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Abstract: Cooperative adaptive cruise control (CACC) has attracted much research attention,
due to its great potential in improving traffic throughput, safety and energy efficiency. This paper
aims to address the following problems that are rarely investigated in the literature: (i) the time
delay caused by online computation of the optimal control action, and (ii) robustly stable CACC
under variable road geometry. To this end, a one-step ahead robust model predictive control
(MPC) is developed for achieving CACC and lane keeping (LK) of the followers in the platoon,
by leveraging vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications. In
the proposed design, the current MPC policy is generated one-step ahead during the previous
sampling period to avoids the optimization-induced time delay existing in the traditional MPC.
LK control is incorporated with CACC to ensure vehicle lateral stability and vehicle following
under variable road geometry. The MPC design is formulated as an easily solved linear matrix
inequality (LMI) optimization problem with consideration of the control input limits and
constraints on platooning errors and lateral displacement. Effectiveness of the proposed MPC
and its advantages over the traditional MPC are verified by simulating a vehicle platoon on

roads with time-varying bank, curvature and grade.

Keywords: Cooperative adaptive cruise control, lane keeping, predictive control, road

geometry, time delay.

1. INTRODUCTION

Cooperative adaptive cruise control (CACC) is deployed
for vehicle platooning to improve traffic capacity, safety
and fuel economy, using vehicle-to-vehicle (V2V) and/or
vehicle-to-infrastructure (V2I) communications. The goal
of CACC is controlling the followers in the platoon to
track the leader velocity, whilst maintaining a safe inter-
vehicle distance. Multiple CACC approaches have been
developed, among which model predictive control (MPC)
has been widely used because its remarkable ability of op-
timally controlling the vehicles under physical and safety
constraints (Guanetti et al., 2018).

The existing MPC approach (termed as real-time MPC
in this paper), including the robust MPC (Zhang et al.,
2012) and tube MPC (Feng et al., 2019; van Nunen
et al., 2019), implements the online optimization and
control action sequentially. For each follower, at each time
instant, the optimization is initiated by the obtained real-
time state information including (i) its own velocity and
the inter-vehicle distance measured by onboard sensors,
and (ii) the velocities and accelerations of the preceding
vehicle and/or leader transmitted by V2V communication

* This work was supported in part by the Engineering and Physical
Sciences Research Council of UK under the EPSRC Innovation
Fellowship scheme (EP/S001956/1) and in part by the Royal Society
Newton Advanced Fellowship scheme (NAF\R1\201213).

Copyright lies with the authors

(Feng et al., 2019; van Nunen et al., 2019). The follower
needs to wait for the control action during the period
of data collection and computation. This waiting time is
usually ignored in the literature and the control action
is assumed to be applied instantaneously. However, the
waiting time will be non-negligible for high-speed driving
vehicles. The delay can be large enough to influence the
implementation of MPC in real-time and lead to control
performance degradation or even control failure (Findeisen
and Allgéwer, 2004). This is the motivation of developing a
new CACC strategy to reduce the time delay. Particularly,
this paper focuses on proposing a new MPC approach to
avoid the optimization-induced delay, while reducing the
delay caused by data collection is not covered.

A one-step ahead MPC is to be proposed in this work using
a concept like the advanced-step MPC (Zavala and Biegler,
2009). The key idea is to solve the future optimization
problem in advance during the current sampling period,
by using the current control action to predict the future
vehicle system state. The control action is applied to the
vehicle once the real-time state information is collected,
which avoids the optimization-induced latency. Different
from the tube MPC (Feng et al., 2019; van Nunen et al.,
2019) and advanced-step MPC (Zavala and Biegler, 2009),
the MPC optimization in this paper is formulated as a
linear matrix inequality (LMI) problem, which can be
solved more efficiently and is easier in incorporating sys-
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tem uncertainty and disturbance. It is worth noting that
the proposed one-step ahead MPC requires more online
computation than the explicit MPC where the control
laws are calculated fully offline (Gupta and Falcone, 2018).
However, explicit MPC usually has degraded control per-
formance because it is very complex to generate the exact
control solutions to cover the entire operating space.

