methods introduces
the dynamic model of the articulated vehicle, including the assumptions and governing equations as
well as the details of the design of the MPC-based control system. Section 3 presents the simulation
results for different operating conditions, illustrating the effectiveness of the proposed approach.
Section 4 provides a discussion of the findings in the context of previous research and highlights their
implications for autonomous driving. Finally, Section 5 summarizes the main conclusions and
outlines directions for future work.

2. Materials and Methods

This section describes the modeling and control framework developed for this study. It begins
with the formulation of a dynamic model representing the tractor-semitrailer combination, including
the assumptions, degrees of freedom, and governing equations that capture the vehicle’s kinematic
and dynamic behavior. Subsequently, the design of the MPC system is presented, detailing the
optimization problem, constraints, and cost function that integrate trajectory tracking, yaw stability,
and longitudinal speed regulation. This section establishes the foundation for the simulation-based
validation of the proposed control strategy.

2.1. Dynamic Model

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The vehicle model is composed by two bodies, tractor and semitrailer, connected with an ideal
revolute joint in the kingpin. The vehicle has two axles in the tractor and three axles in the semi-trailer
and has been simplified by grouping the three semi-trailer axles in only one equivalent. Each axle has
its equivalent left and right wheels. The truck has the driving system in the tractor rear axle,
meanwhile the steering is applied in the front wheels.

With these assumptions, the vehicle model consists of a 2D model with 4 degrees of freedom,
corresponding to the longitudinal and lateral displacements of the atractor, the tractor yaw angle and
the semi-trailer yaw angle.

Figure 3 shows the vehicle schematics and the parameters considered in the model. The values
of the parameters used in the model are relegated to Appendix A.

My, J5= Mak;”
My, Ji= Mik”
—
e | ¢
b, ap
by

Figure 3. Model vehicle parameters.

A global inertial reference frame [X Y] and two local reference frames [X¥1 Y1] and [Xz Y2]
are defined. The tractor is represented as the body 1 and uses subscript 1 and the semitrailer is
represented with subscript 2. Figure 4 shows the model variables.

Figure 4. System variables definition.

Capital letters represent variables referred to the global reference frame, small letters represent
variables referred to the local reference frame, and Greek letters represent rotational variables. Bold
letters are used to represent matrixes or vectors.

The notation is defined as follows:

[X; Y] with i=1,2 are the c.0.g. (center of gravity) positions referred to the inertial reference
frame [X Y] for each body.

[Wwi vi] with i=1,2 are the c.0.g. velocities referred to the local reference frame.

¢@; with i =1,2 are the orientation of the local reference frame with respect to the inertial
reference frame.

(pij means @; — (p]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0302.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0302.v1

9 of 22

S@; means sing;

CQ; means cos;

S@;; means sin(@; — ¢;)

cg;; means cos(@; — ¢;)

w; with i =1, 2 are the tractor and semitrailer yaw velocities.

w;; Means w; — w;

X=[X, Y7 ¢ X, Y, ;] is the vector of coordinates that represent the system
movement in the inertial frame.

v=[u v w; U V; 2]7 isthe vector of the c.0.g. velocities referred to the local frames.

A=[A4 A)]7 represents the constraint forces at the revolute joint, written in the global
reference frame.

F,=[Fx; Fy;, Ny Fx, Fy, N,]T with i=1,2 (tractor, semitrailer) are resultant forces
and momentum at the center of gravity (c.o0.g.).

[Uy U; Us] are the driving/braking forces in the front trailer axle, rear trailer axle and
semitrailer axle.

[Ty T3] are the stability controllers, introduced as differential braking, explained in Section 2.1
Dynamic Model.

[Ri R; R3] represent the lateral tire forces in the front trailer axle, rear trailer axle and
semitrailer axle.

