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Abstract: In this study, a novel control framework is proposed to improve the tracking performance of
uncertain marine vessels which work in enhanced sea states. The proposed control strategy is based
on incorporating a fixed-time nonlinear disturbance observer (FTNDO) in a fixed-time convergent
backstepping control. More specifically, the FTNDO is developed to reconstruct the total uncertainties
due to the system uncertainty and unknown time-varying exterior disturbances. In comparison with
the existing disturbance observers, the FTNDO guarantees that the estimation errors will converge
to the origin within a predefined time even if the initial estimation errors tend toward infinity. This
feature is quite important in the closed-loop system stability analysis as the separation principle does
not hold in nonlinear systems. Besides, it does not require the restricting assumption that the upper
bound of the lumped uncertainty or its time derivative has to be bounded or known. A backstepping
control with a compensation control part is then designed to make the tracking errors converge
to the origin within a finite time regardless of initial tracking errors. The compensation control
is developed by means of the estimated signal and applied to totally reject the total uncertainty.
The global fixed-time stabilization of the closed-loop system is investigated through the Lyapunov
stability criterion. Numerical simulation results conducted on an uncertain marine surface vessel
confirm the superior control performance and efficiency of the planned method in comparison with
the existing disturbance observer-based tracking control strategies.

Keywords: surface vessels; disturbance observer; fixed-time control; tracking control; backstepping control

1. Introduction

Over the past several years, modern control strategies have been widely applied to marine
surface vessels’ motion control due to their significant roles in numerous applications including
transportation, maritime rescue, ocean exploration, oil harvesting, and so forth [1–5]. Due to
the presence of marine surface vessels in a harsh ocean environment, the tracking control
system development encounters a serious challenge as a result of complex uncertainties
and disturbances such as ocean winds, waves and currents [6–11]. Therefore, to acquire the
favorable performance of the system, numerous effective control approaches have been
presented. A linear control scheme was used for tracking control for the marine surface
vessels. For instance, in [12,13], the LQR control law as an optimal control strategy has
been designed for tracking control of the marine surface vessels. Then, because of the
highly nonlinear characteristics of the marine surface vessels, various nonlinear control
approaches have been employed. In recent years, model predictive control (MPC) has been
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utilized to design optimal control schemes for marine surface vessels [14]. The principal
drawback of the MPC is that it demands a high computational burden. A PID controller
which demands less computational burden has been presented in [15]. Although the
PID controller has a simple structure, its performance deteriorates if the magnitude of
the external disturbance is large. As a nonlinear robust control, the well-known sliding
mode control (SMC) has been utilized in surface vessels’ tracking control problems to
enhance the robustness of the control system against uncertain dynamics and unknown
disturbance [16,17]. Moreover, the backstepping control method has been introduced to
drive the system states of the vessel to zero [18]. Despite the relatively simple design
procedure of conventional backstepping control, it cannot provide fast convergence and
suitable robustness against the total uncertainty. Therefore, the performance of the system
would not be satisfactory.

To enhance the control performance, the finite-time control notion has been introduced
due to its inherent advantages such as rapid convergence speed, improved tracking precision,
and high disturbance rejection ability [19–21]. This concept has been extensively used in
various applications such as robotic manipulators [22,23], spacecraft attitude systems [24],
multi-agent systems [25], guidance systems [26], etc. This control technique has attracted the
attention of many researchers and different finite-time controls for marine surface vessels
have been proposed [27,28], just to name a few. The work in [27] studies the adaptive
finite-time formation control problem of multiple marine surface vessels in the existence
of the actuator faults, uncertainty and exterior disturbance. Introducing an integral SMC,
the issue of time-varying formation control for multiple marine surface vehicles subject
to actuator saturation and fault has been studied in [28]. By a combination of finite-time
convergent disturbance observer and backstepping control, the problem of path-following
control for underactuated surface vessels in the presence of unknown external disturbances,
deviation of vessel model parameters and actuator saturation has been studied in [29]. Using
a novel piecewise function, a tracking control for underactuated marine surface vessels in
the existence of uncertainty and unknown disturbances has been developed in [30]. Despite
the interesting property of finite-time control in providing fast and accurate convergence,
the settling time of the system is directly related to the initial conditions, i.e., the larger the
initial conditions, the larger the convergence time [31]. The concept of fixed-time stability
guarantees that the system states converge to zero within a fixed time even if the initial
condition approaches infinity [32]. In order to provide fixed-time tracking with high accuracy
for marine surface vessels subject to actuator faults and uncertainties, the authors in [33]
presented an innovative control framework using a mixture of a new bounding function and
an approach to handling constraints. Considering actuator dead-zones, a switching control
law with fixed-time convergence for marine surface vessels has been proposed in [34]. The
concept of bi-limit homogeneous theory has been used in [35] to develop a fixed-time SMC
law guaranteeing fast and accurate convergence for marine surface vessels with uncertainty
and an unknown external disturbance.

