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Abstract 

 

This paper presents a review of research work done on various aspects of control system approaches of 

unmanned surface vehicle (USV) in order to improve the course keeping performance. Various methods 
have been used to produce a course keeping control system for manoeuvring system of USV. However, 

the review reveals that the adaptive backstepping control system is a powerful tool for the design of 

controllers for nonlinear systems or transformable to form a tight feedback parameter. It is very suitable 
for the automated control system of USV in relative motion that involves the disturbances from waves 

and wind. Fuzzy logic control also had been suggested as an alternative approach for complex systems 

with uncertain dynamics and those with nonlinearities. This method does not rely on the mathematical 
models, but the heuristic approach. Further studies may be conducted to combine the control method 

approach mentioned above to develop a real time system with robust control laws to the motions of a 

USV in waves, usually at a specific speed, including station keeping or heading in sinusoidal and irregular 
waves.   
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1.0  INTRODUCTION 

 

Unmanned surface vehicle (USV) fills an increasingly important 

knowledge in the marine engineering study for robotic vehicles. 

Research and development in USV is a specialization in the realm 

of marine robotics which consists of guidance, navigation, and 

control as basic approach for controlling surface vehicles [1]. 

USVs are also called Autonomous Surface Crafts (ASCs) or 

Autonomous Surface Vehicles (or Vessels) (ASVs) [2-6], is a 

type of vessel that runs on the surface of water without an 

operator on the platform and allows new modes of operations [2]. 

  On the design of the USV, there are mostly unique small 

designs with special purpose craft and not standardized for 

modularity [6]. This design has limited endurance, payload, and 

seakeeping ability. In the current design of USV, most small 

vehicles such as boats have been adapted from ships manned 

originally designed to accommodate a human occupant [7]. This 

design provides moderate speed with long endurance and 

improved capabilities of payload and seakeeping to support 

special missions. 

  Thus, USVs can be used for a variety of missions that will be 

safer and cheaper than human, such as marine environment 

monitoring, hydrology survey, target object searching, 

bathymetric mapping, defence, general robotic researches, and 

scientific studies. [6, 7]. Some of the missions above need 

advanced control system to manoeuvre the USV. Therefore, this 

paper is intended to present a literature review of research work 

done by many researchers concerning various aspects of control 

system of USV technology in an effort to improve the course 

keeping performance of its application. 

 

 

2.0  HISTORY AND DEVELOPMENT 

 

The history of the development of USVs has actually started since 

World War II, used for minesweeping purposes and battle damage 

assessments [6]. It is only during the last decade that they have 

been considered for more advanced operations. However, it is 

only in the past few years that USVs have begun to have an 

impact in many mission areas, including military purposes and 

science marine research studies. 

  The USVs available in the market today are mainly used in 

the military, especially for intelligence, surveillance, and 

reconnaissance (ISR) [6, 8]. The unmanned surface vehicles 

developed for military purposes such as the SSC San Diego, based 

on a sport boat with a jet drive Bombardier SeaDoo Challenger 

2000 [9] with robust USV operation in a real world environment, 

primarily focus on autonomous navigation, obstacle avoidance, 

and path planning. The Israeli Stingray USV [10] and Protector 

USV [10] are equipped with electro-optic sensors, radar, Global 

Positioning System (GPS), inertial navigation system, and a 

stabilized machine gun. Another military USV, already operated 

by the British Royal Navy named Shallow Water Influence 

Minesweeping System (SWIMS) [10] is used to support the Mine 
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Counter Measures (MCM) operations. SWIMS is basically a boat 

that can be converted into Boat Combat Support functions that 

need additional equipment. USV has also been developed under 

the Officer of Naval Research (ONR) USA named Owl and 

Spartan Scout. These USVs are primarily used to conduct 

minefield reconnaissance, swallow water monitoring, maritime 

interception, and safeguard ports and surrounding areas [11]. 

  For research purpose, USVs have been developed and 

demonstrated by some academic institutions, companies, and 

government agencies. Most scientific USVs are just experimental 

platforms or prototypes and no applications currently exist in the 

commercial market [8, 12]. 

