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This report presents the work performed during the fall semester 2017. It is constituted of the integral text of 

an article written for the 13th International Marine Design Conference, Helsinki, June 2018, called Develop-

ment, and initial results of an autonomous sailing drone for oceanic research, and of several appendices of 

material that was not included in the conference paper. 

 

Abstract 

 

The thesis work was performed at the Maritime Robotics Laboratory on the Maribot Vane project. The aim of 

the research project is to develop an autonomous sailing boat used to monitor and collect oceanic data for oth-

er research field (oceanography, meteorology, fishery…). The project aims at developing new techniques to 

make a robust platform, able to withstand very rough conditions on long trips (several months) without assis-

tance. The propulsion of the boat is made by a free-rotating and self-adjusting rigid wing, that was designed 

and built in the first semester of 2017 (Tretow, 2017) and first tested during the summer 2017.  

 

The thesis work consisted on two main parts: first the performance of the actual prototype was assessed 

through further development of the electronics system and extensive testing. The second part consisted in the 

development of a prototype of a self-steering system and the evaluation of its potential use on the long term 

for the project.  

 

The self-steering system is one of the key feature that the Maribot Vane project is developing. The aim is to 

have an automatic steering system that enables the boat to sail at a constant apparent wind angle without any 

control form the onboard electronics, only using wind power. Energy is one of the key parameter to sail on 

long missions; with the self-steering system, the aim is to not consume electricity most of the time the boat 

sails, thus limiting the need to charge the batteries and enabling to sail in areas where it is difficult to harvest 

energy from the environment. As far as our knowledge goes, such a system has never been developed.  

 

After the first series of test to assess the boat performance, a new internal structure was designed and built for 

the two main reasons that the previous structure was too weak for the desired level of robustness and because 

of the need of extra room and attachment possibilities for the steering system.  
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1 INTRODUCTION 

There is a growing need for ocean based sensing in 
remote areas not accessible to most researches. With 
the opening of arctic waters and the changing 
weather patterns all over the globe, reaching new 
destinations to carry out research observations has 
become vital. The realization of an energy inde-
pendent autonomous surface vessel, to act as a mo-
bile research tool, has been targeted by the Maritime 
Robotics Laboratory at KTH, and the Maribot Vane 
project is the result.  

The opportunities for an autonomous robotic sail-
boat are extensive. Applications such as long-term 
position bound environmental monitoring, shallow 
water mapping, multi-agent missions for fish track-
ing (to mention a few) is where this type of vessel 
can complement conventional research vessels and 
equipment in data acquisition. For weather data col-
lection, while it is within satellite capabilities to 
gather some surface weather data, being able to 
reach areas of shallow water where data is not possi-
ble to be gathered by satellite is crucial. This type of 
vessel would also be able to carry a payload of de-
ployable sensors that could include data gathering 
aerial drones, or underwater instrumentation that 
could be deployed and regathered after any amount 
of time necessary for the mission objectives of the 
payload.  

The goal of a marine research tool capable of car-
rying out oceanographic and environmental research 

Figure 1. Maribot Vane sailing upwind in Baggensfjärden, 
Stockholm. 

 
is not completely new. Other sea drones have been 
created with similar aims, such as Saildrone (Sail-
drone, 2017), Sail buoy (Hole, 2016), C-Enduro 
(ASV Global, 2017), AutoNaut (Autonaut, 2017), or 
Wave Glider (Daniel, 2011). Some of these vessels 
have achieved their objectives well, reporting suc-
cessful missions after months out at sea. The Vane 
project however stands apart in a few distinct re-
spects. The Vane project approaches the problem 
with specific focuses that were not achieved by the 
previous attempts at a similar vessel, or simply out 
of scope.  

The C-Enduro (ASV Global, 2017) developed by 
ASV Global for example, uses a mix of renewable 
energies (solar and wind) and fuel to drive its elec-
tric motors, increasing complexity somewhat but 
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ABSTRACT: This paper describes the ongoing development of Maribot Vane, an autonomous sailing vessel 
at the Maritime Robotics Laboratory of KTH, the Royal Institute of Technology, Stockholm. There is an ac-
celerating need for ocean sensing where autonomous vehicles can play a key role in assisting scientists with 
environmental monitoring and collecting oceanographic data. The purpose of Maribot Vane is to offer a sus-
tainable alternative for these autonomous missions by using wind and an energy efficient self-steering mecha-
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with the advantage of being able to propel even 
without wind. Amongst the other autonomous ves-
sels, some get their propulsion form the environment 
such as the Wave Glider (Daniel, 2011) from Liquid 
Robotics or AutoNaut (Autonaut, 2017) from Auto-
Naut Ltd. With different techniques they both use 
waves to propel the vessel and thus have similar 
benefits and disadvantage as a sailing vessel: ability 
to propel without fuel, but with dependency on 
weather conditions. Their propulsion systems rely on 
underwater moving parts which potentially are sen-
sitive to damage by any underwater hazard (sea-
weed, mammals but also plastic or trash). The Mari-
bot Vane project aims at solving some of the 
described issues by sailing. With the Maribot Vane 
concept, the wind energy is used to drive the craft, 
meaning Maribot Vane too is weather dependent. 
However, the risk of air borne hazards is much more 
limited than the risk of underwater entanglement, so 
in comparison with the gliders, a sailing boat should 
be more robust. 