Considering the tracking control of a marine surface vessel, the tracking performance
can be attenuated in the presence of the total uncertainty which is basically composed of the
system’s uncertainty as well as environmental disturbances. Although neural networks [36]
and fuzzy logic systems [37] could approximate uncertainty, a large number of parameters
and rules are required to be considered and a high computational burden is required.
An alternative method for rejecting the lumped uncertainty has been developed through
disturbance observers. In [38], an active disturbance rejection control scheme has been
designed for marine surface vessels with external disturbances so that better estimation
and tracking control performance can be obtained by the disturbance compensation con-
trol. Although effective, most of the existing disturbance observers can only guarantee
that the errors converge to the origin as time tends to infinity. Based on the geometric
homogeneity approach, a disturbance observer-based tracking control strategy with guar-
anteed finite-time convergence and accurate tracking performance for autonomous surface
vehicles has been developed in [39]. A disturbance observer-based control based on the
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backstepping method has been designed in [40]. By combining two nonlinear control
techniques, backstepping and variable structure control, a disturbance observer-based con-
trol with finite-time convergence for uncertain marine surface vessels has been presented
in [41]. A new disturbance observer-based control strategy with a fixed-time convergence
rate has been developed in [42]. However, in this work, there is a strict assumption that
the upper bound of the time-derivative of lumped uncertainty should be bounded and
known. In order to estimate lumped uncertainties and unmeasured velocities, an extended
state observer with fixed-time convergence has been developed in [43]. Despite the better
performance of this work compared to [42], the limiting assumption in [42] still exists.

This paper aims at proposing a nonlinear disturbance observer-based tracking control
with fixed-time convergence for uncertain marine surface vessels. The most important
innovations of this work are stated as follows:

• Compared to the existing nonlinear disturbance observers [31–36], the suggested
disturbance observer provides fixed-time convergence of the estimation error without
needing any restriction on the lumped uncertainties. The observer provides an accurate
estimate of the total uncertainty within a finite time even if the initial estimation error
approaches infinity.

• Based on the reconstructed uncertainties, a fixed-time convergent backstepping control
approach is designed which ensures that the tracking errors of the marine surface
vessel converge to the origin within a finite time which is regardless of the initial states.
Indeed, the convergence time of the closed-loop system can be selected a priori.

The remainder of this research is arranged as follows: in the next section, the required
preliminaries, problem formulation and control objectives are stated. The main outcomes
are given in Section 3, in which a fixed-time disturbance observer-based backstepping con-
trol for uncertain marine surface vessels is established to realize the high-accurate control.
Lastly, simulations and conclusions are provided in Sections 4 and 5, correspondingly.

Notations: Euclidean norm of a vector is denoted by ||·||. For a vector ζ = [ζ1, ζ2, ζ3]
T ∈ R3

and a positive constant γ ∈ R, sigγ(ζ) = [|ζ1|γsgn(ζ1), |ζ2|γsgn(ζ2), |ζ3|γsgn(ζ3)]
T is de-

fined where sgn(·) signifies the sign function. Moreover, ζ× is a cross-product matrix as
ζ× = [0,−ζ3, ζ2; ζ3, 0,−ζ1;−ζ2, ζ1, 0]. It is worth mentioning that the function sigγ(·) is not
a discontinuous function. In Figure 1, this function for γ = 0.7 has been compared with the
functions ζ, sign(ζ) and |ζ|. As can be seen, the function sigγ(ζ) is continuously differentiable.
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Figure 1. Comparison with sig0.7(ζ) and the functions ζ, sign(ζ) and |ζ|.

