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Abstract: As a promising application for autonomous driving, vehicle platooning aims at increas-
ing traffic throughput, improving road safety, and reducing air pollution and fuel consumption.
However, frequent traffic perturbations will bring more fuel consumption because vehicles driving
in a platoon require more control to ensure safe driving, especially in high-density scenes. In this
paper, considering the traffic perturbations and high-density scenes, we integrate communication
and control systems to reduce the fuel consumption of a platoon. By obtaining the velocities of
multiple vehicles ahead through a long-term evolution-vehicle (LTE-V) network, we propose a
modified distributed model predictive control (DMPC) method to smooth traffic perturbations and
handle the constraints of vehicle state and control. In addition, considering a limited number of
uplink channels that can be reused in the platoon and the uncertainty of wireless channels, a radio
resource allocation optimization problem in the LTE-V network is modeled. This problem is solved
in two steps including maximum vehicle-to-vehicle (V2V) broadcast distance and minimum weight
matching. This resource allocation scheme increases the platoon-based V2V broadcast distance while
ensuring the ergodic capacity requirement of the cellular user (CUE) uplink communication and the
reliability of platoon-based V2V communication. Simulation results show that the proposed method
improves fuel efficiency compared to the existing schemes.

Keywords: LTE-V; resource allocation; platoon; DMPC; fuel efficiency; reliability

1. Introduction

In recent years, rapidly-growing vehicular traffic has led to the heavy urban traffic,
unbearable road resources, frequent traffic accidents, and poor passenger experience. One
useful solution to address such problems is vehicle platooning. The objective of vehicle
platooning is to maintain the desired distance from the preceding vehicle and reduce the
velocity error between the successive vehicles [1]. The platoon-based driving pattern has
many advantages such as a smoother traffic flow, higher traffic safety, and more efficient fuel
savings. Vehicle platooning is accomplished by the utilization of an automated controller
that relies on the kinetic status information (e.g., acceleration, velocity, position) regarding
other vehicles. Earlier studies suggest that the kinetic status of the vehicle is obtained
by on-board sensors, such as radars or cameras. Recent advances in wireless vehicle-to-
vehicle (V2V) communications make it possible for a vehicle to exchange information
with one or more preceding vehicles. In such a case, platoon members (PMs) can drive
more closely, accurately, and safely, with braking and accelerating done cooperatively
and synchronously.

To enable V2V communication in the vehicle platoon, two families of radio technolo-
gies, i.e., IEEE 802.11p and long-term evolution-vehicle (LTE-V), can be fully utilized [2].
Due to the Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) mecha-
nism, the performance of IEEE 802.11p degrades significantly in congested scenarios. In
3GPP Release 14, the LTE-V standard is defined for vehicular communications based on the
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cellular infrastructure [3]. Compared to IEEE 802.11p, LTE-V modifies the physical layer of
long-term evolution (LTE) and attempts to provide improvements in short distance direct
communication, low latency, and high reliability [4]. Many studies have been proposed to
utilize LTE-V technology for vehicle platooning in recent years [5–10]. In [5], the authors
addressed the technical feasibility of centralized longitudinal control of vehicle platooning
through LTE communication. Ref. [6] studied the application of LTE device-to-device
(D2D) technology in platoon data transmission. It leveraged the periodicity of the message
to coordinate radio resources and provided spatial reuse of resources within and among
platoons. For the multi-platooning scenario, based on LTE communication technology,
a power control technology and a subchannel allocation scheme were proposed for V2V
communications [7]. Due to the short inter-vehicle distance in the platoon, it utilized low
transmission power to provide spatial reuse of radio resources within and among platoons.
For platoon application, while satisfying the constraints of reliability of the communication
link, ref. [8] proposed an algorithm to maximize the number of reused D2D links. Ref. [9]
proposed an analytical model of V2V communication for platoon applications. It explored
the relationship between the mean number of transmission attempts and the probability of
success of sending cooperative awareness messages (CAMs) . Ref. [10] proposed a group
scheduling mechanism to address radio resources and mobility management of platoon
in a multi-cell system. Since vehicle platooning is one of the key safety use-cases for the
future evolution of LTE-V [11], in this paper, we will further promote our research work on
LTE-V for platoon applications.

Control and communication are the key technologies for platoon application. There-
fore, in addition to efficient platoon communication technology, platoon control technology
also needs to be considered. In a platoon, by sensing information from surrounding vehi-
cles, each PM controls its speed or acceleration to maintain the desired inter-vehicle spacing.
Since the unreliability of wireless channels could cause variation in communication topol-
ogy among PMs, distributed platoon controllers are commonly used to solve this problem.
There are several effective platoon distributed controllers such as linear controllers [12],
optimal controllers [13], and sliding mode controllers [14]. A common limitation of these
controllers is the difficulty of explicitly handling state and control constraints. To overcome
the limitation, the distributed model predictive control (DMPC) method is introduced into
the platoon system [15]. In the DMPC method, the optimization control problem with a
finite prediction horizon is modeled and solved by each distributed controller. Then, the
optimal prediction sequence is exchanged by V2V communication. Finally, the first term of
the optimal prediction sequence is selected as the input to each distributed controller [16].
In the DMPC method, each distributed controller solves an optimal control problem within
a finite horizon and exchanges optimization results through V2V communication. Then,
the first term in each optimized sequence is applied to the corresponding distributed
controller [16]. Recently, several DMPC methods have been applied for vehicle platooning.
In [17], a DMPC method for heterogeneous vehicle platooning with nonlinear dynamics
and unidirectional communication topologies was proposed. This method does not re-
quire all PMs to know the position and speed information of the platoon leader. In [18],
aiming at a large-scale heterogeneous nonlinear vehicle platoon, a DMPC strategy was
proposed to guarantee its longitudinal stability and string stability. Ref. [19] proposed a
DMPC method for vehicle platooning under dynamic communication topologies. In [20],
an extended DMPC approach was proposed to handle steady-state error arising from
communication delays, communication dropout, and communication topology switching.
The above-mentioned DMPC methods of the platoon system aimed to achieve platoon
state convergence. Another type of DMPC method optimized fuel efficiency of the platoon
system. To coordinate the vehicles in the platoon safely and fuel-efficiently, ref. [21] pro-
posed a double-layer control structure for heavy-duty vehicle platooning. A multi-objective
optimization controller and a control strategy considering safety were proposed in [22],
which considered several factors, such as vehicle safety, passenger comfort, platoon control,
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and fuel efficiency. Moreover, to further improve fuel efficiency, refs. [23–27] considered
more realistic platoon environment and vehicle dynamics.