The choice of pursuing a wind powered vessel is 
multifaceted. The goal of energy independency is di-
rectly achieved by this decision. Also, the removal 
of the drive system that relies on finite fuel, internal 
power transmission and mechanical propulsion is a 
direct simplification to avoid corresponding mainte-
nance and limits. Compared to traditional manned 
research vessels with fuel and man-hours costing 
tenths of thousands of euros per day (NRC, 2009, 
MBARI, 2017), an unmanned vessel is potentially 
able to endure months at a time at sea at a fraction of 
this cost. This allows sensors and other devices de-
ployed to stay on location longer, and collect more 
data. 

Saildrone is an established commercially viable 
Unmanned Sailing Vessel (USV) that has been oper-
ating regularly for the past few years. This vessel 
shows that there is demand for such a research tool, 
however Saildrone is still power reliant in a way 
suited for sunnier latitudes where solar power is eas-
ily generated by an onboard array. The Sail buoy 
project produced a very robust USV, but with 
somewhat limited sailing abilities compared to a ful-
ly sailing boat. Other autonomous sailing vessels 
have been developed for competitions such as the 
Microtransat but most of them are of a smaller scale 
and remain competition projects that will not be 
used for long-term missions. One ongoing project 
similar to Maribot Vane is the ASPire (Friebe, 
2017). The principle for the boat propulsion is simi-
lar and it also contains a wind steering system but as 
far as the authors know the technical solutions on 
both the wind and the steering are very different. 
The Maribot Vane is intended as a gap bridging ves-
sel that can achieve comparable performance to that 
of a higher energy consumption vessel with robust 
solutions that allow for an adaptable research tool 
able to expand upon what is currently possible.  

In the first part of this article, an overview of the 
platform in its current development stage is given, 
describing the electronics system, the hardware sys-
tems and the rig. In the second part the novel fea-
tures of the Maribot Vane are presented. The wing 
principle and the design methodology are explained 
together with the self-steering system. The third part 
presents the results obtained from test campaign 
done in the summer and autumn 2017. An evaluation 
of the wing’s performance is presented and com-
pared to the designed rig. The self-steering capabili-
ties are then presented. Finally, based on the pre-
sented results, the future work planned to turn the 
actual prototype into a fully autonomous and energy 
efficient research platform is detailed. 

1.1 Nomenclature 

Some specific sailing terms that are not common 
knowledge for those who do not sail are used 
throughout the paper. Table 1 below summarizes 
some of these words necessary to qualify sailing per-
formance. 

 
Table 1. Sailing specific terms ___________________________________________________ 
Term or sign  Definition ___________________________________________________ 
Apparent wind The relative wind that the vessel experiences 

due to forward headway. 
AWA Apparent Wind Angle, the angle between the 

boat heading and the apparent wind. Measured 
from 0 to 180° on each side, positive when the 
wind comes from starboard. 

TWA True Wind Angle, the angle the wind is blow-
ing at the sailing vessel. Measured as the 
AWA. 

Point of sail Boat’s direction relative to the wind. 
Close-hauled A point of sail where the boat is as close as 

possible to the wind direction. 
Downwind A direction of the boat that is directed away 

from the wind (from 90° to 180° TWA). 
Upwind A direction of the boat that is directed towards 

the wind (from 0° to 90° TWA). 
Polar Diagram A visual plot of a sailing vessels speed at var-

ious true wind angles. 
Puff An area of increased wind sharply defined 

from the regular wind around it. 
SOG Speed Over Ground, the vessel’s speed with 

respect to the earth’s reference. Given by the 
GPS. ___________________________________________________ 

2 SYSTEMS OVERVIEW 

As shown in Figure 1, the Vane is based on a modi-
fied 2.4mR hull with a custom built free rotating 
wing sail arrangement. The entire boat weighs about 
250 kg with a total length of 4.16 m. The philosophy 
behind the choice of hull and rig is based on a com-
promise of handling, robustness, modifiability and 
cost along with safety concerns.  An innovative wind 
vane self-steering mechanism was developed 
(Wängelin, unpubl. 2017) and is described in more 
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detail below. Due to the relatively small size of the 
vessel a rapid prototyping approach can be used to 
evaluate multiple technical solutions in a short 
amount of time. Most new parts of the boat are first 
3D-printed in plastic, tested in real conditions and 
newer versions are iterated. 

