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ABSTRACT Vehicle safety, ride comfort, formation control and fuel economy are the main control objectives
of cooperative adaptive cruise control (CACC) of vehicle strings. This paper considers the multi-objective
CACC problem of a mixed vehicle string, i.e., the vehicle string is composed of CACC-, ACC- and human-
driven vehicles. A new switching multi-objective receding horizon predictive control method is proposed for
CACC of mixed vehicle strings. The longitudinal models of ACC- and human-driven vehicles are used to
estimate the driving behaviors of the individual vehicles. Then three multi-objective predictive controllers
are separately designed for different vehicle scenarios. According to different preceding vehicles, the multi-
objective predictive controllers are switched online in the normal situation, and in the dangerous situation,
the predictive controller is switched to the safety controller to ensure driving safety of vehicles in the string.
To verify the effectiveness of the proposed control method, a mixed vehicle string consisting of six cars is
used in the simulation experiment with complex traffic scenarios.

INDEX TERMS Multi-objective control, model predictive control, mixed vehicle strings, switching control.

I. INTRODUCTION
In the recent years, increasing vehicles cause many problems
in most cities such as traffic jams, pollution and frequent
traffic accidents [1]-[4]. Among many technologies to solve
these problems, adaptive cruise control (ACC) is a widely
adopted one in the context of current traffic infrastructure
[5]-[8]. By on-board sensors (e.g. radars) measuring the
spacing and relative speed of adjacent vehicles, the appro-
priate throttle or brake control actions of a host vehicle are
calculated to adjust its following speed to keep a safe inter-
vehicle distance (i.e. spacing) between the host vehicle and
its predecessor [9]-[11]. Moreover, ACC can take less time
from finding dangerous situation to reacting than human’s
driving, which greatly improves the driving safety of vehicles.
In addition, ACC can quickly react to the traffic scenarios of
front vehicles in advance and hence, it reduces the workloads
of drivers and improves the ride comfort of cars [12]-[15].
In order to further increase the traffic capacity of roads,
recently cooperative ACC (CACC) has been developed by the
wireless Vehicle-to-Everything (V2X) communication net-
work [16], [17]. By V2X, vehicles in the same traffic are
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connected to share driving information (e.g. position, veloc-
ity, acceleration, etc.) among them. Due to sharing more
driving information, CACC has shorter inter-vehicle dis-
tances, better comfort and safety performance than ACC,
as well as the improved traffic efficiency of roads [17]-[19].
Many efforts have been made to develop CACC methods for
connected and automated vehicles [10]-[19]. However, full
automation of all connected vehicles on roads is not realistic
under the current traffic conditions [20]-[22]. Hence, it is
necessary to study CACC methods of mixed vehicle strings
that are composed of human-driven vehicles and automated
vehicles.

A mixed vehicle string generally includes human-driven
vehicles, automated vehicles equipped with ACC systems
(denoted as ACC-driven vehicles for simplicity) and auto-
mated vehicles with CACC systems (denoted as CACC-
driven vehicles for simplicity), which run along a lane
with safe inter-vehicle distances [23]-[25]. In mixed vehicle
strings, the CACC-driven vehicles may not communicate
with the human- and/or ACC-driven vehicles by V2X due
to no full automation of the vehicles. This deteriorates the
cooperative performance of the CACC systems designed for
full connected and automated vehicles. The driving behav-
iors’ uncertainties of front human-driven vehicles further
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degrade the following, comfort and safety performance of
the CACC systems and hence, increase the accident risks
of vehicles [26]-[31]. In CACC, formation is an important
control objective of vehicle strings in order to guarantee the
consistent following behaviors of the vehicle platoon and
energy-saving is an also desired performance as reducing
fuel consumption decreases pollution emissions of vehicles
during travelling [32]-[37]. Consequently, how to ensure
the control objectives of safety, ride comfort, formation and
energy-saving is getting to be important and challenge task
for the design of CACC systems in the mixed vehicle strings.

Compared with the abundant CACC results on fully con-
nected and automated vehicles, there are few studies taking
into account the aforementioned control objectives of mixed
vehicle strings. For example, the authors [38] considered the
ride comfort and safety objectives of CACC for mixed vehicle
strings but ignored the fuel economy objective of vehicles.
In [39], an eco-smart driving model was proposed to handle
fuel-saving, ride comfort and formation control objectives
for mixed vehicle strings and theses control objectives were
handled simultaneously for CACC-driven vehicles in [40].
But the method in [40] was not directly applied to mixed
vehicle strings since the case of V2X intermittent transmis-
sion was not considered in CACC. The authors [41] adopted
V2X communication to adjust the spacing between connected
and non-connected vehicles in order to reduce congestion
of mixed vehicle strings at T-junctions. In [42], the varying
headway control strategy was proposed to improve the traf-
fic efficiency of mixed vehicle strings, which was obtained
through the spacing and relative speed of adjacent vehicles.
Through V2X communication, the authors [43] proposed the
distributed synchronous intersection protocol to improve the
traffic efficiency and safety of mixed vehicle strings at inter-
sections. To explicitly cope with the constraints on spacing,
velocity and acceleration of vehicles, in [44] model predictive
control (MPC) was used to develop CACC for mixed vehicle
strings, where the formation control problem of the string was
formulated as the finite horizon optimal control problem and
was solved in manner of receding horizon.

