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Abstract: This paper investigates the leader—follower formation tracking control of underactuated
surface vessels (USVs) with input saturation. Each vessel is subject to the uncertainties induced
by model uncertainties and environmental disturbances. First, an event-triggered extended-state
observer (ETESO) is used to recover the velocity, yaw rate and uncertainties. Then, an estimator
is used to estimate the velocity of the leader. An event-triggered controller (ETC) is constructed
based on the estimator, the observer and extra variables. Specifically, extra variables are used to
solve the problems of underactuation and input saturation. Stability analysis of the control system
is conducted to prove that all signals are bounded. Simulations demonstrate that the ETESO can
accurately estimate the uncertainties, velocity and yaw rate, and the ETC can largely reduce the
action times of actuator.

Keywords: leader—follower; event-triggered controller; underactuated surface vessels; formation
tracking

1. Introduction

In recent years, formation tracking control of underactuated surface vessels (USVs) has
attracted considerable interest, as USVs can be widely used in ocean engineering fields [1-3].
Compared with single vessels, formations offer many advantages. In the course of ocean
exploration, the efficiency of a single vessel is low, whereas formations can perform the
complex tasks such as pursuit tasks that usually cannot be accomplished by a single vessel.
There are various formation control schemes, including the leader—follower approach [4,5],
virtual structure [6], the graph-based mechanism [7], the data-driven model [8], UAV-
USV heterogeneous multiagent systems [9] and adaptive fuzzy formation control [10]. In
particular, the leader—follower strategy is preferred in ocean engineering applications. The
follower maintains a desired distance and angle relative to the leader, and a reference
trajectory can be defined by the leader. Therefore, the group behavior is directed by the
leader, and the formation stability can be induced by the control law of a single vessel.

There are two main challenges that are still worth mentioning. The first challenge is
actuator saturation, which can severely degrade the closed-loop system performance [11].
In practice, each actuator of a vessel can only provide a limited force or torque. To reduce
the risk of actuator saturation and enhance system performance, some methods have
been proposed in recent years. To avoid poor tracking performance in formation control,
generalized saturation functions combined with formation tracking errors were employed
to handle the input saturation problem [12]. To solve the problems of input saturation and
underactuation simultaneously, additional variables were induced to velocity errors in
the body-fixed frame [13,14]. Non-linear saturation of an actuator was approximated by a
Gaussian error function [15] such that an anti-saturation controller could be designed. An
auxiliary dynamic system was constructed to solve the input saturation problem [16], with
the auxiliary dynamic system designed as a second-order system, providing a conservative
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input signal. A first-order auxiliary system was designed in [17] and employed to deal
with input saturation of the rudder. The authors of [18] used an auxiliary system to solve
the problem of input saturation, which was combined with a collision-avoidance control
strategy to provide tracking control for dynamic vessel positioning. However, the limited
acting frequency actuators was not considered in the articles mentioned above.

High-frequency action may lead not only to mechanical abrasion but also to a short
service life [19]. Input saturation and actuator rate limits were considered in [20], and a
non-linear controller was designed based on dynamic surface control and backstepping
technology. Additional controllers were proposed to deal with actuator magnitude and
rate saturation in [21]. The authors of [22] considered actuator saturation with limited
magnitude and rate and designed a sliding model controller. In [20-22], Zeno behavior
was avoided because the acting frequency of actuator was bounded. A controller combined
with an event-triggered condition was proposed in [23], and the triggered condition was
designed based on the flow time and error function; however, this configuration still
resulted in long action times of the actuator. An event-triggered distributed controller was
employed in [24], and the triggered condition was designed based on changes in amplitude
of input signals. The authors of [25] proposed an event-triggered control law, and an
event-triggered mechanism was used to reduce the execution frequency of actuators. The
event-triggered mechanism was designed in the controller-to-actuator channel, and the
execution rate of the actuator was reduced.

The second significant challenge is the uncertainties. Because of the working condi-
tion of the surface vessel, uncertainties include model uncertainties and environmental
disturbances. In [26], the proposed controller was robust to the parameter uncertainties
of the nonlinear terms and exogenous disturbances. Unknown plant parameters and
environmental disturbances were solved using parameter estimation and upper-bound
estimation in [27]. In [28], a robust adaptive control algorithm was proposed to solve un-
certain parameters. Adaptive estimators were designed to estimate unknown time-varying
functions of vessel model in [29]. Considering the leader—follower formation tracking
problem, a neural network was used to approximate the uncertainties, and the uncertain-
ties were compensated by online learning [30]. A cooperative controller was proposed
using position-heading measurements in [31], and an extended-state observer (ESO) was
constructed to provide the estimations of velocity, yaw rate and uncertainties. However, the
existing observers presented in [14,16,19,25,31,32] relied on continuous sampling. In each
execution cycle, signals are transmitted, which means that many network resources and
calculation resources are consumed. To avoid unnecessary calculation and communication,
an event-triggered extended-state observer (ETESO) was proposed in [33]. In [34], an
ETESO was proposed for a class of non-linear networked control systems, and the state
estimation problem was solved. As for USVs, when the working mode is tracking control,
in most cases, the yaw angle is unchanged. In the common continuous observer, the signals
have to be transmitted during each execution cycle, consuming many network resources
and calculation resources. Therefore, it is rewarding to design a leader—follower tracking
controller with a light transmission load and short action times of actuators.

Based on the above research background, in this paper, we investigate leader—follower
formation tracking control of USVs subject to input saturation, model uncertainties and
environmental disturbances. Inspired by the work reported in [23,31], an improved output
feedback controller was proposed. First, an ETESO was used to recover the velocity data
and model uncertainties and disturbances. In each execution cycle, an event-triggered
strategy is monitored to determine whether or not to transmit the position and head infor-
mation to the observer. Sensor-to-observer communication costs are drastically reduced.
Secondly, an estimator is employed to estimate the velocity of the leader and reduce the
amount of data exchanged in formation. Thirdly, auxiliary variables provide a solution for
the problems of input saturation and underactuation. Then, an event-triggered controller
(ETC) was designed based on the ETESO, the estimator and auxiliary variables. Finally,
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the stability of the closed-loop system was proven. Simulations were also conducted to
demonstrate the proposed control strategy.