2. System Description
2.1. Mathematical Model of a Surface Vessel

Two important coordinate systems are usually utilized for marine surface vessels, i.e.,
the earth-fixed inertial frame Fo and the body-fixed frame Fb. Generally, 6 independent
variables, that is, surge, sway, heave, roll, pitch, and yaw are utilized to represent vessels’
motion which includes rotation and translation. Nevertheless, due to the fact that the motion



Actuators 2022, 11, 128 4 of 18

in heave, roll, and pitch axes are inherently stable in most of the vessels, a 6-DOF control
issue of vessels could be converted into a 3-DOF control in surge, sway, and yaw only.
Therefore, the kinematics and dynamics equations of a surface vessel are described by [44]

.
η = J(η)υ (1)

M
.
υ + C(υ)υ + D(υ)υ + G(η) = τ + d (2)

in which η = [x, y, ψ]T ∈ R3 where (x, y) and ψ signify the position and heading, respec-
tively. υ = [u, v, r]T ∈ R3 are the corresponding linear velocities in surge, sway, and the an-
gular velocity in yaw. The vectors τ and d refer to control input and total uncertainties due to
the system uncertainty and unknown and time-varying exterior disturbances, respectively.

In (1), J(η) is the Jacobian matrix and it is defined as J(η) =

 cos(ψ) −sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1

.

The inertia, the Coriolis and centripetal acceleration, the damping matrices, and the vector
of gravitational/buoyancy forces and moments are, respectively, denoted by M, C, D and
G, and they are given as

M =

 m− X .
u 0 0

0 m−Y .
v mxg −Y.

r
0 mxg − N .

v Iz − N.
r

 (3)

C(υ) =

 0 0 c13
0 0 c23

c31 c32 0

 (4)

where c31 = −(m−Y .
v)v−

(
mxg −Y.

r
)
r, c23 = (m− X .

u)u, c31 = (m−Y .
v)v +

(
mxg −Y.

r
)
r,

c32 = −(m− X .
u)u and

D(υ) =

 −Xu 0 0
0 −Yv −Yr
0 −Nv −Nr

 (5)

J(ψ) =

 cos(ψ) −sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1

 (6)

where Iz, Xu, X .
u, Yv, Y .

v, Nr, N.
r, Nv and N .

v are hydrodynamic parameters.
Because of physical restrictions on the actuator, the control input τ is restricted by

a saturation value. Indeed, Sat(τ) = [sat(τ1), sat(τ2), sat(τ3)]
T is the vector of actual control

input produced by the actuators and sat(τi), i = 1, 2, 3 denotes the saturation expressed as

sat(τi) = τi(t) + θi(t) (7)

where

θi(t) =
{

0; |τi| < τmi
sgn(τi)τmi − τi(t); |τi| ≥ τmi

(8)

where τmi is the maximum allowed value of ith control input. The excess term of the
constrained saturation is given by Θ(t) = [θ1(t), θ2(t), θ3(t)]

T in which ‖Θ(t)‖ ≤ lθ
and lθ is a positive constant.

By simple algebraic manipulations, the open-loop dynamical system (1) and (2) can be
written as [44]

Mη(η)
..
η + Cη(υ, η)

.
η + Dη(υ, η)

.
η + G(η) = τ + d + Θ (9)

where
Mη(η) = MJ−1(ψ) (10)
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Cη(υ, η) =
(

C(υ)−M J−1(η)
.
J(η)

)
J−1(η) (11)

Dη(υ, η) = D(υ)J−1(η) (12)

with
.
J(η) = J(η)S

( .
η
)

and S
( .
η
)
=

 0 −
.
ψ 0

.
ψ 0 0
0 0 0

.

Defining new variables as x1 = η and x2 =
.
η, the dynamical system (9) can be

rewritten as
.
x1 = x2 (13)

.
x2 = f (x1, x2) + τn + ∆ (14)

where f (x1, x2) = −Mη
−1(Cη + Dη

)
x2 −Mη

−1G, τn = Mη
−1τ and ∆ = Mη

−1(d + Θ).