This paper considers the multi-objective CACC problem of
constrained mixed vehicle strings and proposes a new switch-
ing multi-objective receding horizon control approach for
CACC of constrained mixed vehicle strings. To cope with the
safety, ride comfort, formation and fuel economy objectives
of CACC at the same time, the MPC strategy is used online for
CACC-driven vehicles in the mixed string, where a set of lon-
gitudinal dynamic models is separately employed to predict
the future driving behaviors of the human-driven and ACC-
driven vehicles over a finite horizon window. Three multi-
objective predictive controllers are designed for the CACC-
driven vehicles to accommodate different traffic scenarios.
Then these predictive CACC controllers are switched online
according to overall consideration of front vehicles, normal
situation and dangerous situation. To the best of our knowl-
edge, there is no result on the switching receding horizon con-
trol approach for multi-objective CACC of constrained mixed
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vehicle strings. The main contribution of this work is that the
MPC and switching idea are combined to present a switching
multi-objective predictive CACC approach of constrained
mixed vehicle strings, such that the safety, ride comfort, for-
mation and fuel economy objectives of the constrained mixed
string are considered systematically in the framework of con-
strained optimal control. Finally, to illustrate the effectiveness
of the proposed method, a mixed vehicle string consisting of
six cars is used in the simulation experiment with complex
traffic scenarios.

The rest of this paper is organized as follows. Section II
presents models of mixed vehicle strings. In section III, three
multi-objective predictive CACC controllers and a safety con-
troller are designed to accommodate normal and dangerous
driving situations, respectively. Section IV shows the simula-
tion results of the proposed method and Section V concludes
the paper.

Il. MIXED VEHICLE STRINGS MODELING

Consider a mixed vehicle string consisting of M vehicles
including human-, ACC- and CACC-driven vehicles, where
the leading vehicle is a connected and automated car. Each
vehicle cruises along a single lane with a safe inter-vehicle
distance, where CACC-driven vehicles use the predecessor-
following (PF) communication topology to obtain the infor-
mation of position, velocity and acceleration of its front
CACC-driven vehicle and the human- and ACC-driven vehi-
cles in the string have no communication but can use
onboard sensors to separately keep some safe inter-vehicle
distances with their preceding vehicles. Due to the increas-
ing adoption of 5G, in this paper, the V2X communica-
tion network-induced issues, e.g., time-varying delays, data-
packet dropouts are not considered. Hence, it is assumed that
the CACC-driven vehicles in the string can share their driving
information among each other without time delays and packet
dropouts and all vehicles can determine their own and other
surrounding vehicles’ information without errors.

Let i = 1 be leading vehicle and i = 2,3,..., M be the
following vehicles in the mixed vehicle string. Labels Iy, Ia
and Ic denote the index set of human-, ACC- and CACC-
driven vehicles in the string, respectively. Let s;, v; and a;
be the position, speed, and acceleration of the i vehicle,
respectively, and At > 0 be the sampling time for all vehicles
in the string.

Consider the vehicle i and select the state vector x; = [s;,
vi, ai]T. For the vehicle i € I at sampling time k, the discrete-
time prediction model of the human-driven vehicle can be
described by [38]

xitk +1) = A; jixi(k) + Aii—1xi—1(k)

1 At 0
Ai,i =10 1 At
|0 —20iAt/pi 14+ (2 — o)At/
K0 0 0
Aji-1=10 0 0 (D
| 0 2eiAt/pi  —aiAt
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where «; is the sensitivity factor and y; is the driver’s reaction
time spent the response to the speed changes of the preceding
vehicle. Moreover, consider the ACC-driven vehicle i € I
at time k. The discrete-time prediction model of the closed-
loop ACC system of the vehicle is represented by (2), as
shown at the bottom of this page, where k; is the headway
of the ACC-driven vehicle, n; > 0 is the lumped lag of the
i vehicle’s longitudinal dynamics and w; is the bandwidth of
the system. Finally, consider the CACC-driven vehicle i € Ic
and the prediction model of the open loop CACC system of
the vehicle is represented by

xi(k + 1) = A ixi(k) + Biu;(k)

1 At 0 0
A= 0 1 At , Bi= 0
0 0 1-At/g At/

3)

where u; is the acceleration command of the CACC-driven
vehicle and ¢; > 0 is the lumped lag of the i vehicle’s
longitudinal dynamics.

