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APPENDIX1:1

DATAACQUISITIONSYSTEMS

1.Oveniew

Thefollowinginstrumentsystemsweredevelopedandtestedduring
Phase1:

InstrumentsMeasuredDerived
guantitiesguantities

AccelerometerAccelerationsDynamiciceforces
systemoverthewhole(poorresolutionfor

frequencyrangelow-frequency
ofinterestaccelerations)

InclinometerAccelerations,Tiltanglesand
•system(focusedonlow-low-frequency

frequencies)(‘static”)ice
forces

PendulumDifferentialIndlinationand
systemdisplacementlateraldisplacements

betweenpendulumofthestructure.
massandrefe-Staticanddynaniic
rencepointoficeforces.
lighthouse

Inprinciple,eachsystemhasapotentialformeasuringallthepara-
metersneededforevaluatingstaticanddynaniiciceforces.Thereare,
however,limitationswhicharebasicaflyassociatedwiththeproblemof

•ineasuringstaticornearlystaticanddynaniicdeflectionsatthesame
timeandthenseparatingtheeffects.Thiscallsforacertaindiversi
ficationinsettingthemeasuringrange,theresolutionandthetriggering
levelsforeachsystem.AftertheintroductionoftheFouriertransforma
tiontechniquefortheprocessingofresponsedata,itbecameevident
thattheinclinometerrecordshadtobemedforthelow-frequency
componentsoftheresponses.Sincetheserecordsdidnotcoverallthe
largerampiitudesofhigh-frequencyaccelerations,theaccelerometer
recordshadtobemedforthehigh-frequencycomponentsoftheacce
lerations.

Inadditiontotheresponsemeasurementsystemstheinstrumentation
includesvideocamerasystexnsandmonitoringsystems.

Inthesummer1987threeiceforcemeasurementpanelswerealso
installedonNORSTROMSGRUND.Thissystemisdescribedsepara
tely.

ENZ/Iceprcjl4/18i



APPENDIX1:2

52Accelerometerandindilnometersystems

Asinclicatedabovethereisnodistinctdifferencebetweenthefunctions
ofthesocalledaccelerometersandinclinometersandmoreover,the
pendulumsystemhasatypicalinclinometerfunetion.However,wehope
thatastrictapplicationofthenomenciatureintroducedabovewillpre
ventconfusion.

Theinstrumentsarebothoperatingasinertialinstruments.(SeeFigure
A1:1)Aneccentricallysupportedmassexertsatorsionalmoment
aroundthesupportingaxisandthismomentistakenasameasurement

Ooftheinertiaforceandthustheaccelerationoftheinstrument,Ifthe instrumentistilted,thecorrespondingfractionofgravityforceaffects
themassandisconsequentlysuperimposedontheinertiaforcedueto

•horizontalacceleration,ifany.Themostimportantdifferencebetween
theinstrumentsintheactualapplicationisthatthe“inclinometers”

0(Manufacturer’snomenciature)canmeasurethetiltanglewitharesolu
tionofO.5x104radiansasaminimum.

VerticalatrestStationarvtiltHorizontalmotion

2

1’

oxis
/

•eTCoG

•

_____________________________;fl_•

FigureA1:1

ThemomentturningaroundtheinstrumentaxisisM=mti)E-g
sin~)whereiisthehorizontalaccelerationoftheaxisandgsin~is
thegravitycomponentasafunctionofthetiltangle.

9,

x
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APPENDIX1:3

Themanufacturer’sdescriptionoftheinstruinentsareattachedtothis
appendix.

Thenormaldatacollectionfrequencyis50readingspersecond.

TwooftheaccelerometershavebeeninoperationonNOR
STROMSGRUNDsince1972.Whereasthesignalswerepreviouslyre
cordedinanalogousformtheyarenowdigitizeddirectly,whichelimi
nateslow-frequencydisturbances.

ThenewdataprocessingsystemwasinstafledonNORSTRÖMS

•GRUNDinthebeginningofMarch1986.

Ateachmeasurementpointtheaccelerationcomponentsaremeasured
intwoorthogonaldirections.

Deseriptionsoftheentireaccelerometersystemsincludingmanufac
turer’sspecificationsaregivenattheendofthissection.

Thependulumsystem(FigureA1:2)wastestedduringspringtime1986
andthefollowingobservationsandexperiencesweremadeduringthese
tests.

Thependulummassconsistsoftwofrondiscs(10kgeach)separated
byanadjustablerod.Themasswassuspendedfromaslabinthelight
housesuperstructurebyapianowireof7.58mlengthgivinganatural
periodofabout5.5seconds.Toreduceeffectsofairflowdisturbances
onthewireitwasrunthroughasteeltube.

