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Abstract: The purpose of this research is to tackle one of the most difficult issues in the realm of
self-driving cars, which is the testing of advanced self-driving application scenarios. Thus, this study
proposes a simulation testing system based on hardware-in-the-loop simulation technology. This
system can enable data exchange between hardware systems as well as replicate and evaluate the
algorithmic operations of the equipment under laboratory conditions. The system can integrate
scenario simulation software with MATLAB to evaluate algorithm performance. The vehicle for-
mation control system is tailored for collaborative vehicle formation management scenarios and
tested in the simulation test system. The findings display the functional integrity of the vehicle
formation control system, the reliability of lane changing and the stability and safety of cruising. It
additionally demonstrates that the simulation testing system has the ability to recreate cooperative
vehicle arrangement management situations and assess their functionality and performance. In
forthcoming research, comprehensive functional and performance assessments will be executed on
various typical scenarios for advanced autonomous driving applications in order to authenticate the
simulation test system’s applicability.

Keywords: collaborative vehicle formation; cooperative adaptive cruise control; hardware in the
loop; simulation test system

1. Introduction

Internet of Vehicles technology aims to deliver globally standardized communication
tools [1] for efficiently transferring data between all participants in the transportation
sector [2]. Vehicles are fitted with advanced onboard sensors, controllers, and actuators and
integrate modern communication and networking technologies to achieve the exchange
and sharing of intelligent information between vehicles and people, vehicles, roads, and
the cloud [3]. The ongoing advancement of connected vehicle technology contributes to
greater road safety and comfort, improved utilization of roads, easing of traffic congestion,
provision of emergency rescue information, enhancement of the driving experience, and
progress towards fully automated transport [4]. To guarantee the safe, secure and efficient
functioning of smart connected vehicles in a variety of traffic and usage scenarios, extensive
testing and validation, as well as a complex evolutionary process, are necessary. The
testing and evaluation of functions has increasingly become the focus of research on
intelligent connected vehicles both domestically and overseas [5]. However, research
and development staff need to deploy vehicle-to-connection infrastructure and terminal
equipment on a large scale when testing in the actual road environment, and in order to
ensure the safe and reliable operation of intelligent connected vehicles in various road
traffic situations, a large number of tests and validations need to be carried out in different
road environments, such as urban, high-speed, and rural environments [6], and the overly
large number of test scenarios and the lengthy testing time will consume a huge amount of
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manpower and material resources. As an important part of the development of Internet
of Vehicles technology, vehicle networking in-the-loop simulation test technology can
effectively reduce the test cost and improve the test efficiency, which is of great significance
for the evaluation of the communication performance of V2X communication equipment,
application algorithm validation and testing of Internet of Vehicles technology [7,8].

Intelligent connected vehicles in-the-loop simulation testing comprises of software
simulation that combines traffic simulation software with network simulators [9] and
hardware in-the-loop simulation that combines software simulation with hardware under
test [10]. R. Riebl [11] utilized software simulation tools to simulate the environment in
which intelligent connected vehicle devices communicate. They also examined different
driver behaviors and traffic objects to evaluate parameters such as communication channel
loads under various traffic conditions. However, this approach has limitations when testing
proprietary intelligent transport system (ITS) devices. C. B. Math et al. [12] carried out
software simulations to test diverse traffic densities and application requirements for typical
road situations, which are inadequate for evaluation in other rural and urban settings. J.
Wang et al. [13] created a hardware-in-the-loop simulation framework that supports real
V2X in-vehicle and roadside devices. This was achieved by combining software-generated
simulation scenarios and data into authentic V2X in-vehicle or roadside devices, allowing
for comprehensive V2X application testing. However, the framework has intricate interfaces
and doesn’t include a result analysis module. J.W. Bai [14] researched and created a testing
methodology and module for V2X internet of vehicles hardware-in-the-loop simulation
for the T/CSAE53-2017 application layer standard. This is utilized to execute algorithmic
simulation tests for 17 application scenarios according to the national standard. P. Lei [15]
developed a test methodology utilizing channel simulation for assessing the communication
performance of the hardware and the performance of the autopilot algorithm.

Software simulation testing [16] is a flexible and safe way to test, which is not affected
by the site, and significantly reduces the costs and time spent on testing. However, the
software-simulated environment differs somewhat from the real site and has greater limita-
tions. Hardware-in-the-loop simulation testing is a low-cost option that makes it easier to
reproduce test scenarios. Algorithmic function testing is reliable and efficient when this
method is used [17]. However, the majority of present hardware-in-the-loop simulation
test platforms concentrate on evaluating application scenarios such as road safety, traffic
efficiency, and information services. Nonetheless, there are no mature testing platforms
available yet for the application scenarios put forward in the T/CSAE159-2020 application
layer standard for the field of advanced intelligent driving, for instance, collaborative
vehicle formation management scenarios.

To address the above issues, this paper designs a simulation test system based on
hardware-in-the-loop simulation technology, aiming to test the functionality and perfor-
mance of collaborative vehicle formation management scenarios. In summary, the objectives
of this study can be concluded as:

• How to design a cost-effective and easily implementable testing system that can
achieve functional reproduction and performance testing of advanced autonomous
driving scenarios;

• How to design a sensible test scheme for collaborative vehicle formation management
scenarios, including determining functional requirements and performance evaluation
indexes.

