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Abstract: This paper addresses the issue of external unknown environmental interference affecting
the trajectory tracking performance and driving stability of autonomous vehicles. This seriously
impacts the performance and stability of the vehicle while driving. In order to provide precise,
reliable, and safe trajectory tracking performance for autonomous vehicles, this paper proposes a
recursive integral terminal sliding mode control (RITSMC) method. The proposed RITSMC combines
the advantages of recursive integral sliding mode (RISM), terminal sliding mode (TSM), and adaptive
algorithms, and can effectively achieve precise trajectory tracking and driving stability of autonomous
vehicles. Furthermore, compared with traditional methods, an adaptive algorithm is introduced
on the recursive sliding surface to enable real-time adaptation of the control parameters of the
recursive controller, further improving the trajectory tracking accuracy and driving stability of
autonomous vehicles. The stability of this control system is demonstrated by using a Lyapunov
function. Finally, multiple simulation tests were conducted on different lane speeds on both wet
and dry asphalt road sections. By comparing the simulation results, it was found that the proposed
RITSMC exhibits excellent performance in terms of the precision of tracking trajectories and the
stability of driving, in contrast to traditional sliding mode controllers (SMC) and integral terminal
sliding mode controllers (ITSMC).

Keywords: autonomous vehicle; trajectory tracking; external disturbance; sliding mode control;
adaptive algorithm

1. Introduction

In the era of intelligence, advanced technologies such as data analytics, sensors, and
AI technologies have provided new opportunities for the development of autonomous
vehicles [1]. Therefore, automated driving technology, which encompasses multidisci-
plinary theories and methods, has become a current research hotspot [2]. Autonomous
vehicles possess precise trajectory tracking capabilities, thereby significantly alleviating
road congestion [3]. Furthermore, autonomous vehicles exhibit excellent lateral stabil-
ity, further enhancing passenger safety and comfort [4]. However, in real-world driving
environments, numerous unknown external interferences exist. Due to the sensitivity of
autonomous vehicles to these interferences, the accuracy of road tracking and driving
stability are affected. Therefore, it is crucial to suppress the impact of external interferences
on autonomous vehicles and enhance the performance of autonomous driving systems.

Trajectory tracking is a crucial aspect of autonomous driving technology [5]. Its pur-
pose is to ensure that the vehicle follows the desired trajectory with minimal deviation,
given the specified desired trajectory. Currently, there are many relevant studies emerging
in the domain of autonomous driving. Lu et al. [6] put forward an improved RRT algo-
rithm, which converts the target point into a random point to expand the random tree and
achieve trajectory tracking of autonomous vehicles within the road boundary. Nevertheless,
the algorithm exhibits a slow convergence rate and significant path fluctuations. Hence,
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Yang et al. [7] proposed a control method based on Model Predictive Control (MPC) and
Fuzzy Proportional–Integral–Derivative (PID) for precise control of the steering angle by
applying MPC to the lateral controller. Additionally, a fuzzy PID is utilized to configure the
longitudinal controller in order to reduce the lateral error, thereby improving the vehicle’s
trajectory tracking accuracy. Liu et al. [8] proposed a reinforcement learning approach to
achieve trajectory tracking for autonomous vehicles. The method uses reinforcement learn-
ing to conduct tracking experiments on extracted driving scenarios and road information,
thus ensuring the stability and trajectory tracking accuracy of autonomous vehicles. The
aforementioned algorithms have, to some extent, improved the accuracy of autonomous
vehicles in tracking the reference path. However, due to the slow convergence speed of
these algorithms, the adaptability of vehicles to environmental changes is severely affected,
reducing the real-time capability of the system. Zuo et al. [9] suggested a model predic-
tive control (MPC) method based on an improved particle swarm optimization algorithm
(IPSO) to solve the trajectory tracking problem by treating time-varying safety constraints
as a repulsive range and an asymmetric lane potential field function, thereby obtaining
collision-free paths to ensure accurate vehicle trajectory tracking. Nie et al. [10] proposed an
autonomous vehicle trajectory tracking system that fully considers the road friction issue.
They employed the Variable Forgetting Factor Recursive Least Squares (VFF-RLS) method
to identify the road adhesion coefficient, which was then fed into the Model Predictive Con-
trol (MPC) to enhance the slip angle constraint and improve trajectory tracking accuracy.
Huang et al. [11] proposed a Human–Machine Cooperative Rapid Random Tree (HM-RRT)
algorithm, which combines driver behavior assessment and the driver’s anticipated tasks to
generate collaborative trajectories through the newly developed HM-RRT. By incorporating
driver intentions and automated corrective measures, the algorithm aims to improve the
trajectory tracking accuracy of the vehicle. However, while these algorithms improve
tracking accuracy and convergence speed, they also increase the computational complexity
of the system, posing challenges to the real-time capability and practicality of autonomous
driving systems. Furthermore, a single simulation environment has limitations and can-
not simulate various complex real-world scenarios, which restricts the adaptability and
reliability of the algorithms.

As the trajectory tracking technology of autonomous vehicles continues to develop,
researchers have begun to combine trajectory tracking with lateral stability [12]. The main
goal of this technology is to ensure that autonomous vehicles maintain lateral stability
while achieving precise trajectory tracking, thus preventing deviations from the trajectory
or loss of control [13]. Huang et al. [14] proposed a lateral stability control method based on
a combination of movable regions and stable controllers. They designed a dynamic sliding
mode controller based on the characteristics of stable region movement and dynamic
margin to keep the vehicle driving in the stable region. Cheng et al. [15] proposed a
lateral stability control system based on the model predictive controller (MPC), which
calculates the required yaw moment and tire forces to maintain the lateral stability of
the vehicle. The aforementioned literature describes research on the lateral stability of
autonomous driving systems, which ensures their lateral stability when based on stable
regions. However, in actual driving scenarios, these systems are prone to being influenced
by complex environments, making it difficult to guarantee the lateral stability of the
vehicle. He et al. [16] proposed an inverse sliding mode control algorithm to enable
autonomous vehicles to track reference paths effectively and ensure lateral stability during
driving. However, this controller is unable to perform effective trajectory tracking in
complex environments and tends to have long settling times, leading to phenomena such as
oscillations. Sliding mode control, as a classic nonlinear control strategy [17], can generate
discontinuous control to force the driving system to move along the reference trajectory.
Simultaneously, the sliding mode controller possesses benefits, including rapid response,
high precision, and robustness. However, traditional sliding mode controllers (SMC)
exhibit a chattering phenomenon after the system state reaches the sliding surface [18],
which affects control accuracy and system stability. To address this issue, researchers have
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proposed various methods, among which terminal sliding mode control (TSM) [19] is a
commonly used approach. Compared with traditional sliding mode control, TSM cannot
only suppress chattering but also shorten the convergence time. However, this control
method can cause singularity problems. To avoid the singularity problem, researchers
proposed non-singular terminal sliding mode control (NTSMC) [20], which has a slow
response and cannot effectively deal with complex scenarios. To improve the response
speed of the controller, researchers proposed a recursive terminal sliding mode control [21],
but this method cannot converge to zero gradually in complex environments. To improve
the convergence performance of the control system, researchers have proposed an adaptive
SMC control method [22], which can adapt to complex environments. However, it relies
heavily on the robustness of the system and has a large computational cost. In recent
years, the Integral Terminal Sliding Mode Control (ITSMC) [23] has been proposed, which
not only guarantees finite-time convergence, but also accelerates the convergence speed.
Based on the various sliding mode control methods introduced in the aforementioned
literature, it can be observed that single-mode sliding control suffers from drawbacks such
as slow response speed, low adaptability to complex environments, and strong oscillations.
Therefore, it is highly necessary to design an optimized sliding mode controller.

