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Abstract

In recent years, truck platooning has emerged as a promising technology to improve fuel efficiency, traffic flow, and road
safety. However, achieving coordinated control of truck platoons presents significant challenges, especially considering
the nonlinear dynamics and complex interactions between trucks. Longitudinal and lateral control of truck platoons with
nonlinear dynamics are considered in this paper, in which a distributed controllers are designed. The characteristics of
truck with nonlinear dynamics are considered, that is, a five-degree-of-freedom dynamics model of truck and tire model
of “Magic Formula” are introduced, respectively. Simultaneously, a second-order longitudinal platoon model and a lateral
lane-keeping model are developed, and a modified constant spacing policy to guarantee string stability is proposed. Then,
a longitudinal and lateral decoupling sliding mode controller with finite-time convergence of truck platoons is designed.
Furthermore, the finite-time stability and string stability of truck platoons are proved, respectively. Co-simulation experi-
ments are carried out on the joint platform of Trucksim and Simulink, which demonstrate that the proposed controller
can achieve fast attenuation of longitudinal and lateral errors, and consensus of truck platoons. Moreover, in order to
guarantee safety of truck platoons, this paper gives a systematic estimation on the maximum driving velocity of truck pla-
toons under different scenarios described by road curvatures and road adhesion coefficients. Finally, the main reason of
instability for truck platoons is discussed.
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Introduction The control objective of longitudinal control of truck
platoons is to guarantee the consensus, that is, each
truck in the platoon has the same velocity and the
desired spacing,® while guaranteeing the string stability.
The single integrator model is the simplest models used
to describe the longitudinal dynamics of a truck, in
which the longitudinal position and velocity of a truck
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are chosen as state and control input, respectively.*
Accordingly, the design of controller is transformed
into a convex optimization problem based on the single
integrator model, which can be solved efficiently.’
However, the single integrator model does not fit for
analyzing string stability of platoons.® Therefore, some
theoretical results resort to the linear second-order
model or third-order models. Based on linear second-
order models and the car-following (CF) theory, a
sliding-mode control (SMC) strategy for a vehicle pla-
toon is proposed in Peng et al.” In Li et al.,® based on
third-order kinematic models and the variable time
headway (VTH) spacing policy, a longitudinal integral
sliding mode (ISM) controller is designed to attenuate
external disturbances. However, the nonlinear terms of
a truck such as engines, transmissions, air resistance,
and braking systems need to be considered. In Hu
et al..” based on nonlinear second-order model with air
resistance, a sliding mode controller is proposed to
incorporate observed disturbances for longitudinal
cooperation of platoons. In Ali et al.,'’ based on flatbed
platoon towing model, a longitudinal proportional—
integral-derivative (PID) controller is designed to
achieve vehicle platoon driving.

To some extent, string stability is the primary perfor-
mance of a truck platoon.'’ In order to guarantee string
stability, the spacing policy has to be considered as well.
For example, in Rajamani,'* autonomous control without
wireless communication does not guarantee string stability
under constant spacing (CS) policy. In Guo et al.,'® based
on the constant time headway (CTH) policy, a distributed
adaptive controller with a modified constant time head-
way policy is proposed to guarantee that spacing errors
are uniformly ultimately bounded. In Guo et al,'* an
adaptive control method is proposed based on a quadratic
spacing policy and nonlinear vehicle dynamics. Based on
an improved time gap policy, a sliding mode controller
with finite time disturbance observer (FTDO) is proposed
in Chen et al.,'®> which can guarantee strong string stability
of the platoon. It is shown that a decentralized controller
with a wireless communication can guarantee string stabi-
lity of heterogeneous platoon based on a velocity-
dependent spacing policy.'®

The objective of lateral control of truck platoons is to
accurately track the centerline of desired reference path,
while ensuring the safety and ride comfort of truck pla-
toons. The Ackerman model'” is used to describe the lat-
eral kinematic of a truck, in which the truck is represented
as a bicycle. Based on the kinematic model, a distributed
controller for a bus platoon is designed, in which a non-
singular integral terminal sliding mode (NITSM) and an
adaptive integral reaching law are considered in Yu
et al."® In Ali et al.,"” combining the kinematic model and
dynamics model of a vehicle, a control strategy by using
feedback linearization technique is proposed for vehicle
platoon in an urban environment. In Dominguez et al.,”
a lateral controller is proposed, in which comparison with
three lateral controllers, such as Pure pursuit, Stanley, and
a simplified kinematic steering controller is carried out.

Coupling characteristic is increasing significantly
with increased acceleration, increased tire forces, or
reduced road friction.?! Therefore, longitudinal and lat-
eral dynamics need to be considered simultaneously. In
Liu et al.,** an improved hybrid genetic and adaptive
particle swarm optimization (HGAPSO) algorithm is
proposed to optimize the deformed wheels’ trajectory.
In Guo et al.,?® a hierarchical architecture used for
coordinated longitudinal and lateral motion is pro-
posed for four wheel drive (4WD) vehicles, which is
composed of a global cooperative control layer, a con-
trol allocation layer, and an execution layer. In Feng
et al.,”* to deal with the uncertain interaction topology
and external disturbances, a coordinated control
scheme is proposed for a nonlinear heterogeneous pla-
toon. In Shi et al.,>> based on five-degree-of-freedom
nonlinear dynamics model, a distributed PID controller
is proposed for vehicle platoons, where the impact of
tire nonlinearity of vehicle platoon under high-speed
condition is analyzed.

Although fast consensus is an important perfor-
mance of a truck platoon, most of researches can only
obtain asymptotical consensus.?® Note that, in general,
finite-time convergence has properties of fast conver-
gence and strong disturbance attenuation.?’” A finite-
time sliding mode controller (FSMC) is proposed in
Kwon and Chwa,*® which can only guarantee to reach
the sliding mode surface in finite time, but not reach
the origin in finite time. In Yu et al.,*® to reduce online
computational burden, the nonlinear model of platoons
is transformed into a global linear model based on the
Koopman operator theory, where velocity tracking of
vehicle with data-driven based model predictive control
(MPCQ) is proposed.

