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[ 00011 The U.S. government may own rights in the

present invention, pursuant to Contract No.

70NANB9H3018 entitled "Integrated MEMS Reactor Gas
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of the Invention [0gBZErNNENTTREENEST Nvention rel ates
to an adaptive feedback control system and nethod for
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for maintaining an electrical gas sensor elenent at a
Bontina intthedYlawfacturing of Maggpalactioniss’”- Descri ption of the

Rel ated Art [00031 Conbustion-based gas sensors
conprising heated noble netal filanents are w dely

used for detecti entration of a
combusti bl e gas gggégggﬁgﬁ%ﬁﬁﬁﬁ%@@??ﬁﬂﬁgtaIytic
E%@bg§thPQn83 such gas species is induced on the

GrPace "8f"Slch heated noble netal fil anents,
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as the detector - actively catalyzes conbustion of the
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a second filanent - known as the conpensator - does
BéHcen&@inabMa ttirget Caab abaties haseat @ thal ansingt oft hdjusedienr eeqoinddy for
passi vel y conpensates for changes in the anbient
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PCT/ US2005/ 003914 filaments is incorporated into a
Wheat st one-Bri dge circuit, an out-of-bal ance signa
can be produced to indicate the presence of the
Dgscgptionghthe Bejated A% [ 00041 Because it is often

desirable to operate the conbustio -based gas sensors,
49003] Combustion-based gas sensors comprising heated noble metal filaments are widely

used for detecting the presence and concentration of a combustible gas species of interest.
Catalytic combustion of such gas species is induced on the surface of such heated noble metal
filaments, resulting in detectable changes in the temperature of such filaments. Each gas sensor
usually comprises a matching pair of filaments: a first filament — known as the detector —
actively catalyzes combustion of the target gas species and causes temperature changes, and a
second filament — known as the compensator — does not contain the catalytic material and

therefore only passively compensates for changes in the ambient conditions. When such pair of



prescri bed tenperature so as to maintain a known,

constant rate of conbustion, the conventional gas
weensor®utilize a feedback control circuit fopPCT/US2005/003914

adjusting the electrical power supplied to the heated
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t ettt Fequiftd AR ESHert s wUadgetfgad @3t presuntti the gedier thaisdputment
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stegpirad, tHedigherdheLrshdenteptibines sesdhegestspéom] current passed
through the filanment to ensate for any
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SMs%HSEH as Q?Je@tga@ﬂ §fml &hﬁljlﬁﬁ@ﬁﬁfé@l%&kﬁ Rétten{ phdse@radgh the filament to
function of the error signal (e), which contains three
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(2) an integral term (Kl x je(t)dt ), and (3) a 2 WO
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| erdtupedt fpr panipytatpsthe plgﬁgqal power supplied to the metal filaments so as to reduce

the error signal (e).
[0006] The well-known proportion-integral-derivative (PID) feedback control system

determines the control signal () as a function of the error signal (e), which contains three terms

including (1) a proportional term (K, xe), (2) an integral term (K, x Ie(t)lt ), and (3) a



to the tinme integral of the error signal (e), where K1
is its proportionality constant. The derivative term
W@ KDsn7e) is proportional to the tine derivat PeBUS005/003914
the error signal (e), where KD is its proportionality
const ant . [OOOé% A maj or drawback and limtation of
tdagvag e etk pxal ). Pinbpfopediattkmt@t x @) is pippdreoral tp 8w errprrsignal
the need to enfffrically tune the proportionality
constants (KP, K1, and KD) for each contralled .
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since optimal values of such proportionality
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and at various operating conditions. Therefore,
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pressure, tenperature, humdity, etc., the task of
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[0008] It is therefore an object of the present .

i morertiondity copstrtovandsgraficetlydfinan flerawh toreimestand @hyarigpsgoperating
met hod for maintaining constant resistance operation
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[0010] " Ot her aspects, features and advantages of the
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ensui ng di scl osure and appended clains. 3 WO
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I NVENTI ON [ 00111 The present invention in one aspect
r eldatheipdt for mainteining dofistint ©eistince bpdratign ef eabutipatbased gas sensors,
heati ng of an elenment to maintain a constant N
eivbich fsi adaptive ¢os vasiatigne an F@’se@gr,m?meglts@gi in the operating conditions and
requires minimum or no re-tuning when the sensor elements or the operating conditions
change.
[0009] It is also an object of the present invention to provide an adaptive feedback control
system and method for maintaining constant resistance operation of electrically heated elements
in general.

[0010] Other aspects, features and advantages of the invention will be more fully apparent

from the ensuing disclosure and appended claims.



(a) supplying electrical power to such elenent in an
anount sufficient for heating sanme and increasing its
webkmsnrioe@l resistance to R3, while concurrentdUS2005/003914

nonitoring real tinme electrical resistance R of such

el ement for deteckjomaly epyufiniiesfose between R and
Rs; (b) upon detection of a difference between R and

RPOlﬂdTHésﬂréstg ih Rl BCHnk iagRtt reRRYRY a ShERU | 18 cdnBolSHE Blectrical
ement by an amount d W which is determned by: (i)
Al¥atitp of BSelemdn) to niitaid adsastdni ¢ldctrickVrasistngeRS compiisile: 2R] ;

or ap xtxRo (iii) OW=m Lf (Rs - R- R- R(0)1

apxR0O t () Whesupplyingrelegridahpowenes seh efeaest iofansunohnt sufficient for
el ement, ap is the tenperature coefficient of

el ectrical resptigamme ¢fd digedasing atveplectriorh r¢5§tat1ﬁ:e to R, while
standard el ectrical resistance of such_ e|ene

nmeasured at acoperERty TRt el dmg electripal resistapss Ii phyuch element

i nterval between curr etection of electrical
resi st ance dmgf‘éefeéﬁ‘t‘?é’ Q‘Wod‘t?eéeé’fe B’Ieﬁ%g © of electric

power, ll.lpSO ! htfctlglllg }1 (rill ren Jeht ? U&ERD f? %j&sﬂgg]the electrical

el enment asure rrent

power, and f Iso%ve su@%l%gﬁ)tsﬁghrglegﬁgt bfyaﬁaﬂ&mpm%cmg &@n&h& by:

adj ust nent of ric power 1s periodically carried
out. [00121 A f| rst enbodi ngpt of the present

i nvention rel atigs toAaYVﬁaSSﬁfe—a Rke feedback
control mechani sm whi ch %et’echs the difference
between R and R, and adjusts the electrical power

provided to thgael engxrw _for anssw}(e X Z E?El’gatl ng

such al ready-occurre resds;lam;e restore
the el ectrical resistance ‘of the eI emsnt back to R .
I'n such passive adaptive feedback contrgpl hani sm
the el ectrical gapwer Aadj IT l—sR)d },ed by: 4
WD 2005/ 077020 PCT/ USZOOE#DO&Q A7 OM'm (R, 4R).
a. xt xR0
wherein m is the thermal mass of such element, a, is the temperature coefficient of

electrical resistance of such element, R, is the standard electrical resistance of such
element measured at a reference temperature, £ is the time interval between current
detection of electrical resistance difference and last adjustment of electric power,
R(0) is the electrical resistance of such element measured at last adjustment of
electric power, and f; is a predetermined frequency at which the adjustment of
electric power is periodically carried out.
[0012] A first embodiment of the present invention relates to a passive adaptive feedback
control mechanism, which detects the difference between R and R,, and adjusts the electrical
power provided to the element for passively compensating such already-occurred resistance
change to restore the electrical resistance of the element back to R;. In such passive adaptive

feedback control mechanism, the electrical power adjustment 4W is determined by:



100131 A second enbodi nent of the present invention

relates to an active adaptive feedback contro
worsmbarmozm whi ch recogni zes the del ay bet weenPCT/US2005/003914

detection of the electrical resistance change and the

adj ustment of electrical, gstinmates the anmount of

resi stance change t&t= d@urRBetmeen the present

time and a predetern1neﬁpfﬁ¥ﬁTe time, and adjusts the

el ectri cal gomer provided to the element for actively
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pédistdnte JrAIR leTenelrack p & fopthe Qunaéliimis t Depaidingfon kfeeific choices of such
el ectrical power is provided at a predetermn ned
fumeqited) eychfactivet ddgptifvel faadback ¢omeol ingeclagisml cat detérngne the amount of
adjustnment interval Yfs , and d Wis approxi mately:
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or advantage of the adaptive feedback contro
‘q@@h éwpe§ Itﬁe(fptuqe ﬁ@e bsrsgsaé it less thapdhs tinggintgryalf betpygen current detection
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arbitrarily sel ected ¢suehRas RS and f (2)
predeterm ned by the physical propertles of the
[0015] r'Wheh gitriedie adjidméns WE fheadectticalagdwen 30priRaded #ra frédetermined
measured in real tine (such as R(0), R and t) during
Q,I erRPL R A BR-1inddGs IR kormecaeajus&mtwmﬁ g1/, S af SPHs as;siom;tely
determ ning the control signa {fifal ni ng such
controll ed el enent at constant reS|stance operati on,
regardl ess of th chamgesEﬁERt CRR @}Ied el enent
and the operati 077020
PCT/ US2005/ 003914 ?

[0016] A major advantage of the adaptive feedback control mechanism of the present

invention over the conventional PID feedback control mechanism is that all the parameters used
in the above-described functions for determining the control signal (namely the adjustment of
electrical power 4W) are (1) arbitrarily selected (such as R, and f;); (2) predetermined by the
physical properties of the controlled element (such as m, a,, and Ry); or (3) measured in real
time (such as R(0), R, and £) during the operation. No empirical re-tuning is required for
determining the control signal for maintaining such controlled element at constant resistance

operation, regardless of the changes in the controlled element and the operating conditions,



whi ch significantly reduces the operating costs and

i ncreases the operating flexibility. Moreover, those
w@200a0%t0er s predeterm ned by the physical propeeT/Ue®08603914

the controlled element (such as m ap, and RO) only

WE&dsibRads fyn'%%éﬁ afk QPrRing NAstS UAS QRBARL | e APRhtihgt Aexdility.

el ements o imlar construction, which further
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be carried out in the present invention by adjusting
sirnitah eenstrigtore whish rforthat redupey tha tsystrars adiustopent rsagjted tit ¢he events of
controlled elenent or the electrical voltage applied
adgitien/removal isplagement pHeyngglledplementsi cal |y, the el ectri cal
current passed through the cqptro]led elﬁnent can be

r

18087, e aSUgment ok SR AT HeE ‘mﬁwuwp BB HEY SryFntisy: by

rein iS.th t
se o PG Bri A Barg B SRR el e ceerca
&ﬂa%a Hﬁ&c nwn!y, t he electrlcal voltage applied
(N1%u “efeime can be adjusted by an amount AV,

@?ﬁsg rS?}1 glllyﬁgper %é *%{Jﬁ{enpéasseﬁ‘vmroumhe%ntral\{d e\f@ﬁﬁﬁtekaﬂ be

ectrlc tage applied on the el enent

RRkRI & Jnl'éﬁloﬁgldp AL tbRited afpRfA@Rlely 8y: @ preferred

enbodi ment of the present appllcatlon the controll ed
element is an electrical gagwsensor for nonitoring an
envi ronnent susceptible #b6= ence of a target gas

species. Specifically, such“jas sensor has a catalytic

surface that c n effect X0 r ndothern1c

Vit s e 8‘?‘“‘? Ea Pt 1 B et Tpre Scn s 000

@g@? Sl%? L utrlv%l% the erc%]z: rv((:“)lta E:Igle li (P E)r? ‘g’ﬁ:‘cﬂ%ﬁe %Ilt c%H% aﬁﬁgte%el;y an
in SNV onAent. calses era?ure

&Hﬁﬂgﬁ/aﬁﬁﬁﬁ' q%ﬁmmﬁ %% rical reS|stance change in the

gas sensor, sively effectuates the
adj ustment of electrical ppyep supplied to the gas
sensor, as described heABi=rabewe&,  The anount of

el ectrical power adjustment PéqU|red for maintaining
such gas sensor

const ant SI S eration

FhrTRl Bt ef‘é‘caéﬁgltaﬁ%aﬁp ?5H°B§F| @erﬁﬁ’afgﬁg}‘eﬁﬁjéihé‘ﬂge and

@ﬁ@l‘f elgtr?:]%%t%rre% boalpn%nttoq'rﬂgee res%r% appll?catlI e%e contro 84 element is an
electrical gas sensor for monitoring an environment susceptible to presence of a target gas
species. Specifically, such gas sensor has a catalytic surface that can effectuate exothermic or
endothermic reactions of the target gas species at elevated temperatures. Therefore, the
presence of such target gas species in the environment causes temperature change as well as
electrical resistance change in the gas sensor, which responsively effectuates the adjustment of
electrical power supplied to the gas sensor, as described hereinabove. The amount of electrical
power adjustment required for maintaining such gas sensor at constant resistance operation
correlates to and is indicative of the presence and concentration of the target gas species in the

environment.



