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RESEARCHMEMORANDUM

FLIGHTINVESTIGATIONOFA SUPERSONICCANARD

MISSIIXEQUIPPEDWITHANAUXILIARYDAMPIN&IN-PJTl?CH

CONTROLSYSTEM

ByMartinT.MOU1

SUMMARY

A 60°delta-wingcanardmissileequippedwitha rate-dampingsystem
to dampenlongitudinaloscillationshasbeenflight-testedthrougha Mach
numberrangeof0.70to1.85witha staticmarginat supersonicspeeds
ofapproximately~ percentof themeanaero@mmicchord.Experimental
transientresponsesto stepdeflectionsof thecanardsurfacesarepre-
sentedtoillustratetheauxiliarydampinginpitchprovidedby therate
system.A comparisonismadeof experimental’transientresponsesand
theoreticaltransientresponsescomputedfromthelinearizedequationsof
motionby applicationof operational-calculusmethodsandservomechanism
theory.Somemissileaerodynamiccharacteristicsarepresentedas fuQc-
tionsofMachnumber.

Therate-#ro—servosystem,actingthroughwing-tipcontrolstopro-
videauxiliarydampinginpitch,waseffectiveindampingthetransient
responsesandcausedtheoscillationstobe almostcompletelydampedat
theendof1~cycles.Thecomparisonbetweenmeasuredandcomputed
responsesshowedthatthetheoreticalmethodprovidesan accuratemeans
ofpredictingmissileresponseifexperimentalstabilityderivativesand
rate-systemcharacteristicsareused. Theexperimentaldataindicated
thattheadditionof”tipcontrolstothecanardmissilecauseda varying
lift-curveslopeduringtheoscillatoryresponse,reducedthepitching
effectivenessat.transonicspeeds,buthad
drag.

noap~reciahleeffectontrim

.- . —.-. .

INTRODUCTION

Investigationsof theperformancecharacteristicsofan automatically
controlledcanardmissileconfigurationbeingconductedby theLangley
PilotlessAircraftResearchDivisionhaveindicatedthattheaerodynamic
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dampinginpitchoftheconfigurationdeterminedfromrocket-powered
modeltests(refs.1 and2) isinadequateforcertainguidanceproblems. -
A theoreticalstudy(ref.3) hasshownthatthemissiledynamicperform-
ancecharacteristicsareimprovedby theadditionofauxiliarydamping
introducedby a rate-~o—servocontrolsystemthrougheithercanard

.

finsorwing-tipcontrols.Thepresentinvestigation,withtherate-
dampingsystemactingthroughwing-tipcontrols,wasundertakentoveri~
experimentallytheresultsindicatedinreference3.

Auxiliary-dampingdataarepresentedas.transientresponsestoa
step-functioncontrol-surfaceinputfor
to1.85.Somelongitudinalaero@mmic
sentedfortheMachnumberrangeofthe

a Machnuniber~rangeof0.70
characteristicserealsopre-
flight.

SYMBOLS

chord,ft

meanaerodynamicchord,

—

wing

wing

c
.

—ft
.-

includingbodyintercept,sqft
—

8.-s totalwingareainoneplane

time,sec

altitude,ft

mass,slugs

weight,“lb

t

—.

h
*
m

, -.

—.—

momentof inertiaaboutY-axis,Slugs-ftz:Iy

accelerationdueto gravity,ft/sec2

velocityofmodel,ft/sec

g

v

Vc

M

speedof soundinair,ft/sec .-

.
Machnumber,v/vc

dynamicpressure,lb/sqft

angleofpitch,deg

angleofattack,deg
.- — . “_.-.

—a

.
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Subscripts:

trim

8

t

e

.
a

q

a,5,d,q

3

control-surfacedeflection,deg

pitchingvelocity,deg/sec

normalaccelerometerreading

longitudinal-accelerometerreading,decelerationpositive

liftcoefficient,
( )
+cosa-~sin~+

dragcoefficient,
(
~cosa+~
g )‘ina *

pitching-momentcoefficient,
Pitchingmomentaboutcenterof gravity

qm

.

L@ace transformvariablecorrespondingto thedifferential
operatorD = -&

frequencyofoscillations,radians/see

trimor steady-statecondition

canardcontrolsurface

wing-tipcontrolsurface

equivalent

partialderivatives
.

.
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The
tionand
thebody
nearthe

APPARATUSANDMETHODS .