In conclusion, the MPC algorithm requires accurate
system models to achieve optimal performance, whereas
the PID algorithm, while simpler, tends to be less
robust. However, the finite time sliding mode control
method offers several advantages, including finite time
convergence, robustness, and reduced dependence on
model accuracy. Aiming at fast convergence of errors
of truck platoon, this paper proposes a distributed
longitudinal and lateral control strategy based on the
finite-time sliding mode control. The main manages of
this paper are summarized as follows.

(1) This paper applies a five-degree-of-freedom non-
linear dynamics model of a truck and a “Magic
Formula” tire model, which can accurately reflect
the longitudinal-lateral motion of a truck and the
nonlinear characteristics of tires compared to the
kinematic model. Simultaneously, a second-order
longitudinal platoon model and a lateral lane-
keeping model are introduced. Furthermore, a
modified constant spacing (MCS) policy to guar-
antee string stability is proposed.

(2) A longitudinal and lateral decoupling control
strategy of truck platoons is proposed, and finite-
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Figure I. The distributed control framework of truck platoon.

time consensus, robustness, and string stability of
truck platoons are proved.

(3) The effectiveness of the controller proposed is tested
by the Trucksim/Simulink co-simulation. Moreover,
in order to guarantee safety of truck platoons, a sys-
tematic estimation on the maximum driving velocities
of truck platoons under different working conditions
described by road curvatures and road adhesion coef-
ficients is given, and the main reason of platoon
instability is analyzed by simulation results.

The rest of the paper is organized as follows. In sec-
tion “Problem setup,” a detailed description of truck
model, longitudinal and lateral platoon model are pro-
vided. In section “Distributed controller of truck pla-
toon,” a longitudinal and lateral sliding mode
controllers are provided. In section “Properties of truck
platoons,” finite-time consensus and string stability of
truck platoons are analyzed. In Section “Simulation
experiments,” simulation experiments for the control
strategy proposed under different scenarios are pro-
vided. Finally, conclusions are drawn in Section
“Conclusion.”

Problem setup

Considering a truck platoon consisting of N + 1 homo-
geneous trucks, where the leading truck is denoted by 0
and the following trucks are 1,2...N, respectively.
Suppose that the leading truck is driven by a human
driver along the desired path. The structure of the truck
platoon is shown in Figure 1, in which a distributed
control scheme is adopted. The motion of the truck
platoon can be decoupled into a longitudinal motion
and a lateral motion. The purpose of this paper is to
design a distributed longitudinal and lateral controller
for the following trucks to ensure longitudinal and lat-
eral motion steadily, and to guarantee string stability.
The required symbols for the truck platoon system are
shown in Table 1.

Five-degree-of-freedom dynamics model of trucks

The five-degree-of-freedom dynamics model of trucks
established in this paper,®® shown in Figure 2, which

Table |I. Symbol for truck platoon system.

Symbol Description

X; Position of the ith vehicle

Vy.i Longitudinal velocity of the ith vehicle

Vyi Lateral velocity of the ith vehicle

y,i Longitudinal acceleration of the ith vehicle
w; The yaw angle rate

i Longitudinal position error of the ith vehicle
ey The velocity error of the ith vehicle

eyi Lateral position error of the ith vehicle

I, The inertia moment around the z-axis

a The distances from front axle to mass center
b The distances from rear axle to mass center
R

The wheel rolling radius

0

Figure 2. Five-degree-of-freedom dynamics model of truck.

assumes that the left and right wheel angles are the
same, and there is no front and rear load deflection.
The model characterizes the longitudinal motion, lat-
eral motion, yawing motion, and front and rear wheel
rotation of trucks. The trucks used in this paper are
two-axle trucks. Only stability for the truck planar
motion is considered in this paper, that is, both the roll
and pitch motions are ignored.*

According to Newton’s Second Law, the five-degree-
of-freedom dynamics model of trucks can be expressed
as follows

1 .

Ve = — (Fycosdy — Fysindy + Fy — Fix) + vy
1y \[/€0S0 /8100 )
1 .

= (Fysind; + Fycosd; + Fy, — Fyy) — vyo
1 .

©=F (aF\sinds + aF,cos8; — bF,,)

wf = - (Tar — RFyy)
Iy
1

.r = 7 Tr_RF\'r

@ Jr( d )

(1)

where v,, v, and w are the longitudinal velocity, lateral
velocity, yaw angle rate of truck. The terms of w, and
w, are the angular velocity of front and rear wheels; m
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is the total mass of truck; I, is the moment of inertia
around yaw axis; a and b are the distances from front
axle and rear axle to mass center; Jy and J, are the
moment of inertia of front and rear wheel; &/ is the lat-
eral control input representing steering angle of the
front wheel; T, and Ty are the longitudinal control
input representing the torque of front and rear wheel,
Fy, Fy., Fys, and F),, are the longitudinal tire force of
front wheel, longitudinal tire force of rear wheel, lateral
tire force of front wheel, and lateral tire force of front
wheel, respectively; R is the wheel rolling radius. Since
the air resistance accounts for almost all of the driving
resistance when a high-speed and fully loaded truck
platoon is moving,*' this paper only considers the air
resistance. The terms of F,,, and F,, are the longitudi-
nal and lateral air resistance as follows

1
F,.= Esgn(vx)prAxvi
(2)

1
F,, = Esgn(v},)pC},Ayvf,

where C, and C, are the longitudinal and lateral air
resistance coefficients; 4, and A, are the longitudinal
and lateral windward areas of truck; p is the air density.
Since the direction of air resistance is always opposite
to the direction of travel of truck, sign function is intro-
duced into the model to describe the air resistance act-
ing on a moving truck.

