
Citation: Akiyama, T.; Roncin, K.;

Bousquet, J.-F. A Hardware-in-the-

Loop Simulator to Optimize

Autonomous Sailboat Performance in

Real Ocean Conditions. J. Mar. Sci.

Eng. 2023, 11, 1104. https://doi.org/

10.3390/jmse11061104

Academic Editors: Panagiotis D.

Kaklis, Konstantinos Kostas and

Shahroz Khan

Received: 7 May 2023

Revised: 18 May 2023

Accepted: 20 May 2023

Published: 23 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

A Hardware-in-the-Loop Simulator to Optimize Autonomous
Sailboat Performance in Real Ocean Conditions
Tanaka Akiyama 1,†, Kostia Roncin 2,*,† and Jean-Francois Bousquet 1,*,†

1 Electrical & Computer Engineering, Dalhousie University, Halifax, NS B3H 4R2, Canada;
tanaka.akiyama@dal.ca

2 Centre de Recherche de l’École de l’Air, École de l’Air et de l’Espace, 13661 Salon-de-Provence, France
* Correspondence: kostia.roncin@ecole-air.fr (K.R.); jbousquet@dal.ca (J.-F.B.)
† These authors contributed equally to this work.

Abstract: In this work, a hardware-in-the-loop (HIL) simulator is designed to diagnose the behavior
of an autonomous sailboat as it navigates between waypoints. At its core, the HIL simulator includes
the sailboat pilot on an embedded system. The sensor data input to the embedded system is fed by
a navigation simulator that takes into account the different forces on the sailboat due to the wind,
waves and current conditions. The HIL simulator is then tested for a navigation route from sea trials
published in 2014, and the behavior of the automated pilot is compared to its behavior when the
vessel is driven by a crew. As demonstrated, the automated system can outperform the man-operated
vessel. The tool is also used to diagnose weaknesses in the sailboat autopilot algorithm that can be
improved in the future.

Keywords: hardware-in-the-loop; autonomous sailing; navigation; embedded systems

1. Introduction

The SeaLeon was a 2.4 m autonomous sailboat that crossed the Atlantic Ocean dur-
ing the 2018 MicroTransat Challenge [1]. During the mission, a strange trajectory was
observed off the Grand Banks. The sailboat deviated during several days from its planned
path without any apparent reason before rectifying the trajectory. This led the team to
believe that it suffered some electrical or mechanical failure. However, that was a false
assumption; a model of the waves, currents and winds in the specific area associated with
an accurate model of the boat behavior would have been able to predict this behavior.

As highlighted in [2], autonomous sailboats offer an interesting alternative as a surface
vessel for different applications because they provide a safe, green, low-cost, and low-risk
method for monitoring the ocean. Their deployment can enable sensor networks to collect
marine data non-invasively for exploration and surveillance applications.

In the past, thorough testing at sea was required in the development of autonomous
sailboat systems. In [1], a test procedure needed to validate each increment in the devel-
opment of an autonomous sailboat was detailed to prepare the sailboat for a long-term
mission in the ocean. In fact, through controlled tests in water basins, lakes, coves, or along
the littoral, it is possible to assess the sailboats in specific environments. However, due to
cost and time considerations, it is difficult to deploy the vessels over an extended period
and in reaction to different events.

In this work, the motivation is to describe a realistic model of the sailboat’s behavior
in the ocean. This model can also serve to develop and optimize a given pilot, as well as
reducing the number of tests required in the development of the system.

To simulate a navigation algorithm, a model of the environmental conditions at sea
is required. Since there are a variety of sailing conditions, huge datasets are required.
As described in [3], artificial intelligence can feed navigation algorithms. For example,
to control the Mayflower, an autonomous ship sponsored by IBM historical data was used
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and, through a high-performance computational method, a complete set of navigation
scenarios for autonomous navigation was provided to guide the ship. Other examples of
sailboat pilots that rely on machine learning are documented, e.g., [4].

Other works that simulate autonomous sailboats include the use of ROS-Gazebo to
integrate the sensors [5]. In comparison, in this work, an environmental model is run in real
time using Simulink, and the sailboat is included as a module that reacts to the different
events. The sailboat module can be implemented in software and, as will be described,
using hardware-in-the-loop (HIL).