2.2. Control Purpose

The main control purpose of this study is to provide a nonlinear disturbance observer
for the uncertain system (13) and (14) such that the lumped uncertainties are reconstructed
within a finite time which is regardless of the initial estimation error. It should be pointed
out that no prior knowledge regarding the lumped uncertainties is needed, in contrast to
the existing nonlinear observer frameworks for the surface vessels [42,43]. According to
the estimated uncertainties, a fixed-time backstepping control is then designed to improve
the convergence rate of the tracking error to zero.

3. Results
3.1. Conventional Disturbance Observer

In (14), the unknown lumped uncertainty ∆ can considerably deteriorate the control
performance. In what follows, we present the design procedure for conventional as well as
finite-time disturbance observers for marine surface vessels.

Let us define an auxiliary function as

e∆ = ∆− ϕ(x2) (15)

in which ϕ(x2) represents a function defined by the designer. It is worth mentioning that it
is defined such that its derivative with respect to x2 is positive definite. The time-derivative
of e∆ is expressed by

.
e∆ =

.
∆− φ(x2)( f + τn + ∆) (16)

where φ(x2) =
∂ϕ(x2)

∂x2
. The estimation of

.
e∆ can be obtained as

.
ê∆ = −φ(x2)

(
f + τn + ∆̂

)
(17)

The following disturbance observer is then designed to reconstruct the total uncertainty

∆̂ = ê∆ + φ(x2). (18)

Taking time derivative of ∆̂ gives

.
∆̂ =

.
ê∆ + φ(x2)

.
x2 = −φ(x2)∆̃ (19)

where the estimation error is represented by ∆̃ = ∆̂− ∆. Next, the dynamics of estimation
error can be calculated as .

∆̃ = −φ(x2)∆̃−
.
∆. (20)
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Construct a Lyapunov functional as Vo

(
∆̃
)
= 1

2 ∆̃2. Differentiating it with respect to
time yields.

.
Vo

(
∆̃
)
= ∆̃

.
∆̃ = ∆̃

(
−φ(x2)∆̃−

.
∆
)
= −φ(x2)∆̃2 − ∆̃

.
∆ (21)

Since the function φ(x2) can be selected to be positive definite, the estimation error will
be asymptotically stable if the time-derivative of the total uncertainty converges to zero.

Remark 1: To deal with the limitation of the disturbance observer, a novel finite-time disturbance
observer has been proposed in [42] which is only according to the assumption that the time-derivative
of the total uncertainty is bounded and known. Though, due to the complex structure of the lumped
uncertainty, this assumption is also difficult to satisfy.

Remark 2. Although the finite-time observer [42] guarantees that the estimation error converges to
zeros within a finite time, the convergence time increases when the initial condition is large.

3.2. Design of Fixed-Time Nonlinear Disturbance Observer

To overcome the limitations of the conventional and finite-time disturbance observers
and to guarantee that the estimation error converges to the origin in a fixed time regardless
of initial conditions, a fixed-time nonlinear observer is provided in this section.

The dynamical system (24) can be rewritten in the subsequent form:

.
x2 = −k1x2 + τn + ∆l (22)

where ∆l = f (η, υ) + k1x2 + ∆(η, υ, t) and k1 is a positive constant. For this system, we
construct the following auxiliary system

.
xaux = −k1xaux + τn (23)

where xaux ∈ R3 is the state of system (23). The discrepancy between the auxiliary system
and the original one is defined by

z = x2 − xaux (24)

The dynamical equation of (24) can be easily obtained as

.
z = −k1z + ∆l . (25)

Besides, the output of the system (25) is given as y = k2z where k2 is a positive constant.

Theorem 1. Consider dynamical system (1) and (2). The lumped uncertainty can be estimated
within a fixed time if the following nonlinear observer is applied.

.
ẑ =

.
y
k2

+ k3y− k2k3ẑ + k4sigγ1(ze) + k5sigγ2(ze) (26)

where ẑ denotes estimation of z, ki are positive constants, 0 < γ1 < 1, γ2 > 1 and ze = z− ẑ
is the observer error.