The contributions of this paper can be summarized as follows:

• A vehicle formation control system is designed. Designing a control system for vehicle
formations, the system comprises an auxiliary subsystem for safe lane changes and a
cooperative adaptive cruise control subsystem, ensuring stable cruising of the vehicles;

• A simulation testing system, utilizing hardware-in-the-loop simulation techniques, is
created to perform efficient and dependable tests on collaborative vehicle formation
management scenarios;
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• Functional verification and performance analysis of the vehicle formation control
system are conducted within a simulation test system. The experimental results
demonstrate the system’s functional completeness. Additionally, it guarantees the
safety of vehicle lane changes and the safety and stability of convoy cruising. The
simulation test system’s effectiveness is also demonstrated.

The paper is structured as follows. We present the design of the vehicle formation
control system in Section 2, which covers the auxiliary lane change subsystem and the coop-
erative adaptive cruise control subsystem. Section 3 outlines the test system design, which
is based on hardware-in-the-loop simulation techniques. In Section 4, we demonstrate
the functional and performance testing of the vehicle formation control system within the
simulation test system and analyze the simulation results. In Section 5, we examine the
outcomes and provide evidence for the advantages of the study. The limitations of the
system will also be mentioned. Finally, Section 6 concludes the paper and provides a future
outlook.

2. Vehicle Formation Control System

Collaborative vehicle formation management application [18] involves the pilot car
leading a number of follower cars in autonomous driving. The follower cars maintain
a certain distance behind the pilot car and cruise in an orderly queue at a stable speed.
Driving in convoy can result in reduced demand for drivers, ultimately lowering manpower
costs. Furthermore, it can be highly effective in expanding road capacity, enhancing
transport efficiency, and reducing air resistance of the trailing vehicle, leading to lower fuel
consumption and a decrease in air pollution [19]. The practice can also yield significant
benefits to improve vehicle economy and combat environmental pollution.

The vehicle formation system must facilitate the transition between the various states
of creating a convoy, joining a convoy, cruising in formation, leaving a convoy, and dis-
banding a convoy. When a vehicle joins a convoy and a following vehicle departs, it
may be necessary for the vehicle to switch lanes. In response, an auxiliary lane change
subsystem is developed to determine the most suitable lane swap timing, chart a path for
the vehicle to switch lanes, and facilitate lane-changing. The cooperative adaptive cruise
control algorithm is utilized to achieve collaborative driving control between the lead and
subsequent vehicles through V2X communication technology to maintain a specific gap
and consistent velocity for cruising.

2.1. Assisted Lane Change Subsystem
2.1.1. Crash Prediction Using Minimum Longitudinal Safety Distance

It is assumed that the vehicle is travelling on a level road, as depicted in Figure 1 [20].
Car P is prepared to switch from the existing Lane 2 to the target Lane 1. Cars P1 and P4
are driving in front and behind Car P in the current lane, while Cars P2 and P3 are driving
ahead and behind Car P in the target lane, respectively.
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Figure 1. Lane changing scenarios.

The collision scenarios can be grouped into three collision types based on the side
car’s position relative to the P-car [21]. These types consist of the collision between the
P-car and the front car in the present lane, the collision between the P-car and the front car
in the goal lane, and the collision between the P-car and the rear car in the goal lane, shown
in Figure 2.
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Figure 2. Example collision scenarios. (a) Collision with the vehicle in the current lane; (b) collision
with a vehicle ahead of the target lane; (c) collision with a vehicle behind the target lane.

The minimum longitudinal safety distance is used to measure whether a collision
will occur when a vehicle changes lanes. It is determined by the relative longitudinal
acceleration and velocity between the two vehicles, as well as the time period. Different
time periods are chosen based on the lane to which the side car belongs. If the side car
is a vehicle in the original lane, t ∈ [0, tadj + tc]. If the side car is a vehicle in the target
lane, t ∈ [tadj + tc, T]. The adjustment time before vehicle P applies lateral acceleration is
denoted as tadj, and tadj + tc represents the moment when the vehicle enters the target lane.
The minimum longitudinal safety distances, SMSS(P, Pn), for vehicle P and the side car are:

SMSS(P, Pn) =

{
max(

∫ t
0

∫ λ
0 (aP(τ)− aPn(τ))dτdλ + (vP(0)− vPn(0))t), n = 1, 2

max(
∫ t

0

∫ λ
0 (aPn(τ)− aP(τ))dτdλ + (vPn(0)− vP(0))t), n = 3

(1)

where aP(t) represents the longitudinal acceleration of car P, aPn(t) represents the longi-
tudinal acceleration of the side car, vP(0) represents the speed of car P at the moment
of preparation for changing lanes, and vPn(0) represents the speed of the side car at the
moment of preparation for changing lanes.

After creating the intention to switch lanes, the vehicle initiates the judgement process
for the lane change, as illustrated in Figure 3.
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2.1.2. Path Planning Based on Fifth-Degree Polynomials

Commonly used methods for trajectory planning consist of artificial potential field,
Bessel curve method, B-spline curve method, and curve interpolation method. A nonlinear
approach for minimizing the longitudinal distance of a vehicle during an emergency
lane change serves as the focus of J. Zhang et al.’s transformation of the path planning
problem, which is based on B-spline curves [22]. The interior point method is utilized
to solve the non-linear planning issue in order to acquire the most efficient emergency
lane change avoidance path for a vehicle. H. Li et al. have conducted path planning
for lane changing using multi-order Bessel curves. This technique proficiently balances
lane-changing efficiency and ride comfort. However, it is restricted to constant-speed
lane-changing [23]. Curve interpolation plays a vital role in lane change trajectory planning
research. Polynomial interpolation is preferred due to its small computational requirements,
smooth curve, and continuous curvature [24].

