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FOR PRESSURE COVPENSATION IN A MASS FLOW CONTROLLER Fi el didf JAW&@W?nventi on
5 , The PVR2¥H{01923¢ention rel ates general |y to a net hod PERAIS24051022435 or
controlling the flowrate of a fluid, and nore particularly to nmethods and
systens involving mass flow controllers. Background of the Invention 10
Many i ndustrial processes require precise control of various process
fluids. For exanple, in the pharmacquti cal and sem conductor industries,
mass flow controllers are used to precisely neasure and control the anount
of a process f METHODS AND APRARATUSHOR PRESSUREECOMIENSLTIONIR At erm fl ui d
I's used herein to describe w&m‘ﬁuany state that 1s capable
of flow It is to be unders id applies to liquids,
gases, 15 and slurries conprising any conbi nation of matter or substance to
which controlled flow may be of interest. Conventional nmass flow
controllers generally include 0 o ons: a flow neter, a control

val ves a val V¥hépiestdt Bientidf deldteSRALERY {oearmeti{manw é%rH‘?Jr%F) dRRAhe S the mass
Ica

flowrate of a fl |d|naflowpath and provi.d i ve of
that fl oWoNdets of ¢HEidpandmers paiclarlyigynsthnds e@résygtemsryotvﬁm@eﬂswr and a
bypass. thsromess fl ow sensor neasures the nass flowrate of fluid in a
sensor conduit that is fluidly coupled to the bypass. The mass flow rate
of fluid in the sensor conduit is approximately proportional to the nmass
flow rate of fluid flow ng g the sum of the two being
the total flow rate through im0 8% mv‘\mt fﬂ olled by the mass fl ow
cont ri8l | er. H¥BY industyial mw#ﬂebweapwamoaﬁrdcbf vdtradus pocasfinidsaBa f | ow
control | eg, 5By S the f d my flow
t hrough the ﬂggn%g]?tph ELQMCQ aﬁ&'%ﬁ%ﬁ&n&@%gr "ﬁ &"gweé’orﬂ?sf g?‘fvé?%tm"ﬁrstaFFEr mal nass
f 1 ow senygnd th pregisely mehsure andmlomid$haaamqnat of aqfrodessiiid thasis iftekduct ¢ yound about

t he sens shac apar 05|t|ons each aving a resistance
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heat is @faltrswephbieraflﬂlohfndt xupasmermﬂafstroeaﬂﬁtmé telri@ VFRE p?;n@ 16 GYMa4, L8R r esi stor,
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Conventional mass flow controllers generally include four main portions: a flow

meter, a control valve, a valve actuator, and a controller. The flow meter measures the mass
flow rate of a fluid in a flow path and provides a signal indicative of that flow rate. The
20  flow meter may include a mass flow sensor and a bypass. The mass flow sensor measures

the mass flow rate of fluid in a sensor conduit that is fluidly coupled to the bypass. The
mass flow rate of fluid in the sensor conduit is approximately proportional to the mass flow
rate of fluid flowing in the bypass, with the sum of the two being the total flow rate through
the flow path controlied by the mass flow controller. However, it should be appreciated that

' 25 some mass flow controllers may not employ a bypass, as such, all of the fluid may flow
through the sensor conduit.

In many mass flow controllers, a thermal mass flow sensor is used that includes a
pair of resistors that are wound about the sensor conduit at spaced apart positions, each
having a resistance that varies with temperature. As fluid flows through the sensor conduit,

30  heat is carried from the upstream resistor toward the downstream resistor, with the

temperature difference being proportional to the mass flow rate of the fluid flowing through
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2004/ 010234 PCT/ US2003/ 022435 -2 A control valve i's positi p@egAN ggzhe mai n
fluid fl Qu Raibioiypi cally downstream of the bypass an? TRSR0 /}]29¥%<sensor)
and can be controlled (e.g., opened or closed) to vary %e nmass ow rate
of flui'd flowing through the main fluid flow path, the control being
provided by the mass flow controller. The valve is typically controlled by
a val ve actuator, exanples 5 of which include sol enoid actuators,

pi ezoel ectric actuators, stepper act Jators, etc. Control electronics

control the pomhgg f the control valve based upon a set point
i ndi cative of / ¥PBrRRALVeris Bositioned inghe mpin;fhyid flow patk E‘é‘lllb’él?“tﬂéﬂqg@ 9r ovi ded by

the mass thé Bykassead a8l e sexﬁ&@a@d éahwc§ﬂtﬁ>n@& fgr %?b 3> g%ée\?\? to Y BENSO!

i ndi cative of the actual mass flow rate of t he sensor
condui t . resadpvirdp af fivid dgwingdhrosgh thernawreﬂ%ﬂgw @@thhth@ eoneol pringprovidehal

control, gytheghd!nondidthiler, THOPAYE 1Ls ally 3N br?('f Vv R o?lex Ldvative
control, proportlonal-derlvatlve (PDy control, tegral -deri’vative (I1D)
contrdl , C&W@IChpn@wSDleowdlacﬁuntDEgplazoe&eurmamatme, s(d?pﬁ)actuatotsr k. ar e t hen used
to control th er. In each of the
af or ement i one P%@gé%grﬁgllé%ér@né h%é&ﬁmg% Tihe co@r‘(’)&r}]g %Se‘ajﬂ%qn s Ibom(i a control
val ve driindicativg n’éﬂh)a miass fiem extaoffthibthstid desireditodie peavided beitismabssloat 15 is the
di fferenc set si gnal, i ndi cati.ve. of .the desired mass fl ow
rate of tcﬁm&&ﬁ % Z‘ﬁ égngg%%'ﬂgbelfgaﬁ ﬂ‘é{lseris?fa‘Pé’F%wFé’Fg‘Fé‘ﬂm‘f FP4EHBMct ual nass
fl ow rat eae@mﬁemuhyﬂamg ieths senfsdr@mamnseerdmdmwed@@m&ﬂtrbmahodm flow
contrgllers are. sensitive to,c nent behavi or t hat be_ dependent upon
ooy off o prpafoRs SR relty! CORL PRHUIOTH G HEDRoBFe) dptiEs. 20 11 ow
rate, i nlcmh?rﬂnpi‘bpﬂrtlmaﬂ-ﬂaivaﬁﬁeﬁﬁ))rcﬁmtrdl Qﬁ@gﬁﬁddﬂlﬁl@twem cohffolagifdi tion,

conventi ona

ﬁ a}ﬁ/ contr?mbers rrgzﬁ bit certajn non-uniformties
parti cul diroRostionakistagral-Aenvative ggwn H%eécﬂo fontrohie few i 8piddn of t he
mass f | owhematsfok @htréllrC h &08 bt thé afofenicn@ied 'fe%HS‘d&k caffhi rdépféﬁihr abl e
performance of the mass flow controller. To conbat sone o ese probl ens,
a mass f|ORrelsigneldege A corfipl Kalve diivrcsienal) i asperatpd basad npamcaneeronisignahtpat
produgt i a8 thefiftaenet | b&@egﬁnﬁﬁ poihdsigACUEANe OPfk Abdifdd nidiSASR R StV

control | er @n a test fluid under a set of operating confcliltlons and tuning
and/ or calftibAnta fRedoagidensh that is F@th@ﬁhqasmabma@@owate sensedinthb intass
sati sf actfgwsdaghpavi or. As is known to those skilled in the art, the process

of tuning and/or calibrating a
- Many conventional mass flow controllers are sensitive to component behavior that

may be dependent upon any of a number of operating conditions including fluid species,

20 flow rate, inlet ;md/or outlet pressure, temperature, etc. In addition, conventional mass flow
controllers may exhibit certain non-uniformities particular to a combination of components
used m the production of the mass flow controller which results in inconsistent and

~ undesirable performance of the mass flow controller.
To combat some of these problems, a mass flow controller may be 'tuned and/or

25  calibrated during production. Production generally includes operating the mass flow
controller on a test fluid under a set of operating conditions and tuning and/or calibrating
the mass flow controller so that it exhibits satisfactory behavior.

As is known to those skilled in the art, the process of tuning and/or calibrating a
mass flow controller is an expensive, labor intensive procedure, often requiring one or more
30 skilled operators and specialized equipment. For example, the mass flow sensor portion of
the mass flow controller may be tuned by running known amounts of a known fluid through
the senscr portion and adjusting certain filters or components to provide an appropriate

response. A bypass may then be mounted to the sensor, and the bypass is tuned with the



mass flow controller is an expensive, |abor intensive procedure, often
requiring one or nore 30 skilled operators and specialized ¢quiymieogy. For
exanpl e, WORB044H8234f | ow sensor portion of the nass fl| owpoaruszedsfoezszsmy be
tuned by running known anounts of a known fluid through the sensor portion
and adjusting certain filters or conponents to provide an appropriate
response. A bypass may then be nounted to the sensor, and the bypass is
tuned with the 1 7 JAN 2007 WD 2004/.610234 PCT/ US2003/ 022435 -3- known
fluid to reflect an appropriate percentage of the known fluid flowng in
the mai n knbihidid b aicbaapBop¥aé h@tshidg AheichoWh fidl Howink ufli | oW sensor
portion d. bypass may Ren be mated to e control it an control

el ect roni %WPPtBﬁévaé‘ﬁEF knowr flowrratgs-aged mass ﬂqwdr@nsot(pmmn amﬁ!ypaasmas 5 Wen
the type tkdn Yelniht t us in tuning
and/or calibr atfhotﬁQ&%rom‘)lg’ﬁlvtgﬁgd %b%gr?g%{\%ﬁ%gﬂ%l{gl on g,?heg&é 48%%n| et and
out | et pr"é@%’@@wnfi@iﬁm@ﬂature range of flow rates, etc., used by the

end-uger diff n i b atlon t.he operation
of t hz nass f?%hw é‘gerrﬁ' écﬂfk}ﬂg#&%ﬁgd g‘}e]?‘l%éhallfs “§§ng g'ﬂl&fﬁ IES‘?‘{‘PH‘I"%“#"@Q@&n
addi t i ongrlifritifinger Whestheeapetating canglitions, fsheh abSnlt ano dudit p&@ﬁfr@ttérﬁ]ﬁr;@gedl tions

are ofte r..10 ca ed, .wt S, hecessary to provide a
sati sf ac'iP o"%ygr?g%‘géaﬁéséetgéwﬁg %hgregg “F?{%ﬁef%&méﬁﬁ%ﬁ%ddpéun% Qq‘?ﬁhgh the use of
addi t i onahlitirativinnte apetdtiam of deinktsa flow Botttdlfer BighdepAIBMegfalitt, d%r Bfihedon,

nmprove the perfornmance of

di fferen condi.ti ons sed to i

t he nassta?‘?ggf/m?@%@ ¢ eg Su"ioﬁ?tg%f‘i}’ﬁgaﬁ OF PRerabigs cenditings g ofaritveed eml i br at i on
is tite cairbmad Iwgjthaangl cleapeitassary Ioprawidé b Satsfibb Hée: drff i@l on

pr ocedur %&3 be repeated for at |east each sﬁ?re?gateee%r&%%é 1gtr"lld likely
nmust be !f for a nunber of different operating conditions wth each
surrogat e fI uA&ho@Wtﬂdﬁ.@é BDddditioRs dd?&cﬁhﬁrét%ﬂ%ﬁ ditritbfSnuRddla ﬁd gt[Dpr oxi mat e

t he beha\(/llfpr of the various t pes fluids that nmay be use
end- user , eﬁeé‘t%etrﬁ&gc ti“?ai‘tsi" eo‘lse@%mthemedmneoﬁhemass&ov\an end- user

site may c@hufoﬁleﬂ’ tHisHYpé @Fﬁﬂr@g alté’tufli'hg %J/&aéahgt%ﬁbﬂg tlﬁltlér&lqs%mn?ﬁ]ingﬁﬁﬁn@af i ons

cal i brati on. ConS|der|E%1% he W dé range o res a
enpl dyi ng® NEEwing and/or ealivtatign P@P@dUTQSW@JSbb%@E@@dffbmtdbaaradckomlogate figid

condi t i oasd @D mast bk fepbdid ﬁpﬁm% r are likely
to be different_ than tphe test &gs and‘gn%éar%{%f{1 Xon con |t“ih8ﬁ§’ upon which a

mass f | oSWrERsAEHRI]- dfurthergore, h@@uaﬁw swrrogatk iflbids omtsl ,appiemmateethé behivigr énd/ or
cal i br at iR, @,j of. di fferent
surrogate f Ut ds angﬁg%gsr%%tﬁir‘l\éd g édgﬁr%lﬁ:lhe}é\ané& earcg"?ég?p@m‘gﬁ Og‘bﬁg}agst us is
needed, ﬂﬁ\é(tcoil%oueh%@n§DQ-PS¢ESlteanup@ffatsuhgaxﬁmﬂﬂfrbmom darf ufiagendie require
as nmgg h bk diont Cgﬂsxd%ﬁﬂé e vﬁ&g}lagge of industries and applications employing mass flow

controllers, the process fluid and operatmg conditions applied to the mass flow controller by

an end user are likely to be different than the test fluids and operating conditions upon

which a mass flow controller was tuned and/or calibrated, despite tuning and/or calibration
of the mass flow controller with a number of different surrogate fluids and operating

25  conditions. Therefore, an apparatus is needed, that is insensitive to operating conditions and
does not require as much calibration and/or tuning.

A flow path to which a mass flow controller is coupled to control fluid flow may

include a portion where the flow meter senses flow, the portion having a bypass and a
sensor conduit as described in the foregoing. The flow path is often provided with a

30  pressure regulator to control the pressure at the inlet side of the flow path. Typically, the

pressure regulator is provided upstream of the portion of the flow path to which the flow
meter is coupled.



A flow path to which a mass flow controller is coupled to control fluid
flow may include a portion where the flow neter senses flow, the portion
havi ng a bypass and a sensor conduit as described in the foregoing. The
flow path is often provided with a 30 pressure regulator to control the
pressure at the inlet side of the flowpath. Typically, theq{ hJaNsilive

regul ator is provided upstream of the portion of the flow path to which the

flow meter is ¢RUBleSGire rehulator mARRAQEsirdd Rl HRISUE %fﬁﬁ%vﬁéﬁh. mai nt ai ns
a desired inlet pressure of the flow path. Pressure regulators generally do

not oper at L pt.r e r transkents, or other
devi at i onsp%erg{)lf%gf ](Lel[a egggrgeéﬂy%(gg%tro%g#&?ﬁ% c{rﬁge%ﬁn gvr\I/l aaélﬁ ﬁsd'ﬁcﬁeosr%ssurgevi ations
may have del et eri ous efaects on th petf%rnance.of Ehg mass, flow

cont rol | er TABIHS 8ROMRRAGEAIONS fram the desifad nipsspiedptodhe Hpy Rafhs Eheshdesi r abl e
pressure transients as best as possible, and these undesirable transients
typi cal |y cegdtione maydaye deleteeipupeffecsnen e peefpamanga of the raass flows ennfraHere of
the mass flow controller. Summary of the Invention 10 One aspect of the

pr esents i nOéan thermassdlovdesntmllremsicabserbahdsk ondestmable pir¢ssure tiansientdianfesa f | ow
sensor coupled to a fluid flow path having an inlet side and an outl et

si de, the #&JmwsibRnand thess mglesidstdé aansiantPrypicalle dégraddho hc@ithduif cohgsial
indicative of a sensed fluid flow through the flow path, a nethod

conpri si Nga@fdulidf of RADHhAG ¥ thmMBSSHEW cHtrdiRe fluid in the flow path, the
pressure corresponding to the pressure 15 transient in the flow path,

providing a pressure signal corresponding to the neasured pressure,
constructing a false flow signal that emul ates a response of the flow

sensor dug to ressur transi ent, and adjusting the sensor output signal
based on tﬁ%ﬂﬂ&ﬁ%éLiﬁ%ﬁuﬂgﬁgﬂa|. According to one enbodi nent, the method
further conprises an act_of filterin t he pressure signal. According to
one enbbdi nent , Oppasnest pighe pmsménvwgﬁ@m%@s ameslad in@ gw gentradier ng t he
sensor output includes an act of subtracting the false flow signal from

t he sensor ineludmg a Bogseahsor ogdediiorgfluid flomepatimbadngreminlettside amdtan@atlétur t her
conprises the act of constructing the false flow signal includes an act of

del ayi ng t kide,nhefswrsensor Goiak admstbd fo providbla20656r output digial indi¢asiveubst anti al |y
aligned in time with the sensor output signal. According to one

enbodi nent serkhienmatdRd i digs ﬂfawmm,aeﬁeth&ﬁqg@sris@ﬁg 5051 hekstlingat he fal se

flow signal includes an act of differentiati the pressure signal.
According LI%SSQIIPg OF{EJQ %Hrﬁlrﬁle ﬂtoulepath, the pressure corresponding to the pressure

15 transient in the flow path, providing a pressure signal corresponding to the measured
pressure, constructing a false flow signal that emulates a response of the flow sensor
due to pressure transient, and adjusting the sensor output signal based on the false flow
signal. According to one embodiment, the method further comprises an act of filtering
the pressure signal. According to one embodiment, the method further comprises an act

20 of adjusting the sensor output includes an act of subtracting the false flow signal from

the sensor output signal.

According to one embodiment, the method further comprises the act of

constructing the false flow signal includes an act of delaying the pressure signal such



met hod further conprises an act of constructing the fal se flow signal
includes an act of 5 filtering the pressure signal wth at |east one
filter, the at least one filter having a transfer function ttfg o} tes a
response of the flow sensor to the pressure transient. Accor gﬁﬂuu
enbodi ment, the at |least one filter inclfudes a plurality of 2"d-order
filters connected in series, and wherein an output fromeach of the

plurality gfa R'i¢s®E@atially arigtnea $n @08 withtthe SerRBo I HIEShal. OAEUo‘?énhQ%‘o bhe fal se
flow signal. 10 One aspect of the present invention i1ncludes a nethod of

f d b
o s S OIS M
f h fl fl h
10m the | ancaeneer CSSRan 8, Ol SOATORS, SRR Y BLERRAE  1,

in the f|OM/ at h, the neasured pressure corresponding to .a pressure
transient, mﬁF heg camprisessan ast of epnsiructing ths fdisdiary signalingudssaa ackef
pressure, constructrng a false flow signal fromthe pressure signal, and
subt r act i n§lteteg thaipsessite signakwghat least one fitter, dhers deasounefilter Sagingla t o provi de
a flow signal indicative of the fluid now in the fluid path. 20 One aspect
of the pregemifer fon@itini that enndatasie sesporsetofi et fodw k@B or toahel pressueO tgsiaat | on,

t he nethod conprising acts of predicting a response of a sensor to a fluid
filling a ﬂ@@&dlﬁ?'t&%ﬁe eMBodithent, BRERISHsEokd ARG RdMidds ;ﬁurfallg‘ &k gepat h, and
nodi fying a AN 2007 -6 sensor output srgnal provi ded by the sensor

based on t hﬁer@rcgg%ﬁ%te%qn s@ﬁé%OQE e1n dt a{cﬁrgf\(ﬁe eél?‘ta?r {)#?‘ -order

information fromthe sensor srgn present

i nvention cl udes met hod of deter ow 5 rate of a qurd

1ot ng. | R didtaed aesﬁﬁrlredﬁapaocvf@ & ?%ea%%%grgn@‘ a flowrate of the
fluud flowng in the conduit, b) nmeasuring a change in pressure of the
fluid ffowing into the condurt, the change in pressure corresponding to a
pressure transient, c) determning an effect of the change in pressure on
the flow rate oOnghepdt of dic peasemidnigntias indlwdes aamedhodwitiepiving false flsensed
flowrate of the fluid based upon the effect of the change in 10 pressure

to determ idfotneiohlfmn b aérsopbutpbiesignalpebvidedyrigflow sérser enuptbdi th.a flwe aspect
of the present invention relates to a nethod of conpensating for fluid

pressure i pgHchd tahaNSR Snfofmhdih ROStihE 8Bmahe 1B RM: rrelpt)ﬁ&tng@cr fibgn of a
val ve, the method conprising acts of neasuring a pressure in a valve

envir Onnen%hantggfcz{ﬁ@@t?yy Bl%sﬂfrg taiiéhts. The method comprises acts of measuring a

15 pressure of a fluid in the flow path, the measured pressure corresponding to a pressure
transient, providing a pressure signal corresponding to the measured pressure,
constructing a false flow signal from the pressure signal, and subtracting the false flow
signal from the sensor output signal to provide a flow signal indicative of the fluid flow
in the fluid path.

