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Abstract 

The motion control of surface unmanned surface vehicles is of great significance to 
improve the reconnaissance and observation effect of unmanned surface vehicle-borne 
equipment and the ability of multi-task exploration. When the unmanned surface vehicle 
moves, it has strong nonlinearity and randomness due to the influence of the disturbance 
environment such as wind, waves and currents, which will make the course and track 
control of the unmanned surface vehicle difficult to a certain extent. Therefore, when 
designing an unmanned surface vehicle, it is necessary to establish a three-degree-of-
freedom manipulation model for the surface unmanned surface vehicle, analyze the 
motion control of the unmanned surface vehicle, and finally use Matlab/Simulink to 
design a more optimized path planning control system to achieve unmanned The speed 
and heading control of the boat during the movement are verified by the track tracking 
simulation experiment to verify the feasibility of the system. Compared with the 
traditional path planning model, it improves the path tracking effect of the unmanned 
surface vehicle and provides a reference for the motion control of the unmanned surface 
vehicle. 

Keywords 

Simulink; Fuzzy PID; Track Tracking; Motion Control. 

 

1. Introduction 

With the continuous development of modern society, the degree of unmannedness and automation in 

social life has been progressing. Motion control, as a key technology to achieve automation research, 

has been the focus of researchers and has continued to drive progress in many industries such as 

autonomous driving, unmanned robots, game development, and path planning [1]. 

In the process of the rapid development of the shipbuilding industry, the development of marine 

resources and shipping operations are increasing day by day, bringing economic benefits, but also 

causing frequent marine accidents, resulting in economic losses and casualties, especially in some 

severe weather and sea conditions. Surveying operations are prone to accidents. At present, my 

country's maritime rescue and supervision system is relatively imperfect [2], coupled with outdated 

equipment, making it difficult to rescue ships at sea. Therefore, in some special operation scenarios, 

it has become the consensus of the industry to design and use unmanned ships to reduce unnecessary 

casualties. While conducting research on unmanned ships, it is inevitable to analyze the motion 

control of the ship [3], study the interference force during the operation of the unmanned ship, and 

establish a mathematical model of the kinematics and dynamics of the unmanned ship. On the basis 

of the mathematical model, a simulation model based on Matlab/Simulink is established, and the 

system is verified and tested through a series of simulation experiments. When the unmanned surface 
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vehicle sails autonomously, under different sea conditions, use Simulink to draw the change curve of 

its speed and course deviation rate. By summarizing and analyzing, the motion law of the unmanned 

surface vehicle during path tracking under complex sea conditions is deduced, and the rationality of 

the motion model of the unmanned surface vehicle is analyzed. 

2. The Overall System Architecture of Unmanned Surface Vehicle Motion 

Control System 

In the field of new intelligent technology, target detection and identification technology, 

communication technology, autonomous cruise technology and autonomous motion control 

technology of surface unmanned surface vehicles are the core technologies of unmanned surface 

vehicles [4]. Among them, the autonomous motion control technology, as a key technology in the 

unmanned surface vehicle research field, mainly includes navigation and positioning technology, path 

planning technology and track tracking technology. As shown in Fig 1, the unmanned surface vehicle 

motion control system can be divided into navigation and positioning subsystem, path planning 

subsystem and trajectory control subsystem. 

(1)The navigation and positioning subsystem, mainly used to solve the positioning problem of the 

unmanned surface vehicle, updates the latitude and longitude information of the location of the 

unmanned surface vehicle in real time and transmits it to the unmanned surface vehicle path planning 

subsystem, which is the premise of the unmanned surface vehicle for path planning. Here, the 

combination of GPS module and inertial navigation module is used to realize the navigation and 

positioning function of the unmanned surface vehicle [5]. 

(2)The path planning subsystem, which is mainly used to solve the path planning problem of the 

unmanned surface vehicle, plans an optimal path that can effectively avoid static and dynamic 

obstacles. It consists of a global path planning module and a local path planning module to realize the 

unmanned surface vehicle path planning function. 

