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Abstract

An autonomougatamaranbasedon a modi ed Prindle-19day-sailingcatamararwas built to test
the viability of GPS-basedystemidenti cation for precisioncontrol. The catamararwas tted with
several sensorsand actuatorsto characterizehe dynamics.Using an electric trolling motor, and lead
ballastto match all-up weight, several systemidenti cation passesvere performedto excite system
modesand model the dynamicresponseLQG controllerswere designedbasedon the resultsof the
systemidenti cation passesandtestedwith the electrictrolling motor. Line following performancevas
excellent,with cross-trackerror standarddeviations of lessthan 0.15 meters.The wing-sail propulsion
systemwas tted, andthe controllerstestedwith the wing providing all forward thrust. Line following
performanceand disturbancerejectionwere excellent,with the cross-trackerror standarddeviations of

approximately0.30 meters,in spite of wind speedvariationsof over 50% of nominalvalue.

I. INTRODUCTION

This paperdetailsthe progressof the Atlantis project,picturedin Figure 1, which beganwith
the conceptionof an unmanned,autonomous GPS-guidedwing-sail-propelledsailboat. The
Atlantis project hasbeenvery much a “systems”approachwith substantiainnovationsin the
areasof wind-propulsion,overall systemarchitecturesensorssystemidenti cation andcontrol.

Functionally the Atlantis is the marineequialentof an unmannedaerial vehicle,andwould
sene similar purposesThe Atlantis projecthasbeenableto demonstraten advancein control
precisionof a wind-propelledmarine vehicle from typical commercialautopilot accurag of
100 metersto an accurag of betterthanone meter This quantitatve improvementenablesnew

applications,including unmannedstation-leepingfor navigation or communicationpurposes,
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autonomousdock-to-dock” capabilitiesemegeng returnunmannedunctions,andmary others
still to be developed.

The wind-propulsionsystemis a rigid wing-sail mountedvertically on bearingsto allow free
rotationin azimuthabouta stub-mastAerodynamictorqueaboutthe stub-masts trimmedusing
a ying tail mountedon boomsjoined to the wing. This arrangemengllows the wing-sail to
automaticallyattainthe optimumangleto thewind, andweathewaneinto gustswithoutinducing
large heelingmoments Modern airfoil designallows for an increasedift-drag (L/D) ratio over
a corventionalsail, thus providing increasedhrustwhile reducingthe overturningmoment.

The systemarchitecturas basedon distributedsensingandactuationwith a high-speediigital
serialbus connectinghe variousmodulestogether Sensoraresampledat 100Hz., anda central
guidancenavigation and control (GNC) computerperformsthe estimationand control tasksat
5 Hz. This bandwidthhasbeendemonstratedo be capableof precisecontrol of the catamaran.
The distributed architectures both more robust and lessexpensve than systemshat employ a
high-speedand often analog,starcon guration topology with centralizedsensorinterpretation
and actuation.

The sensorsystemusesdifferential GPS (DGPS) for position and velocity measurements,
augmentedby a low-cost attitude systembasedon accelerometerand magnetometetriads.
Accurateattitude determinationis requiredto createa syntheticposition sensorthat is located
at the centerof-gravity (CG) of the boat, ratherthan at the GPSantennaocation

Experimentaltrials recordedsensorand actuatordataintendedto excite all systemmodes.A
systemmodelwas assembledising Obsenrer/KalmanSystemldenti cation (OKID) techniques.
An LQG controller was designedusing the OKID model, using an estimatorbasedon the
obsenred noise statistics. Experimentaltests were run to sail on a precisetrack through the

water in the presenceof currents,wind and waves.

Il. SYSTEM DESCRIPTION

In orderto experimentallyvalidatethe conceptgpresentedn this researcha prototypesystem
washuilt basedon a heavily modi ed Prindle-19,day-sailingcatamaranThe catamararwas7.2
meterslong, 3 meterswide, andwasoriginally equippedwith a slooprig sail with 17 m? of salil
area.Directionalcontrolis basedon ruddersat the endof eachhull, andretractablecenterboards

approximately% meterbehindthe main crossbeamSeveral sensorsandactuatorsvereinstalled

August 20, 2006 DRAFT



within the hulls, and the entire sailing system(mast,boom, main and jib sails) was replaced
with a vertical self-trimmingwing (wing-sail) suspendean sphericalroller bearings.