  The number of USV or ASC prototypes have been developed 

such as the catamarans Autonomous Coastal Exploration System 

(ACES) [12] and AutoCat [13] from Massachusetts Institute of 

Technology (MIT), which are devoted to the collection of 

hydrographic and bathymetric data. Another prototype of ASC 

that has been developed by the MIT is Surface Craft for 

Oceanographic and Undersea Testing (SCOUT), is a single hull 

for oceanographic and undersea testing that supports multiple 

ASCs working in cooperative autonomy [14]. The Charlie 

catamaran, originally designed by CNR-ISSIA, Genova, Italy, is 

used for the sampling of the sea surface micro layer in the 

Antarctica [15]. The University of South California has developed 

an unmanned airboat for surface water biological study [16, 17]  

and has conducted researches on surface obstacle avoidance using 

a single beam sonar [18]. A solar-energy-powered ASC designed 

by the University of Queensland has integrated various sensors to 

do water researches [19]. The DELFIM, developed by the 

Institute for Systems and Robotics, Lisboa Portugal, is a surface 

platform for underwater communication for automatic marine data 

acquisition, and to serve as an acoustic relay between submerged 

craft and a support vessel [20]. The ASIMOV ASC [21] project is 

initiated by the Commission of the European Communities 

regarding to applications of autonomous surface craft which 

emphasized ocean observations and data transmission researches. 

An Italian catamaran USV, developed by CNR-ISSIA, Genoa 

called SESAMO, has been used in the Antarctica in support of 

oceanographic researches [22]. A long range of research vessel 

ASC Caravela, developed by the Instituto Superior Técnico (IST) 

in Lisbon [6], is used for testing craft in vessel mission control 

and radar based obstacle avoidance. The University of Plymouth, 

UK has developed autonomous catamaran Springer for sensing, 

monitoring, and tracking water pollution [23, 24]. In China, a 

water-jet propelled USV also has been developed and it looked 

into the feasibility study on different sailing states of the motion 

control strategy of the USV [25]. The University Technology of 

Malaysia also produced a USV based on modified jet-ski hull 

structure for sea patrol and environmental monitoring [26]. 

Virginia Tech has developed a Ribcraft boat for riverine USV 

with robust and accurate abilities for autonomous operation to 

execute manoeuvres [27]. 

  Another series of USVs have been developed from the 

companies such as USV-2600, by SeaRobotics, have been used in 

transportation and bathymetric surveying [28]. The Z-Boat, which 

is produced by the Ocean Science company, is a small USV 

platform used for hydrographic surveying [28]. The company of 

Liquid Robotics produced a small ocean-patrolling USV for ocean 

observing [28]. 

 

 

 

3.0  TECHNICAL DEVELOPMENT 

 

The technical development of USVs can be classified into two 

main categories, which are vehicle control technology, and task 

oriented design technology [11]. The vehicle control technologies 

consist of automatic collision avoidance systems, automatic 

navigation systems, and intelligent control systems. The task 

oriented is entirely according to the mission requirements to 

conduct operations under adverse sea conditions and in areas that 

are unsafe for manned vehicles. 

  The main thing in the technical development of USV is 

related to the steering control system. The steering control system 

is linked to the course keeping control of USV that can be 

controlled remotely or autonomously. The typical steering control 

system of the boat using a hydraulic system includes the 

component of the helm controller, hydraulic motor pump, cylinder 

actuator, servo motor, rudder, and close loop hydraulic line 

system, as shown in (Figure 1).   

  The control of USV is very important and a lot of studies 

have been conducted lately on course keeping control system to 

improve system performance and speed of action.  Therefore, 

interest in control system of USV has increased and USV control 

systems are now an important area of research [29]. 

 

 
 

Figure 1  Typical steering control system of boat using hydraulic system 

[30] 

 

 

  The challenge brought about by the control system 

configuration of the surface vessel that involves motion on three 

degrees of freedom that only two actuators are available for 

controlling these. The propeller thrust is commonly used for 

controlling the surge speed of the surface vessel. This will require 

rudder action to control both the sway displacement and the 

heading angle. The block diagram in (Figure 2) shows the block 

representations of rudder actuator control from the input surge 

speed and yaw angle. A reasonable approach to empower the 

rudder to simultaneously compensate for the sway displacement 

and heading angle is to couple the ship controller with a guidance 

system [31-35]. This task is complicated by the ship dynamics, 

which are highly nonlinear and involve significant modelling 

imprecision. Therefore, effective surface vessel controllers must 

be robust for modelling imprecision and capable of adapting to 

their unpredictable environmental conditions [31, 36-43]. 
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Figure 2  Block representation of rudder actuator control 