By taking into account the control objectives of the safety,
ride comfort, formation and fuel economy of the mixed vehi-
cle strings, the goal of this paper is to design multi-objective
optimal cruise controllers for the CACC-driven vehicles in (3)
in the string. Here a set of multi-objective model predictive
controllers and a safety controller will be designed for CACC-
driven vehicles based on the prediction models (1)-(2). These
controllers will be switched according to the different types
of front vehicles and traffic scenarios in order to implement
the control of CACC in the mixed vehicle string.

Ill. DESIGN OF SWITCHING CACC CONTROLLERS

The CACC objectives of mixed vehicle strings include vehi-
cle safety, ride comfort, fuel economy and formation control.
For each CACC objective of the vehicle string, the follow-
ing constraints are used to ensure that these objectives are
achieved.

Objective 1: Ride comfort. The ride comfort of a vehicle is
affected by the acceleration and its variation of the vehicle
[45]. Clearly, the excessive changes of acceleration of the
vehicle will cause discomfort to passengers. Hence, the fol-
lowing acceleration constraints are used to ensure the ride
comfort performance of vehicle i € Ic:

—aj max =< a;(k) < daj max

“
lai(k) — ai(k — D] = Adjmax At

for k > 0, where Aa;max > 0 and a;max > O are the
allowed maximum acceleration variation per second and the
maximum acceleration, respectively. Let a; min = —a; max for
simplicity.

Objective 2: Driving safety. This objective can be measured
by spacing and speed of vehicles. If the spacing of adjacent
vehicles is too small, collisions may occur. Let D; ;_1(k) =
si—1(k)—si(k)—L; be the spacing between the vehicles i and i—
1 at time k, where s;(k) and s;_1 (k) are the position of vehicle
i and vehicle i — 1, respectively, and L; is the length of vehicle
i. Clearly, an excessively fast speed increases the possibility
of traffic accidents. To guarantee driving safety, the following
constraints should be satisfied for all times:

Dii—1(tlk) = Ri,  Vimin < Vi(tlk) < Vi max
V(tlk) =0, v, (tlk) =0

59 (tlk) — s (tlk) — lizg = 0

L ? k)’

- 2ai,min

&)

Sy (tlk) = s7(tIk] = Loy + P
fork > O and ¢ > 0, where v; min > 0 and v; max > 0 are
the allowed minimum and maximum velocity of vehicle i,
respectively, s7 (¢/k) and V/7|k) are the predicted position and
velocity of vehicle i at time k + tAt, respectively, s, (¢[k)
and v{_,(#|k) are the assumed position and velocity of vehicle
i — 1 at time k + tAt, respectively, ; = R; + L; is the
virtual length of vehicle 7, and R; is the allowed minimum
safe spacing of vehicle i. Note that here we focused on the
CACC issue of constrained mixed vehicle strings travelling
a single lane. Hence, the driving safety of vehicles changing
lanes is out of scope of this work and will be studied in the
future.

Objective 3: Formation control. This objective ensures
that the following vehicles keep up with the preceding vehi-
cles with some small spacing while avoiding accidents.
To achieve the formation control objective of mixed vehi-
cle strings, the following constraints are satisfied for all
times [40]:
=D

kli?;o D; i—1(k) ii—1

lim vi(k) = vo(k) = v{
k—o00

6)

lim a;j(k) =0
k—o0

where D; ;1 > R; and v‘l.” are desired spacing and velocity
of vehicle i, respectively and vy (k) is the velocity of the leader.

xi(k + 1) = Ajixi(k) + A; i—1xi—1(k)

1 At 0
A = 0 1 At
| —wilt/n;  —(@? + wih)At/n; 1—(1 + w?h)At [n;
i 0 0 0
Aji-1 = 0 0 0 ()
_—a),-At/m a)izAt/n,' 0
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Objective 4: Fuel economy. This objective ensures that fuel
consumption of a CACC-driven vehicle is as small as possible
over the prediction horizon N > 1 at each time k. Here the
fuel economy objective of CACC-driven vehicle i € Ic is
measured by the cost function

N-1

Fitk)y =Y f ok alk), & (t]k)) (N

t=0

where fl.p (t|k) is the predicted fuel consumption rate of the
vehicle at time k + t At and is computed as [40]

LA @k, & (t1k))

JURCIAL 5 e Eai) = 0
=1_ NirGip ©
FAr otherwise

where fi(t|k) = migr; + cp (t1k)* + m;dl (|k) is the engine
traction at time k + rAt, terms a;”(t|k) and vlp(t|k) are the
predicted acceleration and velocity of the vehicle at time
k + tAt, respectively, and m;, g, ri, ¢i, Nir, i P, andﬁ
are the mass, gravity acceleration, rolling resistance coef-
ficient, lumped aerodynamic drag coefficient, transmission
efficiency, amount of work produced by 1g gasoline and idle
fuel consumption rate of the vehicle, respectively.