Proof. The dynamics of the estimation error are obtained as

.
ze =

.
z−

.
y
k2
− k3y + k2k3ẑ− k4sigγ1(ze)− k5sigγ2(ze)

= −k2k3ze − k4sigγ1(ze)− k5sigγ2(ze)
(27)

Construct a Lyapunov function as

V1 =
1
2

zT
e ze (28)



Actuators 2022, 11, 128 7 of 18

Then, .
V1 = zT

e
.
ze = −zT

e (k2k3ze + k4sigγ1(ze) + k5sigγ2(ze))

= −2k2k3V1 − 2
1+γ1

2 k4V
1+γ1

2
1 − 2

1+γ2
2 k4V

1+γ2
2

1

(29)

According to the fixed-time stability theorem [32], it can be concluded that the ob-
server error converges to zero within a finite time which is independent of the initial
estimation error. �

Remark 3. It should be denoted that the offered fixed-time disturbance observer framework does
require the lumped uncertainty to satisfy any assumption. However, for the existing disturbance
observers for marine surface vessels, the upper bound of the lumped uncertainties should converge
to zero [42] or it should be bounded and known [39,41–43]. Due to the complex structure of the
lumped uncertainties, this assumption is significantly tough to satisfy.

Theorem 2. Suppose that an estimation scheme is defined as

∆est = ∆̂l − k1x2 − f (30)

where ∆̂l =
k1k2 ẑ+

.
y

k2
. The total uncertainty ∆ will be reconstructed by ∆est in a finite time

which is regardless of initial estimation error.

Proof. Defining ∆e = ∆− ∆est, one has

∆e = ∆l − f − k1x2 − ∆̂l + k1x2 + f = ∆l − ∆̂l = k1ze (31)

In light of Theorem 1, ze(t) = 0 is obtained. Thus, ∆e converges to origin within a finite
time and the lumped uncertainty is precisely reconstructed by ∆est. �

Remark 4. It should be noted that
.
y included in the observer (17) is needed to implement the suggested

methodology. To fulfill this requirement, the following robust uniform exact differentiator (RUED) [45]
is utilized to obtain the exact fixed-time estimation of

.
y through entering y into the RUED

.
ζ̂1 = −h1

[
sig

1
2

(
ζ̂1 − v

)
+ µsig

3
2

(
ζ̂1 − v

)]
+ ζ̂2

.
ζ̂2 = −h2

[
1
2 sign

(
ζ̂1 − v

)
+ 2µ

(
ζ̂1 − v

)
+ 3

2 µ2sig2
(

ζ̂1 − v
)]

,

where h1, h2 and µ are positive parameters. The states ζ̂2 and ζ̂2 converge to y and its time
derivative within a fixed time which only depends on the h1, h2 and µ.

3.3. Design of Fixed-Time Trajectory Tracking Control

Despite the fact that there are numerous tracking control techniques for surface vessels,
they cannot satisfy that the tracking error will converge to the origin within a finite time
which is regardless of initial states. In this section, based on the reconstructed lumped
uncertainty, a backstepping trajectory tracking control scheme with fixed-time convergence
for the marine surface vessel is developed.

Step 1: Let us define tracking error as

e1(t) = x1(t)− xd(t) (32)

The time-derivative of the tracking error results in

.
e1(t) = α(t)− xd(t) (33)

where α(t) denotes the virtual control and is defined as

α(t) =
.
xd(t)− κ1sigλ1(e1)− κ3sigλ2(e1) (34)
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in which 0 < λ1 < 1, λ2 > 1 and κi(i = 1, 3) are positive gains.
Step 1: In the second step of the design, the discrepancy between the virtual control

α(t) and the state x2(t) is stated as

e2(t) = x2(t)− α(t) (35)

The dynamics of the error signal e2(t) can be obtained as

.
e2(t) =

.
x2(t)−

.
α(t) = f (x1, x2) + τn + ∆(η, υ, t)− .

α(t) (36)

Define a positive-definite Lyapunov candidate functional as

V2(t) =
1
2

eT
1 (t)e1(t) +

1
2

eT
2 (t)e2(t) (37)

Differentiating V2(t) with respect to time gives

.
V2(t) = eT

1
(
x2 + α− .

xd
)
+ eT

2
(

f (x1, x2) + τn + ∆(η, υ, t)− .
α(t)

)
(38)

We design the final control input by

τn = − f (x1, x2)− ∆est +
.
α− κ2sigλ1(e2)− κ4sigλ2(e2) (39)

in which ∆est is the estimation of ∆ and κi(i = 2, 4) are positive gains.

