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ABSTRACT ARTICLE HISTORY

Truck platoons improve freight efficiency, but their high-speed safety under varying ~ heceived 7 September 2025
" . . . . . Accepted 28 February 2026

road conditions remains unclear. This study investigates the maximum safe speed of

platoons by considering tire force saturation and longitudinal-lateral coupling. A KEYWORDS

hierarchical cooperative control framework is proposed, including cooperative control, Truck platoon; sliding mode
control allocation, and action execution. A five-degree-of-freedom platoon model with ~ control; longitudinal and
lane-keeping is developed, and a distributed coupled sliding mode controller computes lateral motion coupling;

the desired tire forces. Feasible forces are obtained through constrained optimisation ~ Vehicle dynamics

within tire limits, while steering angles and torques are derived from an inverse magic
formula model. Finite-time convergence and string stability are theoretically guaran-
teed. Matlab/Simulink-TruckSim co-simulations show the proposed scheme improves
platoon safety compared with decoupled methods. Furthermore, the maximum safe
speed is quantified under different adhesion and curvature conditions. The results
provide insights into the safe operating envelope of platoons and support their
integration into intelligent transport systems.

1 Introduction

Truck platoon control is a key research area within vehicle-to-infrastructure (V2I) systems. Implementing truck
platooning offers several advantages, including fuel savings, reduced collision risk, and improved road
capacity (Li et al. 2023; Oriol et al. 2024). Current research on truck platoon control primarily focuses on
managing both longitudinal and lateral motions. However, the nonlinear dynamics of trucks, characterised by
strong coupling between longitudinal and lateral dynamics, tire nonlinearity, and tire force interactions, make
the development of efficient and reliable controllers a critical area of ongoing research (Hua et al. 2025).

1.1 Motivation

Although extensive research has been conducted on truck platooning control, there are still several critical
gaps. First, while many existing studies treat longitudinal and lateral control as separate problems, the
interaction between these two dynamics becomes non-negligible under realistic driving conditions and can
significantly influence overall vehicle stability and control performance. Second, some studies account for
the coupling between longitudinal and lateral vehicle dynamics, they often neglect tire force saturation
constraints, which play a critical role in limiting the achievable control forces under high-demand man-
oeuvres. Third, this study addresses the lack of systematic analysis in the existing literature by characterising
the truck's maximum safe driving speed across different road curvatures and tire—road friction coefficients,
thereby offering valuable guidance for speed planning under diverse operating conditions. These gaps
highlight the necessity of developing a control framework that (i) simultaneously captures the coupling
between longitudinal and lateral dynamics, (ii) explicitly incorporates tire force saturation constraints, and
(iii) adapts the vehicle's speed to road curvature and friction variations to ensure safe and reliable operation
under real-world driving conditions.
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Motivated by these challenges, this work aims to establish a unified control and safety assessment
framework that explicitly accounts for longitudinal-lateral coupling, tire saturation limits, and road-
dependent speed feasibility in truck platoons. Specifically, a hierarchical cooperative control architecture
is developed that is capable of generating dynamically feasible tire forces, ensuring finite-time convergence
and string stability, and quantifying the maximum safe driving speed under varying curvature and adhesion
conditions. The comparison between the proposed work and existing studies are summarised in Table 1. As
summarised in the table, while some studies have focused on decoupled vehicle control and safety analysis
(Dai, Wang, and Xie 2024; Yu, Sun, et al. 2025), they often overlook the coupled longitudinal-lateral
dynamics and tire force saturation constraints. In contrast, several works have adopted model predictive
control (MPC) to account for vehicle coupling effects (Feng et al. 2023a; Yu, Liu, et al. 2025). However, MPC
typically requires an accurate model and imposes a higher computational burden compared to sliding
mode control (SMC), especially when the model is complex. Other researchers have considered tire
saturation under decoupled control frameworks (Liang et al. 2021; Zhang, Wang, and Wang 2023) or
investigated tire force constraints together with safety analysis (Alonso, Mantaras, and Luque 2019). In
comparison, the present work incorporates all three aspects-coupled dynamics, tire force saturation
constraints, and systematic safety assessment-effectively bridging a critical gap in the existing research.

This work is most directly related to recent studies that also address coupled longitudinal-lateral platoon
control, such as Feng et al. (2023a) and Yu, Sun, et al. (2025). However, it introduces several key distinctions
and substantive advancements. Firstly, in terms of the control methodology, a finite-time sliding mode
control scheme is employed, contrasting with the MPC approach used in Feng et al. (2023a). The SMC
design offers superior computational efficiency and inherent robustness, which is advantageous for real-
time implementation. Secondly, regarding tire force handling, our hierarchical framework features a
dedicated control allocation layer that solves a constrained optimisation problem to ensure adherence
to nonlinear tire-force limits, followed by an inverse ‘magic formula’ for execution. This provides a more
direct and explicit enforcement of actuator constraints compared to the Koopman-linearised model used in
Feng et al. (2023a). Most importantly, regarding the core objective, while the aforementioned studies
primarily focus on tracking accuracy and stability, our work advances the field by leveraging the integrated
control-structure to systematically quantify the maximum safe driving speed across different road condi-
tions. This shifts the focus from ‘how to drive’ to ‘how fast is safe to drive,’ providing a concrete safety
metric for operational guidance.

1.2 Related work

Distributed controllers are commonly employed in truck platoons, where each truck is equipped with its
own control unit (Zhou et al. 2025). These distributed controllers coordinate the platoon by processing
feedback from the leading truck and adjacent trucks. Research on distributed control in truck platoons has
developed two main approaches. The first focuses on longitudinal control, managing acceleration and
deceleration, but neglects the lateral control needed for turning and lane changing. The second assumes a
constant longitudinal speed and focuses on the design of controllers for lateral motion.

In order to manage the longitudinal following system of truck platoons, an integral sliding mode control
strategy combined with a disturbance observer is proposed as a means of mitigating position and
acceleration uncertainties. Simulations demonstrate that this approach can ensure the string stability of
the platoon within a finite time (Wang et al. 2019). In Wen and Guo (2021), a distributed hierarchical scheme
for longitudinal motion control of vehicle platoons was developed. The framework aims to minimise inter-
vehicle spacing errors, thereby facilitating convergence to the desired spacing. To address the inherent

Table 1. Comparing the proposed work with some previous studies.

Studies Decoupled control Coupled control Tire force saturation Safety analysis
Dai, Wang, and Xie (2024), Yu, Sun, et al. (2025)
Feng et al. (2023a), Yu, Liu, et al. (2025)

Liang et al. (2021), Zhang, Wang, and Wang (2023)
Alonso, Mdntaras, and Luque (2019)

Proposed work
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uncertainties in vehicle dynamics, a parameter adaptation law is incorporated into the controller. In Feng
et al. (2023b), a hierarchical control strategy for the longitudinal motion of vehicle platoons was developed.
The upper-layer employs a distributed model predictive controller with conditions that ensure string
stability and impose terminal equality constraints for asymptotic consistency. The lower-layer utilises a
control scheme that combines feedforward and feedback controllers to compensate for unmodeled
dynamics and uncertainties. A novel y-string stability concept is introduced for bidirectionally connected
multi-objective vehicle platoons. A distributed economic model predictive control (DEMPC) algorithm is
proposed to optimise both longitudinal tracking and fuel economy. Compared to traditional platoon
control methods, the DEMPC algorithm demonstrates a 4.2% reduction in energy consumption while
ensuring the completion of collaborative tasks (Luo et al. 2022). In Na and Cole (2022), an intelligent driver
model was proposed to address safety concerns related to lateral lane changes. The model ensures lateral
safety by introducing key constraints in lateral steering control, thereby improving vehicle lateral stability
during lane changes and reducing the risks of skidding and rollover. In Lian et al. (2022), a nonlinear vehicle
system model subjected to mixed network attacks was developed to address the lateral control issue of
vehicles affected by external disturbances. A dynamic output feedback control method is proposed to
achieve global exponential stability. In Goli and Eskandarian (2019), a model predictive control method is
used to control the lateral motion of vehicle platoons, utilising a variable-spacing lateral reference trajectory
and defining constraints and relaxation variables to quantify constraint violations, thereby ensuring lateral
motion safety.

