FEEDBACK CONTROL SYSTEM AND METHOD FOR MAI NTAI NI NG
CONSTANT POWER OPERATI ON OF ELECTRI CAL HEATERS
GOVERNMENT | NTEREST [ 0001] The U.S. governnent may own
rights in the present invention, pursuant to Contract
No. 70NANB9H3018 entitled "Integrated MEMS React or
Gas Monitor Using Novel Thin Film Chem stry for the
Cl osed Loop Process Control and Optim zation of Plasma
EFEEDBWICE €ONTROLIYSHEM ANDMBEHOIREOR Mg NFAINING
M cr@@NSTANT POSWERBAEERATION OF EHECTWHNALGREATBRSI
of the Invention [0002] The present invention rel ates
to an adaptive feedback control system and nethod for
controlling el ectriGavEREMENMNIERBSTel emrent and
mai nt ai ni ng constant resistance operation thereof,
[08)1¢ CTHel L8 goyerhrer ng @ sws eipists MghSysdettantdon)phlsat fo@ontract No.
determi ning presence and concentration of a target
T0NANORE01 £ entiilas €Thte@ratddIERIBO Redctod IGaa i stito T EIsing MNugell Thifl Film
for maintaining an electrical gas sensor elenent at a
Cleensgd aot thelCkatd Lesd Proess Shfut @nd DpSlzaiidn & PI&atteéh and Clean
Rel ated Art [0003] Conbustion-based gas sensors
REETHAE inshdafabethgs dOMi@odRtratics”] | aments are widely
used for detecting the presence and concentration of a
conbusti bl e gas species of interest. Catalytic
conmbustion of such gas species is induced on the
surface of such Br&KEOUNDIGE TiRE arVERTICRMENt S,
resulting in detectable changes in the tenperature of
Figwehht idvaeat s. Each gas sensor usually conprises a
mat ching pair of filaments: a first filanent - known

[0612] TR HARLRGERAtion RRtck YEhY a&dlia) KeBaciCOmRYSseR Al mtdiRd for
target gas species and causes tenperature changes, and

coBtrol BC B18&lriéal |HRARB of ank BIGWEnt asd t HANERIFRCRBREMI resistaHRE Dperation
not contain the catalytic material an therefore only

thdRGHTS kseBifiKal0 0P @NSAHsEfink Ofys A BEE Sacthdd t 38 RRRMBMAL presence and
condi tions. Wen such pair of 1 filanents is

cohRERARAT @t & dalghtt PasdspilieAtbadcangr Blel 86 IFCAlstmedN required for
out - of - bal ance signal can be produced to indicate the

mABESERE GF el0ftriddd RastsaisOedlerkAS atSRBAI: BB electrical resistance.

Description of the Related Art

[0003] 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



[0004] Because it is often desirable to operate the
conbusti on-based gas sensors at a prescribed
tenperature so as to maintain a known, constant rate
of combustion, the conventional gas sensors utilize a

f eedback contr it fo usting the ectrica
ﬁlmw& Rerpprin » RBeaisab B B it A o6 op G e, gen be
ensate for the t erate changes caused by
it eﬂl‘erPrBSFﬁ‘i?rO (YESt BRFB°HSr e heat generated by
the conmbustion, the npre adjustnment is required to
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required, then there i s no target gas speci es present;
byt F%“@F‘é"é‘t el PHE" 3G5distivemere pab greERd Phdhan FojpRstian, dhe more
concentration of such gas species). [0005] Because the
adjustisat &t ARG toamptatal gﬁ §ORMEN ¢ CHPSTRIETE) QPeTaaRcd (he dless heat
el ectrical resistance, which can be precisely
gepaled, Prthe sombrstion, the le%S@éJefttne%ﬂ is frgYirdedn Stqh@%edﬁa@taseme as
control circuit used by the conventi onal S Sensors
WAL IS PHES g%%wspétlégc‘tat‘ Pe detenmingd based oa tﬁ%%%mh?f adptment
as an input (r), and nonitors the electrica
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indicative of tenperature changes _in such filanent,
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used as a feedback signal for adjusting the electrica
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RS) and the feedback signal of the output electrica
Whl@sqagtﬂaﬁf@estlwew@ %Y éewa@act%%al %mlcs% #tfrfeﬁ‘é% @%&Pﬂt(%meelt used
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an integral term (K, x f e(t)dt% and (3) 2
compensate for any temperature changes detected pec1ﬁca11y, the differences between such

input set point resistance (R;) and the feedback signal of the output electrical resistance () are
recorded as an error signal (e=R,-R), on the basis of which a control signal () is determined
and used for manipulating the electrical power supplied to the metal filaments so as to reduce
the error signal ().

[0006] The well-known proportion-integral-derivative (PID) feedback control system

determines the control signal (1) as a function of the error signal (e), which contains three terms

including (1) a proportional term (K, xe), (2) an integral term (K, xje(t)dt ), and (3) a



derivative term (KD x dt ). The proportional term (Kp

X e) is proportional to the error signal (e), where

Kp is its proportionality constant. The integral term

(KL x f e(t)it) is proportional to the tine integra

of the error S|gnal (e), where KL is its
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ui ng di sclosure and appende

and method for maintaining constant resistance operation of combustion-based gas sensors,

which is adaptive to variations in the sensor elements and 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.



SUMVARY OF THE | NVENTI ON [ 0011] The present invention
in one aspect relates to a nethod for controlling
el ectrical heating of an elenent to maintain a
constant electrical resistance Rs, conprising: (a)
supplying electrical [ S | epent in an
anount suffici entﬁﬁéwffﬁﬁgﬁr%@}ﬁg%@%ﬁ]@ increasing its
electrical resistance to Rs, ile concurrently
(044 hi kha rresgnty @gntieR (R oag SRREFY telftesriast Setiod efohc?iﬁfogﬁé flectrical
el ement for detection of any difference between R and
heatipg of By elefpet tBtiRE R GARHRt %lefduilcra% EPEARE R SPBEIER and
Rs, adjusting the el ectrical power supplied to such
el emanjf alpy HEP LS LRYECtRey POWRT IR P elenet ! facppypnt syffigient for
AW= m (Rr R% apxtxRo (ii) AW= m{RS +R(O) -2R]; or
apxt XRo (I i he)a ing)/samg  pRd 11Ec|reas1(1g Rts Fq}ec r:RalR(r@)s}ancep tq §. while
wherein in is the thermal mass. of such elenent, %is
the tenper afWFUTRBRONEPEg reRlfimeetlerdtice] pesistancesh of awb glement
of such elenpent, Ro is the standard electrical

resi st ance f?F defertinn opang dEfrrenfpbrtvises R € Ra 1 ef er ence

t enper at ur e, is the tine interval between current
det ect {Bn oFPOéI deteetiqneed] 2 illggﬁeg%eab?&véeea if% 6 fon adivsiing thefdgetrical
adj ustment of electric power is the electrical

resi st ance BvesgiRliedta wﬁtelwa%w@emaﬂm@étwhmlﬂéqt%med by:
of electric power, and f is a predeterm ned frequency

at which the 2dj ust t of 7 el e({kl‘l ;‘R)power is

peri odi cal | y arrie outa {10042] tst enmbodi ment of
the present invention rel’ates to a passi ve adapti ve
feedback control mechani sm which detects the

di fference between Rrand RE andradinist-s2Aher
el ectrical power provi dgdktord he' el enent for
passi vel y conpensating such al ready-occurred

resi stance change to restorerthe el ectkl cgd g _
resi st ance ofiij he eAﬁ’rmnI—"?aae\{k@% RsR )+ ],passn ve
adapti ve a, xR, t

wherein m is the thermal mass of such element, «, is the temperature coefficient of
electrical resistance of such element, R; is the standard electrical resistance of such
clement 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

contro] 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 AW is determined by:



f eedback control nechanism the electrical power

adj ustnment 4Wis determ ned by: 4 AW m (RS-R)

apxt xRo [0013] A second enbodi nent of the present
invention relates to an active adaptive feedback
control nechani sm which recognizes the del ay between
detection of the el ggt Ilcapireﬁéﬁtaﬁﬁ change and the
adj ust ment of electrlcau x&&U? s the anpunt of

resi stance change that mnll occur betmeen t he present
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popt SR ¢ RjloRe Jsap <Rt [0016] A ?nlﬁj or
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dback. t t hat, al. t
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t he control signal (nanely the adjustnent of

el ectri cal pomerAﬂMLmaLéﬁLl)[ hig(OpLoRy sel ected
(such as RS and f); Qz)xpxﬂgetern1ned by the phyS|ca

