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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. At first, an event-trigged extended state
observer (ETESO) is used to recover the velocity, yaw rate and the uncertainties. Then, an estimator
is used to estimate velocity of the leader. An event-trigged controller (ETC) is constructed based
on the estimator, the observer and extra variables. Specifically, extra variables are used to solve
the underactuated problem and input saturation. Stability analysis of control system is given to
prove all signals are bounded. Simulations demonstrate that the ETESO can estimate accurately the
uncertainties, the velocity and yaw rate; the ETC can largely reduce the action times of actuator.

Keywords: Leader—follower, event-triggered controller, underactuated surface vessels.

0. Introduction

In recent years, formation tracking control of underactuated surface vessels (USVs)
has gained compelling interests, as they can be widely used in ocean engineering fields [1].
Compared with a single vessel, formation has many advantages. In the course of ocean
exploration, the efficiency of a single vessel is low. Beyond that, formation can perform
the complex tasks such as pursuing tasks that usually cannot accomplished by a single
vessel. There are various formation control schemes include leader—follower approach
[2][3], virtual structure [4], graph-based mechanism [5]. In particular, the leader-follower
strategy is preferred in ocean engineering applications. The follower maintains a desired
relative distance and angle with the leader, 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 single vessel.

There are two main challenges which are still worth mentioning. The first challenge
is actuator saturation, it can severely degrade the closed-loop system performance [6]. In
practice, each actuator of vessel can only provide a limited force or torque. To reduce the
risk of actuator saturation and enhance system performance, some methods are proposed
in recent years. To avoid a poor tracking performance in formation control, generalized
saturation functions combined with formation tracking errors are employed to handle the
input saturation problem [7]. To solve the input saturation and underactuated problems
simultaneously, additional variables are induced to velocity errors in the body-fixed frame
[8] [9]. Nonlinear saturation of actuator is approximated by a Gauss error function [10], such
that anti-saturation controller can be designed. An auxiliary dynamic system is constructed
to solve the input saturation problem [11]. The auxiliary dynamic system is designed as a
second-order system, and it provides a conservative input signal. A first-order auxiliary
system is designed [12], it is employed to deal with input saturation of rudder. However,
the limited acting frequency of actuator is not considered in the above articles.

High-frequency action may lead not only to mechanical abrasion but also to a short
service life [13]. Input saturation and actuator rate limits are considered in [14], and a
nonlinear controller is designed based on dynamic surface control and a backstepping
technology. [15] consider actuator saturation containing limited magnitude and rate, and
design a sliding model controller. In [14] and [15], Zeno behavior is avoided because the
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acting frequency of actuator is bounded. A controller combined with an event-triggered
condition is proposed in [16], and the triggered condition is designed based on the flow
time and error function. It still causes a large action times of actuator. [17] propose an event-
triggered control law, and an event-triggered mechanism is used to reduce the execution
frequency of actuators. The event-triggered mechanism is designed in the controller-to-
actuator channel, the execution rate of the actuator are reduced.

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
05, n X n dimensional zero matrix.

Position and yaw of the ith USV and the leader j

Uj, Ui, 1, Uj, U, 1 surge velocity, sway velocity and yaw rate of the ith USV and the leader j
mi11, Mi2, M;33 inertia mass of the ith USV

Oip Hydrodynamic damping parameters and disturbances

T = [Ti4,0,7i,) Input signals of the ith USV

(xi,yi), ¥iv (x3,9)), ¢;

iy Vi i = [xi/yiﬂlfi]TT, v = [Mi,vi,fi]TT
Tj» Vi mj = Xy il vy = [, 051)]
M; M; = diag{m;11,m;,m;33

R; Rotation matrices of the ith USV

Tie = [Tiuer 0, Tie) T;c calculated by the proposed controller

@; = [@; 4,0, LD,-,,]T The mismatch function between input without saturation and with saturation
Pij» )\,-]- Relative distance and angle between the ith USV and the leader j

Pijdr Nijd Desired distance and angle

2 Estimate of variable x

ty Previous event-triggering time instant

i Transmitted signal between 7;(t) and 7;(t;)

da(t Event-triggered mechanism

I=%—x Estimation error of variable x

Ifij = [0ijer Aije] Formation tracking error vector

Q; Estimator used to estimate velocity of the leader
Lin Time constants of the first-order filters

VYie Yaw tracking error

Bin Virtual controls

& p Aucxiliary variables
Errors caused by the first order filter
Control laws at the kinetic level

The second significant challenge is the uncertainties. Because of the working condi-
tion of surface vessel, the uncertainties contain model uncertainties and environmental
disturbances. In [18], the proposed controller is robust to the parameter uncertainties of the
nonlinear terms and exogenous disturbances. Unknown plant parameters and environment
disturbances are solved by using a parameter estimation and upper bound estimation in
[19]. In [20], a robust adaptive control algorithm is proposed to solve uncertain parame-
ters. Adaptive estimators are designed to estimate unknown time-varying functions of
vessel model in [21]. Considering the leader-follower formation tracking problem, a neural
network is used to approximate the uncertainties, and the uncertainties are compensated
by on line learning [22]. A cooperative controller is proposed by using position—heading
measurements only in [23], where an extended state observer (ESO) is constructed to pro-
vide the estimations of velocity, yaw rate and the uncertainties. However, the existing
observers presented in [9], [11], [13], [17], [23], [24] rely on continuous sampling. In each
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execution cycle signals are transmitted, which means that many network resources and cal-
culation resources are consumed. To remove unnecessary calculation and communication,
an event-triggered extended state observer (ETESO) is proposed in [25]. In [26], an ETESO
is proposed for a class of nonlinear networked control systems, and the state estimation
problem is solved. As for USVs, when their working mode is tracking control, in most
cases, yaw angle is unchanging. In the common continuous observer, the signals have to
be transmitted during each execution cycle, which will consume many network resources
and calculation resources. Therefore, it is rewarding to design a leader-follower tracking
controller with light transmission load and less action times of actuator.

