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Abstract 

This research addresses two kinds of problems related to trajectory tracking of a Maritime 
Autonomous Surface Ship (MASS): those caused by the time-varying external disturbances 
including winds, waves and ocean currents as well as those resulting from inherent dynamical 
uncertainties. As the paper shows, an accurate and robust controller can successfully deal 
with both issues. An improved Adaptive Super-Twisting Sliding Mode Control (AST-SMC) 
algorithm is proposed here as a robust adaptive strategy. In this strategy, in order to improve 
performance of the standard super-twisting approach, we apply adaptive gains and an 
underlying concept based on Time Delay Estimation (TDE). The critical role of TDE part in 
this algorithm is estimating the impact of disturbances and uncertainties on the MASS model. 
Super-Twisting Time Delay Estimation (ST-TDE) and Adaptive Super-Twisting Time Delay 
Estimation (AST-TDE) are utilized here for better effect. The proposed algorithm has been 
implemented in MATLAB / Simulink environment and tested in the course of extensive 
computer simulations. The results have shown that it significantly outperforms Conventional 
Super-Twisting (CST) algorithm in terms of the tracking errors, robustness, control 
efforts and transient response. 

Keywords: MASS, Super-Twisting, Time Delay Estimation, Robust Adaptive Control 

1. Introduction

In the maritime operations, the activities are commonly categorized in two divisions 
including surface and underwater operations and missions such as underwater explorations, 
inspection of the undersea structures, parameter measurement and maritime transportation. 
Nowadays, marine robotics is one of the paramount research areas in the maritime industries 
where numerous numbers of researchers, institutes and industries have presented kinds of 
these robots such as underwater robot, Autonomous Underwater Vehicle (AUV) and 
Autonomous Surface Vehicle (ASV). In a larger scale, it is named the Maritime Autonomous 
Surface Ship (MASS) which in terms of the autonomous transportation, the MASS has 
extremely been highlighted by researchers. Indeed, due to some rigorous functions and even 
unavailable zones in the ocean environment, human has been forced thinking to solve this 
problem. Todays, using the maritime autonomous vehicles is impressively increasing and for 
having a safe platform there are kinds of control algorithms applied to the MASS. 
Meanwhile, in the face of unavoidable time-varying disturbances induced by the winds, 
waves and ocean currents upon or under the sea and inherent uncertainties in a marine vehicle 
dynamical model, a high-performance control approach is certainly required to tackle with 
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these perturbations. Nevertheless, robustness property in the control algorithms should be 
considered during the designing of controllers for marine robots in order to terminate a task 
and track a desired trajectory autonomously. Some related researches have been presented in 
which the robust strategies such as Sliding Mode Control (SMC) and Robust Model 
Predictive Control (RMPC) were adopted for control of underwater robots (Nejatbakhsh et 
al., 2015; Esfahani et al., 2014; Esfahani et al., 2013; Esfahani, 2019). Concerning surface 
robots, two control strategies for the path following goal of an autonomous marine vehicle 
were presented (Hung et al., 2018) in which the input constraints and disturbances caused by 
constant ocean currents were regarded. the first approach in this research was obtained by 
using a Lyapunov-based design strategy, while the second was developed by adopting a MPC 
algorithm. For tuning of gains in a PID controller, a self-regulator PID was designed 
(Jamalzade et al., 2016) whose coefficients have been adjusted by using some adaptive fuzzy 
rules. An adaptive robust control approach included a disturbance observer was proposed 
(Zhang, 2018) for the trajectory tracking of Unmanned Marine Vehicles (UMVs). 
Researchers in this work adopted an adaptive law to estimate and compensate the disturbance 
observer error. Finally, with Combining a nonlinear disturbance observer, dynamic surface 
control, and adaptive robust backstepping together, a dynamic surface adaptive robust 
controller was presented. An interesting work has been accomplished using the finite-time 
extended state observer-based distributed formation control for marine surface vehicles with 
input saturation and external disturbances. In this study, researchers proposed a novel 
algorithm for estimating the unavailable velocity measurements and external disturbances 
simultaneously. In this paper, the time-varying external disturbances induced by winds, 
waves and ocean currents are considered in the computer simulations (Fu and Yu, 2018). A 
Nonlinear Model Predictive Control (NMPC) was used for an Unmanned Surface Vehicle 
(USV) (Liu et al., 2013). This controller was adopted for an underactuated USV to track a 
desired trajectory using surge force and yaw torque as control inputs. However, the 
robustness issue for MPC has been yet regarded as a challenge in the control theory and many 
researchers have presented some approaches in order to design a robust nonlinear model 
predictive controller. In this paper a normal form of MPC was used without any discussion 
concerning its robustness. Also, the environmental disturbances including winds, currents and 
waves have not been considered in this work. A novel robust adaptive formation control 
scheme based on the Minimal Learning Parameter (MLP) algorithm and the Disturbance 
Observer (DOB) was presented (Lu et al., 2018). Indeed, by using the MLP algorithm, a 
remarkable descent in tunable parameters for the controller and DOB has been occurred 
which it was led to reduction of the online computational efforts greatly. An improved 
