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Abstract—This paper investigates the event-triggered fixed-
time multi-lane fusion control for vehicle platoon systems with
distance keeping constraints where the vehicles are spread in
multiple lanes. To realize the fusion of vehicles in different lanes,
the vehicle platoon systems are firstly constructed with respect to
a two-dimensional (2-D) plane. In case of the collision and loss of
effective communication, the distance constraints for each vehicle
are guaranteed by a barrier function-based control strategy.
In contrast to the existing results regarding the command
filter techniques, the proposed distance keeping controller can
constrain the distance tracking error directly and the error
generated by the command filter is coped with by adaptive fuzzy
control technique. Moreover, to offset the impacts of the unknown
system dynamics and the external disturbances, an unknown
input reconstruction method with asymptotic convergence is
developed by utilizing the interval observer technique. Finally,
two relative threshold triggering mechanisms are utilized in the
proposed fixed-time multi-lane fusion controller design so as to
reduce the communication burden. The corresponding simulation
results also verify the effectiveness of the proposed strategy.

Index Terms—multi-lane fusion, distance constraints, unknown
input reconstruction, fixed-time control, event-triggered control

I. INTRODUCTION

UE to the technological development of the Internet of

things devices, the issues regarding the intelligent traffic
control have been discussed frequently [1]. Among these,
many significant vehicle platoon control strategies have been
designed with guaranteed string stability [2]. Retrospecting the
existing researches, the vehicle platoon control strategies can
be categorized into two main classes, namely the adaptive
cruise control (ACC) and the cooperative adaptive cruise
control (CACC) [3]. For the ACC control strategy, one of
the main targets is keeping a safe following between each
two consecutive vehicles. Based on this demand, the control
input of the ACC is usually constructed by the signals obtained
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from automotive radars. However, when the platoon systems
are confronted with a complicated environment or the vehicles
move at high speeds, the reliability of the ACC is questionable.
As an alternative, the CACC technique has been investigated
extensively. One of the major differences between the CACC
and the ACC approaches is that the CACC enables vehicles
in the platoon to share control and state information with the
help of wireless communication techniques [4]. Nevertheless,
it should be noted that most of the existing results about
the CACC and the ACC mainly focus on the string stability
analysis for one dimensional (1-D) scenarios. This restricts
the real application of these control strategies. As an exten-
sion, some remarkable researches have been done even for
two dimensional (2-D) plane. In [5], the so-called openCDA
simulation platform is constructed and a convenient way to
deploy CACC algorithm is provided. In [6], the multi-lane
fusion decision in 2-D plane is discussed from strategic and
tactical level. In the present paper, the string stability of the
vehicle platoon is analyzed within 2-D plane under the CACC
control framework and the multi-lane fusion control schemes
for vehicles spread in different lanes are proposed as well.
Although many researches have be conducted on the string
stability issues of the vehicle platoon, the time-varying con-
straints on the distance tracking errors are seldom considered
in literature [7]. During the vehicle moving process, two
main problems must be solved properly, namely, the vehicle
collision avoidance and the limitations on vehicle communi-
cation range [8]. One promising approach for addressing these
problems is output constraint control strategies which involve
the prescribed performance control, barrier Lyapunov function
and funnel control [9]. By importing the given performance
function, the controller in [7] is able to prevent connectivity
breaks and collisions. By integrating a terminal sliding mode
surface and a barrier Lyapunov function, the distance keeping
is ensured in [10] even under an actuator faulty scenario.
In [11], the collision avoidance integrating with the effec-
tive communication range is considered when constructing a
arctan-function-based prescribed performance controller. In
[12], the desired distance is ensured by a log-function for
a 2-D vehicle platoon while the time-varying tracking error
boundaries are considered. By integrating the barrier function
notion, the prescribed performance controller with arctan-
function in [13] can guarantee the desired distance gap for
the 2-D vehicle. In [14], the collision avoidance constraint is
interpreted as a transformation error and a safe distance is
maintained by stabilizing the transformation error. Moreover,
to offset the external disturbance accurately, a sliding mode
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disturbance observer is imported in the platoon controller in
[15]. Retrospecting these existing results, the main contribu-
tions of these control strategies are maintaining the string
stability in 1-D plane. The reliability of these approaches in
the context of 2-D plane remains questionable. Moreover, the
fast responses of a 2-D vehicle platoon system are necessary
due to the more complicated working environment and control
objectives. Therefore, when building the controller, the conver-
gence time for distance tracking errors should be considered.

In addition to the distance keeping problem, the commu-
nication burden of the CACC control strategy should also
be dealt with. One of the widely used techniques is the
event-triggered control strategy in which the corresponding
triggering mechanism can be constructed by fixed, relative,
and dynamic threshold approaches [16]. Furthermore, to mit-
igate the impacts of system uncertainties and external distur-
bances, which are unavoidable in real-world systems, event-
triggered control strategies are now being combined with
several promising signal reconstruction techniques, such as
the adaptive fuzzy logic system and the fuzzy observer-based
method. According to the estimation results from the fuzzy
observer, an adaptive backstepping event-triggered controller
is proposed in [17] for the non-strict feedback system under
the actuator faulty scenario. By noting the differentiation of the
virtual controller in backstepping control, the event-triggered
adaptive fuzzy control scheme integrating the dynamic surface
mechanism is developed in [18] such that the path-following
for the autonomous surface vessels can be realized. The
proposed event-triggered controller in [19] with a relative
threshold can ensure a fixed-time convergent performance
for the vehicle suspension system. With the utilization of
a modified relative-threshold triggering mechanism, the pro-
posed adaptive fuzzy controller in [20] can not only maintain
the multi-agent system’s prescribed performance, but also
release the communication burden between the controller and
the actuator. By introducing a fuzzy observer and a time
decaying event-triggering threshold, the distributed controller
in [21] guarantees the consensus tracking performance of the
nonlinear multi-agent system. Despite the availability of event-
triggered control schemes in the literature for particular control
issues, the event-triggered controller design for vehicle platoon
systems with distance keeping limitations remains open and
deserves to be further investigated. Therefore, this leads to the
combination of the event-triggered control and the distance
keeping control demand for constructing the controller in the
present paper.