Based on the above research background, this paper investigates leader—follower
formation tracking control of USVs subject to input saturation, model uncertainties and
environmental disturbances. Inspired by the works in [23] and [16], an improved output
feedback controller is proposed. Firstly, an ETESO is used to recover the velocity data,
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 informations
to the observer. Sensor-to-observer communication costs are drastically reduced. Secondly,
an estimator is employed to estimate velocity of the leader and reduce the amount of data
exchanged in formation. Thirdly, auxiliary variables provide a solution of input saturation
and underactuated problem. Then, an event-triggered controller (ETC) is designed based
on the ETESO, the estimator and auxiliary variables. Finally, the stability of closed-loop
system is proved. Simulations 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 does reading computations only use the position and yaw of the leader, the
transmission loads between formation are saved. Second, an event-triggered mechanism is
designed in the controller-to-actuator channel, action times of actuator are reduced.

Compared with the existing related results, the novelty of this paper is summarized
as follows. First, different from the existing formation control approaches [23] and [17],
velocity of the leader is estimated by an estimator, which reduce the amount of data
exchanged between USVs. Second, compared with the observer proposed in [23], the
ETESO can reduce sensor-to-observer communication costs. Third, compared with the
strategy proposed in [16], the proposed control law can largely reduce the action times of
actuator.

The rest sections are organized as follows. A table of notations containing some used
variables in the paper is presented. Section II describes the preliminaries and problem
formulation. Section III describes observer design, Section IV gives controller design and
stability analysis. Simulation results are presented in Section V. Section VI concludes this

paper.

1. Problem formulation
A group of USVs consists N USVs, and the model of the ith USV is given as [27]

X; = u; cos(ip;) — v; sin(y;), ()
¥ = u; sin(y;) + v; cos(¢;), &)
i =ri, ¢
and

i — Vil ;11 i,ur

U; = Oip, ©)

) 1

ri =03+ — T ©®)

1,33
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where (x;, ;)T € R? is the position, and ¢; is the yaw angle. u; is the surge velocity, v; is the
sway velocity, 7; is the yaw rate. m; 11 and m; 33 denote the inertia mass. The uncertainties
0;1, 0i» and 0;3 contain Coriolis parameters, hydrodynamic damping parameters and
time-varying disturbances. 7; , and T;, are input signals.

To facilitate observer design and analysis, the ith USV model is written as

i =Rv; (7)
U =M; 7 + 0y, (8)
where 17; = [x;,y;, i)T, vi = [u, 0,77, % = [14,0,7,]T, M; = diag{m;11,m;2,m;z3},

m;  is the inertia mass. 0; = [0;1, 01,0737,

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

The mismatch function between input without saturation and with saturation is
described as @; = [@;,,0,®;,]T = T, — T;, where Tjc = [T 4,0, Ti c]T with 7 ,,c and T ¢
are surge force and yaw moment calculated by the proposed controller, respectively. 7; =
[Ti4,0,T;,]T. Then, the saturated control is given by 7; = T;c — @;.

Assumption 1: The unknown function ¢; satisfies ¢; < o;" with ¢ is a positive constant.

0; a vector containing velocity, Coriolis parameters, hydrodynamic damping param-
eters and time-varying disturbances. It is natural to assume that their derivatives are
bounded. Control inputs to drive USVs are bounded, Assumption 1 is reasonable.
Assumption 2: Velocity of the ith USV is bounded, such that ||v;|| < v, v} is a positive
constant.

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

Assumption 3: The desired distance p;; s and angle A;; ; are bounded.

Assumption 3 means that the desired value is reasonable.

The following definitions are made.

The subscript j is the index of the leader j. 1; = [x},y;, l[Jj]T is used to denote the
position and yaw of the leader j. v; = [u;, v}, 7/] T is the velocity and yaw rate of the leader ;.

The relative distance p;; and angle A;; between the ith USV and the leader j are
expressed as

pij = \/(xj — ;)2 + (yj — vi)?, ©)
/\ij = atanZ(yj —YirXj — xz-). (10)

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

(%) — i) (% — %) + (y; — ¥i) (¥ — i)

o (
Pij = \/(x

j z) + (]/] - ]/i)z
(=) (34— %) + (0 — ) (95 — ) a
Pij ’
o1 i u) (g —x) - (%5 - 2) (Y — i)
)\1] _1 + (y] yi)? (x] — xi)z ’ (12)

(xj_xz)Z
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From x; — x; = p;;cos(A;j) and y; — y; = p;;sin(A;;), then

pij = [ujcos(ip;) — vjsin(y;) — u;cos(y;) + v; sin(¢h;)] cos(A;;)
+ [ujsin(¢p;) + vj cos(ip;) — u; sin(¢p;) + v; cos(y;)] sin(A;;)
= —u; cos(¥; — Ajj) + uj cos(ip; — Ajj)
+ 0; Sin(lpi — )LZJ) —0j Sil’l(l[]j — /\,]) (13)
I (Yj — ¥i)pijcos(Aij) — (% — %;)pjjsin(Ayj)
iy 2
Pij
= ;_{—ui sin(ip; — Ajj) + ujsin(y; — Ayj)
g
— 0; COS(I/)I' — )Ll]) +7; COS(I/J]‘ — )Ll])} (14)

The control objective is to design an event-trigged control law for USVs to track the
leader with desired distance p;; ; and angle A;; 4.