properties of the controlled element (such as m aj
[()Uﬂl!'i’»ﬁj W pé}fod{csgdjﬁﬁﬁeiy bEGhd Delifdh power is provided at a predetermined

frequency £;, the future time is equal to the adjustment interval % , and AW is approximately:
5

ww =2 [ (e - 220

a, % R, t
[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 AW) are (1) arbitrarily selected (such as R; and f); (2) predetermined by the
physical properties of the controlled element (such as m, «,, 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,



time (such as R(0), R and t) during the operation. No
enpirical re-tuning is required for determning the
control signal for maintaining such controlled el ement
at constant resistance operation, regardless of the
changes in the controlled el enent and the operating. . ..
Wi gishiligHdly reducsmiths oBFIgHIE FoSiEPY 1PEEATESe et ARrating ~ flexibility.
operating costs and increases the operaLin%
Mereeser, Biqse pajametyp pregerpined vy dhe hasicahetonpéienidbietonipiedsipment
bg t he physi cal proPerties of the controlled el enent
(s4cB gt M- Gsariddo) WYY BERETORS) MBS WeedndisEbsecHERYRhEq 2B glements of
~and subsequent]ly apply to all elenents of simlar
5”%‘5\*1@?%?“%11}“1\&%%31‘ fidpefarths BatsEeddisHacns yypisd in the events of
adjustnment required in the events of
adgitien/fememalreasement obsanieladstmed®. control | ed el enents.

0017] The adjustnent of electric power can be carried
[OQTI The adistosni o slectrip ROWET 6% BY camigl (st iith dheePretsat invpgion by
el ectrical current passed through the controlled .
adiptigesitherothe elsetrigal sptrent pagsed thapush dhe egsprileiielenens ge the electrical
el ement . [00181 Specifically, the electrical current
volieas saplicd WP sirdIslensel control | ed el ement can be adj ust ed
by an anmount Al, determ ned approximately by. Al = AR

IOW%b rrifigally s thengeciicat cpirgnh | Pagsee rtrquehy s eptipiidoplghenth@n be
el enent before such_adjustnment. [0019] Alternatively,
adjufed by ecqmpquad ], Jagrnige appsptineely 8% such el enent can be
adj usted by an anount AV, determ ned approximtely
by: AV=AWRS 2V whereinAy_Lgﬂihe el ectrical voltage
applied on the el enent beforgyg he adj ustnent. [0020]
In a preferred enbodi ment of tRe present application,
wlit;epe?n 7 ﬂ]tere%lctlriﬁa cgllrt%rtrﬁ%%erdgﬁrﬁ%thg %Jlgrgéen:t)%)s%gl{e esgct%gad SIRA!

or nmonirtoring an e resence

f..a, . target S ecies. Specifically, suc S ..
[0(21&1] S%Iﬁe aggehéqg% telg?t)g%a? go@a e fag lgedt %na'%zc% é&}]emee#tf gaé'g?!%a?déusted by an

exot herm c.or, _ en t? rimc reactions of the target gas
angﬁgépggg% “&dé@%?%%aegb eratures. Therefore, the

presence of such target gas ecies in the environnent
causes tenperature change@@m, as
2V

wherein ¥ is the electrical voltage applied on the element before the adjustment.

[0020] In a preferred embodiment of the present application, the controlled 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.



el ectrical resistance change in the gas sensor, which
responsi vely effectuates the adjustnent of electrical
power supplied to the gas sensor, as descri bed
her ei nabove. The amount of electrical power
ust ment req for maintaining such gas sensor at
lﬂ%i sthentboyedsseit cfiecwélr B 550" G Piabla QU Grmore gas-
|nd|cat|ve of the presence and caoncentration of the
sepsifjefilpmeptshaypg @ qore fopnadifl chemigally dpgresid. nOB'Cf’lEf’@?ti‘]e n‘ﬁ‘i‘i:}‘al and
above-descri bed el ectrical gas sensor preferab
copyigrhsreqrsiogprd o elepigralysae ucg@q@ﬂﬁ@taw %ﬁfﬂs Bﬁ?ﬁ iPFRgeraply, the
core formed of chemically inert and no nducti ve
coptifgent suph sanspnsine-Blaments @01?1?{6%%?10"? %@1 Bk 73 2B thip film,
conducti ve and catalytic materi al preferab

as dfalosedloli Pivg Papnt SARpHE#as Noe YR 26 |f<?f ATRARAT RRQLESS

nobl e netal thin fil such _as a Pt thi N
rl SeNoiu Ty Sk Sl iN AU o P BsmBesysreus
APPARATUS AND PROCESS FOR_SENSI NG FLUORO SPECIES I N
filsEpp QOMPECTERIBROCESIPNG SyErevBimes {1, ddhilgn &@5@ rleffrey W.
17, 2002 in the nanes of Frank Dineo Jr., Philip S H
Neghern Jamest Velsl Michelgeiaverz. Thares Bndtasm, IVMCE%%E Ping, Ing-Skin
Stawasz, Thomas H. Baum Mackenzie E. Kin - Shin
Chepeand Jeffiey 5 é%qeﬁt@ythFdls%Wé% Wht“’fli'é'“’d’in%(é]’%%tﬁ‘? her%#i Wheferpnce in its
are incorporated herein by reference inits entirety
enticsty a1 31l B¥RYSEses. [0022] Wien used for detecting a
reacti ve gas species of interest, such filanent sensor
[0922] £ \hant usegh fos defecting @ rastiveneap ﬁlé‘%c’tes ahipterest s lilqpeng sensor is first
devoid of the target gas species) for a sufficient
Prsbeaigdn apmert papropmen (g ,tdev%ehf@g tagget gassasricst for a sulfipipptperiod
is defined as a state where the heating efficiency
ofgime wnHbit Ageplice ASePShYEP Arhighels defineg aha sl Wisenthe heaiifg fificiency
sensor becone stable, and where the rate of
angl &R RieN (EPRETRA BUTEsHN AR PRoh i [latpesh senses hsepmentitbly. ¢nd where the
about zero. The electrical resistance of such sensor
ratgof {eppeatugsdingstonsch amens sengategpaly $haut, zeithi TR clestried) resistance
used as the setpoint or constant resistance value R
ofishehsiepins gl Btsiebneniant thee drigrprde wBjsBriatq ghused as the sefpoint or
Subsequently, the filanent sensor is exposed to an
COBTAAL rRsiftARFR ValRaRs inssubtrgedp cPstaat tesisiprE %l@%ﬁa@ul&#wﬁ@ the
target gas species. Detectible changes in
filament s A1 Sxpessrl & afrrauropmest tha is upcsREe toéléﬁﬁﬁ%cm(el of éle target gas
detectable deviation fromthe setpoint resistang

speatsu defecliblpphangssdn Bissterivistl rpestanfigo S&Flg@lamﬁ%fs%%“ﬁ%@ Fedetectable

delw?mon from the setpoint resistance value R;) will be observed if the target gas species is
present in the environment, since exothermic or endothermic reactions of the target gas species
on the heated catalytic surface of the filament-based gas sensor cause temperature changes in
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
7



present in the environnent, since exothermc or
endot herm c reactions of the target gas species on
the heated catalytic surface of the filanment-based gas
sensor cause tenperature changes in such gas sensor
e ada t|ve feedback control nechanism as describ
reaq ?de%%% Giral regigiance SAwH i W@S‘fip%ﬁ Yspustanh ¥alag Befprei eefacrsure to the
power supplied to such filanment sensor and maintains
(arig e SPEPr {Healime dERY sl BRoCR e TIABIFGHP” Sbribiansgpments is
the setpoint or constant value R . [0023] In such
Sl%ﬁﬁ‘éb’ requegd I SPHBIFISEY cGRIEASt ant resi st ance val ue R,
re-set at each detection or gas-sensing cycle, and
lﬁqzﬁb Ahothet pwrspf they prateat imxgidiay red@iea OrigseErnioy F?fft’fo fling clectrical
can effect ively elimnated. Further, since the
he?t}nlgé? glerpeps and PridaIgag sHpe HaSonf %%L%fywabr@ﬂstﬁrrce R sgipprping:
and 7 reached an electrical resistance equal to the
set poi W or actshistakie clRrHIcHY SpuED PRI iy Fush te%?mleﬁtefm providing
target gas speC| es, the tinme delay usually caused by
“war m ng- upelescal pRver odeptHeRlanss  si gni fi cant |y
reduced or conpletely elimpnated, [00241 Anot her
aspect Mf  t heoprdise spunisty &t it e%eaea& gud ths glegtiatyepurce, for
for controlling electrical heating of an el enent and
mai nt ai ni ngmg%ﬁ?ém%treaé tgwndecirifal esisengs A ek plsmgpicand upon
Rs, conprising: an adj ustabl e electricity source
coupl ed wi ttit‘%CH%‘ho%ﬂ @Ffemcef‘%ﬁweﬁ? Handifimgfor wproatiysly agiusting the
power to heat such el enent; (be1 a controller coupled
with the el drdifel apwertFeplish de e ElPRptSutt oy determined
nonitoring real tine electrical resistance R of such
el enent, an%PP%B’PﬁteH@f ection of a difference between R
and R for responsively adjusting the electrical
power suppl i gg to t el emdnt b)( an anount dw
det er m ned proxuratebyxby(}a(l‘s{ =“m-(R -R; aP

xtxRO (ii) ZXW= m[R +R(O) - or a" xtxRO (iii)
AW mLf (R-R-RRO1
(ii) AW =—"__ [R +R(0)-2R]; or
a, XX R,

