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ABSTRACT Aiming to solving the nonlinear coordinated trajectory tracking control problem of multi-USVs
under the influence of slowly changing and uncertain environmental disturbances, reducing energy con-
sumption and ensuring tracking performance and stability, a distributed event-triggered adaptive coordi-
nated trajectory tracking controller (DET-ACTTC) for multiple unmanned surface vessels (multi-USVs)
is proposed based on the undirected communication topology. By introducing a virtual leader, a leader-
follower formation is used to generate the coordinated tracking errors. Based on the expected formation and
states, the aggregate tracking errors are defined, and event-triggered measurement errors are constructed to
design the event-triggered conditions. An adaptive term is used to compensate for external environment
disturbances, and the DET-ACTTC is deduced for each USV in the group. The tracking errors of the
event-triggered coordinated trajectory tracking control (ETCTTC) system gradually converge to zero, and
Zeno behavior is avoided. The theoretical results are verified by simulations.

INDEX TERMS Multi-USVs, coordinated trajectory tracking, event-triggered, the aggregate tracking error.

I. INTRODUCTION

A. AIMS AND MOTIVATION

As is a single unmanned surface vessel (USV) has lim-
ited operational capacity in the process of development and
utilization of marine resources in a large area, multiple
unmanned surface vessels (multi-USVs) coordinated oper-
ations are needed. The coordinated control method is the
foundation for ensuring the efficiency, tracking accuracy and
robustness of the coordinated control system; See [1]. Trajec-
tory tracking control is the basic problem of the coordinated
operation of unmanned vehicles, and coordinated trajectory
tracking control has been a research hotspot in recent years;
See [2]- [20].

However, in most studies, as in [2]- [10], the control
instructions are updated at uniform time intervals based on
the sampling time, but this can lead to unnecessary resource
consumption and is often unrealistic in practical applica-
tions since continuous and frequent communication among
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agents has large communication costs, increased band width
bearing, and increased energy consumption. To solve these
problems, many significant methods have been proposed in
recent years; See [11]- [34]. Due to the limited energy on
board a vessel, energy-saving control systems have received
increasing attention from researchers, and the event-triggered
control strategy has been adopted. The control instructions
are updated based on the auxiliary state and event-triggered
condition; See [14]- [34].

Another problem that we need to address is determining the
formation protocol in coordinated trajectory tracking control
problems; See [8], [9], [14]- [17]. Among all of the for-
mation protocols, leader-follower is used widely because it
is easy to understand and implement. Considering that the
control of USVs is under the influence of slowly chang-
ing and uncertain environmental disturbances, to reduce
energy consumption and ensure tracking performance and
stability, this paper studies adaptive event-triggered con-
trol for the coordinated trajectory tracking control sys-
tem of multi-USVs based on the leader-follower formation
protocol.
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B. LITERATURE REVIEW AND BACKGROUND

Currently, the event-triggered control method has been
widely studied. Aiming at a linear robot trajectory tracking
system, the proportional-integral-differential (PID) control
strategy with an event-triggered control strategy algorithm
was adopted based on the precise model in [19]. In [20],
an event-triggered control strategy for dealing with the net-
work transmission delay was constructed. In [21], a dis-
tributed event-triggered strategy was proposed to address the
consensus problem of multi agent systems. In [22] and [23],
decentralized event-triggered control was studied for the
multi agent consensus problem of general linear dynamics
based on graph theory, and the final consensus error could
only converge to a neighborhood of zero. Addressing the out-
put consensus problem of a heterogeneous linear multi-agent
system, [24] proposed a distributed event-triggered control
scheme. In [25], even-triggered functions were used to solve
the problem of linear multi agent consensus with augmented
dynamic triggering mechanisms. On the other hand, time
delay is an inevitable phenomenon in the real coordinated
control systems, [35] studied the problem and proposed
the robust estimation framework of synchronization error
level for the multiple heterogeneous uncertain chaotic sys-
tems. And, in [26], by designing a distributed observer,
the problem of event-triggered output consistency of hetero-
geneous multi-agent systems with time-varying communica-
tion delays is studied. Note that nearly all the controllers in
the above literature are designed to address linear systems.