ModelDescription
-.

missilefuselageconsistedofa 7-inch-diametercylintiicalsec-
ogivalnoseandtailcones.Triangularwingsweremountedon
ina cruciformarrangement.Smallertriangularfinsweremounted
noseinlinewiththehorizontalwingasall-movablecontrolsur-.

faceb.Themodelarrangementandprincipaldimensionsarepresentedin
figure1.

-.

Thetriangularwingsweresweptback5g032’and,hada modified
double-wedgeairfoilsection.Thesmalltriangularcanardfinswereswept
back60°andhadthesameairfoilsectionas thewings.Half-deltafins
withtheleadingedgesweptback5g032’andofa double-wedgesectionwere.—
mountedat thetiysof thehorizontalwingsasall-movablecontrols.The
wingswereconstructedofsolidmagnesiumandthetwosetsofcontrolsur-

--

facesof steel.Detailsofthewingandcontrolsurfacesarepresented
infigure2. Itmaybe notedinfigure2 thatthetipcontrolsareslightly –
smallerthanthereplaCedwingtip. A photographof themodelispre-
sentedasfigure3 andphysicalcharacteristicsarepresentedintable1. .—

ControlSystems #.
Theauxiliary-dampingsystemconsistedofa rategyroscope,propor-

tionallow-lagpneumaticservomotor,slidevalve,airaccumulator,reg-
ulator,purifier,andlinkages.Allthecomponents,withtheexception
oftheaccumulator,regulator,andpurifier,werelocatedimmediately
rearwardofthewingsandoccupiedan8-inchsection,.ofthefuselage.A

-

photographofthesysteminstallationispresentedasfigureu(a).

Rate+grosignalsweretransmittedbymechanicallinkagesas shown
by theschematicdiagraminfigurel(b),throughthe...airvalve,servo-
motor,andtorquerodtoproducedeflectionsofthewing-tipcontrolsur-
facesproportionaltopitchingvelocity.Themotionofthegyrogimbal
wasspring-restrainedanddampedby twodashpots.A Manchesterdamper
wasusedtodamptheservomotion.Themechanicallinkagebetweenthe
servomotorandtorquerodwasdesignedtolimitthetipcontrolstomax- ._
imumdeflectionsof*lOO.A blockdiagramof the missileandauxlliary-
dampingsystemispresentedinfigureh(c). .—

Thecanardfinsweredeflectedina continuoussquarewavewith
deflectionsof5.2°and-4.8°anda dwelltimeof0.75second,topro-
videpitchdisturbances.A hydraulicpulsingsystem_suppliedfroman
accumulatoractuatedthecontrols. -“._

.
—
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Instrumentation

J

ThemodelwasequippedwithanNACAnine-channeltelemeterwhich
transmittedcontinuousrecordsofnormal(tworanges),longitudinal,and
transverseaccelerations,angleof attack,canardcontroldeflection,
wing-tipcontroldeflection,totalpressure,anda calibratedstatic
pressure.A free-floatingvaneextendingfromthenoseona stingmeas-
uredangleofattack,anda tubeextendingbelowthebodymeasuredtotal
pressure.Thepositionsofthesetwoinstrumentsareshowninfigure1.
Themeasuredanglesofattackwerecorrectedtothemissilecenterof
gravityby themethodofreferenceh.

Themodeltrajectorywasdeterminedby a modifiedSCR584typeradar
trackingunit.A radiosondereleasedat thetimeof flightmeasuredtem-
peraturesandatmosphericpressuresthroughthealtituderangetraversed
by themodel.Modelvelocitywasobtainedfroma CWDopplervelocimeter
andfromtotalandradiosondestaticpressures.

Launching

.

.

Themodelwasboostedto supersonicspeedsby twosolidpropellant
rocketmotorsof20,000-pounds-secondstotaltipulseand3-secondb~ning
timewhichwereignitedsimultaneously.Themethodof launchingwassim-
ilartothatdescribedinreference1,withthelaunchinganglebeing
changedto 60°.

MethodofAnalysis

Inreference3 severalmethodswerepresentedforstudyingmissile
automatic-control-systemperformanceby usingfrequency-responseand
transient-responsecharacteristics.Themethodforcalculatingtransient
responsesfromthelinearizedequationsofmotionisusedhereintopro-
videa comparisonofexperimentalandtheoreticalresults.Themethod,
asadaptedforsolvingby theReevesElectronicAnalogComputer(REAC)is
presentedhere.