Gy AW =—" .{ﬁ(RS_R)_R“_R(O)}

Q,x R, 3
wherein m is the thermal mass of the element, o, 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() 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.



aP x Rot J wherein mis the thermal mass of the
el ement, o, is the tenperature coefficient of
el ectrical resistance of the elenent, Ro is the
standard el ectrical resistance of the el enent
neasured at a reference tenperature is the tine

(0425] dre/Srb et eRrolePBREeS &@? @rcwerﬁfewfwsef%@moeag the electrical
reS|stance di ff erence and | ast adjustnent of electric
resivanes of e genirellef neleragnb e prich amay 48; &t girelsicylf repigiance meter, or
el enent neasured at | ast adjustnment of electric

altp@uicly, 8aghrcht h&erdus@ll i@ dedj@iciibnemh & vaGPensyr @t =whi th the
adj ustment of electric power is periodically rried

083b1 4, At QUGG 9T MBrFEHT Ry ERG “QRELL F A SeIminE sysiem fo
resi stance of the controlled elenent, which nmay be an
defepinga Pree |8} WETEY SRR WBt er, or alternatively, a
current nmeter used in con nct| n.wth voI e met
(R = )Ea)[ 00FBYeRIG gﬂslse?sﬂlf Fraynt JeyiRet cyf Ytﬂ%%l“%gee@@ﬁtf ectuates
i nvention reI es. to a, gas-sensing system for
detecting a° gﬁ“ﬁ’élf‘ of gado, E’&lf’é?"“%’%ri’grﬂ?esﬁa%t 296 gpecif at elevated
el ectrical gas sensor elenent having a catal ytic
surface tha%“@??@&?uates exot herm ¢ or endothermic

reactigns of t et ~gas species at el evated
t enper & ur e®* a{’ watbffng%ﬁlwg\eﬂ% ceipersh Witk fleyeas gersgieelement for

coupled with &@ %g nsor el enent for ErOV|d|ng

el ectri cal 38" g FisCtHeal PORgidn GhYicr gFrSERsO et (c)

a contrg cou led with the gas se sor eI %g # and

the el & tr.%mfo FisPymed withythe g sqaser ﬁm?fﬁé‘“ gleptyigity source,
power suppljed. to. such sensor ment to .

i ntain o PAGESHE A dEE ﬁlﬁaba?w‘?régmﬁlﬁiﬁ% Sicl gas sRer (gment to
a gas conposition anal ysis .processor_connected with

t he cont r ol PaFala fonst F@WH&“FﬁﬁmPﬁﬁqﬁWgsence and
concenhéatlon of the”targ t ., gas speci es,

adj ust nt %ﬁa%F%}&oﬁlitle%la 107eS cplér&ctp w1t% the controller for

mai nt ai ni ng t he, con ﬁt ant gct rical i st ance
determining the presence concentratlon 0 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
) AW=—>2—_ (R —R);
® o, xtx R, ( ) )’
i) AW =—2"—[R +R(0)-2R]; or
a,XtxR,

(i) AW = — -[fs(Rs _R)_R*_R(O)},

a, xR, t

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

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



wherein the electrical power is adjusted upon
detection of an electrical resistance change in the
gas sensor el enent, by an anount dW determ ned
approxinately by (i) AW=M (R -R); aPxtxRo (ii)
AW—|n Rl or antho{Hl AW=in (Rs
-R - R t@jﬂéﬁﬂ%st%e fs syl gpsy SHRPE SIS egenrechéf i reference
mass of such gas sensor elenent, a" is the tenperature
coef f i ETPRBIED ! Bl thekips wigrvy é@ws%nacﬁaén’fé*ﬁtegtwawf gfggtmal resistance
sensor elenent, ROis the standard _9 electrica
resi st shage #d lay éﬁuﬁragnté% REgHC apvesreRis e slstirey registagee of such
reference tenperature, is the tine interval between
cur r enBaSHERWE £ eB'ﬁﬂto‘Feaé‘Fré‘é £l Pt e A Paiidhe cleprer) aesistigoe of
| ast adj ustnent of electric power, Ris the electrica
resi st #if8 #2ofn¥ EmeyaBeasErt orlag pPHEMENt A 5lsetie gower, and £ is
current tinme, R(0) is the electrical resjstance of
such gBEdumind fepenentt Widistir adusknent 9§ elegris pavsranperigdically
el ectric pomer and f, is a predeterm ned frequency
at whi eHisd¥tadj ust ment of electric power is
riodically carried out. [0027l Yet anot her aspect
10&7 ] Y16 aptiees @piect hfsnitresnl nengenslaies to 2 mstheg for dsfecting presence
detecting presence of a target gas species _in an
of éﬁ%‘?tcﬁ%ﬁﬁ’r?ﬁle% st roment %ls‘ff’ﬁ%blﬁg b pEcsense o5 sis; comprising the
mpr|5|ng the steps of. (a) providing an el ectrical
5“@%@ sensor el enent having a catal ytic surface that
ef fectuates exotherm c or endotherm c reactions of the
target @as BigEEINgSnFoctichleArapEECR RIS AT iR catgligyc surface that
pre-heating the gas sensor elenent in an inert
envi r onnent SifElaIcHeothetmig or endpietmigipactiopeef thetapgst gag species at

sufficient period of tinme, so as to reach a steady
state: elevated temperatures;

(b) pre-heating the gas sensor element in an inert environment devoid of the
target gas species for a sufficient period of time, so as 1o reach a steady
state;

{c) determining electrical resistance R, of such gas sensor element at the 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

H determining the presence and concentration of the target gas species in the
environment susceptible of such gas species, based on the adjustment of
¢lectrical 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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(c) determining electrical resistance R of such gas
sensor elenent at the steady state; (d) placing the
gas sensor elenent in the environment susceptible to
the presence of the target gas species; (e) adjusting
electric power that is supplied to the gas sensor
el ement so as toBR%FP?éFﬁ%{%%FBR&YW | resistance
of such gas sensor_element at R5; and (f) deternini ng )
(09398 Fﬁgtg%gﬁtfedla%r@nélétﬁw%raataﬁ@ﬁwﬁee@bﬁék toprgbpegiaaism that adjusts
species in the environnent susceptible of such gas
the; plegtiiend cupens @asserhthiqygh gajelestristlyt hegted eloment for aintypne constant
required for maintaining the electrical resistance R
refigaegpragtivaracenifipg toone pabadifpens obheperbaleiats of t he
invention will be nore fully apparent fromthe
(0308 iigrge diskesoleipignah AuDep peiseed byl daXens.5 2o sgrpEpntrolled by the
DESCRI PT OF DRAW NGS [0029] Figure 1 is a diagram
adpptivg eadback rgntesh (Aapmpshanisia o tfgé&lvae LORtCPBParpaR Ml sigapl outputs
that adjusts the electrical current passed through an
gepgreted by thasaye sraspr senteolledveng canyentionsl il imchagisen ifs tha weesence of
resi stance operation, according to one enbodi nent of
Nifsjgas § vasen floy agtes{d @%@m{@@sw,gp@w& RGBS he
si gnal out ﬁuts generated by a Xena 5 gas sensor
[0¢htFigire dcshewys theexpaaderhsipaab opigutg iarskatedobt thel XquapCgas sensor of
‘mechani smof Figure 1, in conparison with signal
Figii¢ Hue ghe pEpsense gy ataflowgatief 38sseh control l ed by a
conventional PID nmechanism in the presence of NF3
gas at various flow rates (100 sccm 200 sccm 300
sccm and 400E 'D%EEREEE IQN%EE@IE@NMWONM
expanded si gnANDIRESEREBERIMBPRIMENES THRRERENa 5 gas
sensor of Figure 2, in the presence of NF3 gas at a
[0932p 1) PaPeestAmpbention din IBRTAPIERDT DRSEARAT FRECESS FOR
| NVENTI ON  AND PREFERRED MBODI MENTS THEREOF [ 0032
SHY SENGHZ{KHO ABBFIESHN YMIGEINIGC PO FRSK-HSSING RYSARMPUE led on
AND PROCESS FOR SENSI NG FLUORO SPECI ES I N
Outypbigr GENERIZTER FiReCESE) N RenENE: %334 6d7 o hereby incorporated by

reference in its entirety for all purposes.

