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Abstract:Wesummarizetheguidanceandcontroltechniquesofautomaticcarrierlandingforcarrier-basedaircraft.
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0 Introduction
Thefirstarrestedcarrierlandingontheair-

craftcarrieroccurredon26October,1922,when
LieutenantCommanderGodfreydeChevalierflew
anAeromarine39BbiplaneontheUSSLang-
ley[1].

Successfullylandingonamovingaircraftcar-
rierinroughseasisquitedifficult,because:
(1)Thetranslationandrotationofthecarrier
deckisintensifiedininclementweather,andthe
carrierdecksimultaneousoscillatoryinsixde-
greesoffreedom maycauselandingaccidents;
(2)thelimitedsizeofthelandingareaissosmall
thatitcanhardlymeettheaircraftneedforaccu-
ratelanding;(3)theairwakebehindthecarrier
duetothecarrier′sownpresenceandmotioncan
seriouslyimpacttheglideslopetrackingandland-
ingperformance.

Aircraftarethekeycompositionoftheair-
craftcarrierbattlegroup (CVBG),including
mannedaircraft,unmannedaerialvehicles(UA-

Vs),helicoptersandsoon.Differenttypesof
aircrafthavedifferentlandingmethods.Withthe
developmentoftheelectronictechnology,the
carrierlandinghasevolvedintoaneasieropera-
tionforpilots.Theautomaticcarrierlandingsys-
tem(ACLS)hasalsobeendevelopedintoagreat
aidtothepilotofthemannedaircraft,andisbe-
cominganessentialpartofthecarrierlandingof
theunmannedaircraft.TraditionalACLSmainly
includesashipboardguidancesystemandanair-
borneflightcontrolsystem.Datalinkrollcom-
mandsareusedtointerceptandlockontothe
landingpattern.Theshipboardguidancesystem
establishestheproperglidepath,calculatesthe

guidancecommandanddealswiththedeckmo-
tioncompensation,whiletheairborneflightcon-
trolsystemprovidesflightpathtrackingcontrol
untiltheaircraft′stouchdownonacarrier.The

guidanceandcontrolareoneofthekeytechniques
ofautomaticcarrierlanding.Manykindsofcon-
troltheorieswereinvestigatedforACLS,inclu-



dingfuzzylogic[2-3]androbustcontrol[4-6].And
theneuralnetwork,fuzzylogic,evolutionaryal-
gorithm andadaptivecontrolapproaches were
comparedforcarrierlanding[7].

Deck motionandairwakedisturbancesare
themainconceptualdifferencesbetweenthecarri-
er/shipbasedaircraftandthelandbasedaircraft.
Theyarethemostsignificantobstaclesforsafe
recoveryofaircraft.Deckmotioncandirectlyal-
tertherampclearanceandshiftthetouchdown

pointeventhoughtheaircraft′sinertialpathis

precisely controlled. Therefore, prior to
touchdown,theaircraftisusuallydirectedtothe

predictedratherthantheactualtouchdownpoint,

toreduceaircraftmaneuveringandcompensate
thedeckmotion.Theairwakeorturbulenceran-
domlychangesdisplacementoftheflightpath,

velocityandaircraftattitude.Additionalrampin-
putpitchcommandsmaybeappliedtoassistthe
aircraftthroughtheairwakeorburbleinthefinal
about10sbeforetouchdown.TheU.S.Military
StandardMIL-F-8785Cincludesastatisticalmod-
elofairwake,whichiswidelyusedincurrent
simulationstudies.Modelingofthedeckmotion
andairwakeisindispensibleforthecarriertake-
off,landingorshiprecovery[8-11].

TheF/A-18Hornetisamulti-missionfight-
er/attackaircraftthatcanbeoperatedfromair-
craftcarriersandfillavarietyofroles:Airsupe-
riority,fighterescort,suppressionofenemyde-
fenses,reconnaissance and forward air con-
trol[12-14].TheX-47BUCAS-DwasthefirstUAV
intheworldtoconductanarrestedlandingaboard
anaircraftcarrier.TheF-35CLightningIIJoint
StrikeFighteristheU.S.Navy′snewestcarrier
basedfighter.

Ref.[15]summarizedtheresearchprogress
inguidanceandcontrolofautomaticcarrierland-
ingofcarrier-basedaircraft,whichismainlyfo-
cusonthemannedfixed-wingaircraft.There-
fore,thispaperextendstosurveythedevelop-
mentsoftheguidanceandcontroltechniquesof
differentkindsofcarrier-basedaircraft.

