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Abstract—This paper considers the coordinated pattern track-
ing of multiple marine surface vehicles in the presence of
uncertain kinematics and Kkinetics. Distributed pattern tracking
controllers depending on the information of neighboring vehicles
are derived based on a backstepping technique, neural networks
and an identifier. Specifically, the identifier is devised to precisely
estimate the time-varying ocean currents at the kinematic level.
Neural networks together with adaptive filtering methods are
employed to extract the low frequency content of the model
uncertainty and ocean disturbances at the Kinetic level. The
benefit of the proposed design results in adaptive pattern tracking
controllers over any undirected connected graphs with guaran-
teed low frequency control signals, which facilitates practical
implementations. The stability properties of the multi-vehicle
systems are established via Lyapunov analysis, and the pattern
tracking errors converge to an adjustable neighborhood of origin.
An example is given to show the performance of the proposed
approach.

I. INTRODUCTION

In recent years, cooperative control of multi-vehicle sys-
tems has drawn significant attention from control communities
[1], [2]. Applications of multi-vehicle systems can be found
everywhere; in space, in the air, on land and at sea. Examples
include formation flight of satellites, coordinated control of
aerial vehicles, formation control of mobile robots, coopera-
tive control of marine vehicles. In particular, there has been
considerable attention drawn to formation control of multiple
marine surface vehicles (MSVs). Various approaches have
been reported, ranging from virtual structure framework [3],
behavioral approach [4], leader-follower mechanisms [5], [6],
[7], to synchronized path following framework [8]. Apparently,
these control strategies only result in low-level cooperative
behaviors. However, to execute more challenging missions,
it requires the use of multiple vehicles working together to
achieve a collective objective [1], [2], [9], [10], [11]. For
example, a group of MSVs are required to achieve coverage
in a sensor network, where the coverage center can be only
known by a portion of vehicles for security reasons. They
exchange their knowledge by communicating with a subset of
nearby vehicles, in order to achieve the coverage. Obviously,
such motion control scenario cannot be completed by those
formation control strategies mentioned above.

A major constraint in a networked system is that the
information flow can be severely restricted. This situation is
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getting worse when a large lumber of vehicles are involved.
Consequently, centralized controllers based on the information
gathered by all agents are generally impractically to imple-
ment. Therefore, distributed control strategies based on local
information have been widely explored in literature [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23]. These results correspond to first-order systems [10],
[11], [12], [13], second-order systems [14], [15], [16], [17],
high-order systems [18] and general linear systems [19], [20],
[21], [22], [23], which may be not adequate to describe the
practical dynamics of MSVs as they undergo maneuvers at
sea. Hopefully, the results shed some light onto the formation
control of multiple MSVs discussed in this paper.

MSYV possesses many uncertainties in its dynamics such
as payload variations, unmodeled hydrodynamics, and time-
varying ocean disturbances [24]. To overcome such problem,
adaptive control methods have been suggested [25], [26], [27],
[28], [29], [30], [31]. In [25], a projection-based adaptive
controller is developed for ship with parametric uncertainty
and unknown ocean disturbances. In [26], adaptive update
laws are devised to estimate the unknown model parameters
and bounded disturbances. In [25], [26], the uncertainty is
assumed to be parametric. By designing the neural adaptive
controllers, references [27], [28], [29], [30], [31] investigated
the control problem of surface vehicles with unmodeled dy-
namics and ocean disturbances. It is well known that the ocean
disturbances including wind, waves and ocean currents not
only contain low frequency content, but also high frequency
content. In particular, the adaptive methods given in [25], [26],
[27], [28], [29], [30], [31] try to learn the vehicle uncertainty
at arbitrary accuracy. However, from a practical perspective,
only low frequency content can be compensated because the
high frequency content is surely outside the bandwidth of
actuators [32]. Therefore, it is of practical importance to derive
an adaptive controller capable of extracting the low frequency
content of vehicle uncertainties.

