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Abstract—This article studies the design, modeling, and im-
plementation challenges of a path-following with obstacle avoid-
ance algorithms as Guidance, Navigation, and Control (GNC)
architecture of an Unmanned Surface Vehicle (USV) in harbor
conditions. First, an effective mathematical model is developed
based on System Identification (SI), validating the USV model
with field-test data. Then, a guidance system is addressed based
on a Line-Of-Sight (LOS) algorithm, which uses a LiDAR as the
main perception sensor for the obstacle avoidance algorithm. The
GNC architecture uses a modular approach, including obstacle
detection, path-following, and control in the USV platform.
Finally, an implementation challenge in two control scenarios,
simulation and field-test, is addressed to validate the designed
GNC architecture.

Index Terms—Path-following, obstacle avoidance, system iden-
tification, model-validation, USV.

I. INTRODUCTION

IFFERENT aspects in society, such as occupational

safety and security, as well as longer operation times,
have led to a demand for research and development of
innovative autonomous systems. These autonomous systems
include Unmanned Surface Vehicles (USVs) and Autonomous
Underwater Vehicles (AUVs) as main offshore vehicles. USVs
can be studied for numerous potential applications in an
advantageous way, such as scientific research, environmental
missions, or ocean resource exploration.

To accomplish all these offshore applications, the availabil-
ity of an adequately accurate USV model is imperative for
simulation study purposes, controller design, and development.
USV models are commonly reduced-order for horizontal plane
control (surge, sway, and yaw motions). These models have
been used in numerous studies, such as the 3 Degrees-Of-
Freedom (DOFs) horizontal plane models for maneuvering
based on the rigid-body-kinetics [1], or the model represen-
tation of Nomoto [2] for heading autopilot among others.
Furthermore, System Identification (SI) can be included to
obtain an accurate model for simulation studies using field-
test data [3]. SI using the Nomoto model, SI based on
Particle-Swarm-Optimization (PSO), and SI for the 3-DOFs
ship maneuvering model are presented for USV approaches
in [4], [5], and [6], respectively. Moreover, [7] proposes a
nonlinear modeling scheme for a waterjet propulsion USV
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system. However, both the Nomoto model and [7] use the
rudder angle as model input.

For controller design and development, safe and efficient
control of USVs depends heavily on proper Guidance, Navi-
gation, and Control (GNC) systems with sensing, state estima-
tion, and situational awareness capabilities. A path-following
is adopted as a guidance system in this work, as it is easier to
implement than trajectory tracking, and is closer to practical
engineering. For path-following in offshore operations, most
of the studies have been done in a free obstacle path scheme
using Line-Of-Sight (LOS) algorithm [8] or a guidance-based
algorithm [9]. Recent progress on path-following is focused
more on dealing with external disturbances to improve the
control performance [10].

To perform missions in real-world environments, USVs are
required to have the ability to detect obstacles, recognize and
track targets, and map environments. To obtain situational
awareness of the USV, passive (e.g., stereo cameras) and
active (LiDAR or radar) perception methods have been used
in numerous studies. However, the majority of the obstacle
detection techniques rely on depth measurements, in which
LiDAR sensors are the most robust method of obtaining depth
data. In [11], a 3-D scanning LiDAR performance was focused
on the marine environment for a USV. However, 2-D or 3-D
representation of LiDAR can suffer the clutter phenomena of
a marine environment [12]. In this paper, SICK MRS1000
LiDAR [13] solves this effect, as it has 4 spread-out scan
planes and a multi-echo analysis that avoids the noise produced
by fog, rain, or dust. Also, the working range of this device
is from 0.2 to 64 meters with a 275° aperture angle, being
completely suitable for small USVs in harbor operations.

An approach to combine both path-following and obstacle
avoidance capabilities can be the use of safety boundary boxes
around a static or moving obstacle. In [14], the use of safety
boundary boxes was studied for collision avoidance, where a
corresponding collision boundary box is associated with each
obstacle. The goal of this study is to find the optimal path
while avoiding any collision boundary boxes. In addition, [15]
includes a multi-layer obstacle avoidance based on a single
LiDAR and presents an efficient solution to USV path planning
in the case of sensor errors and collision risks, defining a safety
box for obstacle recognition.