6 WO 2005/ 077020 PCT/ US2005/ 003914 [00211 The
above-descri bed el ectrical gas sensor preferably
W@Up7®eE one or nore gas- sensing filanents PEmUSZPOR003914
core formed of chemically inert and non-conductive
(08917 "1ing |labRe desribed OMchr gl dab BERQpréferabTR Gomiprised 6 b1 Fidde! gas-
conductive and catalytic nmaterial. Mre preferably,
defihg fRQRhs GV 2 SHCOmMPa ST SRMRBINGNri dnd FENtBIEAVMitGREard a
noble netal thin film such as a Pt thin film as
@htapltased fdyed bfSlectiadlly rondogive hrsladaiatyhic iNeterial. OMRRIDGGalilprthe
" APPARATUS AND PROCESS FOR SENSI NG FLUORO SPECIES I N
Sz CONCUET ORsRROBESSE MEPEYS TR metgljthia flny sucties g Bithin film,
17, 2002 in the names of Frank Dimeo Jr.. Philip S H
wSikisalosed by - B Patapt Anglicaier NoJWRA3036kerc MPPRRATED é“‘% PROCESS

St awasz, Thomas H. Bau C ' ' - Shi "
FHRAENGING JEPPRe, SHECTHD by LV EeD e Ton S psHRe P ks
re inco .herein b ef etence id1.it nt i
i on PEORERRCLBE i B Gas Ve TRB8 Fo iy Sip, B Lt w.
cact hy& SRRG! ' » BatthC Mabikeh AL BN ki Qi
1|(Iesun?r_r ?aélfes g%?%‘: E@%’telgzst%&én%lg&n%ﬁ %ngll’ ronment _ ( | ‘de "
éﬁe\ﬁ,odnﬁl J é?frefytl:h RoddB! B 1isHERreDP RRiIES? int&?orﬁecﬁﬁéfefiﬂ ) r8fdfence in its
pertod of time until it reaches a steady state, which
tnsirctlehd dMgApages. 2 state where the heating efficiency
and the anbi ent tenperature surroundi ng such fil anent
P23 OWhdnas@ifer deteattlga, reativgd pahgedestoli mterasgtieh difament sensor is first
tenperature change on such filanment sensor equals
pbbertteddearoinerildneirenrentt(i.¢. clavoid dthestrast g& spesfes)fachsuffsreyireriod
at the steady state is then determ ned, which is to be
oftint gl it frachsed gendn stater whichgh dafinert aspstteshgrecthe heglingesfincy
I n subsequent constant resistance operation.

mddhewnhisnt teperatars surrqundipgshch Slapensersy besqmssialer grdgphere the
' t hat i ti bl to th . t.h
Flhagrraar bt e Harabtptr e ainteR T Ao reidie
el ectrical i st f h.fil ar b€
SLEEL RGP BERPAORGT: Pho L B LR e o o

| . . . _ .
YAk rgﬁ?g}an{x' \H]etk}ﬁ P DRI H & csrét{l&tnsms&aﬂzqupgragﬂgr SRESLESY, the

IS presen e environnment, since exot m¢c or

BRAET REEPiCexpBaLH bR BRirlmehiiRat [s3hQ&kibIE BShSREEAR Bf thOfrget gas
the heated catal ytic surface of the filanment-based gas

RSO IDefRiIEHBIRP RINR dMcBicSRA&RBA&E of Buch SiliGiBntGasorS(@é Sdtectable
he adaptive feedback control mechani sm as descri bed
hetatibn abavie sepoint esigaiedivalgd §,) adl] besttsertddal eleaapatigasadpecies is
power supplied to such filanment sensor and nai ntains
pleeent i@ thechvifoomént,rsesé stotheroée @yfendothernfi¢ feaatiowstof wrasgnt gastspecies
the setpoint or constant value R 100231 In such _
e tha diratedt datalyie sysfodernf thpr fileroanthasqet s eensos caupEmpeRtyfe clrnges in

IS re-set at each detection or _ , i
such gas sensor. The adaptive feedback control mechanism as described hereinabove

correspondingly adjusts the electrical power supplied to such filament sensor and maintains the
electrical resistance of the filament sensor at the setpoint or constant value R;.

[0023] In such manner, the setpoint or constant resistance value R; is re-set at each detection or
gas-sensing cycle, and the measurement errors caused by long-term drifting can be effectively

eliminated. Further, since the filament-based gas sensor has already been pre-heated and



gas-sensing cycle, and the neasurenent errors caused
by long-termdrifting can be effectively elimnated.
wa2006M%1020 si nce the fil anment-based gas sensor PEBUS2005/003914
al ready been pre-heated and 7 WD 2005/077020
BLelddUR2R061A 03 fce @R EBE seiidin biesohéidnt dlud REIrE ERBRE: to the
equal to the setpoint or constant val ue before
e Q05S! sfecie thd)@me tdalag @buallp Sausqdelsy eBarminB@p’t bfrthe dBdt@iyents is
usual | y caused by "wanni ng-up” of the instrunments is
ssgnificarftly eended yr coegleebdliomatednpl et el y el i mi nat ed. [ 0024]
Anot her aspect of the present invention relates to a
[99241 mptherraspaghefithe priesent inveatianr eletgs to havatemrfer epntrelling electrical
el ement and nmai ntai ning sanme at a constant el ectrical
heatinig of aprplementand paiRRining Saiy:at  gogstany pleciifel retisignpeR., comprising:
electricity source coupled with such ele t for .
provi di @Y elaéc?fhf“?tg’éel ‘S‘if SQUEe I8 eds“ﬂl‘ghsugfgl%ﬂ’f for ppgviding
controller c ut%I id Wi ! t}l ttgeh%{er%nlg,nt and t he
el ectricity “SOUFCBOVY O fbnitoring real tine

el ectri @2' raegclng%)lgf é&rgu E%d%ig? %hel%e {Tg%&ﬁsa{]&?%?? I’l,ource, for

det ecti of a nce between

responsi vel yo Adb3trbd Ginfe NectriRhIGEdidtdnEAR PUUE el SHHAR | ah@dpon
to the el enent by an anmount dW determ ned

appr oxi mat el gteltivon of  YiffeMMce bBawedn3B arrd ) for re@BnsitelRQjubtinig )the
AW= m[RS + R(0)- 2R]; or ap xtxRO (iii) OW=mo

[f, (Rs - Relectrithl-pomérQupplied o Re telemafteyeinnariouns 4 hdetermined
thermal mass of the elenment, ap is the tenperature
coef fi ci ent apfroximhtelgby:i cal resistance of the el enent,

Ro is the standard el ectrical resistance of the

el enent msasu(ri)ed at ﬁ/Lef emence_zgi[ gn;gerature, t is the
tine interval betvve% T:u,rrxeamo etection of electrical
resi stance difference anf | ast adjustment of electric
power, R(O is the electrical resistance of the

el enent nmeasugipd at Alvast—aljust [RentR(0f- 2/t ectri c
power, and f is a predeferdrfed frequency at which the
adj ust nent of

G) — AwW=—"1 '[J’S(RS-R)—&tR—@],

a, xR,

wherein m is the thermal mass of the element, a, is the temperature coefficient of
electrical resistance of the element, R, is the standard electrical resistance of the
element measured at a reference temperature, ¢ is the time interval between current
detection of electrical resistance difference and last adjustment of electric power,
R(0) is the electrical resistance of the element measured at last adjustment of
electric power, and f; is a predetermined frequency at which the adjustment of

electric power is periodically carried out.



electric power is periodically carried out. 8 WD

2005/ 077020 PCT/ US2005/ 003914 [00251 Preferably, the
w@ensnTloker conpri ses one or nore devices for PCT/US2005/003914

nonitoring the electrical resistance of the

CRs qiréf@rgbﬁ ltﬁe’%ﬂ&ollef’%ﬁse%ﬂe REnRNIRIECHY IbrMoring the electrical

resi stance met er, alternatively, a current neter

URGGardc 20 Q&ﬁkll&ﬂ eWnErﬁ, FhiéR | ha306e ARTRCtricdR fesibtanke meter, or
[00261 A still further aspect of the present invention

ates. to a f
lemattlveld acurre tei?s@% lcl)l%'p H&’r)éﬁcgnth alta gﬁlteﬁ%g(g% A / 2[ gas
sensor el errent haV| ng a catalytic surface t hat
e 0026 t A atile urtherc espere ofrithe RIPSCIE BNSRYRBY T91IES A ERY BRENgo$ystem for
t he tagjget gas species_at elevated tenperatures; (Db)
afrtesty F&ﬁlgessé‘fcé?é’tcPWﬁW sour ce coupl ed vvlth the gas
sensor el rov

such gas® Sens%‘re eé?“é ﬁsrsensf’f:i gg vfnrgglcatal ‘Toupt® taa t eg?chlates
t he gas sensoy, e

for adjusting e ﬁel%le ge]rce ?ol%%gﬁ Q?eg%?&éﬁh&}alﬁ g°‘a? gﬁegﬁ%ﬁt clevated
gas sensor el r%so mai ntain a constant el ectrical
resi stance Rs; d) a gas conposition anal ysis
Processofy) C0nﬁeﬁfrﬁﬂbIWefeEh&Q%o&‘r@@EJuﬁl% Qfith tfeOfas sensor element for
determ ning the presence and concentration of the

target gas spgé6vidifg cltbraiGoweio hddtsuatiasiShsveelemet;

el ectrical power required for maintaining the constant

el ectricé) resimtréllreeupibd withiae gisnertséresleglestaind the alectpotsource,
i s adjusted upon detection of an electrical resistance
change i n t hefogadusegtho eleesticahpower sipplicdrto awabigas sedsop\element to
determ ned approximtely by: (i) A W= m (RS - R);

ap xtxRO (ii)muytaia agensfamGlegtricyl ppistarRy angy ap xt xR0

(iii) O \(/éll) m. GS(RS- R - R- RO1,

J

a gas composition analysis processor connected w1th the ccl):leltroltler for
determining the presence and concentration of the target gas species, based
on the adjustment of electrical power required for maintaining the constant
electrical resistance R;,

wherein the electrical power is adjusted upon detection of an electrical resistance

change in the gas sensor element, by an amount 4 determined approximately by:

m
N AW =—"T (R —R):
@ A o, xtxR, (R, —R);