Thepositionofthependulumwasmeasuredbyatwodimensional
•opticalsystemwhichallowedatouchlessmeasurementoftheposition

inaplane.

Thepositionmeasurementdevicewascomposedofabarcodereader
andabarpatternwhichwasengravedonaplateattachedunderneath
thependuluin.Theresolutionofthesystemwasabout0.2mmand
maximummeasurementrange5cm.

Thependulumsystemwasdevelopedandtestedinparallelwiththe
installationandtestingoftheinclinometersystem.Sincethelatter
provedtoperformsatisfactorily,nofurthereffortsweremadewiththe
developmentofthelessmaturependulumsystem.

ENZ/Tcepzoj14/ISi



APPENDIX1:4

STEELTIJBEFIXED
TOLIGHTHOUSEWALI.

RONOISCS

O•PLATEWITHENGRAVED PATTERN

OPTICALSENSORS
FIXEDTOFLOOR

0
FigureA1:2

Thependulumsystem

3.Videocamerasystem

ThreevideocameraswereinstafledduringPhase1onthesuperstruc
turesofeachofthelighthousesNORSTROMSGRUNDandFARSTU
GRUND.ln1992thecamerasonthelatterlighthouseweremovedto
NORSTROMSGRUND.

Thecamerasareenciosedinprotectingcasingswhichareheatedto
keepthefrontglassesfreefromcondensation.Thecamerasarepro
videdwithautomaticalirisadjustmentdevices,tomakethemadaptto
differentlightconditions.Theyarenotsensitiveenough,however,to

•givegoodqualitypicturesduringuighttime,soadditionalspotlightsare
arrangedtoimprovetheordinaryfloodlightsfromthelighthouses.

ThecamerasareofmarkKOYOwithhighsensitivitynew-vicontube
8mmopticswithF1.42/3”aperture.Theyarepermanentlyconnected
tothepowersupplyofthelighthouse.

AswitchingdeviceconnectsthecamerassequentiallytoVideoCassette
Recorders(VCR).

Theswitchingdeviceissynchronizedwiththeaccelerometerandin
clinometersystem,wherebythepicturescanbecorrelatedtothevibra
tionmeasurementswithatimingaccuracyof20ms.

E
ts’

0

D

0

:0

1-.
Ln

0
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APPENDIX1:5

Absolutedateandtimeinformationisalsorecordedontheaudiochan
neltotheVCR.

TheVCRisaPanasonic010withamodifiedremotecontrolunitcon
nectedtotheaccelerometersystemwhichcontrolsthestartandstopof
therecording.

4.Remotemonitoring

Remotecontrolandmonitoringisarrangedbetweenthelighthouseand
.aCentralMonitorinNorrköping(CMN).Communicationisestablished

viaaradiolinkpathtoLuleåPilotStationandthentotheCMNover
dialled-uptelephoneconnections.Thepiotstationisprovidedwithan
automaticdiallingequipmentwhichdialstheCMNincaseofanalarm
conditiononthelighthouses.Atpresenttheremotecontrolequipment
iscapableoftransferring7maneuvrestothelighthouseand14in
dicationsfromit.Anumberoftheseindicationsandmaneuvresare
alreadyusedfortheoperationofthelighthouse.Onemaneuvreis,how
ever,usedtostarttheaccelerometerrecordingsystemandoneindica
tionisusedtoindicatetheproperfunctioningofthatmaneuvre.When
theaccelerometersystemstartsrecording,thisindicationisalsosentto
theCMNasanalarmtoalertthepersonnelthatthereareindications
oficemovements.ThecontrolpersonnelattheCMNareinstructedto
relaythisinformationtopeopleconcernedsothatproperactionscan
betaken.

.
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APPENDIX1:7

LINEARANDANGULARSERVOACCELEROMETERS
:;.‘1.~

1•

£

•DCInput—DCOutput

•SmallSize—LightWeight

•ElectricalSeif-testFeature

4
•HighReiiabiiity

•TSOQuaiified(inits

SchaevitservoeccelerometersareDC-operatedclosed4oopforce
baiancetransducers.fortherneasuremeritofacceleration.Theyare
florestableandaccuratethanopen-loopeccelerometersbysev
eralordetsofmagrtitude.tjndeslrablecharacteristiciinherentln
open-loopaccélerometemsuchassensttlvitytosupplyvoltage,
non-linearityintheacceleration-to-positionpickoft,andhighthor-
matcoefficientsofscalefactorandzeroshiftarenegliglbleln
closed-loopforcebalanceeccelerometers.

