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ABSTRACT
The thrusters and propulsion propellers systems, as well as the operating situations, are all well-
known nonlinearities which are caused less accuracy of the dynamic positioning system (DPS) of
vessels in the path planning control process. In this study, to enhance the robust performance of
the DPS, we proposed a robust adaptive fuzzy control model to reduce the effect of uncertainty
problems and disturbances on the DPS. Firstly, the adaptive fuzzy controller with adaptive law
is designed to adjust the membership function of the fuzzy controller to minimize the error in
path planning control of the vessel. Secondly, the H∞ performance of robust tracking is proved
by the Lyapunov theory. Moreover, compared to the other controller, a simulation experiment
comprising two case studies confirmed the efficiency of the approach. Finally, the results showed
that the proposed controller reaches control quality, performance and stability.
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1. Introduction

Traditional support vessels have been employed dur-
ing most of the drilling and exploration stages, with
minimal use throughout the production stage. Drill rigs
and offshore platforms need regular delivery of supplies
that must be available at all times. Anchor handling
tug supply, platform supply vessels and fast supply ves-
sels are the formed offshore support vessels (OSVs)
that fulfil this duty. However, the logistics support and
transportation of products, tools, equipment and per-
sonnel to and from offshore oil platforms and other
offshore structures are the key roles of most of these
OSVs. A new generation of OSVs has developed in
recent decades, most of which are arranged with a Class
1 or Class 2 dynamic positioning system (DPS) [1].
More importantly, the DPS assists the OSV in all of its
responsibilities, including transit, survival and station
maintenance, and the differences in required electrical
systems for propulsion are significant. Thruster units
generally range in power from a few hundred to a few
more thousand hp, with four, six or eight variable-speed
thruster designs, as well as control situations requir-
ing the use of all thrusters. Moreover, the DPS is a
control system among nonlinear properties because of
their complex structure, diverse working conditions
and high accuracy requirements under the influence of
the going environment [2–4]. As a result, in the study of
DPS, researchers are focused on two primary concerns:
first, the control methods used to mitigate system dis-
turbances and uncertainties, and second, enhanced the
performance of the control process (Table 1).

Despite recent advancements in reducing system
disturbances and uncertainties, the issues such as
modelling uncertainties, environmental interferences
and unmeasurable velocity remain partially achievable.
To address the aforementioned issues, several studies
have focused on DPS [5], such as nonlinear adaptive
control [6], sliding mode control [7], back-stepping
control [8] and the combination of two or more con-
trol techniques to cope with uncertainty disturbances
and parameters. Recently, Sørensen [9], Dang et al.
[10] and Wang et al. [11] surveyed a lot of previous
research materials which introduce some modern con-
trol theories to aim at improving the quality of the DPS.
Basically, the nonlinearity and uncertain disturbance
must be taken in consideration while almost the tra-
ditional control theories are simple in structure and
method, the disadvantages of these methods were that
the kinetic functions of motions must be linearized
under certain conditions. From the above, the mod-
ern theories, such as fuzzy logic control, neural net-
work control (NNC), cerebellarmodel articulation con-
trol (CMAC), neural-fuzzy control (NFC) and adaptive
neural-fuzzy robust position control scheme [12], deep
learning-based semi-supervised control [13] has been
widely investigated from different perspectives. To clar-
ify the fundamental research issues, we analyse more
carefully the control algorithms related to DPS in the
next paragraphs.

In addition, the thruster fault-tolerant control [14]
utilized the Luenberger observation to identify actuator
abnormalities, and the DPS is offered by a discrete-time
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Table 1. List of nomenclature.

Abbreviation Description

DPS Dynamic positioning system
OSVs Offshore support vessels
FLC Fuzzy logic control
NNC Neural network control
CMAC Cerebellar model articulation control
NFC Neural-fuzzy control
TSF Takagi–Sugeno fuzzy
RAFC Robust adaptive fuzzy controller
AFC Adaptive fuzzy controller
MFs Membership functions

variable controller determined through the supervisor.
Therefore, the DPS is guaranteed against nonlinearity
induced by actuator failures, according to simulation
tests conducted on a scale model of an offshore vessel.
The limitation of this study is not examined in light of
the impact of unanticipated elements on vessel motion,
such as environmental and control process time delays
effected. As a consequence, developing finite quadratic
optimum controllers for DPS is a way simpler. So far,
using an NNC to detect the wave amplitude and esti-
mate the external force [15], which affects the vessel,
simulation is applied to display dynamic position.How-
ever, a practical test is required to verify the suggested
technique. In other solutions, the CMAC was based
on the PID algorithm to approximate the nonlinear
components to improve control quality [16], while the
authors in [17] improved the resilience of the CMAC
for the DPS. CMAC’s responses suggest that the con-
troller can adjust to external influences, even if the
vessel moves at high speeds with uncertain parameters.
In fact, the disadvantage of most of the above studies is
mainly studying the stability of the controller while they
have not mentioned or fully resolved the robustness of
the system in different boundary conditions.