The effective integration of platoon communication technology and control technology
will improve the overall performance of platoon driving. However, the aforementioned
studies ignored the interdependent performance of communication and control systems
in a platoon. To date, there has been some excellent research work on the combination
of the platoon control and V2V communication [28–31]. In this paper, considering the
interdependence of communication and control systems, we will study fuel-efficient driving
of vehicle platoon under frequent traffic perturbations. Without traffic perturbations, one
way to improve fuel efficiency is to use geolocation information for vehicle optimal speed
planning [32,33]. However, since the vehicle needs to respond to the speed change of the
preceding vehicle, this scheme could be inapplicable in a real traffic environment. Although
platoon driving can smooth traffic flow and improve fuel efficiency, it may introduce more
fuel consumption to maintain platoon state convergence under frequent traffic disturbances.
With frequent traffic perturbations, one way to improve fuel economy is to use V2V
communication to monitor the movement of multiple vehicles ahead [34,35]. Therefore, we
propose a modified DMPC method that integrates control and communication technologies.
It can improve fuel efficiency while ensuring platoon state convergence. In such a context,
this paper intends to provide the following main contributions:

1. To smoothly respond to traffic perturbations and explicitly handle the vehicle state
and control constraints, we propose a modified DMPC method. Through joint op-
timization of local vehicle fuel economy and velocity error characteristics between
local vehicle and multiple preceding vehicles, adaptive driving/braking torque is
obtained to smoothly respond to traffic perturbations while improving fuel efficiency.
In addition, a safety mechanism is designed to maintain a safe distance gap with the
preceding vehicle.

2. In the LTE-V network, LTE-V mode 3 is assumed, and the underlay mode of V2V
communication is adopted. Since the velocities of multiple vehicles could help the
vehicle to respond to traffic perturbations smoothly and improve fuel efficiency, we
model a radio resource allocation optimization problem to improve CAMs dissemina-
tion. Further, this problem is solved in two steps, including maximum V2V broadcast
distance and minimum weight matching. The resource allocation scheme increases
the platoon-based V2V broadcast distance while ensuring the ergodic capacity (the
long-term average capacity of a time-varying channel) requirement of the cellular
user (CUE) uplink communication and the reliability of platoon-based V2V commu-
nication. In the case of a limited number of uplink channels that can be reused in
the platoon, this solution still maintains the state convergence and fuel efficiency of
the platoon.

3. We investigate the platoon performance of the proposed modified DMPC method
in different numbers of reusable uplink channels. Simulation results show that
the platoon can maintain state convergence while ensuring the ergodic capacity
requirement of CUE uplink communication. Furthermore, in comparison with other
DMPC platoon control technologies, our proposed design has better fuel efficiency.

The rest of the paper is organized as follows. The system model is introduced in
Section 2. A modified DMPC method is proposed in Section 3. A radio resource allocation
scheme for platoon system is proposed in Section 4. The simulation results are shown in
Section 5. Finally, the conclusions are drawn in Section 6.

Notation: Throughout this paper, R and N stand for the set of real numbers and
nonnegative integers, respectively. Rm×n indicates the set of m× n real matrices. The set of
symmetric matrices of order n is denoted by Sn. The positive semidefinite matrix (positive
definite) is labeled as M ≥ 0(M > 0), M ∈ Sn. The transpose of vector or matrix is denoted
by the symbol [·]T . Given a set U = {0, 1, 2, . . . , N − 1}, |U | is the cardinality of set U , and
{U \ 0} means set U minus set element 0. The weighted Euclidean norm is denoted by
‖x‖Q = (xTQx)

1
2 , where x is a vector and Q is a matrix.
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2. System Model

In this section, the vehicle dynamics, platoon control, fuel consumption, and com-
munication model are described. Consider a homogeneous platoon of M + 1 vehicles
running on a horizontal road, as illustrated in Figure 1. Individual vehicles are randomly
distributed on the lanes. Some passengers in these individual vehicles will likely request
high-capacity uplink communications, which are denoted as CUEs. The PM set is labeled
asM = {0, 1, . . . , M}, where the platoon leader is marked as 0 and the others are followers.
Each PM uses an on-board global positioning system, a wireless transceiver, and other
on-board sensors to obtain its vehicle state (e.g., velocity, position) and motion information
of multiple vehicles ahead. The platoon-based V2V communication topology is assumed
to be unidirectional, i.e., from the platoon leader to the last PM. Based on the motion infor-
mation of multiple vehicles ahead, the vehicle controller can regulate its driving/braking
torque for platoon driving.

LTE-V2V (individual) Cellular UplinkLTE-V2V (platoon)

Individual(CUE)

IndividualIndividual(CUE)Individual(CUE)

Individual

Base Station(eNB)

Individual

𝑥𝑥

𝑦𝑦

0

PM-M PM-2 PM-1 PM-0(PL)

𝑑𝑑0,1 𝑝𝑝0𝑝𝑝1𝑝𝑝2𝑝𝑝𝑀𝑀

Lane_1

Lane_2

Lane_3

Figure 1. Platoon and individual vehicles driving scenarios.

2.1. Vehicle Dynamics

In this paper, only vehicle longitudinal control is considered. The discrete-time
dynamic model of any PM i can be described as follows:

pi(t + 1) = pi(t) + vi(t)∆t

vi(t + 1) = vi(t) + 1
mi

(
ηi
Ri

Ti(t)− Fi(vi(t))
)

∆t

Fi(vi(t)) = Civ2
i (t) + mig fi,

(1)

where pi(t), vi(t), Ti(t) and Fi(vi(t)) denote the position, velocity, driving/braking torque
and external resistance of PM i at the time t, respectively; ∆t is the discrete time interval;
mi is the vehicle mass; Ci is the lumped aerodynamic drag coefficient; Ri is the tire radius;
ηi is the mechanical efficiency of the driveline; g is the gravity constant; and fi is the rolling
resistance coefficient. We assume that PMs are homogeneous (i.e., all vehicles have the
same cross-sectional area, vehicle mass, inertial lag, etc.). For each PM, the kinetic status is
denoted as xi(t) = [pi(t), vi(t)]T ∈ R2×1. Therefore, a compact form of (1) is as follows

xi(t + 1) = Φi(xi(t)) + Ωi · ui(t),

where Ωi = [0, ηi∆t
mi Ri

]T ∈ R2×1; ui(t) = Ti(t); Φi(xi(t)) ∈ R2×1 is defined as

Φi(xi(t)) =

[
pi(t) + vi(t)∆t

vi(t)− ∆t
mi

Fi(vi(t))

]
.