 

 

  The dynamic equations of motion for a ship exposed to 

waves have evolved from two main directions, which is 

manoeuvring theory, and seakeeping theory. In manoeuvring 

theory, it is common to assume that the ship is moving at the 

restricted calm water. Hence, the ship model is derived for a ship 

moving at positive speed U under the zero-frequency assumption 

such that added mass and damping can be represented by using 

hydrodynamic derivatives. Seakeeping analysis is used in 

operability calculations to obtain operability diagrams according 

to the adopted criteria. It also refers to the motions of a vessel in 

waves usually at a specific speed including station keeping and 

heading in a sinusoidal, irregular or random seaway [44]. 

Nonlinear control theory has also been extensively used in 

dynamic equations of motion for a ship exposed to waves of 

marine vessels [32, 36, 39, 45-49]. 

 

 

4.0  PRINCIPLES OF COURSE KEEPING CONTROL 

SYSTEM 

 

Hence, ship manoeuvring is treated as a horizontal plane motion, 

and only the surge, sway and yaw models are considered. The 

main aim of the course-keeping control system is to maintain the 

reference course of the vehicle (𝜓𝑟𝑒𝑓 = const.) [50, 51]. The 

course-keeping control system prevails among control systems 

used in guidance of marine vehicles. The vehicle’s course is 

usually measured by gyrocompass. The block diagram in (Figure 

3) shows the course keeping control system for automatic 

heading. Here, the yaw rate (usually measured by rate gyro) and 

surge speed are most often used. Surge speed is important because 

the hydrodynamic parameters of the vehicle depend on it [51]. 

The system is usually designed in such a way that the ship can 

move forward with constant speed U, while the sway position is 

controlled by correction of rudder angle (δ) using steering system 

[52]. The output from the system will then represent the desired 

course angle (𝜓). The necessity of course-keeping control systems 

has become important because of safety and economic reasons 

[51]. 

 

 
 

Figure 3  Course keeping control system for automatic heading block 

diagram 

Typically, the most important performance criterion for the course 

keeping manoeuvre is minimum course deviation with smallest 

control exerted by the steering machine which controls the rudder 

angle (δ). However, it is desirable to track the new set course as 

quickly as possible with minimum overshoot [50]. 

  Automatic system for course-keeping or autopilot is 

normally based on feedback from a gyrocompass measuring the 

heading. Heading rate measurements can be obtained from rate 

sensor, gyro, and numerical differentiation of the heading 

measurement or a state estimator. This is a common practice in 

most control laws utilizing proportional, derivative, and integral 

action [50]. 

  The first autopilots implemented on ships were PID-based 

autopilots [53]. Later, new types were introduced, including gain 

scheduling adaptive autopilots, where autopilot parameters change 

with the speed of the vehicle. The first model reference and self-

tuning adaptive autopilots appeared in the mid-1970s and 1980s, 

respectively [54]. During the 1990s, researches were focused on 

fuzzy and neuro course-keeping control systems [55]. 

  However, the advanced technique approach using 

compensators, such as state feedback linearization techniques [32, 

46], output feedback controllers, and back-stepping schemes [36, 

39, 47, 48] are model based schemes to enhance the robust system 

to modelling uncertainties. However, PID-type autopilots are still 

very popular and represent a majority of autopilots in use. 

 

 

5.0  COURSE KEEPING CONTROL APPROACHES  

 

Here, various methods have been used to produce a course 

keeping control system for USV. Thus, this paper discusses the 

methods of control such as control system design using a variety 

of methods appropriate to the mission or the use of USV. 

  Researchers have employed various control approaches to 

tackle this problem. A sampling of the research was done for 

different control approaches, as shown in (Figure 4) One of the 

technologies that have been applied in the various aspects of 

course keeping control is to compensate for the error in position 

and reduce it as much as possible. Brief review of the idea to 

develop a procedure to compensate for the error in position and 

how they are employed in course keeping control are given below. 

