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ABSTRACT

A prototype energy scavenging autonomous marine sur-
face vehicle for littoral water surveillance has been devel-
oped and experimentally tested. The basic vehicle chassis is
a heavily modified Stiletto Catamaran with the center struc-
ture removed and replaced with an aluminum box beam
supporting a carbon fiber stub mast. A carbon fiber rigid
wing, 10.7 meters tall and with a 3 meter chord is suspended
on bearings about the stub mast and able to rotate freely
in azimuth. Controlled by flying tails attached on booms at
mid-span, the wing flies at a constant angle of attack to the
relative wind (the vector sum of the true wind and vehicle

velocity). Equipped with two 7KW electric motors, and in-
dependent battery banks to power them, the vehicle can be
propelled either electrically, or via wind power, or both. A
simple hybrid drive results from the operation of two inde-
pendent control systems linked through GPS velocity. Off
shore tests have shown the vehicle to be capable of track-
ing patrol segments to better than 2 meters, with line acqui-
sition and segment transitions taking 50-100 meters to com-
plete. The control system for the wing automatically tacks
and jibes the wing as appropriate in order to produce for-
ward thrust.

1. INTRODUCTION

With persistent threats abounding, current maritime re-
sources are stretched providing perimeter patrol, harbor
surveillance, force protection, and hydrographic sur-
vey. Augmenting these manned resources with autonomous
marine surface vehicles capable of navigating and pro-
pelling themselves reduces the requirement for patrol
and effectively pushed the boundary of the perimeter far-
ther outward in both time and space.

Rather than using valuable human resources, expensive
vessel time, and costly fuel for propulsion, an autonomous
surface vehicle such as the one described in this work can
perform the work of a “forward watch” such that a sin-
gle human can monitor several vehicles. Once a threat is
identified, or a perimeter violated, appropriate action can be
taken.

As with all drone type vehicles (be they air, ground, ma-
rine surface, or underwater), obstacle avoidance, range, and
mission duration remain critical [26] [21]. By specifically
using an energy scavenging mode, this vehicle can extend
its mission duration while at the same time being environ-
mentally friendly. While on this prototype, only the propul-
sive force is scavenged using the wing sail to drive the vehi-
cle, it is easy to envision other forms of energy, such as solar
and wind, to be scavenged for electronics operational dur-
ing very long duration missions.



The prototype vehicle is based closely on the At-
lantis project [9] [10], a small wing-sailed catamaran, but
is larger and more powerful. It uses the same wing sail de-
sign, though the control has been modified for hybrid
electric/wind drive.

The project is progressing towards environmentally
scavenged energy for both propulsion and system power re-
quirements. The wind is the main force used for propulsion,
and outside of the doldrums near the equator, provides a rea-
sonable motive force almost anywhere on the planet. The
wing, which is passively stable and self-trimming, is used
to propel the vehicle both up and downwind (though not di-
rectly into the wind).

This work provides an overview of the vehicle, delv-
ing into both physical and electrical system architecture,
the wing propulsion, the control methodology, and hybrid
drive. We present preliminary performance under both pro-
tected water and off shore sea states, and provide recom-
mendations for future work.

2. PLATFORM ARCHITECTURE

As pictured in Fig. 1, the basic overall configuration is
a catamaran with a single vertical wing at the center of
the boat replacing the sails. The wing itself has a forward
counter-weight suspended on booms to mass balance the
wing about the stub mast, and has two tails mid-span up the
wing that are used for aerodynamic control.

2.1. Physical Architecture

The prototype platform is based on a modified Stiletto
Catamaran, originally 9 meters in length, and slightly less
than 4.2 meters in width. The cockpits have been removed,
and the hulls extended by a meter on each side at the
stern. The center structure has been entirely replaced with a
welded aluminum box beam that supports the stub mast for
the vertical free-rotating wing. The single center board has
been replaced with two longer centerboards fitted to each
hull, approximately 2 meters long and 30 cm. wide, with a
NACA 0015 section.

In order to hold the two hulls together, the center struc-
ture was replaced with two circular aluminum tubes which
are pin held to each hull (note that this retains the original
designs’ ability to be telescoped inwards and thus remain
contained on a typical trailer). The box beam fits around the
forward tube and is held to the aft one with a bolt and tang
structure. By releasing the bolts, the box beam can be ro-
tated about the forward tube, lowering the wing tip to the
ground and allowing for the wing to be removed. This is
how stepping the 12 meter tall wing is accomplished.