This paper considers the coordinated pattern tracking of
networked MSVs in the presence of uncertain kinematics
and kinetics induced by wind, waves and ocean currents.
Distributed pattern tracking controllers depending on the in-
formation of neighboring vehicles are derived based on a
backstepping technique, neural networks and an identifier.
Specifically, the identifier is proposed to estimate the time-
varying ocean currents at the kinematic level. Neural networks



together with adaptive filtering methods are employed to
extract the low frequency content of the model uncertainty
and ocean disturbances at the kinetic level. Lyapunov analysis
demonstrate that all signals in the closed-loop network are
uniformly ultimately bounded (UUB), and the pattern tracking
errors converge to an adjustable neighborhood of origin. An
illustrative example is given to show the effectiveness and
performance of proposed scheme.

Throughout the paper, R™ denotes the n-dimensional Eu-
clidean Space. ||- || denotes the Euclidean norm. A(-), Apin(-)
and A,q.(-) denote the eigenvalue, the smallest eigenvalue
and the largest eigenvalue of a square matrix (-), respectively.
o(+) denotes the smallest singular value of a given matrix.
diag{A1,...,An} represents a block-diagonal matrix with
matrixes A;,7 = 1,..., N, on its diagonal.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. Preliminaries

Consider a system consisting of N vehicles and a leader.
Each vehicle is assumed to know its own state and have access
to the state information from a subset of the vehicle group
called the neighbor set denoted by N; C {1,..., N} \ {i}. If
each vehicle is considered as a node, the neighbor relation can
be described by a graph G = {V, £}, where V = {nq,...,nn}
is anode set and £ = {(n;,n;) € VxV} is an edge set with the
element (n;,n;) that describes the communication from node
i to node j. Further, define the adjacency matrix A = [a,;] €
RN XN ith the diagonal entries a;; = 0, and the non-diagonal
entries a;; = 1, if (n;,n;) € &; a;; = 0, otherwise. Define
the Laplacian matrix L = [l;;] with l;; = —a;;, if j # 4, and
lij = Eszl a;x, otherwise. If a;; = a;; Vi, j; then the graph
G is undirected. If there is a path between any two nodes of
an undirected network, then the graph G is connected. Finally,
define a diagonal matrix B = diag{b1,...,by} to be a leader
adjacency matrix, where b; > 0 if and only if the ¢th vehicle
is a neighbor of the leader; otherwise b; = 0. For convenience,
let H = L+ B. The following lemmas play an important role
in design and analysis of the proposed formation controllers.

Lemma 1 [10]. Let the graph G be undirected and con-
nected, and at least one vehicle has access to the leader. Then
the matrix H is positive definite.

Definition 1 [36]. Assume that an unknown 6* € R" exists
[10*]] < 0%, with 8%, > 0 and let 6 be dented by its estimation.
Then, the projection operator Proj : R” — R™ is defined as

M¢(g)

Proj(y) 24 Y~ TI@@I2 :
Y, otherwise,

€]

where ¢ : R — R is a continuously differentiable convex
function

T2
© 2e90 + €3’

¢(0) 2

where ¢ and g are positive constants with ¢ = 63,. ¢'(0) =

96,/00.
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if $(0) >0 and ¢'(0)y < 0,

Given 0(0) < 4, the projection operator takes the following
properties
10 < O,V £ 20,
16]] < O,V ¢ >0,
6" [Proj(y) — 3] <0, 3)

where 0 = 0 — 0%, 0y, =0 + <, éM:219+69,

Moreover, the definition of the projection operator can be
generalized to matrices as Proj(Y), where © € R™*™ and
Y € R™*™ In this case, it follows from the property (3) that

tr[(©® — %) (Proj(Y) — V)] < 0,0* e R™™,  (4)

where ©* denotes the true value of ©.