1 CarrierLandingProcessofDiffer-
entCarrier-BasedAircraft

Thecarrier-basedaircraftcanbedividedinto
fixed-wingaircraftandhelicopters,orbedivided
intomannedaircraftandunmannedaircraft.

1.1 Mannedfixed-wingaircraft

EarlycarrierjetsmainlyincludeF7U Cut-
lass,FJ-2Fury,FH-1Banshee,F3H-1Demon,

F9FPanther,EA-6B(electronicwarfare),S-3A
(anti-submarine/ship),GrummanE-2C(tactical
information),C-2 (cargo/personneltransport),

S-3A(refueling),F-8Crusader,A-7CorsairII,

F-14 Tomcat, F/A-18A/B, F-18E/F,Joint
StrikeFighterF-35,andsoon.

Carrierlandingofthemannedfixed-wingair-
crafthasfourprimarymodesofoperation.

(1)ModeI:Fully automatic controlto
touchdownonthecarrierdeck.

(2)ModeII:Semiautomaticapproachsup-
plyingthepilotwithcockpitdisplaysofglidepath
andtrackingdeviationdatainasimilarmanneras
aFlightDirector.

(3)ModeIII:Manualcarrier-controlledap-
proach(CCA)withthesystemprovidingaural
cuesonly(talkdown).

(4)ModeIA:Fullautomationfor mini-
mumsof200ftandone-halfmile,similarto
ModeIbutrequiringthepilottotakecontrol.

Generally,therearefourarrestmentwires
fortail-hook engagement,locatedaroundthe
nominaltouchdownpointandspaced40ftapart.
Theaircraftisrequiredtotacka3.5°glideslope
projectedbyanopticallandingsystemwithanap-
proachspeed,andclearthecarrier′srampby
8.4ftandtouchdownwithanimpactvelocityof
about12.36ft/s.

Thelandingsequenceofthemannedfixed-
wingaircraftbeginsatthemarshalingpointcon-
trolledbythecarrierairtrafficcontrolcenter
(CATCC).Thesequenceisdividedintotwopha-
ses:Approachphase(flightfromthemarshaling
pointtotheradaracquisitionwindow)andde-
scentphase (flightfromtheradarwindowto
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touchdown).Detailsaregiveninautomaticcarri-
erlandingsystem(ACLS)CategoryIIICertifica-
tionManual.

1.2 Unmannedfixed-wingaircraft

Thecapabilityofautonomousoperationof
shipbasedUAVsinextremeseaconditionswould
greatlyextendtheuseofUAVsforbothmilitary
andcivilianmaritimepurposes.Thefactorsthat
hampertheoperationsareprimarilyinthelaunch
andrecoverystagesofflight.Anumberofrecov-
erytechniqueshavebeendevelopedfortheship-
boardUAVs,includingrunwaylanding,netcap-
ture,parachuteassistedrecovery,cablehookre-
covery,deepstallandmanyothers.

(1)Conventionalrunwaylanding
Therunwayarrestedcarrierlandingmethod

isanobviousoptionforthelargeUAVslanding
onalargecarrierdeck,whichreferstothehuge
experienceinmannedfixed-wingaircraft.Thear-
restinggearssuchasatailhookandarresting
wiresarenecessaryonaircraftcarriers.Highpre-
cisionofglideslopetrackingisrequired.Itissen-
sitivetowavesduetohighmassandsizeofthe
aircraftcarrier.Severallarge UAVs,suchas
PredatorandX-47B,havebeensuccessfullyoper-
atedfromaircraftcarriers.Thislandingmethod
hasbecomethestandardforrecoveringthefixed-
wingaircraftaboardanaircraftcarrier.

(2)Netrecovery
Thenetrecoveryisthe mostwidelyem-

ployedmethodforrecoveringthesmallclassof
fixed-wingUAVs[16-17].Thedeckinstallationsare
simpleanddeckspaceislittle.TheUAVscap-
turedbyelasticnetsrequireneitherthelanding
gearsnorspecialmaneuvers.Theyalsodonot
needtoholdthedecentrateverypreciselyasre-
quiredforconventionalrunwaylandingmethod.
ThisrecoverymethodhasbeenemployedbyUSN
RQ-2PioneerUAV,Sea-ALLUAV,SilverFox
UAVandKillerBeeUAV.However,itmaynot
suitableforUAVswithfrontpropellerengine.