[8] represents the tractor steering angle

The system equations can be obtained by applying the Newton-Euler’ Laws for a multibody
system with kinematic constraints. These equations are obtained in the local reference frame for both
bodies and can be arranged in a matrix formulation (1):

M-W+vXw)+A-A=F, 1)

being

2)

oS O O o
o O O oo

S

OOOOO;
OONEOOO
(=]

~

)
—_—

cococoXo
cocooT~oco

and, because v is in local frames (3),

Uy = V10q
V1 + Uy,
Wy
Uy = Vw3
Uy + Uyw,
W
Equations (1) include also the vector 4 with two additional variables that represent the two

V+UvXw=

(©)

constraint forces at the revolute joint.
The expression of the constraint equations, written in terms of velocities in the inertial frame, is
as follows (4):

Uy
Vi
1 0 ¢sp; -1 O a, SQ, ] wi| _ [0] @)
0 1 —¢sp; 0 =1 —a,se,]|U, 0
V2
W,
And considering that:
U, cp, —sp; 0 O 0 0rus
4 s, cp, 0 O 0 0l
wi[_|0 0 1 0 0 0]fw1 5)
U, 0 0 0 cp, —s@, 0f|lUz
£ 0 0 0 sp, cop, 0]V
W3 0 0 0 o0 0 11tw;
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The matrix A in (1) has the following expression (6):
CP1 SP
—S5¢1 CP1
_|Gaspr —Gaceq
A= —CP2 SP2 ©)
—S¢2 —CP2

Az SP2  —Az 5S¢,
Moreover, to know the position in global coordinates, it is necessary to add the following
equations (7):

Xl cp; —sp; 0 0 0 0ris
|4 sp; cp; 0 0 0 0| v1
$p1{_l0 0 1 0 0 0f|@s @)
X, 0 0 0 cp, —s@, 0|lU2
Y, 0 0 0 s, cp, O0Of|V2
6,0 Lo 0o 0o o o e
2
And the constraint equations written in terms of velocities in the local frame, become as (8):
Uy
V1
[C(P1 =S¢ C1SP1r —CP2 TSP Az S‘Pz] w1 :[O] ®)
SP1 CPr €SPy SPy; —CPz —Ay SP2l Uy 0
(2]
OF)

Then, the equations that define the vehicle dynamics (9) are a set of six differential equations in
term of accelerations (1), six differential equations in term of velocities (7), and two algebraic
equations (8).

M, 0 0O 0O O Oy —vw;
0 M; 0 0 0 Of|vy+uw
o 0 Jj; 0 0 O W
0 0 0 M, 0 Olluy,—rw,
0 0 0 0 M, Olv,+uw,
lo o o o o pil @
CP1 SP1 Fx;
—S¢1 CP1 Fy,
n C1SP1 —C1CPy [Ax]= Ny
—CP; N Ay Fx,
—S@; —CQP; Fy,
Ay SP2  —0z SP, N,
Xl cp;, —sp; 0 0 0 07rus
1A sp; cp; 0 0 0 offn
$1{_10 0 1 0 0 Offwr ©)
X, 0 0 0 cp, —sp, 0f|lU
Y, 0 0 0 sp, cp, Of|V2
[, 0 0 0 0 0 11lw;
2
Uy
41
[C(l’l —SP1 C15P1  —CP2 TSPy QA S(Pz] w1 =[0]
SP1 CP1r —C1SP1r SPy;  —CPz Az SPRll Uy 0
)
o))

These differential-algebraic equations can be optimized and reduced to a minimum set of
differential equations as a function of just the degrees of freedom of the system by eliminating the
algebraic constraints, as shown in [33]

Then, two dependent velocities can be eliminated, and the equations (1) and (5) will be expressed
only in terms of four independent velocities. In this case the dependent velocities chosen are the semi-
trailer velocities (u, v,).