B. Problem formulation

Two reference frames are used to describe the motion
of MSV, namely, a local earth-fixed frame and a body-fixed
frame. The components 1; = [z;,¥;, ;] are the north-east
positions (z;,y;) of the vehicle relative to the earth-fixed frame
and the yaw angle 1); relative to the north. The components of
the velocity vector v, = [, v, 73]T are the surge and sway
velocities relative to ocean currents (u;;,, v;-) and the yaw rate
r;. Here, the fluid is assumed to be irrotational. Consider a
group of N MSVs governed by the following model [24] with
kinematics

N = R(0;)vir + Vie(2), )
and Kkinetics

M;Vir + Ci(Vir )Vir + D;i(Vir )Vir + gi(Vir) = Ti + Tien (1),

(6)
where
cosy; —siny; 0O
R(vi) = [Sin Py cosy 0] ; (7)
0 0 1

where M; = MZT € RSXB,CZ‘(VM) S RBXB,Di(V“«) € R3%3
denote the inertia matrix, coriolis/centripetal matrix, and damp-
ing matrix, respectively; g;(Vir) = [gius Giv, gir)T € R? is
unknown term including the restoring forces due to gravity
and buoyancy forces, and other unmodeled dynamics; 7; =
[Tiws Tiv, Tir] . € R3 denotes the control input; Tie,(t) =
[Tienu(t); Tienw (), Tienr (t)]T € R? is the resulting environ-
mental force and moment vector due to wind and waves.
Vie(t) = [viz(t),viy(t),0]7 € R3 is the vector representing
the time-varying ocean currents.

Definition 2. A desired geometric formation pattern is
defined as P = {P;} where P; = [pis, Piy, i) L »i = 1, ..., N,
and p;., Diy, Piry are constants.

Without lose of generality, assume that vazl P =
[0,0,0]7, i.e., the center of the geometric pattern P is at the
origin of the earth-fixed frame.

Given a reference point 7, € R®, the coordinated pattern
tracking problem is to achieve the formation pattern P with a



desired reference point 7,, i.e.,

thm ||T’1 - - PZJ” < 613 { 7é jv (8)
—o0
N
Jim | Z;m — |l < 62, ©)
i=

where P;; = P; — P;; 61 and d2 are small positive constants.

The following assumptions are made in the following
controller design.

Assumption 1. The network G is undirected and connected.

Assumption 2 [32]. A nonlinear function f;(x;,t) can be
approximated by a neural network as

Ji(X, W (#)ei(xi) + &i(xi),

t) =

where W;(t) is an unknown time- Varymg matrix satis-
fying |[W;(t)|lr < Wiy and ||[Willp < W&, with
Wim € R, Wﬁw € R positive constants; ¢;(x;) : D —
R® is a known vector function of the form ¢;(x;) =
[pi1(Xi)s Pia(Xi), s is(xa)]" satisfying [il| < pins with
(pin a positive constant, and D is compact set; sz(xz) is the
approximation error satisfying |le;(x;)|| < e with €57 a
positive constant.

Vxi € D, (10)

III. COORDINATED PATTERN TRACKING UNDER
TIME-VARYING OCEAN CURRENTS

This section addresses the pattern stability under the time-
varying ocean currents. At first, an identifier is developed to
precisely identify the unknown time-varying ocean currents.
The identifier is designed at the kinematic level and has a
simple structure. However, extra effort should be made to
derive the stability of the entire system by putting together
the identifier and kinetic control law.

