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Abstract
Theadaptive cruise control (ACC) system that can take into account safety and riding comfort has attractedwidespread
attention. The challenges lie in designing an optimal car-following system with some predefined performance con-
straints based on the nonlinear dynamics, including being safe with the given certain system constraints, such as safe
driving within the system input and output boundaries, also comprising the control stability. In this paper, a novel
ACC design approach is proposed by transforming performance boundaries into control input and output constraints,
taking into account the need for safe operation. Firstly, a nonlinear dynamics system is modeled for the ACC system
based on the vehicle longitudinal dynamics. Then, a performance-centered ACC system is established based on a
control barrier function and a control Lyapunov function for safety and stability concerns, respectively. Subsequently,
an optimal control strategy with performance constraints is formulated and recast into a standard quadratic program-
ming problem considering the need for stability and reliability. To validate the effectiveness of the proposed method,
a real-world experiment is performed, whose results illustrate the safety performance and practical application of the
ACC system.

Keywords: Adaptive cruise control, control barrier function, control Lyapunov function, quadratic programming, per-
formance constraints.
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1. INTRODUCTION
The adaptive cruise control (ACC) system has been an optional or standard equipment in commercial vehi-
cles [1]. Its key performance is longitudinal collision avoidance and riding comfort, especially for autonomous
driving vehicles [2,3]. The challenge is the potential conflicts between comfort, safety and stability, which was
usually eliminated by specifying the reasonable performance function and constraint [4–6]. To guarantee driv-
ing comfort and safety, the control method with input, state or output constraints is the preferred one, such as
the model predictive control (MPC) [7] and control barrier functions (CBFs) [8].

The performance balance and assurance is realized by the optimization objective and constraint condition
in the MPC framework [9]. Similarly, the full state and output constraints can be actualized by the predefined
CBFs or control Lyapunov functions (CLFs) of the closed-loop control system [10]. TheCBF-basedmethod also
proves to be effective in the stabilization with safety problems [11], especially for the safety-critical control [12]. A
safety-critical control scheme was investigated for unknown structured systems by using the CBF method [13].
An output-dependent universal barrier function was established for the consensus tracking control problem
for multiagent systems with prescribed performance constraints [14]. To simultaneously consider the safety,
stability, and some other performances, the CBFs and CLFs are integrated together in general, such as the
quadratic programming (QP) with CBF and CLF constraints [15,16]. These attempts can balance different kinds
of control performances well [17,18]. It has been shown that the optimization problem subject to the control
constraints and state convergence for affine control systems can be reduced to a sequence of QPs by using CBF
and CLF [15]. For example, a QPwas constructed with the unification of CLF for the control objectives and CBF
for the admissible state conditions, which were demonstrated on ACC and lane-keeping control problems [4,19].
Then, the optimal control input was incorporated with the performance constraints. An adaptive control
schemewas developed based on the barrier Lyapunov function (BLF) for nonlinear stochastic systems with full
state constraints [20]. In [21], the MPC and CBF were integrated into a complete stabilizing iteration scheme for
linear discrete-time systems subject to polytopic input and state constraints. However, its calculation burden
for the practical application is a huge challenge. Moreover, for the specific performance requirements of ACC
systems, the safety may conflict with other performance limitations. Therefore, a performance-centered ACC
strategy should be considered further for these various performances.

Effectively balancing the potential conflicts among multiple control performances, such as distance tracking,
car-following stability, driving comfort, and safety of the ACC system, remains a huge challenge given system
nonlinearity [22]. Furthermore, reducing computational requirements and ensuring the desired safety perfor-
mance is the last important issue of its application. Thus, we explore a safe and reliable control algorithm that
can guarantee safety and stability performances, which can be divided into four key parts as shown in Figure
1 and it can be constructed through four corresponding steps: dynamics modeling, CBF for the predefined
safety requirement, CLF for the stability performance, and QP problem formation to solve the optimal control
input. Therefore, the main contribution here is to provide a performance-centered controller considering the
predefined performance requirements for the ACC systems, which lie in the following: (1) Considering the
vehicle longitudinal actuator model and car-following strategy, the ACC model is characterized as a nonlin-
ear dynamics system. For its specific model form, a CBF is designed to indirectly establish the relationship
between the input and each performance constraint; and (2) An optimal control strategy with various prede-
fined performance constraints is formulated as a standard QP problem with the CBF and CLF constraints for
the safety and stability requirements, respectively. Then, a potential practical solution is obtained to enhance
the control performance for ACC closed-loop systems.

The outline of this work is as follows. Section 2 establishes the ACC system model considering the input and
output constraints. Section 3 describes the proposed method of the performance-centered controller. The
experimental results are expressed in section 4. Finally, the main conclusions are summarized in section 5.

http://dx.doi.org/10.20517/ces.2024.60


Zhan et al. Complex Eng Syst 2024;4:20 I http://dx.doi.org/10.20517/ces.2024.60 Page 3 of 20

Figure 1. Frame diagram of performance-centered ACC method.

2. ACC SYSTEM MODELING
Actuator model
The actuator of the ACC system is the driving/braking-by-wire subsystem equipped on autonomous driving
vehicles. The longitudinal dynamics model is to characterize the steady-state relation between the longitudinal
motion and the longitudinal force of the vehicle. When the lateral and yaw motions of a vehicle are ignored,
then the vehicle’s longitudinal dynamics is given as

𝐹𝑥 = 𝛿𝑚𝑎𝑒𝑔𝑜 + 𝐹𝑥0, (1)

where 𝐹𝑥 is the total driving/braking force of a vehicle, which consists of two parts. The first one is the whole
inertial force (including the rotational and translational motion resistances). The second one represents the
main driving resistance which contains the rolling resistance, gradient resistance and wind drag [23], which can
be given as

𝐹𝑥0 = 𝜇𝑚𝑔sgn(𝑉𝑒𝑔𝑜) cos 𝜃 + 𝑚𝑔 sin 𝜃 + 𝐶𝐷𝐴

1.632
𝑉2
𝑒𝑔𝑜, (2)

where 𝑚,𝐶𝐷 , 𝐴 are the constant weight, drag coefficient, and front face area, respectively. 𝛿 > 1 is the scale
factor of rotating mass to characterize the inertia of the rotating components of the chassis. 𝑔 = 9.81 m/s2 is
the universal gravitational constant. 𝜃 is the longitudinal slope alongwith the driving direction of a vehicle. 𝜇 is
the driving friction coefficient. 𝑉𝑒𝑔𝑜, 𝑎𝑒𝑔𝑜 are the vehicle speed and acceleration, respectively. sgn(·) represents
the sign function that is formed for the zero rolling resistance when the vehicle is at a standstill (i.e., 𝑉𝑒𝑔𝑜 = 0).

