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ABSTRACTVehicle dynamics plays a significant role on the formation of a vehicle platoon, especially at high speed

condition. This paper proposes a distributed platoon formation framework for homogeneous autonomous vehicles which takes

the vehicle dynamics into consideration. The boundaries of vehicle stability are firstly calculated by considering both lateral

dynamics and actuator saturation. By combining the stability boundaries with multi-objective flocking (MOF) algorithm, a

distributed formation controller is designed, which can form the vehicle platoon with high cruising speed steadily and rapidly.

In addition, a low-level tracking controller is proposed to constitute a hierarchical control architecture which can achieve

stable and accurate formation of platoon. Simulation results show the proposed platoon formation controller achieves safe,

stable and rapid platoon formation than the traditional MOF-based formation controller which does not consider the vehicle

dynamics.
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1. INTRODUCTION

Traffic safety issue has attracted many attentions since

nearly 1.25 million people die each year as a result of

roadway crashes (World Health Organization, 2015). Many

technologies have been developed to improve vehicle

safety, such as electronic stability control system,

autonomous vehicle, vehicle platooning and so on. Among

them, vehicle platoon, referring to a group of vehicles

driving at a harmonized speed with small pre-defined inter-

vehicle spacing, could increase traffic capacity, enhance

highway safety, and reduce fuel consumption and has been

investigated widely (Zhang et al., 2011).

Many studies have been conducted to achieve stable and

efficient vehicle platoon control, such as spacing policy

(Swaroop et al., 1994; Zhou and Peng, 2005), optimization

of communication topology (Fax and Murray, 2004; Zheng

et al., 2016), interference rejection (Xu et al., 2018) and the

affection of communication delay (Ploeg et al., 2014; Al-

Jhayyish and Schmidt, 2018; Xu et al., 2019). Among

some kinds of literature above, some researchers

investigate the string stability of vehicle platoon, which

referred to whether the disturbance will be amplified when

propagated downstream along the platoon. Some other

pieces of literature use a variety of control methods to

achieve string-stable platoon control. Naus et al. (2010)

and Wang and Nijmeijer (2015) used the PD-controller,

while Gao et al. (2017) and Ploeg et al. (2014) adopted

robust control. Also, model predictive control of platoon is

proposed by Kamal et al. (2014) to achieve better platoon

control performance. 

In addition to the platooning control, the platoon

formation is also crucial, which refers to vehicles moving

from different lanes to form the platoon. In the last decade,

numerous control strategies were developed to achieve the

formation control of the robot and the unmanned aerial

vehicle, and some had been applied in vehicle platoon

formation control problem. Yang et al. (2017) and Peng et

al. (2016) adopted a consensus-based cooperative control

method to achieve the formation of vehicle platoon. Yu and

Liu (2016) combined the cascaded system theory and

directed graph method to resolve the leader-follower

formation problem while considering velocity constraints.

Zhang et al. (2013) present an integrated controller using

the global virtual structure and unity path-tracking

controller to address the formation problem of networked

nonholonomic mobile vehicles. Another study presented

by Desai et al. (2001) used the graph theory to develop a

modeling framework of the platoon formation. In Antonelli

and Chiaverini (2006), the proper task functions in the

framework of singularity-robust task-priority inverse

kinematics are used to achieve the formation of the vehicle

platoon. Another study presented by Bishop (2003) solved

the platoon of cooperating vehicles by employing the

redundant manipulator technique. Iftekhar (2012) and Liu

and Xu (2015) both proposed the distributed vehicle

platoon formation protocols based on multi-objective

flocking (MOF), which could plan the trajectories of all
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vehicles without the crash. Besides, the flocking approach

can achieve stable and flexible platoon formation

compared to other formation methods (Iftekhar, 2012).

Most researches mentioned above only adopted the

vehicle kinematic model or modeled the vehicle as a point-

mass system. However, vehicle dynamics cannot be

ignored because of the nonlinearity of the vehicle. To the

best of our knowledge, few works of literature are focusing

on vehicle platoon formation with high cruising speed,

from the perspectives of ensuring vehicle stability and

improving formation safety and efficiency. This paper

focuses on studying the formation control of the

homogeneous autonomous vehicles (HAV) with high

cruising speed. The contribution of this paper is twofold.