(i) AW = ;-x";—TR—-[RS + R(0)-2R); or
p 0

_om _»_ R-R()
(111)AW—a R [fS(RS R) y :I,

p X o
in which m is the thermal mass of such gas sensor element, a, is the temperature

coefficient of electrical resistance of such gas sensor element, R, is the standard



in which mis the thermal mass of such gas sensor

el emrent, ap is the tenperature coefficient of
we@bmsorioeml resistance of such gas sensor el eneeit/pS1R05/003914

is the standard 9 WD 2005/077020 PCT/ US2005/ 003914

el ect r i fe@fricd ERLiSLROCE Sich SEAS NieRBS RBBHOMeBLRHEAL 2 reference

neasured at a reference tenperature, t is the tine

i nt er vatmRehween tdbnsaiitrvalet®edn aiterd etk bfiddeaical resistance

resi stance change and | ast adjustnent of electric

power , dRarigs adest edjestrhent cfadlectrie powdrah seheodlecgigalhvesisgpase of such

sensor el enment neasured at current tinme, R(0) is the

el ect r i @abense siegtentrioasudd at syresht tms K@ris e addciod mesistance of

nmeasured at |ast adjustnent of electric power, and f,

is a prddes enerslementsaisd @yl pdintimen of elestricaiowet Akt is 2

of electric power is perio ical,l¥ carried out.. OOC?{?%

Yet andtHEFrmaRdecauessy wawg.ﬂ@@%'ﬂ fmen, G5 o s PRSIy

a met hod f(?r detecting presence of a target gas

speci es™' B envi r onnent susceptible to the presence

[2{%7 f: %Fanoﬁlgjﬁéécts J)frhge r&gxft 1&%&1‘& Ig}e?zftés té Q)meﬁ)x{)? };({r g%t?cgmggresence

trica sensor elenment having a ca
of lz{rtir?& gastsbéziies iﬁ%&f gl@ﬂ&ﬂkﬁ%u&%mkﬁ% e Sre%cee&q%a &biprfsing the
reacli ons of the target gas species at elevated
depoprer at ures; (b) pre-heating the gas sensor el ement
in an inert environment devoid of the target gas
speci es@af or peovalitigfdnGleetiital pay demdr €lémdnt haingSOcatabytit Gurface that
reach a steady state; (c) determning electrical
resi stance REeanfates eethegasorsadmlermie feactiont ofdlie tirpet gastsperdy at
state; (d) placing the gas sensor elenent in the
envi ronment ckuaedipmpedtusess o t he presence of the target
gas species; (e) adjusting electric power that is .
suppl i e® t o Prhlsatingsine gas sesorsleaisptrip ag ger nignmepy idgjoid of the
the electrical resistance of_ such gas_.sensor el eng
at Rs; and (#§°§e% @F%Sﬁ?rnagsuffrféenb?e BCRG Eme, gy o {6 reac
concentration, of the target gas species in the
envi ronment ° EfSCepti bl e of such gas species, based on

the ad &?t necﬂ{emgflmg electrical resistance R; of such gas sensor element at the steady

nt
a steady

state;

(d) placing the gas sensor element in the environment susceptible to the
presence of the target gas species;

(e adjusting electric power that is supplied to the gas sensor element so as to
maintain the electrical resistance of such gas sensor element at R; and

® determining the presence and concentration of the target gas species in the
environment susceptible of such gas species, based on the adjustment of
electrical power required for maintaining the electrical resistance R;.

[0028] Other aspects, features and embodiments of the invention will be more fully apparent

from the ensuing disclosure and appended claims.
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el ectrical power required for maintaining the
el ectrical resistance R [00281 O her aspects,

wo e@s0r®30 and enbodi nents of the invention w |PChESI005/@3914
fully apparent fromthe ensuing disclosure and
appended cl ai ns. BOEVOERORBTAVORORRFINGS2005/ 003914
BRI EF DESCRI PTI ON OF DRAW NGS 100291 Figure 1 is a
djoazm aftpurd | st diggtdnniguamtirgcha plaptie ftelegh ackrot oatharddm that adjusts
mechani smthat adjusts the electrical current passed
t the eleghicahnurehepasser slabuey ahekeeteiehlly heatdndlenient formiaintainiingi qegstant
constant resistance operation, according to one
efbioaichersration, aqu@hqsrt@@@ﬁmquﬁvélh?futwresar@e\smowcu gure 2

shows the signal output ener at by a Xena 5
S BRI Fisn? FO0E it swaltonwutgsaﬁﬁaw@ BRI HE R B o

ot S5eh v Doy B e AL P el RIDR whie it b S Qo
geq\c/reattgé l)o{l]le sach):I s]pDrllsgle&)pl r”eg' B'}( i%o@vénhgnapf’lgﬁ'g&ﬁﬁlsq 1r13tg!g[§resence of

arl ous ow ra es SCCm SCC

Sﬁ? Qﬁov? &mlOO L&Ql% s&l,:clrrg %Oescg?n %ﬂk%@ sécpn?

xpa SI gnal outputs generated by the Xena 5 gas

Fﬁ§ﬁrFl%ﬂre 3 Eh@Hr e &patdad tiBRi PHBRE RGEraRd b3 gA8 5alas Sensor of
ow rate of 300 sccm DETAILED DESCRI PTI ON OF THE

MY i e pRANRRIRNFERIRE MBGRE MEND SechHERECE [ 0032]
U S Pat ent Application No. 10/273,036 for "APPARATUS
AND PROCESS FOR SENSI NG FLUCRO SPECI ES I N
SEM CONDUCTOR PROCESSI NG SYSTEMS' filed on Cctober
17, 2002 and REIRJILED DEPCRIPTION GPRTERINWENTIONG34, 627 i s
her eby i ncor porﬁé‘ﬂ%BRbﬁﬁRRﬁ@fl\é?‘éH@éENW THERESt i rety for
all purposes. [0033] The term "stead st at e" as used

h&0 n‘rj]ﬁe? ﬁi’% Apglicgtian Ne-ol (RH2PI fopeA N BRQrfeyp FOR
eﬁ%lé%m@ﬁ%}{ﬁ%ﬁ@ﬁg@f ﬁ%}ffoehél?@éﬁqo%ﬁﬁgé@%ﬁ‘ggm&?EMP” fled on

étctgﬁ) %fl gb 1cco[ % (?32]9 E.I.Eaéen A rn5 Ig?ﬁgg?mﬁxer ge mporgorated by
h d f fi
e?etrenceela ?tg gltl{f)}’ %?Itli \?}gfzeés the product of specific

ume of said electrically heated

el[(ﬁgﬁ Nhe tirQ\O‘g’t@gdy Itgt%” 18k h l%f?lergflaxg koCa R8N hercdfe Nﬁt@’r@ efficiency and

herein refers to the anount of heat, neasured in
C @e QbR terhREhlird ﬁﬂroﬁr@m%alheseﬂ?ecﬁ'lhﬁlyth@ﬂﬁﬁdlaﬁddf & ohbl@RAM where the

gram of a substance by one Cel sius degree.
rate of temperature change on such heated element equals about zero.
[0034] The term “thermal mass” as used herein is defined as the product of specific heat,
density, and volume of said electrically heated element.
|0035] The term “specific heat” as used herein refers to the amount of heat, measured in
calories, required to raise the temperature of one gram of a substance by one Celsius degree.
[0036] In constant resistance operation, the feedback control mechanism is aimed at

maintaining the heated element at constant resistance, irrespective of variations in joule heating

or power perturbation in the surrounding environment.
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[0036] In constant resistance operation, the feedback

control nechanismis ained at naintaining the heated
we@b@serto2at constant resistance, irrespective BET/US2005/003914

variations in joule heating or power perturbation in

t 98378 UbleOtNdi RElI-GIMvéd @RIRIe-tembdraddd 2RhiO #Or2Qlectrically heated

PCT/ US2005/ 003914 [00371 Due to a well-defined

I ash&itsacle@ridabrepigsimt diretle oorretates with nhef winpeedt@e bf swwh leleyents, and

heated elenents, electrical resistance directly

cuice ehsatae®rding th the idlowmgpertnur e of such el enments, and

vice versa, according to the foJl ow ng equation:

R=Roll +ap(T-TO] wherk=Rp- lﬁa;(ﬁeﬁﬂandar d electrical

resi stance of the elenent neasured at a reference

t QpRErBtirtee Tandartl, eledtScal RistafgPET b WbldnetO edsined eanta edfference

el ectrical resistance of such elenent. The above

egmatrator Tles i thbespdrivere coafifiziant ofefretide messtande of such element. The

tenperature over the electrical resistance. [00381 In

t Bovedquation desarith tn linear depandensofitempetspird rvar thq eestyical resistance.

mechani sm and anmbi ent tenperature are negligible, a

c 51038) ol thepviasion Fihery vasiationp &t e Bpblops pechiapismsand jmyient temperature

constqnt tenperature an therefore8ﬁ$consta

d nt
ePECER By 2 BRYAE BNEE U4 A8 RS R b A CReient figperature and
S eag SJOatt g ILC Q:%grlﬁslt;plge\e Xl’l%rthe S\Aéi?ee nreatlcgees tﬁJeosYgg Sftgteux on
t RS hemY fioted es, for exénﬁfe Ue to “exothermic

) ! . ) | !
g 'ioggsg BEDSET vhe hﬁg&@k #1836 R Gentht UGS @d;reet;%gm@ tdle to

speciées I n surroundi ng environnent,
t XGRRAAL WF enRBRmi ehRli@F tdattotd of QRh HlcARMOWIR a SHE Bpecies in the
el ement change correspondingly. In order to nmaintain
C eimlitiig chBifonmk@) eteMpitat hithe ¢léctrical rastMEsSE sychtetement change
adjust the electrical power supplied to such el enent
t coreespopdingiwt Ie ofder to mfamtafnl casttantresistamcd opetatien, it Gtratessaome adjust the
flux experienced by such el enent. [00401 A set of
adiagiti¢al/ povfer supblied ko ensh elemént foro@pensiteyr theiyguagior in the total power
provi ded herein for determ ning the amount of
elflaeexprricated iy Ush clg@snist ment required for naintaini ng

ol R 1o e dapehestil HALEE BB e vpfed grn o
p%rtgxg FE tinegr tﬁe gr];xounf lo"{ eqec%cgn%agr a ru %rqtarg%r?c{ tsor %’Ql? Fain?n% ceonstant
measured 1 h°rea I me lfrlng{ﬁe operati1 on. ne

al, gQnhde U of B BRG] rch Y B Badloo G AOS Al Al o

par anet et s ave to ‘be determ ned irica
t @sthieReheMlor batRhddds thhitek 6 BaBured 18 Tdal b 8urRf 1R Wp&tation. The AFC
algorithns 1s not necessary when the controlled
elappmfths dittiserdser® invédfien &R @hiaMGnyg pitdhecter i h4 & 1geletermined by
whi ch significantly reduces the

empirical testing or tuning; therefore, re-tuning of such algorithms is not necessary when the

controlled element itself or the operating conditions change, which significantly reduces the
system adjustments required, in comparison with the convention PID algorithms.
[0041] In general, the differential equation governing the temperature responses of an

electrically heated element is:
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system adj ustnments required, in conparison with the

convention PID algorithns. [00411 In general, the
wal2dofermat i al equati on governi ng the tenperat UPEI/US2005/003914

responses of an electrically heated elenent is: 12 WO

2005/ 07702Q,,.PCT/ LUS2005/,00 T - YW -T. |
(1 ZR+Wer n a:uﬁ'tﬁz-:@a:) .5(}243+ pen LB is)t[]e

time deriva#ive of Ttenperature chdnges (i.e., the rate
of tenperature changes) for such heated el enent

wieRsUAE] ad thamyheSjearaitifd 6f tompandturefchangeye(j.e.s the irge pfiemperature
heating™ efficiency of such elenent, Wis the total

c?agn:%sz f(Irl sudh E@ég& trehzglgrﬁ %‘i’eanYedSah'%‘y _?deﬁﬁ@ B&int & tien%t, tr,h? the heating

rature o e elenent, Ta i's the anbi

SFEIRE) G MétCelerhient, 37 {sNRe 1faNpdWed B bxpbritdted 9 SaeH di@ent, 71i€ the
time’it takes to heat up the thermal mass m(m =

t&RiMYire YBY @erfidt, TDis tRNGNDDt RinPertire, 7 iS e gjinf produvett, describes
density, and volunme of the heated el enent,
theetipe i trikeeloyheat p thesthtinel mhseot (1 eal, clir whant C,, gagséd. are the
t hrough such el enment for heating thereof, Ris the
sptcifisthedtadghsity.and elumecas thetheatddeelemenis regpectiselpndbin the elggigjcal current
Wherturbation is the power perturbation exerted on
Reried gl ncb B (T AR STy 5 TPatesgigl UHERe phidy heatd

| ectrical heating. [00421 At a steady .sta i.e.