Cubic and fifth polynomials are the two most prevalent methods for path planning
utilizing curve interpolation. Cubic polynomial interpolation guarantees the continuity of
the position and velocity profiles. However, the acceleration profile may not be necessarily
continuous. Fifth degree polynomial interpolation is a significant improvement over
third-degree polynomial interpolation when it comes to trajectory planning. This method
notably resolves the issue of discontinuous acceleration in continuous trajectories [25]. The
position and velocity profiles of the trajectory, created using a fifth-degree polynomial,
exhibit a continuous and smooth behavior, and the acceleration profile of the motion is
also continuous, which can meet the requirements of many application scenarios. As the
order increases, the obtained curve will become smoother. However, increasing the order
results in a significant rise in computing resources needed. Therefore, this paper utilizes
the fifth-degree polynomial interpolation method for trajectory planning.

The fifth-degree polynomial is derived by minimizing the rate of change of acceleration
under various constraints, including boundary condition constraints, in order to achieve
the lane change trajectory [26]. Lane change path planning, using quintic polynomials, only
requires acquiring the vehicle’s starting position, velocity, and acceleration—along with
the vehicle’s final position—in addition to the desired velocity and acceleration when it
approaches the endpoint. Subsequently, a seamless curve that circumvents any collisions
can be formulated as the lane change path [27]. The lane-change trajectory planned using
the five-degree polynomial has the highest driver comfort, fewest constraints, a low shock
value, and a simple computational method [28]. The fifth-degree polynomial is represented
as follows: {

x(t) = a0 + a1t + a2t2 + a3t3 + a4t4 + a5t5

y(t) = b0 + b1t + b2t2 + b3t3 + b4t4 + b5t5 (2)

where x(t) represents the longitudinal displacement of the vehicle and y(t) represents
the lateral displacement of the vehicle. The coefficients a0 to a5 and b0 to b5 need to be
determined. A smooth and continuous lane change trajectory is planned for the vehicle
by calculating the lateral and longitudinal displacements of the vehicle. At the start of the
vehicle lane change, its sideways movement, sideways speed, and sideways acceleration
are all zero. The car travels a distance of D to complete the lane change and moves sideways
by a distance of W. Once the lane change is complete, the sideways speed and acceleration
both return to zero. Therefore, the constraints that need to be satisfied by the planning path
are: 

x(t0) = 0, x(t0)
′ = vx, x(t0)

′′ = ax
x(t f ) = D, x(t f )

′ = vx, x(t f )
′′ = 0

y(t0) = y(t0)
′ = y(t0)

′′ = 0
y(t f ) = W, y(t f )

′ = y(t f )
′′ = 0

(3)

where t0 represents the initial time of the lane change, t0 = 0; t f represents the final time
of the lane change; vx denotes the longitudinal velocity of the vehicle at the start of the
lane change; v f represents the longitudinal speed of the vehicle upon completion of the
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lane change; ax denotes the longitudinal acceleration of the vehicle at the start of the lane
change. The assigned coefficients are obtained by way of constraint solving.

a0 = 0,a1 = vx, a2 = ax

a3 =
10D−10vxt f−7axt2

f

t3
f

a4 =
−15D−15vxt f−10axt2

f

t4
f

a5 =
6D−6vxt f−4axt2

f

t5
f

b0 = b1 = b2 = 0
b3 = 10W

t3
f

, b4 = − 15W
t4

f
, b5 = − 6W

t5
f

(4)

Substituting the acquired coefficients into Equation (2) produces the equation for the
path of change: {

x(t) = vxt + 1
2 axt2

y(t) = W
t5

f
(10t2

f t3 − 15t f t4 + 6t5) (5)

The speed at the beginning of the lane change and the longitudinal acceleration of the
vehicle during the lane change are determined. Determining the duration of the alteration
is sufficient for establishing the lateral and longitudinal displacement curves of the vehicle
during a lane change, resulting in the trajectory of vehicle from the starting point to the
endpoint.

During lane changes, excessive lateral acceleration increases the risk of sideslip or
rollover. Therefore, it is essential to constrain lateral acceleration to ensure the vehicle’s
lateral force does not exceed the tire adhesion constraint. The maximum level of tire
adhesion is:

Fmax = µg (6)

where µ represents the coefficient of adhesion between the vehicle’s tires and the road
surface, and g represents the acceleration due to gravity. The equations that constrain the
longitudinal and lateral acceleration of the vehicle can be derived as follows:√

a2
x + a2

y ≤ µg (7)

where ay denotes the lateral acceleration of the vehicle when changing lanes. The car main-
tains a constant longitudinal acceleration whilst changing lanes. The lateral acceleration
can be obtained by taking the second order derivative of y(t):

ay(t) = 60
W
t5

f
(t2

f t− 3t f t2 + 2t3) (8)