Related to enhance the performance of the DPS,
the Takagi–Sugeno fuzzy (TSF) model design is an
excellent approach for achieving the modelling and
controlling of nonlinear systems, and sectors nonlin-
ear and localized approximation are regularly utilized
in the fuzzy inference system. Considering the fuzzy
control for vessel maneuvering, in connectivity envi-
ronments, a dynamic positioning controller model for
an unmanned marine vehicle is of significance [18,19].
Moreover, by utilizing the yaw angle’s variation scope
as well as the sampler-to-controller and controller-to-
actuator network-induced features, network-based TSF
models for the DPS have been developed [20]. The tra-
jectory tracking control issue of a dynamic positioning
is investigated in [21], which is complicated by mod-
elling uncertainties, environmental disturbances and
unmeasurable velocity. A suitable stability criterion for
the TSF controller is constructed and a less conservative
solution is achieved by integrating the convex recip-
rocal inequalities and Lyapunov theorems. It can be
seen that the fuzzy control by changing properties is

an effective solution in controlling nonlinear systems.
Regarding reducing the influence of the environment,
several methods related to fuzzy control, such as active
disturbance rejection control [22,23] and approximated
adaptive fuzzy control [24,25], which showed that dis-
turbance rejections are the fairly common solutions in
vessel motion control. Moreover, the DPS model using
TSF is the appropriate option for the study of vessel
maneuvering, especially in path planning control or
routing control.

In several years, the nonlinear adaptive control
approach has been investigated to cope with the dif-
ficulty of uncertainties and disturbances [2–4,26]. For
the DPS control method, the stationary Kalman fil-
ter for the vessel positioning problem is approximately
equivalent to a notch filter in cascade with a second
filter [27]. An adaptive neural-fuzzy algorithm is stud-
ied to obtain the most suitable control parameters for
thrust systems by overcoming environmental distur-
bances [26]. Moreover, an output-feedback nonlinear
adaptive fuzzy controller (AFC) is designed to deal
with the problem of input saturation, and the vessel’s
unmeasured states including unknown dynamic model
parameters and time-varying [28]. The development of
adaptive fuzzy control has got lots of outstanding results
to deal with problems of adapted to the influence of
uncertainty and disturbance of nonlinear systems in
pieces of literature [2,4,29–31]. Related to fuzzy tuning,
a control method is performed for linearized systems
[32] with uncertainties using the sliding mode verified
by a two-mass system. Moreover, robust adaptive con-
trol used a new scheme that estimates the bound of the
disturbance by using a sliding surface shown the effec-
tiveness of the proposal [33]. To enhance the robust
stability of DPS, H∞ robust recurrent cerebellar model
articulation is investigated in [17] for designing control
systems. Thus, most fuzzy algorithms including adap-
tive which are not applied in the field of guaranteed
the performance of robust tracking in path planning
control for the vessel.

To overcome the aforementioned problems, we
present a novel model of the robust adaptive fuzzy
controller (RAFC) to cope with position control for a
class of nonlinear vessel’s DPS. The contributions of the
paper are presented as follows:

(1) We propose the model of adaptive fuzzy control
for vessel’s DPS based on soft fuzzy rules, the AFC
with the adaptation coefficient δAFC is constructed
to improve the membership function (MF) of the
fuzzy controller in order to reduce the error in
the vessel’s path planning control and to maintain
the vessel overshoot and vessel fluctuation in the
stability criterion.

(2) We improve the robustness of the system by
suggesting the coefficient δRC aiming to guaran-
tee the DPS control process, and then the H∞
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performance of robust tracking is proved by the
Lyapunov theory. By the way, the robust adaptive
coefficient δi of the proposed controller keeps the
DPS satisfying both quality and robustness.

(3) We test a simulation experiment comprising two
case studies. The comparing of the proposedRAFC
with fuzzy, MFC, AFC confirmed the efficiency of
the suggested approach.

The remainder of this paper is organized as follows.
In Section 2, we introduce preliminaries and prob-
lem statements of the nonlinear motion of the support
vessel with assumptions and a remark. The proposed
robust adaptive fuzzy control model is presented in
Section 3. Next section, we dedicated numerical case
studies to show the simulation results, analysis and
evaluation of the proposed RAFC model. Finally, we
conclude the paper in Section 4.

2. Preliminaries and problem statement

2.1. Modelling of vessel dynamic positioning

The vessel model system in DPS mode (described in
Figure 1) consists of two separate coordinate systems
[34] established as below: the first coordinate sys-
tem is a vessel fixed non-inertial frame O − XYZ and
the second coordinate is the inertial system approxi-
mated to the earth frame O0 − X0Y0Z0. The DPS with
three degrees of freedom, namely, surge, sway and yaw
expressed as

η̇ = J(ψ)v (1)

Mv̇ + Dv = τ − τen(η, v, t) (2)

Let a vector η = (x, y,ψ)T describes the position (x, y)
and heading (ψ) of the absolute coordinate system
X0Y0Z0. The vector v = (u, v, r)T expresses the vector
consisting of the vessel velocities in the direction of
translation – surge, drift – sway and rotation – yaw.
M ∈ R3x3 andD ∈ R3x3 describe the inertia matrix and
dampingmatrix for the vessel motion [35], respectively.
The transformation matrix J(ψ) ∈ R3x3 is expressed as

J(ψ) =
⎡
⎣cos(ψ) −sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1

⎤
⎦ (3)

The thruster and propeller systems create the force
τ which controls the vessel motion. Vector τen(η, v, t)
signifies the environmental forces.