it 5 Byt e B PGB Pies T MR T Pk B s by

ftct;g: [S ee%%a{liecc%rlica gurrent of the heated elenment is at a
ador pagdfhap SFTce 52  t he steady state tenperature TT
he421 16 .5 % =T Ll = T ical
2 8580 00 L oy e 0, S b g, i
&hEeRhe Rhted BEm&t RatcotdtAatl Rlue 7] H43Ltehdy s&&! tShhpgRGitulET, is:
then: Ta +r712Ro -apr712ROTo T 1l-apr712Ro i=4;, o= a,

,h=on =ATr +trgr W1l ~F6.JTa=Ta, HRe & pgavgaym=0
where ¢ gﬁapﬁ“%lﬂ%o\%'l%zg‘ Z”??Fa-g"l%??]gg? /(1$V(qgl Z(iaﬁ)m

+ i -
w}\lléee?r{ }écl'llsr tEg (E,lclecg'lncal resistance of the heated element at the steady state.

[0043] If solving T, then:

;L +qI*R, - oI’ R,T,|
¢ 1-a nl*R,

|I=1,,'T,, =T, o n=1,
= (Ta '+77' W'X

121, T, =T, o =1 W perurbarion =0

where

e=a,nl'R,

]:1 '= (]:1 - 8]:) )/(1 - 6')’ 77'= 77/(1 - 8)’ W'= IZRO + Wperlurbalion
and T,. and #, are the ambient temperature and heating efficiency at the time when T, is
determined. The respective setpoint R; for constant resistance operation can be determined at

the same time, preferably as being equal or close to the steady state resistance value R, of the

heated element.
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and Ta,c and ilc are the anbient tenperature and

heating efficiency at the tine when Te is determ ned.
wabmsnewpect i ve setpoint R for constant resi SR@NUS2005/003914

operation can be determ ned at the sane tine,

(D6aa] ahefbdbadkSoRll BECHREHRS thY préskid Siertion hiftl atiegaalythsfedlltithe

resi stance value Re of the heated elenent. 13 WO

c20ivd1 0k RORE POITthé B0 Z1e0BB3 31 4 setpod® 44 dondthre réstsedizacive R,, by

control nmechani smof the present invention ains at

woegitieglettneal pevedr supplid to wicledlenenical resi stance R of the

heat ed el enent at a setpoint or constant resistance

H0eASLi Sprificallyy the geipojit RECoRHEN EFIERETCE Velen & Fovieyided dp pt e sigesl

such el enent. 100451 Specjfica the set 0| nt or

2B reahime @%ﬁ‘@?‘dﬁ%““&%ﬁ fh sl gl dueie e,
nal and a I | I CL L& resi st n

\?}H Cﬁ[ég? oanp%rle €. 1@ut rreltlgr Atly d¢ éecg {r)]le 813 erenct'e e eenFﬁhe input

Wlk«g @% e%ﬁ ??a%%g grge ts Al D?— k n QHt S§c'hgaﬂ'91| m@% égb\ﬂnswely

rence en the rnput R and t
Qi BUthe ReddBack 8RR Qne@l%nﬁﬂ 8 Pr&iceSh @oiol Qighat, WEch 1ﬂsed for
Such error signal e responsively invokes the feedback
BHula@hg (REGREA (S de@afl) @LBiGL toanifitivk Kelerrsd sgnalle, Whi ch
is used for manipulating the system (i.e., feedback)
oou6p Tal @fe prasenmriinvention.ethd bumtrelrsignal weédgfonmampuldti®Q 4G 1system tish@v,
present invention, the control signal used for
wikieh rerresants ajpstieat of yhwtelentrifal poseay supplfed éthe kepted slepens for reducing
adj ustnment of the electrical power supplied to
m@tf@ence petyesAR andR. and yhich i getermingd by the 5?@%&@5@9‘&%@%
and RS and which is determined by the foll owi ng AFC
algorithnms: Passive AFC Al og rithm [00471 In this
S|an|f|ed enbodi nent of the invention, it is assuned

d elenent is constantly |n a

BT op Rt Euareik veab R Rl e BREEbrff Goment

%%’t?e]nrtlg i th %as% % ¥tal%t(§§§ wt?tﬁ ng kit p%@@r agg teﬁ'@gjatlut%q}uctuatl ns, so

constant ‘power operation an

t OR@kHiY
AP 18 i

MhQH: P60 lob&Htioh Snd SEHHEMR GestsBn&B@RoN\ARS Sun&tofMyYeq@iVRdnt while
tinme so that it can be considered as tine-invari ant

betvean,t=he Addapedly, V). B8 ehsutiadito ehhege tvery Glalvlyowaime so that
adjustnment. [00481 First, the real tinme resistance R
itears bie eghsifloed themérasdraot Ehveaetite iresent tiReRO next electrical power
11+ap[ (Tu+r7W-To ]}

adjustment.

[0048] First, the real time resistance R measured for the heated element is:
R~R,{l+a, [T, +n-W)-T,]}
from which the total power flux W experienced by such element can be derived as:

R—RO ]‘O—Ta
+
a, 1R, n

W ~
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fromwhich the total power flux Wexperienced by such
el ement can be derived as: WR-RO +To-To ap - q - Ro
wQ 7005027000 2005/ 077020 PCT/ US2005/ 003914 [ 004B)T/E81005/003914
constant resistance operation of the elenent, a
[6RFP Faton®neelibthic@ bpdiAish 5t BN @B laUsnsRnt diGtrie@l rBfdiBEL Rlue
predet er m ned, whi c% bears the follow ng rel ationship
RistsBledtddeor pRUAmBRYYEhicHbears thefslloveitly fehrionskip withihritag pRSr W,
RS =RO 11+ap"Ta,, +t7s Ws)-To]};z~ Ro il+a"l(TQ
requirediB) mal@ddifling R om whi ch the total power flux W
required for maintaining R, |s: \%\g Rg -RO +TO -ﬂ.Z
apt 7. RB@,#RO[{D{B&QKT,,]’H%eWﬁ)ctTBJ}eRpo e, j um tentT, kW
required for maintaining the heated el enent at the
RN the tohBRWed AR, r@girdfaneatding Kis: OVVW W,z RS -R
MRS -R =- - aptl'"Ror ap.R0O [00511 Wth the

exception of r, all otheg jRrangters are determ ned

either by the physi %Iz—c‘r;f‘r%. _ ﬁ?g‘ﬁ' ics of the el enent
(such as m ap, and RO)C,x”o y real tinme (such as R),
or. predeterm ned (such as RS).. [00521 Tq further

(9954, 1T leqprePosicq eyt 4 R, gﬁﬁlﬁ%ﬁq Sl g the
equal .t, which is the tine interval between the
CB%@L?%&F:M&%SIS%%&%WE | ast el ectrical power adjustnent,
so as to obtain: AW;z~ m,Rs-Rt ap, RY) 100531 Such
AFC al gorithm iAsWrzemfgeﬁweel—tEo:aR-sR-i:ﬁ'fe-—%a;@i ve AFC

al gorithm because it adj @t% Rhe? éfedorical power in
an anount that is sufficient for passively

[0estp &Vighathe rEpeptive cfiet @cotbal parmstirs tagndseroinethejthert byathe physical
al ready occurred (i.e., fromthe |ast electrical power
capaigisisnaf the elempt Eycbernt, @i Ars) Rowptt Mol EBadruglep g or
the adjustnent delay (i.e., the time when the
wedeteppineddguch as R,).

[0052] To further simplify the algorithm, 7 is assumed to approximately equal ¢, which is the

time interval between the present time and the last electrical power adjustment, so as to obtain:

mR-R
t a, R,

[0053] Such AFC algorithm is referred to as the passive AFC algorithm, because it adjusts the

AW =

electrical power in an amount that is sufficient for passively compensating the detected
resistance change that has already occurred (i.e., from the last electrical power adjustment to
the present time), without considering the adjustment delay (i.e., the time when the electrical

resistance change occurs and the time when the feedback control action is actually invoked).

Active AFC algorithms

[0054] To improve upon the passive AFC algorithm, the following algorithms are provided for

estimating 4 necessary to actively compensate not only the resistance change that has already
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resi stance change occurs and the tinme when the
feedback control action is actually invoked). Active
WOAREGsatmar i t hms [ 00541 To i nprove upon the pasEimESHWBIN03914
algorithm the followi ng algorithnms are provided for
RSbrbdB: 2R e rARRGRBEREsMhd: VilBSkirteiwterCBIPRRaRINR MAt future
only the resistance change that has already 15 WO
12305/ 077020 PCT/ US2005/ 003914 occurred but al so the
resi stance changes that will occur between the present
[005/T Betmweleratinfied @iie.ethe timeref last eledical Revenwantmientyrandghg gresent time
the tinme of |ast electrical power adjustnent) and the
wmﬁmﬁwmmﬁﬁmmméﬁwﬁ%@¢WWWeoftamaauueof
the heated elenent is: dT_ 1 dR_ 1 0) dt aP - Ro
dt ap Rot wheréin (CEEESVLDE_E ( cal resistance
measured at tinmedd. 4Q0%6L WagmRit atfr (i.e., the
detection of electrical resistance change is
VARRINRY) TPh &b 1¥ctrida b itinge meabuddd ot @hed. power W experi enced
by such heated el enent at the present tine is
[0956) OWieak eliy:, the\Aktectid oftdleEtrital )rdsistihde-cR{r@} iskRpRpximatkly instant),
t r wherein Ra is the electrical resistance of the
thd tetalgiovenVE experiendedaty seohibiagadtelementpethaprescrt tinfe GOBFroximately:
order to estimate the power adjustment dWrequired to
return Rto RS at flut udB ( whi ch can be
referred to as t+ Af fhgtﬁlg ?% hm has to be nodified
based on the speC|f|c |c% 3 as follows: A
Rel axed choice wth= Afm--E q }hls situation is
equi val ent to a constanf power operat on in which R,
=Rot | +a, [ (T, +r7Ws)-To ]}=R +apr 7RoWw and therefore, W
WigereR &; isthdFectridal résistance-of €hk eleféat et ambient temperature.

