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ABSTRACT Vehicle platooning is an enabler technology for increasing road capacity, improving
safety and reducing fuel consumption. Platoon control is a two-layered system where each layer runs
under a different communication standard and rate – (i) the upper-layer operates under a specific V2V
communication standard such as IEEE 802.11p and (ii) the lower-layer operates over high-speed in-vehicle
communication networks such as FlexRay, CAN. The upper-layer, under 802.11p, uses periodic Cooperative
Awareness Messages (CAMs) for exchanging vehicle motion information (i.e., acceleration, velocity and so
on), the rate of which is adapted depending on the network congestion level. With over 70% channel load, the
CAMs experience significant delay and packet loss, jeopardizing the stability of the platoon control. Under
such high congestion, the European Telecommunications Standard Institute (ETSI) proposes to engage
Decentralized Congestion Control (DCC) to control the channel load. We propose a platoon control and
DCC scheme to tackle this scenario. Our contribution is three-fold. First, we propose a multi-layer platoon
model explicitly augmenting the communication delay in the state-space. Second, the augmented delay-
aware platoon model is integrated in the state-of-the-art multi-layer multi-rate model predictive control
(MPC) for the upper-layer. Third, we adopt a message-rate congestion control scheme to keep the channel
load under a given threshold. We use the proposed delay-aware MPC scheme under the message-rate
congestion control scheme which may lead to switching under dynamic network conditions. Using the
proposed technique, we show that platoon performance can be maintained under high network congestion
while maintaining string stability.

INDEX TERMS Vehicle platooning, Multi-layer multi-rate control, V2V communication, Communication
delay, Model predictive control, Message-rate congestion control

I. INTRODUCTION

AUTONOMOUS driving and connected mobility are im-
portant technologies for future Intelligent Transporta-

tion Systems (ITS) since they can improve safety, increase
road capacity, reduce fuel consumption and emissions [30,
34]. A platoon of vehicles is a group of autonomous vehi-
cles closely following each other while maintaining a safe
inter-vehicle distance. Vehicle platooning is based on the
Cooperative Adaptive Cruise Control (CACC) technology
which is an extension to Adaptive Cruise Control (ACC).
Besides on-board sensors (radar or lidar) used in ACC for

measuring the distance to the preceding vehicle [45], CACC
integrates Vehicle-to-Vehicle (V2V) wireless communication
between vehicles along with other sensors. This enhances
the functionality of ACC and enables significant reduction in
headway time (i.e., the time needed by the follower vehicle
to reach the position of the preceding vehicle), improves
safety and reduces fuel consumption. Wireless communica-
tion allows a richer set of information (acceleration, position,
velocity, road intersection and traffic flow status such as
existence of moving or stationary obstacles) to be shared
between vehicles. Many studies investigated the design and
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functionality of CACC e.g., [30, 47, 48, 51, 55, 63]. The
effective capacity of highways might be improved by increas-
ing CACC market penetration [59].

Vehicles in a platoon exchange periodic Cooperative
Awareness Messages (CAMs) over V2V communication.
There are two types of channels, as per IEEE 802.11p un-
der the European Telecommunications Standards Institute
(ETSI) [29], one control channel (CCH) and six service
channels (SCHs). The CCH is dedicated to safety-critical
applications like platoons and it allows for a message rate
of 10Hz for CAMs when the channel load is < 70% [15].
When the channel load is > 70% (under heavy vehicular
density), parameters such as message rate, data rate and
transmit power can be adapted to prevent channel congestion
and packet drops. The message rate can be as low as 1Hz and
is controlled by a Decentralized Congestion Control (DCC)
algorithm where one or more parameters are adapted. Those
parameters are tuned according to the measured channel load
at run time to avoid channel congestion and keep the channel
load < 70%.

Generally, platoon control is achieved in each vehicle by
running software tasks on the electronic control units (ECUs)
and it is split into an upper-layer and a lower-layer running
over two different communication standards and rates, one
for inter-vehicle communication and one for intra-vehicle
communication. The usage of different communication stan-
dards in each layer with a different operating frequency
introduces the multi-rate control concept. In that spirit, a
multi-layer multi-rate control scheme is adopted in this paper
since the separation between layers reduces complexity in
design and analysis. This paper builds upon previous work
[25] where the focus is on high-performance platoon control
under low network congestion. In this paper, the performance
under high network congestion is studied, thus, considering
communication delay in the control design.

Communication delay happens in Networked Control Sys-
tems (NCSs) since the message has to be processed by the
sender and the receiver, and also because of the limited
bandwidth of the network and because multiple nodes share
the same channel causing interference. This delay (either
constant or time-varying) might degrade the performance if
not considered in the control design and might destabilize
the system especially in case of long delay or interval of
no-received-packets. The value of the delay depends on the
vehicular density i.e., the delay increases if too many vehicles
share information via the communication channel. Interest-
ingly, communication delay is not generally considered in
platoon control literature. This is mainly supported by the
assumption that the delay is quite low in a non-congested
network [25]. As shown in [38], string stability (attenuation
of disturbances throughout the platoon) is seriously compro-
mised by a high communication delay. In this paper, a novel
augmented state-space, multi-layer multi-rate, platoon model
is introduced that considers the delay in the received signal

under predecessor-follower (PF) topology1. The eigenvalues
of such system depends on different parameters (e.g., the
upper-layer, and the lower-layer sampling periods, the head-
way time, etc.) and thus the stability (the convergence of each
of the vehicles to the reference acceleration) depends on the
chosen parameters. The stability of such system is analyzed
using Lyapunov theory in order to check the stability region
under different sets of parameters. Next, the proposed delay-
aware platoon model is used in the design of a switching
platoon control. Communication delay is stochastic or time
varying. In this paper, we assume that the delay is mostly
lower than one sampling period. For the cases where the
delay is more than one sampling period, it is assumed that
the packet is lost.

In each vehicle, the upper-layer receives CAM messages
from its preceding vehicle with a certain delay. The upper-
layer computes the desired acceleration which is then at-
tained by the lower-layer. The role of the upper-layer is to
compute the desired acceleration while ensuring safety, fuel
efficiency, driving comfort, tracking capability and string
stability. The desired acceleration is computed based on the
vehicle status and the status of its preceding vehicle (assum-
ing a PF topology). The upper-layer controller is designed
using Model Predictive Control (MPC) [43] because of its
ability to handle different constraints on input and states. For
MPC to compensate for the delay, an augmented prediction
model is formulated based on the new augmented state-space
platoon model. Then, the desired acceleration is passed over
to the high-speed in-vehicle network, e.g., FlexRay, to be
realized by the lower-layer controller which is responsible
for reaching the desired acceleration within a certain time.

We implement a DCC algorithm by tuning the message
rate (thus called message-rate congestion control) based on
the vehicular density to keep the channel load � 70%. We
create traffic scenarios on a highway where the number
of vehicles changes. We estimate the channel load in each
scenario and therefore compute the message transmission
rate that keeps the channel load close to 70%. When the DCC
algorithm is active, the V2V message rate is going to change
depending on vehicular densities. Therefore, the upper-layer
sampling rate should be adapted according to the V2V
message rate. However, designing a platoon control which
can run for multiple sampling rates is a challenging task.
We tackle this challenge considering slow-changing traffic
behaviour resulting in a switched system which switches
slowly between different controllers where each controller is
pre-designed and tuned for each specific message rate.

We use our co-simulation framework CReTS (ContRol,
nEtwork and Traffic Simulator) [26] to evaluate our pla-
toon control framework under realistic network behavior.
CReTS is a framework composed of network simulator ns-
3, traffic simulator SUMO and Matlab. ns-3 provides packet
reception ratios and delays to the controller implemented in

1In PF topology, a follower vehicle receives information from its direct
predecessor only.
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Matlab. Different network congestion levels can be simulated
by adjusting the number of communicating vehicles using
SUMO and the corresponding control performance is eval-
uated. Using the proposed method in this paper, we show
the possibility of maintaining the platoon performance in
terms of string stability and fuel economy under high network
congestion by adapting the V2V message rate. This paper
extends our results presented in [25] on three main aspects:

1) How to include the V2V communication delay in the
platoon model.

2) How to design a delay-aware MPC controller to improve
performance.

3) The evaluation of the delay-aware MPC under a pro-
posed DCC system.

This paper is organized as follows. In Section II, we
present the related work. Section III introduces the overall
architecture of the system with different layers and rates, and
their interaction/relation. In Section IV, we give an overview
of the IEEE 802.11p communication standard, DCC and
message-rate congestion control. Section V introduces the
vehicle and platoon models under communication delay and
the lower-layer control design using state-feedback con-
trol. In Section VI, we analyse the stability of the platoon
model using Lyapunov theory. In Section VII, we present
the MPC control design based on the augmented state-space
platoon model. The evaluation of our approach is presented
in Section VIII where we show the control and network
performance and fuel consumption. Section IX concludes our
paper.

II. RELATED WORK
In [25], we propose a multi-layer control scheme where
vehicles follow the recommended V2V message rate of 10Hz
(100ms) under light traffic and network congestion levels.
In this paper, we extend our earlier work where communi-
cation delay and different V2V message rates are taken into
account under high traffic and network congestion levels. In
the following, we describe the related work in the relevant
directions.

Networked control system (NCS) with delay: In a NCS,
the information (a control input or a reference signal for
example) is exchanged through a real network among the
sensors, actuators and the controllers. The network-induced
delay may lead to instability and degrades the performance
of the control system. In [4], the influence of the sampling
period and network delay on the stability of the system is an-
alyzed using a stability region plot. The stability was checked
by increasing the delay slowly and testing the eigenvalues
of the closed-loop system matrix under a fixed value of the
linear control gain. In [8], the stability of the NCS under
delays that are less than and larger than the sampling period is
analyzed where LMI conditions are derived using Lyapunov
theory to ensure stability and also a stabilizing control gain
is found. In our work, in order to find the stability region of
the multi-layer multi-rate platoon system under different sets

of parameters, we extended the approach presented in [8] by
finding LMI conditions using Lyapunov theory. We solved
those LMIs under different parameters: lower-layer sampling
periods, upper-layer sampling periods, headway times, pole
locations of the lower-layer controller, delay values. We are
only interested in feasibility of achieving stability and not in
finding the stabilizing control gain, since the control gain is
designed using MPC in this work.

Platoon control in a congested network: Some work stud-
ied the effect of communication imperfections (delay and
packet loss) on the string stability of the platoon of vehi-
cles. In [38], the authors investigate the design of a robust
controller against packet loss and communication delay and
they show that string stability is seriously compromised by
the communication delay. They also show that string stability
can be maintained if the delay in the received preceding-
vehicle information is small and that, if the delay is a random
variable and not a constant, stability cannot be guaranteed.
Constant communication delay is considered in [20, 38, 50]
whereas time-varying communication delay is considered
in [10, 19, 52]. The authors in [38] studied the effects of
communication delay on string stability. A control law is
designed that uses the information received from the pre-
ceding vehicle and the lead vehicle. In [20], an H1 control
method is proposed for heterogeneous platoons with uniform
communication delay and uncertain dynamics. In [52], the
authors investigated the effects of stochastic communication
delay on the stability of connected cruise control. In [10],
the authors considered the platooning problem as a problem
of achieving consensus in a network of dynamical systems
under time-varying heterogeneous communication delay. In
this work, we consider a constant communication delay. We
derive the multi-layer multi-rate platoon model considering
communication delay where the delayed acceleration is aug-
mented to the state-space platoon model. Using our CReTS
simulation framework, we measure the communication delay
experienced between vehicles for low, medium, and high
congestion scenarios. This time-varying communication de-
lay is upper-bounded by the measured maximum delay under
different congestion levels. The delay is small in scenarios
with low or medium congestion. Control performance and
string stability do not suffer in such cases. On the other hand,
string stability and the tracking performance of the platoon
system degrade with high congestion. Message-rate control
is then used to reduce congestion.