[0033] The term “‘steady state” as used herein refers to a state where the heating efficiency and
the ambient temperature surrounding the electrically heated element are stable, and where the
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.

11



Cct ober 17, 2002 and Ricco et al. U S. Patent No.
5,834,627 is hereby incorporated by reference inits
entirety for all purposes. [0033] The term "steady
state" as used herein refers to a state where the

ting efficjen and, _the anbi ent tepperatur X
10QET IS 7, Mo eg e e B oot B b eipetrically heated
1stable, a%@ wher e @he rat? of tenperature c?a;&g on
elemeply, AERRY "SIBRe st Srelagsovh e fgaPiys 41 sudierlqiasngsy and

thermal mass" as _used herein is defined as the

ViR EcBn&9dks t%%“”ﬂ%‘é‘l“?tlondensi ty, and vol une of said
el ectrically heated el enent. [?0323 The term "specific
heat" as used herein Referlb+op(fh&)amount of heat,
nmeasured in calories, required to raise the

wHeRITRE TRt tHE Q1taQfar® NEecBlcANRistafceS UP A BRARY meRGredehiSh Usference
degree. [0036] In constant resistance operation, the

tezﬁ%@ﬂ@r@ ol & QhE UmpIRENADIHABIdnS o PEIERSG LB esistIRIYr Bhdl dMinent. The
the heated el enent at constant resistance,

abbVel Q8ARE UbEbRheVMREArAbbBMhcE B thifptrRuR @drItGelecBicaPe¥Rhnce.
perturbation in the surroundi ng environment. 11 [0037]

(06388 1h eheisitBldn-WRh ivagiohe il Bt B8E Gost BIPRNAIWNE ambient temperature
correlation for electrically heated elenents,

aré h&@ik bl @l coh®sit SHRAACAAbE Bfet d¥m &R résehRtres cWistallt tePerature and
tenperature of such elenments, and vice versa,

thé¥&t6RMaGbMSant Sedoh@l faikth i g 1RAYALH ARcheRERRlehdiAstdid - TO) |
where Ro is the standard el ectrical resistance of the

(08I0 TERtcvErE aaME Ofe Fowdr T8k efne MeCeleh&IPRIcAlatS € fo Osxafdple due to
is the tenperature coefficient of electrica

exbB&inid 8P efdoffensib CheBicRNRMtionsT BE sucPOMBer® GHAL & @Rs species in the
descri bes the Iinear dependence of tenperature over

sufrb\BidRlk @fdifdnfdht, the dnileANESand thOO3Rical FesklfceSI sttt dlbnt change
when variations in the heat | oss nechani sm and anbi ent

colrEFRRARIHITR ordRf @ ntdhih 0brRlafs refst&i20 Shedon PPWBECEdak o @fust the
the elenment results in a constant tenperature an

eldcHREIGIoRELPpRQANS bdthtcl @B ol dofiBbnshte FbrShANERuatidM th hb &tal power
systen1reacﬁes the steady state. [0039] However, when

fluk REpcPeNRE b buek cRMefcthe el enent fluctuates, for exanple
due to exothermc or endotherm c chem cal reactions

[06f0] SAICR: Rk elBsive Metdbadk @8iSirod NATCS SalddRitinkte areS Yok RN dieRth for
envi ronnent, the tenperature and the el ectrical

defeffinl ANC A&t SHARLSlE PR 46fIRRBR required for maintaining the constant
resistance operation of such electrically heated element, based on either physical parameters of
such element or parameters that can be measured in real time during the operation. The AFC
algorithms of the present invention do not contain any parameters that have to be determined by
empirical testing or tuning; therefore, re-tuning of such algorithms is not necessary when the
controfled 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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correspondingly. In order to maintain constant
resi stance operation, it is necessary to adjust the
el ectrical power supplied to such elenment to
conpensate for the fluctuation in the total power
flux experienced by such el enent. [0040] A set of
adaptive féBdbmdK -dBRE bl (- NERH HEl.gord, I hifs- Ere
provided hgrein for determning the amount 0
el ectrical power adjustnent required for maintaining
t he %@n tant resistance operation of such

Wheredi { /{;arsr the et dsevVaive v itrcie shagese(ichdhe i ef tegperature
parameters of such elenment or paraneters that can be

chiRAS Wb Such Fheﬁt%@ |eleHeﬁEem9é§ﬁ1%@ gt hie s;ﬁ&%ﬁ FolnPRf t&!@? ZAE Che heating

al'gorithnms of the present inverition do not contain any

efﬁ@ém@%? Glch eqé'ﬁﬁht hAaYemt %tzﬁ%oqrglt ﬁﬁ%ff)@ﬁen@é’d ?)@ BRk re'léflﬁzlnt T is the

testing or tuni ng therefore, re-tuni ng o such

teﬁ%éﬂ&ﬁ& tolfiﬂﬁ e’ie?neﬂptT NGGE FRBEM tt\,‘mfeﬁ]atﬁrger is Ql%nr} 513%&@& that describes

ement itself or"the operatrng condi ti ons change,
thMAE Y SN Tbh APLhY HeRIYCRSs b6 =S, PR USt TR HE 7, are the

required, in comparison wth the cdnvention BiD

sp é:lrfg:q{ehtt H'c[ﬁ§1t Lquvdo:h]mé cﬁ‘ HAREE AL lemb:R ereﬂ:'e&fv@l@? ntd R elecrt]rlcai current

equatl on gover ning the tenperature responses of

paela@@ﬁr&r ﬁashm/ereﬁa{t%r ﬁéaergmtmbrs R &%hedér vﬁ cal nggn@ ofltlﬁe heated

bo, rrs' erern

eléh{yﬁt Eﬁcﬂﬁ' 3,9,9,5,“',,, \fsathé ¥&vé? %ﬁﬁﬁ%@§ @*e‘r‘t@@uﬁolﬂqmte& blefient ag baeused by

raté of ténperature anges or such heated enment

Qﬂggwgﬁgm ecﬁﬁéﬂ}é&ﬁ@ fic point of tine, qis the
ea

ting ficrency of such element, Wis the total
[O(RQY\@Q a sltéeizfy &P ?ire' Wd d?%h&%%ﬁlyeéle%%ﬁtheatmg iS ltegé?lt the electrical
enper at ure of tHe el emént, T. |enF
cuﬁﬁﬂg%@‘héﬁ?éﬁ eleﬁnehﬁs Ethclecohs?mt peleéj}" Qﬁld {l'ﬁla @Eea %Bﬁératufe@e is:
time 1t takes heat t'Rermal nass m
CP-D VWV, wh re a d VS re t.h eat ,
densi ty, ean ﬁpngD3W ? ! @i@ﬁ Jﬁbﬂ
respectively), | is the electrlcal current passed

whetpinoRighths elettried] easistancefod thetheaied signanhatrtodficadRstats. t he
el ectrical resistance of the heated elenent, and
[0048k If solving Bethers" is the power perturbation exerted
upon the heated el enent as caused by
T, +nI*R, — oL, nl” RyT, |