[0057] In order to estimate the power adjustment AW required to return R to R; at a future
time, which can be referred to as ¢+ 4¢, the algorithm has to be modified based on the specific

choice of 4t, as follows:

A. Relaxed choice with 4¢ — o

[0058] This situation is equivalent to a constant power operation in which
R~ Ro-{i+a, [T, +n - W)-T,J}=R, +a,n R,

and therefore,

W~ R.f—Ra ~’_n__Rs_Ra
‘a,n-R T a, R,

[0059] The required power adjustment AW is determined as:

0

T a,-R, a, R, t T a, R T t
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[ 00591 The required power adjustnment AWis determ ned

as: OW-W-WmR -R mMRR0)+R-Rn mRS-R R-R(0) ar
W@Roso0z2R0 [ t r ] aP RO [ r t ] 16 WO 2005/ BFT02®05/003914

PCT/ US2005/ 003914 100601 Since the electrical power

Tﬂ b&t mtﬂlé e?ecﬁﬁ&l%h&%hﬁsﬂh@{t axeatively rélExed s SppkoxRia@lyequal to

equal t, and therefore: AWN MRS -R - R - R(0) m

(R&dﬂh&?ét@)s. 2R aPRo[ t t aP t-RO B. Bal anced

Choi ce dt=t and Aggressive Choice At=1/f, [00611 For

At ar (in vvhlg,h s[)gu.ajzlqn Q(U) tantmpowgé erati
+ FRN- 3R et>O

does not Adppl gererat,, d
aP - t Ro oAt dF r‘@AFFZﬂaP dT R +At [R

- RO)]+ A aPRo r7AW [00621 Solving dWfromthe
above equation: _ mM[RS-RR-R(0)1 AWaP Ro L At t J

[ O-BsgancedfChome A?tgx%Agtgr%ss?%%mce.dt— )ﬂen the power
Stifent AW S, AW T (RS + 07"- 2R) aP t-RO

[ %gglf(lr%t 3% p u‘?‘wﬁgp étira}:r‘ Eﬁnst?ﬁtpgweg’ QWIOIP&{CE #t Qﬁ:ﬁ}b ngehéal

y adJ ste or t ure, based on the rate

that it has occurred%n}; th ,}EWot her words,

since it took an ela trigger t he
f eedback control acti ;>0ti‘ﬁé é tem’seeks to
conpensate for the perturbation in the sanme tine

interval t. n R ernative enbodi nent, the
f eedback cont r%ﬁl&gﬁa{ﬁl %ﬁyutpr ovi des periodic

ar
°dt

~R+— [R-R(0 )]+ -a Ry 1AW

~R+At-R,-a,

[0062] Solving AW from the above equation:

N '[RS—R _R—R(O)}
a, R, At t

[0063] If At is set to equal ¢, then the power adjustment 4W is:

AW ~—" (R, +R(0)-2R)
o, -t-R,

P
[0064] In this embodiment, the péwer perturbation is actively adjusted for the future, based on
the rate that it has occurred in the past. In other words, since it took an elapsed interval ¢ to
trigger the feedback control action, the system seeks to compensate for the perturbation in the
same time interval ¢.

[0065] In an alternative embodiment, the feedback control mechanism provides periodic
power adjustment according to a predetermined frequency f;, and the system therefore seeks to

compensate for the perturbation at the next adjustment cycle, which means that Ar=1/f.. The

power adjustment 4% required therefore becomes:
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power adjustnment according to a predeterm ned
frequency f, and the systemtherefore seeks to
waeeopermat e for the perturbation at the next aPfQT/BES20851003914

cycl e, which nmeans that dt=1/f. The power adj ust nment

dWrequired ther efor be orres R% 5/ 077020

PCT/ US2005/ 00304 [f 8, (— @TR - RO) a1

P Ro J [00661 In SLH‘ma’foy, four difféerent algorithns

for estimating the electrical power adjustnment dWare

[Wéﬂalrméldmbw fdve déﬁe@ste%‘ﬁomhﬁ\? é‘ﬁteFtB’Pim%ﬁ‘ﬁ ébrctaﬁﬂ @PW@P@WW
appr oxi mations, as, fol gﬁf} . p 0
¢ epsainsd hy the pessept 1F¥(665‘°“ '%“F'ﬂd on ﬁefe!“F%@Pfﬁ%“ &Iaéf"g%

ap t Ro [R, + R(0)- 2R mR - R(0) OMgress;ve = a

t P [00671 Despl t e he~ di ff eref® —ap)pr oxi nat i ons

enpl oyed for the Rel fxedaanﬁRB anced situations, the

Rel axed AFC and the Bal anced AFC al gorithns are t he

sane in the final estimje. Therefore,. when the

future time d t&”éemszet“—artp E@*e’%ﬁ))ﬂ 2Rb or I arger

than t, d Wcan be det’r hied as: ow= m [Rs + R(O)-

2R}, aP xt xR0 which is apartlcularly preferred

enbodi ment of tthq,rpr esent "M nv nv.ep Iq0681 Conpar ed

to the rel axed/ b ”é(‘ﬁ“(","edagltga(rlth 2he QSS al gorithm

requires one less register (i.e., R(0)) that the

ot her algorlthrrsfor es} i t|ngther nred power
adj ust nent , AW, 't" rTfR R—R W’}

agressive —

[0067] Despite the different approximations employed for the Relaxed and Balanced
situations, the Relaxed AFC and the Balanced AFC algorithms are the same in the final
estimate. Therefore, when the future time 4t is set as being equal to or larger than ¢, 4/ can be

determined as:

AW_m [R +R( )—2R],

which is a particularly preferred embodiment of the present invention.

[0068] Compared to the relaxed/balanced algorithm, the QSS algorithm requires one less
register (i.e., R(0)) that the other algorithms for estimating the required power adjustment,
which can therefore be adopted by systems with limited computational resources. Further, if
assuming R(0) = R, (i.e., each power adjustment fully restores the electrical resistance of the
element back to the constant value R;), the power adjustment estimated by the passive QSS
algorithm is exactly one half of the adjustment estimated by the relaxed/balanced algorithms.
[0069] The Aggressive AFC algorithm provides the fastest feedback action when the
adjustment frequency f; is sufficiently large, and therefore is best suited for use in a rapid

varying environment.
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whi ch can therefore be adopted by systens with limted
conput ational resources. Further, if assumng RO z
wWaoR006077020 each power adjustnent fully restor eBCT/6£2005/003914
el ectrical resistance of the elenment back to the
(60201 LrARbth M ib6aiRsnt of thé fre@AVIBent@] AISbpERiInalep FctdBE €&l bbYsed
the passive @SS algorithmis exactly one half of the
t@eholiBl (e pbwerSddjustiefcl b yaltuteedr g thx abbvbdibtehalgatithms, in order to
algorithnms. 100691 The Aggressive AFC al gorithm
fipthenoptianze ttheefeéddaarkesttrol weulls ircdpealie Proratingheystemns @d environments
adj ustnent frequency f is sufficiently I|arge,
Sutheprerfoioalitsfagsergrmayrange fom ghout & btoj 1§ apd gag e &adllra%eW%ed by
envi ronmsnt 18 WO 2005/ 077020 PCT/ US2005/ 003914
apeRsrTdipailskifled pthe iy SdPHBRTYSIGR ‘etsmw 2 URTUS CRGRHETGA™

@H&é &E g{ﬁle{\jg ?ﬁ%l:%%n\{%[ RaR():thro a[rdb %atrt!h&p%v ll%s G %st} 0 66{2/{218 +eré{|%aiaove two
a2 gwg,ng |t hp Ry u% hagr L8 tfeasttv g wmaﬁ i ml&ﬁ 5 NGri? edqjqaﬁ,%m

sin speC| Ic op ratlng systens and

r?e@l\(dnfsfﬁwp%ﬁta ea%%&ﬁergmaﬁﬁlgﬂlonal ity factor r may range

rom about O %l and can be readily determ ned by
@rPeAIRBmeAdi nar i I y Skl Iled in the art via routine
systemtesting w thout undue experinentation. [0071]
[0672p @h thesv @ntoliment, @etelcciadl cpoane () agksadsthroegit tht hedtedhegment is
been estinmated as herei nabove, two adj ustnent
adjuetirblyi a8 mmowd (1 1e acheeelthaidjusmmat in viedtycal paiecdVV i wheteinde a
current adjustnent nechanism and a vol tage adj ustnent
mechani sm  Qupre(it+ Adj - wst mens 17-0R 728)H It IR, s
enbodi ment, the el ectrical current (1) passed through
[b68] RARL FrR. K £ DBNhe btove &itds ERAGe pprakimadmasnt (Al) to
achieve the adjustnent in electrical power AW
wherein: ON(I+0 ) 2RS-ARR ZA7 - y,z( R, -R+20 1 RS [0073]
When 12(R -R) a J W the above equatl on can be

' ONM20 1T RS fromwhich dl can be

SO ‘\%@g‘l Sg%/?/aSZI R5 Vol tage Adjustnent [0074] In
this errbodl ment the electrigpl voltage (V) passed
t hrough the heat ed el errem’~|—T

Voltage Adjustment

[0074] In this embodiment, the electrical voltage (V) passed through the heated element is

adjusted by an amount (47%) to achieve the adjustment in electrical power 4%, wherein:

AW =

v +AV) _V_Zsz_( 1 1]+2AV-V

R, R R R) R

§

[0075] When V*(R,’-R") « AW, the above equation can be approximated as:

AW = 2AV -V
RS
from which 4V can be solved as:
AV = R, AW
2V
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adj usted by an anpunt (d V) to achieve the adjustnent

in electrical power d W wherein: AW(V+OV)2 -VZ z\W2.
wda200507m20VW R, RR5 R R [0075] Wien V (R5' PERI/PSH05/003914

AW the above equation can be approxi mated as: OW=

[6’99 1V Rerrddl RBLAUAER Bf B/ peit ientsHa) tieelecatial obient BMmeAVis
005/ 077020 PCT/ US2005/ 003914 [00761 In a

ea?rs;@r foesthieve @i dasiRel adfustinbre gfre@stein tpoivervepliedrip theheontrolled
ectrical current adjustnent is enployed to achieve
ddientdesi red adj ustment of electric power supplled to
the controlled elenent. [00771 Figure 1 shows

(6074 Figmredfshewrs aaigrannien AFC sqraplamtersysg clereal Flilrrf«a} adjustment

current adjustment and the Bal anced AFC al gorithm as
i the Prlpised ABE dEorib e desiBT ST S ‘éveufucally, t he

tant t el |
(AT el 857 °t'are”t or EpOph AR RO ENHER, Bt alopu
ttOIthnee S¥S¥ I %/ ile a%RIQIQ %Ectﬁca@fresk 6019 QF ﬁl@lchrﬁgllgd amt is

he out put . er to nmaintaln

rﬁ&{ﬁ?ﬂe@ LERE Xutﬂgt \fﬁegﬂaerttb %aln&ﬁll@onﬁd?éﬂcyob&\pé& thel it and output, the

erence therebetween is detected by the AFC system

BfiendS BeteRivdeh B dBEd&H by SheOXF syQent ahdfesed-as Y errorétghalle (= R, - R),
triggers activation og t he feedback control | oop

wWiagi e abiwatidaef dhe fdedtdclgdontyol loop depictell 09 T BotEH eraf aedback
control |oop, once activated, calculates a control '
[B09h Alhe faedteck contna langj ansd astivated] calstlpteta eontrolaignaly ix;, tisadisged
on the Bal anced AFC al gorithm and current adjustnment
d¢cgmcmr¢nm brsed ¢pethe @6%?%4\1‘@5?1%}"\ st Cup At ﬁ%lt'ﬁtfa?ﬁ“ algogithm in
nanggulatlng the controlle g

ﬂiﬁ eCOéF? gnali papingtion} Pf@‘sgﬁmﬂ’}ﬁ%‘ "é‘f‘% F‘?“Eglﬁ ﬁleﬂlé‘ét agfgm reduce

| ement ?f the present invention may conprise a
BEHEY P8 based gas sensor conprising two or nore

502 PO B ORI S
gagg%ltsc%{‘%grﬁprgfﬁg LRSS Mfe AEmERAMiIRShISudhGifriehQBSmRhsesa catalytic
surface that is capable of facilitating catalytic exothermic or endothermic reactions of a reactive
gas at elevated temperatures, and the other comprises a non-reactive surface and functions as a
reference filament for compensating fluctuations in ambient temperature and other operating
conditions, as described by Rico et al. U.S. Patent No. 5,834,627 for “CALORIMETRIC GAS
SENSOR,” the disclose of which is incorporated herein by reference in its entirety for all
purposes.