Delay-aware MPC: In our earlier work [25], we extended
the state-of-the-art multi-objective MPC approach for pla-
tooning in a distributed manner by considering a realistic
vehicle dynamics (a more descriptive platoon model), the
multi-rate concept in the design of the upper-layer and the
lower-layer controllers, and realistic network behavior with
packet loss. Multi-objective MPC is implemented in order
to satisfy different objectives such as minimal fuel con-
sumption, tracking capability and desired driver response.
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In our current paper, we redesigned the MPC controller to
compensate for the communication delay where the predic-
tion model for MPC is constructed based on the new aug-
mented state-space model. String stability is satisfied through
constraints satisfaction whereas better fuel consumption and
good tracking capability are obtained through cost function
minimization. In [31], string stability is accomplished by
matching MPC through tuning its weighting matrices with a
linear controller such that the behavior of MPC matches the
string-stable controller (in the unconstrained case). When the
constraints are active, MPC is used to satisfy the constraints.
This does not match the linear controller anymore and string
stability is not guaranteed. Model augmentation is considered
where the acceleration of the preceding vehicle (considered
as a measured disturbance) is augmented to the system state.
However, the delay in the received acceleration was not taken
into account and only the actuator delay was considered.
In [36], an MPC algorithm is introduced for a NCS to handle
packet loss and delay using an augmented state-space model.
However, the analysis is done for an unconstrained MPC.
In [39], MPC was designed to compensate for input and state
delay using a state-space augmented system. The input delay
appears due to the time needed to compute the control input
and the state delay appears due to the in-vehicle induced
network delay (CAN bus). The delay due to V2V commu-
nication is not considered in the paper. In [40], a distributed
MPC is developed for vehicle platooning while guaranteeing
stability and recursive feasibility. The communication delay
can be an integer multiple of the sampling period and the
desired acceleration is computed based on the old (outdated)
received acceleration. For a system with coupled dynamics,
as in our approach, computing a cost function and terminal
constraint set every time step, as proposed in [40], requires
huge computational resources. As we aim at low computa-
tional costs, we followed the proposed theorem in [37] which
states that stability of MPC can be obtained when considering
a zero terminal constraint set.

Control in combination with DCC: A joint communication
and control design approach is considered in [23] where the
parameters of the CACC controller are adapted based on the
measured network parameters. A lookup table is created for
each packet error rate where the parameters of the CACC
controller are tuned such that collision is avoided between
vehicles. However, this simple control scheme cannot guar-
antee safety and string stability under highly dynamic traffic
situations. No earlier work has been found in literature where
DCC algorithms are explicitly considered in the platoon
control.

III. PLATOON CONTROL ARCHITECTURE
Fig. 1 shows the overall platoon architecture that is consid-
ered in this paper. The role of the upper-layer is to compute
the desired acceleration based on the current vehicle informa-
tion and the information of the preceding vehicle received via
V2V wireless communication. The leading platoon vehicle

(platoon leader) is manually controlled by a human driver
where the driver follows a pre-defined acceleration profile.
Thus, the leading platoon vehicle has only the lower-layer
controller which is responsible for attaining the desired accel-
eration. The actual acceleration of each vehicle is transmitted
over the V2V wireless communication to other vehicles and
received with some delay based on the network congestion
level. The upper-layer in each following vehicle computes
the desired acceleration based on two versions of the received
acceleration (i) the current received acceleration at time step
k, ai�1(k), that is received with delay (at most) � and
(ii) the old "outdated" acceleration of the preceding vehicle
ai�1(k�1) that is received at time step k�1. The computed
desired acceleration (aides) of the ith vehicle is then passed to
the lower-layer controller to be attained within certain time.
The upper-layer controller runs at 10Hz when the channel
load is � 70%. When the channel load is > 70% (under
high network congestion levels), the message rate, and thus
the upper-layer sampling period, is modified to have a value
between 1–10Hz in order to keep the channel load at 70%.
This is called message-rate congestion control.

The lower-layer controller receives the desired acceler-
ation over fast and reliable in-vehicle networks such as
FlexRay or Ethernet [44]. The lower-layer controller can
be implemented with a short sampling period such as 2ms,
10ms, or 20ms considering typical automotive architec-
tures [22].

It should be noted that time synchronization is required for
the platoon to generate a shared notion of time in all vehicles
so they can operate properly. Time synchronization can be
achieved using GPS.

Fig. 2 shows the road segment (from SUMO) considered
in our experiments. It is a road section of 3km with four
lanes in each direction. Platooning is most effective on
(busy) highways, which is why we focus on such highway
scenarios. In our setup, we consider a single platoon that
uses a dedicated lane, since we only consider longitudinal
control, i.e., regulating the longitudinal motion of vehicles
via controlling their speed, acceleration and the distance gap
between vehicles on the same lane. Lateral control, where
platoon vehicles are kept in the desired lane through steering
or follow a reference trajectory in case of lane changing, is
beyond the scope of this paper. The non-platoon vehicles in
our experiments can change their lanes, which means that
the lane for platoon vehicles, "Lane 1" in Fig. 2, is actually
shared between platoon and non-platoon vehicles. In such
a case, the platoon leader should adapt its acceleration or
velocity (and therefore the acceleration and velocity of the
followers) to avoid collisions with preceding non-platoon
vehicles.

IV. MESSAGE-RATE CONGESTION CONTROL
A. IEEE 802.11P V2V COMMUNICATION STANDARD
IEEE 802.11p based connected vehicle technology is known
in the US as DSRC (Dedicated Short-Range Communica-
tion) and in Europe as ITS-G5 (Intelligent Transportation
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Figure 1: Multi-layer multi-rate platoon control architecture.

System-5GHz). IEEE 802.11p is an amendment to IEEE
802.11a where the physical layer properties are modi�ed to
cope with the rapidly changing vehicles position. Moreover,
IEEE 802.11p provides more robustness against fading and
increases the tolerance for multipath propagation effects of
signals in a vehicular environment [35]. In ITS-G5, a 50MHz
spectrum in the 5.9GHz range is licensed to Cooperative
Intelligent Transport Systems (C-ITS) to be used exclusively
for V2V and V2I (Vehicle-to-Infrastructure) communica-
tions. This spectrum is divided into six service channels
(SCHs) and one control channel (CCH) each of 10MHz band-
width. CCH is dedicated to safety-critical data, cooperative
road safety and critical applications such as platoons. The
six service channels (SCHs) are dedicated to safety and non-
safety ITS applications [29].

As de�ned by the European Telecommunications Stan-
dards Institute (ETSI) [12, 13], V2V wireless communi-
cation for platoons under the IEEE 802.11p standard [29]
uses the CCH to share information between vehicles. Two
types of messages share the control channel, periodic Co-
operative Awareness Message (CAM) and event-triggered
warnings Decentralized Environmental Noti�cation Message
(DENM) [12]. DENMs are used to issue warnings in emer-
gency situations [14]. CAMs are sent periodically to create
and maintain awareness between vehicles and roadside units
and therefore used for platoon applications. Data types con-
tained in all generated CAMs by a vehicle shall include all
fast-changing (dynamic) measured status information such as
heading, speed, position and acceleration.

Under high network congestion, the probability of packet
collisions increases with the limited channel capacity of
10MHz. Moreover, there is no re-transmission mechanism
for lost packets in IEEE 802.11p. The medium access con-
trol (MAC) algorithm deployed by IEEE 802.11p is based
on the CSMA/CA algorithm (carrier sense multiple access

with collision avoidance). Vehicles �rst listen to the chan-
nel before transmission and if the channel is perceived as
idle for a predetermined listening period the vehicle can
start to transmit directly. If two vehicles decide to send at
the same time, a collision happens [18]. The messages are
broadcast periodically at a certain message rate to each other,
without any acknowledge nor re-transmission mechanisms to
guarantee reception. The sequence number of each message
allows vehicles to estimate the channel and the information
reception rate, and it provides awareness of traf�c around the
vehicle. A DCC algorithm is engaged to keep the channel
load under a certain threshold.

B. DECENTRALIZED CONGESTION CONTROL (DCC)

CAMs follow a default message transmission rate of 10Hz
(sampling period = 100ms) when the channel load is� 70%.
Under high vehicular density (i.e., channel load is > 70%),
this default value (10Hz) causes channel congestion, packet
drops and long delay. Therefore, reliability of safety-critical
applications, e.g., platoons, might be compromised. To solve
this issue, under a channel load greater than 70%, message
rate of CAMs can be lowered to as low as 1Hz and controlled
by a Decentralized Congestion Control (DCC) algorithm
[15]. In literature, there are different DCC algorithms (e.g.,
Limeric) [3, 32, 57] that control the channel load to avoid
channel congestion. Those DCC algorithms tune either one
parameter, such as message rate, data rate, transmit power,
carrier sensing threshold or more communication parameters
such as both message rate and transmit power. It should
be noted that congestion control can be implemented in a
centralized or a decentralized way. In this paper, we assume
that all the vehicles in a platoon have the same V2V message
rate, as elaborated in Section IV-E.
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C. CHANNEL MODELING
Modeling the V2V communication channel is important
when analysing DCC-aware platoon control. Channel mod-
eling is challenging because of the different aspects that play
a role in wireless communication [33, 61]. For example,
the type of environment (urban or highway) and vehicles
(cars, vans or trucks), the mobility pattern, and the antenna
design and positioning all have impact on the quality of com-
munication. In urban areas, interference with other wireless
communication and signal blocking, shadowing, re�ection,
and diffraction because of buildings are the main challenges
that need to be considered. Mobility of vehicles should be
considered in the channel model for urban contexts or high-
ways since they may cause re�ection or block the line-of-
sight (LOS). There is no one single model that can consider
all these characteristics together. Instead, there are different
models in literature that can be used to describe a realistic
channel in different environments.

The strength of the received signal power is affected
by small-scale fading (diffraction, re�ection, scattering) and
large-scale fading related to distance (shadowing, path loss).
It is a common practice in literature to represent these aspects
in separate models. In this work, the large-scale propagation
(path loss) between vehicles is modeled using a dual-slope
log-distance model that is commonly used in literature [61].
Small-scale fading is modeled using the Nakagami statistical
channel model. The channel model used in our scenario,
a Nakagami-M model whereM varies based on the dis-
tance between the sending and the receiving vehicles, is a
widely accepted channel model [46]. It was shown in [9]
to be a suitable probabilistic channel model for vehicular
communication. Since we consider a single platoon with a
PF topology in a highway scenario in which all control-
related communication is between contiguous vehicles in the
platoon, over at most several tens of meters distance, a more
detailed channel model differentiating LOS from obstructed
LOS or including shadowing is not needed, as illustrated for
instance through the comparison of channel models made
in [2].