2.1.3. LQR Controller-Based Trajectory Tracking

The major trajectory tracking methods that are presently employed include pure
tracking algorithms founded on geometric modelling, Stanley’s algorithm, PID control
algorithms based on kinematics and dynamics models, sliding mode control, and model
predictive control algorithms [29–31]. Pacheco et al. [32] described the online performance
of local path tracking control laws for mobile robots, comparing the use of PID controllers
and MPC. Their findings indicate that MPC provides superior control whilst maintaining
computational speed, therefore offering a more optimal solution. F. Yuan et al. [33] proposed
a method for adjusting the weight coefficients of the model predictive control (MPC)
controller through genetic algorithms. This can enhance the stability of the MPC controller
leading to improved vehicle tracking of the target trajectory with higher response speed
and accuracy. M. Park et al. developed a tandem linear quadratic regulator (LQR) controller
to address the problem of robotic trajectory tracking, which effectively mitigates attitude
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error [34]. LQR is a type of MPC that is simpler to compute than conventional MPC. The
controller parameters are easy to adjust and when the time domain is infinite, the analytical
solution can still be easily obtained, ensuring the system’s absolute stability. Therefore, this
paper will employ an LQR controller for trajectory tracking.

Tracking control of vehicle lane-changing trajectories using LQR [35]. The aim of LQR
is to determine a set of control variables u0, u1, . . . such that x0, x1, . . . are simultaneously
small enough. The performance index function of the system is selected as:

J =
1
2

∫ ∞

0
(xTQx + uT Ru)dt (9)

where Q and R are the semi-positive definite and positive definite matrices that represent
the weight matrix of the controller. The size of the error is determined by xTQx. Q
is typically a diagonal matrix, where the diagonal elements are treated as constants or
variables greater than or equal to 0. This approach aims to minimize the error vector while
satisfying the optimum. uT Ru measures the magnitude of control consumption, which
must always be greater than 0. The Lagrange multiplier method was used to process the
objective function and take partial derivatives to get control input U(t):

U(t) =
(

R + BT PB−1)BT PAX(t) (10)

where A is the state matrix describing the evolutionary relationship between the state
variables and B is the input matrix describing the effect of the control inputs on the state
variables; P denotes the positive definite solution attained through solving the Riccati
equation. The feedback matrix K is determined:

K =
(

R + BT PB
)−1

BT PA (11)

Finally, the optimal quantity of control for the LQR controller can be obtained as
follows:

U(t) = −KX(t) (12)

2.2. Cooperative Adaptive Cruise Control (CACC) Subsystem

Car following model is an indispensable microscopic model for vehicle formation
control systems. Trajectory of vehicles travelling in formation, utilizing both adaptive cruise
control (ACC) and cooperative adaptive cruise control (CACC) systems, were analyzed by J.
Brunner et al. [36]. The results showed that while the ACC system failed to demonstrate sig-
nificant enhancement compared to human drivers, the CACC system proved to be superior
in augmenting traffic flow. Q. Liu et al. [37] conducted a comprehensive traffic simulation
for rear-end-collision-induced congestion, evaluating three vehicle following modes: IDM
(intelligent driver model), ACC (adaptive cruise control), and CACC (collaborative ACC).
Compared to IDM and ACC modes, the traffic flow in CACC mode is more stable with
relatively minor speed fluctuations. The CACC system can significantly enhance road
capacity and vehicle stability, and still perform well even in less intricate configurations.

The collaborative adaptive cruise control [38] implements inter-vehicle wireless com-
munication technology to provide vehicles with real-time knowledge about their surround-
ings, such as the location, velocity, acceleration and other motion data of the leading
vehicle and nearby vehicles. The communication network architecture for this approach is
displayed in Figure 4.
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Assuming that the convoy is travelling in the same lane on a straight road, the lead
car in the convoy is the pilot car, numbered 1, and is followed by n subsequent cars. The
mathematical model for the nth subsequent car is as follows, and acceleration is obtained
by deriving the velocity once:{

Sn(t) = xn−1(t)− xn(t)− l
vn
′ = xn ′′ = an

(13)

where xn, vn and an represent the position, velocity, and acceleration of the nth subsequent
vehicle; Sn(t) stands for the distance between the nth subsequent vehicle and the n − 1th
subsequent vehicle in meter; xn(t) and xn−1(t) refer to the position of the nth subsequent
vehicle and the n − 1th subsequent vehicle in meter; and l signifies the length of the vehicle
in meters.

Reasonable workshop distance control is essential for ensuring safe and efficient
driving of the vehicle fleet. Vehicle queue longitudinal control strategies are typically
categorized into fixed workshop distance strategies and variable workshop distance strate-
gies [39,40]. The fixed workshop distance strategy entails a predetermined distance between
vehicles, making it easy to calculate and implement. However, it fails to cater to varying
traffic conditions, leading to decreased fleet efficiency when the distance is too large when
driving at low speeds and an increased risk of rear-end collisions when the distance is too
small at high speeds. The strategy for adjusting the spacing between vehicles is categorized
as constant time headway (CTH) [41] and variable time headway (VTH) [42], depending
on whether a time headway is established with a specific value or not.