As a matter of fact, most practical control systems
are nonlinear, and researchers have focused on non-
linear event-triggered control of multi agent systems;
See [15]-[17], [27]- [34]. To achieve uniform control of
first-order nonlinear systems under external disturbances,
in [16], a robust distributed event-triggered control protocol
was proposed based on leader-follower formations. In [17],
a dynamic output feedback controller was proposed through
relative measurements of neighboring agents for the consen-
sus problem of general nonlinear multi agent systems with
input saturation. In [31], according to the ratio of a certain
measurement error with respect to the norm of a function of
the state, a centralized event-triggered condition is designed,
and centralized event-triggered formation control of multiple
agents is realized. In [14], the centralized event-triggered
conditions are obtained based on the measurement error and
the disagreement vector.

However, designing centralized event-triggered control
schemes requires knowing the global information and updat-
ing synchronously, which not only requires the transmission
of more information but also lacks the flexibility to control
a single agent. To further improve the utilization efficiency
of communication resources, distributed event-triggered
coordinated tracking control was proposed; See [15]-[18]
[21]-[23], [33], [34]. For nonlinear systems, [15] proposed a
distributed event-triggered model predictive control scheme,
which considers the prediction state error and the conver-
gence of the cost function, for the formation of multiple
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unmanned aerial vehicles. In [18], an event-triggered adaptive
control scheme is developed for a class of interconnected sys-
tems, and the estimator was constructed to compensate for the
influence of external disturbance and unknown measurement
errors. In [16] and [33], a distributed event-triggered condi-
tion is designed based on a leader-follower formation proto-
col. However, a uniform lower bound for the event-triggered
intervals was not provided in [33]. For uncertain nonlinear
multi agent systems in the form of strict feedback, a control
scheme based on fuzzy adaptive distributed event triggering
is studied in [34].

Motivated by the above observations, this paper focuses
on solving the nonlinear coordinated trajectory tracking con-
trol problem of multi-USVs under the influence of slowly
changing and uncertain environmental disturbances, and the
distributed event-triggered adaptive coordinated trajectory
tracking controller (DET-ACTTC) is proposed. By combin-
ing the formation position tracking errors and speed errors of
each USV, we construct an aggregate tracking error term, and
the nonlinear event-triggered coordinated trajectory tracking
control (ETCTTC) system is established. An adaptive term is
designed to compensate for the uncertain disturbance, and the
effectiveness is verified by simulations.

The main contributions of this paper are as follows:

1) Compared with the coordinated control methods in
[3], [6]- [9], [35], a distributed event-triggered method
is proposed, in which the control instructions are
updated based on the auxiliary state and distributed
event-triggered conditions, rather than updated at uni-
form time intervals based on the sampling time.
By adopting the proposed control strategy, the energy
consumption is greatly reduced.

2) In view of the fact that most piratical control system
are nonlinear and with the influence of uncertain dis-
turbances, a nonlinear event-triggered adaptive coor-
dinated trajectory tracking control for multi-USVs is
proposed, the adaptive term is designed to compensate
for the uncertain disturbance, and the stability of the
nonlinear event-triggered adaptive coordinated control
system is obtained, unlike the linear event-triggered
control methods in [21]- [26].

3) In contrast with the researches in [16], [17], [31],
[33], a new event-triggered coordinated trajectory
tracking control strategy for multi-USVs is presented
based on the aggregated tracking errors. By using
the leader-follower formation protocol and a vir-
tual leader, the aggregated tracking errors are con-
structed through defining the coordinated position
tracking errors and the coordinated speed tracking
errors, and the stability and the trigger conditions
are obtained only through building an adaptive aggre-
gate tracking error control system, which is easier
to design. Moreover, because the position tracking
error is defined by using the state information of the
neighboring USVs, not all vehicles need to communi-
cate with the virtual leader, the actual communication
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consumption can be greatly reduced, and it will be more
energy-saving.