Two salient features of the proposed control are summarized as follows. First, an
estimator is employed to estimate the velocity of the leader, the embedded processor of
each follower performs reading computations only using the position and yaw of the leader
and the transmission loads between formations are saved. Second, an event-triggered
mechanism is designed in the controller-to-actuator channel, and action times of actuator
are reduced.

Compared with the existing related results, the novelty of this paper is summarized as
follows. First, in contrast to existing formation control approaches [25,31], the velocity of the
leader is estimated by an estimator, which reduces the amount of data exchanged between
USVs. Second, compared with the observer proposed in [31], the ETESO can reduce
sensor-to-observer communication costs. Third, compared with the strategy proposed
in [23], the proposed control law can largely reduce the action times of the actuator.

The remainder of this paper is organized as follows. A list of notations defining
variables used in this paper is presented in Table 1. Section 2 describes the preliminaries
and problem formulation. Section 3 describes observer design, and Section 4 presents the
controller design and a stability analysis. Simulation results are presented in Section 5.
Section 6 concludes this paper.

Table 1. Notations and variables used in this paper.

R" n-dimensional Euclidean space
|- Absolute value of a variable
Amin(+) Minimum eigenvalue of a matrix
min{-} Minimum value of a set

inf {-} Supremum of a set

()T Transpose of a matrix

Il Euclidean norm of a vector
diag{-} Diagonal matrix

I n X n dimensional identity matrix
0y, n x n dimensional zero matrix.

(xi,yi), ¥i, (xj,yj), ;  Position and yaw of the ith USV and the leader (j)

Surge velocity, sway velocity and yaw rate of the ith USV and the
Ui, vi , 1, Uj, vj, 1

leader (j)

m;11, M; 0, M;33 Inertia mass of the ith USV
Oy Hydrodynamic damping parameters and disturbances
T = [T 0,Tiy) Input signals of the ith USV
i Vi i =[x, i, il ", vi = [wg, 05, m] "
7 vj n; =[xy 9l vy = [, 05,i]"
M; M; = diag{m;11,m;22,m;33}
R; Rotation matrices of the ith USV
Tie = [Tuer 0, Tie) T T;c calculated by the proposed controller

o T The mismatch function between input without saturation and input with
@i = @i, 0, @iy saturation
Pijr Aij Relative distance and angle between the ith USV and the leader (j)
Pijds Aijd Desired distance and angle
b4 Estimate of variable x
tx Previous event-triggering time instant
i Transmitted signal between 7;(t) and #; ()
da(t) Event-triggered mechanism
¥=%—x Estimation error of variable x
Pij = [0ijer /\ij,e]T Formation tracking error vector
O, Estimator used to estimate velocity of the leader
Lin Time constants of the first-order filters
VYie Yaw tracking error

Bin Virtual controls
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Table 1. Cont.

&ip Auxiliary variables
Wi Errors caused by the first-order filter
wry, wrr  Control laws at the kinetic level

2. Problem Formulation

As shown in Figure 1, a group of USVs consists of N USVs, and the model of the ith
USV is given as [35]

X; = uj cos(;) — v; sin(¢;), @
vi = uj sin(yp;) + v; cos(;), @)
pi =i )
and
) 1
uj =01+ ﬂTi,ur )
1
Z.)l' = Ui,Z/ (5)
) 1
fi=0i3+ T%Ti,r/ ©)
i,

where (x;,y;)T € R? is the position in the Earth-fixed frame (XgOgpYg); ¢; is the yaw
angle in XrOrYg; u; is the surge velocity in the body-fixed frame (XpOpY3); v; is the
sway velocity in XgOpgYg; r; is the yaw rate in XgOpY5p; m; 11 and m; 33 denote the inertia
mass; uncertainties ¢; 1, 0;» and ¢; 3 contain Coriolis parameters, hydrodynamic damping
parameters and time-varying disturbances, respectively; and 7; , and T; , are input signals.

OE

y =3

Figure 1. Earth-fixed frame and body-fixed frame.
To facilitate observer design and analysis, the ith USV model is written as

i = Ryv; @)
U =M 't + 0, ®)
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where n; = [x;,y;, 9T, vi = [u, 0,77, & = [14,0,7,]T, M; = diag{m;11,m;2,m;33},

m; » is the inertia mass. 0; = [0;1,0;,,0i3]", and

cos(¢p;) —sin(y;) 0
R; = | sin(¢;) cos(y;) O
0 0 1

The mismatch function between input without saturation and input with saturation
is described as @; = [@;,,0,@;,]T = T, — T, where Tic = [T4c, 0, Tire) b5 T ue and T are
the surge force and yaw moment calculated by the proposed controller, respectively; and
T = [Ti4,0,7;,]T. Then, the saturated control is given by 7; = Tjc — @;.

Assumption 1. The unknown function o; satisfies 0; < o7, where o is a positive constant.

o; is a vector containing velocity, Coriolis parameters, hydrodynamic damping parameters
and time-varying disturbances. It is natural to assume that their derivatives are bounded. Control
inputs to drive USV's are bounded; therefore, Assumption 1 is reasonable.

Assumption 2. The velocity of the ith USV is bounded such that ||v;|| < v}, v} is a positive constant.

The control inputs to drive USVs are bounded, and the energy of external disturbances
is limited. Therefore, Assumption 2 is reasonable.

Assumption 3. The desired distance (p;j 1) and angle (A;; 1) are bounded.

Assumption 3 means that the desired value is reasonable.

The following definitions are posited.

As shown in Figure 2, the subscript j is the index of the leader (). #; = [x}, ;, l/J]']T is
used to denote the position and yaw of the leader (j). v; = [u;, v}, rj]T is the velocity and
yaw rate of the leader (j).

