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星敏感器测试用微调整机构设计

陈启梦1,2,张国玉1,2 ,张健1,王哲3,张宇4

(1长春理工大学 光电工程学院,长春130022)
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(4航天系统仿真重点实验室,北京100000)

摘 要:针对高精度星敏感器在地面标定实验中与测试设备准确对接的实际要求,设计一种纳米级星敏

感器标定用五维微调整机构.详细分析了光轴对准误差对敏感器测试的影响.为保证对接精确性,提出

了搭积型调整架机械结构的设计思想;论述了二维平移和三维调整模块的设计方案;对调整机构进行了

仿真建模和力学分析.对设计的微调整机构进行验证性实验,结果表明:位移分辨力可以达到25nm,角

度分辨力可以达到0.1角秒,且稳定性高.设计的微调整机构可以满足星敏感器与测试设备准确对接的

技术指标要求,确保了星敏感器定标结果的可信度.
关键词:星敏感器;纳米分辨率;微调整;建模分析
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DesignofaMicro-adjustmentMechanismUsedforStarSensorCalibrationTest
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Abstract:Aimingatthepracticalrequirementsofaccuratealignmentbetweenhigh-precisionstarsensor
andthetestequipmentingroundcalibrationexperiments,ananoscalefive-dimensionaladjustmentframe
forcalibrationofstarsensorsisdesigned.Theinfluenceofopticalaxisalignmenterroronstarsensortest
wasanalyzedindetail.Inordertoensuredockingaccuracy,thedesignideaofadoptingthemechanical
structureofstackedtypewasputforward.Then,thedesignschemeofatwo-dimensionaltranslation
moduleandthethree-dimensionaladjustmentmodulewerediscussed.Afterthat,thesimulationmodeling
andmechanicalanalysisoftheadjustmentframewerecarriedout.Finally,verificationexperimentswere
conductedonthedesignedmicro-adjustmentmechanism.Thetestingresultsshowthat,thedisplacement
resolutioncanreach25nm,theangleresolutioncanreach0.1arcsecond;andthestabilityisquitehigh.
Therefore,thedesignedmicro-adjustmentmechanismcanmeetthetechnicalindicatorrequirementsof
accuratedockingbetweenstarsensorandtestequipment,anditcanensurecalibrationcredibilityofthe
starsensor.
Keywords:Starsensor;Nanometerresolution;Micro-adjustment;Modelinganalysis
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0 Introduction
Withtherapiddevelopmentofhigh-precisionstarsensors,therequirementsforitsgroundtest

equipmentarealsogettinghigherandhigher.Inordertoguaranteethecalibrationaccuracyofastarsensor,
itisverynecessarytodesignahighprecision,highstabilitymatchingequipment[1-5].Amulti-dimensional
adjustmentmechanismisthecoreequipmentthatcanmaketheopticalsystemsofasimulatorandasensor
accuratelydockedingroundcalibrationexperimentofahigh-precisionstarsensor,anditisanimportant
guaranteetorealizehighprecisionpick-upofsimulatedstarpointpositionandimageinformationofa
sensor.Inorderto meetthetestrequirements,thereisanurgentneedforahighlyaccuratefive-
dimensionaladjustmentmechanismtoensurethecredibilityofthecalibrationresults.Theefficiencyand
resolutionofexistingadjustmentframesarerelativelylow[6-8].Duringacalibrationtest,thepupil
connectionerrorbetweenthestarsensorandthecalibrationequipmentis±1mm,andtheopticalaxis
dockingerroris5arcsecond,whichincreasesthealignmenterrorandreducesthetestprecision.Inthis
paper,theinfluenceofopticalaxisalignmenterrorofanopticalsystemonthetestresultsofsensor
precisionwasstudied,andthenecessityofdesigningahigh-precisionadjustmentmechanismdesignwas
explained.What'smore,thedesignprocessofhighprecisionmulti-dimensionaladjustingmechanismwas
describedindetail.

1 Calibrationtestprincipleofthestarsensorandinfluenceofopticalaxis
consistencyonthecalibrationresults

1.1 Testprincipleforgroundcalibrationofstarsensors
TestprincipleforgroundcalibrationofstarsensorsisshowninFig.1.Whenamicro-adjustment

mechanismisworking,thepositionofastarsensorheadisadjustedbyadjustingthemicro-adjustment
mechanisminordertorealizeacompletepupildockingwiththestarsensorandmakethestarsensor's
opticalaxisbeconsistentwiththatofthemicro-adjustmentmechanism.Then,apieceofstandardstar
pointplateisplacedonthefocalplaneofacollimatingopticalsystemofasimulator.Afterthat,abeamof
parallellightemitsthroughoutthecollimatingopticalsystem.Thus,werealizepositionsimulationoffixed
starsinfixedskyregionfrominfinityandcompletethegroundcalibrationtestforastarsensor.

