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Abstract

This paper proposes an integrated longitudinal and lateral control scheme for a vehicle platoon with the predecessor-
leader communication topology. Both longitudinal and lateral dynamics are established, where the lateral dynamics con-
siders the influence of variance of the longitudinal velocity. The decoupled longitudinal and lateral controllers are
designed, respectively. The longitudinal controller adopts the distributed model predictive control algorithm, which regu-
lates the following vehicles to track the longitudinal velocity of the leading vehicle and to keep the inter-vehicle desired
spacing. Both the recursive feasibility of optimization problem and the asymptotic consensus of vehicle platoons are ana-
lyzed. Furthermore, the lateral controller adopts a feedforward and robust feedback control strategy to track the refer-
ence path without offset of the lateral position error. Simulation results in joint of MATLAB/Simulink and TruckSim verify

the effectiveness of the proposed scheme.
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Introduction

Recently, platoon control of automated and connected
vehicles has gained widespread attention because of its
ability to increase road safety, improve traffic effi-
ciency, and decrease fuel consumption."> The control
objective of a platoon is that each vehicle follows a ref-
erence path with a desired velocity according to a pre-
set inter-vehicle spacing. Furthermore, the actual road
is not always straight, that is, the vehicle platoons not
only require longitudinal control but also lateral con-
trol. Therefore, the control objective can be divided
into two tasks: the longitudinal control maintains the
consensus of a platoon by adjusting the velocity of the
following vehicles®; the lateral control minimizes the
lateral error to achieve the vehicles traveling along the
centerline of the designed lane.*

In previous work, many methods have been pro-
posed to design longitudinal controllers of vehicle pla-
toons, such as PID control,>® H., control,” distributed
sliding mode control,® distributed model predictive con-
trol (DMPC),’ etc. DMPC scheme has been widely used
because of its advantages of multi-objective optimiza-
tion and explicit handling of constraints.'®™'" The
DMPC strategy is proposed based on different perfor-
mance requirements, including security, stability, and

feasibility analysis.'*>'> A DMPC scheme is presented
for a platoon consisting of vehicles with model uncer-
tainty and disturbance.'”> A DMPC scheme with input
constraints is proposed for vehicle platoons to ensure
smooth changes in control inputs for following the velo-
city of preceding vehicle.'* By virtue of the Lagrangian
multiplier method and the dual decomposition tech-
nique, a DMPC method is proposed for vehicle pla-
toons with coupled safety inter-vehicle distance
constraints.'> Furthermore, the terminal equality con-
straint is used to guarantee consensus of platoon.>!'®!’
A DMPC approach is proposed for heterogeneous
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vehicle platoons, which imposes a terminal equality
constraint such that the terminal state of each following
vehicle is forced to be mean of the state of its communi-
cating vehicle so as to ensure consensus of the pla-
toon.'® A DMPC scheme for vehicle platoons is
proposed, where a terminal equality constraint is
imposed to ensure the asymptotic consensus of pla-
toons.> A DMPC strategy is developed for vehicle pla-
toons under switching communication topologies,
where the convergence of the platoon is proved based
on a terminal equality constraint.'” In general, the ter-
minal equality constraint is conservative. Therefore, the
terminal inequality constraint is proposed to guarantee
the recursive feasibility of the optimization problem
and to achieve the asymptotic consensus of the pla-
toons.'’®?® A dual-mode DMPC strategy is proposed
for vehicle platoons to reduce the computation time
and save communication resources.'” A DMPC scheme
with terminal inequality constraints is adopted for a
platoon, where an improved spacing policy is consid-
ered to improve road capacity.?’ Note that the above
DMPC schemes omit inter-vehicle spacing constraints.
The inter-vehicle spacing constraints can help to avoid
collisions.'® A DMPC strategy is proposed for a pla-
toon consisting of heterogeneous vehicles to guarantee
recursive feasibility and asymptotic stability. Only state
penalties are considered in the cost function which may
cause serious deceleration/acceleration, resulting in
uncomfortable ride for passengers.

Except for the longitudinal movement of vehicles,
there is a need of lateral control when driving on curved
road. Various methods have been studied for lateral
control of a single-vehicle, for example, a nested PID
steering control scheme is proposed to achieve path fol-
lowing.?! Model predictive control (MPC) approach is
adopted to design a lateral controller to achieve path
following.?*> Robust tube-based MPC method is used to
realize path tracking which considers both lateral error
and orientation error.”> A robust sliding model control
approach is presented to follow the target path and
avoid a large lateral acceleration.”* Furthermore, an
adaptive robust control method is developed to achieve
trajectory tracking where parameter perturbations are
taken into account.?