Based on the aforementioned literature, it is evident that significant progress has
been made in autonomous driving technology. However, there are still some areas for
optimization identified in the literature. We summarize these optimization areas as follows:
(1) Some researchers have focused excessively on autonomous driving trajectory tracking
based on stable regions, neglecting the impact of external interferences on vehicles in
real driving environments, thereby compromising the performance of the control system.
(2) Most simulation validation work has been conducted on fixed road segments, over-
looking the influence of various complex road segments in actual driving environments
on trajectory tracking accuracy and stability. (3) Researchers have emphasized improving
path tracking accuracy and stability while overlooking the computational complexity of
the system, leading to issues such as delayed system response and decreased reliability.
Therefore, further optimization of the control system is necessary. (4) Sliding mode control
is mentioned in the literature for its robustness and high accuracy. However, single-mode
sliding control has various drawbacks that make it difficult to address the challenges faced
by autonomous driving vehicles in practice. Hence, there is a need to optimize control
algorithms to further enhance the robustness and reliability of autonomous driving systems
in diverse driving environments.

Based on the summary of the aforementioned literature, this paper provides a detailed
supplement to the areas for optimization. Firstly, we introduce an external disturbance
term based on previous research to investigate the stability of autonomous driving vehicles.
The application of this method accurately simulates the uncertainty factors in actual driving
environments, overcoming the limitations of previous studies based on stable regions and
better evaluating the stability of autonomous driving vehicles in real driving scenarios. Sec-
ondly, in order to comprehensively consider the influence of actual driving environments
on trajectory tracking accuracy and stability, we design multiple simulation environments,
including various road structures and different road conditions. By using these diverse en-
vironments for simulation, we overcome the limitations of a single environment and more
accurately reflect the performance of the autonomous driving system in different driving
scenarios. Finally, the proposed method employs a recursive sliding mode surface design
combined with an adaptive algorithm, significantly improving the system’s disturbance
rejection capability while reducing complexity and computational load. This algorithm
can dynamically adjust the sliding mode control parameters in real-time, enhancing the
system’s adaptability to disturbances. Moreover, the adoption of exponential convergence
law strengthens the convergence performance, ensuring the system reaches a stable state
within a finite time. These improvements effectively enhance the robustness and control
accuracy of the autonomous driving system. The practical significance of this paper lies in
addressing the issue of external disturbances faced by autonomous driving systems in real
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driving environments, providing important references for the development of more reliable
autonomous vehicles. The introduction of external disturbance terms, diverse simulation
environments, recursive sliding mode surfaces, and adaptive algorithms enables the au-
tonomous driving system to adapt to various complex and dynamic driving conditions.
The proposed method establishes a solid foundation for the application of autonomous
driving vehicles in practical scenarios.

In conclusion, this paper proposes a recursive integral terminal sliding mode controller.
The main contributions of this study can be summarized as follows:

(1) This paper utilizes an integral terminal sliding mode surface to improve upon the
traditional non-singular terminal sliding mode surface, effectively suppressing external
disturbances and enhancing the system’s disturbance rejection capability.

(2) This paper employs an exponential reaching law to enhance the stability and
disturbance rejection of the system, surpassing the performance of the power reaching law.
It enables adaptability to various diverse driving environments.

(3) This paper proposes an adaptive algorithm for online adjustment of the error
control parameters, the error power integration control parameters, and the recursive
control parameters on the integral terminal sliding mode surface. This method enhances
the adaptability of intelligent control systems to external environments and reduces the
system complexity.

(4) By incorporating disturbance terms, it enables the accurate simulation of more real-
istic driving environments, which aids in verifying and improving the stability, robustness,
and safety of the autonomous driving systems.

Finally, multiple experiments were conducted based on Simulink-Carsim co-simulation
in various lanes, different speeds, and different road sections to verify the designed con-
troller’s ability to control the vehicle’s trajectory tracking accuracy and stability.

2. Constructing a System Model

The construction of a model is an important basis for studying the controlled object.
In this paper, a controlled object model combining a two-degree-of-freedom (2DOF) vehicle
dynamic model with a kinematic model will be constructed to better describe the state
variables of autonomous vehicles. Additionally, the definitions of the symbols can be found
in Table 1 in this paper.

Table 1. List of symbols.

Symbol Parameters

Ff l , Ff r Lateral force of the left and right tires of the front axle of the vehicle
Frl , Frr Lateral force of the left and right rear axle tires of the vehicle

β Vehicle sideslip angle
γ Vehicle yaw angle speed
m Total vehicle mass
Iz Yaw moment of inertia

vx, vy Transverse and longitudinal speed of vehicle

a,b The distance between the center of gravity of the vehicle and the front and
rear axles

e Lateral error
ψ Heading error
em Mapping error
δ f Front wheel angle
xm Constant projection distance
d The distance traveled by the vehicle along the reference path

φ, φr Vehicle heading angle and reference path heading angle
.
vx,

.
vy Transverse and longitudinal acceleration of the vehicle

ρ Path curvature
k1, k2 Front and rear axle lateral stiffness of vehicle

αr Vehicle rear axle side deflection angle
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2.1. Vehicle Dynamics Model

Constructing a model that accurately represents the lateral dynamic characteristics of
a vehicle is highly significant for studying the trajectory tracking of autonomous vehicles.
In this paper, a 2DOF vehicle dynamic model [24] is constructed:

.
β =

Ff l+Ff r+Frl+Frr
mvx

− γ
.
γ =

a(Ff l+Ff r)−b(Frl+Frr)

Iz

(1)

As the vehicle passes through different road sections at different speeds, this can cause
the sideslip angle and yaw rate of the vehicle to become too large or too small, resulting in
a loss of vehicle stability.