Besides to the safe and efficient control, USVs operating
in populated waterways may require compliance with existing
rules. These rules can be the collision regulations defined by
the convention on the international regulations for preventing
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collisions at sea (COLREGs) [16]. Regarding COLREGs in
USVs, [17] reports preliminary research results of a novel
automatic obstacle avoidance approach. Furthermore, [18]
studies an under-actuated USV for collision avoidance, ensur-
ing path-following while abiding by the COLREGs. However,
neither of these studies have been implemented in field-tests.

Once the GNC algorithm has been tested in a simulation
environment, it can be implemented in a field-test. This
implementation uses Robot Operating System (ROS), which
is a flexible framework for writing robot software [19]. ROS
provides the necessary tools to access sensors’ data, process
it, and generate a response for the vehicle actuators. To link
all USV sensors and actuators in the same ROS network,
rosserial provides a tool for connecting embedded computers
with the rest of the system [20]. As an example of this
system connectivity, [21] designs and implements a low-
cost, high performance, and generic multi-layer ROS-based
architecture for autonomous systems. In addition, there are
several examples of state-of-the-art autonomous vehicles using
ROS, such as self-driving taxis [22].

In this study, the USV model is obtained with a different
approach than using the rudder angle as model input. The
same model combines the waterjet and USV dynamics by
using the joystick commands as model input. For obstacle
avoidance, a safety boundary box is selected, providing fast
decision-making capabilities due to its simplicity, low data
transfer, and modular approach. In addition, a LOS algorithm
is implemented without compensation of environmental ele-
ments, to focus further on the obstacle avoidance. This obstacle
avoidance for a path-following algorithm uses a modular ROS
architecture to provide a simple, computationally cheap, and
easy implementation. Hence, obstacle avoidance capabilities
in field-tests are the main focus of this research, to allow the
application of COLREGs in the future.

In this work, a model-based GNC architecture for a USV
is proposed for path-following with obstacle avoidance using
a LiDAR as a perception method. In Section II, the USV
modeling and simulation are presented using SI as the tool
to define the maneuvering model. Then, in Section III, the
control methodology design is included using the LOS-based
guidance system for control. Obstacle avoidance capabilities
are involved in defining a safety boundary box around the
detected object and using its corners for the new waypoints of
the path-following. Finally, in Section IV, the implementation
of a GNC architecture is described as modular and multilayer,
allowing the fast check for the optimum operability of the
vehicle capabilities. Control scenarios in both simulation and
field-test are shown to validate the proposed GNC architecture.

II. USV MODELING AND SIMULATION
A. Overview of under-actuated USV

The USV used in this study is an aluminum hull with thrust
vectoring waterjet propulsion. The USV has optimal maneu-
verability using the twin waterjet configuration that facilitates
the movement in all directions without bow and stern thrusters
(see Fig. 1). The motion of the USV is simplified from six to
three DOFs. These 3-DOFs are surge, sway, and yaw motions,
while ignoring roll, pitch, and heave.
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Fig. 2. Simplified model of the considered vehicle.

Fig. 2 shows a simplified model of the twin waterjet
propelled USV. The waterjet propelled USV uses the Port
and Starboard (STDB) waterjets to provide thrust forces when
moving either forward, backward, sideways, or performing
turns. Also, Fig. 2 illustrates the position and orientation of
the USV. Due to the use of GPS-Compass as the navigation
system, a coordinate transformation is applied to obtain the
absolute position of the USV in the planar coordinate system.
This transformation is between World Geodetic System 84
(WGS84), which provides longitude and latitude [l, p] of the
USYV, and ETRS-TM35FIN [23], which shows the North-East-
Down (NED) (zysv, yusv) position. The USV heading 1 is
described using the attitude (Euler angles). Furthermore, the
body-fixed reference frame is used for relative positioning,
with linear [u, v] and angular [r] velocities.

B. Vehicle modeling

The development of an effective maneuvering model will
facilitate the GNC algorithms design and simulation. The
guidance system is defined as a path-following control, where
the USV moves forward with reference speed w at the same
time as minimizes the cross-track error e to the predefined
path. Several heading controllers for marine crafts are based on
the model representation of Nomoto [2]. The Nomoto autopilot
model can be derived from the linearized maneuvering model
of the USV, and Nomoto’s second-order model refers to

r( ) K,(1+T,s)

—(s) = .