The above controllers are designed by considering either the longitudinal dynamics or the lateral
dynamics of vehicle platoons separately. However, in real driving scenarios, the lateral dynamics of vehicles
significantly affect their longitudinal dynamics, indicating a coupling between the two motions (Xu et al.
2015). The design of controllers for longitudinal or lateral dynamics often leads to inaccuracies, which
makes it challenging to ensure the safety of the platoon under complex operating conditions. In Kim, Park,
and Jhang (2020), a novel inter-vehicle spacing strategy and a three-degree-of-freedom longitudinal-lateral
decoupling error dynamics model were proposed to ensure the driving safety of the platoon without
utilising longitudinal trajectories, with simulation experiments conducted in 12 different scenarios. In
Manuel et al. (2022), a model predictive controller for vehicle platoons was proposed, which considers
both lateral and longitudinal dynamics. The controller is utilised to achieve steering and driving for
autonomous vehicles, thereby ensuring their safety. In Latrech et al. (2018), an integrated longitudinal
and lateral control method based on a wireless communication network within a vehicle platoon was
proposed, aiming to ensure that the platoon remains within a designated lane. The longitudinal controller
is designed to ensure stability and robustness while considering actuator saturation constraints and
controller limitations during the design process. The lateral control employs a multi-fuzzy control approach,
which is formulated using linear matrix inequalities. In Rajamani et al. (2000), a coordinated control system
is developed that considers both longitudinal and lateral dynamics. The longitudinal control ensures that
each following vehicles maintain a safe distance, while the lateral control keeps the vehicles within the lane,
thus enabling vehicles to travel in a tight platoon. A robust H — « platoon controller is designed for
heterogeneous vehicle platoons travelling on roads with varying slopes and air resistance, and experiencing
communication delays (Xu et al. 2019). The concept of L, string stability is defined in order to ensure that
disturbances do not grow indefinitely as they propagate through the platoon. Simulations validate the
controller effectiveness in ensuring stability for both longitudinal and lateral dynamics. In Yu et al. (2022),
the coupling characteristics of longitudinal and lateral vehicle dynamics are simultaneously considered. The
Koopman operator theory is employed to approximate the three-degree-of-freedom vehicle dynamics
model. A hierarchical control scheme is proposed, where the upper layer employs a model predictive
control strategy, and the lower layer converts the desired control actions into throttle angles, brake
pressures, and front wheel steering angles through an inverse dynamics model. The effectiveness of the
controller is validated through simulations. In Feng et al. (2023a) the dynamics of commercial truck
platoons are considered. To this end, a five-degree-of-freedom (5-DOF) coupled longitudinal-lateral
dynamics model and a nonlinear tire model are employed. The Koopman operator theory is employed
to obtain a linear model. A predictive controller is designed to reduce the computational burden and
guarantee the real-time performance of the controller.

Sliding mode control has demonstrated remarkable robustness to system parameter variations and external
disturbances. This is attributed to its ability to handle uncertainty and disturbances in nonlinear systems. As a
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result, it has been widely applied in control strategies for vehicle platoons recently. In Ali, Garcia, and Martinet
(2013), the constant-time headway strategy was modified, and sliding mode controllers were independently
designed for longitudinal and lateral dynamics. The effectiveness of this approach is validated through real-
world vehicle tests on urban roads. In Guo and Zhao (2023), the potential impact of model parameter
uncertainties and unknown disturbances is taken into account. Considering the communication topologies
of predecessor-following and bidirectional, two nonlinear terminal sliding mode control and distributed
cooperative control algorithms have been proposed. These algorithms guarantee the string stability of the
platoon and robustness within the system. In Li et al. (2022), the impact of communication delays on platoon
control was addressed, and a sliding mode control strategy utilising global dynamic information and graph
theory was proposed. In Zhu et al. (2024), a finite-time-based sliding-mode controller and disturbance observer
for connected vehicle platoon with uncertain dynamics were proposed, and the proposed controller was
verified by extensive simulations and co-simulations, and small-scaled experiments.

In the practical engineering applications of truck platoons, the rapid convergence of platoon errors is a
critical characteristic (Hong, Huang, and Xu 2001). The finite-time convergence theory of sliding mode
control demonstrates that the errors within the platoon can rapidly converge to the desired range, thereby
ensuring the stability and reliability of the platoon (Sun et al. 2017). In Qiao and Zhang (2019), the slow
convergence speed of nonsingular integral terminal sliding mode (NITSM) control when far from the
equilibrium point is considered, and an adaptive fast nonsingular integral terminal sliding mode control
method is proposed as a solution. This method ensures rapid transient convergence, both when the system
is far from and close to the equilibrium point, thereby enhancing the convergence speed of the existing
NITSM. In Aghababa and Saif (2020), a robust terminal sliding mode controller was proposed to improve the
convergence speed of platoon errors. This controller ensures finite-time stability for each vehicle in the
platoon and guarantees the string stability of the platoon.

1.3 Contributions

To address the safety control problem of truck platoons, a finite-time distributed sliding mode control
strategy is proposed. The main contributions of this paper are summarised as follows.

(1) A hierarchical control scheme and a finite-time sliding mode coupled control law are designed
considering the lateral and longitudinal dynamics of the truck. The finite-time reachability of the
designed controller and the string stability of the platoon are proved theoretically.

(2) The tire is the only interface between the truck and the road. Its nonlinear characteristics, particularly
under large slip angles or high lateral forces, have a significant impact on truck stability and control
performance. This work distinguishes itself from many existing studies by explicitly considering tire
nonlinearity and tire force constraints, which are often neglected in simplified tire models. Therefore,
incorporating these realistic tire characteristics into the modeling and control scheme is essential to
ensure the safety of a truck platoon, especially under varying road adhesion coefficients and road
curvatures.

(3) This study compares the performance between coupled and decoupled control strategies. The results
show that the maximum safe driving speed of a truck platoon with distributed coupled controllers is
increased under different road adhesion coefficients and road curvatures. The study further quantifies
and analyses the maximum safe driving speed of the platoon under different road adhesion coefficients
and road curvatures.

1.4 Paper organisation

The paper proceeds as follows: In Section 2, a 5-DOF truck dynamics model and a lane-keeping model are
introduced. In Section 3, a hierarchical control scheme including a cooperative control, a control allocation,
and an action execution layer is developed. The finite-time reachability and the string stability of truck
platoons are analysed. In Section 4, simulation experiments under different scenarios are provided.
Section 5 concludes the paper.
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2 Problem formulation

Consider a truck platoon consisting of N + 1homogeneous trucks traveling along a road, where the leading
truck is denoted by 0 and the following trucks are 1--- N, respectively. Suppose that the leading truck is
driven by a human driver along the desired path. The purpose of this paper is to design distributed
controllers for the following trucks, ensuring the safe travel of the entire platoon. In this paper, the constant
spacing policy (Yu and Yeo 2025) and the predecessor-leader following information flow topology (Cui
et al. 2024; Yu, Hua, and Wang 2023) are adopted.

2.1 Five-degree-of-freedom dynamics model of trucks

A 5-DOF dynamics model is employed, which considers the longitudinal and lateral coupling characteristics
(Shi et al. 2017). As illustrated in Figure 1, the 5-DOF dynamics model of trucks includes longitudinal motion,
lateral motion, yaw motion, and the rolling of the front and rear wheels. The control inputs include the
driving torques on the front and rear wheels, and the steering angle of the front wheels.