First, the vehicle lateral dynamics and actuators saturation

are considered in the vehicle platoon formation control

problem. Based on the derived stability boundaries, a stable

and efficient distributed platoon formation controller

(DPFC) is designed by combining the stability boundaries

and MOF algorithm. Second, a distributed path-tracking

controller is proposed to form a hierarchical control

architecture which can achieve stable planning and

tracking of platoon formation.

The remainder of this paper is organized as follows: The

introduction of MOF is presented in Section 2. Kinematic

and dynamic vehicle models are introduced in Section 3. In

Section 4, The framework of the hierarchical controller,

including planning-level and tracking-level, is designed.

Simulation is conducted in Section 5. Finally, Section 6

concludes.

2. FLOCKING CONTROL METHOD

Considering a group of agents

 (1)

with the neighboring set

 (2)

where qi,  are the position and velocity vectors of

agent i,  is the control input of agent i,  is the

distances that agent i can perceive and communicate with

other agents, and  is the vector norm.

According to Olfati-Saber (2006), the input of agent i in

the Flocking algorithm can be described as follows:

  (3)

where  which is denoted by Equation (4) is to regulate

the position between agent i and its neighbors such that the

collision with each other can be avoided and the cohesion

is maintained in a group.

 (4)
 

In Equation (3),  is responsible for navigational

feedback to the uniform virtual leader agent r, which is

given by

 (5)

Here, nij is a direction vector from agent i to agent j;

(·) is the dual power that is derived from the interaction

of molecules; aij(·) is the elements of the adjacency matrix

of agent group, and the (qr, pr)  is the state of a navigational

agent. Given the limited space available, the full

expressions about , nij, 
(·), and aij(·), which can be

found in Olfati-Saber (2006), are omitted in this paper.

Furthermore, to generate the vehicle string, Iftekhar

(2012) introduced a new navigational control protocol.

Different from the agents in Olfati-Saber (2006), each

vehicle in the new protocol has its target with the position

 and velocity . The navigational control protocol for

vehicle i is described as

  (6)

where  and  are positive constants. The first

component of the above equation is mainly used to follow

the middle position (i.e., ), and the second component is

used to reach the desired velocity (i.e., ).

3. VEHICLE MODELING

In this paper, two vehicle models, the 2DOF kinematic

model, and the 3DOF dynamic model are adopted to

construct the planning level and the tracking level,

respectively. Since the vehicle platoon system is

homogeneous, we use the standard vehicle model to

represent each single vehicle model.

3.1. Partially-Linear Kinematic Model

As shown in Figure 1, suppose vehicle is the front wheel

steering structure and the sideslip angle  is small, then the

kinematic model of the ith vehicle can be expressed as:

  (7)

where (X, Y) are the global coordinates of the mass center;

v is the velocity;  is the heading angle, and  is the yaw

rate.

To use the flocking algorithm, Equation (7) need to be

transformed into a point mass model. Denote by 1 and 2

the longitudinal acceleration and yaw acceleration, then

Equation (7) is rewritten as

 (8)
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where , , .

According to near-identity diffeomorphism (Olfati-Saber,

2002), by using the transformation

 (9)

Equation (8) can be expressed as:

 (10)

where ; ; S and W

are the terms of position and velocity of the system (8)

in the new coordinate, corresponding to the  and

[v, ]T;   is the input of a new system; e2 = [0, 1]T;

 and . Further,  can

be expressed as

(11)

Denoting  and . By

using the Euler numerical method, if T is the interval, then

the yaw rate and longitudinal velocity at time k + 1 can be

expressed as

 (12)

The first two items of Equation (10), i.e.,  forms

the linear subsystem. By applying the MOF algorithm to

this linear system, the longitudinal and yaw accelerations

can be got by calculating Equation (11). Then, by

computing Equation (12), the longitudinal speed and yaw

rate of the vehicle at the next time can be gained.

Remark 1: There are nonlinear relationships between 

and . For the convenience of calculation, we apply the

Equations (11) and (12) to obtain the relationship between

the  and . Then by setting up the tracking controller to

track , the real input of a single vehicle that can satisfy the

dynamic requests and realize the platoon formation

simultaneously can be obtained.