There are several main subsystem®n the Atlantis, and all of them are connectedto each
other via a high-speedserial network. The network utilized is the Controller Area Network
(CAN) bus, which was designedoy Boschelectronicsfor robust componentcommunicationn
anautomotve ervironment[10]. The entirewiring bus on the Atlantis consistsof four (4) wires:
power (+12V), ground, CAN_hi, and CAN_low. There are mary adwantagedo this setup,but
the easeof troubleshootingand e xibility of physicaltopology are at the forefront of utility in
this design.

Figure 2 shaws the systemasit ties togetherlogically and electrically on the CAN bus. The
main subsystemare:attitudesystemanemometehullspeedyudderangle rudderactuatoy GPS
recever, andwing-sail. Thesesubsystentommunicatedo the main GNC computerthatcomputes
the currentestimateof the state,and returnsthe requiredcommandsgo the actuatorin orderto
achieve control.

The attitude system,picturedin Figures3 and 4, consistsof a three-axismagnetometera
two-axisaccelerometeand a Seimens515 microcontroller It functionsbasedon a novel gyro-
free quaternionbasedsolutionto the vectormatchingproblem rst proposedby Whabain 1966
[9]. The algorithm is discussedextensvely in [1], [5], [4]. The attitude systemis mounted
alongsidethe Global PositioningSystem(GPS)antennajnside a waterproofPelicanbox on a
woodencrossbeanat the forward stay location (note that the woodencrossbeanwas addedfor
increasedstructuralrigidity of the hulls, dueto the stressesnducedby the wing).

The GNC computershavn in Figure5, a Pentiumclasslaptop,is placedin anothemwaterproof
casealongwith the Trimble Ag122 GPSrecever. The GNC computeris equippedwith an ESD
parallel port donglethat allows communicatiorover the CAN bus. A DC/DC corverterinsures
that the laptop draws power from the boatpower bus ratherthanits own internal batteries.

Inside the starboardhull, beneaththe rear inspectioncover, aretwo In neon 505 microcon-
trollers, one for the hullspeedand rudder angle sensoy and the other for the rudder actuatoy
picturedin Figure6. Thereis a StandardCommunicationgklectronicsmarinethrough-hullspeed
sensorpicturedin Figure7, in the bottomis the starboarchull, anda LoHet magneticeld effect
sensoibetweenwo magneton the rudderhingeline to measureudderangle.The actuators a

fractionalhorsepaver DC motor, with aleadscrev assemblyconstrainedo rotateonly in yaw,
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andan In neon H-bridge mosfetdrive for electroniccontrol of the motor.

Insidethe stub-masta Mercotacslip ring allows for a full 360 degreerotationwithout twisting
the four wires that comprisethe wiring harnessof the Atlantis. The wing itself is built in three
sectionsthat are assemblecbn site. The lower sectioncontainsan electronicspod with the
batteries pallast,and battery-chaging electronics A microcontrollerand DC motor are usedto
controlthetrailing edge ap. It alsocontainsthe anemometemicrocontroller with the Standard
Communication€Electronicsmarine transducethead,picturedin Figure 8, attachedto the top
of the electronicspod lid.

Within the wing are four actuatorsthat are identical to the rudder actuator which actuate
the trailing edge aps and the tail. The momentbalancebetweenthe wing and the tail keeps
the wing-sail at a constantangle of attackrelative to the wind. As long as the wind doesnot
crossthe centerlineof the boat,thenthe wing continueso provide thrustin the correctdirection
for forward motion through passve stability of the wing-sail system.Should the wind cross
throughthe centerlineof the boat,thenthe positionof the ap andtails mustbe reversedwhich
correspondgo tacking or jibing dependingon whetherthe wind crosseshe centerlinefacing
aft or forward respectiely.

