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This paper considers the leader—follower synchronization control of under-actuated marine vessels for un-
derway replenishment. An integrated guidance and control method is presented to achieve the underway
replenishment operations despite of unknown model uncertainties, external disturbances, and unknown
velocities of the leader vessel. Specifically, a velocity observer based on a robust exact differentiator (RED) is
firstly designed to estimate the unknown velocity of the leader vessel. Next, a finite-time light-of-sight guidance
law based on the velocity observer is developed to synchronize the follower vessels with the leader vessel.
Then, two disturbance observers based on REDs are designed to estimate the total disturbances composed of
model uncertainties and external disturbances at the kinetic level. With the aid of the RED-based disturbance
observers, an anti-disturbance nonlinear control law is presented to track the desired guidance signals in
finite time. The tracking errors of the closed-loop system are proved to be ultimately uniformly bounded
via Lyapunov stability theory. Finally, an example is utilized to illustrate the effectiveness of the proposed

anti-disturbance synchronization control method for multiple under-actuated marine vessels.

1. Introduction

Underway replenishment operations are of critical importance in
case that it is impractical or impossible to return to base to replenish
supplies such as fuel, food, parts, or personnel due to mission require-
ments (Kyrkjebg, 2007; Skejic et al., 2009). It is essential for long-term
military and civil missions to shorten port time. As an important means
to ensure the sustained navigation and operation of marine vessels,
underway replenishment is a fundamental problem and has drawn in-
tensive research interests. In general, the control objective of underway
replenishment operation is to coordinate the motion of the supply and
replenished vessels in a leader—follower configuration (Breivik et al.,
2008; Kyrkjebg, 2007).

During the past few years, control of marine vessels for underway
replenishment has been widely studied in the literature, and a number
of effective methods are proposed (Belleter and Pettersen, 2017; Bond-
hus and Pettersen, 2005; Gierusz and Miller, 2016; Kyrkjebg, 2015;
Skejic et al., 2009; Kyrkjebg et al., 2007; Liu et al., 2018a). Specifically,
in Belleter and Pettersen (2017), a constant bearing guidance method
with known leader velocity is proposed to assure the synchronized
motion of the marine vessels. In Bondhus and Pettersen (2005), an
observer-controller scheme is presented to synchronize two ships by
using position-yaw information only. In Gierusz and Miller (2016), a
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kinematic controller based on model predictive method is proposed
to track the generated reference trajectory for approaching the leader
vessel. In Kyrkjebg (2015), kinematic and dynamic observers are de-
signed to estimate missing velocity and acceleration state information
required in coordination control. In Skejic et al. (2009), a unified
seakeeping and maneuvering model of two advancing ships is proposed
based on a two-time scales and modular concept relevant for calm
water. The interaction forces and moments between the two ships are
estimated by using Newman-Tuck theory. In Kyrkjebg et al. (2007),
a leader—follower output feedback synchronization control scheme is
presented for the underway replenishment problem by using posi-
tion measurement only. In this study, the model of the leader ship
is not needed. In Liu et al. (2018a), a nonlinear control law based
on a dynamic surface control technique and a robust term is pro-
posed. The above works in Belleter and Pettersen (2017), Bondhus
and Pettersen (2005), Gierusz and Miller (2016), Kyrkjebg (2015),
Skejic et al. (2009), Kyrkjebg et al. (2007) and Liu et al. (2018a) have
made significant contributions for underway replenishment operations,
whereas the restrictions are as follows. The synchronization controllers
in Belleter and Pettersen (2017), Gierusz and Miller (2016), Skejic et al.
(2009), Kyrkjebg et al. (2007) and Liu et al. (2018a) is designed by
assuming that the vessel velocity is available. The authors in Bondhus
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and Pettersen (2005) and Kyrkjebg (2015) present two linear velocity
observers to recover the unavailable velocity. Besides, the finite-time
synchronization of the follower vessels and the leader vessel fails to be
achieved by using the above controllers, which does not have better
robustness and transient performance.

Motivated by the above mentioned observations, an anti-
disturbance synchronization control method is proposed to achieve the
underway replenishment for multiple under-actuated marine vessels
with unknown model uncertainties and external disturbances. Firstly, a
velocity observer based on robust exact differentiator (RED) is designed
to estimate the unavailable velocity of the leader vessel due to the
constrains/faults of network or sensor. Based on the RED-based velocity
observer, a finite-time light-of-sight (FTLOS) guidance law is developed
to synchronize the follower vessels and the leader vessels. Secondly,
two disturbance observers based on REDs are proposed to estimate
the unknown disturbances in the surge and yaw direction. Based
on the proposed observers, a nonlinear anti-disturbance control law
is developed. Finally, stability analysis shows that all errors of the
closed-loop system are ultimately uniformly bounded, and underway
replenishment of multiple marine vessels can be achieved in a finite
time via the proposed anti-disturbance synchronization control method.
The salient contribution of this paper is summarized as three-holds.

