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This paper addresses the swarm tracking problem of multiple unmanned surface vehicles subjected to unknown time-varying
environmental disturbance and input saturation. The main control objective of this paper is that USVs cluster to follow the virtual
leader with the desired position and heading and are required to maintain a specified position separation relative to both neighbor
vehicles. In order to achieve the design goal, we mainly focus on three aspects. Firstly, to estimate the external disturbance
accurately and improve the convergence speed, a finite-time disturbance observer is designed. Secondly, an auxiliary dynamic
system is introduced to solve the input saturation problem. Thirdly, an output feedback controller based on a finite-time
disturbance observer and an auxiliary dynamic system is designed to achieve swarm control of multiple unmanned surface
vehicles. The stability of the system is proved by the Lyapunov directly method. Finally, the simulation results show that the

proposed control strategy is effective.

1. Introduction

In recent years, swarm control for multiple unmanned
surface vehicles (USVs) has attracted increasing interest in
many fields, such as search and track mission [1], rescue
operations [2], and dynamic guarding [3, 4]. These have
brought new challenges to USV cluster control, especially
maintaining a desired position separation relative to what is
often required when USVs swarm to perform the corre-
sponding missions [5].

These challenges can be divided into two aspects: un-
known time-varying environmental disturbance and input
saturation. The environmental disturbance is caused by the
wind, waves, and ocean currents in surge, sway, and yaw,
respectively. Due to the environmental disturbance being
unknown and time-varying, it cannot be measured directly
and accurately. Therefore, some control strategies based on
estimating disturbance or compensating for disturbance are
proposed in [6-11]. Through these proposed control

strategies, the observation error only accurately estimates
rather than converges to a small neighborhood of an
equilibrium state as soon as possible. Furthermore, to im-
prove the convergence speed, the finite-time control tech-
nology is adopted in [12-16], which ensures the consistency
of all states in the closed-loop system in a finite time.
Therefore, the combination of disturbance observer and
finite-time control technology is an executable program.
Except for environmental disturbance, another challenge
to USVs’ cluster control is input saturation. Since the USV
actuator cannot be infinite, there is a deviation between the
expected input signal and the actual output of the actuator.
Therefore, the amplitude of the control signal is usually
limited to a certain range. In the process of designing the
actuator, it is necessary to consider the physical constraints
of the actuator, that is, input saturation. The existence of
input saturation may lead to system oscillation and even
system instability. In recent years, the input saturation
problem of various systems has received the most extensive
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attention. In [17], an adaptive mechanism is devised to figure
out the input saturation problem. In [18], a novel finite-time
control approach is presented to overcome the effects of state
constraints on system performance. The group consensus
algorithms with input saturation are given in [19]. From the
vessels’ work situation, it is very necessary to take input
saturation into account in cluster control through the actual
working conditions of the multiple USVs.

Based on the above research background, for the first
challenge, a finite-time disturbance observer is proposed to
resolve the first challenge, which can not only measure the
disturbance accurately, but also improve the converge speed.
Secondly, by using an auxiliary dynamic system to solve the
second problem of input saturation. Furthermore, to solve
the above two challenges more perfectly, an output feedback
controller is proposed, which is mainly composed of a finite
time-disturbance observer, an auxiliary dynamic system,
and other control technologies. Meanwhile, it is proved that
all signals in the closed-loop system are bounded by the
Lyapunov method.

The main contributions of this paper are summarized as
follows: firstly, different from existing disturbance observer
approaches in [20], the unknown time-varying environ-
mental disturbance can be measured accurately by the finite-
time disturbance observer. Secondly, unlike the existing
work ignoring the actuator constraints, an auxiliary dynamic
system is introduced to resolve the input saturation problem.
Thirdly, an output feedback controller is designed, which is
mainly composed of a finite-time disturbance observer, an
auxiliary dynamic system, and other control technologies.

A summary of recent works is outlined in Table 1,
corresponding to different features and classification.

This paper is organized as follows: Section 2 describes some
necessary preliminaries and mathematical modeling of USVs.
Section 3 depicts the finite-time disturbance observer design.
Section 4 describes the output feedback controller design and
stability analysis. Simulation results and comparison results are
discussed in Section 5 and Section 6 concludes this paper.