The 5-DOF dynamics model of the truck can be expressed as follows:

Vi = - (Fyg €05 & — Fyf sin & + F — Fu) + Y@

v, = %(Fxf sin&¢ + Fyr cos 8¢ + Fyr — Fyy) —

o= %(aFXf sin 8¢ + aFyr cos 8¢ — bF,) . (M
@ = 5 (T — Ryp)

@ = (T = RFy)

where vy, v, and w denote the longitudinal velocity, lateral velocity, and yaw angle rate of the truck,
respectively. The terms w; and w, represent the angular velocities of the front and rear wheels, m represents
the total mass of the truck, and I, represents the moment of inertia around the yaw axis. The distances from
the centre of mass to the front and rear axles are denoted by a and b, respectively. The terms J; and J,
represent the moments of inertia of the front and rear wheels, respectively. The term &; represents the
steering angle of the front wheel, while T, and T, represent the torques of the front and rear wheels,
respectively. The terms Fy¢, Fy,, Fy and F, denote the longitudinal forces of the front wheel, the longitudinal
forces of the rear wheel, the lateral forces of the front wheel and the lateral forces of the rear wheel,

AY

X
0 >

Figure 1. 5-DOF dynamics model of truck.
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respectively. The terms F,, and F,, represent the effects of longitudinal and lateral air resistance, respec-
tively. The term R is the wheel rolling radius. Note that a sign function is used to describe the air resistance
(Chen et al. 2024), and the terms F,, and F,, can be calculated as follows:

%pCXAX vZsgn(v)
2

FWX
Fuy = %prAy vf-sgn v)

where G, and C, represent the longitudinal and lateral air resistance coefficients, respectively. The terms A,
and A, represent the longitudinal and lateral windward areas, respectively, and p represents the air density.

2.2 ‘Magic formula’ tire model

The nonlinear characteristics of tires significantly influence the driving stability of platoons. This paper
employs the ‘magic formula’ tire model to describe the characteristics of tires (Barbaro et al. 2024):

y = D sin (C arctan(Bx — E (Bx — arctan Bx))), (3)

where B, C, D and E are the parameters of the tire. Note that in Equation (3), the term of x represents the slip
ratio or the slip angle, and y corresponds to the longitudinal tire force or the lateral tire force, respectively.

Remark 1. The parameters B, C, D, and E of tires in the ‘magic formula’ tire model are fitting parameters,
depending on road adhesion coefficient and vertical load (Dell'Orto et al. 2024), which need to be obtained
by means of curve fitting.

The slip ratios of the front and rear tires are:

k — a)fR—fo
[va|

k = W R— vy '
[Vaa|

and the slip angles of the front and rear tires are (Hashemi and Khajepour 2024):
ar = &¢ — arctan (V’:ﬂ)

v, — bw
a, = —arctan (yv]

Terms of v,r and v, are the longitudinal velocity of the front and rear tires, vr and v, are the lateral
velocity of the front and rear tires, which can be calculated:

Vyf = Vx €0 &¢ + (v, + aw) sin &y
Vyr = —Vx sin &¢ + (v, + aw) cos &¢
Vir = Vx '
Vyr = Vv, — bw

When the value of the variable &y is small, such that cos é; = 1, sin 6 = & = 0, Equation (6) can be simplified:

Vxf = Vxr = Vx
W =Vy + aw. 7)
Vyr = v, — bw

Under longitudinal and lateral tire forces during vehicle motion, the resultant force vector is constrained
by the boundary uf,, where u is the road adhesion coefficient and F, denotes the vertical load of the truck.
To characterise this interaction, the tire mixed-slip model can be expressed as (Shi et al. 2017):
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Fy = Feor cos (arctan (B, (a)-q))
Fyr = Fyro- cos (arctan (Bg,y (k)-k))
Far = Faor cos (arctan (B (a)-

Fyr = Fyo- cos (arctan (B
By x(a) = ry,1 cos (arctan (rx >

Bg,y (k) = 1,1+ cos (arctan (ry -

where Fyfq, Fyro, Fro and Fyrq represent the steady-state longitudinal force of the front wheel, the steady-state
lateral force of the front wheel, the steady-state longitudinal force of the rear wheel, and the steady-state
lateral force of the rear wheel, respectively. The terms By (a) and B, ,, (k) are the correction functions, while
I, Ix,2 Iy,1 @nd r, 5 denote the tire mixing slip coefficients.

Remark 2. The small-angle assumption in Equation (7) is imposed only at the cooperative control layer to
enable finite-time stability guarantees. Importantly, it should not be interpreted as an operational restric-
tion on the vehicles. From a safety perspective, truck platoons are expected to operate within small
steering-angle regimes, however, practical disturbances inevitably drive the system outside this idealised
region. The proposed hierarchical architecture is designed to remain valid: while the cooperative layer relies
on simplified assumptions, the control allocation and execution layers employ full nonlinear tire and
dynamic models, and the final steering commands are obtained via the nonlinear inverse ‘magic formula’
under explicit friction-ellipse constraints.

2.3 Platoon model

In this paper, a lane-keeping model for a truck platoon is employed, as illustrated in Figure 2, which
captures the longitudinal position information between trucks in the platoon, the lateral position informa-
tion of the trucks relative to the lane markings, and the angular information regarding the direction of
travel (Zhou et al. 2023).

The longitudinal position and speed of the leading truck are denoted by x,(t) and v, ¢ (t), respectively.

For the ith truck in the platoon, its longitudinal position and speed are denoted by Xx;(t) and v, ;(t),
respectively.

The constant spacing policy is used to define the longitudinal position error of the ith following truck
relative to the (i — 1)th following truck in the platoon (Karafyllis, Theodosis, and Papageorgiou 2023):

e (t) = x(t) — (i1 (t) = L), 9

A
A

A
"
y
0

Figure 2. The lane-keeping model of a truck platoon.
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where the desired inter-truck spacing, including the length of the truck, is denoted by L with L = 20 m. The
longitudinal spacing error of the ith following truck relative to the leading truck in the platoon is defined as:

€ o(t) = x(t) — (xo(t) — iL). (10)
In terms of Equations (9) and (10), one has:

€,0(t) = e(t) + ex(t)...+ €(t). (11)
The combined longitudinal spacing error of the ith following truck in the platoon is defined as:

&, (t) = 0160 (t) + 026 (1), (12)

where gy and o, are the weighting factors, and o, + 0, = 1.
By taking the derivative of Equation (12), one has:

6,i (t) = vy i (t) — Oy o (t) — Oy, (t). (13)

To describe the lateral motion of a truck relative to the lane centreline, ¢, ;(t) is defined as the lateral
position error of the truck from the centreline of the lane, and ey,i(t) is the yaw angle error, which can be
expressed as:

{e'y,,- () = vy (e, () — vy (1) — Lyw; (1) (1

€y, (t) = wg,; (t) — w; (t)

where the specified look-ahead distance, denoted by L, is set to 15 m. The yaw angle rate, denoted by wj (t),
is compared to the desired yaw angle rate of the truck, defined as wy;(t) = Kv,,; (t), where K is the road
curvature.

Thus, the lane-keeping model for a truck platoon can be represented as:

6, (£) = vyi (t) — O1Vy,0 (E) — O2Vyi—1 (1)
€, (t) = vy (t)ey,; (t) — vy,; (t) — Lyw; (1), (15)
€y,i (t) = wg,; (t) — w; (t)

)
)
By combining, the platoon model can be expressed as:

Vx,i(t) = (Ax,i(t) - wa,i (t)) + Vy,i (t)wi (t)
Vy,i (1) = —(By,i(t) = Fay,i () — vy (O w; (t)

@ (t) = [ B,(t)

- 3=

m

Wr,i(6) = 5 (Tar (€) = R (2) . (16)
@y (t) = 7 (T, (€) = R (1))

6,i (t) = vyi (t) — OV 0 (t) — O2Vy,i-1(t)
€, (t) = vyi(t)eyi(t) — v, (t) — L, w;(t)
é(p,,'(t) = wd,i(t) — w;(t)

The term of A;(t) = [Ay;(t), Ay i(t), Atp,,-(t)]T represents the resultant forces derived from the front and rear
longitudinal and lateral tire forces. The expressions are as follows:

Ax,i (t) = Fxf,i (t) + Fxr,i (t)
Ay,i (t) = Fyf,i (t) + Fyr,i (t) . (1 7)
A(p,i (t) = aFyf,i (t) = ber,i (t)
The state of the jth truck in the platoon is defined as X; = [v, i (t), v,i (t), w;(t), we,;(t), w,,; ()T, represent-
ing its longitudinal speed, lateral speed, yaw angle rate, and angular velocities of the front and rear wheels
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of the ith truck. Denote E (t) = [y, (t), ey, (t), e(p,i(t)]T, which represents the longitudinal spacing error, lateral
position error, and yaw angle error of the ith following truck. Furthermore, the control input of the ith truck
is defined as U;(t) = [Ty, (t), T4, (t), 67, (t)], representing the front wheel drive torque, rear wheel drive
torque, and front wheel angle.

