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Abstract This paper presents an adaptive neural network (NN) controller for
fine trajectory tracking of surface vessels with uncertain environmental distur-
bances. Regarding to the new demands for fine trajectory tracking, especially to
the requirement of high accuracy tracking in limited working space, the proposed
NN controller is designed to contain a tracking error control component and a
velocity error control component, aiming to converge both types of error to zero,
separately. It utilizes radial basis functions to approximate a vessel’s unknown
nonlinear dynamics. Therefore, there is no need of any explicit knowledge of the
vessel. The online learning ability is obtained during the stability analysis by using
the backstepping technique and the Lyapunov theory. Theoretical results guaran-
tee both the convergence of tracking error and velocity error and the boundedness
of NN update. Through simulation and tracking performance study based on the
CyberShip II model, the proposed controller is verified effective in fine trajectory
tracking.

Keywords Adaptive neural controller - Trajectory tracking - Online learning -
Surface vessels

1 Introduction

The dynamic positioning (DP) formulation was motivated by marine applications
in which a vessel can accurately maintain both its position and heading at a fixed
location or pre-determined paths by means of thruster forces [1]. DP technique has
made many marine operations come true, such as deep sea exploration, offshore oil

This work is supported by a grant from the “Marine Operations in Virtual Environments”
project in Norway.

G.Y.Li-W.Li-H. P. Hildre - H. X. Zhang

Faculty of Maritime Technology and Operations, Aalesund University College, Postboks 1517,
N-6025, Aalesund, Norway.

Corresponding author: Guoyuan Li

Tel.: +47-70161325

E-mail: guli@hials.no



2 Guoyuan Li et al.

Fig. 1 Fine trajectory tracking.

drilling and pipeline maintenance. From the guidelines for vessels with DP systems
issued by the International Maritime Organization, vessels with DP systems are
conducive to increase maneuverability under specified maximum environmental
conditions. DP systems have been employed for ships, mobile offshore drilling
units, offshore support vessels and oceanographic research vessels. Nowadays, due
to the theoretical challenges of DP technique and the growth of emerging demands
from offshore applications, developing new types of DP systems is challenging.

In the literature, there are two challenges for designing efficient DP systems [2].
First, because the dynamics of the vessel varies with navigational status such
as the load and the speed during DP operations, its dynamics is nonlinear and
time-varying. It is impossible to fully depict the dynamical behavior using current
modeling techniques. Therefore, in the early research, controllers for DP systems
were designed with an assumption of linearizing the dynamics model. A lot of
model-based adaptive controllers were developed by researchers based on the as-
sumption [3-5]. Recently, Some robust controllers based on the techniques, such
as Lyapunov’s direct method [6], backstepping technique [7] and sliding mode
control [8], have shown low sensitivity to parameter variations and disturbances.
Although they can accomplish the model-based controller design, they still rely on
the knowledge of the dynamics model. The second challenge is derived from the
operation environment. Environmental perturbation such as waves, wind and cur-
rents is complex and unpredictable. However, its effect on DP systems cannot be
neglected. More recently, some passive nonlinear observers were presented [9] [10].
By estimating the constant or the time-varying disturbances, compensating control
laws were designed to improve the DP accuracy. Although the two DP challenges
are solved by aforementioned results to some extent, they still attract a lot of
attention from marine technology communities.

To date, with the development of approximation-based control techniques,
breakthrough achievements have been made for DP systems. A good number of
novel intelligent control methods such as fuzzy control and neural network (NN)
control were proposed [11-18]. Owing to the approximation capability of learning
and adaptation, there is no need to spend much effort on system modeling. Chang
et al. designed a Takagi-Sugeno type fuzzy model to represent the nonlinear system
by using a set of fuzzy rules[11]. In [12], a novel model reference adaptive robust
fuzzy control algorithm was proposed to approximate unknown functions includ-
ing lumped model parameters and external disturbances for ship course-keeping
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tasks. Skjetne et al. used an adaptive recursive design method to describe a para-
metrically uncertain ship and applied it on dynamic maneuvering[16]. Leonessa
et al. proposed a NN model reference controller to improve the control perfor-
mance in terms of tracking in the presence of unmodeled dynamics [13]. Tee and
Ge developed a single-layer NN as a linearly parameterized approximator of ship
uncertainties and unknown disturbances for trajectory tracking [14]. Pan et al. pre-
sented similar work by using a regressor to express the highly nonlinear dynamics
of a vessel [15]. Both Dai et al. and Xia et al. employed a radial basis function in
NN to estimate and compensate the uncertainties of ship dynamics and environ-
mental disturbances [17] [18]. According to the backstepping technique and the
Lypunov theory, they succeeded to improve the control performance and reduce
the tracking errors.