 



14                                    M. N. Azzeri, F. A. Adnan & M. Z. Md. Zain / Jurnal Teknologi (Sciences & Engineering) 74:5 (2015), 11–20 

 

 

 
 

Figure 4  Sampling of course keeping control approaches 

 

 

5.1  Classical Control Methods Based on PID Control 

 

A proportional-integral-derivative controller (PID controller) is a 

generic control loop feedback mechanism (controller) that is 

widely used in industrial control systems. A PID controller 

calculates an error value as the difference between a measured 

process variable and a desired set point. The controller attempts to 

minimize the error by adjusting the process control inputs [50]. 

The first autopilots implemented on ships were PID-based 

autopilots [53].  

  Kumar et al., [56] reported that a classical PID controller is 

the most popular controller due to its simplicity of operation and 

low cost. The classic PID controllers are effective for linear 

systems, but not suitable for nonlinear and complex systems. As 

for nonlinear and complex system, fuzzy logic is used to enhance 

the system due to its ability to translate the control action into the 

rule base [56]. 

  Caccia et al., [10] demonstrated, in particular, experiments of 

a USV through extension at sea trials carried out with the 

prototype autonomous catamaran Charlie. The experiments 

demonstrate the effectiveness both for the precision and power 

consumption of simple PID guidance with Kalman filter and 

control laws to perform basic control tasks such as auto-heading, 

auto-speed, and straight line, following a USV equipped only with 

GPS and compass.  

  Curcia et al., [14] developed a simple PID guidance 

implemented on the SCOUT kayak platform. The navigation 

system was further extended by incorporating the distributed 

autonomy architecture for sensor adaptive control of USVs in an 

autonomous oceanographic sampling scenario. 

  Park et al., [57] studied dynamic positioning and a waypoint 

tracking control experiment to confirm the control performance of 

designing a PID controller in the sea-trial. The catamaran USV 

has been developed in carrying out experiments to validate the 

automatic control performance to keep the USV’s position at a 

fixed point and to track predefined positions. The optimal control 

performance for the speed and heading control was difficult to 

obtain using a PID controller, with two fixed thrusters, and is 

coupled with the dynamics of the surge and yaw motion. In order 

to solve this problem, the optimal Linear-Quadratic (LQ) 

controller based on the estimated model was proposed. The 

simulation results show that the control objective was achieved 

successfully.  

  Jutong et al., [58] proposed of a Trimaran Unmanned 

Surface Vehicle (TUSV) control system and a control scheme for 

such a vehicle. The PID controller was designed to control engine 

speed, yaw and position. The full system was tested successfully 

in the manual operation and obtained useful data, which was 

analysed and used in identifying the TUSV model and design 

advanced control technologies. 

 

5.2  Optimal Control Methods 

 

Optimal control deals with the problem of finding a control law 

for a given system, as such that a certain optimality criterion is 

achieved. An optimal control is a set of differential equations 

describing the paths of the control variables that minimize the cost 

function [59]. There are two types of optimal control method that 

have been used in the USV control system, which are Linear-

Quadratic-Gaussian control (LQG), and Model Predictive Control 

(MPC). 

 

5.2.1  Linear-Quadratic-Gaussian Control (LQG) 

 

Sharma et al., [60] reported that in autonomous catamaran 

Springer control design, an LQG controller was selected which 

consists of a linear combination of a Linear Quadratic state 

feedback Regulator (LQR) and a Kalman filter. It concerns 

uncertain linear systems disturbed by additive white Gaussian 

noise, having incomplete state information, and undergoing 

control subject to quadratic costs.  

  Naeem et al., [24] investigated the LQG controller in 

autonomous catamaran Springer that required a state space model 

of the system in the form of specified equation. The LQR and 

Kalman filter were developed independently and then combined 

to form an LQG controller. In control theory, the LQG control 

method is one of the most fundamental optimal control problems 

for linear systems. Athans [61] studied that the LQG controller is 

also fundamental to the optimal control of perturbed non-linear 

systems. 

 

5.2.2  Model Predictive Control (MPC) 

 

Siramdasu and Fahimi [62] introduced the MPC, which calculates 

the future control inputs based on the present state variables by 

optimizing a cost function. The fact that the cost function 

incorporates input constraints, as well as state errors, in 

determining the control inputs were exploited. This method can be 

applied to all systems with input saturation and suitable for the 

trajectory tracking guidance system.  