In recent years, researchers have also paid attention
to longitudinal and lateral control of vehicle platoons.
A centralized Laguerre-based model predictive control-
ler is designed for longitudinal control of vehicle pla-
toons, and a decentralized tube-based MPC approach
is adopted for lateral control to track the reference path
where uncertainty of the model and road including
bump are considered.>® A robust approach is developed
to ensure the string stability of the vehicle platoon and
to achieve path following where communication delays
and disturbances are considered.?’” Nevertheless, the
aforementioned studies used the decoupled longitudinal
and lateral vehicle dynamics. The decoupled dynamics
only ensures that the vehicle platoons travel at low
speeds on roads with low curvatures.?®

Therefore, a linear parameter varying (LPV) lateral
model is established, which takes into account changing
parameters, such as the vehicle longitudinal velocity
and yaw rate. The LPV concept is introduced to design
a lateral controller which can deal with parametric
changes.”” An LPV-based H., control is introduced for
single-vehicles to handle the path tracking problem.*°
A linear feedforward and feedback control framework
is adopted to ensure longitudinal string stability of pla-
toons, and a linear time varying MPC is proposed to
guarantee lane keeping. Note that the interaction
between the longitudinal and lateral dynamics is incor-
porated in the prediction model.>' A robust longitudi-
nal control strategy and an LPV lane-keeping control
method are proposed for a platoon driving on curved
roads.>?> However, in these methods, a static longitudi-
nal controller is designed and the lateral position error
constraint is ignored in lateral controller, the loss of
this constraint may cause the vehicle to leave the road
and collide with a vehicle in an adjacent lane. In this
paper, a DMPC scheme is proposed for longitudinal
control, and the influence of longitudinal velocity and
lateral position error constraint are considered in lat-
eral controller to track the reference path.

The above references are listed in Table 1. Most of
the existing works on vehicle platoon focus on longitu-
dinal control. Considering the implementation of vehi-
cle platoons, in this paper, an integrated longitudinal
and lateral control scheme for vehicle platoons is pre-
sented, where lateral controller is designed which con-
siders the changes of longitudinal velocity, and to
ensure that the vehicle platoons travel on curved roads
at high speeds. Distributed predictive control with ter-
minal inequality constraints is used as the longitudinal
controller, and both the recursive feasibility of optimi-
zation problem and the asymptotic consensus of vehicle
platoons are analyzed. The performance of longitudinal
tracking and lane keeping of the vehicle platoon is veri-
fied by the joint simulation based on MATLAB/
Simulink and TruckSim. The contributions of this
paper are summarized below:

(1) A DMPC algorithm is presented for the longitudi-
nal control of platoons, where a terminal inequal-
ity constraint is imposed to guarantee that
recursive feasibility of the involved optimization
problem and the asymptotic consensus of the
platoon.

(2) A linear feedforward and feedback control scheme
is proposed to track the reference path regardless
of longitudinal velocity variations and to satisfy
the lateral error constraint.

The rest of this paper is organized as follows.
Section “Problem setup” introduces the longitudinal
dynamics, the LPV lateral model of a platoon, and the
control objective. Both a DMPC algorithm for longitu-
dinal control and a feedforward and feedback control
strategy for lateral control are proposed in Section
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Table I. Control method of vehicle platoon.

Control strategy

Related works

Control strategy and main characteristic

Knowledge gap

Longitudinal control

Longitudinal and

13-15

3,16,17

18-20

26,27

DMPC: Multi-objective optimization to
explicitly handle constraints

DMPC with terminal equality constraint:
Consensus of Platoon

DMPC with terminal inequality constraint:
Recursive feasibility of optimization problem
and consensus of Platoon

Longitudinal and lateral decoupled dynamics

Lateral control must be considered to
implement lane changing, platoons
merging, curved driving, etc.

Considering the coupled dynamics can

lateral control

31,32

are used to design controllers

The influence of longitudinal state is
considered in lateral controller and a static
longitudinal controller is designed

ensure that the vehicle platoons travel on
curved roads at high speeds.?

(I) Model predictive control can explicitly
handle constraints and obtain current
control action by solving an optimal
control problem. (2) Considering
longitudinal inter-vehicle spacin,
constraints can avoid collisions.
(3) Considering lateral position error
constraint can prevent the vehicle from
leaving the lane.

8

Vehicle i

Vehicle 1

Figure I. A vehicle platoon drives on a cured road.

“Controller design.” Section “Simulation results”
shows the joint simulation experiments conducted by
MATLAB/Simulink and TruckSim. Section

“Conclusions” is the conclusions.

Notation: In this paper, R represents the set consist-
ing of all real numbers, R**? is the set of bXd-dimen-
sional real matrices. The notation ||z|| denotes the 2-
norm of a vector z. Given a matrix M, |z|,, = zT Mx
denotes the weighted Euclidean norm. The term z(j|k)
represents the predicted value of a variable z at j steps
ahead from time k, and the term diag (g1, g2, ..., gx) rep-
resents a block-diagonal matrix with elements
g1,82, .-, &y on the main diagonal and zeros in the rest,
I, represents an n-dimensional identity matrix.

Problem setup

As illustrated in Figure 1, a platoon comprising N + 1
vehicles is traveling on a curved road. The leading

vehicle of the platoon is numbered 0 and the following
vehicles are numbered from | to N. Each following
vehicle is required to keep a preset distance with neigh-
boring vehicles, and the constant spacing policy is
adopted as the desired spacing.

Predecessor-leader following communication topol-
ogy is adopted, where the following vehicle i only
receives information from the leading vehicle 0 and the
front vehicle i — 1, that is, vehicle’s information is only
transmitted from upstream to downstream.

The section presents a longitudinal dynamics, and a
lateral dynamics in which the longitudinal velocity is
treated as a time-varying parameter.

The required symbols for the vehicle platoon system
are shown in Table 2.

Longitudinal dynamics

The longitudinal dynamic model of ith vehicle in a pla-
toon is defined by a third-order nonlinear model’:
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Table 2. Symbols for vehicle platoon system.