The anemometers usedto measurehe wind speedanddirectionrelative to the angleof the

wing-sail. Essentially this is a measureof angleof attackof the wing.

I1l. SYSTEM IDENTIFICATION METHODOLOGY

In order to control the Atlantis, a systemmodel neededto be assembledWhile sereral
good modeling techniquesexist to model a powered boat through the water [3], they remain
complicatedanddif cult to calculateln orderto reducethe modelorder andobtaina modelthat
would have sufcient delity for active control, several differentmethodologiesvere attempted.
In orderto formulate the equationsof motion, the Atlantis is assumedo be traveling upona
straightline, corveniently assumedo be coincidentwith the X -axis, throughthe water at a
constantvelocity, V. The distancealongthatline is referredto as X, the alongtrack distance.
The perpendiculadistanceto the line is referredto as 'Y, the crosstrack error, and the angle
that the centerlineof the Atlantis makes with respectto the desiredpathis de ned as , the
angularerror. Figure 9 illustratesthe mathematicamodel of the assumedath of the Atlantis.

The rst model is a simple kinematic model that assumeshat the rudderscannot move
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sidevays throughthe water This placesa kinematic constraintupon the motion of the entire

boat,andthe linearizedanalysisproduceghe following continuoustime state-spacequations:

2 3 2 32 3 2 3
Y 0V O Y 0
P foo e ff Bl g
0 0 O 1
WhereY, , and are de ned as the cross-trackerror, azimuth error, and rudder angle,

andL is the lengthfrom the C.G. of the boatto the centerof pressureof the rudders.These
simpli ed equationsof motion are insufcient to control the boat to greatprecision,but are
excellent for generatingintuition for the systemidenti cation processEquationl, when cast
into transferfunction form, becomesa triple integrator and cannotbe stabilized by simple
proportionalcontrol. In addition, the assumptiorof constantV, is poor, sinceunlessthe wind
can be controlled, the velocity will always be dependenton the speedof the wind. Closer
inspectionof Equation1 shows that the errorsin azimuth and cross-trackintegrate not with
time, but ratherwith distancetraveled forward. What this meansis that if the boatis sitting
still in the water no amountof rudderde ection will causethe azimuthto change,likewise,
when moving very quickly throughthe water only very small inputs are requiredto turn the
boatthrougha considerableangle.

Thus, recharacterizinghe variablesof interest,to make the systemvelocity invariant, both
the azimuthandcross-trackerror are normalizedby velocity. Thus,the new variablesof interest
becomey and ~, with remainingthe sameaspreviously de ned. The new simpli ed equations

of motion become:

2 2 32 3 2
Y 010 Y O
Foi-fooif bl
00O 1
where
Y
YT
~:V_x (3)
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Note that this causesthe state transition matrix to be constant.This conceptof velocity
invariancehasbeentestedextensively on GPS-controlledarm tractors[2], and shovn to work
very well. Functionally this meansthat controller designis reducedto a single (non-gain-
scheduledfontrollerthat automaticallyadjustsfor the changingvelocity basedon a decreasing
input rangesas velocity increases.

In orderto gatherdatato performa propersystemidenti cation of the Atlantis, a seriesof
open-loopline-following testswere conductedn which a humandriver, throughthe Guidance,
Navigation, and Control (GNC) computey causedhe ruddersto either slew left or right at the
maximumslew rate ( 25 degrees/s) Also, the driver commandedhe rudderslew rate to zero
throughthe rudderactuatorin orderto track a roughly straightline. This “pseudo”-randomnput
was designedo apply the maximumpower to the Atlantis throughthe controlsand producea
rich outputthatwould containinformationfrom all modesof interest.A typical passfor system
identi cation is picturedin Figure 10. The controller was designedusing a standardLinear
QuadraticRegulatior (LQR) methodology The quadraticcost, as calculatedbelov in Equation

4, minimizesthe weightedsum of the outputs(ymax andumax are designparameters).

