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ABSTRACT Connectivity and autonomy are considered two of the most promising technologies to improve
mobility, fuel consumption, travel time, and traffic safety in the automated transportation industry. These
benefits can be realized through vehicle platooning. A vehicle platoon is composed of a group of connected
automated vehicles (CAVs) traveling together at consensual speed, following the leading vehicle (leader)
while maintaining a prespecified inter-vehicle distance. This paper reviews the different existing control
techniques associated with the transitional platoon maneuvers such as merge/split and lane change. Different
longitudinal and lateral vehicle dynamics that are mainly used in the transitional platoon maneuvers are
discussed. The most used control algorithms for both longitudinal and lateral control used for transitional
platoon maneuvers are reviewed and the advantages and limitations of each control strategy are discussed.
The most recent articles on platoon control maneuvers have been analyzed based on the proposed control
algorithm, homogeneously or heterogeneously of platoon members, type of platoon maneuver, the aim of
control problem, type of implementation, and used simulation tools. This paper also discusses different
trajectory planning techniques used in lateral motion control and studies the most recent research related
to trajectory planning for automated vehicles and summarizes them based on the used trajectory planning
technique, platoon or/and lane change, the type of traffic, and the cost functions. Finally, this paper explores
the open issues and directions for future research.

INDEX TERMS Platoon maneuver control, split, join, lane change, longitudinal control, lateral control,
trajectory planning.

I. INTRODUCTION
Current transportation systems are being challenged with
the constant increase in traffic capacity, fuel consumption,
and environmental pollution. Vehicle platooning is an Intelli-
gent Transport System (ITS) application that has arisen as a
promising solution for these traffic issues [1].

The primary purpose of vehicle platooning (see Fig. 1)
is to group interconnected vehicles traveling in the same
direction with short inter-vehicle distances to improve traffic
management, increase traffic capacity, reduce travel time,
and enhance passengers’ comfort by eliminating extreme
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FIGURE 1. Vehicular platooning system. VL and VF stand for vehicle
leader and vehicle follower respectively.

accelerations and decelerations. This is achieved by adjust-
ing the vehicles’ speeds using onboard longitudinal motion
controllers and inter-vehicle communication.

Besides longitudinal motion, vehicle control in a platoon
needs to deal with transitional maneuvers such as lane change
and splitting from and joining the platoon [2]. Some of the
main challenges in vehicle platooning are joining the platoon
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FIGURE 2. Control hierarchy of platoon maneuvering.

(for non-platoon vehicles), splitting from the platoon (for a
platoon vehicle), and lane changing as detailed in Section II.
These tasks will be herein referred to as platoon transitional
maneuvers.

To have a successful platoon maneuver, it is necessary to
design the control system of the platoon based on five control
layers. An overall five-layer hierarchical control structure for
a platoon of vehicles shown in Fig. 2 [3].
• Network Layer:This first layer controls the entering traf-
fic and routes traffic flow. It is responsible for optimizing
the capacity of the road and the average travel time for
each vehicle and reducing transient congestions.

• Link Layer: This layer is responsible for controlling the
link’s traffic flow to achieve its full capacity and mini-
mize the travel time of vehicles and traffic congestion.
The link is divided into sections, one section for each
lane. Each link communicates with the neighboring links
and transfers the traffic flow between links. In this layer,
aggregated vehicle densities in every section within the
link are measured.

• Coordination and Planning Layer: This third layer,
determines the intents of the different vehicles in the
platoon such as join, split and change lane maneuvers.
In a join maneuver, one or more vehicles join an existing
platoon or form a new platoon. In the split maneuver,
however, one or more vehicles separate at a designated
position from a platoon. This layer performs a structured
exchange of data via communication protocols with the
neighboring vehicles to safely execute such a maneuver.

• Regulation Layer: This fourth layer deals with the vehi-
cle’s lateral and longitudinal control. It receives the

commands from the coordination layer and trans-
lates them into steering, throttle, and braking inputs
to the onboard vehicle’s actuators. It uses various
continuous-time feedback control laws to generate
inputs to the vehicle’s actuators to execute the desired
maneuvers. This layer handles two longitudinal con-
trol tasks, namely maintaining specified velocity and
inter-vehicle spacing, and efficiently and safely perform
maneuvers outputted by the coordination and planning
layer for the platoon leader or free agents.

• Physical Layer: The last layer consists of the local phys-
ical components which include local sensors, various
lateral and longitudinal guidance, steering and brake
control systems, and transmission and engine.

Several review studies dealingwith different aspects of pla-
toon algorithms have been conducted in the literature. In [4],
several research works on vehicle platooning are reviewed
and analyzed based on the four main components of the pla-
toon system from the networked control system perspective.
Furthermore, string stability, string margin, and coherence
behavior have been discussed. However, the scope of this
paper is limited to platoon longitudinal control systems and
only the longitudinal dynamics of the vehicle are discussed,
while the lateral control of vehicles for platoon maneuvering
purposes is not considered. In [5], articles on communication,
driver characteristics, and control system of the platooning
system in the longitudinal direction are reviewed and several
real-world issues such as communication effects, traffic com-
position, and driver behavior that affect the performance of
the platoon control modules have been discussed. The objec-
tive of this review was also limited to longitudinal motion
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TABLE 1. Comparison of this paper with the existing survey articles.

of the platoon and lateral motion with is used lane change,
join/leave maneuver is not considered. In [6], a survey on
different lateral and longitudinal control algorithms, com-
munication and positioning systems, effects of surrounding
vehicles and environment on connected and automated vehi-
cles (CAVs) for lane change and merge maneuvers is pro-
vided. Additionally, a study on different simulation tools used
for lane change and merge maneuvers have been conducted.
In this paper, a few numbers of control techniques and a few
numbers of articles related to transitional platoon maneuvers
have been studied and reviewed.

In [7], a survey on different characteristics of platoon
planning and different problems that arise in platoon planning
focusing on truck platooning is conducted and the level of
human involvement in platooning is discussed. However,
it did not cover the control aspect of the platoon system.
In [8] authors reviewed existing articles on truck platooning
from the perspective of fuel economy where the articles
are classified and analyzed based on air drag reduction and
fuel consumption reduction. Various control algorithms are
discussed to minimize fuel consumption in truck platooning.
The scope of this review paper is limited to fuel economy and
only longitudinal motion of platoon is covered.

Table 1 highlights the contribution of this paper with
respect to existing review papers where this survey paper is
compared with existing review papers based on some crite-
ria such as control modes, platoon maneuvers, years range.
This paper provides an overview of the most recent research
from 2010 to 2020 conducted on platoon maneuvers’ control
strategies and highlights their advantages and limitations.
Articles are classified and analyzed based on the proposed
control algorithm, homogeneously or heterogeneously of pla-
toon members, type of platoon maneuver, the aim of control
problem, type of implementation, and used simulation tools.
Furthermore, a review on trajectory planning for automated
vehicles used in the lateral motion control has been con-
ducted. Finally, this paper explores gaps in the literature that
can be studied in future research.

The rest of this paper is organized as follows: Section II
presents a brief overview of platoon maneuvers’ control
objectives. Section III discusses the different models of
vehicle dynamics. Section IV focuses on different control

techniques used for platoon maneuvers, followed by the tra-
jectory planning in Section V. Finally, conclusion and future
research directions are provided in Section VI.

II. PLATOON MANEUVERS OVERVIEW
A. PLATOON MANEUVERS CONTROL OBJECTIVE
Several modules with different requirements are needed to
work together to achieve the desired targets of a vehi-
cle platoon discussed in Section I. These modules are
the coordination module, perception module, and autopilot
module.

A high-level coordination module consists of a strat-
egy management algorithm that specifies the rules required
for the communications between vehicles in the platoon.
An example is given in [9], where the control hierarchical
driving architecture is a centralized platoon strategy, where
the platoon leader coordinates with platoon followers in a
three-layer architecture: traffic control, management, and
guidance layers. Another important subsystem of this mod-
ule is the inter-vehicle communication topology. In [10],
the impact of various communication topologies in the pla-
toon is studied.

The perception module provides information about the
surrounding areas and extracts necessary data from the envi-
ronment to determine the exact locations of the vehicles and
to enable the vehicle to find its position with respect to the
environment [11].

Researchers have proposed different control techniques
for platoon control. These techniques are used for various
purposes such as platoon longitudinal and lateral control,
platoon (string) stability, and platoon coordination [12]–[14].
The control of the vehicle in a platoon is the primary respon-
sibility of the autopilot module. Some of the tasks carried
out by this module using onboard hardware and software
are trajectory/path planning, platoon longitudinal and lateral
control, and obstacle avoidance [15].