Fig.1 Testprincipleforgroundcalibrationofstarsensors
1.2 Influenceofopticalaxisconsistencyonthecalibrationresults

Whenusingthemicro-adjustmentmechanismtoadjustthepositionofthetestequipment,twobasic
elementsshouldbeensured.Thefirstistoensurethatallthestarpointsofthefullfieldofviewemitting
throughthetestequipment'sopticalsystemhavethesameluminousfluxatthestarsensor'sentrance
pupil,whichrequiresthattheexitpupilofthetestequipment'sopticalsystembeconsistentwiththe
entrancepupilofthestarsensor'sopticalsystem;thesecondistotrybesttoensurethatopticalsystemsof
thesensorandthetestequipmentarecoaxial,whichwillimproveaccuracyandcredibilityofthecalibration
test.

Thereisanopticalaxisconsistencyerrorwhenthestarsensor'sopticalsystemisdockedwiththetest
equipment'sopticalsystem.Withacombinationoftheactualsituation,opticalaxisconsistencyerrors
presentinthreeforms,which aredirection offset,tiltdeviation,both direction offsetandtilt
deviation[9-11].ThethreeexistenceformsofopticalaxisconsistencyerrorsareasshowninFig.2,where
ΔlrepresentsthedirectionoffsetandΔθrepresentstheinclinationdeviationvalue.
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Fig.2 Threeexistenceformsofopticalaxisconsistencyerrors
TheCCDdetectorofthestarsensorreceivesthelightemittingfromthecenterofthetestequipment'

sopticalaxis,andtheadjustmentaccuracyoftheopticalaxisconsistencyisdeterminedbythepositionof
thebrightspotonthetarget.ThetestprincipleisshowninFig3.

Fig.3 Accuracytestprincipleofopticalaxisconsistency
Theresolutionθofthestarsensor'sCCDdetectorisrelatedtothelatticesizeDoftheCCDandthe

focallengthfofthecamera,thatisθ=D/f.Inaddition,thehigh-precisionstarsensoradoptspixel
segmentationtechnologytoextracttarget,thepracticalresolutioncanreach1/8oftheoriginalresolution.
Itisknownthatthelatticesizeofthestarsensor'sCCDdetectoris13μmandthefocallengthis100mm.
Aftercalculation,weknowthat,ifthestarpointatthecenterofthetestequipment'sopticalaxiswill
imageatthecenteroftheCCDtarget,itisrequiredtoadjustmicro-adjustmentmechanismofadivision
value.TheimagingpositionofthecenterstarpointontheCCDtargetmoves,butdoesnotexceed3".
Otherwise,nomatterhowtoadjustthemechanism,itcannotmaketheimagingpointaccuratelyimageat
thecenteroftheCCDtarget.Consideringthatthefocallengthf'ofthecollimatingopticalsystemofthe
testequipmentandtheangularresolutionofthemicro-adjustmentmechanismshouldsatisfythefollowing
relationθ'·f' £1/8θ·f.Therefore,onlyiftheangleresolutionoftheadjustmentmechanismreaches
betterthan0.5arcsecond,canitmakethetestfacility'sopticalaxisbeconsistentwiththestarsensor's
opticalaxisundertheresolutionoftheCCDdetector.

Whenthereisapositionoffsetoranangledeviationbetweenpupilsofthetestequipmentandthestar
sensor,thelightbeamsofsimulatedstarpointsfromthetestequipmentnolongerallprojectintothe
entrancepupilofthestarsensor,which willdirectlyleadtothedecreaseofthetestaccuracyfor
magnitude;andalongwiththefieldofviewincrease,thesimulatedstarpointswilllosemorelightenergy.
Accordingtothepupildiameterofthehigh-precisionstarsensor,thequantitativeanalysisofthe
illuminationchangeonreceivingsurfacecausedbypupilconnectionerroriscarriedout.Fig.4showsthe
illuminationchange,whereassumingthatthepositionoffsetbetweentheopticalaxesis100μmandthe
angledeviationis1arcsecond.