20

One aspect of the present invention includes a method of dead volume
compensation, the method comprising acts of predicting a response of a sensor to a fluid

filling a dead volume due to a pressure transient in a fluid flow path, and modifying a



15 corresponding to a pressure transient, providing a pressure signal
corresponding to the neasured pressure, respectively, calculatin% a

di spl acement of the controlled portion of the valve based ioh JANS&
pressure signal, and generating a conpensation drive level to nove the
controll ed portion of the valve an anmouné-having an opposite sign of and
substantially equal in magnitude to the cal cul ated displacenent. 20 Anot her

aspect of tdigofuiBGRRIgnaMORNde By tRCnsiiDased B he Predfictdd RESMsERG t he
novenent of the controlled portion of a valve due to pressure transients,

t he net hod IS} . AN I hat a pressure
transi ent S\is%[?l@grrgﬂgag%ga%e?})ﬁ;o{)ll%g%ﬁ%gg)tg? gﬁ%@%%@%é@%' nove based on at
| east one pressure nmeasurenent of a 1 7 JAN 2007 -7 valve environnent, and
noving the controlled portion of the valve to counter-act the predicted

di spl acenent . Agﬁordin%gto o&; aspect of the invention, a flow neter is
provi ded conpri SAGCH2sPsckqfdly resag imvantien waludes & msthediaf degrmining 3 flow f1 ui d
flow path and to provide a sensor output signal indicative of the sensed
fluid fiowatolr Buiddlawing dns eendait, eafapriseel acs offm asusing aflpwestswd ¢he fluid 1 ui d
flow path environnent and to provide a pressure signal indicative of the
measur ed pflewsgrie the ¢omdoAs)uneduings shinge Gopreesipoofiiha Guidfl Gy agintoahe
transient in the fluid flow path, and a conpensation filter to receive the

a pressur ecéidaftadhe tardirdn pPesG@d Thirekpondink @ 8 Brekdi@¥irahGaR! o) dRledhfifing £h t he
pressure signal, wherein the false flow signal is constructed to Tecreate

fal se flow.dhQF gf%tcﬁgﬁ%er igl?ﬂéstshﬂ%g)nftﬁgﬂb%qgtefxlg%r%ﬁﬁ§9rgsgd gﬁgpﬁgﬁ%&o a flow

fluctuation caus ressure transient. enbodi nent

t he conpensation filter jncludes transfer 15 functjon that enulates a
response of OFHEg|! Weggends ?Wtr%e8?@’5&]‘\“2%*8?1’3?%”’[65‘3?{%9 ?fll}ge? B at h.
According to one epbodinent, the false flow signal is subtracted fromthe
sensor 19 ouPIs8urs fogteerming the dlpvgrateolithe fluig figvang imthespadwly t o anot her aspect
of the invention, in a nmass flow controller coupled 20 to a flow path, the
mass flow controller having a control loop including a flow neter, a
controller, a valve actuator and a valve, a nethod is provided conprising

acts of measuri fge aspecestthe prasentanddntion paaths @rvinethodeltomprBatimaod flai
pressure corresponding to a pressure transient in the flow path

envi r onmenpresgirOMiddEdtctAn BsS6 Y FostidiA the EoMioBSPPOTADF b Yale ABk highod
pressure constructing a false flow signal to recreate false 1 7 JAN 2007
comprising acts of measuring a pressure in a valve environment, the measured pressure
15 corresponding to a pressure transient, providing a pressure signal corresponding to the
measured pressure, respectively, calculating a displacement of the controlled portion of
the valve based on the a pressure signal, and generating a compensation drive level to
move the controlled portion of the valve an amount having an opposite sign of and
substantially equal in magnitude to the calculated displacement.
20
Another aspect of the present invention includes a method of preventing the
movement of the controlled portion of a valve due to pressure transients, the method

comprising acts of predicting a displacement that a pressure transient will force the

controlled portion of a valve to move based on at least one pressure measurement of a



-8 flowinformation resulting froma response of the flow neter to the
pressure transient, determ ning at |east one conpensation signal based on
a the false flow signal, and applying the at |east one cdnp Natlhn s gnal
to the control |oop of the mass flow controller. 5 According to one

enbodi ment, the nethod further conprises7an act of applying the at |east
one conpensation signal to the control | oop includes an act of applying the
fal se fl owag@a@lirdntenti@ng avis the @eRrdIRIGRARANSTALEVIIE tAcRRRARERe Of the
flow nmeter to fluctuations in fluid flow due to the pressure transient.
Accor di ng pRapddUiidisdemkdt embodi ment, the method further conprises an act
of determ hing the at | east one conpensation signal includes determning a
di spl acenent conpensation signal indicative of a drive |level to conpensate
for a valve displacenent due to the pressure transients. According to one
enbodi ment, the nethod further conprises.an act of determning the at

| east one conpeft&S Wﬁtgpﬁﬁé?peF?ﬁd{Eﬁ%e@&I’ePrﬂom mgtenistpipided canprisings gnal
and a di spl acenent conpensation signal. According to yet another aspect of
t he i nvent floy sersee adamicgd toesense fluid iflowt inadtnid flow patinarsd folppovidoasesbt er, t he
mass flow controller further conprising a controller coupled to the flow
met er and ewpptseghal mdirative déthe sensed dlusd flone) a pesste atinddaestadiptepart on the
flow 20 signal, a valve actuator adapted to receive the drive signal from

~ the contr omkgdure @ptesture in @dait Bl bthRaveeihémlah@e providee pradsuR @sfapat or and
coupled to the fluid flow path. ccording to one enbodi nent, the at |east

one transdyQeniPEeHE Seallired g{e‘ggurp,rtﬁé ﬁllésﬁ.léérg %&}%ﬁ%ﬁ@%&%@(&gﬁ% Iei des an

inlet pressure signal. According to anot ment ,

t he conpen Lon. fhlter . Ras a.transfer functi that emy| ates the response
of “the T oRnsitl it th afia [RS Pt AT Eeiprigon Bllercn Binse thea prassite By o
Accordi ng to, another enhodjinent, the false flow signal is constructed to 5
recreal® a2tieLanstusha flsolonsienal whigsbindhy powssym sicsak sderen ths felse flgwal
resulting from changes in inlet pressure. According to one enbodi nent, the
fl ow si gnatighal igeanstrpgtedtd repreatsifbise Bowiinfprmhtorf wisléing from thie gloat schsam t he
sensor output signal. According to one enbodinent, the conpensation filter
i ncl udes drespinge eneflbwdturpetioa tchused g posstirb atansiegcei ves the inlet pressure
signal and provide a di spl acenent conpensation signal 10 indicative of a
drive level to maintain a controlled portion of the valve substantially

According to another embodiment, the compensation filter includes a transfer
15 function that emulates a response of the flow sensor to pressure transients in the flow
path. According to one embodiment, the false flow signal is subtracted from the sensor

output signal to provide a flow signal.

According to another aspect of the invention, in a mass flow controller coupled
20 to aflow path, the mass flow controller having a control loop including a flow meter, a
controller, a valve actuator and a valve, a method is provided comprising acts of
measuring a pressure in a flow path environment, the measured pressure corresponding
to a pressure transient in the flow path environment, providing a pressure signal

corresponding to measured pressure constructing a false flow signal to recreate false



notionless in a pressure environnment of the valve. According to one
enbodi nent, the displacenent conpensation signal is added to the drive
signal to conpensate for valve displacenent resulting fron1§rgqﬁgm¢
gradients in the pressure environnment of the valve. According to one
enbodi ment, the displacenent conpensati-ofi-signal is based in part on 15 a
force nodel of the valve. According to one enbodi nent, the force nodel of

the val ve flowGhfoeastich RBGARE KON PESpoRE of R ﬂ@’lr Mﬁter@&ﬁ@rﬂéﬁ&ett&nei@ﬁt
enbodi ment, the force nodel of the valve includes a pararret er for at |east

one press Uﬂéeﬁﬁlﬁﬂlg%? 13S0 ®m \sf@h%:aﬁo‘g Afg?lglrk%is&goﬁ 2 tffér}?fs? If‘anqa% i ment, the

conpensation filt construct oW Si gna Pect eat e fal se

L ansi ont <SHTE SRERdioh O piRbstBat i Fihe Bt RRE PRt iR ot

conpensati on ans to receive the pressure signal and to provide a

di spl acemefit" Iir;g‘glﬁrpensatl on signal indicative of a drive level to conpensate
for val ve displacenent caused by a pressure change. 9 7 JAN 2007 -10 One
aspect df the present invention includes a conputer readable nedi um
encoded with a programfor execution on a processor of a flow controller. 5
Accordi ng to andttmdingrtbode mabbdiafent, e mothed furdrer comprissrpansatdpplyiig | t er
includes a plurality of filters, at Ieast two of which are connected in

series, antheWdRasidhe compehddEich lstgﬂalquttlﬁwéon%l RRE inPhdes AR a8f of HPRkngd e
fllters are scaled and summed. I'n one enbodi nent of the |nvent| on t he

- conpensat i pisefAdv SbndiUb ttﬁWon%ﬂB'bb%@éﬂ‘ﬁB\ﬂf E% r OVI }g}n% Ofgllg?# oW 1§1e ted to

differentiate the ressure S|gna es a eren lated 10

signal to hucu | ur aI £, g Accog ther &{mﬁdl ment, the
conpensat i on qnfél? Fiu% r?%?lpgeég“g raléﬁl H@tﬁ U pressure
S|gnal and rOVId del ayed pressure S|gnal to the plurality of
filter gﬂ‘ij *5”8 %BEJ%TF RAPrites @n ggt of sletesditung thetat lgstans fal se 1 ow
si gnal 15 i ncl udes an act of delaying the pressure} signal such that it is
subst ant i afempexsatipretignah incdludes doflerminitges displsementicprupersatoradignalccor di ng to
anot her enbodi nent the nethod of constructing the false flow signal

further inoldisdese afi dite lsfeldd cbmpemsaieabr agalvbdisplaeanentelue $6 giegiressiveer ei n
the act of constructing the false flow signal further includes an act of

filtering trh@iditsesastoedias @Nahe dhbddimbnt] RThetROPfulthbl &mprfYes o ditRg to one
enbodi nent, the at 20 | east one filter includes a pl urallty of 2"d-order

fil n
ilters cog&g@ﬁlggg ]élee?ﬁ?é,s%ne and é’f@%‘tga aﬂh %%Pﬁétﬁlﬁmgpr als ngVJ c

plurality of 2" Iters are sunme he fal se

fl ow SllgnaSIgnéAI\%(r:l r%lsp ctercr)legtngotnpp%glsa«?%cggénn]ant the act of adjusting the

According to yet another aspect of the invention, the flow meter is included in a
mass flow controller, the mass flow controller further comprising a controller coupled
to the flow meter and adapted to provide a drive signal based at least in part on the flow

20  signal, a valve actuator adapted to receive the drive signal from the controller, a valve

adapted to be controlled by the valve actuator and coupled to the fluid flow path.

According to one embodiment, the at least one transducer measures an inlet

pressure of the flow path and provides an inlet pressure signal. According to another



sensor output includes an act of subtracting the false flow signal fromthe
sensor output signal. 1 7 JAN 2007 -11 Brief Description of the Draw ngs
In the drawings: Fig. 1 illustrates a schematic bl ock di agrayny Qfanepogexanpl e
mass flow controller 5 with which various aspects of the present invention
may be inplemented; Fig. 2 is a nore det@iled schematic block di agram of

the flow neter shown in Fig. 1, Fig. 3 illustrates various output signals

of a mass EhbydisRAS tie dompeasARNTRIe Rada tridstR FERAAGhAt i1 A mee‘&behéag to an
enbodi ment of the present invention; 10 Fig. 4 is a nore detailed schematic

di agram of of fig fis s’%é&qglﬂluﬁgﬂgvg'?%{ ﬁidlga om ?he{r%gﬁ %/n 1?1‘1:?‘6’&:5%1[} Fig. 1, Fig. 5is

a nore detailed schematic bl ock m o al Ve - act ust or shown in
Fig. 1, Fig. 6 illustrates signal vvaveforms of a nunber of the signals
shown in Fig. 4; 15 Figs. 7a-7f illustrates a nethod of configuring a nmass

fl ow sensor for eration th a proce s fl UI d and/ or process operating
condi tions accof"ﬁ? amlgéoéﬂ(’tgl ‘ﬁg‘ﬂf’mo e falpellpwesigmal 1sicapericiedide 1 7 JAN
2007 WD 2004/ 010234 PCTI US2003/ 022435 - 12 Fig. 8 illustrates a
conpensht i Bhrepte a afseflavoindormption comporgnb ofitheseanson butphiesignad sesuiting frarent i on;
Fig. 9 illustrates one nethod of pressure induced val ve di spl acenent
conpensat i drangexcioonlgt prgssuee. oAecoeding to omn¢mbbddimbet, theviiw signal iSdétegnindd
illustrates a free floating plunger; Fig. 11A is a graph of a pressure

pul se i ntrbguseacaig e falsd Abwsighal #bmané kéh\ébmttﬁut%fgf 1. AtdRdihg% Sfe t1 NE;
Fig. 11Bis a graph of a pressure signal resulting fromthe pressure pul se

shown in  EBodikdh, theGof nsa"njoﬁﬂl feb HRAJRL 8] ﬂcédlél}‘é’cB QnJA 81'1 Hx%a RLessure
ipns: 3 the

tranducer to detect pres hanges accord

i nvention; receives the inlet pressure signal and provide a dlsplacement compensation signal

10 indicative of a drive level to maintain a controlled portion of the valve substantially
motionless in a pressure environment of the valve. According to one embodiment, the
displacement compensation signal is added to the drive signal to compensate for valve
displacement resulting from pressure gradients in the pressure environment of the valve.
According to one embodiment, the displacement compensation signal is based in part on

15 aforce model of the valve. According to one embodiment, the force model of the valve

includes a magnetic model of the valve.

According to one embodiment, the force model of the valve includes a
parameter for at least one pressure drop across the valve. According to another
20 embodiment, the compensation filter constructs the false flow signal to recreate false
flow information resulting from the flow meter responding to pressure transients and
wherein the compensation filter includes displacement compensation means to receive
the pressure signal and to provide a displacement compensation signal indicative of a

drive level to compensate for valve displacement caused by a pressure change.



Fig. 11D shows a conpensation filter that conpensates for false flow
information according to one enbodi nent of the invention; Fig. 12A
illustrates a case in which a pressure transient in the shape Tof JANp85sure
1s pulse is introduced at an inlet side of a flow path; Fig. 12B shows a
sensor output as a function of tine resulot-ing fromthe pressure transient

shown in Fig. 12A; Fig. 13 illustrates one nethod of pressure induced val ve
di spl acenent conpensati on according to one enbodi mrent of the invention; 20
Fig. 14 illustrates a systemthat facilitates automatic configuration of a

mass flow cont pgklaggecRELAE PrdiendiRvaiSn SIS TRBipRfer tQa lg\ﬁ?&'ﬁl{n? n, Fig. 15
illustrates another systemthat facilitates automatic configuration of a
mass flow ber [ ne_enbadi mept jof the jnvention; and
Fig. 16 i|F‘Ecg’tm?‘g?Jé‘J?eaaprgg‘%g‘gg%gg"f“ﬁlg‘ﬂ‘gf’“\?ipé%e?ﬁ“ aFa fioyecontiglictng i ['ed
Description of the Invention This application contains subject matter that
is related to U S. Patent Application Serial No. 10/131,603, entitled
SYSTEM AND METHOD FOR A MASS FLOW CONTROLLER, filed April 24, 2002, which
i s hereifn incor PSP thynetbererabediment dfttke ingentiom; theeoynpemsapion iltey a f | ui d
flow path exists in a pressure environnent. The pressure environnment nay

i ncl ude t hincpides s phuealaty of fidteisnatdeass ivdeoDihichard dommeqred tn seried, and &dhefetn as
inlet pressure), and pressure at the outlet side of the valve (referred to

as outlet prapsdtive)outpndf dach of AN A0E4Et tII A9 4/eQ2A2B 4nPGh SR 0R34R22435
-13- other pressures within the environnment. For exanple, the pressure

envi r onmengmBhdikdeRt b tAWinvRALith, rﬁ%’ccﬁ‘ﬁﬁéﬂsiﬂ?ﬁ' ﬂif%‘g fHe? §&5§ri§jésfaf0qff§1%}1{i {)/12 such

as, for exanple, the pressure drop across a bypass or across a va The

pressure epyi n Ve al s incl ude variqus pressure.. transients
"ot udi ng. i aRERed i BFeRtRs' B b flpel SroPiRR Rectives ebBergpiates
geonetry of. 5 a fl ow senso or variQus other pressure perturbations.
Hovvevet“?l tﬁsnﬂﬁ%&%ﬁl‘éraﬁﬂwfﬁfwﬁ%néccqr ng & ansithes smbodimeitdhe compensation
performance of nmass flow controller may be vulnerable to pressure

t r ansi ent sfijter frthersgupnaishs & delan thah delhys tho praseire eignals ambwpichpréidestzne
purpose of controlling the fluid flow According to one aspect of the
present i nddayddgnesshpmigmb the iphvelity of didpaiszed t hat

According to one embodiment the act of constructing the false flow signal

15 includes an act of delaying the pressure signal such that it is substantially aligned in
time with the sensor output signal. According to another embodiment the method of
constructing the false flow signal further includes an act of differentiating the pressure
signal, wherein the act of constructing the false flow signal further includes an act of
filtering the pressure signal with at least one filter. According to one embodiment, the at

20 least one filter includes a plurality of 2"-order filters connected in series, and wherein
an output from each of the plurality of 2"-order filters are scaled and summed to
provide the false flow signal. According to another embodiment the act of adjusting the
sensor output includes an act of subtracting the false flow signal from the sensor output

signal.



10 neasurenents of the pressure environnment of a flow path nay be used to
reduce or elimnate performance degradations, instabilities, and/or

i naccuracies of a mass flow controller caused by changes in'igeJ@%ﬁ ure
environment. As such, Applicants have devel oped various nethods
conpensating for pressure transients inlilhe pressure environnent of a flow
path and mass flow controller. 15 As discussed in the foregoing, a nass
flow controller typically includes a flow neter that senses the fluid flow
inafluid flow path. The flow rate sensed by the flow nmeter is often part

of a feedbBgier DREristion SOMe DAWigAANt rols.the flow rate of a fluid being
provi ded t6__5_5T6€%§§_(§T§TT_5—§%%1conductor fabrication process) at the
outl et side of hﬂ%e%%ﬂ%hgéth' In many cases, the actual flow rate provided
to the process nust be atcurately 20 controlled. However, the pressure
transients may gause,local fluctuations.n the fluid flow that are sensed
by the flow met g‘g'. ?ﬂlésgrg%lsgcsﬁﬁer??tlfclflﬂ Jiggramphangxample mass fowy gogireller
indication of the actual flow rate being provided to the process. This

fal se f1 owithM8reRYarims asrectsfthe prssany @yentéon may behmplemensdp of a mass flow
controller. The controller may then adjust the flow rate provided to the
process in respbigs? iy amoneddtailekscheoatid blibdk dingiaonof ths f13% metehshowmein
controller may nonmentarily | ose control of the process and/or provide
undesired Figldw rates to the process. As used herein, the termfalse flow
refers to fluid flow that does not correspond to the actual flow provided

to a process. Fpfy 8X@iRhRs vhRGH Qlﬂﬁftis%hﬁ%‘fﬁ%asg hUW%%dégﬁ'? b&lsf]gltéj-hd flow

that are not substantially experienced at the outlet si of"a flow path is

consi dered I ] - false flow.information generally
describes & f%@%%ﬁ{?éﬁ%%?ﬁﬁvéﬂﬁ?ﬂgP%o 85?{30 e@&?Fgngﬁﬁmgo the flowrate
bei ng g ovi ded go ?ﬁgrocesg. fccogdin .0 one enbodj nent _of the invention,
it is ({)preci at e #i53 MEs dgiailed 5 %m’t‘t%gfgﬁgfémt‘gt Gaileeadfaggontgaligre of the
flow path (e.g., the inlet pressure) and provide 1 7 JAN 2007 WD