The desired workshop spacing is typically determined by the fixed workshop time
distance and the current vehicle speed. The workshop spacing is set to a suitable predeter-
mined value as required and will be adjusted according to changes in the vehicle’s speed.
At moment t, the safe distance between the nth vehicle is:

Ssa f e(t) = h · vn(t) + dmin (14)

where h represents time distance between vehicles; vn(t) represents the speed of the nth
vehicle at time t; dmin denotes the braking distance of the vehicle, based on maximum
deceleration. Utilizing the fixed workshop time distance approach can guarantee safer
and more stable fleet driving. Meanwhile, the variable workshop time distance method
involves determining the workshop time distance value in accordance with the traffic
environment, aligning better with human driving tendencies; however, it is associated with
more complex calculations and implementation challenges. Therefore, this paper utilizes
the fixed workshop time distance method to regulate the workshop distance.

For the CACC system, the longitudinal control strategy [43,44] for maneuvering the
vehicle can be stated as follows:

an = ae + λna1 + λn−1an−1 (15)

where an represents the desired acceleration of the nth following vehicle, ae represents the
desired acceleration of the nth following vehicle, and a1, an−1 denote the acceleration of the
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pilot car and the n − 1th following car, respectively. The weight coefficients λn and λn−1,
typically set at 0.3, are also used [45].

3. Simulation Test System

The majority of present hardware-in-the-loop simulation test platforms concentrate
on evaluating application scenarios such as road safety, traffic efficiency, and information
services. C. Yu et al. designed a test scenario based on hardware-in-the-loop technology
to test the collision avoidance function of the in-vehicle algorithms under laboratory
conditions [46]. F. Storani et al. designed a simulation test system based on hardware-in-the-
loop technology for testing MPC-based traffic light control strategies [47]. D. Naithani et al.
proposed an automotive hardware-in-the-loop test system to test the performance of electric
vehicle control algorithms under different scenarios [48]. Classic application scenarios in
the field of advanced autonomous driving, including scenarios for collaborative vehicle
formation management, are proposed in the T/CSAE159-2020 application layer standard.
This study presents a simulation test system that aims to reproduce the collaborative
vehicle formation management scenario and assess the functionality and performance of
the vehicle formation control system.

The simulation testing system comprises a software and hardware system that simu-
lates real-life traffic scenarios for the device under test. It enables data interaction between
hardware systems and conducts reproduction and testing of the algorithmic functions of
the device under laboratory conditions.

The VTD (virtual test drive) simulation tool, developed by VIRES of Germany, was
selected as the traffic scene visual simulation software for the simulation test system. This
was used to simulate the classic road environment of vehicle formation management
scenarios. It provides functions for road and traffic scene modelling, simple-yet-realistic
sensor simulation, and high-precision real-time screen rendering. Firstly, a stationary scene
will be established. A straight multi-lane carriageway will be selected to serve as the road
setting for the scenario, offering the appropriate conditions for potential lane-changing
actions of vehicles. After the road data is configured, a stationary scene file will be produced.
Subsequently, the dynamic scene will be arranged based on the static scene file. Add cars
as a traffic participant and provide details such as speed, acceleration, latitude, longitude,
and other relevant information. Plan the proposed driving route for the car accordingly
and then finalize the dynamic scene setup to build the simulation scene as illustrated in
Figure 5.
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Figure 5. VTD simulation scenario construction.

The vehicle formation control system is implemented using MATLAB/Simulink to
provide accurate suggestions and strategies for the maneuver of changing lanes, so that
the fleet can cruise safely and orderly at a stable speed. The scenario simulation software
co-simulated with Simulink can actualize the functional replication of collaborative vehicle
formation management scenarios.

The ZVG-9100 instrument is chosen as the primary module for the simulation test
hardware system. It features a GNSS simulator interface and a V2X simulator interface,
with a TX/RX frequency range of 1.2 GHz–6 GHz, two GNSS transmitter antennas, an
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LTE-V2X receiver antenna, and a LTE-V2X transmitter antenna. The instrument panel is
displayed in Figure 6.
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Based on ZVG-9100, it is possible to carry out C-V2X simulation transceiver analysis
and GNSS simulation to realistically reproduce the environmental information in the
scene to the parts to be tested, thus realizing the vehicle networking hardware-in-the-loop
simulation test. Extract the information of the remote vehicle and the primary vehicle from
the scenario simulation software to produce V2X signals. This will enable the primary
vehicle to access the position information of other vehicles on the road, such as speed,
acceleration, latitude, and longitude, through the V2V signals. Simulate the CAN signals to
obtain the status information of the primary vehicle, including brakes, accelerators, and
turn signals. Additionally, use the GNSS simulator to emulate GNSS signals to achieve
time and carrier synchronization between the V2X device and the DUT. The instrument
and test device communicate with each other via air–port communication.

The design of the simulation test system is illustrated in Figure 7. The scenario library,
data modules, CAN bus, GNSS simulator, and V2X simulator are all overseen by the
automated test management software. Test cases are constructed using simulation software,
and the interface sends simulation data to the data routing system. The data routing
system manages both the tested object data and the background data. The subject data
are segmented into two categories, namely the state data and the trajectory data of the
primary vehicle. The state data related to the primary vehicle originates from the CAN
bus, while the trajectory data of the primary vehicle is transmitted to the GNSS simulator
via the GNSS interface. After the baseband signal modulation is completed to generate
the RF signal, the data of the target object are transmitted to the device under test, and the
background data is transmitted to the device under test via the V2X simulator. Functionally
test the algorithm in the simulation scenario built by VTD and send the simulation data to
MATLAB to verify and analyze the algorithm’s performance.
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4. Experiments and Results
4.1. Functional Integrity Analysis of Vehicle Formation Systems

The vehicle formation control system must achieve state switching for fleet creation,
joining, cruising, leaving and disbanding in order to manage processes and communicate
data. A simulation scenario was created to confirm its ability to complete these state
transitions. The scene simulation experiment is set up with the initial condition that the
vehicle is driving on a straight road with multiple lanes, each having a width of 3.5 m.
Vehicles A, B, C, and D are all 4.646 m long and equipped with wireless communication.
They were driving at a constant speed on the highway at 55 km/h, 53 km/h, 53 km/h, and
50 km/h respectively.