0 2 3 1
y A 00 .
J= %x{ CT§ 0 00 z Cx + ty — uk§ 4)
k=0 Himax
0 00

In termsof systemidenti cation, this becomesisefulastheinputsarescaledoy velocity before
beingassemblednto the systemidenti cation algorithm.Thus,the identi ed systemis onethat
is the bestmodelfor the velocity invariantcontrol. The systemidenti cation methodologyused
for this work is the Obsener KalmanID enti cation (OKID) [6]. Amongits mary advantagess
a formulationthat presumes discrete-timelinear system.Since OKIDs developmentat NASA
Langley for the identi cation of lightly-dampedspace-structuresnary adwanceson the basic
theory have beenpublished[7]. Given a linear discrete-timestate-spacaystem,the equations

of motion can be written as follows:

Xke1 = A%y + Bk

Y = Cx + D (5)
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It hasbeenshaown that the triplet, [A; B; C] is not unique, but can be transformedthrough
ary similarity transform(i.e. the outputsare unique, but the internal statesare not). However,
the systemresponsefrom rest when perturbedby a unit pulse input, known as the system
l}./larkov parameterisare invariant under similarity transforms.TheseMarkov parametersare

Yo Y1 Yk

When theseMarkov parametersare assemblednto a speci ¢ form—the generalizedHankel
matrix of equation6—this matrix can be decomposednto the Obsenrability matrix, a state
transition matrix, and the Controllability matrix (Equation 7); thus the Hankel matrix (in a

noise-freecase)will alwayshave rankn, wheren is the systemordet

2 3
Yk Yk+1 Yk+ 1
Yeiri Vs '
H(k 1)= k.l k.2 | k. (©6)
Yo 1 Yis Yir + 2
2 3
C
CA h i
H(kk 1)=8 CA2 4AX! B AB A?B A 1B (7)
CA !
H(k 1)= CAk 'O (8)

Thatis, regardlessof how far out onetakesthe Hankel matrix (via parameters and ), the
rank of the Hankel matrix is always n, due to the fact that Controllability and Obsenrability

matricescan be at mostof Rankn.

<(0) n 9)
<(O) n (10)
<(H(k 1)) n (11)

Becausenoisewill corruptthe rank de ciency of the Hankel matrix (that is, for real noisy

data,the Hankel matrix will alwaysbe full rank) the Hankel matrix is truncatedusinga singular
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value decomposition(SVD) at an order that sufciently describesthe system.This truncated
Hanlkel matrix is then usedto reconstructthe triplet [A; B; C] in a balancedrealizationthat
ensureghatthe controllability and obsenability Grammiansareequal. This is referredto asthe
EigensystenRealizationAlgorithm (ERA); a modi ed versionof this algorithm that includes
datacorrelationis usedto identify the Atlantis. A more completetreatmentof the subjectcan
be foundin [8].

For ary real system however, systempulseresponseannotbe obtainedby simply perturbing
the systemwith a pulseinput. A pulse with enoughpower to excite all modeswould likely
saturatethe actuatoror respondin a non-linearfashion.The pulseresponseof the systemcan,
however, be reconstructedrom a continuousstreamof rich systeminput and output behaior.
Under normal circumstancesthere are not enoughequationsavailable to solve for all of the
Markov parametersWere the systemasymptoticallystable,suchthat Ak = 0 for somek, then
the numberof unknowvns could be reduced.The identi cation processwould be of little value
if it could only work with asymptoticallystablesystems.

By addingan obsenrer to the linear systemequationsthe following transformationcan take

place:
X1 = Axet+ B+ Gy Gy
¥+ = [A+GC]lx¥+[B+ GD]tyy Gy
X1 = Ax+ B (12)
where:
A = [A+ GC]
h i
B = B+GD G
2 3
tt
w = 4 k5 (13)
Y«

Thus, the systemstability can be augmentedhrough an obserer, which hasthe effect of
making AP ' 0 for somep thatis sufciently large. With that assumptionthere are enough

equationsto solve for the Markov parameterestablishedhrougha least-squaresolution [6].
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It is usefulto note that the realizationalso provides a pseudo-Kalmarobserer. The obsenrer
orthogonalizesthe residualsto time-shifted versionsof both input and output. Utilizing the
separatiodemmaandthe provided Kalman lIter, only the controllergainsneedbe designedo
implementa full-state-feedbacknear quadraticgaussiar{LQG) controller An improvedversion
of the OKID processwhich includesresidualwhitening [8], was usedto identify the sailboat
dynamicsfrom the experimentaldata.

