
IEEETRANSACTIONSONINSTRUMENTNIONANDMEASUREMENT，VOL．54，NO．3，JUNE2005

ASmartThermalEnvironmentMonitorBasedon

IEEE1451・2StandardbrGlobalNetworking
YanftngⅥねng，MemberlEEE，MakotoNishikawa，RyuichiMaeda，MasaichiFukunaga，and

KenzoWatanabe，Fulo叫IEEE

AbstTYZCt－Atemperatureandrelativehumidity（RH）monitor
uslng a thermistor and a polyimide一点lm RH Sensoris deve1－

OPedhrglobalassessmentofthermalenvironments．Thesmart
transducerinterhce moduleincludes the relaxation oscilIators

mrslgnalconditioningandaone・Chip16－bitmicrocomputermr
networking・Themicrocomputeraccommodates thecalibration
tablesaswellasthemandatorytransducerelectronicdatasheets

SPeCi鮎d by theIEEE1451．2standard．The online calibration

usingthecalibrationtableandtheratiometricslgnalconditioming
allow土0・140C accuracy over the temperature range from

－200Cto500Cand士2・5％RHaccuracyovertheRHrange

from20％RHto90％RH・Besidethesehigh－aCCuraCymeaSure・

mentsusInglow－COStSenSOrS，themonitorfbaturesanadaptive
arChitecturebrglobalnetworking．

Lndex7bms－EnergysavlngIenvironment，meaSurement，netL

WOrking，relativehumidity†Smartinterface）temPerature．

I．INTRODUCTION

NCREASINGenergyconsumptlOnisacceleratlngenViron－

mentalpollution・TheglobalwarmlngandtheatmospheriC

Ⅰ

airpollutionduetoCO2andexhaustgasesaretyPicalphe－

nomena・Undersuchcircumstances，SOmeCOuntriesspecify

Wholesomeworkingandlivingenvironmentsinabuildingand

mandatethecontinuousenvironmentmonitoring・Alongwith

theenvironmentaccessment，energySaVlngishighlyrequested

toreducethepollution・Accordingtostatisticsinadvanced

COuntries，40％oftheelectricenergyrequiredR）rmaintalnlng

OfBceenvironmentsisconsumedbyairconditionlng・Itfbllows，

therefore，thatlocalizedcontrolofanairconditionerdepending

OnathermalmaplnanOfBcespaceisoneofthemostefftctive

approachestotheenergysavlng・ThethermalmapplngrequlreS

distributedmonitorswhichmeasurelocaltemperatureand

relativehumidity（RH）．

Withtheabove－mentionedapplicationsinmind，athermalen－

きVlrOnmentmOnitorisdevelopedwhichmeasurestemperature

andRHinanindoorspacell］・Thedesignstrategicsarelow

COSt，highaccuracy，eaSylnStallation，andeasynetworkingfbr

distributedmeasurements・Forlow－COStimplementation，ather－

mistorandapolyimide－filmRHsensorareused．Tbachieve

high－aCCuraCymeaSurementWiththeselow－COStSenSOrS，rati0－

metricslgnalprocesslngandonlinecalibrationareintroduced．

ForeasylnStallationintoawall－embeddedoutletbox，Simple
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Fig・1・NetworkstruCtureOfthermalenvironmentmonitonng・

Circuitsandaone－ChipmicrocomputerareuSedfbrslgnalpro－

CeSSlngandcommunicationinterface・Foreasynetworking，the

hierarChicalarChitectureisadoptedandasmartinterfaceisde－

SignedbasedonIEEE1451．2standard【2］，［3］．Thesedetailswill

bedescribedinthefbllowlngSeCtions・

II．ARCHITECTURE

Fig．lshowsthehierarchicalarChitectureofthedistributed

thermalenvironmentmonitor．Thelowestlevelisthethermal

monitorconsistlngOfthesensorsandthesmarttransducerin－

terfacemodule（STIM）definedinIEEE1451．2standard．The

intermediatelevelistheembeddedmicrointernetteChnology

（EMIT）systemwhichserveSaSabridgebetweenthethermal

monitorandthewideorlocalareanetworkwhichliesinthe

upperlevel・Auserpositionsthehighestlevelandcanaccess

thethermalmonitorthroughtheIntemetbyauser－friendlyweb
PageOrOthersoftware．Hardwareandsoftwareshowninthear＿