Therefore,withaviewtotheabovedirectionsandoperatingrequirements,theadjustmentmechanism
shouldnotonlyhavecharacteristicssuchasacertainadjustingrange,ahighresolutionandhighstability,
butalsoshouldachieverespectiveprecisionadjustmentonvariousdirections(includingX-Ytranslation,
Z-axistranslation,anglesofpitchandazimuth).Inaddition,volume,massandconnectionmethodmust
beseriouslyconsideredaswell.Consequently,itisnecessarytocarryoutwellstructuraldesignandprecise
parametercalculation.Accordingtotheparametersofthestarsensorandthetestfacility,the
specificationsofthemicro-adjustmentmechanismaredeterminedandareshowninTable1.
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Fig.4 Illuminationchangeonreceivingsurfacecausedbypupilconnectionerror
Table1 Maintechnicalparametersoftheadjustmentmechanism

Parameters Target
Adjustingrange Displacement±3mm Angle±1°
Resolution Displacement50nm Angle0.3arcsecond

Boundarydimension ≯210mm×210mm×120mm
Weightcapacity ≯5kg

2 Mechanicalstructuraldesignofthemechanism
Theprecisionmicro-adjustmentmechanismfeaturessuchasreliabilityandhighresolutiondetermine

theadjustmentprecisionoftheopticalaxesdirectlywhichmayaffectthecalibrationresultsofsensors.So
itisdemandedthatthehigh-precisionadjustmentmechanismshouldsimultaneouslybeabletocomplete
multi-dimensionadjustmentsincludinghorizontalmovement,verticalmovementandangulardeflection.By
usingthecombinationstructureformofstackedtype,theadjustmentmechanismisdividedintotwoparts,
whichareX-Ytwo-dimensiontranslationandθx,θy,Zthree-dimensionadjustment,toachievemulti-
dimensionalindependentadjustment.
2.1 X,Ytwo-dimensionaltranslation

WhendesigningthemechanicalsystemofX,Ytwo-dimensionaltranslation,mechanicalcrawlshould
beavoided.LocateforcepointsofX,Y drivingcomponentsontheadjustmentplateanduseprecision
bearingsatthecontactpartstoensuretheverticalprecisionofX-Y.TheX-Y adjustmentassembly
structureandpreciseguidingmechanismstructureschematicsareshowninFig.5.Themotorisfastenedto
thescrewbythecoupling,thescrewnutisfixedonabigwedge,andthebigwedgeisconnectedbythe
guiderailvicetoasmallwedge.Themotordrivesthescrewtorotateandthescrewflangealongwiththe
bigwedgemovesaxially.Howeverthesmallwedgecanonlymoveinradialdirectionduetoaxiallimitof
theshell,duetoaxiallimitoftheshelltheadjustmentofX,Y two-dimensionaltranslationcanbe
achieved.

Fig.5 X-Yadjustmentassemblystructureandpreciseguidingmechanismstructure
2.2 θx,θy,Zthree-dimensionaladjustment

ItisconsideredthatusingthreesimilarZadjustmentcomponentstoavoidaffectsbetweenoneangle
θxandtheotherangleθyduringtheadjustment.θx,θy,Zadjustmentassemblystructureandadjustment
mechanismstructureschematicsareshowninFig.6.Themotorisfastenedtothescrewbythecoupling,
thescrewflangeisfixedontheconnector,andalsoisfastenedtothebigwedgethroughscrewfasteningas
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well,andthebigwedgeisconnectedtothesmallwedgethroughtheguiderailvice.Themotordrivesthe
screwtorotateandthescrewflangealongwiththebigwedgemovesaxially.Howeverthesmallwedgecan
onlymoveinZ-axisradialdirectionduetothelimitfromthebafflelimit.Therefore,theadjustmentofZ-
axistranslationcanbeachievedbycontactingthesmallwedgetotheadjustmentplatethroughtheejector
pin.

Thethreemandrelscontactingtotheadjustmentplateformedthreepoints,which mayforman
isoscelesrighttriangle.Thentheisoscelesrighttriangletogetherwiththedrawspringsconsistastructure
ofthreetight-threepull.Eachrightanglesideofthetriangleisarotatingaxis.Inthisway,itcanachieve
theresultthatwhenadjustingoneangleθx,theotheroneθyisnotaffected.Consequently,thevertical
adjustmentZ-axistranslationaswellastheangleadjustmentofθxandθycanbeachieved.