•Typicelapplicationsidschaevltaservoaccelerometersarelnhigh
_reliabllityguldanceinterntformissiles,torpedoes.orrelated
-militarydevices;stablepiatforrnsforspececraftendshipboard

requlremente;monitringandcontroliingdeceleratlonlnman
transitsystems;andlnroadbedanalyslsandfaultdetectionequip

-mentforhighspeedrallways.Lowrangeinstrumentscanbeused
tolevelgunplatforms,monitortheangle-ot-elevationofnavelguns
orfieldartlllery,andcheckslopaandgradeinearthrnovingor
pavingoperations.-

ManySchaevitijervoaccelerornetershavabeenMIL-quaiifiedfor
usalnabroadvarietyofweaponseystems.Schaevltzelsooffors
servoaccelerometersthathavebeenTSO-qualifiedbythePAA
forfightavionios,Forneartytwentyyegrshighrellabilityforsuch
criticalapplicationshasbeenasignificantfeatureofSchaevltz
inertialproducts,DependingontheappUcatlon.theMTBFfor
Schaevitz-servo.ecceierometerslangesbetween25,000and
100,000hours~

1ndLti~n:~thei&umenti~iterealnWecatalog.Schaevltz
Engineeringdesigita..and~roducesservoa~elsrometersapecifi
callylascustorner’spartlcularapplication,Thesecuatorn-designed
unitscanbemanutacturedandtestedlnconformitywithcurrent
militarystanderds.utIlleIngthequalityaswranceproceduresde
seribedinMIL-Q-9658AorMIL-Q-45208A.

_________cc

M,CO
—•O~S~G

~

tio.•~‘~M_O~AJs‘~~~OiC’

ASchaevitaservoaccelerometerisaciosed-iooptorquobalance
system.lntheillustrationabove,pendulousman(A)developsa
torqueproportionaltothcproductofitarna,,unbalanceandthe
appliedacceleration.Motionolman(A)isdetectedbyposition
sensor(B)-whoseoutputsignaliseppliedtoanelectronicarnpll
fler.Theoutputcurrentfromtheservoasnpllfierisappliedtotorque
motor(0),whichthendevelopsatorqueexactlyequalto,butdi
rectlyopposedto,theinitialtorquefromthependulousrna’s(A).
Thusmass(A)stopsmoving,essumingapositionminutelydiltering
fromitsoriginalpositionbeforeacceleration.Thecurrentthrough
thetorquemotorisaccuratelyproportionaltoinputacceleration,
-andwhenpassedthroughastableraslstot-(Bo),anaccuratelypio
pottlonaloutputvoltageisdevelopedttilnflurnentcanbechecicad
for’properservooperation(seif4est)byappiyfnganIndependent
currentinputtolhetorquemotor.Byadjujtlngtheparatnetersof
theservo—amptifierandrelatedeleetronlc:networka,theoperating
characteristlcsofasetvoaccelerometercanbechangedor~nodit1ed
tosvitaparticularapplication.ThissameflexlbilltygIvesrlsetoa
varietyofoptionalfeaturealnsonemodelL

MILQualifiedUnits

Cc

ENZ/Iccproj14/lSj
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APPENDIX1:8

±0.255020
±0.5~7010
±1.01005
±2.01402.5
±5.0125-5
±10.01402.5
±20.01605
±50.02005

.Bin

InputVoltage

InputCurnat

Fuil-RangeOpen
CIrcullOutputVoltage

DampingRatlo

Unnrtty(Notis142)

tlystefnhs(Nota2)

Resolution(Not.2)

Crosa.AzliSeniltivity
(Not.3)

SrialtlveAu.to
CanAlIgnm.nl

Nols.Output

OpnUngTetny,ntura

Slorag.1e.nprstur.

ThernsalCoefflcknt
ofSen.ltMty

Th.nnalCo.mcl.nt
ofBin

ShockSurylyal

Welght

Optlons(Not.4)

±15VDCnominal

10rnADCmaximum(6rnADCaverage)

~5.0VDC

0.8typical(0.3to1.0onrequest)

±0.05%offullscaleoutputto10.g,
.t0.1%offullscaleoutputover10g

O~%offullscale

0.~5%offullscale

±0.002gper9uplo±10grange.
inciusive
±0.0059pergOver±109range

tessthan0.1%offullscale

t4

5rnVrms)nexlmurn

—55°Cto•95°C

—65°Cto•105°C

0.02%perC

0.002%per~C

100g—Ilrna

3or.