Consider the dynamics of the powertrain system as a first-order process

¤𝐹𝑥 (𝑡) = −1
𝜏
𝐹𝑥 (𝑡) +

1
𝜏
𝑢(𝑡), (3)
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where 𝑢 is the external input of a driving/braking-by-wire subsystem which can be interpreted as desired
driving/braking force, and 𝜏 is the time constant of a drive or brake process. Hence, the vehicle longitudinal
dynamics can be characterized by the following system for the actuators:

¤𝐹𝑥 (𝑡) = − 1
𝜏𝐹𝑥 (𝑡) +

1
𝜏𝑢(𝑡),

𝑎𝑒𝑔𝑜 = 1
𝛿𝑚𝐹𝑥 −

𝐶𝐷𝐴
1.632𝛿𝑚𝑉

2
𝑒𝑔𝑜 − 1

𝛿 (𝜇𝑔sgn(𝑉𝑒𝑔𝑜) cos 𝜃 + 𝑔 sin 𝜃). (4)

Assume that the road slope and friction coefficient are slow-varying, and according to (4), the induced dynam-
ics of acceleration can be described as:

¤𝑎𝑒𝑔𝑜 = −
(
1
𝜏
+
𝐶𝐷𝐴𝑉𝑒𝑔𝑜

0.816𝛿𝑚

)
𝑎𝑒𝑔𝑜 +

1
𝛿𝑚𝜏

(−𝐹𝑥0 + 𝑢(𝑡)). (5)

Generally, the comfort performance is decided by the acceleration and jerk together, which can be indirectly
judged by the input force as given in (5). Hence, the comfort constraint can be transformed into the input
constraint. Then, the comfort constraint on the input should be considered and the set of control bounds is
designated as follows:

𝑢(𝑡) ∈ U ≜
{
𝑢(𝑡)

���� −𝑐𝑑𝑚𝑔 ≤ 𝑢(𝑡) ≤ 𝑐𝑎𝑚𝑔,
𝑎min ≤ 𝑎𝑒𝑔𝑜 (𝑡) ≤ 𝑎max,

}
, (6)

where the positive coefficients 𝑐𝑑 , 𝑐𝑎 represent the deceleration and acceleration toleration, respectively. 𝑎max, 𝑎min
are the acceptable maximal acceleration and deceleration, respectively.

To introduce the input regulation effect, we define

𝑎1(𝑡) = 𝑎max − 𝑎𝑒𝑔𝑜 (𝑡),
𝑎2(𝑡) = 𝑎𝑒𝑔𝑜 (𝑡) − 𝑎min,

(7)

thus, 𝑎1 ≥ 0, 𝑎2 ≥ 0 is implied in the constraints (6), which can be transformed into the following performance
constraints [19,24]:

¤𝑎1(𝑡) + 𝑎1(𝑡) ≥ 0,
¤𝑎2(𝑡) + 𝑎2(𝑡) ≥ 0.

(8)

Then, the input constraint (6) is equivalent to

𝑢(𝑡) ∈ U ≜ {𝑢(𝑡) : 𝑢min(𝑡) ≤ 𝑢(𝑡) ≤ 𝑢max(𝑡)} , (9)

where
𝑢max = min{𝑐𝑎𝑚𝑔, 𝐹𝑥0 + 𝜏𝛿𝑚𝑎3},
𝑢min = max{−𝑐𝑑𝑚𝑔, 𝐹𝑥0 + 𝜏𝛿𝑚𝑎4},
𝑎3 = 𝑎max −

(
1 − 𝐶𝐷𝐴𝑉𝑒𝑔𝑜

0.816𝛿𝑚 − 1
𝜏

)
𝑎𝑒𝑔𝑜,

𝑎4 = 𝑎min −
(
1 − 𝐶𝐷𝐴𝑉𝑒𝑔𝑜

0.816𝛿𝑚 − 1
𝜏

)
𝑎𝑒𝑔𝑜 .

Car-following model
The main objective of the car-following mode of ACC systems is to follow the lead car with a desired safety
distance which is usually established as the following headway spacing policy [25–27]:

𝑑𝑟𝑒𝑙,𝑑 (𝑡) = 𝑑0 + 𝑇ℎ𝑉𝑒𝑔𝑜 (𝑡), (10)
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where 𝑇ℎ is the time headway and 𝑑0 is the standstill distance.

Define the spacing state for the car-following process as

𝑥𝑥𝑥(𝑡) =

𝑒𝑑 (𝑡)
𝑒𝑣 (𝑡)
𝑎𝑒𝑔𝑜 (𝑡)

 =

𝑑𝑟𝑒𝑙 (𝑡) − 𝑑𝑟𝑒𝑙,𝑑 (𝑡)
𝑉𝑜𝑏 𝑗 (𝑡) −𝑉𝑒𝑔𝑜 (𝑡)

𝑎𝑒𝑔𝑜 (𝑡)

 , (11)

where 𝑑𝑟𝑒𝑙 is the relative distance between the lead car and ego car. 𝑉𝑜𝑏 𝑗 is the speed of the tracked object.
Then, we use the following three-order nonlinear system representation of the longitudinal dynamics for car-
following characteristics [28,29]:

¤𝑥𝑥𝑥(𝑡) = 𝑓𝑓𝑓 (𝑥𝑥𝑥(𝑡)) + 𝐵𝑢(𝑡), (12)

where 𝑓𝑓𝑓 (𝑥𝑥𝑥(𝑡)) = [ 𝑓1, 𝑓2, 𝑓3]𝑇 exhibits the local Lipschitz continuity and

𝑓1 = 𝑉𝑜𝑏 𝑗 (𝑡) −𝑉𝑒𝑔𝑜 (𝑡) − 𝑇ℎ𝑎𝑒𝑔𝑜 (𝑡),
𝑓2 = 𝑎𝑜𝑏 𝑗 (𝑡) − 𝑎𝑒𝑔𝑜 (𝑡),
𝑓3 = −

(
1
𝜏 +

𝐶𝐷𝐴𝑉𝑒𝑔𝑜
0.816𝛿𝑚

)
𝑎𝑒𝑔𝑜 − 1

𝛿𝑚𝜏𝐹𝑥0,

𝐵 = [0, 0, 1
𝛿𝑚𝜏 ]𝑇 ,

where 𝑎𝑜𝑏 𝑗 is the acceleration of the tracked object.