(3)Track tracking subsystem, mainly used to ensure that the unmanned surface vehicle can navigate 

according to the path planned, consisting of speed control module and heading control module. The 

speed and heading control module is used to adjust the speed and heading of the unmanned surface 

vehicle in real time to ensure that the unmanned surface vehicle can follow the planned route in real 

time and not deviate from the route. 
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Fig. 1 Motion control system structure diagram 

 

Among them, the track tracking system, as the top priority of the motion control system, plays a direct 

role in the control development of the unmanned surface vehicle and can directly affect the navigation 

of the unmanned surface vehicle. In this paper, we mainly design the heading and speed control of 

the unmanned surface vehicle and simulate and verify the feasibility of the designed system on the 

basis of Matlab/Simulink tools. 
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3. Establishment of Unmanned Surface Vehicle Kinematic Modeling 

The basis of the research of the ship motion control problem is the motion model of the unmanned 

surface vehicle, so it is necessary to build the Matlab/Simulink simulation model of the unmanned 

surface vehicle for the physical model parameters, environmental model parameters and other factors 

of the unmanned surface vehicle. At the same time, considering that the motion process of the 

unmanned surface vehicle is actually very complex, and the influence of disturbing factors such as 

wind and waves cannot be ignored, a simple modeling of the unmanned surface vehicle cannot meet 

the performance requirements, and a too complex modeling of the unmanned surface vehicle 

definitely has the influence brought by uncertain parameters, so it is imperative to build a USV model 

of the unmanned surface vehicle with moderate complexity under the premise of meeting the high 

performance of the unmanned surface vehicle system. 

3.1 Establishment of Coordinate System 

As shown in Fig 2, the sailing state of the USV is represented by two coordinate systems [6]. One is 

the geographic coordinate system xe, ye, ze that represents the absolute position (speed) information 

of the unmanned surface vehicle, and the other is the carrier coordinate system xs, ys, zs that studies 

the state change of the unmanned surface vehicle itself. 

 

 

Fig. 2 Schematic diagram of the coordinate system 

 

Among them, x, y, z represent the position of the unmanned surface vehicle in the geographic 

coordinate system; ψ represent the yaw angle of the unmanned surface vehicle, which is the angle 

between the OX axis of the hull coordinate system on the horizontal plane and the inertial coordinate 

O0X0 axis; u, v Represents the longitudinal and lateral linear velocity of the unmanned surface 

vehicle in the hull coordinate system; r represents the rotational angular velocity of the unmanned 

surface vehicle in the hull coordinate system; X, Y represent the longitudinal and lateral forces 

received by the unmanned surface vehicle in the hull coordinate system; N represents the rotational 

moment received by the unmanned surface vehicle in the hull coordinate system [7]. 

3.2 Kinematics Model of Unmanned Surface Vehicle 

Since Newton's law of dynamics does not hold in the hull coordinate system, when analyzing the 

motion of the surface unmanned surface vehicle, it is necessary to first establish the kinematic 

equations in the inertial coordinate system, and then use the coordinate system transition matrix to 

convert the parameters into the hull The components of the coordinate system are expressed, and 

finally the kinematic equation of the unmanned vehicle in the hull coordinate system is obtained [8]. 

In order to facilitate the establishment and analysis of the motion model below, this paper defines the 

position (angle) vector corresponding to the three degrees of freedom of the unmanned vehicle as, 



International Core Journal of Engineering Volume 8 Issue 8, 2022 

ISSN: 2414-1895 DOI: 10.6919/ICJE.202208_8(8).0002 

 

12 

η=[x,y,ψ]T, the velocity vector corresponding to the three degrees of freedom is defined 

v=[u,v,r]T,and the kinematic model of the surface unmanned vehicle can be described as: 

 

 ( )R v =                                       (1) 

 

where R(ψ)is the transition matrix from the hull coordinate system to the geographic coordinate 

system [9], and if RT(ψ)= R-1(ψ) is satisfied, there is ψ=r under the condition that only three degrees 

of freedom are considered. The definition of R(ψ) is as follows: 
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3.3 Dynamic Model of Unmanned Surface Vehicle 

The dynamic model of the unmanned surface vehicle describes the change of the hull attitude when 

the unmanned surface vehicle is subjected to force and corresponding moment [10]. Without affecting 

the modeling accuracy of the UAV, this paper makes the following assumptions to simplify the 

analysis: 

(1)The origin of the hull coordinate system coincides with the center of gravity of the unmanned 

surface vehicle; 

(2)The surface UAV is a rigid body with a left-right symmetrical structure, and its internal mass 

distribution is uniform; 

(3)The hydrodynamic terms above the first order are ignored, and the higher-order uncertain terms 

are ignored; 

(4)The task sea area is a sea level, and the gravitational acceleration, air density and seawater density 

are constant. 