(3)Cablehook/Skyhookrecovery
Thecablehookrecoveryisusedtorecover

thesmalltomedium-sizefixed-wingUAVs.The

recoverysystemstopstheUAVsinmidair,and
thecablehookcontactstherecoveryboom,slides
overitandlocksonthearrestingwire[18].Itpro-
videsasaferecoveryeveninterribleoceanenvi-
ronment,allowingthechoiceofapproachdirec-
tions.Theskyhooktechniquehasbeensuccess-
fullyflight-testedandiseffectiveforsmallorul-
tra-smallUAVs.Itemploysaverticalsuspended
wire,freelysuspendingonaboomorraisedbya
kite.TheUAVfliesdirectlyintothewire,andis
lockedintothehookbyaself-lockinghookfixed
onawingtipoftheUAV[19].ThesmallSeaScan
UAVandScanEagleUAVdevelopedbytheInsi-
tuGroupusingtheskyhooktechnique.

(4)Parachute/Parafoilrecovery
Forthefixed-wingUAVs,aminimumair-

speedisrequiredtomaintaincontrollableflight.
However,itcanbeaidedorevenreplacedwitha
parachutesystem.Variousparachutesystemsare
widely used for ground-based UAV recover-
y[20-21],includingthe uncontrollable parachute
systems,gliding parachutes, dynamic para-
chutes,parafoilsandparasails.AfewofUAVs,

suchasSkyeye(BAE),Eyeview (IAIMalat),

Sentry(S-TEC)andPoisk-1/2(KhAI),usethe
parafoilrecoveryasanoptionalorsometimesfor
emergencylanding.

Besides,thereareotherrecoverytechniques
presentedrecently,includingthepoststallland-
ing[22],bio-inspiredperchedlanding [23],wind
sockrecovery,trapezerecovery[24]andsoon.
However,mostofthemhavenotbeenachieved
operationalstatus.Theserecoverymethodshave
disadvantagesandaresuitableforanarrowclass
ofUAVs[19].

1.3 Helicopters

HelicoptersforU.S.Navyapplicationmain-
lyincludeSikorsky MH-53,LockheedXFV-1,

ConvairXFY-1,Boeing/BellV-22.Generalap-
proachandlanding proceduresforair-capable
shipsaresummarizedinRefs.[25-26].Theship-
boardrecoverytaskofV/STOLcanbeoperated
bystartingonadownwindleg,turningtoap-
proachtheshipfromastern,deceleratingtohov-
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er,hoveringoverthedeck,anddescendingtothe
deck[27].Aviewofhelicopterrecoveryprofileis
giveninRef.[27].

Twoimportantfeaturesofthelandingarea
foranair-capableshiparethelandingspotand
thestabilizedglideslopeindicator(SGSI).The
landingspotistheterminalpositionforboth
launchandrecovery.SGSIistheprimarypath
referenceintheverticalaxisduringtheapproach
phase.Therearefourgeneraltypesofshipboard
landings:AvisualglidepathutilizingSGSI,a
standardinstrumentapproachtominimums,an
emergencyapproach,andanoffsetapproachor
ordnanceline-upapproach.Priortoapproaching
andsafelylandingontheship,thepilotincom-
mandorautomaticlandingsystemneedstoen-
surethefollowinginformation:Certification,

classification,BRCandspeed,weather/altimeter
setting,relativewind,statusofdecklighting(at
night),andotherusefulinformation.

2 GuidanceandControlTechniques
ofCarrierAuto-landing
TheACLSsystemisdesignedtoprovidesafe

andreliableguidanceandcontrolofthefinalap-
proachesandlandingsforcarrier-basedaircraft.
ThebasicframeworkoftraditionalACLSisgiven
inFig.1.ACLShaslimitedcontrolauthorityand
needstocopewithcarrierdeckmotion,airwake
turbulence,referenceglideslopetrackingandso
on.U.S.NavyspecificationsinACLSflightde-
velopmentwereusedtodefinedesignguideline
criteriaandanticipatepossibledevelopmentprob-
lemareas.Inthesespecifications,they mainly
concernedthe ACLSautopilotflightpathre-
sponse,minimumpatherrorsinturbulence,min-
imumeffectsofradartrackingnoise,structural
modeexcitation,digitalprocessoranddatatrans-
missiondelays,controlsysteminteraction,and
flightsafety.