“Magic Formula” tire model

Since the nonlinear characteristics of tires has a greater
impact on the stability of vehicle platoon at high
speeds,” a nonlinear model of tires needs to be taken
into account. The “Magic Formula” tire model is
applied in this paper,*? in which the tire forces are cal-
culated by

Fyp = Dsin(Carctan(Bk; — E(Bk; — arctanBky)))

Fy, = Dsin(Carctan(Bk, — E(Bk, — arctanBk,)))

F,p = Dsin(Carctan(Bas — E(Bas — arctanBay) ) )
( )

Fyy = Dsin(Carctan(Ba, — E(Ba, — arctanBua,

)
3)

where ky, k., ay, and «, are slip ratios and slip angles of
front and rear tires; Fyp, Fyo, Fyp, and F are the
longitudinal tire force of front wheel, longitudinal tire
force of rear wheel, lateral tire force of front wheel, and
lateral tire force of front wheel in the steady state,
respectively; B, C, D, and E are the parameters of tires.

Remark 1. The parameters of tires in the “Magic
Formula” are fitting parameters, which need to be
obtained by means of curve fitting. Furthermore, the
specific values of tire parameters are different under
different road adhesion coefficients, vertical loads and

wheel camber angles.>® The road adhesion coefficient
selected for the fitting of this paper is 0.85 as the wheel
camber angles is 0 degree.*

The slip angles of front and rear tires can be calcu-

lated as
, + aw
Vx
a, = — arctan( =

v, — bw
Vx

The slip ratios of front and rear tires can be calcu-
lated as

ap = 87— arctan(

k= “’flf - |wa

’ Vox

K, = W, R — vy (5)
[Vaox |

Since the longitudinal and lateral tire forces affect
each other, tire of combined slip is taken into account.>*
The tire forces can be calculated by

Fy= FxfO - cos(arctan (Bgy(a) - ay))
- cos(arctan (Bg}f kf
.cgs(arctan( (@) - o
-COS('dI‘Ct’dl’l(Bg)r(k) ky
il -cos(arctan( r - ky)
| - cos(arctan(ry, - k)

- cos(arctan(r; - ay)
cos(arctan(hz )

where Bgy(a), Bgw(a), Bgy(k), and By, (k) are the
longitudinal and lateral shape functions of tire slip;
terms of @ and k are the inputs of the longitudinal and
lateral shape functions of tire slip, respectively; ryq, rx2,
ry1, and ryy are the longitudinal slip coefficients and lat-
eral slip coefficients.

Longitudinal error model of truck platoon

This section establishes longitudinal and lateral platoon
models by using Vehicle-to-Everything (V2X) wireless
communication technology, which allows to obtain
the information of nearby trucks and road. The
predecessor-leader following (PLF) information flow
topology is adopted in this paper.*®

As shown in Figure 3, suppose that the leading truck
is driven by a human driver along the desired path. Its
longitudinal position and longitudinal velocity are given
as xo(¢) and v, ¢() a priori. For each following truck i,
i€1,2...N, describe its longitudinal position and
longitudinal velocity as x;(¢) and v, ;(¢). In order to
improve the capacity of the road and guarantee string
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Figure 3. The longitudinal spacing error model of truck
platoon.

stability, a modified constant spacing (MCS) policy is
proposed in this paper.

Define L as the desired spacing containing the length
of a truck. The longitudinal spacing error between the
ith following truck and leading truck is defined as

eio(t) = xi(t) — (xo(t) —iL) (7)

The longitudinal spacing error between the ith fol-
lowing truck and the (i — 1)th following truck is

ei(t) = xi(t) = (xia (1) = L) (®)

In terms of (7) and (8), one has

eio(t) = ei(t) + ea(t) + es3()... +ei(t) )

Define the integrated longitudinal spacing error of
the ith following truck as

ey, i(t) = oreo(t) + ozei(t) (10)

where 0| and o] are positive constant parameters, and
o toy=1.

Remark 2. Only spacing policy of (7) is used, the num-
ber of vehicles in a platoon is unlimited, but collisions
might occur in the case of velocity reduction. Only
spacing policy of (8) is used, collisions can be avoided,
but string stability will not be guaranteed due to errors
accumulation when the number of vehicles is
increased.®

The derivative of (10) is

(11)

{ éx,i(t) = Vx,i(l) — 0] Vx,O(l) - O'ZVx,i—l(l)
éx,i(t) = ay,i(t) — o1ay,0(t) — 020y, i-1(2)

where ay, ;(¢) and ay, o(t) are longitudinal acceleration of
the ith following truck and leading truck.

Lane centerline tangent

y Lane centerline

o

Figure 4. The lane-keeping model of truck platoon.

Let the longitudinal intermediate control inputs as
uy i(t) = ay i(t), and let the longitudinal velocity error
of the ith following truck as e, ;(r) = é, (). Therefore,
the longitudinal error model of truck platoon can be
described as

= BV,,'(I)

éx.i(t)
{aﬂﬂ=ﬂﬂﬂ+mﬂﬁ+@ﬂﬂ (12)

where fy (t) = — ojayo(t) — 02ay,;-1(t) denotes the
term that does not contain u, ;(¢); dy ;(t) denotes the
longitudinal unknown but bounded disturbances.

Lane-keeping model of truck platoon

In this section, a lane-keeping model of the truck pla-
toon is established. As shown in Figure 4, suppose that
leading truck is driven by a human along the centerline
of the lane, and following trucks keep moving by
obtaining information of error of the current lateral
position to the centerline of lane and angular error of
the travel direction to the tangential direction of the
centerline of the lane.

Define an integrated lateral position error for the ith
following truck in the platoon as

ey.i(t) = a3yi(t) + ou || (:(1) = ai(1)) | (13)

where y;(7) is the lateral position of the ith following
truck; ¢,(¢) and ¢, ,(¢) are actual yaw angle and desired
yaw angles of the ith following truck; o3 and o4 are
positive constant parameters.