D. CHANNEL LOAD ESTIMATION
The IEEE 802.11 standard has de�ned channel sensing in
its Clear Channel Access (CCA) protocol, which is used
to measure channel load at run time [27, 28]. One way to
estimate average channel load is to calculate the total air
time of messages sent by all vehicles in one access range.
The number of vehicles that causes 70% channel load can be
estimated as follows. The 100% channel load can be calcu-
lated assuming that one vehicle can start sending a message
immediately after the transmission of the previous message
is completed, which is an ideal case excluding MAC protocol
delays. One 300Byte message takes around 0.4ms in a 6Mbps
channel, which is used in the IEEE 802.11p V2X (vehicle-
to-everything) communication. If we consider a 300Byte
message length of 0.4ms, the total number of messages per
second is 1000/0.4 = 2500. At 10Hz message rate per vehicle,

this allows for 250 vehicles to transmit without con�ict at
100% load. The 250 vehicles is calculated based on a 10Hz
message rate of 300Byte messages in a 6Mbps channel. At
70% load, the number of vehicles is 250� 0.7 = 175.

We can take 1km access zone to estimate the vehicle-
vehicle distance, which means a vehicle can listen to others
within 500 meter distance. If we consider an 8-lane high-
way and 1km communication zone, the 250 vehicles can
be distributed over 8 lanes within 500 meter around the
listening vehicle to derive the average inter-vehicle distance:
1000/(250/8) = 32m. 32m vehicle-to-vehicle distance (ex-
cluding the length of the vehicle) is a quite normal situation
in busy times. With such an estimation, 70% channel load
means 175 vehicles using 10Hz message rate. The aver-
age vehicle-to-vehicle distance on an 8-lane highway (using
1km communication zone) is 1000/(175/8)= 45.6m. In other
words, if the vehicle density is as high as one per 45 meter on
an 8-lane highway, the channel is 70% loaded.

Note that the above is an ideal estimation without con-
sidering message collision due to the MAC protocol, which
means the measured channel load by a vehicle is usually
lower due to collisions and the received signal power loss
over the channel from the sender.

E. MESSAGE-RATE CONGESTION CONTROL
ALGORITHM

As mentioned earlier, a DCC algorithm can be implemented
by tuning one or more parameters such as message rate, data
rate, etc. In this section, we consider the DCC by computing
the message rate that keeps the channel load at certain thresh-
old while keeping the other parameters constants. Thus it is
called message-rate congestion control.

The average message transmission rate under different
vehicular density, assuming the default data rate of 6Mbps for
all scenarios, can be computed using the following formula:

mr =
channel load (in %) / 100

mt � number of vehicles (in 1km)
(1)

wheremr , mt denote message transmission rate and message
transmission time, respectively. Note that Eq. 1 is similar
to the estimation done in Section IV-D (by letting channel
load = 100%,mt = 0.4ms and number of vehicles in 1km =
250, we obtainmr = 10Hz). In order to �nd the message
rate that keeps the channel load �xed at 70% under certain
vehicular density, we �nd the number of vehicles in 1km and
set channel load = 70% andmt = 0.4ms in Eq. 1.

Recall that Fig. 2 shows (the SUMO view of) the experi-
mental setup we consider in this paper. For different vehicular
densities, we compute the corresponding message rates at a
certain threshold using the formula in Eq. 1. This is shown
in Table 1, which summarizes the traf�c and network scenar-
ios under consideration. As shown in Table 1, we consider
certain scenarios where DCC is active and scenarios where
DCC is not active. DCC is disengaged for the low level of
congestion (channel load� 70%) i.e., for the traf�c scenarios
where the number of vehicles in the road segment shown in
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Figure 2: Road segment considered in our experiments, as
visualized in SUMO.

Fig. 2 is� 525 and therefore the standard V2V message rate
of 10Hz is considered. For high congestion levels, DCC is
engaged and the message rate is computed using Eq. 1. For
example, for 1000 vehicles in this 3km road segment, the
average message transmission rate that keeps channel load
at 70% can be computed as follows:

mr =
0:7

(0:4 � 10� 3) � (1000=3)
= 5 :25Hz:

For the sake of comparison, we disengage DCC for some
traf�c scenarios under high traf�c congestion levels. We use
the standard 10Hz V2V message rate for 600, 800, 900, and
1000 vehicles in the 3km road segment. By doing this, we
cause channel load to reach 80%, 106%, 120%, and 133%,
respectively. In these cases, we can see the importance of
using DCC instead of the standard V2V message rate in
highly congested network and traf�c scenarios.

The message rate in a vehicle is computed based on the
measured channel load and the number of vehicles in a
moving window of a given road length (vehicle density)
as per Eq. 1. Stability issues might arise if vehicles have
different V2V message rates. The stability of the distributed
platoon control under heterogeneous message rates is an
open question that is not addressed in the literature and
needs further research. State-of-the-art methods for chan-
nel estimation often rely on traf�c information from I2V
(Infrastructure-to-Vehicle) [7, 53]. Both through using Eq. 1
and when relying on I2V traf�c information, nearby vehicles
are expected to have similar channel-load estimates as they
experience similar channel characteristics. Moreover, the pla-
toon management system has a coordinator vehicle [1] that
communicates and sends commands to the other vehicles
in the platoon. It is possible for the coordinator vehicle to
send a message-rate command to the rest of the platoon. Our
work assumes that the message rate is shared among platoon
members (through the earlier mentioned CAMs), where the
platoon leader decides and sets the rate to the lowest received
value. This common message rate is then shared and set as the
upper-layer sampling rate by every controller in each platoon
vehicle.

Our method can also be applied in the case where each
vehicle has a different message rate since we designed a
distributed MPC, where each vehicle has its own controller
that can run at different rates. This, in fact, also allows
to consider heterogeneous vehicles (non-identical vehicles).
The question then is whether the platoon can maintain a short
inter-vehicle distance and maintain string stability. This is an
open question not addressed in the literature. This requires
further investigation and is an interesting direction for further
research.

V. PLATOON MODELING UNDER COMMUNICATION
DELAY
In this section, we derive the state-space augmented platoon
model that considers the communication delay in the received
signal for the multi-rate multi-layer system. Sections V-A and
V-B introduce the vehicle model and lower-layer controller.
The platoon model is then introduced for continuous and
discrete systems in Section V-C. The platoon model under
communication delay is presented in Section V-D.

A. VEHICLE MODEL

The model of vehiclei combines the longitudinal vehicle
dynamics and the powertrain system (throttle, engine, driv-
eline). The powertrain system can be simpli�ed and mod-
eled as a DC-servo motor (throttle actuator) as proposed
in [56, 58]. The throttle actuator adjusts throttle plate angle.
Then it is possible to regulate vehicle speed through throttle
plate angle adjustments. The combined model is given by:

_x i
v = A i

v x i
v + B i

v ui
v (2)

whereA i
v and B i

v are the state and input matrices respec-
tively, ui

v is the duty cycle of the input to the motor and
x i

v = [ ai _ai ]T is the state vector, whereai and _ai are
the acceleration and the rate of change of the acceleration of
vehiclei , respectively. Moreover, state matrixA i

v and input
vectorB i

v of vehiclei are de�ned as:

A i
v =

 
0 1

� 1
� i � i

a

� ( � i + � i
a )

� i � i
a

!

2 R2� 2; B i
v =

 
0

K i K i
a

� i � i
a

!

2 R2� 1;

where� i , � i
a , K i , K i

a are model parameters of vehiclei . R is
the set of real numbers.

B. LOWER-LAYER CONTROLLER

The lower-layer controller deals with vehicle model Eq. 2 to
achieve the desired acceleration. Since the controller will be
implemented on an ECU (electronic control unit), we �rst
need to discretize the vehicle model. Discretizing Eq. 2 with
the lower-layer sampling periodhl , we obtain,

x i
v (k + 1) = � i

v x i
v (k) + � i

v ui
v (k); (3)

wherex i
v (k) = [ ai (k) �a i (k)]T andai (k), �a i (k) are the

discretized acceleration and rate of change of acceleration at
time stepk of the vehiclei . � i

v , � i
v represent the discretized

system matrices with periodhl . The choice ofhl is driven by
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number of
vehicles in 3km

Message
rate (Hz)

Upper-layer
sampling period

(ms)

Channel
load (%)

No DCC
5 10 100 < 70

300 10 100 < 70
525 10 100 70

DCC

600 8.75 114 70
700 7.5 133 70
800 6.56 152 70
900 5.833 171 70
1000 5.25 191 70
1300 4.0385 248 70
1500 3.5 286 70

No DCC
600 10 100 80
800 10 100 106
900 10 100 120
1000 10 100 133

Table 1: Traf�c and network scenarios under consideration in the road segment shown in Fig. 2.

Figure 3: Consecutive vehicles in a platoon.

the sampling periods supported by the common automotive
operating systems such as OSEK [49]. For example, OSEK
supports periods of 2, 5, 10, ... ms. A shorterhl requires
a higher resource usage (in terms of communication and
computation) of the in-vehicle electrical and electronic ar-
chitecture.

In order to compute the control inputui
v (k), we consider a

state feedback control law in the lower-layer controller of the
following form,

ui
v (k) = � i x i

v (k) + F i ai
des ; (4)

whereai
des , � i , F i are the desired acceleration, feedback gain

and feedforward gain of vehiclei , respectively. Feedback
gain � i is designed using pole placement technique which
places the poles of the discrete-time system inside the unit
circle to guarantee stability. See [25] for more details. By
substituting Eq. 4 into Eq. 3 we obtain the closed-loop
system:

x i
v (k + 1) = � i

v x i
v (k) + � i

v (� i x i
v (k) + F i ai

des); (5)

gains� i , F i have to be designed such that the discrete-time
closed-loop system is stable andai converges toai

des .

C. PLATOON MODEL

In Predecessor-Follower (PF) topology, the platoon model is
distributed; each vehicle has a model of itself (vehicle model)
and its relation with its predecessor (inter-vehicle dynamics).

1) Continuous-time platoon model

To obtain the platoon model under PF topology, the inter-
vehicle dynamics that relate vehiclei to vehicle i � 1 is
introduced. This is achieved by de�ning two new states,� vi

and � di , which represent the speed difference and the gap
error between vehicles, respectively (see Fig. 3). They are
de�ned as follows,

� di = di � di
des ;

� vi = vi � 1 � vi ;

where � di is the error between the actual gapdi and the
desired inter-vehicle gapdi

des between vehiclei and vehicle
i � 1. � vi is the velocity difference between vehiclei and
vehiclei � 1, wherevi denotes the velocity of vehiclei . di

anddi
des are de�ned as,

di
des = d0 + � h vi ;

di = qi � 1 � qi � L i ;

whered0 is the gap between vehicles at standstill,� h is the
constant headway time (the time vehiclei needs to reach the
position of vehiclei � 1 whend0 = 0 ). L i andqi are the
length and position of vehiclei , respectively.

Combining the vehicle model with the inter-vehicle dy-
namics we obtain the following continuous-time platoon
model:

_x i
p = A i

px i
p + B i

p

�
ui

v
ai � 1

�

| {z }
2 R2 � 1

; (6)
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wherex i
p = [ ai _ai � di � vi ]T is the state vector,ai � 1

is the acceleration of the preceding vehicle. The state and
input matrices are de�ned as:

A i
p =

�
A i

v 0
H i

m A i
m

�
2 R4� 4; B i

p =
�
B i

v 0
0 Gi

m

�
2 R4� 2:

where

A i
m =

�
0 1
0 0

�
2 R2� 2; H i

m =
�
� � h 0
� 1 0

�
2 R2� 2;

Gi
m =

�
0
1

�
2 R2� 1:

2) Discrete-time platoon model

The platoon model Eq. 6 has to be discretized with the upper-
layer sampling periodhu to be implemented on a digital
device (ECU).hu is computed based on the message rate
calculations in Section IV-E (see Eq. 1). Therefore,hu can
be computed as,

hu =
1

mr
; (7)

wherehu has to be approximated to the nearest integer.
Overall system behavior depends on the relation between

the lower-layer sampling periodhl and the upper-layer sam-
pling periodhu . Generally,hu � hl and we choosehu as an
integer multiple ofhl , i.e.,

� =
hu

hl
; � 2 N: (8)

If we choosehl = 2ms, then� has to be approximated to the
nearest integer in the cases ofhu = 133ms (700 vehicles),
171ms (900 vehicles), or 191ms (1000 vehicles) shown in
Table 1 since� 2 N (N is the set of natural numbers).
After the approximation of� in those particular cases,hu

that is actually implemented are 172ms, 192ms, or 134ms.
Using Eq. 1, those upper-layer sampling periods correspond
to channel load of approximately 69.5% which is still close
to 70% channel load.