Another rarely studied problem in the literature is design-
ing CACC under variable road geometry. Most existing
works investigate vehicles in straight and flat lanes via
controlling the longitudinal dynamics of the followers only
(Guanetti et al., 2018). This is inapplicable for CACC
under variable road geometry, because the vehicle lon-
gitudinal stability is affected by road bank and curva-
ture, while the lateral stability is affected by road grade
(Rajamani, 2011). Moreover, there is nonlinear coupling
between the longitudinal and lateral dynamics. Hence, it
is necessary to combine lane keeping (LK) with CACC
to achieve robustly stable vehicle platooning (Attia et al.,
2012). The combined design of LK and CACC for vehicles
on curved roads is studied in Xu et al. (2019); Zhang et al.
(2012). The road grade preview is used in Firoozi et al.
(2019) to improve driving comfort and fuel efficiency. This
paper considers LK and CACC on more realistic roads
with time-varying bank, curvature and grade.

In this paper, a one-step ahead robust MPC approach is
developed for achieving robustly stable CACC and LK, by
confining the errors of vehicle following and lane keeping
within robustly positive invariant (RPI) sets (Blanchini
and Miani, 2008). The CACC and LK controllers are
obtained following the same design procedure based on
an easily solved LMI formulation. To handle nonlinearity
of the lateral tracking error system under time-varying
longitudinal velocity, the LK design is based on a linear
parameter varying (LPV) modelling. The proposed CACC
and LK designs exploit V2V communication to obtain the
real-time acceleration of the preceding vehicle, and V2I
communication to access information of road curvature
and grade. Unlike the existing designs (Feng et al., 2019;
Firoozi et al., 2019; van Nunen et al., 2019), no predicted
acceleration or road preview is used in the proposed design.

The rest of this paper is organized as follows. Section
2 describes the system models and the design problem.
Section 3 presents the one-step ahead robust MPC design.
Section 4 provides simulation of a vehicle platoon under
variable road geometry. Section 5 draws conclusions.

2. PROBLEM DESCRIPTION

For simplicity and clarity, a two-vehicle platooning system
is used to illustrate the key ideas of the proposed design.
The design is directly applicable for platooning multiple
vehicles by regarding each two consecutive vehicles as a
two-vehicle platooning system (with the predecessor as the
leader). To demonstrate this, a case study of platooning
three vehicles is provided in Section 4.

For the two-vehicle platooning system, only the position,
velocity and acceleration of the leader need to be known.
Hence, the following point-mass system is widely used to
represent the leader (Guanetti et al., 2018):

HR R I E

where p!, v' and o' are the vehicle position, velocity and
acceleration, respectively.

To design CACC under variable road geometry, both
the longitudinal and lateral dynamics of the follower are
considered. The longitudinal dynamics are represented by

pl _{01] |p 0 =

=Bl L] -0 e
where p, v and ¢ are the vehicle position, velocity
and desired torque, respectively; f represents the known

system disturbance defined as f = Fyag + Fron +
Foravity — Flateral, With the approximated aerodynamic

drag Farag = 0.5CqpairA fu2 and the approximation error
d=0.5CpAs(v+ Vwind)? — Farag; Fron = mgpcos(f) and
Foravity = mgsin(f) represent the rolling resistance and
gravitational force, respectively; Flateral = My represents
the influence from the lateral dynamics; Cy is the drag
coeflicient; pai; is the air density; Ay is the frontal area;
Uwind 18 the longitudinal component of the wind speed; m
is the vehicle mass; g is the gravitational acceleration; p
is the rolling resistance coefficient; 5 is the road grade; ¥
is the lateral velocity and v is the yaw rate. Since v and
Uwind are bounded, there exist positive constants dmax and
fmax SatiSfying |d| < dmax and |f‘ S fmax, respectively.