trajectory tracking controller based backstepping control algorithm combined with sliding 
mode control method was designed to address the trajectory tracking problem of an 
underactuated USV (J. Liu et al., 2016). An autonomous robotic boat was designed by the 
researchers (Wang et al., 2018) which they adopted a nonlinear model predictive control 
(NMPC) to tackle with the trajectory tracking problems.  However, considering the uncertain 
nonlinearities stem from changing in inertia and drag matrices of the robotic boat was 
discarded. Indeed, the values of these matrices may change drastically when transporting 
people and goods. Other weakness of this work was neglecting the influences due to winds, 
waves and ocean current disturbances. Nevertheless, a robust NMPC should have been 
adopted against these perturbations. As an artificial intelligence-based robust control strategy 
a multi-layer neural network and adaptive robust techniques were incorporated by researchers 
in the design of the control system to preserve its robustness against uncertain nonlinearities 
and environmental disturbances which are induced by waves and ocean currents. This 
proposed approach efficiently compensated both parametric and non-parametric uncertainties 
including time-varying disturbances induced by waves, winds and ocean currents and a 
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saturated neural adaptive robust output feedback formation controller was designed to satisfy 
control objectives (Shojaei, 2016). Researchers (Liu et al., 2015) employed an adaptive 
sliding mode controller in which a hierarchical sliding mode was adopted to deal with the 
underactuation of the model, and neural network as an adaptive part was used for 
approximating the unknown nonlinear part in the dynamical model. In this way, the 
robustness of the proposed controller was strengthened, and the chattering phenomenon of 
sliding mode strategy was eliminated. In this study, the nonlinear damping terms of ship’s 
model were considered which are neglected in many studies, and the time-varying 
disturbances were taken into account to test the robustness of the designed controller. Two 
kinds of MPC controllers were addressed (Zheng et al., 2014) including nonlinear MPC 
(NMPC), which solved a constrained multi-variable nonlinear programming problem, and 
linearized MPC (LMPC), which solved a constrained quadratic programming problem 
through on-line iterative optimization.  In this work environmental disturbances (winds, 
waves and currents) were excluded. As efficient algorithms, the researchers (Sharma et al., 
2014) evaluated two novel non-linear autopilot designs for MASS based on non-linear Local 
Control Network (LCN) and non-linear model predictive control approaches to establish their 
effectiveness in terms of control activity expenditure, power consumption and mission 
duration length under similar operating conditions. Indeed, these autopilot systems have been 
used to control the non-linear yaw dynamics of an unmanned surface vehicle named Springer 
in which yaw dynamics of the vehicle has been modelled using a multi-layer perceptron-type 
neural network. Simulation results in this study showed that the autopilot based on local 
control network method performed better for Springer. Thus, this article reported the 
application of two novel non-linear autopilot designs for the MASS. Some researches were 
carried out concerning adopting the higher order sliding mode algorithms such as super-
twisting for control of the maritime autonomous robots (Valenciaga, 2014; Tanakitkorn et al., 
2017). However, in most of studies, the robust approaches have been adopted for the 
trajectory tracking of an autonomous surface platform (Abdelaal et al., 2018; Yi et al., 2016; 
L. Liu et al., 2016; Sun et al., 2017; Liu et al., 2019; Huang et al., 2019). The sliding mode-
based controllers have an inherent robustness and they have shown drastic results against 
uncertainties due to parameter variations and external disturbances. In accordance to these 
mentioned features of sliding mode controllers as well as kind of our autonomous platform 
which is extremely affected by the complexity disturbances and uncertainties, in this paper 
we adopt an improved higher order sliding mode-based controller for the trajectory tracking 
of a MASS. The proposed algorithm is consisted of two control parts: 1) Adaptive Super-
Twisting (AST) part and 2) Time Delay Estimation (TDE) part. Indeed, The TDE part is 
adopted as concept to take advantage of its model-free nature. This part provides an 
estimation of perturbations by observing the inputs and the states of the MASS one step into 
the past without an exact knowledge of the dynamics and the upper bound of uncertainties. 
Then, at the second stage the AST part will be used to compensate and illuminate TDE error 
and chattering, respectively as well as to ensure the convergence in a fast finite time. 
Meanwhile, the adopted adaptive law in order to generate adaptive gains is brought about 
reduction in the control efforts. Motivated to have all these aforementioned advantages, an 
Adaptive Super-Twisting Time Delay Estimation (AST-TDE) algorithm in order to control a 
maritime autonomous surface ship is proposed. For outlining of this research in the rest of the 
paper, a mathematical model of MASS with considering all induced conditions such as 
variation in parameters and external disturbances is described in section 2. In section 3, 
standard form of a super-twisting sliding mode control algorithm is presented. The proposed 
TDE-based adaptive super-twisting algorithm is presented in section 4. concerning stability 
analysis of the proposed controller, a Lyapunov approach is conducted in section 5. The 
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computer simulation results are shown in Section 6 and finally, the conclusion is presented in 
Section 7. 
    