An SVD of the aggregatevelocity-normalizeddatafor the Atlantis demonstrate@ large drop
in the magnitudeof the singularvaluesfrom the fourth to the fth, indicatinga systemordes n,
of four (Figure 11, left). In addition, modal singularvalues(Figure 11, right) of all catamaran
modelsof orderhigherthanfour exhibited a two orderof-magnitudedrop from the fourth modes
to modeshigherthanfour. Systemreconstructiorfor the identi ed dynamicsalsomatcheswell,
shawving predictve performancethat matchedwithin .1 metersof crosstrack error, within 1.5
degreesof headingerror, andwithin 4 degreesfor rudderangle.Note that thesewere openloop
tests,without the Kalman Iter addedin, which improved predictiongreatly Thus usingthese
results,the LQG controllerwas designedand simulationscarriedout to validatethe controller
performanceOncesatis ed with thesesimulations,experimentaltrials were performedin order

to validatethe concept.

V. TROLLING MOTOR TESTS

While the wing-sail was still underconstructionat Cris Hawkins Consultingin SantaRosa,
the systemidenti cation andcontrollertaskshadalreadybeencompleted At this point,in order
to testout the controllers,a MinK ota electrictrolling motor was usedto simulatethe presence
of the wing-sail andwind. This was doneby mountingthe trolling motor at the sailboatcenter
of gravity (CG), andturning the trolling motor suchthat its direction of thrustwas cantedoff
the centerlineby morethan40 degrees.

Sincethedynamicsof the catamaramregreatlyaffectedbothby thevelocity throughthe water
aswell asthe displacementveight of the hulls, the Atlantis was ballastedwith anadditional 75
kg. of leadballast(in the form of batteries)}o bring the all-up weight of the boatto the sameas
weightasit would have hadwith the wing-sailinstalled.Also, in orderto testthe controllersat
variousspeedsthe MinKota trolling motor wasrun with 12, 24, and 36 volts at approximately

65 amps. This changesthe speedof the boat through the water simulating changesin wind
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velocity. In orderto simulatechangesn wing direction,the MinK ota trolling motor wasturned
throughvariousangleswhile the controller was regulatingthe pathto a line.

In Figure12,the Atlantis with thetrolling motorcanbe seenThetrolling motoris atthecenter
of the boat,andthe lead batteriesprovide the ballast.As pictured,the boatwas run unmanned,
with the GNC computerproviding all navigation. Of note is the fact that the anemometeis
locatedat the front woodencrossbeamThisis only atemporarylocation,andmoving the sensors
physicallocationis very easydueto the CAN bus architectureemployed on the Atlantis.

Figure 13 shavs a 500 meterlong typical autonomouspasswhile undercomputercontrol.
Note that the computerregulatesthe pathto the line, but that the turn is performedopenloop
with a feed-forvard command.To the scalepicturedin Figure 13, the recordedposition data
shaws very little cross-trackerror This is in spite of the fact that the currentswere changing,
andthe wind and waves were all injecting disturbancesnto the system.In Figure 14, a close
look at the errorsin the rst part of the pathshavn in Figure 13 revealsthatthe meanwasless
than 3cm., andthe standarddeviation waslessthan 10 cm.

Of interestthe azimuthshows a -20 degreebiasfor mostof the pathlengthof the run pictured
in Figure 13, which is due to current. This can be veri ed by looking at the velocity plot at
the bottom of Figure 14, wherethe top line is the hull-speedsensorand the smoothlower line
is GPSvelocity. The differencein thesetwo is current,andit canbe seenin spite of the high
frequeng noise of the hull-speedsensor(due to the placementbehind the centerboards)By
calculation the currentwas0.62 m/s at an angleof 52 degreesto the Atlantis path,comingfrom
the port side of the boat. This is a currentspeedthatis closeto 30% of the actualspeedof the

boat,and can be consideredquite a large disturbance.

