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Adaptive Neural Network Control of a Fully Actuated Marine Surface Vessel
with Multiple Output Constraints

Zhen Zhao, Wei He, and Shuzhi Sam Ge

Abstract— In this brief, we investigate the control problem of
tracking a desired trajectory for a fully actuated marine surface
vessel considering multiple outputs constraints. To prevent mul-
tiple output constraints violation, a symmetric barrier Lyapunov
function (SBLF) is employed. Backstepping, in combination
with adaptive feedback approximation techniques, is introduced
to design an adaptive neural network control. Experimental
simulations are provided to evaluate the feasibility and effec-
tiveness of the proposed controller. Compared to the adaptive
neural network control without multiple output constraints, the
proposed adaptive neural network using the SBLF can guarantee
that all the outputs remain bounded.

Index Terms— Adaptive neural network (NN) control, barrier
Lyapunov function, marine surface vessel, multiple output
constraints, trajectory tracking.

I. INTRODUCTION

MARINE surface vessels have been widely used in many
ocean engineering areas, such as oil and gas develop-

ment, ocean exploration, etc., [1]–[3]. With the development
of ocean engineering techniques, controlling marine surface
vessels to track a predefined trajectory or follow a prescribed
path has attracted more and more attention [4]–[6].

However, ensuring the stability of a marine surface vessel
in harsh ocean environment is a challenging problem for
nonlinear control design and development. First, vessels are
always unstable without close-loop control, especially during
wandering processes while withstanding storm waves. Sec-
ond, the vessel dynamics are highly nonlinear and contain
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unknown parametric or functional uncertainties and external
disturbances [7]–[9], which make the well-developed model-
based control methods unfeasible. Third, the vessel dynamics
always contain multiple degrees of freedom (DoFs) and are
strongly coupled, such that disturbances along one DoF can
easily propagate to other DoFs and further cause performance
degradation or even destabilization. In addition, output con-
straint is also a challenge in the trajectory tracking of a marine
surface vessel. Constraints generally exist in most physical
systems with various forms, such as physical stoppages,
saturation, as well as performance and safety specifications
[10]–[13]. Violation of these constraints during operation may
lead to severe performance degradation, huge economic and
personnel loss, environmental pollution, etc. Therefore, it is
of importance to handle these problems in the control design
process for marine surface vessels.

For the first three problems, many control methods have
been developed for marine surface vessels to follow desired
trajectories. For example, sliding-mode tracking control meth-
ods were proposed based on explicit models [14], [15]. In
recent years, adaptive neural network control schemes, in
which neural networks (NNs) are primarily used as online
approximators for the unknown nonlinearities due to their
inherent approximation capabilities, have been found to be
particularly useful for the control of nonlinear uncertain sys-
tems with unknown nonlinear functions [16]–[18]. With the
help of NN approximation, it is not necessary to spend much
effort on system modeling in case such modeling processes
are always highly difficult and time consuming. Therefore, in
this brief we utilize the NN technique to solve the first three
problems in the control design process for a marine surface
vessel.

For the output constraint problem in trajectory tracking
for marine surface vessels, there have been relatively few
works in the literature. Most of the existing approaches to
tackle the constraint problem are artificial potential field (APF)
[19], [20], moving-horizon optimal control [21]–[23], model-
predictive control [4], [24], reference governor (RG) [25], [26],
the use of set invariance [27]–[29], the barrier Lyapunov func-
tion (BLF) [10], [11], etc., which have been proven to be effec-
tive to deal with tracking problems under input/output/state
constraints. The APF method defines appropriate attractive and
repulsive APFs to generate dynamic constrained motion with
observed state information. In the moving-horizon optimal
control and model-predictive control methods, the current
control action is determined by solving an online finite-horizon
open-loop optimal control problem [22], which is effective for
linear systems. Model-predictive control was addressed for
marine surface vessels with rudder and roll constraints [4],
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where only the input and one output constraint with an explicit
model were considered. The reference governor, a nonlinear
device added to the primal compensated nonlinear system, was
proposed to enforce the fulfillment of the constraints [30].
Since the constraints can be satisfied for the control process if
and only if the initial state is contained inside an invariant set,
set invariance theory plays a fundamental role in the control
design process for constrained systems [29]. Compared to
these methods, the BLF method is able to handle the system
input/output/state constraints by virtue of a Lyapunov-based
control design methodology, which avoids the need for explicit
system solutions [11].

Considering that there exist parametric and functional uncer-
tainties in the marine surface vessel dynamics, the BLF method
is employed to tackle the multiple output constraints in this
brief. To deal with tracking problems, this brief proposes an
adaptive neural network control method for a 3-DoF actuated
marine surface vessel dynamics. In the proposed method, we
first tackle the problem of multiple output constraints by
employing a symmetric barrier Lyapunov function (SBLF)
while achieving satisfactory trajectory tracking performance.
Then, nonlinearity and parametric or functional uncertainties
are also considered in the control design process by using
adaptive NNs to approximate the nonlinear and unknown
dynamics in the system model.

The rest of the brief is organized as follows. Section II intro-
duces the problem formulation and preliminaries. Section III
elucidates the control design on a fully actuated marine surface
vessel based on SBLF to deal with the multiple output con-
straints, and further take into account parametric or functional
uncertainty in the systems. A numerical example is given in
Section IV. Finally, conclusion is provided in Section V.