A. Identifier design
From (5), the position dynamics can be described by
ii = U; COS(Q/}i) — U Sin(d)i) + Vi (t)a (1 1)

Ui = uisin(;) + v; cos(1;) + viy(t).
Let 0;,(t) and ©;,(t) be the estimate of v, (t) and vy, (%),
respectively, and then a local identifier is constructed as follows
{ & =y cos(y;) — vi sin(eh;) + Dig (t) —
§i = u;sin(;) + v; cos(¢;) + Oy (1) —

where z; = ; — x; and y; = ¥; — y; are observing errors;
ki1 € R and k;2 € R are positive constants; 0, (t) and 0;y (1)

are updated as
{ ﬁu(t) = FinrO_?{_ji + kl(@zzf(t) - ﬁu(t))}v (13)
Oiy(t) = TiyProjf{ =g + ky(Diy s (t) — 0iy ()},
where 0,7 (t) and ;¢ (t) are low-pass filter weight estimates
of 0;z(t) and v;,,(t) given by
{ Diag ()

@iyf(t)

Ri1Zq, (12)

Ri2Yi,

= FimfPI‘Oj {f}w (t) -

— Ty Proj iy () — 1

Diy (1)},

1844

where k; € R, ky € R, [, € R,Ty € R, T € R Tyyp €R
are positive constants. The resulting errors dynamics of z; and
9J; can be described by

{ "fz = _/filif'i + E}ixv (15)
Yi = —Ri¥i + Viy.
where @m« = ’IA}iw — Uiz and ’Diy = @w — Uiy

The following lemma plays an important role in establish-
ing the stability of the closed-loop system.

Lemma 2. For kinematic dynamics (11) with the identifier
(12) and the adaptive laws (13) (14) guarantee that the error
signals Z;, s, Uiz, Uy are UUB.

Proof. Consider the following Lyapunov function candidate

V Z{$+yl+rl2+F12
i=1

kDR + ko, ) 16)
where Ujpp = Uiz — Vg, and Uy = Diyp — Vgy. Its time
derivative of which along (15) can be described by

N
Vo = Z { - Hiljg — 1‘%22,71‘2 + f)”(i‘z + Fz_gclf)”)
i=1

- 1 X
+ kyOiy Uy Uiy g — i (03, + Ko me)vwc

= By (U5, + Ry v |- a7
Substituting the adaptive laws into (17) yields
N
Vo = Z { — I{ﬂfi? — ﬁi2y1 Umj(].—\ -+ k ]-—‘fo)le
i=1
— iy (T} + kyri—y;)oiy}. (18)
Let K = diag{k11, .., KN1}> Koy = diag{ki2, ..., kN2 },
I'y = diag{T1z,....na}, Ty = dzag{Fly,.. Iy}, I‘zf =
dzag{Fuf,...,Fwa}, Fyt = dzag{Flyf,.. FNyf}, T =
[xla-- ]T9 Yy = [yla"'ayN] s U.L — [Ul.'l;7~-~ ’UN.L] s Uy -
[O1y, - f}Ny]T and it follows that
V, < — Tk — g kot — (0IT; + kg qu« ;f)
— (0 Ty + Ky 0, T 7 )0y (19)

The projection operation leads to the following bound

| — (3T + ke formf)vﬂf| < Pmax(T1)

+ kxAmaz (T f>]v$Mv;fM (20)
| — (~TF + k. Ufy yf )Uy| < [/\max(rgl)
+k >\ma.'c( yf )]UyMUg[/l]VI (21)

where U, € R, Oy € R, 04, € R, v? ym € R are positive
constants. Finally, one has

vo <- )\min(ﬁl)52 - )\min(/{2)g2 + €o,

with ¢, = P\maac( ;1) + kg )\maac( zf)]ﬁxMUgM +

[)\mam(Fgl) + kz)\mam(Fyf)]Uva;jM Note that & >



Veo/Amin(k1) and § > \/€o/Amin (k1) renders V, < 0. It
follows that  and y are UUB. The projection operator ensures
that the weights 0, and 0, are contained in compact sets for
all ¢, which implies that v, and v, are UUB. The proof is
complete. [

Remark 1. In [33], an observe is proposed to identify
constant ocean currents. In [34], a directed adaptive method is
employed to identify the constant ocean currents. This paper,
to our best knowledge, is the first to deal with time-varying
ocean currents.