» In contrast to the synchronization guidance methods in Zhang
et al. (2017), Liu et al. (2017, 2016, 2020b), Cui et al. (2012),
Zheng and Zou (2016), Zheng et al. (2018), Gierusz and Miller
(2016), Kyrkjebg (2015), Skejic et al. (2009), Kyrkjebg et al.
(2007), He et al. (2022), Ihle et al. (2007) and He et al. (2022),
where the leader velocity is available, this paper designs a veloc-
ity observer based on RED to estimate the unknown velocity of
the leader vessel. With the recovered velocity, an FTLOS guidance
law is firstly developed to synchronize multiple marine vessels in
a finite time.

In contrast to the disturbance observers proposed in Wu et al.
(2021), Lu et al. (2018, 2020), Cui et al. (2017), Dai et al. (2012),
He et al. (2019), Qin et al. (2020), Peng et al. (2020, 2021,
2013), Guo et al. (2019), Bondhus and Pettersen (2005), Liu
et al. (2019), Gu et al. (2019), Kyrkjebe (2015) and Jin (2016),
the RED-based disturbance observers are devised to estimate the
total unknown disturbances composed of model uncertainties and
external disturbances, which can enhance the robustness and
convergence.

In contrast to the designed kinetic control laws in Bondhus and
Pettersen (2005), Liu et al. (2018b), Wang and Han (2017),
Gu et al. (2019, 2020), Peng et al. (2019), Liu et al. (2020a),
Xiang et al. (2017) and Chu et al. (2017), the proposed finite-
time anti-disturbance control law enables to track the desired
guidance velocity in a finite time. Besides, it is proved that all
error signals of the proposed closed-loop system are ultimately
uniformly bounded in finite-time.

This paper is organized as follows: Section 2 claims the problem for-
mulation. Section 3 provides the design and analysis of anti-disturbance
synchronization control method for the underway replenishment sys-
tem. Section 4 provides a simulation example. Section 5 concludes this

paper.

2. Preliminaries and problem formulation
2.1. Preliminaries

The following notations are used in this paper. R, Rt and R" present
a real set, a positive real set and a n-dimensional real set, respectively.
()T describes the transpose of a vector or a matrix. | - | and || - || present
the absolute value of a real number and the Euclidean norm of a
vector, respectively. A, () and Ay, (+) are the maximum and minimum
eigenvalue of a symmetric matrix. For a real vector x € R” and a real
number y € R, the symbol [x]| is defined as [x]" = [[x,]7,.... [x,]"]T
with [x;|” = |x;|"sign(x;), where sign(x) is a sign function.
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Fig. 1. A geometrical relationship of underway replenishment.

2.2. Lemmas
The following lemmas are used in this paper.

Lemma 1 (Hong et al., 2001). Consider a nonlinear system x(t) = f(x(t))
with f(0) = 0, x € R". Suppose there is a continuously differentiable
function V(x) defined in a neighborhood U, C R" of the origin, and there
are real numbers a; > 0 and 0 < k| < 1, such that V(x) is positive definite
on U, and

V) +a Ve (x) <0. @)

Then, the zero solution of system is finite-time stable. Depending on initial
state x(0) = x,, the settling time is given by T < V'~*1(xo)/a;(1 — ;) for
all x, in some open neighborhood of the origin.

Lemma 2 (Moulay and Perruquetti, 2006). Considering a nonlinear system
x(1) = f(x(t)) satisfying (0) = 0, x € U, C R", suppose that there exists
a continuous Lyapunov function V(x), real numbers a, > 0, a3 > 0, and
0 < k, < 1 such that

V(x) + ayV (x) + a3V <2 (x) < 0. 2)

Then, the system is finite-time stable. For any given initial time t, the settling
1—
1 ayV, " (x(19)) + a3

timeT =t + n
ay(1 — k) as

2.3. Problem formulation

The motion of a marine vessel can be expressed in the north-east-
down frame {N} and the body-fixed frame {B} shown in Fig. 1. Consider
an underway replenishment system consisted of a leader vessel and N
follower vessels. The kinematic model of the leader vessel is presented
as follows (Fossen, 2011)

%o = Jpcosyy,
Yo = 9psinyy, 3)
Yy = @y,

where x; € R, y, € R and y; € R are the position and heading angular

of the leader vessel in {N}; 9 = y/u} + v is the total velocity of the
leader vessel with u, and v, being the surge and sway velocity. The
velocities u;, and v, of the leader vessel may not be available. w, is the
heading angular velocity in {B}.

