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Cooperative adaptive cruise control (CACC) is a system designed to
maintain a vehicle’s distance according to the driver’s preset value. It is an
advancement of adaptive cruise control (ACC), which suffers from response
delays when reacting to changes in the leading vehicle’s speed. CACC
addresses this limitation by reducing response delay through the use of speed
data from the preceding vehicle, obtained via wireless communication. In
this research, the CACC system was simulated using a 1:10 scale remote-
control (RC) car equipped with ultrasonic sensors and radio frequency (RF)
communication. Speed control was implemented using a fuzzy logic
controller with the Mamdani inference method, while an active steering
assistance system was added to maintain lane alignment. Hardware
simulation results demonstrate that the CACC system functions effectively
and significantly improves the response time of the following vehicle when

Fuzzy logic the leading vehicle changes speed. Experimental results show that the CACC
Vehicle-to-vehicle maintained the desired following distance in 10 seconds, compared to 15
Communication seconds for the ACC SyStem.
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1. INTRODUCTION

Several elements of the advanced driver assistance system (ADAS) have become mandatory for
vehicles produced in Europe starting in 2022. These elements include adaptive cruise control (ACC), which
functions to enhance driving safety and reduce driver fatigue particularly during highway driving by minimizing
the need for frequent gas and brake pedal adjustments. Other ADAS subsystems include intelligent speed
assistance (ISA) [1], [2], electronic stability control (ESC) [3], [4], automatic braking system (ABS) [5], lane
keeping assistance system (LKAS) [6], [7], and overtaking assistance system (OAS) [8], [9].

ACC technology is an advancement of the cruise control system (CCS). The evolution of ACC,
from its earliest form to the cooperative adaptive cruise control (CACC), is illustrated in Figure 1. In manual
cruise control, the driver adjusts the throttle and brake pedals based on visual observation of road conditions.
In the distance warning system (DWS) [10], [11], situation monitoring is performed by sensors, and when an
object is detected at a dangerously close distance ahead, an alarm is triggered, prompting the driver to brake
to avoid a collision. In CCS, the driver still monitors traffic conditions manually but can activate the cruise
control to automate throttle and brake control when appropriate [12], [13]. In ACC, both monitoring of the
surrounding environment and adjustment of the throttle and brake pedals are performed automatically by the
system [14], [15]. With the advent of connected vehicle technology, ACC has evolved into CACC. At CACC
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level 1, cooperation between vehicles occurs in the monitoring stage, whereas at CACC level 2, cooperation
extends to both monitoring and control of throttle and brake inputs.
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Figure 1. The development of CCS
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The development of ACC generally focuses on two main aspects: algorithms and sensors. Several
studies have enhanced ACC algorithms, such as [16], [17]. Researchers [16], [18], ACC was implemented
using fuzzy logic, while [19], [17] proposed operational characteristic estimation and personalized adaptive
cruise control, respectively. ACC development in electric vehicles has also targeted energy efficiency, as
studied in [20]. Sensor-focused ACC improvements include the work of [21], which utilized sensor fusion
techniques.

In the connected vehicle era, CACC development has accelerated due to advancements in inter-
vehicle communication. Trinidad-Rendon et al. [22], CACC was implemented using the adaptive Kalman
filter, while [23], [24] investigated CACC in real-world environments and conducted safety analyses. Studies
[25], [26] explored CACC for vehicle platooning applications.

In this study, a CACC hardware simulation is developed using fuzzy logic control. Communication
between vehicles is established via radio frequency (RF) signals transmitted from the leading vehicle to the
following vehicle.

The remainder of this paper is organized as follows: section 2 provides an overview of ACC and
CACC operations, hardware simulation, and the conducted experiments. Section 3 presents the experimental
results and analysis. Finally, section 4 concludes the paper.

2. RESEARCH METHOD

The research methodology commences with an examination of the operational principles of CACC,
followed by the design of a fuzzy logic controller for vehicle speed regulation. A block diagram is
subsequently developed to support the implementation of the CACC hardware simulation. Finally,
conclusions are drawn based on the results obtained from simulation and analysis.

2.1. ACC System

ACC 1is a subsystem of the ADAS designed to assist drivers when traveling on relatively
monotonous roads [27]. On such roads, for example toll highways, drivers may experience fatigue or
drowsiness. To mitigate this, auxiliary systems are employed to maintain a relatively constant vehicle speed
without requiring continuous manual adjustment of the throttle and brake pedals. The ACC system operates
by referencing the vehicle directly ahead, as illustrated in Figure 2.