[0081] In a preferred embodiment of the present invention, the gas sensor comprises a single
filament sensor element that is devoid of any reference filament, which distinguishes from the
dual-filament gas sensor disclosed by the Ricco Patent.

[0082] The constant resistance operation of the filament-based gas sensor of the present
invention is achieved by pre-heating such gas sensor in an inert environment that is free of

reactive gas species, so as to provide a reference measurement of such filament sensor.
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gas at elevated tenperatures, and the other conprises
a non-reactive surface and functions as a reference

wo pdoaw®moro f or conpensating fluctuations in anbP@nUusS2005/003914
tenperature and ot her operating conditions, as
d %295 ' Qﬁgﬁcg}b RheCianktht Rhsor ibjptg-hea?@ti@mﬁ i enviroiht 24 sulftfiently
"CALORI'METRIC GAS SENSOR, " the disclose of which is
| REPHBdAIfathd8) & B Lltieveel Qe/IyCeatd thai tsSde@iddi byettybilized heating
all purposes. [00811 In a preferred enbodi nent of the
pEefisienty andundithi tanperdhive agas] as eers drangeamibe tegperatgrei sugh gensor.
filament sensor elenent that is devoid of an .
r €00841 e Fhseeléciricalneesistancovefl shehafilamenh gensarhsthe rstﬁﬁﬁvyt fige (R)) is then
dual -fil anent gas sensor disclosed by the Ricco ,
Pégiemned DD 85 Hserortats ParPorbalet Wneemppiained bR Bf sensor is
the filanment-based gas sensor. of the present . .
| ARG B Arepaiv S FORPEA () PRFBE HESPF RE DL g s stsgifgmerest
[ nert enviryonment, t | S . [ -
o DR B Sghent Pl T g Mband B L8 ol BARE HReRShcor n
S L. f . 7 .
P el o BB Rl Y et PR ey Sy P ot eseried
SeLSiAbotsS Pre-heated in the inert environment for a
sufficiently long period of tinme so as to achieve a
S {0086l Féileadhgad MddctidnScyele,fthe@ismddy sefdof Bipkd-eatdd, lite @lectrigal resistance
efficiency and anbient tenperature, as well as zero
C ldeterggined,rand fen txpoied t@inkneiraiestpotentgiiy sontains thed@84de Fh epecies.
el ectrical resistance of such filanent sensor at the
s Toaefyrestha tastpiREysistageet ialip R; ¢ exthich ierserpornin cnaiyained és resgkfor each
constant or setpoint value to be maintai ned when the
s dptegsien jexcle, yhigh guevdes (frequeploundpte & 2B GHapEsA e fich; f5aser, therefore
potential%g contains the reactiv§ gﬁs so%cﬂes of
| (ftfesesdy climtinapenq MR, B ARy BRECR ‘BF ¢ he
c a resi stance .operati.on of the. fi ;
OB o 8, 5 8P RPP 51 B R st B Y B e of
f ' :
neerg Bt by 5 B RipaF bR Y bEfenecus deteetin of e
fid.amRnhs peRsor is pre-heated, its electrical
resi stance determ ned, and then exposed to an
enyusSB O RiFERL2 e el sidnhlyou§anpdifted be Neaa 6 tfilangent sdsor, which is.
species. Therefore, the constant resistance value R5
atcombrileibyt the ABE @@ dsslepigiedin Figned dusing egadntifl @kposae bp four NF;
detection cycle, which provides frequent update of any
C IndaageONIOFFsydds heemeNols flow atgsef Hi0escens RPlxeern B8P secm, and 400 scem,
el imnating the nmeasurenent error caused by |ong-term
drrespectively, il QoBoRIisquDYidothe signd! [putppr iodyessh ihige stme pena 5 filament

filanment sensor elenent,s?ts el ectrical resistance of
sensor under the control of a conventional PID system.

[0089] The test manifold was operated at 5 Torr with a constant Argon flow of 1 sim. The
plasma was ignited with argon, then NF; was alternately turned On and Off for 1 minute
intervals at 100, 200, 300, and 400 sccm flow rates. The entire process was repeated twice on
the same sensor: once under PID control and once under AFC control.

[0090] Figure 2 indicates that the AFC signal output closely matches the PID signal, while the

AFC system does not require any empirical tuning of the parameters. Further, the transient
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the sensor at the setpoint value and prepares such
sensor for instantaneous detection of the reactive
w@2amsepeei es. [ 00881 Figure 2 shows the signal POUUS0D5/003914
produced by a Xena 5 filanment sensor, which is.
sgﬂﬂ_tréspdnlseeﬁo&)éedtﬂ?%m et RTnpovedePtdiipaikoh With ti@ir&duded by
uring sequential exposure to four NF3 plasm OV OFF
teeymbegstelavi ng NF3 flow rates of 100 sccm 200 sccm
300 sccm and 400 sccm respectively, in conparison
[0091h Fighie 3sshgwathe eupapded sipnd dutpetd generated &y Shan¥endengas Sensor of
filament sensor under the control of a conventi onal
Rigups % yisthepresep@@EYE: gpat atflogtrateraflOp secan While thpeangien gespgnsesof
Ton with a constant Arggn flowof 1 sIm The plasm
theAFG sySteTh ScFleqily FPien BT it eEhe RPSYHER al ternatel y
turned On and Of for 1 mnute intervals at 100, 200,
300, and 400 sccmflow rates. The entire process was
repeated tw ce on %@%g & rghce under PID
control and once l%g{e}?T cpgﬁtrolnfI 00901 Figure 2
[b(‘bq] qal Qt?edlgéaﬁtcoﬁt]r'b? . sﬁ"l_'e(r\n Shd Akho® W Rk pﬁ:.L;éﬁ§ elvintlBRt £8 QSefully
the PID signal, while the AFC system does not require
RPoyQIRI hbifi@in dobdknd GesRiande NPpeadredl@trallyFhbaicl @lemehtfle In a
transient 21 WO 2005/077020 PCT/ US2005/003914 si gnal
inesua agplipdtioo ube ttedbyickt doetrollstsSteny stdemathiod of therppased invantion are
conparison with that produced by the PID system
tii 38 1d mintgin censBntg Eriiescet dperatéon9a erdibistion-hased gao eanpass, én a manner
generated by the Xena 5 gas sensor of Figure 2, in
adppiivplogaratens ipfensqrgements apd opsrafingrgnditipng wish itdeer nodwyng:
while the transient response of the AFC systemis
clearly superior over that of the PID system
| NDUSTRI AL APPLI CABI LI TY [ 00921 The feedback control
system and nethod of the present invention are
usefully enployed to naintain constant resistance
operation of electrically heated el enents. In a
illustrative application, the feedback control system
and nethod of the present invention are wutilized to
mai ntai n constant resi stance operation of
conmbusti on- based gas sensors, in a manner adaptive to
variations in sensor elenents and operating conditions
with little or no tuning. 22 WD 2005/077020
PCT/ US2005/ 003914
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THE CLAIMS 1. A nmethod for controlling electrical
heating of an elenent to maintain a constant

webmwsnTiozel resistance R5f conprising: (a) supklyUsag05/003914

el ectrical power to said elenment in an anount
sufficient for heating sanme and increasing its

el ectrical resistance to R5, while concurrently
nmonitoring real tinme elggteramisr esi stance R of said

el enent for detection of any difference between R and
Rs; (b) upon detection of a difference between R and
IRs, adineéd RY comelliak edktrica dleatipgwéran ednppt foedaihtginsa pahstant
el enent by an anmount d W determ ned approxi mately by:
(i) Aldtrigal fefR@ance R) compagingkt xRO (ii) A W= m [RS + R(0)
- 2R]; or apxtxRO (iii) OWN=-M [fs (Rs - R ap x
Ro t @ whewelying plegtacat pravet 19epifhglempns disanpFmognf; syff 1@1@@&8%{8?“%
ap is the tenperature coef[ic_i?nt. of elegctrical 1
r esi st anc¥msf ¥afgreaynntih e leciEr | ESIEe de a’%’d éh’hge concurrently

el ectrical resistance ,of sai.d el nt a e
r ef er ence™PRIPP% 'S¢ (P8 ,elefm?azrefl%%nc? ?gsafdﬁggg"re\gltgr g d%lggtio&gg%ny
current dgig‘gr%cieggwgegug%gﬁ%ri cal resistance difference

of e

and | ast adj ust nment ectric power, R(O is the

el ecig)i calpdh QstRibRPEAifdrens @by @h RERIR,, @.@M tRkl@trical power
| ast "adj ustnment of electric power, and f, is a

pr edet er mypekkdhd AALERLH: bithn WiubiM I EdiemRe] appioRidatelydly:

el ectric power is periodically carried out. 2. The

met hod of claim11l, wherein the adjustnent of electric
power is Ehrriéglﬁgfjpzj{a s03$xng el ectrical current
passed through sai d”?el enént by an anount Al,

determi ned approximtely by: 23 WD 2005/ 077020

PCT/ US2005,003Q#4 - _AL%}QA[RS +R(0)-2R]; or
a, XtXR,

(i) AW =—2" -[fs(Rs—R)—R_tR(O)}

a, xR,
wherein m is the thermal mass of said element, a, is the temperature coefficient
of electrical resistance of said element, R, is the standard electrical resistance
of said element measured at a reference temperature, ¢ is the time interval
between current detection of electrical resistance difference and last adjustment
of electric power, R(0) is the electrical resistance of said element measured at
last adjustment of electric power, and f; is a predetermined frequency at which

the adjustment of electric power is periodically carried out.
2. The method of claim 1, wherein the adjustment of electric power is carried out by

adjusting electrical current passed through said element by an amount 4/, determined

approximately by:
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2lRs wherein | is the electrical current passed

t hrough said el enent before the adjustnent. 3. The
worswbotronf claim 1, wherein the adjustnment of BIBU$2003003914

power is carried out by adjusting electrical voltage

applied on said el enment by ap anount AV, determ ned

approxi mately by: OV=AWR/ = >wherein Vis the

el ectrical voltage applied ssaid el enent before the

adjustnent. 4. The nmethod of claim 1, wherein dWis
et oPHFHBAS A5 IR REETPSSg trotghsa FErmpiaes e e e viment
2R]. apxtxRO 5. The nethod of claim4, wherein R(O
is approximately equal to Rs, and wherein dWis

g?;%g%r%g%d: rrcg%cl’%glg%v%?rlelx tlpey éd'u%é(e\x?\tﬁof@&&i@?gﬁv«g] is carfil out by

clai erern 1 d el emrent
c OWE%%%g BBctBlaf Citab deligiac?n SENSIBhenk By an MRHALAt U H, RBte@fined
envi ronnent that 1s susceptible to presence of a

t ar gefpr@@satciPBei €s, wherein said gas sensor conprises
a catalytic surface for effectuating exotherm c or
endotherm c reactions of sad.garget gas species at

el evat ed tenperatures,Z§6=rh§;—1he presence of said
target gas speci es causes tehperature change as wel |

as e I - - - :

i OB TS KB o RS En AR R bR sB R

el ectrical power supplied to the gas sensor, wherein
said adjustnment of electrical power 24 WD 2005/077020
4PCT/ YR2Rahddd 39k, whatih aas @ferhifiedapprokimatedycat i ve of
the presence and concentration of said target gas
species in the environment. @E 5@6 hod of claim®6,
wherein said eIeéﬂngﬁK&g@g“ if )ggéhrises one or
more filaments having a cdre forned of chemcally
inert and electrically insulating materi al