The derivative of (13) is

{éy,f(t) = 03vy,i(1) + o || (@i1) — @4i(7)) |

éuilt) = asani() + o | (@nt) — g | 1Y

where v, ;(¢) and a, ;(¢) are the lateral velocity and lat-
eral acceleration of the ith following truck; w;(¢), @;(1),
wgq,i(t) = Kvy (1), and @,4,() =0 are the yaw angle
rate, yaw angle acceleration, desired yaw angle rate,
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Figure 5. The structure with longitudinal and lateral decoupling control.

and desired yaw angle acceleration of the ith following
truck; K is road curvature.

Let the lateral intermediate control inputs as
uy,i(t) = ay i(t), and let the lateral velocity error of the
ith following truck as ey ;(f) = é,,(¢). Therefore, the
lateral lane-keeping model of truck platoon can be
described as

{éy,i(l) = eqi(t)

éq,i(t) = fr.i(1) + o3uy (1) + dy i(7)

(15)

where f, (1) = 04 || (wi(f) — @4i(7)) || denotes the term
that does not contain u, ;(¢); d, ;(¢) denotes the lateral
unknown but bounded disturbances.

Control objective of truck platoon

In order to ensure longitudinal and lateral motion of
truck platoon steadily, control objectives are described
as follows.

(1) Longitudinal finite-time consensus: When a truck
platoon move smoothly, the integrated longitudi-
nal spacing error and the longitudinal velocity
error of the ith following truck should converge
to zero in finite time ¢, ;, that is

lim [ ex(r) | =0

=ty i

lim e, i(2) [| =0

=ty i

(16)

(2) Lateral finite-time stability: When a truck platoon
moves smoothly along a curve, the ith following
truck should keep moving along the centerline of
the lane. According to Menzel et al.,?® the admis-
sible lateral error is set to 0.5m. In addition, the
ride comfort and safety of truck platoons also
need to be considered. The error of yaw angle rate
of the ith following truck should be minimized in
finite time ¢, ;, that is

lim [le,:(2) | =0

— r),, i

lim || w;(1) — wqi(t) || =0

=1y

(17)

(3) String stability>”: When a truck platoon is subject
to unknown disturbances, the spacing errors are
not amplified along the platoon, that is

) <

G 1 =127

(18)

where G ;(s) denotes the transfer function of the longi-
tudinal error; ey ;(s) and ey ;—i(s) denote the related
Laplace transform of e, ;(¢) and e, ;_i (), respectively.

Distributed controller of truck platoon

This paper develops a longitudinal and lateral decou-
pling control strategy with guaranteed finite-time con-
vergence, in which the longitudinal controller ensures
that the truck platoon travel along the desired path,
and the lateral controller ensures that the platoon does
not cross the lane boundary. The structure with the
longitudinal and lateral decoupling controller is shown
in Figure 5.

Longitudinal controller

It is necessary to decouple longitudinal and lateral
dynamics of trucks in order to design the decoupling
controllers. Suppose that the steering angle of the front
wheel is small, and the longitudinal dynamics model of
the ith following truck can be formulated as

(Fxf;i(t) + Fyi(t) — waﬁi(t)) + vy i(Hwi(t)
(19)

) |
Vx,l‘(l) = n_/l

To guarantee finite-time convergence, the fast termi-
nal sliding mode (FTSM) controller is designed, in
which the longitudinal sliding mode surface of the ith
following truck is

Sx,i(t) = éxﬁi(l) + clex,i(l) + CZez,i(l) (20)

where ¢; and ¢, are positive constants; ¢ is the ratio of
two positive odd numbers, and 0 < g < 1.
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In terms of (11), (12), and (20), the longitudinal (1) = _L oi0) — o (1 + (1
acceleration of the ith following truck can be calculated ty.i(1) T3 (03 [ {@i(0) = ba i) ]|+ eseai(n))
as 1 1 1
- 0__304Pe§,i (t)ea.i(t) — EkZSy-,i(t)
uy,i(t) = aray,0(t) + o2ay,i—1(t) — cie, (1) 1
o — —masgn(sy, (1)) — Dy, i(1)sgn(s,, (1))
— cagel; (t)ey,i(t) — kisy,i(t) (21) o3
— mysgn(sei(t)) — Dyi(0)sgn(s. (1) (26)

where k; and m; are positive constants; D, ;(¢) is the
upper bound of the longitudinal unknown disturbance,
that is, |dy, ;(¢)| < Dy, (7).

In terms of (19) and (21), the desired total longitudi-
nal tire force of the ith following is

Fria(t) = Fpia(t) + Fyria(t)
= m(oaxo(t) + o2ay,i-1(t) — cre,, (1))
— meaqel ! (1)evi(t) — mkisy (1)
—mv, i()wi(t) + Fux,i(1)
— msgn(sy, (1)) — mDy i(t)sgn(sy, (1))
(22)

Therefore, the desired total wheel torque of the ith
following truck can be expressed as

Td,i,d(t) = RFx,i,d(l) (23)

Remark 3. According to torque distribution principle,?
the ratio of the desired front wheel torque Ty ; 4(¢) and
the desired rear wheel torque Ty ; 4(¢) is selected as
1:24.

Lateral controller

Accordingly, the lateral dynamics model of the ith fol-
lowing truck can be formulated as

{ Py, i(0) = o (Fypi(t) + Fyp,i(0) = Fuy,i(1)) = v () wi(1)
wi(t) = 1 (aFyy.i(t) — bF,, (1))

(24)

Similarly, the lateral sliding mode surface of the ith
following truck is expressed as

(1) = 1) + esepi(t) + esél (1) (25)

where ¢3 and ¢4 are positive constants; p is the ratio of
two positive odd numbers, and 0 < p < 1.

In terms of (14), (15), and (25), the lateral accelera-
tion of the ith following truck can be calculated as

where k, and m, are positive constants; D, ;(t) is the
upper bound of the lateral disturbance, that is,
|dy.i(0)]| < Dy.i(0).