In the vehicle string, the spacing error of vehicle i with
respect to the desired spacing can be re-defined as

Dij—1(k) = DYy =57 (tlk) = s{(t1k) = Li —=d ()

where sf.:l(ﬂk) and s{(t|k) are the predicted position of
vehicle i — 1 and the assumed position of vehicle i at time
k + tAt, respectively, and d is the desired spacing. Assume
that the string achieves the formation control objective at the
terminal time k + N At. Then the desired position of vehicle
is computed as s; ¢(N|k)= s{_, (N|k)—L; — d, where s; 4(N|k)
is the desired position of vehicle i at the terminal time. Then
the position error between the desired position and the actual
position can be computed as As;(N|k) = s; 4(N |k) —s‘?(N k),
where sf (N |k) is the predicted position of vehicle i at k +
N At.

Now consider the i CACC-driven vehicle in the mixed
string. At time k with the state x;(k), the multi-objective
optimal CACC problem of vehicle i € Ic can be formulated
as

a;i(: |k) = argmin J;(x;(k)) (10)
a1k

subject to

@, 5. ©

s7 (e + 1k) = 87 (t1k) + v (1] k) At

(t + 11k) =V (t]k) + df (elk) At
N—-1

59 (N1k) = si—1(k) + At Y v (t]k)
n=0

Ve (e + 1k) = v (k) + Ata? | (t]k)
d'(N —1lk)=0
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where a’l7 (: |k) represents the optimal control input sequence,
ie, d ¢ k) = {dOn, &1k, ..., N — 1]k),
and the cost function J;(x;(k)) = BiFi(k) + yi|Asi(N|k)|
with weights §; > 0 and y» > 0. Note that the
penalty function on terminal spacing errors with its weight
y; in J; is used to ensure stability of predictive CACC
controllers.

During the traveling of vehicles, it is necessary to obtain
the real-time velocity and acceleration profiles of vehicles
to calculate the fuel consumption of vehicles. In order to
improve the computational efficiency, a fuel consumption
table is established based on the velocity and acceleration
profiles of vehicles. Therefore the fuel consumption of a
vehicle is real-time obtained by online looking up the table.
Here the speed and acceleration profiles are discretized as the
form of [46], [47]

a,[-l] = —ajmin + (I — 1)3; 4,

l e [1, Li,a]
W = Vimin + (1= D8y, ne (1, Liy] (11)

il [Lin]

i = dj max» V; = Vi, max

where §; , and 8;, = §; 4At represent the acceleration and
velocity resolutions of CACC-driven vehicle i, respectively,
and integers L;, > 1 and L;, > 1 are the dimension of
the table. Correspondingly, the fuel consumption table of the
vehicle can be designed as [40]

fp[l,k]

1
(1\2 , 10l [n] P
migri~+c; (V,- ) +a; m; | v At /ni RS ptfiAtL,
condition 1

- (12)
fiAt, condition 2

inf, condition 3

where

2 < ni,TPi,max

0< m,-alm + migri + c; (vl[-"]) < 0
V.
l

condition 1 : .
Vi min = V,[n] + a,[' ]At =< Vi max

2
it ~Bimax = mi“l[” + migri +¢; (Vyl]) <0
condition 2 :

1
Vimin < W+ @M At < v max

condition 3 : vl[”] + al[l]At > Vimax OF vl["] + al[.”At < Vi.min

2 P
or mial[” + mgri + c; (vl["]) s MeT! imax [;imax
Y
1

[ (n1)?
or mia; - + migri + ¢; (vi ) < —Bi max-
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Therefore, the constraints in the CACC problem (10) are
converted into the following constraints:

al(t1ky = dl!