  Sharma et al., [63] used the MPC to generate a prediction of 

future behaviour of the USV control system. At each time step, 

past measurements and inputs were used to estimate the current 

state of the system. An optimization problem was solved to 

determine an optimal open-loop policy of the present state. 

  Annamalai et al., [64] studied to improve performance of 

traditional autopilots deterioration due to consistent and persistent 

changes in the marine environment. One solution to this problem 

is to apply MPC techniques in the design of an autopilot to USV. 
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This study also investigated the performance parameters that 

compared the MPC and LQG in the simulation analysis. The 

MPC’s predictive nature results in the USV had a much smoother 

trajectory than that was obtained using the traditional LQG 

optimal control methods. It shows that MPC can cope with fast 

changing dynamics of the plant and can perform well when 

integrated with the other subsystem in USV. 

 

5.3  Adaptive Control Methods 

 

Adaptive control is the control method used by a controller which 

must adapt to a controlled system with parameters which vary or 

are initially uncertain. Adaptive control is concerned with control 

law changing themselves as it does not need priori information 

about the bounds on these uncertain or time-varying parameters 

[65]. There are two types of optimal control methods that have 

been used in the USV control system, which are Adaptive 

Backstepping, and Gain Scheduling. 

 

5.3.1  Adaptive Control Based On Backstepping Control Design 

  

Adaptive backstepping is a tool for the design of controllers for 

nonlinear systems or transformable to form a tight feedback 

parameter. Many studies have been conducted to achieve high 

performance for ship course keeping control system.  

  Junfang et al., [66] introduced a robust adaptive control 

algorithm for ship course autopilot with parameter uncertainty and 

input saturation that applied on USV. The controller was 

constructed by considering parameter uncertainty and actuator 

saturation constraints using Lyapunov stability theory and 

adaptive backstepping technique. Simulation results indicate the 

effectiveness and the performance of the stability system to the 

effect of input saturation constraints.    

  Junsheng and Xianku [67] proposed backstepping adaptive 

course-keeping controller design for USV autopilot. Therefore, 

the proposed controller has no need of a priori knowledge about 

ship's system dynamics. Simulation study verifies the efficiency 

of the ship course-keeping design and command filter that could 

bypass the iterative differential manipulations in conventional 

ship course adaptive backstepping controller. 

  Liao et al., [68] proposed a method of backstepping adaptive 

dynamical sliding mode control for the path following control 

system of the underactuated surface vessel. The system consists of 

the nonlinear ship response model and the Serret-Frenet error 

dynamics equations. The control system takes into account of the 

modelling errors and external disturbances. Using the Lyapunov 

function, it was proven that the proposed controller could render 

the path following control system globally asymptotically stable. 

Simulation results verify that the controller is robust and adaptive 

to the systemic variations or disturbances.     

  Fossen et al., [35] studied a  three degree of freedom; surge, 

sway, and yaw, on nonlinear controller for path following of 

marine craft using only two controls, using the nonlinear control 

theory. Path following is achieved by a geometric assignment 

based on a line-of-sight projection algorithm for minimization of 

the cross-track error in the path. The control laws in surge and 

yaw are derived using backstepping technique. This results in a 

dynamic feedback controller where the dynamics of the 

uncontrolled sway mode enters the yaw control law. A study 

involving an experiment with a model ship is included to 

demonstrate the performance of the controller and guidance 

systems. 

Sonnenburg and Woolsey [27] studied the implementation of two 

trajectory tracking control algorithms which is a cascade of 

proportional-derivative controllers and a nonlinear controller 

obtained through backstepping. This study focused on providing 

riverine USV with the ability to robustly and accurately execute 

manoeuvres. Experimental results indicate that the backstepping 

controller is much more effective at tracking trajectories with high 

variable speed and course angle. 

  In control theory, backstepping is a technique for designing 

stabilizing controls for nonlinear dynamical systems [69, 70] 

using the Lyapunov function method to stabilize the subsystem 

controllers that progressively stabilize each outer subsystem [71]. 

 

5.3.2  Adaptive Control Based on Gain Scheduling 

 

Gain scheduling is a method used to find auxiliary variables that 

correlate well with the changes in the process dynamics 

implemented in computer-controlled systems. By changing the 

parameter variations, which are the functions of auxiliary, 

variables feedback gains are adjusted [72].  