2. MASS Model 
 
The nonlinear dynamics of MASS can be described in form of 3 D.O.F as follows: 
 
𝙈𝜗̇ + 𝐶(𝜗)𝜗 + 𝐷(𝜗)𝜗 = 𝑈௖ + 𝙈𝐽்(𝝍)𝜞    
                                                                                                                                                 (1) 
𝜂̇ = 𝐽(𝜓)𝜗                                                                                                                                   
 
where velocity and position vectors are defined as 𝜗(𝑡) = [𝑢(𝑡), 𝑣(𝑡), 𝑟(𝑡)]் and 𝜂(𝑡) =
[𝑥(𝑡), 𝑦(𝑡), 𝜓(𝑡)]், respectively. The frames regarding surge, sway and yaw motions are 
shown in Fig. 1. In the aforementioned equation, the rotation matrix 𝐽(𝜓) =

൥
cos (𝜓) −sin (𝜓) 0

sin (𝜓) cos (𝜓) 0
0 0 1

൩ is used to transfer coordinates from the Body-Fixed Frame (BFF) to 

the Earth-Fixed Frame (EFF).  

 
Fig. 1. The earth-fixed frame and body-fixed frame (Fossen, 2016)  

 
For presenting the Eq. 1 in a standard form based on position vector, we can rewrite it using 
the property of the rotation matrix 𝜂̇ = 𝐽(𝜓)𝜗 as: 
 
𝑀(𝜂)𝜂̈ + 𝐶(𝜂, 𝜂̇)𝜂̇ + 𝐷(𝜂, 𝜂̇)𝜂̇ = 𝑈௖ + 𝑈ௗ                                                                             (2) 
 
where 𝑈௖ = [𝐹௫, 𝐹௬, 𝜏ట]் and 𝑈ௗ = 𝙈𝐽்(𝝍)𝜞 are control inputs and external disturbances, 
respectively. These time-varying external disturbances are induced by the winds, waves and 
ocean currents which they are shown by the vector 𝜞 = [𝜞௨, 𝜞௩, 𝜞௥]். 𝙈 =

൥

𝑚ଵଵ 𝑚ଵଶ 𝑚ଵଷ

𝑚ଶଵ 𝑚ଶଶ 𝑚ଶଷ

𝑚ଷଵ 𝑚ଷଶ 𝑚ଷଷ

൩ ∈ ℝଷ, 𝑀(𝜂) ∈ ℝଷ, 𝐶(𝜂, 𝜂̇) ∈ ℝଷ, 𝐷(𝜂, 𝜂̇) ∈ ℝଷ are constant inertia 

matrix, time-varying inertia matrix, time-varying Coriolis matrix and time-varying 
hydrodynamic damping matrix including both linear and nonlinear parts, respectively. 
Indeed, with taking into account the nonlinear damping parts, the matrix 𝐷(𝜂) is changed to 
the form 𝐷(𝜂, 𝜂̇) and nonlinear coefficients (𝑑௜௝) are dependent on velocity vector 𝜂̇ = 𝐽(𝜓)𝜗 
(Fang, 2004).     
 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


𝑀(𝜂) = ቎

𝑚ଵଵ𝑐𝑜𝑠ଶ(𝜓) + 𝑚ଶଶ𝑠𝑖𝑛ଶ(𝜓) (𝑚ଵଵ − 𝑚ଶଶ) sin(𝜓) cos (𝜓) −𝑚ଶଷsin(𝜓)

(𝑚ଵଵ − 𝑚ଶଶ) sin(𝜓) cos (𝜓) 𝑚ଵଵ𝑠𝑖𝑛ଶ(𝜓) + 𝑚ଶଶ𝑐𝑜𝑠ଶ(𝜓) 𝑚ଶଷcos(𝜓)

−𝑚ଶଷsin(𝜓) 𝑚ଶଷcos(𝜓) 𝑚ଷଷ

቏     

 