In [6], Sauze and Neal presented for the first time an HIL simulation tool to develop
autonomous sailboat control systems. The software simulator was built using Tracksail,
an open-source sailing game. This is based on a highly simplistic physics model and makes
no attempt to simulate the actions of waves, currents or tides.

Since then, a few other HIL simulators have been described to support the develop-
ment of autonomous sailboat controllers. For example, in [7], an HIL simulation is used to
validate the embedded system of the sailboat robot, Vaimos. In the simulation, the sea state
is not emulated and wind is considered constant with white noise.

HIL simulators are applied to other robotic systems. In [8], an HIL simulation is
used to reduce the duration required to tune navigation controllers for an unmanned
aerial vehicle (UAV). In [9], an HIL simulator is used as a concept for faster prototyping
of navigation- and communication-based control systems. In [10], an imitation modeling
stand is used for creating and testing automated and automatic control systems, which
integrates a control system model into a local computer network of a navigation simulator.
It allows for the development and testing of functional modules for both manual control
and automated control systems.

In this work, the goal is to model the behavior of an autonomous sailboat to reduce
the testing time and to diagnose behavior in the presence of different sea conditions.
First, functional simulation software that takes into consideration the sailboat’s peripherals
is described. Second, an HIL simulation setup is developed to create a test environment that
includes all factors that can affect the sailboat, including current-, wind- and wave-induced
motion. Third, the HIL simulator reliability is validated using real data collected during a
sea trial. For these conditions, the sailboat controller parameters are optimized.

The rest of this paper is organized as follows: In Section 2, a mechanical model of
the vessel that is influenced by the environmental conditions is described. In Section 3,
the real-time embedded system to enable the HIL is described. In Section 4, experiments
are run to confirm the reliability of the HIL and to further optimize the vessel’s pilot. Finally,
in Section 5, a conclusion is presented.

2. System Model

The HIL simulator includes a procedure to model the hydrodynamic and aerodynamic
effects of the environment on the sailboat’s trajectory, which are described in Section 2.1.
The low-complexity control algorithm developed in the SeaLeon in reaction to the different
sensors is then described in Section 2.2. Finally, the modeling procedure to represent the
environmental conditions is presented in Section 2.3.

2.1. Dynamics of the Sailboat

The sailboat modeling used in this study was presented in [11,12]. The test case was
based on the model of an 8-meter long Bénéteau First Class 8. A 6-degree of freedom
(6-DOF) dynamic simulator was programmed using MATLAB Simulink. This graphical
programming environment allows to represent the sailboat behavior as a function of
time using a modular structure that is shown in Figure 1. The steady hydrodynamics
modeling on the hull and keel is based on the application of a design-of-experiments (DOE)
method described in [13]. This module is fed with towing tank test results to give the six
components of hydrodynamic force and moment with respect to five influencing factors:
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velocity, heel, pitch, drift and displacement. Quasi-steady modeling for an Archimedean
sailboat is proven to provide an accurate representation of the performance [14–18].

Figure 1. A 6-DOF dynamic sailboat simulator modular structure.

Assessing the ability to control a sailboat in waves requires the identification of
unsteady hydrodynamic coefficients for damping as well as the added mass of the hull
in order to model the sailboat behavior in waves in a meaningful way [19–21]. Here,
the coefficients were computed using the seakeeping open-source program Nemoh [22].
The Froude–Krylov excitation force of the waves is calculated by integrating the pressure
on the hull. Additionally, for the motion computation, in this work, the memory effect
due to waves is neglected to save computational time. This simplified method to model
sailboat behavior in waves was previously validated with towing tank experiments and
can be found in [20,21].

The steady-sail aerodynamic model is borrowed from the ORC documentation and
its related studies [15–18]. The aerodynamic damping of sails was evaluated based on the
Masuyama method [14]. The rudder hydrodynamics were computed using the modeling
derived from wing theory described in [23]. It should be noted that the damping relative
to the lifting surfaces (the keel, the rudder and the sails) is dominant in the sailboat
dynamics computation.

2.2. Pilot

The piloting of the simulator in this study is performed using the navigation algorithm
of the SeaLeon, an autonomous sailboat that participated in the MicroTransat challenge
in 2018. The algorithm incorporates data from pre-programmed waypoints and various
sensors to update the boat’s rudder angle. Each waypoint is assigned a threshold radius,
and the algorithm marks it as complete after five consecutive global positioning system
(GPS) readings fall within the radius.