Based on the above assumptions, this paper adopts the six-degree-of-freedom unmanned vehicle 

dynamic model [11] to construct: 

 

 ( ) ( ) wMv C v v D v v = − − +                                 (3) 

 

Among them, 𝜏=𝜏u𝜏u𝜏rT is the control input, and 𝜏w=𝜏wu𝜏wu𝜏wrT is the unknown disturbance 

of the environment. MϵR3×3 is the inertia matrix satisfying M=MT, C(v)ϵR3×3 is the Leo centripetal 

force matrix satisfying, C(v)=−C(v), and D(v) is the damping matrix. Its definition formula [12] is: 

 

 

11

22 23

32 33

0 0

0

0

m

M m m

m m

 
 

=
 
  

                                     (4) 

 

 

13

23

13 23

0 0 ( )

( ) 0 0 ( )

( ) ( ) 0

c v

C v c v

c v c v

 
 

=
 
 − − 

                                 (5) 

 



International Core Journal of Engineering Volume 8 Issue 8, 2022 

ISSN: 2414-1895 DOI: 10.6919/ICJE.202208_8(8).0002 

 

13 

 

11

22 23

32 33

( ) 0 0

( ) 0 ( ) ( )

0 ( ) ( )

d v

D v d v d v

d v d v

 
 

=
 
  

                                (6) 

 

Where, m11=−Xu‘, m22=m−Yv‘, m23=mxg−Yr‘, m32=mxg−Nv‘, m33=Iz−Nr‘; 

c13(v)=−m22v−m23r, c23(v)=m11u; d11(v)=−Xu−X|u|u|u|−Xuuuu2, d23(v)=−Yr−Y|v|r−Y|r|r|r|, 

d32(v)=−Nr−N|v|v|v|−N|r|r|r|, d22(v)=−Yv−X|v|v|v|, d33(v)=−Nr−N|v|r|v|−N|r|r|r|. Among them, m 

represents the mass of the surface unmanned ship, IZ represents the moment of inertia. M, C(v), D(v), 

can be expressed in the geographic coordinate system through the following transformations: 

 

 * 1( ) ( )TM R MR − −=                                (7) 

 

 
1 1*( ) ( ) ( ) ( ) ( ) ( )TC v R C v MR R R   − − − = −                     (8) 

 

 * 1( ) ( ) ( ) ( )TD v R D v R − −=                              (9) 

 

Therefore, the mathematical model of the surface unmanned ship in the geographic coordinate system 

[13] can finally be written as: 

 

 ( )R v =                                     (10) 

 

 
* 1 * * * 1 * 1( ) ( ) ( ) ( ) ( ) ( ) ( )T T

wM C v D v M R M R     − − − − − = − + + +            (11) 

3.4 Construction of Kinematics Model based on Simulink 

In order to verify the accuracy of the above-mentioned mathematical model of the unmanned surface 

vehicle, this paper builds a Matlab/Simulink simulation model based on the calculation of the motion 

mathematical model of the unmanned surface vehicle. This model reflects the relationship between 

the input and output variables of the unmanned surface vehicle. As shown in Fig 3. 

 

 

Fig. 3 Kinematic model 

 

The input module includes δ command rudder angle and n command speed; the base module is mainly 

the mathematical model of ship motion; the output module p is the ship position, including x 

longitudinal displacement and y lateral displacement; the output module Fi is the heading angle; the 
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output module v is the ship line Velocity, including um longitudinal linear velocity and vm transverse 

linear velocity; r is the angular velocity of the ship. 

4. Design of Speed/Direction Controller for Unmanned Surface Vehicle 

From the analysis of the dynamic model of the unmanned surface vehicle in Chapter 2, it can be seen 

that the forward force and torsional moment of the unmanned surface vehicle are provided by the 

propeller and the steering rudder respectively, so it is advisable to analyze the forward force and 

torsion moment of the unmanned surface vehicle separately, and then conduct the unmanned surface 

vehicle. The force/moment distribution of the boat. Therefore, the navigation problem of unmanned 

ships is divided into two aspects: speed controller and heading controller. For the design of the speed 

controller, the traditional PID controller can be used, and the control is reliable and stable, and it is 

widely used in practice [14]. The torque controller controls the steering of the hull, which is greatly 

affected by interference and has higher requirements. The fuzzy PID controller is used. The two 

controllers cooperate to control the speed and heading of the unmanned surface vehicle. The 

simulation parameters in this paper refer to the independent research and development of the 

laboratory. The basic parameters of the “Dolphin” unmanned surface vehicle are shown in Table 1. 