To perform different vehicular platoon maneuvers,
a higher-level control is needed to make decisions about the
initiation time and the type of the maneuver. The maneuver-
ing vehicle (the vehicle that performs the maneuver(s)) and
the vehicles in the platoon receive these decisions through
communication links. The maneuvering control tasks can be
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FIGURE 3. Maneuvering region.

divided into two parts, namely, maneuver logic and vehicle
control [16]:

1. Maneuver Logic: This part decides the sequence of the
maneuvers in the maneuvering region shown in Fig. 3.
It defines the actual velocity and position of the maneuver-
ing vehicle on themaneuver lane and alsowhich vehicle(s)
from the platoon must be included in the maneuvering
process. Maneuver logic specifies ‘‘which’’ vehicle will
perform the maneuver in ‘‘what’’ order and ‘‘where’’ to
go instead of ‘‘how’’ it will do that, which is performed
by the vehicle control.

2. Vehicle Control: This part controls how the vehicle in
the platoon achieves the desired maneuver(s). Maneuver’s
constraints, pertaining to the vehicle capabilities or space
and time constraints, must be considered in the control
design.

The vehicle control objective is to longitudinally and lat-
erally maneuver a vehicle to change lanes, join a platoon,
or split from a platoon.

• Lane Change: The objective of the lane change proce-
dure is to move the maneuvering vehicle laterally from
its current position to the desired lane. The lane change
process is the first action that needs to be taken by the
maneuvering vehicle to join or leave the platoon.
After a successful lane change operation and joining
the platoon, the maneuvering vehicle will be part of the
platoon and needs to abide by the platoon’s constraints
(speed and maximum inter-vehicle distance). In the case
of leaving the platoon, a vehicle can also act as a free
agent and never joins a platoon after a lane change.
In [17], an optimal lane change strategy for vehicle
platooning based on the lateral and longitudinal control
is studied, and in [18] a PID controller is used to perform
the lane change maneuver for an automated vehicle
while avoiding any collision with neighboring vehicles.

• Joining a Platoon: Joining a platoon involves maneuver-
ing a non-platoon vehicle (designated asMV in Fig. 4) to
a position in the platoon lane (middle, ahead, or behind)
such that it becomes part of the platoon. In [19],
the merging behavior is modeled for a non-platoon
vehicle, joining a cooperative adaptive cruise control
(CACC)-based platoon and in [15], distributed con-
trollers are used to develop a merging schema that
is capable of creating a gap in a platoon to allow a
non-platoon vehicle to join the platoon and guarantee a
collision-free maneuver.

FIGURE 4. A merge procedure: (a) in front, (b) in the middle, (c) at the
back.

• Splitting From a Platoon: To split from a platoon, a vehi-
cle (designated as FV2 in Fig. 5) needs to create enough
distance from the neighboring vehicle (scenarios b and c
in Fig. 5) or make a lane change (scenario (a) in Fig. 5).
After the split, the platoon vehicles need to adjust their
inter-vehicle distances. At the end of the maneuver,
the maneuvering vehicle becomes a free agent. In [20],
a distributed and consensus-based approach is proposed
to control both platoons’ joining and leaving maneuvers.

III. VEHICLE MODELING
In the context of longitudinal and lateral control for vehi-
cles in the platoon, vehicle models are used to investigate
the effect of input signals (position, velocity, acceleration,
steering angle) on the orientation and velocity of the vehicle
in time and space. The most used vehicle models based on
complexity are mass point models, kinematic models, and
dynamicmodels.Mass point models are themost basic model
of vehicles that express the dynamics of the vehicle as a mass
point. These models are rarely used in control and automation
applications since they do not involve other dynamics which
affect the speed and steering angle of the vehicle [21]. Kine-
matic Models are achieved through geometric relations that
describe the vehicle motion without considering the effect of
forces on the motion. This model can be used in low-speed
vehicle control applications [22]. Dynamic models are the
most used model in applications where longitudinal and lat-
eral forces on the vehicle body and vehicle tire are used
to model the vehicle dynamic. Vehicle dynamic models can
be used in various applications based on a different degree
of freedoms such as models based on all four wheels of
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FIGURE 5. A split procedure: (a) from the front, (b) from the middle,
(c) from the back.

the vehicle; models based on two wheels, models based on
vertical vehicle dynamics (longitudinal vehicle dynamic);
models based on horizontal vehicle dynamics (lateral vehi-
cle dynamic); and models based on both horizontal and
vertical vehicle dynamics (longitudinal and lateral vehicle
dynamic) [22].

In a platoon maneuver, it is essential to integrate both
longitudinal and lateral dynamics of the vehicle. The longitu-
dinal vehicle dynamic model is based on the dynamics of the
vehicle that generate forward motion. Due to some nonlinear-
ities such as aerodynamics drag, brake system, driveline, and
engine, the vehicle longitudinal dynamics are nonlinear.

Some of the papers such as [23], [24] used a nonlinear
model of vehicle longitudinal dynamics directly into the pla-
toon design system. Indeed, linear vehicle dynamics are the
most common dynamics used for tractable problems. The
single integrator model, double integrator model, third-order
model, and single-input-single-output (SISO) model are the
commonly used linear vehicle dynamics.

The simplest case is the single integrator vehicle dynamic
model, where only the velocity of the vehicle is being
controlled. The main advantage of this model is the sim-
ple theoretical analysis for some controller synthesis. How-
ever, due to the simplicity of this model, it is not suf-
ficient for complex control applications such as platoon
transitional maneuver. In [25] and [26], a single integrator
model is used for longitudinal vehicle dynamics in platoon
formation. The second-order vehicle dynamic model uses

acceleration as a control input to improve the stability of
the system. In this model, the platooning vehicle is con-
sidered as a point mass. In [27], a second-order vehicle
model is used to control the inter-vehicle distance between
vehicles in platoon using a non-linear consensus algorithm.
The second-order model still does not include some of the
properties of the vehicle dynamic such as inertial delay in
vehicle powertrain dynamic, and this could cause instabil-
ity in the real-world [28]. A third-order dynamic is used
to solve this issue. In this model, the braking torque and
engine torque are used as control inputs. In [29] and [30],
a third-order vehicle dynamic is used for the platoon vehi-
cle.

The lateral vehicle dynamic model is based on the dynam-
ics of the vehicle that generates a perpendicular motion to
the forward motion. The bicycle model and dual model are
the common lateral vehicle dynamic models. In the bicycle
model, front and rear tire forces are acting at the centerline
at the front, and rear axles; however, in dual-mode, front
and rear tire forces are acting at the four vehicle corners.
Based on the application, different degrees of freedom can be
used for lateral vehicle dynamic modeling. Quarter vehicle
model with 2-degree-of-freedom (lateral, yaw), half vehicle
model with four or five- degree-of-freedom (longitudinal,
lateral, yaw, roll) and full vehicle model with 7 or 18- degree-
of-freedom are the example of different degree of freedom
associated with vehicle dynamic [31]. The lateral vehicle
dynamic model can be written in two forms: linear and
nonlinear models. The linear model uses the linear model
of the tire; however, the nonlinear model uses the nonlinear
model of tire. In literature, it has been indicated that the linear
model can predict reasonable responses up to slip angles
of 2 degrees and lateral accelerations of 0.5g, and, for higher
slip angles and lateral accelerations, the nonlinear model has
a better response [32]. In [33], [34] a linear two-degree-
of-freedom(2DOF) bicycle model of vehicle is used which
represents the vehicle lateral position and the vehicle yaw
angle to control the lateral motion of the vehicle for lane
change purpose. In [35], a nonlinear 2-DOF bicycle model
is used for the lateral dynamics of the vehicle to design a
lateral controller to minimize the lateral displacement error
with respect to the reference path. In [36], a nonlinear lateral
dynamic of the 2-DOF dual vehicle model is used to investi-
gate the performance of the controller in the steering control.

IV. PLATOON MANEUVER CONTROL TECHNIQUES
As discussed in Section II, lane change and join/split maneu-
vers can involve both lateral and longitudinal control. The
platoon maneuver control system can be divided into lon-
gitudinal control and lateral control. The longitudinal con-
trol aims to ensure that the vehicles in a platoon keep a
pre-specified inter-vehicle distance while traveling at the
same longitudinal velocity. The objective of lateral control
is to control the lateral motion of the platoon in a case of
transitional maneuvers such as lane change, join a platoon,
and splitting from the platoon.
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A. LONGITUDINAL CONTROL
Researchers have extensively studied the longitudinal con-
trol problem. Several longitudinal controller techniques have
been used to address this problem while attempting to simul-
taneously achieve other objectives such as optimizing fuel
consumption or ensuring platoon stability [37]. In what
follows, various longitudinal controllers proposed in the
literature are presented and discussed.

