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Abstract.  

This paper presents a simulation study of path following for the Heron Unmanned 

Surface Vehicle (USV) using a Line-of-Sight (LOS) guidance approach. The 

tests were performed on both straight-line and circular paths to evaluate the 

USV’s ability to converge to and track the desired trajectory. Simulations were 

conducted in the Robotic Operating System (ROS)–Gazebo environment, where 

the LOS algorithm was combined with a Proportional–Integral–Derivative (PID) 

controller to regulate heading and reduce cross-track error. Controller gains were 

tuned using the Ziegler–Nichols method and refined through manual adjustments, 

enabling stable and accurate turning performance. The results demonstrate that 

the PID-based LOS guidance method provides effective and reliable path follow-

ing for underactuated USVs and other marine vehicles. 

Keywords: Line-of-Sight, PID, Path-following, Turning circle, Unmanned Sur-

face Vehicle, ROS, Gazebo. 
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1 Introduction and Literature Review 

Autonomous marine vehicles, such as USVs and Autonomous Underwater Ve-

hicles (AUVs), have become essential tools for applications ranging from ocean-

ographic research and environmental monitoring to maritime security [1], [2]. A 

key requirement for these platforms is the ability to maintain accurate and stable 

course-keeping during missions, even under the influence of external disturb-

ances such as wind, waves, and currents. In manned vessels, this responsibility 

lies with the helmsman; in USVs, it must be achieved through reliable guidance 

and control algorithms. 

 

Path following is the task of ensuring a marine vehicle converges to and tracks 

a predefined path as accurately as possible until the mission is complete. This 

differs from trajectory tracking, where the vehicle must follow a time-parame-

terized reference with strict timing requirements, a concept more common in 

mobile robotics and land vehicles [7], [8]. For underactuated marine systems, 

path following remains an active area of research due to the challenges intro-

duced by their non-holonomic constraints and limited actuation [8]. 

 

Several guidance strategies have been developed to address these challenges, 

with LOS guidance emerging as one of the most widely used methods. LOS 

guidance relies on geometric properties of the reference path and generates a 

desired heading for the vessel to converge smoothly to the path [3]. Researchers 

have applied LOS guidance in both straight-line and circular path-following sce-

narios, and extensions such as integral LOS have been proposed to improve ro-

bustness against ocean currents [11], [13]. In addition, [13] recently proposed 

enhancements to LOS to improve autonomous navigation for surface vessels in 

dynamic marine environments. 

 

Accurate heading control is critical for effective LOS-based path following. 

Various controllers have been studied to achieve this, with PID controller being 

the most common due to its simplicity, effectiveness, and ease of implementa-

tion [5], [15]. Enhanced versions of PID have also been developed, such as S-

PID [1] and fuzzy-adaptive PID [9], to further improve course-keeping perfor-

mance. More advanced control methods, including Model Predictive Control 

(MPC), Linear Quadratic Regulation (LQR), sliding mode control, and back-

stepping, have also been integrated with LOS guidance for improved robustness 

[10]–[12]. 

 

Turning circle manoeuvres are a standard test of marine vessel manoeuvrability, 

providing insight into a vessel’s ability to change course safely and efficiently 

[4]. For underactuated USVs such as the Heron platform, path-following during 
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turning manoeuvres is particularly challenging due to sideslip effects. To ad-

dress this, [3] introduced the use of a sideslip angle in LOS guidance to correct 

heading and improve course convergence. 

 

In this study, the Heron USV is simulated within the ROS–Gazebo environment 

to evaluate LOS guidance combined with a PID controller for path-following 

tasks, with emphasis on turning circle manoeuvres. The PID controller is used 

to regulate heading error after the LOS guidance law determines the desired 

course, with the resulting control output applied as angular velocity to the thrust-

ers. In addition to validating the LOS–PID framework against the approach de-

scribed in [3], this work assesses robustness under simulated disturbances and 

provides a baseline comparison with a simpler guidance method, thereby ad-

dressing both performance and reliability in autonomous marine navigation. 

2 Aims and Objectives 

The aim of this experimental simulation is to validate the Line-of-Sight (LOS) guid-

ance method presented in [3] by performing a path-following turning circle manoeuvre 

on the Heron USV within the ROS–Gazebo environment, using a PID-based controller. 

The objectives are to design the simulation environment for the Heron USV in line with 

the conditions specified in [3], implement a turning circle path using the LOS guidance 

law combined with a PID controller for heading regulation, and compare the obtained 

results with those reported in [3]. In addition, the study evaluates the robustness of the 

approach under simulated environmental disturbances and provides a baseline compar-

ison against a simpler guidance method to demonstrate performance improvements and 

reliability. 