According to (1), the explicit acceleration ai(t) of PM i can be obtained as

ai(t) =
1

mi

(
ηi
Ri

Ti(t)− Fi(vi(t))
)

. (2)
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When the platoon is driving at a constant velocity, (i.e., ai(t) = 0), the driving torque
of PM i, which is used to counterbalance the external resistance, can be expressed as

ri(vi(t)) =
Ri
ηi
(Civ2

i (t) + mig fi). (3)

2.2. Platoon Control

The objective of platoon control is to allow each PM to follow the velocity of the leader
while maintaining the desired spacing to the preceding vehicle. The desired inter-vehicle
spacing related to vehicle velocity helps smooth out traffic perturbations [34,35]. Therefore,
the constant time headway (CTH) policy [36] is used. Here, {dj,i, j, i ∈ M, j < i} is the
desired spacing between the PM j and PM i, which is defined as:

dj,i(t) =
i−1

∑
k=j

[hvi(t) + Dmin + sk] (4)

where h is constant time headway; sk is the length of PM k; Dmin is the standstill gap.
Since PMs are homogeneous, the vehicle length and standstill gap can be subtracted from
distance calculations, and the desired spacing can be simplified as dj,i(t) = (i− j) · hvi(t).
Therefore, the objective of platoon control is presented as

lim
t→∞
|vi(t)− v0(t)| = 0

lim
t→∞
|pj(t)− pi(t)− dj,i(t)| = 0.

(5)

2.3. Fuel Consumption Model

During the time interval t ∼ t+∆t, the fuel consumption of PM i can be calculated [22]
by

Fueli(t) =

{
Ti(t)vi(t)∆t

Riζi
+ fi,idle∆t, if Ti(t) > 0

fi,idle∆t, otherwise
(6)

where fi,idle is the fuel consumption rate of the vehicle when the engine is idle, and ζi(J/g)
is the energy produced by 1 g gasoline, which is the efficiency of the fuel. Platoon vehicles
commonly have to accelerate/brake and therefore waste energy to overcome frequent traffic
perturbations. It is important for the vehicle platooning to minimize fuel consumption in
the process. Therefore, a platoon controller that smoothly responds to traffic perturbations
needs to be proposed.

2.4. Platoon-Based V2V Communication

Since LTE-V is a modification and extension of LTE-D2D for vehicle communication
and the existing cellular infrastructure and allocated spectrum can be reused to speed up the
deployment of LTE-V, we use LTE-V to support CAM transmission in the vehicle platoon.
LTE-V supports 10 and 20 MHz channels. These channels are divided into subframes
in the time domain and subchannels in the frequency domain. Two transmission modes
(modes 3 and 4) for V2V communication are supported by LTE-V [9]. In this paper, the
scheduling and interference management of platoon-based V2V transmission are controlled
by the Evolved Node B (eNB) (i.e., LTE-V mode 3). To improve spectrum efficiency, the
underlay spectrum sharing mode is adopted. The uplink band of CUE can be reused by
the platoon-based V2V. To satisfy the demand of the platoon controller algorithm, each
PM periodically generates CAM at a certain frequency 10 Hz. In each CAM transmission
interval, a total of Q CUE uplink channels can be reused by platoon-based V2V links in the
coverage area of the eNB. Because of the half-duplex transceiver mechanism and multiple
receivers of the V2V broadcast link, we assume that the CAM transmissions within the
platoon occur in different time domains of the CAM transmission interval. For the sake of
simplicity, the reusable uplink channel set and the CUE set are represented by the same set
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Q = {0, 1, 2, . . . , Q− 1}. Denote Gj,k as the channel power gain between transmitter j and
receiver k, which can be expressed as

Gj,k = gj,kβ j,k AL−λ
j,k , gj,kαj,k, (7)

where β j,k represents the log-normal shadow fading with standard deviation ξ; Lj,k is
the distance between transmitter j and receiver k; λ is the path loss exponent; A is the
path loss constant; and gj,k refers to the small-scale fast fading subject to an exponential
distribution with the sunit mean. Channel Gq,B between the CUE q and eNB, channel Gi,B
between the transmitter of broadcast link i and eNB, channel Gq,i between CUE q and the
receiver of broadcast link i, and channel Gi between the transmitter and the receiver of
broadcast link i are similarly defined. The platoon-based V2V broadcast link set is marked
as I = {0, 1, . . . , M− 1} where the broadcast link is marked by its transmitting node and
the broadcast of PM M is not considered. ρi,q ∈ {0, 1} is the resource allocation indicator,
where ρi,q = 1 indicates that the broadcast link i reuses the uplink channel with CUE
q and ρi,q = 0 otherwise. The eNB can obtain the large-scale fading information of the
channel, i.e., αi,B and αq,B. For V2V links, i.e., αi and αq,i, the parameters will be measured
at the receivers of V2V broadcast links and reported to the eNB periodically. Therefore,
the received signal-to-interference-plus-noise ratio (SINR) from CUE q to the eNB and the
SINR of each receiver on broadcast link i can be expressed as (8) and (9), respectively.

γc
q =

Pc
q Gq,B

σ2 + ∑i∈I ρi,qPd
i Gi,B

(8)

γd
i =

Pd
i Gi

σ2 + ∑q∈Q ρi,qPc
q Gq,i

, (9)

where σ2 is the background noise power; Pd
i and Pc

q are the transmit power of the PM i and
the CUE q, respectively. One uplink channel can be reused by at most one V2V broadcast
link, and a V2V broadcast link is allowed to access only one uplink channel, i.e.,

Q−1

∑
q=0

ρi,q ≤ 1, i = 0, 1, . . . , M− 1 (10)

M−1

∑
i=0

ρi,q ≤ 1, q = 0, 1, . . . , Q− 1. (11)

3. DMPC-Based Platoon Control

In this section, to smoothly respond to traffic perturbations, explicitly handle the
vehicle state and control constraints, and ultimately improve fuel consumption, we propose
a modified DMPC method, which adjusts the torque input according to the position of the
nearest neighbor and the velocities of multiple PMs ahead.

Before presenting the modified DMPC method, two types of variables should be de-
fined over the predictive control horizon t∼t + Np∆t. xp

i (k|t) and up
i (k|t) are the predicted

kinetic status and predicted torque input of PM i at time t + k∆t, respectively. xa
i (k|t)

and ua
i (k|t) are the assumed kinetic status and assumed torque input of PM i, which are

the shifted versions of the predicted variables. The shifting process between predicted
variables and assumed variables is shown in Figure 2, i.e.,

ua
i (k− 1|t + 1) = up

i (k|t), k ∈ {1, 2, . . . , Np − 1} (12a)

xa
i (k− 1|t + 1) = xp

i (k|t), k ∈ {1, 2, . . . , Np} (12b)

ua
i (Np − 1|t + 1) = ri(va

i (Np − 1|t + 1)) (12c)

xa
i (Np|t + 1) = Φi(xa

i (Np − 1|t + 1)) + Ωi · ua
i (Np − 1|t + 1). (12d)
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The assumed kinetic status xa
i (k − 1|t + 1), k ∈ {1, 2, . . . , Np + 1} is transmitted to

downstream PMs. Similarly, PM i receives assumed kinetic status xa
j∈Si(t)