Let x; € R, y; € R and y; € R denote the position and heading
angular of the ith follower marine vessel in {N}; 9, = 1/ ”1'2 + ul.2 presents
the total speed, where u; and v; are the surge and sway velocity in {B},
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Fig. 2. The leader—follower synchronization control architecture of the ith marine
vessel.

respectively; r; is the yaw angular velocity; f,, = §; presents the time
derivative of the sideslip angle in {B} with §; = atan2(v;, ;). Thus, the
motion dynamics of the ith follower vessel can be described as (Fossen,
2011)

X; = 9;cosy;,
y; = 9;siny;, @
Wi =ri+ B

and

my i = [, (U, U, 15 1)+ 73, (1) + T, (D),
M 0; = fip (s U, 1y 1) + Ty (1), &)
m iy = [y, U, 1 1) + 73,0 + T (1),

where m;,, m;, and m;, are the inertia terms of the ith vessel; f;,(-), fi,(*)
and f;,(-) are the unknown functions including Coriolis terms, damping
terms and unmodeled dynamics; t;,,, 7, and 7, are the unknown
external time-varying disturbance owing to wind, waves and currents;
7, and 7. are the control input torques.

Noting that u; = 9;cosp;, the kinetic model (5) can be represented
as follows

M = [ () + Ty + Ty + 23, 9; Sinz(%) + m;, 9, sin(B) By (6)

My P = fir () + T F T (0.

Before stating the control objective, define two kinematic tracking
errors in { B} as follows

{xie = (x; — xg)cosy + (¥; — yp)sinyy — 6y, @)
Yie = —(x; —xq)sinyg + (y; — yp)cosyq — Siys

where x;, € R and y;, € R are the along-track errors and cross-track
errors in {B}; §;, and §;, are the predefined distances to guarantee the
safety of underway replenishment operations. The control objective of
this paper is to develop an anti-disturbance synchronization control
method of the under-actuated follower ships model described with (4)
and (5) such that

{limt—»oo |xie| < Eixs (8)
lim,_, o [Viel < &y

where ¢, € R and ¢;, € R* are small constants.

3. Design and analysis

In this section, an integrated guidance and control method is pre-
sented to achieve the underway replenishment operations despite of
unknown model uncertainties, external disturbances, and unknown
velocities of the leader vessel. The architecture of the proposed syn-
chronization controller includes a finite-time kinematic guidance law
and a finite-time kinetic control law shown in Fig. 2.
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3.1. FTLOS guidance law

In this part, firstly, a RED-based velocity observer is designed to
estimate the total velocity of the leader vessel. Next, a kinematic
guidance law based on FTLOS is developed to provide the desired
synchronization commands with the estimated velocity. Finally, the
stability of each error subsystem in the kinematic level is analyzed via
the Lyapunov stability theory.

(i) RED-based velocity observer

Taking the derivative of (7) with (3) and (4), it renders that

{x,.e = 9;c08(w; — wp) + 0o (Vie + 6y) + i ©

Yie = 9;8In(w; — wp) — @p(X;, + 6;)s
where 9;, = —9,.
To recover the unavailable velocity §, for the follower marine
vessels, a velocity observer based on RED is designed as follows (Davila
et al., 2009)

1
{;.Cie = —7it [Rie = Xie] 2 + i + 9;€05(w; — W) + @0y + 8y, (10)
9:‘0 =7 [%ie = xic 1",
where %, and 9,, are the estimations of x;, and 9,y, respectively; y,, €
R* and y;, € Rt are the observer gains.

Define the estimated errors %, = %;, — x;, and J;, = 9,y — 9,y. Along
(9) and (10), the time derivative of %;, and J,, can be presented as
follows

. oL
{’:‘ie =—ril%]? + f9i0’ an
810 = =112 [%;e 1% = By

~ 11T
Letting z;; = [%,. SiO]T and &, = [[)‘c,-gﬁ, 90| » Eq. (11) can be
represented as

&= Ai1§i1/|§fll)| + B;1 9,0, a2

1 -1, 1
where £ = [, ]2, A, = 27t 3| and B, = [0 ]
! T2 0 -1
To analyze the stability of the subsystem (11), the following assump-
tion is needed.

Assumption 1. For the leader vessel, the time derivative of 9, is
uniformly bounded, such that for all ¢ > #,: |9;| < 8, with J,, being a
positive constant.

Applying the transformed term J,, = |§fll)|19i0, it yields that J,
satisfies [30(r. &)| < 8,le)|, that is & (F,. &) = - &) +
51.205511)2 > 0. Then, (12) can rewritten as
. 1 <
S1 =5 (Ainén + Bidi) - 13)

[

Noting that A;; is a Hurwitz matrix, the robust stability analysis can

be performed through
Al Py + Py Ay +€, Py +92CICy Py By <0 14)
B[P, =1 |

where C;; =[1 0].
The stability of the subsystem (11) can be given as below.

