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The Atlantis Project:A GPS-Guided

Wing-SailedAutonomousCatamaran

GabrielHugh Elkaim,

Abstract

An autonomouscatamaran,basedon a modi�ed Prindle-19day-sailingcatamaranwasbuilt to test

the viability of GPS-basedsystemidenti�cation for precisioncontrol. The catamaranwas �tted with

several sensorsand actuatorsto characterizethe dynamics.Using an electric trolling motor, and lead

ballast to match all-up weight, several systemidenti�cation passeswere performedto excite system

modesand model the dynamic response.LQG controllerswere designedbasedon the resultsof the

systemidenti�cation passes,andtestedwith theelectrictrolling motor. Line following performancewas

excellent,with cross-trackerror standarddeviationsof lessthan0.15 meters.The wing-sail propulsion

systemwas�tted, andthe controllerstestedwith the wing providing all forward thrust.Line following

performanceanddisturbancerejectionwereexcellent,with the cross-trackerror standarddeviationsof

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

I . INTRODUCTION

This paperdetailsthe progressof theAtlantis project,picturedin Figure1, which beganwith

the conceptionof an unmanned,autonomous,GPS-guided,wing-sail-propelledsailboat.The

Atlantis project hasbeenvery much a “systems”approach,with substantialinnovationsin the

areasof wind-propulsion,overall systemarchitecture,sensors,systemidenti�cation andcontrol.

Functionally, the Atlantis is the marineequivalentof an unmannedaerialvehicle,andwould

serve similar purposes.The Atlantis projecthasbeenableto demonstratean advancein control

precisionof a wind-propelledmarine vehicle from typical commercialautopilot accuracy of

100 metersto an accuracy of betterthanonemeter. This quantitative improvementenablesnew

applications,including unmannedstation-keepingfor navigation or communicationpurposes,
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autonomous“dock-to-dock”capabilities,emergency returnunmannedfunctions,andmany others

still to be developed.

The wind-propulsionsystemis a rigid wing-sail mountedvertically on bearingsto allow free

rotationin azimuthabouta stub-mast.Aerodynamictorqueaboutthestub-mastis trimmedusing

a �ying tail mountedon boomsjoined to the wing. This arrangementallows the wing-sail to

automaticallyattaintheoptimumangleto thewind, andweathervaneinto gustswithout inducing

large heelingmoments.Modernairfoil designallows for an increasedlift-drag (L/D) ratio over

a conventionalsail, thusproviding increasedthrustwhile reducingthe overturningmoment.

Thesystemarchitectureis basedon distributedsensingandactuation,with a high-speeddigital

serialbusconnectingthevariousmodulestogether. Sensorsaresampledat 100Hz., anda central

guidancenavigation and control (GNC) computerperformsthe estimationand control tasksat

5 Hz. This bandwidthhasbeendemonstratedto be capableof precisecontrol of the catamaran.

The distributedarchitectureis both more robust and lessexpensive thansystemsthat employ a

high-speed,and often analog,star-con�guration topology with centralizedsensorinterpretation

andactuation.

The sensorsystemusesdifferential GPS (DGPS) for position and velocity measurements,

augmentedby a low-cost attitude systembasedon accelerometer- and magnetometer-triads.

Accurateattitudedeterminationis requiredto createa syntheticposition sensorthat is located

at the center-of-gravity (CG) of the boat,ratherthanat the GPSantennalocation

Experimentaltrials recordedsensorandactuatordataintendedto excite all systemmodes.A

systemmodelwasassembledusingObserver/KalmanSystemIdenti�cation (OKID) techniques.

An LQG controller was designedusing the OKID model, using an estimatorbasedon the

observed noise statistics.Experimentaltestswere run to sail on a precisetrack through the

water, in the presenceof currents,wind andwaves.

I I . SYSTEM DESCRIPTION

In orderto experimentallyvalidatetheconceptspresentedin this research,a prototypesystem

wasbuilt basedon a heavily modi�ed Prindle-19,day-sailingcatamaran.Thecatamaranwas7.2

meters.long, 3 meterswide, andwasoriginally equippedwith a slooprig sail with 17 m2 of sail

area.Directionalcontrol is basedon ruddersat theendof eachhull, andretractablecenterboards

approximately1
2 meterbehindthe main crossbeam.Several sensorsandactuatorswereinstalled
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within the hulls, and the entire sailing system(mast,boom, main and jib sails) was replaced

with a vertical self-trimmingwing (wing-sail) suspendedon sphericalroller bearings.