2004/ 010239t shesnanEIDH 22435 -14 a control system that incorporates this
information. More particularly, to reduce the performance degradati on due
to pressure trahigi @it smore detajedsshetegia dbtledibgrameafshe ealvbectutoes®wngini n t he
fl ow path and adjust control paraneters of a mass flow controller in
response Fwg. the changes in pressure. 5 One enbodi nent of the present

i nvention includes neasuring the inlet pressure of a flow path and

providing the ipjpeg unrsmy@rﬂgngm%g@rgg%am@gﬁ?mé§1§ng%&9€§,{]%' gr. For

i nstance, a pressure transducer e coup oth oW pa 0 ’provi de
a prespgure si gnIﬁlilgs. 7a-7f illustrates a method of configuring a mass flow sensor for operation

with a process fluid and/or process operating conditions according to an embodiment of

the present invention;



indicative of the inlet pressure of the flow path. Applicants have

recogni zed and appreciated that by providing a pressure si gﬂgl JAN 2807 1 o
mass fl| owocoodoiotdser, various deficiencies in the conveitieasppasati on of
~the mass flow controller can be addressed. Accordingly, applicants have
identified various. nethods of. utilizing a pressure signal to inprove the
performance and accuracy of a mass flow controller. One nethod according to
one enbodi nent of the present invent[gg_includes conpensating for spurious
flow signals that may occur due to preSsure transients in a fluid® 15 path

coupled to a il ow controll er. e praobl em assqciated with pressure
transients i nri'?? Ilgl\l/\? g%t ﬂcélﬁ%eflsﬁ‘ﬁf} ﬂ%vec%mg&gz? & egﬁngdlg*epbgﬁtge PSRt mass flow
cont r ol | énvansiostescri bed bel ow. Wien the pressure in a flow path changes,
fluid accel erates .do t he pres e gradient_ in order to fill the volune,
referred to agﬁ%gé@u%ieﬁﬂ%e,'g%tﬁ%ﬁ% Sggfet‘%’é‘c@h"éh’ﬁélsphc‘iﬂ“‘é‘éW@PSWOBensor of
a flow nmedcestdid@ tamie ont@timient ofake invéntiease in fluid flow due to this |ocal
accel eration g_j ége fluid %'rnto t he dead volune. However, this is

consi dered a & ‘1]“15“'5%"%‘? %9 flpagingplungese this flow is not indicati ve of
the flow bei ngign oXiigegrapiPoflad1Redie ERE intrdaucel &n i{n}l@tesicfeedﬁ‘}fowouatﬁf’yst si gnal
fromthe sensor carries false flow i infornmation that 1s propa%a &d to the
control ITB¥HoBPItME mass flow controller. As discussed above, this false

f1 ow i nf or mat ipg 1 0B Ys NANEh RIES vvitl&sr spect to the
accuracy and I|cl):‘(§3§rqf or rrsan%eﬁ‘of ﬁﬁ%g‘%ggigﬁ?lﬁ%ﬁﬁ@g%@%&ﬁ?é@?‘wmﬁu .csﬁ B | ustrates
a case | H&Hildh a pressure transient in the shape of a pressure pulse is

introguced at gghi@kifkesttAe \ h aph 1200a shows a plot of a
pressure pul sggand?L%l as gpﬁljﬁ%?@%%@r\f%??’Ir?%s}m%a@g%cﬁrr%‘%%ﬁspéesfﬁo i's
i nt r oduc&hangss adeerding te onsémbdahent bfthe ilventignat h. As a result, the flow

sensor respon A S ut.signal 1220 as sho in 30 graph 1200b
of Fig. 12B. i%s\lijvln@ H% §qhac;%hpgﬁejstag%qﬂ%r%fal%wm@aéqs,sfort@ég\ﬁ?‘ﬁwfﬁ@i Ndel i vered
to the provdisgio ok chibedifdentvoftiatihvéndon;not changed, the spike in the sensor
out put signal zco Lhs. a |arge false fl ow conponent with respect to the
actual flow K‘sg'su‘@h‘?“?ﬂ Swé*g"‘f%w & prossymerangierts in ipgsiapo of poossyre

PCT/ US20@8lse 22nBastucddbat an ikt sk bés flowapaths t o the fl ow spi ke accordingly and
may nomnent ariky hﬁg{&vont.r'ol of the rqocess, According to one enbodi nent
of the present & nventl on, “REpPHR4 At & Typgtien ofdtepgatulting fromythe prrsaue ur e

nmeasur engrahsent shaWrreinfRigi2zpat h may be utilized to anticipate false flow 5

i ndi cations_and ensate for the negative inpact they may incur on a nass
flow control ?é’r fﬁ)?ﬁ'@“ﬁimam?ﬂww PressiEs ipducsd walve dispdacement compensation a et hod -
for cont racddrdingtof dn@wmbodiment of the invention; :

20 Fig. 14 illustrates a system that facilitates automatic configuration of a mass flow
controller according to one embodiment of the invention;
Fig. 15 illustrates another syétem that facilitates automatic configuration of a mass
flow controller according to one embodiment of the invention; and

Fig. 16 illustrates a cross-sectional view of a valve.

25
Detailed Description of the Invention
This application contains subject matter that is related to U.S. Patent Application
Serial No. 10/131,603, entitled SYSTEM AND METHOD FOR A MASS FLOW
CONTROLLER, filed April 24, 2002, which is herein incorporated by reference in its
30 entirety.

Typically a fluid flow path exists in a pressure environment. The pressure
environment may include the pressure at the inlet side of the flow path (referred to as iniet

pressure), and pressure at the outlet side of the valve (referred to as outlet pressure), and



i ncl udi ng nmeasuring the pressure in a fluid fl ow path and asld' ust i n%}aan
out put signal provided by a flow sensor coupled to the flo Z)aW]‘ Eed on
t he pres¥OR2804MeX3d4r enents. By anal yzing a fl ow sensor' PCTASRWIO2483 ui d f | ow
fluctuations caused by pressure 10 transients, Applicants have devel oped
met hods for generating a false flow signal that recreates the false flow
conponent of a flow signal provided by a flow sensor in response to a
pressure transient. This generated falize fl ow signal may be used by a ’
systemto conpensate for the spike in flow sensor output. For instance,

t hi s si gnatherpeegsubes withirlthie ¥ ndironeRAT) EFbS ata@ipld, EheRELIEE ehFbHMBRL of Bl Wewdr i Ve
notion resuyltin fron%the spi I n, output. 15 Fipgs.ml 1A-D illustrate one
2]

pI K .
enbodi merR2ILRaY $ge PRYAGRressHrerquftergtialssueh asgfoa exam o REQesurg deppatrossriom a

pressur e 13ipgRat adrodiaGalveV ThOpreb iR AN RSRMHEMAP RS (el Lofef | OW pat h.
The false f]ow si %,nal can t&en be subtracrtr%% frc[)lmt%garﬁ%év‘lé%s?rgnal provi ded

by the flERRSEEHBGEIuAInG pulsemiaredicadby atseslaion durbulsneesiayged by tHeageomeyofnot

i nclude thowk @hss, &l vamoudt ' h; flow information is
prevented from causr_i ng tshél%(rgg]raletts éflgﬁegr%&tag%ég 6§ﬁg&é{h§gﬁe§%‘ﬁ‘l’s‘?nymwn{ e.g., by
provi di ngs aehoiar syniteredy Apsuchepepionnanssyf mass Api condier slapbavilmerdbiago 11A

I 1lustrat . ' . ' t.i cul ar., ressuge pul se
1110, 1 hel s Ao ol e whicie bbeBie Gl Rt rne RIBRR oA T00b o

Fi g. 11B conelbingthpfleildlove si gnal 1120 resulting from pressure pul se 1110.

The pressure | I ured a_pressuyre asur enent, devi ce
(e.g., a presé&%@@%@u@gﬁt’r&% CB%E%%’HW@"T@R?%'F ParrrosHeddthpted to
neasulte theaspemsssiofthapressureenyivorment o fldvh path mawbe Raddio rddugre 1 1C shows a

system 1 avi a fl.ow path 200 wi.th a flow sensor 1140 being coupl ed
to flow é@gﬁﬁ"%@ﬁmwﬁggﬁﬁﬁm, HSBW\‘\‘AP?F’ PrdRt wasewragieef amassown, pressure
pul se 11C@niraller ctusabbyasheanges ir the pfesaivs @RirbnrGR. ASsith, Dyplieais heal

per f or ma m.30 regul ator) at the inlet of flow.path 200.

ngce .of .an.upstre
Pressure c%ﬁ?l%pe?d fﬁ@gﬁ‘éﬁ}h@é@é’m&pg%é%g fo1 RIeSSWS thaBTientyin thapresrgi d f | ow sensed
by flow saniseimeidQ dw path eeNaes fibdA@ntrdiRr.t Urn, produces a sensor out put
signal 1150 tg?t.is"co_rru ed with false flowinformation. 1 7 JAN 20U WO
2004/510234 PEFAISESEHRIREBLRERE0ing Hmags AgWFonEelles pirallninglades adfow mesenr esent

i nvent i orthat derSEYHENGIA oW n'aifluiPflow Path! P BRrard RAleabIRARALGS L O the
fal se flow infor ion. In one enbodi nent of the 1 nvéntion, as shown in

Fig. 1 | pabokfdaedbaciosontrpl logp thatiptrels the flowi ratedf v fluid beinggrovédsd the

pressur e ayirgiesy (e-g-,3%Qnﬁbﬂﬂfé&g?afgl%aéio@%%fﬁﬁhg&ﬁe?ﬁ& Fupices g false flow

signal 1160. Because filter celves pressure 1nfor I'on indicative
of the pressuffemaRy @sqsothe aetHaldlowt nats pravided seuthh process must be accurately

20 controlled. However, the pressure transients may cause local fluctuations in the fluid flow

that are sensed by the flow meter. These local fluctuations may not be an accurate
indication of the actual flow rate being provided to the process. This false flow information
is then provided to the control loop of a mass flow controller. The controller méy then
adjust the flow rate provided to the process in response to the false flow information. As

25 such, the controller may momentarily lose control of the process and/or provide undesired
flow rates to the process.

As used herein, the term false flow refers to fluid flow that does not correspond to
the actual flow provided to a process. For example, local variations or fluctuations in fluid
flow that are not substantially experienced at the outlet side of a flow path is considered

30 false flow. As such, false flow information generally describes an indication of flow that
does not correspond to the flow rate being provided to a process.

According to one embodiment of the invention, it is appreciated that may be

advantageous to measure the pressure of the flow path (e.g., the inlet pressure) and provide



conpensation filter 1180 can predict the response the flow sensor will have
to the fluid flow fluctuations resulting fromthe pressuref prianspiont. As
such, ficeiooddi@834may construct a false flow si gnal t hag 5t &96d 20 Rsenbl es
the false flowinformation produced by the sensor. Mre partlcufar ly,
filter 1180 recreates the 10 false flow information produced by flow
sensor 1140 and provides this information as false flow signal 1160. False
fl ow signal 1160 can then be subtract fromthe sensor output signal 1150
to effectively renove the effects of pressure pulse 1100. In one

enbodi nment fal se flow si cl udes t ransfer. funct t hat emul at es
the behaVd WA ?styit%%?tB\ﬁP’éP@Wgeé?}“SF’?P@@%%H@%’etpﬂg'lc}‘]ﬁﬂ?"t? @’f‘ F"r ons caused by
pressure derdifinedddgradhior\G%ab Piedgird tRindisgs ariaeyd bo@nirati totrheasis gent

i nvention, a conpensatigon filter 800 is row ded that emul ates the

behavi or reessirp &1 e S pathsd adNﬁr@“%f&P%’?E‘ﬁ‘iC‘éFrq \#, mass How gondrpligiin gesponse
conpensaty, i chidde€n B8Qutehat includes a tinme delay block 810, a

differenti at (;:r 5 & s‘érl es- connected bank of 2nd-order filters 830a-f
(col | ectively Onﬁtembpdm@)lt ofghgipresentiavrationingludesonensuring thoinlet pressure @0

recei ves l, Li&s & ggk 20 810.
Ti me del a@&ﬁﬁ%%mgaggféwgh@%ﬁg%re s?ﬂétrt]% Qggitk:s vﬁat the del ayed

out put  si igstaice i@reamiegmsdubﬂ ndyrhe coupldd ta theeffoyopativ tot pyovidesa ppasshire(sigmal shown) .
In partlcu ?{ﬁ%mﬂ? rgsgurggp&gtﬂogf thtl me el apses between a pressure
transi ent' tIpow sensor egponds to the pressure transient (i.e.,
there is a del@phbmts/hma rezognizesl snd eppadiadesl thﬂ@ymﬂmg]eprbsdumlgnhma
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cal cul at e%t Zing 3 PIessy Fé@g‘blfoltﬂgoﬂ: Rroiqrmgnce apd gecuragy,of amass ARy b ovi des a
deri vat i Vengbi@habne ithotl Qccdrdify iodhe OhbsRB O f BiePedsetiihvetich ifcd@ies The

derivative of the del ayed pressure sugnal is. 30 cal cul ated beca sg t he
fal se fl otPmpsasiing Sl?‘Ft?Hf oy sigaals that M3V QeeHrAie to Bresupsfrnsipifim 2 fud i he

pressys e ﬁgtﬁgbupﬁﬁtdigﬁﬂbg‘.ﬂmc&m@mra pressure transient. In addition, the
derivative of the delayed pressure signal ensures that a constant pressure

results in a &w@r?bdf@ésqopla it prssure) transients i e How pai thay may §av§234

PCTI US200841Qersh3 effectslon 4 ihads flow cof8ier IshiRsd1bed B416W. WHRAHe prés@fsd ant, the
conpensation filter has no effect on the sensgr output signal. Derivative
si gnal 8280w gath changen fuidpceqierates dayn thepresrirecrertiont in) orderto §BEe volmene seri es
of | 1111 efetrfid B ocTiiBa 08l criledtyift HERRTH pRAGR. A brksiorhfioRiuhded as the

I nput to the nex
20 may refnster an increase in fluid flow due to this local acceleration of the fluid into the dead

volume. However, this is considered a false flow of fluid because this flow is not indicative
of the flow being provided to the process. As such, the sensor output signal from the sensor
carries false flow information that is propagated to the control loop of the mass flow
controller. As discussed above, this false flow information may have undesirable

25  consequences with respect to the accuracy and performance of the mass flow controller.

Fig. 12A illustrates a case in which a pressure transient in the shape of a pressure

pulse is introduced at an inlet side of a flow path. Graph 1200a shows a plot of a pressure
pulse 1210 as a function of time. Pressure pulse 1210 is introduced to the inlet side of the
flow path. As a result, the flow sensor responds with sensor output signal 1220 as shown in

30 graph 1200b of Fig. 12B. Assuming that the actual flow (i.e., the flow being delivered to
the process) of the flow path has not changed, the spike in the sensor output signal contains

a large false flow component with respect to the actual flow. As such, the mass flow



5 second order filter in series 830. In addition, the output from h
second-order filter is tapped off and provided to a respectl'(/e’Ab'a bl ock
850a- 850WO12¢#/018234| es t he respective output of each fiPaTavS2bes/@2438Spective
constant gain factor K. Each of the scaled outputs fromthe individual
2d-order filters contributes to the construction of false flow signal

1160. Adder 840 suns the contributions of the scaled to outputs and

provi des the false flow signal 1160..1%. one enbodi nent, false flow signal
1160 is a recreation of the false flow information provided by a flow
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may be subtracted fromthe sensor output to conpensate for this false flow
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filters can be represente ~Wns "+ g 8' 30 Were: K =
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15 Figs. 11A—D 1llustrate one embodiment of the invention for generating a false flow
signal from a pressure signal indicative of the pressure measured i in a fluid flow path. The
false flow signal can then be subtracted from the flow signal provided by the flow sensor to
produce an indicated flow signal that does not include the faise flow information. As such,
the false flow information is prevented from causing the controller to respond erroneously
20  (e.g., by providing unwanted flow to the process).
Graph 1100a shown in F ig. 11A illustrates a pressure transient, and in particular, a
préssure pulse 1110, that a flow path may experience during operation. Graph 1100b of
- Fig. 11B shows a pressure signal 1120 resulting from pressure pulse 1110. The pressure
signal may be measured by a pressure measurement device'(e.g., a pressure transducer)
25 coupled to the flow path and adapted to measure the pressure at some portion of the flow
path. '

Figure 11C shows a system 1100c having a flow path 200 with a flow sensor 1140
being coupled to flow path 200 to sense fluid flow in flow path 200. As shown, pressure
pulse 1100 is introduced to the flow path 200 (e.g. by non-ideal performance of an upstream

30  regulator) at the inlet of flow path 200. Pressure pulse 1100 may cause a local fluctuation in
the fluid flow sensed by flow sensor 1140. Flow sensor 1140, in turn, produces a sensor

output signal 1150 that is corrupted with false flow information.



each other. As such, the filter bank 830 may be optim zed to provide a
different response in 5 terns of "height" (gain), ™wdth" (frrgqueﬁﬂ‘ty

r esponsew@is/pipesd under shoot (danping) such that the spapgs {)] s
constructed false flow signal can be "dial ed" and by chang| ng % scal i ng
factors 4, w, and S. One exenplary specific transfer function can be
represented as: K8w,, 2/(s2 + 248w' s +82(o0 "2) (2) 10 The Ktermin the
transfer function is illustrated as a éonstant gain factor K As such, the
out put from each second order filter % multi plied by K' and provided to
adder 840. Adder 840 suns the tﬁont“ buti ons fromeach fjlter t rovi de
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be cont r ofig @lolERREIRC 8RS anfanﬁ'enpﬁﬁétioﬁlﬂlhaﬁémfllh@Whé @Bhdvrloethe flow sed@df ti cul ar,

various signals en‘ﬁl oyed by the nass flow controller may have frequency 30
|

conponent B TEPARKI LA flAY ﬂﬁ‘ﬁ‘ﬁ?tl%isf‘?‘@%w PRISUGIRAUEES. However, the frequency
conpogition OfAcc%rcﬁﬁgth%he éxﬁbédﬁh@ﬂt%ﬁhetpﬂeséd?%v%htﬂjﬂai c&ﬁ,sknga'iloﬂmtemosa dered to
be control |l abl e i ndependent of @gart i cular _mass flow controller.

Accor di ngpipyvided,that eseHetes the hehavien piise flay senser. More particwlady Fig. § shosg 2007 WO
2004/ 01023@&@4} %%ﬂﬁﬁi 08 fiedt BrniddPs riab taaaméék smr@dxm;enﬁa&ssz@ea &fled0 be

encorrpasse Int term oper at | ng condi ti ons as used er ein.
“connected bank of 2™-order ﬁlters 830a-f (collectively, item 830), and an adder 840.

- Compensation filter 800 receives pressure signal 1120 and provides it to time delay block
| 20  810. Time delay block 810 delays the pressure signal such that the delayed output signal is
aligned in time with a sensor output signal (not shown). In particular, some finite amount of
time elapses between a pressure transient and when a flow sensor responds to the pressure
transient (i.e., there is a delay between a pressure pulse and when the false flow information
appears on the sensor output signal). As such, the pressure signal may be delayed such that
25  the generated false flow signal is subtracted off the proper portion of the sensor output
signal.
Delay block 810 provides a delayed pressure signal 815 to differentiator 820 which
calculates a derivative of the delayed pressure signal 815 and provides a derivative signal
825 to a series of second-order filters 830. The derivative of the delayed pressure signal is
30 calculated because the false flow resulting from a pressure transient is proportional to the
pressure gradient resulting from a pressure transient. In addition, the derivative of the

delayed pressure signal ensures that a constant pressure results in a zero false flow signal.



The termmass flowrate, fluid flow, and flow rate is used wtg&,‘g@mgeabl y
herein to describe the amount of fluid flow ng through a unit volunme of a
f1 ow pat§O (280‘@)010?440W path 5 103 of Fig.1), or a porti orPGIVUSAE/RL4H pat h,
per unit tinme (i.e., fluid mass flux). The term species applies generally
to the properties of a specific instance of a fluid. A change in species
applies to a change in at |east one property of a fluid that may change or
affect the performance of a mass flowlzontroller. For exanple, a change in
species may include a change in fluid type (e.g., fromnitrogen to

hydr ogen)rhatishizagke prossiiteighdl is cons@ant, the@Bmpénsatidnl filted hds@o@ffectioh tihehe fluid is
a conbi nation of gases or liquids, etc.), and/or a change in the state of
the fl ui GHFr CERHiISHAR on of fluids. The term species information applies
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liquid, gas, etc.), viscosity, etc. Often mass ow controller conprises
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i e 23 representation of a gain termmy

gain term and nore parfi
be a cur \R¥P %%Wﬁsp@féﬁtﬁ’fsﬁﬂﬁetﬁ%m YMeEPht ¢ data points, point pairs, a

constant, etctdraela b@fapﬁrbcﬁaté’@ﬂhhmi@n&ﬂdweﬂﬂl%@a&f typH @ﬂl’te@.ﬁlhﬁ‘sﬁ&?&ﬂﬁnt s of a
mass flow_ caontroller have an asgom ated gain term A con;ponent havi ng
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Rel at i onskePo fe¥iNeLalse FoW sigRhITBrhe S6ifpuaiiof ﬂmsﬁ&tecm Hi % héSibdeR uﬁovﬁp mponent s
of a mass flow controller js often conpl ex. For the different

gai n t er ri8 PrRYdesultciFRE ¢qngRLkovsE CWFEMPfWSrf@I%ﬂ% Slg‘ﬂa] ﬁ'at Applisanit i ng

condi ti ONmvaRFhe bserl Qﬁél?éétd@éd tithd, ¢Se Bhe | dVersROUTRANSMbdlic atfbitdd SudhthRar t
non-linear, and may be dispro ortlonate W th respect to one another. 1 7

JAN 2007 @ fé\be Plow signaliosel g fabeAlpysinformation superimposed on the
20 sensor output signal in response to a pressure transient may be recreated. However, other

filter designs and arrangements that will occur to those skilled in the art may be applicable
and are considered to be within the scope of the present invention. For instance, the order
of several components may be different (e.g., delay block 810, differentiator 820), and/or
one or more of these blocks may be eliminated altogether.