Considering the actual thruster situation with τmax
and τmin are the physical limitations, respectively rep-
resent the maximum and minimum control forces or
moments, the control forces and moment [36] are
described as

τ =
⎧⎨
⎩
τmax, if τ ≥ τmax
τ , if τmin < τ < τmax
τmin, if τ ≤ τmin

(4)

Lemma1 [37]: For the continuous function τeni(η, v,
t): �3 × �3 × � → �(i = 1, 2, 3), there exist positive,
smooth and nondecreasing functions pi(η, v) : �3 ×
�3 → �+ and wi(t) : � → �+ such that

|τeni(η, v, t)| ≤ pi(η, v)+ wi(t), (i = 1, 2, 3) (5)

Lemma 1 allows to separate the multivariable envi-
ronmental disturbance term τeni(η, v, t), for i = 1, 2, 3,
into a bounding function in terms of v, η, the vessel
internal states, and a bounding function in terms of
t, which generally includes uncertainties and external
impacts.

Assumption 1: M and D are certainty matrices;
τen(t) is unknown time-varying but bounded while
wi(t) is the time-dependent function and satisfies
wi(t) ≤ ωm, where ωm is an uncertain positive con-
stant.

Assumption 2: Environmental forces (τen) is the
main factor acting on the hull during the vessel’s con-
trol, τen are positively bounded.

Remark 1: Note that the purpose of the control solu-
tions is tomaintain the vessel’s heading along the route.
When the ship is operating, τen is unknown and it varies
with an extremely high value over time, causing the
control states to be over large in amplitude, leading to
failure of control, loss of direction and deviation of the
vessel gradually out of the path planning.

We aim to develop the RAFC strategy for the DPS
under the problem of Assumptions 1 and 2. The per-
formances are held on the expected values of the vessel
position and heading, while the robust law guarantees
the control signal in the bounded robustness. There-
fore, enhancing the performance of the vessel control
assists the DPS fast-forward to a stable domain.

2.2. Stages and goal of the RAFC

The traditional fuzzy controller always maintains a cer-
tain level of interaction. In the actual conditions, the
uncertainties and tremendous impacts make the ves-
sel’s position to be erroneous. Thus, the vessel’s path
trajectory will be out of following the set-point as the
conditions outlined in Assumptions 1 and 2. The idea
tries to overcome the aforementioned actual condi-
tions, the study suggests a novel AFC in which the
MFsare adjusted by adaptive coefficient δAFC.

Besides that, the environmental force (τen) is consid-
ered to be the main force causing error and uncertainty
in the DPS control process. Therefore, the uncertain-
ties of the mentioned system can not fully be solved if
we selected the AFC for the vessel trajectory control.
From that statement, the purpose of our strategy is to
merge the robust controller δRC in synchronous with
the AFC structure using the adaptation law by regulat-
ing coefficient δAFC. Let the robust adaptive coefficient
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Figure 1. Definition of the earth-fixed and the vessel fixed reference frames.

δi be

δi = δAFC − δRC (6)

Because of this, these requirements are considered
into account in the proposed strategy design is to
develop the robust adaptive coefficient δi such that
the vessel motion is reached with guaranteed robust-
ness bounded. However, the robust coefficient δRC
obeys the δi calibration values uniformly ultimately
limited. Hence, the mechanism of the proposed model
is expressed by Figure 2 consists of two main stages as
follows:

• The first stage: Find out the adaptation coefficient
δAFC of the AFC controller to maintain the ves-
sel overshoot and vessel fluctuation in the stability
criterion.

• The second stage: Suggest the coefficient δRC aiming
to guarantee the DPS control process in the robust
bounded.

With the goal mentioned above, the RAFC strategy
intends to define the calibration coefficient δi. Thus, the
system not only meets the high control quality but also
maintains stability robustness. The operation mecha-
nism of adaptive calibration and robust calibration for
δi coefficient present in the next section.

3. Robust adaptive fuzzy control strategy

We present a fuzzy model including the input variables
e, de/dt and output variable τ in this section [38]. This
model is composed of a collection of rules and rule con-
sequences, which are frequently assumed to be linear
functions of the inputs [39]. The group of If–Then rules
is written in the rule notation form within θ i as

Ri : If ẑ1 is Li1 . . . and ẑn is Lin then τ is θ
i (7)

for θ i ∈ Rh and Li1, L
i
2, ..L

i
n ∈ Rh are the fuzzy sets of

output variables and input variables [40]. Using the

Max-Prod inference rule, the singleton fuzzifier and
the centre averaged defuzzifier, the output variable τ is
computed as

τ(ẑ) =
∑h

i=1 θ
i
[∏n

j=1 μLij
(ẑj)

]
∑h

i=1

[∏n
j=1 μLij

(ẑj)
] (8)

where h indicates the number of if–then rules, μLij
(ẑj)

represents the MFs. Notate

ϕ(ẑ) = [ϕ1,ϕ2, . . . ,ϕh]T ∈ Rh (9)

as the fuzzy basis functions with ϕ is determine as
follows:

ϕ(ẑ) =

[∏n
j=1 μLij

(ẑj)
]

∑h
i=1

[∏n
j=1 μLij

(ẑj)
] (10)

In the AFC model, the MFs variable is dynamically
corrected with the δTi adjustable vector corresponding
to θ i (i = 1, 2, . . . , h). From there, the output variable
τ (8) can be presented as the linearization parametric
form

τ(ẑ) = δTi ϕ(ẑ) = f (ẑ|δi) (11)

Lemma 2 [41]: Let f (ẑ) be a continuous function
defined on a compact set 	. Then, for any constant
ε > 0, there exists a fuzzy system (10) in the form of
Equation (11) such that

supẑ∈	|f (ẑ)− f (ẑ|δi)| < ε (12)

In the working condition, D, M are assumed to be
deterministic under Assumption 1, but control forces
τ of the DPS cannot define exactly under the environ-
ment impact τen. Because of this, we develop the AFC
controller for reducing the disturbances affecting the
stability of the system [17]. Let suppose that the opti-
mal parameters of ideal approximation calibration δ0AFC
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Figure 2. The robust adaptive fuzzy controller structure for DPS.

is performed as

δ0AFC(L
i0
j , θ

i0,ϕ0) = δ0Tϕ0(ẑ) (13)

where the optimal values of Li, θ i, ϕ are represented by
Li0j , θ

i0, ϕ0, respectively. However, the DPS controller
cannot meet the optimal goal in the actual condition.
Therefore, the estimated parameters δAFC are used for
designing DPS controller as

δAFC(L̂ij, θ̂
i, ϕ̂)+ δRC = δ̂T ϕ̂(ẑ)+ δRC (14)

therein, L̂ij, θ̂
i, ϕ̂ indicate the estimation values Li0j , θ

i0,
ϕ0, respectively. Define the approximation error of DPS
controller δ̃ as

δ̃ = (δ0AFC − δAFC)

= (δ0Tϕ0(ẑ)− δ̂T ϕ̂(ẑ)− δRC)

= (δ̃Tϕ0(ẑ)+ δ̂T ϕ̃(ẑ)− δRC) (15)

for δ̃ = δ0 − δ̂, ϕ̃ = ϕ0 − ϕ̂ is an approximation error
between the estimated values and the optimal values.

Theorem 1: For the vessel’s DPS with three degrees
of freedom (1), (2) and the fuzzy linearization para-
metric controller is designed as Equation (11), in the
operating conditions as Assumption 1 within Lemma 2,
the adaptive laws are selected as

˙̂
δ = ϕ̂τT (16)

˙̂Lij = CT δ̂τ (17)

˙̂
θ i = ET δ̂τ (18)

and the approximation error δ̃ is the smallest satisfy

lim
t→∞

∣∣∣∣
∣∣∣∣δ̃
∣∣∣∣
∣∣∣∣= lim

t→∞

∣∣∣∣
∣∣∣∣ δ0AFC − δAFC

∣∣∣∣
∣∣∣∣ = 0 (19)

Then, the path tracking position error will be uni-
formly ultimately bounded, the system is asymptoti-
cally stable.

Proof: This study uses the Taylor series expansion to
convert a multi-dimensional receptive-field space into
a partly linear form. In two variables, Lij and θ

i, linear
approximation terms of ϕ̃ gives

ϕ̃ =

⎡
⎢⎢⎢⎢⎢⎢⎣

ϕ̃1
...
ϕ̃k
...
ϕ̃nb

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
∂ϕ1

∂Lij

)T

...(
∂ϕk

∂Lij

)T

...(
∂ϕnb

∂Lij

)T

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(Li0j − L̂ij)|Lij=L̂ij



AUTOMATIKA 585

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
∂ϕ1

∂θ i

)T

...(
∂ϕk

∂θ i

)T

...(
∂ϕnb

∂θ i

)T

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(θ i0 − θ̂ i)|θ i=θ̂ i + Hh (20)

The estimation of the fuzzy basis function is
represented by

ϕ0 = ϕ̃ + CTL̃ij + ET θ̃ i + Hh (21)

Defining and applying

L̃ij = Li0j − L̂ij, θ̃
i = θ i0 − θ̂ i (22)

and Hh is the higher-order form of Taylor series
expansion. Let’s take the derivative on both sides of
Equation (11) and substitute ϕ̃ = CTL̃ij + ET θ̃ i + Hh

and ϕ0 = ϕ̂ + ϕ̃ into Equation (15), yields

τ̇ (ẑ) = δ̃ = (δ0AFC − δAFC)

= δ̃T(ϕ̂ + CTL̃ij + ET θ̃ i + Hh)

+ δ̂T(CTL̃ij + ET θ̃ i + Hh)− δRC

= δ̃T ϕ̂ + δ̂T(CTL̃ij + ET θ̃ i)+ δ̃T(CTL̃ij + ET θ̃ i)