Free Vehicle A broadcasts the command “Create convoy”, and after the successful
creation, it changes its role from free vehicle to pilot vehicle and broadcasts the information
table of the pilot vehicle to the outside, as shown in Figure 8a.

Electronics 2023, 12, x FOR PEER REVIEW  13  of  22 
 

 

sheet. Followers C and D set their status to “Leaving convoy” and  leave the convoy  in 

turn, set their role to free vehicle and stop broadcasting convoy information when they 

are far away from the convoy. All followers leave the convoy, then the convoy is success‐

fully disbanded as shown in Figure 8f. Pilot Car A’s role becomes free car, and it stops 

sending Pilot Car A’s information sheet. 

 

Figure 8. Functional simulation of vehicle formation system. (a) Creates a convoy; (b)  joining the 

convoy; (c) Vehicle B joins the convoy successfully; (d) convoy cruise; (e) Follow Car B is leaving 

the convoy. (f) The convoy is successfully disbanded. 

The system for forming vehicle fleets can effectively switch between states, including 

fleet creation, joining, formation cruising, leaving, and disbanding, in accordance with the 

collaborative management of vehicle formation scenarios as defined in the national stand‐

ards. This verifies the functional completeness of the vehicle formation control system. 

4.2. Vehicle Lane Change Safety Analysis 

The process of  joining or leaving a vehicle convoy may require changing lanes. To 

ensure safe lane changes for vehicles, the auxiliary lane change subsystem must be effec‐

tive and accurate. The working condition scenario simulation can be seen in Figure 1, and 

Table 1 illustrates the state parameters of each vehicle. 

Table 1. Simulation state parameters. 

Vehicle ID  Initial Coordinates (m) Initial Velocity (km/h)  Accelerations (m/s2) 

Figure 8. Functional simulation of vehicle formation system. (a) Creates a convoy; (b) joining the
convoy; (c) Vehicle B joins the convoy successfully; (d) convoy cruise; (e) Follow Car B is leaving the
convoy. (f) The convoy is successfully disbanded.

Free Vehicle B wants to join the convoy after receiving the convoy information from
pilot vehicle A. It sets the request status to request to join the convoy, sets the convoy ID to
the convoy ID of pilot Vehicle A, and broadcasts the information of requesting to join the
convoy. When pilot Vehicle A accepts free Vehicle B as a member, Vehicle B sets its driving
status to “Join fleet”, broadcasts the status message, and drives to the tail end of the fleet,
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as shown in Figure 8b,c. After Vehicle B joins the fleet, its attributes and roles are changed
to the following vehicle, and it also sets its drive status to Following and broadcasts the
status message. Free Vehicles C and D also follow this process to join the convoy.

After the vehicles have formed a formation, the lead car will guide them into a cruising
state. The lead car will then provide the followers with the basic information sheet for both
the lead car and the formation, while the following car will release the basic information
sheet for itself to the public. Vehicles B, C, and D have joined the convoy and rapidly
adjusted their speed to 55 km/h while optimizing the inter-vehicle spacing. Pilot Car A
leads the convoy in an orderly manner, as illustrated in Figure 8d.

Car B initiates a request to depart from the convoy and receives confirmation from
Pilot Car A. The travelling status is then set to “Leave the convoy” and broadcasted. Car
B proceeds to change lanes and exit the convoy, as illustrated in Figure 8e. Until it has
completely left the convoy, it is designated as a “Free car”.

If Pilot Car A wishes to disband the convoy, it sends a request to dismiss convoy, sets
the formation status of the pilot car information sheet to request to dismiss convoy, adds all
members of the convoy to the departing convoy list, and sends the pilot car information
sheet. Followers C and D set their status to “Leaving convoy” and leave the convoy in
turn, set their role to free vehicle and stop broadcasting convoy information when they are
far away from the convoy. All followers leave the convoy, then the convoy is successfully
disbanded as shown in Figure 8f. Pilot Car A’s role becomes free car, and it stops sending
Pilot Car A’s information sheet.

The system for forming vehicle fleets can effectively switch between states, including
fleet creation, joining, formation cruising, leaving, and disbanding, in accordance with
the collaborative management of vehicle formation scenarios as defined in the national
standards. This verifies the functional completeness of the vehicle formation control system.

4.2. Vehicle Lane Change Safety Analysis

The process of joining or leaving a vehicle convoy may require changing lanes. To
ensure safe lane changes for vehicles, the auxiliary lane change subsystem must be effective
and accurate. The working condition scenario simulation can be seen in Figure 1, and
Table 1 illustrates the state parameters of each vehicle.

Table 1. Simulation state parameters.