Ve(t), xi(1) Range vilt), xi(t)
" R(t) = xp()-xx(1) =Ax ’

Following Vehicle Leading Vehicle

Figure 2. Adaptive CCS

The ACC adjusts vF so that R(t) remains relatively constant even when vL is changed. As a
reference for the ACC system, the relatively constant distance R(t) can be maintained and the speed xL — xF
is kept relatively zero. The ACC system regulates the following vehicle’s speed vF such that the inter-vehicle
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distance R(t) remains relatively constant, even when the leading vehicle’s speed vL changes. As a control
reference, the ACC may either maintain a predetermined fixed distance R(t) or monitor the relative velocity
xL — xF to ensure it remains approximately zero.

2.2. CACC

CACC is an advancement of the ACC system, which operates on a similar principle. In addition to
using sensors to measure the distance between vehicles, CACC also integrates vehicle-to-vehicle (V2V)
communication to transmit speed data from the leading vehicle to the following vehicle. This system
maintains the desired distance according to the driver’s specifications. The operational concept of CACC is
illustrated in Figure 3. The development of CACC has been enabled by the availability of inter-vehicle
communication technologies, such as wireless access in vehicular environments (WAVE).

Figure 3. CACC system

2.3. Fuzzy logic controller design

In the CACC system simulation, two variables are used as inputs for fuzzy logic control: distance
error and leading vehicle speed. Distance error is defined as the difference between the desired setpoint value
and the actual inter-vehicle distance. This input is categorized into six fuzzy sets: smallest, very small, small,
large, very large, and largest. The second input, the speed of the leading vehicle, is obtained through RF
communication and is classified into two fuzzy sets: slow and fast. The membership functions for these fuzzy
inputs are shown in Figures 4 and 5. The fuzzy inference rules for the CACC system are formed using the
fuzzy associative memory (FAM) table, as shown in Table 1. The membership functions for the fuzzy
outputs are presented in Figure 6.
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2.4. CACC hardware simulation

The block diagram of the leader—follower vehicle system is illustrated in Figure 7, where Figure 7(a)
shows the leading vehicle control system and Figure 7(b) presents the following vehicle control system. The
primary function of the CACC system is to maintain a specified following distance from the leading vehicle
by adjusting the speed of the following vehicle. Speed regulation is based on two parameters: the distance
error defined as the difference between the actual distance and the setpoint and the speed of the leading
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vehicle, transmitted via a RF communication device. Vehicle speed adjustments are achieved by controlling
both acceleration and braking. In this research, the simulation is implemented using a 1:10 scale remote-
control (RC) car.

The line sensor functions as a lane detector during simulations to ensure that the RC car moves
straight and remains within its designated lane. This sensor generates a logic “1” output when detecting a
white lane, where the white color is used to simulate road lane markings commonly found on actual streets.
The sensor selected for this system is the line tracking robot V4 sensor. It is chosen because it produces a
logic “0” output when reading gray surfaces, whereas other comparable sensors produce a logic “1” output.
The detection distance can be adjusted by rotating the onboard potentiometer.
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Figure 7. Block diagram of the leader follower vehicle system: (a) block diagram of the leading vehicle
control system and (b) block diagram of the following vehicle control system.

The robot line tracking sensor for Arduino is capable of detecting white lines on a black background
or black lines on a white background. It provides a stable transistor-transistor logic (TTL) output signal to
ensure reliable and accurate line detection. In addition, multi-channel configurations can be implemented if
more complex line-tracking requirements are needed.

The sensor outputs are fed into the microcontroller, which processes the signals into pulse width
modulation (PWM) values and logic outputs. The PWM values determine the steering angle, while the logic
outputs determine the direction of wheel movement. Two-line sensors are placed on the left side and two on
the right side of the RC car. Using two sensors on each side allows the system to determine how far the car
has deviated from its lane. If the outer left sensor detects the lane, the steering system turns slightly to the
right to guide the vehicle back toward the center. If the inner left sensor detects the lane, the RC car performs
a sharper right turn. The same control principle applies symmetrically to the sensors on the right side.