Il. PROBLEM DESCRIPTION

Considering N + 1 identical USVs in the multi-USVs coordi-
nated tracking control system, assuming that the USV labeled
0 is the virtual leader, the USVs labeled are the followers. The
dynamics of the i-th USV are described as [2]

My, = —Civ; —D;(v))+ 1;+d;
i = JWivi (1
where n; = (x;, Yy, w,-)T e M3 denotes the position of

follower USV in an earth-fixed frame, x; is the northbound
position, y; is the eastbound position, and v; is the yaw angle.
vi = (uj, vi, )’ € 93 denotes the velocity in the body-fixed
frame, u; is the speed in surge, v; is the speed in sway and
r; is the angle speed in the yaw directions. J(;) denotes
the transformation matrix from the earth-fixed frame to the
body-fixed frame, as shown in (2). Matrix M ;(v;) is the inertia
parameter matrix, which satisfies M;(v;) > 0. Matrix C;(v;)
is the Coriolis and centripetal matrix and matrix D; represents
a damping matrix. ; is the control input, and d; denotes the
uncertain external environment disturbances.

cosy; —siny; O

siny; cosy; O 2)
0 0 1

J(Wi) =

In this paper, we consider all USVs use the same hardware
configuration, the communication graph among the N + 1
USVs can be represented by an undirected graph E, which
satisfies the following assumption.

Assumption 1: The communication graph among multi-
USVs is undirected and connected.

Assumption 2: The reference trajectory n, is smooth and
differentiable. For any time ¢ > f, there are normal numbers
c1, 3 that make the reference trajectory 5, satisfy ||5,(2)]| <
eyl < ca.

lll. THE LEADER-FOLLOWING FORMATION METHOD
WITH A VIRTUAL LEADER
Assume there is a virtual leader in coordination tracking, only
the leader knows the global information of the task and the
followers keep fixed relative attitudes and distances from the
leader. Assume there are N USVs, the 0 — th USV is intro-
duced as the virtual leader, and the expected relative position
is defined as I; = [x;, y;, ¥il,i = 1,--- , N, between each
follower and virtual leader 0. The position relation diagram
of the multi-USVs coordinated formation method is shown
in Fig.1.

Based on the state information of the neighboring USVs,
the position tracking error #; of the i-th USV is defined as

N
=Y agdW) i —da - -0 G

J=0
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FIGURE 1. The related positions of USVs.

Then, the speed tracking error v; is defined as
b= aijvi—v)) )

where a;j is the (i, j) term of the adjacency matrix L related
to graph E, a;j > 0 indicates that information about the i-th
USV can be passed to the j-th USV, and otherwise a;j = 0.

IV. DISTRIBUTED EVENT-TRIGGERED ADAPTIVE
COORDINATED TRAJECTORY TRACKING CONTROL

With (3) and (4), the model of the coordinated tracking con-
trol system of multi-USVs is obtained

. N
My, = 3} aj(—Civ; —Dp;+ 1)) +d/
j=0
N
_M,-j;)al:/Mj_l(—C/vj' —Djv; + 1)) 5)
. N .
0= ag(J W) n; + I i)
j=0
—J W T+ Iy
where
N N
d/ = Zaijdi_MiZaiij_ldj (6)
j=0 j=0
JW) 0, = TWDSY HIWiwim) + T W) TWivi (7)
0O -1 0
S=|1 0 0 (8
0 0 0
H=[0 0 1] )

&, 1s defined as the aggregate tracking error of the i-th USV
§;=vi+ Bin; (10)

where B; € 333 is a positive definite matrix.
Remark 1: The convergence of &; can guarantee the con-
vergence of v; and 3; (See [10]).
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Assumption 3: The leader’s control input T is bounded;
i.e., |Toll < y, where y > 0 and the external disturbances d;
of the i-th USV is bounded, and ||d;|| < d, where d > 0.

It is known that if the control input 7;,i = 1,--- ,N of
(1) could make tlim 7, =0, llim p;=0,fori=1,---,N;
— 00 — 00

hence, the coordinated trajectory tracking problem is solved.
Therefore, based on the local information of the neighbor-
ing USVs, the DET-ACTTC is given as

;= Mv;+ Civ;) — (Mv,—f-Cv,)
_(M "1+CBn)+Dvl_dl
—Zal][ 1l — &) a

di= ki

where §; is defined as in (11), d ; is the estimation of the
uncertain external environment disturbances, and k; are posi-
tive numbers. & i(t,i[_) is the aggregate tracking error of the i-th
USV’s last triggered event. t,i[_, ki =1,2,--- is the moment
when the last event of the i-th USV is triggered.

