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Abstract

Research Article

After Adaptive Cruise Control (ACC) system applications, Cooperative Adaptive Cruise Control

(CACC) systems are becoming an important part of automotive technology and industry in autonomous
vehicles convoy applications. Together with this developing technology, CACC systems use vehicle to
vehicle (V2V) communication to automatically transmit the movement information of vehicles. In this
context, ACC systems use Radar or LIDAR measurements while CACC systems also consider the accel-
eration of the preceding vehicle. In this paper, the forms of information transmission between vehicles in
autonomous vehicle convoys using CACC systems have been examined. From these forms of information
transmission, the leader following, the predecessor following and the leader — predecessor following to-
pologies have been considered. For each topology, an autonomous vehicle convoy consisting of eight ve-
hicles was modeled in the MATLAB/Simulink environment. The feedforward and the feedback control
system structure were given for CACC and ACC systems. For different communication topologies, the
position-time, the speed-time, the acceleration-time and the headway time-time results were obtained. The
maximum intervehicle distance error plots for each vehicle in different topology convoys were given to
analyze the dynamic behavior of the convoys. The results have been analyzed in terms of the maximum
intervehicle distance, the maximum speed, the minimum and the maximum acceleration, and the maxi-
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1. Introduction

Comfortable, reliable and fast transportation is a very im-
portant issue in people's lives. For this reason, transportation
technology is one of the important factors affecting the life of a
society and the environment. Due to the increasing population
every day, the resulting traffic density and the increasing traffic
accidents, transportation technology studies continue to produce
new and effective solutions [1]. Because as the number of vehi-
cles in the traffic increases, the traffic density also increases,
which leads to accidents with fatalities, injuries or property dam-
ages. The most important factor in preventing accidents is to re-
duce the load of drivers in traffic. For this purpose, vehicles need
to be intelligent and autonomous, they should warn the driver
when necessary and provide speed control [2]. In this context,
autonomous vehicle systems are being developed to protect the

safety of life and ensure the comfort of drivers and passengers
in traffic.

Recently, advanced driver assistance systems (ADAS) have
been used in the automotive sector to help drivers by meeting
these requirements and their use is becoming widespread with
developing technologies [3]. These systems are designed to in-
crease vehicle safety and enhance the driving experience. The
main purpose of ADAS is to improve vehicle safety by perceiv-
ing objects, driver behavior, vehicle condition and using the ex-
isting human-machine interface [4].

Examples of systems within the scope of ADAS include sys-
tems such as automatic braking system, lane tracking system,
adaptive cruise control, blind spot warning, pedestrian detection
system, automatic parking assistant and rear-view camera sys-
tem. Automatic braking system is a system that detects obstacles
in front of the vehicle and automatically brakes. Lane tracking
system is a system that detects vehicle lanes and warns the driver
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about going out of lane or changing lanes. Adaptive cruise con-
trol is a system that can automatically adjust the vehicle speed.
It accelerates and decelerates by detecting the vehicles in front
of it or the speed limits on the road. Blind spot warning is a sys-
tem that warns the driver by detecting blind spots behind or on
the sides of the vehicle. Pedestrian detection system is a system
that can detect pedestrian movements and warn the driver. It
aims to reduce the risk of collisions for pedestrians, especially
in urban use. Automatic parking assistant is a system that allows
the vehicle to park itself automatically. The driver indicates to
the system the size and direction of the space to park, then the
vehicle parks automatically. Rear view camera is a camera sys-
tem that displays the area behind the vehicle. When the driver
engages reverse gear, the camera image is displayed on the on-
board screens, making reversing easier [5]. They constitute au-
tonomous vehicles in the technologies under ADAS [6].

In the literature, cruise control systems are classified as tradi-
tional cruise control (CC) systems, adaptive cruise control (ACC)
systems and cooperative adaptive cruise control (CACC) sys-
tems. Firstly, the system that realizes the vehicle speed value
determined by the driver by controlling the accelerator pedal is
called CC. CC is the basic system and primary application of
other cruise control systems. In ACC systems, the purpose is to
maintain the distance or headway time between the preceding
vehicle and the ego vehicle [7]. The vehicle speed is controlled
automatically through throttle and brake in accordance with this
purpose, and its main difference from the traditional cruise con-
trol system is usually the use of a radar sensor [2]. In CACC
systems, again, the purpose is to maintain the distance or head-
way time among vehicle, but this system is an advanced version
of ACC systems. In CACC systems, in addition to radar meas-
urement, wireless communication between the vehicles is car-
ried out. In other words, CACC systems are systems that enable
vehicles to travel in autonomous convoys in traffic by using dif-
ferent communication topologies between vehicles [8].