Fig.1 BasicframeworkofACLS

2.1 Navigationandguidancetechniques

(1)Precisiontrackingradarsystem
TheACLSAN/SPN-42isanall-weathercar-

rierlandingsystem,whichcanguideandcontrol
theaircrafttolandonamovingaircraftcarrier
duringdaylightordarknesswithminimalinter-

ferencefromadversesea-stateconditionsorpoor
visibility.The majorcomponentsofthe AN/

SPN-42includeaprecisiontrackingpulseradar
(Kaband),astableplatform,datalinkmonitor,

controlconsole,andahigh-speedgeneral-purpose
computer[28].Theradartrackstheaircrafttode-
termineitsactualpositionininertialspacewhich
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removestheeffectsoftheship′smotion.Altitude
andlateralpositionerrorsaregenerated,which
areamplifiedandsenttoanα-βfilterwhichesti-
matestheaircraftacceleration,velocityandposi-
tionerrors.Theseestimatesarethen passed
throughaproportional-integral-derivative-double-
derivative(PIDDD)controller,toproducecorrec-
tivepitchandrollcommandswhicharetransmit-
tedtotheautomaticflightcontrolsystem (AF-
CS).

Recently,theACLSAN/SPN-46isinopera-
tionalservice,whichcanoperateineithertrueor
relativebearingwithU.S.Navygyrocompasses.
TheAN/SPS-64radarisatwo-dimensional(2D)

navigation/surfaceradarusedasaprimarysearch
radaronvarioussmallcombatantsandnon-com-
batantships.Theminimum detectionrangeof
theAN/SPS-64(V)9is20yardsonaradarcross-
sectionaltargetof10m2,3feetabovethesurface
ofthewater[29].

UrnesandHess[30]investigatedthatthera-
dartrackingsystemintroducesnoiseintothecon-
trolloop.Mook[31]andCrassidis[32]presenteda
flightdynamicsbasedtrackingfiltertolargelyre-
ducethenoise.Acomprehensivepresentationof
theACLSoperatingprocedurecanbefoundinthe
UnitedStatesNavyAircraftCarrierOperations
Manual[33],theUnitedStatesNavyLandingSig-
nalOfficersReferenceManual[34]andtheUnited
StatesNavyTrainingManuals.

(2)Jointprecisionapproachandlandingsys-
tem

Jointprecisionapproachandlandingsystem
(JPALS)isarevolutionary,nextgenerationde-
velopedbytheDepartmentofDefense(DoD).
JPALSincludesthesea-basedvariant,shipboard
relativeGPS(SRGPS).SRGPSsupportsallATC
functionsincludingtakeoff,departure,marshal
holding,approach,landing,bolterandlong-
rangenavigation[35].

Theshipboardsystemreceivestheinertial
dataandtherangeandvelocitydatafromtheair-
borne,calculatesthewidelanemeasurementsand
sendsthemtoairbornesystemviathedatalink.
Theshipboardsystemalsoprocessesthedatafor

deckmotioncompensation(DMC).Theairborne
systemreceivestheshipboardGPSandheading
data,calculatesapositionvectorfromtheship-
boardGPSantennatotheairborneGPSantenna,

and then calculates a tail-hook-to-touchdown
pointrelativepositionvector.Theairbornesys-
temalsocompensatesfordeckmotion,andpro-
videsthenecessaryinputsfortheautomaticflight
controlsystem(AFCS)[36].

Nowadays,vision-basednavigationandcon-
trolstrategieshavebeeninvestigatedintheship
landingproblemsofaircraft[37-38].

2.2 Flightcontroltechniques

TheAFCSorautopilotprovidestheinterface
betweenthedatalinkandtheaircraftflightcon-
trolsurfaces.Inthepreviouscarrier-basedair-
craft,theAFCSprovidedswitchingandsignal
conditioning,engagedlogic,failsafeinterlocks
andcommandedsignallimiting.Theverticaland
lateralpositiondeviationsfromthereferenceglide
pathandtrackarecalculatedandinputtothe
flightcontrollers.TheAFCScontrolstheattitude
angles,velocityandpathoftheaircraft.

Recently,manyadvancedcontrolmethods
havebeeninvestigatedinthecarrierlandingcon-
trolproblem.

(1)Forthemannedfixed-wingaircraft:Ref.
[39]designedanH2previewcontrolsystemfor
automaticlandingcontrolofF/A-18.Ref.[40]

designedthreekindsofguidancecontrollerforF/

A-18A,namely,PID,Fuzzy-PID,PIDDDcon-
troller,andfoundthatPIDDDcontrollerwasthe
mostreliabletoadapttoairwakeanddeckmotion
disturbances.Refs.[41-42]optimizedthecontrol
parameterforF/A-18 ACLSofviapigeon-in-
spiredoptimizationandsimplifiedbrainstormop-
timizationapproach,respectively.Ref.[43]de-
signedanadaptiveconstrainedback-steppingcon-
trollerforcarrierlanding.Ref.[44]designedan
extendedstateobserverbasedactivedisturbance
rejectioncontrol (ADRC)schemeforF/A-18
ACLSinfinalapproachinthepresenceofairwake
turbulenceanddeckmotion.Carrierapproachand
recoveryprecisionenablingtechnologies(MAGIC
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CARPET)whicharebasedontheaugmented
guidancewithintegratedcontrolsand Head-Up
DisplaysymbologyforF/A-18E/F/G aircraft,

largelyimprovingthelandingsuccessrate[45].An
integrateddirectliftcontrolstrategyisusedinthe
MAGICCARPET.