2.2. Vehicle Kinematic Model

To enhance the path tracking capability of autonomous vehicles, the state variables
of vehicle dynamics are transformed into state variables related to the trajectory tracking
path, and a model schematic as shown in Figure 1 is constructed:
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Figure 1. Schematic diagrams of vehicle dynamics model and vehicle kinematics model.

If the vehicle is driving at high speed on a low-friction-coefficient road surface, the
stability of the vehicle will decrease, and the mapping error will also change, thereby
affecting the accuracy of the vehicle’s path tracking. Figure 1 depicts the vehicle kinematic
model [25]: 

em = e + xmsin(ψ)
.
e = vxsin(ψ) + vycos(ψ)
.
d = vxcos(ψ)− vysin(ψ)
ψ = φ− φr

(2)

Based on Equations (1) and (2), the expression for the mapping error can be obtained
as follows: 

..
em = w1 + w2 + w3δ f + de

w1 =
.
vy +

.
vxψ + vx(γ− ρ

.
d)

w2 = xm

[
a(vx β+aγ)k1

vx Iz
− bαrk2

Iz
− .

ρ
.
d− ρ

..
d
]

w3 = −xm
ak1
Iz

(3)

where de represents disturbance uncertainty and satisfies the following relationship:

|de| ≤ D (4)
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where D is a constant greater than zero, representing the upper bound of the disturbance
uncertainty.

Accordingly, the expression with disturbance uncertainty can be ultimately repre-
sented as: { .

x1 = x2.
x2 = w1 + w2 + w3u + de

(5)

where x1 = em; u = δ f represents the vehicle’s steering angle of the front wheels. δ f is also
the input signal of the closed-loop system. With the increase in vehicle speed, the road
adhesion coefficient decreases, and some unfavorable phenomena such as deviation from
the reference path and vehicle body shaking will occur in autonomous driving vehicles.
This will lead to energy waste and economic losses. Therefore, when designing controllers,
we should eliminate these adverse factors that are present, so that the vehicle has higher
tracking accuracy and stronger stability.

3. Controller Design

This section aims to address the issues of trajectory tracking accuracy and lateral mo-
tion stability that autonomous vehicles may face while driving in complex road conditions,
often caused by external unknown disturbances. Therefore, this paper proposes a solution
based on the RITSMC.

3.1. Controller Structure

The RITSMC closed-loop control system is depicted in Figure 2. In order to verify
that this controller has good control performance, we adopted a form of joint simulation
using Matlab and Carsim and built a high-fidelity vehicle simulation model on the plat-
form for simulation verification. This can effectively simulate the driving situation of
autonomous vehicles on real roads and obtain accurate and reliable data, further analyzing
the performance and stability of the proposed controller.
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3.2. Design of Control Law

The reference signal xr and the tracking error e of the control system are defined based
on the aggregated model described in Equation (5):

xr = 0
e = x1 − xr = x1.
e =

.
x1 −

.
xr = x2

(6)

First, we define the RITSM function as follows:

s = σ + λσI (7)
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where the ITSM function σ is defined as:{
σ =

.
e + λ̂1 + λ̂2

∫ t
0 e

q
p dτ

σI = |σ|ε3 sign(σ)
(8)

where ε3 > 1; p, q are positive odd integers; the initial value σI(0) = −1/λ̂3(0)[
.
e(0) +

λ̂1(0)e(0) + λ̂2(0)
∫ t

0 e
q
p (0)dτ ]; λ̂1, λ̂2, λ̂3 represent the expression for updating the variable

parameters online in real time using an adaptive law:
.
λ̂1 = −η1se
.
λ̂2 = −η2s

∫ t
0 e

q
p dτ.

λ̂3 = −η3sσI

(9)

where η1, η2, η3 are the positive adaptive gain.

Lemma 1. According to Equation (5), in order to achieve rapid convergence of the tracking error,
the design of the sliding mode control law is as follows:

u = − 1
w3

[ε1sign(s) + ε2s + w1 + w2 + λ̂1
.
e + λ̂2e

q
p + λ̂3

.
σI ] (10)

where ε1, ε2 > 0 are two positive constants that need to be designed; λ̂1, λ̂2, λ̂3 are the terminal
sliding mode controller parameter estimated online using Equation (8). To ensure the convergence
of the system, the value of ε1 must be greater than the upper bound of the disturbance uncertainty
de, i.e.,:

ε1 > D ≥ |de| (11)

3.3. Stability Analysis of the Controller

To demonstrate the stability of the controller in Equation (10), a Lyapunov function is
designed in this paper as follows:

V =
1
2

s2 (12)

.
V = s

.
s = s(

..
e +

.
λ̂1e + λ̂1

.
e +

.
λ̂2
∫ t

0 e
q
p dτ + λ̂2e

q
p +

.
λ̂3σI + λ̂3

.
σI) =

s[w1 + w2 + w3u + de +
.
λ̂1e + λ̂1

.
e +

.
λ̂2
∫ t

0 e
q
p dτ + λ̂2e

q
p +

.
λ̂3σI + λ̂3

.
σI ]

(13)

Substituting Equation (10) into Equation (13):
.