  Murali et al., [72] reported that the main problem in 

designing the gain scheduling controller is to find suitable 

scheduling variables. This is normally done based on the physics 

of the system. When scheduling variables have been deformed, 

the controller parameters are calculated at a number of operating 

conditions using some suitable design approach. The controller is 

tuned for each operating condition. The stability and performance 

of the system are evaluated at different operating conditions.  

  The experiments of two types of controllers above, Adaptive 

Backsteepping, and Gain Scheduling, were performed on boat 

model, conducted by Murali et al., [72]. The effectiveness of the 

two types of controller is validated for reaching the desired 

heading angle that satisfies the steering dynamics and the first 

order of the Nomoto’s model. The result indicated that the desired 

angle reaches faster in case of adaptive controller. The adaptive 

controller has some notable advantages over the gain scheduling 

controller. 

 

5.4  Intelligent Control 

 

Intelligent control is a control technique that uses various 

Artificial Intelligence (AI) computing approaches like genetic 

algorithms, neural networks, and fuzzy logic [73]. 

 

5.4.1  Intelligent Control Based on Genetic Algorithms 

 

Malecki and Zak [74] introduced the genetic algorithms for 

designing a fuzzy trajectory control for ships at low speed. For 

track-keeping precise control, the waypoint line of sight scheme is 

incorporated and three independent fuzzy controllers are used to 

generate command signals. In general, the genetic algorithm 

techniques manipulate sets of individuals by using genetic 

operators in order to propose better ones. The individuals in a 

population are represented by chromosomes [75]. An advantage 

of this control system is its flexibility with regard to the change of 

dynamic properties of the special ship. From the simulation 

results presented, the proposed approach provides the autopilot 

being robust and having good performance both without and in 

the presence of the sea current disturbances [74].  
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5.4.2  Intelligent Control Based on Neural Networks 

 

Zhouhua et al., [76] proposed the adaptive dynamic surface 

control for the formation of autonomous surface vehicles by 

employing neural network and dynamic surface control technique. 

The advantages of the proposed formation controller are that: 

first, the proposed method only uses the measurements of line of 

sight range and angle by local sensors, no other information about 

the leader is required for control implementation; second, the 

developed neural formation controller is able to capture the 

vehicle dynamics without exact information of coriolis and 

centripetal force, hydrodynamic damping, and disturbances from 

the environment. Comparative analysis with a model-based 

approach is given to demonstrate the effectiveness of the proposed 

method. Simulation results demonstrate the effectiveness of the 

formation controller and the learning ability of neural networks. 

  Furthermore, Peng et al., [77] extended the study from 

Zhouhua et al., to form a control of autonomous surface vehicles 

with uncertain leader dynamics and uncertain local dynamics,  

where backstepping based neural networks control technique is 

employed to stabilize formations. However, the controller is 

complicated for the sake of the needs to calculate numerical 

derivatives of virtual control signals. Hence, there is a need to 

develop an adaptive formation controller using the neural 

networks based dynamic approach to derive the relative dynamics 

between the leader and follower from the kinematics. 

 

5.4.3  Intelligent Control Based on Fuzzy Logic 

 

Fuzzy logic control has been suggested as an alternative approach 

for complex systems with uncertain dynamics and those with 

nonlinearities. This method occupies the boundary line between 

artificial intelligence and control engineering, and it can be 

considered as an obvious solution which is confirmed by 

engineering practice [56]. An unconventional control design such 

as fuzzy control design methods do not rely on the mathematical 

models [50].  

  Moreover, Nassim and Nabil [49] introduced a self-tuning 

fuzzy sliding mode controller for marine surface vessel. It is 

designed to control the surge speed and the heading angle of an 

under-actuated marine surface vessel. The actuation signals were 

restricted to the propeller thrust, and the rudder control torque. 

The controller was designed based on a reduced order model, 

which only considers the surge and yaw motions of the vessel. 

The simulation results illustrate good tracking characteristics of 

the current guidance and control system in spite of considerable 

modelling imprecision and environmental disturbances. The 

results also demonstrate that the proposed guidance scheme 

enables the marine vessel to converge to its desired trajectory 

faster. 

  Junsheng and Xianku [78] proposed ship course-keeping 

adaptive tracking fuzzy control scheme of the nonlinear system in 

strict-feedback form. The control objective is to force the ship’s 

course to track the output of the specified reference model. The 

fuzzy system is employed to approximate the unknown dynamics. 