Each hull has been fitted with a folding brass propeller on
a supported drive shaft approximately 0.5 meters ahead of

Figure 1. HWT X-1 Prototype vehicle, as
viewed from above. The vehicle is based on a
modified Stiletto 27 Catamaran.

the rudders, inclined approximately 15 degrees below verti-
cal.

The most visibly unusual feature of the prototype is
the vertical wing which replaces the conventional sail. The
wind-propulsion system is a rigid wingsail mounted verti-
cally on bearings to allow free rotation in azimuth about a
stub-mast, the design of which is detailed in [2]. Aerody-
namic torque about the stub-mast is trimmed using two fly-
ing tails mounted on booms joined to the wing at the semi-
span. This arrangement allows the wingsail to automatically
attain the optimum angle to the wind, and weather vane into
gusts without inducing large heeling moments. Modern air-
foil design allows for an increased lift to drag ratio (L/D)
over a conventional sail, thus providing thrust while reduc-
ing the overturning moment. Much previous work involv-
ing wings on boats can be found in [1], [4], [13] [19], [22],
[23].

The wing is a specifically designed aerodynamic section
to match propulsion requirements with the low Reynolds
number flow associated with sailing vessels (see [7] [5] [6]
[18]). Boundary layer trips are used to ensure that the flow



stays attached [17]. For details on configuration stability see
[8] [20] [24].

2.2. Electrical Architecture

Modular design has been emphasized throughout the
prototype system, both for robustness as well as for debug-
ging purposes. The system is based on a network architec-
ture, with each sensor and actuator being a node on a dedi-
cated Controller Area Network (CAN) [27].

There are six main subsystems on the vehicle: (1) Guid-
ance Navigation and Control (GNC) computer, (2) Electric
Drive system, (3) Rudder Actuator, (4) Wing/Flap Actu-
ators, (5) Lighthouse Unit, and (6) Environmental Sensor
Module.

The GNC computer is Pentium class PC running MAT-
LAB’s XPC target. A Microbotics MIDG II integrated
GPS/INS receiver is attached via serial communica-
tions, which outputs filtered position and velocity at 5 Hz.
(Note that the MIDG is capable of 50 Hz. position up-
dates, but 5 Hz is sufficient for control). The GNC water re-
sistant container and companion data logger is pictured
in Fig. 2. Note that the data logger is a Mac MINI run-
ning custom software to log all CAN messages on the
system for debugging purposes. Note that both comput-
ers are run “headless,” that is without either keyboards or
monitors.

Figure 2. GNC computer and data logger
communicate to the rest of the subsystems
through CAN and RS232.

The electric drive system consists of two air-cooled pan-
cake DC motors, each rated at 7 KW, driven at 24 V through
a commercial 400 Amp H-bridge. The H-bridge is CAN ad-
dressable, and allows for forward or reverse operation. In

practice, the electric drive motors are never driven in op-
posite directions, but are used only in common mode (at-
tempts to use the motors to increase the turn rate by re-
versing the inside motor thrust demonstrated very little im-
provement over straight use of the rudders). The H-bridge
provides data on battery voltage, and motor drive current
which is monitored for telemetry use.

The rudder actuator is a 24 V brushed DC motor run-
ning through a custom gear head with incremental and ab-
solute encoder feedback. The rudder draws its power from
the same battery pack that powers the port hull drive motor.
The rudder actuator accepts commands from the GNC com-
puter in a modified fixed precision format, and reports back
actual rudder angles based on the encoder feedback. Ini-
tial position is determined using the absolute encoder, and
the actuator is joined to the physical rudders using an alu-
minum tube with two rod end bearing connections. This al-
lows for smooth motion with very little backlash. The rud-
der actuator is housed within an aluminum housing that has
been coated with a reflective white paint to reduce internal
temperatures. The rudder actuator is pictured in Fig. 3.

Figure 3. The Rudder Actuator consisting of
a 24 V brushed DC motor with custom gear
head and encoder feedback. The rudder actu-
ator accepts commands for position from the
CAN network and reports back actual rudder
angles.

The wing tail and flap actuators are also microcontroller
based, with 24 V brushed DC motors and incremental en-
coders for feedback. Flap and tail limits are read from Hall
effect switches located on the surfaces themselves, thus re-
quiring a calibration command on startup. The actuators are
located at the base of the wing, and each uses a drum with
Spectra line running up through the wing and through pul-



ley blocks and attached to control horns on their respec-
tive surfaces. Currently, the tails are set to one actuator, the
lower and upper flaps each on another. The flap/tail actua-
tor is commanded by the same modified fixed point CAN
commands, and reports back the angles of each of the sur-
faces at 5 Hz. The actuator is pictured in Fig. 4. Note that the
power for the flap/tail actuator comes from the 4 gel cell bat-
teries housed in the wing counter weight on the two carbon
fiber booms which extend forward of the wing (this weight
serves to bring the mass balance of the wing to the quar-
ter chord line).