We �rst discretize Eq. 6 at sampling periodhl and substi-
tuteui

v (k) as per Eq. 4:

x i
p(k + 1) = � i

px i
p(k) + � i

p

�
� i x i

v (k) + F i ai
des(k)

ai � 1(k)

�
; (9)

where� i
p and� i

p are the discretizedA i
p andB i

p, respectively.
� i

p and� i
p are de�ned as follows,

� i
p = eA i

p h l 2 R4� 4; � i
p =

Z h l

0
eA i

p sB i
pds 2 R4� 2;

Simplifying the previous equation yields the following:

x i
p(k + 1) = � i

px i
p(k) + � i

pF i ui (k) + 	 i
pai � 1(k); (10)

where
ui (k) = ai

des(k):

In Eq. 10, the platoon model is discretized with the lower-
layer sampling periodhl and it does not yet capture the

upper-layer dynamics which runs with the sampling period
hu . Sincehu = �h l (Eq. 8), the lower-layer control loop
should execute� times within one upper-layer sampling
periodhu . We unroll the loop (i.e., Eq. 10)� times to obtain
the upper-layer dynamics. In other words,x i

p(k + � ) is found
by recursively solvingx i

p(k + j ) for j = 1 ; : : : ; � . For
example,x i

p(k + 2) is found as,

x i
p(k + 2) = � i

px i
p(k + 1) + � i

pF i ui (k + 1)+

	 i
pai � 1(k + 1) :

By substituting the de�nition ofx i
p(k + 1) as per Eq. 10 in

the above equation, we obtain the following:

x i
p(k + 2) = (� i

p)2x i
p(k) + (� i

p + I )� i
pF i ui (k)+

(� i
p + I )	 i

pai � 1(k):

It is noted that in the previous formula we setui (k + 1) =
ui (k) andai � 1(k + 1) = ai � 1(k). This is because the new
acceleration of the preceding vehicleai � 1(k + 1) is received
only at timet = ( k + � )hl and then the new control input
ui (k + 1) is computed (once every�h l ). Therefore, at step
k + j or at timet = ( k + j )hl , j = 1 ; : : : ; � � 1, ui (k +
j ) = ui (k) andai � 1(k + j ) = ai � 1(k). See Fig. 4a for more
details.

Then x i
p(k + � ) can be represented in terms ofx i

p(k),
ai � 1(k), ui (k) as follows,

x i
p(k + � ) = (� i

p) � x i
p(k) +

�
(� i

p) � � 1 + (� i
p) � � 2 + : : :

+ � i
p + I

�
� i

pF i ui (k) +
�

(� i
p) � � 1 + (� i

p) � � 2+

: : : + � i
p + I

�
	 i

pai � 1(k):

Therefore the platoon model for vehiclei under PF topol-
ogy is represented as:

x i (k + 1) = � i x i (k) + � i ui (k) + 
 i ai � 1(k); (11)

where,

x i (k + 1) := x i
p(k + � ); (12)

x i (k) := x i
p(k) =

2

6
6
4

ai (k)
�a i (k)
� di (k)
� vi (k)

3

7
7
5 2 R4� 1; (13)

� i :=
�
� i

p

� �
;

� i :=
�
(� i

p) � � 1 + (� i
p) � � 2 + : : : + � i

p + I
�
� i

pF i ;


 i :=
�
(� i

p) � � 1 + (� i
p) � � 2 + : : : + � i

p + I
�
	 i

p:
(14)

I 2 R4� 4 is the identity matrix where the diagonal ele-
ments are ones and the off-diagonal elements are all zeros.
� i 2 R4� 4, � i and
 i 2 R4� 1. Fig. 4a explains the relation
betweenx i and x i

p that is de�ned in Eq. 12 and Eq. 13.
Initially at stepk (k 2 N), x i (k) = x i

p(k). When time evolves
for one step i.e., atk + 1 , x i (k + 1) is the new state of the
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platoon vehicle obtained at timet = ( k + 1) hu . Whereas
x i

p(k + 1) is the state of the platoon vehicle obtained at time
t = ( k +1) hl i.e., after 2ms. Therefore, by unrolling the loop
in Eq. 10� times then we obtainx i (k + 1) = x i

p(k + � ).

D. PLATOON MODEL CONSIDERING COMMUNICATION
DELAY
In the platoon model of Eq. 11, the acceleration of the
preceding vehicleai � 1 is assumed to be instantly received
by vehiclei without any delay. For example, to compute the
updated system statex i (k + 2) at timet = ( k + 2) hu , the
following states should be available at timet = ( k + 1) hu :
the measured statex i (k + 1) , the computed inputui (k + 1) ,
and the acceleration of the preceding vehicleai � 1(k + 1) .
In reality, due to communication imperfections, at time
t = ( k + 1) hu the acceleration of the preceding vehicle
ai � 1(k + 1) is received by the following vehicle with a delay
� (ms) where� � hu . Such delay must be considered in
the platoon model to be taken into account in the controller
design. Note that the case when� > h u is considered as
a packet loss. The MPC platoon controller (elaborated in
Section VII) then essentially uses the next optimal value from
the optimized control input sequence. Since the previously
received accelerationai � 1(k) is available for time duration
� before the reception of the new accelerationai � 1(k + 1) ,
both acceleration values {ai � 1(k), ai � 1(k + 1) } should be
used in computing the new system statex i (k + 2) . Fig. 4b
shows an example of the signalai � 1(k + 1) that is received
with the delay� i.e., afterm lower-layer samples where,

m =
�

�
hl

�
: (15)

Following the same procedure done in the previous sec-
tion, the platoon model can be derived such that it takes into
account the old acceleration and the new delayed acceleration
of preceding vehicle. For the �rstm samples, the platoon
model considers the old acceleration of the preceding vehicle.
After the new acceleration is received with delay� (after
m samples), the platoon model considers the newly received
value. This can be modelled as follows:

x i
p(k + 1) = � i

px i
p(k) + � i

pF i ui (k) + 	 i
pai � 1(k � 1);

...

x i
p(k + m) = (� i

p)m x i
p(k)+

�
(� i

p)m � 1 + : : : + � i
p + I

�
� i

pF i ui (k)+
�

(� i
p)m � 1 + : : : + � i

p + I
�

	 i
pai � 1(k � 1);

x i
p(k + m + 1) = (� i

p)m +1 x i
p(k)+

�
(� i

p)m + : : : + � i
p + I

�
� i

pF i ui (k)+

� i
p

�
(� i

p)m � 1 + : : : + � i
p + I

�
	 i

pai � 1(k � 1)+

� i
p	 i

pai � 1(k);

x i
p(k + m + 2) = (� i

p)m +2 x i
p(k)+

�
(� i

p)m +1 + : : : + � i
p + I

�
� i

pF i ui (k)+

� i
p

2
�

(� i
p)m � 1 + : : : + � i

p + I
�

	 i
pai � 1(k � 1)+

(� i
p + I )	 i

pai � 1(k);
...

x i
p(k + � ) = (� i

p) � x i
p(k)+

�
(� i

p) � � 1 + : : : + � i
p + I

�
� i

pF i ui (k)+

(� i
p) � � m

�
(� i

p)m � 1 + : : : + I
�

	 i
pai � 1(k � 1)+

�
(� i

p) � � m � 1 + : : : + � i
p + I

�
	 i

pai � 1(k):

Thus, the platoon model that captures the lower-layer
dynamics, the upper-layer sampling periodhu , and the com-
munication delay can be represented as,

x i (k + 1) = � i x i (k) + � i ui (k) + 
 i
1ai � 1(k � 1)+


 i
2ai � 1(k); (16)

where,


 i
1 := (� i

p) � � m
�

(� i
p)m � 1 + : : : + I

�
	 i

p;


 i
2 :=

�
(� i

p) � � m � 1 + : : : + � i
p + I

�
	 i

p; (17)

whereI , � i and� i are the same as those de�ned in Eq. 14.

 i

1 and
 i
2 2 R4� 1.

AUGMENTED MODEL
The model in Eq. 16 has one additional term with respect
to the standard non-delayed model Eq. 11. To deal with this
non-standard from, we augment the system state as follows,

zi (k) =
�

x i (k)
ai � 1(k)

�
2 R5� 1: (18)

Then the platoon model in Eq. 16 can be represented in the
standard form similar to Eq. 11 using the new system state
zi :

zi (k + 1) = �� i zi (k) + �� i ui (k) + �
 i ai � 1(k � 1); (19)

where,

�� i =
�
� i 
 i

2
0 0

�
; �� i =

�
� i

0

�
; �
 i =

�

 i

1
0

�
; (20)

and,

�� i 2 R5� 5; �� i 2 R5� 1; �
 i 2 R5� 1:

Note that in previous augmented system we assumed that

ai � 1(k + 1) = 0 :
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(a) Without delay.

(b) With delay.

Figure 4: Relation betweenhl andhu . The acceleration of the preceding vehicle is received without delay in (a) and with delay
in (b). In (b), the signalsai � 1(k + 1) , ai � 1(k + 2) are received with delay� , i.e., afterm lower-layer samples.

In other words, the acceleration of the preceding vehicle at
the next time step(k + 1) hu is assumed to be zero (i.e., the
vehicle moves with a constant velocity).

VI. STABILITY ANALYSIS OF THE PLATOON SYSTEM
The multi-rate multi-layer platoon system derived in Eq. 19
is composed of �ve system parameters: the upper-layer sam-
pling period hu , the lower-layer sampling periodhl , the
headway time� h , the delay� � hu and the pole locations of
the lower-layer controller. Changing one of these parameters
will lead to a different system and input matrices. Therefore
these parameters have a direct in�uence on the computed
eigenvalues and thus, the stability of the platoon system. In
this section, we investigate the stability region of the platoon
system under different sets of parameters. In other words, we
would like to know which sets of parameters ensure that the
system is stable (the eigenvalues of the closed-loop system
matrix are in the unit circle [4]). This is done by checking the
stabilizability of the closed-loop system i.e., whether there
exists a linear control law that makes the system Eq. 19
exponentially stable.

To obtain the closed-loop system, let us augment the state
ai � 1(k � 1) to the statezi (k). The new augmented state is
called�zi (k), where

�zi (k) =
�

zi (k)
ai � 1(k � 1)

�
:

This augmentation is necessary to check stabilizability as the
dynamics of the platoon system depends not only on
 i

2 but
also on
 i

1. Note thatai � 1(k � 1) in Eq. 19 can be considered
as an external input. Eq. 19 can be represented as,

�zi (k + 1) =

2

4
� i 
 i

2 
 i
1

0 0 0
0 1 0

3

5

| {z }
~� i 2 R6 � 6

�zi (k) +
� �� i

0

�

| {z }
~� i 2 R6 � 1

ui (k): (21)

For the stability analysis, let us consider the following control
law: ui (k) = K �zi (k). Then the closed-loop system of Eq. 21
is represented as:

�zi (k + 1) =
�

~� i + ~� i K
�

�zi (k); (22)

for any K 2 R1� 6 that stabilizes the system (i.e., the
eigenvalues of

�
�
� ~� i + ~� i K

�
�
� are< 1). Clearly, the pair

�
~� i ; ~� i

�

is uncontrollable. The stability of such discrete time system is
guaranteed if there exists aLyapunov functionfor the system.