Remark 1. In the controller design process, the ith USV track the the jth USV by using
the informations x;, y; and ;. It means that the communication costs between the multiple
USVs are not saved.

2. Event-triggered extended state observer

An ETESO is developed for estimating the uncertainties containing model uncertain-
ties and time-varying disturbances, and an event-triggered condition is employed to avoid
unnecessary communications. Inspired by [25], an ETESO is designed as follow:

. 3 . .

7i(t) == — (0 — &) + Riti, (15)
1

N 3 R . _

vi(t) = — ejRiT(Wi —&) +0o;+ Mg, (16)
i

N 1 7,

oi(t) =— 3R (i = Gi), (17)
i

where ﬁi = [J?i/y,\i/ l/A’i]T/ 1,/\l' - [ﬁi/ vAi/ ?i]T and a’l = [a—i,lla-i,Zla_i,?)]T' fi/ﬁi/ 1i7i/ ﬁir vAi/ ?i/ &i,ll (/7\'1’,2

and 0; 3 are the estimates of x;, y;, ¥;, u;, v;,7;,0;1,0; 2 and 0; 3, respectively. €; is a positive
constant and ¢; is the transmitted signal given by

gi(t) :{ ni(tk)f if d(t) =0 (18)

ni(t), otherwise.

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

_J 0, ifflg(H)]l <cq
d(t) _{ 1, otherwise. (19)

c¢g > 01is design threshold and

q(t) = lq1,92,93]" = [ni(te) — mi(t)] /€7 (20)

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

To facilitate controller design and stability analysis, define & = [¢;1, &2, &i3]", (16)
can be written as

By =G + 07 + e — i (21)
mi;11
0; =Cip + ip, (22)
B =i + 075+ e —ir (23)
m; 33
with
3 . . .
Ci1=— g[COS(lPi)(xi —Gin) +sin(;) (9 — Gi2)]s (24)
3 . . .
Jin=— 67[— sin(4;) (% — &i1) + cos(¢;) (7 — Gi2)], (25)
i
3 .
Cig=— Zz(lpi —Ci3), (26)

~

Define ¥; =% —x;, i = 9i — Vi, i = i — $i, h; = 0 —u;, 0; = 0; —v;, i = #; — 1y,

i =%, 75, 9], ei1(t) = [enn, enn e13)” = ﬁif_jzit)r (27)
7 =[i1;, 5, 7]", ein(t) = ﬂi(;it)/ (28)
0; =0; — 0y, e;3(t) = G;(eit). (29)
It follows that

éi1(t) = —3e;1(t) —3q(t) + Ri(yi(t) )ein(t), (30)
éin(t) = — 3R] (;(t))ei (t) — 3R] (w;(t))q(t)

+e;3(t), (31)
éi3(t) = — R (i(t))ei1 (t) — RY (i(t))q(t) — €07 (32)

Theorem 1. Consider the USVs model (7) and (8), the ETESO (15), (16) and (17), and the
event-triggering condition (19). If Assumptions 1 and 2 are satisfied, there exist €; > 0 and
t > 0 such that for any k > 0,

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

oy = ik, i i) — i) < cqef
Gilt) { Ui(tl;, otherw];se. ' (534)

When t € [t, tg, 1), the sample error #;(t) — 17;(t) becomes
t
InsCte) =1 =11 [ (0]
k
t
< [ IRpi )il (35)
k
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Using Assumption 2, it obtains that
(k) — (O] < (¢ — ti)vs (36)

There exists 1 = €?¢;/v* and 1 = t — t;, such that ||57;(ty) — 7;()|| < cy€?. Notes that
t € [t, txy1), so it can draw a 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 the stability analysis, define E;(t) = [e;1(t)T,e;2(t)T,e;5(t)T]T € R?, and
the error dynamics (30)-(32) can be expressed as

Ei(t) = A;E;(t) — Bie;oy(t) — HiDiq(t), (37)

=33 Ri(yi(t)) 03

Ai= | =3RI(i(t)) 03 I, (38)
—RI(i(t)) 03 03
0 T
Bi=1] 03 |, (39)
| I3 ]
3T
D;=| 33 |, (40)
L I3 |

}.

and H; = diag{Is, R} (()), Rf (i(1))
= TE;(t) with T = diag{R] (y;(t)), I5, I3}, it follows that

Using a transformation E; ()
Et(t) = AgE;(t) + r;STE:(t) — Bje;io;(t) — H,‘Diq(t), (41)

where H; = diag{RT (1;(1)), RT (:(1)), RT (¢:(£))}, S = diag{ST,0,0}, and

—3I; I 0,

Ap=| -3 03 I ] (42)
—I; 03 05
0 -1 0

5:[1 0 0]. (43)
0 0 0

Theorem 3. The observer error dynamics are bounded, if there exist a positive definite
matrix P satisfying the inequalities used in stability analysis, the inequalities are defined as

ALTP+ PAg + oIy — 7;(SEP + PSt) <0, (44)
ALP 4 PAy + oly +7;(SEP + PSt) <0, (45)
where ¢ is a positive constant, 7; is the upper bound of 7;.