There are several main subsystemson 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 wasdesignedby Boschelectronicsfor robust componentcommunicationin

anautomotive environment[10]. Theentirewiring buson theAtlantis consistsof four (4) wires:

power (+12V), ground,CAN hi, and CAN low. Thereare many advantagesto this setup,but

the easeof troubleshootingand �e xibility of physicaltopologyareat the forefront of utility in

this design.

Figure2 shows the systemas it ties togetherlogically andelectricallyon the CAN bus. The

mainsubsystemsare:attitudesystem,anemometer, hullspeed,rudderangle,rudderactuator, GPS

receiver, andwing-sail.Thesesubsystemcommunicateto themainGNC computerthatcomputes

the currentestimateof the state,andreturnsthe requiredcommandsto the actuatorin order to

achieve control.

The attitude system,pictured in Figures3 and 4, consistsof a three-axismagnetometer, a

two-axisaccelerometer, anda Seimens515 microcontroller. It functionsbasedon a novel gyro-

free quaternionbasedsolutionto the vectormatchingproblem�rst proposedby Whabain 1966

[9]. The algorithm is discussedextensively in [1], [5], [4]. The attitude systemis mounted

alongsidethe Global PositioningSystem(GPS)antenna,inside a waterproofPelicanbox on a

woodencrossbeamat the forward staylocation(notethat the woodencrossbeamwasaddedfor

increasedstructuralrigidity of the hulls, due to the stressesinducedby the wing).

TheGNC computer, shown in Figure5, a Pentiumclasslaptop,is placedin anotherwaterproof

case,alongwith theTrimble Ag122GPSreceiver. TheGNC computeris equippedwith anESD

parallelport donglethat allows communicationover the CAN bus. A DC/DC converter insures

that the laptopdraws power from the boatpower bus ratherthan its own internalbatteries.

Inside the starboardhull, beneaththe rear inspectioncover, are two In�neon 505 microcon-

trollers, one for the hullspeedand rudderanglesensor, and the other for the rudderactuator,

picturedin Figure6. Thereis a StandardCommunicationsElectronicsmarinethrough-hullspeed

sensor, picturedin Figure7, in thebottomis thestarboardhull, anda LoHet magnetic�eld effect

sensorbetweentwo magnetson the rudderhingeline to measurerudderangle.Theactuatoris a

fractionalhorsepower DC motor, with a leadscrew assembly, constrainedto rotateonly in yaw,
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andan In�neon H-bridgemosfetdrive for electroniccontrol of the motor.

Insidethestub-mast,a Mercotacslip ring allows for a full 360degreerotationwithout twisting

the four wires that comprisethe wiring harnessof the Atlantis. The wing itself is built in three

sectionsthat are assembledon site. The lower sectioncontainsan electronicspod with the

batteries,ballast,andbattery-charging electronics.A microcontrollerandDC motor areusedto

control the trailing edge�ap. It alsocontainstheanemometermicrocontroller, with theStandard

CommunicationsElectronicsmarinetransducerhead,pictured in 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 constantangleof attackrelative to the wind. As long as the wind doesnot

crossthecenterlineof theboat,thenthewing continuesto provide thrustin thecorrectdirection

for forward motion through passive stability of the wing-sail system.Should the wind cross

throughthecenterlineof theboat,thenthepositionof the �ap andtails mustbereversed,which

correspondsto tacking or jibing dependingon whetherthe wind crossesthe centerlinefacing

aft or forward respectively.

The anemometeris usedto measurethe wind speedanddirectionrelative to the angleof the

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

I I I . SYSTEM IDENTIFICATION METHODOLOGY

In order to control the Atlantis, a systemmodel neededto be assembled.While several

good modeling techniquesexist to model a poweredboat through the water [3], they remain

complicatedanddif�cult to calculate.In orderto reducethemodelorder, andobtaina modelthat

would have suf�cient �delity for active control,severaldifferentmethodologieswereattempted.

In order to formulate the equationsof motion, the Atlantis is assumedto be traveling upon a

straight line, conveniently assumedto be coincidentwith the X -axis, through the water at a

constantvelocity, Vx . The distancealongthat line is referredto asX , the alongtrack distance.