Theblockdiagramrepresentingthesystemissimilartothatof
reference3,exceptthattheattitude-autopilotloopisexcludedandan
airfrsmetransferfunctiona/0 isadded:



Airframetransferfunctionswerecalculatedby u“singthemethodof
operationalcalculusfrcmthelongitudinalequationsofmotio

@:n$’ -‘“
degreesoffreedomasusedinreference3. Thesimplified

open-looptransferfunctionsare
-. — ~=_

+=
(-+ “kc!% “,—. -- (1)

o r

a P-=
e p+c~ mv

57*3@

—

Experimentalstabilityderivativesof theconfiguration,reported
inreference2, andflightconditionsandmodelcharacteristicsfrom F

thisinvestigateionwereusedindeterminingthetransferfunctions.Val-
—

uesof theaerodynamicquantitiesusedinthecalculationsarelisted
IntableII. Theaerodwamicderivativesfora Machnumberof 1.81were
obtainedby extrapolatingthedataofreference2. Tip-controldata
wereobtainedfromtheresultsoftwotestsreportedInreferences5
and6.

Therate-gyro—servosystemwasoriginallya single-degree-of-
freedmnsystemwiththenaturalfrequencychangedfrom88to 221radians
persecond.Becausetheforceprovidedby theservomotorwasonly
30pounds,themaximumallowableaerodynamichingemomentwassmall.As
a resultan inertiadamperwasaddedtotheservomotortoreducethemag-
nitudesoftheinitialovershootof theservoresponse.Thismodifica-
tionenableda higherstaticsensitivity%/6 tobe used.Froma con-
siderationofhingemomentsandpitchingvelocities,a staticsensitiv-
ity %/4 of0.2waschosenasthemaximumfeasiblevalue.Thisvalue
isinlinewiththeresultsofreference3 thathighstaticsensitiv-
itiesyieldmoresatisfactoryresponsesthansmallsensitivitiesforthis
rangeof ~ro-servodynamics. .

Withthissensitivitytherate-gyro—servosystemwasthentested
anda transientresponseto a stepdeflectionofthegyrogimbal

.



NACARML52Klkb 7

w

wasobtained.Themodesofmotionwererecognizedintheresponse,amd
an equationwasfittedtothecurveby a trial-and-errormethod.The
systemtransferfunction,determinedfromthisequationby themethods
of operationalcalculus,is

.

?3t -O.14p(P2- 6,386P- 2,778,600)—= (3)
e (p3+7@+ 4g,825P+l,945,WQ)

Thetip-controldeflectionbt ,yasfedbackintothesystemasan
%-t

equivalentcanarddeflectionK5t where K = —.
%8

Theoperationsin
s

solvingtheequationsto determinetransientresponsesto a 5s input
of Sowereperformedby theREACandtheresultswereobtainedfrom
recordingelements.

Accuracy

Inaccuraciesintheexperimentaldataresultfromerrorsintelem-
eterequipmentandradar.Themeasuredqwtities arebelievedtobe
accuratewithinthefollowinglimits:

I LimitofAccuracy

M M a, 6s, 5*,
deg deg deg

% %

0.8 *0.03 *0.2 *002 +0.6 *0.029 *0.014
1.8 *.02 *.2 *.2 &.(5 *.004 *.002

TheR12ACsolutionsof a and 5t arebelievedtobe accurate
within+O.1°and+0.2°,respectively.

RESULTSANDDISCUSSION

DampingCharacteristics

Effectofauxiliarydampinginpitchonmodelresponse.-In order
to showhowthisrate-gyro-:servocontrolsystemdampedthemodeloscil-
lations,someexperimentalangle-of-attacktransientresponsestoa
Sosteptiputofthecanardsurfacesarepresentedinfigure5 forMch
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numbers1.81,1.32, 0.g7, 0.71, and0.72. Resultsofl@ACcalculation
arealsopresentedto showthemodelangle-of-attacktransientresponse-s

-.

whichcouldbe expectedifnoauxiliarydampingwereprovided.The
increaseindampingisapparentwiththeexperimentalresponsesbeing
almostcompletelydampedattheendof IicyclesatallMachnumbers.In—.
additiontoprovidinga moresatisfactoryresponsetoautopilotcommand
signals,themissilewithauxiliarydampingexperienceda reductionin
maximumnormalloadsofabout33percent,an importantconsiderationfor
maneuveringflightathighMachnumber.Areffectofaltitudewasobtained-
whenthemodelacceleratedtoa Machnumberof0.72duringdescent.At.
theloweraltitudetheoscillationsweredampedina shortertimeas the
resultofa highermodelnaturalfrequency.