Lemma 3. Suppose that there exist a symmetric and positive definite
matrix P, = PI > 0 such that (14) or equivalently, the Algebraic Riccati
Equation

Al Py + Py Ay +93,ClCyy + Py By B Py = -0y s

is satisfied with Q;; > 0. In this case, the error signal z;, of subsystem (11)
can converge in finite time to the origin for all §;, under Assumption 1.
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Proof. Construct a Lyapunov function V;(z,;,...,zy;) as

N
Vl(z“,...,zm)=25irlpilfi1- (16)
i=1

Along (13), the time derivative of V; renders that

N T T
n=% L [éil] [Ailpfl +PAy PuBn] [51‘1]

- 3 T o

i=1 | fll)l Ji0 B, P 0 3

T 17)

<Y —= F"l] [AnPil + PiAn PuBn] [5"1} + &
< i , - l_

=P | [ B\ Py 0 [ 13,
Using (14) and (15), V; follows that

S &' (AT P, +PA, PB,[E

v < ZL [ ”] [ il ilT+ A il il] [ il:|
=1 | fll)l Jio B, Py -1 30
T ra2 T
n ¢in 9,C.Cii PiBy| | &
Jio B'Ry -1 | | 18)

N | N 1
< Z_ %) §£Qil§il < Z—Zil(Pfl)(f,-TIPilfilﬂ

i=1 |6,~1 | i=1

1

< —llVl2 (Z11s -5 ZN1)s

where [} =min {y,{(P,)), ..., xn1(Py))} With
1
Amin(Qil)’lélin(P[l)
j'max(Pi 1)
being a scalar depending on the selection of Q;; matrix.

Applying to Lemma 1, the subsystem (11) is finite-time stable. And
the estimated errors ¥;, and J,, can converge to zero in finite time T
satisfying |%,,| < X;, and |9,y < §,, with x;, € R* and §,, € R* being
upper bounds of errors. The time 7} for (11) meets

xin(Pyp) =

S

1
Ty < =V (211(tg), > 2n1 (1)) » (19)

~

where z,;(t), ..., 25 (fp) are the initial state at time 7,. []
(ii) FTLOS guidance law

Define the tracking errors §;, = 9, — 9;, and q;y = 9;; — ;9 With a9
and 9;, being the desired velocity signal and the filtered signal of a;y
for follower ships. Then, the position error dynamics (9) can be written
as follows

5 . Vi =Yy
{x,-e =a;9+9;, +qg— 219,-sm2 (’T> +9;0 + @ (Vie + 8;))s
Vie = 9;sin(a, — wo + B;) + 0; — @0o(x;, + 8;),

(20)

where ¢; = 9;sin(y; — yy) — 9;sin(a;, — yy + §).

The predictor-based LOS guidance law (Liu et al., 2016) and ESO-
based guidance law (Liu et al., 2017) aim to estimate the unknown
sideslip angle. In addition, the finite-time estimation and control cannot
be achieved. In this paper, a FTLOS guidance law is proposed such that
the faster convergence of cross-tracking error. Motivated by REDs and
finite-time control method (Davila et al., 2009; Jin, 2018), the FTLOS
guidance law is proposed as follows

.2 (Wi~ ¥ 4
ay = =k x;, — k% py, +29,sin (T) — o

Yie + k;ig,piy (21)
a;, = atan2 I — +wy — b,

i
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where k:.jl, kfz, and k;’3 are the positive designed control constants;
4; € R* is a look ahead distance. p;, and p;, are constructed as

1
[xieJ 2,

|xie| 2 Lix
Pix = ,%
Xio /1.7 Xl < liy-
(22)
1
[.VieJ 2, [Viel 2 Liys
piy = _%
yie/l,'y > |yie| < liys

where 1, and ;, are small positive constants.

Remark 1. By using the constructed terms p;, and p;,, the continuity
of the FTLOS guidance law can lbe ensured. From (22), we can gelt
that p; (i}) = lim, = 1xel2, and p;, () = limg - = |x.|2
for x;,, > 0, i.e. p, (i) = p;,(17;). Obviously, it can also obtain that
Pix(=1}.) = p;(=17.). Then, it concludes that p;, is continuous. Similarly,
we have p, () = 4,,(;) and p, (=i}) = p;(~i;,), which means that
pix is continuous. For p;, the discussion process is omitted due to p;,
similar to p;,.

Next, let w;, = v, — §; — ay,, 1y = r; —r;y and g;, = r;; — @;, where a;,
is the desired yaw velocity signal for follower ships. r;, is the filtered
value of «;,. Taking the derivative of y;, yields as

Vie = & +Tip + q;p — @, (23)

To stabilize the dynamics of y;,, the desired yaw velocity signal is
designed as follows

o, = —kituxl-g - k;ispiw + &y, (24)

where k4, k% € R are the designed control gains. 1, meets

[WieJ %,

[Wiel 2 1
Piy = -1 v (25)
Wie/liu, ’ |Wie| < liu/
with 1, being a small positive constant.

Combining (21), (25), (20), (23), the dynamics of kinematic errors
can be devised as follows
Xje = _k,"]I Xie = k;szix + 191-5 + 9 — t§i() + a)()(yie + 5iy)’
yie = _ﬁ,’yie - ﬁ,’képiy +o;— wO(xie + ‘SIX)7 (26)
Wie = _k;j4wie - k;jspiy/ +rie + Girs

where gi = '9,'/\/()71-3 + képi(yie))z + Alz
3.2. Kinetic control law

In this part, two REDs are used to obtain the derivative information
of the desired guidance signals. Next, two disturbance observers based
on REDs are proposed to address the unknown uncertainties and distur-
bances of marine vessels. With the estimated disturbances, a nonlinear
anti-disturbance finite-time control law is developed to track the signals
from REDs. Finally, the stability of each error subsystem is proved that
tracking error signals can converge to zero in a finite time.