+ δ0THh − δRC

= δ̃T ϕ̂ + δ̂T(CTL̃ij + ET θ̃ i)− δRC + Ur (23)

Notate

Ur = δ̃T(CTL̃ij + ET θ̃ i)+ δ0THh (24)

as the annotation of the uncertainties and environmen-
tal effects. Consider the Lyapunov function candidate
for the whole DPS as [42]

V(τ , δ̃, L̃ij, θ̃
i) = 1

2
τTτ + 1

2
δ̃T δ̃ + 1

2
L̃iTj L̃ij +

1
2
θ̃ iTj θ̃

i
j

(25)
Derivative two sides of the Equation (25), we have

V̇(τ , δ̃, L̃ij, θ̃
i) = τT τ̇ + L̃iTj

˙̃Lij + θ̃ iT ˙̃
θ i + ϕ̃T ˙̃ϕ

= τT(δ̃T ϕ̂ + δ̂T(CTL̃ij + ET θ̃ i)

− δRC + Ur)− δ̃T
˙̂
δ − L̃iTj

˙̂Lij − θ̃ iT
˙̂
θ i

(26)

Applying τT δ̃T ϕ̂ = δ̃T ϕ̂τT , so the Equation (26) is
reproduced by

V̇(τ , δ̃, L̃ij, θ̃
i) = δ̃T

(
ϕ̂τT − ˙̂

δ
)

+ L̃iTj
(
CT δ̂τ − ˙̂Lij

)

+ θ̃ iT
(
ET δ̂τ − ˙̂

θ
i
)

+ τTUr − τTδRC

(27)

Using the adaptive laws equations (defined by Equa-
tions (16)–(18)) and the approximation error (19),
Equation (27) can be performed as

V̇(τ , δ̃, L̃ij, θ̃
i) = −τT ||δRC − Ur|| ≤ 0 (28)

By using the Lyapunov function candidate, V̇ ≤ 0
is uniformly continuous and τ approaches to 0. From
there, the path tracking position error L̃ij, θ̃

i and ϕ̃ are
bounded. We get

lim
t→∞(−τ

T ||δRC − Ur||) = lim
t→∞ V̇(τ , δ̃, L̃ij, θ̃

i) = 0
(29)

Hence, the approximation error δ̃ → 0 as t → ∞,
the system is asymptotically stable, then Theorem 1 is
proven.

The adaptive laws of the AFC controller are sug-
gested in Theorem 1 to decrease the errors during
the DPS control process. The goal of the adjustment
coefficient δRC is to remove the uncertainties that the
AFC structure does not handle well. Let derivative of
Equation (27), we get

V̇(τ , δ̃, L̃ij, θ̃
i) ≤ τTUr − τTδRC =

n∑
i=1

(τiUri − τiδRC)

(30)
Let the desired robust controller be

δRC = (γ 2 + 1)τi
2γ 2 (31)

where γi are the specified uncertainties reduction.
Theorem 2: By virtue of Assumption 1 and Theorem

1, to jointAFC controller (11)with the robust controller
(31), the RAFC achieves the asymptotic stabilization by
suitably choosing the H∞ performance of robust path
tracking as

supUri∈L2[0,T]
n∑

i=1

(
τi

Uri
≤ γi

)
(32)

Notate ∣∣∣∣|τi||2 =
T
∫
t=0
τ 2i dt,

∣∣∣∣ |Uri||2 =
T
∫
t=0

U2
ridt (33)

Proof: By replacing (31) into (30), Equation (30) can
be rewritten as

V̇(τ , δ̃, L̃ij, θ̃
i)

≤
n∑
i=1

(
τiUri − τi

(γ 2
i + 1)τi
2γ 2

i

)

≤
n∑
i=1

(
τiUri − 1

2
τ 2i − 1

2γ 2
i
τ 2i

)

≤
n∑
i=1

(
−1
2
τ 2i − 1

2

(
τi

γi
− γiUri

)2
+ γ 2

i U
2
ri

2

)
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≤
n∑

i=1

(
−1
2
τ 2i + γ 2

i U
2
ri

2

)
(34)

Integrating (34) on both sides with respect t = 0 to t =
∞, we get

V(T)− V(0) ≤
n∑

i=1

(
−1
2

∞
∫
t=0
τ 2i dt + γ 2

i
2

∞
∫
t=0

U2
ridt
)
(35)

By using the value of the Lyapunov function,V(t) ≥
0, so the inequality in Equation (35) is performed as
follows:

n∑
i=1

1
2

T
∫
t=0
τ 2i dt ≤ V(0)+

n∑
i=1

γ 2
i
2

T
∫
t=0

U2
ridt (36)

Based on the candidate Lyapunov in Equation (25), the
inequalities of Equation (36) is represented as

n∑
i=1

1
2

T
∫
t=0
τ 2i dt = τT(0)τ (0)

+ 1
2
L̃iTj (0)L̃

i
j(0)+ 1

2
θ̃ iT(0)θ̃ i(0)

+ 1
2
ϕ̃T(0)ϕ̃(0)+

n∑
i=1

γ 2
i
2

T
∫
t=0

U2
ridt

(37)

The initial conditions are τ = 0, L̃ij = 0, θ̃ i = 0 and
ϕ̃ = 0 for the DPS control process. We have

n∑
i=1

1
2

T
∫
t=0
τ 2i dt =

n∑
i=1

γ 2
i
2

T
∫
t=0

U2
ridt (38)

Applying the approximation error δ̃ (Theorem 1) for
(38), it is concluded that

lim
t→0

||Uri||2 = 0 (39)

As the result, Equation (39) indicates that the H∞
performance of robust path tracking (32) tends to infin-
ity and guarantees the DPS control variables in the
robustness bounded. Theorem 2 has been proved.

