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ADigitalAnemometer
KenOkamOtO，ThdahikoOhhashi，MasahiroAsakura，andKenzoⅥねtanabe，Fellow，IEEE

Abs加CL－Adigitalanemometerhasbeendevelopedbrair伽w
measurementsinhomeandofRceenvironments・TheprincipIe

isbasedonhot・wireanemometry・Theprobeconsistsofacold
thermiStorbrAowtemperaturedetectionandahotthermistor
brhwratedetection．ThelatterisselfJheatedbyathermal

bridge・Itsunbalancevolhgeduetotbeairdowiscomparedwith
therefbreTICereSPOnSetranSbrmedintothetimedomainbydiTYCt

digitdsynthesizing・Thispulse†widthmodulationprovidesthe
IineardigitaIrepreSentationofthe仙｝Wrateundermeasurement・
TheunblancecomponentduetoAowtemperatureiscompen・
satedbyscdingtherefbTYnCere＄POnSedependingontemperattLre

detectedbyacoldthermistor・Theselinearizationandcompen・
組tiontechniquesmakeaccuratemeasurementSPOS＄iblewitha

simpIecon負guration・Perfbrmance＄Ofaprototypeanemometer

builtusingaone・Chip4－bitmicr∝OmPuterarealsopresentedto
demonstratethevalidityofthesetcchniques・

B　　　　　　　　Ⅰ．ImoDUCnON

ESIDEStemperatureandhumiditycontrol，airnowcon－

trolisincreaslnglydemandedtomakehome，Office，and

workingenvironmentsmorecomfbrtd）le・Manymethodsare
availableforunidirectionallaminarflowmeasurementsll］，but

ahot－WireanemOmetryisexclusivelyusedformeasurements

oftheturbulent鮎winopenSPaCel2］・Ahot－WireanemOmeter

isbasicallyathermaltranSducerwhichmeasuresthefluid

speedbydetectlngltSreSistanCeChangewhenexposedto
acrossflow．Therefbre，anythermoresistivedevicecanbe

usedforthetranSducerl31，【41，butthemostcommonisa

fineplatinumwirecalledtheWbllastonwire・ItsresistanCe

changeS，duetotheheatremovedbythefluid且ow，have

beeninvestigatedextensivelyandareeXPreSSedbytheKing’s

law【5】．

AnothertypicaldeviceusedforthermoanemOmetryisa

thermistor．TTlisthermoresistivetemperatureSenSOrismuch

cheaperthantheWbllastonwireandthusisattractivefor
alow－COSt，airAowcontrollerforfansandairconditioners・

nledesignandrealizationofathermistor－basedanemOmeter

present，however，threemaindifficulties・Thefirstistheslow

responseduetoitslongthermaltimeconstant・Thesecond

isthehighlynonlinearreSistanCeChangeWithtemperature，

andthethird，WhichiscommontoaWbllaston－Wiresystem，

isthe complex dependence ofthe heat tranSftr ohfluid

temperaturel6］・

TYleSethreeproblemshavebeenexaminedfromdeviceand

slgnal－PrOCeSSlngaSpeCtS・ThefirstproblemhasbeensoIvedby

developlngaminiaturethermistorwhosethermaltimeconstant
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Fig．1．771eblockdiagramofthedigitalanemOmeter・

istentimesshorterwithrespeCttOaCOnVentionaldevice・A

responsespeedcomparabletoaWbllaston－Wiresystemcanbe

obtainedbyworkingintheconstant－temperaturemOde・For

linearization，the pulse－Width－mOdulation（PWM）teclmique
isused．Di飴rentfromaconventionalsawtooth，thecarrier

slgnaltobemodulatedisthethermistorresponseto且ow
ratetranSformedintothetimedomainbythe directdigital