0 (14 Tp1s)(1 4 Thos)

where 7 is the angular velocity, and ¢ is the rudder angle.

The model representation of Nomoto has the main advan-
tage of its simplicity. Its parameters can be defined directly
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Fig. 3. USV in forward motion (surge): (a) Waterjet engine response for a
constant Joysurge input, (b) Model-validation using SI for surge velocity.
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Fig. 4. USV in yaw motion: (a) nozzlepos response for a zigzag Joyyaw
input, (b) Model-validation using SI for angular velocity.

from the field-testing data, and thus, the hydrodynamic deriva-
tives do not need to be computed explicitly.

C. Model-validation using System Identification

Propulsive thrust in the water jet propulsion unit is created
by the reaction force, which is caused by the kinetic energy
of the mass flow generated by the propulsion unit impeller.
The nozzle position nozzle,,s changes the direction of the
jet flow coming out of the nozzle, which creates the force
needed for turning. Hence, the total thrust force (Fr¢4; in Fig.
1) is a combination of the engine rpm of the waterjet n,pm,
and nozzlepos. Nypm is directly obtained from the waterjet
engine, and nozzley,,s is a variable from -10.000 to 10.000,
with 0 as the neutral position (forward motion). Fig. 3a and 4a
show the settling time effect for joystick input in both 7.y,
and nozzlepos, which are related to the waterjet dynamics. A
combination of a 1D lookup table with second-order transfer
functions is proposed to simplify the USV modeling, including
the effect of both waterjet and USV dynamics. The parameters
for the 1D Lookup table are obtained from field-testing data
for the forward and right-turn motions and are presented in
Table 1. These parameters are used to map the input to output
values, approximating a mathematical function.

The mathematical model of the USV includes a constant
surge velocity with a variable heading of the USV. As it is

TABLE I
1D LOOKUP TABLE PARAMETERS
Joysurge 400 500 600 700 800 900 1000
Nrpm 690 920 1110 | 1300 | 1480 | 1650 | 1820
Joyyaw 0 50 150 200 250 300 400
nozzlepos 0 1175 | 3500 | 4665 | 5830 | 7000 | 9325
TABLE 11
SURGE AND YAW MOTION PARAMETERS
Motion T, Tp1 Tpo Ky Ty
Surge 0.17563 | 4.08900 | 0.17299 2.930x1073 0.8
Yaw 0.09835 1.81108 | 0.00144 | -3.177x10~% | 0.0

presented in [4], the behavior obtained with MATLAB SI tool
[24] is close to the Least Squares Support Vector Machines
(LS-SVM) approach. Thus, the MATLAB SI tool has been
chosen for simplicity to obtain both surge and yaw models.

After studying several SI models, the surge motion is
defined in (2) as a transfer function with one zero (T3), two
poles (11, Tp2), a process gain (K,), and an Input/Output
delay (7). The engine rpm of the waterjet n,,,, is declared
as input, while surge velocity u is the output of the transfer
function. Fig. 3b shows both SI and field-tests (raw and filtered
USV linear velocity) step response for a constant joystick
JOYsurge input value.

u B Kp(l + Tz5>
(s) = exp(—TdS) (1 ¥ Tp15)(1 + TpgS) .

The yaw motion is defined using the same Nomoto’s
second-order model declared in (1). However, the model input
is the nozzle position of the waterjet nozzley,s instead of
the original rudder angle § used in the Nomoto’s model. The
nozzle position generates different angular velocity for a con-
stant engine rpm. The output is the angular velocity r for yaw
motion, obtaining the yaw angle v from its integration. Fig.
4b shows both SI and field-tests (two filtered plots from the
yaw angular velocity) step response for a constant Joysurge
input value, and a zigzag in Joyyq.. The variance between
the left and right turns is produced by the misalignment of the
center of mass and center of buoyancy in the USV (inclination
of 1.5° to the right).