As was detailed in [1], the course of the vessel is initially selected to be the bearing
between the boat’s current position and the target waypoint. If the wind direction is directly
against the course, the boat must tack back and forth to make forward progress, whereas if
the wind is directly behind the boat’s course, it must jibe to maintain a broad reach point
of the sail.

The navigation algorithm accounts for tacking and jibing by first computing the
course towards the waypoint and then applying offsets based on the wind direction.
If the course falls within the dead zone, which is defined to be ±45◦ from the wind
direction, the algorithm updates the course to allow close-hauled sailing on the edge of
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the dead zone closest to the direct course. Similarly, if the direct course requires running,
an offset will be applied to let the boat sail at broad reach (±10◦ from the wind direction).
Once the final course is set, the algorithm outputs a sail position based on the wind
direction, and the rudder control algorithm takes responsibility for maintaining that course
by mapping the difference between the boat’s heading and the target course to a rudder
setting. Although the SeaLeon navigation algorithm outputs both a sail position and a
rudder position, only the rudder angle is used in this study. The sail is assumed to be at the
optimal angle with respect to the wind.

The pilot algorithm generates at its output the rudder angle, which is utilized to
control the motor to govern the orientation of the actual rudder on the SeaLeon. In the
system model, the rudder angle is applied in the dynamic model of the sailboat. However,
it should be noted that a model of the motor is not included.

2.3. Environmental Conditions

To ensure accurate simulation results, the simulator must effectively replicate the
sailboat’s movement and behavior under various environmental conditions. In this section,
we describe the process of replicating the environmental conditions, including true wind,
waves, and sea currents. Additionally, we present the method of emulating the GPS, wind
vane, and compass sensors in the model.

To facilitate the simulation, an array containing the sailboat’s position is recorded by a
high-accuracy GPS during the sea trials at periodic time intervals. During the simulation,
the boat’s position is interpolated as a function of time to match the time interval of the
model, equal to 0.1 seconds. A record of the sailboat’s position as a function of time is used
to obtain the values for true wind and the sea current at the boat’s location in time.

The pilot receives the sailboat’s position data from a GPS, the sailboat’s current heading
from a compass, and the sailboat’s apparent wind from a wind vane. The sailboat’s position,
heading, and apparent wind are computed directly in the dynamic model of the sailboat [11].
These values are updated at each time step of the Simulink model, which occurs every
0.1 s. The Simulink model contains subsystems for the GPS, compass, and wind vane. Each
subsystem takes the data from the output of the dynamic model and converts them into a
format that mimics that of the sensor that it is emulating.

The Simulink model uses a reference frame, where the y-axis points west, the x-
axis points towards north, and the z-axis points away from the center of the earth (up).
The reference frame of the pilot is north–east–down (NED), where the x-axis points towards
north, the y-axis points towards east, and the z-axis points towards the center of the earth
(down). Therefore, the values in the Simulink model must be converted to a NED reference
frame before being sent to the pilot. The values for the boat’s position are converted using

(x, y, z)NED = (x,−y,−z)SIM. (1)

To convert the heading and apparent wind angles to a NED reference frame, their
values in the simulation reference frame are negated. Conversely, the rudder angle is
converted from the NED reference frame to the simulation frame by negating the value in
the NED reference frame.

The emulation of the GPS outputs the boat’s position. This is in the format of an
NMEA-0183 recommended minimum sentence (RMS), which contains information about
the sailboat’s position in the format of latitude, latitude direction, longitude, longitude
direction, speed over ground, track over ground, date, and checksum. The boat’s position
is converted to latitude and longitude values (lat, lon) using

lat =
xSIM + vx,cur · tSIM

R
, (2)

and

lon = −
(

ySIM + vy,cur · tSIM

R cos(lat)

)
, (3)
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where R is the distance from the center of the earth to the surface of the water (6,371,000 m),
and xSIM and ySIM are the boat’s position in the Cartesian plane in the simulation frame
of reference. Additionally, vcurr = vx,cur + jvy,cur is the current velocity, and tSIM is the
simulation time.

The emulation of the wind vane sensor outputs the apparent wind direction and
apparent wind speed to the pilot. These values are formatted as an NMEA-0183 wind
speed and angle (MWV) sentence.

The emulation of the compass outputs the boat’s attitude comprising the boat’s roll,
pitch, and yaw. The pilot algorithm only uses the value for yaw (heading). These values
are converted to binary to extract the most significant byte (MSB) and least significant byte
(LSB) to send a sentence containing the heading MSB, heading LSB, pitch MSB, pitch LSB,
roll MSB, and roll LSB.