The perpendiculardistanceto the line is referredto as Y, the crosstrack error, and the angle

that the centerlineof the Atlantis makes with respectto the desiredpath is de�ned as 	 , the

angularerror. Figure9 illustratesthe mathematicalmodelof the assumedpathof the Atlantis.

The �rst model is a simple kinematic model that assumesthat the rudderscannot move
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sideways through the water. This placesa kinematicconstraintupon the motion of the entire

boat,and the linearizedanalysisproducesthe following continuoustime state-spaceequations:
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Where Y,  , and � are de�ned as the cross-trackerror, azimuth error, and rudder angle,

and L is the length from the C.G. of the boat to the centerof pressureof the rudders.These

simpli�ed equationsof motion are insuf�cient to control the boat to great precision,but are

excellent for generatingintuition for the systemidenti�cation process.Equation1, when cast

into transfer function form, becomesa triple integrator, and cannot be stabilized by simple

proportionalcontrol. In addition, the assumptionof constantVx is poor, sinceunlessthe wind

can be controlled, the velocity will always be dependenton the speedof the wind. Closer

inspectionof Equation1 shows that the errors in azimuth and cross-trackintegrate not with

time, but rather with distancetraveled forward. What this meansis that if the boat is sitting

still in the water, no amountof rudderde�ection will causethe azimuth to change,likewise,

when moving very quickly through the water, only very small inputs are requiredto turn the

boat througha considerableangle.

Thus, recharacterizingthe variablesof interest,to make the systemvelocity invariant, both

the azimuthandcross-trackerror arenormalizedby velocity. Thus,thenew variablesof interest

become~y and ~ , with � remainingthesameaspreviously de�ned. Thenew simpli�ed equations

of motion become:
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Note that this causesthe state transition matrix to be constant.This conceptof velocity

invariancehasbeentestedextensively on GPS-controlledfarm tractors[2], andshown to work

very well. Functionally, this meansthat controller design is reducedto a single (non-gain-

scheduled)controller that automaticallyadjustsfor the changingvelocity basedon a decreasing

input rangesasvelocity increases.

In order to gatherdatato perform a propersystemidenti�cation of the Atlantis, a seriesof

open-loopline-following testswereconductedin which a humandriver, throughthe Guidance,

Navigation, andControl (GNC) computer, causedthe ruddersto eitherslew left or right at the

maximumslew rate ( 25 degrees/s).Also, the driver commandedthe rudderslew rate to zero

throughtherudderactuatorin orderto tracka roughlystraightline. This “pseudo”-randominput

wasdesignedto apply the maximumpower to the Atlantis throughthe controlsand producea

rich outputthatwould containinformationfrom all modesof interest.A typical passfor system

identi�cation is pictured in Figure 10. The controller was designedusing a standardLinear

QuadraticRegulatior (LQR) methodology. The quadraticcost,ascalculatedbelow in Equation

4, minimizesthe weightedsumof the outputs(ymax andumax aredesignparameters).
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In termsof systemidenti�cation, thisbecomesusefulastheinputsarescaledby velocitybefore

beingassembledinto the systemidenti�cation algorithm.Thus,the identi�ed systemis onethat

is the bestmodelfor the velocity invariantcontrol.The systemidenti�cation methodologyused

for this work is theObserver KalmanIDenti�cation (OKID) [6]. Among its many advantagesis

a formulationthat presumesa discrete-time,linear system.SinceOKIDs developmentat NASA

Langley for the identi�cation of lightly-dampedspace-structures,many advanceson the basic

theory have beenpublished[7]. Given a linear discrete-timestate-spacesystem,the equations

of motion canbe written as follows:

~xk+1 = A~xk + B~uk

~yk = C~xk + D~uk (5)
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It hasbeenshown that the triplet, [A; B ; C] is not unique,but can be transformedthrough

any 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

Markov parameters,are invariant under similarity transforms.TheseMarkov parametersare
h

Y0 Y1 � � � Yk

i

When theseMarkov parametersare assembledinto a speci�c form–thegeneralizedHankel

matrix of equation6–this matrix can be decomposedinto the Observability matrix, a state

transition matrix, and the Controllability matrix (Equation 7); thus the Hankel matrix (in a

noise-freecase)will alwayshave rank n, wheren is the systemorder.
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H (k � 1) = CAk� 1O (8)

That is, 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 Observability

matricescanbe at mostof Rankn.

