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ABSTRACT Autonomous sailing has attracted many interests from both industry and academy due to its
great potential in oceanography, research and education. Worldwide researchers have developed various
kinds of unmanned sailboat platforms for their specific research purposes and applications. However, most
of these autonomous sailing platforms are rather complex to build and to program. The aim of this study
is to propose, to build, and to test a new compact sailboat platform using a unique combination of a 1-m
class radio controlled model sailboat, a Raspberry Pi 4, a Navio2, and a Calypso ultrasonic solar-powered
anemometer. The proposed new sailboat platform makes full use of the agility of the racing model boat
with minimal mechanical adjustments as the system does not use electrical wires to connect with additional
sensors and a mechanical anemometer. The software architecture of the proposed new sailboat platform is
also simplified as it involves only Python programming for the Raspberry Pi 4. The experimental results have
demonstrated the feasibility as well as the functionality of the proposed new sailboat platform to conduct
autonomous sailing operations successfully and it could become one of the most accessible, generic and
flexible autonomous sailing platforms for advanced research and education in robotics, autonomous systems,
and artificial intelligence.

INDEX TERMS Autonomous sailing, line following, position keeping, python programming.

I. INTRODUCTION
Robotics and autonomous systems as an industrial and com-
mercial activity has its strong economic contribution and
disruptive socioeconomic impact across diverse market sec-
tors worldwide [1]. The rapid development and commercial
successes of the drone industry can be an evidence to such
an impact. Considering that water covers about 71% of the
Earth’s surface and the majority of the ocean surface is yet
to be explored or mapped, marine robotics has attracted
more and more interest from both industry and academy [2].
Various marine robots have already been developed to
cover applications in both surface and underwater environ-
ments. Among all these marine robots, autonomous sailboats
become a significant branch of focus due to its great poten-
tial as a green and sustainable platform for long-duration
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missions such as oceanography. Autonomous sailboats can
be of monohull, catamaran, and trimaran type with a rigid or
a flexible sail [3]. The dimension of autonomous sailboats can
also range from less than 1 meter in length to tens of meters
long costing hundreds of thousands dollars to build.

Autonomous sailboats rely on the relevant sensors, actua-
tors and controllers to implement autonomous sailing opera-
tions. Typically an autonomous sailboat needs a GPS receiver
to provide its position for the navigation, an anemometer
to provide the direction and the speed of the wind, and a
compass to provide the heading of the sailboat [4]. The
sailboat also needs the controllers to process sensor data
and to provide the computed instructions to adjust the angle
of the rudder and the angle of the sail, respectively. The
angle adjustments are usually conducted by the correspond-
ing servo motors that are linked with the rudder and the sail.
There are also auxiliary sensors within autonomous sailboats
such as communication modules for the purpose of remote
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control and online monitoring [5]. Depending on the budget
and the dimension of the autonomous sailboat, there are
many combinations of these sensors, actuators and controllers
in the literature [6]. Early autonomous sailboat platforms
usually use a mechanical anemometer that can provide the
direction and the speed of the wind [7]. Ultrasonic wind
sensors are increasingly used in autonomous sailboats due
to its higher resolution and greater reliability with no mov-
ing parts [8]. The controllers used in autonomous sailboats
can be Arduino-based microcontrollers for easy access of
sensor data or Raspberry Pi-based computers to implement
Robot Operating System (ROS) based software architecture
for obstacle avoidance and computer vision. Arduino-based
microcontrollers and Raspberry Pi-based computers can also
be combined together to make full use of their individual
benefits as in [7]. In order to avoid ROS-based program-
ming, which is usually complex in terms of programming,
the autonomous sailboat that was developed in [2] used a
Pixhawk V2.4.8 along with a Arduino Mega 2560 as the con-
troller where the PixhawV2.4.8 can provide reliable GPS and
compass states. A rather complex control system involving a
NVIDIA Xavier, a Raspberry Pi with an autopilot hat named
Navio2, and a Pixhawk is proposed in [9] for better energy
estimation and management. Various autonomous sailing
algorithms can then be tested on these developed control sys-
tems and the World Robotic Sailing Championships (WRSC)
also provides the channel and the stimulus for testing and
comparing these autonomous sailing algorithms. Traditional
line following and station keeping algorithms can be tested on
an Arduino-based control system while obstacle avoidance
sailing algorithms can be tested on a Raspberry Pi-based
control system with computer vision. Advanced sailing algo-
rithms such as machine learning-based sailing can also be
tested on a Raspberry Pi-based or a NVIDIA-based control
system [10].