A x,

leader

follower
O, >

Figure 2. Leader—follower structure.
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The relative distance (p;;) and angle (1;;) between the ith USV and the leader (j) are
expressed as

pij = \/(xj —x)2+ (yj —vi)?, )
/\ij = atanZ(yj —Yi, x]- — xi). (10)

The differential equations of p;; and A;; are given by:

pii = (xj = x;) (% — &) + (y; — vi) (Y — Vi)
] \/(xj —xi)2+ (yj —vi)?
_ (g = x) (%5 — %) + (5 — vi) (9 — i) a
Pij ’
L 1 W —vi)(xj — x;) — (% — %) (y; — vi)
Ajj = 1+ (yj_yi)i (xj —x;)2 . (12)

(xj—x;)
According to x; — x; = p;j cos(A;j) and y; — y; = p;jsin(A;;),
pij = [ujcos(yp;) — vjsin(y;) — u; cos(¢p;) + v; sin(y;)] cos(A;;)

+ [ujsin(y;) + v cos(y;) — u; sin(y;) + v; cos(;)] sin(A;;)
= —u;j cos(¥; — Ajj) + uj cos(¢p; — Ajj)

+ v; Sil’l(l/’,’ — )\1]) — 7 Sil‘l(l[]j - /\,]) (13)
I (Yj — vi)pijcos(Ayj) — (x; — %) pijsin(A;))
i oz
ij
1 . .
= ;{—ui sin(i; — Ayj) + uj sin(y; — Ayj)
ij
—v; cos(P; — Ajj) +vj cos(ip; — Ajj) }. (14)

The control objective is to design an event-triggered control law for USVs to track the
leader with a desired distance (Pij,d) and angle (A;; ).

Remark 1. In the controller design process, the ith USV tracks the the jth USV using the x;, y;
and y; information. This means that communication costs are not saved between multiple USVs.

3. Event-Triggered Extended-State Observer

An ETESO was developed to estimate uncertainties including model uncertainties
and time-varying disturbances, and an event-triggered condition was employed to avoid
unnecessary communications. Inspired by [33], an ETESO was designed as follows:

N 3, N

7i(t) = — g(’?i — i) + Rty (15)
1

Ui(t) = — %RiT(ﬁi — &)+ 0+ M, (16)

N 1 .

bi(t) = — 5 RI (i — G), (17)
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A T s AT A o al1T. A A oA A T s A B oA A s A A
Where 77i - [xi/ ]/i/ l)’)l] Vi = [ui/ i, ri] ’ and o = [Ji,llai,ZI 0i,3} 7 Xiy }/i/ lpi/ u;, 0,14, Ui,l/ Ui,2
and 0; 3 are the estimates of x;, y;, ¥;, u;, v;, 7;,0; 1, 0; » and 0; 3, respectively; €; is a positive
constant; and ¢; is the transmitted signal given by

Ci(t) _{ Wi(tk)/ if d(t) =0 (18)

n;(t), otherwise;

ty is the previous event-triggering time instant; d(t) is an event-triggered mechanism
designed as

a(t) _{ 0, if [lq(#)[l <cq (19)

1, otherwise.

¢q > 0is the design threshold; and

q(t) = [q1,92,93]" = [ni(te) — mi(1)] /€7 (20)

Remark 2. The continuous-time control scheme is emulated by a computer with a sampler and
a zero-order holder, and the control command is updated periodically. At each sampling instant,
q(t) is monitored to determine whether or not to transmit the information (1;(t)) to the observer.
If lg(t)]| > cq, the event-triggering time instant (t;) is updated to the current time (t), and
1;(t) is transmitted to the observer. Otherwise, only 1;(ty) is available to the observer. The first
event-triggering time is t; = 0.

To facilitate controller design and stability analysis, {; = [§i1,Ci2, gi,s]T (16) can be
written as

;= (ig +0p + 24— (21)
m;11
0 = Cin + 0ip, (22)
fi = oo+ 0y b 0 3)
with
3
Tin= — ej[COS(IPi)(??i —Gin) +sin(;) (9 — Gi2)], (24)
3
lin= — 67[_ sin(y;) (£; — &i1) + cos(¥;) (9 — Ci2)l, (25)
3 .
Gizg = — ej(ll)i —Gi3), (26)

Define X; = £; — x;, Ji = i — Yi, Yi = i — $i, 1l; = 0; — u;, 0; = 0; — v;, i = F; — 1,

~ o T i7i(€it
i = %, 7, PilT, eip(t) = [ern, e, e13] " = 1 (€21 ), (27)
i
_ _ Vi (€;t
v = [, 0, 7], eip(t) = l(e'l ), (28)
1

0; = 0; — 0y, e;3(t) = Gi(e;t). (29)
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It follows that

éi1(t) = —3ei1(t) —3q(t) + Ri(i(t))eia(t), (30)
éip(t) = —3RY (;(t))ei1 (t) = 3RT (;())q(t)

+ei3(t), (31)
éia(t) = — R (9i(t))ein () — R (9i(1))q(t) — 0. (32)

Theorem 1. Consider the USV models (7) and (8), the ETESO (15)—~(17) and the event-triggering
condition (19). If Assumptions 1 and 2 are satisfied, there exist €; > 0 and 1 > 0 such that for
any k > 0,

min{t;, 1 — )} > 1 (33)
Proof. Along with (18) and (19), the event-triggering mechanism can be described as

e = e ittt — () < e a

n;(t), otherwise.

When t € [ty, try1), the sample error (17;(t;) — 1;(t)) becomes

) = )] =1 [ 0

t
< [ IRpi )il )
k
Assumption 2 implies that
(ki) = mi(E) || < (¢ = tie)v7 . (36)

There exist | = €?c,/v* and 1 = t — t; such that ||1;(t) — 7:(t)|| < cqe?. It is worth
noting that t € [t, t;1), leading to the conclusion that min{t; 1 — t;} > .

Theorem 1 shows that Zeno behavior can be avoided by using the proposed observer.
Next, the error dynamics of the proposed ETESO are investigated.

