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0 Introduction

Attitudecontroliscriticaltostabilityand
trajectorycontrolforhypersonicaircraft[1-3],but
itischallengedbymanyfactors,includingstrong
couplings,complexnonlinearities,uncertainties,

and limited control surface deflections and
thrusts[4-8].

Recentstudiesconcentrateonthreeaspects.
First,accuratecontrolmodelcaughtresearchers'
attentions.Refs.[9-12]designedonlineneural
networkadaptivecontrollawsbasedonfeedback
linearization.Feedback linearization methods,

however,heavilydependonmodelaccuracyand
canhardlyguaranteegoodcontrolperformance
with modeluncertaintiesandexternaldisturb-
ances.Subsequently,linearrobustmethodswere
introduced.Ref.[13]proposedanintelligentcon-
trollerbasedonthefuzzydynamiccharacteristic
modeling.Ref.[14]presentedarobustcontrol
systemfeaturingfixedfeedbackgainsandapplied
muti-modeleigenstructureassignmentwithre-
specttothespecifictasksofahypersonicvehicle.
Althoughthesetwo methodscouldeffectively

achieverobustness,theirlinearizationstepsmay
causeconsiderablemodelingerrorsanduncertain-
ties.Thus,nonlinearrobustcontrol methods
emerged.Slidingmodecontrolhasgoodadapta-
bilityandhighrobustnessforsystemdisturbances
andparameterperturbations,andhasbeensuc-
cessfully applied to industrial control[15-17].
Ref.[18]designedslidingmodecontrollertoim-
provetherobustness.Then,Ref.[19]presented
adisturbanceobservertoestimatetheunknown
disturbanceofahypersonicvehicle.

Althoughcouplingproblemsarefrequently
mentionedintheabovestudies,noneofthemhas
proposedtheoriestodirectlysolvethem.Strong
couplingscancausecomplicatedinteractionsbe-
tweenvariableswhichconsequentlyleadtomore
complexbehaviorsofaircraftwith morevaria-
tionsanduncertainties.Somescholarshaveno-
ticedthisandstartedexploratorystudiesoncoor-
dinatedcontrollers[20-24].Ref.[20]presenteda
nonlinearlongitudinalmodelforahypersonicve-
hicle,whichcoulddescribetheinertialcoupling
effectsbetweenthepitchdynamics.Ref.[21]



proposedanassessmentoftheinteractionsamong
theairframe,engine,andstructuraldynamics
anddesignedahighlyintegratedairframeengine
controlsystemtodealwiththestrongcouplings.
Thesestudies,however,focusedonanalysisof
strongcouplingswithoutanyexpressions.There-
fore,inspiredbypreviousstudies,wepresenta
nonlinearrobustcoordinatedcontrolschemefor
hypersonicaircraft,whichhighlightscertainpriv-
ilegesasfollows.

(1)InspiredbytheideasinRefs.[25-26],we
categorizethecouplingrelationshipsofthevaria-
blesinthreetypes:Attitudecoupling,inertia
couplingandaerodynamiccoupling.

(2)Basedonthethreecouplingtypes,ase-
riesofnovelcoordinatedfactorsareobtained.

(3)Uncertainparametersareintegratedinto
avectorfortheconvenienceofonlineestimation,

sothatwecanconstructanadaptiveestimator
andenhancetherobustnessofthecontroller.We
alsointroduceanonlinearobservertoestimatethe
disturbanceinthecontrol-coefficientmatrix.

(4)Weintroducedesignedcoordinatedfac-
torstodeducethecoordinatedmomentofforce.

1 HypersonicAircraftModel

Ignoringtheflexibilityeffectsofthestruc-
ture,thewind,theearthrotation,andtheearth
curvature,theattitudedynamicmodelofahyper-
sonicaircraft[3]containingaerodynamicparame-
ters’CFD (computationalfluiddynamics)data
canbedescribedbythefollowingnonlinearequa-
tions[3,27-28]