The main challenge or hurdle to conduct autonomous sail-
ing research is to have an agile and compact platform in
terms of hardware and software configurations since most of
existing sailboat platforms are rather complex to build and
to program. This is mainly due to the existing combinations
of sensors and microcontrollers are often hybrid involving
multiple types of microcontrollers and programming lan-
guages. Focusing on the core need of testing autonomous
sailing algorithms, radio controlled (RC) model sailboats
can provide a credible test platform since nowadays model
sailboats are very agile. This is because many competitive
sailing events for RC model boat racing has helped to elevate
boat design and sailing techniques into new levels. To make
full use of the agility of modern model sailboats, mini-
mal mechanical adjustments are needed to convert a model
sailboat into an autonomous sailboat. Taking advantage of
the latest sensor and Artificial Intelligence (AI) computer
developments, particularly the availability of miniature ultra-
sonic anemometers and Raspberry Pi 4, this paper aims to
propose a new autonomous sailboat platform with a unique
combination of a Raspberry Pi 4 with Navio2 and a Calypso

solar-powered ultrasonic anemometer [11] on a 1-meter class
RC model boat and to conduct autonomous sailing experi-
ments on the proposed sailboat platform. The benefits of such
a combination include minimal mechanical adjustments of
the original model sailboat and a software architecture involv-
ing only Python programming. As the Calypso anemometer
communicates with the Raspberry Pi 4 via Bluetooth, the
sailboat platform also removes extra electrical wires widely
seen in other sailing platforms. The platform can also be
extended to include computer vision and machine learning
algorithms by making full use of Python-supported OpenCV
and deep learning packages. Since autonomous sailboats are
increasingly used for research and education as in [12], it is
expected that the proposed autonomous sailboat platform can
become an easily accessible and fast-prototyped platform for
advanced research and education in robotics and machine
learning as well.

The rest of the paper is organised as follows. The principle
of autonomous sailing and two typical sailing algorithms to
be tested on the proposed sailboat platform are introduced
in Section II. The experimental setup for the proposed sail-
boat platform is detailed in Section III, which includes the
hardware configuration, the software architecture, the online
monitoring module, and the assembled platform. The experi-
mental results of using the developed sailboat platform to test
autonomous sailing algorithms at a local lake are provided
in Section IV. Some conclusions are drawn in Section V to
summarize the obtained experimental results and the potential
future work on the developed sailboat platform.

II. AUTONOMOUS SAILING
Autonomous sailing means that there is no human interven-
tion for the sailing operations. The principle of autonomous
sailing is shown in Figure 1. It can be seen that a control
task is given to the controller inside the sailboat and then the
controller computes a desired angle of rudder δr and also a
desired angle of sail δs for rudder and sail servos to act on
the basis of the GPS position of the sailboat m, the direction
of the true wind ψtw, the speed of the true wind atw, and
also the orientation of the boat θ . The velocity of the sailboat
is denoted as v and the corresponding course angle for this
sailboat speed is denoted as φ. Due to the sideway forces of
the wind, the course angle φ and the heading angle θ are not
necessarily equal [14]. It is worthy to note that m, ψtw, atw,
θ , and φ are defined in a East-North-Up (ENU) coordinate
system with its origin fixed on an Earth point while δr and
δs are given in a body-fixed coordinate system with its origin
fixed on the gravity center of the boat. These two coordinate
systems are shown in Figure 2, where the direction of the true
wind is denoted as ψtw, the speed of the true wind is denoted
as atw, the direction of the apparent wind is denoted as ψaw,
and the speed of the apparent wind is denoted as aaw.

The position of the sailboat m can be measured by a GPS
receiver and usually the GPS receiver can also provide the
velocity v and the course angle φ of the sailboat. The orien-
tation of the sailboat θ is usually measured by a compass.
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FIGURE 1. The principle of autonomous sailing [4].

FIGURE 2. The coordinate systems and the true wind [13].