< (C) � n (9)

< (O) � n (10)

< (H (k � 1)) � n (11)

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

data,theHankel matrix will alwaysbe full rank) theHankel matrix is truncatedusinga singular
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value decomposition(SVD) at an order that suf�ciently describesthe system.This truncated

Hankel matrix is then usedto reconstructthe triplet [A; B ; C] in a balancedrealization that

ensuresthat the controllability andobservability Grammiansareequal.This is referredto asthe

EigensystemRealizationAlgorithm (ERA); a modi�ed versionof this algorithm that includes

datacorrelationis usedto identify the Atlantis. A more completetreatmentof the subjectcan

be found in [8].

For any realsystem,however, systempulseresponsecannotbeobtainedby simply perturbing

the systemwith a pulse input. A pulse with enoughpower to excite all modeswould likely

saturatethe actuatoror respondin a non-linearfashion.The pulseresponseof the systemcan,

however, be reconstructedfrom a continuousstreamof rich systeminput and output behavior.

Under normal circumstances,thereare not enoughequationsavailable to solve for all of the

Markov parameters.Were the systemasymptoticallystable,suchthat Ak = 0 for somek, then

the numberof unknowns could be reduced.The identi�cation processwould be of little value

if it could only work with asymptoticallystablesystems.

By addingan observer to the linear systemequations,the following transformationcan take

place:

~xk+1 = A~xk + B~uk + G~yk � G~yk

~xk+1 = [A + GC] ~xk + [B + GD] ~uk � G~yk

~xk+1 = �A~xk + �B~vk (12)

where:

�A = [A + GC]

�B =
h

B + GD � G
i

~vk =

2

4 ~uk

~yk

3

5 (13)

Thus, the systemstability can be augmentedthrough an observer, which has the effect of

making �Ap ' 0 for somep that is suf�ciently large. With that assumption,thereare enough

equationsto solve for the Markov parametersestablishedthrougha least-squaressolution [6].
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It is useful to note that the realizationalso provides a pseudo-Kalmanobserver. The observer

orthogonalizesthe residualsto time-shifted versionsof both input and output. Utilizing the

separationlemmaandthe provided Kalman�lter , only the controllergainsneedbe designedto

implementa full-state-feedbacklinearquadraticgaussian(LQG) controller. An improvedversion

of the OKID process,which includesresidualwhitening [8], was usedto identify the sailboat

dynamicsfrom the experimentaldata.

An SVD of the aggregatevelocity-normalizeddatafor the Atlantis demonstrateda large drop

in themagnitudeof thesingularvaluesfrom the fourth to the �fth, indicatinga systemorder, n,

of four (Figure 11, left). In addition,modal singularvalues(Figure 11, right) of all catamaran

modelsof orderhigherthanfour exhibiteda two order-of-magnitudedropfrom thefourth modes

to modeshigherthanfour. Systemreconstructionfor the identi�ed dynamicsalsomatcheswell,

showing predictive performancethat matchedwithin .1 metersof crosstrack error, within 1.5

degreesof headingerror, andwithin 4 degreesfor rudderangle.Note that thesewereopenloop

tests,without the Kalman �lter addedin, which improved predictiongreatly. Thus using these

results,the LQG controllerwasdesigned,andsimulationscarriedout to validatethe controller

performance.Oncesatis�ed with thesesimulations,experimentaltrials wereperformedin order

to validatethe concept.

IV. TROLLING MOTOR TESTS

While the wing-sail was still underconstructionat Cris Hawkins Consultingin SantaRosa,

thesystemidenti�cation andcontrollertaskshadalreadybeencompleted.At this point, in order

to testout the controllers,a MinKota electric trolling motor wasusedto simulatethe presence

of the wing-sail andwind. This wasdoneby mountingthe trolling motor at the sailboatcenter

of gravity (CG), and turning the trolling motor suchthat its direction of thrust was cantedoff

the centerlineby morethan40 degrees.