3.2. Vehicle Dynamics

As shown in Figure 2, the traditional 3DOF vehicle model

which focus on the plane dynamics that consists of the

longitudinal and lateral translations and the rotation around

the vertical axis is employed and can be written as follows:

 (13)

with

where vx and vy are the longitudinal and lateral velocities. lt

is the wheel tread. Fxi and Fyi are the longitudinal and

lateral tire forces, where i = 1, 2, 3, 4 are left-front, left-rear,

right-rear, and right-front wheels. M and Iz are the vehicle

mass and the moment of inertia. lf and lr are the front and
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Figure 1. Schematic diagram of vehicle kinematic model.
Figure 2. Schematic diagram of vehicle dynamic model.
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rear center of gravity (CoG) distances.  is front steering

angle. is the yaw rate. FX and FY are the longitudinal and

lateral resultant forces at the CoG. g is the acceleration of

gravity. kr and kd are the rolling resistance coefficient and

the air resistance coefficient.  is the air density and Sd is

the windward area.

Remark 2: It should be noticed that the longitudinal tire

force Fxi in vehicle dynamic model is the longitudinal tire

resultant force, and its generation is different for four-

wheel independent drive electric vehicles (4WID-EV) and

other types of vehicles. For the 4WID-EV, Fxi can be

realized by directly controlling the torque of the motors.

However, for other types of automobiles, such as the

internal combustion engine vehicles and centralized drive

electric vehicles, it is difficult to obtain Fxi by using

mechanical connection due to the mechanical

transmissions complexity. A straightforward way is by the

vehicle stability control system, that is, to add a different

braking moment to different wheels.

Let Cf and Cr denote the front and rear tire cornering

stiffness. If the tire sideslip angles are small, the lateral tire

forces can be approximated as

 (14)

Denote by  the state of vehicle dynamic

system and u = [Fx1, Fx2, Fx3, Fx4, ]T the control input. The

vehicle dynamic model in the form of discrete time can be

written as

 (15)

where T is the discrete time step and

Let  be the state trajectory obtained by applying the

input  to the system (15) at the time k with

. Then, it can be expressed as

 (16)

Note that, the reference state  obtained by Equation

(16) and input  are the stable points of the nonlinear

vehicle dynamic system. In the light of Equation (16), the

continuous nonlinear system (15) can be transformed into a

linear time-varying (LTV) system by linearized at each

time step k around the point  as follows:
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Figure 3. Distributed control framework of the platoon

formation control system. I indicates the information of

navigational target and neighborhood vehicles; II
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4. DISTRIBUTED PLATOON FORMATION 

CONTROLLER DESIGN

In this section, based on the MOF algorithms, a

hierarchical DPFC for the autonomous vehicles is

established. The whole controller is divided into two

control levels: planning control level and tracking control

level. The architecture of the whole control system is

shown in Figure 3.

In planning control level, the reference states that satisfy

the vehicle lateral stability constraints is generated, and the

MOF method is used to derive the reference trajectory for

each vehicle. In the lower level, the distributed model

predictive controller is designed to track the reference

states and ensure each vehicle’s stability.

4.1. Plan-level Controller Design

To introduce the vehicle dynamics, the vehicle stability

boundaries about the yaw rate and longitudinal velocity are

established firstly.

4.1.1. Stability boundaries

Vehicle lateral acceleration in Equation (13) can be

rewritten as

 (18)

Due to vy = vxtan, the above equation can be re-

expressed as:

 (19)

Assuming both of  and  are small, the maximal value

of yaw rate which is given by Rajamani (2011) can be

described as

 (20)

where g is the tire-road adhesion and is presumed

invariable. In this paper, as the linear tire model is

employed, the maximum of lateral acceleration should not

be surpassed 0.4 g. Therefore, the maximal value of the

yaw rate is rewritten as

 (21)

As a consequence, the constraint conditions about yaw

rate can be signified as

 (22)

Furthermore, according to Jia (2000), the longitudinal

acceleration ax can guarantee that the vehicle wheels are

not lifting from the ground, and should satisfy the

following condition:

 (23)

where hg is the height of CoG. 

In reality, to prevent the phenomena of sideslip and track

slip arising, the longitudinal force FX and lateral force FY

should not exceed maximum frictional force that the

ground can afford, i.e., as shown in Figure 4, the

longitudinal and lateral forces should abide by the

following inequality constraint:

 (24)
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 (25)

where  and

. Then, the range of

longitudinal velocity is obtained

 (26)

where  is the longitudinal velocity at the moment k.

4.1.2. Multi-objective Flocking Optimization

After obtaining the stability boundaries, the next work is to

restrict the output of the planning controller not out of the

ranges. 