Table II includes the identified model parameters for the
transfer functions of surge and yaw motions included in the
mathematical model. The variables v and r are obtained
according to their 1D Lookup tables and transfer functions
(from (2) and (1) respectively). Thus, there is a different set
of dynamics comparing to a USV with a propeller and rudder,
a different set of parameters, but the approach still works.

2

Nyrpm

D. Simulation environment

A simulation experiment is essential to verify whether the
GNC algorithm is valid in the USV workspace. The map of
the control scenario must be processed, requiring the definition
of two separate matrices. The first matrix includes RGB data
per pixel, and the second one contains the planar coordinate
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Fig. 6. Block-diagram representation of the simulated USV model.

system, which is added by reading the world file. Then,
the RBG image, shown in Fig. 5a, is converted to Black
and White (BW), and any noisy points are removed using
standard image processing software (see Fig. 5b). Finally,
the BW image is converted into a binary occupancy grid in
MATLAB software, which is also the simulation environment
for this study. A binary occupancy grid uses true values to
represent the occupied workspace (black), such as obstacles,
and false values for the free workspace (white). This map is
used as a simulation scenario for the GNC system, allowing
the inclusion of external objects in a specific position, and the
location of the USV at a certain point on the map. In addition,
this map provides the possibility for future path planning
research, in which a binary occupancy grid is essential.

The GNC controller for a simulated USV is created and
computes the control commands to follow the desired path,
which is a set of waypoints defined explicitly. The simulated
vehicle has kinematic equations for the motion of an under-
actuated USYV, obtained from the SI process mentioned in this
Section. Furthermore, situational awareness capabilities are
included using a laser scan object. The laser scan message
is processed to extract scan ranges and angles, and compute
these variables to obtain the position of the detected obstacle.
This is a similar approach to the one obtained from the USV
LiDAR. The controller receives the vehicle pose and laser scan
data from the simulated vehicle and sends joystick commands
to drive the vehicle on the given path. The schematic of the
simulated USV model is shown in Fig. 6. The main goal of
the mathematical model of the USV is to test the obstacle
avoidance capabilities. Hence, the hypothesis of independence
between surge and yaw dynamics is acceptable even though it
does not include drift or environmental disturbances.

III. GNC SYSTEM WITH LINE-OF-SIGHT BASED MODEL
A. Line-of-sight guidance system

A path-following algorithm aims to reach every waypoint
of a predefined path independent of time. A commonly used
method for path-following is the named LOS guidance, which
is adopted as a reference trajectory for the USV in this study.
A LOS vector from the surface vehicle to the next waypoint
or a point on the path between two waypoints can be used for
heading control, similar to [1].

For lookahead-based steering, the course angle is separated
into two parts, defined as

xd(e) = Xp + xr(€)- €))

where ¥, = «; is the path-tangential angle defined in (4),
while y, is a velocity-path relative angle, which ensures that
the velocity has the direction towards a point on the path that is
in a lookahead distance A(t) > 0 along of the direct projection
[25].

ap = atan2(Yg+1 — Yk, Tht1 — Tk)- )

The steering law can be interpreted as a saturating control
law

t
xr(e) := arctan(—Kpe — Ki/ e(r)dr). 3
0

where the proportional gain is K, = 1/A(¢) > 0, and K; > 0
represents the integral gain. This lookahead-based steering law
is equivalent to saturated proportional control law and e(¢) is
the cross-track error given by

e(t) = —[zysyv (t) — zg] sin(ax) + [yusv (t) — yi] cos(ay).

(6)

The lookahead-based steering can be implemented related

to the heading controller applying the transformation shown in

(7). The variable sideslip (drift) angle 3 [1] has been avoided
to simplify the steering law.

Ya=Xa—B=Xp+xr—B. @)

The switching mechanism is defined as a circle of accep-
tance for surface vehicles [1], which selects the next waypoint
as a lookahead point if the position of the USV lies within
a circle with radius R around (zjy1,yx+1). This circle of
acceptance is defined as

[Zusv(t) — zp)® + [yusv () — g ]> < Rpq. ()

where, if the time surface vehicle position (xysv (t), yusv (t))
satisfies (8), the next waypoint (Tyy1,¥yr+1) needs to be
selected. Radius R is equal to two USV lengths (R = 2L).
LOS guidance system and circle of acceptance are shown in
Fig. 7.