< 1—a, 7R,

|f =L L= =1
= 1y oaat r)I

(T“ 1 w I=1. 0 =T, =0 Wobation =0
where

& =ap7712R0

T,'=(T,-sL)/(1-¢),  n=n/ll-g). W'=IR+W,

a perturbation
and T,. and #. are the ambient temperature and heating efficiency at the time when 7. 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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factors other than electrical heating. [0042] At a
steady state (i.e., dT/dt = 0) where only electrica
heating is present, the electrical current of the
heated element is at a constant value le, and the
st eady state te erature Te is: T,=Trs+r 7WET" +77 .
[0044L7lg fepdbasiepnitphmpepenismohheg PESTR R vention A Bé#%e@mguﬂafaqeal time
resi stance of the heated el ement at the steady stat
elqcmalgiswt?mg & fithy hePted olemsht ater seigoyt prgonsigng mflﬁmdalufr Ry, by
l-aPt 71 ZRQ = (Trs "+77'0ll=/ =T,.,,q9=7JV..m. where s
va@ﬂ%r!i\lwe}%aw&w?%ﬂdé? such glement. 77" =r// (1-s),
%$ nrsnrs" and TO,e and qge are the anbi ent
l“Q‘*é}r&@F%ﬁ [ there6t0u OF FRESIEMtFrSistanAg. Yalus Rt Broyiderbas gRdpput igal,
s determned. The respective setpoint R, for
and Hid¢eh fime elostisy] agsisinein® A he dntedalemrat Waranitates é%jana?utput signal,
the sane tine, preferably as being equal or close t
whitheeas bg sfyPasedayidh the &1pet UgnebRy a‘FfiYed%F?établﬁ difffpgence, é%ﬁv@al the input
el enment. 13 [0044] The feedback control mechani sm of
R, ppbhg BB 15/ FR9ERH A% BerElr wignalte (ke pifrg Stdieeriop alengl e rfesponsively
~electrical resistance R of the heated el enent at a
invgkesp Bie nfeedypcke ppidieh rechapisis fog producy of Genties sighgl, Whighyisgged for
the electrical power supplied to such elenment., [0045]
magipatafipg BarysiEm ¢ refoadppd itherderio BanBiza e epassigiehhc e
value Rs is provided as an input signal, and the rea
[0446}¢én é‘}eelar?%emclavenﬁe%.t%ft gangral senst u%eﬁég ohwatipgatizdhe prsteps s 47,
nmoni tored as an out put S|qnal whi ch can be conpared
whight Rpressels ppYmen |0§Wa elepsgical poryer supnbied %b%hferefife@rr@ﬁtcfér reducing
between the input R and the output Ris treated as
thegdiffgpncs pe@rp%pnde’% @nd which is pj)eterng yahg @}lmgmg AdC adgorithms:
responsi vely invokes the feedback control nechani sm
to produce a control signal, which is used for
mani pul ati ng the system (i.e., feedback) in order to
Passivgi ARGz &lgbilitbmer r or  si gnal e.

[0047] In this simplified embodiment of the invention, it is assumed that the heated element is
constantly in a quasi-steady state (QSS) with very small power and temperature fluctuations, so
that equations that govern the steady state behavior can be applied. Within this framework,
constant power operation and constant resistance operation are functionally equivalent while
Ty =T and y. =n. Additionally, Weusbauon 15 assumed to change very slowly over time so that
it can be considered as time-invariant between the present time and next electrical power
adjustment.
[0048] First, the real time resistance R measured for the heated element is;

R=Ry-{i+a, [T, +n-W)-1];
from which the total power flux W experienced by such element can be derived as:

R_RU ZB_T{T
.+.
c, -1 Ry i

W =
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[0046] In the present invention, the control signa
used for manipulating the systemis 4W which
represents adjustment of the electrical power supplied
to the heated el enent for reducing the difference
@@ en R and 'R, and which is determ ned b% LQﬁ .
(0448] |Fonpongtmpesisings PPEFHAR-Of thsRlapaph aqeEstaRy gloririea] gesistance value
[0047] In this sinplified enmbodi ment of the invention,
R, i‘St Se}egtefég%ﬁfﬁdé&f@ﬁﬁ‘i i bears thedollqvangrefatipash 1pc%‘Hé@1%Fﬂtf}l)P°W3f W
guasi -steady state (Q@SS) with very small power
rﬁ&ﬁ foo 3wt & f | uct uati ons, so that equations that
govern the steady state b hav or can b applleg
W t hi R, Bl i eptfaoriar, - e R, pwer, [@perath, on Talhd
constant resistance operatlon are functionally

froROiWhiviaihe Wial Whkér€lux T reqaite@REmbRRidity R, AMdI tional 1y,
Wae,,,,,.ba,; 0" is assuned to change very slowy over

time so that it can be gonsi dered s tine-invariant
bet ween t he presentIﬁlwnggmﬁzLﬂegg—gﬁe trical power
adj ustment. [0048] Firs#,- Yhe real? tine resistance R
neasured for the heated elenent is: R ~ Ro tl+apl(T"
[0050Y TWE eleottie pbwamdpkinght X iWereduired forpoaMainink Ube Mhted element at the
experienced by such el enent can be derived as: W
cofdtdnOeldclitealisigtance R, §: - RO 77 14 [0049] For constant
resi stance operation of the el enent, a constant
el ectrical resistance val ug Rgp |snﬁqkecped or
pr edet er mi ned, AWhiFdH, b¥ars—thefotto el ationship
with the total power W rPeqd fed F'ora:r.rrg%ﬂnt aining R :
R, =RO {1+a,[(T.,, +q, W5}- Toll~ RO {1l+a,, VT
[0053] Y )b TB] gxceptipw ot whallcbtherhparanmtead apolseerminkdixithaf by the physical
required for maintaining R is: Wrv R -R0O +To-T"
chapctéiptigROol/ he 10080 (Tueh asl rac by iaod paherr brdjraak timenfsudivis R), or
required for maintaining the heated el ement at the
pracletesniagtt (swheefyi cal resistance R is:

[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:

AWz-?--RS_R

a, ‘R,
[0053] Such AFC algorithm is referred to as the passive AFC algorithm, because it adjusts the
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.c., 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 AW necessary to actively compensate not only the resistance change that has already
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R -RmR - R AW=W -W_- a.rl'Ro z ap-R0 [0051]
Wth the exception of r, all other paraneters are
deternmined either by the physical characteristics of
the el enment (such as m an, and RO), or by real tine
sugh a , or det er mi ned ch as R) 0052]
00&&55 Ruralsg rasrﬁtﬁn&%w MgeYGR ‘tﬂﬁrﬂcs Lﬁﬁ@@ﬁ%%&éﬁﬂi{t&m 2 & future
; approxi mately equal t, which is the tine interval
UnfSet ween the present tine and the Iast eI ectr| caI power
tnment, so. as to obta RO
10([565 Sfwesh tie A ofhe e Pf]lﬁ‘fﬁ %ecveﬁlaoweﬂafbiaﬂaeﬂ)t% the present time
assi ve, AFC al gorithm_because it adjusts the
t, thy ng ??reamveﬁémeﬁawr%fﬁ thehseiss clemeRt 1S s sufficient for
passi vel y conpensatlng t he detected i stance change
that has al readydbccurked® i e.l, Rmﬁ@ie | ast
el ectri cal powerdadjtyst}qemt t.«p Rghe pr esent t| ne),
wi t hout considering the adj ust ‘ment delay (i.e., the
P e AT o oS 1)

[Odgpgai_/) %}?eﬁl '« 7. Ct thg E%E:&O ak glgcrn%lctfall']res? Nnce cﬁ%r}ge is &}Pg)Pommagely instant),

e pa g1 Ve e fo
thetat tgf') ower ﬁsexgern%n&d%v c%%eat A eleIPen Qge prrgsg{ltgvn\{aeglga pr?]xxméltely
that has aI ready 15 c rred but al so the resistance
changes that w || yo rﬁg ﬁg} present tinme and a
future tine: [00551 et\men O(I. ., the tinme of

| ast el ectrical power adJ Ee present tine
R( 0) dt ap-

t, the tine derlvattue_o-f- f the heated
element is: dT _ 1 dR,1R dt ap-RO t

wherein R, is the electrical resistance of the element measured at 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 £+ At, the algorithm has to be modified based on the specific

choice of At, as follows:

A. Relaxed choice with Af — «©

[0058] This situation is equivalent to a constant power operation in which
R = Ry-Al+a (T, +n-W.)-T =R, +an-R,-W,

and therefore,

W = Rs_Ra zE.R-V“Rﬂ
T

! ap'ns-RD ap.RU

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

AW =W, M R -R_m [R—R(O)_I_R-—Ra}ﬂ m _{RS—R_R—R(O)}
T a, R ocp-R0 a, R,

f T T t
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wherein R(0) is the electrical resistance neasured at
time 0. [0056] Whent ur (i.e., the detection of

el ectrical resistance change i s approximtely
instant), the total power Wexperienced by such

ted el enent at the_present fiI. is approximtely: W
l"%?d?frmeﬁﬁ ec}ﬂ‘f'&%tebsi afgent éﬁﬁef%‘% felgeibiTas FpPROdly gl to
el ectrical resistance of the el enent neasured at
t et enperature. [0057] In order to estimate the
power adjustnment dWrequired to return Rto R at a

future, timemwh 8h-dan RoeR{Wf erreet to t t ., hhe
al gori@ﬁ}m”r&as.ﬁ o| be;, nodi Tied hased op t’ﬁi%%@@ﬁ%@
choi ce of At”, ds follows: A Relaked thoice with At ->
00 [0058] This situation is equivalent to a constant

power operation in which RS
gT. +r/!

