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AbsmzcトInthispapenanalgoIithmtoestimatewind
directionbyusingasmaUandnghtUnmannedAirVehi・
cIe(UKV）caUedKITEPLANEwasprOposeddmＴＥＰＬＡＮＥ
ｈａｄａｂｉｇｍａｉｎｗｉｎｇｗｈｉｃｈｉｓａkite･likedeUtashapeand，
therpfbre,itwaseasytobedisturbedbywindqHOweve喝this

disadvantageimpnesthattheKrmPLANEhasanabilityto
sensewindandthatitisexpectedtousetheKITEPLANEas
asensorfDrwindestimation･Inordertoachievethisfbature，
dynamicsofUleKITEPLANEunderwinddisturbmcewere

derivedandanumericalestimationmethodwasproposed･
DevicesequippedonboardwerealsodeveU叩eｄａｎｄｔｈe
proposedmethodwasimplemented･ResmtsofaneXperiment
showedtheeffCctivenessoftheproposedmetho｡．
〃｡‘ｒＺｂｍｏｓ－ＫＩＩＥＰＬＡＮＥ,UnmaImedAirVehicIe,Wind

disturbance,Estimation．

[10］［11］ａｎｄＳｈｉｍ［12］haveproposedcontrOlsystems
fbrnonhearandnomnnumumphasesystemssuchas
autonomousUAVsbyapproximatelinearlizatiOnapproach・
Al-mddabi[13]concentratedtolongitudinalmaneuverand
prOposedanonUnearoutputtrackingmethod.ＩntelUgent
approachessuchasartiiicialneuralnetworks,fUzzylogic
controllers［14]havebeenalsoutiUzedMontgomery[15］
proposedaleamingmethodfbrafnzzy-neuralcontlollerb
Femdndez-Montesinos［１０]utiUzedfUzzylogicfbrguid‐
anceandcontrolwhenanairplanewaslandingunder
windsheamVa56dk［17］adoptedafUzzylogiccontroUer
whichwasfirstlyprOposedbyMamdani［18LSugeno
[19]alsoprOposedafUzzycontrollerfbranautonomous
helicoptem
VariousstructureofUWshavebeenalsostUdiedHen-

coptershavebeenstudiedWidely(e､9.[19],[15][10],[20]，
[11]，［12］）mSpiteofitscomplexdynamicsbecauseit
isabｌｅｔｏｈｏｖｅｒｏｒｓｔＯｐｍｔｈｅａｉｒＢＩｔｉｓａｌｓosignificantly
importanttomakeUAVssmallandUght､Grasmeyer[21］
developedaMicroAirVehicle(MAy)namedblackwidow

andWU［22］ｐｒＯｐｏｓｅｄａＭＡｙｗｈｏｓｅｗｍｇｓｐａｎｗａｓ
ｓｍａllerthan4cmDeng［24］andSchenato［25］studied
smallMAVsmspiredfrominsects､Microdevicesfbrsmall

UAysarealsoimportantandlyshvski[26］［27］studied
specialcontrOlsurfacesfｂｒＭＡＶｓ

ｌｎｔｈｉｓｐａｐｅｌｂａｎＵＡＶｗｈｉｃｈｉｓｎｏｔｏｎｌｙｓｍａＵａｎｄ
ｌｉｇｈｔｂｕｔａｌｓｏｈａｓｌargepayloadisconsidered・ＴｈｅＵＡＶ
ｉｓｎａｍｅｄａｓＫＩＴＥＰＬＡＮＥ[281［29］becauseitsmain

wingwhichisthelargestcomponenthasakite-nkedeltａ
shape(Fig.1)Becausethemainwmgismadeofcloth,it
islightandflexible､Therefbre,themainwmgcouldbe
largewithoutmakingtheairplaneheavyasfOrrigidiixed
wmgs､ThisimPlieSthatthemTEPLANEisabletobe

lightandtohavelalgepayloadsimultaneously60wmgto
theneXibiUtyofthewmg，theaiIplaneisrathersafeand
robustevenwhenitcrashedmtotheground・Thecenterof
themasslocatesunderthemainwmgandaileronsattached
withdihedralangles,Thismakesattitudeinatrimstate
ratherstableandthemotioniswell-behavedTherefbre,the
airplanemaybecontrolledonlybyusingslow-ratelow-cost
sensorssuchasGPSwithoutafUUattitudemeasurement・