The distance error serves as an input to the fuzzy logic controller, which determines the control
output. Distance measurements are obtained using ultrasonic sensors, which detect objects by emitting
ultrasonic waves and processing the reflected signal. The sensor output is converted into distance values in
centimeters via a microcontroller program. The maximum detection range of the ultrasonic sensor is 3
meters.

In addition to distance measurement sensors, the CACC system is equipped with a communication
module to receive speed data from the leading vehicle. This communication operates in a one-way
configuration, transmitting data from the leading vehicle to the following vehicle via RF communication. RF
devices that use radio waves are the transmission medium, with the maximum range depending on the
transmitter power and antenna specifications.
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The distance error and leading vehicle speed are processed by a fuzzy logic controller running on an
Arduino Mega 2560. The controller output is a PWM signal, which regulates the following vehicles speed
through an L298 motor driver. The control output magnitude is determined by both the distance error and the
speed of the following vehicle.

To ensure lane adherence during simulation, an active steering assistance system [28] is
implemented. This system utilizes four DFRobot V4 line-tracking sensors, each providing binary logic
outputs (“1” or “0”). These outputs are processed by the microcontroller to generate both PWM and logic
signals, which in turn determine the steering angle and direction of the RC car.

The operational sequence of the CACC system implemented on the RC car is as:

a.  The RC car follows a predetermined path using an active steering assistance system.

b. During simulation, the distance sensor continuously measures the gap between the leading and
following RC cars.

c.  When the inter-vehicle distance decreases, the following vehicle decelerates by reducing the PWM
value, determined from the distance error relative to the setpoint and the speed of the leading vehicle.

d.  As the distance between vehicles increases, the following vehicle accelerates by increasing the PWM
value, which is based on the distance and speed error of the vehicle in front.

The 1:10 scale RC car developed for the CACC hardware simulation in Figures 8 andFigure.

Figure 8. Hardware simulator of the following Figure 9. Hardware simulator used in testing
vehicle

3. RESULTS AND ANALYSIS

The results and analysis section presents the outcomes of three experiments: data transmission
testing between vehicles, CACC performance testing at a constant speed, and CACC performance testing
under varying speed conditions.

3.1. Data transmission testing

Data transmission testing was conducted by sending data from the transmitter to the receiver. The
data sent consisted of integer values obtained from the Arduino’s analog input. This test aimed to evaluate
the reliability of RF communication used for data transmission between vehicles. The test results are
presented in Figures 10 and 11.
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Figure 10. Graph of testing data transmission at a Figure 11. Graph of testing data transmission at a
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3.2. CACC testing with fixed speed

In this experiment, the speed of the leading vehicle was kept constant. The test was conducted by
placing the following vehicles at initial distances of 50 cm and 100 cm from the leading vehicle. An
illustration of the test configuration in Figure 12.
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Figure 12. Illustration of testing at constant speed

As seen from the data, when the distance between the follower vehicle and the leader vehicle
exceeds the setpoint, the fuzzy logic controller increases the PWM output value, thereby increasing the speed
of the follower vehicle and reducing the distance between the two RC cars. Conversely, when the distance
between the vehicles approaches the threshold value, the fuzzy logic controller reduces the PWM output
value used to reduce the speed of the following vehicle so that the distance can converge to the
predetermined threshold value. The test results are shown in Figures 13 and 14.
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Figure 13. Graph of CACC system testing at constant speed with an initial inter-vehicle distance of 50 cm
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Figure 14. Graph of CACC system testing at constant speed with an initial inter-vehicle distance of 100 cm

3.3. CACC testing with speed changed

In this experiment, the speed of the leading vehicle was changed from a PWM value of 100 to 120.
The test was conducted under two conditions: with RF communication enabled and without RF
communication. This test was conducted to analyze the performance of the CACC system when there was a
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change in speed in the leading vehicle. In this configuration, the leading vehicle moves at a speed controlled
by a PWM signal in the range of 100 to 120. Meanwhile, the following vehicle adjusts this speed by
maintaining a safe distance measured by an ultrasonic sensor. In addition to relying on distance
measurements, the system also utilizes V2V communication to receive actual speed information from the
leading vehicle, as shown in Figure 15, where Figure 15(a) represents the condition with communication
enabled, while Figure 15(b) presents the condition without communication [18]. The results are shown in
Figures 16 and 17.