Theorem 3. Consider the dynamical system (1) and (2). If the total uncertainty is reconstructed by
the nonlinear disturbance observer (26), then the control law (39) guarantees that the trajectory
tracking errors e1(t) and e2(t) will converge to zero in a finite time that does not depend upon the
initial states.

Proof. If the control input (39) is substituted into (38), one has

.
V2 ≤ eT

1
(
−κ1sigλ1(e1)− κ3sigλ2(e1)

)
+ eT

2
(
−κ2sigλ1(e2)− κ4sigλ2(e2)

)
≤ −

2
∑

i=1
κi|ei|1+λ1 −

2
∑

i=1
κi+2|ei|1+λ2 ≤ −

2
∑

i=1
κi

(
|ei|2

) 1+λ1
2 −

2
∑

i=1
κi+2

(
|ei|2

) 1+λ2
2

≤ −σ1
2
∑

i=1

(
0.5|ei|2

) 1+λ1
2 − σ2

2
∑

i=1

(
0.5|ei|2

) 1+λ2
2 ≤ −σ1V

1+λ1
2

2 − σ2V
1+λ2

2
2

(40)

where σ1 = 2
1+λ1

2 min{κ1, κ2}, σ2 = 2
1+λ2

2 min{κ3, κ4}. Based on the fixed-time stability
concept [32], it is confirmed that the tracking errors converge to the origin and the closed-
loop system is fixed-time stable. The proof is ended here. �

Remark 5. Compared to the existing backstepping controls with finite convergence time for marine
surface vessels, the proposed backstepping control provides a faster convergence rate such that the
settling time of the closed loop system is fixed and regardless of the initial conditions.

Remark 6. For the proposed method implantation, the control parameters are required to be suitably
selected in order to acquire superior tracking accuracy and acceptable control effort. The following
points should be considered for selecting the control gains.

• Larger κi(i = 1, 2, 3, 4) leads to a quicker convergence speed; however, large overshoots
and more control energy consumptions result. Thus, a compromise needs to be made
between the converging speed and the overshoot.

• Based on the definition of fixed-time stability, the gains λj(j = 1, 2) are also important
to determine the system’s converging rate. To be more exact, larger λ1 and smaller
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λ2 result in a smaller convergence time; however, they can increase the required control
effort as well.

• According to the reasons given for selecting the control gains, the larger ki(i = 1, 2, 3, 4)
and γ1 and smaller γ2 make the estimation error converge to zero during a smaller
time. However, noise enhancement can result.

Remark 7. The control sequence of the suggested fixed-time disturbance observer-based tracking
control scheme could be given through the flowchart depicted in Figure 2.
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4. Simulation Results

In order to evaluate the efficacy of the proposed fixed-time disturbance observer-based
tracking control (denoted by FTDOBTC), a simulation study will be carried out in this
section. The parameters of a surface vessel are selected from [2,3,46] and given as
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M =

 25.8000 0 0
0 24.6612 1.0948
0 1.0948 2.7600

, C(υ) =

 0 0 −24.6612v− 1.0948r
0 0 25.8υx

24.6612v + 1.0948r −25.8u 0


G(η) =

[
0 0 0

]T , D(υ) =
[

D1 D2 D3
]
,D1(υ) =

 0.72 + 1.33|u|+ 5.87u2

0
0

,

D2(υ) =

 0
0.8612 + 36.2823|v|+ 8.05|r|
−0.1052− 5.0437|v| − 0.13|r|

,D3(υ) =

 0
0.845|v|+ 3.45|r| − 0.1079

1.9− 0.08|v|+ 0.75|r|


where the total uncertainty which is the combination of the model uncertainty acting on the
dynamics and time-varying external disturbance is given as d =

[
d1 d2 d3

]T where
d1 = 0.3 + 2sin(0.02t) + 1.5sin(0.1t), d2 = −0.01u2 − 1.4 + 2sin(0.02t− π

