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Abstract. In recent years, platooning solutions like cooperative adap-
tive cruise control (CACC) have been deeply studied. It is common in
such platooning literature to assume that the vehicles drive on the same
lane (longitudinal platooning). At the same time, lateral control during
merging maneuvers is commonly addressed as a path planning problem,
in which the ego vehicle changes the lane during merging without neces-
sarily cooperating with its neighboring vehicles (i.e. without considering
gap closing). The primary objective of this article is to develop a control
strategy which involves both longitudinal and lateral vehicle dynam-
ics, where the vehicles merge and form a platoon in a cooperative way
without a priori path planning. Appropriately designed bi-dimensional
artificial potential fields are used to achieve this goal and the proposed
protocol is verified through simulations with CarSim.

Keywords: Merging maneuver, artificial potential fields, platooning,
longitudinal control, lateral control

1 Introduction

Automated vehicles have been a popular research topic over the last decades
[1]. Platooning of connected and automated vehicles is regarded as a possible
solution to future transportation, with improved throughput and safety [2–4].
Adaptive cruise control (ACC) system was one of the first technologies to achieve
platooning to some extent, and cooperative adaptive cruise control (CACC) is its
extension. In CACC, vehicles gather information transmitted from other vehicles
via vehicle-to-vehicle (V2V) communication [5–7].

Many different CACC protocols have been proposed to address different re-
quirements. Optimization-based CACC solutions typically rely on model predic-
tive control [8]. The theory of Artificial Potential Fields (APF) is also widely
used in CACC. APF can be thought as a virtual energy field that is designed to
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achieve certain objectives such as gap-closing and collision avoidance. The CACC
protocol is designed based on the gradient of the APF, so as to minimize the
virtual energy [9,10]. Recently, some CACC protocols based on adaptive control
have also been proposed to address uncertainty in vehicle dynamics [11,12].

However, most CACC works only consider longitudinal dynamics, whereas
the lane-changing behavior is one of the most common maneuvers when driv-
ing, which involves lateral dynamics as well. The vehicle merging problem in
a vehicle platoon indeed involves lane-changing behavior and has also been re-
searched recently. In [13], the merging maneuver is addressed in the presence of
uncertain vehicle parameters and a platoon of three vehicles. In [14], an adaptive
synchronization protocol with driveline uncertainty is used to describe merging
maneuvers. These works only consider the longitudinal aspect of merging, i.e.
the gap creating and gap closing. Some existing results consider the merging
problem as a path following problem, where vehicles follow an optimal path to
merge into another lane. Considered merging scenarios include freeway ramp-
merging [15], merging at intersections [16], and merging at roundabouts [17].
The approaches in [18,19] consider lateral behavior via a third-order polynomial
to represent the lane-change trajectory, but the ego vehicle changes the lane
during merging without cooperating with its neighboring vehicles (i.e. without
considering gap closing). In these approaches, the path planning is decided a
priori, rather than decided in real-time according to the neighbor position: in
this sense, the approach is non-cooperative and does not reflect what human
drivers do. Therefore, an integrated approach considering longitudinal, lateral
and cooperative aspects of merging is still missing, which motivates this work.

The primary objective of this article is to develop a control strategy which in-
volves the longitudinal and lateral dynamics, whereas all the vehicles form a pla-
toon after the merging process in a cooperative way without a priori path plan-
ning. The main contributions of this paper are: designing a simple bi-dimensional
APF which greatly reduces the complexity of control laws and the two directions
are controlled independently at the same time; validating the proposed protocol
in a realistic CarSim environment to assess the robustness and adaptability.

The remainder of this paper is organized as follows. Section 2 introduces
the vehicle kinematic model and the merging maneuver is also modeled in this
part. The potential functions and controllers are designed in Section 3. Section
4 presents the simulation results. Conclusions are given in Section 5.

2 Vehicle Modeling

This section describes the vehicle kinematic model used for the controller design.
The bicycle model in Section 2.1 offers a good balance between realistic vehicle
dynamics and design complexity, so it is commonly used in the literature to
describe the longitudinal and lateral movement of a vehicle [20,21]. The vehicle
merging model is introduced in Section 2.2 which is in line with merging scenarios
considered in related works [6, 7, 10,19].



2.1 Rear Axle Bicycle Model

A rear axle bicycle model is depicted in Fig. 1.