1 4+ 11k) — dP @ |k)| < Ay max At
a" W —11k) =0

G 4 11k = v ek = all ek A
Lt + 11k) = Lt lk) + v ) Ar

L (13)
Do v (mlk) < s¢(tk) — si(k) — li-
m=1
[n] 2 a 2
v (tk) v (tlk)
P 2’a,‘1 — — 5% (k) + si(k) + Ly
i,min i—1,min

t
+ Y vWanlkyar <0
m=1

where vl[k] (0[¢) and v (0]?) are the speed of vehicles i and
i— 1 at time ¢, respectively. Moreover, the cost function J;(x;)
in (10) is correspondingly reformulated as

Ji(xi(k))

N-1
= pi 0Lk, d @) + vl AsN IOl (14)
=0

In mixed vehicle strings, the information acquisition of
CACC-driven vehicles varies with the preceding vehicles.
When the preceding vehicle is a CACC-driven vehicle,
the driving information can be directly obtained. However,
the driving state information of an ACC-driven vehicle or
human-driven vehicle for a certain time period cannot be
directly obtained. As a result, it can only be predicted by the
prediction models of these vehicles. Therefore, for different
preceding vehicles, the cruise controllers of CACC-driven
vehicles have to be switched among different controllers.
In what follows, we present the switching cruise controller
for a CACC-driven vehicle according to its preceding vehicle
in the mixed string.

When the preceding vehicle is a CACC-driven vehicle,
the driving information of the preceding vehicle can be
directly obtained through the network. In this scenario,
the driving information of the preceding vehicle can be
directly obtained through V2X network, i.e.

al ((tlk) = uj_(t + 1k = 1)
sty (4 1k) = si—1(k) + Arv (z]k) (15)
VLt + 1K) = Vi (1K) + Atad (1]K)

where ul’.‘_l(t + 1]k — 1) is the optimal control input at time

k —1 of the preceding vehicle. Then the multi-objective cruise
controller of the CACC-driven vehicle i is computed as

ai(: |k) = argmin{J;(x;(k)) s.t. (13), (15)} (16)

& :lk)
where J;(x;) is given by (14) and solution 4 (: |k) the optimal
acceleration command sequence. According to the receding

horizon principle of MPC, the CACC controller is selected
the first element of a}(: |k), i.e., u*(k) = a; (0[k).
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In what follows, we consider the scenario where the pre-
ceding one of CACC-driven vehicle i is an ACC-driven vehi-
cle i-1. The prediction model of the ACC-driven vehicle in (2)
can be used to estimate the information of the ACC-driven
vehicle, i.e.

SO0+ 1K) = si1 (k) + v (k)AL
vf.l_l(t + 1lk) = v?_l(t|k) + a?_l(t|k)At
as_ (t1k) = a®_,(t — 1|k) + ai_1.o(k — 1At
2 2
w? w? , +wi_1hj—
i 1.atk) = —=Lya k) — “EL T e gy
- :

i—1 i—
wj—1
+——(s%_,(tlk) — s¢_,(t]k))
ni—1
Wl +1
—————a | (tlk)

i—1

7)

where 57 ,(t|k) and v ,(t|k) are the assumed position and
speed at the time k-t At of the preceding vehicle of the ACC-
driven vehicle, respectively. If the preceding vehicle of the
ACC-driven vehicle is a CACC-driven vehicle, the CACC-
driven vehicle information can be directly obtained through
communication, and then the ACC-driven vehicle informa-
tion is predicted. If it is other types of vehicles, the prediction
model is continuously used for prediction. In this scenario,
the multi-objective controller of the CACC-driven vehicle can
be computed as

ai(: k) = argmin{J;(x;(k)) s.r. (13), (A7)} (18)
a; k)

where J;(x;) is given by (14) and solution 4 (: |k) the optimal
acceleration command sequence. According to the receding
horizon principle of MPC, the CACC controller is selected
the first element of a(: k), i.e., u*(k) = af(0]k).

Now we consider the scenario where the preceding vehicle
is a human-driven vehicle. The vehicle driving information is
also unknown for a certain time period. Then the prediction
model in (1) is used to estimate the driving information of the
human-driven vehicle, i.e.

sty (4 k) = si—1(k) + Vi (t[k) At
v (4 11k) = v (tlk) + af_ (t|k) At
at |(tlk) = a@ | (t = 11k) + ai—1,m(k — 1At

5l (19
ai—1,m(k) = 7(V?_2(tlk) — v (tk))

2 _ ol
—ajaf_y(tlk) — =———a?_(t]k)

l
In this scenario, the multi-objective cruise controller of the
CACC-driven vehicle i is computed as

a’(: |k) = argmin{Ji(x;(k)) s.t. (13)(19)} (20)
&Ik

where J;(x;) is given by (14) and solution 4] (: |k) the optimal
acceleration command sequence. According to the receding
horizon principle of MPC, the CACC controller is selected
the first element of a}(: |k), i.e., u*(k) = a; (0]k).

VOLUME 8, 2020



X. Song et al.: Switching Multi-Objective Receding Horizon Control for CACC of Mixed Vehicle Strings

IEEE Access

Switch to different

r
I
I
I controller
I
I
I
I
I
I
I
I

3

preceding vehicle

a a a

Sizt| Vicr|4ia

A

Calculate the
optimal control input

I

I

I

I

: I
Predict the state of the |
I

I

I

I

I

CACC-driven Human- CACC-driven
car i /ACC-driven car i-2
car i-1

FIGURE 1. Control scheme structure.