2.1 Electronics systems 

An important part in an autonomous vessel such as 
Maribot Vane is the electronics systems. The elec-
tronics hardware are off-the-shelfs products. This 
enables quick and cost-effective modifications.  

 

Figure 2. The wing while sailing, with some of the sensors and 
actuators visible. 

2.1.1 Sensors 
In this first development phase of the project, the 
boat was only fitted with a basic set of sensors nec-
essary for navigation such as GPS for position and 
velocity relative to earth and an Attitude and Head-
ing Reference System (AHRS). A 3-Space AHRS 
from Yost Labs (Yost Labs, 2017), is mounted in the 
hull to measure the attitude of the boat: roll, pitch 
and yaw, along with rotational rates and linear ac-
celerations in all three directions. A problem en-
countered in other sailing robots projects (Sauzé & 
Neal, 2006) was that the compass needed to be hori-
zontal at all time, which is not a concern with an 
AHRS using on-chip Kalman filtering and tilt com-
pensation. Weather data is collected using a rig-top 
mounted ultrasonic anemometer CV7-V (LCJ Cap-

teurs, 2017) from LCJ Capteurs which provides ap-
parent wind speed, wind direction relative to the rig 
along with air temperature. The top compartment on 
the rig also holds a 433 MHz RF antenna for real 
time telemetry communication at distances up to a 
few hundred meters with e.g. a tender boat during 
close vicinity tests. A second AHRS unit is placed in 
the mast to record the mast attitudes, rates and ac-
celerations needed to e.g. calculate true wind direc-
tion. A similar configuration can be found in (Elka-
im, 2001).  

2.1.2 Actuators 
The boat mainly contains two actuators, a high 
torque RC-servo (Hitec HS-1100WP) for the rudder 
control, and a linear actuator (Actuonix L16P) for 
the flap control. The linear actuator was chosen for 
its capability to hold position even when powered 
off. A radio-controlled switch enables a safety over-
ride functionality where standard RC-control can 
override the on-board control loops. This functional-
ity also proved to be advantageous in harbor maneu-
vering. Further, for ease of harbor maneuvering, an 
electric thruster (T200 from BlueRobotics) was 
mounted on the hull. In the second iteration of the 
platform, when the self-steering system was in-
stalled, the servo controlling the rudder was replaced 
by a stepper motor and its driver.  

2.1.3 Microcontroller  
Several microcontrollers (MCU) are used for sens-
ing, control and communication, see Figure 5. Two 
Arduino DUE are used: one in the hull that serves as 
the main controller of the boat, and one in the mast, 
that is used to control the sensors and actuators in 
the wing. Connection between the rig and the hull is 
carried through a slip ring placed at the bottom of 
the mast to let the mast rotate freely without damag-
ing the cabling. 

2.1.4 Software 
The main Arduino board holds a program responsi-
ble for all the boat functions: sensor acquisition, 
steering and flap control, data logging and commu-
nication with the chase boat. All sensors are updated 
at a frequency of 2 Hz. Transmission of data and re-
ception of commands to/from the chaser boat are al-
so done every half second. 

2.2 Hardware systems 

2.2.1 Internal structure 
With the free rotating rig comes the need for differ-
ent hardware compared to the traditionally rigged 
sailboat. An internal aluminum frame was designed 
for mounting the mast and to stiffen the deck to en-
sure a good seal with the hatch, see Figure 3.  
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2.2.2 Rig Construction 
The rig is a sandwich structure with a Divinycell® 
foam core, laminated with fiberglass and epoxy resin 
with internal piping for electronics and cabling as 
shown in Figure 4. The bending moments and shear 
forces are transferred from the wing to the internal 
frame structure through a 70 mm carbon fiber tube, 
which acts as the wing’s rotation axis.  

 
 

Figure 3. Internal aluminum frame to support mast, electronics 
and batteries.  

 
 

Figure 4. Wing under construction with internal tubing and 
other fasteners visible.  

Figure 5. Schematic of the boats electronic systems. The thick dashed lines represent different locations, the thin dotted lines repre-
sent wireless transmission, the thick solid lines represent bus communication and the thin lines represent wires. 
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3 DESIGN 

3.1 Free rotating wing 

Unlike conventional sailboats, Maribot Vane is fitted 
with a rigid symmetric free-rotating rig. The ra-
tionale behind this choice is robustness in combina-
tion with care-free control in the sense that once the 
rig is adjusted correctly to desirable lift coefficient 
(CL) by adjustment of the flap angle, the rig be-
comes self-trimming (neglecting friction and inertia) 
in the sense that CL is maintained regardless of wind 
speed and direction. Thus, the wing acts as a wind 
vane. 