Figure 4. The flap/tail actuators, which are
24 V brushed DC motors with incremental en-
coder feedback. These are powered from the
batteries in the wing ballast box and actuate
the surfaces via the pictured Spectra lines.

The lighthouse unit is connected to the top of the wing
(and can be seen at the top of Fig. 1), but does not rotate with
it, and serves three distinct purposes. Firstly, it is a slip ring
for both power and the CAN network to electrically con-
nect the wing to the rest of the vehicle. Secondly, it houses
the wing encoder, which reports the wing to boat centerline
angle at 5 Hz., and lastly, it houses the camera, telemetry ra-
dio, and antenna for ship-to-shore communication. The cur-
rent proof-of-concept camera is a pan/zoom/tilt web cam-
era, that is attached through a conventional ethernet switch
to the ship-to-shore radio, which acts as an ethernet bridge.
UDP packets are used to transmit telemetry from the vehi-
cle to the ground station, and to receive patrol patterns, goto
points, and emergency stop commands from the ground sta-
tion to the vehicle.

Lastly, the environmental sensor module processes the
raw readings coming from the three anemometers mounted
on the wing and reports instantaneous and averaged wind

speed and directions for each. Note that this module is also
capable of monitoring the two hull speed sensors, as well
as the strain gauges on the mast used to detect wing loads
in real time (these are not currently implemented, but are
planned for the near future).

Within the hulls are the main battery banks, consisting
of 16 lead-acid deep cycle marine batteries, arranged in se-
ries and parallel to create a large capacity 24 V battery. Also
in the hulls are the associated chargers which can recharge
the batteries. At full power on the drive motors, the HWT
X-1 has duration of approximately 4 hours, and a much
longer duration at less than full throttle. While solar pan-
els for charging the batteries are planned, they are not cur-
rently installed.

3. WINGSAIL PROPULSION

The wing differs in very fundamental ways from a con-
ventional sail. The most obvious is that the motion of the
wing is completely decoupled from the motion of the hull
underneath the wing. Because the wing is controlled aero-
dynamically from its tails (which can be controlled to dif-
ferent angles by the control system), and due to the bear-
ings that allow the wing to rotate freely in azimuth about
the stub mast, the wing flies at a constant angle of attack
to the apparent wind. That is, independent of the hulls, the
wing would fly at a constant angle of attack relative to the
true wind, and that angle of attack would be determined by
the angle of the tail.

Because the wing is mass balanced at the quarter chord
line about the bearings, platform heel angle has no affect on
the angle of attack (though the effect of the wind gradient
can reduce the effective angle). Fig. 5 shows the wind trian-
gle and the lift and drag forces on the wing, including the
effect of the vehicle motion.

Almost irrelevant of the motion of the vehicle, the lift
generated by the wing is perpendicular to the relative (or ap-
parent) wind. There is an effect of the velocity of the boat,
which is to say that if you point directly into the true wind,
the boat velocity will slow to zero and the only wind the
wing will see is the true wind.

In Fig. 5, the HWT X-1 is on a port tack, heading up-
wind. That is, the true wind is coming from the forward
left of the vessel. First, the vessel is stationary with the tails
set at 0◦, and the wind blowing from the forward port side.
The wing-sail will point directly into the wind, and no mo-
tion will result. In order to generate forward thrust, the tails
are set to an angle of −δt, with the leading edge of the tails
pointing to the left or aft of the true wind. The airflow past
the tails, now at an angle of attack to the wind, causes a
force to develop that rotates the entire wing- sail/tail struc-
ture clockwise α degrees, effectively unloading the tails.
The wing, now at an angle of attack (α) develops lift (L)



Figure 5. The force vectors of the wind wing
interaction while on a port tack resolved into
wing and body coordinates. Note that lift and
drag are in the aircraft sense.

perpendicular to the true wind, and drag (D) parallel to the
true wind (note that the use of lift and drag here is in the
conventional aircraft sense). The vector sum of the lift and
drag is denoted the resultant (R), which can be resolved into
the local body frame as a perpendicular (R⊥) and a paral-
lel (R‖) components. As the boat accelerates, the boat ve-
locity (VBoat) adds in a vector sense to the wind in such a
way as to rotate the apparent wind towards the front of the
boat. As this happens, the tails react so as to keep the wing-
sail angle of attack constant with respect to the apparent
wind. Note that this happens regardless of why the appar-
ent wind has changed (change in boat velocity or a change
in the true wind direction/velocity).