In this study, the effects of different communication topolo-
gies for a convoy of eight vehicles were examined. For this pur-
pose, a convoy model consisting of eight vehicles was created
in the MATLAB/Simulink environment and a structure was
formed that allows different topologies to be obtained depending
on two parameters to facilitate the transition between different
topologies decently. According to the simulation results, the ef-
fect of different topologies on convoy behavior has been studied
and interpreted.

The main contribution of this paper is to compare ACC prede-
cessor following, CACC leader following, CACC predecessor fol-
lowing, CACC leader and predecessor following communication
topologies using numerical indicators such as the maximum inter-
vehicle distance error, the maximum intervehicle distance, the
maximum speed, the minimum and maximum accelerations, and
the maximum headway time deviation from the desired headway
time in a simulation environment.

The outline of the rest of the paper is as follows. In Section 2,
the longitudinal vehicle model used in the control system design

and simulation study is described. In Section 3, the mathemati-
cal equations used for modeling the CACC system are given. In
addition, forward and feedback control systems are introduced.
In Section 4, the communication topologies in the literature and
the topologies applied in this study are given. In Section 5, the
results of the simulation study are given and analyzed. The paper
is concluded with the conclusions given in Section 6.

2. Longitudinal Vehicle Model Used in Control System De-

sign and Simulation Study

CACC systems mainly expand the capacity of ACC systems by
obtaining acceleration information of the preceding vehicle via
wireless communication and feeding it to the control system. The
headway time in standard ACC systems can be reduced by using
this additional information. In the longitudinal vehicle control sys-
tems shown in Figure 1 (ACC or CACC systems), the controller
part has two control levels such as the upper-level control and the
lower-level control. The upper-level control is used to calculate the
desired acceleration of the vehicle. The lower-level control, on the
other hand, uses different actuators such as the throttle valve and
brake system to achieve the desired acceleration. For the lower-
level control system design, a longitudinal vehicle model which
includes driveline dynamics and engine dynamics should be em-
ployed [9, 10].

In the ideal case for upper-level controller design, the basic ve-
hicle model can be described as follows:

o=y @

where %; indicates the acceleration of the i vehicle, and wu; is
the control input of the i vehicle, which can be an acceleration or
a brake command depending on whether the control signal is pos-
itive or negative, respectively.

Requirements

Upper Level
Controller

Desired acceleration

Y

Lower Level
Controller

Throttle and brake
actuators

Fig. 1. General controller structure of ACC and CACC systems [9]

It is expected that the vehicle lower-level control system will
imperfectly follow the desired acceleration due to the limited band-
width of the control actuators [1]. Considering this effect of the
lower-level control system in the model, only the design of the up-
per-level control system can be considered. In this case, by simply
considering the effect of lower-level dynamics, Eq. (1) is rear-
ranged and the longitudinal vehicle model to be used in control
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system design and simulation studies can be obtained as follows:
Ti"fl' + XL =Uu; (2)
where 7; indicates the time constant of longitudinal vehicle dy-
namics. Using Eg. (2), the transfer function of the longitudinal dy-
namics of the vehicles in the convoy is written as follows [1]:

_ Xi(S) _ 1
Gi(s) T Us)  sP(tis+1)

®

The transfer function in Eq. (3) describes the longitudinal vehi-
cle dynamics including two different dynamic parts: The first part
(1/s2) is to represent acceleration to position transformation and
the second part (1/(ts+1)) is to reflect basically the lower-level dy-
namic effects. This modelling approach is useful for simulation
and control system design purposes. Also, it shows good agree-
ment with experimental results as in [11, 12].