II. PROBLEM FORMULATION AND PRELIMINARIES

The following are the notations and definitions used
throughout this brief: R

n denotes the n-dimensional Euclidean
space, R

+ represents a positive real number, and ‖ · ‖ is the
Euclidean vector norm in R

n .

A. Problem Formulation

Consider the following multiple-input-multiple-output
(MIMO) low-frequency motion of a 3-DoF marine surface
vessel in the presence of disturbance [17]:

η̇ = J (η)v

M v̇ + C(v)v + D(v)v + g(η) = τ + d(η, v, t) (1)

where the output η = [ηx , ηy, ηψ ]T ∈ R
3 represents

the earth-frame positions and heading, respectively; v =
[vx , vy, vψ ]T ∈ R

3 denotes the surge, sway, and yaw
velocities in the vessel-frame coordinate system, respectively;
τ ∈ R

3 is the control input vector; M,C(v), and D(v),
which are all unknown, represent the inertia matrix, the matrix
of Coriolis and centripetal terms, and the damping matrix,
respectively; g(η) is an unknown vector of restoring forces
due to ocean currents, buoyancy, and gravitational forces and
moments; d(η, v, t) ∈ R

3 is the unknown disturbance from

Fig. 1. Two typical Barrier Lyapunov lunctions, (left) symmetric and (right)
asymmetric.

the environment and/or unmodeled dynamics, among others;
and J (η) is the rotation matrix [31] defined as

J (η) =
⎡
⎣

cos ηψ − sin ηψ 0
sin ηψ cos ηψ 0

0 0 1

⎤
⎦ .

The control objective is to track a desired trajectory ηd (t) =[
ηxd(t), ηyd (t), ηψd (t)

]T ∈ �ηd while ensuring that all signals
are bounded and that the outputs constraints are not violated,
i.e., ∀t ≥ 0, |η| ≤ Nb1 .

Assumption 1: In the control design process, v and η are
both without high-frequency parts which are caused by first-
order wave-induced forces and moments.

Under Assumption 1, there is no need to do wave filtering
to eliminate the high-frequency parts in v and η during the
control design process.

B. Preliminaries

1) Barrier Lyapunov Function
Definition 1 [32]: A BLF is a scalar function V (x) defined

with respect to the system ẋ = f (x) on an open region
D containing the origin, which is continuous and positive
definite, has continuous first-order partial derivatives at every
point of D, has the property V (x) → ∞ as x approaches the
boundary of D, and satisfies V (x(t)) ≤ b,∀t ≥ 0 along the
solutions of ẋ = f (x) and some positive constant b.

For ease of display, suppose that x is a 1-D variable. A BLF
may show two typical types, i.e., symmetric or asymmetric,
expressed as (2) and (3), respectively. Fig. 1 illustrates the
corresponding SBLF and asymmetric BLF (ABLF).

VSBLF = log
N2

b1

N2
b1

− x2
(2)

VABLF = q(x)

2 p
log

N2
b1

N2
b1

− x2
+ 1 − q(x)

2 p
log

N2
a1

N2
a1

− x2 (3)

where p is a positive integer; x = −Na1 and x = Nb1 (Na1 	=
Nb1 , Na1 > 0 and Nb1 > 0) are the left and right boundary
lines for the ABLF, respectively; the SBLF is a specific form



1538 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 22, NO. 4, JULY 2014

of the ABLF, and if Na1 = Nb1 , an ABLF changes to an
SBLF; and

q(x) =
{

1, if x > 0
0, if x ≤ 0.

2) Neural Networks
In the literature on adaptive control, NNs are mostly used

as approximation models for the unknown nonlinearities due
to their inherent approximation capabilities [33], [34]. In this
brief, a class of linearly parameterized NNs with radial basis
functions (RBFs) is used to approximate a continuous function
f j (Z): R

q → R

f j (Z) ≈ W T
j S j (Z) (4)

where Z = [Z1, Z2, . . . , Zq ]T ∈ �Z ⊂ R
q is the input vector;

W j ∈ R
l (l > 1 is the node number) is the weight vector; and

Sj (Z) = [s1, s2, . . . , sl ]T ∈ R
l . A typical choice for Sj (Z)

is (5)

Sj (Z) = exp

[
−(Z − μ(k))T (Z − μ(k))

σ 2
k

]
(5)

where k = 1, 2, . . . , l; μ(k) = [μk1, μk2, . . . , μkq ]T is the
center and σk is the width of the neural cell of the hidden
layer [35].

Universal approximation results indicate that, if l is chosen
large enough, a class of linearly parameterized NNs can
smoothly approximate any continuous function to any arbitrary
accuracy as

f j (Z) = W∗T
j S j (Z)+ ε∗(Z) ∀Z ∈ �Z (6)

where ε∗(Z) ≤ ε (ε > 0 is an unknown constant) is the
approximation error; W∗

j is the ideal constant input vector;
and ‖W∗

j ‖ ≤ ω jm and defined as

W∗
j = arg min

W j ∈Rl

{
sup

Z∈�Z

∣∣∣ f j (Z)− W T
j S j (Z)

∣∣∣
}
. (7)

III. CONTROL DESIGN WITH AN SBLF

In this brief, an approximation-based adaptive backstepping
controller is employed for the 3-D marine surface vessel
dynamics as (1). By incorporating a BLF in the adaptive
backstepping design, the multiple output constraints are not
violated at any time, including the transient phases of adapta-
tion. By incorporating an SBLF, we employ the backstepping
design as follows.