2.4 Longitudinal string stability for truck platoon

String stability: When a truck platoon is subject to unknown disturbances, the position errors are not
amplified along the platoon, that is:

e(s)

()

IG(s)Il = <1, (18)

e

oo

where term of G;(s) represents the transfer function of the longitudinal error, ¢;(s) and e;_(s) denote the
Laplace transform of e;(t) and e;_;(t), respectively.

Remark 3. Note that the definition of string stability is established in the frequency domain, i.e. reflecting
the steady-state behaviour of the platoon only.

2.5 Control objectives of truck platoon

A distributed control scheme is proposed for cooperative a truck platoon with the following control
objectives:

(1) Longitudinal finite-time consensus: The speed of the ith following truck tracks the speed of the leading
truck within finite time, and it aims to maintain the desired following spacing between adjacent trucks,
which can be formulated as:

limlle ; ()1l =0

t—tyi (19)
limlle,;(t)Il =0

t—ty;

where e, ; (t) denotes the longitudinal speed error of the ith following truck.

(2) The perturbation does not amplify as it propagates towards the tail of the platoon, i.e. the entire platoon
exhibits string stability.

(3) Lateral finite-time stability: The objective of lateral control in the truck platoon is to ensure that trucks
travel along the centreline of the road. And the lateral position error and heading angle error of the ith
following truck are converged to zero in finite time:

limlle,; ()l =0

t—ty,

limlle,,; ()1l = 0
f—’fy,,‘

3 Controller design

Considering the coupled dynamics of trucks and the nonlinearity of tires, this paper constructs a hierarchi-
cal control scheme, which aims to coordinate longitudinal and lateral control and includes a cooperative
control layer, a control allocation layer, and an action execution layer. In the cooperative control layer, a
finite-time distributed sliding mode controller is used to derive the expected longitudinal and lateral tire
forces. In the control allocation layer, optimisation problems are solved based on tire force constraints to
determine these expected forces. In the action execution layer, the control inputs for the trucks are
obtained through the ‘magic formula’ tire model and torque formula: the expected front and rear wheel
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Figure 3. The structure with longitudinal and lateral coupling control.

drive torque and the expected front wheel angle. The proposed control scheme is shown in Figure 3, which
can effectively ensure safe travelling of the platoon.

3.1 The cooperative control layer

In this section, a distributed sliding mode controller based on finite-time reachability is designed for the
platoon model (Liu 2012; Sundarapandian and Lien 2017), using the error E (t) of the ith following truck as
the basis for the design.

Firstly, the coupled sliding mode switching function is defined as follows:

Sei (1) = & (t) + Gey,i (t) + cef; (t)
sy () =&, (t) + Gey,i () + cag); (1), 1)
S(ICJ,I' (t) = é(p,i (t) + CSe(p,i (t) + Céeqr)’,' (t)

where p, g, and r represent ratios of two positive odd numbers, while terms of g to ¢4 represent positive
parameters.

Note that in the sliding surfaces defined in Equation (21), the parameters p, g, and r are design
parameters chosen as ratios of two positive odd integers. This specific choice is fundamental to the design
of the terminal sliding mode surface, as it guarantees that the system states converge to the equilibrium in
finite time and avoids singularity issues in the control law (Gambhire et al. 2021).

By taking the derivative of Equation (21):

$5;(8) = &i(t) + aéi(t) + opel; (t)éi(t)

$yi(8) = €, (t) + c36,(t) + C4q€f,71(t)éy,i (t), (22)
S5 (1) = €41 (t) + Cs€p,i (t) + Corey ;' (t)éy, (t)

The coupled exponential convergence law is chosen:
Sci (1) = — ks ; (1) — sgn(s,f,i(t))

— Dy sgn[sx i (6)
sC.(t) = kzs n.sgnfs

(23)

$pi(t) = —kssy;(t) — n3sgnis,

|

)
. sgn(sy,«}

[0

|

—D,,i(t sgn(s (t)
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where ki, k, ks, m, n, and ns; represent positive parameters. Define D;(t) = [Dy, (t), Dy i(t), Dy, ()T as an
upper bound on the unknown perturbations present in the system. By taking the second-order derivative of
E(t), and it can be described as:

E,i(t) = Wyit) — OwWyo(t) — OpVi1(t) + dy,i(t)
,,i(t) = vy, (t)[wy,i(t) — w;i(t)] — vy, (t)

- Lyaw;(t) +d,,;(t) '
€p,i(t) = — wi(t) + dy,;(t)

where it satisfies |dy ; (t)| < Dy (t), |dy,i(t)| < Dy,i(t) and |d,;(t)| < Dy, (t). The terms v, ;(t), Vi,i_1(t) and vy o(t)
represent the longitudinal speed of the ith following truck, the longitudinal speed of the (i — 1)th following
truck and the longitudinal speed of the leading truck, respectively. The term w;(t) is the yaw angle
acceleration rate of the ith following truck.

By combining Equations (15) and (24), the system can be described as three subsystems with unknown
upper bound perturbations:

) -
éx,i (t th(t) 01Vx0(t) - OZVXI 1(t) + dxt(t)
éy,i (t )
&t

= VXI( e(pl() Vyi()_Lwi(t)
= Vi (Olwg,i () — wi ()] — vy, (t) . (25)
=Lyw;(t) + dy,(t)
€p,i(t) = wy,(t) — wi(t)
8y,i(t) = —;(t) + dy,(t)

&i(t) = Wi(t) = Oy o(t) — o2y, i1 (t)
gk

)

)

Therefore, the coupling control law for the ith following truck is derived, where the desired longitudinal
acceleration, lateral acceleration, and yaw angle acceleration rates of the ith following truck are:

Viid(t) = Oy, o(t) + 0oV, imq(t) — Qi (t)
Vyid(@®) = vyi(O)wg,(t) — w(t)] — Lyw;t) + Qy (1), (26)
Wig(t) = Qqplt)

where,

Qyi(t) = qGé,(t) + Czpef,fl(t)ex:( ) + k15x;

+m sgn(s,fy,-(t)] + Dy i (t sgn( ]

= C3€'y,[(t) + C4qe;7’71( )ey/( ) + kZS t

)
] (27)
(t)

L
=
=
=

|

+ N, sgn(sy‘,,(t)] + Dy, (t sgn(s

Qyp,i(t) = Cs€y,i(t) + corep; (t)éyi(t) + kasg;(t

+ N3 sgn(stf,,,»(t)) + D,p,,-(t)sgn(s(;,,»(t)]
Therefore, the required control input for the ith following truck in the platoon can be determined as follows:

Dyid(t) = Foxi(t) — mpvy,; () w; (t) + mioqvy o ()
+ Moy Vi1 (t) — m;Qy; (t)

Byid®) = Fuyi() + mKvg; (0 + mQy; () (28)
—miLy,;Qy,(t)

Dyiat) = 15,;Qy,i(t)
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and Equation (28) can be expressed in matrix form as follows:

Ax,i,d(t) mj 0 0 )\x,i (t)
Ay,i,d(t) = 0 m; — m;Ly )‘y,i (t)
Dg,ig(t) 0 0 i ||Ag,i(t)

' (29)

where A; (t) = [A,i(t), Ay, (t), Agi ()T .
Define A; 4(t) = ©;A;(t), where A;(t) and @; can be defined respectively as:

1

Ai(t) = Ewa,i(t) = [vy,i (O)w; (t) = OqVy 0 ()
- .x i— t) + Qxi t
102V, 1(t) (0] , 30)
Ait) = i () + Kv2 i (6) + Qi (t)
Api(t) = Qult)
mj 0 0
(D,- =10 mj —m,‘Ly . (31)
0 O I,

where |0} = I,;m? # 0, and it indicates that @; is a non-singular matrix. In the cooperative control layer, a
non-singular control law is established of the ith following truck in the platoon, defined as A; 4(t) = ®A; (t).