For the i-th USV, we define the event-triggered measure-
ment error as

ei = §,(t}y) = §i(1),1 = 0 (12)
And the event-triggered condition is designed as
filt. ei(1) = lle®)| — Ti(&(1f;)) (13)
where
Ly
Md Y aglely — g

. i—1

Ti(& it )=—" >0 (14

Z alj(gi(t]ii) - g}(t/]{j))

=1

and 0 < A; < 1 is a parameter to be determined. When
the event-triggered measurement error of the i-th USV is
greater than its threshold, which means f(z, e;(t)) = |lei(t) =
Ti(& i(t,ii))||, the control scheme of the i-th USV is updated.
Then, the i-th USV broadcasts its current state to its neigh-
boring USVs. At the same time, the measurement error of
the i-th USV is reset to zero. When the i-th USV receives
a new state from another neighboring USV, the USV also
immediately updates the controller. In the process of state
measurement, if and only if the position tracking error of
the multi-USVs system is O, thatis &; = 0,i = 1,--- , N,
the threshold denominator of the event-triggered measure-

N ] .
ment error ||Za,:,(£,-(t,ii) - Ej(l}/{,.))” = 0; then, instead of

J=1
judging whether the event-triggered conditions are satisfied,

the controller is driven directly by the control instruction at
the last triggered time.

By substituting (11) into (5), the closed-loop system equa-
tion is rewritten as
—d i+d; (15)

M +CiE; = Zau(f (1) — ’J
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The Lyapunov function is chosen as

1 1Y r ~
= EZg,TMis,.Jr EZd,- «K;d,; (16)
i=1 i=1

where M ;(v;) > 0, k; > 0 and Ji = 31- —d; is the estimation
error of the slowly changing and uncertain environmental
disturbances; then, d ; =0.

Substituting (11) and (15) into (16), the time derivative of
V alongd; and §; is

<.
I

N N N
1 . . .
3 ZE,TM,-MZ;TMI-M Zd,»:c,- 'd

= ZgTM,s + ZgTM £+ Zd w7 d; — dy)

i=1 i=1

S i Y
i=1 i=1 j=1

— &)
N .
—di+d;—Ci&)+ Y dix;'d; —d))
i=1
N 1 N N
TGMi—CE; — fdi+) di;
;s, & )% ;s ; £
N N ' _
=Y E> " aE ) — )
i=1  j=1

N L.
= Zé’,’T(iMi —C)§;
i=1

N N
= Ty ayE ) — &) (17)

Because of the antisymmetric property of the Lagrangian
system, %M i = C;. Therefore, equation (17) can be simpli-
fied as

N N
V== EN Y ayEi) — &)

i=1  j=1
N ' P _ _

==Y (E) —e) Y aE i) — &)
i=1 j=1
N & _ .

= =D &) Y ity — §1))
i=1 j=1
N N ' )

+> e’ Y ayE ) — Et) (18)

i=1 j=1

Since the undirected communication graph is balanced,
the in-degree and the out-degree are equal for all nodes, which
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N N
means ) a;j = ) aj;; then, we have
j=1 i=1
N N ' _
=Y E@D D ayE ) — &)
i=1 j=1
.2 . .
- s,-a;d)) — &7 (8t
i=1 j=1
So2
(il £t o
i=1 j=1
NN _ 0
=3 Zal-jj i) — &t} (19)

i=1 j=1

Obviously, the following inequality holds

N N '
Z e’ Z a;j(§;(ty;)
i=1 j=1

D)

N N
< el | Y a ey — &) (20)
i=1 j=1
Then, we have
‘ 1 N N 2
V== Y el - &)
i=1 j=1

N N
+ ) el | Y ayE ) — @] @D
i=1 j=1
Because the event-triggered condition f;(z, e;(t)) < 0 is
satisfied for each USV before the next event-triggered time

occurs, then

V< -(x — 1)(Zza,,

i=1 j=1

w-gapH=o @

On the basis of the stability theory of Lyapunov, we have
lim &, — 0, l1m di—> 0 according (16). According to the

1—>00
Remark 1, we have lim #; — 0, lim v; — 0.Hence, we can
—00 —00

obtain the following theorem.