Remark 4. In order to avoid the chattering phenom-
enon caused by the discontinuity of the symbolic func-
tion sgn(s) of (21) and (26), the saturation function
sat(s/c) will replace sgn(s) during the experiments,
where c is a positive constant representing the thickness
of the boundary of the sliding mode surface.

In terms of (24) and (26), the desired lateral tire
force of front wheel of the ith following truck can be
expressed as

Fyria(t) = P(—0404,(t) + c3eqi(1))
+ Peap ;! (t)ea (1) + kasy, i(1))

+ P(masgn(sy,i(2)) + o3Dy, i(t)sgn(s,, (1))
+ P0-3Vx,i(t)wi(t) + QFyr,i(t) - RFwy,l'(l)

(27)
where
p— _ ml,
o3l + maoy
g3 + b0'4
0= (28)

o3l + maoy
0'312
o3l + maoy

In terms of (3), (6), and (27), the desired slip angle of
front tire of the ith following truck can be calculated as

aria(t) =T (Fyya(0)) (29)

where II7' represents the inverse function of the

“Magic Formula”.*

Remark 5. According to the tire characteristic curve,®
when the desired lateral force is large enough, two
desired slip angles can be calculated, however only the
smaller one is chosen in this paper.*?

Therefore, according to (4) and (29), the lateral con-
trol input of the truck platoon representing the desired
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steering angle of the front wheel of the ith following
truck be expressed as

8ri.a(t) = agia(t) + arctan(

1il0) + awi{l) V):(gw’( )) (30)

Properties of truck platoons

In this section, the properties of truck platoons, that is,
consensus, string stability are investigated.

The following Lemma will be used in the proof of
finite time consensus.

Lemma 1.°° Consider the autonomous system

@ = (D), D(0) = Dy (31)

where O € R" — R" is continuous on an open neighbor-
hood of the origin ® = 0, and 9(0) = 0.

Suppose there exists a continuous differentiable func-
tion E: R" — R, scalars A, y>0, B€(0,1), and an
open neighborhood M of the origin such that

E(®)< — yE(®)

— AE(D)P (32)

For all ® € M\ {0}, E(®)>0, and E(0) =0. The
origin of the system (31) is finite-time reachable, and the
setting time T satisfies

T;<

1+ %E(CDO)I_B> (33)

1
y(1 —B)ln(

Finite-time reachability

The reachability and robustness of a platoon with
respect to unknown disturbances are analyzed

Theorem 1. The state of the longitudinal error model
(12) of a truck platoon can reach its sliding
mode surface (20) under the longitudinal controller (21)
in finite time, and the setting time t.; satisfies

fei< ‘zn(1+ By (0) )

Proof 1. First, the longitudinal error model (12) of a
truck platoon is

= ev,,-(t)

ex,,'(t)
{év,im = fuil0) + i) + doi(0) (34)

Accordingly, the longitudinal sliding mode surface
(20) is

Sv,i(t) = éxi(t) + crec (1) + cael (1) (35)

The derivative of (35) is

S, i(t) = [ i(t) + ux i(2) + dx.i(2)

(\1(;‘1 (Z)ev,i(t)

(36)
+ cie,,i(t) + c2qe!

In terms of (34), the longitudinal controller (21) can
be rewritten as

ux,i(t) = —fri(t) — creyi(?)
- czqez;l (t)ey.i(t) — kysy. (1) (37)
— my3g0(sx,i(1)) — Dy i(1)sgn(sx. (1))
Choosing Vi (1) = O.5si’[(t) as a candidate
Lyapunov function, one has
Vx,z’(l) = Sx,,‘(l‘).s"x,,-(l)
= 50,1 (i) + cre,,1(0) + gl (1)e (1))

+ 5w, i(0) (. i(t) —cren it )_02(13331(1‘)9%!'(’))
+ 5w i(0) (—kisx, it ) Mysgn(sy, (1))
+ 50i(0)(dv.i(1) = Dy, i(1)sgn(sy,i(1)))

(38)

Equation (38) can be simplified as

Veit) = — kls,zv,i(t) =y lsx.i(1)] (39)
+ dy,i(1)sx,i(t) — Dy, i(#)]sx.:(2)]

Since dx’,’(l)sx,i(t)S|dx,,-(t)||sx,,-(t)| and |dx’i(f)|<
D, (1), one has

Vi) < = kst (0) = mylsw (1)
+ dy,i(0)]]sx,i(1)| = Dxi(1)|sx.i(2)|  (40)
— ks (1) = my sy, (1)
In terms of V, ;(¢) = 0.5s3 ,(), one has
Vx,i(t) < - 2kl Vx,i([) - \/5771 Vx,i(l)o5 (41)

Therefore, when s, (1) # 0, V,.i(t)>0,V(t) <O0.
According to Lemma 1, when there is an unknown but
bounded disturbance, the system state can reach its slid-
ing mode surface under the longitudinal controller (21),
and the setting time ¢, ; satisfies

V2k ,
tx,i< kl] ( T]ll x1(0)05> (42)

Theorem 2. The state of the lateral lane-keeping
model (15) of a truck platoon can reach its sliding
mode surface (25) under the lateral controller (26) in
finite time, and the setting time t,; satisfies t, ;< ,2
m(1+ 2y, (0)),
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Proof 2. Since the proof is similar to the proof of
Theorem 1, it is omitted.

Finite-time consensus

The finite-time consensus of the truck platoon is
analyzed.

Theorem 3. Denote ¢y >0, ¢; >0, and 0 < g < 1. When
the state of the longitudinal error model (12) of a truck
platoon reaches its sliding mode surface (20), it will con-
verge to zero in finite time, that is, the longitudinal sys-
tem of truck platoon is finite-time consensus.