3.2 The control allocation layer

The desired tire forces for the ith following truck in the platoon, A;(t), obtained from the cooperative control
layer, will be optimally allocated by the control allocation layer into the front and rear longitudinal tire
forces, as well as the front and rear lateral tire forces.

The objective of the control allocation layer is to calculate the optimal desired tire forces for the ith

following truck, denoted as F; 4 (t) = [Fyt,ia (t), Fyr,ia (t), Far,ia (t), Fy,,,-,d(t)]T, in order to approximate A; 4(t).
The desired control input for the ith following truck is defined as:

Ax,i,d(t) = Fxf,i,d (t) + Fxr,i,d (t)
Ay,i,d(t) = Fyf,i,d (t) + Fyr,i,d (t) . (32)
A(p,i,d(t) = aFyf,i,d (t) - ber,i,d (t)

The term of Equation (32) can be rewritten as:

D 4 (t) = Mg ;iFi q(t), (33)
where the matrix Ms; is shown as:
1010
Mf’/': 010 11 (34)
0 a0 -b

In order to minimise both the error and energy consumption, based on the principle of power
minimisation and subject to constraints on the lateral and longitudinal tire forces of the truck, the
optimisation problem in the control allocation layer can be formulated as follows:

min J (F; 4) (352)
5. t. '
Fxf,i, min < Fxf,i,d = Fxf,i, max (35b)

Fyf,i/ min < Fyf,i,d < Fyf,i/ maxr (35C)
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Fxr,i, min < Fxr,i,d < Fxr,i, maxr (35d)
Fyr,i, min < Fyr,i,d < Fyr,i, maxrs (356)
\/Fff,i,d + Foria < Uz, (35f)
\/F)%r,i,d + F)%r,i,d = IJFzr,i: (359)

where,

J(Fig) = 3Bia = MriFi gl QDia — M,iFiq) 56
) 36
+ 3R

and the terms of F¢; and F,,; represent the vertical loads on the front and rear wheels of the ith following
truck, respectively, and Q and R are positive definite symmetric weighting matrices.

Remark 4. The positive definite symmetric weighting matrices Q and R are design parameters that balance
the trade-off between the tracking accuracy of the generalised forces and the magnitude of the tire
forces. In this work, after preliminary tuning, these matrices are selected as Q = diag(1, 1, 1) and
R = diag(1, 1, 1, 1). The choice of identity matrices as a baseline is found to provide robust and satisfactory
performance, effectively meeting the control objectives for both longitudinal tracking and lateral stability
without requiring further fine-tuning. Future work will include a systematic sensitivity analysis and
potentially an automatic tuning procedure for the weighting matrices in the control allocation layer to
further optimise performance and provide generalisable design guidelines.

The objective function is convex, ensuring a globally optimal solution. It is important to consider both
the error and control input consumption when selecting weighting matrices. The resulting constrained
optimisation problem is solved using a standard nonlinear programming approach that is based on an
interior-point method. The associated computational performance and real-time feasibility are summarised
in Table 2.

3.3 The action execution layer

In the control allocation layer, the expected tire forces for the ith following truck are calculated. To
convert F; 4 into the final control inputs: front and rear wheel drive torques and the front wheel steering
angle, this section constructs an action execution layer consisting of a tire model and torque formula.
Among them, the ‘magic formula tire model is used to invert the expected lateral force of the front tire
into the desired front wheel slip angle, while the torque formula can directly calculate the expected
longitudinal force of the front and rear wheels to obtain the desired front and rear wheel driving torques.
Once the desired tire force is obtained by the control allocation layer, the action execution layer will be
activated.

From the ‘magic formula’, the desired front wheel lateral force Fy,;q(t) of the ith following truck
corresponds to the desired front wheel slip angle ar; 4(t). The specific relationship can be expressed as
follows:

arig (1) = M (Fyria (1)), (37)

where M~ represents the inverse of the ‘magic formula’ tire model, which is approximated using a least
squares algorithm to determine the desired front wheel slip angle.

Table 2. The values of computation time.
Optimisation method Max time Min time Average time Sample time
Interior-point method 0.15ms 0.06 ms 0.1 ms 10ms
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Remark 5. The inversion of the ‘magic formula’ to obtain the desired slip angle from the desired lateral
force is implemented using a numerical root-finding approach. In this study, MATLAB's fsolve solver is
utilised, which employs a trust-region-dogleg algorithm. This algorithm is structurally based on the
Gauss—-Newton method, a foundational technique for nonlinear least-squares problems. Therefore, the
reference to ‘a least squares algorithm’ pertains to the underlying mathematical principle of the solver used
to find the root of the equation and not to a sequential online parameter fitting routine. For embedded
deployment, this step can be implemented with a lightweight, fixed-point Newton—-Raphson or secant
method solver, maintaining the core numerical approach without reliance on MATLAB's computational
environment.

Figure 4 illustrates the relationship between the lateral force exerted by the tire and the slip angle under
varying vertical loads. It can be observed that when the desired lateral force of the tire is low, the desired
slip angle is also relatively small. However, as the desired lateral force of the tire increases, it corresponds to
two desired slip angles: one in the linear region and the other in the nonlinear region of the curve.

As shown in Figure 5, the constraints on the tire forces can be categorised into linear and nonlinear zone
constraints. It is essential to select the appropriate slip angle based on these different constraints (Guo, Li,
and Luo 2015).

Once the control allocation layer determines the desired longitudinal and lateral front tire forces based
on the objective function, it becomes essential to assess whether the tire force constraints are met. This
assessment is necessary when the longitudinal and lateral tire forces satisfy the following condition:

1
0= JFiia+Fria < EUsz,ib- (38)

In this case, the desired front wheel slip angle, ar;4(t), should be selected within the linear zone.
Similarly, when the longitudinal and lateral tire force constraints satisfy the following condition:

1
E.Usz,i < JFia+ Fria < UFs. (39)

Then, the expected front wheel slip angle, af; 4(t), should be selected within the nonlinear zone.
Therefore, the desired front wheel steering angle, & 4, for the ith following truck can be determined as
follows:

i t i t
Sf,ia (t) = af,iq (t) + arctan [M]

Vy,i (t)

x10*

7358N
ar 14715N

Lateral force (N)

Slip angle (rad)

Figure 4. Diagram of the relationship between tire lateral force and slip angle.
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Figure 5. Tire force constraint diagram.

Similarly, the longitudinal control input for the ith following truck can be calculated using the torque
equation, which is based on the desired longitudinal front tire force Fs; 4(t) and the desired longitudinal
rear tire force F,,;4(t) obtained from the control allocation layer. The desired front wheel drive torque
Tar,i 4 (t) and desired rear wheel drive torque Ty ; 4(t) are expressed as follows:

Taf,i,d (t) = RFy,ia (1) 1)
Tdr,i,d (t) = RFxr,i,d (t)’

Remark 6. The front and rear driving torques obtained in this paper represent the expected driving torques
for the following trucks. However, owing to mechanical efficiency losses in the torque transmission of
trucks, the calculated driving torques may deviate from the actual value and cannot be directly applied to
the throttle valves (Zhang et al. 2021). Therefore, the actual control input acting on the throttle valves

should be determined based on the trucks' engine model.

Remark 7. The classification of the tire operating condition into linear and nonlinear zones via Equations
(38) and (39) serves a practical and essential purpose in real-time control. Rather than aiming to guarantee
the global mathematical uniqueness of the inverse magic-formula mapping, this zonal strategy ensures that
the selected slip-angle lies within a physically meaningful and feasible operating range of the tire. By
restricting the inversion to the monotonic linear region or the admissible saturation nonlinear region, the
controller naturally avoids multi-valued or non-physical branches of the full ‘Magic-Formula’ curve. This
guarantees that, for any feasible desired tire-force vector within the friction circle, a single physically
realisable slip-angle can be selected for execution-meeting the core requirement for safety-critical real-time

applications.

3.4 Properties of truck platoons

In this section, the properties of truck platoons, i.e. finite-time reachability and string stability, are

investigated.