1) PROPORTIONAL INTEGRAL DERIVATIVE CONTROL
The Proportional Integral Derivative (PID) control technique
is widely used in various industrial control applications
because of its effectiveness and simplicity [38]. Designing
the PID controller is very simple since it only requires tuning
three parameters, the proportional gain, the derivative gain,
and the integral gain. The tuning process can be performed
manually or automatically using advanced software tools.
This controller works by considering the difference between
the set point (desired inter-vehicle distance) and the con-
trolled variable (the measured inter-vehicle distance) [39].

A PID feedback controller is proposed in [40] in the pres-
ence of the noise signal such as sensing lags, actuation lags,
a gust of air, weather condition, and inaccuracy in the traction
force, for the longitudinal control of the leading vehicle and
following vehicles. The designed controller has been applied
on six vehicles with nonlinear dynamic moving in a platoon.
The performance of the platoon under sudden braking and
acceleration in critical conditions us studied and it has been
observed through the numerical simulation results that the
designed PID feedback controller follows the pre-defined
velocity and inter-vehicle space only once the steady-state
behavior is obtained. The PID controller is mainly developed
based on the constant distance (CD) policy where the desired
inter-vehicle spacing in the platoon is independent of the
vehicle’s velocity and is constant. Using CD policy requires
more attention on the communication connections and con-
troller parameters to ensure the string stability of the platoon.
Therefore, CD policy is not proper for the autonomous pur-
pose. String stability of the platoon refers to a property in
which the disturbances such as errors in spacing and velocity
are not amplified when propagating towards the tail of the
platoon. The developed control law in [40] only requires the
information of the predecessor vehicle, which is not sufficient
to guarantee the string stability of the platoon. To ensure
string stability and have safe control of the platoon, in addi-
tion to the state of the predecessor vehicle, the information of
the leading vehicle in the platoon and spacing error dynamics
is essential to be added in the control law. Additionally, it is
proposed to replace the PID controller with a sliding mode
controller with constant time headway (CTH) policy where
the distance between two adjacent vehicles varies linearly
with the vehicle’s velocity. In [41], to keep the headway dis-
tance between vehicles in the platoon as constant as possible
and the difference between the velocity of platoon vehicles
as small as possible, equal PID controllers are applied to

all vehicles, except the leading vehicle. A nonlinear vehicle
dynamic with feedback PID control and feedforward control
based on an inverse model of nominal dynamics of vehicle
is used to study the performance of the designed controller.
To simulate and analyze the performance of each vehicle
and platoon, MATLAB/Simulink is used, and it is shown
that the desired behavior of the velocity and inter-vehicle
space of each following vehicle in the platoon is successfully
achieved using the proposed approach. However, for the PID
controller in case of the nonlinear model or changes in initial
conditions the controller gains should be tuned to keep the
desired performance.

2) SLIDING MODE CONTROL
Sliding mode control (SMC) is a variable structure con-
troller, where the closed-loop nonlinear system dynamics are
changed through a high-frequency switching control. This
approach has two main advantages comparing to other con-
trollers. First, by choosing particular switching functions,
the dynamic behavior of the controller can be modified.
Second, for a particular class of uncertainty, the response
of the closed-loop system becomes insensitive to distur-
bance. Moreover, this controller can specify the perfor-
mance directly, which makes it attractive from the design
perspective [42].

An SMC was designed in [43] to control the inter-vehicle
distance between vehicles in the platoon while maintaining
the pre-defined platoon velocity with CTH policy and to
ensure the string stability of the platoon. A second-order
vehicle dynamic with parasitic time delays and lags of the
sensors and actuators is designed to study the string stability
of the platoon. Based on the simulation results, the developed
control schema showed a fast response under external distur-
bance and it can ensure the string stability of both the homo-
geneous (platoon of vehicles with same dynamics model)
and the heterogeneous (platoon of vehicles with different
dynamics model) platoon. Furthermore, it has been shown
that it is essential to consider the parasitic time delays and
lags in studying the string stability of the platoon; otherwise,
it will produce impractical results.

A neural adaptive sliding-mode control strategy using
novel output feedback was proposed in [44] to control the
platoon vehicles longitudinally with a bidirectional commu-
nication strategy and constant time headway (CTH) policy.
A neural adaptive sliding-mode control algorithm based on
the integrated-sliding-mode (ISM) technique is designed to
guarantee the desired inter-vehicle distance in the platoon
base on the CTHpolicy. Additionally, to decrease the commu-
nication load and themeasurement complexity, a higher-order
sliding-mode controller is designed to obtain the required
information such as position, velocity, and acceleration of
the platoon vehicles. The stability theorem is used to ensure
string stability. To simulate and verify the effectiveness and
feasibility of the developed sliding-mode controller, a sim-
ulation study is conducted, and it has been observed that
the developed controller converges faster to the pre-defined
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velocity and inter-vehicle space; therefore, it is more practi-
cal, and pragmatic compared to the traditional sliding-mode
controller.

In [45], a switched fuzzy adaptive double coupled sliding
mode algorithm is designed to control the platoon longitu-
dinally and to guarantee its string stability. The controller is
imposed into a third-order vehicle dynamic model with exter-
nal disturbance and sufficient and necessary conditions are
provided for coupling coefficients of sliding mode surfaces
about neighboring vehicles to guarantee the robust string
stability of the platoon system. Additionally, to overcome
the chattering problem in the sliding mode method, a con-
troller with a switched parameter is designed. It has been
observed through the numerical simulation results; the devel-
opedmethod has better tracking performance compared to the
traditional sliding mode control on acceleration, position, and
speed of the vehicles in the platoon. Additionally, the results
showed that at the presents of disturbance in the system,
the pre-defined space between two vehicles in the platoon
can be appropriately kept. It is noted that as the speed of the
platoon increases the following vehicles are able to track the
leading vehicle with the constant displacement error.

3) MODEL PREDICTIVE CONTROL (MPC)
Model predictive controllers (MPCs) predict the future
response of the system by employing an explicit process
model [46], [47]. In [48], a model predictive control (MPC)
combined with a frequency domain controller using a control
matching approach is designed to involve both constraint sat-
isfaction (safety and physical) and string stability for a vehi-
cle platoon application. The proposed controller is verified
both in the field test and in the simulations. Three vehicles
with third-order vehicle dynamics are used to evaluate the
proposed control strategy in three scenarios: constraints satis-
faction, string stability, and vehicle following. Experimental
and simulation results indicated that the string stability could
be ensured using a single MPC controller while consider-
ing the constraints resulting from limitations, safety, and
performance.

A model predictive control (MPC) for longitudinal control
of a vehicle platoon proposed in [49] with the main aim to
decrease fuel consumption and enhance road safety by con-
trolling the vehicles’ speed in the platoon and adjusting their
inter-vehicular distance using a centralized MPC method.
The longitudinal dynamics of the vehicles in the platoon are
modeled based on the forces involved during the brake and
the acceleration, such as rolling resistance, tractive force, and
aerodynamic. The control law is devoted to regulating the
longitudinal spacing and velocity of the following vehicles
based on the behavior of the leading vehicle. The developed
controller adjusts the vehicle speed over a time horizon with
the main aim is to optimize the cost function, which reduces
the square deviations of the inter-vehicular space, tractive
forces, speeds, and positions of the vehicles in the platoon.
The developed control system has been simulated under
two different scenarios: constant speed reference value and

time-varying speed reference value and it has been observed
that the proposed control system is more effective in a con-
stant speed reference case. It has been noted that the proposed
controller can handle constraints of the system therefore more
desired performance is obtained. However, the performance
of the proposed controller is sensitive to the accuracy of the
prediction model and it required a large tuning parameter set.

In traditional MPC controllers, to compute the control
inputs, it is usually assumed that all states are known
to the control system. Traditional MPCs are mainly used
in a centralized manner. However, in some traffic sys-
tem scenarios, centralized information is not possible.
To address this issue, distributed MPCs (DMPCs) were intro-
duced. In distributed MPC, each controller uses the tra-
ditional MPC method to control its system by consider-
ing the objectives, constraints, disturbances, dynamics of
the subsystem, and the interactions between various sys-
tems [50]. Local controllers use local information to gen-
erate local control inputs and share the obtained informa-
tion with other controllers to enhance the system’s perfor-
mance.