From a control point of view, fuzzy control is nontrivial and time consum-
ing in practise since it obtains rules mainly by trial and error from experiences.
In contrast, adaptive NN control is capable of deterministic learning, i.e., online
adjusting unknown control model parameters. Therefore, adaptive NN control is
superior to fuzzy control, especially when controlling complex, nonlinear and un-
certain systems. Unlike classical statistical learning theory, an online learning NN
is designed based on deterministic learning theory [19]. With deterministic learn-
ing, fundamental knowledge for system dynamics can be identified by the online
learning NN through accumulating and storing historical data, and meanwhile
represented in a deterministic manner. Unfortunately, the key ability of online
learning of NN control is seldom addressed in DP system design in the literature.

Our project aims to make the best use of the NN learning ability and develop
NN-based controllers for DP systems to achieve real-time control of marine ves-
sels. In this paper, we emphasize the design of an adaptive NN controller for fine
trajectory tracking tasks. Fine trajectory tracking is a new demand in offshore op-
erations, which requires fine maneuvering of marine vessels around target object,
as shown in Fig. 1. Fine manoeuvring not only requests low speed of vessels and
high position control accuracy, but also has very strict and limited working spaces
during offshore operations. To release the burden of the operators and increase the
safety of operations, we propose an adaptive NN controller for fine manoeuvring.
The main contributions of this paper include:

— An adaptive NN control algorithm together with a stability proof is proposed
with unknown ship dynamics.

— A complete simulation for online learning of ship dynamics is carried out using
the Cybership II ship model [20].

The paper is organized as follows. Section 2 introduces the NN model and the
description of dynamics of a vessel. In Section 3, the adaptive NN controller is
presented in detail. The simulation and some performance studies are shown in
Section 4, which is followed by discussions in Section 5. Conclusions and future
work are given finally.

2 Related Work
2.1 Radial basis function neural network

Radial basis function neural network (RBFNN) is a type of feedforward approx-
imator and is usually used to approximate continuous nonlinear functions [21].
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Fig. 2 Structure of the RBFNN.

It contains three layers: input layer, hidden layer and output layer, as shown in
Fig. 2. In this paper, we take measurements from sensors as inputs and use the
RBFNN to generate forces for fine manoeuvring,.

Assume the number of nodes in the three layers of the RBFNN are m, n, and
p, respectively. Let X = [z1,22,...,xm]” be the input vector and H = [ha, ha, ...,
hn]T be the hidden vector. The mapping from the input layer to the hidden layer
is nonlinear. Here we use Gaussian function, the most commonly used radial basis
function to approximate a nonlinear function:

where fi; = [i1, iz. .., uim]T is the center of the i-th Gaussian function and o; is
the width of the i-th Gaussian function. The mapping from the hidden layer to
the output layer is linear. We define W € R™*P as the weigh matrix between the
two layers. Then the nonlinear function is described as:

F(X)=WTH + ¢X) (2)

where € is the approximation error. In [21], it has been shown that if the node
number n in the hidden layer is large enough, the RBFNN output W7 H can
smoothly approximate the nonlinear function by online updating W towards the
ideal weight matrix W*:

W™ = argmin {sup |e(X)|} (3)
W*ERTLXP

2.2 Ship dynamics

For a horizontal motion of a fully actuated surface vessel, only three motion com-
ponents including surge, sway and yaw are taken into consideration. The other
motion components are neglected. According to Fossen [2], the DP system model
in the presence of disturbances can be described as:

n=Jmv (4)
Myv+Cwv+Dviv+A=r (5)
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where
cos(1)) -sin(v)) 0
J(n) = |sin(y) cos(¥) O (6)
0 0 1

is the rotation matrix. The vector 7 = [z,y, %]’ contains the positions (z,%) and
the heading 1 of the vessel in the earth-fixed frame. The vector v = [u,v,7]T
represents velocities in surge, sway and yaw in the body-fixed frame, respectively.
M € R**3 is the system inertia matrix. C'(v) € R** is the Coriolis and centripetal
terms. D(v) € R3*3 is the damping matrix. A € R? is the environmental distur-
bance vector. 7 € R? is the vector of the generalized control forces consisting of
the surge force, the sway force and the yaw moment.
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Fig. 3 Block diagram of the control system.

Although the matrix M that contains the mass, inertia and the added masses
can be obtained accurately by using potential analysis, and several terms in C' and
D matrices can be obtained with good accuracy using conventional methods and
softwares, it is difficult to design the control law without a fully obtained hydrody-
namic parameters in these matrices. In addition, the environmental disturbances
A cannot be identified and compensated easily. Thus, the control problem lies in
how to develop a NN-based method to approximate the unknown dynamics from
both the vessel and the environment and how to achieve efficient online learning
law for fine trajectory tracking.

3 Adaptive NN Controller Design

In this section, we design an adaptive NN controller for fine trajectory tracking
by combining the backstepping technique with a RBFNN.

Fig. 3 shows the whole structure of the control system. It contains two com-
ponents: the tracking error control and the velocity error control. The tracking
error control is designed to generate a speed control command based on the ref-
erence trajectory. While the velocity error control is designed to further generate
the control law of the surface vessel. It takes the speed control command as input
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and uses the RBFNN to approximate the unknown nonlinear dynamics. Through
Lyapunov stability analysis, the online updating law is derived. The system sta-
bility and convergence are both guaranteed. The following describes the controller
in detail.

The dynamic model in (5) has the following properties [2]:

1). The matrix M is symmetric positive definite;
2). The matrix D is positive definite;
3). The matrix M — 2C is skew-symmetric.

We assume that:

1). Both n and v are available without measurement error;
2). The disturbance A is slowly time-variant and bounded;
3). The desired trajectory n4(t) is smooth enough.

Assumption 3) indicates the time derivative 74 and 7j4 can be obtained from a
trajectory planner. The desired speed vy in the body-fixed frame is defined as:

va = [ug,va,ra)’ = I (0)7a. (7)

Let 7 = n — ng be the tracking error in the earth-fixed frame and e, be the
corresponding tracking error in the body-fixed frame. According to (4), e, satisfies:

en = J" ()i (8)
Noting the property JJ? = I and taking the time derivative of (8) yield
én = " ()i + I ()i (9)
In addition, we have the derivative of J(n) from (6):
J(n) = J(n)S(r) (10)
where
0-r0
S(r)y=1r00]. (11)
000

By substituting (4), (7), (8), (10) and (11) into (9), we obtain the derivative of
tracking error in the body-fixed frame:

én = ST (reny 4+ v —va. (12)
Consider a Lyapunov function candidate:

1

Vi= 565%. (13)
Its derivative is:
Vi = egén
= ey S(r)en + e (v — va). (14)

Here we choose the velocity v to follow a command velocity vy, i.e.,

v=uwy =vg — Koey (15)
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where Ko € R**3 is a diagonal positive definite design parameter matrix. Noting
that S(r) in (11) is skew-symmetric and thus substituting (15) into (14) yields

Vi = —e} Koen < 0. (16)
Note Vi = 0 only if e, = 0, which means the tracking error e, under the speed
control command (15) is asymptotically stable.
In order to ensure the velocity v to follow the command velocity vp, the control
force 7 in (5) should be properly designed. Define the velocity error as
ey =1y — . (17)
Using (5) and taking the derivative of e,, we obtain
éy = M '[—1 — Cey, + Min + Cvo + Dv 4 Al (18)

Consider the Lyapunov function candidate Va:

1
Vo =Vi+ 5631\4@”. (19)

According to (18) and the property 3) of (5), the time derivative of Vo becomes
Vo = Vi + el Mé, + %efMey
=Vi+el[—7+ Mio+Cuvo+ Dv+ A (20)
Here we use a RBFNN f to approximate the uncertainty of the ship dynamics:
f=WTH(X)= Mo+ Cro+ Dv+ A (21)

where W € R™ 3 is the weight matrix of the RBFNN; n is the number nodes
in the hidden layer of the RBFNN; X = [0, 0,v]” is the input vector of the
RBFNN; and H is the hidden vector with Gaussian basis function. We further
design the control law as:

r=WTH(X) + Kiey (22)

where W € R™*3 is the estimated weight matrix of the RBFNN and K; € R®*3
is a positive definite matrix. Substituting (21) and (22) into (20) obtains

Vo=Vi—el Kie, — et W H(X) (23)
where WT = WT — W7 represents the estimate error of the weight matrix of the
RBFNN. Since the last term of (23) cannot guarantee non-positive of Va2, we have

to further design the updating law for the weight matrix of the RBFNN. Again,
we choose the Lyapunov function candidate V3 as

Vs =Va+ %tr(WTQW) (24)
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Fig. 4 Tracking result in xy-plane under time-variant disturbances.

where © € R™*" is a diagonal positive definite design square matrix; ¢r represents
the trace, i.e., the sum of the elements on the main diagonal of a square matrix.
By differentiating V3 with respect to time, we get:

Vs = Vo + tr(WTOW)
=V — el Kiey — el WTH(X) + tr(WTOW). (25)

Note that the term e?;VT/TH(X) is a scalar. According to the switch property of
trace of a product tr(AB) = tr(BA), (25) can be rewritten as:

Vs =i — el Kiey — tr(eXWT H(X)) + tr(WTOW)

— Vi — T Kien — tr(WTH(X)eD) + tr(WTOW)
—Vi — T Kiey + tr(WT (—H(X)el +OW)). (26)
If we choose the updating law as
W =W =06""H(X), (27)
V3 can be shown to be non-positive:
Va=Vi—el Kie, <0. (28)

Note that V3 = 0 only if en = 0 and e, = 0, which implies the convergence of the
tracking error e, and the velocity error e, to zero as well as the boundedness of
the weight error W.

Thus the proof of the stability for the adaptive NN controller is complete.
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Fig. 5 Uncertain dynamic approximation.

4 Simulation Results

In this section, numerical simulations have been carried to evaluate the effec-
tiveness of the proposed adaptive NN controller. We chose the vessel model—
CyberShip II as the test bed of the controller. The CyberShip II is a replica of a
supply ship in NTNU. It has a mass of 23.8 kg with a length of 1.255 m. More

information about the model is given in detail in [20].

4.1 Trajectory tracking experiment

Table 1 Constructive parameters of the RBFNN

Symbols  Values Description
m 9 Number of input nodes
n 1000 Number of hidden nodes
P 3 Number of output nodes
I [-1,1] Center of Gaussian function
o 10 Width of Gaussian function
e T1000 Weight update rate

The dynamic parameters for the ship model are given as:

25.8 0 0
M = 0 24.661 1.095
0 1.095 2.76
0 0 —24.661v — 1.095r
C = 0 0 25.8u

24.661v 4 1.095r —25.8u 0
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and D = [di1 0 0;0 d22 d23;0 d32 dss], where

di1 = 0.7225 4 1.3274|u| + 5.8664u>
d22 = 0.8612 + 36.2823|v| + 8.05|r|
das = —0.1079 + 0.845[v| + 3.45|r|
d3o = —0.1052 — 5.0437|v| — 0.13|r|
dsz = 1.9 — 0.08[v| + 0.75]r].

To simulate the trajectory tracking task for fine maneuvering, we chose a com-
plex reference trajectory in limited space. The reference trajectory is defined as:

xq = 3sin(0.1¢)(1 — sin(0.1¢))
yq = 3cos(0.1t)
g = tan_l(ﬁ)

Zq

The initial position of the vessel is placed at [2,3, —180°]. We assume there exist
environmental disturbances, which are set as:

1+ 0.1sin(0.2t) + 0.3sin(0.4¢) + 0.3cos(0.2t)
A= |14 0.1sin(0.2t) 4 0.2sin(0.1¢) — 0.1cos(0.4t)
1+ 0.1sin(0.2¢) — 0.3sin(0.4¢) — 0.5cos(0.4t).