B. Pattern tracking controller design

Step 1. Define two variables

{ 21 =N — Pi — 0, (22)

2i2 = Vir — @41,
where a;; € R? is a virtual control input. Take the time
derivative of z;1, and it follows that
Zi1 = Rioyr + Rizio + Vie(t), (23)
where R; = R(v;).

Then, a distributed kinematic control law «;; based on the
local information is proposed as follows

ai = — KinRT's; — RIVi(t). (24)

where Vie = [0, 04y, 0175 Ki1 = diag{ki1, ki12, kiz} is
a diagonal matrix with k;11 € R, k;12 € R, k;13 € R being
positive constants; s; is defined as

si= Y aij(ni— 1 — Pij) + bizir. (25)
JEN;
where a;; and b; defined in Section 2.1.1.
Substituting (24) into (23) yields
21 = —Kjs; + Rizio — Vie(t), (26)
where Vio(t) = Vie(t) — Vie(t).

Let z1 = [zh,.n25q)%, 22 = [2h, . 25,7,
s = [S,{,...,S%]T, ]%N = dla’gN{R(wl)aJR(wN)}’ K, =
diag{K117...7KN1}, ‘/c(t) = [‘/ﬁ;(t),,Vf;(t)]T Then, the
N subsystem (23) with (26) can be expressed as

4 =— Kis+ Rzy — Vo(t), @27

Consider a Lyapunov function candidate

1
Vi =521 (H® Iy, (28)
whose time derivative along (27) is given by
Vi =—sTKis+ sTRzy — sTV,.(t). (29)

Step 2. Taking the time derivative of z;o yields
M;zio = — Ci(Vir )Vir — Di(Vir)Vir — gi(Vir) + T
+ Tien(t) — Micy. (30)
Then, consider the second Lyapunov function candidate

Viz = Vi1 + 20 Mz, (31
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where M = diag{ M, ..., My}. Its time derivative with (30)
is

N
Vip=—sTKys— sTf/c(t) + Z{Zig(—ci(uir)l/iT
i=1

— Di(Vir)ir — Gi(Vir) + Ti + Tien(t) — Mycun + R s;)}.

(32)

The desired kinetic control law 7; is chosen as
Ti = —Kipzia — R} si + fi(xi t), (33)
where fi(xi,t) = M + Ci(Vip)Vir + Di(Vir)vir +

Gi(isVir) — Tien(t) with x; = (1,05, 5, vir, vjr]T, 5 € NG
i Ko = diag{kis, kio2, kizs} € R**? with ko1 € R, ki €
R, ki23 € R being positive constants.

Note that without the explicit knowledge of
Ci, Di, gi, M;, Tien(t), the controller given in (33) cannot be
available. Then, let f;(x;,t) be approximated by the NN in
(10).

In what follows, a practical kinetic control law is construct-
ed as follows

73 = —Kipzip — RY s + W ()i (xa), (34)

where WW;(t) is an estimate of W;(t) that updated as

Wi(t) = DawProi{ — i (xs) =5 + ko [ Wiy (£) — Wi(#)]},
(35)

where W;f(t) is a low-pass filter weight estimate of W;(¢)
given by

Wi (t) = TufProj{ Wi(t) — Wiz (1)}, (36)
where kyw € R, I';;r € R, Iy € R are positive constants.
Substituting the control law (34) into (32) yields

Vig =—sTKis — sTV.(t) — 28 Koz
N
+ Z 2 W ()i (xi) — &l (37)
i=1
where K2 = diag{Klg, ceny KNQ} and Wi(t> = Wi(t)—Wi(t).
The resulting closed-loop network system can be described by

Zn = —Kisi + Riza; — Vie(t),
M;izio = —Kizziz — RTs;i + W (t)pi(xi) — €is
T; = =K T + Uig,
Ui = —Kgli + Ugy.
(38)

C. Stability analysis
It is the position to state the result of this paper.

Theorem 1. Consider a networked system consisting of N
MSVs governed by the dynamics (5) (6) with Assumptions 1
and 2 satisfied. Select the control laws (34) with the adaptive
laws (35) (36). Then, all signals in the closed-loop system are
UUB, and the pattern tracking errors 7; — 1; — P;; satisfy (8)
(9) for some constants d; and ds.