Step 1: Denote z1 := η − ηd and z2 := v − α1, where
α1 is a stabilizing function to be designed. Choose an SBLF
candidate as

V1 = ∑3
i=1

1
2 log

Nb1 (i)
2

Nb1 (i)
2−z1(i)2

(8)

where log(·) denotes the natural logarithm of ·; Nb1 =
Nc1 − A0 is the constraint of z1, i.e., |z1| < Nb1 ; Nb1(i)
and z1(i) are the i th element of Nb1 and z1, respectively.

Considering that Nb1(1) = [1 0 0]Nb1 , Nb1(2) =
[0 1 0]Nb1 , Nb1(3) = [0 0 1]Nb1 , z1(1) = [1 0 0]z1,

z1(2) = [0 1 0]z1, and z1(3) = [0 0 1]z1, V1 can be rewritten
as

V1 = 1

2
log

NT
b1

Ix Nb1

NT
b1

Ix Nb1 − zT
1 Ix z1

+ 1

2
log

NT
b1

Iy Nb1

NT
b1

Iy Nb1 − zT
1 Iy z1

+ 1

2
log

NT
b1

IψNb1

NT
b1

Iψ Nb1 − zT
1 Iψ z1

(9)

where

Ix =
⎛
⎝

1 0 0
0 0 0
0 0 0

⎞
⎠

Iy =
⎛
⎝

0 0 0
0 1 0
0 0 0

⎞
⎠

Iψ =
⎛
⎝

0 0 0
0 0 0
0 0 1

⎞
⎠ .

For −Nb1 < z1 < Nb1 , the SBLF candidate (9) is positive
definite and C1 continuous. Thus, it is a valid Lyapunov
function candidate. The time derivative of V1 is given by

V̇1 = zT
1 Ix ż1

NT
b1

Ix Nb1 − zT
1 Ix z1

+ zT
1 Iy ż1

NT
b1

Iy Nb1 − zT
1 Iy z1

+ zT
1 Iψ ż1

NT
b1

Iψ Nb1 − zT
1 Iψ z1

. (10)

Differentiating z1 with respect to time yields

ż1 = J (η)(z2 + α1)− η̇d . (11)

Noting that J J T = I , we choose the stabilizing function as

α1 = J T (η)
[ − (

NT
b1

Nb1 − zT
1 z1

)
K1z1 + η̇d

]
(12)

where K1 = K T
1 > 0 is a 3 × 3 matrix.

Substituting (11) and (12) into (10), we have

V̇1 = −3zT
1 K1 z1 + zT

1 Ix J (η)z2

NT
b1

Ix Nb1 − zT
1 Ix z1

+ zT
1 Iy J (η)z2

NT
b1

Iy Nb1 − zT
1 Iy z1

+ zT
1 Iψ J (η)z2

NT
b1

Iψ Nb1 − zT
1 Iψ z1

(13)

in which the first term on the right-hand side (RHS) is stabiliz-
ing, and the coupling term zT

1 Ix J (η)z2/NT
b1

Ix Nb1 − zT
1 Ix z1 +

zT
1 Iy J (η)z2/NT

b1
Iy Nb1 − zT

1 Iy z1+ zT
1 Iψ J (η)z2/NT

b1
IψNb1−

zT
1 Iψ z1 will be cancelled in the subsequent step.

Step 2: Since v does not need to be constrained, a Lyapunov
function candidate by augmenting V1 with a quadratic function
is chosen as follows:

V2 = V1 + 1

2
zT

2 M z2. (14)
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The time derivative of V2 is given by

V̇2 = −3zT
1 K1 z1 + zT

1 Ix J (η)z2

NT
b1

Ix Nb1 − zT
1 Ix z1

+ zT
1 Iy J (η)z2

NT
b1

Iy Nb1 − zT
1 Iy z1

+ zT
1 Iψ J (η)z2

NT
b1

Iψ Nb1 − zT
1 Iψ z1

+ zT
2 M ż2.

Differentiating z2 with respect to time yields

ż2 = v̇ − α̇1. (15)

Combining (15) and (1), we have

M ż2 = −C(v)v − D(v)v − g(η)+ τ + d(η, v, t) − Mα̇1.

(16)

Substituting (16) into (15), we have

V̇2 = −3zT
1 K1 z1 + zT

1 Ix J (η)z2

NT
b1

Ix Nb1 − zT
1 Ix z1

+ zT
1 Iy J (η)z2

NT
b1

Iy Nb1 − zT
1 Iy z1

+ zT
1 Iψ J (η)z2

NT
b1

Iψ Nb1 − zT
1 Iψ z1

+ zT
2

[ − C(v)v − D(v)v − g(η)+ τ

+ d(η, v, t)− Mα̇1
]
. (17)

Consider the following desired control law:

τ = C(v)v + D(v)v + g(η)− d(η, v, t) + Mα̇1 − K2 z2

− Ix J T (η)z1

NT
b1

Ix Nb1 − zT
1 Ix z1

− Iy J T (η)z1

NT
b1

Iy Nb1 − zT
1 Iy z1

− Iψ J T (η)z1

NT
b1

IψNb1 − zT
1 Iψ z1

(18)

where K2 = K T
2 > 0 is a 3 × 3 matrix.