25 In one example, design of one embodiment of the filters shown in Fig. 8 are
described in more detail below. A generalized second order transfer function of the second
order filters can be represented as:

K/(s* + 2E@qs + @y2) (1)

30 Where:
K = Gain
s = Laplace Operator

= Natural Frequency



Accordingly, the contributions of each gain termassociated with the
conponents around a control |oop of a mass flow controller 1$ JANS@I]U? a
gai n t erwo 20M/gogRnposite gain termmy itself be a fq;tc[t/% pRe or
nore variables and may contribute, at least in part, e senS|t|V|ty of
the mass flow controller with respect to change in operating conditions 5
and/ or characteristics of the various conponents of the nmass fl ow
controller. According to one enbodi me&t of the present invention, a nass
fl ow control ler is provided having a%ontrol |oop with a constant |oop
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specific operatin flow controller, or as
a function o?)thf gelﬁﬁﬁ?/ ‘Sc(?uézl%a%?épﬁb%roﬁgan\gééso ?Savmth the control | oop.
I't should be appreciat edK’o‘(hé/t(s &Z&Gm,st-ia&fmnzboop ge(l2)1 may not be precisely
constant. Inprecision in 20 measurements, conputation and cal cul ati ons may
causelthe constant | oop gain to vary. However, such variation should be
consi dered enTaeHasmeth thytraddfer dmtiion i iltustratbd & aconstim ghin fict@ K, gaisn as uséd

herel PGt el BORSLANL L a0k, Sal0 ey, 0L nopessaLl Ly s conglnt over
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controller grﬁgéabl e to operate (and be 25 tuned and cal j brated) for one

fluid andlavpd 100 is sybtragteg, om thecsenior eutpitsignakty prayide gp pndicatadiflos  and/ or
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certain conponents of the mass flow contro vary with _ operating

f r equencyiransiggs s pubtrastedof by thy congipuctaddalss ﬂews’@aﬂtl%msérﬂowah ave frequency

conponent 1§d1@éuv€%f‘Mxe‘ibtﬁxﬁl%foemup%ﬁe%% ﬁfé‘b‘r@c‘éss a!f'ﬂié%\ﬁﬁét sidk B?GIH ?lﬁﬁ%aths not 30
consi dered an operating condition, and as such, is not considered as a

condi ti on oveMaghiflew Coatr(&@ﬁsa%@ﬂenl"ﬁbﬁfa@lﬁtﬁ instahilinhdie do fastorrincludiag | owi ng
bel ow ar &, g arﬂ%"ﬁ?}lh@@aﬁtﬁé EothRine RO 3t Bb madd %&#‘éon‘ﬁ%ﬁ&%@ﬁe%dérﬁ'ie@toﬁd to, and

enmbodi nents o and appar at us accor present invention
“for c@nt rariopgrpenating geuditipng Pt a mass flow controller, or other factors. The term operating

condition applies generally to any of various conditions that can be controlled and that may

influence the operation of a mass flow controller. In particular, operating conditions apply

to various external conditions that can be controlled independent of a particular mass flow

controller. Exemplary operating conditions include, but are not limited to, fluid species, set
25  point or flow rate, inlet and/or outlet pressure, temperature, etc.

Howeyver, it should be appreciated that other internal conditions may be present
during the operation of a mass flow controller such as signal characteristics, system noise,
or perturbations that cannot be controlled independent of a particular flow controller. In
particular, various signals employed by the mass flow controller may have frequency

30 components containing many different frequencies. However, the frequency composition of
a signal is inherent to the signal and is not considered to be controllable independent of a

particular mass flow controller. Accordingly, such conditions, unless specifically stated



WO 2004/ 010234 PCT/ US2003/ 022435 -21- configuration of a masi f 2
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mace 1 QifRsh L AU laid it RSB dGim kbR SRAA BREISY ST may
firstisbe hoatssiatd (¢ baih gas, stcawyiscasisy, picmi ter or filter 130 prior to being
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lseof a0t PEdtah doiforIicn R Blve b Wigojha Bl b behtaR R hithehe ™ 1R
i nvent i ortp tenelationshipebetweet bretputrand en butput of Iaipmﬁcumomponent or group of

20 components. For instance, a gain may represent a ratio of a change in output to a change in

input. A gain may be a function of one or more variables, for example, one or more
operating conditions and/or characteristics of a mass flow controller (e.g., flow rate, inlet
and/or outlet pressure, temperature, valve displacement, etc.) In general, such a gain
function is referred to herein as a gain term. A gain term, and more particularly, the

25  representation of a gain term may be a curve, a sample of a function, discrete data points,
point pairs, a constant, etc.

Each of the various components or group of components of a mass flow controller
may have an associated gain term. A component having no appreciable gain term can be
considered as having a unity gain term. Relationships between gain terms associated with

30 the various components of a mass flow controller is often complex. For example, the
different gain terms may be functions of different variables (i.e., operating conditions and/or
characteristics of the components), may be in part non-linear, and may be disproportionate:

with respect to one another.



1 7 JAN 2007 WO 2004/010234 PCTI US2003/ 022435 -22- of the present

i nvention, and that any of a variety of signals capable of RrOVAdi 2087

I ndi cat i g 2005/0i0h§y desired fluid flowis considered a S%f/ﬁ?!oﬁ's/(ﬁ‘ﬂsspm nt
signal. The termset point, wthout reference to a particular signal,
describes a value that represents a desired fluid flow 5 Based in part on
the flow signal FS2 and the set point signal S12, the G.L controller 150
provides a drive signal DS to the valyve actuator 160 that controls the

val ve 170. The valve 170 is typi cal'l%P‘posi ti oned downstream fromthe flow

meter 110 and pernits a certain mass flow rate depending, at least in
part, upon thécgnrénpglactémmnwwas elsaely gAin wEm pEpEirieH Wi theoQEPOREAFe. The
cont ol | GbuRRE bbbl Rop'oP £ méd iy EBAtrol1é iSidEMLEAR €mb! HlOGmGRkiaqREh acr oss a 1
0 cross-Section of the tlow path, as described in nore detail W th respect
to Fig. 16m mieitselibee function pioing or meref vapiablesand may qoptibpte At dpagan park o

I ncreasi r . | : | | O, .gection where
IR e A e s e T R S I
mechani cahd/gr ciagtesistios @f theaaaustcomponedts b theingass B6w conrollal. ve by a desired
amount. The term .di splacenent | e 1y t ri vari abl e
of a valve ong\ﬁﬁ?r(d,wgi‘g eef'}%a’"fegf%ﬁi%&fa%ﬁpgg%lgds Ig?sgﬂggrc? @FOI é‘fp}gndent. As
such, t heravidsd abing Beomu Mopgvithra dohstart lanpgaine dcadiniggo oxd entbediment t he

di spl acengnt of the controll rtian, referred t.o gener.al |l s val ve

di spl ace%‘E".nsmﬁﬂ%oﬂﬁaé’b‘ls§wffgﬂlbggfte‘?rﬂgm§ﬁlr?f’éprf’%a?%?lfl &eﬁm@gmrplﬁglt Y by a val ve
act uat or ,re§ptobal 3§ the piodubi Tt A teiisAksociated ivithamik O inbtecofPbrbatsdi thea St epper
actuator etc. In Fig. 1, valve a&tﬁor .160 is,a sol enoid t%%e act uat or,
howevBr , SoREolieQpafiiae mass Sayi cgntrelier andkapplying th resiprocakea gy to eroniTelor nat i ve

types of (¥&H VEBFdinAb @hs eBodiRént UaSpkesshitasighal i¥ Qseddd b the 1ol ifi @i ves drive
signal DS fromthe controller_and converts the signal DS into, a _nmechani cal

di spl acerm#ss flay coptraller (g-rip R I d- kel assgriated with tie mass flgw gppirpllen) 49 /o

di spl acenﬁgﬁdé’ Scdtidlafl ghid function of the drive signal. However, in
practice, there nmay be other variables that affect the position of the
control | ed pork tenstantlogmgaineg used hergin deseribos arggineof ajcantrq) doapof ¢ mass fiqyst r at ed
in Fi trBY RSP Rt s Ui EBHANS dopbtalt HitGEHet S ond R ThcHE Gferfhg t he pl unger
1026 gsnd]t%ﬁe_ % ace o at ﬁe psl ur:gewr 1025, _lover et hemj1 et orj fgli%(r:e %040 -and

pl at eau 1®Bditians efithe mass dlovmopeolienelnmatisylar, aiconwand tpopigainjdees notiYasy gt inger
face over I fd J | SRES hediley ofaupl to the
out | et __prfélégﬁofl ?fgéécﬁﬁgp?ég%%at N ﬁﬁgﬁfﬁ?ﬁ?ﬁ%@%%@{kﬁe orely’folgce 1045 to the
out er €edgfenctiontdi¢hephdividual a0 3G ms mbsocipted with thefogpoldagre di shawldbe 30 a pressure
gradient, with pr ur : r a . tantially
equal to ?pr%ecmlte%tg?%%ﬁfﬂg%%motgpgggls& 2 r?)c/’ pr e%cg%}}{a&gﬁt%% g'ﬁ@gﬂé ?he sensor
bypasso Tineasnenmehtsg@mpofatiomand calculations may cause the constant loop gain to vary.

However, such variation should be considered encompassed by the definition of a constant
loop gain as used herein. Further, a constant loop gain may not necessarily be constant over
all operating ranges or conditions. However, one benefit of having a constant loop gain
~ over operating conditions includes the mass flow controller being able to operate (and be
25  tuned and calibrated) for one fluid and not need to be tuned and/or calibrated for other fluids
and/or operating conditions. |
It should further be appreciated that the gain of certain components of the mass flow
control may vary with operating frequency, and that signals of the mass flow controller may
have frequency components at many different frequencies. However, frequency is not
30 considered an operating condition, and as such, is not considered as a condition over which .
a constant loop gain remains constant.
Following below are more detailed descriptions of various concepts related to, and

embodiments of, methods and apparatus according to the present invention for control and



pl unger, including the backsi de, experiences a pressure substgokk y equal
to the inlet pressure |ess any pressure drop through the seh gass
Accor di nYPOM{R3| unger 1020 1 7 JAN 2007 WO 2004/ 01FETAIS2003/022435

PCTI US2003/ 022435 -23- will experience a pressure dependent force that can
be expressed as: Force = (Pl - Po) * A, where, Pl is equal to the inlet
pressure, Po is equal to the outlet pressure, and Ais equal to the
effective area of the plunger. The efjpective area of the plunger may change
fromvalve to valve is typically within the range of the area of the

orifice apghsrRionofanbs fidve coitiolier Subl yﬂo@ chitolipt witlewtich Agrichidadpectyhen the
val ve experiences a pressure transient, this force chaefglgs and_the plunger

may under®py hgimalsmented is %F%’(Wﬁ@’é‘ﬁﬁ?ﬁlculmt‘n PsS. PatentAnpHeation §eR2l Y- di <pl aced
by ~some 1@71%?'%63 @hﬁti&rmrémm Nmﬂﬁby@ommmw ¢HRIROBLERS red by

t he control his undesirable displacement may provide a fluid flow
to the prfdtﬁbésrllﬁ&vmﬁ)@ mcerpenptsd &ni referprae hein is igsntirelyndd@oughryadensi tion, this
undesire m% '
descri’ beg1 Igé Fsl%lf% %Qﬁt tlgﬁ&rfgés gfp l&"?é&geﬁg’%l teﬂr??rga Qi %&N caﬁ%hgcljac%gcglbundem rabl e
novenent tbdremheShoukdrlierappﬂeendtepdrat anynnasfs fioweontallleemepbe tred, dmd tet ed, then the
drive si naI e val v an he adj ust to conpensat e
for this ﬁY’F&ggrpgélatel\'ﬂIt EFI%I“BE]% cn"% mg{‘%‘{’?gﬁ "%g 5 ﬁér&zﬂ °>} “the drive

si gnal may be Itasipuld azd bs appredisted thattvaﬁaxs; aapec;tmrqfﬂmém\tentmsrd acditkdugedof t he

dri I th t d det ect ed
or essur o PUSTER Biined BB RIS B PEPERETIE AR OB Ve 6° B pr esent

i nvenig orinventibnid@st i wiany pguaudmpleamm Exesiples 6fdpedific Si gnal from a
pressure ,ms?sur enent, wher e%gié [1 dis acerrent corrpensatl on signal is the
drive | evEPlcmeatadans e prgvige H“S‘ﬁ‘i'é(eﬁ R¥EPYr om 20 noving due to

pressure trangh ﬁﬁ&&lovﬁh@d&bﬁ;&io@cﬁﬁaﬁﬂasﬁ@%ﬂ&"@dtﬂr@ibf&hegp}édenﬂlﬁvénﬂ@rﬂ added to
the valve drive sig As such, the valve drive signal applied to the

val ve hasVij hsélﬁwh%ffhe Varius asnefty andfsatises gre discussedensratsly eedariedOBY t he
control 1RaRqi¢f mt &%maﬁprédlﬁxvtrﬁpﬂﬂ& feahlr&rmay%qe@ctﬁ,@m&%med infhgdt i ng the

drive level necessary steady in the pressure

envi rbhneﬂﬁwﬁ@ér@ﬂﬁéépwutg%tb?%wfaé '&%ttﬂnenents , 25 The term pressure
environment refers generally to various pressures that a val ve

experiences. As the different portions of the valve may "see" different
pressures and/t GersrerafaiMass ey Cantnollerer m pressure envi ronment i s neant
to refer 10 G qMitdiies e Scitinafié G EHam bPE alHlowAdnibiier AodoififtcOn L Ne
valve. Simlarl %/ a va ve envi ronnent eTers to tohe set o ortes that act
on t he vadngembndimenlofitheprastot ipventionr Ble masa fnwtconirdller Blustrateddn Figy1f or ces,

20 includes a flow meter 110, a Gain/Lead/Lag (GLL) controller 150, a valve actuator 160, and

a valve 170.
The flow meter 110 is coupled to a flow path 103. The flow meter 110 senses the
flow rate of a fluid in the flow path, or portion of the flow path, and provides a flow signal
- FS2 indicative of the sensed flow rate. The flow signal FS2 is provided to a first input of
25 GLL controller 150.
In addition, GLL controller 150 includes a second input to receive a set point signal
SI2. A set point refers to an indication of the desired fluid flow to be provided by the mass
flow controller 100. As shown ih-Fig. 1, the set point signal SI2 may first be passed
through a slew rate limiter or filter 130 prior to being provided to the GLL controller 150.
30  Filter 130 serves to limit instantaneous changes in the set point in signal SI1 from being
provided directly to the GLL controller 150, such that changes in the flow take place over a
specified period of time. It should be appreciated that the use of a slew rate limiter or filter

130 is not necessary to practice the invention, and may be omitted in certain embodiments



30 nechanical forces etc., as described in further detail below One
enbodi nent according to the present invention involves using A JaRr ggy nodel

of the wa) wesb@23y edi ct the pressure induced val ve di 59&%@%%22&5@”‘ a

pressure signal indicative of at |east one pressure neasurenent in the
val ve environnment. 1 7 JAN 2007 WD 2004/010234 PCT/ US2003/ 022435 -24 Fig.
9 illustrates one nethod of pressure induced val ve di spl acenent

conpensation. Fig. 9 illustrates theo%%tjtlet side of a flow path 200. Val ve
170 is coupled to the flow path to rol the fluid flow through the

outlet to roce Val ve actuato 1600 ntr spl.acenent, of the

Ol ve. denah B RESER ey, T3S0l a Ve ot Caphe of brogiine IpEestoR o o

exanpl e, yfihy desiad flvidl flosy l§66ﬂ$ﬁfeﬂﬂ a@aitﬁblaie@paﬁcblgzﬁp mxtexlaeset péntsane as that

descri bed in connect ion with Fig . In a‘éaﬂ-}et | on, pressure transducer
éhattr%%g

295' is cdifprEdetegnesie aPF%‘ﬁPlﬁ%%‘ﬁ‘al T*Fﬁ?rlb %Fﬁéé?suﬁéﬂgldr es at

| east onefp{essure in the valve environnment. The pressure transducer 295

provides at |east one pressure Si gfnal i ndicative of at |east one pressure

i n theSval ve 1B#scéinarigmtaniloy sigeal FS2 gpdthe setpoint pignal SIR, ithetGldy eontrgles, etc. ).

For the p%@?;%@ldgg %We%lgﬁélalﬁ@toethe Hg@e adilafor 166 fhal LARSH k’t?ee\falJm%& u’g’lgqs the

inlet pressure ath an rovi des pressure
i ndi cat i nyalvei&7q iskxpicafy eesstmned destream fremphefew metar ﬂh@lamﬂmamts acerthinust r at ed

as being ntégfﬁgv99a% Je%gﬁrg]gt l}(z@ fﬁ?rrart, ‘%Pé’ﬁrﬁ? ﬂ)l&:@m@tﬂ% %or%o?lgd% I}‘? %%otI may be

pl aced downstream nor e an one ure
t r ansduc e thermalveb @helc syroHatpotiamf thehalvel roay bt% maehble pluagaglactdacrsasur e any

or ess Pe SRERRRHbTol B b plfeel BrEMU L RATFE iR bih ol Bie 8 T e el
270" i s prontiodette ﬂmv@htspﬂth@ﬂmiﬂlphth(byﬂmmmgbﬂdbdﬁéaﬁﬂgﬂﬁ%&a of dh SpEnéganent
Count or - alte % pELR e Byt BTy ARHTcabt R AP TR Wby he
pressure @itchdnialipdispladigy thatetroled fyrtion eﬁﬁwaevébwsué’d?anouna BRltgaenent
conpensati,pn bl ock., 920 rov des dliggl acene conpensation signal to

summat i on 95PBEIME]S “595& §0;dg3eTiBe Hrewag oﬁ Hhealesi oy hichomass flowdatepensat i on

si gnalisi s iddedit tn(paffthﬁpd‘[dch‘tﬁ Aé‘slsGﬂ@theB&aloﬁfﬂié%eﬁlhg)ﬁ?tﬁe 1ok se@ton s refaRld.  FOr
GLL contrqller as illustrated in Fig. 1.