Lemma 3.1. (Yanjun and Huang 2009) Consider the autonomous system,

=T1(3), 2(0) = =, (42)

where I € R” — R" is continuous on an open neighbourhood of the origin = = 0, and I (0) = 0.
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Suppose that there exists a continuous differentiable function J: R” — R", scalars A, y > 0, 8 € (0,1),
and an open neighbourhood M of the origin such that,

JE) < —-7IE) - AI(E)P. (43)

Forall= € M\ {0}, 3() > 0, and J(0) = 0. The origin of the system Equation (42) is finite-time reachable,
and the setting time T satisfies (Liu et al. 2022):

Theorem 1. The state of system Equation (25) can reach the sliding mode surface Equation (21) in
finite time.

Proof 1. Define a candidate Lyapunov function for ith following truck:

Vi(t) = l(sf A(t)]z ¥ l[sc A(t))z ¥ l(sf ~(t))2c. (45)
2 2 2%
By taking the derivative of Equation (45), one has:
Vi(t) = s5; ()55, () + sy, (8)Sy i (8) + 55 (£)S,, (). (46)
Combining Equations (22), (24) and Equation (46), one has:

Vi(t) = sg; ()i (t) = 010 (t) — O2V,i1(t))

(@i (1) + opel; (t)é,, (1) + dy(t))

(Vi (1) [wa, (1) — wi (D))

(=v,; (1) = Ly (1) . (47)
5 (t (c3€y,i (1) + caqe); ' ()i () + dy i (D)

+%U(‘M+@%ﬂ»

+s5,: (t)(Corey 1(t) €y, (t) + dp,; (1))

Combining Equations (26), (27) and Equation (47), one has:
Vi(t)= s, (t) [—k15§’,~(t) -m sgn(s,f,; (t)]]
+ 55 (8) [dx,i(t) — Dyt Sgn )]
+55.(t) —kzs)fl,-(t) - sgn J
+5,;(t) |dyi(t) = Dy, sgn )]
|

+ 54, (t) | —kss,;(t) — n3sgns, (t)

+ 855,/ () | dp,t () = Dy, (t)sgn(s,f,l, (t))]

Then, Equation (48) can be rewritten as:
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2
Vi) = -k (sf,; (t)) - m|sg; (t)

+dy (t)sS; (t) — Dy, (t)[s5; (t)

2
ko550 - mafs5 0

+d,; (055, () = Dy () [s5, ()

5(;,1 (t)

2
-k (5(5,1 (t)) -n3

+ dy (8)55; (£) = Dy (8)

According to Equation (49), one has:

2
e - k1(s§,,»(t)) R

+ |dx,i(t)| Sf,i(t) -

2
~k [sy‘,,(t)) = M|sy,(t)

+ |dy’,‘ (t)l S;’i(t) - Dy,j(t) S;J(t)

Sg,i (t)

2
—k3 [ch),i(t)] -3

+ |dy,i (0)] |54, (1)

2 2 2
< - k1[s§,i(t)] - kz(sy‘,,«(t)] - kg(s;,,«(t))

55, ()

- D(p,i (t)

M = Na|sy,i ()| = N3|sy,(t)

According to Equation (45), one has:

2 2 2
2Vi(t) = (sj,,—(t)] + [sy‘,,-(t)] + (sqi,,- (t))

2 2 2°
J2Vi(t) = \/[sﬁy,(t)) +[sy‘,i(t)] +[s(;,,(t))

(51)

Combining Equations (50) and (51), one has:
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. 2 2 2
Vi) < - k{s;,-(t)] - kz(s;,,-(t)] - ks(s;,,-(t)]
= Msci()| = n2sy; ()] = n3|sg;(t) (52)
< — 2(k1+k2+k3)V_(t)

3 1
_2m +3flz +m) V()05
Therefore, it satisfies V;(t) > 0 and V;(t) < 0. According to Lemma 3.1, the system states can reach the
sliding mode surface in finite time, and the setting time ¢ satisfies:

£ < 3 nl1 + MV,-(O)"'S _ (53)
ki+ ky + ks n+n2+n3

Remark 8. The finite-time stability proof of the proposed sliding mode controller relies on the standard
theoretical assumption that the upper bounds of the disturbances are known (Liu, Yue, et al. 2025; Zuo et al.
2025). In practice, these bounds can be estimated conservatively based on the worst-case operational scenarios. It
is important to note that the primary focus of this paper is to establish the performance baseline of the coupled
control framework. The integration of disturbance observers or adaptive techniques to obviate the need for
a priori bound knowledge is a key objective for future research aimed at enhancing practical robustness.

Theorem 2. The spacing errors are not amplified along the platoon, i.e. the truck platoon is string stable in
steady state.

Proof 2. When a truck platoon is in steady state, e, ;(t) = 0 and e, ;_(t) = 0, according to Equation (12), one has:

0160 (t) + 0, (t) =0 (54)
01€-1,0(t) + 02€1(t) = 0’
where g7 and o, are positive parameters, and 0, + 0; = 1.
In terms of Equation (11), one has:
€0 (t) = eq1(t) + ex(t) + es (t)... + e (t) (55)
ei_1,0(t) = e (t) + ey(t) + e3(t)... +e_(t)
In terms of Equations (54) and (55), one has:
e1(t) + ey (t) + es(t)... + ey () + (1 + ﬂ)e,(t) -0
. s (56)
ei-10(t) + Zeq(t) =0
1
By simplification of Equation (56), one has:
o o
[1 + —z)e,»(t) = —Zei(1). (57)
o] Oq
Applying the Laplace transform to Equation (57), one has:
&) H _e_a | _,. (58)
ei-1(s) 01 01+ 0y

Since gy > 0, 0, > 0,01 + 0, = 1Tand 0 < g; < 1, according to Equation (18), the truck platoon is string stable.



TRANSPORTMETRICA B: TRANSPORT DYNAMICS 19

Note that, on the one hand, steady-state string stability guarantees that the cooperative control
structure does not intrinsically amplify spacing errors along the platoon (Xiao and Gao 2011; Zhu et al.
2024). On the other hand, the proposed sliding-mode controller drives tracking errors to the sliding surface
within a finite time during the transient phase, even in the presence of uncertainties and model-plant
mismatches, such as unmodeled actuator dynamics. As a result, after finite-time convergence, the closed-
loop system operates in the steady state, where the string stability conditions are satisfied and spacing
errors do not amplify along the platoon. A more comprehensive theoretical treatment that explicitly
incorporates actuator dynamics will be an important direction for future work.

Remark 9. Theorem 2 establishes the steady-state string stability of the platoon under the constant-spacing
policy, following the classical frequency-domain definition in Equation (18). This analysis focuses on equilibrium
properties and asymptotic error propagation. Transient robustness to disturbances is ensured by the finite-time
convergent sliding-mode dynamics established in Theorem 1. The analysis of communication delays and their
impact on string stability is beyond the current scope and will be investigated in future work.

4 Simulation experiments and analysis

In this section, a truck platoon consisting of a leading truck and four following trucks is selected for the
simulation using the joint platform of TruckSim and Simulink. The system states are the longitudinal
velocity, lateral velocity, yaw angle rate, and angular velocities of the front and rear wheels. The control
inputs are the driving torque and front wheel steering angle of the trucks. The parameters of the trucks,
tires, and controllers are listed in Tables 3-5, respectively.

In this paper, given that the width of a typical highway lane is approximately 3.5 m, and the width of a
truck is about 2.5 m, the permissible constraint on the lateral error is £0.5 m. This constraint complies with
the lateral control standards outlined in the test protocol for autonomous driving functions in intelligent
networked vehicles (Ding et al. 2023).

In practical implementation of the controller, to mitigate the chattering phenomenon and generate
smooth control commands feasible for vehicle actuators, the sgn(s) function is replaced by the continuous
saturation function sat(s/A), defined as:

sgn (s), [s| > A

/ 59
s/, Is|] <A (59)

sat (s/A) = {

where A > 0 is the boundary layer thickness, which is a design parameter tuned to suppress chattering
while maintaining acceptable tracking performance. In this study, the value of A is selected as 0.5.

Table 3. The parameters of trucks.

Parameters Value Parameters Value

m 18,000 kg I, 130421.8 kg m?
a 35m b 1.5m

G 0.6 G 08

Ay 6.8m’ Ay 11.25m?