Vehicle ID Initial Coordinates
(m)

Initial Velocity
(km/h) Accelerations (m/s2)

P (1.75, 0.00) 60 0.3
P1 (1.75, 7.78) 75 0
P2 (5.25, 16.87) 80 0
P3 (5.25, −13.13) 60 0
P4 (1.75, −18.06) 50 0

The collision prediction module calculates the minimum safe distance in the longi-
tudinal direction using real-time V2X information, including the speed, acceleration, and
position of the adjacent vehicle. At time t = 0 s, the P-car initiates a lane change. At
this moment, the longitudinal distance between the P-car and the P1-car is 7.78 m, the
longitudinal distance between the P-car and the P2-car is 16.87 m, and the longitudinal
distance between the P-car and the P3-car is 13.13 m. The collision prediction module
calculates the minimum safe separation distances that should be maintained longitudi-
nally between vehicle P and other vehicles—P1, P2, and P3. The specific SMSS values
are SMSS(P, P1) = 18.2 m, SMSS(P, P2) = 22.6 m, SMSS(P, P3) = 5 m for P1-car, P2-car, and
P3-car, respectively. At t = 0 s, the conditions for lane change are not satisfied, and P-car
receives the instruction to “Delay Lane change”. When t = 2.5 s, P-car is separated from
P1-car by a longitudinal distance of 18.2 m, P2-car by 30.76 m, and P3-car by 13.13 m, which
satisfies lane change requirements. P-car is then instructed to “Allow to change lanes”
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and proceeds to make the lane change. The graph in Figure 9a illustrates the longitudinal
distance change curve between the P-car and the P1, P2, and P3 cars during the lane change
process. Meanwhile, Figure 9b displays the lateral position changes of the system-planned
lane-changing path and the corresponding actual simulated lane-changing path during
the same lane change process. Moreover, the tracking error is determined as the lateral
position difference between the intended trajectory of the system and its actual simulated
trajectory. Figure 9c demonstrates the error curve between the actual trajectory and the
target trajectory with a maximum tracking error of 0.25 m.
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Figure 9. Simulation results of workplace lane changing. (a) Longitudinal distance between car P
and cars P1, P2, and P3; (b) compare the target trajectory with the actual trajectory lateral position.;
(c) error between target trajectory and actual trajectory.

The maximum tracking error is determined as the highest lateral position difference
between the intended trajectory of the system and its actual simulated trajectory. In
total, 1000 groups of experiments were conducted with differing speeds and workshop
distances, from which the maximum tracking error value was recorded for each group. The
experimental outcomes reveal that the maximum tracking error does not surpass 0.3 m.
The statistical results can be seen in Figure 10.
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The vehicle’s lateral position during lane changes was used as an observation index
to compare lane changing trajectories planned using cubic and fifth polynomials. The
experimental findings are illustrated in Figure 11. The results show that the fifth-degree
polynomial generates a smoother lane-changing trajectory and process.
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The experiments indicate that the supplementary subsystem for changing lanes can
precisely forecast if the vehicle’s behavior of changing lanes involves a possibility of colli-
sion, map out a slick trajectory for changing lanes, and regulate the vehicle to accomplish
the lane change by following the intended path, thereby ensuring its safety.

4.3. Fleet Cruise Stability Analysis

When driving on a real road, the lead vehicle accelerates and decelerates based on
various working conditions. This necessitates the following vehicle to respond sensitively
and promptly to the acceleration changes of the lead vehicle, guaranteeing an orderly cruise
of the fleet. The pilot car travels on the road at any speed. The simulation step of the unit is
0.01 s, and the vehicle length is set at 4.646 m. There is a minimum safety clearance of 2
m, a safe following time distance of 0.6, and the control coefficients are taken as 0.45 and
0.25 [49]. Assuming a fleet size of four cars. The velocity and acceleration change curves of
the subsequent vehicle controlled by the CACC model appear in Figure 12, while those of
the subsequent vehicle controlled by the intelligent driver model appear in Figure 13. The
results indicate that the CACC model exhibits superior following performance and faster
response.
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Increasing the speed of the pilot car, the velocity and acceleration change curves of
the convoy according to the CACC model, along with the headway and following time
distance deviation change curves, are shown in Figures 14 and 15.
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The findings indicate that despite an increase in the pilot car’s speed, the fleet main-
tains a steady and safe following distance. The subsequent car can swiftly react to changes
in the leading car’s acceleration, allowing the distance between the two cars to be adjusted
in time to match the speed of the fleet and ensure stable cruising. All time deviations are
less than 0.04 s. The cooperative adaptive cruise control subsystem is efficacious and stable.

4.4. Fleet Cruise Safety Analysis

In fleet travel, rear-end collisions can occur when the following vehicle does not react
quickly enough to the preceding vehicle’s deceleration due to high speeds or inadequate
distance. Thus, it is essential to assess the safety of a vehicle’s following characteristics. In
the realm of traffic safety, TTC (time to collision) is a commonly used gauge of following
safety [50].

TTC refers to the point at which the front and rear vehicles maintain a uniform speed
and collide with one another. If the rear vehicle’s speed is lower than the front vehicle’s,
they will not collide and the TTC value is considered infinite. If the rear vehicle’s speed is
equal to or greater than the front vehicle’s, the TTC value is calculated based on the relative
distance and relative speed [51]:

TTCn(t) =

{
+∞, vn(t) ≤ vn−1(t)
xn−1(t)−xn(t)−ln−1

vn(t)−vn−1(t)
, vn(t) > vn−1(t)

(16)

where TTCt(t) represents the time-to-collision value of the rear car n at time t; vn(t) is the
speed of car n at time t; vn−1(t) is the velocity of car n− 1 at time t; xn(t) indicates the
position of car n at time t; xn−1(t) indicates the position of car n− 1 at time t; and ln−1 is
the length of the bodywork of the car n− 1. Statistically, a warning for a potential vehicle
collision should be given 2.5 s in advance, accounting for the driver’s reaction time and
time needed to apply the brakes.