In the simulation, the design parameters of the controller are chosen as Ko =
0.3I3 and K; = 12I3. A RBFNN was constructed to approximate the uncertain
dynamics. Table 1 lists the parameters of the RBFNN. Note that the inputs of
the RBFNN are normalized before function approximation. The overall weight W
of the RBFNN was initially set to zero. The centers of the Gaussian functions are
evenly spaced over the input space. For each input dimension, there are more than
two Gaussian functions (1000 > 2%). Therefore, function approximation ability
can be guaranteed.

7
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Fig. 6 Tracking velocities.
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Fig. 7 Surge control force, sway control force and yaw control torque.

The tracking result is depicted in Fig. 4. It can be seen that the vessel tracks the
reference trajectory smoothly and accurately under the time-varying disturbances.
Fig. 5 shows how the RBFNN approximates the uncertain dynamics of the vessel.
From the figure, it is clearly observed that the RBFNN can fast and precisely
approach the real dynamics of (21) in a short period of time, which in turn validates
the rapidly exponentially convergence of tracking error and velocity error and the
boundedness of estimation error. Fig. 6 shows the curves of the surge velocity,
the sway velocity and the yaw rate vary with respect to time. The corresponding
control inputs including the surge force, the sway force and the yaw torque are
shown in Fig 7. Considering the scaled version of the ship model, the results are
smooth and reasonable. As a result, the proposed adaptive NN controller really
provides good tracking behavior.

4.2 Control parameter analysis

As described in Section 3, the adaptive NN controller can be affected by the control
gain Ko and K1, as well as the parameters that are involved in the RBFNN.
Here, we investigate how they affect the tracking performance. To quantitatively
analyze the impact of each control parameter, only one parameter is tuned within
an acceptable range while the other parameters are fixed to the values that are
shown in Section 4.1.

4.2.1 Control gain Ko & K1

From Fig. 3, it can be seen the control gain Ky affects the tracking performance
indirectly by modifying the inputs of the RBFNN. Fig. 8 illustrates the comparison
of tracking performance for different scaling of Ko. From the top figure, it is ob-
served that with the growth of Ko, both the transient period and the steady-state
tracking error decrease. But the corresponding initial forces/torque 7 from the
bottom figure increase exponentially. Furthermore, the oscillation of forces/torque
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Fig. 8 The variation of tracking performance by scaling Kp. Top: norm of tracking error.
Bottom: norm of resultant force/torque.

during the transient period increases dramatically, which is of low practicability
and maneuverability for real applications. Further increasing Ko is meaningless
since the resultant forces/torque is beyond the saturation limits of the ship model.
An intuitive tuning of Ko is suggested between [0.113,0.413].

A similar scaling of the control gain Kj is shown in Fig. 9. Although K; has
a direct impact on the resultant forces/torque 7, modifying K1 will not change
the transient period and the magnitude of forces/torque so much. If K; is small,
e.g. K1 < 513, the resultant forces/torque 7 will be always insufficient, resulting
in an inferior tracking performance. But when K is large enough, e.g. K1 > 1013,
continuously increasing K; will not affect the steady-state tracking error at all.
Similar to Ko, the growth of Ki leads to the growth of the corresponding initial
forces/torque. To simulate fine maneuvering in a realistic manner, K is suggested
to choose within [1013,2013].

4.2.2 Control parameters in the RBFNN

The tracking performance is also sensitive to the control parameters in the RBFNN.
As mentioned before, the number of hidden nodes n in RBFNN determines how
accurate the RBFNN is to approximate unknown nonlinear functions. Therefore,
changing the number of hidden nodes in RBFNN will definitely affect the tracking
performance. From Fig. 10, increasing n has no impact on the tracking perfor-
mance except the steady-state tracking error. A larger number of n results in a
lower steady-state tracking error. However, continuously increasing n cannot sig-
nificantly decrease the steady-state tracking error but brings more computational
complexity. Therefore, in the simulation, tuning n to 1000 could be a good trade-off
between the steady-state tracking error and the computational complexity.