ChitecturewillbedescribedinthefollowlngSeCtion．

A・∫∽α〝7ね那血cgr血g㊥ce〟0血Je

Fig・2showsaschematicdiagramofthethermalenviron－

mentmonitor・ItiscomposedofsensorsandtheSTIMfbrslgnal

COnditionlngandnetworking・Forlow－COStimplementation，a

negativetemperaturecoefBcient（NTC）thermistorisusedfor

temperaturemeasurementandconnectedtoChanneloneofthe

STIM・ForRHmeasurement，aCaPaCitivesensorconsistlngOfa

0018－9456／＄20．00◎2005IEEE
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Fig・2・Blockdiagramofthethermalenvironmentmonitor・

POlyimideBlmspln－COatedonasiliconsubstrateisusedbecause

Ofitsexcellentdurability，highlineanty，andsmalltemperature

dependencel4］．ThisRHsensorisconnectedtoChanneltwoof

the STIM．

The STIM consists oftwo blocks：the slgnalconditioner

andnetworkinterface．Amainroleoftheslgnalconditioneris

analog－tO－digital（AD）Conversion・Asthesimplestmeansof

COnVertlngtheresistanceandcapacitanceofthetwosensors

into theirdigitalequlValents，relaxation oscillators based on

555timersareused．TheircircuitdiagramsareshowninFig．3．

Analogsingle－POle，double－throw（SPDT）switchesareincor－

poratedintoeachtimertoaltematelyconnectthesensorsand

thecorrespondingreferencestothetimlngnetWOrks・

Assumenowthatathermistorisconnectedtothetimlngnet－

WOrkinFig．3（a）．Fig．4showswavefbrmsoftheoutputvoltage

Vo andthevoltagevcacrossC．SimpleanalysesglVetheex－

pressionsfbrvcin（1）shownatthebottomofthepage・R（T）is

thethermistorresistanceandCisthecapacitanceofthetimlng

CaPaCitor．

TheperiodsTHandTLduringwhichvoassumesVccandO，

respectively，arethenglVenby

T〃＝（月1＋月（r））Cln2

化＝月（r）Cln2．

（2）

（3）

TheoscillationperiodT（RT）whenathermistorisconnected

tothetimlngnetWOrkisthusglVenby

T（RT）＝T打＋T⊥＝C［月1＋2月（r）トln2・　（4）

Inderiving（4），thecomparatOrSandtheswitchinsidethe555

timerareassumedtobedelay－free・

Similarly，theoscillationperiodT（R，）whenthereference

resistorR，isconnectedtothetimlngnetWOrkisglVenby

T（凡・）＝（月1＋2Rr）Cln2・　　　　（5）

TbkingtheratioTRbetweenT（RT）andT（Rr），OneCanmeaSure

theresistanceR（T）ofathemistorby

甲）＝去［毎一明1＋27副　（6）

（b）

Fig．3．Signalconditionersfor（a）thermistorand（b）RHsensor．

Where

7月＝
T（RT）　月1＋2月（r）

T（私）　月1＋2月γ

Similarly，thecapacitanceC（％RH）oftheRHsensorcanbe

measuredbyFig．3（b）asfollows：

C（％月ガ）＝T。Cs

↑’（、＝

T（Cs）

Where

istheratiooftheoscillationperiOdswhentheRHsensorand

thereftrencecapacitorCsareconnectedtothetimlngnetWOrk

inFig．3（b）．Theseratiometricstrategiesreducetheeffectsofun－

certaintiesoftimlngCOmpOnentSOtherthanthesensors，thereby

allowlnghigh－aCCuraCymeaSurementSOftheresistanceandca－

PaCitanceofthesensors．

旭光可室
隼。＋（隼。一㌢）（1－e‾（1／（月止叩））C）f），（0≦壬≦丁〃）

隼。e‾（1／R（r）C）（ト丁〃），　　　　　　（旬≦f≦化＋用）．
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て〝　　T〟＋T上