Ω
·

=fs+gsω

ω· =ff +gfM{
c

(1)

whereΩ = [α,β,μ]T,fs = [fα,fβ,fμ]T,ω =
[p,q,r]T,ff=[fp,fq,fr]T,and

fα= 1
MVcosβ

-q-SCL,α+Mgcosγcos( )μ

fβ= 1
MV
(q-SCY,ββ+Mgcosγsinμ)
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MVq
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MVq
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laero=q-Sb[Cl,ββ+Cl,ppb/(2V)+Cl.rrb/(2V)]

maero=q-Sc[Cm,α+Cm,qqc/(2V))+
   Xcgq-S(CD,αsinα+CL,αcosα)

naero=q-Sb[Cn,ββ+Cn,ppb/(2V)+Cn,rrb/(2V)]+

   Xcgq
-

SCY,ββ
(6)

whereα,β,μaretheangleofattack,thesideslip
angle,andthebankangle,respectively;p,q,r
therollrate,thepitchrate,andtheyawrate,re-
spectively;Mc=gfδu,wheregfδ∈R3×3isthe
fastloop allocation matrix,u = [δe,δa,δr]T,

whereδe,δa,δrarethedeflectionanglesofeleva-
tor,aileron,andrudder,respectively;Misthe
vehiclemass;Vthevelocity;q-thedynamicpres-
sure;S,c,barethereferencearea,thereference
length,andreferencewidth,respectively;Ixx,

Iyy,Izztheroll,theyaw,andpitchmomentsof
inertia,respectively;andXcgisthelongitudinal
distancefromthemomentumreferencetotheve-
hicle.Thebasicparametersandaerodynamicco-
efficients ofthe vehicle can be obtained in
Refs.[3,27-28].

Remark1 Duetothecomplicatednonlinear
dynamicsofhypersonicaircraft,itisdifficultto
studydirectlytherigid-flexiblecouplingproblem
withouttheknowledgeoftherigidcouplings.
Ref.[29]investigatedadouble-loopcoordinated
decouplingcontroltodealwiththecouplings,but
itlacksexplicitinvestigationontheeffectofthe
flexibledynamicsontheattitudesystem.By
usingstatisticalsamplingmethod,aseriesofcou-
plingdegreeswereprovidedbasedonrigid-body
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dynamics[30-31].Ifconsideringtheflexiblecou-
plingdynamics,theflexibilityvariablesshouldbe
involvedinthemethod[30-31],andthecouplingde-
greesmustbecalculatedonline.Butthestatisti-
calsamplingmethod[30-31]doesnotsupportonline
computing.InRefs.[32-34],theflexiblecou-
plingeffectsweremodeledasakindofunknown
disturbance,thenacoupling-observer-basedcom-
pensatorwasproposedtorestricttheflexible
effectsonpitchrate.Ifconsideringallflexible
dynamics,thecontrolmethod maycausehigh-
frequencyoscillations.Basedonarigid-bodydy-
namicmodel,Refs.[35-36]introducedanovel
couplinganalysisindextodescribethecoupling
relationshipsamongthevariables.Butiftheflex-
iblecouplingdynamicswasconsidered,themeth-
od[35-36]wouldnotbedirectlyappliedtodesignthe
controller,becausethecouplingsoftheattitude
channelshavepositiveandnegativepolarities.To
analyzethestrongcouplingcharacteristicsofa
hypersonicaircraftsRef.[25]definedthenonlin-
eardegreebasedonrigid-bodydynamics,and
thenintroducedittocharacterizetherigid-flexible
couplings.Ref.[25]providesanewdirectionfor
furtherstudy.Therefore,dealingwiththecou-
plingsoftheflightstatevariablesbasedonthe
rigid-bodydynamicsisthefirststepofourre-
search.

2 CouplingAnalysis

Obviously,strongnonlinearcouplingsexist
intheabovementionedattitudesystems(1)—
(6),andtheycanbedescribedasthefollowing
couplingtypes.