According to the type of the preceding vehicles of the
CACC-driven vehicles, three multi-objective predictive con-
trollers are separately obtained by (16), (18) and (20). Note
that when the CACC-driven vehicle is in the normal sit-
uation, one controller is activated among the three cruise
controllers according to the type of the preceding vehicles.
However, if the CACC-driven vehicle is in a dangerous sit-
uation in which the CACC problems have no solution, it is
first required to ensure driving safety of the vehicle. Once
emerging dangerous situations, the CACC-driven vehicle is
needed to be switched to some safety controller to ensure
the driving safety of the vehicle. Here according to practical
operations, the safety controller of the CACC-driven vehicle
i is designed as

—Aai min If vi(k) — ai,minAt = Vi min

ik 21
Yi,min — Vitk) vitk) Otherwise @D
At

uj s(k)=
which also ensures formation and safety of the mixed string.
The control scheme structure of mixed vehicle strings
is shown in Fig.1, which shows the interactive information
between the CACC vehicles and the operation mechanism of
the CACC controller. With the received information of the
preceding CACC-driven vehicle, the controller is switched
and the position, velocity and acceleration are predicted.
Then, the control input of the CACC-driven car is computed
based on all information. The procedure of implementing the
multi-objective receding horizon optimal control for CACC
of mixed vehicle strings is summarized as follows.

Step 1): Initialize the parameters of the CACC controllers
Biand y; withi € Ic; letk = 0.

VOLUME 8, 2020

Step 2): The CACC-driven vehicle i obtains the position,
velocity and acceleration information of the pre-
ceding CACC-driven vehicle from time k to k +
NAt.

Step 3): 1If there is no other type of vehicles between the
two CACC-driven vehicles, then the controller
from (16) is activated. In the scenario, the desired
position of vehicle i at time k + N At is calculated
by (9) and the information is obtained in Step
2). Then, from the fuel consumption table, the
vehicle i selects the control input that satisfies the
constraint (13). The position error As; between
actual position and the desired position is calcu-
lated, which together with the fuel consumption
are brought into the cost function, and then the
optimal control sequence is computed as af (@)
by minimizing the cost function value. If the prob-
lem (16) has no solution, it is judged that the vehi-
cle is in a dangerous situation. Then the CACC
controller of vehicle i is switched to (21) to ensure
the driving safety of the vehicle.

Step 4): 1f there is an ACC-driven vehicle between the
vehicles, then the CACC controller from (18) is
activated. From the CACC-driven vehicle infor-
mation obtained in Step 2) and the position and
velocity of the ACC-driven vehicle, the state
information of the ACC-driven vehicle from time
t to k + NAt is predicted. In (9), the position
error is calculated using the obtained information
of ACC-driven vehicle. Similarly, by the fuel con-
sumption table, the CACC-driven vehicle com-
putes the control input that satisfies the constraint
(13) and the total fuel consumption over the time
window N At is obtained. The calculated position
error and fuel consumption are brought into the
cost function. The control input that minimizes the
cost function value is the optimal control sequence
af (:]?). If the problem (18) has no solution, then
the CACC controller of vehicle i is switched
to (21) to ensure the driving safety of the vehicle.

Step 5): 1f the preceding vehicle is a human-driven vehicle,
then the CACC controller from (20) is activated.
If the problem (20) has no solution, then the
CACC controller of vehicle i is switched to (21)
to ensure driving safety of the vehicle.

Step 6): Implement the first element of af (:|t) to the
CACC-driven vehicle (3); let k = k+1 and go
back to Step 2).

IV. SIMULATION AND RESULTS DISCUSSION

In this section, a mixed vehicle string with six cars, shown
in Fig. 2, is used to illustrate the effectiveness of the pro-
posed method. In this vehicle string, the leading vehicle is
an automated car that broadcasts its information to the other
vehicles through the V2X network, the second, fourth and
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FIGURE 2. Schematic of a mixed vehicle string with six cars.

TABLE 1. Parameters of CACC-driven vehicles.

Car m; L Pimax B max
index (kg (m) (kw) (N)
2 1235 4.0 130 6400 0.035
4 1167 4.5 128 6600 0.044
6 1180 4.4 120 6300 0.040
Car ¢ Gip
index (N-s2m?) iR /g
2 1.15 0.84 14000
4 1.12 0.89 13000
6 1.14 0.82 14000

sixth vehicles are the CACC-driven cars, the third vehicle is a
human-driven car, and the fifth vehicle is an ACC-driven car.