DMPC is used in [51] for a vehicle platooning appli-
cation to control the inter-vehicular distance between two
adjacent vehicles in the platoon and adjust the speed of
the platoon’s leading vehicle based on the pre-defined con-
stant velocity. A distributed model predictive control strat-
egy is used to control all vehicles in the platoon with
input constraints. The author modeled the vehicle dynamic
based on the more realistic vehicle dynamic model. Each
vehicle in the platoon receives control information from
the predecessor vehicle, which is used to solve the local
optimization problem and transmit the resulted optimal
solution to the successor vehicle in the platoon within
the same sampling instant. It has been proved through
simulation results that the developed control strategy is
feasible and effective. The developed DMPC algorithm
needs to be validated against environment disturbance,
communication failure, and lags from sensors and actuators
to ensure the string stability of the platoon.

In [13], a DMPC scheme is proposed for a platoon
with nonlinear vehicle dynamics, which uses unidirectional
topology to exchange information between vehicle platoons.
Through simulation results, the string stability of the pla-
toon using the proposed DMPC is guaranteed. It is noted
that by including the state of the follower vehicle into the
optimization problem, a collision-free environment can be
generated. Additionally, the effects of communication failure
have been investigated in this paper. It has been observed
through simulation results that the developed DMPC is not
able to overcome this issue. Hence, a new DMPC model,
which can handle steady-state error due to the communica-
tion failure, is designed and verified through a simulation
environment. The proposed DMPC algorithm is shown to be
an effective and powerful tool for managing and modeling
bidirectional topology. The proposed DMPC algorithm can
be further improved by considering random delays.
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4) CONSENSUS CONTROL
Researchers have worked on consensus problems in dis-
tributed computing for many years. The consensus control is
used to develop algorithms for a number of vehicles to agree
on a single data value regarding a specific quantity of interest
(inter-vehicle distance and velocity) through exchanging data
with neighboring agents [52]. Single-integrator strategy is the
most used continuous consensus strategy [53], [54] and is
expressed as:

ẋi (t) = −
∑n

j=1
aij (t)

(
xi (t)− xj (t)

)
, i=1, . . . , n (1)

where aij (t) is the (i,j) entry of the adjacency matrix of the
associated communication graph of the system at time t ,
xi(t) is the information state (distance to the preceding car,
velocity) of the vehicle i at time t , and n is the number of
vehicles. The consensus is reached (meaning the vehicle i
and its adjacent vehicle are agreed on a single value of inter-
vehicle distance and velocity) when the information state of
vehicle i is driven toward the information state of the adjacent
vehicle.

For modeling the vehicles’ dynamics in a platoon,
a double-integrator strategy can be obtained from the
single-integrator distributed consensus algorithm’s extension
[55], [56]. The double-integrator distributed consensus strat-
egy is expressed as:

ẍi (t) = −
∑n

j=1
aij (t)

[(
xi (t)− xj (t)

)
+γ

(
ẋi (t)− ẋj (t)

)]
, i = 1, . . . ., n (2)

where γ > 0 is a tuning parameter which indicates
the weight of the difference between the derivatives of
the states xi (t) and xj (t). This system can be used to
tackle the vehicular platooning control issues [57], where
xi (t) , ẋi (t) , and ẍi(t) are longitudinal position, velocity,
and acceleration, respectively, of the agent i at time t . The
value of the acceleration of vehicle i can be computed based
on the acceleration and velocity of the agent itself and the
adjacent agents. A consensus of this scheme is reached once
both position consensus xi (t)− xj (t) and velocity consensus
ẋi (t)− ẋj (t) are reached by all the vehicles in the network.
In [58], a double-integrator distributed consensus-based

cooperative adaptive cruise control (CACC) scheme is
designed to control the speed and inter-vehicle distance
between members of the platoon. In this paper, heterogenous
vehicles without considering time delay and lags are used to
test the proposed control strategy using MATLAB/Simulink
simulation environment. The simulation results indicate the
ability of the proposed algorithm in maintaining the platoon
velocity and inter-vehicle space in the presence of different
disturbances such as communication delay and sensor lags.
Additionally, the proposed control system was able to carry
out the platoon joining and leaving maneuvers. In this paper,
the authors considered the system level of the vehicles, and
the actual vehicle dynamic has not been considered.

A second-order consensus algorithm is developed in [59]
to obtain platooning of vehicles affected by heterogeneous

time-varying delays due to wireless communication between
vehicles in the platoon. Lyapunov–Razumikhin theorem is
used to assure the stability of the platoon in the presence
of time-varying delay. Results obtained from the numerical
implementation confirm the validity of the proposed algo-
rithm in the presence of disturbances.

Time delay due to communication failures and packet
losses in the communication channel will affect the platoon’s
string stability. To overcome these issues, a consensus-based
control algorithm is proposed in [60] where a control law
with Bernoulli distribution is designed to solve the problem
of variable time delay and packet losses. Non-linear vehicle
dynamic is used to test the effectiveness of the proposed con-
troller under time-vary delay and packet losses. The effective-
ness and validity of the proposed method are proved through
both theoretical and simulation results.

A consensus-based control schema for nonlinear vehicles
following application with time delay is presented in [61]
where the exact feedback linearization technique is used to
derive a linearized third-order dynamic model for vehicles.
A consensus-based control algorithm is proposed with a con-
stant and variable time delay to control the inter-vehicular
distance between vehicles and adjust the speed of the platoon.
Lyapunov-Razumikhin theorem and Lyapunov-Krasovskii
theorem are used to acquire sufficient conditions that ensure
the string stability of the platoon. The correctness and feasi-
bility of the proposed algorithm are verified using numerical
simulation results and theoretical results.

A unified consensus-based control scheme is designed
in [62] to address various problems of vehicular platoon such
as collision avoidance, gap closure, and platoon formation in
the urban environment. A double-integrator vehicle dynamic
model is used in this paper. The proposed algorithm aims to
obtain the position and velocity consensus of the vehicles in
the platoon by considering the nature of the motion in the
traffic. To achieve a gap closure scenario, an algorithm for
adjusting the controller parameters online is proposed. Addi-
tionally, the collision avoidance scheme is developed and
integrated with the consensus-based controller to ensure the
minimum safe space between vehicles in the platoon. To ver-
ify the feasibility and efficiency of the developed controller,
a realistic simulator known as ICARS with actual vehicle
dynamic models is used to implement the proposed algo-
rithm. The simulation and theoretical results demonstrated
the efficiency and feasibility of the developed control scheme
under various driving conditions.

5) NEURAL NETWORK-BASED CONTROLLER
Computational systemswith artificial neural networks (ANN)
imitate the functioning of the human brain. This kind of
system has self-learning capabilities and solves difficult
or impossible problems proven by statistical standards or
humans; therefore, they will have a high acceptance rate
among users. An artificial neural network is capable of
processing the information much quicker than other con-
trollers, with a response time in nanoseconds. An artificial
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FIGURE 6. ANN architecture.

neural network is formed from thousands of artificial neurons
known as processing units and interconnecting each other by
nodes. These processing units consist of input units and work
in unison to produce output units. The input units receive
different structures and forms of data according to the internal
weighting system, and the artificial neural network gains
experience through the given information and produce an out-
put unit. Inmost cases, an artificial neural network changes its
form and structure during a learning phase. Similar to human
behavior that follows some guidelines and rules to produce an
output or result, artificial neural networks also need learning
guidelines known as backpropagation Network (BPN) to
produce an accurate output [63]. In BPN, errors from the
output layer are propagated backward through the hidden
layer to the input layer (Fig. 6).

In [64], a neural network-based distributed adap-
tive scheme is integrated with a sliding mode con-
troller for vehicle-following platoons, based on traditional
constant-time headway (TCTH) and modified constant-time
headway (MCTH).MATLAB simulation environment is used
to verify the feasibility of the proposed controller. It is noted
that the designed controller can control the velocity of the
vehicles in the platoon and maintain the specific inter-vehicle
distance between vehicles in the presence of input saturation,
external disturbances, and unknown unmodeled nonlinear
dynamics. Therefore, the controller is accurate in the pres-
ence of disturbance. However, a large number of data is need
for training. The proposed controller can guarantee string
stability by using two spacing policies while the effect of
time-delay and measurement noise is not considered. In [65],
to maintain a safe inter-vehicle distance between two vehicles
in the platoon and control the speed of the platoon, a neural
network controller with a back-propagation network (BPN)
is developed. The input of the neural network controller was
speed error and distance error between the following vehicle
and the leading vehicle and the output of the controller was

the amount of brake and throttle needed for the safe control of
the vehicle in the platoon. The developed controller is tested
practically using two motorcycles and the result was satis-
fying, where the following vehicle successfully maintained
the specified inter-vehicle distance with the leading vehicle.
It should be noted that in [65], the proposed controller is only
tested on two wheels vehicles.