V. WING-SAIL TESTS

In orderto validatethe performanceof the controllersandall up system,closedloop control
experimentswere performedin Redwood city harbor California, on 27-Jan.-2001Thesedests
were intendedto verify that the closedloop controllerswere capableof preciseline following
with theincreasedlisturbanceslueto the wing-sail propulsion.No modi cations were madeto
the controller design,and the testswere run on a day with approximatelyl2 knots (or 6 m/s)
of wind, with gustsup to the 20 knot (or 10 m/s) range.

Experimentaldatafrom the anemometeshows the angleof the wind with respecto the wing
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(angle of attack)to vary +/- 20 degreesfrom nominal. This demonstrateshe requirementfor
a self-trimming wing; without the ability to trim quickly to a new angle of attack,the wing
would remainstalledmostof the time, andthe thrustgeneratedvould be minimal. The ability
to respondquickly to a nev angleof attackby rotatinginto the new trim condition, allows the
wing to absorbthesetransientgustsand continueto provide full thrustwith a reducedheeling
moment.

Qualitatively, thewing-sail performedeven betterthananticipatedWith thetail centeredthere
was no tendeng for the Atlantis to heelwhat-so-ger, andthe absencef aeroelastignstability
(sail luf ng) madethe entire event very quiet. Upon turning the trailing edgeof the tail in the
direction of desiredtravel, the Atlantis smoothlyacceleratedo speedand quietly continuedon
her course.Even large gustssimply causedthe Atlantis wing to quickly stall and, with only a
slight shuddeyrepositionto a nev angleof attack (as evidencedby the yarn tufts on the wing
surface).

More impressve was the ability to sail pointedvery high into the wind. Upon analyzingthe
data,it was demonstratedhat the Atlantis was capableof sailing to within 25 degreesof the
true wind direction. At one point, a corventional sailboatcameaboutbehindthe Atlantis and
startediuf ng afull 15 degreesoff the wind from wherethe Atlantis wasmakingheadvay. This
is clearly a resultof the improved aerodynamic®f therigid wing, anda vindication of the self-
trimming arrangemenbver a corventionalsail. While further experimentalstudiesare required
to quantitatvely measureahe performancencreaseof the wing-sail, currentresultsindicatevery
promisingdiscoveriesahead.

Figure 15 shows a satellite picture of the harborwhere both the trolling motor and wing-
sail testswere performed.The white dots are from a previous year when the Atlantis was
corventionally sailed with a sloop rig, and was sailed by a human captain. The black dots
indicatethe variousclosedloop control passedrom the recenttests.Note that the white trace
hasa curving, “human; look to it, whereagthe black tracelooks like a ruler was placedupon
the photographanda line dravn. Qualitatively, the computercontrol simply looks superhuman.

Figure 16 is, once again,a closerlook at a birds eye view of a setof computercontrolled
traces.The control systemregulatedaboutthe lines in betweeneach“start” and“end” pair, and
the turnsin betweenwere performedopen-loopin a feed-forward sense Figure 17 presentsa

close-upof the rst path of the regulatedcontrol, and looks at the cross-trackerror, azimuth
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error, and velocities.Note that the dark line in the top of the velocity graph (the bottom panel
of Figure 17 is the wind speed,and canbe seento vary well over 50% of nominal.

The meanof the cross-traclkerroris lessthan3 cm., andthe standardieviation is lessthan30
cm., note that this is the SailboatTechnicalError (STE, the sailing analogof Flight Technical
Error, thatis the differencebetweenthe measuregositionandthe referenceposition). Previous
characterizatiowf the coast-guardlifferential GPSrecever indicatedthatthe Navigation Sensor
Error (NSE) is approximately36 cm., thus the Total SystemError (TSE) is lessthan 1 meter
[1].