(k − 1|t + 1),
k ∈ {1, 2, . . . , Np + 1}, where Si(t) represents the neighbor set of PM i at time t. It is worth
noting that Formula (12c) makes the PM i always move at a constant speed at the end of
the predictive horizon.

t-step 𝑢𝑢𝑖𝑖
𝑝𝑝(0|𝑡𝑡) 𝑢𝑢𝑖𝑖

𝑝𝑝(1|𝑡𝑡) 𝑢𝑢𝑖𝑖
𝑝𝑝(2|𝑡𝑡) ��� 𝑢𝑢𝑖𝑖

𝑝𝑝(𝑁𝑁𝑝𝑝 − 1|𝑡𝑡)

(t+1)-step 𝑢𝑢𝑖𝑖𝑎𝑎(0|𝑡𝑡 + 1) 𝑢𝑢𝑖𝑖𝑎𝑎(1|𝑡𝑡 + 1) ��� 𝑢𝑢𝑖𝑖𝑎𝑎(𝑁𝑁𝑝𝑝 − 2|𝑡𝑡 + 1) 𝑢𝑢𝑖𝑖𝑎𝑎(𝑁𝑁𝑝𝑝 − 1|𝑡𝑡 + 1)

Time

Time

𝑥𝑥𝑖𝑖(0|𝑡𝑡) 𝑥𝑥𝑖𝑖
𝑝𝑝(1|𝑡𝑡) 𝑥𝑥𝑖𝑖

𝑝𝑝(2|𝑡𝑡) 𝑥𝑥𝑖𝑖
𝑝𝑝(3|𝑡𝑡) 𝑥𝑥𝑖𝑖

𝑝𝑝(𝑁𝑁𝑝𝑝|𝑡𝑡)

𝑥𝑥𝑖𝑖𝑎𝑎(0|𝑡𝑡 + 1) 𝑥𝑥𝑖𝑖𝑎𝑎(1|𝑡𝑡 + 1) 𝑥𝑥𝑖𝑖𝑎𝑎(𝑁𝑁𝑝𝑝 − 1|𝑡𝑡 + 1) 𝑥𝑥𝑖𝑖𝑎𝑎(𝑁𝑁𝑝𝑝|𝑡𝑡 + 1)

������

������

Figure 2. Basic procedure to construct assumed torque inputs and assumed kinetic status.

3.1. Objective Function

The fuel consumption is supposed to be minimized when a platoon is driving on a
flat road, i.e.,

min
up

i (0|t),...,u
p
i (Np−1|t)

f1 = ω1

Np−1

∑
k=0

Fuelp
i (k|t), (13)

where ω1 is the weighting factor of fuel consumption.
Since the short-term predictive horizon cannot effectively solve the problem of the

high fuel consumption caused by frequent traffic disturbances, we use the velocities of
multiple PMs ahead to smooth out these effects. Only the position of the nearest neighbor
PM is used for position tracking because its CAM transmission is more reliable. Since the
assumed kinetic status needs to be sent to other vehicles for their motion control, the error
between the predicted kinetic status and the assumed kinetic status should be minimized
as much as possible. Further, to ensure passenger comfort, the torque input of each PM is
as small as possible. Thus, the objective function is modeled as follows

min
up

i (0|t),...,u
p
i (Np−1|t)

f2

= ω2

Np−1

∑
k=0

[
‖xa

jnearest
(k|t)− xp

i (k|t)− x̄jnearest ,i(k|t)‖Ai
(14a)

+ ∑
j∈{Si(t)\jnearest}

‖va
j (k|t)− vp

i (k|t)‖Bi
(14b)

+ ‖xp
i (k|t)− xa

i (k|t)‖Oi
+ ‖up

i (k|t)‖Pi

]
, (14c)

where Ai ≥ 0 ∈ S2, Bi ≥ 0 ∈ R, Oi ≥ 0 ∈ S2, Pi ≥ 0 ∈ R are the weighting matrices, ω2 is
the weighting factor of kinetic status. {xa

jnearest
(k|t), jnearest ∈ Si(t)} is the assumed kinetic

status of the nearest neighbor where PM i received. x̄j,i(t) = [dj,i(t), 0]T is the desired
kinetic status vector between PM j and PM i.

3.2. Constraints

To ensure road safety, the velocity of PM i is limited as

0 ≤ vp
i (k|t) ≤ vi,max, (15)

where vi,max is the allowed maximum velocity of PM i. To meet passenger comfort require-
ment, the acceleration and the acceleration variation are limited:



Electronics 2021, 10, 3117 8 of 22

ai,min ≤ ap
i (k|t) ≤ ai,max (16a)

− ∆ai,max · ∆t ≤ ap
i (k + 1|t)− ap

i (k|t) ≤ ∆ai,max · ∆t, (16b)

where ai,min, ai,max, and ∆ai,max are the minimum acceleration (i.e., the maximum negative
braking acceleration), the maximum acceleration, and the maximum change rate of accel-
eration, respectively. Due to limited size of braking and driving force, the constraint of
control torque is as follows,

Ti,min ≤ up
i (k|t) ≤ Ti,max, (17)

where Ti,min and Ti,max are the minimum torque and the maximum torque, respectively.
To make the DMPC process achieve the kinetic status convergence, similarly to [17], the
terminal constraint is considered:

pp
i (Np|t) = pa

jnearest
(Np|t)− djnearest ,i(Np|t) (18a)

vp
i (Np|t) =

1
|Si(t)| ∑

j∈Si(t)
va

j (Np|t) (18b)

Tp
i (Np|t) = ri(v

p
i (Np|t)), (18c)

where |Si(t)| is the cardinality of set Si(t). As mentioned before, the position of PM i
only follows the position of the nearest neighbor PM, thereby reducing the impact of
traffic perturbations and communication failures. At the end of predictive horizon, the
velocity of PM i tracks the average assumed velocities of the neighbor PMs. The terminal
constraint (18c) makes PM i move at a constant speed at the end of the predictive horizon.

3.3. DMPC Design

Finally, we formulate the DMPC problem of each PM as

min
up

i (0|t),...,u
p
i (Np−1|t)

f1 + f2

subject to

xp
i (k + 1|t) = Φi(xi(k|t)) + Ωi · ui(k|t), k = 0, 1, 2, . . . , Np − 1

xp
i (0|t) = xi(t),

(19)

and (15)–(18) hold. This DMPC problem is a nonlinear optimization problem. Several
efficient computing techniques such as transforming into 0–1 mixed-integer linear pro-
gramming problems [22,23], using particle swarm optimization algorithm with multiple
dynamic populations [24,25], utilizing particular structure [37], might be employed to solve
this DMPC problem. In this paper, we use the optimization toolbox [38] to solve the DMPC
problem and verify the performance of the controller. In the future, we will study faster
and more efficient algorithms to solve the DMPC problem.