(1)Attitudecoupling
Toconsidertheeffectsoftheangularrates

ontheattitudeangleswhileneglectingfsinthe
firstsub-equationofEq.(1),wedescribetheat-
titudecouplingas

α·=-tanβ(pcosα+rsinα)

β
·
=psinα-rcosα

μ
·
=secβ(pcosα+rsinα)

(7)

  (2)Inertiacoupling
Iftheeffectsoflaero,maero,naeroontheangular

ratesareignored,theinertiacoupling which
amongthechannelsoftheroll,thepitch,andthe
yawinEq.(4)canbedescribedas

fp =(Iyy -Izz)qr-I
·

xxp

fq=(Izz -Ixx)pr-I
·

yyq

fr=(Ixx -Iyy)pq-I
·

xzp

(8)

  (3)Surfacedeflectioncoupling
AccordingtoRefs.[27-28],itcanbeknown

thattherealwaysexistssurfacedeflectioncou-
plingduetothecomplicatedaerodynamicsofhy-
personicaircraft,thencombingtheexpressionof
gfδinRefs.[23,28],thesurfacedeflectioncou-
plingcanbedescribedas

gl=q-Sb(Cl,δa +Cl,δr
)

gm =q-Sc(Cm,δa +Cm,δr
)

gn =q-Sb(Cn,δa +Cn,δr
)

(9)

  Obviously,theaboveequationsshowthat
thereexistcomplexcouplingrelationshipswithin
hypersonicaircraft.In hypersonicspeed,the
abovecouplingsaremorecomplex,resultingin
aileronreversaloperationphenomenonandsys-
temuncertainties,oreventhesysteminstability.
Somescholarshaveputforwarddecouplingmeth-
ods[29].Buttheyarenotaneffectivewayforhy-
personicaircraft,becausethedecouplingmethods
maychangetheintrinsicnonlinearcharacteristics
ofthevehicles.Therefore,Ref.[30]presenteda
newschemetodescribethecouplingrelationships
inmathematics,andthelinearcouplingdegree
couldbeobtainedbyusingstatisticalsampling
method.However,thecouplingmatricesprovid-
edinRef.[30]arelinear,whichisnotaccurate
enoughtodescribethecomplexcouplingsofthe
hypersonicflightvehicles.Therefore,wepropose
anovelmethodtodescribethenonlinearcou-
plingsoftheaircraftanddesignacoordinatedat-
titudecontrollertocoordinatetheattitudedynam-
ics.

3 DesignofCoordinatedFactors
3.1 Coordinatedfactorsforattitudecoupling

Forflightdynamics,thesideslipanglemay
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causeunstableflight.Therefore,β
·

issetaszero
(Eq.(7)),thatis,psina-rcosα=0.Thenr=
ptanαcanbeobtained.Thus,thecoordinated
factorcanbedesignedas

λr1 =k1ptanα (10)

wherek1>0isadesignedparameter.
Incontrasttotheunavailablecouplingbe-

tweenαandβ,thecouplingbetweenαandμcan
beregardedasanavailablecouplingwhentheair-
craftisflyingataverysmallangleofattack.
Thenwehave

pcosα+rsinα=p α=0
pcosα+rsinα≤p+ρr α>0
p-σr<pcosα+rsinα α<

ì

î

í

ïï

ïï 0

(11)

whereρisapositiveconstantandsinα<ρ,andσa
positiveconstant,σ>|sinα|.Thenthestrongat-
titudecouplingrelationshipsinEq.(7)canbede-
scribedasp-σr<p≤pcosα+rsinα≤p+ρr.In
ordertoincreasethedampingtorque,βisintro-
ducedasfeedbacktotherudderchannel.Thus,

thecoordinatedfactorisselectedas

λr2 =k2β+k3p
(1-cosα)
sinα+Δα

(12)

whereΔαisadesignedparametertoavoidthesin-
gularityofEq.(12), sinα ≠Δα,andk2,k3>0
aredesignedparameters.

CombiningEq.(10)andEq.(12),theatti-
tudecouplingcoordinatedfactorcanbedescribed
as

λr=λr1 +λr2 =

k1ptanα+k2β+k3p
(1-cosα)
sinα+Δα

(13)