6 ) + 1.5sin(0.3t),
and d3 = 0.1r3 − sin(v)− sin(0.09t + π

3 )− 4sin(0.01t). The total uncertainty is composed
of some sinusoidal terms which are functions of time indicating ocean currents, waves
(wind-generated), and wind and some terms which are functions of the system states
stemming from the model uncertainties. The considered vessel is supposed to follow the
following trajectory ηd =

[
4sin(0.02t) 2.5(1− cos(0.02t)) 0.02t

]T . The initial condi-

tion is taken as η(0) =
[

1.2m 1.2m π
3 rad

]T and υ(0) =
[

0 0 0
]T . The proposed

control scheme is composed of two parts: the fixed-time observer (26) and the fixed-time
controller (39). Based on the instruction given in Remark 6, the observer and the controller
gains are selected as k1 = 8, k2 = 10, k3 = 1, k4 = 20, k5 = 20, γ1 = 0.6, γ2 = 1.5, κ1 = 20,
κ2 = 15, κ3 = 20, κ4 = 18, λ1 = 0.7 and λ2 = 1.8. The simulation results are provided in
three parts.

Part 1: In this part, we are about to evaluate two main achievements of the suggested
fixed-time disturbance observer-based tracking control (Fixed-DOTC) framework, that
is, the fixed-time convergence of estimation error as well as the tracking errors. To this
end, the control laws in (24) and (37) presented in [18] are simulated under the same
conditions (the model parameters, initial conditions, uncertainty and disturbance). As
can be seen in Figures 3 and 4, the estimation errors under the Fixed-DOTC converge
to zero within a fixed time and the total uncertainty is precisely reconstructed. Thus,
Theorem 1 is verified. The position trajectory following the result can be seen in Figure 5a,b.
It is further observed in Figures 6 and 7 that the Fixed-DOTC achieves faster and more
accurate convergence compared to the control laws in (24) and (37) in [18]. To be more exact,
Fixed-DOTC only needs 2.5 s to drive the error trajectories to zero, whereas the control
laws in (24) and (37) require approximately 20 and 8 s, respectively. The control inputs for
the three controllers are illustrated in Figure 8. Although the Fixed-DOTC obtains much
better control performance, it requires less control effort which is quite important from
a practical point of view.

Part2: As can be seen in Figure 8, the amplitude of the control inputs is quite large.
Here, we consider the actuator saturation to be 40 N for the surge force and the sway force,
and 40 Nm for the yaw moment. Since the controller (24) did not show a good performance,
in this part, we only compare the Fixed-DOTC with the controller (37). Moreover, the
procedure of considering the actuator saturation is applied to the controller (37) to make
a fair comparison. Figure 9 shows that the Fixed-DOTC is able to drive the vessel to the
reference trajectory. More specifically, Figures 10 and 11 depict the position and orientation
tracking errors under both controllers. It is observed that the transient response of the
error trajectory under the controller (37) is more deteriorated than the proposed one when
the actuator saturation is taken into account. As is expected and seen in Figure 12, the
maximum control input does exceed the allowable limit and the control objectives are
achieved in the presence of the actuator’s physical limitations.
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Figure 6. The position tracking errors in part 1.
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Figure 7. The orientation tracking error in part 1.
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Figure 8. The control input in part 1.
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Figure 9. The actual position trajectory and the desired position trajectory in part 2.
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Figure 10. The position tracking errors in part 2.

Actuators 2022, 11, x FOR PEER REVIEW  14  of  18 
 

 

 

Figure 9. The actual position trajectory and the desired position trajectory in part 2. 

 

Figure 10. The position tracking errors in part 2. 

 

Figure 11. The orientation tracking error in part 2. 

-1 -0.5 0 0.5 1 1.5 2
-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Reference trajectory
Fixed-DOTC
Controller (37) in [18]

0 5 10 15 20

Time(s)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Fixed-DOTC

x
e

y
e

0 5 10 15 20

Time(s)

-0.5

0

0.5

1

Controller (37) in [18]

x
e

y
e

0 5 10 15 20

Time(s)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Fixed-DOTC

0 5 10 15 20

Time(s)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Controller (37) in [18]

Figure 11. The orientation tracking error in part 2.

Actuators 2022, 11, x FOR PEER REVIEW  15  of  18 
 

 

 

Figure 12. The control input in part 2. 

