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Abstract: Traditional cruise control systems often require frequent driver intervention in
complex traffic scenarios. To address this issue, this study proposes an Adaptive Cruise
Control (ACC) system based on a Proportional-Integral-Derivative (PID) control algorithm.
The system optimizes vehicle speed and following distance control through a dynamic safety
distance strategy. By utilizing radar and camera sensors to perceive the status of preceding
vehicles in real time, the PID control system enables smooth acceleration adjustment.
Experimental results indicate that, in scenarios simulating dynamic speed changes of the
leading vehicle, the proposed system can quickly respond and steadily track the target speed
while maintaining a safe distance above the threshold. This verifies the effectiveness of the
system in terms of safety, tracking accuracy, and driving comfort. Compared to traditional
cruise control methods, the PID algorithm combined with the dynamic spacing strategy
significantly enhances the robustness and adaptability of the system. With the advancement
of autonomous driving technology, future research will focus on the integration of multi-
sensor fusion and artificial intelligence algorithms to further enhance the intelligence level
and the ability to handle complex scenarios in ACC systems.
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1. Introduction

In modern society, the rapid increase in vehicle numbers has made traffic congestion and long-
distance driving major challenges for drivers. Traditional cruise control (CC) can maintain a constant
vehicle speed on highways but still requires frequent driver intervention when encountering slowing
or stopping vehicles, failing to fully relieve the driver's workload[1]. The emergence of Adaptive
Cruise Control (ACC) has filled this gap[2].

ACC is an advanced driver assistance system (ADAS) designed to improve driving comfort and
safety [3,4]. It automatically adjusts the vehicle's speed to maintain a safe distance from the preceding
vehicle, thereby reducing driver fatigue during long-distance and congested traffic conditions [5].
With the development of autonomous driving technology, ACC has gradually become an essential
feature in modern vehicles. By utilizing sensors such as radar and cameras, the ACC system
continuously monitors the road conditions ahead and automatically adjusts the vehicle’s speed to
maintain a safe distance[6]. This not only significantly reduces driver fatigue in long-distance and
congested driving conditions but also effectively decreases the occurrence of traffic accidents. Studies
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have shown that vehicles equipped with ACC can significantly reduce the rate of rear-end collisions
and enhance driving safety on highways [7].

During operation, ACC vehicles must handle complex traffic conditions. To ensure both safety
and comfort, speed and distance control must be as smooth as possible. However, seamless switching
in complex scenarios poses a significant challenge. To address this, researchers have conducted
extensive studies. Pan et al. developed an adaptive cruise control system with a two-layer structure
based on optimal control theory and hierarchical control [8]. In the system, the upper layer calculates
the optimal desired following acceleration based on optimal control theory, while the lower layer uses
this desired acceleration as an input to control vehicle acceleration and deceleration. Simulation
experiments demonstrated that this system achieves effective adaptive cruise control while ensuring
safety, tracking accuracy, and adaptability. Liu et al. proposed an adaptive sliding mode controller
under a bidirectional guided-following communication topology, which improves the stability of
vehicle platooning under communication interruptions[9]. Simulation experiments confirmed that
this controller enhances platoon stability while reducing variations in inter-vehicle distance and
improving road traffic efficiency. Guo et al. introduced an adaptive cruise control system based on
fuzzy model predictive control and machine learning sensors[10]. Deep learning sensors were used
to collect vehicle torque data, improving torque distribution efficiency. Additionally, a target function
was established based on comfort and tracking performance indicators, with dynamically adjusted
weighting factors based on vehicle safety strength. Constraints were set to adapt to different driving
scenarios. Experimental results demonstrated that this method achieves better tracking accuracy and
stability compared to traditional methods.

2. Background Knowledge

The control decision process of ACC is generally as follows: First, the ACC system utilizes LiDAR,
cameras, wheel speed sensors, and other sensing devices to collect information about the vehicle’s
own state and its surrounding environment. The data gathered by these sensors allow the system to
accurately identify its position and status while tracking the precise location of the preceding vehicle,
providing a data foundation for the subsequent decision-making phase. Next, based on driving
requirements and the data collected by the sensors, the adaptive cruise controller is designed. The
main function of this controller is to determine appropriate speed and following distance strategies
by integrating the preceding vehicle's position and speed, system-set speed values, and the driver’s
operational commands. Finally, the ACC system presents the current vehicle state and decision-
making information in data form to the driver, while the system actuators execute the controller's
commands to ensure that the vehicle follows the preceding car at the designated speed and following
distance. The process is illustrated in Figure 1.
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Figure 1: ACC Control Decision Flow Chart
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The structure of the ACC system can be categorized into two main types: (1) End-to-End Direct
Control Structure — The structure directly generates actuator commands based on sensor data. (2)
Hierarchical Control Structure — This includes an upper-layer controller and a lower-layer controller.
The upper-layer controller determines the vehicle’s desired speed or acceleration, while the lower-
layer controller adjusts the throttle or braking to achieve these target values. This structure enables
the ACC system to make intelligent control decisions based on different driving requirements and
traffic conditions, enhancing driving comfort and safety.