In order to do so, it is necessary to define a matrix S, that projects all the velocities to the
independent ones. This matrix can be written as:
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1 0 0 0
0 1 0 0
_| 0 0 1 0 (10)
CP12 —SP12  C15¢P12 0
SP12  CP12  —C1CP1z —Az
0 0 0 1
Then:
Uy
Uy Uy
wq 21
w | = S w; (11)
V2 )
W
And
Uy
Uy Uy 21
Wy o| V1 2
i, | = S w; +S i, (12)
2 W7 W,
W,
Finally, substituting (12) into (1) and (7), and multiplying beforehand S7, results in (13) and (14):
M, + M, 0 0 —M; a; s@12 1y
0 M, + M, —M;cy —M; a; coyz || v,
0 —M,f Ji+Myfei? My ap cycorp ||

5 .
—M; a; 591, —Myaycp; My a;cicp; ]2+ Ma, W2

0 Myw; + My (w; + w5) —Myciw (13
— _lel - Mz(wl + (‘)12) 0 0 )
Mzclwl((l)l + wlz) 0 0
L Myaycgq,(wp + wiz) —Mya; s@q(w; + wi3) Myazciwq;

Fxy + Fx; ¢ + Fy, 512
Fy, = Fx; s@13 + Fy, c@q;
Ny + Fx; ¢y s@15 — Fy; ¢4 €y
—a, Fy, + N,

X1 cp; —sp, 0 0][w
Vil_|sp1 coi 0 Of|™ (14
o100 1 of|e )

@, 0 o0 0 1llw

There are two types of forces and torques acting on the tractor-trailer combination.

On the one hand, [U; U, Us] are the driving/braking forces in the front trailer axle, rear
trailer axle, and semitrailer axle. All of them are brake forces when the vehicle is braking, but when
the truck is accelerating, only U, is active.

Conversely, [Ry R, R3] denotes the cornering tire forces exerted by the front trailer axle, rear
trailer axle, and semitrailer axle.

Finally, are the stability controllers [T; T,] are introduced as inputs coming from the controller
in the form of torques applied the tractor and in the semi-trailer. Differential braking means that an
equal and opposite increase in braking force is applied to the wheels on each side of each axle, which
means that there is no additional braking increase, but there is a torque that affects the yaw
movement.

The driving/braking forces are applied in the longitudinal direction of the tires, whilst the
cornering tire forces are applied in the lateral direction of the tires, so the contribution to the general
forces vector is shown in (15)
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Fx, U, cos§ + U, — R;siné
Fy, U, sind + R, cosé +R,
Nl _ R1a1 coS 6 - bl R2 + Tl
Fx,| = Us (15)
Fy, R3
N2 —bz R3 + T2

Lateral tire forces, R;, are required to negotiate a curve. They result in tire slip angles. This tire
characteristic is linear for small slip angles. The gradient of the curve in the linear regime is the tire
cornering stiffness, C;

A normalized cornering stiffness is used to study the effect of scaling the tire cornering stiffness
linearly with vertical load on dynamic stability. It was found in [34] that, in contrast to passenger car
tires, the relation between the tire cornering stiffness and vertical load is nearly linear for truck tires
and that the characteristic shows an even more linear relationship if dual tires are applied, which is
often the case in truck configurations, except for the steered axle.

This means that the assumption that the cornering stiffness versus load characteristic is in its
linear region is often true for truck tires.

The cornering stiffnesses are calculated as function of vertical load, with f=f; =f, = f; =
5.73 [1/rad] using expressions in (16) and (17)

by b, e,
Co=fFn Fpu= Mlgl__ Mzgzl_
1 1
a b,
C=fFp F22=M1971+M29l_2$ (16)
1 2 b
a,
C3=fFzz Fpz= Mzgl_
2
with:
ll = a1 + b1
lz = a, + b2 (17)

Lis=a;+b +e
The lateral tire forces R; are obtained from the slip angle a;, that depends on the relation
between the lateral and longitudinal wheel speed on the ground contact point, according to the
following expressions (18) by multiplying the slip angle by the cornering stiffness C;:
Ry =Cay ay = +a,0)/u; -6
Ry = Ga, ap = (v —biwi)/uy (18)
Ry = Gzaz a3 = (v, — bywy)/u,
The model assumes small steering angles, so sind = § and cos§ = 1.
Then, the final equations result as in (19)