3.2 Coordinatedfactorsforinertiacoupling

Thesideslipangletendstodivergebecauseof
theinertialcouplingtorques,sotheterms(Iyy-
Izz)qr,(Izz-Ixx)pr,and(Ixx-Iyy)pqinEq.(8)

cannotbeignored.Takingtheyawinertiaasan
example,whentheinertiaisincriticalstate,

fr+f′r+f′β=0,wherefristheyawinertiacou-
plingtorque;f′rtheyawdampingtorque,andf′β

theyawsteadytorque.Withtheaccumulationof
inertiacoupling,theinertiacouplingtorquewill
begreaterthanthedampingtorqueandthesteady
torque,whichwillleadtothesideslipangleun-
stable.Toreducethenegativeimpactsofthein-

ertiacoupling,thedampingtorqueandsteady
torqueshouldbeincreasedtorestrainthetrend.
Thebasicideaofthecoordinatedcontrolistoin-
troduceβandrintotheaileronlooptoincrease
thedampingtorque,βandqintotherudderloop
toincreasethesteadytorque,andαandpintothe
elevatorlooptoincreasethedampingtorque.
Thus,theinertiacouplingcoordinatedfactorsare
designedas

λe=k4α+k5p
λa =k6β+k7r
λr3 =k8β+k9

ì

î

í

ï
ï

ï
ï q

(14)

wherek4,k5,k6,k7,k8>0aredesignedparame-
ters.

3.3 Coordinatedfactorsforsurfacedeflection

Withconsiderationoftheflightdynamicsof
hypersonicaircraft,Ref.[30]providedamethod
todescribethecouplingdegreeinmathematics.
Butbyanalysis,thecouplingdegreeshouldrea-
sonablydescribethecouplingsbetweentherudder
deflectionandailerondeflection[31].

Thus,thesurfacedeflectioncouplingdegree
ischosenas[31]

Ε=Cδrx

Cδax
×100% (15)

whereErepresentsthesurfacedeflectiondegree
betweentheailerondeflectionandrudderdeflec-
tion.Itindicatesthatthesurfacedeflectionde-
greeisdeterminedbytheaerodynamicshapeand
flightstate.And

Cδrx =ScwrScw
S2

ycwr
Lξcosχ (16)

Cδax =12
n
(ηk+1)(1-D

-
)2

ηk+1-2D
-

[D
-

+(1-D
-
)f{ }]
(17)

whereScwr,Scwaretherudderareaandtheverti-
calarea,respectively;S,Larethereferencearea
andreferencelength;ycwristhedistancefromthe
ruddersurfacecentertotheverticalaxis;χthe
sweepbackangle;ξthecorrectionfactor;nthe

relativeefficiencyoftheaileron;ηk,D
-

aretheex-
posedwingratioanddiameterratio,respectively;

andfistheratiobetweenthedistancefromex-
posedwingrootprofiletocenterpressureand
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winglength.InEq.(17),Scwr≤S,Scw≤S,ycwr≤
L,0<ξ≤1,0<cosχ≤1,andCδax ≥1.Thus,the
surfacecoordinateddefectionstrategyischosenas

δa =Eδr 0<E≤1 (18)

  BasedonEqs.(13),(14),thehypersonicve-
hicleattitudecoordinatedfactorsaregivenas

λe=k4α+k5q
λr=λr1+λr2+λr3

λa =k6β+k7

ì

î

í

ï
ï

ïï p

(19)

whereki>0,i=1,…,7isdesignedparameter.

4 Coordinated AttitudeController
Design

Byintroducingtheuncertainparameters,a
hypersonicaircraftattitudedynamicscanbere-
writtenas

Ω
·
=f1+ΨTθΩ +gsω

ω· =ΞTθω +gfMc+d
(20)

wheredistheexternalperturbation,and
θΩ =[θT1 θT2 θT3]T4×1,θω =[θT4 θT5 θT6]T17×1

(21)

θ1=CL,α,θ2=CY,β,θ3=[CY,β, CL,α]T

θ4= Ixx -Iyy

Izz
 İzz

Izz
 Cn,β

Izz
 Cn,p

Izz
 Cn,r

Izz
 Cγ,β

I
é

ë
êê

ù

û
úú
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T

θ5= Izz -Ixx

Iyy
 İyy

Iyy
 Cm,α

Iyy
 Cm,q

Iyy
 CD,α

Iyy
 CL,α

I
é

ë
êê

ù

û
úú

yy

T

θ6= Iyy -Izz

Ixx
 İxx

Ixx
 Cl,β

Ixx
 Cl,p

Ixx
 Cl,r

I
é
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êê

ù

û
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xx

T

(22)