l-gbias(oranybin)
Unipolaroutput
26VDCInput,0.248VOCTelemetryoutput
28VDCinput.bipolar.non-isolatedoulput
LowoutpulImpedance

0

0

SBseriesaccelorometorsareIntendedfor
generaluseinthemeasurementofaccelera
tion.guidancecontrolsystems.vohicleride
analysis.andavarietyofotherapplications.fl.
durablepivot-and-jewelsensorandminiature
electronicmoduleareintegratedwithinacom
monhousing,leavingspaceforseveralop
tionalelectroniccircuitsIncludingtelemetry
output,outputbiasaroundanon-zerolevel.
unipolaroutput,outputlimiting.bipolaroutput
withasinglesupplyvoltage.andlowimpod
anceoutput.Pmorconnectorterminations
areavailablo.

LSBLinear SpecifiCatjons
at20°C

Norninal
Natural

RongoFrequency
0Hr

Nominal
Output

Impedance
kilohrns
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APPENDIX1:9

NCLINOMETERSDC-OPERATEDGRAVITY-REFERENCEDTILTSENSORS

1
APPLICATIONSFEATURES

•BoreholemaDping.damandrockshitts,andother•Unitsarefullyseif-contained.ConnecttoaDCpower
geophysical.seismic,andcivilengineeringstudiessourceandareadoutorcontrofdevicetoracomplete

•Ballasttransfersystemsfor,offshorebarges,ships,andoperatingsystem
othermarineapplications•High-levelDCoutputsignalproportionaltosineof

•Gunsightlevelcontrolandcalibration,weaponsplat-theangleoftiltfromaslittleas±1•fullscaleto±90°tull
forms,missilelaunchersscale

•Pipelineleveling,settingtiltofgradingmachines,crane•Respondstochangesofslopeassmallas0.000006/tt.
overturning-momentalarms,andotherheavyconstruc-andchangesinangleassmallas0.1seconaofarc
tioncontrolrequirements

•Hysteresislessman0.0005%offullrangeoutput
•Largemachineryinstallation.andotherelectroniclevel

applications•Vibratlonrectificationlessthan10arcseconds/g’

U.S.Route130&UnionAv...Pennsauken,NewJersey•Phone:(609)6624000
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ÅPPENDIX1:10

DESCRIPTION
TheSchaevitzincllnometerisanextremelysensitivefrans

ducerthatmeasureshorizontalangleorverticaldeviationwith
virtuallyinfiniteresolution.Ruggedenoughtowithstandsevere
shockandvibration,its“allweatherconstructionmakesit
Ideallysuitedforuseintheconstnjctionindustryforsettingtilt
ofroadgradingandpavingmachines;inthegeophysicsfield
fortiltandstrongmotionstudies;inthecivilengineeringfield
forevaluationoftiltofsupportingwallslndamsandother
structures;andotherapplicationswherehigh-accuracy
measurementoftiltisrequired.

TheSchaevitzinclinometerisfullyseif-containedandde
signedtooperatefromastandardDCpowersource.Itsoutput
isananalogDCsignaldirectlyproportionaltothesineofthe
angleoftilLlnlevel(horizontal)position,theDCoutputiszero.
Whentiltedlnonedirection,theinclinometeroutputisOto+5V
DC.Whentiltedintheoppositedirection,theoutputis0to
-5VDC.

Theinclinometeroperatesasaclosed-looptorquebalance
servosystem(Figure1).Theheartofthisgravity-referenced
angledetectorisatorsionalflexure-supportedmovingmass
systemthatisruggedenoughtowithstandsevereshockand
vibrationsandstillmaintainexcellentprecisionandaccuracy.
Theservosystemelectronics,torquemotor,andfeedback
sensorareallenclosedwithinanenvironmentallysealed
housing,permittingoperationunderhostileconditionswithout
degradingperformance.

PRINCIPLESOFOPERATION(RefertoFigure1)
TheSchaevitzincllnometerisaprecisioninertialinstrument

(accelerometer)thatrespondstothenormalcomponentofthe
gravitationalaccelerationvector(gravity).Pendulousmass(A)
isattachedtothetorsionallysuspendedarmatureoftorque
motor(C).Stopsoneithersideofthemass(A)limititstravel
whenthedeviceisnotpowered.Whenthepowerisapplied,the
pendulousmass(A)automaticallymovestoitsTMzero”position.