Motivated by the preceding discussions, the main objectives
of the present paper can be divided into three parts, namely
the problem formulation for fusion control of vehicle platoon
systems in 2-D plane, the interval estimation-based unknown
input reconstruction scheme, and the event-triggered distance
keeping controller design. In particular, 2-D vehicle platoon
systems are firstly proposed and the multi-lane fusion control
problem for the vehicles spread in different lanes is inter-
preted as a stabilization problem of the tracking angle error
between the adjacent vehicles. For the second part, an interval
observer is proposed for the vehicle platoon systems. Based
on the interval estimation, an unknown input reconstruction

method is developed to asymptotically estimate the impact
of the external disturbance and the system uncertainty for
each vehicle. Thirdly, for maintaining the distance keeping
constraints, an auxiliary tracking error is proposed with respect
to a barrier function. By stabilizing the auxiliary tracking error,
the distance keeping constraints are hence held. To achieve
this, an adaptive fuzzy fusion controller is developed and
the event-triggered mechanism is utilized so as to reduce the
communication burden. The main contributions of the present
paper are summarized as follows,

« Unlike the existing 1-D vehicle platoon control strategies
[22], [23], the vehicle platoon control problem in the
present paper is discussed within a 2-D plane. The
multi-lane fusion control for the vehicle platoon has the
potential to be applied to many actual driving scenarios,
such as vehicles passing a tunnel.

o The interval estimation-based unknown input reconstruc-
tion can provide an asymptotic convergent estimation of
the unknown input via algebraic calculation. Moreover,
the reconstruction decouples the control input success-
fully. Consequently, it improves the flexibility for design-
ing the controller with the unknown input compensation.

o To avoid the possible collision and loss of effective con-
nection, the distance keeping criteria are put forward and
they can be ensured by stabilizing an auxiliary tracking
error generated from a barrier function. In contrast to
[24], the distance tracking error in the present paper
is constrained by a time decreasing boundary set and
the error transformation process is simplified by the
given barrier function when compared to arctan or log
functions in [11]-[13]. In addition, the communication
burden is eased by the event-triggered mechanism with a
relative threshold.

The remainders of this paper are organized as follows. In
Section II, the system description and some preliminaries are
presented. The main results including the unknown input re-
construction and the controller design are given in Section III.
Section IV provides the simulation results and the conclusion
is summarized in Section V.

II. PROBLEM FORMULATION AND PRELIMINARIES
A. System Dynamics

In this paper, vehicles are allowed to run in separate lanes.
However, numerous lanes may merge into a single one in
certain cases (e.g. when passing through a tunnel in Fig.1).
Therefore, it is reasonable to assume that proper peripherals
and GPS are mounted on each vehicle so as to acquire
the positions of itself and its neighbors during the CACC
manipulation. In addition, each vehicle is supposed to track
its predecessor and this is also known as the predecessor
following pattern. Therefore, the ith vehicle’s control input
is based on the (¢ — 1)th vehicle’s states and control input
which are transferred wirelessly. The model for each follower
vehicle is given as follows [24],

Pai(t) =v;(t) cos oy (t), Pyi(t) = vi(t)sino;(t)
0;(t) =a;i(t) = ui(t) + 5i(Pai> Pyi> vi, t) + Tas(t) (1)
Gi(t) =i(t), ¢i(t) =7i(t), i=1,...,N
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where p.;, py; are the absolute position along with the or-
thogonal axises in a two dimensional coordinate axis. v; is the
volume of vehicle’s velocity. o; stands for the angle between
the vehicle’s headway direction and the positive X-axis. In
other words, o; represents the direction of vehicle’s velocity.
u; is the control input of each vehicle. ¢; is the acceleration
of o;. 7; is the time-derivative of ¢;, representing the other
control variable. s;(psi, Pyi, vi,t) is the nonlinear part of the
vehicle system including unmodeled system dynamics such as
the aerodynamic drags, rolling and gradient resistances. Ty;
is the external disturbance for each vehicle. In this paper, the
impacts of the external disturbance and the unmodeled system
dynamics have been lumped together and the corresponding
unknown input S;4 is defined as S;q = s; + Ty;.

As for the leader which is labeled as Vehicle 0, the dynamic
model is given as [24],

pmo(t) :Uo(t) COS Uo(t), pyO (t) = Uo(t) sin ago (t)
0o(t) =ap(t)

In this paper, vehicle 0 is considered as a virtual leader which
is an ideal vehicle and free from system uncertainty and dis-
turbance. All the vehicles are assumed traveling alongside the
positive X-axis in the same direction. Moreover, for simplicity,
the virtual leader is considered to remain in a single lane with
no need to change lanes, and so its velocity angle oy is 0.

2)

Assumption 1 ( [24]). The external disturbance Ty;(t) is
bounded such that |Ty;(t)| < Tq where Ty is known.

Assumption 2. The unknown nonlinear part s; is bounded
such that |s;| < S where S is known.

Remark 1. The model proposed in [24] and the present
paper for the vehicle platoon is a simplified version of the
real vehicle. Moreover, this vehicle model is constructed on
the basis of the commonly used vehicle model in [25]-[27].
Traditional 1-D platoon control in [25]-[27] can be subsumed
under the 2-D problem addressed in this paper with the
velocity deflection angle o;(t) = 0. Furthermore, the variation
range for the velocity angle is set as o; € [—m, 7.

Remark 2. It notes that Assumption 1-2 require the bound-
aries Ty and S in advance. These variables may vary from
vehicles to vehicles. Even though Ty and S are hard to be
obtained accurately in practice, the subsequent unknown input
reconstruction method can fix this problem because different
selections of the boundaries for T; and S result in almost the
same unknown reconstruction performances, just as claimed
in Remark 4.

B. Problem Formulation

According to Fig.1, vehicles distributed over multiple lanes
are forced to merge into one lane due to some special road
conditions. The communication topology of the vehicle pla-
toon is illustrated in Fig.2. Moreover, to avoid the collision and
loss of effective communication, the distance keeping should
be addressed carefully during the vehicular fusion process. In
this paper, a constant distance keeping policy is adopted. The

Tunnel

Fig. 1. The structure of the 2-D vehicle platoon when passing through tunnel.