Define the vehicle following errors as Ap = p! —p —d,. and
Av = v! —v, where d, is the safe inter-vehicle distance. By
using (1) and (2), the CACC system is represented by

X =Ax+ By +E(p+d) (3)
A 01 0
where y = {Aﬂ,f{: {0 0],93: {_Um},E:—B and
p=mal + f.

The lateral tracking error system of the follower is given
as (Rajamani, 2011)

&= A()z + B + E(v)p+ Ded (4)

where & = [e, ¢, ey €' is the state with e, and ey
denoting the lateral displacement and yaw angle error
with respect to the road, respectively; § is the front wheel
steering angle; p = 14es = v/R is the desired yaw rate
calculated from longitudinal velocity v and road radius R;
d = sin(#) denotes the influence of road bank angle 6. The
system matrices are given as

0 1 0 0
0 C2(erter)  20crter)  2(erle —cply)
A= muv m mu
0 0 0 1 )
0 2(eply — Cflf) Q(Cflf —¢ply) _Q(Cfl?c + Crlg)
Izv Iz IZ”U
0 0
2¢t 2erlr = cply) 0
Be=| W |, E= my , D= |7
2¢sly 2(csl7 +c,l7) 0

Iz IzU

where cy and ¢, are the cornering stiffness of the front and
rear tires, respectively; [ and [, are the distances from the
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center of gravity of the vehicle to the front and rear tires,
respectively; I, is the yaw moment of inertia.

The CACC system (3) is perturbed by the leader accel-
eration, aerodynamic drag, rolling resistance and gravita-
tional force, while the LK system (4) is perturbed by road
bank and curvature. Theses disturbances affect vehicle
stability and should be considered in the control design.
Moreover, there exists nonlinear coupling between the
CACC and LK systems, which should also be considered in
the design. The simultaneous synthesis of CACC and LK
controllers is difficult due to the nonlinear dynamics cou-
pling. Hence, they will be designed separately in this paper
with robustness against the disturbances and coupling. By
using V2V and V2I communications, the real-time leader
acceleration, road grade and curvature are accessible. They
are used in the CACC and LK controllers to compensate
their effects. However, the approximation error of aerody-
namic drag (d) and the road bank angle are assumed to be
unknown, whose effects are to be attenuated. The physical
limitations of ¢ and ¢ also need to be considered in the
design to guarantee vehicle safety.

In summary, the goals of designing CACC and LK con-
trollers based on (3) and (4) include system stability,
robustness and satisfaction of physical limitations. More-
over, constraints need to be imposed on the inter-vehicle
distance error Ap and the lateral displacement e, to guar-
antee good car following and lane keeping. In order to
improve the control performance, the proposed controller
should avoid the optimization-induced time delay exiting
in the traditional real-time MPC. All these goals can be
realized by developing one-step ahead robust MPC con-
trollers, as detailed in the next section.

3. CACC AND LK DESIGNS

The key idea of the proposed one-step ahead robust MPC
is compared with that of the real-time MPC in Fig. 1,
where k > 1 is the sampling instance and the optimization
is assumed to accomplish within one sampling period. It
is seen that for the one-step ahead MPC, the optimization
task for generating the controller u(k) is shifted to the pre-
vious sampling period k — 1, which thus avoids the waiting
time caused by the optimization. Details of designing one-
step ahead robust MPC controllers for achieving LK and
CACC are given in Sections 3.1 and 3.2, respectively.