An anemometer fixed on the sailboat can measure ψaw and
aaw, respectively. The relationship between the apparent wind
and the true wind is also shown in Figure 2, where the
direction and the speed of the true wind can be calculated
from those of the apparent wind as follows:{

atw = ‖Tw‖

ψtw = atan2 (Tw)
(1)

where

Tw =
[
v cos (φ)+ aaw cos (ψaw + θ)
v sin (φ)+ aaw sin (ψaw + θ)

]
(2)

and Tw is the Cartesian coordinate of the true wind in the ENU
coordinate system [13].

Autonomous sailboats are usually required to arrive to
certain location and to stay there for certain time to take some
measurements or exchange information with other facilities.
Thus typical sailing operations for an autonomous sailboat
are line following and station keeping. In the following sub-
sections, a line following algorithm and a station keeping

TABLE 1. Notations.

algorithm are introduced and simulated. The notations used
for these two sailing algorithms are listed in Table 1.

A. LINE FOLLOWING
Line following is the most basic operation for an autonomous
sailboat as it enables the sailboat to reach another destination
in a straightforward way. Here the line following algorithm to
be tested is taken from [15], where the inputs of the algorithm
include the current position of the sailboat m, the heading
θ , the true wind direction ψtw, two points a and b defining
the line to be followed, and a tacking variable q ∈ {−1, 1}
indicating the status of tacking. The key for the line following
algorithm is to compute a desired heading θ̂ of the sailboat
depending on its distance to the line, the nominal heading
τ , and the true wind direction ψtw. The corresponding ruder
angle δr and the sail angle δs can then be computed on
the basis of this desired heading θ̂ . The details for the line
following algorithm is provided in Table 2, where Step 1 is
to calculate the algebraic distance between the sailboat and
the line to be followed with e > 0 indicating the sailboat on
the left of the line and e < 0 indicating the sailboat on the
right of the line; Step 2 is to update the tacking variable q as
the sailboat is only allowed to change tacking when |e| > r ;
Step 3 is to calculate the line angle τ ; Step 4 is to calculate
the desired heading θ̂ based on the line angle; Step 5 is to
update the desired heading to be close hauled heading in case
of unfeasible directions in the no-go zone; Step 6 is to update
the rudder angle based on the desired heading θ̂ ; and Step 7 is
to update the sail angle based on the desired heading θ̂ .

Line following can be fully tested by a triangle racing task
since the wind conditions for these three lines from the trian-
gle racing task are different and the sailboat needs to change
the status of tacking to fulfil this task. Using the mathematical
model of the sailboat in [13] and the line following algorithm
in Table 2, a simulation is conducted for a triangle racing task
via line following with a constant wind direction of 2700. The
simulation result is shown in Figure 3, where the three points
are at (0,0), (200,0), and (180,180), respectively. It can be
seen that the line following algorithm is working perfectly
by following these three lines sequentially with a tacking
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TABLE 2. The controller for line following.

FIGURE 3. Triangle racing via line following.

strategy implemented automatically in case of sailing against
the wind. A similar triangle racing task via line following is
to be tested on the proposed sailboat platform to verify its
functionality in the following experimental studies.

B. STATION KEEPING
Station keeping requires the sailboat to reach and to maintain
at a specific position under any wind condition. Many control
methods can be used to control the rudder and the sail during
station keeping as the one proposed in [16]. An advanced
station keeping algorithmwas studied in [17] and this method
does not use any prior knowledge on the dynamic model
of the sailboat. A simplified version of this station keeping
algorithm is adopted for the experimental studies. The sim-
plification is mainly on the sail control as we use the same
sail control to the line following algorithm. This is because
the rudder control plays a bigger role in station keeping while
the sail control is auxiliary. The principle of station keeping
is similar to line following, which is to compute a desired
heading θ̂ depending on the circumstances of the sailboat.
The corresponding ruder angle δr and the sail angle δs are
to be computed on the basis of this desired heading θ̂ . The
process of themethod is divided into three steps depending on

TABLE 3. The controller for station keeping.

the sailboat’s distance to the target point, where the distance
is denoted as dt and the target point is denoted as b. An inner
circle with a radius of di and an outer circle with a radius of
do are defined to quantify this distance to the target point.
The detailed station keeping algorithm for the experimental
studies is listed in Table 3, where Step 1 is to use the line
following algorithm to reach the target when dt > do; Step 2
is to compute the corresponding desired heading θ̂ when the
sailboat enters into the outer circle, i.e., di < dt > do; Step 3
is to compute the corresponding desired heading θ̂ when the
sailboat enters into the inner circle, i.e., dt < di; Step 4 is to
compute the corresponding ruddle angle δr and the sail angle
δs according to the desired heading θ̂ .