The cruise speed control function is a critical sub-function of the ACC system. Its main objective
is to detect static and dynamic objects directly ahead using sensor signals from cameras, radar, and
other devices. It then regulates the vehicle’s speed to maintain a safe distance from the target vehicle.
While driving, the driver can adjust the vehicle’s cruise speed using a cruise speed setting paddle or
button. When no vehicle is ahead, the system accelerates or decelerates the vehicle to reach the preset
speed and maintains that speed. When a preceding vehicle is detected, if the preset speed of the host
vehicle exceeds the speed of the preceding vehicle, the system adjusts to follow the target vehicle's
speed. If the preset speed is lower than that of the preceding vehicle, the vehicle continues at its preset
speed.

The system operates as follows: a) No vehicle ahead — The vehicle cruises steadily at the driver-
set speed. b) Vehicle detected ahead — The vehicle maintains the driver-defined safe following
distance and follows the preceding vehicle's speed. c) Preceding vehicle stops — The vehicle
automatically stops following the preceding vehicle. d) Preceding vehicle starts moving — The vehicle
automatically resumes motion following the preceding vehicle or starts based on the driver’s
command.

3.  Methods Used in This Study

The speed control method used in the ACC system in this study is illustrated in Figure 2. The system
first obtains environmental distance parameters through the Sensor program and passes them to the
Target Selection program to determine the position and speed of the preceding vehicle. At the same
time, the driver sets the target speed of the vehicle. These data are then integrated into the Cruise
Control program, which takes the vehicle’s current state and the computed target state as input,
processes them, and outputs the optimal acceleration to the Car program. The Car program
implements this acceleration through throttle and braking, and all data are fed back to the Cruise
Control program. Finally, the User Interface transmits the vehicle’s speed and acceleration data to the
visualization program for output.
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Figure 2: ACC System Control Speed Mode

The pseudo-code used in the paper is as follows:

Step1: Define the speed object and distance object in the class Sensor.

Step2: Define the set target speed from driver.

Step3: Define the formulary of the PID Controller and the numbers of kp, ki, kd.
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Step4: Import Sensor and PID Controller to get the sensor data, a PID controller (P=0.8, I=0, D=0),
and initial parameters for current speed, set speed, and a stored previous target speed for rate limiting.
Define the compute safe distance as the sum of current _speed * reaction_time, (current_speed ** 2)
/ (2 * comfortable deceleration) and 2m buffer distance. Set the Speed Update Logic. The system
first computes the compute safe distance and compares it to distance object to get distance error.
Target speed is determined based on three conditions:

if distance error > 0.5 * safe distance: target speed = set_speed

elif distance error < 0.5 * safe distance: target speed = sensor data.lead speed - 2
else: target speed = min(set_speed, sensor_data.lead speed)

Define a maximum acceleration/deceleration of 2 m/s*which is enforced. If the target speed change
exceeds this limit, it is clamped to 2 m/s from the previous target speed. The updated target is stored
for future iterations. Update the car’s speed using the acceleration which computed based on the error
between target and current speed.

Step5: Define the CruiseControlAPP to visualize the data.

PID stands for Proportional (P), Integral (I), and Derivative (D), and it is a widely used control
algorithm [11]. Due to its simple structure and strong robustness, the PID algorithm has been widely
applied in engineering control. In the early development of adaptive cruise control, the PID control
algorithm was the primary method used to control ACC systems [12]. In ACC systems, extensive
research has been conducted on PID-based following modes and control strategies. The core idea is
feedback control based on error reduction, continuously minimizing the deviation between the desired
and actual values to stabilize the control system near the target value [13].

In traditional two-vehicle following dynamic models, the PID control algorithm has been
extensively validated and demonstrated high reliability. In the PID algorithm: P (Proportional gain)
contributes to stability by amplifying the control effect. I (Integral gain) helps eliminate steady-state
errors. D (Derivative gain) predicts errors and enables rapid response. The PID algorithm used in this
study converts continuous time into discrete time with a step size of 0.1 seconds. In the discrete-time
implementation: The integral term is replaced by accumulation. The derivative term is approximated
using first-order differencing. The PID control equation used in this study is given by Equation (1):

n

u(t) = ern+KiAtz ex +Kd% )
k=0

where, u(1) is the control output. e, is the error at the current time step. Af is the time step size. K, K;

and K, are the proportional, integral, and derivative gains, respectively.