Theorem 1: Suppose that Assumption 1, Assumption 2,
and Assumption 3 hold; for system (5), the DET-ACTTC
can make the aggregate tracking errors described in (10),
the position tracking errors and the speed tracking errors of
each USV converge to zero gradually.

V. ELIMINATION OF ZENO PHENOMENON
Assume the controller of the i-th USV is triggered at time k;,
and let r = t*. According to the definition of the state-based
measurement error in (12), we know that ¢; = —é ;(¢) holds
fort € (t,ii, t,im ), where &,(¢) is bounded.

Because of the boundedness property of the Lagrangian
system, we know that M;(v;) and C;(v;) are bounded. It is
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FIGURE 2. Communication topology between followers and virtual leader.

obvious that 5 (t) is also bounded according to (17) There-
fore, ||e;(1)| = ||§ ()| has upper bound N for ¢ € (tk , tk+1)

In addition, because the event-triggered measurement
errors were set to zero when the i-th USV was trig-
gered, ie., e;(t*) = 0, the following formula |le;(*)| =
[ éis)ds +e,~(t*)H < [L1lés)ll ds = (t — (N is estab-
lished in [10]; hence, (t — t*) > ||e,-(t)||/N > 0. Notably,
when |le;(t)|| = O the event-triggered conditions in (13) are
not met; hence, the event-triggered controller does not act
on the multi-USVs system. Then, each time interval between
two events must be greater than zero. Therefore, for the
i-th USV, the trigger interval of the control input is
always greater than zero; i.e., (t — t*) > 0, which
means that the Zeno phenomenon does not occur in the
system.

VI. SELECTION OF CONTROL PARAMETERS

Now, we have designed the DET-ACTTC for a multi-USVs
system and proved the stability of the closed-loop con-
trol system in the sense of Lyapunov. However, whether
the proposed control scheme can achieve satisfactory
trajectory tracking performance while maintaining the
expected formation depends on the selection of the control
parameters.

Selection of B;: From (10), we can see that the parameter
B; > 0 mainly determines the trajectory tracking error of
the USV. First, we adjusted B;33) over a wide range, and
finally, we set By33) = 2, B33y = 4, B333y = 5. Second,
according to the small range deviation in the north position
and the east position during the process of trajectory track-
ing, Bj11) and Bj22) are adjusted, respectively, and finally,
we set Bl(ll) = 0.015, Bz(“) = 0.01, B3(11) = 0.01 and
B2y = 0.01, By22) = 0.02, B322) = 0.1.

Selection of A;: From (14), it can be seen that the parameter
0 < A; < 1 determines the number of triggering times of
the USV. Selecting a smaller value for A; results in a reduc-
tion in the event-triggered times, which decrease trajectory
tracking accuracy. Considering the trade-off between trajec-
tory tracking accuracy and fewer event-trigger times, we set
A =024 =051 =0.1.

Selection of k;: In this paper, the adaptive term in (11)
is used to compensate for the external environment distur-
bances, so the parameters k; > O directly affect the mag-
nitude of the system chattering. By continuous adjustments
and comparative analysis, we set ;; = 0.01,«;, = 0.01,
Kiyz = 0.01.
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FIGURE 3. The curves of USV trajectory tracking variations.

VII. SIMULATION EXAMPLES

In this section, a numerical simulation example is carried
out to show the effectiveness of the proposed DET-ACTTC.
The coordination operations are achieved by three USVs. The
communication topology of the event-triggered coordination
control system is shown in Fig.2, in which the USV labeled
0 is the virtual leader and the USVs labeled 1 to 3 are the
followers.

The Laplacian matrix of the communication topology is

1 -1 0 0
—1 2 -1 0
0 -1 2 -1
0 0 -1 1

L =

The parameters of the USVs are chosen as

[25.8 0 0
M=]| 0 33.8 1.0115
L 0 1.0115 2.76
B 0 0 —My v — Mp3r
C = 0 0 M u
| Maov +Masr  —Mpu 0
[0.72 + 1.33u 0 0
D = 0 0.86 + 36.28 |v| —0.11
0 —0.11 =504 05

The initial positions of the three USVs are p; =
[100 0 0]", n, = [220 0 0]", 93 = [~110 0 0]".
The disturbance terms are d; = [20,20,0]7,d, =
[30,30,0]" and d3 = [40,40,0]7. The parameters
related to the formation are set as Iy = [0 0 O]T, L =
[100 20 0]",2,=[200 0 0]",15=[-100 —20 0]".