Notations: the following notations will be used
throughout this paper. A/B denotes all elements that belong
to A and not to B. |- | represents the absolute value of a
scalar. || - || denotes the Euclidean norm. R™" represents the
mxn dimensional Euclidean Space. diag{a;} denotes a
block-d'ajgonal matrix with a; being the ith diagonal ele-
ment. (-)" and (-)”' represent the transpose and inverse of a
matrix, respectively. ® denotes the Kronecker product of
matrix. A, (-) and A, (-) represent minimum and maxi-
mum  of eigenvalues a  matrix, respectively.
sig5 =1 |5sign(-), sign represents the Symbolic function,
ie, sign(t)=-1, Vt<0; sign(t)=0, t=0; sign(t) =1,
Vt > 0. I, represents the n x n dimensional identity matrix. i
is used to denote the subscript of USVs.

2. Preliminaries and Mathematical
Modeling of USVs

2.1. Algebraic Graph Theory. Graph theory is used to de-
scribe the communication topology of n follower USVsand a
virtual leader vehicle (denoted by 0). A directed graph & =
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(7, €) consists of a vertex set 7" = {0, 1,2, ...,n} and the set
of edges ec{(i, j) € 7" x 7'}. A directed edge (i, j) is not only
the incoming edge of node j but also the outgoing edge of
node i. If (i, j) € ¢ node j is an adjacent node of node i. The
set of all adjacent nodes of node i is represents by
Ni={je?, (ij) €&}, see [21].

Consider a directed graph & composed of n nodes, the
adjacency matrix & = [a;;],, is used to represent the link
relationship between nodes, where g; i=1 it (i,j) € &
a;; =0, otherwise. If a;; =aj, the graph is undirected;
otherwise is directed. The Laplacian matrix & associates
with the graph ¥ is defined as &£ =2 -4 where
2 = diag{d,,d,,...,d,} with d; =}, a;;. Laplacian ma-
trix Z always has a right eigenvector of 1, = (1,1,...,1)"
associated with eigen value A, = 0.

In particular, a diagonal matrix &/, = diag{a,,} is defined
as a leader adjacency matrix, where a;;, = 1, ifand only if the i
th USV receives information from the virtual leader vehicle;
a;, = 0, otherwise. Finally, the information exchange matrix
is defined as # = &L + A,,.

Assump 1. The graph & is directed, and there is at least one
spanning tree from the root node to the leader node, i.e., the
X is a positive definite matrix.

2.2. Finite Time Stability

Lemma 1 (see [13]). Consider the system of differential
equations

y(t) = f(y (),
f(O) = 0)

where f: U — R" is continuous on an open neighborhood
UCR” of the origin. A continuously differentiable function
y: T —> U is said to be a solution of formula (1) on the
interval T C R if y(t) satisfies formula (1) for all t € T.

Suppose there exists a continuous positive definite
function V: U — R, real numbers ¢, >0, ¢, € (0,1) and an
open neighborhood U,cU of the origin such that

1

V(x)+¢, (V(x)?2<0, xeU,\{0}. (2)

Then the origin is a finite-time-stable equilibrium of (1).

Moreover, if U = R", V (x) is proper, and V (x) takes
negative values on R"\{0}, then the origin is a globally finite-
time-stable equilibrium of (1). And T is called the conver-
gence-time function, it satisfies
(V(x)'7%,

T(x)< x € R"\{0}. (3)

1
¢ (1-¢)

2.3. USVs Modeling. Consider a group of USVs swarm
consisting a virtual leader vehicle (subscript is 0) and »
follower USVs (subscript is 1,2,...,n), the 3 degrees of
freedom (DOFs) kinematics and dynamics equations of the i
th USV can be expressed in vector form as follows:[23]
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TaBLE 1: Recent works on consensus problems.