The test area chosen to assess the validity of the HIL and optimize the sailboat pa-
rameters is shown in Figure 2. The trajectory of the sailboat (black line) is represented in
geographical coordinates over ground. The positions of the wind vanes are represented
using the black triangles with flags in the navigation area (black circle). Three of the
anemometers are located on the circle, while the fourth is in the center of the black circle
delimiting the sailing area. The large white arrows represent the current direction.

Figure 2. The test area used in this study.

For this study, the wind data were collected using the four wind sensors that were
placed on fixed KL15 catamarans around the sailing area to create a mesh of the wind field
that covered the entire area [24]. An array containing the value of the true wind as an
interpolation in time and position of the boat during the sea trials was generated. Similarly,
the current was taken from a database containing the value of the real current at a specific
time and location [25]. The current at the sailboat’s position was taken as the weighted
average of the two database points closest to the sailing area, where the weight depends
on the current’s measurements location relative to the center of the circle delimiting the
sailing area. Although there were no wave measurements during the sea trials, the wave
height was adjusted to 0.3 m peak-to-trough with a period of 3.5 s in a simplistic Airy wave
modeling to obtain a trajectory similar to that of the previously published validation of the
simulator with these sea trials [24].

A comparison is shown in Figure 3 between the simulation and sea trials trajectory.
The average wind is south–southeast at 150°, indicating that it is from the bottom left corner
in Figure 3 with an angle of 30° with xSIM axis. Contrary to Figure 2, the last point of the sea
test trajectory does not meet the starting point. This is due to the current, consistent with
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Figure 2. To make a fair comparison, the pilot of the simulator is trimmed to the apparent
wind recorded onto the real sailboat. The distance between the final point and the starting
point shows how the water surface drifted with the ground during the 1823 seconds of
the test. The comparison between the two curves shows good agreement between the
trials and simulation. A slight difference appears in the middle of the second tack, which
corresponds to a change in the jib roller trim on the real boat. The advance taken by the
simulated sailboat on the real one is kept until the upwind mark. This advantage increases
further downwind. This may be due to the perfection of the simulated maneuver. As an
example, the spinnaker is instantaneously set up once 80° in the apparent wind is crossed.

x
SIM

 (m)

y
S

IM
 (

m
)

Simulation Vs Measurement

Wind

Current

Figure 3. Simulation and sea trials trajectories. The black arrows indicate the average wind and
current directions. Markers are plot on trajectories every 100 s.

3. Time-Based HIL Simulator

In this section, an embedded system that implements the behavior sailboat pilot over
time is described. First, in Section 3.1, the hardware that runs on the sailboat is presented;
second, in Section 3.2, the method of integrating the hardware with the Simulink model
is described.

3.1. The Embedded System

The embedded system was originally designed to control the SeaLeon, a small au-
tonomous sailboat designed to participate in the Microtransat Challenge [1]. She set sail
on 31 July 2018, off the coast of Cape Breton with the goal of completing an autonomous
transatlantic voyage from America to Europe. The boat’s journey lasted 76 days before the
last communication with her position was established on 14th October. She was later found
near Castletownbere, County Cork, Ireland, on 21st February.

At its core, the embedded system relies on the SAMD20-J microcontroller from Mi-
crochip, which features a 32-bit ARM Cortex-MO processor. This microcontroller is chosen
because it consumes a low amount of power, and it can provide as many as six serial
communication interfaces (SERCOMs), which can be configured as UART, SPI, or I2C
interfaces. It also supports commercial operating systems, such as FreeRTOS, and allows
32-bit floating point arithmetic.
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The sailboat’s software is organized in a modular fashion, allowing local changes to
be made to the serial drivers and communication protocols, as well as the pilot algorithm.
The current embedded code is based on that of the SeaLeon, and its software structure
is flexible such that it is easy to modify and customize for specific needs. The software
has a hierarchical structure consisting of three layers: control, task, and input/output
(i/o). The control layer manages the state of the sailboat and runs various tasks in periodic
intervals, while the task layer contains high-level modules that manage the sailboat’s
peripherals. Finally, the input/output layer handles low-level code for the microcontroller’s
hardware interfaces. This layered architecture provides a streamlined interface for making
changes and modifications to the sailboat’s software

The control layer of the sailboat manages its state and peripheral devices. It runs
critical tasks and facilitates data exchange with the peripherals. A clock is used to manage
periodic tasks by assigning a timestamp to each task. Tasks are initiated when the clock
exceeds the timestamp, and the timestamp is incremented upon task completion. This setup
provides flexibility in controlling the timing between tasks. Tasks interact with peripheral
devices, which have safeguards to protect against failures, but faults are still possible.
In case of an unresponsive task, a watchdog timer will force a software reset. This process
is handled by the timer tick callback function, called each time the control timer overflows.