Nagata[29]proposedatrajectolyfbUowmgcontroUerfbr
theKrrEPLANEbasedonaPmoutputfeedbackwithout
attitudemfbnnationandresultsofnumericalsimulations

showedtheeffectivenessofthemethodundertheabsence

１．INTRODUCTION

UmnannedAirVehicle(UAy)sarerequiledmorderfbr
observationandrescueactivitiesatdangerousareassuch
asvolcanoes，areasstrickenbyearthquakes，firesandso
onFrompracticalvieWpoints,thoseUAVsareneededtO
haveenoughpayloadtocanyeqUipments,tｏｂｅａｂｌｅｔｏＤｙ
ｆＯｒａｎenoughtime,tobesmaUandnghtandtobecarried
easilytotheplacewheretheyarelaunchedortakenoff
ESpeciallybsincｅｉｔｉｓｎｅｃｅｓｓａｒｙｆｂｒＵＺＷｓｔｏＨｙａｔｌｏｗ
altitudemordertoobserveterrain,UAVsarelikelytoface
adangertofallbecauseofirregUlarwindorobstaclea
Therefbre，sophisticatedautopilotsystemsarenecessary
andUWsshomdbelesshazardouseveniftheycrashed、
Automaticcontrolfbrairplaneshasalonghistoryand

thesemanyControltechniquesarealsoabletobeappned
fbrautonomousUAVs、SinCedynamicsofaiIplanesare
nonlineancontrO11ersbasedonheartheoliesarenot

sufficientfbrtrimconditionswhicharedifferentfromthe

nominaltrimcondition､InordertoovercomethisdifficUltyb
itisconnnontoadoptrobustcontrolapprOaches，gam
schedulingtechniqUesandsoon,Forexample,Ｋｈａｍｍａｓｈ
[1]appUedH6oapproachtocontrolthelongitudinalpitch
motionunderumcertaintiesofmassandcenterofgravity6
Chu［2]prOposedacontmllerbasedongainscheduling
fbrairplaneswithmUltipleenginesbyusingthrottlesonly・
Kaminer［3］［4］alsoproposedatrackingcontroUerby
utilizmggainscheduling、Shtessel［5］adoptedasliding
modecontrOUertakingboundedinputsintoaccountHess
[6］andAndrievslg/［7］ａｌｓｏconsideredboundedcontrO1

inputs、ＤｙｎａｍｉｃｓｏｆＵＡｙｓａｒｅｎｏｔｏｎｌｙｎｏｎｌｍｅarbut
alsononmmnnumphase､Hauser[8],ＢＣＩⅣenutti[9],ＫＯＣ

O-7803-8914-X/05脇20.OOo20051FEE 1８９６

Authonzedlicenseduselimltedto:KumamotoUniversilyTrialUser､DOwnloadedcnAugust6,２００９ａｔＯ１:O7fromIEEEXploIB・Restrictionsapply．



Ｆ■旬一勺

B▼ＴごｔＬ桿拓⑪Ⅱ 壺
凹

⑱『一

』》ご
壷

ＩＩＫＩＴＥＰＬＡＮＥ

ＫｎＥＰＬＡＮＥｉｓｍｔｒｏｄｕｃｅｄbrieHymthissectionlt，s

fnlllength,ｗｍｇｓｐａｎａｎｄｈｅｉｇｈｔａｒｅ２,280ｍｍ,2,780ｍｍ

and1,130mmrespectively､Weightisabout20kgPayload
ofaKITＥＰＬＡＮＥｉｓｍｏｒｅｔｈａｎ６ｋｇ､Ｉｔｉｓａｂｌｅｔｏｔａｋｅｏｆｆ

ｆｒｏｍａｍｎｗａｙｏｒａHatTield，ｔｏｎｙｍｏｒｅｔｈａｎ３ｊＯＯＯｍ

ａｂｏｖｅｓｅａｌeｖｅｌａｎｄｔｏｌａｎｄｏｎｔｈｅｇround･Theahplane

hasfivewmgs，ｉ､aadelta-shapedmamwmg，acouple

ofailerons，anelevatorandarudde必Ｔｈｅｍａｉｎｗｍｇｉｓ

ｌｉｘｅｄｔｏ１ｈｅｂｏｄｙＳｅｒvomotorsareattachedtoailerons，
theelevatorandtherudderascontrolsurfaceactuators・

Ｔｈｅｅｎｇｍｅｉｓｍｓｔａｌｌｅｄｉｎｔｈｅｃｅｎｔｅｒｏfthebodyanda
servomotorcontrolsitsthrottle・

Anon-boardcomputersystemwhichｗｉｌｌｂｅｒｅｆｅｌｒｅｄ
ａｓＣＰＵｉｓａＰＣ/１０４１BM-PCcompatibleembedded