B - ! 3 I_:_’tj "RO.W and therefore,
: = [OSSIh =Fqlee s ap-RO [ 0059] The
| red wer. adjustnment dWis deternined as; .
1OBRIE er e T G Whigl stopgion SoniankpRyyF oDy O reot SRR g ggral
- - - TaP ROap ROt r aP r t 16 [0060] Since
the electrical powefl|adjust®8dY is A%l atively rel axed,
7 is approximately g k‘%' ko.r.-R. and therefore: AW.
PmRo LR t -RR t ROf abPn o(,R +R0)-2R) a

R(t+Ar)zR+Atd—R
dt

zR+At-Rg-apfi—f

A

~R+= R-~R(0)]+ﬂ-a:pR0 AW
T

[0062] Solving AW from the above equation:

A .[RS ~R _R—R(O)}
a, Ry At ¢

[0063] If At is set to equal #, then the power adjustment AW is:

m
AW = —— (R, + R(0)-2R
ok B+ RO-2R)

[0064] In this embodiment, the power 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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J R B. Bal anced Choi ce dt=t and Aggressive Choice

dt=1/f, [0061] For At or (in which situation constant

power operation does not apply) in general, dT ~

R- R~0~+r 7AW dt 0" 0~aPt R0 z R(t+At) R+tAt dR ~ R + At

RO aP dt ~R+ .[R-R(Q]+~t a,, RO 77AW éi062] Sol vi ng

dWfromthe abowg equat i Z-Rﬁﬂd R R(0)1 a Ru

L At t J [OOGﬁ I"faAtRls ggtfto equa} t,| then the

power adj ust nent de’s m (RS+R(0)-2R)  ap- t RO
erturba

l"‘;aﬁg? Toary Py ks BoRD) fes ¢ s?{sh%?%r inigigg e clfenteh o egusument

S.occur ot her words
475 5 g B B Sl P B S fren ror Tt e PHavs:
f eedback control action, the system seeks to
conpensate for theépﬁrtutbafign Qﬁ tpe sane tine
interval t. [0065] |ran a) teRpati've ‘enbodi ment, the
f eedback contr ol nechanlsn1provides peri odic power
adj ustment according to a gredeternined frequency f,

and the system nher ef ar. Q@cpg(@mpg@sate for the
perturbation at t RE next, ddfys rent  cycl e, which nmeans

that At=1/f. The power adjustnent dWrequi red
therefore becones: 17 AW-g,nR fs (R-R-RR-0-1 L p
AWbﬂ[auced fR [R +‘R(O) 2R]
lo4

o .

agressive t

AW g =a~ﬁ~§~-[ﬂ(& -R)-R“—R(0)J

e 0
[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 A¢ is set as being equal to or larger than ¢, AW can be
determined as:

AW =—2".[R +R(0)-2R],
o, XX R,

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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[0066] In summary, four different algorithns for
estimating the electrical power adjustnent AWare
obt ai ned by the present invention, based on different
approxi mations, as follows: m AWXxs 0 -(RS -R) apt

[04’?70&\% %Gtﬁ@@@@&% (ogh.e ZRLqI n}\%ctf;gn a Q;thpiﬁga\?a%b?y f‘a%m]d r can%% used
AW-s, e~sj , [g] |te the dif

to éfg:s-‘»&rfwkl%ﬁ?vr% ﬁéJuéWﬁM FekpPleg thelaa%@disg?ﬁoﬁlggalr@ﬁcéuordw to
situations, the Relaxed AFC and the Bal anced AFC

furher, gptimiggrhe fpedbaok contzplweslis inppeqific eperatigg sysiagseand environments.
Therefaore, when the future tine At is set as bei

Suelqeraporfl?ﬁabw tpciprganayiraegs fom appiicthhtop'd angd é@lbl?%ﬁewéld dsfgnmned by
AW m [RS +R(O-2R], . ap . xtxR which is a

G Préulﬁlalmsvﬂﬁﬂr l@ﬁ@r%‘aa ORIy FER tesie Yieuindugsrperimentation.

i nventi on. L npared to the rel axed/ bal anced

lﬂ%?llb o achigye t ‘h@“@@l %ﬂ"@’é AR dytihas deengigempted as hereinabove, two
register (i.e., R(0)) that the other_ al gorlthrrs for

adiggipienmficpiynishe GBqRA ted pisratively weichelelude \ihperent gdjustment
therefore be adopted by systems with |i m t ed

meghppin adiagrgee pPEBMER SEChamis her | if  assum ng R(O
=Rs (i.e., each power adjustnent fully restores the

CugeptcAdiysiiagnt r esi st ance of the el ement back to the

constant val ue Rs? t he power adjustment estinmated by
0§72k %é@g iefpBodigept, the electrical current (7) passed through the heated elément is

adjusted by an amount (A1) to achieve the adjustment in electrical power AW, wherein:
AW =(I+AI} -R —I*R=~I1*-(R,—R)+2AI -IR,
[0073] When F(R,-R) « AW, the above equation can be approximated as:
AW =2AI-IR,
from which 47 can be solved as:

AW
2IR,

Voltage Adjustment

[6074] In this embodiment, the electrical voltage (F) passed through the heated element is

adjusted by an amount (AV) to achieve the adjustment in electrical power AW, wherein:

2
ap TrAv) v Vz(i 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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algorithmis exactly one half of the adjustnent
estimated by the rel axed/ bal anced al gorithnms. [0069]
The Aggressive AFC al gorithm provi des the fastest
f eedback action when the adjustnment frequency f is
sufficiently large, and therefore is _best suited for )
[0970k Tng Péef"?r%?ﬂieﬂlbo‘%ﬁlFVioﬁ edrRFFH dRTRtnD, the Slepteat Grrgnh adjustment is
anot her enbodi nent. of the present invention, a
emplayed (9 agfHeei 1y desired diystieesh ob Eleisls POWED SHRIEY Yo (tlie controlled
power adjustnment A Wcal cul ated by the above-listed
elegiegorit hms, in order to further optinize the feedback
control results_in specific operating systens and ]
[0 i Fitaer pltoyrs 2 dggeam ¢fieB St GonbtIsysm Fung dectricahgyrentpdiysiment
fromabout 0.1 to 10 and can be readily determ ned by
ang ths Balageed A Herithng. ag despriked bpssingbaveart  via routi ne
systemtesting wi thout undue experinentation. [0071]
IOGI%I ARG Al Y1 threcoaptant oF setnaint glspieipal sagjstsaeaahie R arovided as a input
been esti mated as herei nabove, two adj ust nent _
to ihec ABRI syTiEm.cHbilepide yesd dime) dlestrrat rosistagce el die sontrpllpdeslement is
current adjustnent mechanismand a voltage adj ust nment
mMepEeIsa 4 &1 oupyt r BrRrdadp irpinign copspisne] batvieenthe input and output, the
_enbodi ment, the electrical current (1) passed through
diffqyence, thgrebeiwedndpipiectqddy thehkfs exstsmand apedagthereeroy danal ¢ & R - R),
achi eve the adjustnent in electrical power AW
whighdriggers actiyejiep piithg §ez¢bsclwﬂtr1>iz?cmslem)ctﬁéir therdofteigzrs) linghen
12§R -R) ']((AW t he above equation can be approxi mated
[078] Thagesiimek Rontrof jogpnofp ehvased, calpnlases semielpigngh 1.9y theadjusted
AW 21 Rr Vol tage Adj ustnent {0074] In this o
clests seirers Ao baseh en diecBalancedaiFG glepaa qnd)cupens adigstmpptlgprthm in
the heated elenent is adjusted by an amount (A V) to
thqa‘éqfqn@qle%gquDggtjnugqUﬁ@? noxj f9r alapipelptingghe mﬁgﬂed@lwem and to reduce
wherein: AW= (V + AV)' VZ NV 11+ 2AV V
the error signal e.

[0080] The electrically heated element of the present invention may comprise a reaction-based
gas sensor comprising two or more filaments, while one of such filaments comprises a 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
PUIpOSES.