3.1 LK Controller Design

Since the road curvature R is known, the desired yaw
rate p = v/R is known and its effect on the lateral
dynamics can be compensated. However, it is seen from (4)
that p cannot be completely compensated via § because
rank([B. E(v)]) # rank(B.). Hence, the term E(v)p is
partitioned as
E(v)p = =Bcp + (E(v) + 1 /vB.)p ()
where the part p = lyp/v =ly/R can be compensated. To
remove steady-state offset of the lateral displacement, the
integral [ e,dt will be used in the proposed controller. By
defining 2 = [2 [e,dt]" and using (5), the system (4) is
reformulated as
&= A(v)E + Be(6 — p) + D(v)w (6)

Sampling k k+ 1
iWaiting Waiting
© time 3 time
System R — — >
x(k) u(k) x(k+1) ulk + 1)
Real-time------------- IR >
MPC —r
Optimization Optimization
time time
Sampling k k+1
System ‘ ‘
u(k x(k) u(k + 1
Onestep 7" g —7 .y T
ahead MPC — r
Optimization Optimization
time time

Fig. 1. Comparison of real-time and one-step ahead MPCs

where

; A(v) 0 - [B.

A(v) = [ /(C’) 0}, A=[1000], B.= {o}
0 0

R 2¢.l./(mv) g p

p=| "0 0|, w= [ ] .

2,12 /(L) 0 —vp/g+d

0 0

Since p, v and d are bounded, there is a positive constant
Wmax satisfying ||w]|? < wmax. Assume that the longitu-
dinal velocity v satisfies v € [Umin, Vmax], Where vpmi, and
Umax are positive constants representing the minimum and
maximum velocities, respectively. The case of v = 0 m/s
is not considered in this paper. Define v = 1/v, then
it holds that v € [Vmin,Vmax] With Vmin = 1/Umax and
Vmax = 1/Umin. Under the sampling time ¢, the system
(6) is rewritten as a discrete-time LPV system

ik +1) = A,z(k) + B(6(k) — p(k)) + Dyw(k)  (7)
with the matrices given by

9 2
A, =Y k)i, B=tB., D, = (k) Dy,
=1 =1

(k) = Vmax — y(k:)7

Vmax — Vmin

al(k) = 7y(k> — Zmin , 2

Vmax — Vmin
Al = I5 + tsA(Vmin)a AZ = I5 + tsA(Vmax)a
Dl = tsD(Vmin)y D2 = tsD(Vrnax)~

A one-step ahead robust MPC controller is to be designed
for the system (7). One-step ahead robust MPC for LPV
system is recently studied in Hu and Ding (2020). However,
their design is conservative due to the use of a constant
linear feedback controller and it is not for automotive
application. In this paper, the following LPV controller
combining feedback and feedforward is proposed:

[Pk = V)a(ilk) + pk), =0
5““_{memm+ﬁmm, viso &

where k > 1 and F(k) = Y, oy(i|k)Fy,; with the design
gains Fj;. The notation #(i|k) is used to present the
predicted state at time k + i based on the measured state
Z(k) at time k. As shown in Fig. 1, at time k, the controller
0(k) with the gain F'(k—1) obtained at time k—1 is applied
to the system (7).
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The controller (8) is designed to minimize the cost function

Tuc(k) = Y ilk)

where £(i|k) = ||§:(z\k)\|é + [|0(i|E)||% — Alw(k +)[|? with
the feedback control 6(ilk) = F(k)#(i|k); Q and S are
given positive definite matrices; A > 0 is a design variable.

The controller (8) is also designed to guarantee stability
of the system (7) under the constraints |§(k)| < dmax and
ley(k)] < ey max, where dmax and ey max are the maxi-
mum steering angle and lateral displacement, respectively.
Moreover, the state &(k) is confined within a robustly
positive invariant (RPI) set. The RPI set for LPV system
is defined as (Hu and Ding, 2020):

Definition 1. A set Q is an RPI set for the LPV system

ST

it vi(k) € Q, &(k + 1) € Q holds for all w(k) and for all
oy (k) satistying a; > 0 and 212:1 a(k) = 1.

i(k+1) )(Aig(k) + Dyw(k)),

Design of the controller (8) is formulated as the LMI
optimization problem in Theorem 2.