Assume that the system state trajectory is predictable within the neighborhood of its desired state 𝑥𝑥𝑥𝑑 = 0
and ¤𝑥𝑥𝑥𝑑 = 0 during a short control interval if the ego vehicle is driving. When the vehicle is at a standstill that
𝑉𝑒𝑔𝑜 = 0, 𝑎𝑒𝑔𝑜 = 0 and it wants to start driving, we introduce an offset into the desired state as 𝑥𝑥𝑥𝑑 = [0, 0, 𝑎𝑟𝑒 𝑓 ]𝑇 ,
where 𝑎𝑟𝑒 𝑓 is the referenced acceleration during the start process, which is motivated by the structure of matrix
𝐵 and aims to avoid the undesirable case that the ego vehicle remains in its current standstill state and starts
unsuccessfully.

Performance-centered design requirement
Thesafety constraint is the primary performance evaluation. Generally, a driver cannot easily drive on a narrow
road at high speed or adjacent to an obstacle. Similarly, autonomous driving requires a speed reduction on
a narrow road to improve the accuracy of the vehicle control. To drive more safely, the target speed should
be determined by considering the environment information, such as the proximity of obstacles and collision
probabilities. Moreover, the ego vehicle should maintain a safe car-following distance to avoid any potential
collisions.

Hence, we define the controlled output as the speed and safe distance evaluations for the safety consideration:

𝑧𝑧𝑧(𝑡) =
[
𝑑𝑟𝑒𝑙 (𝑡) − 𝑑𝑠𝑎 𝑓 𝑒 (𝑡)
𝑉lim −𝑉𝑒𝑔𝑜 (𝑡)

]
, (13)

and the output limitations are considered as 𝑧𝑧𝑧(𝑡) ≥ 0, where 𝑉lim = min{𝑉𝑠𝑎 𝑓 𝑒, 𝑉𝑠𝑒𝑡} and 𝑑𝑠𝑎 𝑓 𝑒, 𝑉𝑠𝑎 𝑓 𝑒, 𝑉𝑠𝑒𝑡 are
the safe distance, safe speed and target speed provided by the driver or autonomous driving system, respectively.
Assume that ¤𝑉lim = 0 within a short time interval and 𝑑𝑠𝑎 𝑓 𝑒 = 0.5𝑑0 + 𝑇𝑠𝑎 𝑓 𝑒𝑉𝑒𝑔𝑜 (𝑡) with the safe headway as
𝑇𝑠𝑎 𝑓 𝑒 to prevent any potential collisions. Then, the safety performance constraint for the output is expressed
as

𝑧𝑧𝑧(𝑡) ∈ Z ≜ {𝑧𝑧𝑧(𝑡) ≥ 0}. (14)

http://dx.doi.org/10.20517/ces.2024.60
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Remark 1 If the vehicle is driving on a curved road, its safe speed satisfies the following dynamics constraint [30]:

𝑎𝑦 = |𝜅 |𝑉2
𝑒𝑔𝑜 ≤ 𝑎𝑦,max,

𝜔 = |𝜅 |𝑉𝑒𝑔𝑜 ≤ 𝜔max,
(15)

where 𝜅𝑎𝑛𝑑𝜔 are the curvature of the road and the vehicle yaw rate which can be provided by the autonomous
driving system and the chassis, respectively. 𝑎𝑦,max, 𝜔max are the maximal lateral acceleration and yaw rate to
guarantee vehicle stability and safety during a curved road. Hence, a safe speed can be obtained as

𝑉𝑠𝑎 𝑓 𝑒 = min
{√

𝑎𝑦,max

|𝜅 | ,
𝜔max

|𝜅 |

}
. (16)

Then, vehicle safety during a curved road is also guaranteed based on the performance constraint (14).

Definition 1 The set Z defined by (14) is considered forward invariant for the system (12) if all system output
trajectories originating from an initial output 𝑧𝑧𝑧(0) ∈ Z remain confined within the set Z for any 𝑡 ≥ 0 [31].

Lemma 1 If there exits a continuously differentiable CBF 𝜒𝜒𝜒(𝑥𝑥𝑥) : Z → R, then the set Z is forward invariant for
the system (12) [19].

Hence, the ACC system aims to employ an input 𝑢(𝑡) ∈ U with the output limitation 𝑧𝑧𝑧(𝑡) ∈ Z while ensuring
that the tracking error satisfies ‖𝑥𝑥𝑥 −𝑥𝑥𝑥𝑑 ‖ ≤ 𝜀, where 𝜀 is a positive constant. A time-varying CBF is formulated
to depict an invariant set for the controlled output of ACC systems (12):

𝜒𝜒𝜒(𝑥𝑥𝑥) = exp
{
𝑧𝑧𝑧(𝑡)

‖𝑥𝑥𝑥‖ + 𝑟 − Δ

}
− 1, (17)

where 𝑟 > 0,Δ > 0 are constants. Then, the performance constraint (14) can be guaranteed by 𝜒(𝑥𝑥𝑥) ≥ 0.
Similarly to the input constraint (8), there exists a positive constant 𝐾 such that the following inequality holds
for ∀𝑥𝑥𝑥 [19,24]:

¤𝜒𝜒𝜒(𝑥𝑥𝑥) + 𝐾𝜒𝜒𝜒(𝑥𝑥𝑥) ≥ 0. (18)

Remark 2 It is difficult to establish the direct mapping relationship between the input constraint and safety bound-
aries (defined as 𝑧𝑧𝑧(𝑡) ≥ 0). Then, it motivates us to find an indirect way to recast the safety requirement 𝑧𝑧𝑧(𝑡) ≥ 0
into an alternative form as the CBF 𝜒𝜒𝜒(𝑥𝑥𝑥(0)) ≥ 0, where safety is implicated in its definition (17). According to
the performance constraint of the CBF (18), we can have

𝜒𝜒𝜒(𝑥𝑥𝑥(𝑡)) ≥ 𝜒𝜒𝜒(𝑥𝑥𝑥(0)) exp(−𝐾𝑡).