Fig. 1. Rear axle bicycle model of the vehicle

Let ϕ[rad] be the yaw angle of the vehicle, which is defined as the angle
between x-axis and X-axis in Fig. 1. Let (Xr,Yr) and (Xf ,Yf ) be the inertial
coordinates of the rear and front axle center of the vehicle, respectively. Let
v[m/s] be the velocity of the rear axle center and R the turning radius. Let
δf [rad] and l[m] be the front wheel steering angle and the wheelbase, respectively.
Because the center of the rear axle is the reference point, (Xr,Yr) can be used to
represent the vehicle’s position, i.e. (Xr, Yr) = (X,Y ). The vehicle velocity is:

v = Ẋr cosϕ+ Ẏr sinϕ (1)

The following equations describe physical constraints:

Ẋf sin(ϕ+ δf ) − Ẏf cos(ϕ+ δf ) = 0 (2)

Ẋr sinϕ − Ẏr cosϕ = 0 (3)

Using the following relation for the yaw rate ω[rad/s].

ω =
v

l
tan δf (4)

and standard geometric relations well described in the literature [1], the following
dynamics can be obtained: 

Ẋ

Ẏ
v̇
ϕ̇

 =


v cosϕ
v sinϕ
a
ω

 (5)

where the control inputs are the acceleration a[m/s2] of vehicle and the yaw rate
ω.



2.2 Vehicle Merging Model

Vehicles need to merge into another platoon on the adjacent lane if the lane
reduction is about to happen, as shown in Fig. 2. In this work we chose the
standard merging scenario that was recently proposed in the Grand Coopera-
tive Driving Challenge [6,7,10], in which two platoons formed in different lanes
must merge into one lane. It has been shown in [22] that when the merging vehi-

Fig. 2. Three vehicles heading towards a lane reduction (edited from [19]).

cle chooses the adjacent gap as its target, the merging can be broken down into
smaller merging sub-problems: in other words, one can consider triplets of vehi-
cles as in [6,7,10], in place of two full platoons. The vehicles in any given triplet
will be classified as lead vehicle (vehicle 1 in Fig. 2), merging vehicle (vehicle 2
in Fig. 2) and gap making vehicle (vehicle 3 in Fig. 2), and they are denoted
by M1, M2, M3. The lead vehicle is on the lane named lane 1, while the gap
making vehicle drives behind the lead vehicle on the same lane. The merging
vehicle is on the adjacent lane named lane 2, which will be merging between
the lead vehicle and the gap making vehicle. Fig. 3 shows the errors among the
various vehicles (for more clarity, only the errors in the longitudinal direction
are reported).

Fig. 3. General triplet for a merging secnario (edited from [10]).

In this merging scenario, the objective is to make gaps between every two
vehicles as close as possible to the desired distance dr,i[m] after the merging
process to form a new platoon, where

dr,i(t) = ri(t) + hvi(t), i ∈ Sm (6)



where h[s] is the time gap, ri[m] is the standstill distance which can be made
time-varying to the purpose of gap creation, and Sm = 2, ...,m is the set of all
following vehicles. This kind of desired distance is called constant time headway,
which can meet the requirement of string stability [5, 23].

In the lateral direction of the merging vehicle, a lane change is needed, so
the displacement error and yaw angle error of the merging vehicle are required
to converge to zero. If Yo[m] and ϕo[rad] are the desired values of lateral dis-
placement and yaw angle, the lateral error variable of interest can be defined
as:

eyi
= (Yo − Yi) + c1(ϕo − ϕi) (7)

where Yi[m] is the actual lateral offset, and ϕi[rad] is the actual yaw angle for
the merging vehicle i. The weight factor of these errors is c1[m/rad] which is a
tuning parameter.

In the longitudinal direction, as Fig. 3 shows, the objective can be described
as:

lim
t→∞

e21(t), e32(t) = 0 (8)

where

e21 = d21 − dr,2 = X1 −X2 − L2 − dr,2 (9)

e32 = d32 − dr,3 = X2 −X3 − L3 − dr,3 (10)

e31 = d31 − dr,3 = X1 −X3 − L3 − dr,3 (11)

are longitudinal spacing errors with Li[m] being the body length of vehicle i.
Let us also define the velocity error ėik which is the derivative of eik:

ėik = vk − vi − hai (12)

where k is the relevant target vehicle for vehicle i, and ai is the acceleration
of vehicle i in the longitudinal direction. For example, ė21 = v1 − v2 − ha2.
Therefore, the longitudinal error variable of interest can be determined like (7):

exik
= eik + c2ėik (13)

where c2[s] is another tuning parameter used to balance these two errors.

3 Controller design

In this section, the Artificial Potential Fields (APF) and corresponding con-
trollers are introduced. Firstly, the theory of artificial potential fields is discussed.
Then, functions for both longitudinal and lateral directions are designed. Finally,
controllers are proposed for achieving the merging.



3.1 Potential Function Design

The potential function is a real-valued nonnegative function ΨA(e) : Rm → R,
where e ∈ Rm is the error state of the system, e.g., lateral error as (7) or
longitudinal error as (13). The function ΨA can be thought as an artificial energy,
which is zero at a desired location, small in desirable regions of the error space
and tends to infinity if the error is approaching a restricted region.