The task layer serves as a critical interface for the sailboat’s fundamental functions.
By leveraging this layer, the control layer can seamlessly communicate with the sailboat’s
peripherals, without necessitating direct interaction with low-level drivers. The tasks that
are accomplished in this layer along with the period that they are executed with are shown
in Table 1. These periods were specifically chosen based on the desired voyage of the
SeaLeon across the Atlantic Ocean.

Table 1. Sailboat control tasks and task period.

Task Period (s)

Data logging 5.0

GPS reading 10.0

Wind vane reading 5.0

Compass reading 0.5

Rudder control 1.0

Course selection 60.0

3.2. Hardware-in-the-Loop

The HIL simulation architecture is shown in Figure 4. It includes the real-time em-
bedded system running on the SAMD20-J microcontroller and a desktop PC running the
dynamic model of the sailboat along with the environmental model in Simulink. The mi-
crocontroller receives sensor data from a wind vane, GPS, and compass. In the physical
sailboat deployment, the SeaLeon used an LCJ Capteurs CV-7 wind sensor, an MTK3339
GPS, and an HMC6343 compass. Both the GPS and the wind sensor communicate with
the microcontroller via the universal asynchronous receiver/transmitter (USART) protocol.
The compass communicates with the microcontroller through the I2C protocol, where the
microcontroller acts as the master and the compass acts as the slave. To send sensor data
from the PC to the microcontroller interface, three USB-to-TTL serial-interface-converting
cables are used to send data from each emulated sensor. The TTL-232R-3V3 cable uses
a FT232RQ IC chip; two of these cables are used for sending wind vane and GPS sensor
data to the USART interfaces on the microcontroller. The UMFT201XB-WE cable uses the
FT201X FTDI chip and is used for sending compass data to the I2C interface on the micro-
controller. Note that in the original embedded system mounted on the sailboat, the rudder
is activated through a pulse width modulation (PWM) data converter. This connection
cannot physically be used to transmit the value of the rudder angle to the computer, and as
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such, for the HIL, the rudder angle output by the navigation code is routed to the PC using
the same serial interface that is used by the GPS sensor. There is no conflict between the
signals since the GPS messages are received by the micro-controller, while the rudder angle
is transmitted on the serial interface.

Wind 

Vane

GPS

Compass

Rudder 

Angle

PB09 (RX)

PA04 (TX)PA05 (RX)

PA08 (SDA)
PA09 (SCL)

SAMD20-J

Desktop PCTTL-232R-3V3

TTL-232R-3V3

UMFT201XB-WE

TTL-232R-3V3

(a)

GPS/Rudder Angle

GPS/Rudder Angle

Atmel-Ice
Programmer

SAMD20-J

Wind Vane

Wind Vane

Compass

CompassTo PC

(b)

Figure 4. Micro-controller interface to the host computer to implement the HIL. (a) Diagram illustrat-
ing the connections; (b) picture of the hardware.

The emulators for the GPS and wind vane sensors are programmed to transmit data
at a rate that corresponds with the frequency at which the microcontroller checks these
sensors. The rudder angle is read at the same rate that the microcontroller is sending it.
These rates are adjusted as required by the specific simulation being executed. On the other
hand, for the compass, the data output is initiated only upon the receipt of a command
from the microcontroller. To ensure synchronization with the microcontroller, the compass
emulator is designed to wait for the command before transmitting data, resulting in a
data-transmission rate that matches that of the microcontroller.

4. Optimization of Constants

In this section, a procedure is described to optimize the performance of the pilot.
For this purpose, a 30-minute sea test described in [25] is used as a reference, in which
two waypoints are defined. During the sea tests, the vessel was man operated, and a route
was defined by the coach. The sailboat motion and trajectory were recorded, along with
the currents and wind measurements. In comparison, the automated pilot is run with the
HIL simulator using the environmental conditions and the Class 8 sailboat parameters.
The trajectory used for this comparison comprises classical upwind and downwind legs.