V = s[w1 + w2 − (ε1sign(s) + ε2s + w1 + w2 + λ̂1
.
e + λ̂2e

q
p + λ̂3

.
σI)

+de +
.
λ̂1e + λ̂1

.
e +

.
λ̂2
∫ t

0 e
q
p dτ + λ̂2e

q
p +

.
λ̂3σI + λ̂3

.
σI ]

(14)

The rearranged form of Equation (14) is:

.
V = s[−ε1sign(s)− ε2s + de +

.
λ̂1e +

.
λ̂2

∫ t

0
e

q
p dτ +

.
λ̂3σI ] (15)

Substituting Equation (9) into Equation (15):

.
V = s[de − η1se2 − η2s(

∫ t

0
e

q
p dτ)

2
− η3s(σI)

2 − ε1sign(s)− ε2s] = sde − ε1|s| (16)

Considering the bounded information in Equation (11), we can obtain:

.
V ≤ |s|(|de| − ε1) < 0 (17)
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Thus, the proof is complete.
During the operation of autonomous vehicles, disturbances from the external envi-

ronment may cause vehicle shaking in actual driving. To ensure the effectiveness of the
adaptive algorithm in estimating time-varying parameter values, we use the following
dead-zone correction method to adjust the adaptive process:

.
λ̂1 =

{
−η1se, f or|e| ≥ αe
0, f or|e| < αe

(18)

.
λ̂2 =

{
−η2s

∫ t
0 e

q
p dτ , f or|e| ≥ αe

0, f or|e| < αe
(19)

.
λ̂3 =

{
−η3sσI , f or|σ| ≥ ασ

0, f or|σ| < ασ
(20)

where αe > 0, ασ > 0 are positive parameters.
To alleviate the chattering phenomenon caused by the switching function in Equation (10),

a boundary layer technique is introduced in this paper to mitigate the effect of chattering
on the intelligent controller. Specifically, we use a continuous saturation function to replace
the discontinuous switching function, thereby eliminating the instability and oscillations
caused by the switching function, as follows:

sat(s) =
{ s

δ , f or|s| < δ
sign(s), f or|s| ≥ δ

(21)

where δ > 0 is the boundary layer thickness. When selecting the value of δ, both the
tracking accuracy and control stability should be taken into account.

According to Equation (7), by setting an appropriate initial value for σI , the sliding
variable of the system will start to operate from s = 0. Based on this favorable characteristic,
the approaching process of the sliding variable is omitted, which improves the convergence
speed and tracking accuracy of the system. Additionally, the adaptive formula given by
Equation (9) can adjust the control parameters online, further enhancing the convergence
speed and tracking accuracy of the system.

4. Simulation

Based on the MATLAB and Carsim joint simulation platform, a high-fidelity vehicle
model was built to compare the SMC, ITSMC, and RITSMC control methods and analyze
the simulation results. The information regarding the vehicle parameters can be found
in Table 2. To demonstrate that the proposed controller has good stability and tracking
accuracy, three operating conditions were designed for simulation comparison analysis
in two different road scenarios. Among them, the parameters of the controller can be
found in Table 3. The first working condition simulates a wet road surface with a set
speed of v = 54 km/h and a road adhesion coefficient of µ = 0.45. The second scenario
simulates a dry asphalt road surface with a set vehicle speed of v = 54 km/h and a road
adhesion coefficient of µ = 0.85. The third working condition simulates a dry asphalt road
surface with a set speed of v = 72 km/h and a road surface friction coefficient of µ = 0.85.
By comparing the simulation results of these three working conditions, it is possible to
reasonably compare the control effects of the three methods under these conditions.



Electronics 2023, 12, 2748 9 of 22

Table 2. Vehicle parameters.

Symbol Value Parameters

a/m 1.015 Distance from the front axis to the center of mass
b/m 1.895 Distance from the rear axis to the center of mass

xm/m 2.3 Pre-sighting distance
m/kg 1416 Vehicle quality

Iz/(kg·m2) 1536.7 Rotational inertia
K1/(N·rad) −112,600 Front axle steering stiffness
K2/(N·rad) −89,500 Rear axle steering stiffness

Table 3. Controller parameters.

Parameter Value

ε1 0.01
ε2 25
ε3 20
η1 0.01
η2 10
η3 10

k̂1(0) 4
k̂2(0) 0.01
k̂3(0) 1

p 3
q 5
αe 0.01
ασ 2
δ 0.01

A double lane-change trajectory model was selected as the reference signal for the
system, and its simulated driving scenario is shown in Figure 3. The trajectory model can
be expressed as follows:{

Yr(x) = dn1
2 [1 + tanh(r1)]− dn2

2 [1 + tanh(r2)]

φr = arctan
[
dn1(

1
cosh(r1)

)
2
( 1.2

dm1
)− dn1(

1
cosh(r2)

)
2
( 1.2

dm2
)
] (22)

where Yr, x, φr are the reference lateral position, reference longitudinal position, and refer-
ence yaw angle of the autonomous vehicle during its driving process, respectively. The selec-
tion of the parameter values in the trajectory model is as follows: r1 = 0.096(x− 60)− 1.2,
r2 = 0.096(x− 120)− 1.2, dm1 = 25, dm2 = 25, dn1 = 3.6, dn2 = 3.6.
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4.1. Double Lane Shift: Comparative Analysis of Controller Effect
4.1.1. Test Condition 1: Low-Speed Wet Road

In this simulation, the effectiveness of RITSMC is tested on a wet road surface, with a
set vehicle speed of v = 54 km/h and a ground friction coefficient of µ = 0.45.

In Figure 4a, Ref represents the reference trajectory. From the locally magnified image,
it can be seen that the actual trajectory generated by the SMC-controlled vehicle has the
worst fitting effect with the reference trajectory. According to the simulation results in
Figure 4b, it can be observed that the SMC control of the vehicle generates the highest
peak of lateral error. This indicates that the algorithm exhibits the poorest trajectory
tracking accuracy for the vehicle during the actual driving. In comparison, the actual
trajectory generated by the ITSMC-controlled vehicle has a slightly improved fitting effect
with the reference trajectory, and its peak value of lateral error is relatively small, as
shown in Figure 4b. However, the actual trajectory generated by the RITSMC-controlled
vehicle has the best fitting effect with the reference trajectory, and its peak value of lateral
error is the smallest compared to SMC and ITSMC. According to Table 4, the following
conclusion can be drawn: the RITSMC control system demonstrates the best trajectory
tracking performance and the highest accuracy during actual driving.
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Table 4. Dual moving average peak error table.