()

Fig. 2. The communication topology of the 2-D vehicle platoon.

actual gap d;(t) and the relative position angle §;(¢) between
the th vehicle and its predecessor is given as,

di(t) = \/(pxi—l —pai)” + (i1 — Dyi)° 3)
6;(t) = atan2 [(pyi—1 — pyi) » (Pwi—1 — Pai)] 4)

The distance constraints for each follower are defined as,
0 < Dot < di(t) < Deon )

where 2., stands for the minimum collision avoidance gap
and %, indicates the maximum effective communication
range. Moreover, it is assumed that the initial distance gap
between each adjacent vehicles is within the effective commu-
nication range. Therefore, it is possible to propose a proper
distance keeping controller which is constructed on the shared
states among the adjacent vehicles.

Remark 3. Although the communication reliability may be
affected by various factors, the effective communication is de-
fined to be only related to the distance of the adjacent vehicles
in the present paper. It means that the reliable communication
can be obtained within the limited communication range.

To realize the multi-lane vehicle fusion, we define,
€i(t) :di(t) —d (6)
€, (t) =04(t) — di(t) (7
where d is the target inter-vehicular distance imposed by the
constant distance keeping policy. Furthermore, it has A; <
e;(t) < Ay where A} = Doy — d and Ay = Do, — d. Then,
based on (3), and (6), the time derivative for e;(¢) is given as,
& = nia (t)vi(t) + ni2(t)
where

Ni1(t) = = [co8 05 (Pwi—1 — Pai) + (Pyi—1 — Pyi) sinoy] /d;(2)
Ti2 (t) = [(pzifl - pm-) Vi—1COSOT;_1
+ (Pyi—1 — Pyi) vi—1sinoy_1] /d;(t)
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According to the above discussion, the main concerns can be
categorized as follows,

o Designing a distance constraints-based backstepping fu-
sion controller for each follower vehicle so as to keep the
desired distance gap d and realize the multi lane fusion.

o To eliminate the influences caused by the unmodeled
system dynamics and the external disturbance, an asymp-
totic convergent unknown input reconstruction method is
developed based on state interval estimation.

e Because of the limited on-board communication re-
sources, the event-trigger-based control strategy is intro-
duced to the proposed controller.

Based on this understanding, the control structure in the
present paper is depicted in Fig.3. The following lemmas are
introduced before proceeding with the controller design.

Lemma 1 ( [28]). If a Lyapunov function V(x(t)) holds
V(z(t) < Vo (x(t)) — bV (x(t)) + R where by > 0,
by >0, XN >0, a1 € (0,1) and ay € (1,00), then all the
signals in the system converge to the following residual set
within a fixed setting time t,,

o R NE a R E
X = {.’L‘(t)v S min {blal (”> ,b2a2 (1[) }}

where | € (0,1) and the setting time T, holds,

1 n 1
bll(]. — (Ll) b2l(a2 — ].)
Lemma 2 ( [29]). For Vs € R and X > 0, it can be concluded
that 0 < |3| — sctanh(s¢/R) < 0.2785N.
Lemma 3 ( [30]). For by, by € R, it holds that

ai

a1 + as

t, < tr,maw =

ag %—%|b2|a1+a2

by o) <
b1]** [ba]** < ot

%|b1|al+a2 +

where a1, as and » are positive constants.

Lemma 4 ( [28]). For »; > 0, then it has,

ai

n n
E %;-“> E %, ,0<a; <1
Jj=1 j=1
a2 a2
n n n
nla E %; < E %;-12 < %, , 1<as <
j=1 j=1 j=1

Lemma 5 ( [30]). For » € R and VX > 0, it has 0 < |3| <

N+ 22 /32 + N2,
Lemma 6 ( [31]). For a continuous function F(x), there exists
a fuzzy logic system such that,

sup |F(z) — WT<p(a:)| < h(x)

reX
where x stands for the input and the ideal weight vector is
defined as W = [wy, ..., w|T € R'. The approximation error
holds |h(z)| < h. The fuzzy basis function ¢(x) is chosen as

pl@) = [p1(@). @) S}y 05e) in which () =
exp [fW} where j =1,...,1, €; is the center of

@;(x) and %Jis the width of ¢;(z).
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Fig. 3. The control structure for the vehicles in 2-D vehicle platoon.

ITII. MAIN RESULTS
A. Unknown Input Reconstruction
To offset the external disturbance and the unknown modeled
system dynamics, an unknown input reconstruction strategy

is proposed. For this purpose, an interval observer is firstly
presented as follows,

f]l(t) = ’U,z(t) + 53_ — S; — Li (Ui — ’51) (8)
0;(t) = wit) + S5 — 57 — Li (vi — ;) ©)
where L; is the observer gain and it can be any negative

constants, Sj =S+Tgand S, = —Sj. v; and P, are the
upper and lower boundary estimations of v;.

Theorem 1. According to the interval observer (8) and (9),
if the initial states satisfy that ,(0) < v;(0) < v;(0), then
9;(t) < vi(t) < ;(t) holds for all t > 0.
Proof: Firstly, the estimation errors are defined as v; =
v; —v; and ¥; = v; — ;. Then we have,
b = Lyt + ST — S — Sia(t)
U, = Lit; — S + ST+ Sia(t)
It is easy to show that S — S; — S;4(t) > 0 and =S +
ST+ Sia(t) > 0. As a result, if 9;(0) < v;(0) < v;(0), then

9;(t) < v;(t) < v;(t) always holds. ]
Furthermore, there always exists ¢;(¢) € (0,1) such that,

wilt) = GO + (1 - 6E) 0,0 (0)
By noting (8)-(10), it has,
i =i+ S5 — S — Li [ty + (1= £,) b, — ]
=10 — G, +ui + S5 — S (11)
O =u;+ Sy — SF — L [t + (1= £:) 0; — ;]
= Gio; — G +u; + S; — ST (12)

where ¢, = —L; (¢; — 1) and ¥ = —L;{;. Referring to
(10)-(12), we can have,

6= [(1= ) Fia + s + £ | 61 + (26 = 1) ST
+ {— (1—=4)Y0 — ;91 — gz] 0, — (26— 1) 85 +w
— ;) +Zi2 (S5 - S7) (13)