If the vehicle is safe at the initial sampling, i.e., 𝜒𝜒𝜒(𝑥𝑥𝑥(0)) ≥ 0, then it means 𝜒𝜒𝜒(𝑥𝑥𝑥(𝑡)) ≥ 0 for any 𝑡 > 0. However,
an activation condition is usually adopted in the ACC system so that the initial safe state of the vehicle can be
guaranteed. Hence, a predefined assumption is given here. Then, its safety performance can be maintained based
on the CBF condition (18).

Assumption 1 The initial state of the vehicle is safe when the ACC system is just activated, that is, 𝜒𝜒𝜒(𝑥𝑥𝑥(0)) ≥ 0.

Then, the set (14) is forward invariant for (12) based on the definition 1, Lemma 1 and Assumption 1. Accord-
ing to the norm definition ‖𝑥𝑥𝑥‖ =

√
𝑒2
𝑑 (𝑡) + 𝑒2

𝑣 (𝑡) + 𝑎2
𝑒𝑔𝑜 (𝑡), we have

¤𝜒𝜒𝜒(𝑥𝑥𝑥) = (𝜒𝜒𝜒(𝑥𝑥𝑥) + 1) � ¤𝑧𝑧𝑧(‖𝑥𝑥𝑥‖2 + 𝑟 ‖𝑥𝑥𝑥‖) − 𝑧𝑧𝑧𝑥𝑥𝑥𝑇 ( 𝑓𝑓𝑓 + 𝐵𝑢)
(‖𝑥𝑥𝑥‖ + 𝑟)2‖𝑥𝑥𝑥‖

, (19)

where � represents the Hadamard product and

¤𝑧𝑧𝑧 = 𝐶𝑥𝑥𝑥, 𝐶 =

[
0 1 −𝑇𝑠𝑎 𝑓 𝑒
0 0 −1

]
.

http://dx.doi.org/10.20517/ces.2024.60
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According to (18) and (19), it yields

(𝜒𝜒𝜒(𝑥𝑥𝑥) + 1) � 𝑧𝑧𝑧𝑥𝑥𝑥𝑇𝐵

(‖𝑥𝑥𝑥‖ + 𝑟)2‖𝑥𝑥𝑥‖
𝑢(𝑡) ≤ (𝜒𝜒𝜒(𝑥𝑥𝑥) + 1) � 𝐶𝑥𝑥𝑥(‖𝑥𝑥𝑥‖2 + 𝑟 ‖𝑥𝑥𝑥‖) − 𝑧𝑧𝑧𝑥𝑥𝑥𝑇 𝑓𝑓𝑓

(‖𝑥𝑥𝑥‖ + 𝑟)2‖𝑥𝑥𝑥‖
+ 𝐾𝜒𝜒𝜒(𝑥𝑥𝑥). (20)

To avoid that the denominator of the differential function ¤𝜒𝜒𝜒(𝑥𝑥𝑥) equals to zero, a simplified approximation
‖𝑥𝑥𝑥‖ ≈ ‖𝑥𝑥𝑥‖ + 𝑟 with a small enough positive number 𝑟 = 0.01. Thus, the inequality (20) can be directly recast
into the following constraint according to its safety-guaranteed implication:

(𝜒𝜒𝜒(𝑥𝑥𝑥) + 1) � 𝑧𝑧𝑧𝑥𝑥𝑥𝑇𝐵

(‖𝑥𝑥𝑥‖ + 𝑟)3 𝑢(𝑡) ≤ (𝜒𝜒𝜒(𝑥𝑥𝑥) + 1) � 𝐶𝑥𝑥𝑥(‖𝑥𝑥𝑥‖2 + 𝑟 ‖𝑥𝑥𝑥‖) − 𝑧𝑧𝑧𝑥𝑥𝑥𝑇 𝑓𝑓𝑓
(‖𝑥𝑥𝑥‖ + 𝑟)3 + 𝐾𝜒𝜒𝜒(𝑥𝑥𝑥). (21)

3. PERFORMANCE-CENTERED CONTROLLER
Convergence analysis

Lemma 2 A continuously differentiable function𝑉 (𝑥𝑥𝑥) can be regarded as a CLF that ensures exponential stability
of the system (12) if there exist constants 𝑎 > 0, 𝑏 > 0, 𝑐 > 0 such that [32]

𝑎‖𝑥𝑥𝑥‖2 ≤ 𝑉 (𝑥𝑥𝑥) ≤ 𝑏‖𝑥𝑥𝑥‖2,∀𝑥𝑥𝑥

and
inf
𝑢∈U

[ ¤𝑉 (𝑥𝑥𝑥) + 𝑐𝑉 (𝑥𝑥𝑥)] ≤ 0.