4. Simulation and evaluation studies

4.1. Numerical simulations

The effectiveness evaluations between the proposed
RAFC and the AFC [3] are performed on the North-
ernClipper support vessel [22] by simulation. Themain
parameters of the vessel are the breadth of 18m, design
mass 4.5915 × 106 kg, the overall length of 82m, and
draught 4.6m. Structural parameters of the vessel are

performed by

D =
⎡
⎣5.0242 × 104 0 0

0 2.7229 × 105 −4.3933 × 106

0 −4.3933 × 106 4.1894 × 108

⎤
⎦

M =
⎡
⎣5.3122 × 106 0 0

0 8.2831 × 106 0
0 0 3.7454 × 109

⎤
⎦

In this paper, the simulation is performed by the
Matlab 2016a application, and the results are shown in
Figures 3 and 4. The simulation result of the RAFC
controller (blue line) is evaluated in comparison with
the AFC controller (red line). However, an actual path
of the vessel (x, y) and heading (ψ) are maintained
at the desired value expressed by Figures 3(a,b) and
4(a,b). Figures 3(c) and 4(c) indicate that the RAFC
controller and AFC controller can control the vessel’s
motion to steer at the desired path in both two cases.
Moreover, in the vessel’s path approach, the environ-
mental forcesmake the performance of theDPS control
cannot be guaranteed at a required level. On the other
hand, the environment forces [43] are caused by the
wave force, wind force and current force, named τen,
which is expressed as

τen = τwa + τwi + τcur (40)

The forces of wave, wind and currents are registered
as the most three environmental forces that affect the
path planning of the vessel. The detailed environmental
forces are introduced in the next subsection.

4.2. Environment parameters

The wave force is described as follow:

τwa = ζqr(x, y, t)

= ζaqrsin(ωqt + φqr − kq(xcosψr + ysinψr))

(41)

therein, ζqr represents the wave amplitude.ωq expresses
the wave spectrum peak frequency and the disper-
sion relation ωq = √

kg with g notate the accelera-
tion of gravity. The amplitude of wave phase angle φqr
is selected between 0 and 2π . The number of waves
is kq = 2π/λq, where λq defines the wavelength with
wave direction limit ψr = 0. The wind speed Vw and
wind direction βw are modelled as the slowly vary-
ing quantities. The wind forces τwi = [Xwi,Ywi]T are
defined as

Xwi = 0.5DXgRρwV2
RCT

Ywi = 0.5DYgRρwV2
RCT (42)

whereDX and DY represent the traction of wind acting
on the place of ichnography CT . Besides, VR stands for
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Figure 3. The simulation results consist two controllers in the case study 1. (a) Actual position (x, y) and the vessel headingψ using
the AFC controller. (b) Actual position (x, y) and the vessel headingψ using the RAFC controller. (c) Trajectory of the vessel’s path in
xy-plane
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Figure 4. The simulation results consist two controllers in the case study 2. (a) Actual position (x, y) and the vessel headingψ using
the AFC controller. (b) Actual position (x, y) and the vessel headingψ using the RAFC controller. (c) Trajectory of the vessel’s path in
xy-plane
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wind speed and gR is the wind direction affecting vessel
motion. The wind simulation parameters are sorted as
follows: AL = 2.4, AT = 9.34, wind speed Vω = 2m/s
and the angle of impact wind βω = 200.

VR = Vw

gR = βw − ψL − ψH (43)

The simulation parameters for current factor are set
to their default values accepted as follows: VC = 2m/s,
vessel direction βC = 30◦, low frequency and high fre-
quency of rotation are ignored ψL = ψH = 0.

τcur = [uc, vc, 0]T

uc = Vc cos(βc − ψL − ψH)

vc = Vc sin(βc − ψL − ψH) (44)

Besides that, the operation state of the propeller is
subject to turbulence flows, which is also a cause of
structural uncertainty in the vessel dynamics. The vis-
cous damping force due to turbulence flows can be
modelled as

f (u) = −1
2
ρCD(Re)A|u|u (45)

therein A shows the projected cross-sectional area
underwater, and u presents the vessel velocity based on
the water density ρ. CD(Re) is the drag coefficient with
the Reynolds number as follow:

Re = uL
v

(46)

where v expresses the coefficient of kinematic viscos-
ity and L represents the body length of the vessel. The
DPS will only operate under certain allowable work-
ing conditions of weather, equivalent to the force of
turbulence flows being small and limited. Therefore,
this study does not consider the effect of the viscous
damping force and the Reynolds number.