M, + M, 0 0 —M; a; s@12 11114
0 M, + M, —M;cy —M; a; coyz || v,
0 —M,f Ji+Mofei? My ap ¢y oy ||@n

) .
—My a; 5@, —Mya,c@; Myazcicp, ]+ Ma, W3

0 Miw; + My (wq + wq3) —M,c, @
| -My0, — My (0 + wy3) 0 0
| My (w + wry) 0 0 (19
L Maa,c01, (w1 + w53) —M,a; s@12(w1 + w12) Mrazc iy, )

U +U,+U;cp,— Ry + Ry 54,
6 Ul - U3 S(plz + Rl + Rz + R3 Cg012
Usc1 5@ + Ryag — by Ry =Rz ¢ cpqp + T4
_(az + bz) R3 + TZ

X cp; —sp; 0 0][%™
Vil_|[so1r cor 0 Of|™
@1 0 0 1 0]|%1
@ 0 0 0 111w

2.2. Design of the MPC Controller
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This section presents the formulation of an optimization problem aimed at designing controllers
that guide the vehicle and maintain yaw stability. The optimal control design is derived from the
dynamic model of the trailer. The control inputs considered include the driving and braking forces
at each axle, the steering angle, and the torque associated with differential braking for yaw stability
control. Operational constraints are imposed by defining permissible limits for both inputs and
outputs. Additionally, an objective function is introduced to capture the goals of the control problem:
tracking a desired trajectory while ensuring yaw stability.

2.2.1. Optimal Control Design

Regrouping the previous expression (19) the system equations for the vehicle dynamics are
written in a compacted way as (20):

x = f,(x,U) (20)
where:
x=[V,;" X,"]" is a vector including the states.
V;=[u1 v1 @ 2]" isvector with the independent velocities.
X;=[Xi Y1 @1 ¢,]" includes the global positions and orientations for tractor and semitrailer.
U=[U, U, U; & T, T,]" isa vector including the inputs.

An MPC approach is proposed for the vehicle. MPC is selected due to its capability of
systematically handling multiple input and state constraints, which in this problem are critical.
According to the receding horizon principle, at each time step the MPC algorithm computes the
optimal control and state trajectories solving a finite horizon optimization problem.

For the formulation of the MPC a prediction horizon [t, t+ Np] is considered at time t. The
notation x.,; represents the state vector at time t + k, predicted at time ¢, obtained by starting

from the current state x,, = x(t) = x,, and where U, = [Ut|t, "'!Ut+Np—1|t] denotes the unknown

input variables to be optimized. As previously stated, the subscript 1 denotes the tractor and
subscript 2 denotes the semitrailer.

2.2.2. System Dynamics

Equations (21) represents the system dynamics updates for the discrete-time model obtained
from (20). The initial state is set in (22)

Xp+1t = f(ka Uklt)

Vk=t ., t+N,—1

Xeje = X (22)

21)

2.2.3. Constraints

The controlled inputs include the driving and braking forces at each axle, the steering angle, and
the torque representing differential braking for yaw stability control.
The driving and braking forces must be bounded by:

—Fpy S Uy, S0 (23)
—Fpy < Uz < Faz (24)
—Fp3 < Uz, <0 (25)
=Py < gy, (Usye + Uz ) + Uz Usie < Pa (26)

Vk=t, .., t+N,—1
The driving / braking forces constraints include the limitation of the maximum driving and
braking force and the power limitation in driving and braking. (23) to (26) represent the maximum
driving/braking forces and the maximum power for driving/braking. Equation (23) and (25) are
bounded between [—F;;, 0] because axles 1 and 3 only break, instead of axel 2 (24), bounded between
[—Fy,, F4;] because in this axle, we have de traction.
Constraints (27) and (28) bounds the steering angle and the steering rate.
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(Smax < 6k|t < 6max (27)
max = (6k|t - 6k 1|t)At/< 6max (28)
Vk=t,.,t+N,—1
And constraints (29) constraints the differential braking stability controllers
~Timax < T1 < Timax (29)

~Tymax < T2 < Tomax
In the MPC formulation, we will refer to all these constraints as w, € Uy,.
In order to guarantee that the vehicle respects the speed limit, the speed is bounded by the
following constraint (30):
Vmin < Uty < Vnax
Vk=t, ..t +N,—1
In the MPC, we will refer to this constraint as v, € V.