Theorem 2. The system (7) under the controller (8) is
robustly stable and satisfies |§(k)| < dmax and |ey (k)| <
€y max, if the following optimization problem is feasible:

min vy
v, X1,G1,Y;,l€[1,2]
(1—-6(G +Gi— X)) % * * *
0 fw m;xI * kX
A,G, + BY; D X; » «| >0 (9)
QY? 0 0 I *
i S1/%y, 0 0 0~I
[ 1—c¢ * *
0 Wiax] * | >0 (10)
(A1 + BE_1)2(k) Dy X;
[62 *
_n%ax Gl +G-x) =" D
[ €l max * %
(AG,+BY)'TT X; « | >0 (12)
DT’ 0wyl I
v>0, X;=X, >0 (13)

wherelje[l 20and T'=[10000]; &€ € (0,1]; 5m&x
is the upper bound of d(k) defined as dmax = Omax — Pmax
with pmax representing the known upper bound of |p(k)|;
* induces symmetry. The controller gains are obtained as
Fr =YG; b 1e(l,2).

Proof. Substituting (8) into (7) yields

2(i + 1|k) = [A, + B(i|k)]2(i|k) + Dyw(k +i).  (14)
Define the Lyapunov function V(&(k)) = #(k)" P(k)&(k)
with P(k) = Zle ay(k)Py ;. According to the quadratic
boundedness condition (Hu and Ding, 2020), stability of
the closed-loop system (14) can be guaranteed by ensuring
the set Q = {#(k) | (k) " P(k)Z(k) < v} as a RPI set. This
is realized if the following condition holds for all 4 > 1:

V(&(ilk)) = v = V(&(i+1[k)) < V(2(i[k)).  (15)

A sufficient condition of (15) is given as

V((ilk)) = v = V(&(i + 1]k)) = V(2(ilk)) <

= (2GR + 18ilR)[13), Vi > 1. (16)
Smce lw(k +4)||* < wmax, V(2(i|k)) > v is equivalent to

(2(i]k)) > ywyl |lw(k + i)||?. Therefore, the condition
(16) is satisfied if there exists a scalar £ € (O 1] such that

V@i +118) — (L= OV G + 6l <0, ¥i 2 1 (17
where A\ = yéw_}

max*

Applying (14) to (17) and reformulating it as a quadratic
form of the vector [#(i|k)T —w(k+4)T]T, then it gives

Hl *
[HQ Hg] 20

where TT; = —(A, + BF (k)" P(k+i+1)(A, + BF (k) +
(1-&Pk+i)—Q— F(k)TSF(k), Il = D} P(k +i +
1)(A, + BF(k)) and II3 = \I — D] P(k +i+1)D,,.

(18)

Applying Schur complement to (18) yields
1-8Pk+1i) * * * K
0 A * * x
A, +BF(k) D, P(k+i+1)"" x%| >0. (19)
QY? 0 0 I
SY2R(k) 0 0 017
A sufficient condition of (19) is given as
1=k * * *=*
0 M ox xx
A+ BF Dy P sox| >0, V,j € (1,2 (20)
QY2 0 0 I+«
SY2F., 0 0 01

Define X; = 'fol and X; = 7P]71. Substituting P, =
fyXfl and P; = 'ijfl into (20) and multiplying both its
sides with diag{y~1/21, =121, y'/2I, 421,42} yields

1-9X ' x * x o
0 Ewax] * x %

Aj+BF,;, Dy X; » *|>0,¥,j€1,2]. (21)
QY/? 0 0 ~I %

SY2F, 0 0 09I

There exists a matrix G satisfying (Wada et al., 2004)
G/ X 'Gi>G +G - (22)
Multiplying both sides of (21) with diag{G]", I, I, 1,1} and
its transpose, respectively, and using (22) gives (9).
To ensure recursive feasibility, the one-step ahead pre-
dicted state Z(1|k) need to satisfy Z(1|k) € €. Under
Definition 1, this condition holds if €2 is a one-step ahead
RPI set for the system (7), i.e.