4.3. Case study 1

In case study 1, the response comparisons between the
proposed controller (RAFC) and the other controller
(AFC) are realized to evaluate the effectiveness of the
proposed controller under environmental conditions
(expressed at Table 2). The RAFC controller with the
stable goal (expressed at Equation (32)) is carried out
on the Northern Clipper model for keeping the desired
trajectory of the vessel’s path (presented by Table 3)
in around 140min from the reference value [0, 0m,
0°]. The performances of the RAFC strategy and AFC
strategy are shown in Figure 3. In which the limita-
tions of robust adaptive coefficients δmin ≤ δi ≤ δmax
and the limitations of actual thruster τmin ≤ τ ≤ τmax
are established as

δmin(δx = −9.3435e6, δy = −8.4121e6,

Table 2. Environmental parameters for simulation.

Description Symbol Dimension

Wave height Hs 0.8m
Wave spectrum peak frequency ω0 0 rad/s
Wave direction ψ0 30°
Spreading factor s 2
Number of frequencies N 20
Number of directions M 10
Cutoff frequency factor ζ 3
Wave component energy limit k 0.005
Wave direction limit ψlim 0
Wind traction AT 2.4
Wind speed Vω 2m/s
Angle of impact wind βω 20°
Current speed Vc 2 m/s
Vessel direction βc 30°
Low and high frequency of rotation ψL ,ψH 0°
Dominating wave frequency w0 0.8976 rad/s
Damping coefficient λ 0.1
Wave intensity σ

√
2

δψ = −1.5025e7);

δmax(δx = 9.3435e6, δy = 8.4121e6, δψ = 1.5025e7);

τmin(τx = −2.268 × 106kN, τy = −2.272 × 106kN,

τψ = −3.674 × 106kN);

τmax(τx = 2.268 × 106kN, τy = 2.272 × 106kN,

τψ = 3.674 × 106kN).

The simulation results are pointed in Figure 3. These
results indicate the RAFC controller can satisfy the
engineering needs. The vessel’s path tracking of RAFC
controller is expressed in Figure 3(c), fromwhich it can
be seen that the calibration coefficient δi(δx, δy, δψ) is
guaranteed in robustness bounded. Further, the ves-
sel trajectories are shown in Figure 3(a,b) meet the
requirements of the fluctuation and overshoot aspect in
comparison with the AFC controller. Besides this, the
comparisons between the proposed controller concept
and the other concept as fuzzy [39],multi-cascade fuzzy
(MCF) [34] and AFC [3] are carried out and synthe-
sized in Table 4. In the detail, the fluctuation amplitude
of the proposed RAFC is lower than those of the fuzzy,
the MCF and the AFC approximately 0.07, 0.05 and
0.04m, respectively. In the overshoot aspect, the ampli-
tude of the fuzzy, the MCF, the AFC and the RAFC are
0.31, 0.27, 0.25 and 0.22m, respectively. However, the
RAFC strategy can achieve the absolute smallest fluc-
tuation and overshoot which defines the DPS control
process operates better than the others. Meanwhile, the
response time of the RAFC is slightly slower indicated
that the robust adaptive fuzzy control strategy takes
more time consuming than normal concepts such as the
MCF and the AFC.

4.4. Case study 2

In this subsection, changing the vessel’s path sim-
ulations are performed to prove the robustness and
adaptability of the RAFC strategy under the impacts
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Table 3. The desired trajectory of the vessel’s path in case study 1.

Time x, y,ψ Time x, y,ψ Time x, y,ψ Time x, y,ψ
[m] [m,m, d] [m] [m,m, d] [m] [m,m, d] [m] [m,m, d]

05 10,−10,20 40 60,−80,20 75 −10,−130,20 110 −60,−60,20
10 20,−20,20 45 50,−90,20 80 −20,−120,20 115 −50,−50,20
15 30,−30,20 50 40,−100,20 85 −30,−110,20 120 −40,−40,20
20 40,−40,20 55 30,−110,20 90 −40,−100,20 125 −30,−30,20
25 50,−50,20 60 20,−120,20 95 −50,−90,20 130 −20,−20,20
30 60,−60,20 65 10,−130,20 100 −60,−80,20 135 −10,−10,20
35 70,−70,20 70 00,−140,20 105 −70,−70,20 140 00,00,20

Table 4. A response comparison of different controllers for case
study 1.

Aspect Fuzzy[39] MCF[34] AFC[3] Proposed RAFC

Membership functions 45 45 45 45
Response time 24 s 22 s 20 s 21 s
Fluctuation 0.28m 0.26m 0.25m 0.21m
Overshoot 0.31m 0.27m 0.25m 0.22m

Table 5. The desired trajectory of the vessel’s path in case
study 2.