De�nition 1 (Control Lyapunov Functions). For the discrete-
time system of Eq. 22, a functionV : X ! R+ de�ned on
a regionX � Rn and containing the origin in its interior is
called a Lyapunov function if:

1) V (0) = 0 ,
2) V (� ) > 0 8 � 2 X n f 0g ,
3) There exists a control lawui (k) = K �zi (k) such that:

V (�zi (k + 1)) � V (�zi (k)) < 0; 8 �zi (k) 2 X:

The asymptotic stability can be guaranteed for our closed-
loop system if there exists a quadratic Lyapunov function
V (� ) = � T P � satisfying the aforementioned conditions. The
�rst condition is obviously satis�ed (V (0) = 0 ). The second
condition is satis�ed ifP is positive de�nite, i.e.,P � 0. The
third condition is satis�ed if:

�zi (k)T

"

(~� i + ~� i K )T P(~� i + ~� i K ) � P

#

�zi (k) < 0:

This can be achieved by �nding a solution for the following
LMI,

(~� i + ~� i K )T P(~� i + ~� i K ) � P � 0;
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for P � 0. Applying Schur's complement on the previous
LMI gives the following,

0

B
@

O (~� i O + ~� i Y)T O
(~� i O + ~� i Y) O 0

O 0 Z � 1

1

C
A � 0;

whereO = P � 1, Y = K P � 1. We used Yalmip [41] to solve
the previous LMI for any givenZ � 0. If we can �nd P � 0
and anyK such that the eigenvalues of

�
�
� ~� i + ~� i K

�
�
� are< 1,

then the stability is guaranteed. Otherwise, we cannot say if
the system is stable or not since �nding a Lyapunov function
is a suf�cient but not a necessary condition for guaranteeing
stability.

Table 2 shows the stability region under the upper-layer
sampling periodshu = 114ms for different pole locations of
the lower-layer controller and with different headway times
� h and lower-layer sampling periodshl . The stability is tested
by trying to solve the previous LMI while changing the delay
values and checking if there exists a Lyapunov matrixP � 0.
A table entry� � 114ms means thatP � 0 can be found
for all � � hu , i.e., asymptotic stability is guaranteed for
all delay values that are less than the sampling period. In
some cases, asymptotic stability cannot be guaranteed for all
� � hu . In Table 2, "–" refers to such cases where the LMI
cannot be solved and, therefore, asymptotic stability cannot
be guaranteed. In other cases, asymptotic stability can be
guaranteed for only zero delay. It is noted that with poles
closer to zero, the stability region in Table 2 is larger than the
cases where poles are closer to one.

From Table 2, it can be concluded that under certain
sets of parameters the stabilizability of the platoon system
can be guaranteed. This table can be used as a reference
while designing the upper-layer controller using MPC since
it is expected to see similar behaviour under similar sets of
parameters. However, the direct relation between the stabiliz-
ability using a linear controller and MPC cannot be trivially
established and is part of our future research.

VII. UPPER-LAYER CONTROLLER USING MPC
A. UPPER-LAYER CONTROL

The role of the upper-layer controller is to compute the
desired acceleration considering the platoon model in Eq. 19.

Following the speed of the preceding vehicle, avoiding cut-
ins from adjacent lanes and rear-end collisions, minimizing
the spacing error between vehicles and sudden changes in ac-
celeration (for comfortable driving) are important objectives
that should be satis�ed by each platoon vehicle. In addition
to that, acceleration and speed should not exceed certain
bounds. Model Predictive Control (MPC) [43] is the control
framework that can handle these objectives and constraints.
MPC is widely used in industry for its ability to handle highly
complex multi-variable processes with constraints on inputs,
internal states and outputs.

MPC solves an optimization problem on-line every time
step based on a model of the system (prediction model) and

constraints on input and states. At each time stepk, the
current state of the system is fed back to the MPC controller
and by using the prediction model, the future evolution of
the system is calculated from time stepk to time stepk + Np,
whereNp is the prediction horizon length. Next, a prede�ned
cost function is minimized taking into account the constraints
de�ned on inputs and states. The output of this optimization
problem is a sequence of optimal control inputsuk jk , . . . ,
uN p � 1+ k jk . Only the �rst inputuk jk is applied to the system
and the whole process is repeated in the next time stepk + 1 .

In this section, we show how to formulate our optimiza-
tion problem into the following standard (convex) quadratic
programming (QP) form.

min
U i

k

1
2

(U i
k )T Gi U i

k + ( U i
k )T F i (23)

s:t: LU i
k � C + wx i (k) (24)

The QP form is preferred since a global minimum can be
found and different QP solvers can be used. In the following,
we provide more details on how to formulate the MPC
problem in QP form while considering communication delay.
The prediction model, the cost function and the constraints
are represented in a more compact form.

B. MPC QP FORM

1) Prediction model

Over a horizon of lengthNp, the prediction model is required
to anticipate the future evolution of the system states. There-
fore, after minimizing the cost function, a sequence of length
Np of the optimal control inputs can be obtained that satisfy
the control objectives, and state and input constraints.

The prediction model for vehiclei can be obtained from
the platoon model (Eq. 19) and written as following,

zi
k+ j +1 jk = �� i zi

k+ j jk + �� i ui
k+ j jk + �
 i ai � 1

k+ j jk � 1;

j = 0 ; :::; Np � 1: (25)

In the previous equation,zi
k+ j +1 jk 2 R5� 1 represents the

predicted state at stepk + j + 1 when the prediction is done
at stepk for vehiclei . For j = 0 ,

zi
k jk = zi (k); where zi (k) =

2

6
6
6
6
4

ai (k)
�a i (k)
� di (k)
� vi (k)
ai � 1(k)

3

7
7
7
7
5

2 R5� 1;

i.e., the predicted state at stepk when the prediction is done
at stepk is equal to the current measured state of vehiclei .
Similarly, ui

k+ j jk for j = 0 ; :::; Np � 1 represents the calcu-
lated optimal control inputs over the prediction horizonNp.
It is assumed that the predicted acceleration valuesai � 1

k+ j jk � 1
(j = 0 ; :::; Np � 1) of vehiclei � 1 are constants and equal to
the previously received acceleration valueai � 1(k � 1) (since
the future evolution of the preceding vehicle is not known in
advance), i.e., the actual acceleration of vehiclei � 1 received
at stepk � 1 (everyhu ).

12 VOLUME 4, 2016



Amr Ibrahim et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

Poles at [0.9, 0.9] Poles at [0.75, 0.75] Poles at [0.6, 0.6]
Lower layer sampling

periodh l (ms) 2 5 10 20 2 5 10 20 2 5 10 20

Headway time
� h (seconds)

1 � � 114 – – – � � 114 � � 114 � � 40 – � � 114 � � 114 � � 114 � � 40
0.8 � � 114 – – – � � 114 � � 114 � � 40 – � � 114 � � 114 � � 114 � � 40
0.6 � � 114 – – – � � 114 � � 114 � � 40 – � � 114 � � 114 � � 114 � � 40
0.4 � � 114 – – – � � 114 � � 114 � = 0 – � � 114 � � 114 � � 114 � � 40
0.2 � � 114 – – – � � 114 � � 114 � = 0 – � � 114 � � 114 � � 114 � � 80

Table 2: Stability region of the platoon system for different pole locations, headway times and lower-layer sampling periods
under an upper-layer sampling periodhu = 114ms. Asymptotic stability is guaranteed for some cases where the delay� is at
mosthu . An entry "–" means that asymptotic stability cannot be guaranteed.

To write the prediction model Eq. VII-B1 in a more com-
pact form, we unroll the loop over the prediction horizonNp

and by recursively substitutingzi
k+ j � 1jk into zi

k+ j jk we can
rewrite the predicted statezi

k+ j jk as a function of the current
measured state (sincezi

k jk = zi (k)) and the predicted control
inputsui

k jk ,...,ui
k+ N p � 1jk .

The predicted states can be combined and represented into
the following matrix formulation,

Z i
k = �� i zi (k) + �� i U i

k + �{ i � i � 1
k � 1; (26)

where,

Z i
k =

2

6
6
6
6
4

zi
k+1 jk

zi
k+2 jk

...
zi

k+ N p j k

3

7
7
7
7
5

; �� i =

2

6
6
6
6
4

�� i

( �� i )2

...
( �� i )N p � 1

3

7
7
7
7
5

;

�� i =

2

6
6
6
6
4

�� i 0 ::: 0
�� i �� i �� i ::: 0

...
...

...
...

( �� i )N p � 1 �� i ( �� i )N p � 2 �� i ::: �� i

3

7
7
7
7
5

;

U i
k =

2

6
6
6
6
4

ui
k jk

ui
k+1 jk

...
ui

k+ N p � 1jk

3

7
7
7
7
5

; � i � 1
k � 1 =

2

6
6
6
6
4

ai � 1(k � 1)
ai � 1(k � 1)

...
ai � 1(k � 1)

3

7
7
7
7
5

;

�{ i =

2

6
6
6
6
4

�
 i 0 ::: 0
�� i �
 i �
 i ::: 0

...
...

...
...

( �� i )N p � 1 �
 i ( �� i )N p � 2 �
 i ::: �
 i

3

7
7
7
7
5

:

2) Cost function
The quadratic cost function over the horizonNp is formu-
lated as follows,

J (zi (k); U i
k ) = ( zi

k+ N p j k )T �P(zi
k+ N p j k )+

N p � 1X

j =0

"

(zi
k+ j jk )T �Q(zi

k+ j jk ) + ( ui
k+ j jk )T R(ui

k+ j jk )

#

: (27)

The elements of the weighting matrix�Q are the correspond-
ing weighting coef�cients that penalize the distance of the

predicted stateszi
k+ j jk to zero. Similarly,R is the weighting

parameter that penalizes the control inputsui
k+ j jk . �Q andR

are de�ned as follows,

�Q =

2

6
6
6
6
4

wa 0 0 0 0
0 wda 0 0 0
0 0 w� d 0 0
0 0 0 w� v 0
0 0 0 0 wprec

a

3

7
7
7
7
5

2 R5� 5;

R =
�
wu

�
(scalar):

�P and �Q are positive semi-de�nite matrices (�P � 0 and �Q �
0). R is positive de�nite i.e.,R � 0. �P is the terminal cost
that penalizes the terminal statezi

k+ N p j k .

De�ning the cost function in this form ensures that track-
ing capability is achieved by minimizing the position error
� di and the velocity error� vi . This also helps to avoid cut-
ins from adjacent lanes in case that the preceding vehicle
moves with constant speed (no vehicles will occupy the
small gap between platoon vehicles). Also, by minimizing
acceleration and rate of change of acceleration in this cost
function, better fuel economy is achieved since it is directly
affected by acceleration and its rate of change [62].

It should be noted that the desired accelerationai
des (the

control input ui that has to be computed using MPC and
delivered to the lower-layer) and vehicle accelerationai (the
lower-layer control output) have a similar effect on improv-
ing fuel ef�ciency; thus, to avoid redundancywa can be
set to zero. Moreover, by minimizing the rate of change of
acceleration�a , driving comfort can be achieved.