Ψ1(x)=- q
-

S
MVcosβ

,Ψ2=-q
-

Sβcosβ
MV

Ψ3=
췍qSβtanγcosμcosβ

MV  
췍qS(tanγsinμ+tanβ)é

ë
êê

ù

û
úúMV
T

(23)

Ξ1(x)= qr -p 췍qSbβ 
췍qSb2p
2V  

췍qSb2r
2

é

ë
êê

ù

û
úúV
T

Ξ2(x)= pr -q q-Sc qSc2q
2

é

ë
êê V

Xcgq
-Ssinα Xcgq-Scos ]α T (24)

Ξ3(x)= pq -r q-Sbβ 
q-Sb2p
2V  q-Sb2r

2V  Xcgq-Sé

ë
êê

ù
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úúβ
T
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Ψ1 0 0
0 Ψ2 0

02×1 02×1 Ψ
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f1=

gcosγcosμ
Vcosβ

gcosγsinμ
V

-gcosγcosμtanβ

é
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ê
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(26)

  Then,thecontrolobjectiveisthattheatti-
tudeangleΩcantrackthedesiredsignalΩc,then
thetrackingerrorvectorcanbedefinedase1=
Ω-Ωc.Inaddition,thetrackingerrorofthean-
gularratesisalsodefinedase2=ω-ωc,where
thedesiredangularratesωccanbeobtainedfrom
thecontrolleroftheattitudeangles.Accordingto
theabove,acoordinatedschemebasedontheco-
ordinatedfactorsisgiveninFig.1.

Fig.1 Coordinatedschematicdiagram
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4.1 Slowloopcontrollerdesign

Theslidingmodesurfaceisgivenas

σ=e1+K∫
t

0
e1dt (27)

whereK=diag{K1,K2,K3},Ki>0,i=1,2,3.
Thederivativeoftheslidingmodefunction

canbeobtainedasfollows
σ·=e·1+Ke1=

f1+ΨTθΩ +gsω-Ω
·

c+Ke1=

f1+ΨTθΩ +gs(e2+ωc)-Ω
·

c+Ke1 (28)
And,wecanobtain

ωc=-g-1
s (κ1σ+f1+ΨTθ̂Ω -Ω

·

c+Ke1)
(29)

SimilartoRef.[32],theadaptationlawofθ^Ωis
designedas

θ^
·

Ω =Projθ̂Ω(Γ1(Ψσ-λΩθ
~

Ω)) (30)

whereκ1>0,Γ1∈R4×4,λΩ=diag{λ1,λ2,λ3,λ4}>
0.

ConsideraLyapunovfunctioncandidateas

V1=12σTσ+12θ
~T
ΩΓ-1

1 θ
~T
Ω (31)

ThetimederivativeofEq.(31)is

V
·
1=σT(f1+ΨTθΩ +gs(e2+ωc)-Ω

·
c+Ke1)+

θ
~
T
ΩΓ-1

1 Projθ̂Ω(Γ1(Ψσ-λΩθ
~

Ω))
(32)

FromEqs.(29),(30),(32),wecanobtain

V
·

1=-κ1σTσ+σTgse2+σTΨTθΩ-

σTΨTθ̂Ω +θ
~
T
ΩΓ-1

1 ·Projθ̂·Ω(Γ1(Ψσ-λΩθ
~

Ω))=

-κ1σTσ+σTgse2-σTΨθ
~

Ω +

θ
~
T
ΩΓ-1

1 Projθ̂Ω(Γ1(Ψσ-λΩθ
~

Ω))≤

-κ1σTσ+σTgse2-θ
~
T
ΩλΩθ

~

Ω (33)

4.2 Fastloopcontrollerdesign

Differentiatinge2yields
e·2=ω· -ω·c=ΞTθω +gfMc+d-ω·c (34)

Then,thecontrollawMcisdesignedas

Mc=-g-1
f (κ2e2+ΞTθω +d̂+gT

sσ-ω·c)
(35)

whered̂istheestimateoutputofthedisturbance

observer.Thedisturbanceestimationerrord
~

is

definedasd
~

=d-d^.Andtheadaptationlawofθ̂Ω

ischosenas

θ̂
·

ω =Projθ̂ω(Γ2(Ξe2-λωθ
~

ω)) (36)

whereκ2>0,Γ2∈R17×17>0,andλω∈R17×17>0.
AccordingtoRefs.[32—36],thedisturb-

anceobserverisdesignedas

d̂=z+Q(e)

z
·

=-L(e)z-L(e)(ΞTθ̂ω +gfM +Q(e

ì

î

í
ïï

ïï ))
(37)

wherez=d̂-Q(e),Q(e)=[q1(e),q2(e),…,

qn(e)]T∈Rn,L(e)=∂Q
(e)
∂e .