3. Modeling of the CACC System

3.1. Mathematical Equations of the CACC System

CACC systems use radar sensor and vehicle-to-vehicle wireless
communication to maintain the desired following distance. The radar
is used in the feedback section of CACC systems and provides the rel-
ative distance between the preceding vehicle and the ego vehicle. The
controller, on the other hand, can control the throttle valve and, if nec-
essary, the brake system to set the desired following distance. In addi-
tion, the acceleration of the preceding vehicle, which is used for the
feedforward part of the CACC system, is transmitted to the ego vehicle
using a vehicle-to-vehicle (V2V) communication. V2V communica-
tion of CACC system relies on wireless modems. These modems use
the wireless access in vehicular environments (WAVE) protocol based
on the IEEE 802.11p standard which utilize the licensed intelligent
transportation systems (ITS) band of 5.9 GHz [13]. Figure 2 shows
two CACC equipped vehicles in a convoy.

> X

X Xi-1

Lfi-q

Ly

Fig. 2. Consecutive vehicles with CACC system in a convoy

In this study, the constant time headway spacing policy is
used when calculating the desired following distance in the
CACC system. Accordingly, the desired distance between the
two consecutive vehicles can be calculated as in Eq. (4):

dri =S + Xitha, @)

where d,.; refers to the desired distance between vehicles, s; re-
fers to the desired safety distance between vehicles, x; denotes
the speed of the i vehicle, and t,4; is the headway time. In the
control system design part of this study, s; isignored and taken as

zero to ease the calculations. The relative distance between two
consecutive vehicles in the convoy (the distance between the rear
bumper of the preceding vehicle and the front bumper of the ego
vehicle) can be written as follows considering Fig. 2.

di =% —Lpiog— (i +Lsi) =%y —%; — Lpjy — Lr; (5)

where d; isthe relative distance between the two vehicles, L, ;4
is the distance between the preceding vehicle’s rear bumper and its
center of gravity, L¢; is the distance between the ego vehicle’s
front bumper and its center of gravity. To simplify the analysis, the
relative distance between vehicles (intervehicle distance) can be
reduced to Eq. (6) by taking the vehicle lengths to zero:

di=x_1—% (6)

ACC systems use feedback control alone to achieve the desired
following distance, while the CACC system is designed as a feed-
back-feedforward control system. The feedforward controller is
used when V2V communication is available to obtain the acceler-
ation information of the preceding vehicle, acceleration infor-
mation improves the performance of the system by allowing
smaller headway times to be obtained [14]. It has a good effect on
string stability and accelerates traffic flow. If an ACC system feed-
forward controller is used in this way, the ACC system becomes a
CACC system.

The difference between the actual and the desired distance for
the consecutive vehicles (intervehicle distance error) shown in Fig-
ure 2, e;, can be expressed as in Eq. (7).

ep=di—d,; =x;_1 — X — Xitpa; O
3.2. Feedforward and Feedback Control System

The general block diagram of the CACC system for a single
vehicle is shown in Figure 3. Here, the acceleration of the pre-
ceding vehicle is taken by the time delay B caused by the wire-
less communication delay between vehicles. Feedback and feed-
forward control systems constitute the overall CACC system as
Cpi(s)and Cg,(s), respectively.

Fig. 3. CACC system structure for a single vehicle [1]

The feedback path transfer function is shown as H,(s) and is
used to apply the constant time headway spacing policy:

Hi(s) = 1+ tpq;s )]
The main difference of the second part of the CACC systems
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from the ACC systems is the feedforward control. In CACC sys-
tems, the acceleration information of the preceding vehicle, ob-
tained from wireless communication with some communication
delay, is used in the feedforward control system to achieve a
shorter headway time than possible in ACC systems. When the
V2V communication connection is disabled, the feedforward part
of the control block diagram in Fig. 3 disappears, and the CACC
architecture turns into the ACC architecture.

The purpose of the feedforward control system is to make the
error signal (e;) zero.

According to Fig. 3, the transfer function between e; and x,_,
can be written as in Eq. (9). The transfer function between e; and
x;_, Can be written as:

Ei(s) _ 1-52Cpfi(s)Gi(s)H(s)e S
Xi—1(8) 1+Crp,i()Gi(SHH{(s)

©)

If the time delay effect e S on the system is not taken into
account during the design phase of the control system, Eq. (9)
can be written as follows, making the error signal zero:

1- SZCffli(S)Gi(S)Hi(S) =0 (10)

The feedforward controller expression from Eq. (10) can be
solved as follows:

1
C1ri®) = Zeome

an

In the simulation studies, the time delay part e is added
to the CACC model in order to make the simulations closer to
the real application.