Features Classification References
Formation control [6]
About environmental Tracking control [7, 8]
disturbance Output-feedback (5,9, 10]
control
Fixed-time control [11]
About time control Finite-time control [12-16]
Time-varying control [21]
. Input saturation [17, 19, 22]
Constraints Full state constraints [18]
i = R (y;)vps (4)
M;0; + D; = 1; +d;, (5)

where R, (y;) is the rotation matrix, it is given as follows:
cos(y) —sin (y) 0
R;(y;) =| sin(y;) cos(y;) 0|, (6)
0 0 1

with properties: [[R;(y;)l =1 and RIR;(y;) = I5;.
ni: = [x; v, ;1" is the position and yaw angle in the earth-
fixed frame X O,Y (see Figure 1). v;: = [u;, v;,7,]" is the
velocity vector in the body-fixed frame X;0,Y 5. The system
inertia matrix M; € R*? is positive definite and constant,
where M;=M! and M; =0. The damping matrix
D; e R¥® is also symmetric and positive define.
7,0 = [1,,T;5, 7;3)" is the control input, which is produced
by the propellers. d;: = [d,),d;,d;;]" is unknown time-
varying environmental disturbance, which caused by the
wind, waves, and ocean currents in surge, sway, and yaw,
respectively.

In this paper, considering the input saturation con-
straint, the control forces and moment produced via the
propellers are limited. The input saturation constraint can be
described as follows:

Ti, max’ ifTic > Ti, max?
Ti = Tic’ ifTi, min < Tic < Ti, max’ (7)
Ti, min? ifTic < Ti, min?®
where 7, € R? and 7. .. € R® are the maximum and

i, max i, min

minimum control forces and moment of i th vehicle, re-
spectively. 7,. = [Tj.;» Tip> Tie3)” is calculated by the output
teedback controller.

The main goal of this paper is to design a control law so
that the USVs can track the desired reference point while
maintaining a fixed formation, i.e.,

lim |n; =14 - | <0, (8)

t—>+00

where 77, = [x4, v, 41" is the desired reference point.
pin =[x }’iw‘/’w]T represents the expected relative devi-
ation position and heading between the i th USV and the
desired reference point. In order to maintain fixed formation

Og Yp

»
»

FiGure 1: Earth-fixed frame and body-fixed frame.

for USVs cluster, thus y; is a constant vector. ¢;>0 is a
positive constant.

Assump 2. The reference signal #, is smooth and differ-
entiable everywhere. Its first derivative #7; and second de-
rivative #, exist and are bounded.

Assump 3. 'The time-varying environmental disturbances d;
is unknown but bounded, and its first derivative d; exists
and is bounded, i.e.,

lil < dimas i [ <50 (9)

i, max>

where d.

i, max

>0 and ¢; >0 are positive constants.

Assump 4. 'The system inertia matrix M; and damping
matrix D; are known.

2.4. Environmental Disturbances Modeling. . Unmodeled
external forces and moment due to wind, ocean currents,
and second waves are lumped together into an earth-fixed
slowly-varying bias term d; € R® [24, 25]. A widely used bias
model for USVs is the first-order Markov process [26-28]. In
this paper, the environmental disturbances are modeled as
follows:

d; = -R'b, (10)

where b represents the first-order Markov process, it is given
as follows:

B:—T71b+Eb9h, (11)

where T € R¥ is the diagonal matrix of positive bias time
constants, E, € R*3 is the diagonal matrix scaling the
amplitude of the 9,, 9, € R® is a vector of zero-mean
Gaussian while noise.



3. Finite-Time Disturbance Observer Design

Owing the environmental disturbance is unknown and time-
varying, the accurate value is difficult to receive directly. To
solve this problem, a finite-time disturbance observer
(FTDO) is designed as follows:

Mli)l = _Divi + Ti + ;li, (12)

where d; is the estimate of the unknown time-varying en-
vironmental disturbance d;, 9; is the estimate of v;.
A new variable is defined as follows:

w; = M;v; — M;v;, (13)

The update law (d;) of FTDO is obtained as follows:

4, = Hysigh (@) + Hy [ s (), (19

where H;; € R¥® and H,, € R¥® are positive define diag-
onal matrices. §;, >0 and J;, > 0 are positive constants and
satisfy 0.5<6;, <1 and §;, = 20, — 1, respectively. R

Define the estimation error of disturbances d; = d; — d,.
The time derivative of (13) is given as follows:

w;=d; - ai = ai = _HﬂSigaﬂ (w;) - Hizj Sigéiz (w;)dt +d;.