To facilitate stability analysis, the following definitions are posited:E;(t) = [e;1(t)T,
ei2(t)T,ei3(t)T]T € RY. The error dynamics (Equations (30)—(32)) can be expressed as

Ei(t) = A;Ei(t) — Biejo;(t) — HiDiq(t), (37)

—3I3 Ri(i(t)) 03

Ai=| =3Rl(pi(t)) 03 L |, (38)
—R] (y;(1)) 03 03
.
Bi=| 03 |, (39)
| I3 ]
.
D;= 1| 33 |, (40)
L I3 ]

and H; = diag{ls, R} (i(1)), R} (;(1))}
Using a transformation (E;(t) = TE;(t), where T = diag{R](¢;(t)), I3, I3}), it
follows that

Et(t) = A()Et(t) + VZ‘STEt(t) — BiGi('Ti(t) — Hl‘Diq(f), (41)
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where H; = diag{R” (;(t)), RT (;(t)), RT (;(t))}, St = diag{ST,03,03}, and

—3; I O3

Ao=| -3 03 L ] (42)
—I; 03 O3
0 -1 0

szll 0 0]. (43)
0 0 0

O

Theorem 2. The observer error dynamics are bounded if there exists a positive definite matrix (P)
satisfying the inequalities used in stability analysis, and the inequalities are defined as

AP+ PAy + oIy — 7;(SEP + PSt) <0, (44)
AP+ PAg + oly +7;(SEP + PSt) <0, (45)
where ¢ is a positive constant, and 7; is the upper bound of r;.
Proof. Consider the Lyapunov function:
1 T
Vo = 5 Ei(t) PE(t). (46)

Differentiating V,, with respect to time

, 1
Vo = S Ex(t)T(AGP +1;STP + PA + 1iPSt)Ef(t)
— E(t)"PBje;o(t) — Ee(t) PH;Diq(t)
s - %IIEt(f)II2 +eil Ex(®)[[IPBil [l (1)l

+IEOIIPDillg()]]- (47)

It is worth noting that 2¢;||PB;||||c;(t)|| + 2||PD;l|||q(t)]| < oco, ||E¢(t)]], 0 < co; < 1,
leading to

Vo< = 5(1=co)|Ed(B)]* < —coy Vo, (48)

where c,, = 0(1 — co;) / Amax(P).
Then, the state E;(t) is bounded. Given that [|[T~!|| = 1 and E;(t) = T E(t), the
estimation error (E;(t)) is bounded. O

4. Controller Design

An output feedback controller combined with the ETESO was developed based on
an event-triggered strategy. As shown in Figure 3, the characteristic of the proposed
controller are as follows. The estimator is used to estimate the velocity of the leader. The
ETESO was designed to provide the velocity, yaw rate and uncertainties. The transmitted
signal contains an event-triggered strategy that reduces sensor-to-observer communication
costs., The triggering condition of the controller can largely reduce the action times of the
actuators. The control law design process is divided into the following steps.
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e
Triggering
condition
Pya o, ()
. A / + -
i d 4
7 - Y- L
T ol e o e e ] e |
By ~ AT IR o, (1) n
V; o;
\ ;
é(’) . i (’ ) irst
ETESO H Transmited }qk— order |
- filter
: i
Figure 3. Structure of the proposed ETC.
Step 1: Define the formation tracking error vector:
T
Pij = [pij,e/ /\ij,e] ’ (49)
where ;. = pij — pija, and Ajje = Ajj — Ajj .
Using (13) and (14), the time derivative of P;; is given as
Pij = Bij(—Eiji1zi + Eijpzj — Dija), (50)
where B;; = diag{1, pi} ,
ij
B = [ cos(; — Ajj)  —sin(yp; — Ayj) } (51)
1,1 — : ’
! sin(y; — Ajj)  cos(yi — Ajyj)
B, = |: COS(lP]' — )\,‘j) —Sin(l[J]' — Az]) :l (52)
11,2 — : 7
! sin(ip; — Ajj)  cos(pj — Ajj)

zi = [ui,vi]", zj = [uj,0,]" and Dyjg = [pija, Aijal"-
Additionally, f; = [fi1 fi2] = Pi]T-BijEij,l, and [|f;|| < f7, f is an unknown positive
constant.

Remark 3. The definitions of 5;;1, P;j and Byj, indicate that ||Z;; 1 || = 1, P;j and B;j are bounded,
so || fill < fi" is reasonable.
Choosing B; as a virtual controller, B; is designed as:

Bi = E;j1(B;; 'Ki1Pyj +©; — Dyja) + fio 3)

where Elﬁ = 351 (Bija 351 )71, K1 € R?*2isa positive definite matrix, f;, = [0, tanh(f;5/¢€f)]7,

€¢ > 0is a constant, O, is the estimator of ©;, ©; = Eyj»zj and it updated as

A

©; = —KoO©; — Pjj, (54)

where P;; = Bjj[pjj . tanh(pjj./€p), Aije tanh()Lij,e/e)\)]T, Ke is a positive definite matrix, and €,
and €, are positive constants.

Remark 4. The adaptive term ©; is employed to reduce the volume of data contained in the
formation communication [32] and estimate the information (®;). ®; can be estimated because
Eij2zj < |zj|, and z; is bounded, ensuring that formation tracking control is achieved without
velocity of the leader and that the amount of data exchanged between USV's can be reduced. Unlike
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the controller presented in [32], the proposed controller was designed without the velocities of
follower. The ETESO can reduce sensor-to-observer communication costs, and the ETC can largely
reduce the action times of actuators.

Step 2: An error is defined as

Yie =i — Pija, (55)

where
Wija = [arctan2(g;j1, gij2) — Pjltanh(gijs) + ¥j, (56)

where
gij1 = pij sin(Ayj) — pija sin(Ajjq), (57)
Sij2 = pij cos(Ajj) — pija cos(Aijq), (58)
8iis = {(pija — 0i))* + (Nija — Aip) >} 7ijs (59)

where 7ij is a positive constant.
According to USV dynamics, the time derivative of ; , is

Wie = 1i — Yija- (60)
The virtual control §; 3 is chosen as:
Biz = —kiaWie + Wija, (61)

where k; » is a positive constant.
Step 3: Error functions are defined as follows:

Zie = [ie, Vie] | = i — Bi — M, (62)

tie = Pi — Biz — i3, (63)

wi = pi — Bi, (64)

wiz = Piz — Bis,s (65)

where 2; = [1;,9;]7; B; = [Bi1, Bi2)"; 71 is a positive constant; B;;, h = 1,2,3, is derived

from the first-order filter /; j, Bi,h +Bin = Bin lin > Oisaconstant; &; = [;1, tanh(a;2)/71]7

a;p, b =1,2,3,is the auxiliary variable derived to deal with the underactuated problem
and input saturation. w; = [wirl, wiIQ]T, wip, h = 1,2,3, is the error caused by the first
order filter.