In automotive systems, spacing strategy determines the safe following distance during driving and
serves as the reference input for subsequent control algorithms. This is the first step in designing the
control system [14]. If the following distance is too short, it may lead to traffic accidents. If the
following distance is too long, it reduces road capacity and increases the likelihood of lane-changing
interruptions by adjacent vehicles. Thus, the quality of the spacing strategy directly affects driving
safety, following performance, and road efficiency [15]. In the study, a dynamic spacing strategy
based on constant headway time is adopted, adjusting the safe distance according to the driving
environment. The corresponding safe distance equation is given by Equation (2):

v
dsafe =v-t+ % + dbuffer (2)

where, dsqr 1s the safe following distance. v is the vehicle speed. # is the headway time. a is the vehicle
acceleration. dpyper1s the minimum safety buffer distance.
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4.  Experimental Results and Analysis

The experimental environment in this study includes the following: Hardware Environment: Intel
Core 17-12700H 2.70GHz CPU, NVIDIA GeForce RTX 3060 GPU, 16.0GB Memory. Software
Environment: Windows 11 Home Chinese Version, Python Programming Language, Anaconda
Prompt as the environment management tool.

In the experiment, the preceding vehicle's speed changes every 10 seconds over a total duration of
50 seconds, following the sequence 40, 50, 10, 30, and 70 kph. The ego vehicle is set with a target
speed of 50 kph, an initial speed of 0 kph, and an initial distance of 0 meters from the preceding
vehicle. The simulated vehicle behavior within the 50-second duration is illustrated below.
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Figure 3: Comparison of Current and Target Speed

Figure 3(a) presents the variation curve of the ego vehicle’s current speed and the model-fitted
target speed. During the first 10 seconds, since the distance between the two vehicles is relatively
short and the ego vehicle’s set speed exceeds the preceding vehicle’s speed, the ACC system restricts
the target speed to 45 kph. Between 10-20 seconds, the preceding vehicle accelerates to 50 kph, and
the ego vehicle also accelerates to 50 kph accordingly. Between 20-30 seconds, the preceding vehicle
suddenly decelerates to 10 kph, and under the influence of the ACC system, the ego vehicle rapidly
reduces its speed to 10 kph to maintain a safe distance. Between 30-40 seconds, the preceding vehicle
accelerates to 30 kph, and the ego vehicle follows suit, accelerating to 30 kph. During 40-50 seconds,
the preceding vehicle increases its speed to 70 kph, which exceeds the ego vehicle’s set speed. As a
result, the ACC system removes the speed restriction, and the target speed returns to 50 kph. Figure
3(b) displays the updated visualization generated after optimizing the code.
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Figure 4: Relation of Safe Distance and Object Position

Figure 4(a) illustrates the relationship between the safe following distance and the actual distance
between the two vehicles. Under the ACC system's regulation, the actual distance consistently
remains greater than the computed safe distance, ensuring safe driving between the two vehicles.
Figure 4(b) presents the updated visualization after optimizing the code.
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Figure 5: Acceleration of the Controlled Vehicle

Figure 5(a) displays the acceleration variation curve of the controlled vehicle. Under the influence
of the PID control system, the ego vehicle continuously approaches the target speed. Consequently,
the acceleration progressively decreases until it stabilizes at zero. Figure 5(b) shows the updated
visualization after optimizing the code.

5. Conclusion

The paper presents an ACC method based on PID control and a dynamic safety distance strategy,
effectively addressing the limitations of traditional cruise control in vehicle-following scenarios. By
introducing a discrete PID algorithm and a dynamic headway adjustment mechanism, the proposed
method significantly reduces speed fluctuations and driver fatigue during car-following operations.
Experimental results demonstrate that this approach adjusts speed in real-time while maintaining a
safe distance from the preceding vehicle, exhibiting excellent stability and responsiveness in
acceleration, deceleration, and emergency braking scenarios. Furthermore, the method's robustness
across different speed transition scenarios validates its practical application potential. Future work
will focus on integrating LiDAR, V2X communication, and deep learning algorithms to enhance
decision-making capabilities in complex traffic environments, advancing ACC systems toward higher
levels of autonomous driving functionality. This study provides a theoretical foundation and
engineering reference for optimizing intelligent driving assistance systems.
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