𝐶(𝜂, 𝜂̇) = ቎

𝜓̇(𝑚ଶଶ − 𝑚ଵଵ) sin(𝜓) cos (𝜓) −𝜓̇(𝑚ଵଵ𝑐𝑜𝑠ଶ(𝜓) + 𝑚ଶଶ𝑠𝑖𝑛ଶ(𝜓)) 0

−𝜓̇(𝑚ଵଵ𝑠𝑖𝑛ଶ(𝜓) + 𝑚ଶଶ𝑐𝑜𝑠ଶ(𝜓)) 𝜓̇(𝑚ଵଵ − 𝑚ଶଶ) sin(𝜓) cos (𝜓) 0

−𝜓̇ 𝑚ଶଷcos(𝜓) −𝜓̇ 𝑚ଶଷsin(𝜓) 0

቏     (3) 

 

𝐷(𝜂, 𝜂̇) = ቎

𝑑ଵଵ𝑐𝑜𝑠ଶ(𝜓) + 𝑑ଶଶ𝑠𝑖𝑛ଶ(𝜓) (𝑑ଵଵ − 𝑑ଶଶ) sin(𝜓) cos (𝜓) −𝑑ଶଷsin(𝜓)

(𝑑ଵଵ − 𝑑ଶଶ) sin(𝜓) cos (𝜓) 𝑑ଵଵ𝑠𝑖𝑛ଶ(𝜓) + 𝑑ଶଶ𝑐𝑜𝑠ଶ(𝜓) 𝑑ଶଷcos(𝜓)

−𝑑ଷଶsin(𝜓) 𝑑ଷଶcos(𝜓) 𝑑ଷଷ

቏  

 
 

3. Super-Twisting SMC 
 

At first, we introduce a constant diagonal inertia matrix 𝑀ഥ = ൥
𝑎 0 0
0 𝑏 0
0 0 𝑐

൩ ∈ ℝଷ as a part of 

the proposed approach based on Time delay Estimation (TDE) method which is illustrated in 
the next section. The new form of Eq. 2 is presented as: 
 
𝑀ഥ𝜂̈ + 𝑁(𝜂, 𝜂̇) + 𝑃(𝜂, 𝜂̇, 𝜂̈) = 𝑈௖                                                                                             (4) 
 
where nominal term 𝑁(𝜂, 𝜂̇) and perturbation term 𝑃(𝜂, 𝜂̇, 𝜂̈) including uncertainties 𝐶௣, 𝐷௣ 
and external time-varying disturbances 𝑈ௗ are expressed as follows: 
 
 𝑁(𝜂, 𝜂̇) = 𝐶௡(𝜂, 𝜂̇)𝜂̇ + 𝐷௡(𝜂, 𝜂̇)𝜂̇ 
                                                                                                                                                 (5) 
𝑃(𝜂, 𝜂̇, 𝜂̈) = [𝑀(𝜂) − 𝑀ഥ]𝜂̈ + 𝐶௣(𝜂, 𝜂̇)𝜂̇ + 𝐷௣(𝜂, 𝜂̇)𝜂̇ − 𝑈ௗ  
 
Let us consider 𝑁 = 𝑁(𝜂, 𝜂̇) and 𝑃 = 𝑃(𝜂, 𝜂̇, 𝜂̈). The sliding surface is as: 
 
𝑠 = 𝑒̇ + 𝜆𝑒 ,  
𝑒 = 𝜂 − 𝜂ௗ                                                                                                                               (6) 
 
where 𝜂ௗ is desired trajectories and 𝜆 ∈ ℝଷ is a constant diagonal matrix as gains. The 
derivation of sliding surface can be resulted as follows: 
 
𝑠̇ = 𝑒̈ + 𝜆𝑒̇ = 𝜂̈ − 𝜂̈ௗ + 𝜆𝑒̇ = 𝑀ഥିଵ[𝑈௖ − 𝑁 − 𝑃] − 𝜂̈ௗ + 𝜆𝑒̇                                                 (7) 
 
The standard form for a super-twisting algorithm can be expressed as (Id et al., 2018): 
 

൜
𝑠̇ = −𝑘ଵ𝜉(𝑠)𝑠𝑖𝑔𝑛(𝑠) + 𝑧

𝑧̇ = −𝑘ଶ𝑠𝑖𝑔𝑛(𝑠)
                                                                                                      (8) 

 

where 𝜉(𝑠) = 𝑑𝑖𝑎𝑔(|𝑠ଵ|
భ

మ, |𝑠ଶ|
భ

మ, |𝑠ଷ|
భ

మ) and 𝑘ଵ, 𝑘ଶ are diagonal positive matrices. 
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𝑠𝑖𝑔𝑛(𝑠) = ൝
1    ,        𝑠 > 0
0    ,        𝑠 = 0
−1  ,        𝑠 < 0

                                                                                                   (9) 