B. Obstacle avoidance using LiDAR

Obstacle avoidance capabilities are an essential role of
the GNC algorithm, as it provides the safety feature for the
autonomous vehicle operation. In this study, LIiDAR has been
used as the main perception sensor. This sensor provides
obstacle information in Cartesian coordinates for each beam
with a 275° aperture angle. This position gives the possibility
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Fig. 8. Safety boundary box for obstacle recognition using LiDAR: Safety
boundary box (dotted red line) is generated to create the new path for the
USV (dotted green line).

to locate the obstacle in the relative map on the vehicle, or
absolute coordinates. Also, as the LiDAR used in this study
has four spread-out scan planes, if there is an object on a slope
like the shore of an island, the closer detected point is always
used for the obstacle avoidance.

Once that the obstacle has been located relative to the
USYV, a safety boundary box is defined around this object,
providing additional information for the GNC algorithm. The
implementation of this boundary box is shown in Fig. 8. This
boundary box is defined in (9) as a rectangle-shaped box with
width wy,, and length l,, parameters. Both dimensions are
determined with the obstacle’s width w,;,s and length .55, and
by a predefined fixed parameter for safety distance dgqfey
and dgsq e, in X and Y axis, respectively. The boundary box
origin (Torigin, Yorigin) 1S defined according to the absolute
USV position and the LiDAR data defined in (10).

Whox = dsafey + Lgbﬁ (9)
l
lboa: = dsafex + 021)5
Tobs,init T Tobs,end
Lorigin| _ |TUSV + + (10)
. - Yobs,init TYobs,end | *
Yorigin Yyusv I E—

As the obstacle avoidance is designed for harbor operations,
the shape of this boundary box is selected according to the
distance from the left to the right side walls of the harbor route.
Also, the shape can be related to the vehicle position according
to the GPS (once it enters a predefined harbor area). The safety
boundary box has the same angle ay,, as the slope of the
predefined path c4¢p, allowing a continuous path operation.
The corners of the boundary box are used as new waypoints
of the path-following in the GNC algorithm, continuing with
the LOS control approach. The obstacle avoidance algorithm
also selects the new waypoint depending on which side is a

closer trajectory to the vehicle. The first waypoint can be rear
left (x,;, y-) or rear right (.., y.-), while the next one is
the correspondent side of the front corner. Equations (11) and
(12) define all boundary box corners, where a and b refers
to rear/front or left/right respectively, and ¢ and j to the sign
for the second element. R(apqep) is the rotation matrix in the
XY-plane counterclockwise through apan.

Zab| _ |Zorigin iwbzoz:|
= + R(apg , ) 11
|:yab:| |:y07“igin:| ( P th) |:]lb§$ ( )
1=1 ifa=f
[%b] e PR (12)
Yab j=1 ifb=1
1=—1 ifb=r

The new waypoints are selected for the LOS algorithm
to perform a smooth USV trajectory, including additional
waypoints to the predefined path. If there is an obstacle outside
the USV predefined path, the boundary box is created, but it
does not affect the next waypoint. In addition, the algorithm
continuously updates the safety boundary box position, being
suitable for the avoidance of stationary and slow-motion
objects. Once that the obstacle has been avoided, the USV
follows the predefined path until it recognizes another object
in its trajectory or it reaches the ending waypoint.

C. Surge and Yaw controllers

A LOS path-following controller can be designed for a USV
by representing the desired path by waypoints (., ¥, ). This
controller sends heading commands to the yaw controller to
match the predefined path. The main control system is based
on two separate PID controllers for surge and yaw control,
and their parameters are obtained by using Rapid Control
Prototyping (RCP) during the field-tests. The surge controller
keeps the USV at a predefined constant speed.

The feedback loop incorporates low-pass and notch filters to
reduce motions induced by waves [1]. A first-order low-pass
filter with a time constant Ty can be designed according to

hl;v(s) !

1+ Tfs'

This filter is used to suppress forces over the frequency
1/T%. Although this criterion is hard to specify for USVs, it
has been defined as Ty = 0.1 s time constant after simulation
and implementation results.