Substituting (18) into (17), the latter can be rewritten as

V̇2 = −zT
1 K1z1 − zT

2 K2 z2. (19)

However, the desired control law (18) is not feasible because
the process parameters M,C(v), D(v), g(η), and d(η, v, t)
are all unknown. As described in the introduction, adaptive
neural network control is used to approximate the unknown
part C(v)v + D(v)v + g(η)− d(η, v, t)+ Mα̇1 to get

τ = −K2 z2 − Ix J T (η)z1

NT
b1

Ix Nb1 − zT
1 Ix z1

− Iy J T (η)z1

NT
b1

Iy Nb1 − zT
1 Iy z1

− Iψ J T (η)z1

NT
b1

IψNb1 − zT
1 Iψ z1

+ Ŵ T S(Z)

− NT
b1

Ix Nb1(z
T
2 )

†zT
1 K1 z1

NT
b1

Ix Nb1 − zT
1 Ix z1

− NT
b1

Iy Nb1(z
T
2 )

†zT
1 K1 z1

NT
b1

Iy Nb1 − zT
1 Iy z1

− NT
b1

IψNb1(z
T
2 )

† zT
1 K1 z1

NT
b1

Iψ Nb1 − zT
1 Iψ z1

(20)

˙̂Wi = −	i (Si (Z)z2i + ςi Ŵi ) (21)

where (·)† is the Moorse–Penrose inverse [36] of ·, Ŵ :=
blockdiag[Ŵ T

1 , Ŵ T
2 , Ŵ T

3 ] is the weight matrix of the neural

network, Z = [ηT , vT ,αT
1 , α̇

T
1 ]T is the input vector to the

neural network, S(Z) = [ST
1 (Z), ST

2 (Z), ST
3 (Z)]T are the

basis functions, 	i = 	T
i > 0 (i = 1, 2, 3), z2i (i = 1, 2, 3) are

the elements of z2, and ςi (i = 1, 2, 3) are positive constants
[37], [38]. The NN Ŵ T S(Z) approximates W∗T S(Z)

Ŵ T S(Z) = W∗T S(Z)+ ε(Z)

≈ C(v)v + D(v)v + g(η)+ Mα̇1 − d(η, v, t). (22)

Consider the augmented Lyapunov function candidate

V2 = V1 + 1

2
zT

2 M z2 + 1

2

3∑
i=1

W̃ T
i 	

−1
i W̃i (23)

where W̃i = Ŵi − W∗
i .

Combining (20) and (22), the time derivative of V2 is given
by

V̇2 = −3zT
1 K1 z1 − zT

2 K2 z2

− NT
b1

Ix Nb1 zT
2

(
zT

2

)†
zT

1 K1 z1

NT
b1

Ix Nb1 − zT
1 Ix z1

− NT
b1

Iy Nb1 zT
2

(
zT

2

)†
zT

1 K1 z1

NT
b1

Iy Nb1 − zT
1 Iy z1

− NT
b1

IψNb1 zT
2

(
zT

2

)†
zT

1 K1 z1

NT
b1

IψNb1 − zT
1 Iψ z1

− zT
2 ε(z)−

3∑
i=1

σi W̃
T
i Ŵi . (24)

According to the definition of the Moore–Penrose pseudo
inverse, we have

zT
2 (z

T
2 )

† =
{

0, if z2 = [0, 0, 0]T

1, Otherwise.
(25)

Then, we have

−zT
1 K1z1 − NT

b1
Ix Nb1 zT

2

(
zT

2

)†
zT

1 K1 z1

NT
b1

Ix Nb1 − zT
1 Ix z1

≤ −
λmin(K1)

[
(NT

b1
Ix Nb1 − zT

1 Ix z1)+NT
b1

Ix Nb1z
T
2 (z

T
2 )

†
]

zT
1 z1

NT
b1

Ix Nb1 − zT
1 Ix z1

(26)

where λmin(·) denotes the largest eigenvalue of the matrix ·,
and λmin(K1) > 0 for that K1 = K T

1 > 0. For |z1| < Nb1 ,
the following inequalities hold:

(NT
b1

Ix Nb1 − zT
1 Ix z1)+ NT

b1
Ix Nb1 zT

2 (z
T
2 )

† ≥ NT
b1

Ix Nb1 (27)

zT
1 z1 ≥ zT

1 Ix z1. (28)

Therefore

−zT
1 K1 z1 − NT

b1
Ix Nb1 zT

2

(
zT

2

)†
zT

1 K1z1

NT
b1

Ix Nb1 − zT
1 Ix z1

≤ −λmin(K1)NT
b1

Ix Nb1 zT
1 Ix z1

NT
b1

Ix Nb1 − zT
1 Ix z1

. (29)
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Similarly

−zT
1 K1z1 − NT

b1
Iy Nb1 zT

2

(
zT

2

)†
zT

1 K1 z1

NT
b1

Iy Nb1 − zT
1 Iy z1

≤ −λmin(K1)NT
b1

Iy Nb1 zT
1 Iy z1

NT
b1

Iy Nb1 − zT
1 Iy z1

−zT
1 K1 z1 − NT

b1
IψNb1 zT

2

(
zT

2

)†
zT

1 K1 z1

NT
b1

IψNb1 − zT
1 Iψ z1

≤ −λmin(K1)NT
b1

Iψ Nb1 zT
1 Iψ z1

NT
b1

IψNb1 − zT
1 Iψ z1

. (30)

