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MicroMicro vehicle Propulsionvehicle PropulsionMicroMicro--vehicle Propulsionvehicle Propulsion

h l i f h i fh l i f h i fThere are two propulsion means for the microcraft: There are two propulsion means for the microcraft: 
electrical (motor) and wind (sail or airfoil): electrical (motor) and wind (sail or airfoil): 
–– shaft power, Pshaft power, Pss, is given by, is given by

PP RR UU // WW hh RR iiPPss == RRtt UU+/+/εεpp WW wherewhere RRtt isis
thethe requiredrequired thrustthrust equalequal toto thethe dragdrag oror resistanceresistance ofof thethe
microcraftmicrocraft (hulls(hulls plusplus keel)keel) inin kgkg movingmoving atat speedspeed UUcc inin msms--11 andand
εεpp isis thethe propellerpropeller efficiencyefficiency typicallytypically betweenbetween 00..3535 andand 00..6565..pp
ForFor thethe nominalnominal casecase withwith UUcc == 33..11 msms--11 andand RRtt == 00..337337 kg,kg, PPss
== 22..11 WW andand PPee == 22..33 WW..

–– UUwmwm == ½½ (+(+22UUcc ±±√[(√[(22UUcc))22 --44(U(Ucc
22 --22R+/R+/11..3333 ρρaa AAss)])] msms--11..

.. ForFor thethe nominalnominal casecase letlet usus taketake AsAs == 00..3535 mm22 ((00..77mm highhigh andand.. ForFor thethe nominalnominal casecase letlet usus taketake AsAs 00..3535 mm ((00..77mm highhigh andand
00..55mm highhigh squaresquare sailsail oror airfoilairfoil planplan form),form), UUcc == 33..11 msms--11 andand RRtt
== 00..337337 kg’kg’ wewe computecompute UUwmwm == 44..22 msms--11 (for(for aa plusplus root)root) oror
aboutabout anan eighteight--knotknot minimumminimum windwind forfor aa downdown--windwind craftcraft
motionmotion..motionmotion..



In More DetailIn More DetailIn More DetailIn More Detail

O i h h i d f d h il( ) i id i f il( ) i i ll flO i h h i d f d h il( ) i id i f il( ) i i ll flOn a run with the wind aft and the sail(s) or rigid airfoil(s) acting essentially as flat On a run with the wind aft and the sail(s) or rigid airfoil(s) acting essentially as flat 
plates, the apparent wind peed, plates, the apparent wind peed, UUaa,  is simply ,  is simply 

UUaa,  =  ,  =  UUww -- UUcc msms--11

where where UUww is the wind speed. The wind force to overcome drag, is the wind speed. The wind force to overcome drag, RRtt,  is ,  is 
RRtt = ½ρ= ½ρaa UUaa,2 A,2 Ass CCDD kgkg

wherewhere ρρ is the density of air at sea level at 20is the density of air at sea level at 2000 C = 1 2 kgmC = 1 2 kgm--33 AA = the area of the= the area of thewhere where ρρaa is the density of air at sea level at 20is the density of air at sea level at 2000 C  = 1.2 kgmC  = 1.2 kgm 33, A, Ass = the area of the = the area of the 
sail(ssail(s00 or airfoil(s) and Cor airfoil(s) and CDD is the drag coefficient = 4/3 = 1.33 according to p. 18 of is the drag coefficient = 4/3 = 1.33 according to p. 18 of 
“Physics of Sailing,” by John “Physics of Sailing,” by John KimbellKimbell, CRC Press.  Thus the minimum wind speed , CRC Press.  Thus the minimum wind speed 
necessary for the microcraft to be on a downnecessary for the microcraft to be on a down--wind run, wind run, UUwmwm,  is,  is

((UUwmwm –– UUcc))22 = U= Uwwmm22 -- 2 2 UUwmwmUUcc + U+ Ucc
22 =  2R=  2Rtt/1.33 /1.33 ρρaa AAss

Whose quadratic solution is on the preceding slide.Whose quadratic solution is on the preceding slide.



MicroMicro vehicle Power Generationvehicle Power GenerationMicroMicro--vehicle Power Generationvehicle Power Generation

Solar Power Generation:Solar Power Generation:
–– .. ForFor thethe nominalnominal microcraftmicrocraft AAss == 00..3535 mm22,, ll == 11 m,m, ,,