Vehicle Speed/Road Grip
/(km/h) SMC/m ITSMC/m RITSMC/m Opt1 Opt2

0.45/54 0.21 0.18 0.09 57.1% 50%
0.85/54 0.22 0.19 0.098 55.5% 48.4%
0.85/72 0.25 0.185 0.08 68% 56.8%

In Figure 4c, the lateral acceleration peak generated by the SMC-controlled vehicle
is the highest, indicating the worst stability. The ITSMC-controlled vehicle produces a
smaller lateral acceleration peak, but still exhibits a reduction in the vehicle’s stability.
On the other hand, the RITSMC-controlled vehicle produces the smallest fluctuations
and peak changes in lateral acceleration, demonstrating the best control performance and
meeting the actual driving requirements. In Figure 4d, the RITSMC-controlled vehicle
generates the smallest roll angular velocity peak, indicating the best stability control of
this algorithm. In contrast, the ITSMC-controlled vehicle produces a smaller roll angular
velocity peak, but still exhibits instability, while the SMC-controlled vehicle has the highest
roll angular velocity peak, indicating the worst stability control. In Figure 4e, the RITSMC-
controlled vehicle exhibits the smallest peak value of the yaw angle generated by the
vehicle’s center of gravity, demonstrating superior lateral stability control performance that
aligns with the actual driving requirements of the vehicle. In comparison, the SMC results
in the largest peak value of the yaw angle, indicating the poorest control effectiveness.
On the other hand, the ITSMC produces a smaller peak value of the yaw angle, but still
compromises the vehicle’s stability to some extent. In Figure 4f, the SMC-controlled vehicle
exhibits significant fluctuations in the front wheel steering angle, approximately within
a range of ±2.5◦, during turning. The front wheel steering angle variations generated by
the ITSMC-controlled vehicle have smaller peak values and fluctuations. However, the
RITSMC-controlled vehicle exhibits a front wheel steering angle of approximately ±2.2◦

with smooth and stable steering, demonstrating optimal stability. Through the analysis
of Figure 4e–f, it can be concluded that the RITSMC algorithm has the best control effect
on the stability and safety of the vehicle, exhibiting more stable performance in terms
of lateral acceleration, roll angular velocity, lateral displacement of the center of gravity,
and front wheel steering angle variation, which better aligns with the vehicle’s actual
driving requirements.

4.1.2. Scenario 2: Low-Speed Dry Asphalt Road Surface

In this simulation section, a low-speed asphalt road surface is selected to verify the
stability of autonomous driving. The coefficient of road grip µ = 0.85 and the vehicle speed
v = 54 km/h are set to study the effects of the three controllers.

From the zoomed-in view in Figure 5a, it can be observed that the SMC-controlled ve-
hicle exhibits the poorest trajectory tracking performance. Combining the data in Figure 5b,
it can be observed that the SMC-controlled vehicle exhibits the highest peak lateral error,
indicating the greatest extent of deviation from the reference trajectory and the lowest level
of tracking accuracy. In comparison, the ITSMC-controlled vehicle produces a trajectory
that closely aligns with the reference trajectory, with a slightly lower peak lateral error
than SMC. However, a closer examination in the zoomed-in view reveals that the RITSMC-
controlled vehicle achieves the best alignment between the actual and reference trajectories.
Considering the lateral error data in Figure 5b, it is evident that RITSMC exhibits smaller
lateral errors compared to SMC and ITSMC, indicating a superior ability to follow the
desired trajectory during actual driving. Through the comparison of Table 4, it can be
observed that the RITSMC exhibits a significant improvement in tracking accuracy com-
pared to SMC and ITSMC. This indicates that the designed RITSMC controller possesses
excellent trajectory tracking capabilities, which are more in line with the requirements of
vehicle driving.
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Figure 5. Results of double lane change on a low-speed dry asphalt road surface. (a) Lateral
displacement of the vehicle; (b) lateral error of the vehicle; (c) lateral acceleration of the vehicle;
(d) yaw rate of the vehicle; (e) lateral tilt angle of the vehicle’s center of gravity; (f) steering angle of
the vehicle’s front wheels.

In Figure 5c, the SMC-controlled vehicle exhibits the highest peak lateral acceleration,
indicating the poorest stability among the controlled vehicles. On the other hand, the
ITSMC-controlled vehicle shows a smaller peak lateral acceleration, indicating a slight
improvement in stability. In comparison, the RITSMC-controlled vehicle produces the
lowest peak lateral acceleration, indicating that the designed RITSMC controller provides
exceptional stability during actual driving. In Figure 5d, as the road friction coefficient
increases, the fluctuation in the vehicle’s roll rate decreases. However, the SMC-controlled
vehicle exhibits the highest peak roll rate, indicating the least stable turning under SMC
control. In comparison, the ITSMC-controlled vehicle generates a smaller peak roll rate.
Moreover, the RITSMC-controlled vehicle has a smaller peak roll rate variation than both
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SMC and ITSMC, indicating the best stability during driving. In Figure 5e, as the road
friction coefficient increases, the fluctuation in the lateral deviation angle of the center
of gravity decreases and becomes smoother. The SMC-controlled vehicle generates the
highest peak lateral deviation angle, indicating the least stable turning. The ITSMC-
controlled vehicle generates a smaller peak lateral deviation angle, indicating a more stable
control strategy than SMC. However, the RITSMC-controlled vehicle has the smallest peak
and variation in lateral deviation angle compared to SMC and ITSMC, demonstrating
excellent stability during actual driving. In Figure 5f, as the road surface friction coefficient
increases, the SMC-controlled vehicles exhibit a front wheel steering angle of approximately
±2.6◦. This observation highlights the inadequate adaptability of the control method to
changes in road surface conditions, rendering it incapable of enhancing the steering stability
of the vehicle. In contrast, the ITSMC-controlled vehicles demonstrate a smaller peak
front wheel steering angle, while the RITSMC-controlled vehicles generate a front wheel
steering angle of approximately ±2.1◦ across various road surface friction coefficients.
These findings underscore the superior ability of the designed RITSMC control method to
enhance the vehicle’s steering stability. Therefore, according to the above analysis, it can be
concluded that the RITSMC control strategy has better ability to adapt to road changes and
improve vehicle turning stability, and therefore exhibits extremely strong stability during
actual driving.

4.1.3. Test Condition 3: High-Speed Dry Asphalt Pavement

In this simulation, a high-speed dry asphalt road surface is selected. To verify the
driving stability of autonomous vehicles under this operating condition, the coefficient of
road grip is set as µ = 0.85 and the vehicle speed is set as v = 72 km/h.