Proof 3. When the state of system (12) state reaches its
sliding mode surface (20), one has

by,i(t) T crexi(t) + el (1) =0 (43)
Multiply both sides of (43) by ¢, (), one has
e U(1)éx (1) + cre (1) = — ¢ (44)
Denote m;(t) = elfiq(t), then
dm;(t
O (1 gem() = (1 - g)es (45)
When e, ;() = 0,m;(t) = 0. According to Lemma 1,
the settling time T ; from any initial state ex,i(o) #0to
Zero 1is
(07 +
T.i— 1 In crex.i(0) 1) (46)
a(l—gq) 1)

Since ¢; >0, ¢, >0, and 0 < ¢ < 1, the longitudinal
system of the truck platoon is finite-time consensus.

Theorem 4. Denote ¢3>0, ¢4 >0, and 0 < p < 1. When
the state of the lateral lane-keeping (15) of a truck pla-
toon reaches its sliding mode surface (25), it will con-
verge to zero in finite time, that is, the lateral lane-
keeping system of truck platoon is finite-time stability.

Proof 4. Since the proof is similar to the proof of
Theorem 3, it is omitted.

String stability

Theorem 5. Denote 0 < o, < 1. The spacing errors are
not amplified by propagating along the platoon, that is,
the truck platoon is string stable.

Proof 5. When a truck platoon is in steady state,
ey.i(t) = 0 and ey ;1 () = 0. According to (10), one has

{0‘18,;0()4‘0’26() 0

orei—1,0(t) + oei1 (1) = (47)

where o) and o, are positive scalars, and o] + o, = 1.

9
Table 2. The truck parameters.
Parameters Value Parameters Value
m 18,000 kg I, 130,421 kg - m?
a 35m b I.5m
Je 24 kg - m? Jr 48kg - m?
A, 6.8m? A, [1.25m?
Cx 0.6 G 0.8
R 0.5Im p 1.2258 kg/m?3
L 20m
In terms of (9), one has
eio(t) =ei(t) + ex(t) + e3(1)... + ei(1) (48)
6‘,',1,0([) = 6‘1([) + 6‘2(1) + 6’3(1)... + e,-,l(t)

In terms of (47) and (48), one has

{el(l) +ex(t) + es(t)... T ey (1) + (1 + %)el—(l) =0

6[,1’0(0 + %@,1(1‘) =0

(49)
By simplification of (49), one has
(1 + 2>e,-(z) = 2o 1(0) (50)
ol ol
Applying the Laplace transform to (50), one has
I = 12 = (s1)

Since 01 >0,0,>0 and oy +o0, =1, 0 <oy < 1.
Therefore, according to (18), the truck platoon is string
stable.

Simulation experiments

In order to verify the effectiveness of the longitudinal
and lateral controller proposed, co-simulation experi-
ments are carried out based on Trucksim and Simulink
in this section, in which a homogeneous truck platoon
consisting of a leading truck and four following trucks
is chosen in different scenarios. The control inputs of
leading truck are provided a priori, and the control
inputs of following trucks are obtained from the con-
troller proposed. The parameters of trucks are listed in
Table 2, the tire parameters are listed in Table 3, and
the controller parameters are listed in Table 4.

Scenario A

In order to verify the effectiveness of the controller pro-
posed above, the operating condition of expressway is
chosen as a simulation scenario firstly, which is dry
with an adhesion coefficient of 0.85,*° and the
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Table 3. The tire parameters.

Table 4. The control parameters.

Tire forces B C D E Parameters Value Parameters Value Parameters Value
Fyo 8.61 1.58 22,053 0.5624 q 0.5 (&) 0.1 c3 |
Fxro 8.61 1.58 44,625 0.5624 C4 0.1 o) 04 o, 0.6
Fyfo 6.59 1.58 22,503 —0.3028 T3 0.1 T4 5 k) 0.05
Fyro 6.59 1.58 44,625 —0.3028 ky | al 0.5 1, 0.05
q 3/5 p 3/5 Iyl 35
5%) 40 I'y| 40 ryz 35

maximum road curvature is 0.0025. Set a constant
longitudinal velocity of the leading truck as 25m/s, the
initial longitudinal velocities of the following trucks as
23m/s. Set the initial longitudinal spacing errors of the
following trucks as [2, 3,4, 5] m, respectively. Both the
initial lateral position errors and yaw angle errors are
0. Simulation results are shown in Figure 6(a) to (i).
Figure 6(a) shows the curvature variation of the
expressway, where the maximum curvature is 0.0025.
Figure 6(b) shows the driving paths of the truck

platoon on the expressway, where the four following
trucks can travel along the desired trajectory. Figure
6(c) shows the phase trajectories of the following
trucks. From Figure 6(c), the lateral velocities and the
yaw rates of the four following trucks eventually con-
verge to the origin. Figure 6(d) and (e) show the longi-
tudinal velocities and longitudinal spacing errors of the
truck platoon. Note that, the first following truck has
the maximum overshoot of longitudinal spacing errors,
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Figure 6. Truck platoon in scenario A: (a) road curvature, (b) driving paths, (c) phase trajectories, (d) longitudinal velocities, (e)
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and the overshoot of the others are decreasing in order
of the platoon, that is, the string stability of the truck
platoon is guaranteed. Figure 6(f) and (g) show the lat-
eral position errors and yaw angle rates of the follow-
ing trucks. It can be found that the lateral position and
yaw angle rates of the following trucks will change
accordingly within an allowable range when the road
curvature changes. Since the lateral position errors of
following trucks are less than 0.5m, the lateral con-
straint is satisfied. Figure 6(h) and (i) show the longitu-
dinal and lateral sliding mode surfaces of the following
trucks, in which the convergence time of longitudinal
sliding surfaces is about 10.2s.

Comparison Experiment A

In order to illustrate the necessity of using the dynamics
model for truck platoons, a sliding mode controller
with a classical kinematic model*' is chosen for com-
parison in this subsection. Set the constant longitudinal
velocity of the truck platoon as 25m/s, the initial longi-
tudinal spacing errors of the following trucks as Om.
The rest of the conditions are the same as in simulation
scenario A and the controller parameters are shown in
Table 4. The simulation results are shown in Figure
7(a) to (c).