Proof. Consider the Lyapunov function

Vo = SE()TPEL(D). (46)


https://doi.org/10.20944/preprints202305.1808.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2023 d0i:10.20944/preprints202305.1808.v1

8 of 23
Differentiating V, with respect to time
, 1 T(AT T ,
Vo szt(t) (AgP +rSP + PAg+ riPST)E(t)
— Et(t)TPBiel’O’i(f) - Et(t)TPHiDiq(t)
<- %llEt(f)H2 +eil|[E ()1 PBy|]|e: (£)]]
+IE@IPDillllg(®)]]- (47)

Notes that 2¢;||PB;||||0i(t)|| + 2|[PD;l|||q(t)]| < oco, [|E¢(£)]], 0 < co; < 1. Itleads to

Vo < = 51— o) [EdDIP < ~coyVa, (48)
where ¢, = 0(1 — ¢, )/ Amax(P).
Then the state E;(t) is bounded. Noticing ||[T~!|| = 1 and E;(t) = T E(t), the
estimation error E;(t) is bounded.

3. Controller Design

An output feedback controller combined with the ETESO is developed based on an
event-triggered strategy. As shown in Fig. 1, the characteristic of the proposed controller is
as follows. The estimator is used to provide the estimation of velocity of the leader; the
ETESO is designed to provide the velocity, yaw rate and the uncertainties; the transmitted
signal contains an event-trigged strategy which reduce sensor-to-observer communication
costs; the triggering condition of controller can largely reduce the action times of actuator.
The control law design process is divided into the following steps.

Figure 1. The structure of proposed ETC.

Step 1: Define the formation tracking error vector
P = [pijer Aijel T (49)

where Pij,e = Pz] — Pij,dr /\ij,e = )\i]' — Aij,d'
Using (13) and (14), the time derivative of P;; is given as

P;j = Bij(—Eij12; + Eijozj — Dija), (50)
where B;; = diag{1, pil]} ,
g = { cos(; — Ayj)  —sin(yp; — Ay) } (51)
v Sil‘l(lpi — )\z]) COS(l/Ji — )\z]) !

_ [ cos(j — Aif) - —sin(j — Ayj) ] (52)
Sil‘l(l[)j — )Ll]) COS(l/)j - )\1]) ’
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zi = [u;, vi|", zj = [uj,vj]" and Djj g = [pija, Aijal -
Define f; = [fi1 fi2] = Pi]T-BijEi]',l, | fill < £, ff is an unknown positive constant.
Remark 3: From the definition of Z;;1, P;j and B;j, one notes that ||Z;; ;|| = 1, P;; and
B;; are bounded, so || fi|| < f" is reasonable.
Choosing f; as a virtual controller, §; is designed as:

ﬁi:E (B Kll +® Dz]d)+fl (53)

where &1 ljl(uljlluljl) Ki; € R**?is a positive definite matrix, fj, = [0, tanh(fj>/€f)]7,

ij, 17
€y > (Ois a constant. ©; is the estimator of ®;, ®; = Eijpzj, and it updates as

O, = —Ke®, — (54)

l]/
P;j = Bjj[pij. tanh(pjje/€p), Aije tanh(Azi ./ €r)] T, Kg is a positive definite matrix, €p and €,
are positive constants.

Remark 4: The adaptive term ©; is employed to reduce the volume of data on the
formation communication [24], and estimate the information ®@;. ©; can be estimated
because E;»z; < |zj| and z; is bounded. It makes sure that formation tracking control is
achieved without velocity of the leader, the amount of data exchange between USVs can
be reduced. Unlike the controller presented in [24], the proposed controller is designed
without velocities of follower; the ETESO can reduce sensor-to-observer communication
costs; the ETC can largely reduce the action times of actuator.

Step 2: Define a error as

Yie =¢i — Yija (55)
with
lpij,a = [arctanZ(g,-jll,gijrz) — lllj]tanh(gijlg,) + 1,[7], (56)
where
&ij,1 = Pij smO‘ ) = Qij,d Sm(/\ij,d)r (57)
&ij2 = Pij COS()L ) Pij,d COS(Al],d) (58)
i3 = {(pija — pij)* + (Nija — i)}/ 7ij, (59)

7ij is a positive constant.
Using the the USV’s dynamic, the time derivative of ; , is

Yie =1i— ¢ij,a' (60)
The virtual control §; 3 is chosen as:
Biz = —kiaWie + Wija, (61)

where k; 5 is a positive constant.
Step 3: Define error functions as follow:

Zip =[ie,vie]" = 2 — Bi — &, (62)
rie =Fi — Biz — 113, (63)
w; =B; — Bi, (64)

wiz =Piz — Bis, (65)
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where 2; = [i;,9,]7, Bi = [Bi1,Bia)T, 1 is a positive constant. B, h = 1,2,3, is
derived from the first order filter li,hﬁi,h + Bin = PBin lix > 0is a constant. &; =
[a;1, tanh(a;p)/71]%, &y, h = 1,2,3, is the auxiliary variable derived to deal with the
underactuated problem and input saturation. w; = [w; 1, a)ilz]T, wip, h=1,2,3,is the error
caused by the first order filter.