6) H∞ CONTROLLER
H∞ control is a robust controller that can handle the max-
imum level of uncertainty and inaccuracy in the system
model. It synthesizes controllers to obtain stabilization with
promised performance. The H∞ method represents the con-
trol problems as mathematical optimization problems; and
then determines controllers to solve these mathematical
optimizations with the main aim to find a stable dynamic
feedback controller which generates control signals by
manipulating the measured outputs that minimize the H∞
norm between undesired signals and error from outputs and
stabilizes the whole system. This technique is considered to
be a robust control system since it reduces the effects of
undesired signals at worst-case while stabilizing the overall
system [66].

In [67], a robust and distributedH∞ controller is developed
for a large-scale platoon of automated and connected vehicles
with undirected topologies (having information exchange
between all vehicles in the platoon). In this paper, external
disturbances are considered while designing the controller.
It is shown that the controller synthesis and robustness per-
formance are highly affected by the communication topology
and affect the poor communication conditions such as packet
loss and time delay is considered in their design. Additionally,
the proposed controller is only applicable for linear systems.
In [68], a distributed control scheme is studied for a platoon
of vehicles with different dynamic controllers. A simulation
study has been conducted to validate the feasibility and effec-
tiveness of the proposed controller. It is noted that under
various disturbances such as vehicle dynamics uncertainties,
wind speed, and different road slopes, the heterogeneous
string stability, sufficient tracking performance, and robust
stability of the developed control system can be ensured.
Therefore, the proposed controller can guarantee sufficient
performance under disturbances. Additionally, it is noted that
the information from the leader has a significant influence on
the robust stability.

B. LATERAL CONTROL
Lateral control is used to perform transitional maneuvers such
as lane change, join a platoon, and splitting from the platoon
as discussed before. Platoon lane change maneuvers are two-
layer procedures, namely the strategy layer and the control
layer. By considering collision avoidance, the strategy level
decides how and when to perform the lane-change operation
or join/leave maneuver. The control level decides how to
perform the lane-change operation or join/leave maneuver by
turning the steering wheel, braking, or throttling [69].
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For the strategy level, proposed a model is proposed in [70]
that mimics the driver control behavior during the lane change
operation and it includes planning a suitable trajectory (dis-
cussed in part C in this paper) from the original lane to the
destination lane.

At the control level, two different control processes are
needed to achieve transitional maneuvers, namely lateral
guidance algorithm and tracking control problem [71]. For
the lateral guidance algorithm, to achieve the desired lane
change or join/split maneuvers, the desired yaw rate generator
is responsible to produce the desired yaw rate. To perform
the lane-change maneuver, a yaw rate reference signal is
used in [72] and a robust switching controller is designed
to generate the desired steering angle commands. For the
tracking control problem, and to ensure improved passenger
ride comfort, it is important to account for lateral jerk and
lateral acceleration while planning for the ‘‘virtual’’ desired
trajectory.

A two-layer adaptive nonlinear steering controller is intro-
duced in [73] to track the desired lateral trajectory for the
lane change maneuver. The Boltzmann-Hamel technique in
quasi-coordinates is used to obtain the vehicle dynamicmodel
with unknown inertial parameters. Cycloidal trajectory plan-
ning is used to generate the desired path in real-time. Mat-
lab/Simulink is used to simulate and validate the feasibility
of the proposed control system for lane change purposes.
Based on the simulation study, the lane change maneuver
is successfully obtained in the presence of unknown inertial
parameters of the vehicle dynamical model.

In [74], a PID controller is proposed to control the yaw
rate and sideslip of a two-degree-of-freedom bicycle vehi-
cle model. The main aim of the proposed controller is to
follow the desired trajectory for the lane-change maneuver,
by controlling the yaw angle and reducing the sideslip of the
vehicle as much as possible. The main reason for using the
PID controller in this paper was due to its simplicity and prac-
ticality compared to other controllers. MATLAB/Simulink is
used to simulate the proposed controller and the controller
has been tested with different vehicle speeds for single and
double lane-changemaneuvers. It has been concluded that the
designed controller is valid only at low speed. For lane change
processes, the quintic polynomial approach is used in [18]
to generate a feasible and smooth trajectory and the lateral
motion of the vehicle is controlled using a PID controller
while the kinematic model of the vehicle is used. To ensure a
safe maneuver, a collision-avoidance technique is integrated
into the main controller. Even though the simulation results
indicate a feasible lane change process; however due to the
simplicity of the PID controller is not satisfying for applica-
tions that need high tracking accuracy. A PID controller was
also used in [75] to perform the lane-change processes with
a bicycle vehicle dynamic model driving at low speed. This
controller aimed to control the steeringwheel angle according
to the lateral displacement and yawmotion of the vehicle. The
developed controller was tested practically and simulated in
MATLAB/Simulink and it has been observed through both

practical and simulation results that the developed controller
can perform smooth lane changes at moderate steering wheel
angles and low speeds.

In [34], to perform the lane-change maneuver, an adaptive
sliding mode control for a nonlinear vehicle dynamic model
is designed. A fuzzy boundary layer is used to prevent the
chattering effect in adaptive sliding mode control and accord-
ing to the boundary conditions, various maneuver periods,
and path planning for the lane-change purpose are stud-
ied. CarSim simulator integrated with MATLAB/Simulink
is used to simulate the proposed controller under different
road conditions. For dry road conditions, the proposed con-
troller indicated a perfect tracking; however, for wet and icy
roads, an acceptable tracking has been obtained. To generate
the steering angle commands for lateral trajectory tracking,
a virtual yaw signal and a robust sliding-mode controller
were proposed [76] where a two-degree-of-freedom (2-DOF)
vehicle dynamic model is used to estimate the desired slip
angle and yaw rate for the lateral trajectory tracking. To eval-
uate the developed controller, CarSim software is used, and
the double lane change process is performed and the robust-
ness and efficiency of the developed controller under side
wind disturbance have been confirmed through the simulation
results. It has been concluded that the proposed controller is
robust against external disturbances, however it requires prior
knowledge of disturbance bounds.

In [77], an H∞ controller is developed using the loop
shaping technique to control the steering angle of the vehicle
in the lateral displacement and yaw motion where the refer-
ence trajectory is assumed to be known. The bicycle model
of the vehicle is used to evaluate the performance of the
proposed controller and the simulation results indicated the
capability of the proposed controller in tracking the reference
trajectory with deficient tracking error. The controller has
been tested with different vehicle speeds, and it has been
confirmed that the designed controller is sufficiently robust
while performing lateral displacement. Therefore, it has been
concluded that the proposed H∞ control scheme ensures an
acceptable behavior in practical use.

A Model Predictive Controller (MPC) is developed in [78]
to control the vehicle steering angle and wheel torque where
eight-degree-of-freedom (8-DOF) vehicle dynamic model
and the Dugoff tire model are used. MPC controller is used to
predict the future behavior of the vehicle for the lane change
maneuver and minimize the error between the actual and
desired trajectory. MPC controller includes the system con-
straints in the design producer and considers the whole vehi-
cle dynamical model. Therefore, it can provide an effective
and efficient solution for the control problem. A collision-free
trajectory for the lane-change maneuver is generated based
on the convex optimization technique. A collision-free lane
change maneuver is performed by developing an MPC-based
control scheme that controls wheel torques, front and rear
wheel angles to follow the reference path. Based on the simu-
lation results, the developedMPC controller performs a feasi-
ble lane change maneuver while avoiding collision with other
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vehicles. In [79], a nonlinear model predicted control algo-
rithm is proposed for a 3-DOF nonlinear extended bicycle
model of vehicle dynamics for a lateral motion purpose. The
standard quadratic cost function is used tominimize the track-
ing error by calculating the optimal longitudinal force and
steering angle of the vehicle. Additionally, anti-side split con-
straint and anti-rollover speed constraint are considered in the
design of the controller. Carsim software is used to design the
4-wheel vehicle dynamical model and MATLAB/Simulink
is used to simulate the proposed controller. The simulation
results confirmed the feasibility of the proposed controller in
performing path tracking action while ensuring the stability
of the vehicle under different road conditions and different
vehicle speeds. In [80], a model predictive control (MPC)
controller is developedwith switched tracking error to control
the steering angle of the vehicle to follow the reference
path. The controller aimed to minimize the lateral tracking
deviation while maintaining vehicle stability under different
speed conditions. A 2-DOF bicycle model is simulated in
the CarSim-Simulink platform to investigate the feasibility
and effectiveness of the proposed controller. The simulation
results confirmed that the proposed controller could accu-
rately track the reference path while maintaining vehicle
stability in different speed scenarios. Model uncertainties
and external disturbances are not included in the controller
design.