The flap is the mechanism setting the desired CL 
of the main wing by producing a rotational moment 
around the common axis of rotation, i.e. the “mast”, 
placed at the chord-wise center of pressure of the 
main wing. Hence, setting the flap deflection to a 
non-zero value generates aerodynamic forces at a 
distance from the mast, creating the needed torque to 
rotate the whole rig, putting the main wing at the de-
sired angle of attack. Figure 6 shows this principle 
on the boat with an aerial view from above. 

The arrangement with main wing and flap typi-
cally causes a non-favorable mass distribution where 
center of mass is aft from the rotational axis. At 
nonzero heeling angles this leads to unwanted rig ro-
tation due to the influence of gravity. The wing is 
balanced by adding mass on a rod extending in front 
of the rotation axis. However, this comes at the cost 
of higher center of gravity and larger moment of in-
ertia, which in turn could in-crease the risk for roll-
yaw-sway coupled dynamic instability phenomena. 
Such excitation has been clearly observed in the 
Vane experiments, as described further in this paper. 
 

Figure 6. Aerial view from above the vessel with forces on the 
wing and flap drawn. 

 
 
As seen in Figure 6, the flap lift, used to rotate the 

rig, actually acts in the opposite direction of the 
overall and desired rig lift. The flap also adds weight 
and generates resistance. However, apart from the 
role of generating rig yaw-rotation, the flap has the 
secondary role of acting as the rig tailplane, i.e. to 

generate rig rotational restoring moment whenever 
the apparent wind direction changes. In this role, the 
flap is performing better with increased area. Hence, 
a good balance between wing-to-flap areas as well 
as the flap location behind the wing is sought for. A 
too small flap at a to close distance to the rotational 
axis will result in a less responsive and stable con-
figuration and a too large flap too far aft will lead to 
unnecessary drag, fragile construction and a heavy 
rig.   

A key advantage of the free-rotating wing sail is 
that it operates using a single control, i.e. the flap, 
which makes for a robust system with few failure 
modes compared to a traditional sailboat rig. Anoth-
er advantage of using a free rotating wing is that un-
like on conventional sailing boats, there is no yaw 
moment transferred to the hull, which leads to better 
course stability. 

3.2 Rig Design 

The analysis and design of the free-rotating wing is 
performed by combining two in-house developed 
analysis tools, a potential flow Vortex Lattice Meth-
od code (VLM), based on the work of Helmstad & 
Larsson (2013), and a Velocity Prediction Program 
(VPP) which enables an analysis of the sailing ves-
sel as a complete mechanical system. The VLM 
model is used to compute the aerodynamic loads on 
the wing, while the VPP model comprises the aero-
dynamic model of the rig and a numerical represen-
tation of the hull to compute the hydrodynamic forc-
es. In the VLM model, the rig lift and drag is found 
by solving the moment equilibrium for a given flap 
deflection.  

Once the aerodynamics of the rig is calculated, 
the VPP equations (surge, sway and roll) for the en-
tire boat can be solved with speed, heel and leeway 
as primary unknowns. An example of panel discreti-
zation, forces and the results of the VPP calculations 
are shown in Figure 7. 
 

Figure 7. Left: aerodynamic model of the rig with panel dis-
cretization, panel forces and center of pressure. Right: corre-
sponding boat polar plot for wind speeds from 4 to 20 knots. 
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Different wing concepts and shapes were evaluat-
ed using the VLM code in a parametric study to 
identify the effects on lift, drag and stability of a few 
key parameters such as the rake, aspect ratio, flap 
position and size. The sailing performance was then 
evaluated using the VPP. The process is depicted in 
Figure 8.  

 

 
Figure 8. Flow chart of the design method. 

 
It was early decided that robustness, rather than 

boat speed, would be the key factor for success. 
Hence, the ability to sail in strong winds was fa-
vored and a conservative rig configuration with a 
span of 3.5 meter was designed as a good compro-
mise between sailing performance, robustness, low 
weight and center of gravity as well as being easy to 
handle. 

3.3 Self-Steering Mechanism 

3.3.1 Operating principle 
A novel feature introduced in the project is a self-
steering system that enables the boat to sail on a 
constant apparent wind angle (AWA) using only 
mechanical control by the wind. The main idea be-
hind this vane steering system is to achieve a zero-
electricity consumption when used. Furthermore, the 
system is also intended to harvest energy under cer-
tain conditions. A conceptual design was developed 
and described in (Wängelin, unpubl. 2017). The op-
erating principle of the self-steering system is simi-
lar to the one of a wind-rudder vane steering mecha-
nism that is well known by long hauled offshore 
sailors. It is described in Figure 9a-d. According to 
Letcher (1976) the system can be described as a sin-
gle-axis vane with the primary rudder as control.   

c) The change in apparent wind angle makes the wing rotate, 
thus turning the rudder. 

b) The wind direction changes, leading to a different apparent 
wind angle than previously. The previous angle is shown by 
the dotted line. 

d) The boat rotates until the same apparent wind angle is 
reached, leading to a zero-rudder deflection, but a new course. 