In order to obtain smooth motion profile, the desired guidance sig-
nals a;9 and «;, are driven to pass through the following REDs (Levant,
1998)

. 1

9= —7,-'91 [9;f —aigl? + 19;1/,,

8 = -1 (8 = a[leo, @7

Fip ==y [rip — ;]2 +rfif,

r;if = _yir2 rrif - airJO’
where 19;1f and r;’f are the estimations of ¢;y and &, respectively; yﬂ,
v, v/, and v/, are the predefined gains with y/} € R*, v} € R, y/, e R*

i

and y/, € R*.
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Assumption 2. In the practical application, the time derivatives of a;
and q;, is bounded and satisfies ;9 < @;9 and &;, < a;, with a9 and a;,
being positive constants.

According to Levant (1998), the system (27) is finite-time stable
under Assumption 2. By selecting the appropriate parameters 7,-191’ yi‘g,
v;, and y},, the estimated error signals g;9 and g, can converge to small
neighborhood of the origin in a finite time and satisfy |g;9| < g;y € R

and |qir| S qir € R+'
(i) The RED-based disturbance observers

To facilitate the design of the kinetic controllers, we rewrite (6) as
follows

{91‘ =0;9() + m;,l Tius

Fi = 03,() + my 7y,

(28)
where o¢;9(-) and o;.(-) are the unknown functions with o;9() =

M (Fi() A+ T +2m, 9, sinz(%)+mm19,- sin(8)B,4) and 6, () = m7 ' (f;,()+
7;,)- The following assumption is needed.

Assumption 3 (Guo et al, 2016). The time derivatives of o,y and o,
are bounded such that all 1 > #y: |6,9(t)| < 6;9 and |6;,.(1)| < 6, with 6,9
and ¢;, being positive constants.

To address the velocity control problem of multiple under-actuated
marine vessels under unknown model uncertainties and ocean distur-
bances, two RED-based observers are proposed to estimate o,y(-) and
0;,(+) as follows

A a 1 N _

{91' =-73 [’9,; 912 +6,9+ m,-,,l Tius
9= ~Yial9; — '9,'1J0’

i =—Vis[Fi—ri]? + 6, + mi_rlT[rv
ir = ~VislFi — riJOs

Q>

(29)

~o

Q>

where 3;, 6,9, #; and 6;, denote estimated values of 9;, o,9, r; and o,

respectively; y; € R, y4 € R, y;5 € RY and y,s € RT are predefined
observer parameters.

ir»

Define estimation errors §;, = 9, — 9,, 6,9 = 6,9 — 0,9, 7; = 7, — r; and
i+ = 6;,—0;,.. Using (28) and (29), the error dynamics of the subsystem
(29) can be expressed as

G

. L1
‘?i =—y;3[9:12 + 639,

Gig=—yu[8:]0 = 6.9,

(:-119 yl4~[ Ilj NUIS (30)
Fi=—r5Fi]2 +6,,

&ir = 67110 = 63

Similar to (11), the stability analysis of (30) can be directly given
via the following lemma.

Lemma 4.  Suppose that there exist symmetric and positive definite
matrices P, = P} and P,; = P} such that the Algebraic Riccati Equations

{AZPIQ + PpAp + &,-ZQC,Zsz + PiZBiZB,?;PiZ =-0p, @31

ALPs+ P3As+@.CLCis + P3B3B Py =033

are satisfied with Q;, > 0 and Q;; > 0, where z;, = [3;, 6,917, z3 =
(7:, 6;1", By =Bz =By, Cp = C3 = C;; and

i

1 1
Ap = 23 2| and Az =
—Vi4 0

Therefore, under Assumption 3, the error signals z;, and z;5 of subsystem
(30) can converge to a small neighborhood of the origin in a finite time.

(ii) Anti-disturbance finite-time control law
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Letting 9;, = 9, — 9,y and #;, = 7, — r;,, the time derivatives of 9.,
and 7, can be presented as follows

A ~ 1 .
i =—via[9;:12 + 6,9 4+m 1y — 8,1,
{ 7al812 + 60+ myln, =9, 32

A _ S5 oA —1 .
rie__yiS[riJ2 +6r,v+m,'r Tir — Tif-

To stabilize 9,, and #,,, a nonlinear kinetic anti-disturbance control
law based on two proposed observer (29) is developed for the follower
vessels as follows
{Tiu = my, (—k{ 80 — kiypig — 619 + 19if)» (33)

Tir = mir(_k,%ﬁie - k?4pir - 6-ir + "‘if)’
where k§, € R*, k{, € R*, ki, € R* and k{, € R* are control gains. p;y
and p,, are defined as

PO Y A . 3 X
[9:e]2, 19l 2 1y, [Fiel2, Pl 2 1,
1

1 and p;, =
Bty

Pig = ir

[SIE

|19ie| <19, fie/liy s |rie| <,
where 1,y and 1, are small positive constants.