In [81], a vehicle lateral stability control system is pro-
posed for lateral maneuvering purposes, such as the lane
change process, based on fuzzy logic control theory. The
designed fuzzy logic controller aimed to increase the vehi-
cle lateral stability by following the desired yaw rate and
side-slip angle generated by the reference model. The con-
troller has been implemented on a dual vehicle dynamic
model and tested on a simulation environment. The simula-
tion results have confirmed the feasibility and effectiveness
of the developed control strategy. Additionally, it is noted that
the proposed controller is able to follow the desired reference
trajectory smoothly, however it does not guarantee the stabil-
ity of the vehicle.

In [82], a combined sliding mode control, fuzzy control,
and neural network-based controller is developed to con-
trol the lateral motion of an intelligent vehicle. The per-
formance of individual and combined controllers has been
compared through simulation results. It has been noted that
the combined sliding mode control, fuzzy control, and neural
network-based controller have smoother andmore robust per-
formance in trajectory tracking than the performance of each
controller separately. A robust steering controller combined
with an adaptive neural network (ANN) is proposed in [83] to
ensure the yaw stability of the vehicle and reduce lateral tra-
jectory tracking error while performing the lateral motion. A
2-degree-of-freedom (2-DOF) vehicle dynamicmodel is used
to investigate the validity of the proposed controller in both
simulation and practical environments. Obtained results con-
firmed the effectiveness and feasibility of the proposed con-
troller in tracking the reference path while maintaining yaw

stability in the presence of unknown external disturbances.
In [84], a three-degrees-of-freedom vehicle dynamic model
is used to evaluate the combined fuzzy PID control with a
neural network based-controller in generating the steering
angle commands for the lane-change maneuver. Real-time
long-short termmemory (LSTM) deep neural network, a spe-
cial type of recurrent neural network (RNN), is used in the
controller design and it has been observed through the sim-
ulation results that the proposed controller with fuzzy PID
control and neural network-based controller has an excellent
performance in following the reference trajectory. However,
to have very accurate performance, this controller requires a
large amount of data for training.

In [69], an LQR controller is proposed to control vehicle
steering torque for an automated trajectory following pur-
pose. A simple bicycle model of the vehicle is designed to
study the performance of the proposed controller. Velocity,
position, yaw rate, and yaw angle of the vehicle are used by
the proposed controller to generate the desired steering angle
to follow the reference trajectory for lane-change maneu-
ver. CARSIM simulator is used to investigate the perfor-
mance of the proposed controller. It has been confirmed that
the developed controller can change the lane successfully.
The controller has not been tested under external disturbance
and plant uncertainties. In [85], to generate steering com-
mands for following the desired path in different driving
maneuvers such as lane changing and lane-keeping, a linear
quadratic regulator (LQR) is proposed, and the performance
of the proposed controller is compared with the PID con-
troller in terms of steerability and stability of the vehicle.
MATLAB/Simulink is used to investigate the validity and
effectiveness of the proposed controller by implementing on
the vehicle with eight degrees of freedom (8-DOF) dynamic
model. It has been observed that LQR has a better perfor-
mance in terms of maneuverability and stability of the vehicle
compared with PID.

To summarize, Table 2 presents a comparison of the
reviewed longitudinal and lateral control techniques proposed
in the literature for the platoon transitional maneuver. Based
on this table, the PID controller is the simplest and eas-
iest controller to implement, however, it is not sufficient
for applications with large disturbances. The neural network
is the most accurate and quickest controller to process the
information compared to other controllers, however sufficient
training is required. MPC controller is the most common
controller used in publications due to its ability to handle
multi-inputs and multi-outputs simultaneously, it can handle
constraints.

C. MANEUVER CONTROL
In [86], CooperativeAdaptive Cruise Control (CACC) system
is developed for a platoon of vehicles to analyze the impact
of external disturbances such as interferences caused by
non-automated vehicles while performing a join maneuver.
Moreover, the impact of the packet loss on the platoon join
maneuver is studied. Veins simulator is used to prove the
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TABLE 2. Comparison of the longitudinal and lateral motion controllers.

validity of the proposed system and simulation results indi-
cated the validity and feasibility of the proposed controller for
a join maneuver in case of interference. Additionally, from
simulation results, the robustness of the CACC controller
to packet losses which results in a safe maneuver has been
proved. The validity of the proposed system is not analyzed
under a sudden deceleration of the leader or large size of the
platoon. In [87], the merging maneuver process of a platoon
of vehicles is discussed.

The author proposed two different lateral trajectory gener-
ation methods: Adaptive Polynomial Lateral Trajectory and
Adaptive Cyclodidal Lateral Trajectory and compared their
performance under three different platoon speeds. To investi-
gate the efficiency and feasibility of the proposed trajectory
generation methods, three different longitudinal controllers:
PD with preceding vehicle information, PD with preceding
and follower vehicles information, and Sliding Mode con-
trollers are used and compared their performance for merg-
ing a platoon of two vehicles into an existing platoon. The
effectiveness of the proposed methods has been tested and
verified using the recently developed simulation tool known
as SimPlatoon.

In [88], Cooperative Adaptive Cruise Control (CACC)
system along with wireless communication through Vehicle

Ad Hoc Network (VANET) is used to develop a platoon
management system for basic platoon maneuvers: platoon
merging, platoon splitting, and lane-change. In the developed
system, non-platoon vehicles can join or leave the platoon
longitudinally (having a non-platoon vehicle in the same lane
as the platoon) and laterally (having a non-platoon vehicle in
the adjacent lane of the platoon). VENTOS simulator, which
is based on SUMO and OMNET++ simulators, is used to
test the effectiveness and validity of the proposed system
and it has been indicated that the developed system can
effectively perform platoon maneuvers and guarantee traffic
flow stability in the presence of communication loss.

A high-order consensus controller is proposed in [89] to
ensure the convergence to the desired velocity and desired
inter-vehicle space between vehicles while guaranteeing
robustness in the presence of time-varying heterogeneous
delays due to join or leave maneuver and communication
failure. Numerical simulations have been conducted to study
the robustness and feasibility of the proposed controller
in the presence of disturbances and communication fail-
ures. Additionally, in-vehicle experiments have been per-
formed with three vehicles to investigate the feasibility of
the proposed controller in convergence to the desired velocity
and inter-vehicle distance and perform a joining maneuver.
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Simulation and experimental results demonstrate the feasibil-
ity effectiveness of the proposed approach and guarantee the
string stability in the presence of heterogeneous time-varying
delays.

In [90], a PID controller along with NARX neural net-
work has been proposed to study the join, merge and leave
maneuvers in several scenarios of the flexible Platoon in time.
NARX predictive model is used to learn and precisely predict
the pattern for flexible platoon maneuver purposes. Mat-
lab/Simulink and Stateflow are used to validate the feasibility
of the proposed approach. The simulation results indicate
the validity of the proposed approach and the effectiveness
of the NARX neural network in the case of noises in test
data.

In [91], a PID controller is used to achieve the merging
and splitting maneuvers for non-linear Heavy-Duty Vehi-
cles (HDVs) dynamic and the validity of the proposed con-
troller for basic platooning maneuvers is verified through
both MATLAB and micro-simulator VISSIM. Through sim-
ulation results, it has been observed that the proposed con-
troller can guarantee the string stability of the platoon while
performing platoon maneuvers such as merging into platoon
or platoon splitting from the platoon. Only longitudinal
platoon merging or splitting (merging into or splitting from
platoon within the same lane of the existing platoon) is
discussed in this paper and merging into the platoon for
splitting from the platoon laterally is not covered.

A distributed consensus-based CACC system is pro-
posed in [58] for platoon formation, platoon joining and
leaving maneuvers. A decentralized communication topol-
ogy is used for fast and accurate communication between
vehicles. A second-order vehicle dynamic is simulated in
MATLAB/Simulink to verify the effectiveness and feasibility
of the proposed controller under time-varying communica-
tion delay. The simulation results indicate that the platoon
can be formed, and platoon joining and leaving maneuvers
can be done successfully under communication delay, and
string stability of the system can be guaranteed. In this study,
the actual vehicle dynamics model has been neglected. Addi-
tionally, the validity of the proposed algorithm under different
realistic conditions such as weather condition, signal fading,
packet loss, and signal interference should be studied.