2k + 1K) TP(k+ 1)@k +1]k) <~y
12

(23)
holds under the condition ||w(k)||? < wmax. Hence, the
inequality (23) holds if there is a scalar € € (0, 1] such that

1—~y'2(k+1)"P(k+ ik +1)
— e[l —wphaw(k) Tw(k)] > 0. (24)
Applying (7) and (8) to (24), and formulating it in a
quadratic form of the vector [I —w(k)T]T, then it gives

[fﬁhf]zo

25
f, 1T, (25)
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where [T} = 1 —¢ — 7~ 1x() (A, + BF(k 1)) P(k+

1)(A,+BF (k=1))#(k), Ty = y ' D] P(k+1)(A,+BF (k—
1))#(k) and s = ew L. I — DT P(k+1)D,.
By using Schur complement, (25) holds if
1—e€ * *
0 Wpax] x| >0, W,j€[1,2].

(A, + BF,_1)#(k) D, ~P;7!
Y

J
By defining X; = Pj_l, then (10) is obtained. The
constraints |0(k)| < dmax and |ey x| < ey max are satisfied
if (11) and (12) hold (Hu and Ding, 2020). O

In Theorem 2, the constraint (9) ensures system stability,
(10) guarantees recursive feasibility, and (11) - (12) ensure
satisfaction of the input and output constraints. Note that
the condition (15) holds for ¢ > 1, rather than ¢ > 0 as
in the existing robust MPC designs (Wada et al., 2004;
Zhang et al., 2012). This is because the proposed one-step
ahead MPC concerns with the system invariance at the
next sampling time k + 1, while the invariance at time k is
already guaranteed at time k& — 1. The implementation of
the proposed controller (8) is summarized in Algorithm 1,
where Fy;, | € [1,2], are solved from the LMI optimization
problem in Theorem 2 without (10).

Algorithm 1 One-step ahead robust MPC design for LK

1: Specify &, €, Q, S, dmax and Wpax.

2: Solve initial gains Fp 1 and Fp 2 from the optimization
problem in Theorem 2 without (10). Set k = 1.

3: Obtain Z(k) and p(k), calculate oy(k),l € [1,2], and
implement (k) = Y7, cu(k)Fy_1 lm(k) + p(k).

4: Solve the controller gains Fk-s—l,lyl [1,2] from the
optimization problem in Theorem 2.

5: Save Fy ;1 € [1,2], set k = k + 1 and go to step 3.

3.2 CACC Controller Design

The goal of CACC is to stabilize the platooning error
system (3) in the presence of known disturbances a; and f
along with unknown disturbance d. To remove steady-state
offset of the inter-vehicle distance error Ap, the integral
J Apdt is to be used in the CACC controller. Define the
new state vector as Y = [x' [ Apdt]". By using (3), then
the following discrete-time augmented system is derived:

x(k+1) = Ax(k) + Bo(k) + Ep(k) + Ed(k)  (26)

A0 Bl & e
-o[f] -]

with A = I3+, [F 0
Since p(k) is known, the following one-step ahead robust
MPC controller is designed for the system (26):
oilk) = Tk = DXGIR) + pGilk), i =0
(R)X(ilk) + pilk), ¥i >0
where L(k) is the controller gain determined at time k > 1.
The controller (27) is designed to minimize the cost func-
tion Joaco(k) = 372 £(ilk) with £(ilk) = [[x(ilk)[7 +
16(ilk)[I5 = Allw(k +14)|* with @(i|k) = L(k)x(ilk), where
Q and S are given positive definite matrices. The controller
also ensures the constraints |¢(k)| < @max and |Ap(k)| <

},F: [10],B

(27)

APmax, where o and Apnax are the maximum desired
torque and inter-vehicle distance error, respectively.