 

Table 1. Basic parameters of the “Dolphin” unmanned surface vehicle 

Basic parameters captain breadth deep waterline drainage volume 

Numerical value 1.55 m 0.58 m 0.25 m 0.12 m 0.046 m3 

4.1 Design of Speed Controller 

As the most classic algorithm in the control field, the PID algorithm has a development history of 

more than half a century. It is classic but not backward. Today, with the rapid development of 

emerging algorithms and technology, it still occupies most of the control field. The PID algorithm 

adjusts the three parameters KP, KI and KD, to eliminate the control error, and finally can complete 

the control of the target quantity [15]. 

As shown in Fig 4, in the design of the ship speed controller, the expected speed u of the unmanned 

surface vehicle needs to be given, so as to calculate the speed deviation e(t)=ud(t)−u(t) of the 

unmanned surface vehicle. After the control links of KP, KI and KD, the unmanned surface vehicle 

is obtained The forward force that should be provided by the boat, and then the real-time state (real-

time speed u, etc.) of the unmanned surface vehicle is obtained by solving the power equation and 

motion equation of the unmanned surface vehicle, and then the state of the unmanned surface vehicle 

is fed back, and the speed of the unmanned surface vehicle is calculated closed-loop control [16]. 
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Fig. 4 PID controller block diagram 

 

The output equation of the UAV speed controller is: 
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The transfer function of the speed controller is: 
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4.2 Design of Heading Controller 

Fuzzy is an important feature for humans to obtain information and reason. In the design process of 

the course controller of the unmanned surface vehicle, sometimes the connotation of “fuzzy” is more 

comprehensive. The variables required by the system are quantitatively analyzed through fuzzy 

"language". Fuzzy reasoning, and the use of (human) experience in the current control field, to carry 

out control deployment more suitable for the current situation, to experience each stage and field of 

control, and to achieve better control effects. 

The design of the fuzzy PID torque control algorithm [17] is mainly divided into three aspects: 

(1)First of all, the state quantity of the unmanned surface vehicle should be fuzzified. Because the 

one-dimensional controller has too little control volume, it will lead to poor control effect, while the 

multi-dimensional controller greatly improves the control effect, but at the same time, it will bring a 

high amount of calculation and make the response speed decrease rapidly. To sum up, the control 

variable is selected as a two-dimensional variable, that is, the angular deviation   and its first 

derivative, the vertical angular velocity r . 

 

 r   = −                                      (14) 

 

(2)Then the selected two-dimensional control quantity is sent to the fuzzy inference system. The fuzzy 

inference system is based on the fuzzy rules. The fuzzy rules are established according to the 

empirical parameter values obtained by the experiment (people) and belong to the unmanned surface 

vehicle course control system. The fuzzy control relationship [18]. After the specific discrimination 

result is obtained by using the formulated fuzzy rules, it is converted into a definite discriminant 

output. 

(3)Finally, the discriminative output (clarification) link is performed. The turning torque T of the 

unmanned surface vehicle is set as the control output of the fuzzy controller, that is, according to the 

specified fuzzy rules, the control output T level is obtained from the fuzzy input value, and the torsion 

torque T is determined after the PID parameters are automatically adjusted. The human-vessel power 

system determines the real-time motion state of the unmanned vehicle. 

To sum up, after the fuzzy processing of the state quantity of the unmanned surface vehicle, combined 

with the basic theoretical knowledge of fuzzy control, at the same time according to the experience 

of parameter allocation of the unmanned surface vehicle, and at the same time according to the 

quantitative control factor of the under-driven unmanned surface vehicle. According to the influence 

weight of the boat T, the control criterion of the two-dimensional fuzzy factor is constructed, then the 

control criterion of the two-dimensional fuzzy factor is constructed, and finally the fuzzy controller 

for the heading control is constructed. The overall block diagram is shown in Fig 5. 
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Fig. 5 Heading Controller Frame Diagram 

4.3 Construction of Speed/Course Controller based on Simulink 

The above two parts introduce the design methods of the speed controller and the heading controller 

respectively. In order to verify the rationality of the designed controller, the models of the speed 

controller and the heading controller are built by using Matlab/Simulink tools. 

