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AnactivetemperaturecompensatedfiberBragggratingvibration
sensorforhigh-temperatureapplication①
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Abstract:AnactivetemperaturecompensatedfiberBragggrating(FBG)vibrationsensorwithaconstantsectioncantilever
beamisproposedforthesimultaneousmeasurementoftemperatureandvibration,andthesensorisverifiedbyatemperature
compensationfeedbacksystem.Thehigh-temperaturevibrationsensoriscomposedofaquartzcantileverbeamanda
femtosecondBragggrating.Thefeedbackcontroldemodulationsystemofactivetemperaturecompensationcanadjustthelaser
wavelengthtostabilizethegratingoffsetpointandrealizesimultaneousmeasurementoftemperatureandvibration.Onthis
basis,theperformanceofthesensoristestedandanalyzedwithintherangeof20-400℃bysettingupahigh-temperature
vibrationtestsystem.Theexperimentalresultsshowthatthesensitivityofthesensorisabout132.33mV/g,andthe
nonlinearityisabout3.33%.Thesensitivitybetweenthelaserwavelengthandtemperatureisabout0.01307nm/℃.In
addition,theactivetemperaturecompensatedfiberBragggratingvibrationsensorhastheadvantagesofasimplestructure,
stableperformance,easydemodulationandhighsensitivity.Moreover,thesensorcanachievehightemperaturevibrationsignal
monitoringandhasgoodpracticalapplicationvalue.
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0 Introduction
 Measurementofvibrationsinharshenvironments
is of great significance for the monitoring of
parameterssuchasbridgeconstruction,oilwell
extraction,biomedicine,powerindustry,aircraft
enginesandsoon[1-4].Atpresent,high-temperature
vibrationsensorscommonly usedin engineering
applicationsmainlyincludemagnetoelectricvibration
sensors,piezoresistivevibrationsensors,capacitive
vibrationsensors,piezoelectricvibrationsensorsand
opticalvibrationsensors[5-9].Compared withthe
traditionalelectricalvibrationsensor,theoptical
sensorshavethecharacteristicsofsmallvolume,
light weight and good anti electromagnetic
interferenceability,whichisespeciallysuitablefor
themeasurementofphysicalquantitiesinastrong
magneticfield orduring exposuretoradiation,
corrosion, high temperatures and other
environments[10-12]. Because fiber has many

advantagesinsensing,thesensingtechnologyofthe
fiberBragggrating(FBG)hasalsobeenresearched
anddeveloped.
 FBGvibrationsensorsmainlyincludethesimple
beam FBGvibrationsensor,thenon-contactFBG
vibrationsensorandtheequalstrengthbeamFBG
high/lowfrequencyvibrationsensor[13-15].Becauseit
hasadvantagesofsmallsize,embeddability,multi-
pointdistributed measurement,reusabilityandso
on,ithasattractedsignificantattentionin many
industries.
 Inrecentyears,therehasbeensomeresearchand
explorationonfibergratingvibrationsensors.Casas-
Ramosetaldeveloped acantilever beam FBG
vibrationsensorbasedontheaxialpropertyofthe
FBGwithasensitivityof339pm/g[16].Satoshietal
designedafiber-opticmechanicalvibrationsensor
thatusesalandpiezoelectricgeophone(LPG)asa
sensingelement,whichhasadynamicresponserange
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of90dB[17].Zhangetaldesignedanewtypeof
specialstructurevibrationsensorbasedontheFBG
withameasurementrangeof0 Hz-100 Hz[18].
KhanetalstudiedaFBGaccelerometerbasedonL-
shapedcantilever,withasensitivityof306pm/g
under150 Hzfrequency[19].However,theFBG
vibrationsensorsstudiedcurrentlycannotmeetthe
testrequirementsinahigh-temperatureenvironment,
andFBGsensorswillhaveatemperaturecoupling
phenomenon in high-temperature environments,
whichreducestheirmeasurementaccuracy[20-21].
 Based on these factors,a high-temperature
resistantvibrationsensorwhichusesquartzasa
cantileverbeamandthefemtosecondBragggratingas
asensingelementisproposedinthispaper.Weadopt
a demodulation methodfortheactivefeedback
controlsystemwhichcanadjustthelaserwavelength
tostabilizethegratingoffsetpointtotestthe
performanceofthehigh-temperaturefibergrating
vibrationsensor.Moreover,aproportional-integral-
derivative(PID)feedbackcontrolsystemisusedto
controlthelaserwavelengthinrealtime,whichcan
notonlydemodulatethevibrationsignal,butalso
eliminatetheinfluenceoftemperatureonthegrating
drift[22-23].Theperformanceofthesensoristested
andanalyzedwithintherangeof20℃-400℃by
settingupahigh-temperaturevibrationtestsystem.