We define a CLF for the exponential stability of the ACC system (12) according to the Lemma 2

𝑉 (𝑥𝑥𝑥) = (𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑)𝑇 (𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑) ≥ 0, (22)

then, there exist positive numbers 𝛽, 𝛾 > 0 such that the following inequality holds for ∀𝑥𝑥𝑥

𝛽‖𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑 ‖2 ≤ 𝑉 (𝑥𝑥𝑥) ≤ 𝛾‖𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑 ‖2. (23)

Thus, there exist 𝛼 > 0 and sufficiently large positive number 𝑀 such that [32]

¤𝑉 (𝑥𝑥𝑥) + 𝛼𝑉 (𝑥𝑥𝑥) ≤ 𝑀 (𝑥𝑥𝑥), (24)

where 𝑀 (𝑥𝑥𝑥) ≥ 0 denotes the relaxation of the decision variable. According to the Comparison Lemma [33], it
yields that

𝑉 (𝑥𝑥𝑥(𝑡)) ≤ 𝑀

𝛼
+
(
𝑉 (𝑥𝑥𝑥(0)) − 𝑀

𝛼

)
exp (−𝛼𝑡) . (25)

According to (23) and (25), it yields

‖𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑 ‖ ≤
√

1
𝛼𝛽

[𝑀 + (𝛼𝑉 (𝑥𝑥𝑥(0)) − 𝑀) exp(−𝛼𝑡)] . (26)

Remark 3 Define 𝑉𝑠𝑢𝑝 = 𝑀
𝛼 +

(
𝑉 (𝑥𝑥𝑥(0)) − 𝑀

𝛼

)
exp (−𝛼𝑡), it is clear that 0 ≤ min

{
𝑀
𝛼 , 𝑉 (𝑥𝑥𝑥(0))

}
≤ 𝑉𝑠𝑢𝑝 ≤

max
{
𝑀
𝛼 , 𝑉 (𝑥𝑥𝑥(0))

}
. Define 𝜀 = max

{√
𝑀
𝛼𝛽 ,

√
𝑉 (𝑥𝑥𝑥(0))

𝛽

}
, then, we can obtain that ‖𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑 ‖ ≤ 𝜀, implying that the

system state trajectory remains within the neighborhood of the desired state. The state deviations will be gradually
eliminated if there exist some state mutations or bounded disturbances induced by the random driving behaviors
of the lead vehicle, i.e., the car-following stability. Hence, the CLF restriction (24) can be employed as a lenient
CLF to attain the convergence of the tracking error.
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Performance-centered controller design
The objective of ACC is to design an optimal controller with the input constraint 𝑢(𝑡) ∈ U, output limitation
𝑧𝑧𝑧(𝑡) ∈ Z replaced by 𝜒(𝑥𝑥𝑥) ≥ 0 and CLF restriction (24), which possesses the notable advantage of the ability to
harmonize various control performances. To achieve this goal and inspired by [15], the optimal control strategy
for the ACC system is defined as the energy consumption:

min
𝑢(𝑡),𝑀 (𝑥𝑥𝑥)

∫ 𝑡
0 [𝜆1(𝑢(𝜏) − 𝐹𝑥0(𝜏))2 + 𝜆2𝑀

2(𝑥𝑥𝑥(𝜏)) − 2(𝜆3𝑒𝑑 (𝜏) + 𝜆4𝑒𝑣 (𝜏))𝑢(𝜏)]𝑑𝜏, (27)

where the three cost functions represent the energy expenditure of control input and riding comfort during
the deceleration and acceleration process, the punishment of the relaxation variable, and the car-following
performance trend cost, respectively. 𝜆𝑖 > 0 are the weight coefficients. Define the optimization variable as
𝜐𝜐𝜐(𝑡) = [𝑢(𝑡), 𝑀 (𝑥𝑥𝑥)]𝑇 . The optimal objective (27) can be recast to a sequence of instantaneous optimization
problems within each sufficiently small sampling interval as follows:

min
𝜐𝜐𝜐(𝑡)

1
2
𝜐𝜐𝜐𝑇 (𝑡)𝐺𝜐𝜐𝜐(𝑡) + 𝐻𝜐𝜐𝜐(𝑡), (28)

where 𝐺 = 𝑑𝑖𝑎𝑔{𝜆1, 𝜆2}, 𝐻 = [−𝜆1𝐹𝑥0(𝑡) − 𝜆3𝑒𝑑 (𝑡) − 𝜆4𝑒𝑣 (𝑡), 0]. Moreover, it should satisfy the input con-
straint (9), performance constraint (20) and (24), which can be transformed into the linear matrix constraint
as:

𝐸𝜐𝜐𝜐(𝑡) ≤ 𝐽, (29)

where

𝐸 =



1 0
−1 0
𝜗1 0
0 −1

2(𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑)𝑇𝐵 −1


, 𝐽 =



𝑢max(𝑡)
−𝑢min(𝑡)
𝜗2
0
𝜗3


,

𝜗1 = (𝜒𝜒𝜒(𝑥𝑥𝑥) + 1) � 𝑧𝑧𝑧𝑥𝑥𝑥𝑇𝐵
(‖𝑥𝑥𝑥‖+𝑟)3 ,

𝜗2 = (𝜒𝜒𝜒(𝑥𝑥𝑥) + 1) � 𝐶𝑥𝑥𝑥(‖𝑥𝑥𝑥‖2+𝑟 ‖𝑥𝑥𝑥‖)−𝑧𝑧𝑧𝑥𝑥𝑥𝑇 𝑓𝑓𝑓
(‖𝑥𝑥𝑥‖+𝑟)3 + 𝐾𝜒𝜒𝜒(𝑥𝑥𝑥),

𝜗3 = −2(𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑)𝑇 𝑓𝑓𝑓 (𝑥𝑥𝑥(𝑡)) − 𝛼(𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑)𝑇 (𝑥𝑥𝑥 − 𝑥𝑥𝑥𝑑).

Therefore, the optimal control strategy for theACC system at each sampling time can be solved by the following
QP problem:

arg min
𝜐𝜐𝜐(𝑡)

1
2𝜐𝜐𝜐

𝑇 (𝑡)𝐺𝜐𝜐𝜐(𝑡) + 𝐻 (𝑡)𝜐𝜐𝜐(𝑡),

𝑠.𝑡. 𝐸 (𝑡)𝜐𝜐𝜐(𝑡) ≤ 𝐽𝐽𝐽 (𝑡).
(30)

In some unusual circumstances, the car-following stability, comfort and safety performances may conflict,
leading to a null set due to various system limitations, as given by

{𝜐(𝑡) : 𝐸𝜐𝜐𝜐(𝑡) ≤ 𝐽𝐽𝐽} = ∅. (31)

To avoid the QP problem (30) becoming infeasible and to guarantee its feasibility, a new relaxation variable
𝑁𝑁𝑁 ≥ 0 is introduced and the QP problem (30) is recast to

arg min
𝜐𝜐𝜐(𝑡),𝑁𝑁𝑁 (𝑡)