An alternative CACC feedforward control system design ap-
proach can be seen from [15].

The feedback control part of the ACC and CACC systems can
be designed using different methods. One of the control system
structures frequently used in the literature is the PD type con-
troller [1,11,12,16]. Since the closed-loop system has free inte-
grators on the feedforward path, the PD type controller can be
used as the upper-level feedback control C,;(s)of CACC sys-
tems. From the experimental implementation side, the relative
position and relative velocity signals are generally read from the
radar or lidar measurements and the ego vehicle’s velocity and
the acceleration are available from the on-board vehicle sensors.
As a consequence of these measurements, the application of the
PD controller is just multiplication of controller gains with the
available signals.

Based on this information, the PD controller is written as in
Eq. (12), where k, = k3 = wy. Here, the design frequency for
the proposed controller is shown as w, [11].

Crpi(s) = kpi + kgis = wp(wy; +5)

The time constant of the longitudinal vehicle model can be
taken as an uncertain parameter and robust control systems can
be designed as an example in [1]. Moreover, the disturbances on
the convay such as cut-in, cut-off maneuvers can be taken into
consideration while evaluating the performance of the control
system [17]. The effects of uncertainties and the disturbances on

(12)

the convoy are not considered in this paper to focus on the ef-
fects of the communication topologies.

4. Communication Topologies

The CACC system reduces the headway time and allows au-
tonomous vehicles to create vehicle convoys with shorter fol-
lowing distances. Since the distance between vehicles is reduced,
the highway capacity is significantly increased, while the energy
consumption is also decreased due to the reduction of aerody-
namic friction and unnecessary speed changes.

Although CACC systems can be found in autonomous vehi-
cles, the vehicle communication (information flow) topology
may vary according to different methodologies. The communi-
cation topology describes the way an autonomous vehicle ob-
tains information from other vehicles in the CACC system.
Some typical types of information flow topologies can be found
in the literature and flow directions are shown in Figure 4
[8,14,18].

ACC systems mainly rely on onboard sensors such as radar to
detect the surrounding environment, which means that a vehicle
in the system can receive information only at close range and
from its predecessor. Therefore, the information flow topology
that follows the predecessor vehicle is one of the typical choices
for CACC systems. However, by taking advantage of vehicle-
to-vehicle communication, recently proposed CACC systems al-
low autonomous vehicles to transfer information between each
other over a much wider, and this has created different commu-
nication topologies such as the leader vehicle following, prede-
cessor vehicle following, leader and predecessor vehicle follow-
ing topologies. CACC systems provide benefits to existing
transportation systems in terms of safety, mobility and sustaina-
bility. Applications of CACC systems have been proposed and
developed over the years under different traffic networks. Field appli-
cations of such applications have also been made and continue to be
made in order to test the effectiveness of CACC technology [8].

=
pE——

— 4 P—— Leader

n n-1 n-2 B 3 2 1 Vehlc_le
Following )
Predecessor

(N +—{n-1 «— N2 «— —{ 3 Je—I 2 1 Vshu:_ls
- : Following
/;///:f’r’_’___‘& ‘Predecessor
> and Leader

n—ed 2 —3 2 Vehicle
__ Following |

Two

m Predecessor

o8O —&r—2— Vehicle
_ Following |

_,_/—"_____‘—
//ﬁ/‘ \ Two

Predecessor

& = N < 2 f— v and Leader

Vehicle
._Following /

Fig. 4. Diagram of typical communication topologies [8]
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In this study, leader vehicle following, predecessor vehicle
following, leader and predecessor vehicle following communi-
cation topologies shown in Figure 4 were applied in the CACC
system. As shown in the Figure 4, in the leader vehicle following
topology, the acceleration information of the leader vehicle in
the convoy is transmitted to all vehicles in the convoy. In the
predecessor vehicle following topology, each vehicle in the con-
voy receives acceleration information from its predecessor ve-
hicle. In the leader and predecessor vehicle following commu-
nication topology, the vehicles in the convoy receive accelera-
tion information from both the leader vehicle and the predeces-
sor vehicle. In the two predecessor vehicles following topology,
the vehicles in the convoy receive data from the two previous
vehicles. Finally, in the communication topology of following
the two predecessor and leader vehicles, the vehicles in the con-
voy receive acceleration from two previous vehicles, leader ve-
hicle of the convoy.