Figure 7(a) and (b) show the longitudinal spacing
errors and longitudinal sliding mode surfures of the fol-
lowing trucks. It can be seen that large oscillatory beha-
viors are caused when the truck platoon steers, which
may lead to an instable movement of the truck platoon.
Figure 7(c) shows the lateral position errors of the fol-
lowing trucks. The nonlinear characteristics of tires are
not taken into account in the kinematic model, which
might lead to the performance decaying. Furthermore,
the lateral position of the following trucks travel
beyond the lane boundary. Therefore, it is difficult to
guarantee the safety of truck platoons at high speeds
supposed that controllers are designed using the kine-
matic model (Figure 8).

Scenario B

In order to further verify the effectiveness of the pro-
posed scheme, different road is chosen in this subsec-
tion. The road chosen can be described as

X
= 100sin [ -=2—
Y OOSIH(3OO7T)

where Y the lateral position and X is the longitudinal
position.

(52)
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Figure 9. The truck platoon in scenario B: (a) road curvature, (b)
(e) longitudinal spacing errors, (f) lateral position errors, (g) yaw an
lateral sliding mode surfaces.

The road curvature is

v
oo N -
(1+Y?*)"
In terms of (52) and (53), the road curvature is
. [ Vx
K = 0.01sin <% m) (54)

Consider the road curvature as a bounded distur-
bance. Set the road adhesion coefficient as 0.85,*°
which is a dry road. The constant longitudinal velocity
of leading truck is 15m/s, the initial longitudinal veloci-
ties of the following trucks as 13m/s. Set the initial
longitudinal spacing errors of the following trucks as
[2,3,4, 5] m, respectively. Both the initial lateral posi-
tion errors and yaw angle errors are 0. The simulation
results are shown in Figure 9(a) to (i).

driving paths, (c) phase trajectories, (d) longitudinal velocities,
gle rate errors, (h) longitudinal sliding mode surfaces, and (i)

Figure 9(a) shows the evolution of road curvature,
where the maximum curvature is 0.01. Figure 9(b) is
the traveling paths of the truck platoon on the road,
which shows that four following trucks can travel along
the desired trajectory. Figure 9(c) shows the phase tra-
jectories of the following trucks, which shows that the
phase trajectories of the following trucks do not cause
large fluctuations under the disturbances caused by
continuously change of curvature, that is, robustness of
the truck platoon is demonstrated. Figure 9(d) and (e)
show the longitudinal velocities and longitudinal spac-
ing errors of the truck platoon. It can be found that the
longitudinal velocities and longitudinal spacing errors
of the following trucks will evolve accordingly within
an allowable range when the road curvature continu-
ously changes. Furthermore, the string stability of the
truck platoon is demonstrated in Figure 9(e). Figure
9(f) and (g) show the lateral position errors and yaw
angle rates of the following trucks, where the lateral
position has a maximum error of about 0.3m from
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Figure 10. Truck platoon with the comparative controller in scenario B: (a) longitudinal spacing errors, (b) longitudinal sliding

mode surfures, and (c) lateral position errors.

four following trucks to the centerline of the lane.
Figure 9(h) and (i) show the longitudinal and lateral
sliding mode surfaces of following trucks. It can be
found that the steady state errors of the longitudinal
sliding mode surfaces are about 0, which further illus-
trates the robustness of the proposed controller.

Comparison Experiment B

In order to compare the finite-time convergence of the
proposed controller, a decoupled controller consisting
of a longitudinal linear sliding mode controller®> with
the spacing policy of (8) and a lateral controller using
PO driver model (Position and Orientation optimal
preview driver model)®® is chosen. In the simulation
scenarios A and B, set the same initial conditions for
the comparative controllers. The simulation results are
shown in Figures § and 10.

Figures 8(a) and 10(a) show the longitudinal spacing
errors of following trucks in scenario A and B. It can be
found the forth following truck has the maximum over-
shoot of longitudinal spacing errors, and the overshoot
of the others are decreasing in order of the platoon.
Therefore, the controller designed with the spacing pol-
icy of (8) does not guarantee string stability of the truck
platoon. Figures 8(b) and 10(b) show the longitudinal

sliding mode surfures of following trucks in scenario A
and B. From Figure 8(b), it is shown that the conver-
gence time of longitudinal sliding surfaces of four fol-
lowing trucks is about 22 s, which is much slower than
the controller proposed in this paper. From Figure
10(b), it can be found that there is a little steady state
error and chattering on the longitudinal sliding sur-
faces. Figures 8(c) and 10(c) show the lateral position
errors of the four following trucks in scenario A and B.
Since there is a little error in converting the road infor-
mation into the information of the preceding truck
when using the PO driver model is used, the lateral
position errors will accumulate gradually. Therefore,
when the number of trucks in platoon increases, the lat-
eral position of the following trucks will cross the lane
boundary, which might cause incidents.

Safety insurance of the truck platoon

In order to ensure the safety of the truck platoon, the
maximum longitudinal velocity of the truck platoon
needs to be investigated. Therefore, simulation experi-
ments under different road curvatures and road adhe-
sion coefficients are carried out in this subsection. The
road curvatures of scenario A and B are chosen for
simulation. Referring to Li et al.*® and Hichri et al.,*
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Figure I1.
(b) £=0.60, and (c) w=0.35.