(15)
Define a new variable vector p; = [x], x5]" = [w], ¢l 1",
where ¢; = —Hizf sig’ (w;)dt + d;. Thus, the formula (15) is
rewritten as follows:

Xy = —Hiﬁigs‘l (xi1) + X, (16)

Xp = —Hizsigé"2 (%) + dl (17)

If a new closed-loop system is constructed by the for-
mulas (16) and (17), then x;; and x;, can be regarded as the
internal states of this closed-loop system. Under these

T 6uH; -Hj,
Xi

0
1 3x3
]owkﬂfP{ . }+xfﬂ

8- )
|xill " 151‘1(‘Hz‘15’96’1 () + xiz)
o a1 ( e Yoj
—Hj,sig (%i1)sig™ (x;1)

= ‘|xi1 |6“_ IXiTLiXi + XTl'd' < = hnin (Li)|xi1 |8

ii%i=

where

8- .5
5i1|xi1| ' 1(—Hi15196” (%) + xiz)

+x?{

i1

Journal of Control Science and Engineering

circumstances, if x;; — 0 and x;, — 0 in finite time, then
X; — 0 and d; = d; in finite time.
Therefore, the following theorem holds.

Theorem 1. The disturbance observer composed by the
formulas (12) and (14), the unknown time-varying environ-
mental disturbance can be estimated in finite time, and the
disturbance estimation error converges to a neighborhood of
the equilibrium point in finite time.

Proof. The Lyapunov function V; is chosen as follows:
17
V= EX:’ Py, (18)

where the vector y;, and positive define matrix P; are
designed as follows, respectively.

r . 0.
sig " (x;1)
Xi= >
L Xip
r2H, (19)
5—’ H;, -H;
p |
, =
L -Hj; 25,3

Note that Lyapunov function V; is continuous and
differentiable everywhere except p; = {(x;;, x;)|x;; = 03,4}
and positive definite. Then, we get

1 1
E/Xmin (P1)||X1||2 < Vi < Elmax (Pl)"Xl“Z’ (20)

where

”)(i"2 = (sig's“ (xil))2 + xgxi2 = lxﬂ]w“ + xgxiz. (21)

The time derivative of Lyapunov function V; is given as
follows:

—HizSigaiz (%i1) i
d,Hy —Hp 0343 (22)
:|PiXi + X?Pil ) ]
6, 0 d
bl + eslllllel,
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2
L= H, [Hiz +6;H; —-6,H; :|,
-6, Hy 0i1 153

o
I = :
2I3><3

From formula (21), the following inequality holds:

(23)

||Xi||2 = |’Ci1|25il + xz?;xiz

:>||Xi”2 > |x;y |26ﬂ (24)

=l 2 ]

Substituting the formula (24) into (22), the inequation
(22) is written as follows:

81 +02/6,
bl

Vi s - Cil”Xi" (25)

where  ¢; = A, (L) - (¢
I ‘ —(8}2/8“) mm( 1) ( 3
csllE N -
To ensure the coefficient c;; > 0, the following inequality

is holds

NN 1°2") = A (L)

{i2lth)

From formulas (20) and (26), the term Vi is bounded,
ie.,

(26)

Vi S - Ci2V5i3> (27)
where
-(8,/268;)
A ( i2 il P _
Cip = 2657 () = 2¢i Ain (Pi) >0,
Amin (Pt) (28)
O + 0,
0<cy=—1——2<1,

26,

According to the Lemma 1, the new closed-loop system
composed of formulas (16) and (17) converges to a neigh-
borhood of the equilibrium point in finite time.

This completes the proof.

4. Output Feedback Controller Design

In this chapter, inspired by references [29, 30], the output
feedback controller is designed. The structure diagram of
multiple unmanned surface vehicles swarm control is shown
in Figure 2.

4.1. Auxiliary Dynamic System Design. In this subsection, the
auxiliary dynamic system (ADS) is introduced to settle the
input saturation problem [22]. For ADS, as shown in Fig-
ure 2, the input of the system is the difference value (At;)
between the control forces and moments with saturation (7;)
and those without saturation constraint (7;.). The output of
ADS is the compensation of position and heading tracking
error (f3;;) and the compensation of velocity tracking error

(B;p) for i th USV. The purpose of designing ADS is to
compensate for the specified variables in the closed-loop
system.