The CACC-driven vehicles communicate with their nearest
front CACC-driven vehicles while the ACC-driven vehicle
and the human-driven vehicle do not have the ability to
communicate with the other cars. It is assumed that the ACC-
and human-driven vehicles keep a safe inter-vehicle distance
following their preceding vehicle. The initial positions of six
cars are set to be 113 m, 90 m, 68 m, 45 m, 23 m, and 0 m,
respectively. The initial velocities of all cars are set to be
22 m/s. The acceleration of the leader is given by

1m/s2, if8s<r<1ls
al(t) = { —4m/s?, if24s<t<25s
0, else

In this simulation experiment, the vehicle’s parameters
used to compute the fuel cost function (7) include mass m;,
length L;, maximum engine power P; 4, maximum braking
force B; mayx, rolling resistance coefficient r;, lumped aerody-
namic drag coefficient c;, efficiency of automatic mechanical
transmission 7; g, and efficiency of fuel to work ¢; p for i €
Ic. Refer to [40], the values of these parameters are listed as
Table 1. Moreover, the lumped lag of vehicle’s longitudinal
dynamics, time headway, and bandwidth are set as ¢; = n; =
038, h = 1.3, and w; = 1.6 fori € Ip andj € Ic,
respectively [38] and the sensitivity factor and response time
are o; = 0.98 and p; = 3.62 for i € Iy, respectively [48].

To ensure driving safety of vehicles in the string, the min-
imum allowable inter-vehicle distance R; is 1.5 m and the
desired spacing d is 18.5 m. Moreover, the weights of the
fuel consumption and position error are B;, = 1 and
Vi = 1.6, respectively, the minimum acceleration interval
and minimum velocity interval are §;, = 0.2 m/s? and
8iy = 0.02 m/s, respectively [40]. The velocity of each car
is subject to 19 m/s< v; < 28 m/s in order to satisfy the
velocity constraints of roads. To guarantee ride comfort of
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FIGURE 3. Velocity evolutions obtained by the proposed method.

cars, the acceleration constraint and the maximum change in
acceleration per second are set to —2 m/s? < a; < 2 m/s?
and Ad; mar = 10 m/s3, respectively. Let the sampling time
interval be At = 0.1 s and the prediction horizon be N = 5
for each multi-objective optimal CACC problem of vehicle
i€lc.

Fig. 3 shows the velocity evolutions of the mixed vehicle
string obtained by applying the proposed CACC method.
According to the position and velocity information of the first
vehicle, the second vehicle is driven by its CACC controller
such that the actual spacing of the vehicle is greater than
the desired spacing. In order to keep up with the preceding
vehicle, the second vehicle starts to accelerate at 0~1 s.
After a time period, the spacing between the vehicles 2 and
1 reaches the desired spacing, and the second vehicle begins
to decelerate to the same velocity as the first vehicle. The third
vehicle is a human-driven vehicle. Clearly, the human-driven
vehicle has generally a reaction time and hence the state
cannot be changed immediately according to the state of the
preceding vehicle. Attime ¢ = 8 s, the acceleration of the first
vehicle becomes 1 m/s?, the second vehicle is immediately
accelerated by the obtained optimal control input based on the
information transmitted from the first vehicle, and the third
vehicle begins to accelerate at time r = 9 s, The fourth vehicle
predicts the third vehicle motion state according to the infor-
mation of the second vehicle and the prediction model of the
human-driven vehicle and then accelerates immediately after
the velocity of the third vehicle changes since the reaction
time of automated vehicle is less than the human reaction
time. The fifth vehicle is driven by an ACC controller and
its movement state cannot be changed quickly according to
the state of the preceding vehicle. At time ¢ = 9 s the fourth
vehicle has started to accelerate but the fifth vehicle starts to
accelerate until time ¢+ = 10 s. The sixth car is driven by
the designed CACC controller and its preceding vehicle is
an ACC-driven car. Once the state information of the fourth
car is obtained, the optimal control input of the sixth car is
computed by the multi-objective CACC controller according
to the motion state predicted by the prediction model of the
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ACC-driven car. As a result, the sixth vehicle keeps up with
the preceding vehicle in a short time.