Based on the proposed MOF in Section 2, there are four

parameters, named as , ,  and , can affect the

values of the output of the planning controller.  and 

are related with  and may affect the acting forces

between agents, and the parameters  and  connect

with the navigational force.

Moreover, for the multi-vehicle system, the terms 

and  in Equation (6) directly relate to the position,

yaw rate and longitudinal velocity of the vehicle, hence it is

inappropriate to apply two constants to restrain  and

. Accordingly, in this paper, two parametric

diagonal matrices are used, and the Equation (6) is

rewritten as

 (27)

where  and  are the

parametric diagonal matrices, in which , , , 

are positive constants. Let ,

then  is the optimal variable matrix.

Since the purpose of optimization about Flocking

algorithm is to limit the output of the planning controller,

i.e., the values of longitudinal velocity and yaw rate, the

objective of optimization is written as

 (28)

where P1 and Q1 are weight coefficients; Nt is a constant,

and Vk is the maximum of velocity that can be represented

by the following equation:

 (29)

Remark 3: For the cost function J1, it is evident that the

time of realizing the formation would take longer when the

outputs of planning-controller approach the origin strictly.

In order to generate a balance between the control

performance and efficiency, the maximum longitudinal

speed and yaw rate are adopted to construct the J1.

Combining with the dynamic constraints (22) and (26), the

function of J1 is to propel the vx and max to approach the

maximums but not exceeding stability boundary.

When the stability boundaries and cost function have

been confirmed, the following optimization problem is

solved:

 (30)

S.t. 

where , , pij,min and pij,max are the maximum and

minimum of the optimized variables. In order to

perspicuously manifest the optimization process, the flow

is shown in Algorithm 1.

4.2. Tracking-level Controller Design

Denote by  the output of the LTV system of the vehicle

as shown following

 (31)

Based on the reference states generated by the planning

Algorithm 1: The Optimization Flow

1 if t = 0 then

Random generated  in the allowable ranges;

else

 = Λt1;

end if

2 Calculate the yaw rate γ and longitudinal velocity vx 
based on Equations (3-6) and Equation (10-12) and 
Optimized variables 0/

3 if  and vx satisfy Equations (22) and (26) then

Optimized variables are the parameters of

Flocking algorithm at this time, i.e., Λ0 = 

and Λt = , and go to 5;

else

Go to 4;

end if

4 Regenerate the new optimized variables /  by 
solving the optimization problem (30) and go to 2;

5  and vx are the reference states, i.e, = , 
, output the  and 
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controller, the cost function at time k in the finite horizon

optimal control problem can be expressed as:

 (32)

where  and  are definite positive matrices; Hp and Hc

are the prediction and control horizons;  is the reference

states generated by the planning controller. At each time

step k, the next finite horizon optimal control problem is

solved:

 (33)

S.t. 

, 

, 

, 

, 

, 

, j = f, r

where .

The optimization problem (33) can be modified into a

quadratic program (QP) (see Borrelli et al. (2005)). Denote

by  the sequence of optimal

input deviations computed at time k by solving Equation

(33) for the current states . Then, the first sample

 is used to compute the optimal control action, and the

resulting state feedback control law is

 (34)

At the next time step k + 1, the optimization problem

(33) is solved over a shifted horizon based on the new

measurements of the state  and based on an

updated linear model (17) computed by linearizing the

nonlinear vehicle model.

Remark 4: Note that, to simplify the subsequent

linearization and controller design, we use tire forces as the

output of the control system in the control design. The

force can be deemed as the required tire force that fulfills a

stable vehicle platoon formation. In the actual simulation,

the traction/braking torque of wheels are the actual input of

the vehicle platform, which can be generated by the tire

forces based on the wheel dynamic model.

5. SIMULATION AND RESULTS

To verify the performance of the proposed control system,

simulation of five vehicles (named by Vehs. A, B, C, D,

and E) is implemented to form the platoon. The ten-DOF

four-wheel-independently-drive (4WID) vehicles, by

referring to Wang et al. (2009), is applied to imitate the real

vehicle system in the simulation. The vehicle model

consists of three degrees of translational freedom of vehicle

body, three degrees of rational freedom, and the rotational

motion for each of the four tires. Dugoff’s tire model is

used to calculate the longitudinal and lateral tire-road

friction forces. The main parameters of each vehicle are

listed in Table 1.