To enhance a gap-closing behavior with respect to the preceding vehicle, the
potential function (also called Morse-like potential function [9]) is designed as:

ΨA(e) = k1(k3 − e−k2(e−ce))2 (14)

where k1, k2, k3 are the parameters to be set, and ce = ln(k3)
k2

so as to make
ΨA(0) = 0. In particular, (14) is re-written to highlight two distinct parts:

ΨRP (e) =

{
ΨA(e), e<0

0, e ≥ 0
(15)

ΨAP (e) =

{
ΨA(e), e ≥ 0

0, e<0
(16)

where ΨRP stands for the repulsive potential part and ΨAP stands for the at-
tractive potential part.

Fig. 4 shows these two parts of the potential function, which is realized by
selecting k1 = 0.6, k2 = 0.04 and k3 = 15.5. The rationale for the APF is as
follows. If e is the longitudinal error, in case e � 0, a collision is about to
happen, therefore the repulsive potential ΨRP (blue line) increases rapidly as
e becomes more negative. It is worth noticing that the gap-closing is enforced
by the monotonically increasing ΨAP (red line): however, when the gap between
vehicles becomes too large, gap closing might be not necessary, and ΨAP (e)
converges to a constant for e� 0. In the next part, we will show how to design
control actions along the derivative of the artificial potential fields.

3.2 Lateral and Longitudinal Control

Controllers in the lateral and longitudinal directions are involved in the vehicle
merging process, so a potential function for vehicle i can be defined as:

Z = ΨA(exik
) + ΨA(eyi

)

= k1(k3 − e−k2(exik
−ce))2 + k1(k3 − e−k2(eyi−ce))2

(17)

where exik
is the error state variable in the longitudinal direction, and eyi is the

error state variable in the lateral direction, as shown in Fig. 5. If vehicle i is on
the lane 1, eyi

= 0.

Remark 1. In (17), the APF for longitudinal and lateral behavior are taken to be
of the same kind, which is done for simplicity of design and to make use of existing
design methods. In principle, one can adopt different APF for longitudinal and
lateral behavior.



Fig. 4. The repulsive and attractive Morse-
like potential

Fig. 5. The artificial potential function for
the two directions

Because the steering angle is relatively small even during merging, the lon-
gitudinal and the lateral directions can be controlled separately, which is done
in several literature [1, 5, 16, 24]. Also, to introduce more realism in the con-
trol design, we consider the following actuator dynamics, which represent en-
gine dynamics and steering dynamics (refer to similar approaches in the litera-
ture [5, 10]):

ȧi = − 1

τx
ai +

1

τx
uxi

(18)

ω̇i = − 1

τy
ωi +

1

τy
uyi

(19)

where uxi[m/s
2] and uyi[rad/s

2] are the inputs to be designed, and τx, τy[s] are
the actuator time constants for longitudinal and lateral direction (engine time
constant and steering wheel time constant).

The behavior of the merging vehicle in the lateral direction is to make a lane
change, so it can treat the adjacent lane as its target which can give an attractive
force and treat the previous lane as a obstacle to avoid. Given the lateral part
of the potential function (17), the lateral controller which is used to control ωi

can be determined by:

uyi
=
∂ΨA(eyi

)

∂eyi

(20)

During the merging process, in the longitudinal direction, the goal of M3 is
to follow M2 while a minimum safe distance to M1 is guaranteed. For M2, the
purpose is to follow M1. So the control input for M3 in the longitudinal direction
can be determined using the following APF:

ΨM3(ex31 , ex32) = ΨRP (ex31) + ΨA(ex32) (21)



To satisfy the requirements of CACC, the ego vehicle should know the control
input of its preceding vehicle via wireless communication. Therefore, in line
with [10], ux3

which is used to control a3 can be calculated by:

ux3 =
∂ΨRP (ex31

)

∂ex31

+
∂ΨA(ex32)

∂ex32

+ ux2 . (22)

Similarly, for M2, if it has a preceding vehicle labeled k on lane 2, the APF
can be chosen as ΨM2

(ex2k
, ex21

) and the control input ux2
which is used to

control a2 is similar to that of M3:

ux2
=
∂ΨRP (ex2k

)

∂ex2k

+
∂ΨA(ex21

)

∂ex21

+ ux1
. (23)

If the merging vehicle is the first vehicle in its previous platoon, which means
that M2 does not have a preceding vehicle k, then the APF is defined as ΨA(ex21

),
and ux2 becomes:

ux2
=
∂ΨA(ex21

)

∂ex21

+ ux1
. (24)

The stability of the proposed method relies on the fact that the longitudinal
and lateral dynamics can be decoupled, which allows to write v̇i = ai, ϕ̇i = ωi,
i.e. the two inputs affect independently the two directions. The stability analysis
of both directions can be done through a Lyapunov approach similar to [9] but
is omitted due to the space limitations. We will provide the stability analysis in
an extended version of this work.