Figure 9. Illustration of the operating principle of the steering 
system. For simplicity the flap is not pictured. 

a) The boat sails on a given course, at a specific apparent wind 
angle. 
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Unlike conventional wind rudders found on the 
market, there is no additional wind-vane added to 
the boat to track the apparent wind. Instead, the main 
wing, given its property of self-adjustment to a given 
AWA, is mechanically coupled to the rudder. How-
ever, the issue of adjusting the vane control feedback 
to enable self-steering at varying apparent wind an-
gles requires a somewhat intricate solution which is 
not described in detail here. 

In Figure 9, the systems response to a wind shift 
is exemplified, but the same correction appears if the 
variation in apparent wind angle comes from a 
change in heading of the boat due to a wave or some 
other external disturbance. 

Some of the key features of the self-steering 
mechanism are: 
The system is able to transfer mast rotation to the 

rudder to keep the AWA and the transmission is 
done so that the coupling ratio (feedback gain) 
between the mast and the rudder angle can be 
modified on ground. 

The system can be controlled manually, with a 
“clutch” system that engages or disengages the 
wing coupling. Manual steering is assured by a 
motor that doesn’t prevent mast rotation when not 
used. As for the flap on the wing, the coupling 
mechanism of the clutch does not consume ener-
gy when engaged or disengaged but only when 
changing state. 

The wing must be able to rotate freely through mul-
tiple revolutions while the rudder angle is limited 
on both sides, therefore a safety feature enables 
the wing to rotate if the rudder reaches its limits. 
In order to increase robustness, this safety relies 
on purely mechanical principle but should in the 
future also activate the electronic clutch to release 
the wing completely.  

 
 A prototype of the self-steering was built and 

tested in the fall of 2017 with very promising results. 
Based on the results, a more robust and reliable solu-
tion is under development at the time of writing this 
paper and should be built during 2018. 

4 PERFORMANCE EVALUATION 

4.1 Test campaign 

After the final development of the prototype during 
the summer 2017, a test campaign was carried out in 
the fall with a focus on evaluation of the boat per-
formance and the limits of usability in different con-
ditions. The tests were performed in the relatively 
protected area Baggensfjärden in the Stockholm ar-
chipelago, shown in Figure 10. 
 

Figure 10. Map of Baggensfjärden and Ingaröfjärden where the 
tests took place in 2017. The three lines represent the trajecto-
ries during three testing days. Depending on the weather and 
wind direction different areas were chosen. 

4.2 Boat experimental polar 

During the sailing experiments, the boat was kept on 
a constant heading using a feedback controller based 
on AHRS-compass, rather than at constant AWA. 
By steering on a constant compass course, the wind 
angle naturally oscillates. Therefore, sample lengths 
with reasonable stable apparent wind angles where 
limited between 2-10 minutes. An example is shown 
in Figure 11. 

 

Figure 11. Typical test run used to draw the polar diagram. The 
apparent and true wind angles are plotted as plain lines on the 
left axis. The true wind speed and speed over ground are plot-
ted as dashed lines on the right axis. The conditions for the run 
to be processed was that the wind angle and speed should re-
main fairly constant. 
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Figure 12 presents a polar diagram for the Mari-
bot Vane based on experimental data and on VPP 
calculations. The measured boat speed is taken as 
the average SOG for each run and is here plotted for 
different average true wind angles (TWA). The wind 
speed varied between 8-12 knots during testing and 
was relatively unstable even for shorter periods of 
time. Therefore, the boat speed is normalized by di-
viding the average speed over ground by the average 
wind speed, and multiplying by 10 knots. This nor-
malization also enables comparison of different 
wind angles.  

 

Figure 12. Polar diagram of Maribot Vane. The dots represent 
experimental values obtained during the test campaign in the 
fall of 2017. The squares are values obtained by running the 
Velocity Prediction Program on the actual wing design. 

 
 
Although the polar presented in Figure 12 is 

based on scattered data derived in unstable condi-
tions it gives qualitative confirmation that the Vane 
behaves as planned and predicted in the design 
phase. 

4.3 Self-Steering 

In order to assess the performance of the self-
steering system, several tests were performed. First, 
the ability to sail on a straight course to the wind 
was visually assessed. The boat was then sailed in 
very unstable wind in order to evaluate how well the 
boat would follow a constant apparent wind angle 
using the self-steering system. Finally, the ability to 

resume a course after an external perturbation was 
tested by pushing the boat off its course. 