Comparisonof experimentalandtheoreticaltransientresporises.-
In figure6 measuredangle-of-attackandtip”-controltransientresponses
to a 5°stepinputofthecanardsurfacesarecompared;yithREACsolutions
of closed-looptransientresponsesatMachnumbersof3.81and0.7~.‘At ._
a Machnumberof1.81theexperimentaltransientresponsehasa higher
steady-stateangLeofattackandlowernaturalfrequencythanthecom-
pptedresponse;thusa -possibledifferencein ~ isindicated.Exper-
imentaldatawerenotavailableabovea Machnumberof1.45inrefer-
ence2, sothaterrorsmayhavebeenincurredby extrapolationsof the
derivativesforthecalculationstoa Machnumberof 1.81.Thedamping
oftheresponsesis ingoodagreementindicatingthevalidityofthe
theoreticalmethodforpredictingdampingc@acterist@.Qf a tissile .
equippedwitha rate-dampingcontrolsystem.

—

Thetip-controldeflectionsat M = 1.81 srein@od agreement~.
exceptforthemaximumvalues.Thetipcontrolsofthemodelwerelimited.‘-
to deflectionsof*10°becauseofhinge-momeritconsiderations.

At a Machnwberof0.71theexperimentalandconqj-utedresponsebare _
ingoodagreement,exceptfora smalldifferenceinnaturalfrequencies.

.
Rate-gyro—servoresponsecharacteristics.-Thegyro-servotransient

responsepresentedinfigure7 wasobtainedby measuringthetip-control
deflectionwhena stepinputwasappliedto~@ gyrog~mbal.Thecqrve
wasfittedby an analyticalexpressionfromwhichthet-iansferfunction
wasobtained.A comparisonwiththegyro-servorespom~egiveninfigure11
ofreference3 indicatestheeffectsofmodifications~“”theratesystem;
A dampingmodeandincreasednaturalfrequencymaybe noted.

.- ..

13ecauseofservo-energyhinge-momentconsideration’sdiscussedpre-
viously,thedynamicsofthe~o-servo systemofthistestwerealtered
soasto decreasethemaximumcontroldeflections.Thisdifferencein
controldeflectionsmaybe notedinfigure8, inwhichmodelangle-of-attack

- .=

t

—

—.

—

-

*

.

—

.—
.—

—

.
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andtip-control-deflectiontransientresponsestoa ~“ stepinputof the
canardcontrolsarepresentedfora Machnumberof1.81.Theangle-of-
attackresponsesindicatethattheauxiliary-dampingsystemofthistest
didnotdamptheoscills.tionsaswellas theoriginalgyro-servosystem
mighthavewiththeuseof higherinitialtip-controldeflections.

AerodynamicCharacteristics

Alltheexperimentaldataof thisinvestigationoccurredat a reduced

frequency~ ~ 0.013 andshouldbe freeofunsteady-lifteffects.
2V

Lift-curveslope.-Modellift-curveslope CL
wasdeterminedfrom

thelift-coefficientandangle-of-attacktimehistoriesby themethodof
leastsquaresandispresentedinfigure9. A largedifferenceisnoted
betweenthedataforincreasinganddecreasinga. Thisdifferencemay
be dueto a nonline=liftcurveorpossiblytoa tip-controleffect.
Theexistenceof a nonlinearliftcurvewasnotedinreference1 andthe
dataforthelowerangle-of-attackrangesrepresented.Thisdifference
in C

& mayhaveresultedfroma tip-controleffectsincea majorityof

thecontrolresponsesoccurduringthetimesofincreasinga. Computa-
tionsweremadeto determinethemagnitudeofliftduetorateofcon-
troldeflectionbutthecontribution.ofthistermtothemodelliftwas
foundtobe negligible.The C

k
atdecreasinga isin fairagree-

mentwiththatofreference2.

Steady-stateanglesofattack,liftcoefficient,andtip-control
deflection.-Thesteady-stateanglesofattack,liftcoefficients,and
tip-controldeflectionsarepresentedin figures10,11,and12,respect-
ively,asa functionofMachnumberforthetwocanarddeflections.The
datashowa gradualvariationofangleofattackandliftcoefficient
withMachnumberwiththeexceptionofMachnumber.0.g2,wherea larger
trimangleofattackandliftcoefficientarenoted.Tip-controldeflec-
tionsincreasedwithincreasingMachnumberfrom0.8°at M = 0.72to 3.50
at M = 1.86. At thelowerspeedsthereisa considerablescatterofthe
control-deflectiondata,butthescatteriswithintheaccuracyofthe
data(~.60).