Part 3: The previous parts clearly confirmed  the superior performance of  the pro‐

posed Fixed‐DOTC in comparison with those in [18]. In this part, the finite‐time disturb‐

ance observer tracking control (Finite‐DOTC) suggested in [42] is simulated. The initial 

condition is taken as  0 1.4 1.3   and  0 0 0 0 . The simula‐

tion outcomes are given in Figure 13 to Figure 16. Figure 13 shows the tracking perfor‐

mance of Fixed‐DOTC and Finite‐DOTC in 2D space x−y axis. Based on this figure, the 

system trajectory under the proposed controller reaches the reference trajectory and faster 

tracking error convergence is acquired. This fact is also observed in Figure 14 and Figure 

15 which show that the position and orientation tracking errors converge to zero faster 

and more accurately. To be more exact, under the proposed law, the tracking errors ap‐

proach zero at the time of 3 sec, whereas this convergence time under the Finite‐DOTC is 

about 8 sec. Therefore, the proposed control framework improves the convergence rate by 

62.5%. This means that the vessel reaches the reference path quickly. The control efforts 

are depicted in Figure 16. The maximum control input for both controls is the same, alt‐

hough Fixed‐DOTC provides a  faster  convergence  speed. By analyzing  the  results ob‐

tained from these figures, the superior performance of Fixed‐DOTC over Finite‐DOTC can 

be concluded. 

 

Figure 13. The actual position trajectory and the desired position trajectory in part 3. 

C
on

tr
o

l i
np

ut

C
on

tr
o

l i
np

ut

0 0.5 1 1.5

x-axis (m)

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

y-
ax

is
 (

m
)

Reference trajectory
Fixed-DOTC
Finite-DOTC

Figure 12. The control input in part 2.

Part 3: The previous parts clearly confirmed the superior performance of the proposed
Fixed-DOTC in comparison with those in [18]. In this part, the finite-time disturbance
observer tracking control (Finite-DOTC) suggested in [42] is simulated. The initial condition
is taken as η(0) =

[
1.4m 1.3m 2π

5 rad
]T and υ(0) =

[
0 0 0

]T . The simulation
outcomes are given in Figures 13–16. Figure 13 shows the tracking performance of Fixed-
DOTC and Finite-DOTC in 2D space x−y axis. Based on this figure, the system trajectory
under the proposed controller reaches the reference trajectory and faster tracking error
convergence is acquired. This fact is also observed in Figures 14 and 15 which show that
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the position and orientation tracking errors converge to zero faster and more accurately.
To be more exact, under the proposed law, the tracking errors approach zero at the time
of 3 sec, whereas this convergence time under the Finite-DOTC is about 8 sec. Therefore,
the proposed control framework improves the convergence rate by 62.5%. This means that
the vessel reaches the reference path quickly. The control efforts are depicted in Figure 16.
The maximum control input for both controls is the same, although Fixed-DOTC provides
a faster convergence speed. By analyzing the results obtained from these figures, the
superior performance of Fixed-DOTC over Finite-DOTC can be concluded.
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Figure 13. The actual position trajectory and the desired position trajectory in part 3.
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Figure 14. The position tracking errors in part 3.
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Figure 15. The orientation tracking error in part 3.
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5. Conclusions

This paper deals with the challenging problem of the fixed-time disturbance observer-
based tracking control for uncertain marine vessels. Based on the proposed methodology,
the uncertain dynamics, as well as unknown external disturbances, are precisely recon-
structed. The novel disturbance observer guarantees that the estimation error converges
to origin within a finite time regardless of the initial conditions. The estimated lumped
uncertainty is incorporated in the tracking control which is on the basis of fixed-time
backstepping control. A rigorous analysis based on Lyapunov stability criteria shows that
the closed-loop system is fixed-time stable. Finally, the simulation results confirmed that
the suggested fixed-time tracking control law is able to ensure quicker convergence with
more accuracy compared to the existing schemes.

Despite the good performance of the proposed disturbance observer, it is assumed that
there is no uncertainty in the measurements provided by the sensors. As one of the future
works, the problem of designing a disturbance observer in the presence of uncertainty on
the output measurement will be studied.
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