The updated laws of extra variables are given by

. 1 @iy
= —(=Tya;1 — —24), 66
D‘z,l '71( u“z,l mi,ll) ( )
1 -
: 02+ kig0ie — fin — Bin), 67
i,2 COShZ((Xlz)( i,2 i4Ye fl,2 ,31,2) ( )
(D.
&3 = —(—Tra3 ), (68)
1 m;33

where Ty, k; 4 and T, are positive constants.
Step 4: A control law at the kinetic level is designed as

weu(t) = miny (—kisttie + Bin — Tutiy + fi1 — 011), (69)
wer(t) = mizs(—kisrie + Biz — Trttiz — Pie — 0i3), (70)
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where k; 3 and k; 5 are positive constants.

Remark 5. In the common continuous control schemes, the controller design has already been
completed in Step 4. Here, an event-triggered controller is designed, and the event-triggered
condition is be established in the following step. During the flow period between two successive
triggering instants, a zero-order holder is used to keep input signals unchanged. The key to a
successful ETC design is to choose an appropriate event-triggered strategy. In [23], the triggered
condition of a time-varying threshold event-triggered controller (TTETC) is constructed based on
flow time and the Lyapunov function. Therefore, the action times of the actuators are limited, and
Zeno behavior can be avoided. The signals calculated by controller should be closely related to
the triggered condition, its size change determines whether or not to update the control inputs
and the change is used to design the proposed triggered condition. It is necessary to provide proof
that Zeno behavior is avoided. The appropriate event-triggered strategy reduces the action times
of the actuators.

An event-triggeredd controller is chosen as

{ Tiue(t) = wru(ty), VEE [t 1)) (71)
Tipe(t) = wrr(ty),  VEE [t t14)
where

= inf{t € Rllew(t)] > m},  H=0

i =inf{t € R|les(t)| > @}, £ =0 72)

ey = Wru — TGucr €r = Wrr — Tires

and a7 and a; are positive constants.
The following theorem is provided to demonstrate the stability of the overall closed-
loop system.

Theorem 3. Consider a system consisting of USV dynamics ((7) and (8)), an observer ((15)—(17)), aux-
iliary variables ((66)—(68)), a control law (71) and environmental disturbances under Assumptions 1-3.
Then, the proposed control scheme guarantees that (1) all signals in the closed-loop system are
bounded and (2) all USV's can track the leader with a bounded tracking error.

Proof. Choose a Lyapunov function candidate as follows:

1 r 1 1 1 1,
Vi= ipi‘Pi'+§lee+2uze+zvze+2rze
1
®T® +3 szth 20‘11 + 2“13/ (73)

where ®i = (:)i - ®i-
Along with (50) and (60), the time derivative of V; is expressed as
V= PiT-Bi(—Eijlzi + &ij22zj — Dija) + Wie(ri — i)
g (i — Big — 11ti1) + 05 (B — Bip — i)
3

+ 110 — Biz — 11di3) + OFO; + Z Wi p @i

+ajkiq + a3 3. (74)
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By applying (21)—(23), (62) and (63) to (74), we obtain
P;i Bi[—Eij1(zie + Bi + wi + 1% — Zi) + Bijozj

; T
Vi= ij Pil ™
— Dijal + $ie(rie + Big + wiz + 1103 — 7
Tiuc — wi,u 5
—— —Pia

— Wia) + i e(Cin + 011 + :
mii1
— Bin —&ip)

— Y&in) +0ie(Cio + Gin
— @, - ,
L — Bis— M)

+7’ze(g13 +0-13+ Yie
m; 33
ATy &, ATH &
— 0, KeO; — O, DBjj + Y winwjj + i1
h=1
(75)

+ & 34; 3.

Using (53), (54), (61) and (66)—(68) yields

PgKi,lpij —kipy?, — Pi]T-Bz‘j@i

fi(Zie + Wi + M + fin — i)
i)

+Pie(rie + Wiz + 1103 —
< — Bi,l + Tu“i,l)

+ 1(Gig + 031 + —
m;11
kiv;e + 5:’2 +fz',2)

V= -

+ Ul E(
+7ie(C 3+(713+ = — Bis + Tra3)
1,33
- Trvéi,3 — 0 3@iy, (76)

- 5 B
- Tulxi,l — X 1Wjy

where T}, = T,/ y1, @iy = (’Di,u/mi,lll Ty =T,/v1and @;, = (Di,r/mi,33
Tiue| < a1 and |wrr — T | < az. There exist time-

According to (71) and (72), |w+u
varying functions (y1, ) satisfying 1| < 1 and |up| < 1. Then, wey = Ty + 141 and
It is worth noting that fiz;, = fi1u;, + fi2vi., and

—P[B;j®; — ©] P; < |P]B;;0|
< 0.2758¢, + 0.2758¢.

Wrr = Tjpe + H2a2.
- ®z’T pij
(77)

Along with (69) and (70), V; becomes
Vi < — PLK; 1P — ki py? u?, — ki 407
> ij 15 12 ie 13 ie 1,4V ¢
— kisrT, — Tuady — Trafs — fi(w; + &
+ fio — Zi) + Yie(wiz + 103 — )
141 202
+ u; e(gz 1— u ) + vz’,egi,z + Vi,e(gi,B _E i )
i, m; 33
— 0] Ke®; +0.2758¢, + 0.2758¢,
(78)

0 1@0;y — 030 ;-

*szh +ﬁzh)
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According to Young’s inequality,

where kg = Amin(Ko)-
Vi becomes

~ T 2
Vi< —PKi Pyj — kioy?, — kigu?, — kiav7,
- ke ~7~
2 T
kl 57’1 e THDCZ 1 Tr“i,S — 7@1 @i

— filwi + M + fir — %)

- 141
+ Pie(wis +moig — 7)) + 1o (Tin — Ay
m;11
)
+0;eio +1ie(Cis — Faf2 )
m; 33

- Z wzh L b Bin) — i1 @i — w30
k@ T
+ 22070 +0.2758¢, +02758¢.