Sincethedynamicsof thecatamaranaregreatlyaffectedbothby thevelocity throughthewater,

aswell asthe displacementweight of the hulls, the Atlantis wasballastedwith an additional75

kg. of leadballast(in the form of batteries)to bring theall-up weightof theboatto thesameas

weight asit would have hadwith the wing-sail installed.Also, in orderto testthe controllersat

variousspeeds,the MinKota trolling motor wasrun with 12, 24, and36 volts at approximately

65 amps.This changesthe speedof the boat through the water, simulating changesin wind

August20, 2006 DRAFT



10

velocity. In orderto simulatechangesin wing direction,the MinKota trolling motor wasturned

throughvariousangleswhile the controllerwasregulating the path to a line.

In Figure12,theAtlantiswith thetrolling motorcanbeseen.Thetrolling motoris at thecenter

of the boat,andthe leadbatteriesprovide the ballast.As pictured,the boatwasrun unmanned,

with the GNC computerproviding all navigation. Of note is the fact that the anemometeris

locatedat thefront woodencrossbeam.This is only a temporarylocation,andmoving thesensors

physicallocation is very easydue to the CAN bus architectureemployed on the Atlantis.

Figure 13 shows a 500 meter long typical autonomouspasswhile undercomputercontrol.

Note that the computerregulatesthe path to the line, but that the turn is performedopenloop

with a feed-forward command.To the scalepictured in Figure 13, the recordedposition data

shows very little cross-trackerror. This is in spite of the fact that the currentswere changing,

and the wind and waves were all injecting disturbancesinto the system.In Figure 14, a close

look at the errorsin the �rst part of the pathshown in Figure13 revealsthat the meanwasless

than3cm.,andthe standarddeviation was lessthan10 cm.

Of interest,theazimuthshows a -20 degreebiasfor mostof thepathlengthof therun pictured

in Figure 13, which is due to current.This can be veri�ed by looking at the velocity plot at

the bottomof Figure14, wherethe top line is the hull-speedsensor, andthe smoothlower line

is GPSvelocity. The differencein thesetwo is current,and it canbe seenin spite of the high

frequency noise of the hull-speedsensor(due to the placementbehind the centerboards).By

calculation,thecurrentwas0.62m/sat anangleof 52 degreesto theAtlantis path,comingfrom

the port sideof the boat.This is a currentspeedthat is closeto 30% of the actualspeedof the

boat,andcanbe consideredquite a large disturbance.

V. WING-SAIL TESTS

In order to validatethe performanceof the controllersandall up system,closedloop control

experimentswereperformedin Redwood city harbor, California, on 27-Jan.-2001.Thesestests

were intendedto verify that the closedloop controllerswere capableof preciseline following

with the increaseddisturbancesdueto the wing-sail propulsion.No modi�cations weremadeto

the controller design,and the testswere run on a day with approximately12 knots (or 6 m/s)

of wind, with gustsup to the 20 knot (or 10 m/s) range.

Experimentaldatafrom theanemometershows theangleof thewind with respectto thewing
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(angleof attack) to vary +/- 20 degreesfrom nominal. This demonstratesthe requirementfor

a self-trimming wing; without the ability to trim quickly to a new angle of attack, the wing

would remainstalledmostof the time, and the thrustgeneratedwould be minimal. The ability

to respondquickly to a new angleof attackby rotating into the new trim condition,allows the

wing to absorbthesetransientgustsandcontinueto provide full thrust with a reducedheeling

moment.

Qualitatively, thewing-sailperformedevenbetterthananticipated.With thetail centered,there

wasno tendency for the Atlantis to heelwhat-so-ever, andthe absenceof aeroelasticinstability

(sail luf�ng) madethe entireevent very quiet. Upon turning the trailing edgeof the tail in the

directionof desiredtravel, the Atlantis smoothlyacceleratedto speedandquietly continuedon

her course.Even large gustssimply causedthe Atlantis wing to quickly stall and,with only a

slight shudder, repositionto a new angleof attack(asevidencedby the yarn tufts on the wing

surface).

More impressive was the ability to sail pointedvery high into the wind. Upon analyzingthe

data,it was demonstratedthat the Atlantis was capableof sailing to within 25 degreesof the

true wind direction.At one point, a conventionalsailboatcameaboutbehindthe Atlantis and

startedluf�ng a full 15 degreesoff thewind from wheretheAtlantis wasmakingheadway. This

is clearly a resultof the improvedaerodynamicsof the rigid wing, anda vindicationof the self-

trimming arrangementover a conventionalsail. While further experimentalstudiesarerequired

to quantitatively measuretheperformanceincreaseof thewing-sail,currentresultsindicatevery

promisingdiscoveriesahead.