3 Contribution of the Study 

The study builds on the work of [3] by implementing their geometric path-following 

algorithm with a PID controller instead of the original backstepping controller within a 

ROS-Gazebo environment, resulting in faster convergence and reduced settling times 

for USVs in simulation. Additionally, this study extends the 2D simulation of [3] into 

a high-fidelity 3D Gazebo environment using a USV simulation package, providing a 

more realistic evaluation of path-following performance. 

4 LOS Guidance Algorithm 

The LOS guidance algorithm for geometric path following is derived mathemati-

cally, with its foundations established by [3]. Further developments and detailed expla-

nations are provided in [16]. The Heron USV, being a surface vessel, operates in a two-

dimensional plane defined by (Xref, Yref). As illustrated in Figure 1, the blue point 
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denotes the current position of the Heron USV, while the black point represents a ref-

erence position on the geometric path toward which the vessel is required to converge. 

 

Fig. 1. Line-of-Sight Guidance Algorithm Illustration 

The USV is assumed to be located at the position A(x,y) in a two-dimensional space, 

where x and y represent the coordinates of point A. The USV moves with a velocity 

vector V, which has magnitude |𝑽| representing the net speed with a direction χ, which 

corresponds to the course angle or heading of the USV. The velocity magnitude and 

course angle of the USV can be expressed as 

 |𝑉|  = √𝑢2 + 𝑣2  (1) 

 χ = tan−1 (
𝑣

𝑢
)  (2) 

Where u denotes the surge velocity (velocity component in the x-direction) and v de-

notes the sway velocity (velocity component in the y-direction). 

 

On the two-dimensional plane representing the water surface, the reference path can be 

parameterized by a scalar variable 𝜃 ∈ ℝ. Any point along this path is expressed as  

𝑩𝒅(𝜃) ∈ ℝ2. 

For a given USV position, there exists a unique point on the path that minimizes the 

Euclidean distance between the vessel’s current location and all points on the path. This 

point is denoted as 𝜃∗, and can be defined mathematically as 

 ‖𝑨 − 𝑩𝒅(𝜃∗)‖2   ≜ ‖𝑨 − 𝑩𝒅(𝜃)‖2 (3) 

At the point 𝑩𝒅(𝜃∗), on the path, a local reference frame—referred to as the path-

parallel frame (Pos)—is established. This frame is local because it is defined relative 

to the specific position on the parameterized path. The frame is rotated by an angle with 
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respect to the global (origin) frame, corresponding to the heading angle at that position, 

which is denoted as 

                               𝑃𝑡(𝜃∗) =  tan−1 ( 
𝑦′

𝑑(𝜃∗)

𝑥′
𝑑(𝜃∗)

)                                                             (4) 

 

𝑥′
𝑑(𝜃∗) =  

𝑑𝑥𝑑

𝑑𝜃
 (𝜃) represents how the USV’s position coordinates (x,y) changes with 

respect to the path parameter. The x-axis of the Pos is aligned with the tangential vector 

to the path at point 𝑩𝒅(𝜃∗). 

 

In the Pos frame, the error vector between the USV’s current position A and closest 

position on the path   𝑩𝒅(𝜃∗) is represented as 

 𝜺 = 𝑹𝒑
𝑻(𝑃𝑡)(𝑨 − 𝑩𝑑(𝜽∗)) (5) 

Where 𝑃𝑡 is the angle of rotation or the path tangential angle, and  𝑹𝑝(𝑃𝑡) is the rota-

tional matrix from the reference frame to the Pos frame, given by  

 𝑹𝑝(𝑃𝑡) =  [
cos 𝑃𝑡 − sin 𝑃𝑡

sin 𝑃𝑡 cos 𝑃𝑡
]  (6) 

As described in [16], the error vector consists of two components: the along-track error 

s and the cross-track error e. The cross-track error represents the shortest distance 

from the USV to the path. The LOS guidance method, as formulated in [3], aims to 

reduce the cross-track error to zero, ensuring that the USV accurately follows the path. 

The rate of change of the cross-track error can be expressed as. 

 𝑒̇ = 𝑈 sin(𝜒 − 𝑃𝑡) (7) 

where, U = |𝑽| and χ, is the heading angle of the USV 

 

Ideally a desired course angle (ℎ𝑑) can be assigned to the course angle of the velocity 

vector thereby making 𝜒 =  ℎ𝑑. Hence equation (7) becomes. 