Remark 1. Since the uncertainty of wireless channels and a limited number of reusable uplink
channels, it cannot be guaranteed that each PM has the assumed information of neighbor PMs.
To deal with this situation |Si(t)| = 0, we use the on-board sensors to obtain the position pa

i−1(t)
and the velocity va

i−1(t) of PM i− 1. Supposing that PM i− 1 is driving at a constant speed, it is
consistent with the final kinetic status of the platoon leader. Therefore, when PM i cannot receive
any assumed information from the V2V network, it has the following assumed information:
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

pa
i−1(0|t) = pi−1(t)

va
i−1(0|t) = vi−1(t)

ua
i−1(k|t) = ri−1(va

i−1(k|t))
xa

i−1(k + 1|t) = Φi−1(xa
i−1(k|t)) + Ωi−1 · ua

i−1(k|t)
k = 0, 1, 2, . . . , Np − 1.

(20)

When |Si(t)| = 0, the estimated assumed information pa
i−1(k|t) and va

i−1(k|t), k = 0, . . . , Np
of PM i− 1 are used in the DMPC method.

3.4. Safety Mechanism Design

Safety is the most essential factor in platoon control. Because of the uncertainty of
wireless channels, a limited number of reusable uplink channels, and the serious traffic
perturbations, the DMPC problem may not have a solution, causing platoon control to face
a safety problem. In addition, the platoon also faces the safety issue of emergency braking.
Thus, a safety control strategy needs to be designed to avoid collision with the preceding
vehicle. Due to the unreliability of wireless communication, we use the position pi−1(t)
and the velocity vi−1(t) of PM i− 1, which are obtained by on-board sensors for safety
mechanism design. The safety mechanism of PM i needs to handle two scenarios (i.e., with
or without a solution to the DMPC problem).

3.4.1. Without Solution to the DMPC Problem

Similar to [30], Figure 3 shows the safety driving analysis when the preceding vehicle
suddenly brakes. When PM i− 1 brakes at the maximum deceleration ai−1,min within the
time interval [t, t + T], the stopping position pi−1(ti−1,s) of PM i− 1 satisfies

pi−1(ti−1,s) ≥ pi−1(t)−
(vi−1(t))2

2ai−1,min
. (21)

Supposing that PM i drives with constant velocity vi(t), the emergency brake of PM
(i− 1) can be detected by PM i at the time t + T. Then PM i starts to decelerate with ai,min
at the time t + T. Therefore, the stop position pi(ti,s) of PM i can be expressed as

pi(ti,s) = pi(t) + Tvi(t)−
(vi(t))2

2ai,min
. (22)

To avoid collision, we have pi−1(ti−1,s)− pi(ti,s)− dguard > 0. Considering the uncer-
tainty, dguard serves as the guard interval, and is set to 1m. We call this condition as a safety
constraint condition. The safety mechanism of PM i is designed as

ui,s1(t) =


miai,so f tmin + ri(vi(t)) if pi−1(ti−1,s)− pi(ti,s)− dguard > 0
miai,min + ri(vi(t)) if pi−1(ti−1,s)− pi(ti,s)− dguard ≤ 0

and vi(t) + ai,min∆t ≥ 0

mi
−vi(t)

∆t + ri(vi(t)) otherwise.

(23)

When PM i is in the safety constraint area, the controller performs mild deceleration
ai,so f tmin to ensure passenger comfort and fuel economy and make the DMPC problem
solvable again. If PM i cannot satisfy the safety constraint, then maximum braking is
applied. ui,s1(t) = mi

−vi(t)
∆t + ri(vi(t)) makes PM i just stop moving.
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Figure 3. Safety analysis.

3.4.2. With Solution to the DMPC Problem

When the DMPC Problem can be solved, the predicted kinetic statuses xp
i (0|t), . . . ,

xp
i (Np|t) of PM i can be obtained in the predictive horizon. Based on Figure 3 and Formu-

las (21) and (22), the stop position pi(ti,s) of PM i can be expressed as

pi(ti,s) = pp
i (1|t)−

(vp
i (1|t))

2

2ai,min
. (24)

To avoid collision, our controller must satisfy the safety constraint condition pi−1(ti−1,s)−
pi(ti,s)− dguard > 0. Therefore, the safety mechanism of PM i is designed as

ui,s2(t) =


up

i (0|t) if pi−1(ti−1,s)− pi(ti,s)− dguard > 0
miai,min + ri(v

p
i (0|t)) if pi−1(ti−1,s)− pi(ti,s)− dguard ≤ 0

and vp
i (0|t) + ai,min∆t ≥ 0

mi
−vp

i (0|t)
∆t + ri(v

p
i (0|t)) otherwise.

(25)

When PM i is in the safety constraint area, the controller performs the first term of the
predicted control sequence, i.e., up

i (0|t); otherwise, the maximum braking is applied.

4. Resource Allocation for Platoon-Based V2V Communication

In high-density vehicular traffic, the reusable uplink channels allocated to the platoon
could be limited. The fast channel variations can cause V2V link outage and the CAM
loss. Moreover, the traffic perturbations are very serious in high-density traffic flow.
As explained in Section 3, a modified DMPC controller was designed to smooth traffic
perturbations by using the velocities of multiples PMs ahead. In the case of a limited
number of uplink channels that can be reused in the platoon and the uncertainty of wireless
channels, how each DMPC controller can obtain the CAMs of multiple PMs is the problem
to be solved in this section. We propose an effective resource allocation scheme to increase
the CAM broadcast distance of each PM.

4.1. Problem Formulation of Resource Allocation

In each CAM transmission interval, the available Q uplink channels can be reused
by platoon-based V2V broadcast links in the coverage of eNB. Due to the half-duplex
transceiver mechanism and multiple receivers on one V2V broadcast link, we assume that
the CAM transmissions within the platoon occur in different time domains of the CAM
transmission interval. To reuse the uplink channel, the platoon-based V2V broadcast link
has to meet the following conditions:



Electronics 2021, 10, 3117 11 of 22

E[log2(1 + γc
q)] ≥ rc

0, q ∈ Q (26a)

Pro{γd
i ≤ γd

0} ≤ p0, i ∈ I (26b)

0 ≤ Pc
q ≤ Pc

max, q ∈ Q (26c)

0 ≤ Pd
i ≤ Pd

max, i ∈ I , (26d)

where rc
0 is the minimum ergodic capacity requirement of the CUE, and γd

0 is the minimum
SINR requirement of platoon-based V2V link. Pro{·} evaluates the outage probability of
V2V link and p0 is the tolerable outage probability of the V2V link. Pd

max and Pc
max represent

the maximum transmit power of the PM and CUE, respectively.
To enable the DMPC controller to obtain velocity information of more PMs, the

optimization problem can be formulated as

min
{ρi,q ,Pc

q ,Pd
i }

{
M−1

∑
i=0

ai
bili,q

}
subject to

Q−1

∑
q=0

ρi,q ≤ 1, ρi,q ∈ {0, 1}, i = 0, 1, . . . , M− 1 (27a)