1
2𝜐𝜐𝜐

𝑇 (𝑡)𝐺𝜐𝜐𝜐(𝑡) + 1
2𝜆5𝑁𝑁𝑁

𝑇 (𝑡)𝑁𝑁𝑁 (𝑡) + 𝐻 (𝑡)𝜐𝜐𝜐(𝑡),

𝑠.𝑡. 𝐸 (𝑡)𝜐𝜐𝜐(𝑡) ≤ 𝐽𝐽𝐽 (𝑡) + 𝑁𝑁𝑁 (𝑡),
(32)

which can be transformed into the standard form as

arg min
�̄�𝜐𝜐(𝑡)

1
2�̄�𝜐𝜐

𝑇 (𝑡)�̄��̄�𝜐𝜐(𝑡) + �̄� (𝑡)�̄�𝜐𝜐(𝑡),

𝑠.𝑡. �̄� (𝑡)�̄�𝜐𝜐(𝑡) ≤ 𝐽𝐽𝐽 (𝑡),
(33)
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Table 1. Parameters and their effects of ACC system

Parameters Effects description Assignment strategy

𝑑0 = 4 m Standstill distance Statistics of car-following distance
𝑇ℎ = 1.2 s, 𝑇𝑠𝑎 𝑓 𝑒 = 0.6 s Time headway Reaction time of driver refereed to RSS model [35]

𝑎𝑟𝑒 𝑓 = 2 m/s2 Referenced acceleration Empirical value of a comfortable start process
𝑎max = 2.5 m/s2

𝑎min = −5 m/s2 Maximal acceleration and deceleration Acceptable comfort and safety

𝑐𝑑 = 𝑐𝑎 = 0.3 Deceleration and acceleration toleration Acceptable comfort and safety
𝜏 = 0.18 Time constant of chassis system Measured value
𝑟 = 0.01 Constant of CBF to avoid zero denominator Small enough positive number
Δ = 0.1 Constant of CBF to guarantee safety Very small positive number after some attempts
𝐾 = 0.5 Constant of CBF condition to guarantee safety Safety condition after some attempts
𝛼 = 10 Constant of CLF to guarantee convergence Sufficiently large to guarantee tracking performance
𝜆1 = 1, 𝜆2 = 10
𝜆3 = 𝜆4 = 1000, 𝜆5 = 500

Weight coefficients of optimization objective Magnitudes and significance of cost function

where �̄� (𝑡) = [𝐻 (𝑡),000], �̄� = 𝐺
⊕

𝜆5𝐼7 and 𝐼7 is an identity matrix with the dimension as 7×7. The optimiza-
tion variable as �̄�𝜐𝜐(𝑡) = [𝑢(𝑡), 𝑀 (𝑥𝑥𝑥), 𝑁𝑁𝑁𝑇 (𝑡)]𝑇 . The matrices are

�̄� (𝑡) =
[
𝐸 (𝑡) −𝐼

0 −𝐼

]
, 𝐽 (𝑡) =

[
𝐽 (𝑡)

0

]
.

TheQP problem (33) can be solved using the interior-point method by the existing solver or toolbox [34], where
the real-time solving process is omitted here.

Remark 4 The feasibility of the proposed method with various performance constraints is guaranteed based on
the penalty variable 𝑁𝑁𝑁 (𝑡). Then, the safety and stability performances established by the CBF and CLF can be
considered simultaneously and their potential conflict is handled successfully. Moreover, the optimal control input
is incorporated with the predefined performance limitations as the established QP problem (33), which is the key
to the application of this performance-centered method.

Remark 5 A single vehicle ACC model (12) is considered in this paper, which can be extended to the consensus
tracking control problem of cooperative adaptive cruise control (CACC) by modifying the ACC model (12) to a
CACC model. For some other multiagent systems similar to [6,14], it is also available by using the reconstructed
dynamic model and prescribed performance constraints.

4. EXPERIMENTAL VERIFICATION
The whole parameters and their effects are listed in Table 1. After plenty of attempts and comparative analysis,
and also according to practical experiences, the ACC performance parameters and controller parameters are
given as Table 1. Then, the QP problem (33) can be solved for its real-time application. According to the
magnitudes of the cost function (27), we can select the weights 𝜆1 = 1, 𝜆2 = 10. Based on the stability analysis
of the system (12) and the characteristic of 𝑓𝑓𝑓 , 𝐵, the weights 𝜆3 = 𝜆4 = 1, 000 are adopted. As safety is a key
constraint, the weight 𝜆5 = 500 is selected.

To verify the performance of the proposed method, the field tests are conducted by a modified HAVAL SUV
with drive/brake/steer-by-wire systems as shown in Figure 2, and the specification of the vehicle is given in
Table 2. The vehicle is equipped with sensors such as a global navigation satellite system (GNSS)/inertial nav-
igation system (INS) with two antennas, a yaw rate gyro equipped near the vehicle centroid, a Mobileye 560
camera installed behind the windshield, a Delphi Electronically Scanning Radar (ESR) and five Rear and Side
Detection System (RSDS) Radars equipped around the car. The decision and control platform is established
based on a Dspace Micro Autobox II placed in the trunk. Both signals are transmitted by the CAN-bus. The
Dspace Micro Autobox II acts as the real-time controller, which receives the feedback information from the
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Table 2. Experimental vehicle specifications

Item Description

Total mass 1,700 kg
Scale factor of rotating mass 1.1
Distance from center of gravity to front axle 1.2 m
Distance from center of gravity to rear axle 1.48 m
Vehicle width 1.86 m
Vehicle length 4.6 m
Drag coefficient 0.389
Front face area 2.86 m2

sensors and vehicle, and sends the control command to the chassis system. Then, a closed-loop ACC system
is established. Because the whole perception, decision, planning and control algorithms (including the pro-
posed method) are implemented in one embedded controller with the sampling period as 10 ms, the real-time
performance is implied by the following real car experiments. To make a more intuitive comparison, three test
scenarios are adopted and they are implemented in the same microprocessor with the same sampling period
of 10 ms, where the first two experiments are performed by the proposedmethod and the third one is executed
by the baseline method.