synthesizing（DDS）techniquel7］・nethirdproblem，i・e・，

temperatureCOmpenSation，lSSOIvedbyscalingthecamier

wavefbrmappropnatelydependingonAuidtemperature・A

high－performanCedigitalanemOmeterrealizedbythesetech－

nlqueSWillnextbedescribedindetail・

ⅠⅠ．CoNFIGURjmONOFANEMOMETER

Ablockdiagramofthedigitalanemometerisshownin

Fig・1・Itconsistsoftheprobeexposedtoacrossflow，thether－

malbridgetoconverttheairflowvelocityintoavoltagesignal，

thetemperaturedetectortoconverttheflowtemperatureinto

itspropprtionalvoltage，thepulse－Widthmodulator（PWM）

toconvertthethermalbridgeoutputintoadigitalnumber

equivalenttothenowrate，andtheliquidcrystaldisplay（LCD）

toindicateair鮎wrateandtemperaturein3－digitform・Each

bl∝kisnextdescribedinmoredetailwithemphasisonthe

processoflinearizationandtemperatureCOmpenSation・

A PJりんe

nLeCOnfigurationoftheprobeisshowninFig・2・Itis

composedtotwomatchedminiaturethermistors，0・9mmin

diameterandl．2mmlong，Weldedtostainless－Steelstays・Its

resistanCeRTh（T）attemperatureTfollowsaconventional

exponentiallawexpressedby

叫r）＝珊expβ（妄一打（1）
TYleBconstantandtheresistanCeR（71）atthereftrence

temperature71＝298Kare3390Kand5・46kn，reSpeCtively・

Becauseofthesmallsize，thethermaltimeconstantathigh

temperatureisaboutO・2S，Whichistentimesshorterwith
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Fig．2．meconhgurationoftheprobe．

①　HotTbemi飢Or

⑤Sl血eぉ或eel呵

①　coldnem血tor

◎Nylonba5e

⑤　Connectingcable

Fig・3．ThecircuitdiagramOfthethermalbridge．

respeCttOaCOnVentionalthermistorl8］．Oneofthethermistors

isself－heatedto423Kfornowratemeasurements．Itishung

bylonglead wires away ffomthe staysin order to avoid

anyinfluence tothe nowfield to be measured．TTlelarge

thermalresistanCeOftheleadsalsoreducestheheatlostby

end conduction to a minimum．TYle Other thermistoris used

fordetectlngtheflowtemperature．Itislocatedawayfromthe

hotthermistorsoitalsoleavestheflowfieldunchanged．

β．7伽r〝MJβri東e

Fig．3showsthecircuitdiagramofthethermalbridge．TTle

thermistorfor且owrate detectionis connectedtoone armof

theWheatstonebridgewhichisplacedintheftedbackcircuit
formedbytheop－ampAlandthetransistorQl．Thefbedback

Circuitbiases thebridgeinsuchawaythatitsbalanCeCan

bemaintained．TYlereSistanCeOfthethermistoristhuskept

COnStant，and henceit operateSinthe constant－temperature

mode・TTlereSistorsoftheWheatstonebridgea帽Selectedsuch

thatthethermistortemperaturetX423K．

TbderivethecharaCteristicfunction，thevoltageV（V，7L）
across the hdt themistor was measured as afunction ofair

且ow rate z／and temperature TL．The results are plottedin

Fig・4・ItwasfoundfromtheseresultsthatV（Z／，7L）CantX

expressedasfollows：

Ⅴ（〝，孔）＝Ⅴ（〝，れ）g（孔）

＝（Ⅴ（0，℃）＋△Ⅴ（〝，れ）1g（孔）

＝tV（0，㌫）十九（〝，芳）隼）g（孔） （2）
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Fig・4・nle VOltage across the thermistor operatlng in　the
COnSはnt－temperature mOde．

WhereV（0，n）and△V（〝，TL）denotetheo蝕etandunbal－

anCeCOmpOnentS，reSpeCtlVely，atSOmereftrencetemperature

Tl・Thetemperaturedependenceg（TL）atTl＝300Kisgiven

by

g（孔）＝1＋4．28×10‾3（九一㍍）．　（3）

Because ofthe exponential behavior ofthethermistor re－

SistanCe，the charaCteriStiCfunction h（〝，71），Whichcanbe

Obtained by normalizingthe unbalance voltage△V（〝，71）

Witha reftrence voltage u，deviatesfromthe King’slaw

andisapproximatedbyalogarithmicfunctionof且owratez／：

ん（〝，れ）＝
α

1m〝－β
（4）

WhereαandβareconstantS．TYleCharaCteristicfunctionat

Tl＝300K，nOrmalizedwithreferenceto隼＝2V，isshown

in Fig．5．

Theoffset．componentsV（0，71）9（TL）isredundantbe－
CauSeit cames noinformation ofthe now rate．Tne op－

amp A2is used to canCelit．Driven by afiXed voltage

鴨andthe temperature－dependent voltage V（71），aVai1able

丘omthetemperaturedetector，itproducestheoutputvoltage

Whichcounted）alanCeSV（0，71）9（7L）0VeraWidetemperチture
range．Op－amp A3thus provides only the unbalanCe Slgnal