According to [36] and Young's inequality,

—fi(mi&i1 + fiz) = — ifiani1 — fip tanh(a;p)
—tanh(f;2/€f)

< 71f, 1 o? + 0.2785¢;.
The following inequalities are used for stability analysis:
fizi = fialli + fi20i
<A+t B+ ad)

1 o o 200 | 2o
< 5(fi,1 + fio T ejen tejern),

1 22
> Yot X3 T 5€ieTs

Gin <

Gip <

(79)

(80)

(81)

(82)

(83)

(84)

(85)
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3
iz < 67(|1Pz 31) < 3(lews| + g3]), (86)
i
a _
uie(Zin — A ) < uie(Cin +a1)
mi11
< Buie(lenr] + [g1] + lewa] + 192])
+ [ ety |
3 1
5(611 +qi+eh+93) + 2111
13
+ = U, (87)
ieGip < 3vie(lern| + [q1] + [er2| + [g2])
3
< S (et + a1 + ety + q3) + 60, (88)
202 _
rie(Cig — E ) <71ie(liz+a2)
m; 33
< 37ie(lews] + |gal) +
3 7 1,
< (e +g3) + 5 + 5, (89)
1 1_
“z,lwz,u S 5“121 + E Z‘Z,u/ (90)
_ 1 2 1 _2
0(1‘,3(01‘,,- < E“i’?) + E(Di,r, (91)
where 41 = 14 /mirn, and 4, = ay /m,-,33.
Then, the following inequality can be obtained:
. T o\ 2 13, »
Vi< = BiKinPj = (kia = 1)y — (kiz = 5 )uj,
7 k@ .
— (ki’4 — 6)012’6 - (ki,5 - 5)1’12/ @T@
1 .
—(Tu — 5)“121 — (T, — ’Yl)“i,s — fiw;
2
+6
+ ¢ ewiz — in) + T eh
e +6 e +3
+ %2 + et +c1, (92)

2 2

2
where 31 = 152 and ¢; = %207©; +0.2758¢, + 0.2758¢, + 5 f7 +0.2785¢; + (2 +

B2) + 307, + 207, +3(q1 + 05 + 53) + 27 + 5.
Consider the total Lyapunov function as

Vo=Vi+4+YV,, (93)
O

Remark 6. The Lyapunov function (V1) includes estimation errors (e11, e1p, e13). We cannot
conclude that Vi < —coVy + c3, ¢o and c3 are positive constants. The Lyapunoo function (V,) is
constructed by inducing V,. In the time derivative of V,, the gain of estimation error is negative.
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We can conclude that Vy < —coVa + c3. Therefore, it is proven that all signals of the closed-loop

system are bounded.

Along with (48) and (92), the time derivative of V; is

V2 < = PjKinPy = (kip = 10)¥7, — (kiz — - )ui,

— (kia — 6)v7, — (ki5 — Z)”z k®®T®
g ie g 2

ie

+ P w3 — Z wj, h + :Bz h)
— |l E()]* + 1,

1—c g?+6
where c; = ol . o) _ s

Define ();; = —ﬁ ,311, i2 = fz BlZ and Qi3 = ¥, —

Young’s inequality, w; ) < 22 w; thZh +3 [ . Then,

13

Va < = PjKiaPyj — (kip = 1)¢7, — (kiz — > Jui,
7 k@ .
— (kig — 6)07, — (kis — 5)ri, — 5 0/ &
_ 1 - _
—(Tu — 5)0‘12,1 — (T — )iy
3 w,z a),z QZ
ih i,h" %i,h 2
_ — , — o || E¢(t +c3,
LS T ) — 2| E (D)

where ¢3 = ¢1 + %Qc, 0 is a positive constant.
|Qin| < sip, sin b =1,2,3is a positive constant. 1117 = sl%h/(ZQC)
a constant. The follow can be attained:

. _ 13
Va < = PiKi1Pyj — (kip — 71) 97, — (kis — 7)”12,6

— (kia — 6)v, — (ki5 — Z)V'Z k®®T®
g ie g 2

ie 2
T 1 2 T 2
—(Tu — 5)“,’,1 —(Tr — 1)ei3
3 3 0? 52
_ I* w2 — (1 . zh) zh ih
}g i,h*ih h;l S,Z’zh 2Q1

— el E(t)]? +c3,
Owing to |Q); | < s; 1, the inequality (96) becomes

Vo < —coVa +c3,

where ¢g = min{2Amin(Ki1),2(kip — 11),2(kiz — ), 2(kis — 6),2(k;i5 —

Z(Tr — '7/1), 2lifh’ 2C2/)\max(P)}'

(94)

Bi3. According to

(95)

—i—li*,h withl;jh > 0is

(96)

(97)

%)/ k@/ Z(Tu - %)/

Theorem 4. Zeno behavior can be avoided under the event-triggered mechanisms ((71) and

(72)), and the implementation intervals t|! | — t}! and t}

constant (t*).

k+1

k1 — ty are lower-bounded by a positive
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Proof. According to (72),

%|eu| = sign(ey)éy < |wru|, VEE [t t )
Y . ) ) PR, (98)
giler| = sign(er)éy < |wr, . VEE [, H )

The time derivatives of wr, and w, are expressed as

@Wru(t) = mi11 (—kiattie + Big — Tultiy + fi1—bi1), (99)
Wer(t) = mjz3(—kistie + Bis — Tritiz — Pie — 03)- (100)
O

Theorem 3 shows that all signals in the closed-loop system are bounded. Therefore,
WierTier Ei,lz E,-,g, &;1,@;3 and ¥; , are bounded. According to the design of the ETESO, 0 1
and &; 5 are bounded. f;; is bounded because ||f;| < f;. Therefore, there are positive
constants (k, and k;) satisfying |wy| < ky and |w¢,| < k,. Since

eu(tr,”(‘) =0, 1%mt—>t,}’+l\eu(t)| = (101)

e(t) =0, limt— tk+1\er(t)| =a
there exists a lower bound of implementation interval * and t* > min{ay /k,, a,/k}.
Hence, no Zeno phenomenon occurs when the proposed control law is used.