In order to test and demonstrate this simplified station
keeping algorithm, a simulation study has also been con-
ducted by using the mathematical model of the sailboat
in [13]. The simulation result is shown in Figure 4, where
the target point is at (0,10) with di = 7 m, do = 14 m, and a
constant wind direction of 900. It can be seen that the sailboat
can arrive to the target point by sailing against the wind in
Step 2 and to maintain inside the inner circle in Step 3. This
station keeping algorithm is also to be tested on the proposed
sailboat platform in the following experimental studies.

III. EXPERIMENTAL SETUP
The two autonomous sailing algorithms introduced in
Section II are to be tested on the proposed sailboat platform
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FIGURE 4. The simulation for station keeping.

for verifying its feasibility and functionality. The following
subsections describe the detailed hardware configuration,
software architecture, online monitoring, and the assembled
sailboat of the proposed sailboat platform, respectively.

A. HARDWARE CONFIGURATION
The hardware for the control system is configured around a
Raspberry Pi 4 along with an autopilot hat named Navio2
for navigation and control. Navio2 has two embedded inertial
measurement unit (IMU) sensors: MPU9250 and LSM9DS1.
They provide the head of the sailboat θ for the sailing
algorithms. Navio2 has also an embedded GNSS receiver
that provides the GPS location of the sailboat m with the
NAV_POSLLH message and also the speed of the sailboat
v with the NAV_VELNED message. A Calypso ultrasonic
solar-powered anemometer is connected to Raspberry Pi 4 via
Bluetooth and it provides the direction ψaw and the speed
aaw of the apparent wind. Navio2 also has the servo trail that
connects with the rudder servo and the sail servo, respectively.
The whole system can be powered by a single Li-Po battery.
A radio receiver and a XBEE module can be connected to the
system to provide the function of data communication and
remote control. Figure 5 shows the connected hardware for
the configured control system.

B. SOFTWARE ARCHITECTURE
As the configured hardware system has only three main parts
(a Raspberry Pi 4, a Navio2, and a Calypso anemometer), the
corresponding software architecture is relatively compact as
well: each sensor has its own program; an extra program is
to receive the raw sensor data and to filter them into a state
vector in thread; and then the main program receives this state
vector and provides the corresponding instructions to control
the rudder servo and the sail servo according to the sailing
algorithm to be tested. The software architecture is shown
in Figure 6. It is worthy to note that all the programs are
written by Python without the use of any ROS command.

FIGURE 5. The hardware configuration.

FIGURE 6. The software architecture.

The software architecture can also be extended to include
computer vision and other machine learning packages.

C. ONLINE MONITORING
In order to monitor the status of the sailboat on a nearby
laptop, a XBEE module is connected to Raspberry Pi 4 and
the other XBEE module is connected to the laptop. These
two XBEE modules are configured to use the same channel
to establish a communication between them. The position of
the sailboat, the direction of the true wind, the heading of the
sailboat, and other relevant information can be transmitted to
the monitoring laptop. The monitoring laptop can also take
over the control of the sailboat by sending new instructions to
update the rudder angle and the sail angle via XBEE. In order
to display the movements of the sailboat on a Google map
in real time, a server is set up on the monitoring laptop. The
procedures to set up this server is shown in Figure 7, where
a Python script receives the data sending from the XBEE
module and puts them into a MYSQL database; a php file
gets the stored data and send them to a JavaScript function;
then a HTML file uses this function to display the real-time
status of the sailboat on the Google map.

D. SAILBOAT PLATFORM
A 1-meter class model sailboat from Proboat� is used to
host the configured hardware and to conduct the experimental
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FIGURE 7. The setup of the server for online monitoring.