（a）

Tg T〟十てェ

（b）

Fig．4．Wavefbrmsof（a）outputvoltageand（b）thevoltageacrossCofthe

Signalconditioner・

In designlng the slgnalconditionerofthe thermistor，the

POWerdissipationshouldbetakenintoaccount・Reftmingagaln

toFigs．3（a）and4，thecurrenti（t）flowingthroughathermistor

isglVenby

隼。一骨。（t）　型2　　　Vと。

Rl＋Rg＋R（r） 3Rl＋RS＋R（T）

V。（f）　型　2　　V。

RS＋R（丁）‾　3月ざ＋兄（T）

ト毒，（0≦f≦相）
上乗），（顆≦f≦丁）・

（10）

Inderivlngthepreviousexpressions，alinearaPPrOXimationof

theexponentialwavefbmisused・Thepowerdissipatedina

thermistoristhenglVenby

p＝珊・監＝孟（拘2 月1＋月（r）●
（11）

Theincreaseinthethermistortemperatureα（OC）duetothe

POWerdissipationisglVenby

α＝β・P （12）

WhereO（OC／W）isthethemalradiationcoefncientofather－

mistor・Thistemperatureincreasedecreasesininversepropor－

tiontothetimlngreSistorRl，andRIShouldbeselectedlarge

enoughfbrαtObesmallerthanthespeciBedaccuracyoftem－

peraturemeasurement・

A16－bitone－Chipmicrocomputerisusedtocounttheosci1－

lationperiOdsandtoobtaintemperatureandrelativehumidity

bysubsequentoperations・ItalsoaccommOdatesexcellentcom－

municationsfacilitiesfbrnetworking・lMeta，MetaIdenti丘ca－

tion，ChannelIdentification，andChannelTEDSsdefinedby

IEEE1451．2standardareStOredinthebuilt－inmemories．Be－

SidesthesemandatoryTEDSs，thecalibrationTEDSsarePrO－

Videdforonlinecalibration．Themicrocomputeralsofunctions

IAvailableonline：WWW・hitachi・COJp

TABLEI

CHI CALIBRATIONTEDS

ニ≡野獣＿＿　≡≡…≒≡≡寺三一…≡≡≡≡≡≦≡≡j＝読巌短読怒諾抗だ

読 講読漂豊…＝＝＝－■蒸＝童．邁畜産』琶滋麗濾鞘嗣
1 1もbleLe喝山 54

畑㌍黒洋二㍗㍉：■一・■－≡‾■・㌍窯黒 ．■て‾∴・・苓 告圭

2 Ⅵm ir唱Resi扇erRl 200 0

3 Rek托neeResisterR－ 47500

4 Ⅵm ingCapacitorC 0．01名

5 Slopeco汀eCtion血ctorβ －0．0118

6 0蝕 tvdue8 0．00S

浩 ㍗ ㌍㍗．㌍ ：……－．・■・：■－；■：㌍㌍：㌦∴黒宣告：－

7 ResistanCe ‰（0） 30000

g B Constant（K） 3450

9 Re良陀∝eltm p．To（K） 273

10 No．orresistancea汀ay 3

ll ResistorR l（Q）飢Tl 67770

12 ResistorRZ（Q l）ぬT2 27280

13 ResistorR3（．Q）如T3 4160

14 職m per弧1陀T l（K） 254．1

15 Tbm 匹m iu代T2（K） 272．8

16 1七・m匹r如ureT3（K） 322．6

17 CheckSum 69
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asthenetworkcapableapplicationprocessor（NCAP）・Theon－

linecalibrationandtheoperationastheNCAPwillbedescribed

next．

且　CbJ姑Ⅵわ〝

ThethermistorresistanceR（T）isrelatedtotemperatureTas

甲）＝月岡β（妄一去）（13）

whereRoisthethermistorresistanceatareftrencetemperature

7bandBrepres？ntSthetemperaturesensitiYity・OnceR（T）is
knownbytherat10metricmeasurement，aSglVenby（6），WeCan