Symbol Description

Sj Position of the ith vehicle

A Longitudinal velocity of the ith vehicle

v/ Lateral velocity of the ith vehicle

a; Longitudinal acceleration of the ith vehicle

@; The yaw rate

e The position error of the ith vehicle

el The velocity error of the ith vehicle

v Lateral velocity of the ith vehicle

I The inertia moment around the z-axis

Ie,i The distances from the front axle to the center
of mass

I The distances from the rear axle to the center
of mass

[:’_f The lateral forces imposed on the front tires

Fr The lateral forces imposed on the rear tires

C,f The cornering stiffness of the front tires

C The cornering stiffness of the rear tires

0 The steering angle of front tires

G The road curvature

S =¥

i = L (BT L)~ mig f,)
Ti = _ KlflT[, + KFITE]”

(1)

where s;, v}, and T; are position, longitudinal velocity,
and actual driving/braking torque. The term of =,
denotes the mechanical efficiency of driveline, m;
denotes the mass, R; represents the rolling radius of the
tires, 4; denotes windward area, p; represents the air
density, f; denotes the coefficient of rolling resistance,
Cld represents aerodynamic drag coefficient, g denotes
the gravity constant, k; represents the time constant of
longitudinal dynamics. The term of 79 denotes the
desired control torque.

Assume that all parameters in (1) are known a priori.
Then, the nonlinear feedback control law is adopted as
follows

R ! ‘ ’
T;m _ ; <miui + m;gf; + 5 C?A,‘Piv}\(ZKia,' + V?)) (2)

1

which transforms (1)—(3)

S‘,‘ = V;C

X —

Vi T ai (3)
a; = — K{la,» + Ki’lu"}

where a; is the longitudinal acceleration, u} is the con-
trol input of (3).%

The model (3) is discretized by using a sampling time
T,>0

sik + 1) = si(k) + vi(K)T;
vik + 1) = vi(k) + alk)T,

4)
ai(k + 1) = (1 = )ai(k) + ¢uf (k)

YA

<y

Figure 2. Bicycle model for lateral dynamics of vehicle i.

The position error of the ith vehicle is the difference
between the desired position and the actual position,
which is described by

&k = (so(k) — dyo) — (k) (5)

where d; o = i - dp is the desired spacing of ith vehicle.

Define e} (k) as the velocity error of the ith following
vehicle which is the difference between the desired and
actual velocity, that is,

ej(k) = vy(k) — vi(k) (6)

where vj(k) is the velocity of leading vehicle.
Denote x; := [el(k), e!(k), ai(k)]" € R**!. Then, the
longitudinal error model of the ith following vehicle is

xi(k + 1) = A¥xi(k) + Blui(k) + Biay(k) (7)
with

1 T 0 0 0
Af=10 1 T, |, Bi=10|,B=]|0

00 -L < T,

Concerning system (7), the following lemma is
needed to determine the terminal control law, the ter-
minal region, and the terminal penalty of the DMPC.

Lemma 1.>* For system (7) there exits a linear state

Sfeedback law u} = Kix; such that Ag,; = AY + B}Ki is
asymptotically stable.
Furthermore, (i) there exits a unique positive-definite

and symmetric matrix P; such that

- 07 (8)

where Qi* = Qi + KiTR,'Kl', and AKJ' = AI\ + B}Kl
(ii) The neighborhood XZN of the origin

Ag Pidg; + P; =

XlN(a) = {x € R”|X,»TPixi<a}

is an terminal region for system (7) with o > 0.
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Then, K;x;, Xl , and x; Tp.x; are named the terminal
control law, the terminal region, and the terminal pen-
alty, respectively.

Lateral dynamics

The lateral dynamic model is derived from a simplified
two degrees of freedom bicycle model, which is illu-
strated in Figure 2. The nonlinear lateral dynamic
model is described as follows.”

{m,-fr}' +myg; =F, + F,

. 10
Ey = lpiFf = 1P 10

where v] denotes the lateral velocity of ith vehicle, ¢;
denotes the yaw rate, I denotes the inertia moment
around the z-axis, m; represents the mass. The terms of
Ir.i and /. ; denote the distances from the front and rear
axles to the center of mass, respectively. The terms of
Fl-r and F} represent the lateral forces imposed on the
front and rear tires, respectively.

Suppose that the front and rear tires work in their lin-
ear region. Then, the tire forces F: and F; are calculated
using the small angle approximation method, that is,

Ff = cf(5; - )
F} — Ci (lfr(ﬂz ,)I

i

(11)

where C{ and C} represent the cornering stiffness of the
front and rear tires, respectively, 8; represents the steer-
ing angle of front tires.

The lateral dynamic model of vehicle i can be rewrit-
ten by combining (10) and (11) as

oYy (el o

P = it % 8 (C,+V}Ci)v,_(c,l,,, VI\QL,J% n C{S)
. Cllyi~Cils CB,+ CE )i,

®»; = %(_( = v},‘l ) ( = vy ) + C{I/,181>

(12)

Generally speaking, lateral control of a vehicle platoon
expects the vehicles in the platoon to move along the center-
line of the road, that is, the actual driving path is consistent
with the reference path and the error between them should
be close to zero. Therefore, the lateral error dynamic model
is introduced as illustrated in Figure 3.

The lateral position error between the center of mass
of the ith vehicle and the centerline of a lane is denoted
by e;. Then the rate of the lateral position error is

& =v tjel (13)

Furthermore, & is

oy X
el}' —1/? + v[\el

5
YA
y y /Lane
X ~ centerline
— [} ~ .
- = L s
,///// ad
= Y -
e: -
 § -
@,
>
X

Figure 3. The structure of lateral error dynamic model.