This is why the wing-sail is called self-trimming, as it
is passively stable about a fixed angle of attack [10]. For a
more in-depth explanation of the functioning of the wing
sail, as well as experimental performance measurements of
the wing itself, see [11] [12].

4. CONTROL ARCHITECTURE

The control architecture is based on several simple con-
trollers, combined in a hierarchical state machine imple-
mentation in order to switch between controllers as appro-
priate. The basic controllers are each quite simple: heading
hold control, and proportional integral controller with feed-
forward for velocity, and a line tracking control that consists
of two successive proportional control loops closed around
heading and cross-track error.

The line acquisition controller consists of a feedfor-
ward heading trajectory that is fed into the heading hold
controller, and uses the line of sight guidance (Ψdes =
− arctan y

τ ), which generates a heading that points straight
at the line segment when far away, and points in the direc-
tion of the line segment when close to the line.

Mode switching occurs when switching between line
segments in order to achieve a smooth trajectory between
segments. The internal angle between two segments is used
to compute the distance at which to exit the line tracking
control and to use the line acquisition for the next segment.

Mission specification is via a set of ordered GPS way-
points which define a patrol pattern. The vehicle will start
from its current location and travel to the first point, and
then get on the line segment connecting the first and second
waypoints. It will transition to the segment between the sec-
ond and third segment, and so on. At any point, the patrol
can be broken with a goto command, which will cause the
vehicle to break the current patrol and go to the goto point
and loiter point. A resume command will resume the pa-
trol, re-intercepting the last segment at the point at which it
was broken.

Again, for a much more detailed introduction to the
control system architecture and performance, see [2]. This
builds upon previous work in ocean surface vessel control
in [14] [15] [25] [16].

5. HYBRID DRIVE PROPULSION

Vehicle velocity is set for each leg of the patrol pattern,
and can be set independently. This is the minimum desired
boat velocity, and is the set point for the control system. In-
dependently of the rudder control, the electric drive motors
and wing surfaces are used to modulate the boat’s veloc-
ity.

Two independent control systems run in parallel, but in-
teract due to the physics of the boat in order to work to-
gether. First, the electric motors are run on a PI loop with a
feed-forward term to hold the boat velocity at the minimum
speed along a segment. With no wing propulsion, this con-
troller will hold the boat velocity constant. This controller
is not allowed to back drive the motors, and thus in the pres-
ence of wind propulsion, will throttle down and shut off the
drive motors as long as a velocity at or above the minimum
is held by the vehicle.

The other independent velocity control is the wing con-
trol, which is pictured in Fig. 6. Here, the mode switching
(and bang-bang control) is used to generate the appropriate
tail deflections that provide thrust along a given point of sail.
The figure shows only the upwind state machine, and while
the vehicle can sail within 20◦ of the true wind, the use of
a 30◦ threshold prevents a premature switching of the tails.
Likewise, a 20◦ hysteresis band is used before actuating the



Figure 6. Tail Angle State Machine. Note that
only the upwind portion of the state machine
is shown. This simple control implements a
bang-bang control with hysteresis for wind
propulsion.

tails. This prevents high speed chatter while the vehicle is
pointed high upwind, as the wind is quite unsteady this close
to the ocean surface. Note that the feedback from the aero-
dynamic control to the electric drive control is through the
measured GPS velocity, and results in a smooth hybrid op-
eration with the electric motors adding in power when the
wind cannot, and shutting down when the wing is provid-
ing sufficient thrust.

This simple wing control, coupled with the aerodynamic
constant angle of attack of the wing, results in a wing con-
trol that automatically tacks and jibes as the true wind or
boat hulls move. This if either the wind changes direction,
or the boat turns through the wind, the wing will flip the tails
to their mirror image in order to continue to have thrust in
the correct direction.

6. SYSTEM PERFORMANCE

Several all up system tests have been performed in order
to validate the vehicle prototype and control system func-
tionality. One such test was a figure-8 (pictured in Fig. 7 pa-
trol pattern performed off of the southern coast of the Island
of Oahu, Hawaii, adjacent to Ewa Beach, on 9-June-2007.
A figure-8 was chosen as the patrol path as this would re-
quire the HWT X-1 to sail on all points of sail, both up-
wind and downwind. The size of the pattern was such that
the short legs of the figure-8 were approximately 2 km in
length, and the long legs were approximately 4 km long.