 𝑒̇ = 𝑈 sin(ℎ𝑑 − 𝑃𝑡) (8) 

 

This equation is the virtual input for stabilizing cross-track error (e). It is the relative 

angle between the desired course and the path-tangential course, which can be repre-

sented as 

 𝑐𝑡𝑟 =  ℎ𝑑 − 𝑃𝑡  (9) 

This is dependent on the cross-track error such that 𝑐𝑡𝑟 =  𝑐𝑡𝑟(𝑒).  

 𝑐𝑡𝑟(𝑒) =  tan−1 (
−𝑒

δ
)  (10) 
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This is commonly referred to as the LOS angle, where δ is called the look ahead dis-

tance, and it is used to guide the marine vehicle as it converges to the path. 

 

Making the desired course angle the subject of formulae from equation (9). 

 ℎ𝑑(𝜃∗, 𝑒) =  𝑃𝑡(𝜃∗) + 𝑐𝑡𝑟(𝑒) (11) 

This equation represents the core formulation of the LOS guidance method. Using 

this approach, the USV—as well as other marine vessels—can converge to a geometric 

path on the two-dimensional water surface, thereby achieving accurate path-following. 

4.1 LOS design for a straight-line path 

 

Fig. 2. LOS Guidance Algorithm for an angled straight path. 

Figure 2 represents a path with an angle of rotation α. The USV located at position 

A is represented by a blue point, while position B denotes an arbitrary point on the path 

that the USV must converge to, shown as the black point. The angle of rotation of the 

straight line is defined relative to the origin of the 2D environment 𝑋𝑟𝑒𝑓  and 𝑌𝑟𝑒𝑓 . There-

fore, the cross-track error vector for this path is expressed as 

 𝜺 = 𝑹𝒑
𝑻(𝛼)(𝑨 − 𝑩) (12) 

The desired heading for the LOS guidance along a straight path with a given rotation 

angle is obtained by substituting path rotation angle with 𝑃𝑡. This yields the resulting 

expression as: 

 ℎ𝑑(𝑒) = 𝛼 + 𝑐𝑡𝑟(𝑒) (13) 
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This guidance formula is used to compute the desired heading of a marine vessel as it 

follows a geometric straight-line path, based on the specified path tangential angle. 

4.2 LOS design for a circular path 

 

Fig. 3. Circular path illustration for the LOS algorithm 

For the circular Illustration the blue point is the position of the USV denoted as A, the 

black point is a position on the circle B, the red point is the center of the circle denoted 

as C. 

 

For a circular path, the heading angle of a point relative to the origin frame and vessel  

𝑷𝑡 changes with time therefore it can be denoted as 

 𝑃𝑡(𝑡) = 𝑃𝑐(𝑡) ± 
𝜋

2
 (14) 

Where the positive sign correlates with a clockwise circular motion and the negative 

sign an anticlockwise motion. 

 

𝑃𝑐(𝑡) represents the path tangential angle of the USV with respect to the center of 

the circle (𝑥𝑐 , 𝑦𝑐) and the USV position (𝑥(𝑡), 𝑦(𝑡)) and it is represented as 

 𝑃𝑐(𝑡) = tan−1 (
𝑦(𝑡)−𝑦𝑐

𝑥(𝑡)−𝑥𝑐
) (15) 

The cross-track error is computed by first calculating the Euclidean distance between 

the USV and the center of the circular path. The circle’s radius is then subtracted from 
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this distance, yielding the deviation of the USV from the circumference. This value 

indicates how far the USV is from—or how close it is to—the desired circular path.  

 𝑒(𝑡) = 𝑟 − √(𝑥(𝑡) − 𝑥𝑐)2 + (𝑦(𝑡) − 𝑦𝑐)2 (16) 

The LOS guidance for a circular path is derived by substituting the path tangential angle 

and the cross-track error angle into the standard LOS guidance formula. This can then 

be expressed as follows: 

 ℎ𝑑 = tan−1 (
𝑦(𝑡)−𝑦𝑐

𝑥(𝑡)−𝑥𝑐
)  ± 

𝜋

2
     + tan−1 (

−𝑒

δ
) (17) 

4.3 Slip angle 

During motion, USVs tend to drift away from their desired course due to their limited 

control capabilities. To compensate for this, the slip angle of the USV must be calcu-

lated and incorporated into the LOS guidance, ensuring accurate guidance, navigation, 

and control. The slip angle is defined as the angle between the direction of motion of 

the USV and the direction in which it is pointing. It is related to the course angle and 

heading of the vessel and can be expressed as: 

 𝜒 = 𝜓 + 𝛽 (18) 

Where χ is the course angle (ℎ𝑑) from the LOS guidance, 𝜓 is the desired heading, and 

the sideslip angle is 𝛽. 