The heading error of ith vehicle with respect to the
centerline of a lane is defined as

¢l = ¢ —of (15)
where ¢; is the heading angle of ith vehicle, ¢¢ denotes
the orientation angle of a lane centerline.

Furthermore, the rate of the heading error is as
follows

&= ¢ — ¢! (16)
where ¢¢ denotes the desired yaw rate, and
¢f =vie; (17)
where ¢; is the road curvature.
Substituting (12) into (14) and (16) yields
L d o
mie, = é; (—V’ —Y’> + ef (C,f + C,')
Vi Vi
cl,
+€:P _ lfsl+ i’
vy vy
L Clli | CiL v /
e\t Ty + G
(18)
and
. cl  Cly
+e (C zf, cl, )
(19)
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Define the state as z; = [e] ¢! e ¢7] and con-
trol input as u = §;. Choosing v} as the varying para-
meter, the LPV lateral error dynamics state space

model is therefore given by

- y X .y - d
zi = A(v))z; + Blu, + E;¢S (20)
where
Vi Xy —
A; () =
0 1 0 0
0 _Cro €+ _ (Chi=Cil)
miv¥ m; mivy
0 0 0 1
0 _Ch=Ch) _ ChCh) _ (Gt CL)
Loy L; L7
0 0
d ag+o -
v m; L m;vy i
B = 0 | E; = 0
o/ fp .
C,-lf,i _ Cil;.i + C:‘[lz-,f
L Lv¥

i

Obviously, the matrix 4;(v}) depends on the varying

3 X X R

parameter V;'c € [vmin,i vmax,i:lﬁ where vﬁﬁn,i and V;nax,i
denote the allowed minimum and maximum velocity.

Denote the matrices 4”. . and A7 as

min, i max, |
y — AV (¥
Amin’i Ai (V,‘ ) Vri\’ = vl;axj
y — AV(yX |
Amax,i Ai (vi) v =

min, i

The matrix 4;(v}) belongs to a polytopic matrix 3,
that is,

A

max,i}

where Co{.} is a convex hull of matrices.

3= CO{A—"

min, i°

(21)

Control objective

The overall control objective of a vehicle platoon is that
each following vehicle tracks the velocity of the leading
vehicle and follows the centerline of a lane while main-
taining a designed spacing with neighboring vehicles. It
consists of longitudinal and lateral control objectives.

Longitudinal control objective. The control objectives of
longitudinal driving are to track the longitudinal velo-
city of the leading vehicle and eliminate the position
error between the desired and actual positions of vehi-
cle i, that is

minimizeHef(l)H; =0
2 (22)
mmzmzzeHe}(l)H2 =0

To ensure the safe driving, each vehicle i must satisfy
the following constraints:

e?(l) € [efnin’ efnax] (233)

81"’([) € [ervnin’ ervnax] (23b)

where ¢5. and ¢

S in s ax Tepresent the tolerable minimum

and maximum value of position errors, e} . and e} .
represent the tolerable minimum and maximum value
of velocity errors, and 0¢€ [ef; . et ] and
v v
0¢ [emin’ emax] .
Lateral control objective. The control objective for the lat-
eral performance of the platoon is to follow the center-
line of the road, as demonstrated by the lateral position
error and the heading error of each vehicle i are as close

to zero as possible

minimize”e?(t)“j =0
iy (24)
mmlmlzeHei(t)H2 =0

To ensure that all vehicles in the platoon drive within
the road boundary, the following constraint must be
satisfied:

e[}’([) € [e:;qin’eﬁ‘lax] (25)
where e . and e}, denote the tolerable minimum and

maximum values of lateral position errors.

Controller design

In this section, an integrated longitudinal and lateral
control framework is employed which is illustrated in
Figure 4.

For longitudinal control, a distributed model predic-
tive controller is designed, where terminal inequality
constraint is introduced to guarantee the asymptotic
consensus of the vehicle platoon.

For lateral control, a feedforward combined with a
robust feedback control strategy is presented. The
robust feedback control law is determined by solving
linear matrix inequalities, which guarantees that the
road constraint (25) is satisfied, whatever the longitudi-
nal velocity changes. Furthermore, to eliminate the lat-
eral position error, a feedforward control law is
designed.

Longitudinal distributed model predictive controller

DMPC divides a global optimization problem into N
independent local optimization problems. For follow-
ing vehicle i, a local individual optimization problem
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Ky ’v'\' — ~_ Longitudinal force *
0no ‘i' Longitudinal controller a,,m R S,v..4, N
> (DMPC) m:/ 7] :‘“ >
Road curvature ) _— V‘. V\. )
» Feedforward controller > (X— > LN
Steering angle +
compensation
o el
L > ——>| Robust feedback controller
e,f”,e,”’ Steering angle
Lateral controller
Figure 4. The integrated control framework of the vehicle i.
. .. . . . X/ _ . 2 X[ 2
requires only the position and velocity of the vehicles 0 l; (xi(,\k), u; (]|k)) = |lx: Gl ot H“z (,\k)HRi (27)

andi— 1.

Define Ry as the predictive horizon, and define
Us(k) = {uyOk), uf(1|k), ..., u}(Ry — 1|k)} as the
control sequence for vehicle .