Figure 15 shows a satellite picture of the harbor where both the trolling motor and wing-

sail testswere performed.The white dots are from a previous year, when the Atlantis was

conventionally sailed with a sloop rig, and was sailed by a human captain.The black dots

indicatethe variousclosedloop control passesfrom the recenttests.Note that the white trace

hasa curving, “human,” look to it, whereasthe black tracelooks like a ruler wasplacedupon

the photographanda line drawn. Qualitatively, thecomputercontrol simply looks super-human.

Figure 16 is, onceagain,a closer look at a birds eye view of a set of computercontrolled

traces.The control systemregulatedaboutthe lines in betweeneach“start” and“end” pair, and

the turns in 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, andvelocities.Note that the dark line in the top of the velocity graph(the bottompanel

of Figure17 is the wind speed,andcanbe seento vary well over 50% of nominal.

Themeanof thecross-trackerror is lessthan3 cm.,andthestandarddeviation is lessthan30

cm., note that this is the SailboatTechnicalError (STE, the sailing analogof Flight Technical

Error, that is the differencebetweenthe measuredpositionandthe referenceposition).Previous

characterizationof thecoast-guarddifferentialGPSreceiver indicatedthat theNavigationSensor

Error (NSE) is approximately36 cm., thus the Total SystemError (TSE) is lessthan 1 meter

[1].

Figure 18 presentsthe aggregateof all controlledsailing runs overlaid one upon the other.

Along with boundsindicating � 1 meter. The differencesin path length have to do with the

locationof the shore,and the desirenot to run aground.Dependingon the pathchosen,longer

or shorterdistanceswere traversed.At no time doesthe controlledperformanceof the system

exceedtheonemeterbound.As a basisfor comparison,thespeci�cationsfor the top-of-the-line

AutoHelm autopilot indicatea cross-trackaccuracy of 0.05 nauticalmiles, or 92.6 meters.

VI. CONCLUSION

It hasbeendemonstratedthatwith thecombinedadvancesin GPStechnology, andtheadvent

of low-cost sensors,an unmannedsailboatcan be built that can navigate with unprecedented

levelsof accuracy. By utilizing a novel wing-sail propulsionsystem,the dif�culties of actuating

a sail have beenovercome,andhigh authoritycontrol canbe realized.A demonstratedSailboat

TechnicalError (STE) in line following lessthan0.3 meters(1� � ) wasachieved,in challenging

conditions.Combinedwith a Navigation SensorError (NSE) of 0.36 meter, this yields a Total

SystemError (TSE) of lessthan1 meter.

VII . FUTURE WORK

While this project representsa great deal of progresson the conceptof unmannedsailing

vessels,thereremainsmuch more to do in order to make the Atlantis more than a plaything.

Control has beendemonstratedon simple straight line segments,however, more complicated

trajectoriesarerequiredthansimple lines.Furthermore,thesesegmentsmustbe linked together

in somesmoothmannerin order to 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 whenever the desiredwaypoint is unreachabledue to wind direction,

which includestackingand jibing whennecessary.

Lastly, due to the natureof automaticcontrol, reward sailing is only slightly more dif�cult

thanforwardsailing.With this ability, thenstationkeepingbecomesa viablemaneuver, andone

that shouldbe mostuseful.

We arecurrentlyworking with theAtlantis atUC SantaCruzto make theAtlantis morerobust,

with improved sensors,betterintegration,and to extend her capabilitiesto further demonstrate

the viability of this craft.
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Fig. 1. TheAtlantis, basedon a Prindle-19Catamaran,with a self-trimmingwingsail.TheAtlantis wasdesignedto demonstrate

a very high precisionof navigation and control, even in the presenceof wind andwaves.As shown here,testingin Redwood

City harbor, January2001, the Atlantis wasable to achieve line following to betterthan30 cm. 1 � � underwind propulsion.

The authorandcolleagueson boardarehumanballastto prevent capsizingduring this initial test.
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Attitude System

Flap Actuator

Tail Actuator

Anemometer

Rudder Angle

Rudder Actuator

Hull Speed

DGPS ReceiverGNC Computer

GPS Antenna
Beacon Antenna

RS232

Slip Ring

120W Term.

120W Term.