Moreover, when the first vehicle stops to accelerate,
the second vehicle can quickly stop to accelerate accord-
ingly. From the information transmitted by the first vehicle,
the fourth vehicle switches to the safety controller (21) such
that it can keep a safe spacing with the third vehicle being
driven by human. When the velocity of the first vehicle
reaches a steady state, the rear vehicle can quickly reach
the same steady state as the first vehicle. At = 24 s, the
first vehicle encounters an unexpected situation, where the
acceleration becomes —4 m/s2, which exceeds the allowable
the range of acceleration. Then the second vehicle obtains
the information of the first vehicle’s abnormal deceleration,
and its CACC controller is switched to the safety controller
immediately. As a result, the second vehicle decelerates at the
maximum acceleration to prevent collisions but the human-
driven car has a reaction time such that it decelerates 1 s
later than the second vehicle. The fourth vehicle predicts the
state of the human-driven car according to information of
the second car, and then it switches to the safety controller to
ensure safety. Atz = 25 s, the first vehicle stops to decelerate,
the rear vehicles also gradually stop to decelerate and tend to
be in the same stable state as the preceding vehicle. On the
contrary, Fig. 4 shows the velocity evaluations of the mixed
vehicle string without switching safety controller (21). From
Fig. 4, if the vehicle does not switch to the safety controller
when the preceding vehicle in dangerous situation, the first
vehicle tends to be in a steady state but the rear vehicle cannot
be in the same stable state as the first vehicle. The velocity of
the second vehicle is always greater than the velocity of the
first vehicle and eventually, the vehicles will collide.

Fig. 5 pictures the spacing curves of adjacent cars in the
entire mixed vehicle string. As seen from Fig. 5, the spacing
between the first and second vehicles is larger than the desired
spacing. Hence, the velocity of the second vehicle changes
immediately to achieve the desired spacing. When the first
car accelerates or decelerates, the spacing between the two
vehicles only slightly changes. Note that as the third vehicle
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is a human-driven car, it does not accelerate immediately
when the second car accelerates to keep up with the first
car. Hence, the spacing of the adjacent vehicles increases to
the stable spacing. When the acceleration becomes 1 m/s?
fromt = 8 stot = 11 s, the first car starts to accelerate
and its acceleration information is transmitted to the second
car through V2X network. The second vehicle computes the
CACC input by the controller (16) to immediately catch up
the first car, where the spacing varies between 18 m and
19 m. The fourth vehicle also computes the CACC input
based on the information of the second vehicle by the CACC
controller whose preceding vehicle is human-driven vehicle,
and then the variation of the spacing changes in a small
range. Moreover, at t = 24 s, the first vehicle suddenly
decelerates at —4 m/s>. The second vehicle switches to the
safety controller (21) from the information of the first vehicle,
which can ensure the safety of the second vehicle. It can
be seen from Fig. 5 that the spacing between the second
vehicle and the first vehicle varies in 17~19 m at this time
period and the variation significantly reduces in the sixth
car. However, if the CACC controller is not switched to the
safety controller in this dangerous situation, the position of
the second vehicle exceeds the position of the first vehicle
and a collision accident occurs. Note that the desired spacing
of CACC-driven cars is set to be more than the others’ in some
time intervals to verify the proposed method in various traffic
scenarios. Fig. 6 shows the spacing evolutions when the safety
controller is used online. These illustrate that the switching
CACC controller proposed in this paper can guarantee driving
safety of the whole string.

Fig. 7 shows the acceleration curves of each vehicle in the
mixed string. It can be seen from Fig. 7 that the acceleration
of each car is within the range of acceleration and the accel-
eration variation per second for each vehicle is smaller than
the maximum one, which ensures ride comfort of the CACC-
driven vehicles.

Table 2 lists the fuel consumption per 100 kilometers
of three CACC-driven cars in the mixed vehicle strings.
It is observed from Table 2 that for a given S;, the fuel
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80 ‘ ‘ ‘ ‘ ‘ ' of each CACC-driven car at 8; = 1 is less than that at 8; = 0.
This is caused from the fact that the fuel cost function is

20 D considered explicitly during the computation of the CACC

\ controllers. Moreover, this fuel-saving at a small N is more

10Fr \\ b than that at a large N. However, a too small N may cause

E \ that the CACC controllers do not drive the vehicles to keep
£ of \\ ] a stabilizing formation of the string. Hence, the prediction
& \\ horizon can be appropriately selected by making a trade-off

10 F AN 1 among these concerns.
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20l b \ V. CONCLUSION
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30 \ ‘ ‘ : ‘ : of constrained mixed vehicle strings, this paper proposed
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FIGURE 6. Spacing evolutions without switching safety controller.

acceleration(m/sz)

the switching multi-objective receding horizon CACC for
the string. Combing the prediction models of human- and
ACC-driven vehicles, three multi-objective predictive CACC
controllers were separately designed for different traffic sce-
narios. According to different preceding vehicles, the CACC
controllers were switched online in normal and dangerous
situations such that the CACC controller was switched to the
safety controller to ensure driving safety of the whole mixed
vehicle string. The simulation results verified the effective-
ness of the control method proposed in this paper. The issues
of stability and V2X communication network, e.g., time-
varying delays and data-packet dropouts, will be pursued
along the proposed method in future work.
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