Substituting (33) into (32), the time derivative of 9ie and 7, can be
denoted as

5 R <1
{191’9 = _kfligle — ki pig — ¥i3 H)iJl 2, (34)

'A'ie = _k,%rie - k?4pir —Vis [FIJ 2.
3.3. Stability analysis

In the last parts, a finite-time leader—follower anti-disturbance syn-
chronization controller has been devised. In this section, we aim to
analyze the stability of the closed-loop system. Recall and summary the
tracking error dynamics of X;,, ¥;,» Wie» 9;, and #;, as follows

X, = _kfl Xie — k;izpix + 95, + qi9 — Djo + wo (v + Siy),

Vie ==9Yie — Qik,‘-i3ﬂiy + 0; — wo(xie + Six)s

l/:/ie = _ki;‘l/ie - k%piw triet qilrs (35)
l§ie = —kfléie - kle’m — Vi3 f9,~Jl 2 = X

'A'ie = _kfgﬁie - k?4pir = 7is[Fi]? = Y.

The stability of the closed-loop system (35) is given via the follow-
ing theorem.

Theorem 1. Consider multiple under-actuated marine vessels with dy-
namics (4) and (6), the RED-based velocity observer (10), the REDs (27),
the disturbance observers (29), the FTLOS guidance law (21) and the
nonlinear anti-disturbance control law (33). Under Assumption 1-3, all
tracking errors of the proposed closed-loop system are ultimately uniformly
bounded. Moreover, the leader—follower synchronization control for under-
way replenishment of multiple under-actuated vessels can be achieved in a
finite time.

Proof. Construct a Lyapunov function candidate as

N
1 N K
v, = 5 Z(xzze + yzze + l’/ize + 191'2e + rize)‘ (36)

i=1

Taking the time derivative of ¥, along (35), it renders that

N
o, d.2 2 yd, 2 a2 2 d
V= Z ( = k{1 X0 = 8,310 = KigWio = K0y — Ki3Fi, — Ky Xiopix
i=1
d d 4 R
=9,k Yiebiy — KisWiePiy — kfztgigpis - kfﬂieﬂir (37)
+X;o(qig + 950 — D9 + ®06;,) + ;o (0; — @y0;y)

POV | JU |
HWie(@ir +1ie) = Yi3ie [9;12 — visFie [Fi] 2 ) .
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Since 9,, = 9,, — 9, and r;, = #;, — F;, we have

N
;o d _ 2 2 d. 2 c §2 c a2 d
V= Z ( — ki Xip = 8,¥i — KigWio — iy 9 — ki3Fiy = KinXiePix
i=1
d d 3 ~
_Qiki3yiepiy - kiswiepiy/ - k,?z‘giepis - kf4riepir (38)

%, (g9 + 9 = 9, = 9j0 + ®06;y) + ;o (0; — wy0;y)
JURE oL
FWie(Giy + Fio = F) = 13950 [9:12 = visFie [Fi]2 ) .
Using Young’s inequality, there are
~ 1 A R 1 A
XieDje < E(x?e +82) and w7, < E("’ize +72). (39)
According to Lemmas 3-4, we substitute (39) into (38) and rewrite

V, as

N
; d' 2 2 d' 2 / 52 /2 d
< Z < — k) X = 8,¥ie — KigWio = ki) 8 — ki3 Pl — Ky Xiopin
i=1
d d - 9 N
_Q,—k,gJ’ieﬂiy — kisWiePiy — kﬁz'gieﬂm - kf4rieﬂir (40)
+xie [(Gig + 95 + Iig + @916, ) + 13, 1(0; + @164 )

PO § 1
HWiel @i + 7)) + 7319 119;12 +yi5|r[e||ri|2>,

: d _qpd _ 1 pd _pd _1 ! _qpe 1  _ e _ 1
with kil - kil 2° ki4 - ki4 2’ kil - kil 2 and ki3 - ki3 2°
. . . ! ! ’ ’
Define the variables h; = min{k?,8, k% k¢, kS}, hy
srd d 1d — ‘wi =
mln{kiz,gikB,kis,k;’z,kl?4}, hiz = max{hl-x,h,-y, h,-u,,hm,h,-r} with h;, =
1

Gig +9; + 81 + @l 5 iy = 8, + Bl s My = Gy + 955 hyg = 1131912
1
and h;, = y;5|7;|2. Then, it implies that