(30)

2.2.4. Cost Function

The objective of the truck is to circulate at the speed fixed by a reference, following a trajectory
previously define, and preserving yaw stability. The objective control may be stablished with an
objective function composed by different terms. This objective function is used to minimize the
different errors produced in the trajectory tracking and in the relative yaw rate, as shown in Figure
5.

Figure 1. Errors to be minimized in the cost function.

Therefore, the objective function J(x,U) (31) is defined as follows:

t+Np t+Np t+Np
J(x,U) = Z Ky (u1k|t _uref Z Kyey? + Z Kqes®
= (1)
+ 2 K,e,?
k=t
with
€y = Vg — Yroadk|t (32)
€s = P1g)e — Froadyt (33)
€y = (plk“; - ¢2k|t (34)

The different terms in the cost function (31) to (34) have the following meaning: K, = 0
represents the weight penalizing the output deviation from the truck maximum desired speed, being
Urer the maximum desired speed. Ky > 0 represents the weight penalizing the lateral displacement
in the trajectory tracking, being Yy, the Y coordinate of the desired trajectory. K, = 0 represents the
weight penalizing the orientation in the trajectory tracking being ay, the orientation of the desired
trajectory.

The term (34) is the key point in the yaw stability control. This term minimizes the yaw rate
between tractor and semitrailer, so it preserves the yaw instability.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0302.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 January 2026 d0i:10.20944/preprints202601.0302.v1

15 of 22

2.2.5. Model Predictive Control Formulation

As previously said, the objective of the truck is to circulate at the speed fixed by a reference,
following a trajectory previously define, and preserving yaw stability.
Therefore, the optimization problem is formulated as (35) — (39):

min J(x,U) (35)
Ut
subject to:
X1t = ke Uge) (36)
Uit € Uy, (37)
Ve € Vi (38)
Vk =t ..,t+N,—1
Xt = Xt (39)
The resulting optimal states and inputs of (35) — (39) are denoted as following:
X; = (xat Xep1e o x:+Np|t)T (40)
U; = (U;|t U:+1|t U:+Np|t)T
For closing the loop, the first input is applied to the system (20) during the time interval [t,t + 1)
U =Uy, (41)

At the next time step f+1, a new optimal problem in the form of (35) — (39) is solved over a shifted
horizon, based on a new states’ measurement.

3. Results

Two different models have been developed for the design and validation of the yaw stability
controller through simulation. The first model represents a trailer without a yaw stability controller,
whereas the second model incorporates the stability controller. In the first model, term (34) of the cost
function is not considered, while in the second model this term is introduced.

A velocity profile was defined following a sinusoidal path, as expressed in equation (42):

Y0aaX) = 5% (1 — cos (%X))

AroaaX) = atan (5 * 21;0 sin (%X))

For the trailer parameters included in Appendix A, and following the expression obtained by

(42)

[5], the critical speed was calculated as 31.04 m/s. Stability control was then evaluated in two cases.
The first case considered a reference speed of 15 m/s, which is below the critical speed. Under these
conditions, the trailer remains stable without the stability controller, as shown in Figures 6-8.

Figure 6 illustrates the trailer behavior without the stability controller, showing that the trailer
remains stable and accurately tracks the desired trajectory. Figure 7 presents the trailer behavior with
the stability controller activated. A comparison of these two figures indicates that, although the
vehicle remains stable without the controller, the relative yaw angle between the tractor and
semitrailer is slightly higher than in the case with the controller.
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Figure 6. Trailer behavior without stability controller for vrs=15m/s.

Figure 7. Trailer behavior with stability controller for vre= 15m/s.
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(a) Without yaw stability control

Figure 8. Tracking errors for vrf=15m/s.