4.3.1 Response amplitude 
The ratio between the amplitude of the mast and the 
rudder rotations was set around 0.5, i.e. a mast rota-
tion of 10° leads to a rudder change of 5°. This was 
set empirically but can be modified and the precise 
positioning is part of further development of the sys-
tem. A long tack close-hauled was sailed in very 
puffy conditions in order to assess the response am-
plitude. Figure 13 shows the trajectory during this 
run, where the wind shifts can be seen in the path 
curvature. It starts at the round mark and ends at the 
square on the bottom of the picture. The arrow on 
the lower left corner shows the average wind direc-
tion. 

Figure 13. Trajectory of the boat in an upwind tack using me-
chanical vane feedback control. The rectangle shows the part of 
the path that is studied more in depth and shown in Figure 15. 
Temporal evolution of true wind angle (round marks, read on 
left axis) and true wind speed (triangles, read on right axis) are 
shown on two sections of the path. 

 
The first observation that can be made from this 

test is the ability of the vessel to follow the wind 
closely. This is shown for example in Figure 14. Af-
ter approximately 7 seconds, the apparent wind an-
gle increases, showing a change in wind direction. 
This leads to a rotation of the mast; here the mast 
yaw (heading of the mast) increases which creates a 
change in the rudder angle and boat heading. The 
feedback response is slightly too large, leading first 
to a decrease of the apparent wind angle (between 13 
and 22 seconds), thus a rotation of the rudder to the 
other side to compensate, but finally the boat is 
brought back to the same apparent wind angle as be-
fore the wind shift. 

The too large response was observed several 
times during the run, sometimes bringing the boat 
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completely into the wind. An example of this behav-
ior is shown in Figure 15. Even in that case, the ves-
sel would after some time revert to its previous 
course and start sailing again. A conventional sail 
would first collapse when headed into the wind, 
eventually inflating on the wrong side, and the boat 
would likely not resume sailing. 

Figure 14. Example of the boat response to a change in appar-
ent wind direction. The dashed lines represent the boat and 
mast headings and should be read on the right axis. The plain 
lines represent the apparent wind angle, the angle of attack on 
the wing and the rudder angle and should be read on the left 
axis. 

 
Figure 15 shows a similar oscillatory behavior as 

Figure 14, but a significant difference is that here the 
angle of attack and apparent wind angle change sign, 
meaning that the vessel is turned into the wind, al-
most all the way into the other close-hauled tack. If 
the boat turns too far into the wind eventually the 
hull rotates more than the wing, which inverts the 
rudder angle, bringing the vessel back on the right 
course. This needs to be tested in stronger winds, but 
the steering system as it is should be able to avoid 
undesired tacks when going upwind. 

On the upwind course described above, Maribot 
Vane, due to a too large rudder response amplitude, 
sometimes sailed at a too low AWA. The current it-
eration of the system therefore leads to less than op-
timal speed by sailing too close to the wind. An idea 
for further development is to have an adaptable ratio 
between the wing and rudder rotations in order to 
prevent this behavior when sailing upwind, while 
maintaining the good course keeping performance 
observed on other points of sail. 

4.3.2 Off-course behavior 
Another important characteristic of the vane feed-

back system is its ability to regain the desired course 
after a course disturbance, e.g. from waves etc. This 
can be regarded as course stability under the condi-
tion that true wind direction and speed are constant. 
This was tested by stressing the boat during sailing 
by pushing the stern of the boat with a pole to turn it. 

Tests were done at different point of sail, and both 
pushing the boat towards and away from the wind, 
i.e. decreasing and increasing the wind angle respec-
tively. It was not possible to measure the duration 
during which the boat was pushed and the amplitude 
of the course change, but the maximum course devi-
ation reached around 20 degrees in all cases. 

Figure 15. Example of the boat response to wind shift with too 
high feedback gain. The dashed lines represent the boat and 
mast headings and should be read on the right axis. The plain 
lines represent the apparent wind angle, the angle of attack on 
the wing and the rudder angle and should be read on the left 
axis. The data correspond to the rectangle in Figure 13. The re-
sponse here is too large and brings the boat into the wind. 

  
In this subsection, focus is put on the evolution of 

the boat course and apparent wind angle after a dis-
turbance. Hence, Figures 16 and 17 show variations 
of the hull and mast headings and of the apparent 
wind angle: the average value before the disturbance 
are calculated and the values are shown as variation 
to their average. 