By expanding the summation in Eq. 27 over the horizon
Np, the cost function can be represented as a function of the
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predicted states and calculated inputs as follows,

J (zi (k); U i
k ) = ( zi

k jk )T �Qzi
k jk +

2

6
6
6
6
4

zi
k+1 jk

zi
k+2 jk

...
zi

k+ N p j k

3

7
7
7
7
5

T

| {z }
(Z i

k )T

2

6
6
6
6
4

�Q 0 ::: 0
0 �Q ::: 0
...

...
...

...
0 0 ::: �P

3

7
7
7
7
5

| {z }
~Q

2

6
6
6
6
4

zi
k+1 jk

zi
k+2 jk

...
zi

k+ N p j k

3

7
7
7
7
5

| {z }
Z i

k

+

2

6
6
6
6
4

ui
k jk

ui
k+1 jk

...
ui

k+ N p � 1jk

3

7
7
7
7
5

T

| {z }
(U i

k )T

2

6
6
6
6
4

R 0 ::: 0
0 R ::: 0
...

...
...

...
0 0 ::: R

3

7
7
7
7
5

| {z }
�R

2

6
6
6
6
4

ui
k jk

ui
k+1 jk

...
ui

k+ N p � 1jk

3

7
7
7
7
5

| {z }
U i

k

:

Sincezi
k jk = zi (k), then we have,

J (zi (k); U i
k ) = ( zi (k))T �Qzi (k) + ( Z i

k )T ~QZ i
k + ( U i

k )T �RU i
k :

(28)

The above cost function can be simpli�ed by using the
de�nition of Z i

k (see Eq. 26) which yields,

J (zi (k); U i
k ) = zi (k)T �Qzi (k) + ( U i

k )T �RU i
k +

( �� i zi (k) + �� i U i
k + �{ i � i � 1

k � 1)T ~Q( �� i zi (k) + �� i U i
k + �{ i � i � 1

k � 1):

After simplifying the above expression, the cost function can
be expressed more compactly as,

J (zi (k); U i
k ) =

1
2

(U i
k )T �Gi U i

k + U i
k

T �F i ; (29)

where,

�Gi = 2
�

�R + (�� i )T ~Q�� i
�

; (30)

�F i = 2(�� i )T ~Q
�

�� i zi (k) + �{ i � i � 1
k � 1

�
: (31)

It is noted that while simplifying the above formula the terms
that are not functions of the predicted control inputU i

k were
omitted. They can be considered as constants and the value
that minimizes the cost function will not change by adding
constants to the cost function.

3) Constraints matrices

The constraints de�ned in Eq. 32 are added so that objectives
such as driving comfort and fuel economy can be achieved.
In other words, acceleration (ai (k)), desired acceleration
(ai

des(k)) and rate of change of acceleration (�a i (k)) are
bounded within certain limits.

amin 6 ai (k) 6 amax ;

amin 6 ai � 1(k) 6 amax ;

amin 6 ai
des(k) 6 amax ;

�a min 6 �a i (k) 6 �a max ; (32)

whereamin and amax are the lower and upper bounds of
the acceleration.�a min and�a max are the lower and upper
bounds of the rate of change of acceleration.

Moreover, inequalities de�ned in Eq. 33 are necessary,
when the preceding vehicle accelerates or decelerates, to
guarantee that tracking errors do not exceed speci�c bounds.
Therefore large inter-vehicle gaps are avoided between vehi-
cles to prevent cut-ins from adjacent lanes.

� dmin 6 � di 6 � dmax ;

� vmin 6 � vi 6 � vmax ; (33)

where� dmin and � dmax are the lower and upper bounds
of the position error.� vmin and� vmax are the lower and
upper bounds of the velocity error.

To avoid rear-end collision, when the preceding vehicle
begins decelerating, we add the inequality 34. The actual
gap between vehiclesdi is bounded from above bydmax and
from below byd0.

d0 6 di 6 dmax : (34)

Then, from Eq. 33 and Eq. 34 the constraint on the system
state is de�ned as follows,

zmin 6 zi (k) 6 zmax ; (35)

wherezmin =

2

6
6
6
6
4

amin

�a min

� dmin

� vmin

amin

3

7
7
7
7
5

andzmax =

2

6
6
6
6
4

amax

�a max

� dmax

� vmax

amax

3

7
7
7
7
5

:

To include the inequality Eq. 34 to Eq. 35, we need to rewrite
di as a function of the system states. By knowing thatdi =
� di + di

des , di
des = d0 + � h vi , vi = vi � 1 � � vi , inequality

Eq. 34 can be written as,

� � h vi � 1 6 � di � � h � vi 6 dmax � d0 � � h vi � 1: (36)

Therefore, the constraint on the statezi (k) is de�ned as,
2

6
6
6
6
6
6
4

amin

�a min

� dmin

� vmin

� � h vi � 1

amin

3

7
7
7
7
7
7
5

| {z }
�zmin

6

2

6
6
6
6
6
6
4

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 1 � � h 0
0 0 0 0 1

3

7
7
7
7
7
7
5

| {z }
~A

2

6
6
6
6
4

ai (k)
�a i (k)
� di (k)
� vi (k)
ai � 1(k)

3

7
7
7
7
5

6

2

6
6
6
6
6
6
4

amax

�a max

� dmax

� vmax

dmax � d0 � � h vi � 1

amax

3

7
7
7
7
7
7
5

| {z }
�zmax

; (37)

or,

�zmin 6 ~Az i (k) 6 �zmax : (38)
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The constraints of the predicted states over the horizonNp

can be obtained from the previous inequality as follows,

�zmin 6 ~Az i
k+ j +1 jk 6 �zmax ; j = 0 ; :::; Np � 1: (39)

Similarly, the constraints on the predicted control inputs
over the horizonNp can be obtained from the control input
constraint

amin 6 ui (k) 6 amax

as follows,

amin 6 ui
k+ j jk 6 amax ; j = 0 ; :::; Np � 1: (40)

Combining Eq. 39 and Eq. 40 into one inequality, we obtain
the following,

2

6
6
6
4

01� 5

01� 5

� ~A6� 5
~A6� 5

3

7
7
7
5

| {z }
�M j

zi
k+ j +1 jk +

2

6
6
4

� 1
1

06� 1

06� 1

3

7
7
5

| {z }
�E j

ui
k+ j jk 6

2

6
6
4

� amin

amax

� �zmin

�zmax

3

7
7
5

| {z }
�bj

;

or,

�M j zi
k+ j +1 jk + �E j ui

k+ j jk 6 �bj ; j = 0 ; :::; Np � 1;
(41)

where �M j 2 R14� 5, �E j 2 R14� 1, �bj 2 R14� 1. By
separating the inequality on the terminal constraint, we obtain
the following,

�M j zi
k+ j jk + �E j ui

k+ j jk 6 �bj ; j = 0 ; :::; Np � 1 (42)
�M N p zi

k+ N p j k 6 �bN p : (43)

The terminal constraint matrices�M N p and�bN p have to be
computed for ensuring stability [5]. We consider�M N p and
�bN p to be zero. It is proved in [37] that stability of MPC can
be obtained when considering a zero terminal constraint set.

By expanding the above inequalities over the horizonNp,
we obtain the following,

2

6
6
6
6
4

�M 0

0
...
0

3

7
7
7
7
5

| {z }
�D

zi
k jk +

2

6
6
6
6
4

0 0 ::: 0
�M 1 0 ::: 0
...

...
...

...
0 0 ::: �M N p

3

7
7
7
7
5

| {z }
�M

2

6
6
6
6
4

zi
k+1 jk

zi
k+2 jk

...
zi

k+ N p j k

3

7
7
7
7
5

| {z }
Z i

k

+

2

6
6
6
6
6
6
4

�E0 0 ::: 0
0 �E1 ::: 0
...

...
...

...
0 0 ::: �EN p � 1

0 0 ::: 0

3

7
7
7
7
7
7
5

| {z }
��

2

6
6
6
6
4

ui
k jk

ui
k+1 jk

...
ui

k+ N p � 1jk

3

7
7
7
7
5

| {z }
U i

k

6

2

6
6
6
6
4

�b0
�b1
...

�bN p

3

7
7
7
7
5

| {z }
�C

:

Knowing thatzi
k jk = zi (k), then,

�Dz i (k) + �MZ i
k + ��U i

k 6 �C: (44)

Using the de�nition ofZ i
k (Eq. 26), the constraints can be

rewritten as,

�LU i
k 6 �C + �wzi (k) � �M �{ i � i � 1

k � 1 (45)

where�L = �� + �M �� i and �w = � �D � �M �� i .

C. NUMERICAL COMPUTATION

Minimizing the cost function Eq. 29 while respecting the
constraints in Eq. 45 gives a sequence of optimal control
inputs as in the following form:

(U i
k ) � :=

2

6
6
6
6
4

(ui
k jk ) �

(ui
k+1 jk ) �

...
(ui

k+ N p j k ) �

3

7
7
7
7
5

: (46)

Only the �rst optimal value(ui
k jk ) � has to be applied and

the other elements will be discarded. At the next stepk + 1 ,
a new sequence(U i

k+1 ) � is computed and the �rst optimal
value(ui

k+1 jk+1 ) � will be applied.

D. INTEGRATED MPC AND DCC

MPC is implemented with the upper-layer sampling periods
hu corresponding to the message rates mentioned in Table 1.
These message rates correspond to the particular traf�c den-
sities discussed earlier and shown also in Table 1. For other
traf�c densities, the message rate and therefore the sampling
periodshu will have different values. The proposed MPC
controller is tuned for each upper-layer sampling periodshu

shown in Fig. 5 and the switching happens between these
MPC controllers based on the traf�c density. In other words,
based on the channel congestion level, the DCC algorithm
(and hence MPC controller) switches between certain mes-
sage rates e.g., 8.75Hz (114ms)$ 7.5Hz (133ms). We
assume that the switching between different MPC controllers
is slow enough not to cause any switching instabilities. This
is a realistic assumption in real traf�c conditions, where
vehicular density does not change quickly to cause stability
problems.

E. PACKET LOSS

In case of packet loss or if a packet is received with delay
greater than the upper-layer sampling period, i.e.,� > h u , the
next elements in the optimal control input sequence in Eq. 46
can be used. In other words, if the received signal at time step
k + 1 is lost or delayed, and therefore the new optimal input
sequence(U i

k+1 ) � cannot be computed, the second optimal
value in Eq. 46(ui

k+1 jk ) � is used as a control input. Similarly,
if the packet is not received at time stepk + 2 , the third
optimal value(ui

k+2 jk ) � is used. In case of persistent packet
loss in the wireless link, the platoon control should switch
from CACC to ACC where the control action is taken based
on the information received from on-board sensors such as
radar or lidar. This is beyond the scope of this paper.
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Figure 5: An example of the switching sequence between different V2V message rates, and therefore MPC controllers, due to
varying network congestion levels and vehicular densities.

Figure 6: Examining the received acceleration in the interval
[(k +1) hu ; (k +2) hu ]. At time t0, i.e., at the beginning of the
sampling period, the old accelerationai � 1(k) already exists.
The new accelerationai � 1(k + 1) can be received at time
t1 wheret1 � t0 � � and � = 30ms, in this example. If
ai � 1(k + 1) is received at timet1 wheret1 � t0 > � , then
ai � 1(k + 1) is considered as a lost packet.