Through the local zoomed-in figures, it can be observed that in Figure 6a, the actual
trajectory deviation generated by the SMC-controlled vehicle is the largest. In combination
with Figure 6b, it can be noticed that the SMC-controlled vehicle exhibits the highest
peak lateral error, indicating a tendency to deviate from the trajectory and not meet the
requirements of the actual vehicles. In comparison, the ITSMC-controlled vehicle produces
a slightly smaller peak lateral error than the SMC, indicating an improvement in trajectory
tracking. However, by closely examining the local zoomed-in figures, it becomes clear
that the RITSMC-controlled vehicle achieves the best trajectory tracking performance with
the highest level of conformity to the reference trajectory. Furthermore, considering the
lateral error data, it is evident that RITSMC exhibits the smallest peak error. According to
the data analysis of Table 4, it can be clearly observed that the RITSMC demonstrates a
significant improvement in tracking accuracy compared to SMC and ITSMC. Based on the
above analysis, it can be concluded that the proposed RITSMC control algorithm exhibits
outstanding performance in terms of trajectory tracking effectiveness.
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In Figure 6c, as the vehicle speed increases, the peak lateral acceleration of the vehicle
also increases. The SMC control generates a maximum peak lateral acceleration of ap-
proximately ±0.6 m/s2, indicating that SMC control results in extremely unstable vehicle
dynamics. In comparison, the ITSMC control produces a slightly smaller peak lateral
acceleration than that of SMC. However, the RITSMC control achieves the smallest peak
lateral acceleration for the vehicle, around ±0.47 m/s2. Compared to SMC and ITSMC, the
RITSMC control provides better vehicle stability during operation. In Figure 6d, as the vehi-
cle speed increases, the peak yaw rate variation of the vehicle also increases. Among them,
the SMC control results in the largest peak yaw rate variation, approximately ±17((◦)/s),
indicating the poorest steering stability of this control method. In comparison, the ITSMC
control yields a slightly smaller peak yaw rate variation than that of SMC. From the graph,
it can be observed that the designed RITSMC control method minimizes the peak yaw
rate variation of the vehicle to approximately ±14((◦)/s), demonstrating stronger stability
compared to SMC and ITSMC. In Figure 6e, as the vehicle speed increases, the yaw angle
fluctuation of the vehicle’s center of gravity increases. Under the SMC control mode, the
yaw angle fluctuation generated by the vehicle is the highest, indicating that the vehicle is
least stable in terms of steering under this control mode. In comparison, the ITSMC control
mode results in slightly smaller yaw angle fluctuations of the vehicle’s center of gravity
compared to SMC. However, compared to SMC and ITSMC, the RITSMC control mode
exhibits the smallest variation in the yaw angle fluctuation of the vehicle’s center of gravity,
indicating that the designed RITSMC control mode can make the vehicle’s steering more
stable. In Figure 6f, as the vehicle speed increases, the front wheel steering angle of the
vehicle also increases. Under the SMC control mode, the peak front wheel steering angle
generated by the vehicle is approximately ±3.4◦, indicating that the vehicle exhibits larger
steering angles and lower stability under this control mode. In comparison, the ITSMC
control mode results in smaller peak front wheel steering angles. However, under the
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RITSMC control mode, the variation in the peak front wheel steering angle of the vehicle
is the smallest, approximately ±2.8◦. Compared to SMC and ITSMC, this indicates that
the designed RITSMC control mode can result in smaller steering angles during vehicle
turning and provide better stability. Based on the comprehensive analysis above, it can
be concluded that as the vehicle speed increases, the designed RITSMC control method
maintains better stability compared to the other two control methods, thereby enhancing
the driving safety.

Table 4 presents the lateral error correlation data for Figures 4–6. From the data
in the table, it can be observed that the proposed RITSMC control method ensures the
minimum peak lateral error compared to the SMC and ITSMC control methods under three
different operating conditions, thus achieving better desired path tracking performance.
Furthermore, in terms of stability, by examining the data in Figures 4c–f, 5c–f and 6c–f,
it is evident that the RITSMC control method exhibits the smallest peak and fluctuation,
highlighting its superior stability compared to the SMC and ITSMC control methods.
Taking into account both the precision of vehicle trajectory tracking and driving stability, it
can be concluded that the RITSMC control method demonstrates superior performance.

4.2. Single Lane Change: Comparison and Analysis of Controller Effects

In this section, we selected the lane-changing scenario as a case study to verify the
effectiveness of the controller, as shown in Figure 7, and evaluated their performance in the
lane-changing scenario through a comparative analysis of three different controllers. This
further validates the stability of the designed controller under different road conditions,
thereby improving the practical application ability of autonomous vehicles. To do so, we
chose a lane-changing trajectory model as the reference signal for the system, which is:{

Yr(x) = 2
π (π + π

50 (x− 50) + sin( π
50 (x− 50)))

φr =
2
π (

π
50 + π

50 cos( π
50 (x− 50)))

(23)

where Yr, x, φr are the reference lateral position, reference longitudinal position, and
reference yaw angle of the autonomous vehicle during its driving process, respectively.
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4.2.1. Test Condition 1: Low-Speed Wet Slippery Road Surface

From Figure 8a, it can be seen that the three controllers generate different actual
trajectories in the lane-changing scenario. The zoomed-in section of the figure reveals that
the actual trajectories generated by the SMC and ITSMC controllers are the farthest from
the reference trajectory (Ref), while the trajectory generated by the RITSMC controller is
the closest to the reference trajectory. This indicates that the RITSMC controller exhibits
precise trajectory tracking performance during lane-changing maneuvers. Additionally,
by examining the simulation results in Figure 8b, it is evident that the RITSMC controller
produces the smallest peak lateral error compared to the SMC and ITSMC controllers,
demonstrating its superior trajectory tracking performance. Based on the data from Table 5,
it is evident that RITSMC demonstrates a significant improvement in trajectory accuracy
compared to SMC and ITSMC. This further proves the suitability of the proposed RITSMC
controller not only for dual-lane scenarios but also for lane-changing scenarios, making it
more aligned with the real-world driving requirements.
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Table 5. Lane change peak error table.