=u; + Zi1 (0
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where =1 = £;%1 + EZ +(1- fz) Y5 and =0 = 20; — 1.
By comparing (13) with (1), the unknown input S;4 can be
represented as,

Sia =Za (0 — 8;) + Za2 (S — S7) (14)

According to (13), the derivation of ¢; is used. To acquire l@-,
we firstly rewritten (10) as,

b= (v — ;) / (0 — )
By passing ¢; through the differentiator in [32], then the

5)

estimate of Zi, which is denoted by éi, can be acquired within
a fixed time. Moreover, based on (14), the unknown input
reconstruction result is presented as,

Sia = Za1 (0 — ;) + Ei2 (S] — S7) (16)

where éil =09, + Ei + (1 — &)%2

Remark 4. Based on the interval estimations from the interval
observer (8) and (9), an algebraic relationship between the
unknown input of S;q and v; is established. Moreover, by
referring to the algebraic relationship in (14), an unknown
input reconstruction method is hence developed in (16). The
proposed unknown input reconstruction possesses some sig-
nificant features. Firstly, it is an algebraic reconstruction and
it can estimate the actual S;; asymptotically. Secondly, the
reconstruction result decouples the control input signal u; suc-
cessfully. Therefore, designing a controller with the unknown
input compensation becomes possible. Thirdly, although the
unknown input reconstruction (16) relies on the values of Sj
and S, different boundary selections result in almost the
same reconstructions.

B. Event-triggered Fixed-time Multi-Lane Fusion Control with
Distance Constraints

From (5) and (6), we can notice that the distance constraints
are expressed as an interval with fixed boundaries. To improve
the tracking performance and the accuracy, the distance con-
straints are modified as,

Al < Ail(t) < ei(t) < Aw(t) < Au (17
Moreover, A;(t) and Ay, (t) in (17) are defined as,
Aq(t) = —(Astoo — Ar)exp(—sit) + Ajioo

where Ajjoo and Ay satisfying Ajjne < 0 < Ajyoo are
the predesigned ultimate values for A;(¢) and A;,(¢). The
positive parameters ¢; and ¢;, are the damping ratios for
Ay (t) and A, (t). Selecting constant A;; and A, such that,

Au(t) < Ay, Ay < Ajult)

7

To convert (17) into an unconstrained expression, the following
barrier function is developed,

e — 61'(?5) — Ail
Y oe(t) — Alt)
= ¢enei(t) + €2

ez(t) —é-

U

Aiu (t) — ¢ (t)

(18)

Ag—Di+Aiu—A,,

(e () —Au)(Aiu—ei(t))

A AVITAY : : o
D -A)(Bra—ci(y): Moreover, the derivative (Zf E,A is

gi = Guéi(t) + Go where ¢ = (A“_A“ =ty

) ei—Aq)? (Aiu—ei)?

ei—Ai) Ay ei—A;, JAiu .
and (2 = ((ei_A’i)l)zl — ((Aiu—e)i)z . According to (18),
g; — +oo when e;(t) — A, (t)” and ¢, — —oo when
ei(t) — Ay(t)*. Moreover, to perform an accurate tracking
performance by maintaining the fixed distance gap d, the

ideal form for €; is chosen as €;4,
gia = (Duliw — Dgd,) [ (Auliy)
The time derivative of ¢;4 is calculated as follows,
i = —Dulu /AT + A A A2, = (is

where and &4 =

€il
A A A

19)

The error between ¢; and ¢;4 is defined as z;1 = ¢; — €;4.
Referring to (18) and (19), we have,

Zin = Gnéi(t) + Gz — Gi3
= Ganivi(t) + Gz + G2 — Gis
= Xi1vi(t) + Xz
where x;1 = Gi1mi1 and xi2 = Gimiz + G2 — (3. Up to now,
it notes that the time-varying performance constraints for the
tracking error e;(t) can be maintained by stabilizing z;1.

Remark 5. Unlike the output constrained control approach
in [24], the proposed distance constraint control scheme can
provide a dynamic output constraint boundary whereas in
[24], the constraint boundaries are set as fixed or symmet-
ric ones via a given barrier Lyapunov function. Moreover,
although some modifications for the fixed boundary can be
found in [33] with the utilization of the integral-type Lyapunov
function, the upper and lower boundaries of the tracking error
are symmetric. Therefore, the asymmetric boundary set can be
viewed as another merit of the proposed method. In addition,
differing from arctan or log functions in [11]-[13], the error
transformation is simplified by a given barrier function in (18)
which can be viewed as the extension of [11]-[13].

To show the convergence of z;;, we construct a Lyapunov
candidate function as V; = Zf\; 122 and the time derivative
of Vi holds,

N
Vi = Z [zi1 (xa1vi(t) + Xi2)]
i=1

{2i1 [xa1 (Viao(t) + 2i2a) + Xi2]} (20

s

Il
_

where v;40(t) is known as the virtual controller for z;; and
Ziod = V; — Viqo. According to (20), a fixed-time virtual
controller is constructed as follows,
1
il
where ¢;1 > 0, ¢;o > 0,0 < ¢ <1 and g2 > 1. Substituting
(21) into (20) yields,

_ 2q1—1 2q2—1
Vido = (_Xi2 — Ci124; — Ci2Z;7 ) (21)

N
Vi < —2% min {c;1 } V' + Z Zi1Xi1%i2d
i=1

— 22 min {¢;0} Ni-a Vi
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According to Lemma 1, if z;54 is asymptotically convergent,
then the fixed-time convergence for z;; is achieved. Moreover,
based on the backstepping control framework, the derivation of
the virtual controller is necessary and the signal differentiator
in [32] is deployed here. However, the estimation error is
inevitable in the presence of the differentiator. Then the virtual
controller is modified as v;4 and the estimation error is defined
as zjpA = Vi — V;q Where v, is the estimate of v,;4 from the
differentiator. Consequently, we have,
N
Vi :Z {zi1 [xa1 (v

=1

— Vie + Vie — Vig + Vig) + Xaz2l}

N
Z Zil le 212 + Zi2 A + Uzd) + XZZ]} (22)

where z;0 = v; — v;.. According to (22), the adaptive fuzzy
fixed-time virtual controller is given as,

1 2q1—1 221 T
Vid =X“ <_Xi2 izt = cinzi?T Srnt 211007 @i
(23)
0 22% 2200 — Bib; (24)
R4l

where ~;, k;1 and (3; are positive constants. (; is the fuzzy
basis function vector and 6; is the parameter in fuzzy system
which will be designed later.