The simulation results are shown in Fig. 3- Fig. 9.

Fig.3 shows the trajectory tracking variation curves.
We can see that the USV group completes the coordinated
tracking task and maintains the predetermined formation dur-
ing tracking. Fig.4 shows the position and speed tracking
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FIGURE 4. Curves of USV positions and speed tracking.
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FIGURE 5. Curves of USV tracking errors and speed tracking errors.

curves in different directions. All USVs arrive at the desired
position and heading angle quickly and keep up with each
other. Fig.5 shows the change in tracking errors during track-
ing. From this figure, we can see that all of the tracking state
errors eventually tend to zero.

Fig.6 shows the curves of the aggregate tracking errors.
The aggregate tracking error of each USV oscillates at the
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FIGURE 6. The curves of the aggregate tracking errors.

beginning and they converge to zero rapidly. The variation
figures of each follower’s interupdate time, event-triggered
measurement error |le;(¢)|| and threshold T;(& i(t,ii)) are
given in Fig.7 and Fig.8. Interval sampling is carried out,
and Fig.7 more clearly displays the event-triggered effect.
Clearly, the variation in the interupdate time is related to
lle;(¢)]| and T;(& l-(t,ii)), which means it is related to the aggre-
gate tracking errors shown in Fig. 6.The reason why the
interupdate time is longer in the first 10 seconds is that
Ti(& i(t,ii)) is larger than ||e;(¢)||; the event-triggered conditions
fi(t, ei(t)) > 0 are not met for a longer time. Fig.7 shows that
the minimum value of the adjacent event-triggered interval
is greater than 0, which means that event-triggered control is
feasible. Fig.7 shows that the interupdate time of USV 2 is
mostly very short; that is, the event is triggered more times.
Most of the interupdates of USV 1 and USV 3 are greater
than 10 times the minimum sampling time, and there are
fewer event triggering times, which also verifies the event
trigger time in Fig.10. Since USV 2 communicates with USV
1 and USV 3, the event triggering of USV 1 and USV 3 may
also cause the event triggering of USV 2 according to the
analysis of (11). Therefore, the USV 2 event is triggered more
frequently.

Fig.9 shows the change in the control instructions of each
USV. It can be seen that the control instructions are seg-
mented, which indicates that the event-triggered controllers
are updated only when the event-triggered conditions are met.
Fig.10 shows the histogram of the event-triggered times of the
three USVs. From Fig.10, it can be seen that the update times
of the three USV followers are 4235, 6079 and 3199, and they
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FIGURE 7. Interupdate time of the follower USV and its event-triggered
measurement errors and threshold.
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FIGURE 8. The follower USV’s event-triggered measurement errors and
threshold.

are greatly reduced compared with the update times of tra-
ditional uniform time intervals control method, which are all
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8000 times. Therefore, the proposed DET-ACTTC can reduce
energy consumption and improve system life. The reason
why the trigger times of USV 2 are significantly greater than
those of the other two is that its distributed event-triggered
conditions are influenced by USV 1 and USV 3 according to
the communication topology shown in Fig.2 and (13).

VIil. CONCLUSION

This paper proposes the DET-ACTTC to reduce the energy
consumption of the coordinated trajectory tracking con-
trol system of multi-USVs and to guarantee tracking per-
formance and stability. Based on the aggregation tracking
error, the event-triggered coordinated control equations for
multi-USVs coordinated tracking are constructed, an adaptive

VOLUME 9, 2021

term is designed to compensate for the disturbance on each
USYV, and the control instruction is updated only when the
proposed event-triggered conditions are met. Lyapunov sta-
bility theory is used to prove that the tracking errors converge
to zero. The simulation results show the control effect on
coordinated trajectory tracking and saving communication
resources. However, communication delay is an inevitable
problem in the communication process. Applying a combined
measurement method to achieve event triggering at only the
trigger time and solving the coordinated trajectory tracking
problem of multiple USVs with communication delays are
the directions of our future research.
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