Among them, f;; and f,, are position and heading
compensation and velocity compensation for z;; and z;,,
respectively. The ADS is designed as follows:

Bil =-LyBin +aiql P> (29)

; -1

Bir = =LpBip + M; " At;. (30)
where B;; € R**! and B;, € R**! are the output states of the
ADS. L; € R¥® and L, € R¥® are diagonal positive ma-
trices. ay=d;+a, AT, =T1,-7T AT < AT; oo
AT; .« >0 is a positive constant.

i, max

ic>

4.2. Output Feedback Controller Design. In this subsection,
the output feedback controller of multiple USVs is designed
by using dynamic surface control technology [20]. The
design process of output feedback controller is divided into
the following steps.

Step 1. The first tracking error of the i th USV in earth-fixed
frame is defined as follows:

zZj = Z “ij(’?i —Hi _(’7j - P‘j)) +a (1, = 1y
jes;

— i) = Bin>
(31)

where ./}, a;; and a; are defined in Section 2.2. 77;, ; and 1
are explained in formula (8), 7 ; and p j have similar
definitions.

The time derivative of z;,, and using the formula (4) and

(29), we obtain as follows:

Zip = Z aitli — Z aiifj + Aiptli — Aiotla — Bir

jen; jen;
= Z a;; +aj |Rv; - z a;if; = afa + L P — aialiPin
jeN; JjeN;

= aigRyv; - Z a;i; = aflg + L Py — gl iPin-
jes;

(32)

Choosing v; as a virtual input in formula (32), by using
dynamic surface control technology, the kinematic control
law «; is designed as follows:

o =—1 K z; + Z a,’jﬁj +aio7.7d - Lil/jil > (33)

g jes;

where K;; € R¥? is the positive definite diagonal matrix.
From the kinematic control law obtained, it can be found
that it is complex to calculate the time derivative of the «;.
Therefore, a first-order low-poss filter is introduced to settle
the matter.
Let «; pass through a first-order low-poss filter
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~
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d.

i
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(41)

Mi> Vi Vi
FIGURE 2: Structure diagram of multiple unmanned surface vehicles swarm control.
o ) P
i =5 Y (34) qAﬂ=%®k(mJ‘Je“tW”%WMu
Vig (0) = (X,»(O), 0

where 1; > 0 is a time constant, v;; € R¥! is the output vector
of the first-order low-poss filter.

Step 2. According to the velocity (v;) of the i th USV, the
output (v;;) of the first-order low-pass filter, and the state f3;,
of ADS, the second tracking error of the i th USV is defined
as follows:

Zip = V; = Vg = Bip- (35)
By differentiating z;, and using the formula (5) and (30),
we get the formula as follows:

Mz, = —Div; + 7 + d; = M; (ig = Lpfi)- (36)

Furthermore, the term d; in formula (36) is replaced by
the estimated value d; of unknown time-varying environ-
mental disturbance produced via the FTDO. Then, by using
dynamic surface control method, the dynamic control law
1, is designed as follows:

Tie = ~Kipzip + Div; + M; (Vg = L) = dis (37)
where K;, € R¥? is the positive definite diagonal matrix.

By substituting formula (33) and (37) into (31) and
(35), the error subsystem of the i th USV is obtained as
follows:

Zy = -Kuz; +a, R (z;, + q;), (38)

Mz, = —Kypz;, —d;, (39)

where g, = vy — &, d, is explained in formula (15).
According to the definition of vector g;, by differenti-

ating g;, and using the formula (34), we get the equation as

follows:

iy,

L

g = (40)

By integrating the two sides of formula (40), we have the
following formula:

Further calculation, the following inequality holds:
t
"‘li (t)“ = “‘1;‘ (0)"@7([”") +SUP,e o {6 (V)} .[o e (" ay

<l @l + ]
(42)

Owing to the control input of adjacent USVs are
bounded, i.e., 3a; . > 0: &4l < &; oy VE € [0, 00]. In fact,
since all systems are energy consuming system, the output of
all USVs is bounded. Therefore, the following inequality
holds:

la: ®] < |a: (0)"67(”!") + 4% max- (43)

Therefore, g; (t) is bounded and |Ig; ()l < g; max-

4.3. Stability Analysis

Theorem 2. A close-loop system is considered, which is
composed of n USVs cluster with input saturation, FTDO (12)
and (14) with unknown time-varying environmental distur-
bance, ADS (29) and (30), output feedback controller (33) and
(37). The swarm control scheme guarantees that all error
signals in this close-loop system are bounded, and the tracking
error converges to a neighborhood of the equilibrium point in
finite time.