M−1

∑
i=0

ρi,q ≤ 1, ρi,q ∈ {0, 1}, q = 0, 1, . . . , Q− 1 (27b)

li,q ∈ N, i ∈ I , q ∈ Q, (27c)

and (26a–d) hold. li,q represents the number of the receivers in broadcast link i range.
li,q is determined by (26a–d). ai represents the weight of PM i state information, and bi
represents the weight of the coverage of broadcast link i. Since the kinetic status of the
platoon leader plays a leading role in the platoon, we set a0 to be 10−5. Other PMs are set as
{ai = 1, i ∈ I \ 0}. We set {bi = 20, i ∈ I} to indicate the change of coverage of broadcast
link. A larger li,q means that there are more receiving PMs in the range of broadcast link i.
Therefore, the objective function enables each PM to receive as much broadcast information
as possible.

4.2. Solution of the Formulated Problem

The resource allocation problem is a nonconvex optimization problem since its combi-
natorial nature is related to the channel quality and the number of reusable uplink channels.
Inspired by [39], we solve this optimization problem in two steps. Here, platoon-based
V2V broadcast link and CUE pairing are marked as V2V-CUE. First, for each V2V-CUE
pair, power are allocated to maximize li,q while ensuring the reliability of the V2V link and
the requirement of CUE ergodic capacity. Second, by constructing bipartite graph match-
ing, the Hungarian algorithm [40] can be used to solve the resource allocation problem
efficiently. To solve the optimization problem, the following lemmas from [39] are used.

Lemma 1. When the V2V link i reuses uplink channel of CUE q, the reliability constraint (26b)
can be translated as follows

Pc
q ≤

αiPd
i

γd
0αq,i

(
e
− γd

0 σ2

Pd
i αi

1− p0
− 1) , f (Pd

i ) (28)

Lemma 2. The optimal power allocation solution for the optimization problem which maximize the
ergodic capacity of CUE while ensuring reliability of V2V link is given by

Pc∗
q = min(Pc

max, Pc
d,max), (29)
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and
Pd∗

i = min(Pd
max, Pd

c,max), (30)

where Pc
d,max = f (Pd

max) and Pd
c,max = f−1(Pc

max). Note that by performing a binary search on the
function f (·), we can obtain the variable Pd

c,max.

Lemma 3. When the CUE q shares spectrum with the V2V link i, a closed-form expression of the
ergodic capacity of CUE q can be defined as Cq,i(Pc

q , Pd
i ) , E[log2(1 + γc

q)] and given by

Cq,i(Pc
q , Pd

i ) =
a

(a− b) ln 2
[e

1
a E1(

1
a
)− e

1
b E1(

1
b
)], (31)

where a =
Pc

q αq,B

σ2 , b =
Pd

i αi,B
σ2 , and E1(x) =

∫ ∞
x

e−t

t dt is the first-order exponential integral
function.

The detailed derivation of the above lemmas can be seen in [39]. In this paper, when
the V2V link reuses the uplink channel of CUE, we need to find the power allocation to
maximize li,q with ergodic capacity guaranteed for CUE q and reliability guaranteed for
broadcast link i. It is not the same as Lemma 2. However, when li,q is fixed, the optimal
power allocation obtained from Lemma 2 can be used to verify that constraints (26a–d) are
met. When V2V link reliability is guaranteed and the maximum ergodic capacity cannot
meet the constraint conditions, there is no other solution satisfying the constraint (26a–d).
Therefore, for broadcast link i and uplink communication of CUE q, we can find the
maximum li,q,max by decreasing the maximum length of broadcast link i iteratively. Since
the maximum li,q,max is determined for each pair of V2V-CUE, the optimization problem (27)
can be simplified as

min
{ρi,q}

{
M−1

∑
i=0

ai
bili,q,max

}
subject to

Q−1

∑
q=0

ρi,q ≤ 1, ρi,q ∈ {0, 1}, i = 0, 1, . . . , M− 1 (32a)

M−1

∑
i=0

ρi,q ≤ 1, ρi,q ∈ {0, 1}, q = 0, 1, . . . , Q− 1 (32b)

i ∈ I , q ∈ Q. (32c)

The above optimization problem is a minimum weight matching problem in bipartite
graphs. Two disjoint vertex subsets (I ,Q) constitute the vertex set of a bipartite graph
and the weight of each edge is denoted as wi,q = ai/(bili,q,max). It is worth noting that
when li,q,max is zero, i.e., the V2V broadcast link i cannot reuse the uplink channel of CUE
q, we set wi,q = ∞. The minimum weight matching problem can be solved by using the
Hungarian method [40]. In conclusion, the resource allocation scheme can be obtained by
Algorithm 1.
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Algorithm 1: Resource Allocation Scheme.
Input: Platoon-based V2V broadcast link i ∈ I , uplink channel q ∈ Q and

corresponding large-scale channel power gain, platoon size M + 1.
Output: ρi,q, Pd

i , Pc
q .

1 for each i ∈ I do
2 for each q ∈ Q do
3 Initialize li,q = M− i; αq,i = max(αq,j), j = i + 1, . . . , i + li,q; αi = αi,i+li,q .
4 for li,q > 0 do
5 According to Lemma (1), calculate Pc

d,max = f (Pd
max).

6 if Pc
d,max ≤ Pc

max then
7 According to Lemma (3), calculate Cq,i(Pc

d,max, Pd
max).

8 if Cq,i(Pc
d,max, Pd

max) ≥ rc
0 then

9 li,q,max = li,q, Pc
q = Pc

d,max, Pd
i = Pd

max, wi,q = ai
bi li,q,max

.

10 Goto new q ∈ Q loop.
11 else
12 li,q = li,q − 1; αq,i = max(αq,j), j = i + 1, . . . , i + li,q; αi = αi,i+li,q .
13 if li,q == 0 then
14 li,q,max = 0, Pc

q = Pc
max, Pd

i = 0, wi,q = ∞.

15 else
16 According to Lemma (1), calculate Pd

c,max = f−1(Pc
max).

17 According to Lemma (3), calculate Cq,i(Pc
max, Pd

c,max).
18 if Cq,i(Pc

max, Pd
c,max) ≥ rc

0 then
19 li,q,max = li,q, Pc

q = Pc
max, Pd

i = Pd
c,max, wi,q = ai

bi li,q,max
.