Remark 6. In some output control strategies like [34], the
variables to be constrained are the compound of the track-
ing error and the errors generated by the command filter.
Therefore, the real constraint for the tracking error cannot
be guaranteed directly. In the present paper, this problem has
been solved. Moreover, the adaptive fuzzy process is used to
compensate the errors between the ideal virtual controller v;q
and the command filtered controller v;.

Remark 7. By noting the definition of m;1, X1 and vig,
the singularity problem may occur when the vehicles share
the same X position and o; = 0. Therefore, the applicable
situation for the proposed control strategy requires the vehicles
possess different X positions at the initial time.

Remark 8. It should be noticed that the computational com-
plexity of the adaptive fuzzy virtual controller is related to the
number of fuzzy rules, the adaptive process of the parameters
and the control signals. (23) and (24) show that only one
adaptive parameter and one virtual controller need to be up-
dated. Therefore, one way to further reduce the computational
complexity of the controller design is to select the proper fuzzy
rules and constrain the total number of the fuzzy rules with
respect to the detailed application environment.

By referring (23) and (24), we design Vi, = Vi +
va 1 21 02 where 6; = 6; — ;. Then V; ,, holds,

N
Vim = Z (zi1Xi12i2 + 2i1Xi Zi2a + 2i1Xi1Vid + Zi1Xi2)
i=1
N
1~z 1 1
+ ——0,0; + 23 — —— 22 25
;( Vi 2R 2k 22

In addition, we define a; = x;12i2A + 2 = Zil.- Based on the

fuzzy logic system in Lemma 6, it can be obtained that,
=Wl o(zn) + hi(zi1), |hi(za)] < h

where W; is the ideal weight vector and 6; = W W,. h;(z1)

is a bounded estimation error. Furthermore, we have,

1 2 T Ki1 1 2
s—210ip; i P
2’431'1221 Pi P + 92 + QHiQZZl +
Substituting (23) and (24) into (25) gives,

1
Z kioh?
9"

zi10y <

1
Vl ,m <Zl (27.1X11212 + — 2% Fi1 1191@1 901 2
+2i1Xi2 + mzfl — ZzinXi2 — Cinz — cinz
1 55 1
— 220,07, — —— 22
2/%1 Z’Ll 902 2 2/%2’211)
Bi ;
+Z —h0upl o+ 0.0 (26)
Noting Lemma 3 and the fact that 5’9 0, < /37 0? +
5192 if we set by = 1, by = 192 a = 1 -
q1, a2 = q1, and x = exp( then it has

2) +(1-q)q, =0 . Similarly, we can

1 2 1
1 g2 < _ (
27, i = 2v:
v Bt o iy
) (1—¢2)qy

have, ——92 (
above deduction (26)

. Based on the

N
’ Ki1 1 2q1 242
Vim < g (2’7:1)(1'127:2 + 5 + zkigh?® — cinziyt — cinzyy

i=1 2
Bz ( 2)111
+ 0% — 0
Z i2% 2vi
ﬁi iEl Bz a2 o
= (1- au 9
+ 5 ( (J1)q1 it
N
< -GV =GV + Z zitXinzi2 + Ay, 27
i=1
where
al Ki1l | Ki2 2 Bi 0 Bi =
Ay = % % B % 0?2 Pi 1— a1
\%1 ;(2 + 2,yzz+2( ql)ql >a
G, :min{2‘“czl,62 } Gy = NI~ mln{2‘“czg7%}.

To stabilize z;9, the relative threshold event-triggered mech-
anism is introduced. Firstly, the system dynamic is transformed
into 0; = u;(t)+S5;4(t). Moreover, the relative threshold event-
triggering mechanism is given as,

Uio(t) =uic (t},,) , Vt € [ ;;i,t;m)
:lnf{t > ti.lHE7(t)| > ﬁiliuio(tﬂ + 197,2}

(28)
(29)

i:i+1
where u;,(t) is an intermediate control variable, 0 < 9¥;; < 1
and ¥ip > 0, Ei(t) = wic(t) —uio(t). t},, is the latest triggering
time point of the ¢th vehicle. From (28) and (29), we have,

B(8)] = [uic(t) ~uio t)] < Vi luio t) | +0iz, Wt € [th,. 1., )
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Then wic(t) = (14 i1 (t)01) wio(t) + Yi2(t)Vi2 where
[ti1(t)| < 1 and |);2(t)] < 1. Consequently, it has,

wic(t) iz ()42
() = — 30
io(t) T+vn(t)9n 1+ v (t)da G0
Based on (28)-(30), the controller is designed as,
2
ZioU;
U= — ——=o 2 (€2))
Vzhui + Y2
:(1-1-19“) |:$ tanh( ) +19l1ta h(m):|
Sil Sil
(32)
where % = S;q — Bie + cinggl_l + ci4zi22q?_1 + Xi1%i1

and 1§1'1 > 1912/(1 7’[911) Ci3, Cia, Y; and g;p are positive
constants. Then we have the following theorem.

Theorem 2. Considering the given 2-D platoon system in (1),
the proposed event-triggered backstepping controller (31) and
(32) with virtual controller in (23) can ensure the distance
keeping constraints in (5) and the fixed time convergence of
the tracking error in (17).