N

; 2,2 a2 92 2

V, £ Z (_hil(xie Vi — ki Wi + 95 +F1) = hip(Xiepix + Yiepiy+ 1)
i=1

ViePiy + Diehig + Fiepir) + hiz(IXie| + Vi + [Wiel + 19| + |fie|)) ,

To simplify the process, we define the vectors x, = [x,,...,x Ne]T,
T T A N 8
Yo = Ve Ine) > Wo = [Wieowne s 80 = Do Inedls
[ J _ T _ T _
Fo = [Pres e s Prel™s px = [Proseespns] s 2y = [P1yseesony] s 0y =
T .
[P1W~~~,I7NW] s P9 = [ﬂ]s,u.,Pva] s Pr = [plrs ,PNr] . Thus, ¥, can
be further represented as
Vy <= hy (I1x 1P + 15l + llwe I + 19012 + 117.117)
—hy (xfpx + yepr + u/eTpv, + 3Zp3 + ?eTp,) (42)
+ 1y (I1xe |+ el + el + 191l + 11711 »
where h; = min_; n{h;}, h, = min_; n{hy}, and h3 =
min;_;  n{h3}. .
Letting E, = [x], v, v/, 8, F11" and E, = [p].p].0}.05. 0] 1",
one has
Vs < —h | Ey > = o E] Ey + B3| Ey . (43)

According to the definition of p;, ;, p;,, ;9> and p;,, the following
discussion is needed.
Case 1: When x| < i, [Viel <135 [Wiel < 135 19iel < 19 and |7;| <
i=1,...,N, it gets E, = 1E; with 1 = diag{s;,, ... Inx, 1y o5 Inys
<5 INy> 1195 -+ s INgs 11 - » I} Then it yields

Lips

s o

Vy < = (hy + hydin@) I EL 11 + 3L E, 44

For ||E||| > h3/(0c)) with ¢; = h; + hyA,;,() and 0 < 6 < 1, the
derivative of ¥, can be expressed as

Vy < —c;(1 -0 E, % (45)

Thus, all error signals of the closed system (35) are uniformly
ultimately bounded when [x;,| < i, Vil < tiys (Wil < 1y 190l < 1
and |#,| <y, i=1,...,N.

Case 2: When |x;| 2 1, Vil 2 1y W] 2

| > 1y 18] 2 1,9 and

1
[Pl =1, i=1,..., N, it gets E, = [E,] 2. Substituting E, into (43), we
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have

. 3

Va < =hi | E{I* = ol Ey |2 + hsll Eql. (46)
From (46), we can further obtain two inequalities as

. 3

Vy < = (hy = h3/IIE ) | Ey 11> = Byl Ey |12 47)

and

. 1 3

Vs S—h1||E1||2— (hz—h3/||E1||2) IE 2. 48

Based on the inequality (47), for || E,|| > h3/h,, it implies that

N[N

Vy < —aVy - ol (49)

where ¢, = hy — h3/||E;|| and ¢; = h,.
According to Lemma 2, the region ||E,|| < h3/h; can be arrived in
a finite time 7, satisfying

1
(M Ef |l = hs)V,* (10) + 3| E4 |l
C3||El I

AIE I
ME | = hs

1 <ty +

Based on (48), when || =|| > (h3/h3), V, can be devised as

3
Vy < =¢4Vy = esVy)} (50)
1

with ¢4 = hy and ¢5 = hy — h3/||E||2.

Using Lemma 2, the region || E,|| < (h3/h) is reached in a finite
time ¢, satisfying

1o 1
4 hE N2V, () + ol Ey |2 — Ay

ty <ty+ . In :
! hllE |12 — hs

Therefore, it is concluded that E, in this case is bounded and
satisfied with

hy 1
|E(|| <min{ —=, = (51)
: hy h%

in a finite time 7, < max {r,,t, }. The proof is completed. []
4. Simulation results

In this section, a simulation example is used to illustrate the effec-
tiveness of the proposed finite-time anti-disturbance synchronization
control method. Consider an underway replenished system with a
leader vessel and two under-actuated follower marine vessels.

This simulation adapts the under-actuated vessel model in Skjetne
et al. (2005). The initial state of two follower vessels are prede-
fined as (x;,y;, vy, up,05,7) = (4,-8,7/2,0,0,0), (x5, ¥5,Ws, U, Ug, 1) =
(-8,3,0,0,0,0). The leader vessel is driven to move along a given tra-
jectory p(r) = [x(t), yOI" = [V/2t/4,4/2t/4]T, t > 0. The initial position
and heading of leader vessel is set as (xg,yp, o) = (0,0,7/4). The
proposed control laws in last section are summarized in Table 1. The
corresponding parameters for the proposed observers and controllers
are listed in Table 2. In order to show that FTLOS guidance law has a
faster convergence ability, a non-finite time LOS guidance (Gu et al.,
2019) is used to compare with the FTLOS. For + > 80, we increase
the environmental disturbance to demonstrate the robustness of the
proposed method.

The simulation results are given in Figs. 3-9. Specially, Fig. 3
presents the actual trajectories of the leader and follower marine vessels
guided by the proposed FTLOS guidance law (21) and nonlinear control
law (33). Fig. 4 provides along-tracking errors and cross-tracking errors
of the follower vessels guided by FTLOS and LOS. From Fig. 4, we know
that the FTLOS-guided follower vessels can converge to the reference
point in a shorter time. According to Figs. 3 and 4, the proposed
FTLOS method still enables the underactuated vessels to hold the better
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Table 1
Anti-disturbance synchronization control algorithm.