Vehicle Speed/Road Grip
/(km/h) SMC/m ITSMC/m RITSMC/m Opt1 Opt2

0.45/54 0.0795 0.059 0.022 72.3% 62.7%
0.85/54 0.078 0.058 0.02 74.4% 65.5%
0.85/72 0.09 0.061 0.028 68.9% 54%

In Figure 8c, the results of three controllers controlling the vehicle’s lane changing on a
wet road surface are shown. The results indicate that the maximum lateral acceleration peak
generated during lane changing under the SMC controller is the highest, indicating that
this controller has poor stability control over the vehicle during lane changing. Compared
with the SMC controller, the ITSMC controller slightly reduces the lateral acceleration
generated during lane changing, but it is clear from the graph that the RITSMC controller
produces the smallest lateral acceleration peak during lane changing, indicating that this
controller has far superior stability control over the vehicle compared to SMC and ITSMC.
In Figure 8d, the maximum yaw rate peak generated during lane changing under the SMC
controller is the highest, indicating that this controller makes it easy for the vehicle to lose
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stability during lane changing, thereby affecting the vehicle’s driving safety. In contrast,
the ITSMC controller generates a slightly smaller yaw rate peak during lane changing, thus
improving the vehicle’s driving stability. However, the RITSMC controller generates an
even smaller yaw rate peak during lane changing, indicating that this controller can control
the vehicle’s lane changing more stably. In Figure 8e shows the change in the vehicle’s lateral
displacement during lane changing under the three different controllers. It is clear from
the zoomed-in graph that the maximum lateral displacement peak generated during lane
changing under the SMC controller is the highest, indicating that this controller is prone to
causing severe fluctuations in vehicle driving and reducing its stability. However, compared
to the SMC controller, the ITSMC controller generates a smaller lateral displacement peak
during lane changing, indicating that it improves the vehicle’s driving stability to some
extent. More importantly, the RITSMC controller generates the smallest lateral displacement
peak during lane changing, which further indicates that this controller can control the
vehicle’s turning more stably and improve its stability. In Figure 8f, the results of the three
controllers’ control over the vehicle’s steering angle are shown. The zoomed-in graph
clearly shows that on a wet road surface, the vehicle’s steering angle is smallest under
the RITSMC controller and largest under the SMC controller, with the ITSMC controller
generating a smaller steering angle than SMC but larger than RITSMC. This indicates
that the vehicle’s turning under the RITSMC controller is more stable, can avoid sideslip,
and thus improves the vehicle’s stability. Therefore, through simulation comparison and
analysis of Figure 8e–f, we have verified that the proposed RITSMC control method in this
paper can achieve dual advantages: precise trajectory tracking and optimal stability, greatly
improving the safety and reliability of autonomous driving vehicles.

4.2.2. Test Condition 2: Low-Speed Dry Asphalt Pavement

By enlarging the trajectory tracking plots in Figure 9a, it can be observed that both SMC
and ITSMC controllers exhibit the poorest fit between the actual and reference trajectories,
indicating that these two controllers are not effective for keeping the vehicle on the desired
path. Meanwhile, it can be clearly seen that the RITSMC controller generates the best fit
between the actual and reference trajectories, indicating that this controller can better track
the reference trajectory during lane changing maneuvers. Combining the lateral tracking
errors in Figure 9b, we can compare the peak values of lateral errors generated by the three
different controllers during vehicle lane changing. It can be found that SMC produces the
largest error peak, ITSMC reduces the peak value compared to SMC, but from the enlarged
plot, it is evident that the lateral error peak of RITSMC is the lowest, indicating that this
controller can better control the vehicle’s trajectory tracking performance compared to the
other two controllers. Based on the optimization results from Table 5, it is evident that
RITSMC exhibits a significant improvement in trajectory tracking compared to SMC and
ITSMC. Therefore, it can be concluded that using the RITSMC controller enables vehicles
to travel more safely along the desired trajectory.

In Figure 9c, three controllers are shown controlling the lateral acceleration variation
of the vehicle during lane changing. During the lane-changing process, the SMC controller
produces the highest peak lateral acceleration, while the ITSMC controller produces a
relatively smaller peak lateral acceleration compared to SMC, indicating that this controller
improves the stability of the vehicle. However, as shown in the zoomed-in Figure 9c,
the RITSMC controller produces the smallest peak lateral acceleration, indicating that
the vehicle controlled by RITSMC is more stable and reliable than the vehicles controlled
by SMC and ITSMC. In Figure 9d, due to the increase in the road adhesion coefficient,
the lateral roll velocity amplitude of the vehicle is slightly reduced. Through the locally
magnified graph, it is shown that the SMC-controlled vehicle produces the highest peak
lateral roll velocity during lane changing, indicating that the vehicle is prone to shaking
under SMC control, thereby reducing the stability of the vehicle. Although the ITSMC-
controlled vehicle produces a smaller peak lateral roll velocity during lane changing, and
the stability of the vehicle is improved, the RITSMC-controlled vehicle produces the smallest
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peak lateral roll velocity during lane changing, indicating that this controller provides the
best stability for the vehicle. In Figure 9e, with the increase in the road friction coefficient,
the fluctuation of the lateral deviation angle of the center of mass is slightly reduced. The
SMC-controlled vehicle produces the highest peak lateral deviation angle and fluctuation
during lane changing, indicating that this controller has the worst stability effect on the
vehicle during lane changing. Although the ITSMC-controlled vehicle produces a smaller
peak lateral deviation angle during lane changing, and the stability of the vehicle is further
improved, the RITSMC-controlled vehicle produces the smallest peak lateral deviation
angle and fluctuation during lane changing, indicating that this controller provides better
stability for the vehicle during turning. In Figure 9f, comparing the three controllers, the
SMC-controlled vehicle produces the largest peak front-wheel steering angle during lane
changing, indicating that this controller produces the largest actual steering angle during
the vehicle’s operation, and therefore the worst stability. In contrast, the RITSMC-controlled
vehicle produces the smallest peak front-wheel steering angle during lane changing, and
the ITSMC-controlled vehicle produces a peak front-wheel steering angle far greater than
RITSMC, indicating that the RITSMC controller provides a more stable and reliable turning
process. Therefore, in terms of vehicle control, the RITSMC controller performs the best,
with higher stability and reliability, and can be used for actual vehicle control.
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4.2.3. Test Condition 3: High-Speed Dry Asphalt Pavement