Assumption 1. The leading vehicles in a platoon is travel-
ing at a given steady speed, that is, ag = 0.

The open-loop optimization problem of following
vehicle 7 at time k is

Problem 1

mi;z]}gi(vlzt)ize L; (x,-(k), u; (k) (26a)
Subject to

xi(k + 1) = ATxi(k) + Blur(k) (26b)
x:(0]k) = x(k) (26¢)
¢i (1K) € [enmin: €mas] (26d)
¢j (1) € [enin: €inas] (26¢)
a;i(jlk) € [amin, dmax) (26f)
xi(Rulk) € X}(a) (26g)

where the cost function is
Li(xi(k), uf (k) =
Ry—1
'Zo li(xi(j1k), uF(jk)) + F(xi(Rulk))
=

The stage cost function is

where Q; >0 and R; > 0 are weighting matrices.

The terminal penalty matrix P; and the terminal
region X" (a) are solved offline by Lemma 1. The ter-
minal cost is F(x;) = x/ P;x;. The terminal inequality
constraint (26g) enforces the terminal states to the ter-
minal set.

At time k>0, each vehicle i receives state informa-
tion of the leading vehicle. Then the state x;(k) is used
to solve Problem 1 to yield the optimal control sequence

Uy () = {u Ol (), - (Ryg = 110}

and the corresponding optimal state trajectory is calcu-
lated as follows

xXj(j + 1k) = A7 x;(jlk) + Bjuy (i

k) (28)

Define a feasible control sequence of the system (7)
at the next sampling time k + 1 as follows

_JurGH1k), j=0,1,..,Rg—1
WGl + 1) {Kix;f(ﬂk)’ I
(29)

The corresponding state trajectory is calculated by

k= 0 = G0 ik s 55

(30)

The following theorem shows that Problem 1 is recur-
sive feasibility, and the platoon is asymptotic consensus.

Theorem 2. Suppose that the terminal penalty matrix P;
and terminal region X,N (@) have been determined by
Lemma 1. For following vehicle i, if Problem 1 is feasible
at the initial time k = 0 with the state x;(0) and the con-
trol input u}(0), then
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(1)  Problem 1 is recursive feasibility.

(2) System (7) is asymptotically stable, that is,
xi(k) — 0 as k — 0. Thus, the platoon is asympto-
tic consensus.

Proof: (1) Suppose that, at time instant k, Problem 1 is
feasible with the state x;(k) and control input u; (k).
The optimal control sequence U (k) is obtained by sol-
ving Problem 1, and the corresponding optimal state
trajectory x}(jlk)(j =0,1,...,Rg) is calculated which
satisfies the constraints (26c)—(26f). Besides, the opti-
mal terminal error state enters the terminal region, that
is, X*(Rulk) € XN (a) .

At next time instant k + 1, the initial state of the system
(7) is xi(k + 1) = x}(1]k). That is, the updated initial
condition (26¢c) is x;(0lk + 1) = x;(k + 1). Therefore,
the following control function can be preselected:

X*s .
e ey 2 LG R, = 0L Ry — L,
Gk + 1) {Kixi(j|k +1), j=Rpy

(31)

The equation (31) consists of two parts. The first
part is at j=0,1,..., Ry — 1, the corresponding state
trajectories are x;(jlk + 1) = x}(j + 1]k) which satisfies
the constraints (26¢)—(26f) and the terminal state enters
terminal region, that is, xRy — 1|k + 1) € X,N(a). The
second part is at j = Ry, the corresponding state trajec-
tories starting at x;(jlk + 1) € va(a) are always in
va (a) due to va (@) is an invariant set, cf. Lemma 1.

(2) At time instant k, the state of the system (7) is
xi(k) and a feasible control sequence is U (k). Solving
the optimal Problem 1 vyields an optimal control
sequence UF (k) and a corresponding optimal error
state trajectory x7(j|k)(j = 0,1, ..., Ry). Thus, the opti-
mal cost function of Problem 1 at time instant & is

Ry—1

LiGky = > L(xi (k) uy
ji=0

k) + F(x;(Rulk))  (32)

At time instant k + 1, the cost function is

Riu—1

Lkt = % LGl + Dol + D)
+ F(xi(Rylk + 1))

Combine (29), (30) and (33) to obtain

R]]*l
Litk + 1) = > L(x; (k). uf ¢
j=1
+ F(X,'(RH|]€+ 1))+ l,-(x,»(RH—1|k+ 1),
ul(k + Ry — 1|k + 1))

k))

= L;j(k) — li(x; (0[k), u} (0]k))
— F(x](Ry|k)) + li(xi(Ry— 1]k + 1),

(34)
(R — 1k + 1))
+ F(x{(Rpulk + 1))
Due to xi(Rg — 1|k + 1) = xj(Rylk) and

xi(Rylk) € XY(e), one has

Li(xi{(Rulk + 1),u; (Ry|k + 1)) + F(x{(Rulk + 1)

— F(x;(Ry|K)) <0
(35)
In terms of (34) and (35), it yields:
Li(k + 1)< Li(k) — I;(x;(0]k), u} (0]k)) (36)
which implies that
Li(k + 1) = Li() < — Li(x{(0}k), 1 (0k)) <0 (37)

where the fact of Lf(k + 1)< Li(k + 1) is used. Thus,

LiGk + D<LI(R) (38)

and x;(k) — 0 as k — oo, that is, the platoon is asympto-
tic consensus.