The wind speed during this trial was from 8 to 10 m/s,
and the wave height approximately 1 m at the face of the

Figure 7. Actual Data from an offshort patrol
test in Ewa Beach, Oahu, Hawaii on 9-Jun-
2007.

wave. Note that this corresponds to a Beaufort scale of 5.
During this trial, which lasted for just under 2 hours, the
electric motors were on only for very brief moments dur-
ing the waypoint transitions, and then were shut down by
the hybrid drive as soon that the wing readjusted to the
new point of sail. The entire patrol was propelled by wind
scavenged from the environment. During this time, the boat
speed varied from approximately 2.5 m/s to 3.6 m/s (above
the minimum set speed of 2.0 m/s).

Presented in Fig. 8 is the control performance along the
longest leg (between waypoints 4 and 5 reduced to cross
track error. Note that the line acquisition controller starts
in with a 20 m cross track error and comes into to the line
with a small overshoot and then switches to the line track-
ing controller. While under wind propulsion, and in waves,
the HWT X-1 tracks the line with a mean of 1.3 m and a
standard deviation of 1.3 m. This performance is very good,
considering the magnitude of the disturbances induced by
both the wind (through the wing) and the waves, which were
pitching and rolling the boat.

The wing greatly increases the vessel’s mission duration.
All electronic components on the vehicle, excluding motors,
total 120 W of power. While under electric motor drive, at
full power, the motors consume 4 kW of power and will run
down the batteries in 2 hours. By scavenging wind energy
for propulsion, the vehicle can spend well over 12 hours ma-
neuvering with little or no draw down in the battery charge.
Before 5000 seconds, Figure 9 shows the power consumed
by the motors when were used in conjunction with the wing.
After 5000 seconds the boat was under solely electric mo-
tor propulsion.



Figure 8. Control System performance in
open water patrol test. Control system con-
sists of line acquisition for first 100 meters,
and then line tracking for the rest of the seg-
ment.

Figure 9. Power performance in open water
patrol test. Before 5000 seconds, the vessel
is under wing and electric propulsion. After
5000 seconds, the vessel is solely under elec-
tric propulsion.

7. CONCLUSIONS AND FUTURE WORKS

7.1. Conclusions

This work presents the system architecture for an un-
manned energy scavenging surface vehicle for littoral water
surveillance. The prototype vehicle, the HWT X-1, is based
on a modified Stiletto Catamaran, which has been extended
in length, had twin dagger boards installed, and had the cen-
ter structure replaced with an aluminum box beam that sup-
ports the stub mast for the wing sail. The wing sail is a car-
bon fiber wing 10.7 m. tall with a 3 m. chord. The wing is
mounted on a vertical bearing such that is can freely turn
in azimuth, and is controlled aerodynamically by twin tails
mounted on booms attached to the wing at mid-span. A de-
flection of the tails causes the wing to fly at a constant angle
of attack to the relative (or apparent) wind.

Using a hierarchy of simple control state machines, au-
tonomous control of both the hull trajectory as well as the
wing control for energy scavenged propulsion is achieved.
Using two independent simple control strategies for elec-
tric propulsion (a PI controller) and aerodynamic wing
control (a bang-bang controller with hysteresis) which are
linked indirectly through the vehicle GPS velocity, a hybrid
propulsion strategy is implemented.

Control system performance demonstrates experimental
line tracking performance while under wind propulsion of
1.3 meters mean, and 1.3 meters standard deviation off of
the ideal path. Line acquisition control is triggered 20 me-
ters from the waypoint and switches to line tracking within
50 - 100 meters of the line. The wing tacks and jibes as the
boat rounds the waypoints in order to keep sailing on its pa-
trol path.

Overall, basic functionality has been demonstrated, and
is shown to be environmentally friendly, and energy effi-
cient.

7.2. Future Work

The test shown in Fig. 8 was aborted just before way-
point 7 due to deteriorating environmental conditions. The
wind speed had increased to 13 m/s, and the wave height
was over 2 meters as measured on the face in under a
minute, and the stresses placed on the vehicle were consid-
ered excessive. Note that we had transitioned from a Beau-
fort 5 to a 6.



There are several areas of additional future work that
need to be completed before the vehicle can be considered
truly operational. First, the wing thrust needs to be modu-
lated dynamically to keep the vessel within structural and
dynamic stability limits, based on measured forces while
underway. Second, station keeping algorithms, though de-
veloped, have not yet been implemented. Lastly, in terms
of propulsion, currently when the patrol segment is within
25◦ of the true wind, the electric motors will solely propel
the vehicle. A sailing algorithm that will tack and jibe up
or downwind while keeping within the desired lane width
would work to have the vessel make progress directly up-
wind while still conserving more power.
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