Fig.6 θx,θy,Zadjustmentassemblystructureandadjustmentmechanismstructure

3 Three-dimensionalmodelingandmechanicalanalysis
3.1 Three-dimensionalmodelingofthemechanism

TheassemblyrelationshipanddisplacementdrivestructuresofX,Ytwo-dimensionaltranslationare
showninFig.7.Thedisplacementdrivecomponentsshallbeplacedintotherectangulargrooveoftheshell
anditisconnectedwiththebottomplatethroughalinearguideunderthebigwedge.Themotordrivesthe
screwtospin,thetwowedgesmovebyvirtueofthelinearguideslidingblock,andthesmallwedgecan
onlydoradialdisplacement.

Fig.7 AssemblyrelationshipanddisplacementdrivestructuresofX-Ytranslation
Theassemblyrelationshipandadjustmentdrivestructuresofθx,θy,Zthree-dimensionaladjustment

areshowninFig.8.TheadjustmentdrivestructureisconnectedtothesurfaceoftheZ-layerfixingplate
bymeansofalinearguideandamotorfixingplate.Themotordrivesthescrewtospinandtheflangeblock
drivesthebigwedgetomove;whiletheaxialmovementofthesmallwedgeislimitedbythebaffle,the
twowedgesmovebyvirtueofthelinearguide,andthenthemovementoftheZadjustmentplatecanbe
controlledbythemandrels.

AfterassemblingthecompleteThree-dimensionalmodelforthedesignedadjustmentmechanism,and
theoverallthree-dimensionmodelisshowninFig.9,wecometotheconclusionthatthemicro-adjustment
mechanismcontainstheexcellentcharacteristicssuchasasymmetricalstructure,acompactarrangement,
ahollowinnerstructureandalightweight.
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Fig.8 Assemblyrelationshipandadjustmentdrivestructuresofθx,θyandZadjustment

Fig.9 Overallthree-dimensionalmodel
3.2 Mechanicalanalysis

TheMechanicalanalysisofthe multidimensionaladjustment mechanismissimplifyingthekey
componentsintoabstractelastomers,andusingthefiniteelementmethodtogettheanalysisresults,and
thenverifyingthedesignrationalityofthekeycomponents.

Regardingtheforceofanypositionontheobjectastwoorthogonalforces,werespectivelynamethe
normalstressofthreedirectionsx,y,zasσx,σy,σz,andnametheshearstressofthreedirectionsasτxy,
τyz,τzx.Then,weusethevectormethodtoexpressthecompositionofforcesas

σ=[σx,σy,σz,τxy,τyz,τzx] (1)
Assumingthatthestrainofanypointontheelasticbodyisrepresentedbythepositivestrainεx,εy,

εzandtheshearstrainγxy,γyz,γzx,andthestrainmatrixisexpressedas
ε=[εx,εy,εz,γxy,γyz,γzx]T (2)

Thentheequilibriumequationofthethree-dimensionalmodelisexpressedas
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fx,fyandfzarethecomponentsoftheunitvolumeinthedirectionofx,y,z.
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Accordingtotheabovemechanicalanalysis,weapplythegravitationalloadtotheoverallstructureof
theadjustmentmechanismandthesupportframe,theanalysisresultsoftheself-weightdeformationare
showninFig.10.Theresultsshowthatthemaximumdeformationoftheadjustmentmechanismislocated
ontheclampingstructureofthetestequipment'sopticalsystem,notontheadjustmentmechanismitself.
Thereforeitwillnotchangeanyperformanceofthetestequipment,anditmayguaranteetestaccuracyof
thetestequipment.

Fig.10 Self-weightdeformationmapoftheadjustmentmechanismandthesupportframe

4 Resolutioncalculationandtestresults
4.1 Resolutioncalculation

Parametersofthechoiceproductsusedonmicro-adjustmentmechanismareasfollows:themotor's
reductionratiois1:50andstepangleis1.8°,theangleofwedgeisθ=10°,theroutedistanceofbigwedge
isl'=40mm.TherearethreemandrelsconnectingthreesupportpointsoftheassembliesonZ-axis.The
threesupportpointsconstitutearighttrianglewithlengthofside80 mm.Thenthedisplacement
resolutionl,thedisplacementrangeL,theangularresolutionθ'andtheangularrangeΨoftheadjusting
mechanismaregiveninthefollowingformulas,

l= 1.8°/50( )×
1
360×tanθ×10

6=17.6nm (5)