 

Figure 16. Perturbation “push test” downwind. The dashed 
lines represent variation to the average value before being 
physically pushed off course, and the plain lines are the angles 
as read by the sensors. In this case the boat was pushed away 
from the wind, as shown by the increase in apparent wind an-
gle. 
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The “push” occurred in Figure 16 between 6 s 
and 7 s, and a change in hull and mast yaw is seen 
after 7 seconds. The amplitude of the mast rotation 
is much smaller than the one of the boat, because as 
soon as the angle to the wind is too large, the wing 
turns. A perfectly free rotating mast should not ro-
tate at all, but the delay in the mast rotation is due to 
the rig damping added by the steering system. After 
approximately 13 seconds, the apparent wind angle 
stabilizes around the same value as before the per-
turbation. By taking the average speed during the 
change, we can estimate that the initial unperturbed 
course was reached after approximately 5 to 6 boat 
lengths.  

Figure 17. shows a “push test” towards the wind. 
As can be seen, it takes longer time to reach the ini-
tial course and true wind angle compared to the 
“downwind” tests. This can be explained by the fact 
that, as shown by the negative angle of attack, the 
wing points completely into the wind, therefore not 
generating any thrust, and it takes here approximate-
ly 8 to 9 boat length to get back on course. On the 
other hand, when pushed away from the wind, the 
wing is continuously at angles where it produces 
thrust, helping the boat to get back to the desired 
course. A similar behavior to that observed when 
sailing close to the wind was observed; the ampli-
tude of the response is too large, leading to the boat 
turning too much away from the wind at first 
(around 32 and 42 seconds in Figure 17) but finally 
returning to the previous course. 

Figure 17. “Push-test” upwind. The dashed lines represent var-
iation to the average value before being pushed off course, and 
the plain lines are the angles as read by the sensors. In this 
case, the boat is pushed towards the wind, as shown by the de-
crease of apparent wind angle. Note that for improved readabil-
ity, the scales are different than on Figure 16. 

 

4.3.3 Roll instability 
During the test campaign, some instances of extreme 
roll behavior were observed. The behavior appeared 
to be a parametric wind induced coupled roll-sway 
motion of the hull with large yaw rotation of the rig. 

The motion show similarities with the unstable para-
metric roll behaviors common to traditional sailing 
boats under spinnaker at deep reach conditions. 

When the motions were first recorded, the vessel 
was excited into roll motions by a following sea of 
wavelengths of roughly half the waterline length of 
the vessel. The wing was visibly excited, and began 
swinging due to the rapid changes in apparent wind. 
The vessel’s roll motions compounded with the 
swinging weight aloft and the exaggerated state of 
roll reached angles around ±40 degrees. The roll mo-
tion was also excited in calm water with just the 
wing yaw being the visible cause for excitation. This 
coupling of mast yaw and vessel roll can be seen in 
the graph of the data from one of the episodes in 
Figure 18. Encouraging is however, that the instabil-
ities appear to have been mitigated with the integra-
tion of the self-steering system to the platform. Fur-
ther investigations of this will be conducted. 

 

Figure 18. Mast Yaw (triangles), Vessel Heel angle (circles), 
and Vessel Yaw Angle (squares) plotted during one of the ex-
treme parametric roll episodes. The yaw angles are normalized 
with their average value to compare the data. 

5 FUTURE WORK 

A roadmap (Fig. 19) has been created to show the 
future directions of the project. The short-term goals 
include adaptations of the actual platform to reach 
the required robustness that are needed to sustain 
several days of continuous testing. This for example 
includes modifications to the wing to prevent the ex-
aggerated roll motions described above and shown 
in Figure 20. Energy harvesting through the self-
steering device and other potential onboard sources 
are being investigated and tested. The communica-
tions capacities of the platform will be extended so 
that missions over a day length can be followed and 
modified from shore.  
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Figure 19. Roadmap for the direction of the project. 

 

Figure 20. Pictures of the boat at two extreme heel angles dur-
ing the same instance of exaggerated roll. 

 
Mid-term goals include extended test missions 

and incorporation of other research sensors or 
equipment to assess the platforms ability to solve 
additional tasks, and determine the development 
need of further routing capabilities. 

A long-term goal is to replace the existing plat-
form with a new hull and rig combination. The aim 
is to design a robust system that utilizes the full po-
tential of the free-rotating rig and self-steering con-
cept. Studies on different hull concepts are already 
being undertaken.  

Investigation is also being performed to under-
stand the dynamics causing the exaggerated roll mo-
tions, so they can be prevented in the new hull de-
sign.  

New concepts for the rig design will also be eval-
uated and experiments at smaller scale will be per-
formed. The study will aim at finding solutions for 
improved robustness while maintaining good sailing 
performance.  