20 Goto new q ∈ Q loop.
21 else
22 li,q = li,q − 1; αq,i = max(αq,j), j = i + 1, . . . , i + li,q; αi = αi,i+li,q .
23 if li,q == 0 then
24 li,q,max = 0, Pc

q = Pc
max, Pd

i = 0, wi,q = ∞.

25 Hungarian algorithm is used to find the optimal V2V-CUE matching set {ρi,q}.
26 Return {ρi,q, Pd

i , Pc
q}.

Since broadcast link i has multiple receivers, the maximum li,q,max is determined by
decreasing the maximum length of broadcast link i iteratively. Since there are multiple
interference channels from CUE to multiple receivers of broadcast link, Lemma 1 uses the
maximum channel power gain {αq,i = max(αq,j), j = i + 1, . . . , i + li,q} to ensure that all
receivers meet the reliability. Line 3 of Algorithm 1 describes the above process. From
Lemma 2, the power allocation for V2V-CUE pair depends on the magnitudes of Pc

max and
Pd

max. Therefore, Line 5–14 and Line 16–24 in Algorithm 1 correspond to the two cases.
Supposing that the channel power gain decreases with the increase in communication link
distance, it is beneficial to reduce the algorithm complexity. The assumption implies that the
transmission power Pd∗

i and Pc∗
q make all receivers within the broadcast link range li,q,max

meet V2V reliability. However, the simulation results are calculated using the actual channel
information. Supposing an accuracy of ε is needed, the binary search takes log2(1/ε)
iterations to find Pd

c,max. Then the total complexity to compute the power allocation and find
maximum li,q,max for all V2V-CUE pairs is O(M(M + 1)Q log2(1/ε)/2). The Hungarian
method is to solve the minimum weight matching problem and obtain the optimal V2V-
CUE matching set {ρi,q, i ∈ I , q ∈ Q}. Assuming M ≥ Q, the upper limit of iterations is
O(M3). So the total complexity of the algorithm is O(M(M + 1)Q log2(1/ε)/2 + M3).
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5. Simulation Results and Analysis
5.1. Simulation Settings

In this section, the simulation results are presented to evaluate the proposed modified
DMPC method and radio resource allocation scheme. Consider a highway segment with
three lanes, which allows one-way traffic from left to right. To ensure the reliability of
platoon-based V2V communication, we only consider those CUEs in the same direction
lanes for reusing. As shown in Figure 1, the eNB is located at (499 m, −35 m), and the lane
width is 4 m. The starting point coordinates of lanes 1, 2, and 3 are (0 m, 0 m), (0 m,4 m),
and (0 m, 8 m), respectively. A platoon of ten vehicles is driving on lane 3. According to the
spatial Poisson process, other individual vehicles are placed on the lane 1 and lane 2, and
the vehicle density is determined by the average speed of 15 m/s. These individual vehicles
are driven with an Intelligent Driver Model (IDM) [41], and the generation probability
of each lane is 0.6 per second. The high-capacity uplink communications are generated
randomly from Q individual vehicles at each resource reallocation, which can be reused
by platoon-based V2V communications. To evaluate the traffic perturbation scenario, the
speed variation of the leader is given by

v0 =



20 m/s t ≤ 3 s
20 + 2t m/s 3 < t ≤ 4 s
22 m/s 4 < t ≤ 6 s
22− 2t m/s 6 < t ≤ 7 s
20 m/s 7 < t ≤ 9 s
20 + t m/s 9 < t ≤ 10 s
21 m/s 10 < t ≤ 12 s
21− t m/s 12 < t ≤ 13 s
20 m/s t > 13 s.

(33)

To facilitate the comparison of algorithms, the driving distance of the platoon leader
under each algorithm remains unchanged. The total simulation time is 35 s. The wireless
channel models are specified in [42] and updated every 100 ms. The detailed simulation
parameters are summarized in Table 1. We use Matrix Laboratory (MATLAB) to verify the
proposed algorithm. From Figures 4–9, we show the real-time vehicle kinetic status and
real-time wireless communication performance. Table 2 is obtained from an average of
2450 samples (running 7 times, 350 samples each time). Table 3 and Figure 10 are obtained
from averaging seven samples. The simulation runs on a PC with Intel i3 CPU, 8G memory,
and Windows 7 operating system.

5.2. Results Analysis

In our simulation, we first evaluate the platoon dynamic performance. Figure 4 shows
the accelerations, rates of acceleration change, velocities, and the torques of corresponding
PMs in different Q reusable uplink channels. Figure 4a shows that the acceleration values of
corresponding PMs are within the acceleration constraint range. In Figure 4b–d, the other
three kinetic statuses (i.e., rate of acceleration change, velocity, torque) in the platoon behave
the same way as the acceleration. According to Formula (2), there is an approximately linear
relationship between acceleration and torque, which can be seen in Figure 4a,d. Moreover,
it can be seen in Figure 4 that the kinetic statuses of corresponding PMs can follow the
platoon leader and achieve state convergence. The distance between the corresponding PM
and its predecessor is described in Figure 5. The final desired distance is 10 m with time
headway h = 0.5 s and final constant speed 20 m/s. Figure 5 shows that corresponding
PMs can reach the final desired distance. According to Formula (6), fuel consumption is
related to vehicle velocity and torque. Figure 4c,d show that the succeeding PM has a
smaller change in velocity and torque value than the preceding PM. This explains the main
reason why the proposed controller can save fuel.
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Table 1. Vehicle dynamic and wireless channel simulation parameters.

Parameter Value

The total simulation time 35 s
The number of vehicles in the platoon 10
Discrete time interval ∆t 100 ms
Vehicle mass mi 1800 kg
Mechanical efficiency ηi 0.96
Tire radius Ri 0.45 m
Lumped aerodynamic drag coefficient Ci 1.3 (N·s2·m−2)
Rolling resistance coefficient fi 0.01
Gravity constant g 9.8 m/s2

Ti,min, Ti,max −7200 N, 7200 N
Allowed maximum velocity vi,max 30 m/s
ai,min, ai,max, ai,so f tmin −4 m/s2, 4 m/s2, −1 m/s2

∆ai,max 6 m/s3

Predictive horizon Np 5
Weighting factor ω1, ω2 1, 20
a0, {ai, i ∈ I \ 0}, bi ∈ I 10−5, 1, 20
Fuel consumption rate fi,idle 0.113 g/s
Efficiency of fuel ζi 13,000 J/g
Time headway h 0.5 s

Ai

[
1 0
0 1

]
Bi 1

Oi

[
10 0
0 10

]
Pi 10
Carrier frequency/Bandwidth 2 GHz/10 MHz
Pd

max, Pc
max 23 dBm, 23 dBm

BS antenna height 25 m
BS antenna gain 8 dBi
BS receiver noise figure 5 dB
Vehicle antenna gain 3 dBi
Vehicle antenna height 1.5 m
Vehicle receiver noise figure 9 dB
Noise power σ2 −114 dBm
Minimum ergodic capacity for CUE rc

0 0.5 bps/Hz
SINR threshold for V2V links γd

0 5 dB
Reliability for V2V links p0 0.01
Bisection search accuracy ε 10−5

Pathloss model of V2V link WINNER + B1 LOS
Pathloss model of uplink 128.1 + 37.6log10d, d in km
Shadowing distribution Log-normal
Shadowing standard deviation ξ of V2V link 3 dB
Shadowing standard deviation ξ of uplink 8 dB
Fast fading Rayleigh fading
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Figure 4. Vehicle acceleration, rate of vehicle acceleration change, velocity, and torque with different numbers Q of reusable
uplink channels. (a) Acceleration; (b) Rate of acceleration change; (c) Velocity; (d) Torque.