Proof: Firstly, the Lyapunov candidate is chosen as V5 =
Vim+ ZZI\; %2122 Based on Lemma 5, V5 holds,

+ 2i2Sia — Zi2'[1ic>

V1m—|-Z( 7\/;27+T2
<V1m+z

— Zi2Uj0 + 22 Szd Zi2'[}ic)

Zi2Ujc ZioVs2 .
<Vim i25id — Zi2Vic
1 +Z< 1—&—1911 1—192'1 + #4251 ZQU)
+ Z ( i + 013222 + iz — cl-g,zf2 — cl4sz2> (33)
i=1

According to Lemma 2, it holds that,

zi2-L; <|zi2Z;| < 2122, tanh (227 /si1) + 0.2785¢;4
zio0i1 <|zio¥i1| < 2i20;1 tanh (22951 /1) + 0.2785¢;1

Substituting (32) into (33), it has,

2q2
V2<E ( 071211 — Ci22;;

‘2{%‘(%*) 5 (=

< — GVt — G4Vi? + Ay,

2q2
— Cigz;o )

q2
) ] + Ay,

(34)

2q
- 01'321'2

where Ay, = Z7N 1 (T + 0. 55791) + Ay,
Gs min {2‘11011, 29 ¢;3, B }, Gy =
N1=% min { 2%¢;9, 2% ¢;4, % According to (34) and
Lemma 1, the convergence time is calculated as,
1 1
Jr
Gsui(1—q1)  Gati(g2—1)

ty < ts,mam =

where ¢1 € (0, 1). Moreover, when ¢t — t, it has,

‘Zill < 2mi1’1{G3ql

1 E
s Ay, (“,Glé Ay, \ ™
17L1 ].7L1
LAy, \ T Ay, \ 7
. -+ Va q1 _ql Va a2
2 1 2
oyt (129 )"0 (£2)7)
_1 /A
29 min {G3 a ( Ve
17L1

where ¥ = max {v11,...,Yn1}-
Moreover, it can be noticed that |u;.(t) — wi(t)] <

Vi |wio(t)] + D42, VE € t};i,tziﬂ . Based on the discussion
in [16], the differentiability is ensured with respect to (32).
Furthermore, we have,

HBAOL 2 (Bi(e)B:(6)) = sign (Bu(0)) Bx(0) < Jie 1)

Due to the bounded tracking errors,

\

|zi2] <

w1 Ay \ @
GQQ 2
) et ()"

|éi| <

u;. is bounded and

Wi < U where %; > 0. Based on this, for the case

when lim, i Ei(t) = 9a |luic ()| + ¥i2 > 0, then
. Sit1

th, iv1 —ti, > Vi2/% > 0. A similar result can be obtained for

the case when lim,_,,;  Ej(t) = —0q |uic (t;,)| — Vi2 < 0.

Consequently, the zeno  behavior is avoided. [ ]
To achieve the multi lane fusion, an auxiliary variable A; is

defined as \; = w;e,, + é,, where w; is a positive constant.

The time derivative of ); satisfies,

0;) — 0;

Ai =7 + w5 — 35)

where w; > 0. Moreover, an event-triggered fixed-time control
law for \; is designed. Similar to the previous deduction, the
event-triggering mechanism is defined as,

Tio(t) =Tic (t3,) , Vt € { ot +1> (36)
t; - —inf{t > t;IHHZ( )l > 191‘3‘Ti0(t)| —|—?914} 37

where 7;,(t) is an intermediate control variable, 0 < ¢;3 < 1
and ¥;4 > 0. t; is the latest triggering time point of the ith
vehicle. According to (36) and (37), it has,

[Hi()] = 73e(t) = a0 (O] < Dialrio ()] + 00, VE € [£5,85,., )

(1 4+ ¢is(t)i3) Tio(t) + 1ia(t)¥ia where
| <1 and |9)4(t)] < 1. Consequently, it has,

Tic(t) Yia(t)Via
L+ is(t)0i3 1+ Pi(t)ds
According to (35) and (38), the control law for JA; is given as,

/\<7'2

AT+ of

= (1 + 1913) |:Q tanh </\ e@ ) + 1912 tanh <W>:|
Si2 Si2
(40)

Then 7,.(t) =
[a3(t)

Tio(t) =

(38)

(39)

T — —

where 2; = cis A2 4 i\ 4wy —

3

1§i2 > ’1914/ (]. — 1913) with cis > 0 and c;6 > 0.

b;) — 6; and
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Theorem 3. Considering the given 2-D platoon system in (1),
the proposed event-triggered angle tracking controller (39)
and (40) can ensure the fixed time convergence of the angle
tracking error in (7).

Proof: Here, we select the Lyapunov function as V3 =
S°N 1)2. Then the derivation of V3 holds,

AiTio o
l_w +Aiwi(gs — o) — MZ—]

AiTie Aifia
< -
_Z{Qz 1+19i3+‘1—19i3

+ Niwi(h; — &) — )\z‘&}

< — GsVi' — GV + Ay,

where Ay, = SN (0 4+ 0.557¢;2), G5 = min{2%¢;5} and
Ge = N'7% min{2%c;s}. The convergence time satisfies,
1 1
_l’_
Gsi2(1—q1)  Geta (g2 — 1)

where 15 € (0,1). Moreover, when ¢ — ¢ it has,

1 1
. _qi AV a1 _qL AV a2
‘)\z| S QIHIII{GS ! (1_i2> 7G6 2 <1_:22) }

As for the discussions about the zeno behavior, similar results
can be found in the proof of Theorem 2. ]

th < t)\7maa: =

Remark 9. Although the distance constrained fusion control is
discussed in [24], the communication burden is not considered.
Indeed, the controller in [24] needs to be updated continuously
with respect to the changing tracking errors. In the present
paper, to reduce the communication burden, the event trigger-
based fusion control strategy is studied and two separate
event-triggered mechanisms independent of each other are
introduced while making the vehicles track the desired vehicle
distance and the velocity direction angle. Moreover, (28) and
(36) show that u;, and T;, will hold between each triggering
interval. Therefore, the continuous communications for u;. and
Tic are not necessary and thus the computation burden for
calculating u;. and T;. is hence alleviated in (31) and (39).