)

5. The method of claim 4, wherein R(0) is approximately equal to R,, and wherein AW is
determined approximately by:

m

AW =2 [R, - R].

a,%xtxR,

6. The method of claim 1, wherein said element comprises an electrical gas sensor for
monitoring an environment that is susceptible to presence of a target gas species,
wherein said gas sensor comprises a catalytic surface for effectuating exothermic or
endothermic reactions of said target gas species at elevated temperatures, so that the
presence of said target gas species causes temperature change as well as electrical
resistance change in said gas sensor, which responsively effectuates the adjustment of

electrical power supplied to the gas sensor, wherein said adjustment of electrical power
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and a coating formof electrically conductive and
catalytic material. 8. The nethod of claim®6, wherein
wWe@2mh/0gmse sensi ng cycl e conprises the steps of PCT/11$2005/003914
pre-heating said gas sensor in an inert environnent
devoi gogélatecs% Ond A B@LatASE the gﬁ&é@@ akdOéondentratioh iof is@ ttarget gas
period so as to reach a steady state; (2) neasuring
the elsggkiet inGRd enbifhingdtance of said gas sensor at said
steady state and setting sane as the constant val ue
(R; (3) subsequently, exposing said gas sensor to the
envi ronnment susceptible of the presence of the target
gas S [iheinggiod (of klapmionwherein najd eleeirieal 35t SeNSSH POIPREISTSSANG (9E @ore
of said gas sensor at R by adjusting the electrical
power fdumspisihaving peosnformed o hegrally inerhang e{%‘}‘“ﬁ‘ét“@l‘]ﬁﬁ“}% TRprial
the presence and concentration of dsa}ilg.tartegielt gas
speci €89 a poatingforgof efepfacally condpahig3nd SRR Al power .
9. A systemfor controlling electrical heating of an
el enent and mai ntaining same at a constant el ectrical
r ?.SI Stﬁ@%%th@f?of cm,rd/ﬁ}ef}lg ch(gég- eﬁﬁnga(gjzly WL&% the steps of:
el'ectricity source coup ed Wlt?'] sal d el enent for
provi di n?l) R 1RGhdg 68| ga PRUBF int M iR@BdnvSchintdntele @@ B said(thrpet gas
a controller coupled with said el enent and said
el ectri Ci t yp&Rb o & suffiddnt pefibdidota fol rergh & aeddy tatae
el ectrical resistance R of said el enment, and upon
det ect i or2) mxhasugingl itk felerteient eesistetop@€ srideaa nehs@R5t sdidteady state and
responsi vely adjusting the electrical power supplied
to sai d el enttingsaiyasthe conhanhvalug\Wdiet er mi ned
appr oxi mat el by: 25 WD 2005/ 077020 PCT/ US2005/ 003914
(i) ow=0h se%swnthz) expesingyRidrags pensoy tifip environpengsuscepiiyg of the
2R]; or ap xthOtlgiii A=mff, (R, - R R- R0

presence of the targct gas species;
(4) maintaining the electrical resistance of said gas sensor at R; by adjusting the
electrical power supplied to said gas sensor; and

(5) determining the presence and concentration of said target gas species, based on

the adjustment of electrical power.

9. A system for controlling electrical heating of an element and maintaining same at a
constant electrical resistance R;, comprising:

(@) an adjustable electricity source coupled with said element for providing
electrical power to heat said element;

(b) a controller coupled with said element and said electricity source, for
monitoring real time electrical resistance R of said element, and upon detection
of a difference between R and R,, for responsively adjusting the electrical
power supplied to said element by an amount AW determined approximately

by:
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ap xRo t wherein mis the thermal mass of said

el emrent, ap is the tenperature coefficient of
webmsnrioe@l resistance of said el ement, Ro i s P&EUS2005/003914

standard el ectrical resistance of said el enent

measured at a reference,tenperature, t is the tine

i nterval U@tmee@Wbﬂffeﬁf—ddﬁecﬁSDn of electrica

resi stance differenc® 3A4R ast adj ustment of electric

power, R(O is the electrical resistance of said

el enent ne red, gt | ast adjpu nt, 9f el ectric

power, and 1? i§A?{b&§deiﬂgﬂ$h£ réq ﬁﬁcy at which

the adjustnment of electric power is periodically

carried out. 10. The system of clai erein said

control | er (ﬁgnprAW%—ai—Fgaﬁ(Rsen@)eEezet(—% cal

resi stance neter. 11%,%¥HKe system of cfaim 9, wherein

said controller conprises at | east one electrica

current nevereimmds the thérmalgnaso eaidtlernant, ingia thevemiperatyee coefficient

meter. 12. The systemof claim9, wherein the , _

adj ust nent felesiried resistangg ofeaid slemenk Ry isdhe Ypdar ylectrical resistance

adjusting electrical currept passed through sa“g o

el ement by Hrraidndmepe ‘Efﬁsurﬁ‘g?te%f‘?eﬁeé‘&e teg‘BffPth?i frigt 1Bf ympypterval

D - OW 213% wher ei n | S el.ectri

oligH

| he cal r :
passed t hr ougt-s e QessioRel SErEHEE SRRt Al agysmen

WO 2005/ 0778289.:0&?}&\2&21?]@)51/5 gxg%%éltﬁcatl ilegftan-l(-:g of y@él&ﬁ@nplgieasured at

claim9, wherein ustnment o ectric power is
carried out YAt bt QR lpEEd dnd Rlis ¥RkdeRBRin@PRIGL&Ey &Which
said el enent by an anount E V, determ ned

appr oxi mat efhy adystmdeMNTeMBric powdMs piMdeiclyRarMed &ut.t he

el ectrical voltage applied on said el enent before the
adjustnent. 14. The systemof claim9, wherein.4 Wis
determ ned approximately by: ON="'n [R +R(O-2R].

10. The system of claim 9, wherein said controller comprises at least one electrical

resistance meter.

11. The system of claim 9, wherein said controller comprises at least one electrical current

meter and at least one electrical voltage meter.

12. The system of claim 9, wherein the adjustment of electric power is carried out by
adjusting electrical current passed through said element by an amount 4/, determined
approximately by:

AW
2IR,’

wherein [ is the electrical current passed through said element before the adjustment.
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apxtxRo 15. The system of claim 14, wherein R(O is

approxi mately equal to Rs, and wherein dWis
waledosomioned approxi mately by: ON=2 m.[RS - R PCT/US2005/003914

apxtxRo 16. The systemof claim9, wherein said

e{3e e e GARR bisﬁﬁmam vakRmlthd Q@ﬁsnﬁﬂﬁoﬁﬁmrpow is carried out by

nmoni toring an environment that is susceptible to

pr esengfstaf ekctriodl 90lkagg APplis@P OF isfi8 cleméfit yCinNansamhil 1B adetermined

sensor conprises a catalytic surface for effectuating

exot hepmdxdmaely bendot herm ¢ reactions of said target

gas species at elevated tenperatures, so that the

presence of said target g A AJgedi es causes tenperature

change as well as el ectrTcal  jpesi stance change in

said gas sensor, which responsively effectuates the

adj ustwheRin 10 the @le@idal vdltade apsHaE bn SildRRieRibefort thtddfhstgas.

sensor, wherein said adjustnment of electrical power

correlates to and is indicative of the presence and

concentration of said target gas species in the

elvi r diereystem of Flaii, ¥0GESH g7 10RERCT PRPOOBEIOS014  17.

The system of claim 16, wherein said electrical gas

sensor conpri ses or_more grhaving a core

formed of chem ca%rtﬁ we;ntx}q,nlk eﬁaﬁ@?r ically insulating

material and a coatlng formof electrically

conductive and catalytic material. 18. A gas-sensing

system for detecting a target gas species, conprising:

(m) anmmekpehi dfeRlm gRShEERRAY istbioRMhtel 3ytialng RF and wherein AW is

catal ytic surface that effectuates exotherm c or

endot hetermisedrapgotimatelg bpf sai d target gas species at

el evated tenperatures; (b) an adjustable el ectricity

source coupled with |g gaSmsen ement for

provi di ng el ectri ct XQQR id gas sensor

el enent; (c) a controller 6oupled with said gas sensor

el ement and said electricity source, for adjusting

the electrical power supplied to said gas sensor

%66 m; ﬂlg-le ts9stém BP Elﬁ}nrb, hefefiNSH %Mneﬁl c%ﬁlbrléeé: A clE&SaP éa@ R&fsor for

monitoring an environment that is susceptible to presence of a target gas species,
wherein said gas sensor comprises a catalytic surface for effectuating exothermic or
endothermic reactions of said target gas species at elevated temperatures, so that the
presence of said target gas species causes temperature change as well as electrical
resistance change in said gas sensor, which responsively effectuates the adjustment of
electrical power supplied to said gas sensor, wherein said adjustment of electrical
power correlates to and is indicative of the presence and concentration of said target

gas species in the environment.
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(d) a gas conposition analysis processor connected

wth said controller, for determ ning the presence
wa@emsooneent rati on of said target gas speci es, POBRBESZHOBDON3I14

the adjustnment of electrical power required for

Mg Nt 3hd st HEIGANS! dRdreif sBE LledtSAl gas! BSsbS EdpFigesRRe or more

wherein the electrical power is adjusted upon

det ectfil@n®haviiy dofCforied af cheMBAIBLIANCAd eROAYS ishlati@inthterial

gas sensor el enent, by an anobunt A Wdetermn ned

appr oxhdwadoating foxy of eliedtri€ally condacti{eR8d catdRjtic magpalxt xR0 (i i)