Remark2 DifferentfromRef.[33],thede-
signedobserverexiststheuncertainparameters

estimationvectorθ̂ω,sotheconvergenceofthe
observershouldbereconsidered.Attheorigin,

θ
~

ωisasymptoticstableifθωisconvergent.In

Eq.(37),θ̂ωcanbewrittenasθω+θ
~

ω,thenθ~ω=
0,andEq.(37)issimplifiedastheformofRef.
[33].SotheconvergenceofEq.(37)dependson
theconvergenceoftheadaptiveestimator,and
theasymptoticstabilityoftheadaptiveestimator
willbeprovedinthenext.

Theorem1 Fortheattitudedynamicsin
Eq.(20),underthecontrollaws(29)and(35),

withtheadaptivelaws(30)and(36),thede-
signedschemeguaranteesthatallsignalsofthe
closed-loopsystemareuniformlyandfullybound-
edandthetrackingerrorsareasymptoticallysta-
ble.

Proof ConsideraLyapunovfunctioncandi-
dateasfollows

V=V1+12
(eT2e2+θ

~
T
ωΓ-1

2θ
~

ω +d
~
Td

~
) (38)

Then,thetimederivativeofVis

V
·
=V

·
1+eT2e

·

2+θ~TωΓ-1
2 θ̂

·

ω +d~Td̂
·

(39)

SubstitutingEqs.(33)—(35),(36)intoEq.
(39)andconsideringthatthedisturbance’s

changefrequencyisverysmall,thatisd
·

≈0,we
have

V
·

≤-κ1σTσ+σTgse2-θ
~
T
ΩλΩθ

~

Ω +
eT2(ΞTθω +gfMc+
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d-ω·c)+θ
~
T
ωΓ-1

2 Projθ̂ω(Γ2(Ξe2-λωθ
~
))+d

~Td
·̂

≤

-κ1σTσ-θ
~T
ΩλΩθ

~
Ω -κ2eT2e2-θ~Tωλωθ

~

ω +d
~Td^

·

≤

-κ1σTσ-θ
~
T
ΩλΩθ

~

Ω -κ2eT2e2-θ
~
T
ωλωθ

~

-d
~
TLd

~

(40)

DenoteL(e)=c>1andQ(e)=ce,itcanbeob-
tainedthat

V
·

≤-κ1σTσ-θ
~
T
ΩλΩθ

~

Ω -κ2eT2e2-θ
~
T
ωλωθ

~

-

(c-1)‖d
~

‖2 ≤0 (41)

Eqs.(39),(41)confirmthatthesignalsσ,θ
~

Ω,

θ
~

ω,d
~
,e2areboundedsinceV

·

isnegativesemi-defi-
nite.FromEq.(27),weknowthate1isbound-
ed.ThenEq.(41)canbewrittenas

Vi(t)≤-ζie2i(t) i=1,2 (42)

whereζi>0,andei(t)isthetrackingerror.By
integrating(42)from0to¥,wehave

∫
¥

0
ζie2i(t)≤-∫

¥

0
V
·

i(t)=Vi(0)-Vi(¥)(43)

  Thisimpliesthatei(t)∈L2,sinceVi(0)and

Vi(¥)arebounded.Sinceei(t)∈L¥,e·i(t)∈L¥,

ei(t)∈L2,wecanconcludethatlim
t→¥

ei(t)=0by

usingBarbalat’slemma.Therefore,thetracking
errorei(t)isultimatelyandasymptoticallysta-
ble,i.e.,lim

t→¥
ei(t)=0.