Steady-stateangleof attackperunitcontroldeflection.-lhxnn

‘h %rim curves,thesteady-stateangleofattackperunitcontrol
deflectionwasdeterminedandispresentedinfigure13. A comparison
with -rim— fromreference2 (forthegamecenter-of-gratitylocation)

A8s k
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showsthatauxiliarydsmpinghaslittleeffectuponcontroleffectiveness
at supersonicspeeds.‘Attransonicspeedstherewasa largereduction

in = .iththead~tionof&UXiliarydSmpiIlg.
@-

At fourMachnumberscalculatedvaluesof a fromtheexperi-
A5s

mentaldataofreference2 aremodifiedto includethepitching-moment
contributionofthetipcontrols.Thetestresultswerelargerat super-
sonicspeedsandlowerattransonicspeedsthanthecalculatedva3ues.
Theindicationisthatthetwoconfigurationsdifferedsomewhatin
either~ or %5 , aswassuggestedinthediscussionoffigure6.

s

Trimdragcoefficient.-!lrimdragcoefficientispresentedinfig-
ure14withthetrimdragcoefficientforthemodelofreference2. ~he
datashowthattheadditionofratedanpingincurredno dragpenalty.The
differencesinthevaluesat subsonicspeedsmaybemainlyattributedto
inaccuraciesofMachnumberandthelongitudinalaccelerometeratlow
speeds.

.

CONCLUSIONS
.

●

Theresultsofa flightinvestigationof’scanardmissilehavinga
staticmarginat supersonicspeedsofapproximately50percent~ ~d
equippedwitha rate-gyro—servocontrol‘systemto supplementtheMher-
entaerodynamicdampinginpitchindicatethefollowingconclusions:

1.Whereasthecanardmissilewasnormallylightlydampedinthe
pitchingmode,theadditionoftherate-dsmpingsystemtothemissile
causedthetransientresponsestobe nearlycompletelydsmpedattheend
ofl+ cyclesatallMachnumbers.

2. Theexperimental.andcalculatedresponseswereingoodagreement
indicatingthatthetheoreticalmethodprovidesanaccuratemeansofpre-
dietingmissileresponsewhena rate-~

--
—servocontrolsystemisused

toprovideadditionaldsmpinginpitch.

3. Thee~ertientaldataindicateddifferenceinlift-curveslope
duringtheosci~atoryresponsewhichmaybe attributedto eithera non-
linearortip-controleffect.Pitchingeffectivenessasmeasuredby the
steady-stateangleofattackproducedperunitcontroldeflectionwas .
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. decreasedattransonicspeedsby theinclusionof therate-dampingcontrol
system.Thepitchingeffectivenessat supersonicspeedswasnotaffected.
No differencesintrtidragwerenoteddueto theadditionoftherate-
dampingcontroldanping.

LangleyAeronauticalLaboratory,
NationalAdvisoryCamnitteeforAeronautics,

LangleyField,Va.
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MISSILE
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TABLEII

AERODYNAMICDERIVATIVESFORTHEORETICALRESPONSES

[Theaerodynamicderivatives,asusedInthecalculationsandtabulatedbelow,areperdegreemeasure.Thestatic
marginwasapproxim&ely50percent
speeds~

0.71 0.0465 -0.0182 -0.306 -0.034

●97 .0533 -.0240 -.175 -.020

1.32 .@+72 -.0235 -.189 -.021

1.81 .0365 -.0184 -.153 -.017

E at supersonic

o
0
0
0

13

10.0097 -0.CQ55
.0143 -.0073
.0130 -.0037
.0105 -.0027

=si=
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(a)Rate-gyro+ervosysteminstalledinmissile.

Figure4.-Rate-gyrc%ervosptem.

..
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Inertia

Ur 13up-pl.y

ntrolsurface
—

(b)Schernaticdiagramof componentsandlinkages.

68 4. firframs 0 Airframs a +

at .---””Ratecontrol ...-

(C)Blockdiagramofiauxiliary-da.mpi~systemincorporatedinmissile.
—

Figureh.-concluded.

.
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