Initially, the five vehicles occupy different lanes, and the

initial positions are described as Figure 5. The velocities of

vehicles are set to 18 m/s, 25 m/s, 24 m/s, 22 m/s, and 27

m/s order, and the original yaw angles, yaw rates, lateral

velocities, and accelerations are zero. Also, the lane

occupied by Vehs. B and E is the preassigned ideal lane of

the platoon, the final speed of the platoon is 23 m/s, and the

desired inter-vehicle spacing is 10 m. Note that the global

coordinate position the ideal lane, where the X-axis points

to the direction of the vehicle running along the lane-two

and the Y-axis is perpendicular to the X axis pointing to the

right. 

In addition, to demonstrate the advantage of the

proposed control system, another benchmark is also

simulated. In the following, Controller I refers to the

proposed DPFC and Controller II refers to the tradition

p c
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Table 1. Parameters for the experimental vehicles.

Parameter Value

Vehicle total mass M 1723 kg

Vehicle moment of inertia about the yaw 
axis Iz

4175 kg.m2

Distances of the CoG to the front and 
rear axle lf and lr

1.4 m, 1.6 m

Rolling and air resistance coefficient kr 
and kd

0.1, 0.018

Acceleration of gravity g 9.8 m/s2

Air density  1.206 N.s2.m4

Windward area Sd 1.8 m2

Tire-road adhesion coefficient g 0.8

Tire cornering stiffness Cf and Cr

52700 N/rad, 
66900 N/rad

Length of vehicle Lc 2 m

Figure 5. Initial displacements of the vehicles in the

homogeneous platoon.
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MOF controller which does not consider the vehicle lateral

dynamics. The main parameters in these two controllers are

listed:

1) T = 0.05 s, Hp = 4, Hc = 2, Nt = 4, min = 5 deg, max = 5

deg; 

2) , , pij,min = 0.01, pij,max = 2,

, .

The simulation results and their performances are shown

in Figures 6 ~ 9 and Table 2. Figure 6 is the trajectories of

vehicles. The inter-vehicle spacings and longitudinal

speeds are shown in Figures 7 and 8. Figure 9 is the

dynamic constraints of some vehicles, which need to carry

out steering maneuver.

As shown in Figures 6 and 7, Vehs. A, C and D in both

controllers complete the lane-changing maneuver at the

end of the simulation, and the inter-vehicle spacings

converge to 10 m. Note that the spacing of arbitrary

contiguous vehicles in two controllers is more significant

than Lc (the length of the vehicle) during the platoon

formation, which indicates the inter-vehicle collisions do

not occur.

It is observed from Figure 8, although the longitudinal

speeds of vehicles in two controllers are converging to the

23 m/s at the end, the absolute maximum tracking error of

longitudinal speed  in Controller II is significant.

Considering the tracking control levels in the two

controllers are identical, large tracking error in Controller

II may be caused by actuator saturation. 

In Figure 9, the yaw rate trajectories of Controller II for

Vehs. A, C and D are all exceeding the stability boundaries,

which indicates the unstable vehicle operation occurs.

Also, the trajectories of all vehicles for Controller I stay

a ,min
0.01G

b,min
0.01G

a ,max 2G
b,max

2G

em,v

Figure 6. Motion trails of vehicles.

Figure 7. Inter-vehicle spacing.

Figure 8. Longitudinal speeds of vehicles.
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within the stable range but may close to the boundaries

while the longitudinal speeds are 18 m/s, 24 m/s and 22 m/

s. It indicates that the Controller I form the vehicle platoon

with aggressive strategy but still stable vehicle operations.

Thus, vehicle stability and rapidly of platoon formation are

guaranteed simultaneously. 

Synthesizes the above analysis, we can see from Table 2

that, compared with the traditional controller, although the

proposed control algorithm has a slightly longer

convergence time in formation, it can achieve accurate

speed tracking control and enhance the safety of the vehicle

in formation process on the premise of ensuring the

stability of the vehicle system.

6. CONCLUSION

In this paper, a DPFC framework for HAVs is proposed to

achieve stable and efficient platoon formation by

combining the MOF and vehicle dynamics. In addition to

the vehicle kinematic constraints, vehicle dynamics and

actuator saturation are taken into consideration. To ensure

the stable vehicle operation, the stability boundaries of

each vehicle is calculated and the parameter optimization

of MOF is conducted.

The platoon formation with five vehicles is simulated to

assess the effectiveness of proposed control systems. The

simulation results show that the proposed DPFC can

achieve safe platoon formation as well as shorter converge

duration compared to the traditional MOF controller.
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