VIII. RESULTS

In this section, we discuss the performance of the multi-rate
multi-layer system under communication delay and DCC in
terms of maintaining string stability, safety and fuel ef�-
ciency. The analysis is done with respect to three independent
parameters: communication delay� , headway time� h and
V2V message rates (upper-layer sampling ratehu ). First, we
analyse the performance and stability in case of considering
and not considering communication delay� . In this case,
we use Matlab to generate the simulation results since we
only focus on analysing the stability and safety of the control
system with and without considering� in the platoon model
in Eq. 16. Second, we investigate how engaging DCC affects
the stability and fuel ef�ciency of the platoon control system
under heavy network and traf�c congestion levels. In this
case, we use our co-simulation framework CReTS to obtain
the network and control performance under different network
and traf�c simulation scenarios. Finally, we perform a fuel
ef�ciency analysis.

We consider a platoon of �ve vehicles in all simula-
tion scenarios. Platoon vehicles are denoted by veh0,...,veh4
where veh0 refers to the platoon leader (�rst platoon ve-
hicle). The �rst follower is named veh1 and so on. For
the considered simulation scenarios, we use the following
parameters: the lower-layer sampling ratehl = 2ms and

the upper-layer sampling rates mentioned in Table 1 i.e.,
hu 2 f 100; 114; 133; 152; 171; 191; 248; 286gms.
Therefore,� can be computed as shown in Eq. 8 (where
the outcome is approximated to the nearest integer). The
MPC weighting parameters are selected as follows:wa = 0 ,
w�a = 50, wd = 1000, wv = 1000, wprec

a = 100, wu = 200.
The prediction horizonNp of MPC is chosen to beNp = 15.

A. EFFECT OF DELAY MODELLING
In this section, we discuss the effect of delay modeling on the
performance of the platoon vehicles in terms of maintaining
string stability, safety and achieving minimum position error.
As shown in Fig. 6, we analyse the received signals in the
interval[(k + 1) hu ; (k + 2) hu ]. We consider� = 30ms, i.e.,
the new accelerationai � 1(k + 1) is expected to be received
within 30ms. If the packet is received with delay� > 30ms,
it is considered as a lost packet. Let us consider two points in
time in the interval[(k +1) hu ; (k +2) hu ], t0 at the beginning
andt1 such thatt1 � t0 � � . The controller designed without
delay model, as presented in [25], expects thatai � 1(k + 1)
is available att0 while only ai � 1(k) is available at that
point. Due to presence of delay,ai � 1(k + 1) is available
at some pointt1 > t 0 and t1 � t0 � � . The controller
without delay model actuates/updates att0, and cannot use
ai � 1(k +1) before the next point in actuation att0 + hu since
it is not available att0. Therefore, in presence of delay, such
a controller ends up usingai � 1(k) for the entire sampling
interval [(k + 1) hu ; (k + 2) hu ]. In essence, the controller
without delay model will end up using one sample old update
ai � 1(k) in all samples.

Recall the platoon model Eq. 16 discussed earlier in Sec-
tion V-D which captures the delay in the received signals:

x i (k + 2) = � i x i (k + 1) + � i ui (k + 1) + 
 i
1ai � 1(k)+


 i
2ai � 1(k + 1) :

This model represents the case shown in Fig. 6 where the
focus is on the received acceleration in the interval[(k +
1)hu ; (k + 2) hu ].

The effect of delay modeling is studied by considering
two cases. Delay modeling is considered inCase I while
delay modeling is not considered inCase II. The Matlab
simulations are shown in Fig. 7 for the platoon vehicles under
headway time = 0.4s and upper-layer sampling ratehu =
191ms.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7: Effect of delay modeling on the performance of the platoon vehicles under headway time = 0.4s, upper-layer sampling
ratehu = 191ms and delay� = 30ms. The right column shows the case where the delay is not considered (using the old
outdated acceleration for the entire sampling period to compute the desired acceleration). The left column shows the case
where the delay is considered (using both the old outdated acceleration and the new updated acceleration). String stability is
preserved and minimal position error is achieved if considering delay as seen in the �gures of the left column. In contrast, string
stability cannot be achieved and vehicle collision happens if delay is not considered as seen in the �gures of the right column.
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Carrier sensing threshold -85 dBm

Transmit power 24 dBm

Path-loss exponent 1 (until 80 m) 1.9(Large-scale fading)
Dual slope model [17] Path-loss exponent 2 (after 80 m) 3.8

Distance bin in meters M
0-50 3

51-150 1.5
(Small-scale fading)
Nakagami-M model [17]

> 150 1

Payload size 300Bytes

Table 3: Communication parameters considered in ns-3.

� Case I – with delay (the current paper):The new accel-
eration is received with delay� � 30ms (at timet1 in
Fig. 6 with t1 � t0 � 30ms). The desired acceleration
is then computed based on the old accelerationai � 1(k)
and the new received accelerationai � 1(k + 1) . The old
accelerationai � 1(k) is active for 30ms at the beginning
and the new accelerationai � 1(k + 1) is active for the
rest of the sampling period. In this case
 i

1 and 
 i
2 in

the above equation exist. The performance of this case
is shown in Fig. 7a, 7c, 7e, and 7g where string stability,
safety and minimal position error are maintained.

� Case II – without delay [25]:The desired acceleration
is computed based only on the old outdated acceleration
ai � 1(k). In other words,ai � 1(k) is active for the entire
sampling period, i.e.,
 i

1 has a value and
 i
2 = 0 in

the equation. The performance of this case is shown
in Fig. 7b, 7d, 7f, and 7h. Fig. 7b, 7d shows string
instability, i.e., the acceleration and velocity of the fol-
lowing vehicles have greater values than their leading
vehicles in case of accelerating, and lower values in case
of decelerating. Fig. 7f shows that the absolute position
errors have greater bounds than inCase I. Moreover,
a collision happens between the third and the fourth
platoon vehicles. This is shown in Fig. 7h where the
actual gap curve goes below zero.

Fig. 7 illustrates the effect of (not) taking into account de-
lays for an upper-layer sampling periodhu = 191ms. This
corresponds to a congested network state. The same effects
occur also for smaller upper-layer sampling periods, includ-
ing the non-congested statehu = 100ms. The effects are less
pronounced, but instability and collisions occur also in non-
congested network conditions when delays are ignored.

B. PERFORMANCE OF THE INTEGRATED DCC-MPC

1) CReTS – co-simulation framework

CReTS [26] is a co-simulation framework composed of
the network simulator ns-3, traf�c simulator SUMO and
Matlab. ns-3 implements the communication architecture for
IEEE 802.11p and simulates V2V communication between
vehicles. It provides packet reception ratios and delays to
the controller implemented in Matlab. SUMO generates real
driving behavior on highways or urban areas and provides
a graphical user interface (GUI) to observe the motion of

vehicles. Different network congestion levels can be sim-
ulated by adjusting the number of communicating vehicles
using SUMO and the corresponding control performance is
evaluated using Matlab.

The ns-3 network simulator simulates communication be-
tween vehicles using dual-slope large scale fading and a
Nakagami statistical channel model discussed earlier in Sec-
tion IV-C. In ns-3, we consider the communication param-
eters listed in Table 3, which are reported in [16]. The
channel model parameters are obtained from the highway
scenario speci�cations in the ETSI standard [17]. SUMO
provides traf�c/vehicle positions and motion, and each simu-
lated platoon vehicle uses both SUMO and ns-3 to get traf�c
awareness input for platoon control.

To simulate a realistic highway in SUMO, we consider
a road section of 3km with four lanes in each direction, as
already elaborated in Section III and illustrated in Fig. 2.
Vehicles move from the left to the right. They take the U-turn
when they reach the end of the road and they keep moving
in the opposite direction. The performance evaluation is
restricted to the region of interest shown in Fig. 2 in order
to eliminate the network boundaries.

2) Traf�c scenarios and simulation parameters
Table 1 shows the network and traf�c scenarios under consid-
eration. These scenarios are named Scenario-0–12 as shown
in Table 5. The platoon vehicles and the additional traf�c
vehicles communicate via IEEE 802.11p leading to conges-
tion in the network by increasing the number of vehicles in
SUMO. message rate and therefore the upper-layer sampling
rate is adapted in each scenario based on the vehicular
density and network congestion level to keep the channel
load � 70% (see Section IV-D). Low level of congestion is
shown in Scenario-0, Scenario-1 and Scenario-2 where the
standard V2V message rate of 10Hz is considered. Scenario-
0 is the case where there is no additional traf�c but only
the �ve platoon vehicles. In Scenario-1, we consider the
�ve platoon vehicles in addition to 295 other vehicles. In
these two scenarios, the channel load is < 70%. Scenario-2
(525 vehicles) considers the case where the channel load =
70%. From Scenario-3 to Scenario-9, the number of vehicles
increases gradually and for each scenario the DCC algorithm
is implemented by adjusting the message rate to keep the
channel load� 70%. Scenario-10–12 show the scenarios
where the channel load is more than 100%.

The data rate is 6Mbps for all scenarios, which is the
value used in IEEE 802.11p V2X (vehicle-to-everything)
communication.

3) Network performance
The packet reception ratio (PRR) and average delay calcu-
lated by ns-3 for each scenario mentioned in Table 1 are aver-
aged and mentioned in Table 5. The average is computed by
running the simulation multiple times where SUMO places
the vehicles in different locations in each run so we obtain
non-identical results. We change the headway time and the
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delay for the different simulation runs for each scenario for
a fair comparison. For example, we chose� h = 0.2s, 0.6s,
0.8, 1s and� = 20ms, 30ms, 50ms. It should be noted that�
here is the maximum delay based on the level of congestion
which is measured via ns-3.� is used in the control design,
which means that any received signal beyond this value is
considered as packet loss. This is different from the average
delay calculated and mentioned in Table 5. Table 4 shows the
wireless links between vehicles, which are used to compute
the average PRR and delay shown in Table 5. Link-0 refers to
the connection between any two consecutive vehicles where
there is no vehicles in between e.g., the link between veh0
and veh1. Link-1 shows a link where there is one vehicle
between two platoon vehicles e.g., the link between veh0
and veh2. Link-2 and Link-3 refer to the cases where there
are two and three vehicles between the platoon vehicles,
respectively.

The measured PRR in simulations shown in Table 5 are
divided into three parts: (i) low network and traf�c con-
gestion where DCC is inactive i.e., Scenario-0–2 (5, 300,
525 vehicles), (ii) high network and traf�c congestion where
DCC is active i.e., Scenario-3–9 (600, 700, 800, 900, 1000,
1300, 1500 vehicles) (iii) high network and traf�c congestion
where DCC is inactive i.e., Scenario-10–12 (800, 900, 1000
vehicles).

Table 5 shows the following:
� The average PRR drops when the number of vehicles

increases (i.e., Scenario-0–2).
� When the DCC is engaged, it reduces message rate to

control the channel load below 70%; the PRR is around
80% (i.e., Scenario-3–9).

� With the DCC inactive and a high number of vehicles
(� 1000 vehicles), the measured PRR drops further (i.e.,
Scenario-10–12).

� The average message delay in the DCC-active scenarios
(3-9) is around 8ms, which re�ects the maximum back-
off counter in the 802.11p CSMA protocol. The average
delay is around 4ms for Scenario-0–2 and it increases
further for the DCC-inactive Scenario-10–12.

For vehicle densities above 1000 without DCC, Table 5
does not contain entries. The PRR drops further compared
to the Table 5 entries for Scenarios 10-12 and the delay
increases, implying that it is impossible to ensure string
stability or to keep the platoon formation.