In this study, we first conduct two simulations utilizing the original refresh rates
as specified in Table 1. In the first simulation, we utilize the apparent wind as input to
the pilot, while in the second simulation, the performance using true wind is evaluated.
The corresponding trajectories are then compared to the sea test results as presented in
Figure 5. The two waypoints are indicated in the figure as circles with a 25-meter radius,
which matches the validation radius. To maintain consistency with the sea test, both
simulations are stopped at 1823.0 s, which is the time when the last waypoint was validated
during the sea trials.

It can be noted that in practice, fewer maneuvers are typically preferable when the
wind does not change. However, the HIL simulator used here assumes that the winds can
vary during the mission. Furthermore, the vessel model described in Section 2.1 takes into
consideration the different forces that can induce losses in speed during the maneuvers
such that the estimated performance is realistic.

As illustrated in Figure 5, the utilization of true wind results in a significant improve-
ment in performance. Specifically, when using apparent wind, the simulated boat is unable
to reach the second waypoint within 1823.0 s. However, when using true wind, the boat
simulation successfully validates the second waypoint and proceeds beyond it, which
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suggests that it reaches the waypoint well before 1823.0 s. Using this result, the following
simulations are implemented using true wind.

The performance of the pilot is analyzed for different refresh periods of the compass
data and is compared using the time taken to reach each waypoint as listed in Table 2.
The results show that a refresh period of 1.0 s provides the shortest trip duration. On the
other hand, the sailboat fails to reach the second waypoints at refresh periods of 4.0 s
and 5.0 s. The sailboat trajectories for different refresh periods are depicted in Figure 6.
Increasing the refresh period leads to more oscillatory sailboat trajectories, which can
result in instability. Consequently, the sailboat’s trajectory oscillations lead to a longer time
required to reach each waypoint.

-600 -400 -200 0 200 400 600 800 1000 1200 1400

x
SIM

(m)

-600

-400

-200

0

200

400

600

y
S

IM
(m

)

Sea Test

Using Apparent Wind

Using True Wind

Figure 5. Simulated trajectory using original SeaLeon refresh rates using apparent wind and true
wind in comparison to sea test trajectory. The black circles represent the 25-meter radius validation
area around the upwind and downwind waypoints.

Table 2. Waypoint validation times for various compass refresh periods.

Compass Refresh Period (s) Waypoint 1 (s) Waypoint 2 (s)

1.0 912.7 1712.1

2.0 932.9 1782.6

4.0 1178.0 -

5.0 1390.8 -

The performance of the pilot is also optimized for the refresh period to update the
pilot’s course. The time taken to validate each waypoint for various refresh periods is
provided in Table 3. As can be observed, the refresh period for which the trip duration is
shortest is equal to 60.0 s. This is attributed to the fact that for this trajectory, the averaged
velocity made good (VMG) of the vessel is maximal. VMG is the projected sailboat velocity
onto the desired direction (i.e., straight to the next waypoint). It is plotted in Figure 7. We
also see that local minima exist. This is due to the fact that although the sailboat may exit
the dead zone prior to the refresh period, it must wait until the refresh period elapses to
update its course and to effectively aim for the next mark. Because of this, the automated
pilot may travel a greater distance than required. The longer the refresh period, the longer
the potential extra traveled distance. In comparison, a man-operated vessel may wait such
that its next tack aligns with the waypoint position. As an example, the original refresh
period for the course of the SeaLeon is 60.0 s. As the Class 8 speed is near 2.5 m/s, she
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traveled approximately 150 m during that period. With a route consisting of two legs in
opposite directions, this can mean up to 300 m of unnecessary extra distance. Hence, the
significance of the validation time for the second waypoint may be comparatively limited
compared to that of the first waypoint, as it is susceptible to the impact of local minima.
Notably, it is observed that a course refresh period of 155.0 s yields optimal performance
when navigating upwind.

-600 -400 -200 0 200 400 600 800 1000 1200 1400
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SIM
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4s

5s

Figure 6. Simulated trajectories for various heading refresh rates in comparison to sea test trajectory.

Table 3. Waypoint validation times for various course refresh periods.