The proposed algorithm can guarantee the boundedness of all the 

signals in the closed-loop system. 

 

5.5  Robust Control 

 

Robust methods aim to achieve robust performance and stability 

in the presence of small modelling errors. Controllers designed 

using robust control methods tend to be able to cope with small 

differences between the true system and the nominal model used 

for design. The characteristic of the robust system is the norm 

with the Input constraints, bounded control action, and closed 

loop system properties [79].  

  On the other hand, Jerzy [80] introduced the design of 

robust, nonlinear control system of the ship course angle, in a 

model following control (MFC) structure based on an input-

output linearization. This controller reacts to the difference 

between the output signal of real ship and its model. The 

nonlinear plant, linearized by the input-output method, has good 

properties (short time control, and acceptable control signals). 

Therefore, the system proposes the use of MFC structure, which is 

able to compensate for differences of nonlinear characteristics of 

the process and model and can replace the complex and expensive 

adaptive control system. 

  Shr and Jeng [81] investigated the robust nonlinear ship 

course keeping control under the influence of high wind and large 

wave disturbances. To design the robust nonlinear ship course 

keeping controller employs two feedback loops, which are the H 

approximate input/output linearization in the inner-loop, and μ 

synthesis in the outer-loop, to address tracking, regulation, and 

robustness issues. Simulation results indicate that the performance 

of the proposed robust nonlinear controller design is better than 

the linear robust controller in handling high wind and large wave 

disturbances. 

 

5.6  Sliding Mode Control 

 

In control theory, sliding mode control is a nonlinear control 

method that alters the dynamics of a nonlinear system through the 

application of a discontinuous control signal that forces the 

system to slide along a cross-section of the system's normal 

behaviour. Hence, sliding mode control is a variable structure 

control method. The multiple control structures are designed so 

that trajectories always move toward an adjacent region with a 

different control structure, and so the ultimate trajectory will not 

exist entirely within one control structure. Instead, it will slide 

along the boundaries of the control structures [82]. 

  Wei et al., [83] proposed a new nonlinear sliding mode based 

on formation control scheme for underactuated surface vessels. 

Since the sway axis is not directly actuated, the vessels were 

underactuated. The formation model is obtained based on the 

leader-following approach. The controller was designed using the 

Lyapunov’s direct method and sliding mode control technique. 

The first-order surface in terms of the surge motion tracking 

errors and the second-order surface in terms of sway motion 

tracking errors were introduced. The effectiveness of the designed 

sliding mode formation controller was validated by numerical 

simulations.  

  Ashrafiuon et al., [84] studied a sliding-mode control law on 

experimentally implemented trajectory tracking of underactuated 

autonomous surface vessels. The control law is developed by 

introducing a first-order sliding surface in terms of surge tracking 

errors and a second-order surface in terms of lateral motion 

tracking errors. The experimental vessel is a small boat with two 

propellers in an indoor pool. The control law was developed using 

a first-order surface in terms of the surge tracking errors, and a 

second-order surface in terms of the sway tracking errors. The 

vessel’s absolute position and orientation were measured using a 

camera. The motor input voltages were estimated from the 

controller propeller forces and transmitted to the motors using 
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wireless transmitters and receivers. Several straight-line and 

circular experiments were successfully performed. 

  Piotr [85] investigated a course controlling a USV following 

three control methods, which are PID, slide, and fuzzy control. 

PID, slide, and fuzzy controllers were tested for three different 

changes of course from 0° to 30°, 90° and 180°. Moreover, to 

counteract sea current, two methods were presented and compared 

by means of numerical research. The comparison results from the 

numerical research show that the slide controller achieved more 

control quality indexes than the others. 

 

5.7  Summary and Future Work 

 

Hence, conclusions can be derived from the list of citations in 

Table 1 on some of the researches done on course keeping control 

system for USV. Most of the control approaches were not a real 

time experimental implementation of nonlinear dynamic 

algorithms. Therefore, no direct attention has been given on the 

methods with which parameters of the nonlinear dynamic model 

can be identified in the control law with uncertain parameters and 

environmental disturbances. 