The update laws of extra variables are given by

= —(—Tuwi1 — , 66
i1 ( ulii mi,ll) (66)
i2 = m(&zﬂ +kiavie — fio — Bin), (67)
(D.
iz = —(—Tajz — ——), (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) =mi 11 (—kizttie + Bin — Tutin + fi1 — 011), (69)
wer(t) =miza(—kisrie + Biz — Trtiz — Pie — 0i3), (70)

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-trigged controller is designed and
the event-trigged condition will be established in the following step. During the flow
period between two successive triggering instants, zero-order holder is used to keep input
signals unchanged. The key to a successful ETC design is to choose an appropriate event-
trigged strategy. In [16], the triggered condition of time-varying threshold event-triggered
controller (TTETC) is constructed based on flow time and Lyapunov function. Therefore,
the action times of actuator is limited and Zeno behavior can be avoided. The signals
calculated by controller should be closely related to the triggered condition, its size change
determine whether or not to update the control inputs, and the change is used to design
the proposed triggered condition. It is necessary to give the proof that Zeno behavior is
avoided. The appropriate event-trigged strategy reduce the action times of actuator.

An event-trigged controller is chosen as

{ Tiuc(t) = wr(ty), V€ [H ) (71)
Ti,l’c(t) = wTr(tZ)r Vt S [ti/ t;;_;'_l)
with

= inf{t € Rlleu(t)] > m),  H=0

i = inf{t € Rlles(H)] > a2}, £ =0 72)

ey = Wru — TGucr €r = Wrr — Tires

a1 and a, are positive constants.
The following theorem is given to point out the stability of overall closed-loop system.
Theorem 3. Consider the system consisting of the USV dynamics (7) and (8), the
observer (15), (16) and (17), auxiliary variables (66), (67) and (68), the control law (71), with
unknown environmental disturbances under Assumption 1-3. Then, the proposed control
scheme guarantees: 1) All signals in the closed-loop system are bounded. 2) All USVs can
track the leader with a bounded tracking error.
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Proof. Choose a Lyapunov function candidate as follows :

1 r 1 1 1
1%l :Epijpij+§lpl€+2ule+zvl€ 2 1e

I 1

+
2 th 2

1,
“z 1 5“1',3/

N =

where ©; = 0, — ©,.
Along with (50) and (60), the time derivative of V; is given
Vi =P} Bi(=Zij1zi + Zijzj — Dija) + Yie(ri — ¥ia)
+uze( Ui ﬁll 'Yl“zl)+vze( 0j ,312 0‘1’2)

+7ze( ﬁzS"Yl“zB)"'@ ®+szhwzh
h=1

+ajqdiq + &3 3.

By applying (21), (22), (23), (62) and (63) to (74), we obtain

Vi =P} Bi[~Zij1(zie + Bi + wi + i — Zi) + 0z
j j

— Djjal + $ie(rie + Bis + wiz + 11003 — 7

Ti ye — W; -
_lplu)'i‘uze(gll'f'o'zl"‘ S lu_,Bi,l
mi11

—11di1) + 0ie(Gip + 0in — Bip — &ip)
@, - )
+7i0(Cip + i3+ Tire — Bir _ Bisz — Y1&i3)
m; 33
“Tr & A&TH )
— 0, Ke®; — O] Pyj + ) wj iy + iy
h=1
+ & 34; 3.

Using (53), (54), (61), (66), (67) and (68) yields

@1

Vi = — PIKi1 Py — kioy7, —

= filzie + wi + ma; +fz‘,2 —Z
FPie(rie + Wiz + Y103 — 7

I
T ~ NG

1)
+0ie(—kiavie + Cio + fi2)
CS — Bis+ Traig)

N Ty
+7ie(Cis+0i3+ p

3
— @ K@@ @TPZ']' - Z wlh(

) - )
— Tunj — ;1@ — Trajs — i 30 4,

where T, = T,/ 711, ®iy = @iy /mi11, Tr = Tr /11, @iy = @,/ M 33.

(73)

(74)

(75)

(76)

According to (71) and (72), one has |wry — Tjyue| < a1 and |wry — Tj | < ap. There exist
time-varying functions 1, yp satisfying |pu1| < 1 and |uz| < 1. Then, wey = Tjyue + 101

and wyy = Ty + Yod.
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Notes that fiz;, = fi1uie + fi2vie and

—P[B;j®; — ] P; < |P}B;6;| — 6] D;

< 0.2758¢, + 0.2758¢.
Along with (69) and (70), V; becomes
Vl < *PirKilpi' 121‘)[)18 Z3u1€ kir4012,6
— ki 51’1 e Tu“z 1 T”“z‘,S - fi(wi + M
+ fiz = Zi) + Yie(wis + 1103 — i)

+ ui,e(gi,l - 7;:11 ! ) + z716@2 "‘7’15(&3

— @TK@@- +0. 2758ep +0.2758¢,

- Z wip( L Bin) — ain@iy — ;3@ .

According to Young’s inequality,

with kg = Amin(K@).
Vi becomes

Vi < — PIKi1 Py — kioW?, — kigug, — kiat?,
— ki,s”%,e - Tuzxz%l — Troc%S —
— filwi + ma; + fiz — 2)
+ Yie(wis + 1003 — Fi) + e (Tin —

(77)

Uoa2 )
i11 m; 33

(78)

(79)

]’llal )

m;11

Uoa2 )
m; 33

+0;eio +1ie(Tis —

- Z wip( + Bin) — ain®@;y — 0i3@;,

k
+ 7®®,T ®; + 0.2758¢, + 0.2758¢)..