 

The sideslip angle or drift angle is the arc tangent of the sway velocity and the surge 

velocity of the USV and is given as 

 𝛽 =  tan−1 (
𝑣

𝑢
) (19) 

The desired heading to control the USV for accurate convergence is expressed as: 

 𝜓 =  ℎ𝑑 −  𝛽 (20) 

5 Control System Design 

The control system employed in this study is a PID controller, commonly used to min-

imize the error between desired and actual outputs in both linear and nonlinear systems. 

The input–output relationship of the system is illustrated in the block diagram shown 

in Figure 4. 
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Fig. 4. System Block Diagram. 

 

The PID controller minimizes the heading error, defined as the difference between 

the desired heading of the USV—calculated from the LOS guidance method and the 

slip angle—and the actual orientation of the USV, represented by the yaw angle 𝜃, 
which corresponds to rotation about the z- axis. The controller computes a weighted 

sum of this error using the PID gains 𝐾𝑝 , 𝐾𝑖 and 𝐾𝑑 . The resulting output is the angular 

velocity, which is applied to the Heron USV thrusters, thereby controlling both its ori-

entation and position along the desired path. 

. 

 𝑒(𝑡) = 𝜓 −  𝜃 (21) 

 𝜔(𝑡) =  𝐾𝑝  𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡
𝑡

0
+  𝐾𝑑

𝑑𝑒(𝑡)

𝑑𝑡
 (22) 

Where 𝜓 is the desired heading, 𝜃 is, the USV’s yaw orientation, 𝑒(𝑡) denotes the error 

input to the PID controller, and 𝜔(𝑡) is the controller’s output, corresponding to the 

angular velocity. 

 

For the Heron USV experiments, the PID gains were tuned through a combination 

of the Ziegler–Nichols method and simulation-based fine-tuning in ROS-Gazebo to en-

sure stability and fast convergence. The selected values of the gains for straight line 

path following experiment were 𝐾𝑝 = 1.95 , 𝐾𝑖 = 0.06 and 𝐾𝑑 = 0.5 while for the 

Turning Circle experiment were 𝐾𝑝 = 0.9 , 𝐾𝑖 = 0.02 and 𝐾𝑑 = 0.5. 

 

6 Methodology and Results 

This study was conducted in a 3D simulation environment using Gazebo Classic (Ga-

zebo 7), which runs on the ROS Kinetic distribution. ROS is a collection of libraries, 

tools, and frameworks that enable software development for robotic systems. ROS Ki-

netic, the tenth ROS release, is compatible with Ubuntu 16.04 [17]. 

 



10 

For this study, Ubuntu 16.04 was installed as a guest operating system on a VMware 

Workstation virtual machine. The host system was a Windows 11 Acer Aspire 5 laptop 

with Intel Iris Xe graphics, an 11th-generation Core i7 processor running at 2.5 GHz, 

and 20 GB of RAM. The virtual machine was configured to run the Unix-based OS to 

carry out the simulation experiments. 

 

The USV used in this study is a Heron, developed by Clearpath Robotics. It is designed 

for ROS compatibility, specifically with the ROS Kinetic distribution [18]. The neces-

sary packages and dependencies were obtained from the Heron GitHub repository [19] 

to ensure proper functionality within ROS and Gazebo. The Heron USV is a twin hull 

catamaran-style vessel, measuring 1.35 m in length and 0.98 m in width as shown in 

Figure 5 [20]. During the simulation, results were recorded in a ROSbag file, which 

was later imported into MATLAB for further analysis and plotting 

Table 1. Heron USV Parameters and Dimension (Source:[18]) 

 

Heron USV Parameter Dimensions 

Length 1.35m 

Width 0.98m 

Height 0.32m 

Mass 28kg 

 

 

Fig. 5. Heron USV on water. (Source:[18]) 

6.1 Benchmarking experiment for straight line path following 

To validate the research of [3], the study begins with a benchmarking approach using a 

straight-line path with cross-track error serving as the primary metric for assessing path-

following performance. The path was created following the original experimental setup, 

with a rotation angle α = 
𝜋

4
 degree relative to the origin of the earth fixed frame. The 

USV was initially positioned at x =10 m and y = 0 m, with a yaw rate of 1.3 rad/s. The 

look-ahead distance was set to 5 times the vessel’s length (6.25 m for the Heron USV). 