  In addition, the marine operations are characterized by time-

varying disturbances and widely changing sea conditions. Thus, 

the controller design for such nonlinear system is still a 

challenging problem. Some attempts have been made to solve the 

problem based on the adaptive control. However, the review also 

reveals that adaptive backstepping is a powerful tool for the 

design of controllers for nonlinear systems or transformable to 

form tight feedback parameters. This type of control method 

requires much knowledge in mathematical algorithms, involving 

the Lyapunov function method, and backstepping technique. 

These methods are suitable for the automated control system of 

USV in relative motion that involves a disturbance from waves 

and wind. Fuzzy logic control also has been suggested as an 

alternative approach for complex systems with uncertain 

dynamics and those with nonlinearities. The nonlinear and 

complex system used fuzzy logic to enhance the system due to its 

ability to translate the control action into the rule base. This type 

of method does not rely on mathematical models but the heuristic 

approach. 

Therefore, future research should consider the dynamic 

positioning problem to achieve station keeping mode for a USV to 

have only two independent control inputs; surge force, and yaw 

moment. From the previous researches in Table 1, typically, the 

USV is equipped with two aft thrusters located at a distance from 

the centre line to give both surge force and yaw moment, but has 

no side thruster to give sway force control. To control both 

positions, together with the orientation of three degrees of 

freedom and having only two independent control inputs 

available, the system will experience an underactuated control 

problem. The underactuated USV control problem is inherently 

nonlinear [86]. Therefore, a nonlinear ship model must be 

considered. Moreover, the underactuated ship belongs to a class of 

systems that cannot be asymptotically stabilized by a feedback 

control law [86]. This implies that the dynamic positioning 

problem cannot be solved using a linear proportional integral 

derivative (PID)-controller or any other linear time-invariant 

feedback control law, and the problem is not solvable using 

classic nonlinear control theory like feedback linearization [86]. 

  Thus, station keeping is achieved by applying the necessary 

thrust in opposition to any measured external disturbance. For 

systems that operate in the ocean, care has to be taken to ensure 

that the ship is filtered out with high frequency wave disturbances 

which use the acceleration feedback in dynamic positioning. Such 

underactuated dynamic positioning describes a feedback control 

law that keeps a USV in station in an asymptotic manner using 

accurate visual position feedback. 

  For control strategies of the USV, one of the ways to stay at 

the desired location is to arrive at the location in a direction that is 

parallel to the disturbance and surging forward or reversing. This 

control strategy needs the USV to align with the direction of 

current and wave when it is close to the desired target. The 

designed controller will try to turn back towards the location if it 

drifts away from the target location. The controller will control 

the two thrusters with the ability to turn in circles. The movement 

of the turn-centre is much smaller than the length of the boat, and 

hence for simplicity, it will assume that it turns about the centre of 

the desired target. 
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Table 1  Researches on course keeping control system approaches for USV 

 

 
 

 

6.0  CONCLUSION 

 

In this study, the literature related to course keeping control 

system for USV has been reviewed. Simple classifications of 

different course keeping control approaches have been defined. 

The controllers were based on a two dimensional planar model of 

the system that included surge, sway, and yaw dynamics. The 

review reveals the significant progress made during the last two 

decades in the development of USV and the course keeping 

control system. However, the review also reveals that adaptive 

backstepping is a powerful tool for the design of controllers for 

nonlinear systems or transformable to form tight feedback 

parameters. This method is suitable for the automated control 

system to USV in relative motion that involves a disturbance from 

waves and wind. Fuzzy logic control also has been suggested as 

an alternative approach for complex systems with uncertain 

dynamics and those with nonlinearities. This type of method does 

not rely on mathematical models but the heuristic approach.  

  Furthermore, the review also reveals a weakness in regard to 

real time experimental implementation of these control 

approaches for USV. The development of real time control laws 

that can be implemented to USV with uncertain parameters and 

environmental disturbances particularly refers to the motions of a 

vessel in waves usually at a specific speed, including station 

keeping, heading in a sinusoidal, irregular or random seaway. 

  Thus, future work should focus on particular problem related 

to this study. Further studies may be conducted to combine the 

control method approach to be applied in optimal control theory 

to find the dynamic positioning problem to achieve station 

keeping mode. This course keeping control system can play the 

role as an autopilot controller for the future of USV as a maritime 

monitoring boat or environmental monitoring boat, and other 

capabilities, such as disaster monitoring boat that carries out the 

desired command without any involvement of manpower for 

control. 
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