Figure 5 shows the system structure (block diagram) from which
the communication topologies of ACC and various CACC systems
can be obtained. A similar flexible structure proposed by Gong et
al. in [18]. Also, another similar structure can be found in [19].
Accordingly, by changing the parameters a and b, different com-
munication topologies can be obtained. The values of the parame-
ters and the corresponding communication topologies are given in
Table 1.

h» o hs b Cy.i(s)
+
+
uff‘i
Do ()
H(S):

Fig. 5. System structure designed for communication topologies

Table 1. The parameter values of a and b and the related communica-
tion topologies.

Parameters a
Topology

ACC- Predecessor Following 0
CACC-Leader Following (LF) 0
1
1

CACC-Predecessor Following (PF)

CACC- Leader and Predecessor
Following (LF+PF)

R [O|—,|O| T

In simulation study, initial vehicle speeds and initial vehicle
accelerations are taken as 10 m/s and 0 m/s?, respectively. The
initial position of the last vehicle is taken as 0 m, and each con-
secutive vehicle distance is considered as 6 m (i.e. xg(0) = 0 m,

x7(0) = 6 m, ..., x2(0) = 36 m, x1(0) = 42 m) This is a homoge-
nous convoy of vehicles meaning that the vehicle models (time
constant values of the vehicles) are identical and PD coefficients
are the same for all vehicles. Table 2 shows the parameters used
in the simulations. In the simulation scenario, the vehicles move
with constant 10 m/s velocities with 6 m intervehicle distances.
Then, the leader vehicle accelerates with a step acceleration of
3 m/s2,

Table 2. The simulation study parameters.

Parameter Value
T 0.5 (s)
tha,i 0.6 (s)
B; 0.1(s)
Wy i 1.5 (rad/s)
kyi 2.25 (1s?)
kg 1.5 (1/s)

Figure 6 shows the simulation results for predecessor follow-
ing with ACC. From the speed-time graph in Figure 6, it can be
seen that the vehicle speeds increase upstream the convoy (from
the 1. vehicle to 8. the vehicle). It can be seen from the acceler-
ation-time graph in Figure 6 that the acceleration values of the
vehicles increase in positive and negative directions to achieve
the desired speed towards the end of the convoy. This situation
causes a shock wave in traffic and disrupts the stability of the
convoy. The increase in acceleration towards the end of the con-
voy also affects energy efficiency and environmental pollution
adversely by increasing energy consumption and emissions. The
headway time reaches a maximum value of 0.7 s and oscillates
around the desired headway time value of 0.6 s.

400

B Q
=4 £
S 200 — Vehicle 1 Tg/ 15
'g ——Vehicle 2 ko)
Vehicle 3 =3
& —Vehicle 4| @
0 Vehicle 5 10
0 5 10 15 Vehicle 6 0 5 10 15 20 25
Time(s) ——Vehicle 7 Time(s)
. ——Vehicle 8
% T o
E2 £
S =
T o g
2 3
3 ©
2 -2 1 i i £055 ; | 1
0 5 10 15 20 25 0 5 10 15 20 25
Time(s) Time(s)

Fig. 6. ACC - Predecessor vehicle following simulation results

Figure 7 shows the simulation results of the leader vehicle
following topology with CACC system. The first graph shows
the distance between the vehicles. Figure 7 speed-time graph
shows a different change compared to Figure 6 speed-time graph.
The first difference is that the reaction time of the vehicles to
speed changes has improved considerably. However, this im-
provement leads to a speed-pile-up around 7th second and a
forced slowdown of the vehicles (to avoid a collision). The max-
imum speed values and maximum absolute acceleration values
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seen in the convoy for CACC — leader vehicle following topol-
ogy are less than the convoy with ACC. Although this situation
is good, even in the leader vehicle following topology, there is
an increase in positive and negative acceleration values towards
the end of the convoy, and string stability is not achieved. The
existing problems in the system with ACC decreases, but they
continue in CACC - leader vehicle following topology. The
headway time values show a slight decrease compared to the
ACC system as the maximum value, but continues to oscillate
around the desired 0.6 s value.