1 Sensingprinciple
 The structure of the active temperature
compensated FBG vibration sensorisshownin
Fig.1.

Fig.1 Schematicdiagramofvibrationsensor

 ThefemtosecondFBGisbondedtoafullquartz
constantsectioncantileverbeam (length:20mm,
width:5mm,thickness:0.2mm)withaquartz
mass(length:5 mm,width:5 mm,thickness:
1mm)onthesurfaceofthefreeend.Attheother
endoftheconstantsection,thequartzcantilever
beamintegratedwiththemassatthefreeendisfixed
totheHastelloybasetoformamass-spring-damper

system.Thelengthofthefemtosecond FBGis
3mm.WhentheFBGisexcitedbytheacceleration
intheverticaldirectionofthecantileverbeam,the
massgeneratesrelativemovementundertheactionof
theinertialforce,sothatthereflectionspectrum
signalofthefemtosecondFBGchangesaccordingly.
Theconstantsectioncantileverbeamstructureis
analyzedandtheperiodicvariationintheintensityof
thegrating’sspectralsignalisobtained,allowingthe
measurementofthevibrationsignal.
 Inaconstantsectioncantileverstructure,when
thecantileverwithfibergratingisexcitedbythe
acceleration along the vertical direction ofthe
cantilever,thestructure ofthe sensorcan be
simplifiedasasingledegreeoffreedom forced
vibrationsystem.Iftheinfluenceofthevolumeof
themassonthedeflectionofthecantileverbeamis
ignored,thestrainonthesurfaceoftheconstant
sectioncantileverbeamwithmassatthefreeendcan
beexpressedas

εx =6F
(L-x)
Ebh2

, (1)

whereEistheelasticmodulus;Fistheforceonthe
inertialmass;xisthedistancefromanypointonthe
cantilevertothefixedend;L,bandharethe
length,width,andthicknessoftheconstantsection
cantileverbeam,respectively.
 Whentheexternalphysicalquantityactsonthe
fibergrating,thecenterwavelengthofthegrating
drifts,whichcanbeexpressedas

Δλb

λB
=Δneffneff +ΔΛΛ =(1-Pe)εx, (2)

whereneffistheeffectiverefractiveindexofthefiber
core,Λistheperiodofthefibergrating,Peisthe
effectiveelasticcoefficientofthefibergrating,εxis
thestrainatanypointonthecantilever,andλBisthe
centerwavelengthofthefibergrating.
 Therefore,thechangeinthecenterwavelengthof
theBragggratingatanypointonthecantilevercan
beexpressedas

Δλ=(1-Pe)6F
(L-x)
Ebh2 . (3)

 AccordingtoNewton'ssecondlaw,Eq.(3)canbe
expressedas

Δλ=(1-Pe)6m
(L-x)
Ebh2

, (4)

wheremistheequivalentmassofthemass-spring-
dampersystem.FromEq.(4),itcanbeseenthat
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accelerationislinearrelatedtothewavelengthchange
ofthefibergrating.
 Whenthefibergratingissubjectedtotemperature
change,thedriftofthecentralwavelengthofthe
FBGcanbeexpressedas[24]

ΔλB

λB
= 1

neff×
∂neff
∂T +1Λ×∂Λ∂T  ΔT, (5)

whereΔλBisthechangeinthecenterwavelengthof
thefibergrating,Δneffisthechangeintherefractive
indexofthecore,ΔΛisthechangeintheperiodof
thefibergratinggrid,andΔTisthechangein
temperature.Therefore,thefibergratingcanbe
calibratedbeforetheexperimentaltest,andthenthe
sensitivity of the central wavelength with
temperaturecanbeobtainedbasedonEq.(4),so
thattheinfluenceoftemperatureonthefibergrating
canbedetected.TheactivefeedbacksystemandPID
controlcanbeusedtostabilizetheoffsetpointofthe
FBGtocompensateforthetemperature.
 The principle diagram of grating intensity
demodulationisshowninFig.2.