The update rate © is another impact factor of the tracking performance, as
shown in Fig. 11. From the top graph of Fig. 11, increasing © mainly affects
the steady-state tracking error. A higher value of © leads to a lower steady-state
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Fig. 10 The variation of tracking performance by scaling hidden nodes n in the RBFNN.
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tracking error. However, combined with the bottom graph of Fig. 11, continuously
increasing @ has a little improvement for the tracking error, but gives rise to extra
oscillation on the resultant forces/torque. To avoid this happens, © is suggested
to be around I1000.
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Fig. 11 The variation of tracking performance by scaling the update rate © in the RBFNN.
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4.3 Tracking performance comparison

This experiment compares the tracking performance of the proposed adaptive NN
controller with a PID controller using acceleration feedback [2] and a single-layer
NN controller [15]. Both the PID controller and the single-layer NN controller are
performed the experiment in Section 4.1, i.e., to force the ship model to track the
same reference trajectory under the same environmental disturbances.

Because the resultant forces and torque must further distribute to all of the
thrusters on the vessel, it is necessary to reduce the magnitude of forces and torque
to avoid achieving the saturation limit. Hence, we take the magnitude of forces
and torque into consideration and design the system error of the controller as a
function of tracking error and corresponding forces and torque:

1KI = +/llall - [l (29)

In this way, a low system error indicates that the controller only needs to
provider low forces and torque to maintain an acceptable tracking error. Fig. 12
shows the comparison results of tracking performance between these controllers.
All of them can make the ship model follow the desired trajectory under an ac-
ceptable system error. The PID controller needs a nontrivial tuning of the PID
gains to obtain a lower system error value. Even we manage that, the result shows
it has the highest error value at the beginning and an oscillating transient per-
formance before achieving steady state. The single-layer NN controller performs
better than the PID controller but has a higher initial system error value as well
as a slower decay of system error than the proposed adaptive NN controller. This
is because the adaptive NN controller contains an additional nonlinear basis func-
tions of layer that can approximate nonlinear functions more efficiently. From the
result, we conclude that the proposed adaptive NN controller is effective for fine
trajectory tracking.
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5 Discussion

Here we discuss about the key role of the RBFNN in the proposed controller, as
well as the limitation of the controller in real applications.

As shown in Section 3, the control law in (22) is consisted of two parts: the
estimated dynamic by the RBFNN and the proportional control of velocity error.
At the beginning, the RBFNN has no output due to the zero values of the initial
weights. The proportional control of velocity error is thus dominant to the control
law. Later, as the online learning of the RBFNN and the decrease of the velocity
error, the proportional part will decrease whereas the learned dynamic part would
be in charge of the control law. Therefore, if only the proportional control of
velocity error is used without the RBFNN, the tracking task will fail.

Regarding the limitation of the controller, it is closely related to the assump-
tions we have made in Section 3. First, if the noise of sensor data exists, it will
affect the control law, the updating law, the input vector of the RBFNN, and
consequently affect the tracking performance. The test of sensor noise is beyond
this paper, but in principle, using Kalman filter technique and some sensor fu-
sion algorithms can reduce the impact of sensor noise on tracking performance
to some extent. Second, the controller is not applicable for trajectory tracking in
severe environmental conditions. Because the environmental disturbance changes
more irregularly. However, for most offshore operation applications, including fine
maneuvering, tasks are performed in calm weather. Therefore, the NN-based con-
troller is competent to tasks in that case. Third, to achieve high tracking accuracy,
the desired trajectories are required to be sufficiently smooth. According to (7),
(15) and the input vector of the RBFNN, both 74 and 7jq should be continuous
and bounded. Actually, smooth trajectory can avoid actuator saturation induced
by sudden jumps of tracking errors. We have tested the controller with different
types of trajectories, such as the elliptic trajectory and the octomorphic trajectory.
The results show good tracking performance for smooth trajectories but inferior
performance for non-smooth ones due to discontinuous command inputs. To sum
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up, the controller is suitable for fine maneuvering with smooth trajectory in calm
weather, as long as sensor noises are eliminated.