 
Using of the Eq. 7 and Eq. 8, the super-twisting control law is appeared as follows: 
 

𝑈௖ = 𝑀ഥ ቂ𝜂̈ௗ − 𝜆𝑒̇ − 𝑘ଵ𝜉(𝑠)𝑠𝑖𝑔𝑛(𝑠) − 𝑘ଶ ∫ 𝑠𝑖𝑔𝑛(𝑠)𝑑𝑡
௧

଴
ቃ + 𝑁 + 𝑃                                      (10) 

 
4. Proposed Control Algorithm 

 
In this section, the main strategy in order to promote robustness property and acquire a high 
performance with an optimal control effort is presented. Fig. 2 illustrates the proposed 
controller block diagram. This TDE-based super-twisting algorithm can estimate all of the 
perturbations stemmed from the ocean circumstances and dynamical uncertainties upon the 
MASS and finally this combined approach can achieve a high accuracy for trajectory tracking 
of the presented maritime autonomous platform. Also, we can define adaptive gains for the 
super-twisting control law Eq. 10 with considering the following theorem as follows: 
 
Theorem: regard control input in Eq. 10. Assume that the perturbation 𝑃 is bounded as: 

 |𝑃| ≤ 𝜎|𝑠|
భ

మ where, 𝜎 > 0 is unknown. Then, for any initial conditions 𝜂(0), 𝑠(0) the sliding 
surface 𝑠 = 0 will be reached in finite time through super-twisting control law Eq. 10 with 
the following adaptive gains (Shtessel et al., 2010): 
 

⎩
⎪
⎨

⎪
⎧

൞

ௗ௞భ

ௗ௧
= ∅ට

ఏ

ଶ
    𝑖𝑓    𝑠 ≠ 0

ௗ௞భ

ௗ௧
= 0          𝑖𝑓    𝑠 = 0

𝑑𝑘ଶ = 2𝜀
ௗ௞భ

ௗ௧

                                                                                                                              

(11) 
 
where, ∅, 𝜃 and 𝜀 are positive constants.   
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Fig. 2. Proposed AST-TDE Controller 
 
 
 
Let us regard applied perturbations as: 
 
𝑃෨ ≅ 𝑃௧ି௅ = 𝑈௖(𝑡 − 𝐿) − 𝑁(𝑡 − 𝐿) − 𝑀ഥ𝜂̈(𝑡 − 𝐿)                                                                 (12) 
 
where 𝐿 is a delay time for the TDE part and it is assigned with a very small value. Also, the 
second derivative for the delayed positions is calculated using the following function 
(Nejatbakhsh et al., 2015): 
 

𝜂̈(𝑡 − 𝐿) =
ఎ(௧)ିଶఎ(௧ି௅)ାఎ(௧ିଶ௅)

௅మ
                                                                                             (13) 

 
Substituting 𝑃 by its estimate 𝑃෨ in the Eq. 10: 
 

𝑈௖ = 𝑀ഥ ቂ𝜂̈ௗ − 𝜆𝑒̇ − 𝑘ଵ𝜉(𝑠)𝑠𝑖𝑔𝑛(𝑠) − 𝑘ଶ ∫ 𝑠𝑖𝑔𝑛(𝑠)𝑑𝑡
௧

଴
ቃ + 𝑁 + 𝑃෨                                      (14) 

 
Using Eq. 11 and Eq. 13, the proposed Adaptive Super-Twisting Time Delay Estimation 
(AST-TDE) control law is resulted as follows: 

𝑈௖ = 𝑈௖(𝑡 − 𝐿) + 𝑀ഥ ቂ𝜂̈ௗ − 𝜂̈(𝑡 − 𝐿) − 𝜆𝑒̇ − 𝑘ଵ𝜉(𝑠)𝑠𝑖𝑔𝑛(𝑠) − 𝑘ଶ ∫ 𝑠𝑖𝑔𝑛(𝑠)𝑑𝑡
௧

଴
ቃ +          (15) 

                                                                           𝑁 − 𝑁(𝑡 − 𝐿)  
 

5. Lyapunov Stability Analysis 
 
Let us define TDE error as: 
 
𝛿 = 𝑀ഥିଵ[𝑃෨ − 𝑃]                                                                                                                    (16) 
 
Now we can rewrite Eq. 8 as follows: 
 

൜
𝑠̇ = −𝑘ଵ𝜉(𝑠)𝑠𝑖𝑔𝑛(𝑠) + 𝑧

𝑧̇ = −𝑘ଶ𝑠𝑖𝑔𝑛(𝑠) + 𝛿̇
                                                                                                    (17) 

 
Eq. 16 should be presented in a form proper for the Lyapunov stability analysis. Therefore, 
the new states are introduced as follows: 
 