Figure 18 presentshe aggre@ate of all controlled sailing runs overlaid one upon the other
Along with boundsindicating 1 meter The differencesin path length have to do with the
location of the shore,andthe desirenot to run aground.Dependingon the path chosenJonger
or shorterdistanceswvere traversed.At no time doesthe controlled performanceof the system
exceedthe onemeterbound.As a basisfor comparisonthe speci cationsfor the top-of-the-line

AutoHelm autopilotindicatea cross-trackaccurag of 0.05 nauticalmiles, or 92.6 meters.

V1. CONCLUSION

It hasbeendemonstratedhat with the combinedadvancesn GPStechnologyandthe adwent
of low-cost sensorsan unmannedsailboatcan be built that can navigate with unprecedented
levels of accurag. By utilizing a novel wing-sail propulsionsystem.the dif culties of actuating
a sail have beenovercome,and high authority control canbe realized.A demonstrate®ailboat
TechnicalError (STE)in line following lessthan0.3meters(1 ) wasachiesed,in challenging
conditions.Combinedwith a Navigation SensorError (NSE) of 0.36 meter this yields a Total

SystemError (TSE) of lessthan1 meter

VIl. FUTURE WORK

While this project representsa greatdeal of progresson the conceptof unmannedsailing
vesselsthere remainsmuch more to do in orderto make the Atlantis more than a plaything.
Control has beendemonstratedn simple straightline segments,however, more complicated
trajectoriesare requiredthan simplelines. Furthermorethesesegmentsmustbe linked together

in somesmoothmannerin orderto createa viable missionfor an autonomoussailing vessel.
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While tacking and jibing are very simple with a rigid self-trimming wing-sail, a trajectory
generationmust occur wheneer the desiredwaypoint is unreachabledue to wind direction,
which includestacking and jibing whennecessary

Lastly, due to the natureof automaticcontrol, reward sailing is only slightly more dif cult
thanforward sailing. With this ability, thenstationkeepingbecomes viable maneuer, andone
that shouldbe mostuseful.

We arecurrentlyworking with the Atlantis at UC SantaCruzto make the Atlantis morerobust,
with improved sensorspetterintegration,andto extend her capabilitiesto further demonstrate

the viability of this craft.
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Fig. 1. TheAtlantis, basedon a Prindle-19Catamaranwith a self-trimmingwingsail. The Atlantis wasdesignedo demonstrate
a very high precisionof navigation and control, even in the presenceof wind and waves. As shavn here,testingin Redwood
City harbor January2001, the Atlantis was ableto achieve line following to betterthan30 cm. 1 underwind propulsion.

The authorand colleagueson boardare humanballastto prevent capsizingduring this initial test.

August 20, 2006 DRAFT



120WTerm.

Tail Actuator

Flap Actuator

CAN Bus

pe——] 20\ Term.

Attitude System

Anemometer ||
Slip Ring
Rudder Actuator
Rudder Angle
Hull Speed

GNC Computer

DGPS Receiver

RS232

15

GPS Antenna
Beacon Antenna

Fig. 2. Block diagramof the major subsystemsf the Atlantis. Note that both power and CAN signalsgo througha slip ring

at the top of the stubmastin orderto electrically connectthe rotatingwing to the restof the system.
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Fig. 3. The Atlantis usesa low-cost attitude solution that is basedon a quaternionsolutionto Wahbas problem,wherethe
two obsened vectorsare Earth's gravitation and magnetic elds. The solution producesl00 Hz. attitudedataand is basedon

an Analog Devices 2-axis accelerometeand Honeywell 3-axis magnetometer
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Fig. 4. A close-upof the low-cost attitude solution usedon the Atlantis, and picturedin Fig. 3. The ruler is therefor scale,
andshaws thatthe entireboardis lessthan 6 incheslong and4 inchesacross.The microcontrolleris anIn neon 515 processqr

andthe attitudeis beingrelayedon the CAN bus.
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Fig. 5. GuidanceNavigation, and Control computerbox, with the Trimble Ag122 DGPSRecever, A PentiumClasslaptop,
andDC-DC corverterto power the laptop,andan ESD Parallel port CAN dongle.The entirebox is sealedand haswatertight

connectiongor Paver, CAN, andthe RF signalfrom the GPSantenna.
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Fig. 6. Rudderactuatoris madefrom a Pittman24V DC Motor turning a lead-screv. The motor hasa 512 line per revolution

quadraturephaseencoderattached and is directly attachedto the lead scrav. With this arrangementa slew-rate of over 20

degreesper secondwas achieved.
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Fig. 7. Hullspeedsensoris locatedtowards the rear of the starboardhull, and is madeby the StandardCommunications