In Figure 10a, three controllers are shown controlling the vehicle’s output trajectory.
As the speed increases, the tracking trajectories produced by the three controllers change
significantly. The zoomed-in graph clearly shows that the SMC controller produces the
greatest difference between the actual and reference trajectories when the vehicle changes
lanes, indicating that this controller is not effective in tracking the reference trajectory.
The ITSMC controller also produces a large difference between the actual and reference
trajectories when the vehicle changes lanes. From the zoomed-in graph, it can be seen
that only the RITSMC controller produces the best fit between the actual and reference
trajectories when the vehicle changes lanes. Further combining the lateral error curve
in Figure 10b, we can observe that the RITSMC controller generates the smallest peak
lateral error, while the SMC and ITSMC controllers produce larger lateral errors compared
to RITSMC. Based on the data from Table 5, it can be observed that RITSMC exhibits a
significant improvement in trajectory tracking accuracy compared to SMC and ITSMC.
Therefore, it can be conclusively stated that the RITSMC controller performs the best in
tracking the reference trajectory.
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In Figure 10c, as the speed of the controlled vehicle increases, the amplitude of its
lateral acceleration also increases. The SMC-controlled vehicle produces the highest peak
lateral acceleration during lane changing, indicating that this controller exhibits the poor-
est stability during lane changing. In contrast, the ITSMC-controlled vehicle generates a
slightly smaller lateral acceleration peak than SMC, demonstrating some degree of stability
improvement. However, the RITSMC-controlled vehicle produces a smaller lateral acceler-
ation peak relative to ITSMC. This indicates that RITSMC can control the vehicle’s motion
more stably than SMC and ITSMC during lane changing. In Figure 10d, as the speed of
the controlled vehicle increases, the amplitude of the vehicle’s yaw rate increases. The
zoomed-in section reveals that the SMC-controlled vehicle produces the largest peak yaw
rate during lane changing is approximately ±2.82((◦)/s), indicating that the stability of
the SMC-controlled vehicle during lane changing is the worst. The peak yaw rate change
generated by ITSMC-controlled vehicle during lane changing is relatively smaller than that
produced by SMC, and its stability is better than that of SMC. However, the peak yaw rate
change produced by the RITSMC-controlled vehicle during lane changing is the smallest,
measuring approximately ±2.79((◦)/s). Therefore, controlling the vehicle to change lanes
under this controller can be more stable and safe. In Figure 10e, as the vehicle speed
increases, the fluctuation of the vehicle’s lateral displacement angle also increases. From
the figure, it is evident that SMC-controlled vehicle produces the largest peak lateral dis-
placement angle during lane changing, indicating that the stability of the SMC-controlled
vehicle during turning is the worst. In comparison, the ITSMC-controlled vehicle produces
a slightly smaller peak lateral displacement angle that SMC, indicating that this control
has slightly improved the stability of the vehicle during turning. However, the peak lateral
displacement angle produced by the RITSMC-controlled vehicle during lane changing
is smaller than that produced by SMC and ITSMC. This indicates that RITSMC controls
the turning of the vehicle more stably. In Figure 10f, as the vehicle speed increases, the
magnitude of the tire angle also increases. From the zoomed-in section, it can be seen that
the SMC-controlled vehicle produces the largest tire angle during lane changing, indicating
that the SMC controller results in excessive tire angle during turning, which severely affects
the stability. The ITSMC-controlled vehicle produces a smaller tire angle compared to
SMC, indicating that this controller partially improves the stability of the vehicle during
turning. However, the peak tire angle produced by the RITSMC-controlled vehicle during
lane changing is much smaller than that produced by SMC and ITSMC. This indicates
that RITSMC controls the turning of the vehicle with a minimum steering angle, thus
maximizing the stability of the vehicle during turning. In summary, the simulation results
fully illustrate that the RITSMC-controlled vehicle during lane changing has better stability
and accurate trajectory tracking performance.

According to the data in Table 5, it can still be observed that the RITSMC control
method maintains the minimum peak lateral error in lane change scenarios, indicating that
the RITSMC achieves good trajectory tracking even in lane change situations. From the data
in Figure 8c–f, Figures 9c–f and 10c–f, although the output results of the three controllers
are similar, it is evident that the RITSMC exhibits smaller fluctuations and peaks, indicating
better stability. Taking into account the data from Tables 4 and 5, it can be concluded that
the RITSMC control method demonstrates wide applicability.

5. Conclusions

Due to the negative impact of external disturbances on autonomous vehicles, this
article proposes a comprehensive RITSMC method that integrates recursive integral sliding
mode surfaces, an exponential approaching law, and adaptive algorithms. The aim is
to enhance the performance of autonomous vehicles and effectively address the issue of
external disturbances.

(1) The study of disturbance terms is crucial for optimizing autonomous driving
systems. Vehicles experience uncontrollable disturbances during actual operation, which
affect trajectory tracking accuracy and driving stability. Considering these disturbance
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terms allows for the evaluation of control algorithm robustness and adaptability, leading to
the adoption of superior control strategies to suppress the impact of disturbances.

(2) The adoption of the recursive integral sliding mode method can significantly
improve the accuracy of autonomous driving systems, reduce oscillations, and enhance
system robustness. By incorporating recursive integration, the system can better adapt
to diverse driving environments, thereby tracking desired trajectories more stably and
resisting external disturbances effectively.

(3) The exponential approaching law exhibits excellent stability and disturbance
rejection performance, while featuring a simple algorithm structure and high computational
efficiency. The adoption of the exponential approaching law method allows the system to
converge to the desired state more rapidly and possess stronger capabilities to suppress
external disturbances.

(4) The adaptive algorithm enhances the adaptability and response speed of the control
system to external disturbances by dynamically adjusting the control parameters on the
sliding mode surface. This enables the trajectory tracking error to converge to zero more
quickly, thereby achieving optimal closed-loop tracking performance and stability.

By comparing the simulation results under various operating conditions and road
segments, it was observed that the proposed RITSMC controller can effectively control the
vehicle to travel on the desired trajectory with high precision and strong stability even in
the presence of external disturbances. In contrast, the SMC and ITSMC controllers fail to
effectively track the desired trajectory and improve stability when subjected to disturbances.
Therefore, it can be concluded that RITSMC addresses the issue of external disturbance
impact on vehicle trajectory tracking in a superior manner in practical applications.

However, this study also has some limitations. As it was conducted in a simulation
environment, despite incorporating diverse driving scenarios, the complexity and vari-
ability of real-world road environments still pose a challenge. Therefore, future research
needs to be carried out in two aspects: (1) Applying the algorithm to actual vehicles and
considering the impact of more real-world scenarios and environmental factors on the
algorithm. (2) Exploring the integration of this algorithm with other control algorithms to
further enhance the tracking accuracy and stability of autonomous vehicles.
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