Test scenario I
To demonstrate the performances of the proposed method, a typical urban test scenario is first performed un-
der a dynamic environment to verify the controller capabilities, which can present the results for the most rele-
vant scenarios. To achieve a convenient and reasonable verification and enhance the applicability to real-world
scenarios, the experiment is performed in a real road environment. The relative distance and safe distance of
the preceding vehicle are shown in Figure 3. At the beginning (near 60 s), the car ahead is fast decelerated with
the deceleration -5 m/s2. Then, the controlled vehicle is smoothly decelerated with the maximal deceleration
-1.54 m/s2 up to the minimal speed 0.61m/s, where the actual distance is bigger than the safe distance as the
partial enlarged detail in Figure 3. It can be seen that the safe car following performance can be guaranteed
by the CBF (17) and its constraint condition (18). It is necessary to emphasize that a specific distance of 200
m represents a scenario in which there is no object in front of the ego vehicle. On the other hand, the sud-
den changing distance represents the scenarios in which there are multiple cut-in or cut-out objects, which
implies that there exist some disturbances in this real road environment. According to the results, the safety
performance and applicability are verified by real-world scenarios.

In this scenario, the speed limitation is 𝑉lim = 23.61 m/s. The corresponding input, acceleration and speed are
shown in Figure 4. It is clear that the constraint on the input (6) is satisfied. Moreover, the safety performance
constraint (14) is guaranteed based on the CBF framework according to Figure 3 and Figure 4. According
to the smooth acceleration responses, excellent riding comfort will be obtained, meaning that the proposed
optimal control strategy (27) is reasonable for the ACC system. Because the limited velocity 𝑉lim does not
ensure safety, the optimal input is obtained by solving the QP problem and then applied to the ACC system.
Then, a safe and stable ACC performance is achieved by the proposed QP-based method.

The CLF and its relaxation are shown in Figure 5, which implies that the QP problem (33) can be solved in
real time according to the Figure 4 and Figure 5. Moreover, convergence is obtained during every steady car-
following process, although there will be some drastic fluctuations when a cut-in or cut-out object occurs. On
the contrary, the CLF will be convergent after the car-following process is steady.

The controlled outputs and their CBFs are shown in Figure 6 and Figure 7. Then, the safety performance
evaluations 𝑧𝑧𝑧(𝑡) ≥ 0 as defined in (14) are reflected directly. As given in (13), the output limitations 𝑧1 ≥ 0
and 𝑧2 ≥ 0 represent that the relative distance is bigger than its safe distance and the vehicle speed is slower
than its limited speed, respectively, which makes it clear that the proposed method can guarantee the vehicle
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Figure 2. Test vehicle and scene. (A) Experimental vehicle; (B) Test field with lane markers.

Figure 3. Actual distance and safe distance of scenario I.

collision safety and curve driving safety. The results show that the feasibility of QP problem is guaranteed
by the application of CBF, CLF and slack variables, where the predefined safety and stability performances
derived from the CBF and CLF are considered simultaneously. Moreover, the proposed method can balance
safety, comfort and stability.

Test scenario II
The adopted second test scene is a similar but more complex urban environment with a higher traffic flow to
further verify the effectiveness of the proposed method. There exist more curve driving, lane changing and
cut-in or cut-out behaviors. The actual distance and safe distance of the preceding vehicle are shown in Figure
8. At the time 167s, the car ahead is fast decelerated and the controlled vehicle is decelerated with the maximal
deceleration -1.57m/s2 up to theminimal speed of 0.43m/s, where theminimal distance of 6.12m is also bigger
than the safe distance as the partial enlarged detail in Figure 8. Then, the safety performance is guaranteed
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Figure 4. ACC system input and responses of scenario I.

Figure 5. 𝑉 (𝑥𝑥𝑥 ) and 𝑀 (𝑥𝑥𝑥 ) of ACC system of scenario I.

according to the experimental results.

The input, acceleration and speed of this scenario are shown in Figure 9. It can be seen that there is a provisional
parking in front of the red light and a Stop & Go driving behavior. It is obvious that the input constraint (6)
is satisfied, where the comfort performance will be obtained. In addition, the vehicle can remain stationary
while maintaining a safe distance during the Stop & Go condition. Moreover, the vehicle speed is much lower
than its safe speed at the two obvious curve driving moments 222 and 340 s. According to the results in Figure
8 and Figure 9, the safe distance and speed are ensured during the car-following process and curve scene.

The CLF and its relaxation are shown in Figure 10, which can ensure that the QP problem (33) with the CBF
and CLF constraints is solvable in real time. The controlled outputs and their CBFs are shown in Figure 11
and Figure 12. Then, the safe distance 𝑧1 ≥ 0 is maintained during the car-following process and the vehicle
is driving with a safe speed 𝑧2 ≥ 0 on a curved road, which implies that vehicle safety is guaranteed by the
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Figure 6. 𝑧1 and its CBF of ACC system of scenario I.

Figure 7. 𝑧2 and its CBF of ACC system of scenario I.

proposed method.

Test scenario III
Tomake a further horizontal comparison, another well-knownmethod is adopted in this test scene to validate
the effectiveness of the proposed method: the intelligent driver model (IDM) method. We know that the
IDM approach is a widely used method in vehicle ACC systems due to its stability and excellent calculation
efficiency [36], which imitates the driving behavior habits of human drivers and will be employed as a baseline
for comparison. The IDM method is a simple empirical model only with the same uncomplicated numerical
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Figure 8. Actual distance and safe distance of scenario II.

Figure 9. ACC system input and responses of scenario II.

calculation, which is defined as follows:

𝑢(𝑡) = 𝐹𝑥0 + 𝛿𝑐𝑎𝑚𝑔
[
1 −

(
𝑉𝑒𝑔𝑜

𝑉lim

)4
−
(
𝑑𝐼𝐷𝑀
𝑑𝑟𝑒𝑙

)2
]
, (34)

where the desired headway is given as

𝑑𝐼𝐷𝑀 = 𝑑0 + 𝑇ℎ𝑉𝑒𝑔𝑜 +
𝑉𝑒𝑔𝑜 (𝑉𝑒𝑔𝑜 −𝑉𝑜𝑏 𝑗 )

2𝑔√𝑐𝑎𝑐𝑑
. (35)

The IDMmethod possesses excellent computational efficiency in its practical applications as exhibited as (34).
After several attempts, the proposed method and IDM can be executed with the same sampling period as 10
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Figure 10. 𝑉 (𝑥𝑥𝑥 ) and 𝑀 (𝑥𝑥𝑥 ) of ACC system of scenario II.