4 Simulation Results

In this section, simulation results are presented, which are performed in the
software CarSim. Three B-class hatchbacks as in Fig. 6 are with geometric pa-
rameters listed in Table 1 (engine parameters and other vehicle parameters inside
CarSim are consistent with the default parameters of the B-class hatchback and
they are not reported for lack of space).

Fig. 6. B-Class hatchback model in CarSim

In the software CarSim, aerodynamics and road friction make the vehicle
model more realistic. In addition, CarSim can simulate engine and driveline dy-
namics that are not included in the control design, thus validating the method-
ology in a more realistic setting. The CarSim takes the desired longitudinal



acceleration uxi as an input, and allows to transform the desired lateral acceler-
ation uyi

into the front wheel steering angle δf . The related parameters in the
controller design are shown in Table 1.

Table 1. Basic Parameters of the Vehicle Model

Parameters Values

Wheelbase l 2.6 m
Vehicle length L 4.0 m

Time constant τx, τy 0.06 s
Weight factor c1 0.3 m/rad
Weight factor c2 10 s

Standstill distance ri 5 m
Time gap h 0.5 s

The target speed for the merged platoon is v = 10 m/s. Also, vi(0) = 10 m/s
for i = 1, 2, 3, and the control input ux1

(0) = 0 m/s2. In the lateral direction,
the desired offset Yo = −2 m (which represent a lane change) and the desired
yaw angle ϕo = 0 rad. Two simulations are performed to show the effectiveness
of the proposed method.

– In the first scenario, the initial positions of the vehicles are X3(0) = 0 m,
X2(0) = 10 m and X1(0) = 20 m (large initial gap);

– In the second scenario, the initial positions of the vehicles are X3(0) = 0 m,
X2(0) = 5 m and X1(0) = 10 m (small initial gap, which requires vehicles
M1 and M3 to create a sufficiently large gap).

The APF use the same k1, k2, k3 as in Fig. 4. For the first scenario, the simulation
results are shown in Fig. 7 and Fig. 8. It is found that at around t = 32 s the
merging process is completed and the platoon has been formed because the
longitudinal distance between vehicles like d21, d32, d31 is equal to the desired
distance dr,i; moreover, all vehicles have reached the target speed v = 10 m/s.
While in the lateral direction, the merging vehicle M2 reaches the expected lane
change in less than 10 s.

For the second scenario, the simulation results are shown in Fig. 9 and Fig. 10.
The initial gaps between vehicles are smaller which are insufficient for vehicle
to merge directly, so M3 needs to create a gap with M1. In fact, it can be seen
that M3 reaches smaller velocity values than in the first scenario to create the
appropriate gap (i.e. it brakes more). The final platoon is achieved at around
t = 38 s, which is consistent with the fact that if the initial gap is not large
enough, more time will be used to create gap for the merging vehicle.

Fig. 11 collects snapshots of the video produced in CarSim for the first sce-
nario at different times: t = 0 s, 5 s, 15 s and 50 s. The positions of these
vehicles corresponds with the above analysis results. Fig. 12 collects snapshots
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Fig. 7. First scenario (large initial gap):
variables in the longitudinal direction
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Fig. 8. First scenario (large initial gap):
variables in the lateral direction
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variables in the longitudinal direction
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Fig. 10. Second scenario (small initial gap):
variables in the lateral direction

of the video produced in CarSim for the second scenario. M2 and M3 are very
close at time t = 0 s, but it can be seen that M3 has already created some gap
at t = 5 s to avoid collision. Finally, the desired gap is produced and all control
objectives are achieved.

Fig. 11. Snapshots of vehicles in the first
scenario (large initial gap) at times
t = 0 s, 5 s, 15 s and 50 s.

Fig. 12. Snapshots of vehicles in the sec-
ond scenario (small initial gap) at times
t = 0 s, 5 s, 15 s and 50 s.



5 Conclusions

This paper focused on the vehicle merging problem in a cooperative setting
(i.e. with gap creating and gap closing features) and proposed longitudinal and
lateral control laws using artificial potential fields. In the lateral direction, yaw
angle error and lateral offset error were made to converge to zero with the help
of the gradient of potential functions. In the longitudinal direction, position
error and velocity error were controlled to achieve gap making and gap closing
via another potential function. Simulation results in CarSim have shown the
effectiveness of the proposed idea. This work is a preliminary study and has
used some simplifying assumptions and settings (although motivated from the
literature). It is of interest to relax some of these settings in future work, such
as: considering variations in the vehicle size, handling explicitly the coupling
between longitudinal and lateral dynamics, or handling explicitly curved lines
(e.g. by adding a preview distance [25]). Handling the presence of human-driven
vehicles is another interesting aspect [26].
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