Remark 10. Despite the fact that the proposed event-triggered
fixed-time control technique includes several adjustable pa-
rameters, the major aim is to provide a quick and precise
control input for the safety-critical vehicle platoon in light of
restricted communication resources. Therefore, by retrospect-
ing Lemma 1, large values of c¢;;, j = 1,...,6 can result
in faster convergence of the tracking errors. As for ¥;1, Ui,
W3, Viq in (29) and (37), if 9;1 and ¥;3 approach 0, then the
relative threshold-based event triggering mechanism performs
like the fixed threshold-based approach in [16] which needs
more triggering events during the system stabilization process.
According to the expressions of Ay, and Avy,, the parameters
Y; and p; in (31) and (39) are suggested to be made small so
as to achieve preciser error boundaries.

Remark 11. In (29) and (37), the triggering threshold is
composed by a fixed term and a controller signal related part.
According to [16], if there is a large control signal, it indicates
that a large measurement error and a large triggering interval
will be obtained and the communication and computation
burdens are hence eased. When the control signal approaches
to the equilibrium zero, the triggering threshold becomes
smaller so as to provide a precise control process. Similar
event triggering notions can be found in the time varying
threshold method in [35], [36]. However, the threshold is
independent from the system errors or the control signals.
Therefore, the relative-threshold triggering mechanism can be
regarded as the extension of these works.

IV. SIMULATION

In this section, the simulation is executed in Matlab. All
the results are given based on numerical simulation with the
system model proposed in [24]. As is stated in [24], the
unmodeled system dynamics and the external disturbances
are expressed by s; and Ty in (1). Moreover, the corre-
sponding simulation results will be provided so as to validate
the effectiveness of the proposed event-triggered multi-lane
fusion control approach for straight and curved road case.
Moreover, the comparison will be done between the given
method and [24]. In the simulation, four vehicles are con-
sidered where Vehicle O is the virtual leader and Vehicle 1-
3 are considered as the followers in sequence. The initial
states of each vehicle are given in Tab.I. With reference to
[24], the nonlinear term s; and external disturbance Tj; are
selected as s; = —0.1176 — 0.0077616v; — 0.00016112-2 and
Ty = sin(t + 0.257) (i = 1,2,3). The desired distance
d between each adjacent vehicle is set as 15m. According
to [24], the minimum collision avoidance gap is given as
Doy = 8m and the maximum communication range holds
that Do, = 21m. The upper and lower bounds of Sy; are

selected as S = 10 and S; = —10 for case 1 and S =5
and S; = —5 for case 2. According to [24], the acceleration
of vg is chosen as,
0.5t m/s?, 0s <t < 5s,
2.5 m/s?, 5s <t < 9s,
an =
0 —4m/s?,  14s <t < 1Ts,
0 m/s?, otherwise.
The control parameters for each vehicle are given like Signal
Reconstruction: L; = —3, v;(0) = 1, 9,(0) = —1 Error
Transformation: A;;oo = —1, Ajuse = 1, gy = 0.5, G =

0.3, Ay = 0, A,, = 0 Event-Triggered Controller: ¢; =

0.9, qo = 11, Ci1 = 05, Cio = 15, Ci3 = 01, Cj4 = 01,
Yi = 0.1, KRi1 = 05, ﬂz = 2, 191‘1 = 08, 191‘2 = 1, 19,'1 = 5.2,
Ti=1Lc1 =1 =1, ¢;s =02, ¢ig = 0.5, ¥;3 = 0.8,

Yig = 1, U942 = 5.2, 0; = 1, g2 = 1. The parameters of the
method in [24] are selected by trials.

A. Unknown Input Reconstruction

As for the unknown input reconstruction, the corresponding
interval estimations for v; are firstly given in Fig.4. From
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TABLE I
INITIAL STATES OF EACH VEHICLE

Parameter \ Vehicle 0 Vehicle 1 ~ Vehicle 2 Vehicle 3
z;(0) 40 23 15 0
y:(0) 0 5 -5 0
v;(0) 0 0 0 0
oi(0) 0 0 0 0
¢i(0) 0 0 0 0

Fig.4, we find that once the initial conditions for the states
satisfy ©,(0) < v;(0) < 0;(0), then 9;(t) < v;(t) < v;(¢)
holds for ¢ > 0 and v;(¢) varies in the regions bounded by @, (%)
and ¥;(t) which are marked in blue and red for case 1 and 2.
Therefore, Theorem 1 is valid. Based on the interval estimation
results, the time responses of the unknown input are depicted
in Fig.5 which shows that the asymptotic convergent unknown
input reconstruction is reached within 1s. The reason behind
the fast signal reconstruction is the algebraic calculation in
(16). Moreover, Fig.5 also indicates that even though different
selections for S; and S; may be done, the reconstruction
results can still be achieved swiftly and accurately.

Interval (case 1) — — ¥; (case 1) —-—- D, (case 1)
Interval (case 2) — — ¥ (case 2) —-—- ¥, (case 2)
—_
e e P P e ]
I I I I I L J
40 50 60 70 80 920 100
Interval (case 1) — — ¥y (case 1) —-—- D, (case 1)
Interval (case 2) — — ¥y (case 2) —-—- Dy

Interval (case 1) — — o3 (case 1) —-—- 5 (case 1)
Interval (case 2) — — 3 (case 2) —-—- g (case 2)

Interval Es

30 40 50 60 70 80 920 100
time(s)

Fig. 4. The interval estimation for v;.