In Figure 8, the predecessor vehicle following topology is ap-
plied to the CACC system. Unlike the speed-time graph in Fig-
ure 6 and Figure 7, there is no increase in vehicle speeds towards
the end of the convoy. It can be seen from the acceleration-time
graph in Figure 8, there is a decrease in the acceleration values
required to provide the desired distance between vehicles to-
wards the end of the convoy. The vehicles in the convoy can
travel without the need for braking. String stability can be
achieved inthe CACC - predecessor vehicle following topology.
This topology shows good results in terms of traffic flow, energy
efficiency and emissions. Compared to the leader vehicle fol-
lowing topology, the reactions of vehicles to speed changes re-
duce. This situation can be seen as a disadvantage in terms of
sudden acceleration and deceleration needs. The headway time
deviates very slightly from the desired 0.6 s value.

400
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z £
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< 0.7
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=
2 0 >06
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) To5
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Time(s) Time(s)
Fig. 7. CACC - Leader vehicle following simulation results
400 16
= 0
£ €14
2200 — Vehicle 1 5
2 — Vehicle 2 &’, 12
& Vehicle 3 &
—Vehicle 4
0 . - ——Vehicle 5 10 : :
0 5 10 15 Vehicle 6 0 5 10 15 20 25
Time(s) —Vehicle 7 Time(s)
. —Vehicle 8
<5 - 061
€ ]
= £
.E 2 = 0.605
s g
o1 = 06
o] ©
8 3
20 T 0.595 | ; ;
0 5 10 15 20 25 0 5 10 15 20 25
Time(s) Time(s)

Fig. 8. CACC - Predecessor vehicle following simulation results

Figure 9 shows the simulation results of leader and predeces-
sor vehicle following topology of the CACC system. It is seen
from the speed-time graph results that the speed increases do not

occur towards the end of the convoy in leader and predecessor
vehicle following topology. The increases and fluctuations in
vehicle accelerations towards the end of the convoy are also less
than in the only leader vehicle following topology. Compared to
the CACC — predecessor vehicle following topology, the vehi-
cles react better to the speed change, but there is still a speed
pile-up and forced deceleration in the convoy. String stability is
not achieved, but it shows better results compared to the leader
vehicle following topology. According to the results, the leader
and predecessor vehicle following topology is between the
leader vehicle following and the predecessor vehicle following
topologies in terms of performance. It can be preferred when
string stability is compromised and the reaction of vehicles to
speed changes is to be increased.

400 16
E @
=z E14
£ 200 —Vehicle 1] 5
5 ——Vehicle 2 3 12
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Time(s) Time(s)

Fig. 9. CACC - Leader and predecessor vehicle following simulation
results

The intervehicle distance error e; given by Eq. (7) can be
used to compare the performance of different communication
topologies. The maximum intervehicle distance errors for each
vehicle in ACC convoy, CACC-LF convoy, CACC-PF convoy,
and CACC-LF+PF convoy are shown in Figure 10, Figure 11,
Figure 12, and Figure 13, respectively.