Remark 1. Due to the inherent robustness of linear
MPC%37 vecursive feasibility and asymptotic stability
can be guaranteed while ay(jlk), j € [k, k + Ry] is small.

Lateral controller

In this subsection, a feedforward and feedback control
scheme is used that consists of (1) a robust feedback
controller minimizes the current heading error and lat-
eral position error regardless of longitudinal velocity
variations; (2) a feedforward controller eliminates the
lateral position error when front wheel steering angle is
optimized by the robust feedback controller.

Feedback controller. Suppose that the vehicle is traveling
on a straight road (i.e. the road curvature ¢; = 0, the
desired yaw rate ¢¢ = 0), the system (20) can be rewrit-
ten as follows

Z=A0Nz + Bul (39)

As for the system (39), we define the following quadra-
tic cost index

Jyi = / [ZEZ + ()" Hud)dt (40)
0
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where E; and H; are given positive-definite symmetric
matrices.

After that, a feedback control law must be designed
which minimizes the cost function (40) and ensures that
the closed-loop system of the LPV system (39) is asymp-
totically stable whatever the longitudinal velocity
changes. The robust feedback control law is

u; = Giz; (41)

where G; = [g1.; g2.; £.; g4.:]I1sthe gain matrix.
The following theorem is presented to obtain the
state feedback control law (41) for the LPV system (39).

Theorem 3. Suppose that there exits a positive scalar ¢, a
matrix G;, and a symmetric positive-definite matrix M;
such that the following linear matrix inequalities are
satisfied

QX Wi

x —E! 0 <0 (42)
| * * —Hl-’l
_l_(e—;;, X)2 elXi|

e *a ,/Xi =( (43)

where e; is the jth standard vector basis, X;= M,
W; = G;M;”" and

Qi = A])X; + B]Wi + (4] 0)X: + BW)T - (44)

Furthermore, if (42) and (43) admit a feasible solution
Wi, X:>0, then the state feedback control
u; = WiXi—1z; ensures that the closed-loop system of
the LPV system (39) is asymptotically stable whatever
the longitudinal velocity changes.

The proof of the Theorem 3 is divided into two steps.
First, the linear matrix inequality (42) for performance
of system is proved. Then, the linear matrix inequality
of constraint satisfaction (43) is proved.

Proof: (1) Let u; = G;z; in (39), then the closed-loop
system is:

Z’ = (Ai + B?Gi)fl‘ (45)

Define V(z;) = z;"M;z; as a candidate Lyapunov
function. The time derivative of V(Z;) is obtained at
any trajectory of the closed-loop system (45), that is,

V(z) = z7{M,;|A] + B/G]| + [4' + B/G] M}z, (46)

Then, the closed-loop system is asymptotically stable if
there exits M; > 0 such that

V(fl') < — Zl'T(El' + GiTHl'Gl')fl' <0 (47)

Equation (47) is equivalent to

E; + GTH,G; + M;[A} + B]G}]
o (48)
+[A1 +B;‘Gl] M; <0

It follows from the Schur complement that (48) is
equivalent to the following

Q I GT
I 0 <0 (49)
* * —Hi_l

where Q; = M,[4] + B/G]] + [4] + B/G,|" M,.
Pre- and post-multiply both sides of the inequality
(49) by diag(M; ', I, 1), then

Q,’ M;l Gl'M;l
I 0 <0 (50)
* * —Hl._l

where

Q; = A/(VYM;' + BIGM;!
+ (A NM T+ BIGM

Denote X; = M; !, W; = G;M; . Then, (50) is equiv-
alent to inequality (42).

(2) State constraint (25) implies that (e})* < (e’ ).
In accordance with e} = ¢;7Z;, then

z7 eie) Zi < (eha)’ (51)
A sufficient condition of (51) is

2Tz My (52)

(emax) é
that is,

% _ e]:Esz =0 (53)
& (emax)

By Schur complement, (53) is equivalent to

F(é’éax)z XJJTJ =0 (54)

By pre- and post-multiplying diag(l, M;'), the
inequality (49) can be represented as

L Y ol M-
|: & (emax) e_/ M (55)

1 20
* Ml._l

The inequality (43) is obtained by substituting
X; = M; ', W; = G;M; " into the inequality (55).
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Feedforward controller. When the vehicle is traveling on a
cured road (i.e. the road curvature ¢; # 0, the desired
yaw rate ¢¢ # 0), the lateral dynamics is (20). If the
control law is (41), then the closed-loop system of (20)
is

zi = [AYO7) + B/ Glzi + Ei¢! (56)

The equation (56) implies that even though
[47(v}) — B/G] is asymptotically stable, but the lateral
error is impacted by the road curvature ¢;. Note that
the relationship between the desired yaw rate (p;’ and
the road curvature ¢; is ¢¢ = vi¢;. To eliminate the
influence of the road curvature ¢;, a feedforward con-
troller is designed, and the control law for system (20)
is

L[: =Gz; + 8ﬁi (57)

Combine (20) and (57), the closed-loop system is

Zi = [4]07) + BIGilzi + Bi8g; + Eigf (58)

Take the Laplace transform of (58) with zero initial
conditions, one obtains

Zi(s) =

s — AY(v)) + BIG)| "' [BIL(3y.) + E:L(¢! (59)
[ANS' i i fii A P; )]

where L(8/,) and L(¢¢) are Laplace transform of 8y ;
and ¢¢, respectively.