According to [28] and Young's inequality,

T

(80)

—fi(mi&i1 + fiz) = — 11fianin — fip tanh(a;p)

—tanh(fi2/€f)

2
1
< i+ Ea,%l +0.2785¢ . (81)

The following inequalities are used to stability analysis, which are
fizi =fipti + fip0i
1 2 o~
< S+ fa+ai+o)

1 oo 0, 20 | 229
< E(fi,l + fip +eier +eiery),

represented as

(82)
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N 1 1_
Pie(110i3 — 7i) S—l(lI’?e + "‘1'2,3) + —'a’]iz,e + _riz)
’Yl + 1 ’71 1
Yre+ 5 4l + S€iely, (83)
3
Gin —2(|xz 21)
Z
< 3(lenn] + lg1] + ler2] + |g21), (84)
3 .
Gio —2(|x1 Gial + 19 — Gial)
l
< 3(lex| + |gq1] + ler2| + |g2]), (85)
3
i3 —2(|1Pz Gial) < 3(les| + g31), (86)
l
a _
uie(Cin — ad L) <u;o(Cin +ar)
mi11
<Bu;.(lerr| + [g1] + lerz| + [92])
1
5(311 +qi+ef +q5) + 5
13
+ U, (87)
0ieGip <B0ie(lenn] + [q1] + [erz] + [92])
3
< 5 (et + i + ety +a3) + 60, (88)
a _
rie(Gip — m, 2) <rie(ip + 12)
m; 33
§37i,e(
3 7 1,
§§<e%3 =+ q%) 2 16 + 2a2’ (89)
1 1._
01Dy < E"‘%l +5 ” (90)
1 1._
Ki3@;, < 5“123 + E‘D%w (91)

where @y = a1 /m; 11, @ = a/m; 33.
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Then, the following inequality can be obtained:
. T _ 2 13 2
Vi < =DK1 P — (kip = Y1) 7, — (kiz — 3)”i,e
7 k
— (kis — 6)07, — (kis — E)rlz,e 2®®T®
- 1 - _
—(Tu~ 5)0@1 U 71)06?,3 ~ fiew;
&2
+6
+ ;w3 — 2 win( I B+ Te%l
€2 +6 243
+ &+ 02 ey, (92)

2 2

2
where 7= 251, ¢ = 52070, +0.2758¢, +0.2758¢) + B f7 +0.2785€ 7 + L (f2 + f2) +
3@, + 307, +3(47 + 45 + 343) + 381 + 3.
Consider the total Lyapunov function as

Remark 5: The Lyapunov function V; include estimation errors eq1, 12, e13. We cannot
conclude that V; < —cgVj + ¢3, ¢g and c3 are positive constants. The Lyapunov function V;
is constructed by inducing V,. In the time derivative of V), the gain of estimation error is
negative. We can conclude that V, < —cgV4 + c3. Then, it is proved that all signals of the
closed-loop system are bounded.

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

) _ 13
Vo < — Pi]T'KmPij — (kip = 71)97, — (kiz — 7)“1‘2,3

7 ko ~7 ~
— (kg — 6)v7, — (ki5 — E)sz,e - 7®®iT®i

+ i ewiz — Z Wi, h + ﬁl h)
- cz||Et(t)||2 +c1, (94)
_ 2
Where C2 — Q(l 2601) _ Ei +6

7 . : .
Define Q;1 = —fi1 — B;, 0 Qip = —fip — Bip and Q3 = ;. — Bi3. According to
Young’s inequality, w; ,(; j, < 2 o 2 Qz + % Then,

C

Vo, < — Pi]TKi,lPij — (kip — ’71)1Pi2,g — (kis — 123)1,11.2’6
— (kijg — 6)v7, — (kis — g)ri k® fogre,
—(Tu - %)“12,1 —(Tr - ’)71)06,-,3
2 2 2
_hil((;:f: - wl;;?m) — & Ex(1)]|* +cs, (95)

where c3 = ¢1 + %Qc, 0 is a positive constant.
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Define |Q; | < s;p, sip, h =1,2,3 is a positive constant. Choosing ﬁ = s%h/(ZQc) +
I¥, with I, > 0 is a constant. The follow can be attained:

Vo < = PIKi1 Py — (kip — 7)97, — (kis — 7)”1’2,3

7 ko ~7~
~ (kia — 6)07, — (kis — )1}, — 5 O]

3 3 WSt
=Y el - Y (1- 52 12 l
h=1 h=1 ih Qi
— o ||Ee(8)||* + c3, (96)

Owing to |Q); | < s;, the inequality (96) becomes
Vo < —coVa+c3, (97)

where ¢p = min{2Amin (K1), 2(ki2 — 71), 2(ki3 — 2),2(kia —6),2(kis — %), ko, 2(Tu — 3),
2(Tr — 1), 2Ly, 2¢2/ Amax(P) }-

Theorem 4. The Zeno behavior can be avoided under the event-triggered mechanisms
(71) and (72), and the implementation intervals t; | — t! and t| | — t; are lower bounded
by a positive constant t*.

Proof. According to (72), one has that

%|eu| = sign(e,)éy < ||, VEE [t 1) 8)
giler| = sign(er)ér <|wr .  VEE [t 1)
The time derivatives of wry, and w+, are given
W (t) =min1(—kigthie + Big — Tultin + fi1 — 0in), (99)
Wor(t) =mizs(—kistie + Bis — Tritiz — Pie — 0i3). (100)

Theorem 3 shows that all signals in the closed-loop system are bounded. Then,

Ui, Fies ﬁl 1, ﬁl 3,01, &3 and ¢; , are bounded. According to the design of ETESO, 0'1 1 and

0’1 3 are bounded. f;; is bounded because | f;|| < f. Therefore, there are positive constants
ky, and k, satisfying |wry| < ky and |w+,| < k. Since

{ eu(tf) =0, 1%mt—>t,‘{’+l|eu(t)|:a1 (101)

er(t ) =0, limt— tp e (t)| = a2

there exists the lower bound of implementation interval t* and * > min{ay /k,, a,/k}.
Hence, no Zeno phenomenon will occur by using the proposed control law.