Fig. 8 shows the communication delay measured in the
wireless link between the third and the fourth platoon ve-
hicles for Scenario-5 (800 vehicles with DCC, see Fig. 8a)
and Scenario-10 (800 vehicles without DCC, see Fig. 8b).
In both scenarios, the road is occupied with 800 vehicles
but Scenario-5 shows the case where the channel is 70%
loaded. On the other hand, in Scenario-10, the channel is
106% loaded where the standard V2V message rate (10Hz)
is selected. From Fig. 8a, we notice that the delay is mostly
< 20ms for Scenario-5, whereas the delay in Scenario-10
increases as seen in Fig. 8b and it is mostly < 50ms. Packet
losses can be seen also from Fig. 8 by noticing the red dots

which represent loss of packets at certain samples. For the
particular case shown in Fig. 8, PRR = 89.07% for Scenario-
5 (Fig. 8a) and PRR = 76.88% for Scenario-10 (Fig. 8b). This
can be visualized by noticing the increase in density of the
red dots in Fig. 8b over Fig. 8a. The location of the vehicles
changes in SUMO in each simulation run, giving different
patterns in each run.

4) Control performance

In Fig. 9, we compare between the performance of the
platoon vehicles in the DCC-active (right column) and DCC-
inactive cases (left column) under the number of vehicles
= 800, 900, 1000, 1500. We notice that the acceleration
pro�les of the platoon vehicles are similar for the low traf�c
congestion scenarios (800 vehicles) in the DCC-active and
DCC-inactive cases, i.e Scenario-10 (106% channel load)
and Scenario-5 (70% channel load), see Fig. 9a, 9b. On the
other hand, tracking the acceleration of the platoon leader
cannot be achieved and the formation of the platoon cannot
be maintained as seen in Fig. 9c, 9e. In those experiments,
the number of vehicles is increased (900 and 1000 vehicles)
while the DCC is disengaged. The necessity of the DCC
can be concluded by comparing Fig. 9c, 9e with Fig. 9d, 9f,
respectively. The DCC is active in Fig. 9d, 9f under vehicular
densities of 900 and 1000. It is clear that string stability and
tracking capability are achieved if the DCC is engaged.

Fig. 9g shows also a nice tracking capability under very
high traf�c congestion (1500 vehicles). The �gure where
DCC is inactive corresponding to Scenario-9 (1500 vehicles)
shown in Fig. 9g cannot be obtained via simulations. This is
due to the very low PRR values and long delays experienced
between platoon vehicles. Therefore, platoon formation can-
not be maintained using only V2V communication devices
and vehicles should rely on their on-board sensors. This
proves that a DCC is necessary to maintain string stability
under high network and traf�c congestion levels.

Fig. 10 and Fig. 11 show the tracking capability (veloc-
ity, acceleration, position error, and velocity error pro�les)
of the platoon vehicles for Scenario-7 (1000 vehicles) and
Scenario-9 (1500 vehicles). The headway time� h = 0.6s
and delay� = 20ms are chosen for Scenario-7. On the
other hand, a longer headway time (� h = 0.8s) and delay
(� = 50ms) are chosen for Scenario-9 to show that our
scheme works for a wide range of parameters. From Fig. 10
and Fig. 11, it is observed that string stability is preserved
and minimum position error is achieved. Other scenarios
presented in Table 5 have similar tracking capabilities.

C. FUEL EFFICIENCY ANALYSIS

In this section, we analyse the fuel consumption of the
platoon vehicles in DCC-active and DCC-inactive scenarios.
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Link-0 Link-1 Link-2 Link-3

veh0! veh1 veh0! veh2 veh0! veh3 veh0! veh4
veh1! veh2 veh1! veh3 veh1! veh4
veh2! veh3 veh2! veh4
veh3! veh4

Table 4: V2V links between platoon vehicles.

(a) 70% channel load.

(b) 106% channel load.

Figure 8: Delay and packet loss in Link-0 (veh2–veh3)
of Scenario-5 under 70% channel load (top �gure) and
Scenario-10 under 106% channel load (bottom �gure). The
red dots indicate lost packets. The blue dots indicate received
packets with the indicated delay.

1) Fuel consumption model

The fuel consumption model for vehiclei can be represented
as follows [11]:

fuel i =
1

H$

Z t f

t 0

�
%�mi gvi + 0 :5�AC (1 � � i

drag )(vi )3+

mi ai vi
�
dt; (47)

where,

%=

8
>>>>><

>>>>>:

1 if �m i gvi + 0 :5�AC (1 � � i
drag )(vi )3+

mi ai vi > 0

0 otherwise

Using the above model, the instantaneously consumed fuel
can be computed by considering the changing acceleration

and velocity.� i
drag is the air-drag reduction for vehiclei

due to the proximity of other vehicles. It is noted that the
percentage of air-drag reduction is directly related to the
inter-vehicle gap [11, 24]. On the other hand, the aerody-
namic drag force is inversely related to the percentage of
air-drag reduction. Therefore, a lower inter-vehicle gap leads
to a higher percentage of air-drag reduction and a lower
aerodynamic drag force (and fuel consumption).� i

drag can
be obtained for passenger cars from Fig. 12 for the leading
vehicle (blue curve), �rst follower (red curve) and other
followers (yellow curve). It is noted from Fig. 12 that the air-
drag reduction� i

drag is inversely related to the inter-vehicle
distancedi . Curves in Fig. 12 are �tted to the data points
taken from [24]. We used curve �tting tools to approximate
those data points into a power function of the following form,

� i
drag =

(
C� A(di )B 0 � di � G
0 di > G

(48)

The parametersA, B , C are obtained using curve �tting tool
cftool from Matlab. The parametersA, B , C, G are shown in
Table 6.

The fuel consumption model of Eq. VIII-C1 uses, besides
the� i

drag values of Table 6, the following parameters:mi =
1700kg; � = 1 :29kg=m3; A = 3 :12m2; C = 0 :367; g =
9:8m=s2, $ = 0 :4, H = 36MJ=L . %is 1 if the engine is
active and zero otherwise.$ is the average engine ef�ciency.
H is calori�c power of the fuel.

2) Consumed fuel

The fuel consumption of the platoon vehicles for the DCC-
active and DCC-inactive cases are shown in Table 7. The
fuel savings of the platoon vehicles of the DCC-active cases
are shown in Table 8 which are normalized with respect to
the DCC-inactive cases. We notice that DCC-active cases
outperform the DCC-inactive cases in terms of fuel savings,
which reaches 3% of savings in case of 800 vehicles. For >
800 vehicles the savings are expected to be more than 3%
but it is hard to stabilize the system in case of DCC-inactive
scenarios.

IX. CONCLUSIONS
In this paper, we presented a multi-rate multi-layered vehicle-
platoon model and control under high levels of network and
traf�c congestion taking communication delay into account.
We analysed the performance with and without considering
communication delay and we showed that safety and string
stability are compromised if delay is not considered in the
platoon modeling and control design. Moreover, we evalu-
ated and validated the control scheme with extensive simula-
tion of network and traf�c behavior. It can be concluded that
the platooning system cannot operate under high congestion
without message-rate congestion control (DCC). Therefore,
DCC is an enabling technology that directly affects the
performance of the platoon in high congestion situations.
The simulations moreover show a 3% fuel savings if a DCC
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Link-0 Link-1 Link-2 Link-3

Scenario-0 – 5 vehicles
(10Hz – no DCC)

Average
PRR % 100 100 100 100

Average
delay (ms) 2.9048 3.0848 3.9890 4.3527

Scenario-1 – 300 vehicles
(10Hz – no DCC)

Average
PRR % 94.8774 94.5320 93.3742 95.2715

Average
delay (ms) 3.2418 3.3380 4.2946 4.5752

Scenario-2 – 525 vehicles
(10Hz – no DCC)

Average
PRR % 85.3182 83.7128 83.1582 87.3322

Average
delay (ms) 5.3767 5.4551 5.9977 5.2633

Scenario-3 – 600 vehicles
(8.75Hz – with DCC)

Average
PRR % 82.7678 82.7678 76.7465 71.9228

Average
delay (ms) 8.1619 7.9722 8.7214 8.5968

Scenario-4 – 700 vehicles
(7.5Hz – with DCC)

Average
PRR % 80.2448 79.7591 76.1364 73.7762

Average
delay (ms) 7.6562 7.5318 7.6859 7.5410

Scenario-5 – 800 vehicles
(6.56Hz – with DCC)

Average
PRR % 82.9398 81.2997 78.5069 73.8042

Average
delay (ms) 7.4302 7.5190 8.0393 7.7650

Scenario-6 – 900 vehicles
(5.833Hz – with DCC)

Average
PRR % 79.2879 79.0159 76.5056 78.0228

Average
delay (ms) 7.6296 7.6679 7.8371 6.9911

Scenario-7 – 1000 vehicles
(5.25Hz – with DCC)

Average
PRR % 80.9354 79.9497 76.4681 73.5738

Average
delay (ms) 7.7058 7.8409 7.9378 7.5364

Scenario-8 – 1300 vehicles
(4.0385Hz – with DCC)

Average
PRR % 78.8934 77.6248 78.1250 77.8925

Average
delay (ms) 7.7400 7.7580 7.0701 7.0143

Scenario-9 – 1500 vehicles
(3.5Hz – with DCC)

Average
PRR % 80.6533 79.7878 77.7219 78.5595

Average
delay (ms) 7.5889 7.7086 7.4997 6.7823

Scenario-10 – 800 vehicles
(10Hz – no DCC)

Average
PRR % 69.0674 65.6451 59.8074 49.6497

Average
delay (ms) 11.7215 11.2659 11.1832 9.8844

Scenario-11 – 900 vehicles
(10Hz – no DCC)

Average
PRR % 61.2960 56.7426 49.8249 36.0771

Average
delay (ms) 15.9223 15.0640 14.1338 10.3107

Scenario-12 – 1000 vehicles
(10Hz – no DCC)

Average
PRR % 47.0541 40.8844 34.3364 24.1221

Average
delay (ms) 19.0651 17.5398 15.6794 10.3577

Table 5: Average Packet Reception Ratio (PRR) and average delay in different scenarios experienced between platoon vehicles.
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(a) Scenario-10 – 800 vehicles – no DCC – 10Hz (106% channel
load) – delay = 30ms.

(b) Scenario-5 – 800 vehicles – with DCC – 6.56Hz (70% channel
load) – delay = 30ms.

(c) Scenario-11 – 900 vehicles – no DCC – 10Hz (120% channel
load) – delay = 30ms.

(d) Scenario-6 – 900 vehicles – with DCC – 5.84Hz (70% channel
load) – delay = 30ms.

(e) Scenario-12 – 1000 vehicles – no DCC – 10Hz (133% channel
load) – delay = 30ms.

(f) Scenario-7 – 1000 vehicles – with DCC – 5.25Hz (70% channel
load) – delay = 20ms.

(g) Scenario-9 – 1500 vehicles – with DCC – 3.5Hz (70% channel
load) – delay = 30ms.

Figure 9: Performance of platoon vehicles for 800, 900, 1000, 1500 vehicles under headway time = 0.2s.
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(a) Acceleration. (b) Velocity.

(c) Velocity error. (d) Position error.

(e) Actual gap between vehicles.

Figure 10: Performance of platoon vehicles for Scenario-7 (1000 vehicles). Delay� = 20ms, headway time� h = 0 :6s.

A B C G
leader -0.7538 -1.407 -0.032 10

�rst follower -0.9004 -0.4909 -0.148 40
other

followers
0.1487 0.3278 0.5361 50

Table 6: Parameters for the power function� i
drag = C �

A(di )B obtained using curve �tting tools for the curves in
Fig. 12.

is used. In future work, we plan to extend the approach to
consider time-varying delay to study platoon control with
heterogeneous communication rates, and to study the stabil-
ity of MPC under fast switching.
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