Next, we evaluated the performance of the radio resource allocation algorithm.
Figure 6 demonstrates the ergodic capacity of the corresponding CUE when the resource
allocation period is 100 ms. It is observed that the ergodic capacity of the corresponding
CUE satisfies the baseline requirement. Figure 7 shows the variation in the number of
neighbors of each PM. Between the time steps of 150 and 200, the number of neighbors
of each PM decreases. This is because the platoon-based V2V broadcast links are close to
eNB, which causes strong interference to uplink communications, resulting in the limited
broadcast distances of platoon-based V2V communications. Since the channel parameters
reported to the eNB require a lot of additional signaling overhead, larger resource allocation
periods such as 300 ms and 500 ms are also studied. An appropriate margin should be
added to the baseline to ensure that the capacity requirements of CUEs can be met with
a larger allocation period. Here, for the resource allocation periods 300 ms and 500 ms,
a baseline margin of 0.5 bps/Hz is added to the baseline of 0.5 bps/Hz. Figures 8 and 9
show that most of the CUEs exceed the baseline requirements by a large margin, except
for a small number of CUEs that do not meet the ergodic capacity requirements. The
comparison between Figures 8 and 9 shows that the ergodic capacity requirements of more
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CUEs cannot meet the baseline in a larger resource allocation period. This indicates that
a larger resource period is not suitable for scenarios with higher capacity requirements.
Table 2 shows the average number of PM neighbors under different Q value and resource
allocation period in the whole simulation time. It shows that the average number of PM
neighbors decreases with a larger allocation period and smaller Q value. The main reason
is that to meet the ergodic capacity requirements of CUEs in a larger allocation period,
a higher baseline margin is required, and a higher baseline margin limits the broadcast
ranges of the platoon-based V2V links.
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Table 2. The average number of PM neighbors.

Q = 9 Q = 8 Q = 7 Q = 6

PM 100 300 500 100 300 500 100 300 500 100 300 500 (ms)

1 0.99 0.98 0.94 0.98 0.99 0.97 0.98 0.97 0.96 0.98 0.98 0.97
2 1.90 1.86 1.83 1.88 1.83 1.81 1.81 1.79 1.73 1.80 1.70 1.75
3 2.79 2.72 2.72 2.74 2.69 2.64 2.61 2.56 2.53 2.63 2.51 2.55
4 3.68 3.54 3.51 3.58 3.45 3.45 3.43 3.40 3.36 3.36 3.21 3.24
5 4.55 4.33 4.33 4.39 4.22 4.25 4.21 4.08 4.04 4.00 3.75 3.80
6 5.35 5.03 5.08 5.12 4.89 4.97 4.83 4.68 4.64 4.44 4.20 4.32
7 6.11 5.73 5.79 5.84 5.53 5.56 5.28 5.07 5.03 4.67 4.20 4.46
8 6.71 6.32 6.32 6.28 5.93 5.98 5.42 5.17 5.11 4.69 4.33 4.55
9 7.14 6.73 6.75 6.42 6.00 6.06 5.48 5.18 5.14 4.75 4.33 4.57

Table 3. The fuel consumption of vehicle platooning with different resource allocation periods and
different numbers of reusable uplink channels.

Resource Allocation Update Period Q = 9 Q = 8 Q = 7 Q = 6

100 ms 443.80 g 442.97 g 445.74 g 444.60 g
300 ms 443.80 g 444.76 g 444.56 g 446.61 g
500 ms 445.24 g 443.44 g 446.03 g 445.67 g

Finally, we evaluated the fuel consumption performance of the platoon. Table 3 shows
fuel consumption of vehicle platooning with different resource allocation periods and
different numbers of reusable uplink channels. Although the number of PM neighbors
decreases with a larger resource allocation period, their fuel consumption performances are
very close. Figure 10 demonstrates fuel consumption of different algorithms with different
numbers of reusable uplink channels. DMPC-PF-17 uses constant space strategy and
preceding-following topology for platoon driving, which is proposed in [17]. DMPC-PFL-
17 uses constant space strategy and preceding-leader-following topology for control [17].
DMPCMF-19 was proposed in [22] to optimize fuel consumption at the predictive control
horizon. Here, DMPCMF-19 works with a preceding–following topology. In Figure 10, we
know that the proposed scheme has better fuel economy compared with existing schemes.
Furthermore, the fuel consumption of the platoon remains stable with a limited number of
reusable uplink channels.

6. Conclusions

In this paper, a modified DMPC method is proposed for smoothly responding to
traffic perturbations and explicitly handling the constraints of vehicle state and control. To
further improve the platoon fuel performance, a radio resource allocation optimization
problem to increase the CAM broadcast distance of each PM is proposed. The optimization
problem is solved in two steps including maximum V2V broadcast distance and minimum
weight matching. Simulation results demonstrate that when the number of reusable uplink
channels allocated to the platoon is limited, all PMs can follow the platoon leader and
maintain state convergence. Further, the radio resource allocation scheme can increase the
distance of platoon-based V2V broadcast while ensuring the ergodic capacity requirement
of CUE uplink communication. In the end, by comparing different control algorithms,
simulations show that our proposed algorithm has better fuel efficiency.

Notably, the radio resources allocation is assumed to be controlled by eNB in this paper.
A further consideration is also needed in scenarios without eNB coverage, especially in high-
density scenarios. The direction of future research will be to improve CAM transmission
without eNB coverage and in high-density vehicle scenarios. In this paper, we use the
existing optimization tool to solve the modified DMPC problem, so the solving efficiency
could still be further improved by efficient algorithms. Another research direction will be
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to study faster and more efficient algorithms to solve the modified DMPC problem. This
paper mainly focuses on the study of homogeneous vehicles, which needs to be extended
to heterogeneous vehicles in the future. The cross-sectional areas of heterogeneous vehicles
will cause different air resistance. Different car brands will have different internal inertia
lags, resulting in different dynamic response speeds. These heterogeneous characteristics
of the vehicle will limit the use of our proposed controller, which requires further study.
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