𝑤 = [𝑤ଵ, 𝑤ଶ]் = [|𝑠|
భ

మ𝑠𝑖𝑔𝑛(𝑠), 𝑧]்                                                                                       (18) 
 
The Eq. 16 is rewritten as follows: 
 

ቐ
𝑤ଵ̇ =

ଵ

|௪భ|
(

ି௞భ

ଶ
𝑤ଵ +

ଵ

ଶ
𝑤ଶ)

𝑤ଶ̇ =
ି௞మ

|௪భ|
𝑤ଵ +

ଵ

ଶ
𝛿̇

                                                                                                   (19) 

 
In a state-space form of the above equation, Eq. 18 is expressed as: 
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𝑤̇ =
ଵ

|௪భ|
(𝐴𝑤 + 𝐵𝛿̇|𝑤ଵ|)                                                                                                       (20) 

 
where, 
 

𝐴 = ቈ
ି௞భ

ଶ

ଵ

ଶ

−𝑘ଶ 0
቉,  𝐵 = ቈ

0
ଵ

ଶ

቉ 

 
We choose Lyapunov function candidate as: 
 
𝑣(𝑤) = (𝛽 + 4𝜀ଶ)𝑤ଵ

ଶ + 𝑤ଶ
ଶ − 4𝜀𝑤ଵ𝑤ଶ                                                                             (21) 

 
In a matrix form, 𝑣(𝑤) is written as follows: 
 

𝑣(𝑤) = 𝑤்𝑅𝑤 = 𝑤் ൤𝛽 + 4𝜀ଶ −2𝜀
−2𝜀 1

൨ 𝑤  , 𝛽 > 0, 𝜀 > 0                                                    (22) 

 
where, 
 
𝑅 is positive definite if 𝛽 > 0 and 𝜀 is any real number while the following boundary law is 
fulfilled. 
 
𝜆௠௜௡{𝑅}‖𝑤‖ଶ

ଶ ≤ 𝑣(𝑤) ≤ 𝜆௠௔௫{𝑅}‖𝑤‖ଶ
ଶ                                                                              (23) 

 
where, 𝜆௠௜௡, 𝜆௠௔௫ are minimum and maximum eigenvalues of the matrix 𝑅 and ‖𝑤‖ଶ

ଶ is an 
Euclidean norm of the states 𝑤. 
 
Derivative of Lyapunov function in Eq. 21 is presented as follows: 
 

𝑣̇ = 𝑤்̇𝑅𝑤 + 𝑤்𝑅𝑤̇ =
ଵ

|௪భ|
𝑤்(𝐴்𝑅 + 𝑅𝐴)𝑤 +

ఋ̇

|௪భ|
|𝑤ଵ|𝐵்𝑅𝑤                                         (24) 

    
where, 𝛿̇ is bounded ห𝛿̇ห ≤ 𝛾 (Kali et al., 2018). 
 
𝛿̇|𝑤ଵ|𝐵்𝑅𝑤 ≤ 𝛿̇ଶ|𝑤ଵ|ଶ + 𝑤்𝑅𝐵𝐵்𝑅𝑤 ≤ 𝛾ଶ𝑤்𝐶்𝐶𝑤 + 𝑤்𝑅𝐵𝐵்𝑅𝑤                             (25) 
 
where, 𝐶 = [1 0].  
 
Using the arguments shown in Eq. 23 and Eq. 24, we can show that: 
 

𝑣̇ ≤ −
ଵ

|௪భ|
𝑤்(𝐴்𝑅 + 𝑅𝐴 + 𝛾ଶ𝐶்𝐶 + 𝑅𝐵𝐵்)𝑤 ≤ −

ଵ

|௪భ|
𝑤்𝑄𝑤                                        (26) 

 
where, 𝑄 is a symmetrical positive definite matrix as follows: 
 
𝑄 = −(𝐴்𝑅 + 𝑅𝐴 + 𝛾ଶ𝐶்𝐶 + 𝑅𝐵𝐵்) =  

  ቈ
(1 − 𝑘ଵ(𝛽 + 4𝜀ଶ) + 4𝑘ଶ𝜀 + 𝛾ଶ + 𝜀ଶ ∗

ଵ

ଶ
(𝛽 + 4𝜀ଶ) + 𝑘ଵ𝜀 −

ଵ

ଶ
𝜀 − 𝑘ଶ −2𝜀 +

ଵ

ସ

቉                                                             (27) 

 
𝑣̇ is negative definite, then: 
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𝑣̇ ≤ −
ଵ

|௪భ|
𝜆௠௜௡{𝑄}‖𝑤‖ଶ

ଶ                                                                                                       (28) 

 
 