BB == 00 1010 mm soso thatthat thethe totaltotal areaarea (during(during doldrums)doldrums)BB == 00..1010 mm soso thatthat thethe totaltotal areaarea (during(during doldrums)doldrums)
isis 00..5555 mm22 andand 00..2020 mm22 whilewhile underunder aerodynamicaerodynamic
propulsionpropulsion whenwhen thethe sail(s)/airfoil(s)sail(s)/airfoil(s) areare verticalvertical..
AssumeAssume thatthat onlyonly 2020%% ofof thisthis powerpower isis availableavailable weweAssumeAssume thatthat onlyonly 2020%% ofof thisthis powerpower isis availableavailable.. wewe
havehave aboutabout ((1010hr/hr/2424hr)(hr)(1515)) == 66..44 [[coscos (φ)/(φ)/ coscos
((34034000)])] WW availableavailable inin doldrumsdoldrums (for(for electronicselectronics andand
propulsion)propulsion) andand ((66 44)()(00 22mm22//00 5555mm22)) == 22 33[[coscos (φ)/(φ)/propulsion)propulsion) andand ((66..44)()(00..22mm //00..5555mm )) == 22..33[[coscos (φ)/(φ)/
coscos ((34034000)])] WW availableavailable whilewhile underunder sailsail propulsionpropulsion forfor
useuse inin thethe electronicselectronics..



MicroMicro vehicle Power Generationvehicle Power GenerationMicroMicro--vehicle Power Generationvehicle Power Generation

W /Wi d T bi P G iW /Wi d T bi P G iWater/Wind Turbine Power Generation: Water/Wind Turbine Power Generation: 

OneOne exampleexample isis foundfound atat wwwwww..ezinarticlesezinarticles..comcom andand atat 88 toto 99 knotsknots hashas
anan outputoutput ofof 99 toto 1111 ampsamps atat 1212 VV DCDC ItIt isis farfar tootoo largelarge forfor thetheanan outputoutput ofof 99 toto 1111 ampsamps atat 1212 VV DCDC.. ItIt isis farfar tootoo largelarge forfor thethe
microcraft,microcraft, butbut providesprovides aa pointpoint ofof referencereference.. waterwater turbineturbine
(assuming(assuming aa 1010::11 reductionreduction inin sizesize oror aa 00..0101 reductionreduction inin turbineturbine
rotorrotor areaarea andand aa 00..001001 reductionreduction inin turbineturbine weight)weight) wouldwould generategenerate
aboutabout 00 0303 toto 00 0404 ampsamps oror 00 3636 toto 00 4848 wattswatts atat hullhull speedspeedaboutabout 00..0303 toto 00..0404 ampsamps oror 00..3636 toto 00..4848 wattswatts atat hullhull speedspeed

WithWith regardregard toto windwind turbines,turbines, theythey areare alsoalso commerciallycommercially availableavailable forfor
sailboatssailboats andand thethe windwind speedspeed isis notnot thethe hullhull speedspeed butbut thethe apparentapparent
windwind speedspeed.. similarsimilar bladeblade area,area, mustmust bebe multipliedmultiplied byby thethe densitydensity ofof
airair (sea(sea levellevel atat 202000 C)C) divideddivided byby thethe densitydensity ofof waterwater == 11 204204//10261026airair (sea(sea levellevel atat 202000 C)C) divideddivided byby thethe densitydensity ofof waterwater == 11..204204//10261026
== 00..0011700117 inin orderorder toto comparecompare approximatelyapproximately withwith thethe waterwater
turbineturbine



MicroMicro vehicle Self Rightingvehicle Self RightingMicroMicro--vehicle Self Rightingvehicle Self Righting



MicroMicro vehicle Self Rightingvehicle Self RightingMicroMicro--vehicle Self Rightingvehicle Self Righting

TheThe centercenter ofof buoyancy,buoyancy, CB,CB, isis aboveabove thethe
centercenter ofof gravity,gravity, CG,CG, soso thatthat thethe microcraftmicrocraft isis
stablestable andand willwill notnot capsizecapsize duedue toto aa disturbancedisturbance..
AlsoAlso itit isis toto bebe recognizedrecognized thatthat thethe buoyancybuoyancy ofof
thethe hullshulls (b(b andand bb )) isis equalequal toto thethe craft’scraft’sthethe hullshulls (b(b11 andand bb22)) isis equalequal toto thethe craft’scraft’s
weightweight oror displacement,displacement, MgMg oror WWcc.. TheThe bulbous,bulbous,
butbut streamlinedstreamlined batterybattery compartmentcompartment atat thethebutbut streamlined,streamlined, batterybattery compartmentcompartment atat thethe
endend ofof thethe keelkeel isis assumedassumed toto havehave negligiblenegligible
buoyancybuoyancy butbut significantsignificant weightweight..gg gg