I t I 150
The Sunreds th FpBlscanegh el Rrnep U e FTeddeietsales virdoneeator v ch

mechani cal |y dmﬁxﬁ&‘ém’éﬁ%faﬁ vaRBlg %Q@n’cﬂﬂl‘éa 'b?ﬁ valve hoiGar2bg a@gcording to
drive signal DS such, drive signal DS has a conponent that

ef f ect i velS9lenqid auates, @ Pierrelepsic agiuatay, p siepper Retudprale UIndip v valteraeliator has on
the val ve 18b 50l BA5E Hpeabladr, AONRRP Y pridelMih?&#fion is not so limited, as other

20 alternative types of valve actuators may be used. The valve actuator 160 receives drive
signal DS from the controller and coriverts the signal DS into a mechanical displacement of
the controlied portion of the valve. Ideally, valve displacement is purely a function of the
drive signal. However, in practice, there may be other variables that affect the position of
the controlled portion of the valve. |

25 For example, in the valve illustrated in Fig. 10, a pressure differential between the
backside of the plunger 1026 and the face of the plunger 1025, over the jet orifice 1040 and
plateau 1050 attempts to force the plunger towards the jet. The plunger face over the orifice
experiences a pressure substantially equal to the outlet pressure of the flow path. From the
edge of the orifice 1045 to the outer edge of the plateau 1055, the plunger face experiences

30 a pressure gradient, with pressure at the outer edge of the plateau substantially equal te the
inlet pressure less any pressure drop through the sensor bypass. The remainder of the
plunger, including the backside, experiences a pressure substantially equal to the inlet

pressure less any pressure drop through the sensor bypass. Accordingly, the plunger 1020



by the control |oop. As such, the net val ve di spl acenent resultl n %romthe
val ve |ronrrent Is the di spl acenent desired by the contrd %ﬂpf t he
mass flg&/ 2848t ¥ er. 30 In one enbodi nent of displ acerf’éiTt’U&?@WﬂB#éétlon, a
force nodel of a valve is used in order to determ ned the pressure induced
di spl acenent of the valve in a pressure environnent. Fig. 13 is simlar to
Fig. 9, however, the displacenent. conpensation 920" includes a force
nodel 1300 that nodels the forces inr28he valve environnent. On suitable 1 7
JAN 2007 WD 2004/010234 PCT/ US2003/ 022435 -25- force nodel for a valve
operat i nG/llY‘é}IpBrlélcéﬁﬁéssful‘ brﬁﬁnﬁfoﬂﬁgﬁ’t carShettpressed sl Fdicd*lﬁ’lse’g)t"i A)n E.
entitled "Force Val ve Md Many . different force nodel s may

f or mul at B@erecP regulde the r“é%@&?sé“r P du-‘c"é’él‘a]\}%ﬁ'\?é’uuﬁ iPESSPUIE-CRE At IS F‘ﬂ\“aétopr essure

envi r onmgptesrebife %ﬁ':a TPAe {pﬁmﬁ&)’TP{@éﬁecmé dted (ﬁﬁlﬁ&ﬂﬁng‘épmhiﬂ hanyPRoMlvalvtoval ve and
condi tions under which the valve is intended to operate. The invention is

not |i nvalsgiistypicely withinttherangg ofithy &rea alilie prificaand|ths @rpasd thegsidigeplus he vari ous
conpo? nis phea,Ne mass flow controller may have a gain termassociated
W th oﬁeratlon t hereof . For exanpl e, Flg. lillustrates gain terns A,
B, C and D asAwab,t\El:bn\met\hlwemmrieowsmr@ﬁuri!Lr@nSlqﬂhéhlEiq_CQ:Qhﬁllge@hllldethe 150, the
valve 10 r.16 ents and
their as f;c eg{%e un& g? urgdggra\é %1%2&%2}%&%&& }5%1%’? J%%%%IS?)WQ ghal FS2,
drive si gomé aridint dnﬁlemet thmghakral#@;hsﬂwztmehahatm dnsded byothe nentrohlooh.eThis ow pat h
103, forma cqontrol |oopn of the f ontral l,er. The
and’ 0, 1 FPgRse §iflecs R apty kAo TG oW AR R g RS tRotar ™ e s
and 10ut puisnterded. siaidtidon ehis pidesiesdodigdackinert nidyeawaitie doatroldoggtound t hi s
control | oqQp con ri@uﬁ&}g to a 15 conposite control |oop gain. Typically,
this conPFdYat 2 PHOHYm i s the product of the gain terms around the
control 1oop waever if fiessGeMiahsiéntd HOPmPAiasd \Ridesirable @ftvamedt@f thee product

erm descrj bes any gain term

A*B*C*D). As used  herein, osi t a

conpri si qentralled pestien 9 mv%wscaagngeteﬁﬁﬂ%m riye sighafiapplifdde th§ 3PNt er ns. - The
notation aE@étoﬁcaﬁ%gﬁajﬁétécﬁog&hﬁeﬁs@tE HRrysie dndesk &l ﬁld&dhsipla%&hxéﬁ% gfapegar as the
concatenation of the synbols used to represent the individual gain terns

cont rf budiffrgently, @ﬁ@‘@oﬁ‘%‘é’s‘f‘%yebeg@il%t"péf‘?ﬁ that i hag 2 somppenentindicatys of 8¢ 1 oop gai n

ter m desgrivbRvel3RQ¥GrNo ke tBe PRAESSRAbASY RideHaldleds predBeRandih €SS
ot herw se noted, the notation described above for a corrp05|te gain termis

assumed to beAcspsdinglyume embediment acentding tq e presqghinyentionigcludes The i ndi vi dual
gai n t er RReARRAE %P hedhdnb cdinfeABitioR sighfFRnPS prRssIRSRedshreeRORhdah kR

displacement compensation signal is the drive level necessary to prevent the plunger from

20  moving due to pressure transients. The displacement compensation signal is then added to
the valve drive signal. As such, the valve drive signal applied to the valve has a component
indicating the valve displacement desired by the control loop of the mass flow controller
and a component indicating the drive level necessary to hold the plunger steady in the
pressure environment recorded by the pressure measurements. /

25 The term pressure environment refers generally to various pressures that a valve
experiences. As the different portions of the valve may “see” different pressures and at
different times, the term pressure environment is meant to refer to the entire set of pressures
that may affect a force on the valve. Similarly, a valve environment refers to the set of
forces that act on the valve and may include pressures, magnetic forces, spring forces,

30 mechanical forces etc., as described in further detail below.

One embodiment according to the present invention involves using a force model of
the valve to predict the pressure induced valve displacement from a pressure signal

indicative of at least one pressure measurement in the valve environment.



may have differing characteristics and dependencies resulting in a
conposite gain termthat may have nultiple dependencies. Rheggan 2007
dependengigeiofdioyar i abl es may include set point or fl oysfatResdhissd
species, tenperature, inlet and/or outlet pressure, valve displacenent,
etc. Applicants have recogni zed and appreciated that a mass fl ow
controller having an arbitrary 30 control |oop gain termmay be vul nerabl e
to.instability and nay be sensitive t24changes in some or all of the
dependenci es nentioned above. Below i§"a description of each of the

exenpl ar ainternms illustrated in Fig, 1. 17 JAN 2 WD 2004/ 010234
PCT/ US2003 02338 Blfustralgs onsnethedohTessire ingucsd il Aippiperment fRmenstiofot er and

repr esentyg o igudtaled tHeQRal stle dTatANRaRAH J08. dalvealo id doupled toahe fidW pataRy t he nass
flow controller and the indicated flow (e.q. S2) of the flow neter

. . FS2)
(e.qg., clangel thaflyid owshrenst the wuidktiq %@r@w@yg&i&wéuw 168 comtolsithesi d 1 ow) .
Gai n termgé& I, o Neie el iHiicdt LBy Bivedt tgdl ow rate.
However , raéﬁgﬁﬁg&gggg{eghﬁgg%%ngglﬁgﬂgﬁat I eagt1 uponcpl{;yhe %C?Lﬁ-lgﬁ?geféﬂgres Wi t.h
whi ch % hesxampls, Yalevend oalve adthator pairpdP and k60 n&yi be thesameRsithat deserieidan ed wi t h
the G.L c d,represents the relationship between the indicated
fl ow si gncgﬁﬁ%géﬁﬁgt&gl '(la'd fromthe flow neter and the drive signal DS
provi ded to tHeaddifionea pressnat tvansddder 205t vcoupid te thecfllowt path.t Thetgresswrar i ous gai ns
and consttzr;mti 1 o used tiln {he feedb%c ¢ netr(‘),l of th?EGLL contr%l ler.  Gain
term C i sSTRSUSE BESYCHILHST PR RIEFVE THET U OV AR F iy f s RIfTsare figsducer
r el at i onsigispprobidtye dsasteond iprassurs sigid indivativd dfat as phapessartin €fe valve val ve.

Gain C i ncl ude th nbi natjon of t S at e gai .1 ncl udi t he
gai n 5o S oVEOREET &y PIREPIESHRe PRI AT eactoR, T BDCPURANE of BisHamPIBCRT ¢ )
current OpreséOlettRffIuCH Midasiressthe iddt preasute dfitke Udi Path abdFroRideprivsird 15 t he

control signal_and the nechanical displacenment of the coptrolled portion of
the val veSEnaERT0) indiesHing hanizt prsasusn JBRG it PrERurefEAber it MERnt s 1 he

rel at i onsgin} RfraeRom the VaBW, it ahduldde dppRcia®a that It Ay ®e plabsd doWnsdagh val ve
di spl acenent (e.g., a.change in flowrate divided by a change in valve
di spl acengfithe Yalvcalnaddition, mormham encsssavie Easdeer may be fispgsedplongtpeflavi ng
condi §4 ongath Hdratd it Gedstitél Ay ALRBRDreséund Bilth A Hive Ny ir6imdpE SRISH bpul ATPEr at ur e,
val ve 20 displ acenent, etc. According to one aspect of the present
i nvent i onassecizted nyesqure signalrindigativgof the peesgyrg measpisenical nodel of a valve is
provi ded t hat Ik sioahi®sot B g6l et It L hassoci ated with
the valve wt hﬁrgérg%lJietSfrggr ;/%?I UI§p s?igﬁd(vjwqpi%r g.éthl%l’rll% %ng% | glpgggoagc%q?n termGis a
r eci pr ocafispjadementeompprsetierddetermines b driveleyq) sufbiaientdd sutisantisllydaenterefct a gai n
torms A Sesstindoed Sispthdemee iR B 1Y e by e/hilestit @iVidoRfeA iffRR O

20 by pressure signal 270*°. Displacement compensation block 920 provides displacement

compensation signal to summation block 950. At summation block 950, the displacement
compensation signal is added to the drive signal DS issued from a controller 150. For
-example, controller 150 may be a GLL controller as illustrated in Fig. 1. The summed drive
signal DS' is then provided to the valve actuator which mechanically displaces the

25  controlled portion of the valve according to drive signal DS’.

As such, drive signal DS’ has a component that effectively zeroes out the force
effect the pressure environment has on the valve displacement and a component provided
by the control loop. As such, the net valve displacement resulting from the valve
environment is the displacement desired by the control loop of the I‘nass flow controller.

30 In one embodiment of displacement compensation, a force model of a valve is used
in order to determined the pressure induced diéplacement of the valve in a pressure
environment. Fig. 13 is similar to Fig. 9, however, the displacement compensation 920’

includes a force model 1300 that models the forces in the valve environment. On suitable



25 term G permts the mass flow controller to operate in a qopmﬁt it
manner irrespective of operating conditions by providing to a control | oop .
of the n¥920G4%033dontrol l er a constant |oop gai n. Acc®CATUOWBH2M38 aspect
of the present invention, a systemgain termis determned for a
particular mass flow controller by determi ning the conposite gain term of
various 30 conponents around the control |oop of the nass flow controller.
A reciprocal gain termis formed by.4sking the reciprocal of the system
gain term This reciprocal gain termis then applied to the control |oop
such 't hate b 89 24T Haty et St lscfifkin 88 5dbtio)'e

5064/ 010535 PoBTor Dol RBAREHER ERodlbdly phigiger’ &i?“ as the various gain
ter s ar entitéedt Herce Matvedvlodebdp vary, the reci procal gain termmy be varied
in order to | ' S of the
mass fl ow con rao% ?!aﬂr%rﬁé?qge %gd%%snr}sl antfg%lr“pggggo eP }%;% %Bg&eg@élo%f fluid
used wit Idispheenmm:ipmwummnwmﬂeet Foamdmdals—mgemy with ofspetctite thrpgpaoﬁ ng

condi t_i ons i th.which t ontrol ted, the response
of "t het agive A oniks Gt PG oy RApERTEd S pditeL e BFBhE el ng

condi t i ofignitza o 41 paptitalas foakd modehd t 0 exhi bit the sane behavior as that
observed duri odutlon of the mass flo IIer a test fluid and
test operati nggél%ﬁﬂﬁs? BRxe, thgyapews CBFWBFW‘%&%&%T OYVW@“%‘{}@’E B R termis
t he conpe@ginttémPdss@siatet] Wit % opératibndherddt. Fbﬁey&éﬁ@w pig | ORBraAsgemitathRd W th
vari ous cog;oonents of .the mass flow caontroll | nherently vary as a

funct i on %> &ragd (9aﬁéi?ﬁ‘%edo‘ﬁ@ﬂ%ﬂﬁﬂ‘%‘ﬁdllf)a@ﬁ@LLFﬁBPmél%m gevalye system gain

termjon Gb@latod1605 aled)m&smeregﬁetwet}e "He A dBmpofledd #Akhek4Rsdfateliikhut dnd 2
reci procal gain fermGis forned }¥$tak| ng the reciprocal_of 'system gain

t er m ACD oHidt dgnalsy inppriiqulagcflaynugnst Ky drivepenal DSovalyrsizmel ARand et | er . 't
shoul d Jfﬁndf’ﬁov?iﬂg'ir?ﬁb %@%afhhl@@ fEHxﬁa E&fﬁ‘oﬂ’fo‘a A 1 M als AGH Eﬂngﬁﬁerb‘i"hE he
reci procal of fewer than al e gain t rms assocl at wth the various
conponentgsing poBn€l, D, do IR, @re asmptqdfmthfbe nelationshipbetwesssaid diputsrand For
exanpl e, orm ng
the reci bt g;ﬂ{s tes;ﬁ%ﬂlh%e'a rgé?ﬁgcg 1lﬂlr1]t tt eganﬂe%g% H&Byd t@%g@'gr{l \ﬁgﬁvﬁggﬁp%a{
pr ef ekr e@om%@@PMﬂ@P ggwin termGis formed such that the | oop gain
remains a con : [ stem gain
term . Accordi g‘%c?( léhrlliwggg@ééb %éfmtt%ﬁrékl @%dﬁ&%f&g ‘%ﬁlten% allo{?r?d @é sensed at
t he i nl etcontgidoap (i. prthssmt@l kiog gaih tem. igequabtoetbsprp@csAgB’éﬂ:*H)gm)suaay be
pr oduced n, assocj at i with a. controller. For
exanpl e, hg&?r%,, 8;&§@P§s€i‘t§%§ﬁq?ljm de@c %Qs é.nS’ 8rdm f?{%qnsggﬁ ebconlr%w.lons ofa

plurahty of md1v1dua1 gain terms Thc notation for a composite gain term used herein will

20  be appear as the concatenation of the symbols used to represent the individual gain terms
contributing to the composite gain term. - For example, the control loop gain term describe
above will be represented as gain term ABCD. Unless otherwise noted, the notation
described above for a composite gain term is assumed to be the product of its constituent
gain terms. '

25 The individual gain terms associated with a control loop of a mass flow controller
may have differing characteristics and dependencies resulting in a composite gain term that
may have multiple dependencies. These dependencies or variables may include set point or
flow rate, fluid species, temperature, inlet and/or outlet pressure, valve displacement, etc.
Applicants have recognized and appreciated that a mass flow controller having an arbitrary

30  control loop gain term may be vulnerable to instability and may be sensitive to changes in
some or all of the dependencies mentioned above. Below is a description of each of the

exemplary gain terms illustrated in Fig. 1.



used in a flow sensor portion of the mass flow controller-to conpensate for
spurious 25 indications due to pressure transients. Further, g&&rﬁg sure
2

si gnal nwo fhesweesyk for feed forward control of the valpe@rp®h
pressure signal nmay be used to adjust the gainin a G.L controller. Fig. 2

illustrates a nore detailed schematic bl ock diagramof the flow neter 110.
A flow neter refers generally to any of various conponents that sense flow
rate through a 30 flow path, or a por éon of a flow path, and provide a
signal indicative of the flowrate. Thg™ flow neter 110 of Fig. 2 includes

a bypass 210, a, sensor, and ;sensor electronics 230, a_  nornaljzation circuit
240 t o recei vEanE™E &S gsogp \g}tﬁﬁg@w%ﬁ{%eggﬁq%ﬁegﬂaﬁ% Bor

el ect r oniyefiye?dthe a@n{aﬁﬁ@e g%gen 8 AlabOflovs bdrferiidr a3 Mhe GritlidakeRdldweleh e

normal i zation circuit AN 200? WD 2004/ 010234 PCT/ US2003/ 022435 - 28

240, and ES2) phidaflowamster{e&i hange indpdicated fhow dividsd brehapgaipsaial fitpensat i on
circuit i ' | | Si FS2 as
illustrate )i -rgatﬁ.htgﬂﬂnéggk?lfgga\}édégﬁf@?g I erng)glfIl g&%(g.%t l%%}?%{)‘%%gﬁgﬂ%{er’s hown in
Fig. 2, ithissomstantmapderendatieast ynondkmBwid spacipa alith Rdich theapass dlowzonteelieert ed t o
a di gitalo E}a%[gal with the use of an analog to digital (A/D) converter so
that all °PFirther si gnal processing of the mass flow control|er 100 may be
performed by aGain prh® is associpted with the @ilg céreollern agd edpresemisctbs sadatiof$hiP) .

Al t hough ,in one, preferred enbodi.gent I | gnal__processin er med by
the g PuTRauEpRsHE by SRR ESTERb R g Rt AR et SFECBRAEROF M enc on
i S not sSoprbvidéd wdhe adveasalatog GaiocemB ivgelurd bnthe e busgyinsednd edmssdntsvel y be 1 o
used. In Fig, 2, _.a,sensor. conduit. 220 djverts sonme portion of the fluid
f1 owi Hy twgﬁb'ﬁefﬁg‘?acg%woﬁgﬂﬁ?b@v}‘t"ﬁmpﬁ "remai nder and majority of the
fluid flow ng Gdin et ishssobipdeih tlﬁami@ractuatﬁﬂarﬂl&é]ﬁé&n&Hﬁ%lbﬁb’ﬂsﬁiﬁ Zﬁo are

re the flow rat ugh the

coupled to the sensor conduyit and neas e hr o

condui t . lﬁt‘ﬁ?e@é’s‘ﬁf‘@ S{gP%lﬁggﬁ’Eé‘_}sg{E]%nqnéo WERDAT *B“FI“_E)W lfb%\?ci?_tg?)o upst r eam of
the 15 byRasiindtien GPAwNeBarktd @aihd tEludink BfSsairasiciatddtvithith€éonvérsien 6fa t he 1 ow
path 200. Pressure transducer 295 provides a pressure signal 270

i ndi cat i vérivsfsignaktojan eleetrigpleyment ar voltage|pasirgksignal, apd thp gaip gssegiated §ithpr essur e

t r ansh£nt fe BEhrot SighA ah PR hnet:ﬂlddfeauﬁ%maﬁlehtrbfmecon&dma HorkibRvr thBdlvé.s sensed
by sensor and sensor electronics 230. However, this is considered false

fi ow i nf or mat i @#n &¥miL isjagsogigted ithithearal\eeangd represents the felationship b&vedied to the .
process afjol hfte 60O HatSiow G oltd ahdGalld @Mblﬁ)&ﬁxl@nt (5., 3 86hge fnl W @tegnal FSO
may be corrupted wth false flow information restlting fromtransients in
the i ni et diided by ehange in vakeisplacerant l, Ginytesn DSy be dependent on a variety of
operating conditions including fluid species, inlet and outlet pressure, temperature, valve
20  displacement, etc. According to one aspect of the present invention described in more detail
below, a physical model of a valve is provided that facilitates the determination ofa gain
term associated with the valve with arbitrary fluids and operating conditions.
Gain term G is a reciprocal gain term formed from the reciprocal of the product of
gain terms A, C, and D. As will be appreciated further from the discussion herein, gain
25  term G permits the mass flow controller to operate in a consistent manner irrespective of
operating conditions by providing to a control loop of the mass flow controller a constant
loop gain.
According to one aspect of the present invention, a system gain term is determined
for a particular mass flow controller by determining the composite gain term of various
30 components around the control loop of the mass flow controller. A reciprocal gain term is
formed by taking the reciprocal of the system gain term. This reciprocal gain term is then

applied to the control loop such that the control loop operates with a constant loop gain.



may contain false flowinformation resulting fromlocal fluid flow
fluctuation caused by fluid rushing to fill a dead vol une chdsétN B7a
pressur VPRI 4ot her pressure transient. In order tPGHES2008(022435¢
effects of the false flow information, conpensation filter 280 25 receives
pressure signal 270 from pressure transducer 295 and constructs false flow
signal 290. False flow signal 290 is constructed to nodel the erroneous
response of sensor and sensor electrpnics 230 due to fluid flow
fluctuations caused by pressure transients. That is to say, false flow

signal  29fui, s BRAEH6WPaRTerkm A26LH8lheWonibASH Vary BRS 8eihr¥BS] §aih Remidyse fl ow

i nformation superinposed on the flow signal as a result of pressure
transi ent @dgngmer@dp@ms@ LEORPAHIAN WM fi | ter was described in detail

wth res peCt h@czﬁké]ﬁle l&p%lgﬁ o]E%he(xﬁ_ﬁgﬂB@vlcSﬁrd(llbpié’ heﬁl'cg%épetgpécﬁvet

subtracted off flow S|g by subtractor 0 provi de sensor
si gnal F&yre qfélmdr'rged with fhe|mass ﬂpwwomtrﬁlbr,mirmpeeﬁveeqftthwegatmemdmns WO

/ h
Furthar ol Paatoto S HoRS drisses fitesrbite PRRGRLs BpipBiely (= e
parti cul amth dlﬁeemmmmd/br bpanatdngr:bndmng carhieaugle stabie and m@lmhibmthe samepor t i onal

to the L he vvever vmth t he e. of, fl ow
rates wi tbﬁ avm aﬁ%\y gn%grsved e ng‘ﬁltcf% © IS Eﬂm”e° leg gr 6?&3?%“% he

rel atlonséstppdmtmg&emdxtidsm.flow rate in the conduit 5 and the flowrate in

t he bypass ma tge . i ne% th %ddltlon StEermatl sen rs measure fl ow
rate by det ec (js? S e Sﬁ%ls Jhgain e i e‘é‘ﬁnﬂ%’(t%? n tFmsEFInd o n gy t .
Accorgi nghe/control 186y EsseviIEtiwiE Rirfous Péfiponents af thy maksofidv cdnfialleritiap! enment

t her mal %sors therﬁ@mérh ist te erature ependenci es, particularly at
the 1 wo dBIEFRNESaRyfaS e RuncHim SEOtSIor MOR PRERH B CAROH Pk Pampie s /PiER

controll QainCRed ALFS 1t1§)c&1ﬁ1§a‘5gé gﬁgt&-@,&@el n as zero flow and full scale
flow, respectively Normmal i zatjon circuit 240 receives the sensor signal

FS 1 and cor r &9eck 140 ¢fFiige A # Eciprqcal ggis) temmGds epehbretakiag the recinrecal pbw and at
full scal s9stéth Béin tdrth REDlah& Hﬂuﬁymg mganm tifel lh';blﬁs fosthe étewbﬁm)ukh rIPéhQ{?ldt he

conduit and bypass (i . ow), the sensor nay produce non- zero
sensof S|b§ﬁapre°1a%mah@? Fﬁ?ﬂé"ca{ a%tesrﬁmaweﬁwurmpr@a@ Pﬁf?“@f than 'd!/\Pfr’Fh%/ depend on
15 t enpergfnitsns afiddistedIvit the DErichS BRSonst ctuation
that is ag%pendesnt c?n telrrperattljre at c:‘u scacﬁﬁéf rgli%%{t?)%%nﬂog‘wor

t enper at moeﬁdbpemmmplaﬂmrqumentﬁ int mtrol@n@stablhwsnaly ketachieved byifowingy be
per f of Mednbk ARASIHCBAPLAL giiflittihs e, WHE CHPRS OltoRL AN plfirdy a1 zero Tl ow at

a nunber ferent Eratur es, ~and then applyi’rng a correctlon factor
to the Sﬂr@@dimeﬁsmmm G.ns&rnteﬂeuqhémwalmpraimfemme asemstnt (i.eCgain 6¢t i ons

for tgnhpg %ﬁxre'féc rgglgmgg}ggﬁg‘yﬁ elﬂﬂ}‘i on of sensor signal FS 1 at full-scale
ar

fl ow may be pe or med
According to one aspect of the invention, pressure may be sensed at the inlet, and a

pressure signal (e.g., pressure signal 190) may be produced that can be used in association
with a mass flow controller. For example, a pressure signal may be produced that can be
used in a flow sensor portion of the mass flow controller to compensate for spurious

25  indications due to pressure transients. Further, the pressure signal may be used for feed
forward control of the valve. Also, the pressure signal may be used to adjust the gain ina
GLL controller.