Zss,i — limz[(l)
1—00

= lim sZ(s)
s—0

8 _me(l",‘\‘)zci bi i + lri
g glily +1,; \2Cr;  2C7
0
= +
¢
0 2C i + i)
0

The Final Value Theorem is used to determine the
steady state value of the system (58), that is (60). To
achieve an offset free steady-state value of the lateral
error of the closed-loop system (58), the feedforward
term is selected as follows

8 =

mi(V‘Y)2 ly.i ly,i by,
i|Li— g3.ilr.i — e et £ N
s <C; Gt

(61)

where g3 ; is the gain coefficient in the first row and
third column of the gain matrix G;, and L; = I;; + [, ;.

2q~g3,i) —g(;’;,_ (lfl + 1.

Table 3. Parameters of trucks.

Parameters Value Parameters Value

m; 18,000 kg Ki 0.4

Ie.i 35m I.i 1.5m

[ 130,421 .8 kgm?

Table 4. Penalty matrices.

Parameters Value

Qi diag(50,25,10)

R; 10

P; 3405 3084 618
3084 3480 757
—618 —757 171

E; diag(100,10,100,10)

H; 200

Simulation results

In this section, the numerical simulations are designed
and performed in the joint simulation platform of
MATLAB/Simulink and TruckSim. The optimization
problem in this paper is solved by the MATLAB func-
tion “fmincon.” Note that there are many methods to
reduce the computation time of optimization problem,
such as particle swarm optimization,™ alternating
direction method of multipliers,” and etc. In the
TruckSim, the truck type in the platoon is selected as
“TS 2A-LCF Van Loaded.”

A platoon is considered which consists of four trucks
(i.e. one leading truck and three following trucks) with

—1.ig3,1) (60)

(—QC%; ilri = 2C1  + 1, l.ml.(v;y)z)

|
the predecessor-leader communication topology. Note
that the leading vehicle is a human-driven truck, that is,
the leading truck can be guaranteed safe driving on
both straight and curved roads. The trucks in the pla-
toon have the same parameters, which are shown in
Table 3. The prediction horizon is Ry = 10. The desired
spacing is set to dy = 16m, and the penalty matrices are
shown in Table 4.

Two simulation scenarios are established to validate
the proposed integrated control scheme:

(1) Highway scenario: the allowed driving velocity
range is between 17 and 24 m/s, the width of a sin-
gle lane is 3.75m, and the road curvature satisfies
|ci| <0.0025.
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Figure 5. The road curvature for proposed controller of
highway scenario.

(2) Medium and low velocity scenario: the allowed
driving velocity range is between 10 and 17m/s,
the width of a single lane is 3.5m, and the road
curvature satisfies |¢;| <0.01.

In two scenarios, different road friction coefficients
and road curvature are chosen to test the robustness of
the proposed control scheme. In both longitudinal and
lateral controller designs, constraints are selected as:
ef e [=2,2),el € [-2.2],a; € [-2,2],€/(1) € [-0.55,0.55).

Remark 2. In this paper, the control horizon and the pre-
diction horizon are set to the same values. The prediction
horizon (Ry) is usually determined by trial and error.*

Highway scenario

The curvature of a road is shown in Figure 5 where the
maximum road curvature is 0.0025. The initial velocity
of the leading truck is vj = 25m/s and the desired velo-
city is given by

25 m/s 1<10s
20—t m/s 10s < t<15s
Vo =14 20 m/s 15s < 1< 50s
20 + 0.7t m/s 50s < t<60s
27 m/s 60s < ¢

and the initial velocity of the following trucks are
vl =26m/s, vy =24m/s, and v} = 25m/s. The initial
velocity errors are e} = — lm/s, e5 = 1m/s, and
ey = Om/s. The initial longitudinal positions of trucks
are so = 48m, s; = 32m, s, = 16m, and s3 = Om, and
the initial longitudinal position errors are ef = Om. The
initial lateral position errors and heading errors of fol-
lowing trucks are ¢ = Om and e/ = Orad. The road
friction is set to 0.85.

100 1
49
801 48 |
47
60" |
g
40| |
——0th vehicle
201 - - -1th vehicle| |
.......... 2th vehicle
oA LT 3th vehicle| |
340 360
0 500 1000 1500
X (m)

Figure 6. Trajectory of 4-vehicles platoon under highway
scenario, the road adhesion coefficient is 0.85.
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Figure 7. Longitudinal velocity of the trucks under the
proposed longitudinal and lateral controller, the road adhesion
coefficient is 0.85.

Simulation results using the presented integrated
control framework are shown in Figures 6 to 12. The
trajectory of all trucks is shown in Figure 6. It can be
observed that all vehicles in the platoon converge to the
reference path. Figures 7 and 8 show that the following
trucks can quickly follow the velocity of the leading
truck and the longitudinal position errors converge to
zero, although there exists the initial state errors and
the velocity of the leading truck changes during 5-10s.
With the fluctuation of velocity of the leading truck,
the longitudinal velocity and longitudinal position error
of each following truck also fluctuates, and the platoon
achieves consensus in finite time. Furthermore, the
longitudinal velocities and the longitudinal position
errors are not obviously affected by the curvature.
Figures 9 and 10 show that the lateral position errors
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Figure 8. Longitudinal position error of following trucks under
the proposed longitudinal and lateral controller, the road
adhesion coefficient is 0.85.
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Figure 9. Lateral position error of following trucks under the
proposed longitudinal and lateral controller, the road adhesion
coefficient is 0.85.

and heading errors of the following trucks are not
affected by the initial longitudinal state errors. When
the platoon drives on the curved road, there are small
lateral position errors in the range of (—0.2, 0.2m) and
small heading errors for the following trucks. When the
trucks are traveling at a constant longitudinal velocity,
the lateral position errors and heading errors depend
only on curvature. Therefore, the proposed integrated
control scheme achieves longitudinal consensus and
path tracking of platoons on both straight and curved
road.