The bandwidth of the controller w; can be close to or within
the range wpin < We < Wpae Of the wave spectrum for
small USVs. Adding a low-pass filter in cascade with a notch
filter handles this problem. However, the estimation of the
notch frequency w,, might not be accurate. Therefore, a filter
structure formed by three cascaded notch filters with fixed
center frequencies has been added in the feedback loop

13)

3 42 2
5% + 28w;s + w;
ha(s) =[] =

(s 4+ w;)? (14)

i=1
The center frequencies of the notch filters have been as-
sumed as w; = 0.1 rad/s, wo = 0.2 rad/s, and w3 = 0.4 rad/s
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because of the lack of big waves in the field-test conducted
in harbor conditions. Hence, small wave effects have been
suppressed by getting steady outputs in both surge and yaw
controllers.

D. Modular system for the path planning algorithm

The path-following algorithm uses a modular approach to
include obstacle detection, path-following, and control in the
USV platform. Each of these modules runs a separate ROS
node in the system, allowing the use of remotely operated
applications. Hence, the obstacles can be positioned while
the USV is operating. This approach has been previously
studied in [26], implementing a path-following algorithm with
a straight line. However, the algorithm in [26] did not include
any collision avoidance capabilities.

All these modules use ROS messages to communicate be-
tween them, being simple to check if each module is operating
correctly. Fig. 9 illustrates this modular architecture with all
topics involved, defining the subscribers and publishers of each
topic with the dashed or continuous line respectively. The
obstacle detection module (LiDAR model) processes the data
acquired from the LiDAR and the GPS-Compass and allows
the GNC algorithm to obtain the position of the obstacle in
absolute coordinates. Once the obstacle has been detected, its
origin position, length, and width are sent to the path-following
model, allowing low data transfer. This model checks if the
obstacle is within the predefined path. Therefore, the path-
following topic is generated depending on the interference of
the obstacle in the path. This path-following topic includes
the waypoints for the GNC algorithm in the control module.
The GNC guidance algorithm generates the required USV
heading command, sending this parameter to the controller.
The controller generates the required Joystick parameters for
surge JoYsurge and yaw Joyyq., to reach the LOS values.
These joystick parameters are sent to the low-level control for
the USV operation, using the same commands as a manual
3-axis joystick (surge, sway, and yaw motion).

IV. EXPERIMENTAL VALIDATION
A. System implementation

The USV incorporates multiple mechatronics systems (see
Fig. 10) to sense the surrounding environment, plan a path to
a destination, and control steering and speed of the vehicle.
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| yw ar
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Fig. 10. System overview of the USV platform with high-level (blue boxes),
intermediate-level (white boxes), and low-level control (purple boxes).
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Hence, the system can be described as high-level control (com-
puters with ROS), which performs complex computations,
and low-level control (sensors and waterjet control units),
which is used as an interface for basic vehicle operations.
In addition, intermediate-level control (display computers) is
the main link between low-level data acquisition and high-
level logic operations. A LiDAR provides collision avoidance
capabilities for the USV, along with the 3D map construction
of the environment. All this instrumentation installed in the
USV employs ROS as a framework. Thus, this framework
provides necessary tools and packages to access sensor data,
process it, and generate an appropriate response for different
actuators.

The USV used in this study contains a Linux computer
(ROS Master), which is connected to the rest of the instrumen-
tation by a network switch via Ethernet. This Linux computer
has ROS installed to send and receive the necessary commands
for the USV operation. The MATLAB-Simulink computer
(ROS node) is only used for testing purposes, and it includes a
stand-alone ROS-node that permits a rapid prototyping proce-
dure while testing [27]. This stand-alone ROS-node provides a
solution for the labor process of C++ programming, skipping
several steps to implement successfully the desired algorithm.