Fig.2 Demodulationschematic

 Duetothesmallchangeinthegratingcausedby
acceleration,itcanberegardedasalinearchangeof
lightintensityinasmallwavelengthrange;thatis,
FBG is subjectto uniform strain.Then,the
wavelengthbarofthetunablelaserisadjustedtothe
offsetpointoftheFBG,thatis,thepositionofthe
wavelength(λ0)correspondingtopointQinthe
linearpartofthereflectionspectrum.Whenthe
vibrationsignalcausesthereflectionspectrumto
shift, the reflected light intensity changes
accordingly,andvibrationinformationisobtainedby
detectingthechangeinlightintensity.Considering
thattheintensitybetweenthereflectionspectraA
andBislinear,andtheslopeatthewavelength(λ0)
positionatpointQisk,thenthespectralshiftisΔλ
undertheacceleration.Atthesametime,thechange
inreflectedlightintensityis

ΔI=kΔλ. (6)

 The corresponding lightintensity signalis
convertedintoavoltageoutputsignalthrougha
photodetector(Model2053,NewFocus,SanJose,
CA,America),thatis,theoutputvoltagechangeis

ΔV =DηΔI, (7)

where D is the product ofthe photodetector
wavelengthinfluencefactorandthemagnification
factorηistheattenuationcoefficientoflightinthe
system.
 FromEqs.(3),(6),(7)andNewton’ssecond
law,theoutputvoltagechangeisgivenas

ΔV =kDη(1-Pe)6F
(L-x)
Ebh2 . (8)

2 Systemconstructionandexperimental
test

 Aschematicdiagramoftheactivetemperature
compensatedFBGvibrationsensortestsystembased
ontheconstantsectioncantileverbeamisshownin
Fig.3.Ahigh-temperatureexperimentaldevicewas
setuptocalibrateandtesttheFBGvibrationsensor
inrealtime.Thisexperimentalsetupconsistedofa
ThermConcept(GSL-1100X-S,HFkejing,Hefei,
China),asensinganddemodulationsystem,anda
vibration calibration system.In the vibration
calibrationsystem,thesignalgeneratorandpower
amplifiercontrolledthevibrationexciter(TV50101,
Tira,Thuringen,Germany)toapplytherequired
vibrationsignaltothesensor.Thehigh-temperature
ThermConcept was fixed vertically above the
vibration exciter,providing a high-temperature
workingenvironmentforthesensor.Inthesensing
anddemodulationsystem,whenthetunablelaser
(GM82009,GuilinGM TechnologyIndustryLtd,
Guilin,China)lightsourceemittedabeam,itpassed
throughthecoupler(1310/1550-SSC)tothesensor
anddemodulationsystem.TheFBGvibrationsensor
withHastelloybasewasfixedtothetopofthequartz
rod,andtogetherputintotheThermConcept.The
quartzrodwasconnectedtothevibrationexciter.
Anotherpathoflightwasreflectedbackthroughthe
photodetectorandthefeedbacksystemtodemodulate
thevibrationsignal.Afterwards,thedatapassed
throughthedataacquisitiontechnology(USB2833,
BeijingARTTechnology,Beijing,China)andthe
PIDfeedbackcontrolmodulewasestablishedbased
onLabviewsoftwareonthehostcomputertocontrol
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thelaser wavelength automatically. Continuous
trackingdeviationofthecenterwavelengthstabilized
thegratingoffsetpointandtheuseofaphotodetector

obtainedthechangeinlightintensityintheliner
region.Thusreal-timemonitoringoftemperature
andvibrationsignalswasfinallyachieved.

Fig.3 High-temperatureFBGvibrationsensortestsystem

2.1 Temperatureexperimentandtestresults

 Inordertoanalyzetheinfluenceoftemperatureon
theFBG,thetemperaturedriftoftheFBG was
testedunderstaticconditions.Atthebeginningof
the experiment, the obtained initial central
wavelengthoftheFBGsensorwas1549.905nmby
anopticalanalyzer (Micron OpticsInc.,SM125,
America)at20 ℃,andthenthetemperaturewas
increasedfrom20℃to400℃ withanincrementof
100℃byusingaThermConcept.Eachtemperature
was maintainedfor10min,and wetestedthe
correspondingspectrumsignalsafterthetemperature
stabilized.Then,thecentralwavelengthofthefiber
gratingwasanalyzedanddemodulatedby Micron
OpticsInc.(MOI)understaticconditions,andthe
changevalueofthecentralwavelengthwasrecorded
at20 ℃,100 ℃,200 ℃,300 ℃ and400 ℃,
respectively.Fig.4(a)showstheopticalspectrogram
ofthesensingfibergratingatdifferenttemperatures
measuredbytheopticalanalyzer.Itcanbeseenthat
thespectralsignalofFBG demonstratesashift
phenomenonwithariseintemperature,thatis,it
movesinthelongwavelengthdirection.Fig.4(b)
showsthechangeinthecentralwavelengthofthe
fibergratingwithtemperature.Throughfitting,we
found thatthe temperature drift coefficientis
0.01305nm/℃,andthecorrelationcoefficientR2is
0.99346.