By completion of squares, we have

−σi W̃ T
i Ŵi =−σi W̃ T

i (W̃i +W∗
i ) ≤−σi

2
‖W̃i‖2 + σi

2
‖W∗

i ‖2

(31)

and

−σi

2
‖W̃i‖2 ≤ −1

2

3∑
i=1

σi

λmax(	
−1
i )

W̃ T
i 	

−1
i W̃i . (32)

According to Young’s inequality, we can obtain

−zT
2 ε(Z) ≤ |zT

2 ||ε(Z)| ≤ ‖z2‖2

2d1
+ d1‖ε̄‖2

2
(33)

where d1 > 0.
Lemma 3.1: For any positive constant column vector b, the

following inequality holds for any column vector x in the
interval |x| < b.

log
bT b

bT b − xT x
≤ xT x

bT b − xT x
.

Combining Lemma 3.1 and (26), (27), (31), (32), and (33),
(24) becomes

V̇2 ≤ −λmin(K1)NT
b1

Ix Nb1

zT
1 Ix z1

NT
b1

Ix Nb1 − zT
1 Ix z1

− λmin(K1)NT
b1

Iy Nb1

zT
1 Iy z1

NT
b1

Iy Nb1 − zT
1 Iy z1

− λmin(K1)NT
b1

Iψ Nb1

zT
1 Iψ z1

NT
b1

Iψ Nb1 − zT
1 Iψ z1

− zT
2 K2 z2 − 1

2

3∑
i=1

σi

λmax(	
−1
i )

W̃ T
i 	

−1
i W̃i + ‖z2‖2

2d1

+ d1‖ε̄‖2

2
+ 1

2

3∑
i=1

σi‖W∗
i ‖2 ≤ −αV2 + β (34)

where α, β > 0, and α = min{2λmin(K1)NT
b1

Ix Nb1,

2λmin(K1)NT
b1

Iy Nb1, 2λmin(K1)NT
b1

Iψ Nb1, }{2λmin(K2)/

λmax(M), σi/λmax(	
−1
i )(i = 1, 2, 3)}, β = ‖z2‖2/2d1 +

d1‖ε̄‖2/2 + 1/2
∑3

i=1 σiω
2
im .

We are now ready to summarize our results for the state
feedback case under the following theorem. Before the theo-
rem, an assumption and two lemmas are given as follows:

Assumption 2: For any N > 0, there exist positive constant
3-D vectors Y 0 = [Y x0,Y y0,Yψ0]T , Y 0 = [Y x0,Y y0,Yψ0]T ,
A0 = [Ax0, Ay0, Aψ0]T , Y 1 = [Yx1,Yy1,Yψ1]T , Y 2 =
[Yx2,Yy2,Yψ2]T , · · · , Y n = [Yxn,Yyn,Yψn]T satisfying
max{Y x0,Y x0} ≤ Ax0 < N1, max{Y y0,Y y0} ≤ Ay0 < N2,
and max{Yψ0,Yψ0} ≤ Aψ0 < N3, such that, ∀t ≥ 0,
the desired trajectory ηd (t) and its several time derivatives
satisfy −Y x0 ≤ ηxd(t) ≤ Y x0, −Y y0 ≤ ηyd(t) ≤ Y y0,
−Yψ0 ≤ ηψd(t) ≤ Yψ0, |η̇xd(t)| < Yx1, |η̇yd(t)| < Yy1,
|η̇ψd(t)| < Yψ1, |η̈xd(t)| < Yx2, |η̈yd(t)| < Yy2, |η̈ψd(t)| <
Yψ2, · · · , |η(n)xd (t)| < Yxn , |η(n)yd (t)| < Yyn , and |η(n)ψd(t)| < Yψn .

Assumption 2 implies that the desired trajectory ηd(t)
(∀t ≥ 0) and its nth (n ≥ 1) order derivatives are piecewise
continuous, known, and bounded.

Lemma 3.2 [12], [32]: Let Z := {ξ ∈ R : −Na1 < ξ <
Nb1} ⊂ R (Na1 , Nb1 ∈ R

+) and N := R
l × Z ⊂ R

l+1 (l is a
positive integer) be open sets. Consider the system

ϕ̇ = h(t, ϕ)

where ϕ := [w, ξ ]T ∈ N (w ∈ R
l), and h : R

+ × N → R
l+1

is piecewise continuous, and locally Lipschitz in ϕ, uniformly
in t , on R

+ × N . Suppose that there exist two functions
U1 : R

l × R
+ → R

+ and U2 : Z → R
+, continuously

differentiable and positive definite in their respective domains,
such that U2(ξ) → ∞ as −Na1 < ξ < Nb1 , γ1(‖w‖) ≤
U1(w, t) ≤ γ2(‖w‖), γ1 and γ2 are class K∞ functions.
Let U(ϕ) := U1(w, t) + U2(ξ), and ξ(0) ∈ Z . If the
inequality

U̇ = ∂U

∂ϕ
h ≤ 0

holds, then ξ(t) ∈ Z,∀t ∈ R
+.