6. Simulation Results 
  
The main purpose of this section is a comparative study upon the computer simulation results 
of the proposed Adaptive Super-Twisting Time Delay Estimation (AST-TDE) controller, 
Super-Twisting Time Delay Estimation (ST-TDE) and a conventional super-twisting (CST) 
controller. In order to investigate resilient factor of the three controllers against unexpected 
perturbations, all of the time-varying external disturbances induced by the winds, waves and 
ocean currents are envisaged. These disturbances are considered for applying upon the MASS 
with 3 D.O.F in which their respective vectors 𝜞 = [𝜞௨, 𝜞௩, 𝜞௥]்  can be modeled as follows 
[8]: 

ቐ

𝜞௨ = 0.1𝑣ଷ + 0.06𝑢 + 0.01sin (𝑡)

𝜞௩ = 𝑢𝑣 + 0.1𝑢 + 0.01sin (𝑡)

𝜞௥ = 0.4𝑢𝑟 + 𝑣ଶ + 0.01sin (𝑡)

                                                                                     (29) 

 
In the mathematical modeling of MASS, the nonlinear parts of the damping coefficients are 
another significant terms regarded in these simulations which they are described as follows 
[8]: 
 
𝑑ଵଵ = 0.72 + 1.33|𝑢| + 5.87𝑢ଶ  
𝑑ଶଶ = 0.8896 + 36.5|𝑣| + 0.805|𝑟|  
𝑑ଶଷ = 7.25 + 0.8451|𝑣| + 3.45|𝑟|                                                                                       (30) 
𝑑ଷଶ = 0.0313 + 3.96|𝑣| + 0.13|𝑟|  
𝑑ଷଷ = 1.9 − 0.08|𝑣| + 0.75|𝑟|  
 
Other damping coefficients in the damping matrix 3 × 3 are assigned to zero. Also, the 
constants in inertia matrix are assigned as follows: 
 

𝙈 = ൥

𝑚ଵଵ 𝑚ଵଶ 𝑚ଵଷ

𝑚ଶଵ 𝑚ଶଶ 𝑚ଶଷ

𝑚ଷଵ 𝑚ଷଶ 𝑚ଷଷ

൩ = ൥
25.8 0 0

0 33.8 1.0115
0 −0.4087 2.76

൩  

   
Regarding trajectory tracking goals, the circle path and a ramp mathematical function as 
desired yaw angle are adopted to be tracked by MASS in the surge-sway 2D plane and yaw 
angle, respectively. The equations of these desired paths with the initial conditions 
[0 0 0] and simulation time 𝑡 = 100 𝑠𝑒𝑐.  are as follows: 
 

𝜂ௗ = ൝

𝑥ௗ = 20sin (0.02𝜋𝑡)
𝑦ௗ = 20cos (0.02𝜋𝑡)

𝜓ௗ = 0.01𝜋𝑡
                                                                                                  (31)   

 
The output results of this computer simulation are shown in Fig. 3, Fig. 4 and Fig. 5 as output 
results for the CST, ST-TDE and AST-TDE, respectively. An objectionable transient 
response with high magnitude of over-shoot is clearly observed in the tracking errors 
depicted in Fig. 3 (a) in comparison with the smooth and accurate responses with a very small 
magnitude of over-shoot in Fig. 4 (a) and Fig. 5 (a).  
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Concerning control inputs, they are shown in the Fig. 3 (b), Fig. 4 (b) and Fig. 5 (b) for the 
conventional super-twisting controller, proposed TDE-based super-twisting controller and the 
proposed TDE-based adaptive super-twisting algorithm, respectively. As it is depicted, the 
amplitudes in commencement time of control input signals are less in the proposed 
controllers than conventional super-twisting controller. Therefore, the beginning control 
efforts are decreased in comparison with the conventional super-twisting control approach.   
 
 

 

 

 
a) Tracking Errors and Trajectory Tracking 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
b) Control Inputs 

Fig. 3.  Controller responses in the CST  
 

Concerning path following conditions, we indeed be comprehended an underdamped 
response during trajectory tracking of both circle path and yaw angle for three controllers but 
for the CTS the high damping is led an increasing in control input magnitudes illustrated in 
Fig. 3 (b) particularly during transient period while the same paths are smoothly tracked by 
the MASS with the low control efforts presented in Fig. 4 (b) and Fig. 5 (b). Meanwhile, 
from the point of view of maintenance, the applied mechanical stress on thrusters has been 
drastically dropped by the proposed controllers of ST-TDE and AST-TDE which this feature 
can increase life time of used actuators. In comparison with the proposed ST-TDE approach, 
a better management of control efforts is accomplished by adaptive gains in the proposed 
algorithm of AST-TDE which these adaptive gains are depicted in Fig. 5 (c). Moreover, a 
trade-off between controller efforts and tracking errors is observed and high accuracy and fast 
response are demonstrated as advantages for the proposed controller of AST-TDE. 
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a) Tracking Errors and Trajectory Tracking 
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b) Control Inputs 
Fig. 4.  Controller responses in the ST-TDE 