Figure 11. 𝑧1 and its CBF of ACC system of scenario II.

ms in the real microprocessor as shown in Figure 12, which implies that the real-time calculation efficiency of
the proposedmethod is approximate to that of the IDMmethod and it is satisfying for the practical application
as well.

Because the experiment is carried out in real road scenarios, the surrounding vehicles are usually driven by
human drivers. It is very hard to repeat the same scenarios 1 and 2 for making a reasonable comparison. Then,
we adopt another similar scenario 3 on a real urban road to verify the proposed method. The relative distance
and safe distance of the preceding vehicle obtained by the IDM method are shown in Figure 13, where the
corresponding input, acceleration and speed are shown in Figure 14. We can see that the car-following distance
is closer to its safe distance, even less than the safe distance at 216 s, where safety is hard to guarantee. The
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Figure 12. 𝑧2 and its CBF of ACC system of scenario II.

Figure 13. Actual distance and safe distance of scenario III.

maximal acceleration 1.89 m/s2 is much bigger than that of the first two scenarios, which implies that better
comfort performance can be obtained by the proposed method.

The controlled output is shown in Figure 15. It is clear that the output 𝑧1 will be negative; i.e., the actual
distance is smaller than its safe distance. Then, the safety performance requirement is not satisfied as defined
in (14) since the IDM method is a controller without any constraints. On the contrary, collision safety can
be guaranteed by the proposed method due to the consideration of the predefined performance constraints.
Therefore, the necessity of the performance-centered design philosophy for the ACC system is verified by the
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Figure 14. ACC system input and responses of scenario III.

Figure 15. 𝑧1 and 𝑧2 of ACC system of scenario III.

comparison results. Moreover, the safety, comfort and stability performances can be overall considered.

To make a more intuitive comparison, some quantitative analysis of the performance evaluation indicators is
listed in Table 3. The scenarios 1 and 2 are performed by the proposedmethod and the scenario 3 is performed
by IDM method [36]. To further evaluate the car-following performance of the proposed controller, the root
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Table 3. Experimental results comparison

Scenarios 1 2 3
Methods Proposed method in this paper IDM

Safety indexes
min(𝑧1 ) 0.5456 m 0.12 m -0.546 m
min(𝑧2 ) 0.6276 m/s 0.9227 m/s 5.053 m/s

Comfort indexes
max( |𝑎𝑒𝑔𝑜 | ) 1.68 m/s2 1.575 m/s2 1.89 m/s2

RMS1 0.2934 m/s2 0.3073 m/s2 0.409 m/s2

1 RMS of 𝑎𝑒𝑔𝑜 for judging the comfort of the car-following per-
formance.

mean square (RMS) value of the acceleration 𝑎𝑒𝑔𝑜 is considered, which is defined as:

RMS =

√√√
1
𝑁

𝑁∑
𝑖=1

𝑎2
𝑒𝑔𝑜 (𝑖), (36)

where 𝑁 is the sampling number of signal 𝑎𝑒𝑔𝑜 . In Table 3, the evaluation min(𝑧1) ≥ 0 and min(𝑧2) ≥ 0 are
used for the safety performance. The indicators max(|𝑎𝑒𝑔𝑜 |) and RMS are adopted for comfort and a smaller
indicator implies a better comfort performance. These safety-comfort-based indicators produce a reasonable
performance margin for the proposed controller. According to the results, the safety, comfort and stability
performances are considered simultaneously in the proposedmethod. Therefore, a safer andmore comfortable
car-following process will be obtained by the proposed method compared with the IDM method. Moreover,
the first two test scenarios are performed by the proposed method and the third one is executed by the IDM
method. These experiments are implemented in the same microprocessor with the same sampling period
of 10ms. Then, the real-time performance of the proposed method is verified according to the prominent
computational efficiency of the IDM method.

It is worth mentioning that the proposed method is finally transformed into a QP-based optimization prob-
lem, where its essence is a kind of optimization-based approach. There are two other typical methods: linear
quadratic regulator (LQR) and MPC. The LQR is an optimization method without several predefined perfor-
mance constraints; then, it is hard to ensure the performance requirements. Correspondingly, the MPC is
a similar optimization practice, which is usually transformed into a standard QP problem with some perfor-
mance constraints. However, the MPC method is implemented by the predictive model and iterative opti-
mization, where the calculation burden of the model predictive procedure is a huge challenge that prevents its
practical application. Therefore, the proposed method can well balance the potential conflict between the mul-
tiple performance requirements, such as safety, comfort, stability and real-time performances. It can outdo the
IDM, LQR and MPC methods and be used in practical applications. Then, the effectiveness of the proposed
performance-centered ACC method is verified.

5. CONCLUSIONS AND DISCUSSION
In this work, the CBF and CLF are introduced and deployed on the ACC system, which provides a potential
practical solution to enhance the control performance for ACC systems. Firstly, the ACC systemmodel is mod-
eled as a nonlinear dynamics system based on the vehicle longitudinal dynamics model and the car-following
headway spacing policy. Then, the performance-centered optimal controller is established with the CBF and
CLF constraints induced from various predefined performance constraints. The effectiveness of the proposed
method is verified by a real road experimental scenario.

Due to the performance-centered design philosophy of the proposed method, it can also be applied in some
other autonomous driving systems, such as lane-keeping or other path-tracking systems with similar nonlin-
ear dynamics. For some other vehicle control applications, a similar approach can be adopted step-by-step:
dynamics modeling, CBF established for the safety and comfort requirement, CLF established for the stability
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performance, and QP problem formation to solve its control input. On the other hand, future studies will
focus on the whole autonomous driving system with the safety-centered requirements for the vehicle lateral-
longitudinal dynamics integrated control within more traffic scenarios such as traffic jams, also including the
vehicle stability control. Moreover, the consensus tracking control and string stable problems will be consid-
ered for the CACC system or some other nonlinear multiagent systems.
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