(2)Fortheunmannedfixed-wingaircraft:

Ref.[46]designedline-of-sight (LOS)-based
guidancelawsandlinearbaselinecontrolleraug-
mentedwithL1adaptivecontroller,whichwas
testedonafull-scaleUAVmodel.Ref.[47]de-
signedanoverallguidance,navigationandcontrol
systemwheretheadaptiveauto-landingalgorithm
wasintegrated.Ref.[48]designedlinearquadrat-
icoptimalcontrollersforanA/V-8BHarrierlike
UAV.Refs.[49-51]appliedtheadaptiveback-
steppingcontrolmethodstotheSilverFoxUAV.
Refs.[52-58]presentedatotalenergymanage-
mentcontrol,optimalpreviewcontrolandmodel
referenceadaptivecontrol(MRAC)basedACLS
fortheSilverFoxUAV,F/A-18andUH,re-
spectively.Ref.[59]designedanadaptivesliding
modecontrollawandverifieditinacoupled6-
DOFnonlinearrelativemotionmodel.Ref.[60]

studiedlinearquadratictrackerandmodelpredic-
tivecontrol(MPC)forUAVauto-landingona
movingcarrierdeck.

(3)Forthehelicopters:Ref.[61]presented
anintelligentreconfigurablecontrolsystemfor
autonomouslandingofaVTOLUAVonade-
stroyerhelicopterdeck.Ref.[62]presentedase-
quential-loopclosure,compensatorypilotcontrol
strategyforshiplandingofUH-60rotorcraft.
Ref.[63]developedaPIDbasedYamahaAttitude
ControlSystemforshiplaunchandlandingof
YamahaRMAXUH.Ref.[64]proposedanovel
back-steppingcontrolsystem ofarotary wing
UAVforlaunchandrecoveryfromthesurveil-
lanceboats.Ref.[65]demonstratedtheprinciple
ofUHshiplanding,designedLOSguidanceand
investigatedtheclassicaland modern control
methods.Ref.[66]designed alinear MPC
schemeforshiplandingofhelicopteratrough
seas,whichshowedthefeasibilityofshiplanding
operationswithvariousconstraints.

3 Conclusions

Thefuturetechniquesofguidanceandcon-
trolforthecarrier-basedaircraftareconcludedin
thefollowing:

(1)Precisionlandingcontroltechniques:

ProjectMAGICCARPETimprovedthesafetyof
carrierlandingsbythecombinationofflightcon-
trolenhancementsandadvancedheadsupdisplay
(HUD).Theflighttestsofrecentyearsshowed
thatthetouchdowndispersionwasreducedmore
than50%andtheapproachworkloadofpilotwas
greatlyreduced.Actually,practicalintegrationof
directliftcontroleffectedthroughtrailingedge
flapsandspoilersintheF-14Aandassociated
ACLSwaspresentedveryearly[67].

(2)Precisionapproachandlandingguidance
techniques:TheJPALSisanall-weatherlanding
systembasedonthedifferentialcorrectionofthe
GPSsignal.Itiscapableofprovidingacoupled
auto-landingcapabilityenablingautonomousland-
ingofaircraft,especiallyfortheunmannedair-
craftonaircraftcarriersorships.Itisbecoming
themostmatureguidancesystemoftheUAVsin
approachandlanding.

(3)Adaptive,reconfigurable,andintelligent
flightcontroltechniques:U.S.Navalaircraftin-
cludedthefuzzylogicintheorbitimprovement
systemoftheE-6A,thereconfigurablecontrol
lawsonF-18E/Ftodealwithstabilatoractuator
failures,anadaptiveneuralnetworkcompensated
formodelingerrorsandfailuresontheX-36,and
astaticneuralnetworkwiththestabilityandcon-
trolparametersforon-linecontroloptimizationon
theACTIVEF-15.Theuseofonlineparameter
identificationwasusedintheVISTAF-16.All
abovefactsshowthattheadaptive,reconfigu-
rable,andintelligentflightcontroltechniquesare
indispensibleforcarrierlandingsinthecomplex
landingenvironments.
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