Lemma 3.3 [16], [17], [35]: For bounded initial conditions,
if there exists a C1 continuous and positive-definite Lyapunov
function V (x) satisfying ν1(‖x‖) ≤ V (x) ≤ ν2(‖x‖), such
that V̇ (x) ≤ −�V (x) + ς , where ν1, ν2 : R

n → R are class
K functions and �, ς > 0, then the solution x(t) is uniformly
bounded.

Theorem 3.2: Consider the fully actuated marine surface
vessel dynamics (1) under Assumption 2, with state feed-
back control law (20) and adaptation law (21). For initial
conditions starting in any compact set z1(0) ∈ �0 := {z1 ∈
R

3 : |z1| < Nb1}, the solutions of the closed-loop system
are semiglobally uniformly bounded (SGUB). All closed-
loop signals are bounded. And the asymptotic tracking is
achieved, i.e., η(t) → ηd(t) as t → ∞. Furthermore, the
multiple output constraints are never violated, i.e., |η| < Nc1 ,
∀t > 0.

Proof: From the previous analysis, the closed-loop sta-
bility analysis of the fully actuated marine surface vessel (1)
under Assumption 2, with state feedback control law (20) and
adaptation law (21) is made by Lemma III.

By solving (34), we obtain 0 ≤ V2(t) ≤ β
α + V2(0), ∀t ≥

0. In terms of Lemma III, if |z1(0)| < Nb1 , we know that
|z1(t)| < Nb1, ∀t > 0. Since η(t) = z1(t) + ηd (t), and
ηd(t) ≤ A0 in Assumption 2, we infer that |η(t)| = |z1(t) +
ηd(t)| ≤ |z1(t)| + |ηd(t)| < Nb1 + A0 = Nc1 , ∀t > 0.
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Fig. 2. Comparison between η (solid line) and ηd (dashed line).

Fig. 3. Tracking error z1 (solid line). The dashed line is the boundary.

Fig. 4. Tracking error z2.

Hence, we conclude that η is bounded and the multiple output
constraint is never violated.

From the definition of α1(t) as (12), if z1(t) and ηd (t)
are bounded, then α1(t) is bounded, ∀t > 0. Since 0 ≤
V2(t) ≤ β/α+ V2(0), ∀t ≥ 0,z2(t), W̃i (t), Ŵi (t) and W∗

i (t)
are all bounded for t > 0. Thus, all closed-loop signals are
bounded.

According to the LaSalle–Yoshizawa theorem [39], it fol-
lows that z1(t), z1(t) → 0 as t → ∞. From the definition of
z1(t), we deduce that η(t)− ηd (t) → 0 as t → 0. Therefore,
the asymptotic tracking is achienved, i.e., η(t) → ηd(t),
∀t > 0.

Fig. 5. Control input τ .

Fig. 6. Comparison between η and ηd without constraints. The dashed line
is the desired trajectory, and the solid line is the real trajectory.

Fig. 7. Tracking error z1 (solid line) without constraints. The dash line is
the boundary.

IV. NUMERICAL SIMULATIONS

In this section, we have considered the model of
Cybership II, which is a 1 : 70 scale supply vessel replica built
in a marine control laboratory in the Norwegian University of
Science and Technology [17], [40].

The desired trajectories of the multiple outputs are
⎧⎪⎪⎨
⎪⎪⎩

ηxd(t) = 0.5 sin 0.5t

ηyd(t) = 10 cos 1.1t

ηψd (t) = π

2
sin t

(35)

subject to the multiple output constraints |η| < Nc1 =
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Fig. 8. Tracking error z2 without constraints.

Fig. 9. Control input τ without constraints.

[0.7, 11.0, 3π/4]T . Therefore, Nb1 = Nc1 − A0 =
[0.2, 1, π/4]T , where A0 = [0.5, 10.0, π/2]T .

The initial conditions and the control designed parameters
are chosen as follows: η(0) = [0.0500, 9.5000, 0.0873]T ;
v(0) = [0.2, 0.0, 0.0]T ; K1 = diag([1, 1, 1]); K2 =
diag([1100, 1600, 110]). The widths of the neural cell of the
hidden layer σk are all 50; the initial values of the weight
vectors W j (0) ( j = 1, 2, 3) are 50 × 1, 100 × 1, and
200 × 1 zero vectors, respectively. The center μ(k) in (5)
are all 12 × 512 matrices, whose elements are 1 and −1. The
updated parameters in (21) are 	i = 0.01, and ςi = 0.1 for
i = 1, 2, 3.

The simulation results are shown in Figs. 2–5. Fig. 2
shows the comparison between the desired trajectory and
the actual trajectory of the vessel. From this figure, it can
be seen that the vessel tracks the desired trajectory with a
high precision, and the multiple output constraints are never
be violated. The tracking error z1 is shown in Fig. 3, from
which we can see that |z1(t)| < Nb1, ∀t > 0. Fig. 4
shows the tracking error z2. The control input τ is shown
in Fig. 5.