Fig. 2 illustrates a more detailed schematic block diagram of the flow meter 110. A

flow meter refers generally to any of various components that sense flow rate through a

30 flow path, or a portion of a flow path, and provide a signal indicative of the flow rate. The
flow meter 110 of Fig. 2 includes a bypass 210, a sensor and sensor electronics 230, a
normalization circuit 240 to receive the sensor signal FS1 froni the sensor and sensor

electronics 230, a response compensation circuit 250 coupled to the normalization circuit



manner based 'upon measurenents of the sensor signal at different val ues of
tenperature and applying an appropriate correction factor b&gedAdlihe

t enper at We200k/o2skdi t 1 on, tenperature dependenci es nay P@rx%kiﬁb&\,(ﬁz’zk%
measured for characteristic points along the entire range at ich a mass

flow controller is desired to operate. 25 Accordingly, a correction curve
that is a function of flow rate and tenperature may be fit to the
measurenents taken a zero flow, full scale flow, and any nunber of
characteristic points in between. TH8s correction curve may provide
correction for tenperature dependencies across the range of flowrate with
whi ch t h@4%asd a liheanizatinntoirsiit 200 Goypled todhriregpanse epepeasation fircuitZzdli Thon, a

knowl edoguble deifickizdlich A ipﬂxegﬁggi%aﬁdﬁggwmsﬁeﬁﬁmthehﬁ&eﬁ&wco\ﬁasm@bkons Wi th

30 tenperature may be utilize rovi de or enhance the correction factors
and/ or cdig.éction curves of normalization 240. 1 7 JAN 2007 WO

2004/ 010234 P¢I] US2003/,022435. e nar ' i i ' y al so
provi de a fi xgﬁh% rﬁs??éhzo ar il%ﬁlgg%iﬁlgséﬁgb e{n%g)d%g%%%g‘fe s%%()%léro&yflslgﬁég?é?ul I
scal e sf | @unichedtoghdipit sigaaisyith thouwsd of $n analogpe digital AVIA) eopvérter sbthatialed  f or
normal i z

d signal FS 1., d at zero flaw ,anot her PANe e (e.qg.
zero) is eé?‘ﬁ'é%}’rqcﬁssgﬁé)?g}?ﬁ%ﬁf ﬁ’%‘ﬁf?m’fog'?f %@W%ee,pe%g&%glbly zaa(%’la}%g 2£10 °
ensur es tcBmputdt orkgial §ipploctssrqDSh). tAlthoasin Boune peefetrddtembodintend, alked si gnal
FS 1' has,a value of 0,0, and at full scal? fl8w Eﬁgroﬂglgp .%ﬁeéﬁonduit,
nor mal i zSignal Riprepsigaperformeby;the, mpagsdlogy coptrplier, 100 iypsrfornaddligiiahy.dds ot ed 't hat
any val ugr&s iRRnEHPR A6t foQimitka) ARhAIEErosdsgiAg kechnSiques nidly akerhatively®sy and at

full scale flow, as values used herein are exenplary only. It should be
appr el at¥ef-t hat normalized signal FS 1' may have poor dynamic 1 o

characteri sti ¢srigSHGehddptordlic PEPEAIBR0ME ﬁ@r@h ®Pthe Hﬁiﬁ%v&iﬁ%ﬁ&d&kﬁhﬂe' ow, the
signal FS Vis el'ayed in tine and snoothed relative to the actual flow

through tfhev patlewithahesmaintipy andimpjoriwefhe Buidrflomiag thiqualiths dyeass- sSo0§i cal | y
have a S'a%wsérgw&%%mggg@ a??cr:%}ﬂi%lc:l&@ﬁE ealgoﬁémaﬁalld hakGe Mledfc® aer a

relatively long perio . Figure 3 is an illustration of this
behavi or througihthe konduite A presshrgttransduesn 29his chepled-torfloay path Z00aipstreamafsheand 1 ow

is platt 3%’8%; t MEashf th ﬁlg%t pﬁ:ﬁsu}{e‘ ﬁﬂénleﬁ?ﬁ%@ﬂgﬁ 900. 3Prﬁsﬁ¥cr esponse to a

unit ste ange 1n actu ow through the el mass flow sensor, the
si gnal FSransdyserd9i5 peavidey aprassuesigenl 27Gindieatingad therinlei pressarad snoot hed. In

Fesponse 1o cRastied IRRFERGARE e HeRiaRtmRl b e BeV IAILE 4 1o
response fhwidflewskst ismensed by sérsor an0 saBr.eletirenice2ido boveyemthisis eansideredi r cui t
250 is f uﬂfs% iflgxra}%iloMnﬁioL ia!q }t?srnott kﬁ] Eca{.i\?e o%%rffg(“i/ ey l?rloyidgcﬂo the process at the
20  outlet side of the flow path. As such, flow signal FSO may be corrupted with false flow
information resulting from transients in the inlet pressure. For example, flow signal FSO
may contain false flow information resulting from local fluid flow fluctuation caused by
fluid rushing to fill a dead volume caused by a pressure pulse or other pressure transient.
In order to mitigate the effects of the false flow information, compensation filter 280
25  receives pressure signal 270 from pressure transducer 295 and constructs false flow signal
290. False flow signal 290 is constructed to model the erroneous response of sensor and
sensor electronics 230 due to fluid flow fluctuations caused by pressure transients. That is
to say, false flow signal 290 is constructed to equal or closely approximate the false flow
information superimposed on the flow signal as a result of pressure transients. One suitable
30 compensation filter was described in detail with respect to Figs. 8 and 12. The false flow
signal 290 is then subtracted off flow signal FS0 (e.g., by subtractor 297) to provide sensor

signal FS1 having the false flow information effectively removed.



i nverse of the transfer function of the sensor and sensor el ectronics 230.
The response conpensation circuit 250 may be adjusted or tunedasio200hat the
condi ti d¥@2004/041234 FS |" provided by the response conpENARL003/023BF cuit 250
has a predetermned rise tinme, has a predeterm ned maxi mum | evel of

over shoot and/or undershoot, and levels out within a 25 predetermned tine
frame, and/or is tuned for other characteristics that may be desirable for
a particular inplenmentation of a magggflow controller. As shown in Fig. 3,

t he conpensated signal FS 1" has a profile that nore closely reflects the
profile of t st ep ' id f A i’ﬁﬁ& ra ol d; rated in
the draw ngg%ﬁ%sw ag\?vgg&%grnwgﬁh%ﬁgocﬁ%%évﬁ (I})}g%/}vlé% r?%irag er §e(r%;]yolvJbgééhggtlj usted to
provi de BS2C|n parftulaptip amsaited flsidgualingitirougl thercoutnittis propertiondiéo tass f | ow
controller. In particular, the dypanmc res . . uring a
sensor tﬁ‘HFl ﬂ@wg’tgé'ﬂ)h’(ﬁ%¥8ﬁ§'slé[ﬂw‘?vﬁr’dé.}‘éﬂ faner ﬁgﬂ&%‘%ﬁ @W&%ﬁlg‘pgﬁﬁgzom WO
2004/ 010834 coMarbl1iS2 BshiRR4Bbrate Sthe réddtionikisip bersech the flew irate abtby eondbite
proportion of fluid flow n throug%_the sensor conduit relative to the

fluid fIewithelemraitigrhe bypafyay 0t Bolin8E dependent upon the flow rate of

the fluid. |n,adaiibd, @RrmMARBsbisHRAkirt (6% ratd by d@eaRpSdipetdttte SRalgey
el ectronics further conplicate the relati OnShécﬁ between actyal fluid flow

and t he acsesseqintarkal o8 thg candugr dgeerdinely, BySOPREMERHEIGHS AHEPIFE MO8E 1 ow
rates. The &rﬁg:gﬂe?xt ﬂxérn{ahéélnts&ss,ﬁwré/ﬁla%gﬂ&%&ﬁﬁératﬂﬁ desnaartics) particukelyars fluid

fl ow may not | near. oul d .appreci ated that many of these
non- | i netheitvé egremss pfthe rangegfflommtarayithwhichamassdlogirenfrellgs GpYates onpensat i on

250. | cc&g@kg@g%emth{;%&g]w %ﬁgé‘%ﬁ’q&ge&ﬁel?grnane to any of sensor

signal s The term sensor oufput will be lo used herein
to describe tRemsdiration ceuitr?4D réneives theisenshmsigrisbEN and semeqty for potential |

precedi ng mDI i | ' i £ SR & M s €

i ndi cat ed, rggﬁxﬁ%ﬁépéﬁt{e%ﬁe{‘atggrg(@o i\ijéé‘lgﬁiiﬁxtg S%sl%’-g% gr oﬁu!:ae’ﬂy theu sensor and
t hat has flowing thronghethé canduin ardl/ardrypass st @ero(flov), the f@sdr'myay préduce exempl e, by

normal i zati on 240 a response.co nsat.i Qn r lhvel y, but that

has not B¥8 ﬁenls?rrfé%‘rap}é’g.ge % ﬁ]éﬁpémg Sslgélﬁ%ogégﬁ%vg |m§? @g&t&lﬁgﬁ normal i zati on
and aenpemgetahoe Sikblady,dlxssense dignadFSi esyyesperiches fhicthetion thatib derdenddnty ar e
appliedin Fig. 2 are_in fact .interchangeahl e. | nearizatjon 260
corrects°F Eﬁmpgﬁ'é"ﬁ Sﬁgﬁis?‘f’éeag?v{‘i é%”%’flo? ﬁoé teé’é???g" © g?ﬁeﬁ‘tiftn%(alm.eae o "%Eé 1"). For
exanpl e, sighd1e81 iazakrd How 1HY bp perforthes b nichiving thg value bfhe serisbd signalBSla val ue of
0 at zero flow, .25 at 25% . of full scale flow, .5 at SO(V%of ft”'l scal e
flow 1. @t Zgro0 ﬁw pt 351&}%?&@" ?qs cé&;rgqt&@mperaturcs, and then applying a correction factor to

the signal FS1 based upon the temperature of the sensor. Corrections for temperature

20  dependent variation of sensor signal FS1 at full-scale flow may be performed in a similar
manner based upon measurements of the sensor signal at different values of temperature
and applying an appropriate correction factor based on the temperature.

In addition, temperature dependencies may be similarly measured for characteristic
points along the entire range at which a mass flow controller is desired to operate.

25  Accordingly, a correction curve that is a function of flow rate and temperature may be fit to
the measurements taken a zero flow, full scale flow, and any number of characteristic points
in between. This correction curve may provide correction for temperature dependencies
across the range of flow rate with which the mass flow controller is intended to operate. In
addition, a knowledge of the fluid being used and known sensor property variations with

30 temperature may be utilized to provide or enhance the correction factors and/or correction

curves of normalization 240.



20 Linearization 260 provides the flow signal FS2 provided to an input of
G.L controller 150 as illustrated in Fig. 1. The termindi qat gaANfA@W Wi | |
be used Q{&y fofofoesdescribe generally the flow signal gé 0ead pzé flow
nmeter after it has been linearized (e.g. flow signal F ?—}1 PHE éﬁ t here
are a nunber of ways to linearize the sensor output, such as polynom al

| i neari zation, piece-w se |inear approximtion, etc., in one enbodi nent of
the 25 present invention, a spline is used to linearize this signal, and
in particular, a cubic spline. A disc#¥sion of cubic splines is given in
Silverman B.W_entitled "Sonme Aspects of the Spline Snoothing Approach to
Non- Par aret r i clhe@grealigating cgewa%e-m@x plagyprovide p fixedearmalizatine gaig tatheral  of -t he
Royal St at:i.sh i i i [ ol r k jnits
ot 1 ety R ESEa B £ SOC ok (HRNE) theisBRGr AL, e ALEIAIT, |

out put signapmmfized signghlfS 13Gintl latzese Ao wr anathdr pecifioralud g zon) is sbtaided. i s
nmeasured at a L i f no ates on,a test fluid
or gas, and thlg%Hnggl{sl%oﬁageja ’I%‘\?vé)‘fa%&)ée(’ ﬁé&gnpallﬁf) %24%29115?}%@# %ezeﬁ?rr;thn flowrate
for ald nthemgh éresatsopaindtis nofthalizepbigndl FAY af a vhlee of®6, wnddt fiill esxlg fdwe ver sus

the kno fl rate.defines the Rsfer functio f e sensor, and sensor
el ect r oni LU fe i R B hESt” By ot 15 d ok B et 5035 - 35
cubi ¢ spl thateany Salub tay be thdsen foh fofmlie¢dssigrafl FS1hat iek@flow and atfillCicaRMoRf t he

sensor and sensor el ectroni Cﬁ 230. The neasured val ue of the sensor out put

i s then u&a@ugsused hergimare eXsmpIaLy otlni ¢ spline to provide a normalized,

conpensat ed, dnshouidRapprésitted At AetraGzdd sPHalFSANBhy hdve pBor dyfisatit- S AS Wil |
be discussed in further detail below, the linearization circuit 260 may

i ncl udfe aCharasiEEstics Uy that 1 FesRORY 60 @ SRR fhanes 15 thuidtlow.ithe denal Relis zati on of
the sensogelsi¢l MHime kil snivfdthdl bEERALD ¥R a&mmgﬁ&etﬁm ehéor Stis iénve”t i on,

a cubic spline is fit to the transfer function of the sensor and sensor
el ect r oni besaysg thermaldlow sepsortypicallysbave aslowrowense tinpFasdhe thermabehangdsng f or
non- | i neagid pieg dvar § REVEYIR: RAGd sEfmer el ectronics 230, and to for the
changing fraction of fluid fl'ow that goes through the sensor conduit 220,
the condi ti orfagure B dsmnsillugratiorgithisdbehaviny intehich tme ixeplgitdd apding hooizdréal 150 and
may ah$o fex apiaxd A6 idflotidlon!thé¥ertaPol Yills. if] LiJustration
of the coﬁ?i(ta?oned <?_‘?(I)V\I/ﬁ%tlfégnal FS%&%SOr£?%Fe%}é%(f%clgﬁ%p?ﬁéﬁeeség}gékosaed fl ow
(FS2)" anwhit$ienghange iragual flowAbroyplythe thenmélingpss flow sergan, thetsignabB81i s associ at ed
with the . I i L, epresents the relationship
bet ween téuljgg%ﬁf(glﬁ%ﬁf;f%ém&nlaggﬁdﬁghﬁegévég{é@ﬁngS and the indicated flow
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20 250. The response compensation circuit 250 is functionally a filter that is approximately an

~

inverse of the transfer function of the sensor and sensor electronics 230. The response
compensation circuit 250 may be adjusted or tuned so that the conditioned signal FS1"
provided by the response compeﬂsaﬁon circuit 250 has a predetermined rise time, has a
predetermined maximum level of overshoot and/or undershoot, and levels out within a

25  predetermined time frame, and/or is tuned for other characteristics that may be desirable for
a particular implementation of a mass flow controller.

As shown in Fig. 3, the compensated signal FS1”’ has a profile that more closely
reflects the profile of the step change in fluid flow through the sensor illustrated in the
drawing. The flow meter of the mass flow controller may be adjusted to provide such a

30  compensated signal during production of the mass flow controller. In particular, the

dynamic response may be tuned during a sensor tuning step discussed in detail further

below.



of the flow neter 110 above, that this relationship (i.e _ curvenﬁr fluid
flow versus indicated flow) has been nade to be |inear. ThL]s JNWat i o of
change iWMO28¢M823¢d fl ow to 20 change in actual fluid fACIVUS2003@22435 he
derivative of the curve of fluid flow versus indicated flow) is a constant
function of flowrate. Thus, gain termA is a constant for a particular
fluid species. Since gain Ais a constant, and since indicated flow has
been defined at a particular value agjfull scale flow, gain A can be
determ ned for a particular fluid based upon the full 25 scale flow
associ ated Wity diBgsséd we@ly%@&& i kd}ﬂﬂ%%@'ﬂﬁfd'mlﬁgth}dﬁgh AR Senshl OW
controller. In the exe ow neter where indicated flow has been
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process fIOSEEFatioR3Pe ionler. g uplgss athsryis ipdicated,PRsos PpNtidasoriBes the t he
full scalg aﬁ;s}g&meéﬁfﬁlea&ﬁ& ad ekt as Beeﬁhortdautéa and R6mBRSHES 'gOIFsﬁﬁftor may

be derived enpirical from nmeasurenents with the particular flurd for
whi ch t hdoF examplechy @orma ligption 34Grndiespaasecpmpensation35g, regpertivelys butdhass det ai | s

of one enRodiiRE luféfanieiae It%xbulg Qfgé bo Lﬂ cﬂ%ﬂoﬁﬂﬂﬂ% g cgg%gé%iﬁker 150 is

descri bed herein bei ng gain contro oul d be
appr et atS&PSPPﬁﬂtn%Wépeﬁ?@géWFrmmth@ihangp ﬂllsﬁglz,ﬁﬂdﬁdmf&@r exanpl e, the
various ggpReehwee. the present invention nmay be used with other types of

f eedback controllers, such as proportional integral differential (PID)
control lers, phl@pm&ttlpoﬁéﬂ carrgets gorghe Qﬂ-bnmmﬁtﬂeeﬁrsproutwmé%zﬂslﬁ) fferential

| D tgal 15
(10) COMR ke, 1Ekeaddn HOBHARLTE APRASRY BP0k S r R 12,
may al t erfivat,i-26edt 5%d fulbwale flow, St S@froet énil scaladlows 1.0t full scxdd fdow eict ed to the
Specl 50' ¢ Iﬁﬁ%fz&kdn%o ?)}o';.'ﬂfég Hl%?low Jlglﬁ%f ﬁ§2t ;?rgvidcd to an input of GLL controller 150

as illustrated in Fig. 1. The term indicated flow will be used herein to describe generally the

flow signal provided by a flow meter after it has been linearized (e.g. flow signal FS2).
Although there are a number of ways to linearize the sensor output, such as
polynomial linearization, piece-wise linear approximation, etc., in one embodiment of the
25  present invention, a spline is used to linearize this signal, and in particular, a cubic spline.
A discussion of cubic splines is given in Silverman B.W. entitled “Some Aspects of the
Spline Smoothing Approach to Non-Parametric regression Curve Fitting”, published in the
Journa] of the Royal Statistics Society and is herein incorporated by reference in its entirety.
According to this aspect of the present invention, the actual output signal FS1 from
30  the sensor and sensor electronics 230 is measured at a number of different (and known)
flow rates on a test fluid or gas, and the measured flow rate is plotted against the known
flow rate for all measurement points. This plotting of the measured flow rate versus the

known flow rate defines the transfer function of the sensor and sensor electronics 230, and a



therein. The GLL controller 150 receives three input signals: the f|ow
signal FS2 (also referred to as indicated flow; the set poiht %hbzpﬁ'f S12;
and the ' gain term G As 20 noted above, the i gnal

SI 2 may ?ﬁfr:?so?ilgfe@%assed through a slewrate limter or ?é‘ﬁ%@%{l/%“%o
prevent instantaneous changes in the set point signal from being provided
to the GL controller. As noted in the foregoing, the Gain G140 is a

reci procal gain termforned by taking__the reciprocal of the product of the
gain terns associated with various cor?ﬁdnents around a 25 control |oop of
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in Figs. éa 51 30 According to one enbodi nent of the present invention,
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processor assos wilkb disquksed incfurthersietall balowe tha dinedrization cireit p6loagssor may be
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as other types of _differentiator circuits may be used. Functionally, the D
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the GLL controller 150. The D termcircuit 410 al so provides 10 danping. As

shoul d be apprétshemadn Fig. {.eozain tsrm Alipepspdiatedhwith the ﬂotwrmete»L 118 Fhigigrioui t 410
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of the flow meter 110 above, that this relationship (i.e., a curve of fluid flow versus
indicated flow) has been made to be linear. Thus, the ratio of change in indicated flow to
20  change in actual fluid flow (i.e., the derivative of the curve of fluid flow versus indicated
flow) is a constant function of flow rate. Thus, gain term A is a constant for a particular
fluid species.
Since gain A is a constant, and since indicated flow has been defined at a particular
value at full scale flow, gaih A can be determined for a particular fluid based upon the full
25  scale flow associated with the fluid used during production of the mass flow controlier. In
the exemplary flow meter where indicated flow has been adjusted to have a value of 1.0 at
full scale flow, gain A is simply the reciprocal of full scale flow.
It should be appreciated that full scale flow through a mass flow controller may
change as a result of operating the mass flow controller with a different fluid. Hence, the
30  mass flow controller will have a full scale range dependent on fluid species. Therefore,
though gain A is a constant function of at least flow rate, this constant may change upon

operation of the mass flow controller with a different fluid species.