(b) With yaw stability control

Figure 8 illustrates the tracking errors. The lateral position and yaw errors are sufficiently small,
indicating that the truck accurately follows the desired trajectory. Additionally, the yaw rate error
remains within acceptable limits, confirming that the trailer maintains stability in both
configurations—without and with the yaw stability controller.

The second simulation case considers a reference speed of 35 m/s, which exceeds the critical
speed. Under these conditions, the trailer becomes unstable without the stability controller, as shown
in Figures 9-11. Figure 9 illustrates that the trailer fails to track the desired trajectory, exhibiting
oscillatory behavior before reducing its speed in an attempt to reach a stable velocity. Figure 10
presents the trailer behavior with the stability controller activated, demonstrating that the trailer
remains stable throughout the maneuver.
Figure 11 displays the tracking errors for both configurations. The data clearly highlight the
unstable behavior of the trailer without stability control compared to the controlled case, where the
trajectory and yaw dynamics remain within acceptable limits.
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Figure 9. Trailer behavior without stability controller for vrf=35m/s.
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Figure 10. Trailer behavior with stability controller for vrr=35m/s.

5 Position error 02 Position error
E E
a:>' 0 _77_7{)/_\- ‘_; 0 Y\ /\/\ 1
@
-5 L . L - 02 L N . L L i i L
0 50 100 150 200 250 0 200 400 600 800 1000 1200 1400 1600 1800
x(m) x(m)
Yaw error Yaw error
1 1 T v T . 0o v T T 0 ' T T T
° N ~ °z m
Eobooinn—— 7N S m— 1 g 0 ,‘{\f‘a\mﬂ//’x\iJ T T f
o \./ o° \/
4 . . . . 001 . . . . . .
0 50 100 150 200 250 0 200 400 600 800 1000 1200 1400 1600 1800
x(m) x(m)
= 5 i ‘Iraw rate error ‘ = 005 ‘ Yaw rate error ‘
Eolb— ye N ———— 1 E o &’W\wam
[ T 3
o 5 s " L L T 0.05 . -
0 2 4 6 8 10 [4] 10 20 30 40 50
t(s) t(s)
(a) Without yaw stability control (b) With yaw stability control

Figure 11. Tracking errors for vrer=35m/s.

The following Figure 12 and videos in Video 1 illustrate the trailer's motion under both stable

and unstable conditions.
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Video 1. Videos of the trailer movement for vrf=35m/s

4. Discussion

The findings of this study provide significant insights into the dynamic behavior of articulated
vehicles under autonomous control and the effectiveness of the proposed MPC-based strategy. The
controller’s ability to integrate trajectory tracking, yaw stability, and longitudinal speed regulation
within a single optimization framework represents a major advancement over conventional stability
systems. Traditional approaches, such as ESC or RSC, typically intervene reactively when instability
is detected. In contrast, the proposed system operates proactively, predicting future states and
applying corrective actions before instability occurs.

The first simulation scenario, at a reference speed below the critical threshold, demonstrates that
the vehicle remains stable even without the yaw stability controller. However, the inclusion of the
controller improves articulation behavior by reducing the relative yaw angle between the tractor and
semitrailer. This reduction minimizes structural stress at the coupling point and enhances overall
maneuverability, which is particularly relevant for autonomous vehicles operating in confined spaces
or performing lane changes. Although the improvement is less pronounced under inherently stable
conditions, it confirms the controller’s capacity to optimize performance beyond basic stability
requirements.

The second scenario, at a reference speed exceeding the critical threshold, underscores the
importance of active stability control for high-speed autonomous operation. Without the controller,
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the trailer exhibits oscillatory yaw motion, fails to track the desired trajectory, and ultimately reduces
its speed in an attempt to regain stability. This behavior illustrates the inherent limitations of passive
dynamics and the risks associated with operating near or above critical speed. Conversely, the MPC-
based system maintains stability throughout the maneuver by applying differential braking and
dynamically adjusting longitudinal velocity. This dual capability —stabilizing yaw motion and
regulating speed —ensures that the vehicle remains within safe operating limits while preserving
trajectory accuracy.

