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AbsLncL－Adigitally programmabletemperaturecontroIIerisde－

velopedbasedonaphase－lockedloop（PLL）・Temperatureundercon－

trDlisconvertedtofrequencyfbrmandthencomparedナinaphse

detector，withtherefbrencefrequencywhichcorrespondstothetarget

temperature・Thedetectedphsedrivestheactuator・Thefrequency

di恥renceisalsodetectedbyaone－ChipmicrocorrlputerWhichcharLgeS

therefbrencefrequencyaccordingtoaproportional－integral－deriva－

tiveoperation・AprototypecontrollerachievedO・10Cstabilityinthe

temperatureCOntrOlorawaterbath・

C　　　　　　　　I．INTRODUCTION
HEMICALandphysicalreaction畠arehighlysensi－

tivetotemperatureandthustemperaturecontrolis

indispensableforindustrialprocesses・Tothataim，SeV－
eralcontrollershavebeendevelopedwhichusecomputers

asthe centralunitl1］－［4】．By virtueoftheirpowerful

COmPuting englneS these controllers ftaturehigh accu－

racy，prOgrammability，andadaptability・Thetemperature

SenSOrSuSedinthesesystems，however，PrOVidetheirout－

putsincurrentorvoltageform・Therefbre，ahighpreci－

Sionanalog－tO－digitalconverterisrequiredforinterfacing

the sensorwith the centralunit．In addition，SOme COn－

trollers requlredigital－tO－analog converters to drivethe

actuatoraccordingtothecontrolalgorithm・

Intensiveeffbrtisnowdevotedtothedevelopmentof

anintelligentsensorthatprovidesthesensedvariablein

digitalform［5］．Avarietyofoutputfbrmatsarepossible，

butfrequencyencodingrequlreSOnlyasimpleinterface

andprovidesthebestmethodoftransmittingdata・Inview

Ofthistrend，atemPerature COntrOlmethodcompatible

Withsuchanintelligentsensorhasbeendeveloped・

SectionIIdescribesthepnnciplesofoperationandthe

architecture．Topreventanoscillatoryresponseduetothe

Slowheattransftrprocess，aPrOpOrtional－integral－dPriV－

ative（PID）controlisessential．Itsalgorithmisalsogiven・

Anintegralpartofthearchitectureisthetemperature－tO－

frequency（T／F）converter．SectionIIIdescribesapro－

totype．ControllerusinganewlydevelopedT／Fconverter・
Expenmentalresultsarepresentedwhichconfirmthecon－

troIprinciples．Thepaperconcludes（SectionIV）witha

descriptionofthepotentialapplicationsandfutureworks・
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II．ARCHITECTURE

d．肋而wdre

The block diagram of the temperature controlleris

showninFig・1・Itcanbedividedintotwomainblocks：

a one－Chip microcomputeras the centralunit，and the

phase－lockedloop（PLL）consistingoftheT／Fconverter，

frequencydivider，Phasedetector，andpowerstage・

TheT／Fconvertercorrespondstoavoltage－COでtrOlled
oscillatorinaconventionalPLL．Forsimplicity，1tSOut－

PutfrequencyJiisassumedtobeproportionaltothetem－

peratureTundercontrol，

ム＝五十もr　　　　　　（1）

where£istheo鮎etfrequencyandS。istheconversion
sensitivity．Comparingthetwofrequencies，j；andL／D，
WhereListheoscillationffequencyofthestableclock

generatorandDisthedivisorsettothe丘equpncydivider，

thephasedetectorproducestheerrorslgnaltodrivethe

POWer Stage・The transftrfunction ofthe PLLis ex－

pressedas

埠（∫）＝
∫2＋2gb乃∫＋山喜

（2）

Wherethedampingfactorlandthenaturalfrequencywn

areglVen，reSPeCtively，by

（3）

（4）

WhereSiisthesensitivityofthephasedetector，Gisthe

transfbrgalnOfthepower’stage，Cisthethermalcapacity

Oftheliquidundertemperaturecontrol，andRisthether－

malresistancetoheatflowthroughthetanksurface・Itis

Clearffom（2）thatifD，givenby

ヱ）

£＋ぶ。㌔
（5）

Where7tisthetargettemperature，is声ettOthefrequency

divider，thenthePLLcontroIstemperatureTtotrack7二・

Thedamplngfactorisusuallylessthanlandthusthe

OVerShootandundershootappearinthestepresponseof
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Fig・1・Theblockdiagramofthetemperaturecontroller．