In Figure 11, the first following vehicle decelerates
and the second following vehicle accelerates at the ini-
tial moment due to the presence of the initial velocity
error. The actual accelerations of the vehicles satisfy

0.03
- - -1th vehicle
0.02r T I 2th vehicle| -
) — 3th vehicle
=
= 0.01 1
=
©
g 0 ¥
o0
F -0.01 ]
[
)
-0.02 1
-0.03 : : :
0 20 40 60 80
Time (s)

Figure 10. Heading error of following trucks under the
proposed longitudinal and lateral controller, the road adhesion
coefficient is 0.85.
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Figure 1 1. Acceleration under highway scenario, the road
adhesion coefficient is 0.85.

the constraints. The front wheel angle of the vehicle is
shown in Figure 12, which is in the range of (—2°, 2°).

Medium and low velocity scenario

An H, lateral controller is designed for comparison
with the lateral controller proposed in this paper.*' The
curvature of road is shown in Figure 13 where maxi-
mum road curvature is 0.01. The road friction is set to
0.35. The initial velocity of the leading truck is
vy = 13m/s and the desired velocity is given by

17 m/s t<5s
Vo =4 17—t m/s 5s < t<T7s
15 m/s Ts <t
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Figure 12. Steering angle of the front tires under highway
scenario, the road adhesion coefficient is 0.85.

Figure 13. The road curvature of medium and low velocity
scenario.
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Figure 14. Trajectory of 4-vehicles platoon, the road adhesion coefficient is 0.35: (a) proposed lateral controller and (b) H.. lateral

controller.

the initial velocity of the truck i is v} = 17m/s,
i=1,2,3. The initial velocity error of the truck i is
el =0m/s, i=1,2,3. The initial longitudinal position
of each truck in the platoon is sy = 48m, s; = 32m,
s, = 16m, and s3 = Om, respectively. The initial longi-
tudinal position error of the following truck i are
e; =0m, i=1,2,3. The initial lateral position error
and the heading error of the following truck i are
el =0mande! = 0rad, i = 1,2,3.

Simulation results using the presented integrated
control framework are shown in Figures 14 to 20. The
trajectory of all trucks is shown in Figure 14. Figures
15 and 16 show that, with the changes of the velocity of
the leading truck, both the longitudinal velocity and the
longitudinal position error of each following truck con-
verge to the desired value under the proposed scheme.
Figures 17 and 18 show the lateral position error and
the heading error. The lateral position error under H o,
lateral controller indicates that the trucks exceed the

road boundary, which might collide with trucks in adja-
cent lanes and result in traffic accidents. However,
under the proposed robust controller, the trucks drive
within the road boundary.

Figure 19 shows that the acceleration of following
trucks. At the time instants when the curvature of the
road changes, there are significant fluctuations in
Figure 19(b), because the lateral and longitudinal
dynamics are coupled. The proposed lateral controller
could reduce the effect on longitudinal acceleration and
improve ride comfort.

Conclusions

This paper proposed an integrated longitudinal and lat-
eral control framework for vehicle platoons with the
predecessor-leader communicate topology. The coupled
dynamics of vehicles was established where an error
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Figure 15. Longitudinal velocity of the trucks under medium and low velocity scenario, the road adhesion coefficient is 0.35:
(a) proposed lateral controller and (b) H lateral controller.
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Figure 16. Longitudinal position error of following trucks under medium and low velocity scenario, the road adhesion coefficient is
0.35: (a) proposed lateral controller and (b) H. lateral controller.
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Figure 17. Lateral position error of following trucks under medium and low velocity scenario, the road adhesion coefficient is 0.35:
(a) proposed lateral controller and (b) H, lateral controller.

treated as a varying parameter in the lateral dynamic
model. Based on the error model, a DMPC algorithm
with a terminal inequality constraint is proposed to

model was established to describe the longitudinal
deviations between the desired and actual value of the
following vehicles, and the longitudinal velocity is
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Figure 18. Heading error of following trucks under medium and low velocity scenario, the road adhesion coefficient is 0.35:

(a) proposed lateral controller and (b) H. lateral controller.
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Figure 19. Acceleration of following trucks under medium and low velocity scenario, the road adhesion coefficient is 0.35:

(a) proposed lateral controller and (b) H.. lateral controller.
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Figure 20. Steering angle of the front tires under medium and low velocity scenario, the road adhesion coefficient is 0.35:

(a) proposed lateral controller and (b) H. lateral controller.

guarantee the longitudinal asymptotic consensus of
vehicle platoons. Based on the lateral dynamics model,

a feedforward and robust feedback control strategy
was adopted to ensure that vehicles in the platoon to
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track the given path without offset. Simulation results
in joint of MATLAB/Simulink and TruckSim verified
the validity and robustness of the proposed framework.
Future research will focus on the robust control of
vehicle platoons to solve the problem about packet loss
and communication delay.
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