4. Simulation Results

In this section, simulation results are proposed to prove the proposed event-triggered
control method, and the ship parameters are chosen from [29]. Four USVs are 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 is 120s, the sampling time t; for each time point
is 0.01s. The initial positions of followers are chosen as: #71(0) = [-2 m, —5m, 0 rad]”,
712(0) = [-2m, 5m, 0 rad]”, #3(0) = [-4 m, —8 m, 0 rad]”, 74(0) = [-4 m, 8 m, O rad].
The trajectory of leader is generated by: u; = 0.2 m/s, v; = 0 m/s and r; = 0 rad/s
for0 < t < 40s, uj = 0.2 m/s, v; =0 m/s and ri = 0.1 rad/s for 40 s< t < 60 s,
uj = 0.2m/s, vj = 0m/s and rj = —0.1rad/sfor60s<t < 80s, uj = 0.2m/s, vj = Om/s
and r; = O rad/s for 80 s< t < 120’5, ’7]’(0) = [0 m, 0 m, 0 rad]”, The desired distance
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and relative angle are given by py;; = 3m, Ayj3 = 1rad, p2jg = 3 m, Ayjy = —1rad,
P3j,d = 6m, Az;y = 1rad, pgjq = 6 m, Ayjy = —1rad.

The parameters of ETESO are chosen as: €; = 0.4, ¢; = 0.1. The parameters of the
proposed control law are chosen as e = 0.1, Kg = diag{5,5}, 7vij = 0.001,K; 1 = diag{5,5},
ki» =5,kiz =10, kiy =10, kj5 = 10,91 =5,T, =10, T, = 16,1;;, = 0.1, h = 1,2,3. The
parameters of trigger condition are 4y = ap = 0.2.

Remark 6: According to inequality (97), we should keep cy as large as possible and
c3 as small as possible. The close-loop system can converge quickly with small errors.
However, c3 include the mismatch variables between input without saturation and with
saturation @; , and @; ,. Large gain factors K; 1, k; », k; 3, k; 4 and k; 5 corresponds to large
mismatch variables. Therefore, we make gain factor as small as possible without violating
the constraint cg > 0. 1, Ty, and T, define the convergence rate of auxiliary variables, and
they satisfy the inequalities T, /y; —1/2 > 0and T, /1 — (1 + 1) /2 > 0. [;;, determines
the tracking speed of first order filter, which is related to sampling time of simulation. And
too large value will make an unstable system, too small value will make a poor tracking
performance. As a rule of thumb, the general recommended value of [; , is between t; and
10ts. The parameters a; and a, define trigger condition of the proposed controller, larger a;
and a4, mean lower update frequency of input signals and a poor system performance. To
find a balance between update frequency and system performance, a; and a; are defined
as a; = ap = 0.2. ¢; define the estimation speed of ETESO, ¢, is the threshold of trigger
condition of ETESO, and the process of parameter selection is similar to parameter selection
in a1 and a,.

For surface vessels, the effect of gravity can be neglected because gravity acting on
USVs equals buoyancy acting on USVs. The 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 ; 1, 0; »
and 0; 3 are assumed to be unknown. Environmental disturbances contain wind, wave
and current. The impacts on USVs of wind can be ignored due to small windward area.
Therefore, environmental disturbances are designed as the sum of some sinusoidal signals,
which are chosen as [0.18 — 0.18 cos(0.01¢)cos(0.015¢),0.6 4 0.18 sin(0.21¢)cos(0.2¢),0.6 —
0.18 sin(0.2¢)cos(0.23¢)]T.

Simulation results are shown in Figs. 3-8. Fig. 3 shows formation pattern shaped
by the five vessels, and all followers can successfully track the leader. Fig. 4 shows
that the formation tracking errors approach zero regardless of model uncertainties and
environmental disturbances. Fig. 5 shows the input signals of four USVs. In the first
24s, since initial formation tracking errors are large, saturated control inputs suffer from
sudden jumps. During 25s-40s, formation tracking errors approach zero, input signals
convergences gradually. At 40s, 60s and 80s, the sudden changes of the control forces are
caused by sudden change of the leader velocity.

——ESO
——MFESO
Reference

Velocity [degree/s]
=
S

0 5 10 15 20 25 30
Time [s]

Figure 2. Formation pattern with four followers and a leader.


https://doi.org/10.20944/preprints202305.1808.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2023

17 of 23

]
IS

1,...4)and y.[m]

"::- ol Leader
—USsV1
a4l ——UsV2
—USV3
6f USV4

-8 . . . .

0 5 10 15

xl(i:IA,..A,4)and x][m]

Figure 3. Formation pattern with four followers and a leader.
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0 20 40 60 80 100 120
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Figure 4. Tracking errors with perturbations effect.

The comparison of simulation results are shown in Fig. 6-8, simulations are conducted
using the TTETC proposed in [16] and the ETC proposed in this paper. The two controllers
have same control parameters, different parameters of trigger condition.