Proof. Consider the above closed-loop system, the Lyapu-
nov function V is chosen as follows:

1 1 T
V= Z ?:1{ Z2pMizi + 5/31'1/31‘1 + Eﬁizﬁiz} (44)

> SFi
The time derivative of V, we obtain the following
equation:

. T . T . T / T
V= Z ?:1{4121'1 +2zpMZp + B + ﬁizﬁiz}-

From the formula (32), and using Young’s inequality, we
get the following equation:

T
zzilzil +

(45)



Journal of Control Science and Engineering

T . T
z32y = 25 (K 2z + a;4R; (2, + q;))
T T T
= -z, K12y + z;0i4Rizi; + 2;10i0Riq;

a: a; a; 4
S+ Lol + eall + ol

a.: a.:
Yz, |+ g

N

T
< -z; Kz,

A

S ZiTlKnZil + aidllzilnz +
(46)

Similarly, the following inequalities hold:

M:

V {zzlzzl + ZzlezzZ + ﬁzlﬁzl + ﬁzzﬁﬁ}

I
—_

IN
.M:

I
—_

(Ao (L) = S5 Bl +

From the FTDO, the term d; converges to zero in finite
time. According to the formula (43), ||q; (£)|| < g; nax- For the
i th USV, M, is a known positive constant matrix.
AT < AT; o is defined in Section 4.1. Thus, we have the
following equation:

= (1~ ; 1 - _
= Z _"dil|2 + aﬁqzmax + _Amin (Mi I)TMi ' (A‘ri,max)2 .
~ 12 2 2

i=1

(49)

where ¢, is bounded, i.e., 0 <c, < ¢y or-

To ensure the stability of the closed-loop system, the
parameters K;,, K;,, L;;, and L;, should meet the following
conditions:

[ bi1 = Amin (Kiy) = ;>0
“id +1
by = Amin (Kip) = >0
1 (50)
bi mm (Lzl) Py > 0
“id +1
big = Apin (Liz) = >0

where b;,, b;,, b;;, and b;, are positive constants.
Substituting the formulas (49) and (50) into (48), then
(48) is rewritten as follows:

Ve Y{-bafzl b
i=1

< = bV + ¢y max

i2 “21'2”2 - bi3||ﬁi1”2

~bulBal} + o

(51)

{_(/\min (Kil) - ‘xid)”zil "2 —</\min (Kiz) -

~ 2
IIdiII *

7
. 1 1,~
Zz?;MiZiz < - ZiTzKizziz - E"ziz “2 + 5"‘11'"2’
/5iT1/5i1 < - /31?;Li1/5i1 + %"ﬁil"z + %'d"ﬁiz ||2>
. 1 _ _ 1
/33;/51'2 < - /5£Li2/5iz + E(ATi)T(Mi 1)TM1' 1AT:‘ + 5“/51'2 “2
(47)

Substituting the formulas (46) and (47) into (45), then
(45) is rewritten as follows:

S el = (Ao ) -5 49)

g + %(M;lAri)TMi_lAri.

where b = 2 min{b;;, by, b;3,b,4} > 0.

From the formula (51), either |z;;ll > +/cy max/bi1> OF
IZi2ll > /4, max/bia> or 1Bi1 1l > /€4, max/bis» or
18:11l > \/€4, max/bi3> then V <0 holds. This implies that:

Cy max) —bt | €4 max
> +—=— 52
b, ) b (52)

It can be concluded that all signals (z;;, Zi» B> Bip> d;) in
the closed-loop system are bounded. Thus, the values of
variables z;; and f§;, are given as:

C4, max
Jeall < 22, (53
"ﬂ;l" < 4 4, max (54)

Next, it will be proved that the USV cluster can track the
reference signal with the desired relative deviation.
The tracking error of the i th USV in the earth-fixed

V(t)§<V(0) _

frame is defined as §;, it satisfies the following
constraints:
& =1 =ty ~ t» (55)
According to the formula (31), we obtain:
zZy+ B = (%®I3)6, (56)
where z, = [z]}, 2], P 15,8, = [ﬂlTl,ﬁle,.. ﬁ:l]T, and

0= [8{,65, o0, ] %’ 1s deﬁned in Section 2.2.