△Ⅴ（〝，羊）g（孔）to血ePWM．

C．乃〝甲どれα仙repg庸Cわr

Thetemperaturedetectorconsistsofalineartemperature－tO一

触quency（T仲）converterfo1lowedbyaf陀quenCy－tO－VOltage

（印Ⅴ）converter【9］．TTleCircuitdiagramoftheTソFconverter
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Fig．5．TbecharaCteristicfunctionh（Z／，71）atTl＝300K・

（b）

Fig．6．CircuitdiagramSOf（a）thetemperature－tO－frequencyconverterand

（b）the鮎quency－tO－VOltageconverterinthetemperaturedetector・

isdepictedinFig．6（a）．necoldthemistorintheprobeis
connected betweenthe emitter of Q2and ground．Due to

thefeedbacktoop－ampA4Ithevoltageacrossthecoldther－

mistoriskeptconstant，andthusthecurrentnowlngthrough

Q2increasesexponentially withtemperature，prOducingthe

temperature－dependentcollectorvoltageglVenby

1与＝隼。（1－た月8／RTh（r））， （5）

wherek＝R7／（R6＋R7），andRTh（T）istheresistanCeOf

thecoldthermistorgivenby（1）．

nLe CaPaCitor Cdis charged expohentially through Rd

untilitsvoltagereachesl存．Atthisinstant，themonostable

multivibrator（MV）is triggered anddischarges Cd Via Q3・

AfteraperiodTmWhentheoutputofMVgoeslow，thecharge

PrOCeSSOfCJtowardVLcisstartedagain・Tnetime7trequired

forcharglngCJ、tOl々isglVenby

㌔＝偶［ln箸・芸一芸］・

BysettlngthepulsewidthTmOfMVsuchthat

㌦＝Q可芸－ln箸）

（6）

（7）

holds，One Canget thelinear relation between the output

frequencyf（Tl）andtemperatureTL：

J（孔）
1　　　　7も

㌔＋Tm CムRdβ●
（8）

me OutPut Ofthe T作converteristhe pulse train with

constantWidth7m．Therefore，theoutputfrequencyf（7L）is

easilyconvertedintoitsproportionaldc voltage V（7L）by

meanSOflow－PaSSfiltenng・TYleCircuitdiagramisshownin

Fig．6（b）．R9andClformthelow－paSSRlter（LPF）fortheⅣV

conversion・nleSingle－ampliGerbiquad一formedbyop－amPA6

followsthe LPF to rqjectthe npple component・Assumlng

thatthetimeconstantR9Clisgreaterthantheperiodofthe

lowestpossiblefre甲enCyOff（TL），theoutputvoltageV（Tl）
Ofop－amPA6isglVenby

Ⅴ（㌔）＝怖れ佑＝岩島孔，

whereqistheamPlitudeofthe丘equencysignalf（TL）・

（9）

8．P〟たど一肌助力〟od〃Jdわr

Fig・7shows thefunctionaldiagramOfthe PWM・nle

ROMstoresthecharaCteristicfunctionh（〝，71）intableform，

WithZ／being the table addressi・Tmis tableis read out

Sequentially by accesslng the ROM uslng theincremental

addres声COunter・Dataare COnVertedinto the carrier slgnal

OfthePWMbythedigital－tO－analog（D／A）converter・TYIis

PrOCeSS Ofdirectdigitalsynthesi＊ng（DDS）tranSformsthe
charaCteristicfunctioninthe z／domainintothetimedomain．