Two CCPilot VC display computers are used for the
intermediate-level control [28]. These display computers are
freely programmable, contain two CAN interfaces, Ethernet
port, and they have IP66 class, being suitable for offshore
environments. The ROS-CAN display computer is used to
translate between CAN bus and ROS messages received from
low-level and high-level systems. It uses rosserial to be con-
nected with the rest of the system, which allows utilizing
ROS with embedded systems. This display computer receives
the CAN bus message from the GPS-Compass, and it can
create the necessary ROS messages for the control unit (GPS
position, heading, and speed of the USV) without requiring
any additional converter (e.g., USB to CAN adaptor). Also,
this display computer communicates via CAN bus with the
main display computer, and it sends the joystick commands
obtained from the high-level ROS computers, connecting the
two waterjet control units with the rest of the system. The main
display computer is in charge of sending joystick commands
to the waterjet control units based upon priority levels. Fig.
11 shows the USV priority control level, where the ROS
/joy node acts as a virtual joystick with control commands
J0Ysurge and Joyyqq,. The steering wheel and 3-axis joystick,
both forming the manual control of the USV, provides the
safety feature in the autonomous algorithm.
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Fig. 11. Stateflow diagram for priority control level using CAN-ID: The
manual joystick operation is defined as the highest priority because of safety.

USV moves in
YE!
NO»{  USVstops

B. Experimental results: Control Scenario 1

The first test simulates the USV in Tammerkoski, which is
a river in Tampere, Finland. This Control Scenario focuses on
the obstacle avoidance implementation, not including environ-
mental disturbances in the system. A series of GPS waypoints
form the predefined path, which has a stationary obstacle
in the middle of its path. Fig. 12 shows the experimental
results for this Control Scenario, where the USV follows
a predefined path avoiding a stationary obstacle. First, the
blocking obstacles are detected by the LiDAR model, defining
their origin, width, and length for the Path-following model.
Then, the GNC algorithm creates a new path based on the
safety boundary box, and the USV completes its trajectory.

This scenario uses the mathematical model developed in
Section II, and the GNC architecture introduced in Section III.
Since the harbor has a narrow channel, the safety boundary
box is declared with small wy,, and [;,, dimensions. This test
validates the GNC algorithm, generating precisely the safety
boundary box, and reaching the last waypoint of the USV path.

C. Experimental results: Control Scenario 1l

The second test is implemented in the USV at the Pyh&jérvi
lake in Tampere, Finland (see Fig. 13). The implementation
consists of a path-following with collision avoidance capabil-
ities of a static obstacle (buoy). This control scenario shows
the GNC architecture capabilities for harbor conditions, but it
is demonstrated in a clear obstacle area in the middle of the
lake due to safety conditions.

As shown in Fig. 14, it is confirmed that the path-following
with obstacle avoidance experiments were satisfactorily per-
formed with the proposed GNC approach, whereby the black
dashed, green dashed, and blue solid lines are the predefined,
GNC, and actual paths respectively. The path is predefined
with a series of GPS waypoints, and the USV initial position
is defined as random. This randomness demonstrates the
capability of the USV to reach the path from a distant initial
position. Once that the blocking obstacle is detected, the GNC
algorithm creates a new path based on the safety boundary
box. Corresponding LOS cross-track error e(t) is shown in
Fig. 15, which demonstrates the correct performance of the
designed GNC algorithm. In addition, Fig. 16 shows the input
control values (surge and yaw parameters). The scenario has

a constant surge velocity with a variable heading of the USV,
obtained from the LOS guidance system.

V. CONCLUSION AND FUTURE WORK

This article was concerned with the path-following with
obstacle avoidance using a LiDAR of a USV in harbor
conditions. The simulated USV model was presented to verify
the designed GNC architecture. This model was based on SI
methods using field-test data for surge and yaw motions of the
USV. Once the USV model was validated, the GNC system
with LOS based model was developed with collision avoidance
capabilities. This GNC system uses a modular approach to
include obstacle detection, path-following, and control in the
USV platform. After designing the GNC architecture, a system
implementation of the modular approach was included in the
USV with three control levels (high, intermediate, and low).
The experimental results show two control scenarios in both
simulation and field-test, presenting the capabilities and the
adequate performance of the designed GNC architecture.

Future work will include the implementation of the GNC
algorithm with high-speed moving obstacles and with multiple
stationary/moving obstacles, calculating a projected safety
boundary box for each moving obstacle. In addition, future
work will study the use of other perception sensors rather than
LiDAR for long-range obstacle avoidance, such as radar.
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