5. Simulation Results

In this section, simulation results are presented to prove the proposed event-triggered
control method, and the ship parameters are chosen from [37]. Four USVs were driven to
track a leader at a desired distance and angle with the proposed control law in (69)—(72).
The total duration of the simulation runs was 120 s, and the sampling time ¢; for each time
point was 0.01 s. The initial positions of followers were chosen as #;(0) = [-2m, —5m,
0rad]”, 72(0) = [-2m, 5m, 0 rad]”, #3(0) = [-4 m, —8 m, 0 rad]” and 7,(0) = [-4 m,
8 m, 0 rad]”. The trajectory of leader was generated by uj =02m/s, v; = 0m/s and
rp = Orad/sfor0 <t < 40s; uj = 0.2m/s, vj = Om/sand ri =01 rad/sfor40s< t < 60s;
uj = 0.2m/s, vj = 0m/s and rp = —0.1rad/sfor60s<t < 80s, uj = 0.2m/s, vj = Om/s
and r; = O rad/s for 80 s< < 120 s; and ;7]-(0) = [0m, 0m, 0 rad]”. The desired distance
and relative angle are expressed by p1;4 =3 m, Ayj4 = 1rad, ppjg =3 m, Ayj 4 = —1rad,
p3j,d =6m, )‘3j,d =1 rad, p4j,d = 6 m and A4j,d = —1rad.

The parameters of the ETESO were chosen as €; = 0.4, cg = 0.1. The parameters
of the proposed control law were chosen as €f = 0.1, Kg = diag{5,5}, 7;; = 0.001,
K, = diag{5,5}, kj» =5, ki3 = 10, kj4 = 10, kj5 = 10,1 =5, T, = 10, T, = 16, 1;;, = 0.1
and h = 1,2, 3. The parameters of the trigger condition were a; = a, = 0.2.

Remark 7. According to inequality (97), we should keep cq as large as possible and c3 as small as
possible. A closed-loop system can converge quickly with small errors. However, c3 includes the
mismatch variables between input without saturation and input with saturation (®; , and @; ,).
Large gain factors (K; 1, ki, ki3, ki 4 and k;5) correspond to large mismatch variables. Therefore,
gain factor was set as small as possible without violating the ¢y > 0 constraint. vy, Ty, and T,
define the convergence rate of auxiliary variables and satisfy the inequalities Ty,/y1 —1/2 > 0
and Ty /1 — (1 +v1)/2 > 0. 1; ), determines the tracking speed of the first-order filter, which is
related to the sampling time of the simulation. An excessively large value results in an unstable
system, and an excessively small value results in poor tracking performance. As a rule of thumb, the
general recommended value of 1; j, is between ts and 10ts. The parameters ay and ay define the trigger
condition of the proposed controller; larger ay and ap values indicate a lower update frequency of
input signals and a poor system performance. To find a balance between update frequency and
system performance, ay and ay are defined as a1 = ay = 0.2. €; defines the estimation speed of
the ETESO, c, is the threshold of the trigger condition of the ETESO and the process of parameter
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selection is similar to parameter selection in ay and ap. The ETESO and feed-forward compensation
are relied upon, the influence of uncertainties is compensated immediately and the closed-loop system
possesses strong robustness to different sets of parameters.

For surface vessels, the effect of gravity can be neglected because the gravity acting on
USVs is equal to the buoyancy acting on USVs. USVs are subject to model uncertainties
and environmental disturbances. Model uncertainties are induced by model errors and
unknown system parameters. Therefore, only centrifugal terms, damping parameters and
environmental disturbances are considered. In this paper, the uncertainties c; 1, ;> and
0; 3 are assumed to be unknown. Environmental disturbances contain wind, wave and
current information. The impacts on USVs of wind can be ignored due to a small windward
area. Therefore, environmental disturbances are designed as the sum of some sinusoidal
signals, which are chosen as [0.18 — 0.18 cos(0.01t)cos(0.015¢), 0.6 + 0.18 sin(0.21¢)cos(0.2t),
0.6 — 0.18 sin(0.2t)cos(0.23t)]T.

Simulation results are shown in Figures 4-9. Figure 4 shows the formation pattern
shaped by the five vessels; all followers can successfully track the leader. Figure 5 shows
that the formation tracking errors approach zero, regardless of model uncertainties and
environmental disturbances. Figure 6 shows the input signals of four USVs. In the first
24 s, since initial formation tracking errors are large, saturated control inputs suffer from
sudden jumps. From 25 s to 40 s, formation tracking errors approach zero, and input signals
convergence gradually. At 40s, 60s and 80s, sudden changes in the control forces are caused
by a sudden change of the leader’s velocity.

T T S = S5 S SN
10 1 Y i
8 P N N > ~ &~ > i
6 i\ / 1
f— = N = N A}
%T ar / |
o] N ] ~ >
8 2r 1
.
Soof 4
u
T ol Leader i
—USVI1
4t USv2 ]
—USV3
-6 USv4 .
-8 1 1 L L i
0 5 10 15

xi(izl ,-..,4)and xj [m]

Figure 4. Formation pattern with four followers and a leader.
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Figure 5. Tracking errors with perturbation effects.
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Figure 6. Input signals of four USVs.

Comparisons of simulation results are shown in Figures 7-9. Simulations were con-
ducted using the TTETC proposed in [23] and the ETC proposed in this paper. The two
controllers have same control parameters but different trigger condition parameters.

The TTETC was designed as follows:

{ Ti,uc(f) = wm(t}(‘), Vit e [t%’t;:-&-l) 102)
Ti,rc(t) = (U'rr(tZ), Vt € [ti, t2+1)
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with

u=0.020=0.5.

y,andy;[m]

tf =inf{t e Rt >t} | Ney > Vo AVo >}, t =
tp=inf{t eR[t >t} _; ANe, > (1—0)Va AV >}, H
ey = Wty — Tiye, €r = Wrr — Tipes

2F

4k

Leader
USVI(ETC proposed in the paper)
——— USVI(TTETC proposed in Deng,et al.)