According to the Assumption 1 of algebraic graph
theory in the Section 2.2, it can be concluded that all
eigenvalues of matrix # have positive real parts. Fur-
thermore, using the formulas (53) and (54), we get the
following equation:



iz I+ 18,11 2 /2¢4 max
ol < < B 57
161l Mo F) 1 (7)o (57)

According to the formulas (51) and (57), by adjusting the
parameters of controller and disturbance observer, the upper
bound of tracking error can be reduced and finally converges
to a very small neighborhood close to zero.

This completes the proof.

5. Simulation Results

In this section, a USV swarm consisting of one virtual leader
vehicle (indexed by 0) and six follower USVs (indexed by
1,2,...,6) is considered to demonstrate the effectiveness of
the proposed control strategy. The directed communication
graph is shown in Figure 3.

In simulations, the model of the surface ship Cybership
ITis used [31]. The time-varying environmental disturbances
are modeled as first-order Markov processes [24]. The

control forces and moment are limited as
Til,max = ~Til,min = 2N, Ti2,max — —Fi2, min — 2N and
T3, max = —Ti3,min = 1.5Nm. The desired reference point is set

as 775 = [15m, 15m, 45deg]T. Some parameters setting are
shown in Table 2.

5.1. Performance of Proposed Control Strategy. In this sub-
section, the simulation results are given to verify the per-
formance of proposed control strategy.

The parameters of environmental disturbance are se-
lected as T =diag{10-%,1073,107%}, b(0) = [0,0,0]",
E, = diag{107%,107%,10"°}, 9, = [0.5,0.5,0.5]". The pa-
rameters of observer are selected as L;; = diag{10, 10, 10},
L,, = diag{10, 10,10}, 6;; = 0.75 and J;, = 0.5. The design
parameters of controller are chosen as 1 =0.001,
K;, = diag{1.2,1.2,1.2} and K;, = diag{0.6, 0.6, 0.6}.

The simulation results are shown in Figures 4-8. Figure 4
shows the trajectories of six USVs under the constraints of
time-varying environmental disturbance and input satura-
tion. It can be seen from Figure 4, the position and heading
of six USVs can track the reference signal in the form of
swarm motion and maintain the desired relative position
with each other, although there is a deviation in the initial
position of each USV. Figure 5 depicts the position and
heading tracking errors of six USVs. It can be seen from the
figure that the tracking errors of six USVs are convergent.
Figure 6 shows the control forces and moments of six USV's
with an auxiliary dynamic system. Through the analysis of
Figure 6, the control inputs of six USVs are limited within
the range of input constraints, and finally the constraint of
input amplitude saturation is realized. Figure 7 depicts the
true value of the time-varying environmental disturbance
acting on the 1st USV and the estimated values obtained by
methods FTDO and MDA, respectively. Figure 8 shows the
disturbance error (d,) of six USVs between the actual value
(d;) and estimation value (d;) via the FTDO. The specific
values of simulation test and comparison test are shown in
Table 3.
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usv2 USV5

FIGURE 3: Directed communication topology.

TaBLE 2: The parameters of six follower USVs.

Ui data/ (m, m, deg) n; data/ (m, m, deg)
i [-2.8,0.3,0]" 1 [-2.5,0,0]T
iy [-1.6,2.5,0]" 1, [-1.3,2.2,0]"
s [-1.6,1.9,0]" 15 [-1.3,-2.2,0]"
1y [1.0,2.5,0]T N [1.3,2.2,0]"
s [1.6,-2.5,0]" ns [1.3,-2.2,0]"
e [2.2,-0.3,0]7 N [2.5,0,0]"
20 T T T T
15 §
10} ]
g
>
5k i
0Fr 1
-5 1 1 1 Il
-5 0 5 10 15 20
X [m]
— USV1 — USV4
—— USV2 —— USV5
UsV3 —— USV6

FIGURE 4: Trajectories of six follower USVs.

5.2. Comparison Group. The first comparison simulation is
carried out by using a modular design approach (MDA)
proposed in [20].