The TTETC is designed as follows:

{ Ti,uc(t) = wTu(t]L(l)l Vt € [t]L([/ t;:Jrl) (102)
Ti,rc(t) = wTr(ti)r vt e [tir t£+1)
with

tf =inf{t e Rt >t} | Ney > Vo AVo >}, t =

F—inf{t R}t > _ Ne,>(1—)VaAVy>p}, ££=0 (103)

ey = Wty — Tyer €r = Wrr — Tiyes

u=20.020=05.

Fig. 6 depicts formation pattern shaped by the ith USV and the leader. The different
controllers are applied to the system with and without perturbations, respectively. It reveals
that the follower is able to track the leader successfully under four different conditions.
Fig. 7 depicts the distance and angle tracking errors under four different conditions, and
it shows the errors converge to a small neighborhood of the origin. Compared with the
system with perturbations, the system without perturbations has faster convergent rate. In
the system with perturbations, some control energy is used to reject disturbances including
model uncertainties and environmental disturbances. Then, the energy that make the
system convergent is reduced. Under the same condition, stability errors and convergence
rates of TTETC and ETC are nearly the same. The two controllers have same structure but
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Figure 5. Input signals of four USVs.

v, and y,(m]
o

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))

S 0 5 10 15 20
x, and x;[m]

Figure 6. Leader—follower formation tracking control under four conditions.

different event-triggered strategy. Therefore, they have same convergent rate but different
action times of actuator. Fig. 8 depicts the control signals generated by the two different
controllers. By the effect of the proposed controller, the input signals are shaking in low
frequencies, but the amplitudes are higher. At the beginning, due to large initial formation
tracking error, the input signals are saturated. The input signals converge along with
the convergence of formation tracking error. At 40s, 60s and 80s, the input signals are
shaking due to change of the leader velocity. Fig. 9 shows the control inputs at the first
20 seconds, and the update frequencies of control inputs are different due to different
triggering strategies.

Fig. 10 is the event-based release instants and release intervals of input signals under
the proposed controller. As shown in Table 2, compared with TTETC, the proposed ETC
largely reduce the action times of actuator. The triggering condition of TTETC is designed
based on the Lyapunov function V;. In order to assure the performance of control systems,
the threshold is set to a smaller value. The threshold of ETC is set to 0.2, the action times of
actuator can be largely reduced.

The ESQO is proposed in [23]. Fig. 11 shows the estimated velocities and real velocities,
illustrating that velocity estimate of ETESO is as good as that of ESO. Fig. 12 shows the
uncertainties are effectively approximated by ESO and ETESO. Comparing to ESO, ETESO
simultaneously get large steady error and large jitter. Fig. 13 shows the event-based
release instants and release intervals of ETESO, a local enlarged drawing is also given.
During 40 — 45 s, the maximum release interval is 0.08, and the minimum release interval
is 0.01. During 0 — 120 s, most of release intervals are greater than 0.04. Therefore, some
communication times are saved. Table 3 shows communication times of two observers.
A counter is added in simulation. When the event condition is met, the counter begin to


https://doi.org/10.20944/preprints202305.1808.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2023 d0i:10.20944/preprints202305.1808.v1

19 of 23

ETC in the paper
e TTETC proposed in Deng et al.
ETC proposed in the paper (without perturbations)
TTETC proposed in Deng.et al.(without perturbations)
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ETC proposed in the paper
= TTETC proposed in Deng et al

ETC proposed in the paper (without perturbations)
TTETC proposed in Deng.et al.(without perturbations)
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(byils]

Figure 7. Tracking errors under different controllers.
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Figure 8. Control inputs with perturbations effect.

count. After the application completes, the counter shows the total number of times the
event has occurred. Communication times can be attained by multiplying the total number
of times by the sampling time. Compared with ESO, the ETESO can reduce communication
costs and communication time. The ETESO is applied to reduce communication costs in
the cost of losing estimation accuracy.
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Figure 9. Local enlarged diagram around of Fig. 8.

Event-based release instants and release intervals of ., ‘

Figure 10. The event-based release instants and release intervals of input signals.

Table 2. The comparisons of ETC and TTETC

Performance parameter ETC TTETC
Convergent time 24.25s 24.26s
Convergent time (without perturbations) 24.21s 24.22s
stability error pqj, 0.01m 0.01m
Stability error pq;, (without perturbations) 0.0Im 0.01m
Stability error Ay, -0.02rad  -0.02rad
Stability error Ay;, (without perturbations) -0.0lrad -0.01lrad
Action times of 77 1321 2226
Action times of 1y ;. (without perturbations) 1210 2064
Action times of 1y ;. 702 2226
Action times of 71, (without perturbations) 504 2064

0 20 40 60 80 100 120
(axgs]

o 20 40 60 80 100 120
(b)[s]

0 20 40 60 80 100 120
(onls]

Figure 11. Comparisons of estimation performance.
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Figure 12. The approximation errors under different observers.

Event-based release instants and release intervals of ETESO ‘
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Figure 13. The triggering instants for the ETESO and its local enlarged drawing.

Table 3. The comparisons of communication time.

Serial number  Variable  Time (s)

(1) ETESO  31.84
() ESO 120
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5. Conclusion

This article suggests an output feedback controller for surface vessel with model
uncertainties, unknown environmental disturbances, and input constraints. Static obstacles
and unknown non-cooperative ships are also considered. An ESO is given, unknown
model dynamics and velocity are simultaneously estimated. The controller is designed
based on the ADS and MAPFs. Finally, the mathematic analysis is given to proved that
all error signals of the system are bounded. Simulation experiments affirm the tracking
performance of the proposed controller.
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