By setting a1 = 1 and as = 0, the CACC system (26) and
controller (27) are in similar forms of the LK system (7)
and controller (8), respectively. Hence, following Theorem
2 in Section 3.1 with X = X; = Xy = G1 = Gy, the
controller gain L(k) = Y X! is solved from the LMI
optimization problem below:

min 5y
¥,X,Y
(1-X * * * %
-0 fd;léxl * x ok
AX+BY €& X x x| >0 (28)
QY/? 0 07 *
| SY%y 0 0 07
i 1—¢€ B *
o WAL x| 20 (29)
|(AX +BL(k-1)x(k) & X
M2
Pmad X150 (30)
Apmdx * *
AX+BY)'TT X« >0 (31)
| e'rt 0 dia]
>0, X=X">0 (32)
where T' = [1 0 0]; £,€ € (0,1]; @max = Pmax — (mal . +

fuax) with the known upper bounds @, and fpax of
la' (k)| and |f(k)|, respectively.

4. CASE STUDY

A platoon of three vehicles is used to verify the proposed
design. All the vehicles have the same parameters: m =
1650 kg, g = 9.8 m/s?, I, = 2315.3 kg - m?, Iy = 1.11 m,
[ = 1.59 m, ¢y = 66500 N, ¢, = 49400 N, p = 0.015,
Ap =2.031 m?, Cy = 0.32, pair = 1.2 kg/m3, d, = 10 m,
ts = 0.05 8, Umin = 10 m/s, Umax = 40 m/s, dmax = 10 deg,
Pmax = 6000 N, Appax =5 m, €y max = 0.5 m.

The followers use the same LK controller designed from
Theorem 2 with £ = ¢ = 0.01, Q = 102 x I5 and S = 10.
They also use the same CACC controller determined by
solving the LMI optimization problem in Section 3.2 with
E=€=001,Q=108xI3and S =1.

To validate the design efficacy within the entire veloc-
ity range [Umin, Umax] and under variable road geometry,
the profiles of leader velocity v;, road curvature 1/R,
bank angle # and grade angle § in Fig. 1 are consid-
ered. The wind speed vying takes random values within
[~1,1] m/s. The leader has the initial state (p!(0),v!(0)) =
(17,10). Follower 1 has the initial state (p(0),v(0)) =
(12,10) and (e, (0),€,(0), e4(0), €4(0)) = (0.2,0,0,0). Fol-
lower 2 has the initial state (p(0),v(0)) = (0,10) and
(ey(0)7éy<0)’ew(0)’éw(0>) = (0'1’070’0)'

The proposed MPC is compared with the existing real-
time MPC (Zhang et al., 2012). For fair comparison, the
feedback controller in Zhang et al. (2012) is modified to
combine feedforward and feedback actions in a similar
form as the proposed MPC. Results of the inter-vehicle
distance, lateral displacements and steering angles under
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the two MPC designs are depicted in Fig. 3. From the two
top subplots, it is seen that under both designs, the inter-
vehicle distances of Leader & Follower 1 and Followers
1&2, are controlled to be the desired value d,., while the
errors Ap are within the given set [—Apmax, APmax]. How-
ever, the inter-vehicle distances using the real-time MPC
have bigger overshoots. From the two middle subplots, it
is observed that both designs achieve almost the same
lateral displacement response. Although small displace-
ments exist in the presence of road curvature and bank,
they are within the given set [—ey max; €y,max]. However,
there are oscillations in the lateral displacements under the
real-time MPC, so are the the steering angles in the two
bottom subplots. The results above demonstrate that the
proposed MPC achieves stable CACC and LK by using
the one-step ahead design. However, the real-time MPC
has fluctuations in the steering angle commands, leading
to undesired driving comfort.
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Fig. 2. Profiles of leader velocity and road geometry
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Fig. 3. Responses of inter-vehicle distance, lateral displace-
ment and steering angle (Red solid line: proposed
MPC; Blue dash-dot line: real-time MPC.)

5. CONCLUSION

A one-step ahead robust MPC is proposed for achieving
stable CACC and LK under variable road conditions,
and avoiding the online computational delay. The design
efficacy is validated by platooning of three vehicles un-
der time-varying leader velocity and road geometry. The
results show that the proposed MPC achieves more ro-
bust platooning and better driving performance than the
traditional real-time MPC. Future research will consider
verifying the design via hardware-in-the-loop tests.
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