ElectronicsCorporation.Due to its location behindthe centerboardf the hull, the signalis quite noisy from the turbulence.
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Fig. 8. A 3-cupannemometeis usedto determinewind speedand direction. The unit is madeby StandardCommunications
Electronics,and has a two-pulse per revolution output for the cups, and a quadratureanalogsignal for the direction of the

weatherane. |t was calibratedin a wind tunnel.
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<«——along track——» )

Fig. 9. Thebasicequationsof motion for the Atlantis on the water A simpli ed modelis usedasa basisfor understandinghe

vehiclemotion. Velocity is alongthe X-axis, with cross-traclerror beingmeasuredn the Y-axis. The headingerroris measured

from the X-axis to the centerline,andde ned as
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Fig. 10. A typical systemidenti cation pass.The input rudderangleslew rate,u, wasinput by a humandriver attemptingto

keepthe Atlantis on a roughly straightline. Note that this passis over 700 meterslong.
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Fig. 11. The plot of the Hanlel singularvaluesof the system,shaving that the experimentaldatais bestrepresentedby a 4th

order system(left), and a singularvalue plot of the systemmodesshaving againa large drop after 4 modes,againindicating

that the systemis 4th order (right).
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Fig. 12. The Atlantis on an unmannedtrajectory being controlled by the identi ed LQG controller Propulsionis from a
MinKota trolling motor runningat 12, 24, and 36 Volts. The motor is cantedoff the centerline to simulateoff-centerthrustas

would be seenby the wing-sail.
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Fig. 13. Thetrajectoryasrecordedby the Ag122 Differential GPSrecever while undercomputercontrol. Note that feedback

control is only usedon the straight line segments. Turns are accomplishedby open-loopfeed-fornard commands.To the

resolutionof this image,cross-trackerrorsare lessthan one pixel wide.

August 20, 2006

DRAFT



27

Controller Performance for: 02_12_00_24.dat
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Fig. 14. Closeup of the rst sectionpicturedin Figure 13, shawing very precisecontrol while undertrolling motor propulsion
and autonomousgontrol. The meanof the pathis lessthan3 cm., and the standarddeviation is lessthan 10 cm. Note that the

presencef a currentis indicatedby a constantheadingerror (middle) aswell asa mismatchbetweenthe GPSvelocity andthe

hull speedsensorgbottom).
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Fig. 15. Satellitephotograptof harborwherethe Atlantis was sailedundercomputercontrol. The white dotsaredatarecorded
from a humansailor usinga conventionalslooprig. The black dotsshav the datafrom variousclosedloop computercontrolled
segments.Note how straightand “unnatural” they are. Simply, they do not look human.
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Controller Performance for: 06_15_58_28.dat
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Fig. 16. Birds eye view of Atlantis undercomputercontrol, propelledby the wing-sail. Path regulation happensetweeneach
“start” and“end” pair, with the curvesin betweenbeing performedopen-loopwith a feed-forward command.

August 20, 2006 DRAFT



30

5 Controller Performance for: 06_15 58 28.dat
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Fig. 17. Closeup of one of the control sggmentsdisplayedin Figure 16, shaving a meanof lessthan3 cm., and a standard

deviation of lessthan20 cm. Note thatin this case therewasno systematiccurrent,thoughthe wind canbe seento vary more

than 50% of nominal on the top line of the bottom plot.
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Closed Loop Line Following Performance
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Fig. 18. Aggregateplot of computercontrolledsailing passeswith linesat 1 meterbounds,overlaid on top of one another
The differencesin path length have to do with distanceto shore,and the desirenot to run aground.The controller keepsthe

Atlantis well within the one meterbound,and shavs a standarddeviation of lessthan 30 cm.
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