NOTES:
1)LinItacanbesasilyadaptedtooperatefromsingleended,floating

powersuppliesof24to38VoUsDC,
2)FullRangeIsdefinedfromnegativefullinputangletoposilivefull

inputanglr.
3)Non-lineafltyIsspecifiedasdevlatlonofoutputreferencedto

theoreticalsinafunctlonvslue.

Astheinclinometeristiltedthroughsorneangle(e)along
Itssensitiveaxis,mass(A)triestomoveInthedirectionoftiltasa
resultofaforce(torque)appliedtothemassbythenormal
componentofgravitationacceleration.Theresultingchangeln
positionofmass(A)isdetectedbypositionsensor(8),which
producesanerrorsignaloutput.ThisDCerrorsignalisfedtoa
servoamplifierwhoseoutputisaDCcurrentcoupledtothe
armatureoftorquemotor(C)throughR0.Currentappliedtothe
torquemotorarmatureproducesatorquethatopposesthe
gravitationalforceactingonthemass(A)andmovesitback
towarditsoriginalposition.Wherithetorquedevelopedbythe
sentsystemoutputcurrentjustbalancesthetorquedeveloped
bythegravityvectorcornponentactingonpendulousmass(A),
themassnolongermovesandisatrestalmostinitsoriginal
position,beingdisDlacedbysomeminuteamounttharpro
ducestherecuirederrorsignalfrompositionsensor(8).
Becausethegravitycomponent’sforceisexactlyequalin
magnitudetothetorquemotor’soutput,which.intum,is
directlyproportionaltotheappliedcurrent,thiscurrent,passed
throughRogeneratesavoltageacrossR0thatisproportionalto
thenormalcomponentofthegravityvector.Thenormal
componentistheproductoftheessentiallyconstantgravity
vectortimesthesineofangle(e).Therefore.theoutput
voltage,EoxacrossRoisproportionaltothesineofthetilt
anglee.

FIGURE1

st‘dOn

—ss

4)Croas-axissensltivftyl,speclfiedastheincllnometeroutputwltha1-
9accelerationappliedperpendiculartothesenaltiveaxis,indeperi
Centofcaseailgnmenlerrors.

5)Zero(litoffsetIsspeolfiedunderstaticcondilionswithnovlbration
inputs:Itrepresentsthecombinationolmechanicalbin,electrlcal
blsa,andaxis-to-casealionmenterrors.

oc1
-~1

GENERALOPERATINGCHARACTERESTICS@20’C
Range±1’

$~°.~‘.00,0-is‘~JIW~’C.,.c.,oaotg

124L’T(5T

‘.10~Q4

±12to±18
±15
—Sto+5
*1

±l2to±18
±15

—Sto+5

InputVoitage,VDC(Note1)
InputCurrent,mA(nominal)
FullRangeOutput(FRO)VOC(Note2)
OutputStandardization,%FRO
Outputlmpedance,Ohms.
OutputNoise,Vrms(Nominal)
Non-linearity,%FRO(Note3)
Non-repeatabilltyandHysteresis,%FRO(maximum)
Resolution,arcseconds
-3d8Frequency,Hz(typical)
SensitiveAxis-to-CaseMisalignment.,•(maximum)
Cross-axisSensitivity,g/gcr055(Note4)
OutputOttsetatZeroCaseTIlLVDC(maximum)(Note5)
VibrationRectification,arcseconds/g’(maximum)
ZeroflitOllsetThermalSensitivity,%FROPC
ScaleFactorThermalSensitivity,%Readingrc

1Sk
0.002
0.05
0.02

~0.1
0.001
±0.1
lo
0.05
0.02

*3±14.5
*12(o±18
±15
—Sto+5
±1
16k
0.002
0.02
0.002
0.1
15
±0.25
0.001
±0.02
lo
0.01
0.003

±1
Sk
0.002
0.02
0.01
0.1

±0.15
0.001
*0.04
10
0.03
0.01

±30
±l2to±18
±15
—5(0+5
±1
8k
0.002
0.02
0.001
0.1
20
±0.5
0.001
±0.02
10
0.005
0.003

±90
±12to±18
±15
—Sto+5
*1
4k
0.002
0.02
0.0005
0.1
40
±1.0
0.001
±0L2
10
0.003
0.003

ENVIRONMENTAL.CHARACTERIST1CS
OperatingTemperatureRange
SurvivalTemperatureRange
GonstantAccelerationOverload
ShockSurvival
VibrationEndurance-Sinusoldal
VibralionEndurance-Raridom
EnviranmentalSealing

—latto+llt
—40’Cto+lSt
50g
1500g
50gpeak
35grms,2OHzto2000Hz
MIL-STD202,Method112
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