""""""" USVI(ETC proposed in the paper (without perturbations))
USVI(TTETC proposed in Deng,et al.(without perturbations))
1 1 — 1

0 5 10
X, and xi[m]

15

20

(103)

Figure 7. Leader—follower formation tracking control under four conditions, TTETC proposed in [23].
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""""""" ETC proposed in the paper (without perturbations)
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Figure 8. Tracking errors under different controllers, TTETC proposed in [23].
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Figure 9. Control inputs with perturbation effects, TTETC proposed in [23].

Figure 7 depicts a formation pattern shaped by the ith USV and the leader. Different
controllers are applied to the system with and without perturbations, revealing that the
follower is able to track the leader successfully under four different conditions. Figure 8
depicts the distance and angle tracking errors under four different conditions, showing
that the errors converge to the small neighborhood of the origin. Compared with the
system with perturbations, the system without perturbations has a faster convergence
rate. In the system with perturbations, some control energy is used to reject disturbances,
including model uncertainties and environmental disturbances. Then, the energy that
causes the system to converge is reduced. Under the same condition, the stability errors
and convergence rates of the TTETC and ETC are nearly the same. The two controllers have
the same structure but different event-triggered strategies. Therefore, they have the same
convergence rate but different action times of the actuators. Figure 9 depicts the control
signals generated by each of the controllers. Due to the effect of the proposed controller, the
input signals shake at low frequencies, but their amplitudes are higher. At the beginning,
due to a large initial formation tracking error, the input signals are saturated. The input
signals converge, along with the convergence of formation tracking error. At40s, 60 s and
80 s, the input signals shake due to changes in the velocity of the leader. Figure 10 shows
the control inputs within the first 20 s; the update frequencies of control inputs differ due
to differing triggering strategies.

Figure 11 shows the event-based release instants and release intervals of input signals
under the proposed controller. As shown in Table 2, compared with the TTETC, the
proposed ETC largely reduces the action times of the actuators. The triggering condition
of the TTETC was designed based on the Lyapunov function (V3). In order to ensure the
performance of control systems, the threshold is set to a smaller value. The threshold of the
ETC was set to 0.2, and the action times of the actuators can be largely reduced.

The ESO was proposed in [31]. Figure 12 shows the estimated velocities and real
velocities, illustrating that the velocity estimation of the ETESO is as good as that of the
ESO. Figure 13 shows that the uncertainties are effectively approximated by the ESO and
ETESO. Compared to the ESO, the ETESO simultaneously obtains a large steady error and
a large jitter. Figure 14 shows the event-based release instants and release intervals of the
ETESQO; a locally enlarged drawing is also presented. From 40 to 45 s, the maximum release
interval is 0.08, and the minimum release interval is 0.01. From 0 to 120 s, most release
intervals are greater than 0.04. Therefore, some communication time is saved. Table 3 shows
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the communication times of two observers. A counter was added in the simulation. When
the event condition is met, the counter begins to count. After the application completes, the
counter shows the total number of times the event occurred. Communication times can be
attained by multiplying the total number of occurrences by the sampling time. Compared
with the ESO, the ETESO can reduce communication costs and communication time. The
ETESO is applied to reduce communication costs at the cost of lost estimation accuracy.

3 Ll Ll Ll Ll Ll Ll Ll Ll Ll
2 -
1 o -
4
= ob
-
1F -
ETC proposed in the paper
2r TTETC proposed in Deng,et al. 7
_3 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
(ajtfs]
2 1 1 1 1 1 1 1 1
ETC proposed in the paper
1 TTETC proposed in Deng,et al.
e
Z 0 nnm
= = 1]
N
-1 -
_2 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

(b)t[s]
Figure 10. Locally enlarged diagram of Figure 9. TTETC proposed in [23].

8 T T T T T
Event-based release instants and release intervals of Tiu

s

u
tk+ 1

Figure 11. The event-based release instants and release intervals of input signals.
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Figure 12. Comparisons of estimation performance.

L] L] L] Pl L] 1
oM et} v pf 7 P ETEO|
_ J v Y], 511(ESO)
2 § i
0.1F f .
-0.2 L ' : : !
0 20 40 60 80 100 120
(@t[s]
01 l L] L] L] L] 1
1 —— 512(ETESO)
% 0.05 | ili ﬁ ............. 512(ESO) b
& HE 1
§
J L L L L L
-0.05
0 20 40 60 80 100 120
(b)t[s]
L] L] L] F L] 1
04 ;E - 5’1,3(ETESO) -
E 0n . ';I ............. &1.5(ESO) ]
= 0 3 MM'% N
-0.2 , , . y . . ]
20 40 60 80 100 120
(©)t[s]

Figure 13. Approximation errors under different observers.
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Figure 14. The triggering instants for the ETESO and its locally enlarged drawing.

Table 2. Comparisons of ETC and TTETC

43.5 44 44.5

45

Performance Parameter ETC TTETC
Convergent time 2425s 2426 s
Convergent time (without perturbations) 24.21s 24.22s
Stability error pq, 0.0l m 0.0l m
Stability error py;, (without perturbations) 0.0Im 0.01 m
Stability error Ay, —0.02 rad —0.02 rad
Stability error Aq;, (without perturbations) —0.01 rad —0.01 rad
Action times of Ty 1321 2226
Action times of 11, (without perturbations) 1210 2064
Action times of Tq . 702 2226
Action times of 11, (without perturbations) 504 2064
Table 3. Comparisons of communication time.
Serial Number Variable Time (s)
1) ETESO 31.84
2) ESO 120

6. Conclusions

This article suggests an output feedback controller for surface vessels with model
uncertainties, unknown environmental disturbances and input constraints. An ETESO was
proposed, and unknown model dynamics and velocity were simultaneously estimated.
The controller was designed based on the ETESO. Finally, a mathematical analysis was
conducted, proving that all error signals of the system are bounded. Simulation experiments
affirm the tracking performance of the proposed controller. When USVs start tracking
formation, the control inputs suffer from sudden jumps. The design of an active collision
avoidance system is one of the core issues in the area of the formation tracking control of
USVs. To solve this problem, smooth avoidance path planing approaches can be considered

in future works.
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