In [92], an LQR and Distributed MPC controller is pro-
posed to create additional space to allow a new platoon of
vehicles to join and guarantee a smooth trajectory during the
platoon joining process. The proposed controller has been
tested for a platoon of vehicles with different dynamics. Addi-
tionally, the controller is validated for multiple automated
vehicles intended to join the platoon from a nearby lane. The
effectiveness and feasibility of the proposed controller while
taking the safety of the merging process into account have
been demonstrated through simulation results. Additionally,
the time delay and lags from sensors and actuators need to be
considered in the controller design. Moreover, the limitations
on acceleration and velocity have not been considered in the
space-making process.

In [93], two different control techniques are presented to
control the merging process of two adjacent platoons while
considering both acceleration limitations and safe space-
creation. In the first control technique, the authors used
two distributed model predictive control (DMPC) scheme
to create a space for the non-platoon vehicle before joining
the platoon and controlling the merging vehicle to join the
created space in the target platoon safely. In the second
control technique, LQR combined with DMPC controller is
used for gap creation and controlling the merging vehicle.
A double-integrator dynamic model is used to compare the
proposed control techniques in the simulation platform. It has
been observed that the DMPC controller has better perfor-
mance in terms of distance errors, speed errors, and time
to merge or split. Therefore, it has been concluded that the
DMPC controller is more efficient, feasible and consumes
less time in gap creation and gap closing for merging and
spiting from the platoon, respectively. This paper did not
study the behavior of the proposed controllers under real-
istic conditions such as heterogeneous vehicle dynamics,
communication failure, and different road and environment
conditions. Additionally, the fuel efficiency of the proposed
controllers has not been investigated.

The string stability for the platoon maneuvering process
is studied in [20], where a distributed consensus algorithm
that guarantees string stability while performing the platoon
maneuvering process is proposed. This paper considered the
behavior of the proposed control scheme under all platoon
maneuvering scenarios: entering and exiting the platoon from
the front, middle, and tail of the platoon. Plexe simulation
platform is used to validate the effectiveness and feasibility
of the proposed controller under realistic conditions such as
packet losses, nonlinearity of the plant, and network con-
straints. It has been confirmed through theoretical and sim-
ulation results that the proposed controller can ensure the
string stability of the platoon while performing the platoon
maneuvering process under realistic conditions.

Distributed controllers for a set of vehicles with first-
order dynamics are used in [15] to address the problem of
vehicle merging. The main aim of the proposed controller
is to guarantee a collision-free merging process by quickly
creating enough gap for the vehicle in the adjacent lane to
steer in the platoon. A third-order polynomial lateral trajec-
tory is used to generate an appropriate distance trajectory.
Simulation studies were used to assess the controller’s abil-
ity to achieve collision-free maneuverings. String stability
of the platoon under time delay due to the communication
failure and uncertainties from plant and environment is not
considered in this paper. Additionally, only platoon merging
scenario is presented, and other platoon maneuvers such as
leaving the platoon and lane change are not studied in this
paper.

In [94], a combined PID controller and MPC-based con-
troller with a look-ahead design are proposed to control
the longitudinal and lateral motion of the nonlinear vehi-
cle dynamics model separately. The controller is used to
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allow multiple vehicles to join an existing platoon using
variable-gap 5th order polynomial lateral desired trajec-
tory. The proposed MPC controller with a look-ahead
design improves the trajectory tracking performance by tak-
ing actions beforehand. The proposed control strategy is
simulated in MATLAB/Simulink with two scenarios. The
designed controller is tested with one vehicle joining an
existing platoon, and then in the second scenario, multiple
vehicles intended to join the platoon. In both scenarios,
the controller indicated a robust and feasible platoon merging
behavior.

In [95], in order to perform platoon joining and leaving
maneuvers, a Lyapunov approach is used to control the speed
of a single vehicle in the platoon, a PID controller is used
to control the gap between vehicles in the platoon, and an
adaptive MPC controller is used to control the lateral posi-
tion and the steering angle to have a safe lane change and
lane-keeping maneuvers. A one-wheel vehicle model is used
to study the effectiveness of Lyapunov and PID controllers in
the longitudinal direction. Moreover, a bicycle model is used
to study the validity of the adaptive MPC controller in lateral
motion. MATLAB/Simulink and Gazebo simulator is used to
test and visualize the platoon joining and leaving maneuvers.
From simulation results, the validity of the developed system
for platoon maneuvers has been proved. In this study, per-
fect communication with no time delay has been assumed.
Additionally, the string stability of the platoon has not been
studied.

In [96], an MPC controller has been used to track the
planned path for platoon joining or leaving maneuvers.
In this paper, a linear kinematic bicycle model is used in
the design of the MPC controller. Additionally, a cooperative
maneuver switching model is developed to switch between
vehicle-following mode after merging maneuver and single-
vehicle mode after the splitting maneuver. Simulation studies
have been conducted to verify the validity and effective-
ness of the proposed system under perfect communication
conditions. Simulation results indicate the effectiveness of
the developed system. String stability of the system has not
been studied. This study did not consider the real-world
conditions such as communication delay and randomness of
sensor errors, as well as interference from other vehicles in
the environment.

In [97], a centralized longitudinal Model Predictive Con-
trol (MPC) is developed for a non-linear kinematic vehicle
model to ensure a safe joining and leaving of a vehicle
into a platoon. In this paper, bidirectional topology is used
to exchange information in terms of position and speed,
between the leading vehicle and followers. The leading vehi-
cle receives the state (position and speed) of each vehicle in
the platoon, uses the control process to elaborate the received
information, and transmits the optimal control decisions to
all vehicles in the platoon in each time interval. It has been
indicated through the theoretical and simulation results that
the developed control scheme reduces the tractive forces and
the square deviations of speed and positions concerning the

specified desired values. The numerical simulation results
show the feasibility and effectivity of the designed control
algorithm. This paper focused on the longitudinal platoon
maneuver control system; however, it is important to study
both lateral and longitudinal platoon maneuvers.

In [98], to control platoon joining and leaving maneu-
vers with heterogeneous vehicle dynamics (platoon of vehi-
cles with different dynamics), a Distributed Nonlinear MPC
(DNMPC) is developed. A simulation study has been con-
ducted to investigate the validity of the proposed controller
with different communication topologies. Simulation results
prove the effectiveness of the proposed controller for platoon
maneuver, and it is shown that a collision-free maneuver
can be guaranteed. The string stability of the system has not
been studied. Additionally, the validity of the system under
realistic conditions such as time delay from communication
failure and sensor lags has not been addressed.

In [99], a feed-back/feed-forward controller combined
with a hybrid trajectory planning(Bézier curves and MPC) is
used to control and plan the trajectory of a platoon of vehicles
willing to join another platoon with the same vehicle dynamic
model. AUDRIC/Dynacar simulation environment is used
to verify the feasibility and effectiveness of the proposed
methods. From simulation results, it has been conducted that
a platoon of multiple vehicles can safely and smoothly join
another platoon without any perturbations.

To enhance the safe platoon maneuvering process, fault
diagnosis and monitoring of the vehicle platoon system
should be developed and implemented in the platooning sys-
tem to detect any fault/failure in vehicles. In [100], a two-level
fault detection and isolation system is developed for vehicle
platooning systems where the first layer is used to detect
system failure and the second layer is used for component
element failure detection. The reliability and efficiency of
the developed two-level fault diagnosis system and isolation
algorithm are verified through both simulation and experi-
mental tests. An active fault diagnosis method is proposed
in [101] to detect component failures of members of the
platoon system and the effectiveness and feasibility of the
proposed system are verified through the CarSim simulation
environment.

Table 3 summarizes the most recent articles on platoon
control maneuvers and provides information about the type
of platoon members (Homogeneous-platoon of vehicles with
the same dynamics- or Heterogeneous- platoon of vehicles
with different dynamics), the type of platoon maneuver and
implementation, and the aim of the control problem. Accord-
ing to this table, the MPC controller is the most used con-
troller for transitional platoon maneuvers. The majority of
the articles have used a homogeneous platoon of vehicles and
aimed to ensure the safety of the maneuvering process while
minimizing the maneuvering time. It is noted that most of the
publications have focused on lane change and join maneu-
ver, and some of them have implemented all three different
platoon maneuvers. For the concept evaluation majority of
the research has simulated the proposed methodology using
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TABLE 3. Recent articles on platoon control maneuvers.
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TABLE 4. Recent research on trajectory planning techniques for automated vehicles.