FIGURE 8. The RC sailboat with minimal mechanical adjustments.

studies. Since the hardware is rather compact, it is straight-
forward to put the Raspberry Pi 4 and Navio2 into the hatch
of the sailboat while the antenna for the GNSS receiver and
the Calypso anemometer are to be placed outside the hatch.
Two mechanical support systems are 3D printed to hold
the Raspberry Pi 4 and the Calypso anemometer into their
positions, respectively. The assembled sailboat platform with
all the hardware onboard is shown in Figure 8. It can be seen
that there are minimal mechanical adjustments to the original
RC model sailboat, which could help to maintain its original
agility. An additional camera support is also added in the front
of the sailboat and thus the converted autonomous sailboat
can also implement the function of computer vision. The total
cost for building the proposed sailboat platform can be around
¿1,000 including the model sailboat. Overall, the proposed
sailboat platform is rather compact in terms of both hardware
and software, which is advantageous for the purpose of fast
prototyping and testing of autonomous sailing algorithms.

IV. EXPERIMENTAL RESULTS
The experimental studies were conducted at a local concrete-
floored lake using the developed new sailboat platform. The
first test was the triangle racing via the line following algo-
rithm. The test results are shown in Figure 9. It can be seen
that the monitoring laptop can display the movements of the
sailboat in real time and the sailboat can indeed finish the
triangle racing by roughly following three lines sequentially.
However, it is worthy to note that the experimental results are
not as good as the simulated results in Figure 3. This is mainly

FIGURE 9. Triangle racing test via line following.

FIGURE 10. The wind direction trajectory during the triangle racing test.

due to the constant changes of the wind direction and the
wind speed during this experiment while the wind direction
and the wind speed are kept constant for the simulation. The
recorded wind direction trajectory during the triangle racing
test is shown in Figure 10, where the red line is the wind
direction used in the simulation while the blue lines are the
wind direction trajectory experienced in the test. The lake for
the test is also relatively small with about 50 m in width.
Nevertheless, the robustness of the current line following
algorithm needs to be improved to cope with the constant
changes of wind direction and wind speed. More measures
such as the filtering of wind direction data are to be taken in
the future experimental studies.

The second test was for the station keeping algorithm along
the wind. The radius of the inner circle is di = 1.5 m and the
radius of the outer circle is do = 3 m. The monitored results
are shown in Figure 11 while the station keeping movements
inside the outer circle are shown in Figure 12. It can be seen
that the sailboat did sail along the wind initially via line
following, arrived to the inner circle, and the stayed within
the outer circle for 87 seconds. It is more difficult to maintain
the sailboat within the inner circle than in the simulation
due to the complex environmental conditions encountered
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FIGURE 11. Station keeping test along the wind.

FIGURE 12. Station keeping movements within the circles (along the
wind).

FIGURE 13. Station keeping test against the wind.

in the test. It is also worthy to explore and develop robust
station keeping algorithms to cope with all these changing
environmental conditions.

The third test was for the station keeping against the wind.
The radius of the inner circle is di = 1.5 m and the radius of
the outer circle is do = 3 m as well. The monitored results
are shown in Figure 13 while the station keeping movements
inside the outer circle are shown in Figure 14. The sailboat did
use a tacking strategy to sail against the wind initially via line
following, arrived into the inner circle, and stayed within the
outer circle for 60 seconds. This third test further confirms the
functionality of the proposed sailboat platform to implement
autonomous sailing algorithms with the benefits of simpler
hardware and software configurations.

FIGURE 14. Station keeping movements within the circles (against the
wind).

Based on the above three experimental results, it is fair to
say that the selected combination of the 1-meter RC sailboat,
the Raspberry Pi 4, the Navio2, and the Calypso anemome-
ter meets all the needs to conduct experimental studies of
autonomous sailing straightforwardly, which is advantageous
than other complex and expensive sailboat platforms.

V. CONCLUSION
Anew autonomous sailboat platform has been built and tested
to meet the need of an easily-accessible, fast-prototyped
and economic platform in autonomous sailing research. The
developed sailboat platform is composed of a 1-meter class
RC sailboat, a Raspberry Pi 4, a Navio2, and a Calypso
ultrasonic anemometer in hardware and it uses only Python
programming in software. Such a unique combination of
hardware and software makes the platform very compact and
agile. Experimental studies on the proposed sailboat platform
have demonstrated its full functionality to implement typical
autonomous sailing algorithms such as line following and
station keeping. The developed sailboat platform can also
be extended to include the functionality of computer vision
and machine learning. More studies are needed to improve
the robustness of the tested sailing algorithms to cope with
changing environmental conditions and noisy sensor data
encountered in the experimental studies. The developed new
sailboat platform is also to be used for testing other advanced
autonomous sailing algorithms in the future work.
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