CAN Bus

Fig. 2. Block diagramof the major subsystemsof the Atlantis. Note that both power andCAN signalsgo througha slip ring

at the top of the stubmastin order to electricallyconnectthe rotatingwing to the restof the system.
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Fig. 3. The Atlantis usesa low-cost attitudesolution that is basedon a quaternionsolution to Wahba's problem,wherethe

two observed vectorsare Earth's gravitation andmagnetic�elds. The solution produces100 Hz. attitudedataand is basedon

an Analog Devices2-axisaccelerometerandHoneywell 3-axismagnetometer.
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Fig. 4. A close-upof the low-cost attitudesolution usedon the Atlantis, and picturedin Fig. 3. The ruler is therefor scale,

andshows that theentireboardis lessthan6 incheslong and4 inchesacross.Themicrocontrolleris an In�neon 515processor,

and the attitudeis beingrelayedon the CAN bus.
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Fig. 5. Guidance,Navigation, andControl computerbox, with the Trimble Ag122 DGPSReceiver, A PentiumClasslaptop,

andDC-DC converter to power the laptop,andan ESD Parallel port CAN dongle.The entirebox is sealedandhaswater-tight

connectionsfor Power, CAN, and the RF signal from the GPSantenna.
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Fig. 6. Rudderactuatoris madefrom a Pittman24V DC Motor turning a lead-screw. The motor hasa 512 line per revolution

quadraturephaseencoderattached,and is directly attachedto the lead screw. With this arrangement,a slew-rate of over 20

degreesper secondwasachieved.

August20, 2006 DRAFT



20

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

ElectronicsCorporation.Due to its locationbehindthe centerboardof the hull, the signal is quite noisy from the turbulence.
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Fig. 8. A 3-cupannemometeris usedto determinewind speedanddirection.The unit is madeby StandardCommunications

Electronics,and has a two-pulseper revolution output for the cups,and a quadratureanalogsignal for the direction of the

weathervane.It wascalibratedin a wind tunnel.
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yd

d

along track

cross
track

X

Y

Fig. 9. Thebasicequationsof motion for theAtlantis on thewater. A simpli�ed modelis usedasa basisfor understandingthe

vehiclemotion.Velocity is alongtheX-axis, with cross-trackerrorbeingmeasuredin theY-axis.Theheadingerror is 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, was input 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 Hankel singularvaluesof the system,showing that the experimentaldatais bestrepresentedby a 4th

order system(left), anda singularvalue plot of the systemmodesshowing 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, and36 Volts. The motor is cantedoff the centerline to simulateoff-centerthrustas

would be seenby the wing-sail.
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Fig. 13. The trajectoryasrecordedby the Ag122 DifferentialGPSreceiver while undercomputercontrol.Note that feedback

control is only used on the straight line segments.Turns are accomplishedby open-loopfeed-forward commands.To the

resolutionof this image,cross-trackerrorsare lessthanonepixel wide.
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Fig. 14. Closeup of the �rst sectionpicturedin Figure13, showing very precisecontrol while undertrolling motorpropulsion

andautonomouscontrol. The meanof the path is lessthan3 cm., and the standarddeviation is lessthan10 cm. Note that the

presenceof a currentis indicatedby a constantheadingerror (middle) aswell asa mismatchbetweentheGPSvelocity andthe

hull speedsensors(bottom).
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Fig. 15. Satellitephotographof harborwheretheAtlantis wassailedundercomputercontrol.Thewhite dotsaredatarecorded

from a humansailorusinga conventionalslooprig. Theblack dotsshow the datafrom variousclosedloop computercontrolled

segments.Note how straightand “unnatural” they are.Simply, they do not look human.
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Fig. 16. Birds eye view of Atlantis undercomputercontrol, propelledby the wing-sail.Path regulationhappensbetweeneach

“start” and“end” pair, with the curves in betweenbeingperformedopen-loopwith a feed-forward command.
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Fig. 17. Closeup of oneof the control segmentsdisplayedin Figure16, showing a meanof lessthan3 cm., anda standard

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

than50% of nominalon the top line of the bottomplot.
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Fig. 18. Aggregateplot of computercontrolledsailing passes,with lines at � 1 meterbounds,overlaid on top of oneanother.

The differencesin path length have to do with distanceto shore,and the desirenot to run aground.The controller keepsthe

Atlantis well within the onemeterbound,andshows a standarddeviation of lessthan30 cm.
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