Balas et al. introduced the idea of using ITC (inverse time to collision) as a measure of
collision time to assess heeling behavior. Unlike the TTC, the ITC has a smaller range of
variation and better continuity, making it a more suitable safety evaluation index for the
heeling behavior of a vehicle [45]. The ITC is calculated by taking the inverse of the TTC:

ITCn(t) =
vn(t)− vn−1(t)

xn−1(t)− xn(t)− ln−1
(17)

where, at a given moment t, ITCn(t) represents the ITC value of the rear vehicle n. If the
speed of the rear vehicle is lower than the speed of the front vehicle, the ITC value is less
than 0, indicating no risk of collision. Conversely, if the ITC value is greater than 0, the
risk of collision is present, with greater values indicating higher risk. Fleet cruising can be
considered safe and secure when the ITC value is less than 0.4.

The reciprocal change curves of fleet speed and collision time when vehicles are
cruising are shown in Figure 16. No collision risk is identified when the convoy accelerates
or moves at a uniform speed, indicated by a TTC value not greater than 0. In case the
convoy decelerates, an ITC value greater than 0 is identified, however, none of these values
exceed 0.015, indicating a small collision risk. The study demonstrates that the cooperative
adaptive cruise control subsystem is capable of safely controlling the fleet while cruising,
thereby indicating the reliability and safety of the subsystem.
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5. Discussion

This article conducts research and analysis on current domestic and international
in-the-loop simulation technology for the Internet of Vehicles, develops a vehicle formation
control system for collaborative vehicle formation management scenarios, and performs
functional testing and performance analysis of the vehicle formation control system in the
simulation test system.

The functional completeness of the vehicle formation control system is achieved. The
collaborative vehicle formation management scenario has been reproduced through the
utilization of simulation software, presented in Figure 8. The system exercises control over
the vehicles’ functionalities including fleet formation, joining, cruising, leaving, disbanding,
and adheres to the application definition of the collaborative vehicle formation management
scenario.

The algorithm for controlling the formation of vehicles is effective. As shown in
Figures 9 and 10, when the longitudinal distances of both the P-vehicle and the side vehicle
satisfy the minimum longitudinal safety distance, the P-vehicle starts to change lanes. The
observation index is the lateral position of the P-vehicle. The maximum error between the
planned trajectory of the system and the lateral position of the actual simulated trajectory is
no more than 0.3 m, and the safety of vehicle lane changing is guaranteed. We also compare
the lane changing trajectories using cubic degree polynomial planning with those using
fifth degree polynomial planning, as illustrated in Figure 11. The lane changing trajectory
based on fifth degree polynomial planning is smoother and the lane changing process is
accomplished more steadily. As indicated by Figures 12–15, the CACC system can manage
the following vehicles in the fleet to respond more swiftly to alterations in the lead vehicle’s
acceleration. The trailing vehicle can promptly react to changes in acceleration of the
leading vehicle and adjust the distance between them accordingly, with a time deviation
of less than 0.04 s ensuring stable fleet cruising. As shown in Figure 16, the experimental
results demonstrate that the ITC value is less than 0.015 in the process of fleet cruising.
Fleet cruising can be considered safe when the ITC value is less than 0.4.

The simulation test system is both effective and justifiable. The simulation test system
designed based on hardware-in-the-loop technology can simulate the real road environment
under laboratory conditions. It also accurately reenacts collaborative vehicle formation
management scenarios and tests the algorithms of devices under scrutiny, demonstrating
the system’s practicality.

Although the proposed system performs well in experiments, there are some limita-
tions. This paper focuses on testing the algorithm performance of the device under test
in the simulation test system. Communication capabilities of the device under different
scenario conditions have not been tested.
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6. Conclusions

The test results have validated the reliability of the vehicle formation control system
and confirmed the validity of the testing plan and simulation test system. The system for
testing simulations described in this paper employs a combination of hardware-in-the-loop
simulation technology, scenario simulation software, and MATLAB R2018a in order to
attain functional reproduction and assess performance of scenarios for collaborative vehicle
formation management. The introduction of a simulation test system for typical scenarios
within the advanced intelligent driving sector ameliorates the safety and comprehensive-
ness of autonomous driving algorithm testing, increases testing efficiency, and further
advances Internet of Vehicles technology.

The research design of this article employs vehicles that drive at slow speeds on
regular highways. In future research, the potential impact of the Doppler effect on com-
munication abilities as a result of vehicles traveling on highways will be examined. The
model will be refined, and testing methods will be enhanced to further investigate this
phenomenon. In the future, the algorithm’s performance will undergo examination under
diverse working conditions, where multiple factors, including fluctuations in real-time
weather conditions, will be accounted for to enhance the autonomous driving algorithm.
Consequently, the safety and dependability of autonomous driving will be improved.
Furthermore, comprehensive functional and performance assessments will be executed
on various typical scenarios for advanced autonomous driving applications in order to
authenticate the simulation test system’s applicability.
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