Figs. 6–9 show the results without multiple output con-
straints. The parameters are the same as those for the former
simulation. Fig. 6 is the comparison between the desired
trajectory and the actual trajectory of the vessel. The tracking
error z1 without output constraints is shown in Fig. 7, from

which we can see that the multiple output constraints may be
violated. Fig. 8 shows the tracking error z2 without output
constraints. The control input τ without output constraints is
shown in Fig. 9.

V. CONCLUSION

In this brief, the tracking problem for a fully actuated marine
surface vessel with parametric or functional uncertainties and
multiple output constraints has been investigated by using the
SBLF and adaptive neural networks. It has been proven that the
solutions of the closed-loop system under the proposed control
are SGUB and all the closed-loop signals are bounded. Sim-
ulation results have demonstrated that the presented adaptive
neural network control is feasible and effective in tracking the
desired trajectory for the fully actuated marine surface vessel
with multiple output constraints.

REFERENCES

[1] S. S. Ge, Z. Zhao, W. He, and Y. S. Choo, “Anchor localization
via magnetic induction and acoustic wireless communication network
for mooring system,” IEEE J. Oceanic Eng. [Online]. Available:
http://dx.doi.org/10.1109/JOE.2013.2271957

[2] W. He, S. S. Ge, and S. Zhang, “Adaptive boundary control of a flexible
marine installation system,” Automatica, vol. 47, no. 12, pp. 2728–2734,
2011.

[3] W. He, S. S. Ge, B. V. E. How, and Y. S. Choo, Dynamics and Control of
Mechanical Systems in Offshore Engineering. London, U.K.: Springer-
Verlag, 2013.

[4] Z. Li, J. Sun, and S. Oh, “Path following for marine surface vessels with
rudder and roll constraints: An MPC approach,” in Proc. Amer. Control
Conf., Jun. 2009, pp. 3611–3613.

[5] W. He, S. S. Ge, B. V. E. How, Y. S. Choo, and K. S. Hong,
“Robust adaptive boundary control of a flexible marine riser with vessel
dynamics,” Automatica, vol. 47, no. 4, pp. 722–732, 2011.

[6] S. Dai, C. Wang, and F. Luo, “Identification and learning control of
ocean surface ship using neural networks,” IEEE Trans. Ind. Informat.,
vol. 8, no. 4, pp. 801–810, Nov. 2012.

[7] S. S. Ge, W. He, B. V. E. How, and Y. S. Choo, “Boundary control
of a coupled nonlinear flexible marine riser,” IEEE Trans. Control Syst.
Technol., vol. 18, no. 5, pp. 1080–1091, Sep. 2010.

[8] W. He, S. Zhang, and S. S. Ge, “Boundary control of a flexible riser
with the application to marine installation,” IEEE Trans. Ind. Electron.,
vol. 60, no. 12, pp. 5802–5810, Dec. 2013.

[9] W. He, B. V. E. How, S. S. Ge, and Y. S. Choo, “Boundary control of
a flexible marine riser with vessel dynamics,” in Proc. Amer. Control
Conf., Baltimore, MD, USA, 2010, pp. 1532–1537.

[10] K. P. Tee, S. S. Ge, H. Li, and B. B. Ren, “Control of nonlinear systems
with time-varying output constraints,” in Proc. IEEE Int. Conf. Control
Autom., Dec. 2009, pp. 524–529.

[11] B. B. Ren, S. S. Ge, K. P. Tee, and T. H. Lee, “Adaptive control for
parametric output feedback systems with output constraint,” in Proc.
48th IEEE Conf. Decision Control, 28th Chin. Control Conf., Dec. 2009,
pp. 6650–6655.

[12] K. P. Tee, B. B. Ren, and S. S. Ge, “Control of nonlinear systems
with time-varying output constraints,” Automatica, vol. 47, no. 11,
pp. 2511–2516, 2011.

[13] M. Chen, S. S. Ge, and B. B. Ren, “Adaptive tracking control of
uncertain MIMO nonlinear systems with input constraints,” Automatica,
vol. 47, no. 3, pp. 452–465, 2011.

[14] H. Ashrafiuon and K. R. Muske, “Sliding mode tracking con-
trol of surface vessels,” in Proc. Amer. Control Conf., Jun. 2008,
pp. 556–561.

[15] R. Yu, Q. Zhu, G. Xia, and Z. Liu, “Sliding mode tracking control of an
underactuated surface vessel,” IET Control Theory Appl., vol. 6, no. 3,
pp. 461–466, 2012.

[16] S. S. Ge and C. Wang, “Direct adaptive NN control of a class
of nonlinear systems,” IEEE Trans. Neural Netw., vol. 13, no. 1,
pp. 214–221, Jan. 2002.

[17] K. P. Tee and S. S. Ge, “Control of fully actuated ocean surface vessels
using a class of feedforward approximators,” IEEE Trans. Control Syst.
Technol., vol. 14, no. 4, pp. 750–760, Jul. 2006.



ZHAO et al.: ADAPTIVE NN CONTROL OF A FULLY ACTUATED MARINE SURFACE VESSEL 1543

[18] B. V. E. How, S. S. Ge, and Y. S. Choo, “Control of coupled vessel,
crane, cable, and payload dynamics for subsea installation operations,”
IEEE Trans. Control Syst. Technol., vol. 19, no. 1, pp. 208–220,
Jan. 2011.