Tnecamiersignalh（i，71）Vlefthusproducediscomparedwith

△V（Z／，TL）bythecomparatOrCP2・Whenboththe signals

coincide，CP2issuesthe reset signal毎to store the table
addressiintothereglSter．TYleaddressithenglVeSthedigital

equivalentoftheflowratez／・Tbreducethetablesize，Only

thecharaCteristicfunctionatthereftrencetemperature71is

StOred．CompenSationfortheairflowtemperature了もismade

byintroducing the temperature dependence g（TL）intothe

reftrencevoltagellefViaV（7L）．
Thetablesizecanbedeterminedasfbllows．TTleaddressis

thedigitalequivalentoftheflowrate・TTluS，theaddresssize

isdeterminedbytheresolutionrequiredoverthefu11－SCale
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FREqUENCY

COUNTER

TEMPERATURE

Fig．7．ThefurN：tionaldiagramofthepulse－widthmodulator．

range．ThedatalengthCanbederivedfromthesensitivityof

九（〝，れ）to〝：

∂1mん（〝，れ）　1
∂〝　　　ln〝－む●

The sensitivity decreases with〝，aS Canalso be seenfrom

theslopeOfthecharaCteriStiCfunctionshowninFig．5，tObe

l〝at〝mz．x＝20nVs．TYlisimpliesthatthequantizationof

h（V，71）shouldbefourtimes伽erthanthatofz／．nLerefore，

thedatalengthshouldbe2bitswiderthantheaddresssize．

ThePWMalsoincludesthe鮎quencycounterwhichcounts

f（TL）todisplaythe airtemperature7L with O．lKresolu－

tion．nLeflowrateェ′andtemperature了もthusmeasuredare

displayedonthe3－digitLCD．

ⅠⅠⅠ．PROTOmE ANEMOMETER

AprototypeanemOmeterWaSbreadboardedusingoff－the－

Shelfcomponentsexceptfortheprobe．Tbreducethecompo－

nentcountandtherebytoeasethe assembly，allthedigital

functionsnecessaryfortheDDSwereimplementedbyaone－

Chip4－bit micr∝OmPuter．Itincludes，besides many Other
facilities，512　×　4－b RAMand4K x　8－b ROM．TYle3－

digit LCD drive facilityand a打equency counterare also

accommdated．

TYleSpeCi丘edresolutionisO．1m／soverthefu11－SCalerange

Of20mh．nIerefore，10bitsareenoughforthedatalength
Ofthe table，butthe charaCteriStiCfunction was quantized

into12－bitwordsforbetteraccuracyandwiderrange．Since

One WOrd occupleS2bytes，400bytes of the ROM were

allotted tothe characteristic table．Each wordis sent to a

multiplying12－bitD／Aconverterviathree4－bitports．TYle

timerequiredbythesoftwaretoscanthetable，Sendittothe

mAconverter，aCquiretheresetsignal¢R，andthenconvert

the table addressintothe LCD codeis140ms．Tb evaluate

itsperformanCeS，the prototypeanemOmeterWaS aPPlied to
air now rate measurementsin a wind tunnel．TYle now rate

indicatedontheLCDwascomparedwiththatmeasuredby

acommercialmanometer．Errorsbetweenthema托plottedin

Fig．8．Intheconstant－temperatureanemOmeter，theerrordue

toconvectionisinevitable．Despitethiserrorsource，theerrors

arewithin土2％FSoverthetemperaturerange打omOOCto
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Fig．8．ErrorsbetweenreadingsoftheprototypeanemOmeterandmanOme－
ter．

300C．TYleSereSultsprovethepresentanemOmeteruSefu1for

most applications．

IV．CoNCLUSIONS

A constant－temperature anemOmeteruSlng miniature ther－

mistorswasdescribed．Itprovidesthelineardigitaloutputby

COmpanngthevoltageacrosstheself－heatedthermistorwith

the charaCteristic waveform generated bythe direct digital

Synthesizing teclmique．r托mperature COmpenSation was also

accomplished byintroducing the same temperature depen－

denceinto　the DDS wavefbrm as that of the thermistor

VOltage．TYle prOtOtypeanemOmeter uSing a one－Chip4－bit

microcomputerforcompactimplementationhasconfirmedthe

Validityofthesetechniques．

BecauseofitshighperformanCe／costratio，theanemOmeter

describedhereinwill丘ndwideapplicabilitylnaircondition－

ing．IncorporatingthehumiditymeaSurementCapabilityis a

future worktowardenvironmentmonitorsandcontrollers．
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