PLL・Foravoiding suchanoscillation，andobtaining

quickandstableresponse，thePIDcontrolisindispens－

able・Tothisafm，aOne－ChipmicrocomputermeasuresJ；
andcomparesltWithLtocalculatethedivisorDappro－
PnateforthePIDcontrol．Itsdetailsaredescribedbelow．

且瑚wdre

ThecontroIsoftwareassumesan8－bit，One－Chipmicro－

COmputerFLPD－781lwhichaccommodates，besidesCPU，

ROM，andRAM，threeparallelI／Oports，tWO8－bittim－

ers，anda16－biteventcounter・TheI／Oportasslgnment
isasfollows：PortAisasslgnedtothekeyboardfbrin－

Puttingthetargettemperature・PortBandtheupperhalf

OfportAareusedforsettingthedivisorDforthe12－bit

frequencydivider・PortBisalsousedfbrdynamicdisplay

Ofthetargettemperature7tandtemperatureTundercon－

trol，WhichisfoundbycountingtheoutputoftheT／F

COnVerterapPliedtothefifthbitPC50fportC．Theother

bitsofportCareusedtoissuetimlngSCalestolatchand
displaydynamically，Tland T，andtosetthedivisorD
fbrthefrequencydivider．

Oneofthetwotimers，timerA，isusedfbrgenerating
aninterruptrequestsignaleveryl／（30×8）stoscanthe

dynamicdisplayandthekeyboardsequentially・Theother

timer，timerB，isconnectedinparallelwithtimerAto

produceagateslgnaleveryO・5sduringwhichtheevent

COunterCOuntStheoutputoftheT／Fconvertertomeasure

万．

Fig・2showsthenowchartofthemainprogramdeve1－

0pedwiththeabove－mentionedhardwarearchitecturein

mind・TheprogramfirstinitializesallreglSterS，timers，

andtheeventcounter，andthenwaitsfbrtheinterrupt

Slgnalsfromthetimers・UponrecelVlngtheinterruptre－

questfromtimerA，theprogramscansthekeyboardto

lnPutthetargettemperatureandalsoissuesthescannlng

SlgnalfbrthedynamicdisplayofTlandT．Theinterrupt

requestfromtimerB，Ontheotherhand，COmmandsthe

eVentCOuntertOmeaSurej；．Using万thusmeasuredand

thetargettemperatureequivalentfrequencyL，thepr0－

gramexecutesthePIDalgorithmaccordingtothenow－
ChartshowninFig・3・

Fig・2・Theflowchartofthemainprogram・

∴

∵

∵
Fig・3・The鮎wchartofthePIDalgorithm・
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ThePIDalgorithmcanbeexpressedas

′（車中）弓恒＋瑚（6）
Wheref（t）isthecontroIparameter，e（t）isthedifference

betweenj；andL，KRisthegain，and71and7壱arethe

integrationandderivationconstants，reSpeCtively・

Expressing（6）inthedihrenceequationfbrm，Yehave

町＝糧（△ち弓…A2g〃）（7）
WhereenistheerrorbetweenjiandL，andAenisthe
di鮎rencebetweenthenewandolderrors・ThePIDpro一

gramcalculatesAfandrecognizesthatthefrequencyL

Withwhich万iscomparedinthephasedetectoris£＋

AfUpdatingDdependingonthisoperation，theprogram
WaitsagainforaninterruPtSlgnal・

III．ExpERIMENTAL RESULTS

Toconfirmthepnnciplesofoperation，aprOtOtypeCOn－

trollerwasbuiltuslngOffithe－Shelfcomponentsexceptthe
T／Fconverter．Theclockgeneratorusedisa12－MHz
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Fig．4．ThecircuitdiagramoftheT／Fconverter・