(a)SpectraldiagramofFBGchangeswithtemperature

(b)RelationshipofFBGcentralwavelengthchangeswith
temperature

Fig.4 TemperaturedriftdiagramoffemtosecondFBG

 Inordertoeliminatetheinfluenceoftemperature
drift,asthetemperatureofthesensorincreasedin
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thehigh-temperaturevibrationexperiment,thelaser
wavelength wascontrolled by PID feedback to
stabilizetheoffsetpointofthegrating,thereby
achievingtheeffectoftemperaturecompensationfor
thesensor.Whenthelaserwasworkingnormally,
weobtainedtherelationshipbetweentheworking
wavelengthofthelaserandthetemperatureat20℃,
100℃,200℃,300℃and400℃,respectively.As
showninFig.5,afterfeedbackcontrol,thelaser
wavelengthandtemperaturedemonstratealinear
relationship.ThelinearrelationshiphasanR2value
of0.99914,andthetemperaturesensitivityofthe
sensoris0.01307nm/℃.

Fig.5 Relationshipbetweensensortemperatureandlaser
wavelengthcontrolledbyPIDfeedback

2.2 Vibrationexperimentandresults
 Inthevibrationexperimenttest,thesensorwas
heatedfrom20℃to400℃ withanincrementof
100℃ byahigh-temperatureThermConcept,and
thevibrationsignalsweretestedatdifferentvibration
accelerationsfrom0gto8g.Wetestedvibration
signalofthesensoratafrequencyof100Hzanda
accelerationof5g.Theoutputsignalandfrequency
responseofthesensorareshowninFig.6.

(a)Waveformgraphofoutputvoltageovertime

(b)FastFouriertransformspectrumofwaveform
Fig.6 Vibrationsignalsandfrequencyresponsesat100Hzand
5g

 ItcanbeseenfromFig.6(a)thatthesensorcan
outputastablesinusoidalvibrationsignalat100Hz.
Accordingtothepeak-peakvoltagevalueofthe
waveform,thevoltagesensitivityofthesystemis
about132.33mV/g.ItcanbeseenfromFig.6(b)
thatthesensorhasagoodfrequencyresponseunder
100Hzfrequency,whichisingoodagreementwith
thefrequencyofthevibrationexciter.
 Ataroomtemperatureof20℃,weperformed
threerepeatabilityteststoverifythestabilityofthe
sensor.ThetestresultsareshowninFig.7.Itcan
beseenthattheamplitudevoltageofthesensor
outputgraduallyincreases with the acceleration
value.Aftercalculationandfitting,thethreecurves
basicallycoincide,andtherepeatabilityerrorand
nonlinearerrorofthevibrationsensitivityofthe
sensorareabout2.8% andlessthan1.55%,
respectively.

Fig.7 Vibrationrepeatabilitydiagramatroomtemperature

 Inthehigh-temperaturevibrationexperiment,the
temperatureofThermConceptwasincreasedfrom
20℃to400℃ withanincrementof100℃.When
thetemperatureisstableforaperiodoftime,the
vibrationsignalwas measuredatafrequencyof
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100Hz,andtheaccelerationvaluewasfrom0gto
8g.Theoutputsignalofthevibrationsensor
changedduringthewithacceleration.Thelinearity
curveoftheamplitudevoltageandaccelerationis
showninFig.8wherethecenterwavelengthofFBG
driftedwiththechangeintemperature.Thecentral
wavelengthwasmeasuredafterredshiftasthenew
centralwavelength,andtheoffsetpointofFBGwas
searchedagainbytheautomaticfeedbackcontrol
systemtodemodulatethevibrationsignal,soasto
reducetheinfluenceoftemperatureonthecentral
wavelengthofthefibergrating.FromFig.8,wecan
seethattheminimumnonlinearityofthevibration
signalis3.33%underhigh-temperatures.