From the data shown in Figure 16, it can be observed that when the vehicle behind uses a
communication system to receive speed data from the vehicle in front, it can quickly adjust the distance
between vehicles to match the specified setpoint, even when the speed of the vehicle in front changes.
Conversely, Figure 17 shows that without communication, the following vehicle takes much longer to adjust
to the setpoint, which in some cases cannot achieve the desired distance.

When the speed of the lead vehicle (V) increases, the ultrasonic sensor on the follower vehicle (V)
detects an increase in the distance (d) between the two vehicles. Speed information from the lead vehicle is
transmitted wirelessly and processed by a fuzzy logic controller to generate a new control signal in the form
of an increase in the PWM value of the follower vehicle’s drive motor. As a result, the follower vehicle
accelerates its movement until the actual distance returns to a value close to the reference distance (do). This
response demonstrates the CACC system’s ability to synchronously adjust speed without causing significant
delays in the speed changes of the leading vehicle. Conversely, when the speed of the lead vehicle decreases,
the sensor detects a smaller distance between the two vehicles. The fuzzy logic system then commands a
reduction in the PWM value so that the follower vehicle slows down proportionally. This process continues
until the distance returns to the desired value of do. This test proves that the system is capable of adaptively
controlling the speed of the follower vehicle during both acceleration and deceleration of the lead vehicle,
while maintaining a safe distance between the two.

Additional testing is performed with a speed variation pattern of 100—120—100 PWM. The resulting
data are presented in Figures 18 and Figure. As shown in Figure 18, when the communication system is
active, the following vehicle responds rapidly to changes in the leading vehicle’s speed, enabling it to
maintain the setpoint distance more effectively. When the leading vehicle accelerates, the following vehicle
increases its speed to reduce the gap, and when the leading vehicle decelerates, the following vehicle reduces
its speed to prevent a collision and restore the setpoint distance. However, the system still exhibits a
maximum deviation of 15 cm from the setpoint during these tests.

Overall, the test results show that combining ultrasonic sensors and V2V communication improves
the performance of conventional ACC systems. The fuzzy logic-based CACC system is able to anticipate
changes in the speed of the lead vehicle with a faster and more stable response, thereby minimizing the
potential for collisions. These results indicate that the implementation of CACC in small-scale hardware
simulation can represent the dynamics of the actual vehicle system quite well, especially in terms of speed
coordination between vehicles moving collaboratively.

In contrast, as shown in Figure 19, when communication is not used, the following vehicle reacts
more slowly to changes in the leading vehicle’s speed and takes longer to reach the desired distance, further
demonstrating the advantage of incorporating RF communication in the CACC system.
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Figure 15. Illustration of the variable-speed test: (a) with communication enabled and (b) without
communication
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Figure 16. Test results for variable speed (100-120 PWM) with RF communication
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Figure 18. Test results for variable speed (100—-120-100 PWM) using RF communication
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Figure 19. Test results for variable speed (100-120-100 PWM) without using RF communication

For a 1:10 scale model means that each linear dimension (length, width, height) is reduced by a
factor of 10. However, the laws of physics (mass, force, inertia, and aerodynamics) are not reduced linearly
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causing fundamental differences between the behavior of the model and the actual vehicle. This simulation
remains useful for proof of concept, but the results cannot be directly generalized without considering scale
effects. The scaling effect on vehicle dynamics affects mass and inertia. The mass will decrease
approximately in proportion to L3. Clearly, a 1:10 model has a mass = (1/10)> = 1/1000 of the original
vehicle. In addition, the moment of inertia is drastically reduced, making the system much more responsive
and resulting in relatively greater traction and tire/air friction forces compared to the mass, or a response that
is too fast compared to the real world. [29].

4. CONCLUSION

The hardware simulation results demonstrate that the CACC system operates effectively and
improves the response time of the following vehicle when the leading vehicle changes its speed. By utilizing
inter-vehicle communication, the CACC system successfully transmits speed data from the leading vehicle to
the following vehicle, enabling the latter to respond appropriately by adjusting its speed to maintain a
relatively constant inter-vehicle distance. The response time of the following RC car is reduced by
approximately 5 seconds when using the CACC system. Specifically, with CACC enabled, the following
vehicle requires approximately 10 seconds to adjust to the desired distance, whereas with ACC alone, the
adjustment time increases to approximately 15 seconds.
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