convertittotemperatureTby（13）・ItshouldbenotedthatTR

givenby（7）isderivedassumingtheidealcondition・Infact，

TRdeviatesfromtheidealvalue（7）duetoresponsedelaysof

thecomparatorsinsidethetimer，andtheerrorreachesl・7％

whenTR＝0・5・AccordingtothesensltlVltyanalysisbasedon

（13），theerrorlessthanO．1％isrequiredfbrthetemperature

measurementaccurateto土0．10Covertherangeh・Om－200C

to500C・Tbmeetthisrequlrement，theerrorisapproximated

byalinearfunctionofthemeasuredratioTRandthermistor

resistanceR（T）isderivedby（6）intemSOfthecompensated

ratiorYglVenby

T＝（1－β）7月－∂・　　　　　（14）

TYleSlopecorrectionfhctorβandtheoff岳et6aredetemineda

pr10ribyreplaclngthethermistorwithknownresistors・

1もbleIshowsthedatastruCtureOfCHICalibrationTEDS．

Datastoredarealsoshown．ThethermistorresistanceR（71）at

temperature71isacquiredthroughanetworkconnectedtothe

thermalenvironmentmonitorundercalibrationinatempera－

ture－andRH－COntrOlledchamber・Usingtheseresistances，the
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TABLEII

CH2CALIBR，mONTEDS
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1 玉IbleI．．el唱ill 28

聖畢＿…衰ゆ潮位蕨と≡ミ≡≡≡－

2 Tilni喝ResisterR式日） 1．000000

3 Tim i喝ResisterR4（Q） 1000000

4 RekrenceCapacitorCs（pF） 330

霊も姦誌誠一・‥・・・：・＝…・・・一・・・・・・・・∴・＝…＝一一J・…：：⊆＝二＝：・こ：＝

5 0触 tCapacitnceCo（PF） 326

6 Sensilivity S 0．63

7 Ref陀nCe恥m p・To（K） 273

S 職m匹rature Coe餌cienl烏 ▼0．0032

9 Check Su．m 95

microcomputerintheSTIMcalculatestheBconstantofthe
thermistorandstoresitintothetable．