PCunit(Advantech，ＰＣＭ-3370）ａｎｄｃｏｍｅｃｔｅｄｔｏＡ/Ｄ

unit(Advantech,PCM-3718HG),GPS(FurunoE1ectricCo.，

GN-79）andFPGAsystemforaservosignalge､era‐
tor/receiverunit､SensorunitcomectedtoA/Dumtconsists

ofthreeaccelerometers(Crossbow,CXO2LF3),threegyro-

scopes(MurataManuftlcturingCq,ENVD5F-03),amagne‐

tometer(AP1System,ＡＭ－Ｚ１Ｍ)foranazimuthangleand
twomcnnation-meterOⅦidoriPrecisions,UVDOH)forroll

andpitchangles､A11servomotorsarecontroUedmanually
viaradiocontrolmmanualmode,orautomaticallybyan

on-boardcomputersysteminautomode､Ablockdiagram
ofthesystemiｓｓｈｏｗｎｍＦｉｇ･Ｚ．

D

GPSreceⅣeｒ

ｒ

；。’○
Rudder Ailemn

FｉｇＬＫＩＴＥＰＬＡＮＥ

ofwmddisturbance

However,wmddisturbancesignilicantlydeterioratesthe

perfbnnanceofthepathfbuowingoflheKITEPLANE
becauｓｅｏｆｉｔｓｌａｒｇｅｍａｍｗｍｇＯｎｔｈｅcontrary〕this

impnesthattheKITEPLANEissｅｎｓｉｔｉｖｅｔｏｗｉｎｄａｎｄ
ｉｔｉｓａｂｌｅｔｏｂｅl1tiliｧedtoobservewmddirection・Once

thewmdinfmmationisavailable,theperfbmlanceofthe

autopilotsystemwillbeabletobeimproved・Furthelmore，
autonomouspathplanningtakingwiｎｄｉｎｔｏａｃｃｏｕｎｔｗｎｌ
ａｌｓｏｂｅａｂｌｅｔｏｍａkeef6cientfligbt、mfbrmationabout

winditselfisalsorequiredbymanyapplicationssuchas
aweatherfbrecast，estimatingthediffUsionofpollution，

preventingalireandsoonTherefbre,amethodtoestimate
wind,especiallyitsdirectionwasconsideredmthispapeL

Tbthisend，dynamicsoftheKITEPLANEundeJFwmd
dismrbancewasderivednrst,andthenamethodtoestimate

parametersofwindwasproposedwhichwasthemamcoL
tributionofthispaperForasmallUAVs,WUmodeledthe

dynamlcsasARXmodelandidentiliedthoseparameters

usingmeasuredresultsofHighttest[23］Themodelused

mthispaperwasanonnnearsystemandparameterswere
estimatedon1inebysolvinganalgebraiceqUationusing
measmeddata、

ｎｌｏｒｄｅｒｔｏｓｈｏｗthevalidityoftheproposedmethod，

resultsofexperimentswereshown・Forexperiments，a
smanall-in-onecomputersystemwasdevelopedResults
showedtheeffectivenessoftheproposedmethod、

ThispaperisorganizedasfbUows、Inthenextsec-

tion(ＳＣＣ.Ⅱ),theKITEPLANEandthecomputersystemare

shownanddynamicsofthesystemisderivedmthesection

m･Themethodtoestimatewindisproposedmthesection

wandresultsofexperimentsareshowninSeoV、Then，
conclusionfbnows(SeQVI)．

Ｋｒｒ蔭ＦＬＪＷＥ
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Fig.２，OverviewofKITEPLANESystem

ARILLinux[30]whichwasarealtimeoperatingsystｅｍ

ｂａｓｅｄｏｎＬｍｕｘｗａｓｕｓｅｄａｎｄｌｈｅｐｒｏｐosedsystemwas

implementedasarealtinletask・GPSmfbmlationwas
availableoncepcrasecondandothersensoryinfbmla-
tionweresampledeach50mseQGmmonitonngsystem

whichinfOmlsoperatorsthestatoftheailPlane・TELNET
protocolwasusedfbrfOrkingtasksonCPUandFTPwas
usedfortransferlingdataamongCPUandbasecomputers