MATLAB/Simulink tool while few research works have been
tested in the real-life field.

D. TRAJECTORY PLANNING
Maneuvers such as merging into a platoon require lateral
motion control as discussed above. To perform these maneu-
vers efficiently, while avoiding accidents, trajectory planning
is needed.

The problem of generating such a trajectory is usually
formulated as a constrained optimization problem. Various
functions, such as polynomial functions, have been used to
represent the lateral trajectory. Trajectory planning needs to
account for several constraints. Some of the constraints are
related to vehicle capabilities and passenger comfort. Limits
are generally placed on the maximum acceleration changes
and the maximum jerk. Another considered constraint is the
maximum time of the maneuver.

Connected vehicle technology includes various types of
data such as weather conditions and infrastructure condi-
tions. However, it is required to design algorithms that
combine all this data and generate the desired trajectory.
Different techniques, such as Connected Cruise Control
(CCC) [102], [103] and Cooperative Adaptive Cruise Control
(CACC) [5], [104]–[106] have been developed to generate the
trajectory by using communication topologies.

Table 4 provides the most recent research related to path
planning for automated vehicles and it clarifies different
influencing factors such as trajectory planning technique,
platoon or/and lane change, the type of traffic, and the cost
functions. Based on this table, themajority of the publications
used the polynomial trajectory planningmethod for trajectory
planning of automated vehicles in the platooning system and
most of them are aiming to improve safety while performing

the lane-changing maneuver. Moreover, most of the articles
studied the performance of the proposed trajectory planning
technique under the condition where all the vehicles are
automated and few of them studied the situation where both
automated and non-automated vehicles are used.

Many trajectory planning methods have been borrowed
from mobile robotics and adapted to the new application
and environment. These can be classified into four classes,
namely, graph theory-based planners, sampling-based plan-
ners, interpolating curve planners, and numerical optimiza-
tion approaches. The most common path planning algorithms
are presented below.

1) GRAPH-THEORY-BASED PLANNERS
This approach represents the vehicle’s configuration space
as a graph, where the vehicles are represented by ver-
tices, and the transitions between vertices are expressed by
edges. By searching for a minimum cost path in this graph,
the desired lateral path can be found. Graph theory-based
search strategies are restricted to optimize only over a limited
group of paths [116]. Examples of graph theory-based search
techniques are Dijkstra Algorithm, A-Star Algorithm (A∗),
and State Lattice Algorithm. These are the most widely
used algorithms for finding the shortest path in a
graph [109], [112], [115]. Dijkstra Algorithm searches for a
single-short path in a set of grids or nodes and it is proper
for universal planning in various types of environments;
however, the algorithm is slow in large areas because of the
large number of nodes and the resulted path is not continu-
ous. Therefore, it is not suitable for real-time applications.
A-Star Algorithm (A∗) is based on Dijkstra’s algorithm
and reduces the time computation; however, the resulted
path is not continuous. Therefore, it is not suitable for
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real-time applications. State Lattices can handle multiple
dimensions (velocity, position, acceleration, and time) and
it proper for dynamic environments and local planning; how-
ever, it evaluates all solutions in the database, which results
in costly computation time

2) SAMPLING-BASED PLANNERS
Sampling-based planners solve problems very quickly.
To find the desired trajectory, these methods select sev-
eral points in the space. To bias the direction of the
search and maximize the investigation of space, heuristics
are applied. Rapidly-exploring Random Tree (RRT) [108]
is the most widely used technique from this class.
Rapidly-exploring Random Tree (RRT) provides quick
results in multi-dimensional systems and it is suitable for
universal and local planning.

3) INTERPOLATING CURVE PLANNERS
The planners belonging to this class use a prefined set of
way-points to generate a smooth trajectory through inter-
polation [118]. The way-points are generated to address
the different constraints related to the vehicles and the
vehicle’s environment. Different interpolation techniques
were proposed that use, as a basis, the following curves:
lines and circles, clothoids, polynomials, Bézier curves, and
splines [15], [94], [107], [110], [111], [113]–[117]. The
advantage of these techniques is their minimal computational
cost [119].

4) NUMERICAL OPTIMIZATION APPROACHES
The techniques of this class generate the desired trajectory by
minimizing/maximizing a cost function subject to multiple
constraints. Sometimes this is mainly used for smoothing
an already generated path obtained from kinematic con-
straints [120]. In [121], four different trajectory planning
techniques are discussed, namely the trapezoidal accelera-
tion, the polynomial approximation, the cosine approxima-
tion, and the circular approximation.

Additionally, the safety and comfortability of the passenger
and the transition time in the trajectory planning design are
considered. The comparison between trajectories shows that
the trapezoidal acceleration trajectory is the most suitable one
for a lane change maneuver.

V. CONCLUSION
This paper has reviewed different existing control techniques
associated with the transitional platoon maneuvers such as
merge/split and lane change. The first part of the paper
presents an overview of the platoon maneuver as well as
different longitudinal and lateral vehicle dynamics that are
mainly used in the transitional platoon. In the second part of
the paper, the most used control algorithms for both longi-
tudinal and lateral control used for platoon merging, platoon
splitting, and lane change maneuvers have been presented.
The advantage and limitations of each control strategy,
along with the required vehicle model, have been outlined.

Additionally, the most recent research on transitional platoon
maneuver is studied and summarized based on the proposed
control strategy, homogeneously or heterogeneously of pla-
toon members, type of maneuver, the aim of control problem,
type of implementation, and used simulation tools. Finally,
different trajectory planning techniques used in lateral motion
control, as well as the most recent research related to trajec-
tory planning for automated vehicles, are presented.

Extensive study has been done in the areas of platoon longi-
tudinal and lateral control for transitional platoon maneuvers
purpose. Some of these control algorithms have been exper-
imentally tested in real-life scenarios. Maintaining string
stability to ensure a safe transitional platoon maneuver is
generally one of the main aims of the proposed control
algorithms in most of the conducted research. To ensure
a collision-free maneuver, it is essential to develop a con-
troller that is responsive to real-world traffic conditions such
as human factors effects, heterogeneous vehicle dynamics,
random delay, sensor lags, mixed traffic environment, and
communication failure. However, a few research works have
been found which consider these limitations in the design and
development of the controller. The length of the platoon and
the effect of the number of vehicles in the platoon on traffic
mobility, string stability of the platoon, and fuel economy is
another research direction that can be further studied. For a
large platoon sending information from the leader platoon
to the vehicles at the tail may lead to a huge delay or the
information might not be received due to the huge distance
between the leader and the vehicle at the tail. This will affect
the string stability of the platoon. Hence, to ensure string
stability, it is necessary to maintain the length of the platoon
within a specific range.

Identifying the reasonable longitudinal distance between
vehicles in the platoon considering safety, passenger com-
fort, traffic mobility, and fuel economy is another important
direction for future research. To fulfill this objective, the gap
between vehicles in the platoon should not exceed a specific
range. Therefore, the reasonable gap between vehicles in
the platoon should be chosen such that collision-free travel
within the platoon is guaranteed in case of sudden brake and
also traffic throughput is increased. Additionally, the reason-
able longitudinal distance between the vehicle in the platoon
can reduce fuel consumption by minimizing air drag force.
Hence, further studies are required to identify the suitable gap
between vehicles considering different aspects. In this review,
few research works have been found which consider this
point. Studying the effect of traffic on coordination decisions
is another open issue for future research since the majority of
the publications considered the ideal situation, where there
is no effect of external traffic on the speed, motion, and
decision of the vehicle intending to join or leave the platoon.
While in a real-life environment, traffic plays a vital role
in coordination decisions since it will affect the speeds and
maneuvering decisions in various traffic scenarios such as
heavy or light traffic. For example, vehicles might not be
able to adjust their speeds based on the platoon speed before
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joining due to the presence of heavy traffic in their current
lane or vehicles are unable to leave the platoon at the desired
leaving point due to the presence of heavy traffic in the
adjacent lane. Finally, experimental validation of any pro-
posed controllers is essential for evaluating the performance
of the developed approaches in real-life scenarios and most
of the reviewed works in this survey have used simulation
study as the validation tool. It is important to investigate how
the platoon maneuvering process can work and further be
improved in a real-life environment. Based on this review
paper only a few articles have studied the performance of
platoon maneuver and feasibility of the proposed controllers
in a real-life environment, however, more experiments under
different conditions need to be conducted to achieve a suc-
cessful platoon maneuvering process.
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