Proof. Take the following Lyapunov function candidate
Vs = Vi +V,, whose time derivative along (37) can be put
into

Vg = —sTKs— 22TK222 — STVC — 22T€
—tr[(WITy! + kw W/ T W]

— 3Tk — G ke — (05T + ka0, T )0

— (Oy Ty + k0, T, 1 )iy (39)

Using Young’s inequality, it is easy to verify that
Vs < Tl = Rizllz2)|* — sl 2)* — Ral|7]1* + e,

where hl = Amzn(Kl) — 1/2, hg = )\mln(KQ) — 1/2, hd =
Amin(k1) = 1/2; Bz = Ain(k2) — 1/2; €5 = glleml® +
[)\mam(Fa/l) + kwkmar(r;l)]WMWf\Z + €o.

Noting that either ||s|| > \/€s/R1, or ||z2]| > +/€s/ho, or
|Z]| > \/€s/hs, or ||§]| > +/€s/ha renders V5 < 0, it follows
that s, zo, &, § are UUB. Noting that s = (H ® I3)z; and the
fact H is positive definite By Lemma 1, it follows that

€
Al < < 4
Jal < 2l < o/ e (40)

implying (8) with - taken as

€
0Hh=2,/—F.
FTV A (H)
Also, note that

N N
i < 2 iz llgin | 41
1D 5 —mwll < =5 (1)
i=1

which leads to (8) with 3 taken as

€
b= ) ————.
27N M (H)y

This completes the proof. [

IV. AN EXAMPLE

Consider a system consisting of five vehicles with the
information exchange topology given in Figure 1. The model
parameters can be found in [35]. The control parameters are
set to K;1 = diag{0.2,0.2,0.2}, K;» = diag{75,22,68.4},
Iiw = 1000, I';y = 2, by = 0.1. The desired pattern
is chosen as P; = [-1.5,0,0]7, Py = [-1.5cos(72°),
1.5sin(72°), 0]7, P3 = [~1.5co0s(72°), —1.5sin(72°), 0]7,
Py = [1.5c08(36°), 0.7sin(36°), 0], Ps = [1.5cos(36°),
—1.5sin(36°), 0]T. The desired formation center is set to
e ={(2,1,0)T,(4,1,45°)T}.

o >~

Fig. 1. Communication topology

Simulation results are shown in Figures 2-4. Figure 2 shows
that the formation pattern cannot be stabilized due to the time-
varying ocean currents. By contrast, Figure 3 demonstrates the
formation is well maintained by the proposed identifier-based
pattern controller. Figure 4 verifies that the time-varying ocean
currents can be identified accurately by the proposed identifier.
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H i i H i H i i i
-2 -1 0 1 2 4 5 6 7 8

3
X(m)

Fig. 2. Formation trajectories without identifier (t=120s)

;
2
X(m)

Fig. 3. Formation trajectories with identifier (t=120s)

V. CONCLUSIONS

This paper considered the coordinated pattern tracking
problem of multiple marine surface vehicles with uncertain
kinematics and kinetics. Neural networks, identifier and back-
stepping techniques are employed to devise the distributed
pattern tracking controllers, under which a stationary formation
can be reached for any undirected connected graphs. Lyapunov
stability analysis demonstrate that all signals in the closed-
loop systems are uniformly ultimately bounded. The main
advantage lies in the fact the proposed control scheme leads
to adaptive pattern controllers with guaranteed low frequency
control signals, which facilities the practical implementations
under hazardous sea environment. Simulation results showed
the efficacy of the proposed cooperative controllers.
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