Kinematic level

R T A
’A_‘,e =~V [Xie = X2 + 8,9 + 9;c08(w; — wy) + @y (v, + 6;)

Velocity observer A
8o = ~1ia[Rie = x;]°

g = —k? x;, — k% p, +209,sin’ (%) _»

i1%ie
FTLOS guidance law _ Ytk )
4

«;,, = atan2 ( +wy =B
@, = =kl Wi, = kispy, = Big + 0,

Kinetic level

6 9 1
'?,f =18 — ]2 + '9fif
8 =19, - ”wJIU

Fip = *7,-’] [’,/ —a;,]? +’7f

T
- 0
Tip = —V,rz [’,/ -]

Differentiators

wd

A A T _
9 =-rs [’9L— 9,17 + 6, +my 7,
w0 = ~Yuld —9,1°

LR _
i =~Vis[Fi—r]2 +6, +m,,17n
= ~ViglP = ri]°
= My (=K 80 = kS pig — 639 + 9;5)

— ¢ ¢ 5 ;
Tip = My (=ki3Fie — Ky pi = B3 + Fi)

>

Disturbance observers

~-

Q>

Nonlinear control law

Table 2
The parameters of observers and controllers in the simulation.

Kinematic level

Parameter i o K K4 K2 K4, k& 4
Value 2.0 0.40 0.05 0.10 1 0.15 0.25 5
Parameter Oy [ dyy By Iie liy Ly
Value 0 0 4 -4 0.2 0.5 0.1
Kinetic level
Parameter 5 vy 7h 7h i3 Yia Vis Yi6
Value 2.5 0.25 2.5 0.25 8.0 5.0 2.5 1.2
Parameter kS kS, ki kS, Ly Ly
Value 1.2 0.2 2.0 0.25 0.001 0.001

70 T T

: [N Leader vessel
Q [T Follower vessels

-10 I | | 1 1 1 1
-10 0 10 20 30 40 50 60 70

Ye(m)

Fig. 3. The trajectory of the leader and follower marine vessels.

tracking performance when the environmental disturbances increase. In
the first subplot of Fig. 5, the desired and actual heading of the follower
vessels are depicted by considering the time-varying slide-angle. In the
second one of Fig. 5, the actual total velocity of the leader vessel is
recovered by the designed observer (10) for each follower vessel. Fig. 6
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60 80 100 120
Time(s)
T T T
Yie
Y2e
—— =Y
- =~ Y
L 1 1 L 1
60 80 100 120 140 160
Time(s)

Fig. 4. The along-track and cross-track errors of follower marine vessels (solid line:
FTLOS; dash line: LOS).
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Fig. 5. The cross-track errors of the follower marine vessels.

displays the desired total velocity from (21), the estimated desired
total velocity from (27), actual total velocity and the estimated total
velocity from (29). Fig. 7 displays the desired angular velocity by (21),
the estimated desired angular velocity by (27), actual angular velocity
and the estimated angular velocity by (29). Under the environmental
disturbances, follower vessels can achieve convergence of the cross-
tracking errors via adjusting heading. Fig. 8 depicts the actual and
estimated total uncertainties from the proposed disturbance observer
(29) in 9 direction. Similarly, Fig. 9 shows the actual and the estimated
total uncertainties from the proposed disturbance observer (29) in r
direction. Fig. 10 describes the surge force r;, and the yaw moment z;,
during the whole process.

5. Conclusion

In this paper, an anti-disturbance leader—follower synchronization
control method based on REDs is proposed for underway replenish-
ment of multiple under-actuated marine vessels subject to unknown
model uncertainties and external disturbances. The architecture of the
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Fig. 6. The total velocity signals of the follower marine vessels.
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Fig. 7. The yaw angular velocity signals in u direction.
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Fig. 8. The estimations of total uncertainties in 9 direction.
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Fig. 10. The surge force and yaw moment of the follower marine vessels.

proposed closed-loop system can be divided into a kinematic loop
and a kinetic loop. Specifically, at the kinematic level, the RED-based
observer can estimate the unknown total velocity of the leader vessel.
With the estimated velocity, the proposed FTLOS guidance law can
provide the desired synchronization commands for multiple under-
actuated marine vessels. Next, at the kinetic level, two REDs can be
used to smooth the signals from the kinematic loop. The unknown
model uncertainties and disturbances due to wind, wave and current
can be exactly estimated via the proposed disturbance observers. Based
on the estimation, the proposed nonlinear anti-disturbance control law
can track robustly the desired signals. Then, the stability of the closed-
loop system is analyzed by a Lyapunov stability theory and all errors
are ultimately uniformly bounded. Finally, the effectiveness of the
proposed anti-disturbance synchronization control method for marine
vessels is illustrated via a simulation example.
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