6 CONCLUSIONS 

This work shows the potential of use of a free-
rotating self-adjusting wing to be used as the main 
propulsion for a sailing vessel. A relatively simple 
wing has been designed and manufactured and full-
scale testing have shown good agreement with the 
simulated performance. A completely new steering 
system has been designed and tested, and its ability 
to keep the vessel at a desired wind angle has been 
experimentally proven.  

The work presented in this paper and especially 
the performance of the two above mentioned sys-
tems open new possibilities for energy efficient au-
tonomous oceanic research platforms. The results 
will be used to develop further the automation of 
Maribot Vane in order to reach the goal of a very ro-
bust and energy efficient oceanic sensing platform. 
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Evaluation of the effect of the flap 

One of the goals of the performance evaluation tests was to evaluate the effect of the flap angle on the boat’s 
performance. In theory and according to the VLM simulations (as described in the paper above), an increase 
in flap deflection should increase an increase in angle of attack, and until stall angle is reached, the lift force 
changes. 

During the tests, the boat was set to sail at a given wind angle and the flap deflection was changed several 
times, recording data for 2 to 5 minutes at a time. Tests were then repeated at different wind angles. An ex-
ample of test run is shown in the conference paper. 

 
Figure 1. shows the average angle of attack on the runs for different true wind angles and flap deflection 

(black markers). It is not possible from this data to see a real increase in the angle of attack with the flap de-
flection as we would expect from theory. As we can see on Figure 1, the standard deviation (red markers) is 
very high, and if the angle of attack was plotted with error bars, there would just be a large band in which al-
most all measurement point ends up.  This is probably due to the difficulties to perform real life experiments, 
where it is not possible to control the environment, and where many factors can affect the data (wind shift, 
difference in wind speed, wave height and direction during each run…).  

 
 
Figure 2. shows the average normalized speed over ground for the same wind and flap angles. As ex-

plained in the paper, the speed is normalized to compensate for the wind speed variations. The average speed 
during a run in divided by the average wind speed and the result is multiplied by 10 knots (approximately the 
average wind speed during all the tests). Here again, no conclusion can be drawn on the effect of flap deflec-
tion on the boat speed.  

  

Figure 2: Angle of attack (black) and standard deviation of the 

angle of attack (red) for different flap and true wind angles. 
Figure 1: Normalized speed over ground for different flap and 

true wind angles. 
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Internal structure  

In the first version of the boat developed in the summer, there was no real internal structure. Short sections of 
aluminum profiles were used to support the mast and enabled to modify its longitudinal position. However, 
they were weakly attached to wooden beams glued inside of the boat, which eventually absorbed water. There 
was also a need for more ability to fix material on other places in the hull (electronics box, hardware for the 
steering system…). The deck around the hatch in the boat seemed weak and needed to be reinforced.  

After the first testing period, a new internal structure was designed and built. It is also based on the princi-
ple or aluminum profiles, which present the interest of being light, strong and easy to use and modify. The 
structure was designed to reinforce the hull and deck. Composite supports have been laminated in the hull to 
support the structure in the right place. 

The 3D model and different views of the structure are shown in Figure 3. 
 
 

 

 

  

Figure 3: Views from the new internal structure. 
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Self-Steering system evaluation 

It is not described in detail in the conference paper, but the self-steering system that was first tested was a 
very simple prototype made almost only of 3D printed parts. Even if it enabled us to check the concept of the 
system, it had number of limitations due to its prototype nature and was not supposed to be used more. The 
experience acquired however enables to make a better and more solid version for extensive trials. Here are 
some comments and ideas that need to be deepened to improve the system. 

 

 
Main problems encountered 

• Too much damping was added by the friction between the mast and the link with the rudder (yel-
low piece in Figure 4).  

• The damping is not “constant” because of the use of plastic bushing that are too tight 
• It was impossible to perfectly align the disc and the brake caliper, depending on the relative angle 

between the wing and the rudder link friction is or not present 
• The rope for the transmission to the rudder is difficult to tighten and assure constant tension 
• The actuation of the brake was slow, this could lead to an angle error when the course is set if the 

wing rotates while the brake is actuated. 
 

Ideas of solutions 
• Use ball bearings between the mast and the rudder link 
• Change the disc brake by another braking mechanism, for example: 

o Band brake 
o Spoon brake 

• Change rope routing for reduced friction 
• Spring load the rope to ensure tension 

 
Further trials 
It is not mentioned in the paper, but test in waves were performed, and visually the boat behaved well. How-
ever, the waves were only generated by a motor boat, and are not comparable to real conditions. Further tests 
should be performed in open seas, where waves naturally appear.  

Another aspect that need to be assessed is the feedback gain between the mast and the rudder rotation. Up-
wind, the ratio that was tested seemed too large, but on other point of sail it seemed to be working well.  
 

Figure 4: Integration in the boat Figure 5: Conceptual design of the steering system. Figure 6:Test platform of the system 