The lateral position errors of the first following truck in scenario A with three road adhesion coefficients: (a) u=0.85,



Proc IMechE Part D: | Automobile Engineering 00(0)

31 26 25
301 25 24
5 2 = §24i/~ - - % ‘l‘ - ==
E £l E b
Z 28 2B 222
8 i 8 W 8
oI ° °
> 27 >o22fs > 21§y
T T ]
< < <
3 5 3
226 221 220
> =3 =3
8 26m/s s 21m/s 5 20m/s
) m = =
2 27mis 20 22mis 19 21mis
77777 28m/s —-==23mis —-me22mis
24 - = —29mis 19 = = —24mis 18k - = =23mis
30mis 25mis 24mis
23 18 17
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (s) Time (s) Time (s)
(@) (b) ©

Figure 12. The longitudinal velocities of the first following truck in scenario A with three road adhesion coefficients: (a) u =0.85,

(b) 1£=0.60, and (c) w=0.35.
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(b) =0.60, and (c) 11 =0.35.

the typical road adhesion coefficients are 0.85, 0.60,
and 0.35. The errors of the first following truck in pla-
toon is the largest one due to string stability, so the
first following truck is chosen as comparison objective.
Set the constant longitudinal velocity of the leading
truck to be 2m/s faster than the initial velocities of
following trucks. Set the initial longitudinal errors of
the following trucks as 2 m, both the initial lateral posi-
tion errors and yaw angle errors as 0. Whether the

lateral position of the following trucks cross the lane
boundary is chosen as the criterion for judging the
safety of truck platoon. The simulation results are
shown in Figures 11 to 14.

Remark 6. Since the parameters of tires in the “Magic
Formula” depend on the road adhesion coefficients, let
m =1 be nominal road adhesion coefficient, and
m =035 be wet road adhesion -coefficient. The
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Figure 16. The maximum safe driving velocity of the truck
platoon under different road adhesion coefficients and the road
curvature of 0.01.

influence of the road adhesion coefficient on the tire
forces in the “Magic Formula” is to change parameters
Bto (2—w)B, Ct00.25% (5—u)C, D to uD.*?
Figures 11 and 12 show the lateral position errors
and longitudinal velocities of the first following truck
under three road adhesion coefficients in scenario A,
which show that the truck platoon can move stably
with three road adhesion coefficients with the maxi-
mum road curvature of 0.0025. Among them, when
© = 0.85, the maximum safe longitudinal velocity of
the truck platoon is 28 m/s; when u = 0.60, the maxi-
mum safe longitudinal velocity is 23m/s; when
p = 0.35, the maximum safe longitudinal velocity is
21m/s. It can be found that when the road adhesion
coefficient decreases, the maximum safe longitudinal
velocity of the truck platoon will also decrease accord-
ingly. Therefore, through experiments conducted under
different road adhesion conditions, if the longitudinal
and lateral decoupling controllers are applied on the

Figure 17. The total longitudinal and lateral forces of the first
following truck under longitudinal velocity of 17 m/s and
n=0.85.

expressway of the maximum road curvature of 0.0025,
the maximum safe driving velocities of the truck pla-
toon under different road adhesion coefficients are illu-
strated in Figure 15.

Remark 7. In this subsection, we have considered
non-dry ground by varying the road adhesion coeffi-
cients. Figures 15 and 16 present the maximum safe
velocities at different adhesion coefficients and
curvatures.

Figures 13 and 14 show the lateral position errors
and longitudinal velocities of the first following truck
under three road adhesion coefficients in scenario B,
which show that under the disturbances of continu-
ously changing curvature, the truck platoon can move
steadily. Among them, when p = 0.85, the maximum
safe longitudinal velocity of the truck platoon is 16 m/s;
when p = 0.60, the maximum safe longitudinal velocity
is 15m/s; when u = 0.35, the maximum safe longitudi-
nal velocity is 14 m/s. Therefore, through experiments
conducted under different road adhesion conditions, if
the longitudinal and lateral decoupling controllers are
applied on the expressway of the maximum road curva-
ture of 0.01, the maximum safe driving velocities of the
truck platoon under different road adhesion coeffi-
cients are illustrated in Figure 16.

From Figures 13(c) and 14(c), when the truck pla-
toon is moving in scenario B with road adhesion coeffi-
cients of 0.35 at a longitudinal velocity of 17m/s, the
truck platoon occurs instable movements, that is, the
truck platoon will be in danger.

Figure 17 shows the total longitudinal and lateral
tire forces of the first following truck under longitudi-
nal velocity of 17m/s and road adhesion coefficients of
0.85. It can be found that the maximum longitudinal
tire force of the truck platoon is about 25,000 N and
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Figure 18. The total longitudinal and lateral forces of the first
following truck under longitudinal velocity of 17 m/s and
nu=0.35.

the maximum lateral tire force is about 70,000 N.
Considering the coupling characteristics of tire forces,*
one has

FSmax T B max SHmg

X, max y

(55)

Therefore, the maximum combined tire force does
not reach its maximum restraint of the tire force, that
is, the truck platoon do not occur instable movements,
and the safety of the truck platoon will be guaranteed.
On the contrary, Figure 18 shows that the total longitu-
dinal and lateral tire forces of the first following truck
under longitudinal velocity of 17m/s and road adhe-
sion coefficients of 0.35. From Figure 18, it can be cal-
culated that the maximum combined tire force has
already exceeded the maximum restraint of tire force.
Therefore, the truck platoon will be unstable, and the
safety of the truck platoon will not be guaranteed.

Conclusion

Aiming at fast convergence of errors of truck platoons,
this paper proposed a distributed longitudinal and lat-
eral control strategy based on finite-time sliding mode
controller. Simultaneously, a second-order longitudinal
platoon model and a lateral lane-keeping model were
developed, in which a modified constant spacing policy
to guarantee string stability was proposed, and both the
finite-time stability and string stability of system of the
truck platoon were analyzed. Moreover, co-simulation
experiments were carried out on the joint simulation
platform of Trucksim and Simulink, which showed that
the proposed strategy can achieve fast convergence and
string stability. Finally, in order to ensure the safe driv-
ing of the truck platoon, this paper gave the systematic
estimation on the maximum driving velocity of the
truck platoon under different working conditions

consisting of road curvatures and road adhesion coeffi-
cients. The main reason for instability of truck platoon
was analyzed. Therefore, the longitudinal and lateral
control strategy proposed in this paper can guarantee
the safety of truck platoons.

Note that the proposed finite-time convergence slid-
ing mode controller induces chatter in the system, and
fails to address the force constraints of longitudinal and
lateral tires. Future works will focus on the two issues.
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