astheywereusedinusualLAN

III・ＤＹＮＡＭＩｃｓｏＦＫＩＴＥＰＬＡＮＥ

ＴｈｏｕｇｈｔｈｅｃｏmpletedynamicsoftheKITEPLANEare

extensivelycomplex,asimplerigidbodymodelisusefUl
whｉｃｈｉｓｓｈｏｗｎｉｎthissection

Let‘Gbodyframe，,betheCartesiancoordinatesystem
ｗｈｉｃｈｉｓａｔｔａｃｈｅｄｔｏｔｈｅａｈｐｌａｎｅａｎｄwhoseorigmis
locatedatthecenterofthegravity（Fig.３)。Ｘａｘｉｓｉｓ
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ａｌｉｇｎｅｄｔｏｔｈｅｆｒｏｎｔｏｆｔｈｅｂｏｄｙａｎｄＺaxisisaligned
todownwhentheairplanestaysontheground､Yaxisis
chosenasthebodyframebecomesright-handLet"mertial
fiFame，，betheCartesiancoordinatesystemwhichiSfixed
ontheground､XaxisandYaxisoftheinertialframeare

alignedtoEastandNorthrespectively,Zaxisistoward
perpendicular叩rightdirectionDenotethevelocityof

alsofUnctionsofcontrolinputswhｉｃｈｉｓｄｅｎｏｔｅｄａｓｕ、
Refer[28],[29],[31]fbrfUrtherdetans・

Thedynamics(1),(2),(3)and(4)areabletobesumma-
rizedinageneralnonlinearfOnn：

ｚ＝ｆ(z)＋g(⑳,ｕ)＋ａｕｊＢ （５）

り＝ん(⑳)，

whereｚ＝[[胞陥,ＷB,ＥＢ,ＱＢ,ＲＢ,Ｘ'’昭,Ｚｒ,①,ｅ,I1T，
yaremeasurableoutputssuchasthepoSition(Ｘｒ,Ｙｉ,Ｚｒ)．
5⑪Brepresentswinddisturbanceswithrespecttothe
bodyfraIne・since``ｗｍｄｆｒａｍｅ，，iSolnittedintheabove

modenng,theeffectofattackofanglecausedbywindis
alsoincludedin6zUB、

１Ｖ・WINDESTIMATION
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(a)BodylTame （b)CoordinateTYansfbmlation

Fi9.3．BodyFmmeandlnertialFrame

theairplaneasVbCandletUB,VbandWDrepresent
elementsof吃cwithreSpecttothebodyfiFame､四B,QB
andRBrepresentangUlarvelocitieswitllrespecttothe
bodyframe､既B,ＰＰＢ,助B，ＬＢ,MDandlVEdenote
aerodynamicfblcesandmoments可DeIineZ-Y-XEuler

anglefromtheinertialframetothebodyfTameas⑩,ｅ,⑫
anddenoteatransfOrmationmatrixfiomthemertialframe

tothebodyframeasTBI(の,ｅ,⑩)orTBIinshort・Itis
easytoshowthatthereexistsaninverseofTBI，wliich

willbedenotedasTIB,asfarase≠±:､Ｄｅｎｏｔｅ
ｍａｎｄＩａｓｍａｓｓｏｆｔｈｅａｉｌｐｌａｎｅandaninertiamatrix

respectively､Thepositionofthecenterofthegravityis
denotedbyXr,Z,ZIwithrespecttotheinertialframe、

Let入Ｂ＝[ＤＢ,Vb,Ｗ､]TandEB＝[ら,ＯＢ,ＲＢ]T・
AssumethewindeffectcanbemodeleｄａｓｆｂｒＣｅＳａｎｄ

ｍｏｍｅｎｔｓａｄｄｅｄｔｏｔｈｅｓｙｓｔｅｍＤｅｎｏｔｅｔｈｅｍａｓ８ＬｄＦＢ
ｏｒ６ＬｕＲＢrespectively1Then，byusingabovenotations，
dynamicsoftheKnEPLANEcanbegivenasfOUows：

、呈入Ｂ+蛇⑭入圏=T･,[M川１，（１）
＋[FxB,FlrB,町B]Ｔ＋6町Ｂ

Ⅱ暴息．+盲｡⑭疋圏-[L戯MajVb]切十`畑(2)
基[x血,Ｍ]ＬＴ埴入。（３）

釜[;Ｈ亀s墓+鮒
whereq,，勘，Ｃｅ，Ｓｅ，andgrepresentcosU，sinUl，
cose，smeandagravitationalacceleration．⑭denotes

outerproduct､SmceaerodynamicfOrcesandmomentsare
mainlycausedbywings,ＦＸＢ,町Ｂ,町B,ＬＢ,MBand
NBarenotonlyfimctionsofthestateoftheairPlanebut

1８９８
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