 
In terms of the robustness feature, the proposed ST-TDE and AST-TDE controllers aptly 
estimate high complex disturbances and compensate influences of them. As our proposed 
controller is consisted of two parts, we have two tasks are executed by AST-TDE algorithm. 
These tasks are estimation and compensation which are fulfilled by the TDE part and AST-
SMC part, respectively. Although the induced perturbations including time-varying 
disturbances and uncertainties have been estimating in Fig. 5 (d) by the TDE part, but this 
estimation will be inaccurate and bring in large estimation errors when the MASS has fast 
time-varying dynamics. Therefore, we have adopted AST-SMC part in order to incessantly 
compensate TDE errors and increase convergence speed. This compensation procedure is 
illustrated in Fig. 5 (e). Furthermore, the nonlinear parts of damping coefficients are regarded 
in the drag force modeling which this consideration can ascend probability of occurring 
unexpected behaviours due to nonlinear dynamic uncertainties. Therefore, all the estimated 
perturbations are compensated by control inputs shown in Fig. 5 (d).  As it is shown in Fig. 5, 
the proposed algorithm is acted as a robust controller and despite of the mentioned 
perturbations, we have an accurate and fast response.     
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a) Tracking Errors and Trajectory Tracking 
 

  

 
b) Control Inputs 
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c) Adaptive Gains of Super-Twisting Part 

 

  

 
d) Estimated Perturbations by the TDE Part 
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e) TDE-Error Compensation by AST-SMC Part  

Fig. 5.  Controller responses in the proposed AST-TDE 
 
In the Fig. 5 (d), the perturbations forces and torque estimated by the TDE part of proposed 
controller are shown. It is clear compensating the perturbations by AST-SMC control inputs 
on this comparative analysis.  
Regarding adaptive gains in the proposed control law Eq. 15, adding the adaptive feature to 
the proposed ST-TDE is brought about a drastically descending of control efforts for the 
proposed AST-TDE. Indeed, although the proposed ST-TDE has a high accuracy toward the 
CST but concerning the AST-TDE, the trajectory tracking can be done with lower control 
efforts with a roughly same accuracy toward the ST-TDE. The acquired results in Fig. 5 (b) 
denote to this fact. 
The adjustable parameters for three controllers are assigned by the values given in Table. 1.   
 

Table. 1.  Adjustable Parameters of Controllers 
    Controller    
Parameter 

CST ST-TDE AST-TDE 

𝑘ଵ diag(1,1,1) diag(1,1,1) - 
𝑘ଶ diag(1,0.5,1) diag(1,0.5,1) - 
𝜆 diag(2,2,2) diag(0.3,0.1,0.3) diag(1,1,1) 
𝑀ഥ  - diag(0.07,0.1,0.06) diag(0.05,0.09,0.02) 
∅ - - diag(0.3,0.3,0.3) 
𝜃 - - diag(0.3,0.3,0.3) 
𝜀 - - diag(0.3,0.3,0.3) 
𝐿 - 0.001 0.001 

 
 
The results of a comparative analysis concerning control efforts are given in Table. 2 and 
their magnitudes are calculated using the following equation: 
 
ଵ

௡
∑ |𝑢௜| + |𝑒௜|

௡
௜ୀଵ                                                                                                                      (32) 

Table. 2.  Magnitude of Control Efforts 
 

    Controller    
Effort 

CST ST-TDE AST-TDE 

Surge Effort 125.8380 21.9514 14.2389 
Sway Effort 100.3250 53.0196 46.7752 
Yaw Effort 17.5614 6.0212 4.9560 
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7. Conclusion 
 
Motivated to solve the problems of control system for the maritime autonomous platforms 
particularly autonomous ship, in this paper an improved super-twisting sliding mode control 
based on time delay estimation method and adaptive gains is proposed. We indeed adopt a 
robust adaptive strategy for tackling with the complex and unexpected conditions in an ocean 
environment which they are induced by the time-varying disturbances including winds, 
waves and ocean currents. Moreover, an autonomous ship motion is incessantly affected by 
changing in its inertia and drag force matrices which cause intensifying the nonlinear 
uncertainties in MASS dynamics. Some simulation studies are done to compare the proposed 
controller with conventional super-twisting algorithm. The new controller assures fast 
convergence, accurate trajectory tracking and optimal control efforts which facilitates an 
effective control. In addition, its robustness is tested in presence of mentioned perturbations. 
The simulation results depicted that this procedure has significant properties in trajectory 
tracking with acceptable precision.  
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