Time x, y,ψ Time x, y,ψ Time x, y,ψ
[m] [m,m, d] [m] [m,m, d] [m] [m,m, d]

00 00,00,00 60 120,00,20 120 00,120,20
05 05,00,20 65 115,05,20 125 05,120,20
10 15,00,20 70 105,15,20 130 15,120,20
15 25,00,20 75 95,25,20 135 25,120,20
20 35,00,20 80 85,35,20 140 35,120,20
25 45,00,20 85 75,45,20 145 45,120,20
30 55,00,20 90 65,55,20 150 55,120,20
35 65,00,20 95 55,65,20 155 65,120,20
40 75,00,20 100 45,75,20 160 75,120,20
45 85,00,20 105 35,85,20 165 85,120,20
50 95,00,20 110 25,95,20 170 95,120,20
55 105,00,20 115 15,105,20 175 105,120,20
60 115,00,20 120 05,115,20 180 115,120,20

of environmental conditions (given by Table 2) and
parameter uncertainties. The limitations of robust
adaptive coefficients δmin ≤ δi ≤ δmax and the limita-
tions of actual thruster τmin ≤ τ ≤ τmax are selected as
same as case study 1 as below

δmin(δx = −9.3435e6, δy = −8.4121e6,

δψ = −1.5025e7);

δmax(δx = 9.3435e6, δy = 8.4121e6, δψ = 1.5025e7);

τmin(τx = −2.268 × 106kN, τy = −2.272 × 106kN,

τψ = −3.674 × 106kN);

τmax(τx = 2.268 × 106kN, τy = 2.272 × 106kN,

τψ = 3.674 × 106kN).

are applied to control the Northern Clipper sup-
port vessel for maintaining the desired trajectory. The
desired trajectory of the vessel’s path is provided in
detail in Table 5.

The comparison performances in Table 6 indicate
that the overshoot amplitude is less than the AFC con-
troller 0.02m. It is worth noting that the fluctuation
amplitude of RAFC is smaller than those of the fuzzy,

Table 6. A response comparison of different controllers for case
study 2.

Aspect Fuzzy [39] MCF [34] AFC [3] Proposed RAFC

Membership functions 45 45 45 45
Response time 21 s 19 s 18 s 20 s
Fluctuation 0.26m 0.25m 0.23m 0.21m
Overshoot 0.27m 0.24m 0.22m

the MCF and the AFC approximately 0.05, 0.04 and
0.02m, respectively. However, the proposed controller
is restrained in the response time aspect, in which the
RAFC strategy in the 20 s compared to the other con-
cepts as MCF, and AFC are 19 and 18 s, respectively.
The quality of the DPS control process which is consists
of the overshoot and fluctuation aspect is significantly
enhanced.

The proposed RAFC canmeet the technical require-
ments under the impacts of uncertainties and environ-
mental forces. Moreover, the simulation results, which
are represented by Figure 4, are satisfied in the fluc-
tuation aspect. The RAFC controller can satisfy the
smallest overshoot, and verify the position response
better than the AFC controller. Nevertheless, the mini-
mum response time of the RAFC is insignificantly bet-
ter. The last but not less, the proposed RAFC approach
reaches the terms of Assumption 1, Assumption 2 and
Remark 1. Generally, the portable control gains δAFC
of the AFC controller have the adaptability to envi-
ronmental influences but has not had the robustness
to oppose the uncertainties, and this weakness is over-
come by the proposed robust solution, resulting in the
system reaches control quality, performance and stabil-
ity. Two case studies have proven the correctness of the
proposed controller. Nevertheless, experimental stud-
ies are also needed to increase the confirmation of this
solution.

4.5. Summarizing simulation results

In this section, the authors provide two case studies in
the simulation section of the paper to show their signif-
icance (replace experiment). First, multiple coordinate
points are used to buildmotion trajectories of the vessel
(as illustrated in Table 3). In reality, the authors per-
formed several trials using algorithms of fuzzy [39],
MCF [34], AFC [3], as well as the suggested RAFC,
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to compare results. Then, the two primary character-
istics of DPS fluctuation and overshoot are compared
in Table 5 with RAFC being the least in this group.
However, there isn’t much analysis in the simulation
in terms of robustness according to Theorem 1 and
proof employing the Lyapunov criterion. Nevertheless,
to compare the efficiency, only the results of two solu-
tions are shown, AFC and RAFC. Specifically, in case
study 1, the authors present the results of DPS control
in ideal weather conditions, two methods show quite
similar results. Whereas in case 2, using the zigzag tra-
jectory (Table 5) and eventually the vessel affected by
weather and uncertainty, the result shows that the pro-
posed RAFC gives a better response (Figure 4). Finally,
the proposed method demonstrates good stability and
robustness over existing algorithms by mathematical
demonstration and practical simulation with various
vessel path tracking scenarios and conditions.

5. Conclusion

The control model of DPS plays an important role in
improving the efficiency of the vessel in most working
conditions. In this paper, the proposed RAFC designs
for the DPS control process under the influences of
environment and uncertainties. The novel approach
is competent in adapting itself to certain and uncer-
tain impacts while guaranteeing the robustness of the
DPS operation, proof by handling Lyapunov theory.
The simulation experimental of two case studies has
verified the effectiveness of the proposed strategy com-
pared with the other. More specifically, the RAFC con-
troller calibrates coefficient δi(δx, δy, δψ) which is guar-
anteed in robustness bounded to help the vessel keep
the path tracking while other algorithms such as MCF
and AFC have not mentioned or achieved. However,
further experimental studies are required to strengthen
the validity of this strategy.
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