Results from [3] were digitized and plotted in MATLAB alongside the ROS simulation 
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results, as shown in Figure 6. [3] evaluated the Cybership II for its ability to follow a 

linear path from the origin while maintaining alignment with the desired trajectory. 

 

Fig. 6. Heron navigating a straight path in the ROS-Gazebo simulation environment 

(left) with comparison of the results for a straight-line trajectory with Cybership II from 

[3] (right) 

 
Fig. 7. Cross-track error response of the Heron USV compared with the Cybership II, 

showing successful convergence to the desired path 

 

Figure 7 presents the cross-track error response of the Heron USV during path conver-

gence, alongside that of the Cybership II for comparison. Both responses exhibit an 

exponential rise from negative values before stabilizing at zero, confirming successful 

convergence to the desired path. Notably, the Heron USV achieved convergence more 

quickly than the Cybership II, attributed to the difference in control strategies: the 

Heron employed a PID controller, while the Cybership II used a backstepping control-

ler. This distinction in controller design significantly influenced the rate of convergence 
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to the straight-line path. This demonstrates the superior performance of the PID con-

troller in minimizing lateral deviation for straight-line path-following tasks. 

6.2 Turning Circle experiment using LOS algorithm 

The approach was further extended for geometric convergence using cross track error 

as metric for autonomous Turning Circle manoeuvre. The paths were parameterized in 

ROS using a set of Pose-stamped message types, with the circle parameters derived 

from the equation of a circle. The turning circle path was defined with an advance 

length of 5.40 meters, a circular radius of 2.7 meters, and a tactical diameter of 5.40 

meters, following the International Maritime Organisation (IMO) standard for marine 

vessels, which recommends that the advance distance should not exceed five times the 

vessel’s length as shown in Figure 7. For the Heron USV, with a length of 1.35 meters, 

the advance distance and tactical diameter were set to four times the vessel’s length for 

this experiment. Figure 8 illustrates the turning circle path-following performance of 

the Heron USV. The left panel presents a MATLAB-generated plot of the USV trajec-

tory (red) overlaid on the planned circular waypoint path (blue). The start and end po-

sitions are clearly marked, highlighting the vessel’s ability to accurately follow the in-

tended path with minimal deviation. The right panel shows a corresponding ROS-

Gazebo simulation, where the Heron USV navigates the same circular waypoint path 

in a realistic simulated environment. Together, these visualizations demonstrate the ef-

fectiveness of the path-following controller in maintaining trajectory tracking both in 

planning and in real-time execution. 

 

Fig. 7. Turning Circle definition based on IMO requirements 
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Fig. 8. Turning Circle path-following performance of the Heron USV. Left: MATLAB 

plot showing the USV trajectory (red) against the planned waypoints path (blue) with 

start and end positions indicated. Right: ROS-Gazebo simulation view of the USV fol-

lowing the circular waypoint path. 

 

Fig. 9. Cross track error of the Heron USV for the Turning Circle experiment 

Figure 9 shows the cross-track error of the Heron USV during the turning circle test. 

The trajectory is divided into two phases: the linear phase and the circular phase. During 

the linear phase, corresponding to the advance motion before initiating the circular turn, 

the cross-track error remains approximately zero, indicating accurate straight-line 

tracking. As the USV enters the circular phase, the cross-track error exhibits oscillations 

that gradually settle, reflecting the dynamic response of the vessel while following the 

circular path. These results validate the performance of the LOS guidance law and the 

theoretical framework presented by [3]. A detailed step-by-step procedure for 
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reproducing the experimental simulation is provided on the project GitHub page [21], 

with supporting video results available at [22, 23]. 

7 Conclusion and Future Work 

This study has demonstrated that LOS guidance method, when combined with a PID 

controller, effectively ensures convergence and accurate path following for underactu-

ated marine vehicles, specifically USVs. Implementing the PID controller in a simu-

lated ROS-Gazebo environment resulted in faster convergence and reduced settling 

times, as observed in the Heron USV (25s) and Cybership II (105s). The approach was 

further validated using a more complex Turning Circle experiment, where the LOS 

method performed reliably. This study establishes a foundation for further research and 

can be extended beyond simulation to real-world deployments. Future studies should 

integrate GPS and IMU sensors to provide odometry data, enabling the USV to auton-

omously generate and follow course maps. From a control perspective, the algorithm 

may be further improved by incorporating advanced nonlinear control strategies such 

as LQR and MPC, among others, to enhance robustness and performance under varying 

environmental conditions. 
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