L=l'×10°=9.64mm (6)
θ'=arctanl/80( )×3600=0.045″ (7)

Ψ=arctanL/80( )=6.87° (8)
Theresultsshowthat:throughamulti-levelsegmentation,thelineardisplacementresolutionofthe

micro-adjustmentmechanismcanachievenanometerscaleonX,Y,Z axes,andangledisplacement
resolutioncanachievesub-secondscaleonθx andθy.Thusthedesignedadjustmentmechanismcan
preciselyadjustthefacilitiesduringthecalibrationtestofthestarsensor.
4.2 Testexperimentandtestresults
4.2.1 Resolutiontestofthemicro-adjustment

mechanism
Fig.11showsthetestphotoofa micro-

adjustment mechanism,theresolutionandthe
stabilityaretestedbyaZYGOinterferometer.
Firstly weputthefive-dimensionaladjustment
mechanism ontheinterferometer'sownthree-
dimensionaladjustmentstage.Thenweputahigh-
precision standard spherical mirror on the Z
adjustmentplateoftheadjustment mechanism
throughaadapter.Beforeusingtheinterferometer Fig.11 Testphotoofmicro-adjustmentmechanism
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totesttheresolutionandstability,theinitialpositionshouldbedeterminedfirst.Thehorizontalpositionis
generallyselectedastheinitialposition,wheretheinterferencefringeisthecenterbrightspot.Afterthat,
weadjusttheadjustmentmechanism'sfivedegreesoffreedomandobservethevaluechangesofthefringe
dataonthecomputerinterface.Finally,wegettestresultsofresolutionandstability.

Testresultsandconclusions:Thelineardisplacementresolutionis25nmonX,Y,Zaxesandthe
theoreticalvalueis17.6nm;theangleresolutionis0.1arcsecondonθx,θyandthetheoreticalvalueis0.
045arcsecond.Soitisfurtherverifiedthatthedesignedadjustmentmechanismcantotallymeetthe
dockingprecisionrequirementsofthecalibrationtest.
4.2.2 Calibrationtestofhigh-precisionstarsensor

Starpointpositiontestiscarriedoutonthestarmapafterequipmentinstallation.Then,wereadpitch
angleandazimuthofeachstarpoint.Afterthat,wecalculatetheactualpositionofeachstarpoint.Atlast,
wedescribethepositionbyangledegreeandcomparetheresultswiththeoreticalones.Theactualangular
distancevalueanderrorvaluearegiveninthefollowingformulas,

γactual=arccoscosβicosβjcosαi-αj( )+sinβisinβj[ ] (9)
Δ=γactual-γtheoretical( )×3600″ (10)

AsisshowninFig.12,alltheangulardistance
errorsbetweenstarsarelessthan10″.Theerror
distributiondiagramillustratesthatthecalibration
precision is improved by using the micro-
adjustment mechanism.The test results are
superior to those results by using normal
adjustment mechanism.Amongallerrors,the
maximumdatais11.02arcsecondwhichcanmeet
theparametersdemandofthecalibrationtestof
high-precisionstarsensor. Fig.12 Angulardistanceerrors

5 Conclusion
Focusingontheinfluencefactorsoftheaccuracyindexofhigh-precisionstarsensor'sground

calibrationtest,ananoscalemicro-adjustmentmechanismusedincalibrationtestforhigh-precisionstar
sensorwasdesigned.Weanalyzetheinfluenceofopticalaxisconsistencybetweenthetestequipmentand
thestarsensoronthekeyparametertestresults;deeplystudythestructureoftheadjustmentmechanism
andthedesignschemeofeachcomponent;carryoutsimulatedanalysisandresolutioncalculationonthe
testresults.Theexperimentalresultsshowthattheactuallineardisplacementresolutionandtheangle
displacementresolutionarebothveryhigh.Theyarerespectively25nmonX,Y,Zaxesand0.1arc
secondonθx,θy.Inaddition,thetestequipmentsupportedbythedesignedfive-dimensionadjustment
mechanismwasverystableduringthewholetestprocessandtheprecisionofthestarpositionwasquite
high.Allangulardistanceerrorsbetweenstarsarebetterthan10arcsecond,whichcansatisfythe
calibrationtestrequirementsforhigh-precisionstarsensor.
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