4.3.1 Speed Controller based on Simulinkr 

According to the motion model analyzed above, the Simulink model diagram of the speed controller 

as shown in Fig 6 is established. 

 

 

Fig. 6 Speed controller 

 

 

Fig 7 The speed change of the unmanned surface vehicle 
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Fig 8 The speed deviation rate of the unmanned surface vehicle 

 

In order to verify the rationality of the speed controller built by the above Simulink, the speed of the 

unmanned surface vehicle in the model diagram is set to 7 m/s, and the proportional, integral and 

differential parameters of the PID controller are adjusted according to experience until the adjustment 

is made. until the parameters meet the purpose. Finally, the offset rate image of the speed of the 

unmanned surface vehicle under the PID adjustment is obtained. According to Fig 7, it can be seen 

that the speed of the unmanned surface vehicle fluctuates up and down at 7m/s, and according to Fig 

8, it can be seen that the offset rate fluctuates up and down at 0, which meets the operation 

requirements of the unmanned surface vehicle. 

4.3.2 Heading Controller based on Simulinkr 

According to the motion model analyzed above, the Simulink model diagram of the heading controller 

as shown in Fig 9 is established. 

In order to verify the rationality of the heading controller built by the above Simulink, under the 

condition that the speed of the unmanned surface vehicle remains unchanged, an analog input is set 

for the heading control of the unmanned surface vehicle. The angular velocity yaw rate image of the 

UAV. According to the Fig 10, it can be seen that the unmanned surface vehicle can return to the set 

angular velocity image within 10 s~20 s, thus determining that the system meets the operating 

requirements of the unmanned surface vehicle. 

 

 

Fig 9 Heading Controller 
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Fig 10 Model deviation rate for heading estimation 

5. Simulation Verification of Unmanned Surface Vehicle Path Tracking 

5.1 The Overall Structure of the Simulation Experiment 

This chapter designs a path tracking simulation experiment to verify the feasibility of the Simulink 

system designed above. A path planning control system can calculate the desired speed and heading 

through dynamic analysis based on the available path information and the current position of the ship. 

If the system design can meet the requirements, the ship's path can be guaranteed. Fig 11 is the overall 

architecture diagram of the simulation model. 
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Fig. 11 Overall architecture diagram of the simulation model 

5.2 The Overall Structure of the Simulation Experiment 

In order to verify the feasibility of the system designed above, the following path tracking simulation 

experiments are designed in this paper. First, assign the planned path to 6 coordinate points, and use 

the WP module for input. A straight line segment is formed by connecting lines between the defined 

6 consecutive waypoint pairs. At the same time, the rudder angle input and speed input set by the 

overall motion planning model of the unmanned surface vehicle built by Simulink are given, as shown 

in Fig 12. A piecewise continuous, non-smooth path can be generated, as shown in Fig 13. Observe 

the relationship between this path and the set path. 

 



International Core Journal of Engineering Volume 8 Issue 8, 2022 

ISSN: 2414-1895 DOI: 10.6919/ICJE.202208_8(8).0002 

 

19 

 

Fig. 12 Unmanned surface vehicle motion controller 

 

 

Fig 13 Route tracking map 

 

According to Fig 13, it can be seen that comparing the analysis of the set route, it is found that the 

smooth line segment simulated by this control system is basically consistent with the set path, and 

the fluctuation is small, which is in line with the purpose of tracking and can meet the control 

requirements of the unmanned surface vehicle. 

6. Conclusion 

According to the analysis problem of motion control in the process of unmanned surface vehicle path 

planning, this paper combines the key roles played by speed and speed when the unmanned surface 

vehicle is running, and based on the accuracy and efficiency of motion control, the heading of the 

unmanned surface vehicle is determined. The controller and the speed controller are designed for 

motion calculation, and the speed and heading control system of the unmanned surface vehicle is 

simulated and tested in the Simulink simulation environment combined with the fuzzy PID theory. 

Using Simulink to set 6 waypoints, the controller can simulate the real operation state of the 

unmanned surface vehicle to carry out the position tracking simulation experiment for the set 6 

waypoints. Analysis of the obtained data results shows that the controller can track the set point well, 
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which reflects the reliability of the simulation results of the controller, and provides a reference for 

the development and progress of the unmanned surface vehicle field in the future. 
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