AW=m[RS + RO) - 2R]; or ap xtxRO (iii) O W=m

(R - R - R- R0O1 apxRot in which mis the

thermal nmass of said gas sensor elenent, ap is the

t Brperafr@sing tysrmfridelpting? AEgPleat PPES| COFBERE ance of

said 55 sensor el enent , the st

el ect gﬁl elF%%‘iaE]ttgﬁsnEeé’s%f el@%{“%}l?’@vﬁ gecﬁggsgcreslg“g?fﬁ npat effectuates
20051 077900 BE PLESOERb EREH Alcie okl sp ol ar clevare

bet ween t‘éﬁﬁ{rﬁ&%gdet ection of electrical resistance
change an ast = adjustment of electric power, Ris

the el®Cindapsthblé A&uihtRbsufe QbupRed with GAS g8 8BS elcBleRMTB Providing
nmeasured at current tine, R((%) is the electrical

r esi st angewhl poatdo BassafigasS@tisodlad@rit nmeasur ed at

| ast adj ustnent of electric power, and f is a

pr edet(er artanedlck capled math saitl gasvdansohelerhmmt ardl sawltatpemicityofource, for
el ectric power is periodical -I%/ carried out. 19. A
met hod f shustist e elesiticah pevse suppliegfto gaid grsgwspsop slemen ¢ maigtain a
in an environnent susceptible to the presence of

sane, coffpps plagridehssiganss®: BE:  (a) provi ding an

el ectrical gas sensor e|enment having a cat

lytjc
surfad® ? copPPSItion | HRWSIS RIKEH FPRedd évﬁtgo%‘/ﬁﬁ%rcﬁ?h&ouer’ for

reacti ons  of. sai,d tarqget .gas Ci . .ed
ooy of TRt kAL AEhn ABRRREG] 3o Flaree Lo YRLE baset on the

in an i n%fj&stn?egy bf QBAERAF p%}/%qqiréaf for %aﬂiltaining the constant electrical

resistance R,,
wherein the electrical power is adjusted upon detection of an electrical resistance

change in said gas sensor element, by an amount 4 determined approximately by:

m
) AW =—" (R, -R);
® o, xtxR, (7, - R);
i) AW =—2".[R, + R(0)-2R]; or
a, xtxR,

o om _ o _R-R(0)
(m)AW—a 7 [fs(Rs R) — },

p 0
in which m is the thermal mass of said gas sensor element, a, is the temperature
coefficient of electrical resistance of said gas sensor element, R, is the standard

electrical resistance of said gas sensor element measured at a reference temperature, £ is
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target gas species for a sufficient period of tine, so
as to reach a steady state; (c) determning
we@bmsorioeml resistance R of said gas sensor ePENESL005003914
the steady state; (d) placing said gas sensor el enment
N tRE BVinlRAMBMN eel Lae@P littkieh bPeIbRRaPiSSR1E @handd add st
target gas species; (e) adjusting electric power that
is Su@ﬁgﬁh&d oft Qecti pAdwgaR iShe sledtric@l esi@atice 8DsaiiSgab Gensor element
mai ntain the electrical resistance of said gas sensor
el emaisurt aRairreatrtone( R)) detheelerrivalmgsittdnee pff wilegas eensm@lement
concentration of said target gas species in said
envi memuedt Bsisdippmer o&elericsRavar, gfagf Spausdssrmipedsfeequegpy at
the adjustnment of electrical power required for
nmai ntvaich ths gdingyeens pledactrie payer P@%‘i“‘é‘tcélﬁ'&émﬁg.o“@o. A net hod
for controlling electrical heating of an elenent to
mai ntain a constant electrical resistance Rs,
onpr,i Si ng: uppl vi ng. el ect r | o ele LA dscentibl
e n'f“etﬁ(%l fgég%ercr%nﬁ i ?flacti'aI %ttga% %?Jlﬁea%%né same and
| nCr eagi A0l fo% s ShRChIbAS: deSRbsdance to R3, while
conpgdﬁt‘rﬁeﬁtiey ° 2%”\%\0 2805/%7_7%50 PCT/ US2005/ 003914
noni {Qri Neroti@Rk ahi diRurRAICKE lsbret eldrfi S4vARCL chtalpfic Safact that
el ement for detection of any difference between R and
R3; (b) upfndes edthetiic of endothlirhifc aeaetime ob etidveeat #as apedies at
RS, adjusting the electrical power supplied to said
el ement byleeatedaempenturedV det er mi ned approxi mately by:
(i) AW=r m (R, -R; ap xtxRO (ii) AW=r m[R | _
+R( 0)b)2R)] prsrheatimp ssitl eROseqsoF jelpmpnyin-ap ingst epvifonmer devopg of. said
R- R(0)] apxRo L st whereinr is a proportion Iité_/
const ant  faigeheas sprgies 1912 PHiIsMpRIRGtof Bma, sp 5 ta Fraclya sieady e
iIs the thermal ss.of said el nt, ap is, th
t enpdflat uRgeEILE Fieeris ety Eoqh P st SFmfat the steady
state;
(6)) placing said gas sensor element in the environment susceptible to the presence
of the target gas species;
(e) adjusting electric power that is supplied to said gas sensor element so as to
maintain the electrical resistance of said gas sensor element at R;; and
® determining the presence and concentration of said target gas species in said
environment susceptible of said gas species, based on the adjustment of

electrical power required for maintaining the electrical resistance R;.

20. A method for controlling electrical heating of an element to maintain a constant
electrical resistance R;, comprising:
(a) supplying electrical power to said element in an amount sufficient for heating

same and increasing its electrical resistance to R,, while concurrently
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of said element, Ro is the standard el ectri cal
resi stance of said elenent neasured at a reference

wo eooperameure, t is the tine interval between CRET/E81005/003914
detection of electrical resistance difference and
| ast adj us%i%ingfeaﬁh&glerchieal PRMBfce RR¥E6Aid d18mdnhRr detection of any
el ectrical resistance of said el enent neasured at
| ast adj ustiiRRhcedtetwebeRindiRg power, and f, is a
predet erm ned frequency at which the adjustnment of
el ectribc paperdetestiopef i diffbrersk bstweenarand 8d adyusting Bd ¢leghrical power
systemfor controlling electrical heating of an
el ement andupphi¢dto sdidelengenthayrae ameunpd W desergingd epnsdxaaately bl
resi stance Rs, conprising: (a) an adjustable
el ectrici t)(i sourAq,ﬁzcrqugl ed vvi_gp_s i.d el enent for
provi di ng %I ectrical opowemR,t 0’ he t said elenent; (b)
a controller coupled with said el enent and said
electricity source, for _nonitoring real time
el ectrical (iesi sltVHnoe—R—le——s—a[Rj M(g)@ﬂa],, omnd upon
detection of a diffeferd&fetween R and R5, for
responsi vely adjusting the electrical power supplied
to said el epent _an amoun X%\Jldg;elimli(@ﬁ
appr oxi mat é{@ ¥ =30 30 200577650 PGT/ Us2005/ 003914
(i) AW=r m. (RS- B: ‘apxtxR0 (ii) AW=r m [RS
+ R(0)-, 2R];. or _ap Xt [0 | = ' - -

R i fropgforie sl o ol aBUAC o s 9, e

const atﬂér{rjllg]lr}nﬁs l[)iasggeele@re?tf I bélﬁlﬁtsragrelcogtﬁciéxh Q¢ %lec:lex@oal #&istance

is the ermal mass of said elenent, ap is the

t enper gtshi Qlemef Iﬁ(,' i6 e Rfandfd &dcRAlMbsGs@hce (_ﬂ'f‘si'aiﬁ tRME® meadured at a
said elenment, Ro is the standard el ectrical resistance

of sai dfeehe@nemperit@asiisakt e ttervabbawencmrrtre nipectiah W electrical
t is the tinme interval between current detection of
el ect riegigince diepteanclelasi ddfustmentcef devtticl posver, aliPu st the etectrical
of electric power, R(O is the electrical
resistance of said element measured at last adjustment of electric power, and f; is a
predetermined frequency at which the adjustment of electric power is periodically

carried out.

21. A system for controlling electrical heating of an element and maintaining same at a
constant electrical resistance R, comprising:

(a) an adjustable electricity source coupled with said element for providing
electrical power to heat said element;

(b) a controller coupled with said element and said electricity source, for
monitoring real time electrical resistance R of said element, and upon detection
of a difference between R and R,, for responsively adjusting the electrical
power supplied to said element by an amount AW determined approximately

by:
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resi stance of said el enent neasured at |ast adjustnent

of electric power, and f is a predeterm ned frequency
wa@toosg7obo t he adj ust nent of el ectric power i s PCT/US2005/003914

periodically carried out. 22. A gas-sensing system

for detecting a target gas species, conprising: (a) an

el ectri cali) gasAﬁéﬁsw—e’EeTer(Rs h&Yi ng a catalytic

surface that effectudr88 fexothernic or endothermc

reactions of said target gas species at el evated

t enper at ur.es; _an_adpust ghl eGgtni city source

coupl ed V\ilSh sé%—éégz sefag(pﬁﬁélgg nt%eg’oo? provi di ng

el ectrical power to héat said gas sensor elenment; (c)

a controller coupled with said gas se el enent and

sai d el ectifij ci by seur—cﬁ,——ﬁijs(Rsad@)JMQﬂhe el ectri cal

power supplied to saPd*dasl sensor el efent! to maintain

a constant electrical resistance Rs; and (d) a gas

conpoditkinais ameroyt®naitproog@snerangoefiimotabolt @il tihabony 19, m is the

controller, for determning the presence and )

c onc drprmal miagpf6tid slginenty garisfbe temaatyrp gegfficient pladecticyffesistpaee

adj ust ment of electrical power required for

mai ntoAFH AEmIThdt dos ptadprd sleaipieyl resisipnce i%“g‘t"%{ﬂe&’é%?‘e%it a

OV R GO ARt s
el ectrical resistan . [ . SQr, :
ol crmipte s, SRR S0 sy GRRARL oF RELE pBE, HHI0T0e clporica
(i) LW fentBhe N !
R(0) l’%&]"ge %f{r&‘(jgésﬁmf{‘@ﬁ“(?%t ?Jseéi%?’:s%eh') off el pf°W?'Plfeshrﬁ-§§ s
R - p%d_‘eterﬁfh%“ﬁquéncy atORNER the | BjuMbR O lelebtBic Power is periodically
proportionality constant ranging fromabout 0.1 to
aboutcadi@d ol i S t he

22, A gas-sensing system for detecting a target gas species, comprising:

(a) an electrical gas sensor element having a catalytic surface that effectuates
exothermic or endothermic reactions of said target gas species at elevated
temperatures;

(b) an adjustable electricity source coupled with said gas sensor element for providing
electrical power to heat said gas sensor element;

(c) a controller coupled with said gas sensor element and said electricity source, for
adjusting the electrical power supplied to said gas sensor element to maintain a
constant electrical resistance R;; and

(d) a gas composition analysis processor connected with said controller, for
determining the presence and concentration of said target gas species, based on the
adjustment of electrical power required for maintaining the constant electrical

resistance R;,
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thermal mass of said gas sensor elenent, a,, is the
tenperature coefficient of electrical resistance of

W@ 200d/0gms0 sensor el enent, Ro is the standard eP@DUS1008003914
resi stance of said gas sensor elenent neasured at a
ref er aiRRint GERREALM HBwerl is ladjudtdiuroh Rtedtidh %‘f\éﬁlelegﬁu’l’er%tance
current detection ofp el ectrical resistance change and
| ast  afinds &0 as@énsed eifidetit] 18/ a2 QMBUNt AR detbrBnidel @pproximately by:
el ectrical resistance of said gas sensor el enent
measured at current i ne R(O? is the electrical
resi st ande :s’am sof)>el ement nmeasured at | ast
adj ustment of eldctrié power, and f, is a
predet erm ned frequency at which the adjustnent of

el ectri Cgij) power,. Ls_ﬂt’e.%opa cak(oy-zR¥; 6i ed out. 32

(i) AW = . —2 -[fs(Rs —R)—R—_:L(O)],

a, xR,

in which # is a proportionality constant ranging from about 0.1 to about 10, m is the
thermal mass of said gas sensor element, a, is the temperature coefficient of electrical
resistance of said gas sensor element, Ry is the standard electrical resistance of said gas
sensor element measured at a reference temperature, ¢ is the time interval between
current detection of electrical resistance change and last adjustment of electric power, R
is the electrical resistance of said gas sensor element measured at current time, R(0) is
the electrical resistance of said gas sensor element measured at last adjustment of
electric power, and f; is a predetermined frequency at which the adjustment of electric

power is periodically carried out.
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