270　　290　　引0　　　330　　350　　370　T

TENPERATURE T日日

Fig．5．Theoscillationfrequencyfversustemperature Tmeasuredbya
prototypeT／Fconverter．

crystaloscillator・Thepowerstageisthesolid－Staterelay
Ofzero－CrOSSlng detectionwhich switcheslOO－V ac on

andoffdependingontheoutputoftheCMOSphasede－

Fortemper禦ureCOntrOluptolOOOC，aT／Fconvert？r
usingAthermlStOrisdevelopedl6］・ItscircuitdiagramlS

showninFig．4．Op－amPAlandtransistorQlfbrmthe
thermistor－COntrOlledcurrentsource，prOducingthetem－

perature－dependentvoltageVTatthecontrollerofQl・A

low－paSSfilterR3Clisincorporatedtopreventthecurrent

sourcefromoscillating・VoltageVTisthencomparedwith

theexponentiallyincreaslngVOltage ViacrossCibythe

COmParatOr A2・This comparison converts thelinear

Changein VTintotheexponentialchangeovertime・VT

changesexponentiallywithl／T，andthetimerequiredfbr

隼toreachVTisinverselyproportionaltoT・Therefbre，
repeatlngthiscomparisonprocessbydischarglngC，One

can obtain alinear relation between the oscillation fre－

quencyfandtemperatureT・

TheoscillationfrequencyoftheT／Fconverterusinga

thermistorwiththematerialconstantB＝1896andRo＝

458nat7も＝298KisplottedinFig．5．Fromthisplot，

theoffsetfrequencyf，andtheconversionsensitivityScof

thepresentT／Fconverterarefbupdtobe2695Hzand
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Fig．6．Thecontrollerresponsetostepchangeinthetargettemperature

WithandwithoutthePIDalgorithm．

30Hz／OC，reSPeCtively．Thesevaluesarestoredinthe

COntrOIprogramtoconvertthetargettemperatureintothe

frequency．

Thisprototypecontrollerwasappliedtothetempera－

turecontrolofawaterbath．Fig．6showsthecontroller

responsewithandwithoutthePIDalgorithm．Becauseof

thesmalldamplng factorofthePLL，thestepresponse

WithoutthePIDcontrol（SOlidline）oscillatesaroundthe

targettemperature．ThePIDalgorithmforsuppresslngthe

OSCillationisexecuteduslngthesオmpleddataandthusthe

PIDparameters shouldbedeterminedfromthePLLre－

SPOnSeinthezdomainl7］・Inthissystem，however，the

discreteresponsewasapproximatedbyacontinuousone

becausethethermaltimeconstantCRofthewaterbathis

muchlargerthanthe samplingperiod，andtheconven－

tionalapproachusingthestepresponsel8］wasadopted

tofindtheoptlmumPIDparametersKR＝17．73，Ki＝

8．16，andKb＝0．231．ExperimentaldatainFig．6dem－

OnStratetheperfbrmanceofthecontrolleruslngthePID

algorithm．Temperatureofthe waterbath tracks to the

targettemperaturecloselyandtheovershootandunder－

Shootaregreatlyreduced・Theerrorinthesteady－Stateis
withinO．lOC．

IV．CoNCLUSIONS

Anewtechniquefbrtemperaturecontrolbasedonthe

PLLhasbeenproposedandconfirmedexperimentallyby

the prototype controller・The pnnciples ofcontrol are

COmPatiblewithintelligentsensorsnQWbeingdeveloped

andareapplicabletothecontrolofotherquantitiessuch

ashumidity，PreSSure，andflow．

The prototype controllerpresented here featureslow

COSt，highprecision，andprogrammability，butitsrange

islimitedto1000CbytheT／Fconverter．．Toexpandthe



MOHAMEDetaL・＝DIGITALLYPROGRAMMABLETEMPERATURECONTROLLER

COntrOlrange，a T／Fconverterusingaplatinumresis－

tancethermometerisnowunderdevelopment・
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