15 SI 2, and generates an error signal E based upon their difiﬁrm The
error signal Eis then nultiplied by the gain term G (hence'th %

"gai n" iWOR0¢01M2Hag/ | ead GLL controller) and provi dedGTAIR003/03RA36t i onal
gain term 440 and an integral gain term 450. The proportional gain term
multiplies the signal EG by a fixed constant Kp, and then provides the

out put signal EGKp to a summng circuit 470. The proportional gain term 440
20 is used to functionally provide a gpnponent of the drive signal to nove
the control valve 170 a certain fixed anmount based upon the signal EG
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PCT/ US2003/ 022435 -35-- the integrator 460 starts out at a specific slope,
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set poi ntth@ﬁr%sé?@ﬁﬂeﬁtfbﬁ‘iﬁa)wbetu% VAT Gher H 10 8f febd AR ERROREs, suchugh that the
i ntegrator 460 stops intégrating, ., slows down how fast it's changi ng)

) St tégra (i.e _doy
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the | % egrgo%cp a{bo'%/g, tﬂeasréppoli'rﬂ s}ggaltﬁf may first be passed through a slew-rate limiter or filter
130 to prevent instantaneous changes in the set point signal from being provided to the GLL

controller.
As noted in the foregoing, the Gain G 140 is a reciprocal gain term formed by taking
the reciprocal of the product of the gain terms associated with various components around a
25 control loop of the mass flow controller (i.e., the reciprocal of the system gain term), as
discussed in detail herein. Gain G may be applied anywhere along the control loop and is
not limited to being applied at the input of the controller of a mass flow controller.
However, reciprocal gain term G may be conveniently applied to the input of the GLL
controller as illustrated in Figs. 1 and 4.
30 According to one embodiment of the present invention, gain term G may be
determined by a microprocessor or digital signal processor associated with the mass flow
controller. The processor may be integrated into the mass flow controller or may be

external, as discussed below.



pedestal value can be elimnated and the controller will have an increased
response tinme to transitions between zero flow and control | ¢ HAQWITLS As
shown i Ny shoe/B10281€ out put of the sunmming circuit is pll;(?y g {844she val ve
actuator 160 which generally includes a valve drive elec onlcs Clrcuit 510
that is coupled to an electro-nechanical actuator 520. Any suitable valve
drive electronics circuit 510 may be used to receive the drive signal DS
and convert the drive signal DS to a ﬁgltage, current, or other signal
capabl e of noving the valve 170 to a"déSired position to give the desired
rate of 20 flow. Further, the valve grlve circuit 510 may |ncI ude any
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drive and val ve drive el ec nics circuit control valve 170 is
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FS2) star "%Jﬁy n f ol tinme
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170 a certain fixed amount based upon the signal EG, thereby allowing the control valve

170 to make up ground quickly upon a change in the error signal E.
The proportional gain term 440 also provides damping, helping to prevent ringing in
the drive signal DS and in the resulting flow. For example, as the error signal E decreases,
25  and the output signal from the integrator 460 is indreasing, the value of the error signal E
multiplied by Kp decreases, as the constant Kp is preferably less than unity, thereby
decreasing the amount of overshoot that occurs.
The integral gain term 450 multiplies the signal EG by another fixed constant Kj,
and then provides the output signal EGK; to an input of the integfator 460. The integrator
30 460 integrates the signal EGK; and provides the integrated output to a second input of the
summing circuit 470. Functionally, the output of the integrator 460 provides a signal that is
indicative of the error signal E over time, and represents how the error signal has changed in

the past (hence the word “lag” in a gain/lead/lag GLL controller). Given an error signal E,
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i rrespective of whether the step i nput35-represents a 2% step or a 100% st ep
relative to full scale flow, irrespective of the fluid being used, and

i rrespect thedntofratoh460 Aretoudst acz,*ﬁédlﬁd slgpep sl s €he idiCatedBovd Y, dgal FE2h hi s
t resent invention provide a nmass flow

conS|sten%¥ zbodlnents of
cont r ol | e CFA%S RFSYnIBg Ay Rnd hights setz’@"gaﬁsrbeem {petghe ey sicaplt dcreasesd from

the for egaich@hdt ftintébralop 48@§tb;5&‘4§te§-§ﬂ1ﬂ§s (S §9>ws @b@ﬂ hiy it itds Qﬁan%ﬂﬁ?%he nts
along a control |oop of a mass flow_ control 5 vary nctions of

di ff erent tW&PWQW%@“ﬁ%@’WW%M@ &“W‘Pfé@ sigps @F'P#S@rgeﬁtheoper ating
condi t s ONyteorstOGitHlt Siphaldtsk mAR&! @il 8B |l er can
be attai nedegfror aquét@ga 25 Igfogl%ﬁ ng cofrtll}jfht |og‘:qs?% fJ oénx{gdq{ngg“ﬂ{g%ontrol

| oop of t FE&Kedismgmigg cirenit479) inerthejummes OutmlhsgthSI ipproviged as.a drivet shoul d be
appreci at hihéMhe Q%Qétéat&sl%ﬁ s of the control of a mass flow controller
may be inp errente using a mcroprocessor. For exanple, G.L controller 150
may be i rrpl enbraddiion.s: pedestal (i sloves s1ay be grayided ko meghthk injegratarsdtiono et c.

Li kew se, v ontrol barameter ch as the
reci pr Ocapﬁljﬂgul%e\{ag{eﬁi%ﬁttﬂe c%n?%}cﬁxs tra%glﬁ%jm g}n Slezeropfﬁ) tlo&é;antb lealﬂow ‘

m cr oppocea®oThe pexiestameserﬂqaea:vauMatthmn@ddﬁdrtothedﬁtegamﬁrﬂl prodde & aive ol | er

may be i of firmware har.dway e t echni ques t hat
are wel | E’){S’sﬁgpﬁtes{%gbi?‘f’%h@“?’é JeXR] nse ey 8&995881?/"6&’623‘313‘15%‘/%@2 B3/ 022435
37- B. Masiss fmbmst, thothhammhdvb@wnaidc&@arytfor&mwegrahﬁ teRApepitated that in
many case owcotro Ier to operate consistently

er
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cal i brat edaﬁh;ﬁdn@getﬁ/ém flow andéontaliedifibw,Nng and/ or calibration is often a
ti me consum ng, | aho ig ﬁ;tsﬂe]nm ve, .and expensive process. In addition, when
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during production, the perforpmance of a mass flow controller w rarely

exhibit t ﬁ@elg%lfrpemsﬁﬁawl@rcmam &40 bnyFuitabiyvabyeatrive elestroniss cirpuit Hidaayfbeow

cont r.ol | efsed to receive the drive signal DS and convert the drive signal DS to a voltage, current, or

other signal capable of moving the valve 170 to a desired position to give the desired rate of
20  flow. Further, the valve drive circuit 510 may include any suitable valve drive actuation
circuit known in the art for driving solenoid actuated control valves, piezoelectrically
actuated control valves, etc. According to one embodiment of the present invention
utilizing a solenoid actuated control valve, the valve drive electronics circuit 510 may
include circuitry that reduces the impact of hysteresis in the solenoid actuated control valve
25 asdescribed further in detail below.
Fig. 6 is an illustration of a number of the signals described above with respect to
Fig 4 in which the horizontal or X-axis represents time and the vertical or Y-axis represents
the identified signal level. As shown in Fig. 6A, at a time To, a step change (to the level Fy)
in the set point in signal SI2 is provided. At this {ime, the error signal E rises to the level Fy,
30 asthe error signal E is equal to the difference between the conditioned flow signal FS2
(which is still at its prior state), and the value of the set point in signal SI2, which is now at
a value of Fo. The error signal times the gain term G (i.e., signal EG) thus steps to a high

value and then decreases with time in the manner shown in Fig. 6B. As the output of the



even if the mass flow controller was tuned and calibrated onqa m‘qm of
process fI uids. In 10 other words, the mass flow controller y have a

di f f er entVQ 2YH8H23* when operating with a fluid and/or BEEASRIHG26ENAi t | ons
other than that with which the mass flow controller was tuned and/or .
calibrated. According to one aspect of the present invention, a nmethod of
configuring a mass flow controller is provided that permts the response
of the mass flow with a process fluid3615 and/ or process operating
conditions to be made substantially the same as the response, for which
the mass dribgniGANEAiRter@M40v30d Mg‘tﬁdE@ﬁﬁﬁlﬁphdd&JylthH@hﬁéht\Kpt(h'h&hhsalsis fluid and
test operating conditions... ln on sgbodl ention,

during t uhrmenihdnesienah EGKe hes osimpar ll‘gﬁhé S“i%‘ﬁ’l“’f‘ »3 si ngl e

test fluigo,afsh RgS6et. AS sﬂo%tm@rgesptatm&ﬁﬂ@m tth@m&grai’&l cﬁqmi kiphdl &GKPR data is
obt ai ned. This conflguratlon data may used to configure the mass fl ow

cont r ol | e#erq, Guiopegkdy Harg rampiag uaWﬁ‘thquﬁF%/ﬂl?)F’@é’@E”éle pf the errerrrignat E-oPsr at i ng
condi ty ongypf; e salhnﬁygc%mw 7P FRRRETRIGR: SRASEANANINAN A HOK,QREERL I on Wi Lh

a fluid ané‘?or oper at conditions other than those used durin

product i ointegated cmtpnlt agnai@GKx prdaleleddDS anfl is shraavn ig Higs 6F+ Based ypemtie di or
cal i brat ' On g@g spr(%qilgr%scgt VQWFTEIH% %rﬁl JaWe anQ cl@%c}o&xicg*:ﬁ LﬁHrdbOﬁQE&m% f l'ui ds.

Provi di ng® oW contro operating w
arbitrar yvafH'eu17cﬂss opened mpmcmasedlgmomndnd ﬂnmuhamd flowtsigriat (e ﬂao\hssagnalsf actory

response I nvol ves d| n Jd st ial. pr LO f the mass
flow cont?%‘b H‘r?&c &“%E%@%ﬁ‘i}’éﬁif é] ese i ogizb > eepg%‘g}sséﬁ’ &8\%“0}
controd | eixgna'FEQicch&ei; Itlhemtmmtslgﬁal Eﬁiﬁmﬂthe(mo;mmﬂbnatgairi g 440 daereates s

accordin 30 one .enpodi, rre nvention. .The te
product i gﬂoesgﬂe Iptegrgted QU Siens, gﬁ'ﬁ %BF@%W Ffﬁe@?h?‘r%\ﬂw%ﬁeﬁ P%'H]Fer
descri beSn@@E@b&h{ y the vari ous tasks I nvol ved in preparing a mass flow

controller for eration on a specific fl eci.es and a artlcul ar set

of operating CISFFH Y It &Aesirgsy 18 @efcd SIPTOSPORse I eéﬂ’ﬁ OW\JgYeSPRILEP H1

PCT/ US20034 22 th3Re set BSinf RIS tHRGhdss oW ebhtebiRE ARRupRmSs if h&\yra‘eﬂeélryol I er from
various conponents, operating the mass flow controller on a test fluid

under 1§ esPossibles emborimensnef the B‘ﬁ%ent mention may e srd o ProyideidisPRUsy  vari ous

conponent ?es?dh@é Exrre%ﬂier 10k sRp ifiEM’hSse poiht Aredpefivd dfwMetieihe Slep @ipusuch t hat
the mass flow controller exhibits satlsfactory behavi or and E)erformance

(i.e., hatepsesemt # 3Yartapsr ¢ 180% step slatisye tofullscalp Moy digrespeptivepdhedfInidbaing

oper at i ng,Gangjt dﬁQ%écuan?thE%@o@eﬁﬁe’tgwsﬁ&é QR. % obAR thi3Wbhdidencits Used herein
.and when applie MAsS

embodiments of the present invention provnde a mass flow controller having a constant loop
20 gain.

It should be appreciated from the foregoing that while various gains associated with
the components along a control loop of a mass flow controller may vary as functions of
different variables, and may depend upon a variety of different operating conditions,
consistent and stable operation of a mass flow controller can be attained for a set of

25  operating conditions by providing the control loop of the mass flow controller with a
constant loop gain.

It should be appreciated that various aspects of the control of a mass flow controller
may be implemented using a microprocessor. For example, GLL controller 150 may be
implemented as a microprocessor, digital signal ﬁrocessor etc. Likewise, the determination

30  of various control parameters such as the reciprocal gain term (e.g., gain term G) may be
provided by a microp}ocessor. Various aspects of the control of a mass flow controller may
be implemented in software, firmware or hardware using techniques that are well known in

the art.



flow control |l er, describes generally the various steps invol qu, iRNaEg@pti ng
a nass fW‘iooﬁ&BHPl | er for operation with an arbitrary fluid under :
arbitrary operating conditions. In particular, confi glfHVYBAHEIBFi bes
steps involved in adapting a mass flow controller for t o operation with a
fluid other than the fluid with which the mass flow control |l er underwent
production (referred to herein as a "process fluid" and a "test fluid",
respectively), and under conditions3hat may be different than the set of
operating conditions used during production of the nmass flow controller
(referred to Berei MagSFlow Coseslier Qosfigiatigy condi tions” and "test operating
conditions", re ively), such that the re nse of the mass flow, 15
control ler i sitssgggggﬁﬁﬂpé%é?@edttﬁ@ 1L DAY 4SS Wﬂggg‘%@‘r’(}%ﬁﬂ ﬂﬂ‘dr"PW&ﬁ]ﬁ’rtHduct ion. It
shoul d beperaRRbfkitaitotnd Bod staiunbishie, @l Miaks BbwRoRBSIfer fuGWe ol hl/drer may be
performed at time after production, and in any |l ocation, including,

. an . (] - . »
but not _ Iereieddvng Rrpricien Magual iyningpng{or galibeatign is @ffn adisft OBMENG he s
flow gontlm rfédnsive and e%m&woeéss.km\s@iﬁaamﬂeﬁafpk&eas,re@ﬁre; Gt th b (e.9., at
an end user's site of rgperatlon). 20 ' In general, the termsatisfactory
r esponse T eontyolley b condipyred e opsrate with 8 diffarenpfluid sneqiesiand/er epsetinger f or ns
within a o [V, | er.an - ' L HBSS process
or task. cl%)ﬁ&%%{rstt%:nutﬁ%ru%&tﬁlﬂﬂg%g%&%n’gﬁggﬁfdé@ %ﬁj(l:cgrogs po nssfcédvg}f%lt?r ﬁ@@isls flow
~cont r ol | gnrrelypxhibirthessamie bkhavica obserngd dufing prbduction efthé orassflovcéontrblier,mass f | ow
controller i d . fl rol | gr. be tuned
and/ or cﬁvf%?z?eelﬁ;sgl@rgﬁﬁaﬁ%ruggﬁg‘{ fi%%ér%]i ééﬁ@&%&;& %5%#%’%’8??5 ﬁlé“sl%?r[]’se for an
ar bi t raar yotisee twoeds, the Imessafieve sontrblieranaythaee & differensesphseawhemspefatinpwiticant r ol | er

after tunin d/or calibration on a test.fluid and set of test operating
ondi t 1 onuaiitsRtrafifs sorifon”Snd el o Rl Moy o B horion®ollst RS

sat i sf actaied ahdepedibeatddor that test fluid and operating conditions.
However, the respaonse may chan subst anti al | e he_30, nass fl ow
controller is ‘Atfﬁg’ aigéa%ﬁ_yﬁsne%ﬁﬁﬁf Préf‘e@h’c“"f‘}tﬁpo‘?/ rg%fvgptg?ftcggfgglgpg a§PaEdndi ti ons,
such t hat fiow bsntroREf1OPDPided thBCHeRNOBE reSpdnss bAtad Mays fldwwileh Broddss fididmass fl ow
controller is considered to_have gge sane resﬁonse on a test fluid and

test &perd{oRBroceaPTRFSLoadifoRsio g Prdrobstantially tesAme 8 the FsRssiobper at i ng 1
7 JAN 200ghick¥Re 204164 B3R BGH a2 ARd/02ciBRted 38th e dbidi A gswhen bot h

responses are satisfactory (i.e., both responses performwthin the
t ol er ance¥eradipe GPAditPné-he nass flow control ler was intended to operate). As

illustrated i ﬁn%h&emgcﬂiméﬂ%fﬁgp%&@%&ﬁ&ﬂ?cﬂ-ﬁgn&ﬂ?gMcilib%oﬁeﬁé roller is
operated with a test fluid under a set of test operating conditions.

Char act er messiflos eontrolips with @rsinglegast §pid and a set of test operating conditions,
20 configuration data is obtained. This configuration data may be used to configure the mass

flow controller to operate with an arbitrary process fluid and/or operating conditions, thus
alleviating performance degradation due to operation with a fluid and/or operating
conditions other than those used during production, and obviating expensive and time-
consuming tuning and/or calibration of the mass flow controller on multiple surrogate
.25 fluids. | | |

Providing a mass flow controller that is capable of operating with arbitrary fluids
‘and operating conditions and exhibiting a satisfactory response often involves steps
including an initial production of the mass flow controller and a subsequent configuration of
the mass flow controller. Fig. 7a illustrates production and configuration steps according to

30 - one embodiment of the present invention.