6 Conclusion

In this paper, an adaptive NN controller has been designed for fine maneuvering
of surface vessels applying on offshore applications. Taking advantages of function
approximating ability of NN, the proposed controller can achieve online learning
control of trajectory tracking with unknown dynamics of the vessel and uncertain
environmental disturbances. Through the backstepping technique and Lyapunov
stability analysis, the controller is proved stable and guaranteed to converge track-
ing errors to zero. Trajectory tracking simulation and its performance studies are
carried out by using the CyberShip II ship model as the test bed. From the re-
sults, it confirms the effectiveness of the controller for providing good transient
and steady state performance in fine trajectory tracking.

Future work will be focused on twofold: (1) Design hierarchical control for
fine maneuvering from path planning to final thrust allocation, taking into con-
sideration all the constraints such as power consumption and thruster’s features
and capabilities; (2) Develop a training and evaluation system regarding to fine
maneuvering for nautical certification.

References

1. A. J. Sgrensen (2011) A survey of dynamic positioning control systems, Annual reviews in
control, vol. 35, no. 1, pp. 123-136.

2. T. I. Fossen (2002) Marine control systems: guidance, navigation and control of ships, rigs
and underwater vehicles, Marine Cybernetics, Trondheim.

3. P.Fung and J. G. Michael (1983) Dynamic ship positioning using a self-tuning Kalman
filter, IEEE Trans. Automa. Control, vol. 28, no. 3, pp. 339-350.

4. K. S. Narendra and A. M. Annaswamy (1989) Stable adaptive systems, Prentice-Hall, Inc.,
Upper Saddle River, NJ, USA.

5. A. J. Sgrensen, S. I. Sagatun and T. I. Fossen (1996) Design of a dynamic positioning
system using model-based control, Control Engineering Practice, vol. 4, no. 3, pp. 359-368.

6. Z. P. Jiang (2002) Global tracking control of underactuated ships by Lyapunov’s direct
method, Automatica, vol. 38, no. 2, pp. 301-309.

7. J.Duand C. Guo (2004) Nonlinear adaptive ship course tracking control based on backstep-
ping and Nussbaum gain, in Proceedings of the American Control Conference, pp. 3845-3850.

8. E. A. Tannuri, A. C. Agostinho, H. M. Morishita and L. Moratelli, L. (2010) Dynamic
positioning systems: an experimental analysis of sliding mode control, Control Engineering
Practice, vol. 18, no. 10, pp. 1121-1132.

9. H. Aschemann and A. Rauh (2010) Nonlinear control and disturbance compensation for
underactuated ships using extended linearisation techniques, Proc. 8th IFAC Conf. Control
Appl. Marine Syst., pp.162-172.

10. Y. Yang, J. Du, H. Liu, C. Guo and A. Abraham (2014) A Trajectory Tracking Robust
Controller of Surface Vessels With Disturbance Uncertainties, IEEE Trans. Control Syst.
Tech., vol. 22, no. 4, pp. 1511-1518.

11. W. Chang, G. Chen and Y. Yeh, “Fuzzy control of dynamic positioning systems for ships”,
Journal of Marine Science and Technology, vol. 10, no. 1, pp. 47-53, 2002.

12. Y. Yang, C. Zhou and J. Ren (2003) Model reference adaptive robust fuzzy control for
ship steering autopilot with uncertain nonlinear systems, Applied Soft Computing, vol. 3,
no. 4, pp. 305-316.

13. A. Leonessa, T. VanZwieten T and Y. Morel (2006) Neural network model reference adap-
tive control of marine vehicles, Current Trends in Nonlinear Systems and Control, Birkh&user
Boston, pp. 421-440.



Online Learning Control of Surface Vessels for Fine Trajectory Tracking 17

14. K. P. Tee and S. S. Ge (2006) Control of fully actuated ocean surface vessels using a class
of feedforward approximators, IEEE Trans. Contr. Syst. Technol., vol. 14, no. 4, pp. 750-756.