Fig.8 Relationshipbetweenaccelerationandamplitudevoltage
atdifferenttemperatures

 Inthehigh-temperaturevibrationsensingtest,the
vibrationsignalandtemperatureweremeasuredby
thechangeinthebiaspointofthegratingatthesame
time.However,theoffsetpointcanbeaffectedby
thetemperature,thereforethetemperaturefeedback
controlsystemwasusedtocorrecttheoffsetpoint.
ForFBG,theincreaseintemperaturewillchangethe
periodofthegrating,sothatthespectrumofthe
fibergratingappearstohavearedshiftwiththe
changeoftemperature;thatistosay,itmovesinthe
longwavelengthdirection.Whentestingvibration
signalsathigh-temperatures,thetemperaturewill
affectthesensitivityofthesensor.Thesensitivity
versustemperaturecurveofthevibrationsignals
measuredatdifferenttemperaturesisshownin
Fig.9.Itcanbeseenthatthesensitivityofthe
sensordecreasesasthetemperatureincreases,and
thelinearrelationshiphasanR2valueof0.98983.
 Itcanbeseenfrom Fig.4(b)thatthecentral
wavelengthofthefibergratingincreasesasthe
temperatureincreases,anditscorrelationcoefficient
(R2)is0.99346.Accordingtothe measured

temperatureandtherelationship withsensitivity
showninFig.9,theoffsetpointandsensitivityof
thesensorwerecorrectedtoachievetemperature
decoupling.The measuredaccelerationvalueand
standardaccelerationvalueat20℃,100℃,200℃,
300℃ and400 ℃ withdecouplingareshownin
Fig.10.Themaximalerroroftheaccelerationafter
temperaturedecouplingislessthan3.33%withinthe
accelerationrangeof0g-8g.Aftertemperature
decouplingofthesensor,themeasuredacceleration
ofthesensorisbasicallythesameasthestandard
acceleration,andtheexperimentprovesthatthe
sensorispracticalandreliable.

Fig.9 Sensitivitydriftdiagramwithtemperature

Fig.10 Acceleration measurementresultsaftertemperature
decoupling

3 Conclusion
 Inthispaper,anactivetemperaturecompensated
FBGvibrationsensorwithaquartzconstantsection
cantileverbeamwasintroduced,andthetemperature
andvibrationsignalswerestudiedexperimentallyby
theactivetemperaturecompensationmethodusing
thePIDautomaticcontrollaserwavelength.The
performanceofthesensorwastestedandanalyzed
withinthetemperaturerangeof20℃-400℃ by
settingupahigh-temperaturevibrationtestsystem.
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Theexperimentalresultsshowthattheacceleration
sensitivity of the vibration sensor is about
132.33mV/g,andthenonlinearityisabout3.33%.
ThelaserwavelengthwascontrolledbyPIDfeedback
tostabilizetheoffsetpointofthegratingfor
temperaturecompensation.Thesensitivityofthe
laser wavelength and temperature is about
0.01307nm/℃,andthecorrelationcoefficient(R2)
is about 0.99914.In conclusion,the active
temperaturecompensatedFBGvibrationsensorhasa
stable sensing performance,easy demodulation,
simplestructureandahighersensitivity.Moreover,
thesensorissuitableforonline monitoring of
vibrationsignalsathigh-temperaturesandhasgood
practicalapplicationvalue.
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基于主动温度补偿的高温光纤布拉格光栅振动传感器

陈宝杰1,2,贾平岗1,2,钱 江1,2,冯 飞1,2,洪应平1,2,刘文怡1,2,熊继军1,2

(1.中北大学 仪器科学与动态测试教育部重点实验室,山西 太原030051;

2.中北大学 电子测试技术重点实验室,山西 太原030051)

摘 要: 提出了一种基于主动温度补偿的等截面悬臂梁式光纤布拉格光栅(FBG)振动传感器,可用于同时

测量温度和振动,并通过温度补偿反馈解调系统对该传感器进行了实验验证。该高温振动传感器由石英悬

臂梁和飞秒布拉格光栅组成。采用了主动温度补偿的反馈控制解调系统,可以不断地调节激光波长来稳定

光栅偏置点,并实现温度和振动的同时测量。在此基础上,通过搭建高温振动测试系统,在20-400℃的温

度范围内对传感器的性能进行测试和分析。实验结果表明传感器的灵敏度约为132.33mV/g,线性度约为

3.33%,激光波长与温度之间的灵敏度约为0.01307nm/℃。另外,该主动温度补偿光纤布拉格光栅振动传

感系统具有结构简单,性能稳定,易于解调,灵敏度高的优点。该传感器可以实现高温振动信号的监测,具

有良好的实际应用价值。
关键词: 布拉格光栅;振动传感器;主动温度补偿;悬臂梁;反馈控制
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