B. Straight Road Case

In this section, Vehicle 0 is assumed to stay on a straight
road. Therefore, the velocity angle oy always holds that
oo = 0. As for time responses of the adaptive fuzzy fu-
sion control regarding the distance keeping constraints, the
corresponding results are given in Fig.6-9. In Fig.6-7, the
trajectories alongside the X and Y axis for each vehicle
are presented. The multi-lane vehicle fusion is presented in
Fig.7. In Fig.8, the acceptable tracking error variance area is
marked in red which is bounded by the predesigned constraints
on the distance tracking error. Therefore, we can note that
the distance tracking error e; is always bounded by the
predesigned distance tracking error constraints. However, the
distance tracking error e; in [24] is constrained by a fixed
boundary set. In the present paper, the boundary set is selected

= N,
4 —-— S’” (case 1) 15 ! \,
— — Sy (case 2) .I/ ~\
s 0 — S \j o5 1/ Y
. 05 ’/ﬂo—\
2 0
0 20 40 60 80 100 0 05 1 15 2
4 § 4
—-—- Sy (case 1) 3L 27N
—— S 7 N\,
. 2 Sy (case 2) NPT .
o — Sie @« 7 SN
° LU —
0
2
0 20 40 60 80 100 0 05 1 15 2
_ SN
2 - 5}13 (case 1) 2 /'/ - \\\'
1 — — Sy (case 2) 1 ' \\\\
A4 e
| VWUV
2 2
0 20 40 60 80 100 0 05 1 1.5 2
time(s) time(s)
Fig. 5. The reconstruction results for Sg;.
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o
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0 10 20 30 40 50 60 70 80 90 100

time(s)

Fig. 6. The time responses for each vehicle’s trajectory.

as a time-varying one, which is less conservative. Therefore,
the proposed fusion control strategy in the present paper can be
viewed as an extension of the work in [24]. Furthermore, due
to the implement of the fixed time control strategy, faster time
responses can be reached for distance tracking and angular
tracking process. In Fig.8, the setting time for e; is 2s by
using the proposed method while for the approach in [24], it
takes nearly 8s to stabilize e;. The comprehensive distance and
angular tracking processes in Fig.9 also demonstrate the swift
control performance of the proposed strategy when compared
to [24]. According to Fig.9, the multi-lane fusion processes
are achieved within 10s and 25s for the given method and
the strategy in [24], respectively. Therefore, the safety and
reliability of the vehicle platoon are ensured. The control
inputs for each vehicle are presented in Fig.10 and 12. The
released intervals and instants are depicted in Fig.11 and 13.
The detailed event triggering mechanism performance analysis
is provided in Table.Il.
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Fig. 7. The time response for the multi-lane vehicle fusion process.
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Fig. 8. Responses for the distance tracking error e; in this paper and [24].
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Fig. 9. Responses for the distance and velocity angle in this paper and [24].
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12. The time responses for 7;, Tic, and ;0.
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Fig. 13. The release instants and release interval for 7;,.

TABLE I
INFORMATION FOR THE RELEASED INTERVALS AND INSTANTS

Index (u;0) ‘ Vehicle 1~ Vehicle 2 Vehicle 3
Number of triggers 105 133 140
Average Period 0.952s 0.751s 0.714s
Maximum Interval 4.988s 5.786s 5.799s
Index (7;0) \ Vehicle 1 ~ Vehicle 2 Vehicle 3
Number of triggers 4 8 6
Average Period 25s 12.5 16.667s
Maximum Interval 0.222s 0.272s 4.942s

C. Curved Road Case

In this section, the curved road is considered and the
velocity angle o (t) is assumed to satisfy that,

oo =0rad, and 69 =0 rad/s 0s <t < 25s,
6o = 0.09 rad/s, otherwise.
The the acceleration of vg is chosen as,
0.5t m/s?, 0s <t < 5s,
3.5 m/s%, 5s <t < 9s,
0= —4m/s?, 145 <t < 1Ts,
0 m/s?, otherwise.

Moreover, c¢;s5, cig and wo; are selected as c;5 = 0.5, ¢cijg = 1
and w; = 5 in this case. The time responses of the systems
with respect to the given method are depicted in Fig.14-17.
The 2-D and 3-D lanes merging processes can be found in
Fig.14-15 while the corresponding positions with respect to
some certain timepoints are marked. In Fig.16, the responses
for the distance tracking error e; are provided. From Fig.16,
it takes 2s to realize the distance keeping under the given
controller. Moreover, it notes that the possible singularity
problem is avoided in this paper because of the implement of
atan2 function. In Fig.17, once the velocity angle o; crosses 7,
the value of o; will be mapped into the negative quadrants. The
multi-lane fusion is achieved within 10s. The control inputs are
presented in Fig.18 and 20. The released intervals and instants
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Fig. 14. The time responses for each vehicle’s trajectory.

200

Vehicle 1
o Vehicle 2
Vehicle 3

a
S

E 100 |
I
] ~ =508
S 50 /“05 t=20s
002 6-6-¢ Qo
\:1005
-50 L 1 L L 1 J
0 100 200 300 400 500 600
X axis(m)
c-o-0
400 3
g 30 1=50s
2200 3 t=100s
x
100 t=0s =208 |
[ — \ - — 100
200 s —
150 100 g —% 50
50 )
50 0 )
Y axis(m) Time(s)

Fig. 15. The time response for the multi-lane vehicle fusion process.

are depicted in Fig.19 and 21. The detailed event triggering
mechanism performance analysis is provided in Table.IIl.

TABLE III
INFORMATION FOR THE RELEASED INTERVALS AND INSTANTS

Index (u;0) ‘ Vehicle 1 ~ Vehicle 2 Vehicle 3

Number of triggers 108 135 139
Average Period 0.926s 0.74s 0.72s
Maximum Interval 5.133s 6.339s 5.112s
Index (7;0) \ Vehicle 1 ~ Vehicle 2 Vehicle 3
Number of triggers 14 17 13
Average Period 7.14s 5.88s 7.69s
Maximum Interval 1.336s 3.285s 4.375s

V. CONCLUSION

In this paper, the multi-lane fusion problem for a 2-D
vehicle platoon system is investigated and an adaptive fuzzy
fusion control strategy is proposed. As for compensating the
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impacts caused by the unknown system dynamics and the
external disturbance, an algebraic calculation-based unknown
input reconstruction method is developed on the basis of the
interval estimation results. To avoid the collision and lose of
effective communication, the distance keeping rule is consid-
ered and a barrier function-based distance constrained control
method is hence presented. In addition, the errors between the
ideal virtual controller and the one generated by command
filter are offset by the adaptive fuzzy logic system. Moreover,
because of the limited communication resources, the event
trigger mechanism using the relative threshold technique is
imported to the adaptive fuzzy fixed-time controller. The future
working direction may involve input saturations and the time
delays in the 2-D vehicle platoon system.
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