4.3 Coordinatedimplement

Theobjectiveofthecoordinatedcontrolis
firsttocalculatethecoordinatedmomentbyusing
thecoordinatedfactorsandthecontrolmoment
Mc,andthentoallocatethecoordinatedmoment
tothedeflectionanglesoftheelevator,theailer-
on,andtherudder,respectively.

Considering the coordinated factor in
Eq.(19),theattitudecontrolmomentMc,and
theallocationmatrixgfδofthefast-loop,theco-
ordinatedmomentcanbeobtainedasfollows

Mc=gΓfδ·δ (44)

where

gΓfδ =gfδ +Γ=
gp,δe +λe gp,δa gp,δr

gq,δe gq,δa +λa gq,δr

gr,δe gr,δa gr,δr +λ

é

ë

ê
ê
ê
êê

ù

û

ú
ú
ú
úúr

(45)

ByusingEqs.(44),(45),wehave
δ=g-1

Γfδ·Mc (46)

  AccordingtoEq.(18),whenthecontrol
strategyisusingtheelevatordeflectiontoimple-
mentthepitchmomentandusingthecoordinated
deflectionsoftheaileronandruddertoimplement
theyawandrollmoments,Eq.(47)canbeob-
tained

δcoe=δe,δcoa=Eδr,δcor=δr (47)

5 SimulationandAnalysis

Theinitialvaluesofthesimulationstudyare
chosenasV0=2200m/s,H0=21000m,α=1°,

β=5°,μ=0,p=q=r=0°/s,andthedesired
flightattitudeanglesarechosenasαc=5°,βc=0°,

μc=4°.
Supposethatthereare+20% and -20%

uncertaintiesontheaerodynamiccoefficientsand
theaerodynamicmomentcoefficients,respective-
ly.AndtheunknownexternaldisturbanceDis
givenas

D(t)=10×[0.5sin(1.5t) 0.5cos(2t) 
0.5sin(2t)]T

  Thedesignparametersoftheattitudecon-
trollerarechosenaski=1,i=1,…,7,K1=
K2=K3=4,andκ1=κ2=5.

Thesimulationresultsoftheattitudeangles
areshowninFig.2.Theovershootofuncoordi-
natedαis35%andthatofcoordinatedαis10%.
Theovershootofthecoordinatedβislessthanthe
uncoordinatedβ.Thesimulationresultofμis
similartoβ,whichdemonstratesthattheper-
formanceofthecoordinatedattitudecontrolleris
superiortotheuncoordinatedone.Itisobvious
thattheadvantagesofthecoordinatedfactorin
Eq.(13)lieinthesmallerovershoot,lessjitter,

fasterresponse,andquickerstabilizationprocess.
FromFig.3,wecanfindthattheangularrates
canapproachtheequilibriummorequickly,resul-
tedfromthecoordinatedcontroller,whichshows
thatthecoordinatedfactorinEq.(14)ensures
thatthejittertimesarekeptinasmallrange.In
Fig.4,by usingthecoordinatedstrategy of
Eq.(47),itpromotestheefficiencyofthecontrol

6001 TransactionsofNanjingUniversityofAeronauticsandAstronautics Vol.35



surfacedeflection.Andthisperformanceim-
provementcanenhancethecontrol-abilityofthe
attitudesystemandthemaneuverabilityofthe
hypersonicflightvehicle.

Fig.2 Trackingresponsesofα,β,μ

Fig.3 Trackingresponsesofp,q,andr

Fig.4 Trackingresponsesofδa,δeandδr

6 Conclusions

Thisstudyindicatesthat,althoughtheflight
conditionofatypeofhypersonicaircraftcontains
strongcouplingsanduncertaindisturbances,the
designcontrollerscaneffectivelycompensatethe
effectofthecompounddisturbanceandsuppress
thecouplingphenomena.Thedefinitionofthe

coordinatedfactorsprovidesanewsolutionto
dealwiththecomplexnonlinearrelationshipsof
thecouplingvariables.Theproposedmethodpro-
videsthecouplinganalysisbasedontheflightdy-
namics,aswellasanalyticalexpressions,which
canhelptoachievesatisfiedtrackingperform-
ance.Infurtherstudies,therobustcoordinated
controlofthelongitudinaldynamicsofhypersonic
aircraftwillbediscussed.
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