Simulation results on the proposed predictor module for
estimating the value and estimation error of the unknown
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FIGURE 5: Tracking errors of six follower USVs.
2 . . . : .
Z o
=
-2 1 1 1 L L
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Time [s]
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=
2 L L L L L L L L
0 20 40 60 80 100 120 140 160 180
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—— USV2 —— USV4 —— USVe6
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Time [s]
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FIGURE 6: The control input (7;) of six USVs with ADS.

ocean disturbances are shown in Figures 7 and 9. Figure 7
shows the different time-varying environmental disturbance
estimations of the 1st USV about actual value, MDA, and

d; [N]

d, [N]

d;; [Nm]

9
-0.05 o SRR Khid L o Syt L
0 20 40 60 80 100 120 140 160 180
Time [s]
— dy
—— MDA
--- FTDO
0.05
0
-0.05
0.1 . . . . . . . .
0 20 40 60 80 100 120 140 160 180
Time [s]
,01 L 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Time [s]
- d13
—— MDA
--- FIDO

FIGURE 7: The time-varying environmental disturbance estimation
of the 1th USV.

diy = d;3 [Nm]

d;y —d;; [N]

diZ - diZ [M

0.1 T T T T T T T T
0 A LA
0.1 ; ; ; ; ; ; ; ;
0 20 40 60 80 100 120 140 160 180
Time [s]
—— USV1 USV3 —— USV5
— USV2 —— USV4 —— USVe
0.1 T T T T T T T T
0l A
_01 L 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
Time [s]
—— USV1 USv3 —— USV5
—— USV2 —— USV4 —— USVe
0.1 T T T T T T T T
0
0.1 ; ; ; ; ; ; ; ;
0 20 40 60 80 100 120 140 160 180
Time [s]
—— USV1 USV3 —— USV5
— USV2 —— USV4 —— USVe

Ficure 8: The disturbance error (ai) of six USVs.
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TaBLE 3: Specific values of simulation test and comparison test.

Performance parameter ~ Values
Consider ADS Convergence time 24.0s
No ADS Convergence time 31.2s
Consider input saturation Ti1, max A0d Tip max 2N
No input saturation Ti, max a0d Tjp mox 200N
Consider input saturation 13, max 1.5Nm
No input saturation Ti3. max 150 Nm

0 20 40 60 80 100 120 140 160 180
Time [s]

—— USV1 Usv3 —— USV5

—— UsV2 —— USv4 —— USVe

diZ - diZ [N]

0 20 40 60 80 100 120 140 160 180
Time [s]

—— USV1 Usv3 —— USV5

—— USV2 —— USV4 —— USVe6

0 20 40 60 80 100 120 140 160 180
Time [s]

—— USV1 USv3 —— USV5

— USV2 —— USv4 —— USVeé

FiGUre 9: The disturbance error (:ii) of six USVs via MDA.

FTDO, respectively. Figure 9 shows the disturbance error of
six USVs by using MDA. From Figures 7-9, the control
inputs of two methods are both limited, but the more ac-
curate estimation of the environmental disturbance is ob-
tained by FTDO.

The other simulation results of the proposed state
feedback controller without the auxiliary dynamic system
and input saturation are illustrated in Figures 10 and 11,
Figure 10 shows the control input of six follower USVs
without considering the auxiliary dynamic system. Figure 11
shows the control input of six follower USVs without ac-
tuator constraint. Through comparing Figures 6, 10, and 11,
the auxiliary dynamic system can effectively finish off the
input saturation, and it is very necessary to take the physical
constraints of the system into account when designing the
controller.
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2 T T T T T T T
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FiGure 10: The control input (7;) of six USVs with the input

saturation without ADS.
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FiGure 11: The control input (7;) of six USV's without the actuator
constraint.
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6. Conclusion

This paper investigates swarm control for multiple USVs in
the presence of an unknown time-varying environmental
disturbance and input saturation. Firstly, an observer is
designed to estimate disturbance by using finite time control
technology. Secondly, an auxiliary dynamic system is in-
troduced to finish off the input saturation problem. Thirdly,
an output feedback controller is designed, which is mainly
composed of a finite-time disturbance observer, an auxiliary
dynamic system, and other control technologies. At the same
time, the stability of the system is proved by the Lyapunov
method. Finally, the effectiveness of the proposed control
strategy is verified by simulation results.

However, in the design process of the controller, only
input amplitude saturation and time-varying environmental
disturbance are considered: collision avoidance and obstacle
avoidance are ignored. Safe, reliable, and collision-free track
planning is an important research direction in the field of
unmanned surface vehicles. This is the focus of our future
research.
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