The integration of speed regulation into the stability control strategy is a key innovation. By
actively managing longitudinal velocity, the controller prevents the onset of instability rather than
merely reacting to it. This proactive approach is essential for autonomous articulated vehicles, which
must execute complex maneuvers without human intervention. Furthermore, the ability to
coordinate braking torques across tractor and trailer units enhances yaw control authority and
reduces articulation angle deviations, contributing to improved safety margins under extreme
conditions. These results align with previous studies emphasizing the benefits of multi-actuator
coordination but extend the concept by embedding speed regulation as a core stability mechanism.

Overall, the discussion highlights that the proposed MPC-based system is not limited to
preventing instability; it also optimizes vehicle dynamics for autonomous operation. By combining
predictive control with differential braking and speed management, the system addresses the
fundamental challenges of articulated vehicle stability in a holistic manner. This capability positions
the approach as a cornerstone for future autonomous heavy-duty transportation systems.

5. Conclusions

This paper introduces an advanced control strategy for autonomous articulated vehicles that
combines yaw stability control with longitudinal speed regulation. The proposed MPC-based system
enables the vehicle to follow predefined trajectories while maintaining stability under a wide range
of operating conditions, including scenarios that exceed the critical speed threshold. Unlike
conventional systems, which intervene only during critical events, the developed controller
proactively manages vehicle dynamics by predicting future states and applying corrective actions in
real time.

The simulation results confirm that the controller effectively mitigates instability phenomena
such as jackknifing and trailer sway. At moderate speeds, the system improves articulation behavior
by reducing the relative yaw angle between the tractor and semitrailer, enhancing maneuverability
and safety margins. At high speeds, where instability is most likely to occur, the controller
demonstrates its full potential by maintaining trajectory tracking and yaw stability while dynamically
adjusting longitudinal velocity to remain within safe limits. This dual functionality —stability
preservation and speed regulation —represents a significant advancement for autonomous driving
applications.

The main contribution of this work lies in its holistic approach to articulated vehicle control. By
integrating trajectory tracking, yaw stability, and speed regulation within a unified optimization
framework, the system ensures safe and reliable operation without compromising maneuverability.
These findings establish a foundation for future research aimed at experimental validation and real-
world implementation. Future work should focus on developing scaled prototypes or instrumented
vehicles to confirm the simulation results under practical conditions. Additionally, further
enhancements could include multi-actuator coordination strategies, such as combining differential
braking with active front steering and torque vectoring, to improve performance during aggressive
maneuvers and reduce longitudinal speed loss.

In summary, the proposed MPC-based control system provides a robust and intelligent solution
for autonomous articulated vehicles, addressing critical safety challenges while enabling efficient and
reliable operation. Its ability to prevent instability, optimize articulation dynamics, and regulate
speed positions it as a key technology for the next generation of autonomous heavy-duty
transportation systems.
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Abbreviations

The following abbreviations are used in this manuscript:

ABS Anti-Lock Braking Systems
ESC Electronic Stability Control
LOR Linear Quadratic Regulator
MPC Model Predictive Control
RSC Roll Stability Control
SMC Sliding Mode Control
Appendix A
Parameter Description Value
My Tractor mass 7449 Kg
ky Radius of gyration 1.89 m
M, Semi-trailer mass 32551 Kg
k, Radius of gyration 4,05 m
a, Dist. tractor front - c.o.g. 1.10m
b, Dist. tractor rear axle - c.0.g. 249m
b, Dist. semitrailer axle - c.0.g. 3.15m
a, Dist. kingpin semitrailer - 498 m
c.0.g.
c1 Dist. kingpin tractor dist. - 1.81m
c.0.g.
f Normalized cornering 5.73 1/rad
stiffness
Py Power (drive) 500 kW
P, Power (brake) 700 V
Omax Max. steering angle 10°
O max Max. steering rate 0,17 rad/s
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