ThecapacitanceC（％RH）oftheRHsen苧Orisrelatedtorel－
ativehumidity％RHasfbllows

C（％Rg）＝TcCS＝杭＋g（％月茸－60％見方）（15）

whereSdenotesthesensitivltyandC。isthecapacitanceat

60％RH．TheratioTcalsodeviatesfromtheidealrelation（9）

duetotheresponsedelaysofthecomparatOrS，butthecompen－

sationisnottakenintoaccountbecausethecapacitancechange

withRHissmallandtheratioisclosetoone．Thecapacitanceof

theRHsensorchangesalsowithtemperaturebecausetheper－

mittivltyOfwaterdependsontemperature・Thisdependenceis

COmPenSatedbyalinearfunctionoftemperature

％月ガ（r）＝％Rgt1一頃r一㌔））　（16）

where％RHistheRHmeasuredby（15），kisthetemperature

coefficient，Tand7　arethemeasuredandreferencetempera－

tures，reSPeCtively・

1もbleIIshowsthedatastruCtureOfCH2CalibrationTEDS．

Datastoredintothesensorparametersub－blockareallacquired

bytheonlinecalibration・

TheSTIMunderenvironmentmonitonngmeasuresthere－

sistanceofthethemistorandthecapacitanceoftheRHsensor

withreftrencetoR，andCs，reSpeCtively，Calculatestempera－

tureandRHwithreftrencetoCalibrationTEDSs，andstoresthe

resultsintothefunctionaladdressesasslgnedbyIEEE1451・2

standard・Uponrequestbyclients，thesedataaresenttoaserver

anddisplayed．

C．〃ピル0沈加g

Fig・5shows the detailednetwofkarchitecture・The em－

beddedmicrointernetteChnology（EMIT）isusedtoconnect

theSTIMtotheInternet．2EMITfunctionsaredividedintotwo

parts：ThegatewayfunctionsfbrprotocoIconversionbetween

internetandalocalbusareaccommodatedintoapersonalcom－

puterasaserver・Communicationfunctionssuchasanetwork

adapterandemMicroroutinesareaCCOmmOdatedintoNCAR

A one－Chip，16－bitmicrocomputeris also used as NCAR

2Availableonline：www．eWare．COm

Fig．5．Networkarchitecture・

Fig．6．PrototypeSTIM・

NCAPisallottedanorganizationallyuniqueidentifier（OUI），

accessedbyaserverthroughRS232－tO－RS485converter，and

thencommunicateswithSTIM．ProtocoIstoaccessSTIMalso

fbllowIEEE1451．2standard．

ThisseparationoftheEMITfunctionsallowsclients，Which

maybewebpage，database，OrSuChhigh－1evelapplicationsoft－

WareSaSVisualC＋＋andJava，tOeaSilyaccesstheenvironment

monitorusingTCPnPprotocoIsl5］，［6］・

III．PROTOTYPEMoNITOR

Fig・6showstheSTIMofthethermalenvironmentmonitor

implementedonaprinted－Circuit（PC）board・Theboardisde－

slgnedsuchthatthemonitorbehousedinawal1－embeddedtype

ofanoutletbox・Athermistorandaperfbratedmetalpackage

inwhichtheRHsensorismountedcanbeseentotheright・

Theone－ChipmicrocomputerisattachedtogetherwithnetwOrk

connectorstotheothersideoftheboard・Thesupplyvoltage
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Fig・7・Tbmperaturemeasurementaccuracy・

is3．3VThepowerdissIPationismaximumwhentheSTIMis

COmmunicatlngWithclientsandis40mW

The measurement accuracy ofthe prototype monitor has

been evaluated by uslng a temperature－and RH－COntrOlled

Chamber．A commercial dewindicator has been used as a

reftrence・Thetemperaturemeasurementaccuracyofthedew

indicatoris士0・lOC．RHmeasurementaccuracyis土1％RH

at40％RHanddegradestoj＝2％RHat90％RH．Theprobeof

thedewindicatorisplacedincloseproximltytOtheprototype

monitortoreduce errorduetoinhomogenelty tO minimum．

Figs．7and8show the measured results offive monitors

numbered＃lto＃5sampledfrom50prototypes．Ineachfigure，

the abscissaindicates the reading ofthe dewindicator and

theordinatethedifferencebetweenreadingsoftheprototype

monitorandthedewindicator．Thediscrepancies arewithin

±0・lOCand土1．5％RH．Thkingthepropagationoferrorsinto

account，theuncertaintiesofprototypemonitorsareeStimated

tobe j＝0・140C overthe temperaturerangefrom－200C to

500Cand土2．5％RHovertherangefrom20％RHto90％

RH．Thedriftofthethemistormeasuredoverl，000hwhen

COnVertedtotemperatureiswithinO．250C，andthatoftheRH

SenSOragedat400C，90％RHfortendaysiswithin1％RH

OVer12000h・Theseperfbrmancesarequlte Satisfactoryfbr

environmentmonitonngandthermalmapplng．

Fig・9showsawebpagemadebyJavaApplettodisplaythe

measuredtemperatureandRH．Thedisplayconfirmsthatthe

prototypemonitorisnetworkedsuccessfullytotheInternet．
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Fig・9・AnexampleofwebpagedisplaylngthemeasuredtemperatureandRH・

IV CoNCLUSION

AtemperatureandRHmonitorwasdevelopedsuccessfully

fbrthethermalenvironmentassessment・TheSTIMdesigned

basedontheIEEE1451．2standardhasallowedtheonlineca1－

ibrationandglobalnetworking・Theprototypemonitorshave

demonstratedsuchdistinctftaturesaslowcost，highaccuracy，

lowpowerconsumpt10n，eaSylnStallation，andeasynetworking・

Thesedistinctftaturesmadepossiblebytheratiometricslgnal

COnditionlng，Onlinecalibration，andhierarchicalnetworkstruC－

tureallowthemonitortofindwideapplicabilitylnglobalassess一

mentofthermalenvironments・ItisalsoqulteuSefulforthemal

mapplngOfworkingspacetosaveenergyR）rairconditionlng．
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