Course Refresh Period (s) Waypoint 1 (s) Waypoint 2 (s)

15.0 986.5 1772.4

30.0 930.9 1731.7

60.0 912.7 1712.1

155.0 894.7 1742.4

The paths taken for the different conditions are shown in Figure 8 for different refresh
periods of the course. As can be observed, the automated pilot tacks more often than the
man-operated vessel. Each tack causes a loss of speed such that the refresh period needs
to be chosen judiciously. Additionally, a factor that must be taken into consideration for
longer journeys, such as the MicroTransat challenge, is that the sails may deteriorate when
they flap during each tack.

To confirm which setting optimizes the performance, the velocity of the sailboat is
projected along the average true wind to obtain the VMG in Figure 7. The VMG is positive
upwind and negative downwind. As can be observed, the automated pilot reaches the
first waypoint about 68 s before the man-operated vessel. The VMG of the autopilot boat
cancels at 890 s, while that of the real boat cancels at 958 s. On the windward leg (positive
VMG), the simulated boat’s VMG does not appear to be significantly higher than that of the
real boat, except for the very last tack between 850 s and 900 s. At this point, the real boat
team is probably focused on preparing the spinnaker, and the helmswoman likely missed
an advantageous wind shift while the robot did not. This is probably the main reason for
the robot’s very significant time advantage at the first mark. It is also interesting to note
that while oscillation due to waves can hardly be seen for the upwind leg on the simulation
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curve, they are visible in the downwind leg. Similar oscillations can be observed on the
measurements. However, their frequency is higher and the amplitude is lower, which may
be consistent, as the sailing took place in a sheltered area (see Figure 2).
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Figure 7. VMG i.e., projection of velocity onto true wind for simulated and sea test results.
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Figure 8. Simulated trajectories for various course refresh rates in comparison to sea test results.

It should be noted that the current SeaLeon pilot could be upgraded to turn towards
the waypoint as soon as it leaves the dead zone. However, the HIL simulator can be
used to explore different scenarios and evaluate the sailboat’s trajectory under various
environmental conditions, such as different wind strengths or directions. Additionally,
the simulator can help assess the effectiveness of the pilot algorithm for different spacings
between waypoints or different validation radii. For example, for longer distances, the pilot
algorithm may opt for larger refresh periods to conserve power, but the simulator can help
determine if this choice results in longer travel times or other undesired effects. Similarly,
when the sailboat is approaching the validation radius, increasing the refresh rate for the
GPS input can help the algorithm quickly determine whether the sailboat is inside or
outside the validation radius. The HIL simulator provides information about the timings of
the sailboat’s position, attitude, and velocity, which can be used to evaluate the performance
of the pilot algorithm under various conditions.
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5. Conclusions

In this work, an HIL sailboat simulator is described. Its primary purpose is to validate a
pilot algorithm by assessing its performance under specific conditions. The HIL developed
here relies on an embedded pilot that is mounted on the SeaLeon, an autonomous vessel
that crossed the Atlantic. The HIL models the effect of the different forces on the sailboat to
show its progress over time as it is placed under specific wind, wave and current conditions.
It is shown, using a sea trial run on the coast of France, that by analyzing the trajectories of
the sailboat for various refresh periods for the compass and course update, the overall speed
of the sailboat can be optimized for a given mission. Specifically, for the use case presented,
the compass refresh rate is minimized and equal to one second for course stability in waves,
while the course refresh rate is increased to 155.0 s for the best performance upwind with
a better ratio between the loss in speed when tacking and taking advantage of the wind
shifts. Note that the optimal course refresh rate can have local minima when there is
good synchronization between the waypoint validation and course update. Furthermore,
the study demonstrates that the HIL can be used to identify weaknesses in the SeaLeon’s
pilot, particularly when it tacks near a waypoint. The HIL’s ability to simulate the sailboat’s
trajectory can be used in future work to diagnose the behavior of autonomous sailboats
sent to sea, including the trajectory taken by the SeaLeon when it reached the Grand
Banks at the crossing between the Labrador and the Gulf Stream. Overall, the HIL sailboat
design presented in this work provides a valuable tool for assessing and optimizing sailboat
performance under specific environmental conditions, as well as for identifying weaknesses
in the pilot algorithm. Finally, an interesting use of the HIL simulator is its potential to
improve the system design of a sailboat, such as the hull geometry and sail dimensions,
including controllability issues in a seaway and their impact on overall performance. This
will be analyzed in future work.
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