[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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RS RV2Z Rs RRs [0075] Wen VZ(RS 1-R- 1) a AW the
above equation can be approxi mated as: AW2AW R
fromwhich AV can be solved as: AVERS AW 2V 19
[0076] In a preferred enbodi ment of the present
i nvention, the electrical current adjustnent is
l“‘bﬁ%%ﬁ%@‘:#% t%ﬂ?‘@?f‘é YRR IS ihEaed ladljmg%%mmwenéf%ewfiﬁewnﬂy
pomer supplied to the controlled elenent.
T Bicd of WHoIR a8 'ReTEnt SFaknsiaEEd dﬁth%‘Feds'isttél}‘leed heating
using electrical current adjustnment and the Bal anced
eff}smcxaﬁrgi@mbeqahﬁema%rafa@s@rwe@@a z¢ia Fengapdhetempagpg)of such sensor.
Specifically, the constant or setpoint electrica
lﬂqggbu%a%éncalar%tawe pls sysh ollpgery sgason af sy steadyostatp dRARE then
system while the real tine electrical resistance R of
de'teﬁ@ﬂ%do A &1t |28 dhee et o sstoiph TAlD e B aupintpeedorhesythe spypor is
order to maintain consistenc etween the input and
dispprep i 2 repgiiye eqyirpRpens H@bpqt%ﬁléﬂ@m@é kurgaca\éﬁ@éﬁ@elew interest.
t he AFC system and used as the error signal §
[0085] Subgenedst painigrce OB@taucvlﬁﬁanSlétﬁnqer%mﬁMéE« ilaARtsepsor in
| oop depicted by the dotted gray lines. [0079] The
thef gaetys clvisowmepiols acbisyed bhée tg@ftba%wéroi BaleauPramedod described
control signal, i.e., the adjusted electric current
hereimabdyssed on t he Bal anced AFC al gorithm and current
adj ustnent algorithmin the "Control Signal . .
{O%éi doRPashEnotricciecycleothe dpmepliicatar mgpre-healedo He plostyied resistance
element and to reduce the error signal e. [0080] The
detgmeined: Frechihpy etpeEndde 2k PrRRORIO POoteRidally cen(aing thegashtd g species.
conprise a reaction-based gas sensor conprising
T hﬁﬁ%’ﬁb ithengppgant iresiptaBeR Wlueiat whish dheofensop éympiptpiaae itrgset for each
conprises a catalytic surface that is capable of
defeefian| ¢yelst Phigh cueadsyt freguenk spiee 9f @y chagefotth&ichisgnsor, therefore

reactions of a reactive -
effectively eliminating the measurement error caused by long-term drifting.

[0087] Moreover, the pre-heating of the filament sensor element sets electrical resistance of
the sensor at the setpoint value and prepares such sensor for instantaneous detection of the
reactive gas species.

[0088] Figure 2 shows the signal output produced by a Xena 5 filament sensor, which is
controlled by the AFC system as depicted in Figure 1 during sequential exposure to four NF;
plasma ON/OFF cycles having NF, flow rates of 100 scem, 200 scem, 300 scem, and 400 scem,
respectively, in comparison with the signal output produced by the same Xena 5 filament
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 slm. 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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gas at elevated tenperatures, and the other conprises
a non-reactive surface and functions as a reference
filament for conpensating fluctuations in anbient
tenperature and ot her operating condi tions, as
descri bed by Ri.co et U S. Patent No. 5,834,627 for
signglAPPRRsRastesdgx e félféﬁeenm is {TRIOYRIJR pRyRRTiBAN Wikl (G Areduced by
i ncorporated herein by reference in its entirety for
thek1P sy¥effposes. [0081] In a preferred enbodi nent of the
esent invention, the gas, sensor conprises _a sin
l"?o%li éﬁ%ﬁt 3 shopphe erpapdstk Sl@lﬁb?utpgts @emq% &t thgpyena 5 ghs Sensor of
reference filanent, which distinguishes fromthe
Figyief- ip {he graseice gENFsean 2t o &g %@ge Sefm. (R Hie dgapsient response of
Pat ent. [0082] The constant_ resistance operation of
the HEC pysieanis Aeartysupdiogawer thahdhe 1JIP syHiempr esent
invention is achieved by pre-heating such gas sensor
in an inert environnment that is free of reactive gas
species, so as to provide a reference nmeasurenent of
such fil ament sen USERUp0BRY CopdelTHi cal Iy, the
anent sensor pre-heated in the inert environnent
E0998} Télestﬁfftbﬁet é?ftt’{f’i/ SYtt%gansem?tb%# Sf thg pEcSYY igeentipn are usefully
achieve a steady state that is defined by stabilized
CIRONEG ) MABKFR CPREHEY rAIn e BREHIoN 1o rRbtrigplly Bcatedsclgppnts. In a
as zero change in the tenperature of such sensor.
illystefgig) aPH{FFé“‘ét’ et fepdbagk ?OéErP]sstYétﬁ‘éean@fm"éltPétPffthq BfiSAt invention are
sensor at the steady state (R3) is then determ ned
utilizrg tQ Bpinkdn qoRgan griistaath Opsm%? ﬁ@mhtst%t@ed £3 Spiesors, in a manner
maj nt ai ned when the sensor i sposed in a reactive
adgnhive (OoRAERS PFstsopReramts A Pyereeﬁtcatqﬁ%ont éh figleof py RigEs
species of interest. [0085] Subsequent maintenance of
the constant resistance operation of the filanent
sensor in the reactive environment is achieved by the
f eedback control system or nethod descri bed
her ei nabove. [0086] For each gas detection cycle, the
filament sensor is pre-heated, its electrica
resi stance determ ned, and then exposed to an
envi ronnent potentially contains the reactive gas
species. Therefore, the constant resistance value R
at which the sensor is maintained is reset for each
detection cycle, which provides frequent update of any
changes in such sensor, therefore effectively
elimnating the neasurenent error caused by |long-term
drifting.
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[ 0087] Moreover, the pre-heating of the fil anment
sensor elenent sets electrical resistance of the
sensor at the setpoint value and prepares such sensor
for instantaneous detection of the reactive gas
species. [0088] Figure 2 shows the signal output
produced by a Xena 5 filanent sensor, which is
controlled by the AFC system as depicted in Figure 1
during sequential exposurgy ]i@Lgﬂ%% NF3 plasma OV OFF
cycles having NF3 flow r 0 sccm 200 sccm
300 sccm and 400 sccm respectively, in conparison

1.W t iy tReodiigne en%tngLﬁese{c@%@@rdcokq&n&nﬁn%@qearg&r@s épems in an
filament sensor er the control of a conventi onal

en%k&lnéms§a@dnnet[1&p&%ipnm§elte(%s&aumﬁgni gas\é@fm %@%ﬁ@ﬁt%o&t el®@trical

Ton with a constant Argon flow of 1 pl asma

redd@dncé B fcB Gh Ydrickpord@edto grdiefe N&Bor%ﬁceﬁ&dﬂ@ﬁ Behetayget gas species,
turned On and Of for 1 mnute intervals at 100, 200,

wktdih sad dleddbnlsarmidyl @nipFiads faintdlaccedit donQarPOFaSHPWAS the gas
repeated twice on the sane sensor: once under MD

sefsitptdlcddenB il d2feg@inlhg G@m oARlge G ElEduOal refitRObf thi gasrsensihg element
i ndi cates that the AFC signal output closely matches

thé freseRle@n&/tigioadentrardon bEthé agzet AbEpesiyst em does not require
any enpirical tuning of the paraneters. Further, the
transient 21 signal response produced by the AFC

2. sy stmmethod b cloined, Wiergo theagas seosing\elemertt lvampyeod g gpticsparface
the PID system [0091] Figure 3 shows the expanded

effoitiya &ir poduping exotemue erteadptipymic iractiarpd ths tayeet aseprsigs. of
Figure 2, in the presence of NF3 gas at a flow rate of
300 stem while the transient response of the AFC
3. sy stldfetiod plekiipy. whisdh 6 gesogesingeieaentgpmprises piilgment element.
system | NDUSTRI AL APPLI CABI LI TY [0092] The feedback

trol syst thod. of th { {

4 aer RIS PGSR T AFr S B PRGN baaopeieton i
at i f elect |

heftpy E‘éf"? ﬁ?ﬁfﬁ fém%&%ﬁ?ni S Botthay REL BaTBE R i, IorBLyy & srvoin

res‘f’;1 rt]anc? val gor sa&d Qe?englmensger}tthl nl\‘/eger}l%é gnd/cg‘rceon?en{rahon 0?%6 81rget gas
n constant resi S anc pera

s gcgmbustl on- based gas sensors, |n a manner adaptive to
PYariations in sensor el enments and operating conditions
vvlth little or no tuning.