MicroMicro vehicle Costvehicle CostMicroMicro--vehicle Costvehicle Cost

f bf b ff ffPriorPrior toto fabricationfabrication ofof aa prototypeprototype microcraftmicrocraft itit isis
difficultdifficult toto estimateestimate fabricationfabrication costcost forfor thethe massmass
productionproduction ofof aa largelarge numbernumber ofof microcraftmicrocraft.. AApp gg
reasonablereasonable approachapproach isis toto determinedetermine thethe actualactual
retailretail costcost perper kilogramkilogram ofof commerciallycommercially availableavailable
remoteremote--controlcontrol (R/C)(R/C) modelmodel boatsboats andand makemakeremoteremote controlcontrol (R/C)(R/C) modelmodel boatsboats andand makemake
estimatesestimates basedbased uponupon aa studystudy ofof thesethese costscosts.. InIn
additionaddition itit wouldwould bebe necessarynecessary toto estimateestimate thethe
costcost ofof thethe onon--boardboard electronicselectronics (including(including cloudcloudcostcost ofof thethe onon boardboard electronicselectronics (including(including cloudcloud
computationcomputation elements)elements) andand thethe costcost ofof thethe
variousvarious sensorssensors..



MicroMicro vehicle Costvehicle CostMicroMicro--vehicle Costvehicle Cost



MicroMicro vehicle Costvehicle CostMicroMicro--vehicle Costvehicle Cost

WeWe willwill taketake thethe retailretail priceprice averageaverage ofof
aboutabout $$7575 perper kilogramkilogram asas thethe upperupper
b db d thth t ilt il ii ff th dth dboundbound onon thethe retailretail priceprice forfor oneone thousandthousand
oror moremore microcraftmicrocraft ofof thethe nominalnominal designdesign..
ThusThus thethe unitunit priceprice forfor eacheach 1010 kgkgThusThus thethe unitunit priceprice forfor eacheach 1010 kgkg
microcraftmicrocraft wouldwould bebe $$750750.. IfIf massmass--
productionproduction economieseconomies werewere achieved,achieved, thenthenproductionproduction economieseconomies werewere achieved,achieved, thenthen
thethe unitunit priceprice mightmight dropdrop toto $$300300 oror lessless
thanthan $$100100 forfor lotslots ofof severalseveral thousandthousand..$$



Unmanned Test CraftUnmanned Test CraftUnmanned Test CraftUnmanned Test Craft

UnderUnder USUS NavyNavy ContractContract NN 66016601--7878--CC--03750375 aa
2020--ftft unmannedunmanned seacraftseacraft waswas testedtested byby
T t tiT t ti S iS i C tiC ti (TSC)(TSC) ItItTransportationTransportation SciencesSciences CorporationCorporation (TSC)(TSC).. ItIt
waswas calledcalled byby thethe NavyNavy anan HighHigh--EnduranceEndurance
TranslocatingTranslocating SubsystemSubsystem oror HEATSHEATS OneOne ofof ititTranslocatingTranslocating SubsystemSubsystem oror HEATSHEATS.. OneOne ofof itit
purposespurposes waswas toto dragdrag aa hydrophonehydrophone arrayarray forfor
submarinesubmarine surveillancesurveillance.. TheThe tests,tests, atat thethe NavalNaval,,
OceansOceans SystemsSystems installationinstallation inin SanSan DiegoDiego
California,California, werewere successfulsuccessful



HEATS UnderwayHEATS UnderwayHEATS UnderwayHEATS Underway



Patented Unmanned RidgedPatented Unmanned Ridged--Airfoil Airfoil gg
Sail craftSail craft

Patent No. 3532067 Filed September 18, 1968 Patent No. 3532067 Filed September 18, 1968 
Bonnie and Robert BakerBonnie and Robert Baker

Patent No. 3556035 Filed January 28, 1969Patent No. 3556035 Filed January 28, 1969
Ernest  Schlieben (RCA Corp.)Ernest  Schlieben (RCA Corp.)



SummarySummarySummarySummary

RoboticRobotic CEM™CEM™ (Cloud(Cloud EnhancedEnhanced Microvehicle)Microvehicle)
TechnologyTechnology asas appliedapplied toto swarmsswarms ofof lowlow costcost micromicro seasea--
craftcraft.. SuchSuch swarmswarm includeinclude veryvery smallsmall unmanned,unmanned, selfself--
deploying,deploying, highhigh endurance,endurance, waterwater conveyancesconveyances formingforming aa
distributeddistributed surveillancesurveillance systemsystem toto detectdetect andand tracktrack
stealthystealthy andand nonnon stealthystealthy aeronautical,aeronautical, surfacesurface andandyy yy ,,
subsurfacesubsurface entitiesentities includingincluding UAV,UAV, UAS,UAS, Submarines,Submarines,
Divers,Divers, SurfaceSurface craft,craft, etcetc.. asas wellwell asas provideprovide realreal--timetime
augmentation,augmentation, enhancementenhancement andand calibrationcalibration ofof existingexistingg ,g , gg
land,land, seasea andand spacespace basedbased surveillancesurveillance andand geophysicalgeophysical
assetsassets..



The Future is Unmanned The Future is Unmanned 
V hi lV hi lVehiclesVehicles

The Future is NOW!The Future is NOW!