15. C. Z. Pan, X. Z. Lai, S. X. Yang and M. Wu (2013) An efficient neural network approach to
tracking control of an autonomous surface vehicle with unknown dynamics, Expert Systems
with Applications, vol. 40, no. 5, pp. 1629-1635.

16. R. Skjetne, T. I. Fossen and P. V. Kokotovic (2005) Adaptive maneuvering, with exper-
iments, for a model ship in a marine control laboratory, Automatica, vol. 41, no. 2, pp.
289-298.

17. S. L. Dai, C. Wang and F. Luo (2012) Identification and learning control of ocean surface
ship using neural networks, IEEE Trsns. Industrial Informatics, vol. 8, no. 4, pp. 801-810.
18. G. Xia, X. Shao, A. Zhao and H. Wu (2013) Adaptive neural network control with back-
stepping for surface ships with input dead-zone, 2013 Mathematical Problems in Engineering,

vol. 2013, pp. 1-9.

19. C. Wang and D. J. Hill (2009) Deterministic learning theory for identification, recognition,
and control, CRC Press.

20. K. P. Lindegaard (2003) Acceleration feedback in dynamic positioning, Ph.D. dissertation,
Norwegian University of Science and Technology, Trondheim, Norway.

21. J. Park and I. W. Sandberg (1991) Universal approximation using radial-basis-function
networks, Neural computation, vol. 3, no. 2, pp. 246-257.

Guoyuan Li (M’14) received his Ph.D. at the Institute of Technical Aspects
of Multimodal Systems (TAMS), Department of Informatics, University of
Hamburg, Germany, in 2013. From 2014, he joined the Mechatronics Labora-
tory, Faculty of Maritime Technology and Operations, Aalesund University
College, Norway, where he worked as a postdoctoral fellow. He received the
Best Paper Award from the ICIA conference in 2014. His research interests
include ship maneuvering, optimization algorithms and bio-inspired locomo-
tion control.

‘Wei Li received Ph.D. degree in Electrical Engineering from School of Elec-
tronic and Information Engineering, Beihang University, China, in 2007.
From 2008, he worked as Postdoctoral Fellow in Beihang University. In 2011,
he began working as an assistant professor in the School of astronautics,
Beihang University, China. Currently he works as project leader in Mecha-
tronics Laboratory, Aalesund University College. His research focuses on real
time signal processing, radar signal processing, reconfigurable computing,
and space instruments electric design.

Hans Petter Hildre received his Ph.D. degree from NTNU, Norway in
1993. From 1993, he worked as an associate professor at the Department of
Machine Design and Materials Technology, Faculty of Mechanical Engineer-
ing, NTNU, Norway. Dr. Hildre became professor of product development at
NTNU in 1999. In 2004, he joined the Aalesund University College, Norway
where he is the head of Department Marine Technology and Operations. His
research interests include design methodology, platform design, and auto-
matic design.

Houxiang Zhang (M’04 - S’12) received Ph.D. degree in Mechanical and
Electronic Engineering from Beijing University of Aeronautics and Astro-
nautics, China, in 2003. From 2004, he worked as a Postdoctoral Fellow at
the Institute of Technical Aspects of Multimodal Systems, Department of
Informatics, Faculty of Mathematics, Informatics and Natural Sciences, Uni-
versity of Hamburg, Germany.

Dr. Zhang joined the Faculty of Maritime Technology and Operations,
Aalesund University College, Norway in April 2011 where he is a full Pro-
fessor on Robotics and Cybernetics. He established the Mechatronics Labo-
ratory. Currently, he has a gift professorship on product and system design from the industry
too. The focus of his research lies on mobile robotics, especially on climbing robots and ur-
ban search and rescue robots, modular robotics, and nonlinear control algorithms. In these
areas, he has published over 100 journal and conference papers and book chapters as author




18 Guoyuan Li et al.

or co-author. Recently, he received the best paper award at the IEEE/AEME AIM2008 con-
ference, and three finalist awards for best conference paper at IEEE Robotics and Automation

conferences.