J 24 kg m? J, 48 kg m?

r 0.51m o 1.2258 kg/m’

Table 4. The parameters of tires.

Tire forces B C D E

Fefo 8.61 1.58 22503 0.5624
Fuo 8.61 1.58 44625 0.5624
Fyro 6.59 1.58 22503 —0.3028

Fyro 6.59 1.58 44625 —-0.3028
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Table 5. The parameters of controllers.

Parameters Value Parameters Value
G 1 k 1
Q 1 k2 5
G 1 k3 2
Cy 0.1 m 0.1
Cs 5 N2 0.1
Ce 1 n3 0.1
(o] 0.4 p 3/5
0 0.6 q 3/5
Q diag (1,1, 1) r 3/5
R diag (1,1,1,1) 1 35
2 40 i 40
fylz 35
.
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Figure 6. Truck platoon in scenario 1: (a) road curvature, (b) phase trajectories,

4.1 Scenario 1: high-speed

and (c) longitudinal velocities.

In order to verify the effectiveness of the proposed hierarchical control scheme for truck platoons driving
on a motorway, the maximum road curvature of 0.0025 and the road surface adhesion coefficient of 0.85
are selected (Sun et al. 2023; Zhao et al. 2023). The leading truck is set to travel at a constant speed of 25 m/
s, the initial speed of the following trucks is 23 m/s, and the initial longitudinal spacing errors between the
leading truck and the four following trucks are set as 2, 3, 4, and 5 m, respectively. The initial lateral position
errors and yaw angle errors of the trucks are 0. The simulation results are shown in Figures 6-8.
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Figure 7. Truck platoon in scenario 1: (a) longitudinal spacing errors, (b) lateral position errors, and (c) front wheel
longitudinal forces.

Figure 6(a) illustrates the road curvature, with a maximum curvature of 0.0025. Figure 6(b) shows the
phase trajectories of the following trucks in a platoon. It can be observed that the lateral velocities and yaw
rates of the four following trucks ultimately converge to the origin.

Figure 6(c) illustrates that the following trucks rapidly attain a speed of 25 m/s, matching that of the
leading truck, from an initial speed of 23 m/s. Figure 7(a) illustrates that the longitudinal spacing errors
rapidly converge to zero from their initial values. It can be observed that the first following truck
demonstrates the maximum longitudinal spacing error of about 0.025 m. The longitudinal spacing errors
of the other following trucks are also decreasing, which is consistent with the control objective of
maintaining the desired distance.

It can be observed from the Figure 7(b) that the maximum errors between the lateral positions of the
four following trucks and the road centreline is approximately 0.22 m, which is below the allowable error of
0.5 m. The lateral control objective of the platoon has been met.

Figures 7(c) to 8(c) show the diagrams of longitudinal tire forces and lateral tire forces of the following
trucks. It can be seen that the maximum longitudinal force and the maximum lateral force of the front
tires are approximately 580 N and 9000 N, the maximum longitudinal force and the maximum lateral
force of the rear tires are approximately 1350 N and 15,000 N. Therefore, considering the tire force
constraints, one has:
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lateral forces.

F)%f, max T F;f, max = 9019N < uF,r =~ 44982N

(60)
FZ

Xr, max

+ Ffr, max = 1506TN < pF, = 104958N

According to Equation (60), the longitudinal and lateral tire forces of the front and rear wheels are well
below the constraint of the tire force. Therefore, the safety of the platoon will be ensured.

Under the proposed hierarchical control scheme for lateral and longitudinal coupling of the truck
platoon, the platoon can maintain a safe driving state at a high speed.

4.2 Scenario 2: sinusoidal curvature

In this section, the road curvature that varies continuously with time is used as a disturbance, and a
sinusoidal road condition is selected as a simulation scenario, which can be described as:

Y =100 sin Ln , (61)
300

where Y and X are the lateral position and the longitudinal position, respectively.
The mathematical expression for road curvature is:
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Figure 9. Truck platoon in scenario 2: (a) road curvature, (b) phase trajectories, and (c) longitudinal velocities.

.
K= |)15. (62)

a+vy"

Combining Equations (61) and (62), the curvature of the simulated road is:

K = 0.01 sin (Lnt). 63)
300

The maximum road curvature of 0.01 and the road surface adhesion coefficient of 0.85 are selected. The
leading truck is set to travel at a constant speed of 15 m/s, and the initial speed of the following trucks is
13 m/s. The initial longitudinal spacing errors between the leading truck and the four following trucks are
set as 2, 3, 4, and 5 m, respectively. The initial lateral position errors and yaw angle errors of the trucks are 0.
The simulation results are shown in Figures 9-11.

Figure 9(a) illustrates the road curvature, with a maximum curvature of 0.01. From the Figure 9(b), it can
be observed that the phase trajectories of the following trucks exhibit minor fluctuations in response to a
continuous change in road curvature. This finding indicates that the proposed hierarchical control structure
for the lateral and longitudinal coupled truck platoon is robust to disturbances.

Figures 9(c) and 10(a) show the longitudinal velocities and longitudinal spacing errors of the platoon, it
can be observed that as the curvature of the road surface undergoes continuous variation, the longitudinal
velocities and longitudinal spacing errors of the following trucks consequently fluctuate within the
permissible limits. Figure 9(c) illustrates that the following trucks rapidly attain a speed of 15 m/s, matching



24 S. SUN ET AL.

6 T T T

0.8 T T

Follower 1 Follower 1
Follower 2 Follower 2

Follower 3 | | 0.6 7

Follower 3
Follower 4 Follower 4 [

m)

NN\

04 .

-0.2

68 70 72,74 76 78

Longitudinal spacing error (
°
Lateral position error (m)
o

0 _— = = = = =

206 ]

Time (s) Time (s)

(a) (b)

12000 T T T T T

Follower 1
Follower 2
Follower 3 | |
Follower 4

10000

8000

6000

4000

2000

Front wheel longitudinal force (N)

x’\/\/\/\/\/\»

2000 . L . . L
0 20 40 60 80 100 120

Time (s)
(c)

Figure 10. Truck platoon in scenario 2: (a) longitudinal spacing errors, (b) lateral position errors, and (c) front wheel
longitudinal forces.

that of the leading truck, from an initial speed of 13 m/s. Figure 10(a) shows that the longitudinal spacing
errors of the platoon still fluctuate at 0 under sinusoidal conditions with continuous curvature changes. It
can be observed that the longitudinal spacing error of the first following truck is the greatest, reaching
approximately 0.05 m. The longitudinal spacing errors of the other following trucks are also decreasing in
turn, which is consistent with the control objective of maintaining the desired distance.

Figure 10(b) illustrates the lateral position errors of the following trucks. It can be observed from the
figure that the maximum errors between the lateral positions of the four following trucks and the road
centreline during the platoon travelling is approximately 0.1 m, which is below the allowable error of 0.5 m
stipulated in this paper. Consequently, the lateral control objective of the platoon has been met.

Figures 10(c) to 11(c) show the diagrams of the longitudinal tire forces and lateral tire forces of the
following trucks. It can be seen that the maximum longitudinal force and the maximum lateral force of the
front tires are approximately 800 N and 19,000 N, the maximum longitudinal force and the maximum lateral
force of the rear tires are approximately 2000N and 32,000 N. Therefore, considering the tire force
constraints, one has:

F)%f, max T F)%f, max = 19017N < ufyr = 44982N
' (64)
F)%r, max T F}g,, max = 32062N < uf, = 104958N
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Figure 11. Truck platoon in scenario 2: (a) front wheel lateral forces, (b) rear wheel longitudinal forces, and (c) rear wheel
lateral forces.

According to Equation (64), the longitudinal and lateral tire forces of the front and rear wheels are well
below the tire force constraint limits. Therefore, the platoon will drive stably, and the safety of the platoon
will be ensured.

In summary, under the effect of the proposed hierarchical control scheme for the lateral and longitudinal
coupled truck platoon, the platoon can still maintain a stable driving state under sinusoidal conditions with
continuous changes in road curvature, avoiding collisions between trucks and breaking away from the
platoon, which demonstrates the robustness of the proposed hierarchical control scheme.