5. 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 monitoring
real time electrical resistance R of said element for detection of any difference
between R and R;

(b) upon detection of a difference between R and R,, adjusting the electrical power

supplied to said element by an amount A7 determined approximately by:
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22 THE CLAIMS 1. A nethod for determ ning presence
and/ or concentration of a target gas species in an
envi ronnent, said nethod conprising electrically
heati ng a gas sensing el enent whose el ectrica

resi stance changes in correspondence to presence

and/ or concentration of the target gas species,
wherein said electrically heating conprises

mai nt enance of constapt power input to the gas
sensi ng g)emendly a -(’,ni RP from change in

el ectrical reS|staﬁeé16fothe gas sensing elenment the
presence and/or concentration of the target gas
species. 2. The nethoﬁ of ai & erein the gas
sensi ng dilemerd?co Ei W@ y#Re %ur f ace
effective for produelng éxot herm ¢ or endothermc
reaction of the target gas speC|es 3. The net hod of
claim1, erqéﬁ,t emgas zgg A-eRE)] conprises a
filament @e & xme ho of c/ai m 1, wherein
t he gas senS|ng eleﬁent ef ore sensing operation IS
heat ed |n an, ner%eﬁPV|ronne il ed tead% §tat

m is ermal 5 of said eieme 1S era e _coefficient
t her mal con ion 6 establ1sh & ﬁ% ance

val ue fo r a??esh{amer})lf U8a Ql mgr{? eRg% fi2 ?tggcﬁgda@%ﬁ%%ltrﬁ%séance of

concent ra I on e target gas °~ species

for contr, Qld eleﬂlgnt%&% d aﬁ%‘ e f?nte f e?afturélr} 1set!h§SH§1@§ntér9al between

mai ntai n a const ant e ectrica si st ance

conpri si rE:grrenQ ﬁétec%lup Qll éféc[}&aﬁks%@énﬁé &iﬁ"&rer&g\ﬁﬁcﬂa& deﬁs&ﬁlnght of electric

el emrent in an anount sufficient for heating sane and

i ncreasi ngwht Sp@ GC kel aédmcraﬁ%s%staaw%f R F%mmawnhe%sured at last
concurrently nonitoring real time electrical

resi st anGjulimef: Fledirielp 8B ind ©fs Afb&EhRBd 8Equafy at which the
difference between R and R,; (b) upon detectlon of a

di f f er encgjulieleMRe BledtidfeveRs padiditsily dgictbe:; el ectri cal
power supplied to said elenent by an amount dW
wi@tiarng dkasknaie PeEMd whakred doniiph pader (huk to ks the {lEnent B)reach steady

state.

6. The method of claim 5 wherein the adjustment of electric power is carried out by
adjusting electrical current passed through said element by an amount A/, determined
approximately by:

AW
2IR.’

wherein [ is the electrical current passed through said element before the adjustment.

7. The method of claim 5 wherein the adjustment of electric power is carried out by
adjusting electrical voltage applied on said element by an amount AV, determined

approximately by:
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a, , xtxRO (ii) zxW=m- [R +R(O- 2R]; or avxtxR0
(iii1) AWEm[ (R-R-RR(O-l apxRu t wherein inis the
thermal nass of said elenent, cc, is the tenperature
coefficient of electrical resistance of said el ement,
Ro is the standard el ectrical resistance of said
el ement neasured at a reference tenperature, t is the
time interval between current detection of electrical
resi stance difference and Ig gdj ustment of electric
power, R(O is the el ecayvic i stance of said
el ement neasured at |ast adjst ment of electric
power, and f, is a predeterm ned frequency at which
t he wharsinu s therrieciyical gpltage pppdicenmaid dlagneptenefosihe adivsyment.
carried out; wherein the elenment is heated under a
constant power flux to cause the elenent to reach
steady state. 6. The nethod of claim5 wherein the

8- adj e msthed efclamec pheren 4B\ iedetqrpingd gnpraxamaialy by
adj usting electrical current passed through said
el emrent by an a Al ,mdet ¢ m proxi matel y by:
41 = AW 21 R, V\hméwgl naIthR |)%géé)t rﬂg current
passed through said el ‘ement before the adj ustnent. 7.
The nethod of claimb5 wherein the adjustnent of
el ectric power is carried out by adjusting electrical

vol t I ; : :
B

determined approximately by:

10. The method of claim 5, 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 correlates to and
is indicative of the presence and concentration of said target gas species in the

environment.

11. The method of claim 10, wherein said electrical gas sensor comprises one or more
filaments having a core formed of chemically inert and electrically insulating material

and a coating form of electrically conductive and catalytic material.
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wherein Vis the electrical voltage applied on said

el ement before the adjustnent. 8. The nethod of claim
5, wherein dWis determ ned approximately by: 4W=in
[RR +R(O)-2R]. a,, xtxRO 9. The nmethod of claim 8,
wherein R(O is approximately equal to R, and wherein
dWis determ ned approxinmately by: AW2 in [Rs-R].

a. xtxRO 10. The nethod of claimb5, wherein said

el enment conprises an electrical gas sensor for

noni toring an environnent that is susceptible to

12P" €SB GRaRk oft chitl g,e&he elSdt&&l &ﬁ‘l’entwp géjﬁgtéﬁ t? ?rgalcl:r?adxg t@'&?(}} aonstant

sensor conprises a catalytic surface for e
eX Ot BEL Mkt A thERIMBEE Abifientr €aCt i ONs of said target
gas ‘species at elevated tenperatures, so that the
presence of said target gas species causes
tenperature change as well as electrical resistance

13¢hange nethod R EHinD SRR Qkotri M Isd i€ BN ¥ Sha¥ntain said constant
effectuates the adjustment of electrical power

Suppbivednfu@tolthesa@ amisise&Rdn:. Wherei n sai d adj ust ment of
el ectrical power correlates to and is indicative of
the presence and concentration of said target gas
species in the environnent. 11. The nethod of claim
10, wherein said electrical gas sensor conprises one
l4or noswtent fol deemtisng) aresence ando cenckratied oD tardee EhCaplediss in an
inert and electrically insulating material and a
envig@inentgsadosyntemfcompetigr 4 gaalsénging Gledeatt wheoee eentticaltesi$tyrice changes
material. 25 12. The nmethod of claim 1, wherein
in eprezeponi@ad toqueseren nd/er cagfjenfsatien of the egehgeaaspecisaiiag electrical source
constant power input to the gas sensing elenment. 13.
adapiiesl torerdvardy cofistapk apwar inpuivtretheiges sehues ¢lemeut foy dicating gharepf, and a
adj usted to maintain said constant power input to the
magier afapied tqelemapeiiem change in elogticd nesfsenced tleer a6 pAnpipg clement the
presence and/ or concentration of a target gas species
pregsgficg gnd/or concentration of the target gas species.

15, The system of claim 14, wherein said gas sensing element comprises one or more
filaments having a core formed of chemically inert and electrically insulating material and a

coating form of electrically conductive and catalytic material.

16. The system of claim 14, wherein the gas sensing element comprises a catalytic surface

effective for producing exothermic or endothermic reaction of the target gas species.

17. The system of claim 14, wherein the gas sensing element comprises a filament element.
18, The system of claim 14, wherein the electrical source comprises a current adjustment
mechanism.
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envi ronment, said system conprising a gas sensing
el ement whose el ectrical resistance changes in
correspondence to presence and/ or concentration of th
target gas species, an electrical source adapted to
provi de constant power input to the gas sensing
el ement for heating thereof, and a nonitor adapted t
deternmine fromchange in electrical resistance of the
gas sensing elenment the presence and/or concentratio
of the target gas species. 15. The system of clain114
9V\'heﬁ% @%/s‘éé?ﬁ dr Q&% %%&ﬂ%& ik SBAL medoﬁagﬁ ef 'aevof?z{
| aments having a core formed of che y |ner
m@ﬁgg%{lcally insulating material and a coating form

e

o

n

gment

of electrically conductive and catalytic material. 16.

The system of claim 14, wherein the gas sensing
el enent conprises a catalytic surface effective for
20PT Odye bREnFIf Rl e 1 b adpic£RAQLORE ¢ reaction of the
target gas species. 17. The system of cl ai m 14,
wherein the gas sensing el enent conprises a filanent
el enent. 18. The system of claim 14, wherein the
el ectrical source conprises a current adjustnent
mechani sm 26 19. The system of claim 14, wherein the
el ectrical source conprises a voltage adj ustnent
mechani sm 20. The system of claim 14, as adapted to
sense NF3. 27

27