[19] E. Rimon and D. E. Koditschek, “Exact robot navigation using arti-
ficial potential functions,” IEEE Trans. Robot. Autom., vol. 8, no. 5,
pp. 501–518, Oct. 1992.

[20] J. Guldner and V. I. Utkin, “Sliding mode control for gradient tracking
and robot navigation using artificial potential fields,” IEEE Trans. Robot.
Autom., vol. 11, no. 2, pp. 247–254, Apr. 1995.

[21] D. Q. Mayne and H. Michialska, “Receding horizon control of nonlinear
systems,” IEEE Trans. Autom. Control, vol. 35, no. 7, pp. 814–824,
Jul. 1990.

[22] W. B. Dunbary and R. M. Murray, “Distributed receding horizon control
with application to multi-vehicle formation stabilization,” Automatica,
vol. 42, no. 4, pp. 549–558, 2006.

[23] Q. C. Nguyen and K.-S. Hong, “Transverse vibration control of axially
moving membranes by regulation of axial velocity,” IEEE Trans. Control
Syst. Technol., vol. 20, no. 4, pp. 1124–1131, Jul. 2012.

[24] D. Q. Mayne, J. B. Rawlings, C. V. Rao, and P. O. M. Scokaert, “Con-
strained model predictive control: Stability and optimality,” Automatica,
vol. 36, no. 6, pp. 789–814, 2000.

[25] E. Gilbert and I. Kolmanovsky, “Nonlinear tracking control in the pres-
ence of state and control constraints: A generalized referencegovernor,”
Automatica, vol. 38, no. 12, pp. 2063–2073, 2002.

[26] J. Sun and I. V. Kolmanovsky, “Load governor for fuel cell oxygen
starvation protection: A robust nonlinear reference governor approach,”
IEEE Trans. Control Syst. Technol., vol. 13, no. 6, pp. 911–920,
Nov. 2005.

[27] L. Chisci, J. A. Rossiter, and G. Zappa, “Systems with persistent
disturbances: Predictive control with restricted constraints,” Automatica,
vol. 37, no. 7, pp. 1019–1028, 2001.

[28] S. V. Rakovic, P. Grieder, M. Kvasnica, D. Q. Mayne, and M. Morari,
“Computation of invariant sets for piecewise affine discrete time systems
subject to bounded disturbances,” in Proc. 43rd IEEE Conf. Decision
Control, vol. 2. Dec. 2004. pp. 1418–1423.

[29] S. V. Rakovic, E. C. Kerrigan, K. I. Kouramas, and D. Q. Mayne,
“Invariant approximations of the minimal robust positively invariant
set,” IEEE Trans. Autom. Control, vol. 50, no. 3, pp. 406–410,
Mar. 2005.

[30] A. Bemporad, “Reference governor for constrained nonlinear sys-
tems,” IEEE Trans. Autom. Control, vol. 43, no. 3, pp. 415–419,
Mar. 1998.

[31] T. I. Fossen and J. P. Strand, “Nonlinear passive weather optimal
positioning control (WOPC) system for ships and rigs: Experimental
results,” Automatica, vol. 37, no. 5, pp. 701–715, 2001.

[32] K. P. Tee, S. S. Ge, and E. H. Tay, “Barrier Lyapunov functions for the
control of output-constrained nonlinear systems,” Automatica, vol. 45,
no. 4, pp. 918–927, 2009.

[33] S. S. Ge, C. C. Hang, T. H. Lee, and T. Zhang, Stable Adaptive Neural
Network Control. Norwell, MA, USA: Kluwer, 2001.

[34] M. Chen, S. S. Ge, and V. B. How, “Robust adaptive neural network
control for a class of uncertain MIMO nonlinear systems with input
nonlinearities,” IEEE Trans. Neural Netw., vol. 21, no. 5, pp. 796–812,
May 2010.

[35] M. Chen, S. S. Ge, and B. B. Ren, “Robust attitude control of helicopters
with actuator dynamics using neural networks,” IET Control Theory
Appl., vol. 4, no. 12, pp. 2837–2854, 2009.

[36] C. R. Rao and S. K. Mitra, Generalized Inverse of a Matrix and its
Applications. New York, NY, USA: Wiley, 1971.

[37] W. He and S. S. Ge, “Robust adaptive boundary control of a vibrating
string under unknown time-varying disturbance,” IEEE Trans. Control
Syst. Technol., vol. 20, no. 1, pp. 48–58, Jan. 2012.

[38] W. He, S. Zhang, and S. S. Ge, “Boundary output-feedback stabilization
of a Timoshenko beam using disturbance observer,” IEEE Trans. Ind.
Electron., vol. 60, no. 11, pp. 5186–5194, Nov. 2013.

[39] M. Krstic, I. Kanellakopoulos, and P. Kokotovic, Nonlinear and Adaptive
Control Design. New York, NY, USA: Wiley, 1995.

[40] R. Skjetne, T. I. Fossen, and P. V. Kokotovic, “Adaptive
maneuvering, with experiments, for a model ship in a marine
control laboratory,” Automatica, vol. 41, no. 2, pp. 289–298,
2005.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