4.3 Safety analysis of the truck platoon

In order to ensure the safe travelling of the truck platoon, it is necessary to obtain the ‘maximum’ safe
travelling velocity of the proposed hierarchical control scheme. The maximum safe driving speed reported
in this study is quantitatively defined as the highest constant speed attainable by the leading truck, under
which the entire platoon can operate without violating any of the following safety criteria:

1) Lateral deviation safety: the maximum absolute lateral position error of any following truck must remain
below the allowable threshold of 0.5 m at all times, ensuring that the vehicle stays within the physical
lane boundaries.
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Figure 12. The lateral position errors of the first following truck in scenario 1 with three road adhesion coefficients: (a)
u = 0.85, (b) u = 0.60, and (c) u = 0.35.

2) Longitudinal spacing safety: the platoon must maintain string stability. Furthermore, the combined
longitudinal spacing error for all trucks must remain bounded and converge without exhibiting diver-
gent oscillations that would risk a collision.

3) Actuator authority safety: the resultant tire force at each wheel must remain within its friction circle
constraint. A violation of this constraint indicates that the tire has saturated and that the vehicle has lost
the necessary force authority to maintain stable tracking.

Therefore, the safety of platoons with different road curvatures and different road surface adhesion
coefficients are considered in this section.

The longitudinal velocity error of the first following truck in the platoon is the largest one due to string
stability, so the first following truck is chosen as the comparison objective. The simulation conditions are as
follows:

High-speed experiment: the maximum road curvature of 0.0025 and road surface adhesion coefficients
of 0.85, 0.6 and 0.35 are selected, respectively. The initial longitudinal velocity error between the leading
truck and the first following truck are 2 m/s, the initial longitudinal spacing error between the leading truck
and the first following truck are 2 m, and the other initial errors are 0. The simulation results are shown in
Figures 12 to 13.
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Figure 13. The longitudinal velocities of the first following truck in scenario 1 with three road adhesion coefficients: (a)
u = 0.85, (b) u =0.60, and (c) u = 0.35.

o

Sinusoidal curvature experiment: the maximum road curvature of 0.01 and the road surface adhesion
coefficients of 0.85, 0.6 and 0.35 are selected, respectively. The initial longitudinal velocity error between
the leading truck and the first following truck are 2 m/s, the initial longitudinal spacing error between the
leading truck and the first following truck are 2 m, and the other initial errors are 0. The simulation results
are shown in Figures 14 and 15.

Figures 12 and 13 show the lateral position errors and longitudinal velocities of the first following truck
in the platoon with different road adhesion coefficients, from which it can be seen that the platoon is able
to drive stably under all three types of road adhesion coefficients. The maximum safe travelling velocities of
the platooning trucks are 32, 30 and 26 m/s at road adhesion coefficients of 0.85, 0.6 and 0.35, respectively.

Figures 14 and 15 show the lateral position errors and longitudinal velocities of the first following truck
in the platoon under the road curvature that varying continuously with different road adhesion coefficients,
from which it can be seen that the platoon is able to drive stably under all three types of road adhesion
coefficients. The maximum safe travelling velocities of the platooning trucks are 20, 18 and 17 m/s at road
adhesion coefficients of 0.85, 0.6 and 0.35, respectively.

The maximum safe traveling speeds for the truck platoon, obtained from the simulation analysis, are
consolidated in Table 6. This table provides a clear and quantitative overview of the platoon's safe
operating envelope, demonstrating how the maximum safe speed decreases with both reducing road
adhesion coefficient and increasing road curvature.
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Figure 14. The lateral position errors of the first following truck in scenario 2 with three road adhesion coefficients: (a)
u = 0.85, (b) u = 0.60, and (c) u = 0.35.

Remark 10. The values in Table 6 are determined through an iterative simulation process. For each
combination of the road adhesion coefficient and curvature scenario, the platoon speed is systematically
increased in a series of simulations. The maximum safe traveling velocity is identified as the highest speed
at which the platoon could operate without violating the predefined safety criteria. A limitation of this work
is that the maximum safe speed is inherently coupled to road curvature and the surface friction coefficient.
Lower friction or higher curvature results in a reduced safe speed threshold.

Figures 13 and 15 show that the maximum safe travelling velocity of the truck platoon decreases when
the road surface adhesion coefficient decreases. Figures 16 and 17 show that the proposed hierarchical
control scheme for truck platoons is able to improve the safety threshold of the maximum travelling speed
of the truck platoon compared to controllers based on longitudinal and lateral decoupled designs proposed
in Yu et al. (2025a), which can ensure travelling safety of the platoon as well. Note that the method in Yu,
Sun, et al. (2025) employs a fully separated control structure in which the longitudinal and lateral dynamics
are regulated by two independent sliding-mode controllers. Specifically, the longitudinal controller deter-
mines the desired acceleration solely from spacing and speed errors without incorporating any dynamic
coupling effects. In parallel, the lateral controller computes the steering command based exclusively on
lateral deviation and yaw-rate feedback, thereby ignoring the influence of longitudinal speed variations on
lateral tire forces and overall vehicle dynamics. This decoupled controller is implemented in the same
Simulink-TruckSim co-simulation environment as our proposed method, ensuring that all vehicle parame-
ters, road conditions, and initial states remained identical across tests.
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Figure 15. The longitudinal velocities of the first following truck in scenario 2 with three road adhesion coefficients: (a)
u = 0.85, (b) u = 0.60, and (c) u = 0.35.

Table 6. Maximum safe traveling velocity under different operating

conditions.

Road surface adhesion coefficients Curvature of 0.0025 Curvature of 0.01
0.85 32m/s 20 m/s

0.6 30m/s 18 m/s

0.35 26 m/s 17 m/s

The concept of the maximum safe speed defines a safe operational envelope for the platoon, funda-
mentally governed by the interplay between road adhesion, curvature, and tire force constraints. The
observed trends-where speed limits decrease with both reducing u and increasing k are rooted in vehicle
dynamics principles (Liu et al. 2025b). The lateral acceleration demand must be accommodated within the
finite friction potential uF,, as described by the friction ellipse. The proposed hierarchical controller actively
manages this coupled longitudinal-lateral force allocation, preventing premature tire saturation and thus
enabling a broader safety envelope compared to the decoupled benchmark, which neglects these inter-
actions. These quantified results provide critical insight for defining speed policies in real-world platooning
and offer practical reference values that can inform engineering deployment. Moreover, they lay the
groundwork for a future real-time safety supervisor capable of dynamically adjusting the platoon speed
based on road conditions.
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Figure 17. The maximum safe driving velocity of the truck platoon under different road adhesion coefficients and
different road curvatures: (a) method in Yu, Sun, et al. (2025) and (b) method proposed in this work.

Remark 11. The maximum safe speeds reported in this section are identified through a systematic
parameter search in simulation, whereby the platoon speed is increased until a violation of the predefined
safety constraints occurred. This empirical approach provides a practical and comparative assessment of the
safety envelope under the proposed control scheme. An avenue for future work is to establish formal
safety guarantees, potentially through advanced techniques such as stability margin analysis (Xu Wang
et al. 2024).

5 Conclusion

This study investigated the fundamental safety limits of truck platoons operating under curved roads and
low-adhesion conditions. A hierarchical cooperative control framework was developed that explicitly
incorporating longitudinal-lateral coupling and tire force saturation. Theoretical analysis and co-
simulations demonstrated that the proposed strategy ensures finite-time convergence, string stability,
and superior safety performance compared with conventional decoupled approaches. Most importantly,
the results quantify the maximum safe driving speed of platoons across varying curvature and adhesion
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coefficients, offering a systematic understanding of their operating envelope. These findings provide new
insights into cooperative platoon dynamics and have direct implications for traffic safety management,
infrastructure design, and the large-scale deployment of freight platooning. Future work will extend this
framework to mixed traffic environments and communication-impaired scenarios, where heterogeneous
vehicle behaviours pose additional challenges. Additionally, future work will include a comprehensive
stochastic robustness analysis, using methods such as Monte Carlo simulations, to evaluate the controller's
performance under a broader spectrum of random initial conditions, parameter uncertainties, and
unmeasured disturbances.
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