In ACC convoy, the maximum intervehicle distance error in-
creases towards the end of the convoy as shown in Figure 10. It
reaches 1.472 m. Figure 11 shows the maximum intervehicle
distance error in CACC-LF convoy. The error value increases
towards end of the convoy and reaches 1.103 m. Unlike ACC
convoy, the increase rate of the error value decreases upstream
the CACC-LF convoy. The maximum intervehicle distance er-
ror for CACC-PF convoy is shown in Figure 11. The error value
is very small compared to the other topologies. Moreover, the
error values decrease towards the end of the convoy. This is very
important feature to accomplish string stability. In CACC-
LF+PF convoy, the error values are almost same after the vehi-
cle 3 with the value of 1.263 m. It is a bit worse than the CACC-
LF but the increase rate of the error value is almost zero. For
long convoys, this will be an advantage for CACC-LF+PF to-
pology over the CACC-LF.
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Four different communication topologies are compared nu-
merically in terms of maximum intervehicle distance
(max(|d;])), maximum speed (max(|V;|)), minimum accelera-
tion (min(q;)), maximum acceleration (max(a;)), and maxi-
mum headway time deviation from the desired headway time
(max(|tha; — thaaes|)) In the convoy. The desired headway
time (tpq qes) 1S 0.6 s in the simulations. The results are given in
Table 3.
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Fig. 11. Maximum intervehicle distance error for each vehicles in
CACC-LF convoy
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Fig. 12. Maximum intervehicle distance error for each vehicles in
CACC-PF convoy
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Fig. 13. Maximum intervehicle distance error for each vehicles in
CACC-LF+PF convoy

According to the results in Table 3, the maximum intervehicle
distance and the maximum speed in all CACC communication
topologies are smaller than that of ACC as expected. The mini-
mum intervehicle distance is obtained in CACC — PF topology.
However, there is no significant difference between CACC — PF
and CACC - LF+PF in terms of the maximum intervehicle dis-
tance and the maximum speed in the convoy. The maximum
acceleration values in CACC communication topologies are
smaller than that of ACC. These values are the same for all
CACC cases because the vehicles following the leader do not
exceed the leader vehicle acceleration in CACC topologies. For
the minimum acceleration values, CACC — PF has the smallest
value. This is an advantage of CACC — PF in terms of traffic
flow, and energy issues. Also, the maximum headway time de-
viation from the desired headway time of CACC — PF is better
than the other communication topologies.

Table 3. Numerical comparison of different communication

topologies
Topol- | max(ld;)) | max(|V;]) | min(a) | max(a) | max(|tn;—
ogy [m] [m/s] [mis?] [m/s?] thades|) [5]
ACC 12.1363 102004 | -24469 | 3452 0.0970
CACC- | 109580 176448 | -11243 | 2.0451 0.0782
CASC | 90633 160028 | -00026 | 2.9451 0.0073
fﬁfpcl:' 9.6240 16,0255 10677 | 29451 0.1042

6. Conclusions

In this study, the effects of different CACC communication
topologies for an eight vehicle convoy were examined and com-
pared with each other and ACC system. For this purpose, firstly,
the longitudinal vehicle model used in the control system design
and simulation studies was built for an eight vehicle convoy in
MATLAB/Simulink environment. Then, the communication to-
pologies utilized in this study were described. In order to facili-
tate the transition between different topologies, a flexible model
structure has been created that allows different topologies to be
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obtained depending on two parameters. The different topologies
have been compared by using the position-time, speed-time, ac-
celeration-time, headway time results and the numerical indica-
tors. According to the simulation results, the convoy can react
faster to speed changes in the topologies where the leader vehi-
cle is followed. In the predecessor vehicle following topologies,
the reaction time of vehicles to speed changes may be longer
than that of leader vehicle following topologies, but better re-
sults can be obtained in terms of maximum intervehicle distance
and its error, maximum speed, minimum acceleration, maxi-
mum headway time deviation, string stability and traffic shock
wave formation. In the future works, in order to obtain better
results under disturbance and uncertainty, the robust control sys-
tem design will be realized and the related design will be tested
with different scenarios.

Nomenclature

X . acceleration of the vehicle (m/s?)
X; : speed of the vehicle (m/s)
X; . position of the vehicle (m)
u; . control input
Usri . feedforward control input
Usp,i . feedback control input
. time constant of longitudinal vehicle dynamics
Ti
(sec)
dy; . desired distance between vehicles (m)
d; . relative distance between vehicles (m)
S . desired safety distance between vehicles (m)
tha,i . headway time (sec)
L. . distance between the rear bumper of the vehicle
ri-1 and the vehicle center of gravity (m)
L. . distance between the front bumper of the vehicle
Fi and the vehicle center of gravity (m)
e . feedback error signal
B : communication delay
H;(s) . feedback path transfer function
Crri(s) : feedforward controller
Crpi(s) : feedback controller
kp.kq : PD controller coefficients
Wy : control design frequency (Hz)
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