The term production, as used herein and when applied to a mass flow controller,

describes generally the various tasks involved in preparing a mass flow controller for

operation on a specific fluid species and a particular set of operating conditions. Production



5 the mass flow controller are obtained and stored as configuration data
712. The configuration data 712 may be obtai ned during variousqi f WANZI0?
and/ or caM®Ma4P¥M4st eps of production 710, as descri begpshbyidaps det ail
with respect to Figs. 7b-7f. The termtuning describes steps that 1nvolve
provi di ng satisfactory dynam c response and behavior to fluid flow and a
change in fluid flow and/or change in desired 10 fluid flow (i.e., a
change in set point). The termcalibr_ag'_on refers generally to steps that

i nvol ve providing a satisfactory steady-state or static response of a nass

flow contr . . figurati opn data applies generally to
i nf or mat i or%})olg{lg?enl;eﬂ@ 81(‘1%?‘%%&? gl Rrn éntmélﬁﬁﬁ'?ﬁl V@E{?‘fst?ggpf"l?ﬂgo?pe?t% D3SHw
cont r ol | erflow confralidrion altest fluid mnfiérgest aickaning dariditiche Sl an@loREAbEAnE St i ¢S of

R St e e S S N e L

obt ai ned dsk figw cprittliee éAhibiits @itistactbBSehhlioMaraPREb R an6d (i BBMasta ek fRforiised to
configure the’eﬁréyss flow controller qn a process fluid and/or process

oper at i°*ng T6HA Y"&'ﬁ%h.et%ﬂaﬁdsf‘&ﬁ%we‘@ﬁp%?qnﬁi%ﬁve, the terms test fluid and
test operating Tﬁ@fbgrhtcbﬂﬂfg'ﬁmgfoﬁ_or biigurin}, He58H hitBindnd Wérpazn%ﬂgc} BRHAL ! N9

conditions_that were used during production of a nass ow controller.
The ter ns fomoroasliar deseribg aensrally theyaripusrsteps inyolyewhth ademwing adescflowe f | ui ds

and oper atdoRGoleP B bR Was : ' J user. for. a
particul ar 0appl i gglto?éon pf‘gﬁéerrﬁ%&%@?ﬁﬁdg%ﬂ@%@?&qﬁ°° ﬁ%‘ﬁ?sd e
appr eci at ertichlas, comfigusaiion desepibescteps inpelvedin adhpting @ nzassiflop esmdollexgfor condi ti ons

may be;us . S. wever ecause a nmass
o 55° hoeftn PRk 8 it MmO iR U BRI e SO G rbveaf

oper at i ng rretudtien (@eferredtehtminasaspecdss flofd” biiba tast dinid” despettinelyy@ana mass f 1 ow
controller i . Lar..cal ibrat.ed on a particgular test fluid and
under a par’ i&cc&f}(g{rlwsle tghgtbggﬁ%%'@&&? ﬁﬁﬁetcogﬁa?r?t?r@rfé’n BeRsHgeqtuERECct i on  such
that the rmeductiéronf tiombssdloasontalier refefrodifol Hgtuiesh “peoceR@dpahitgMohMitisnsi f f er ent
fluid and/gr. nditions, fter. Accordingly, it should be

operatin o t here
under st oodf hitt qpﬁrg%“fge‘?%ﬁ&ﬁf‘%c'ﬁ%”%ﬁﬁ& {yehythat e prsponse efdhe Bandiowr.i be
di ff er ent doypal®er ofsubstantidBy the sime atthee bbdetved ABMSHro@IcEL. N@bhouiage f1 Ui d may
differ fromthe fluid wth .V\hifxr:ﬁh thﬁ mass f%ow controller was tuned and/or
cal i brat ea?ppng?lﬁ*eflm %D\ﬁl@}’ﬁ?ﬂ?’bﬁ’ mass fawcentplisr mey hyypesiorped 3t anstime afierr | be a
set of ~opeireductin, aadindiny ieeation, haludiiBYbuR At IDEEL RS tRANRuBSnERE sitf@ ]y, QPer at i ng
conditions w.th which the mass 1 7 JAN 2007 WO 2004/ 010234
PCTI .uszoo#\éaé%ﬁ%gw-%‘!fés- ?‘ivawt’&’z‘ﬁrtf%? pasticulps dnovimarpligation) or o ficld(egeat. One,

sone, or adnlen@i,s@s%@éompcﬁﬁg@ess operating conditions may differ fromthe
t est ogerati ng _condi ti ons. .
0 - In general, the term satisfactory response refers to a response of a mass flow

controller that performs within a set of given tolerances of a particular mass flow control -
process or task. In particular, the dynamic and static response of the mass flow controller
performs within a range of tolerances for which the mass flow controller was intended to

operat_e. _

.25 A mass flow controller may be tuned and/or calibrated during production to have a
satisfactory response for an arbitrary set of tolerances. Thus, the response of a mass flow
controller after tuning and/or calibration on a test fluid and a set of test operating conditions,
unless otherwise stated, should be considered to have a satisfactory response for that test |

. fiuid and operating conditions. However, the response may change substantially when the
30  mass flow controller is operated with a different fluid and/or operating conditions, such that
the response is no longer satisfactory.
In general, 2 mass flow controller is considered to have the same response on a test

fluid and test operating conditions and on a process fluid and/or process operating



In configuration step 720, the configuration data 712 obtai ned durin
producti %20%31024 used to facilitate configuration of the nmads PANMKIO?
controll er on a process fluid and/or 5 process oper at i HgI/ESR03/226%s .
Accordi ng to one enbodi nent, configuration data 712 is used during
configuration 720 to determ ne control paraneters associated with the nass
flow controller that enable operation of the mass flow controller with a
process fluid and/or process operattdg-conditions. In particular, the
configuration data 712 obtained during a production step 710 is used to
det er m necoaditibiisovhep dothirespetises hleahtisfatdry (ileq béthirbspone pér@matittnthd0 of the
mass flow contraqller, with a process fluid and &)rocess operating conditions,
such t hat™faREes s‘@“ﬁ‘q\l\{l}w"@ PoFentollenyaspnended taoperaty)act ory response (. e.,
the mass fl owAzamistrlell 81 Fik S7a, @iy podtuefor T 0NRY taSLish dHiloflr i ofelfieds aME

response wth the,cﬁrocess fluid and/ or process operati ntgnpcon Itions as
t hat obseVWeytegtdluidigdsr miet ef tes preratingconditionse Stharacigrigtics afithe eperatianwér at i ng

condi t§ ONgY madTlob\entrBlMLRAUMAY RELRIREortBudafter B el er o generally

to paraneters associated wt mass flow controller at facilitate the

oper at i orFopfiguraioniiatas 12 mey) be ohtaingd Pwring vadowsttaaing prd/erreslilntionsteps ohcl ude, but
are not | oylath ¥R aJdeEérﬁ)%? ﬁpﬁ%ér%e%ptgﬁm rg%h{{rt%ﬁrgg‘s?bﬁfcom roll er constants,

| i neari zati on curveés etc. I'n partic paramneters refer to
par anet er s t hdithe temp turdngidastribeg stepstbali ifivodwet firoviding satmfidioty dymamiven a mass fl ow

controll | | gur operation M. an_arbitrar. rocess fluid
and/ or p(re%s ggge%ggggﬁ%iloggb fg@%g?@iagﬁgcﬁ‘a(nlg?g f,ﬁnmizg% i %Plé%m‘?g? ‘é)@?ﬁ“ﬁ&t a
sat i sfact iy flow{pnresthingeAs st peiit)hEitecterm calibetipi refisre géreenlify it@stegdhd: or

R S Rt g A S

satisfactory rispamsenfigurstion daRSPplids@enceallyit tfbratafionabthined dmathinsdgact ory 25
responsesaé@ye a t general Isy consi dﬁre operational). It should be

appr eci at T¢/9r fafforation ofa massiow eanatler ; rfOBHEWRISR d3t desmiibeonce and
With a sidgtetetigis of dndidi nfbashrémdi®y taldh iS4 mARSToM éntoliAdiind GRfatiofiOVEVET

configuratjon 720 . may be repeated any nupber of times during the lifetine
of a &l’%s sWih B\tﬁs‘ctgﬂ‘i! F‘Eﬂth% pperpting conditions; Cophigurptionsipwrobfained duriessi r abl e t o

operate ! hedisnssofd fiksaRMdoRtrdiRg mab it de dicSL AR IhPRAGERS dohtthfly and/ or

operating conditions, it may be desSirable to repeat configuration l.720 W th
the new pPheReess fluid and{prpresesyorseaiing copsitionsi ng condi ti ons such that the

mass flow co eV SBints ar, | t:h. new process
i d and o Br o o A e (SRR i g ioh e

PCTI US20087d s2dr3gibzadinid angd operetingienaditionsthatuyartiesed dprmgmrpditction offvemass
produgg i Ofow@RentfoRer. I kdnk BRcs fttd 4n'pRidkss opifng conditions describe fluids

and operating conditions desired, typically, by an end user for a particular application of the
mass flow controller. |
It should be appreciated that the same type or types of fluids and operating
conditions may be used for both test and process purposes. waevef, because a mass flow
25 controller cannot be tuned on every fluid and/or under all operating conditions, certain
aspects of the invention involve a mass flow controller being tuned and/or calibrated on a
particular test fluid and under a particular set of teét operating conditions during production
such that the mass flow controller can be configured to operate with a different fluid and/or
operating conditions thereafter. Accordingly, it should be understood that the term “process
30 fluid” is not used to describe different types of fluids, but rather to demonstrate that the
fluid may differ from the fluid with which the mass flow controller was tuned and/or
calibrated. Similarly, the term “process operating conditions” describe a set of operating

conditions that may not be the same as the test operating conditions with which the mass



of mass flow controllers and different mass flow controller inplenentations
may require different steps. However, production should inchydgagtgis such
t hat the wegeosfoheeas control | er has been properly charactpeiiisshzandsf
satisfactory response established for 5 operation with a set of test
operating conditions, and that sufficient configuration data has been
obtained to facilitate subsequent configuration of the nmass flow
controller. Likew se, configuration ijp general should include steps
necessary to establish substantially t he sane response when operating with

a set of ces nd| I on s that o ur| n oducti on.
10 Fig. R{o T°0<e ?eg%es a {. in&’écé?f?%f’ﬁ@f? 5%‘?Pﬁ‘gq?gthat

i ncl udes cmahumumagtdﬁ;ﬁaﬁtohamemyoﬁmmgbdrmﬁtmsl during the production and the
configuration 0 i.n Fi a) .of a mass flow

control | er. irb‘if’g'f"%‘ﬁ“‘g’mcpr@ &‘HGP‘UZ “’H(’%Qﬂgap otitzipgd dyrigg prpdugsion 5 gl ve
character lxﬂ@we@l@ec&b extildfle confloRr@ibackine ﬁﬁ&sfﬂHvJ &fntrBHé}'dﬂ J%&QS 4 arARA @
calibration step 4 It shoul'd be appreciated that uctron 710 may

i ncl ude otmwswgﬁgﬂa@néﬁ@ps ahEoFhng tgwawmbqshrp@ 1gtghtnon1ctata Hdis usshnypl e,
steps i HVQiquﬁgchﬁgﬁrabbﬂ 750 tBGetEH;ﬁn@@&n%ol 6a'r£1\ﬁét&9%g&§i£dec?€mh ﬁ{é“rﬁbs?ﬁ wypass

mat ching etc., that are known in the art e varl ous exenplary steps
10- 40 of oawmller thatenzhle opqrht@nmfslge hass flow santradler with a procedsduidcandior zed and a
sati sf act I er condi tions.
Cont 1 g et s ROANAEcd i, 3 ph Rk O Bnfithedth b2 PRER PPt

conf i gur atrireducidn atdpeﬂﬁra%laseétb delt@mmnntmb [phremetersrtha i lithte chie conmgmmos et of
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such that the maslowtxionsoléer sﬂtlblsfaasatlsfao]orylye‘sadime (irfeg Sip0miass flowitopdllet sul ar, t he
vari ous conpanen neter are t d such that the sensor out put
(e.g. FS T recétﬁgﬁ‘éf: E%?Ifusahydﬁie&?rf’f §FSIE°8S"2Y§‘L{‘&ﬁﬁﬁ&§§SS¢¥‘fTI@69rPWF%gh t he
sensor . Fapemtisgqinditioasasthat obigswed dufingroMetibn Gdinght BesHild ard testSENSOr tuni ng
may i ncl ude xprow di nlg normal i zation and response conpensation filter
coef fi ci erfPEARGFPAEOPYN curves, and/or gains such that the flow neter

respongds to fl Uhelteerhepﬁtrol\pﬁrtaﬁneﬁr SCRedkerélt rdfeth &%lel@go ?aﬁ&hgt&s%ﬂﬁaiﬁtﬁa h?t
e flow pa n

closely resgnpl es t es.in fluid Iowm

addi ti on, ﬁg&’ “Bﬁu?rhﬁatt llégﬁﬂﬁﬁwrb@nt‘tfﬁ‘?d“%sé fisvsontadlen 30 fal se
flow si gna(toxinlaa;sarﬁha@ﬁhﬁymnfd@mmfhﬁt (€SS, TRRF cMARLIGRN SRR téhgCt r oni Cs
response toanFessure transients. Information obtained dur| gﬁgqtunl ng step

10, such & "E 8?“5@8@{ lineasizatipn curvessic: de pargipulenypanirol pasemeters gplérito t er ns  nay

lF)) ET }S tUg rzgg s 2 2435 %ﬁ 1@ chidb& n{ddficall¥n, SPAH L WA a Tnabs HEWNcEbiler is

conﬁgured for operatlon with an arbitrary process fluid and/or process operating conditions

(i-e., configured to exhibit a satisfactory response).

As used herein, the phrase “configured for operation” is intended to describe
configuring a mass flow controller in such a way that when operated, the mass flow
-controller exhibits a satisfactory response (i.e., mass flow controllers having unsatisfactory
25  responses are not generally considered operational).
It should be appreciated that, in general, production 710 need only be done once and
with a single test fluid and a set of test operating conditions. However, configuration 720
may be repeated any number of times during the lifetime of a mass flow controller. In
particular, whenever i_t is desirable to operate the mass flow controller with a different
30  process fluid and/or operating conditions, it may be desirable to repeat configuration 720
with the new process fluid and/or process operating conditions such that the mass flow

controller exhibits a satisfactory response with the new process fluid and/or process

operating conditions.



According to on enbodi nent, the mass flow controller includes at |east one
di gital Wwo obge1023khi s digital filter can be programed gﬁ@%bbw 207
conpensation filter to conpensate for false flow indic YR85 i ng
frompressure transients (e.g., conpensation filter 280 described in Fig.
8 and 12). 5 In particular, the filter's transformfunction(s) (e.g.,
Equations 6 and/or 7) can be inplenented during sensor tuning step 10 by
programming the digital filter as fol9ws: Jo = (2J.-t - JIn-2) + [(I -
J.-,)Q- (J.-1- In-2)]P (3) 10 Wth: P = 4tw/(t20) p2 + 2twp + 1), Q=

~ t(wp//), and tltshopldhefurther apprecigipdihat predystion pod eonfigwgtiens diffefnntyped S
risel/fall ofd ey fs: . height .(gain) of |obe. 4:
Danpi ng fa.cx?f)g‘? .ﬂa&%g?%%%lﬁ?ggp agévfgéks, E%%fbﬁ%iﬁm? 0 e é‘é‘?‘é“%fﬁ‘l"r‘reand hei ght
of | obe. differentyigns. Homevereprofuatipn shouldfintlnde stqmaiéhohatshdnsss iow of t he

al gorith AL | response t : Sanpling Period T

di vi ded g]f/%n%r?gs E‘%’f"ﬁ’g‘i‘%ﬂp?‘?qt‘r‘]éé%&%%i“?“gagsat%ﬁé‘“ﬁm IeReRte FRBISAHTPIN of t he
filter 5tropesdtion wWithrecset ofités pperating cpmdiﬁémukmirthattsbﬁctﬁﬁdb%ﬁ%lraﬁoﬂ Aghingy of

Equat i on . ugs...of P.and are cal culated such 5 that conpensation
filter coﬁasef1 -rgggfn\séggo ﬁglél%ee%'bfeﬂf’ C?"Iﬁ&b”?‘f’ﬁ Hg e mags fove eantrelienp Likgwisgnd K,
referred tanfigertomingneraichbuld iriofid e Ricedsery &8 Bsthifisly flbbeialiPmRkgR to tune

the filter to ﬁﬂovi de a false flow signal suitable to conpensate for false
fl ow i nf of TRYPGHPLLPEFA RS HL8 @ Sl Process PRefating qnditions agrihdt observed dwirgod of
tuni ng t hpmeauqiiafianet ers during production is described below 3o During
pr-oducti on pr?s%e ul ses are introduced to the sensor and a response of
the seflsor i Sig-<odiptgtes phlogk diagrpracceming te spwemtdisient thaginahsiesir €

t r ansducewarids kb tRatn®8Deinsrigin®a diS5Of d ifiable raneters are
t hen adj uit ed tgﬁtit_nﬁ’e cr)’St put_of the ?’lﬁyl P%g&ﬁggzﬂﬁgo?@lg;@gﬁe'gﬁt?pﬁAN 2007
WO 2004/ 01Hbad B Kigo't0 of omassFow cpgtroliess Braduetianf710 ey iehalo s senksyr  exanpl e,
a | east - sgiadh@Rpfiot 26 ; | B i e error between the filter
out put and _tﬁe_ ?ec’o?{c;i%%e ser?g%{r%%uélggggngbémf%)é;drb%g(u%on%ﬁ%rHi%tsfeBﬁg’rﬁQBﬁods will
occur to eHibsEosREP Aot ishouldbe apptecinted tthat arodbetionsi 0 may include other steps

15 that are not shown in production 710, for exampie, steps involved with building the mass

flow controller, such as bypass matching etc., that are known in the art.

In the various exemplary steps 10-40 of production 710, the mass flow controller is
characterized and a satisfactory respénse is established on a set of test operating conditions.
Configuration data is obtained during production that facilitates configuration of the mass

20  flow controller for operation with a set of process opérating conditions, as describe further
in detail below.

- In sensor tuning step 10, the flow meter of a mass flow controller is tuned such that
it exhibits a satisfactory dynamic respoxise. In particular, the various components of the
flow meter are tuned such that the sensor output (e.g. FS1°’) responds satisfactorily to

25  changes in flow through the sensor. For example, as discussed in connection with Fig. 2,
sensor tuning may include providing normalization and response compensation filter
coefficients, correction curves, and/or gains such that the flow meter responds to fluid steps
with a sensor output having a step shape that closely resembles the step changes in fluid
flow in the flow path. In addition, the compensation filter 280 may be tuned to provide a

30 false flow signal that closely approximates the sensor and sénsor electronics response to
pressure transients. Information obtained during tuning step 10, such as filter coefficients,

correction curves and/or gain terms may be stored as configuration data 712.



to adjust filter paraneters w thout departing fromthe scope of the
invention. The method 5 described herein is one of nethod tpgtJ higpr s a
| east - sqQUWOe004/010234A set of default paranmeters is choserpéj%szbgﬁﬁf‘h ter.
For the purpose of this exanple, the conpensation filter to be tuned is
simlar to that described in connection with Fig. S. As such, each of the
six second order filters will have three nodifiable paraneters to tune, for
a total of eighteen paraneters. An ex ﬁrpl ary set of default paraneters is
shown bel ow. 10 Parameter Filter 1 Filter 2 Filter 3 Filter 4 Filter 5

Filter 6 K (n its Q ,295 295  11..2 o (rad/se 00 200, 63 63 30 2
(no units) 1 1%%@“&’?}5}0 %n fmbcﬁ%genﬁ’r %gﬁFs(]aﬂQrv%‘é%tr%B? "Fc'j‘b‘f# f‘ﬁ‘éasb?’l?sdéglpé

t r ansducerfilteor This dipitdi fiitpr tan belprogoammsdifodimplenfeaSa éonipeashu6ealtdrdo t he sensor
are input to the &efévl tﬂaconﬁensati on.filter to having the default

par anet er SPBERPEPLRIE TgRrndjeationsrosting from pregsurs fangients (s cspmperetion ed t o
store ' 15ilenD80 dextiilyd ifi Blgat esl 129. how the default waveformvaries with
respect to changes jn the nodifiable paraneters. The matrix Wis generated

by i ndi%i dual | y? 9&figRlary thefitentgansfogp fenctipe(shise:, Siquatiops § andbor ) can e, by 1%
of the defigipidmevtal mrgﬁﬁf‘gl" 1109 glg{nqp* fi .Wth the
vari ed parlgi#eters. Eac%‘u of theseﬁpfave?’% I's 'fghtfé{]&ig}l%{ﬁ?grc efélﬁoﬁsbmthe
default waveformto produce a difference waveform As such, 18 difference
wavefornms are 20 provijle 2an Iyt unkad it Rg _fal te gescri din Fig. 8 These
di fference wavef ornms a?eqea'gh "'%?L@eé"’@g a(IrJf"lenJE"?) int % matri x W provi di ng
a matri x having MKN di nensions where Nis the nunber of nodifiable
parama¥0er d Mis the nunber of sanples taken fromthe filter output.

, Therefore the matrix contains information describing each paraneters

ef fect of RﬁétéwV(tFm,érFMpp‘ut), 25 As is well known in the art, optimization

of 18 par gRe! be conputationally expensive. As such, the nunber of
s Al

nmodi f i abl ters has been reduced by recognizing the significance of
t he contritula@e20f each paranmeter. The actual reduction of paraneters nmay
vary depending on the inplenmentation and desired characteristics and
control of the filter output. 1 7 JAN 2007 WO 2004/010234

PCT/ 1J8200Wh&22435 -44- Filter 1 and 2 are primarily used for the del ay

t hey provide. such, e _gai.n rms  for these filters nay not need to be
varied frofh 'tpﬁgsqeqb‘g?cgultdg’“véf H?ég?ﬁﬂ@ﬂﬁeﬁl nyjidthel lops; dhlso effects height (gain)

of lobe.

€ : Damping factor. Controls amount of overshoot. Also effects width and height of lobe.

K : Gain. Sets each of the filter section’s portion of the algorithm output. Effects height of
20  response ' ‘

t : Sampling Period T divided by 2.

The Jo results from taking the bilinear transform of the filter transfer function(s). In
particular, the transfer function of Equation 7. The values of P and Q are calculated such
25  that compensation filter constructs a desired false flow signal. Parameters ®p, &, and K|
referred to herein as modifiable parameters can be varied in order to tune the filter to
“provide a false flow signal suitable to compensate for false flow information superimposed
on a sensor output signal.
One method of tuning these parameters during production is described below.
30 During production pressure pulses are introduced to the sensor and a response of the sensor
is recorded. In addition, the response of a pressure transducer to the pulses is also recorded.

The modifiable parameters are then adjusted to fit the output of the filter to the recorded



terms to be optimzed to K3, K4, K5, and K6. Filters 1, 2, 5 fj‘?dJA@l m)J,I

al ways rq@;@%@“;@mz&garrpi ng" factor of 1. As such, only ~3 and 44 nmay need to
be optinmized. In addition, it 5 may only be necessary tBCURPIP0FI243nd to
scal e the other frequency paraneters to reserve the relationship shown in
the table illustrating exenplary default values. Accordingly, the nunber

of nodifiable paraneters that need to be optimzed is reduced to K3, K4,

K5, K6, 43, 44, w3j making the conput4¥- onal task tractable. The resulting
matrix according to this exenplary reduction of paraneters results in a
MK7 mat ri xespdise AEthdisensors Fededampleha lehstrsggaieafit mat el usedAb deisintizdiseti@w t he
filter ou es Wth espect.to changes in the nodifiable

par anet eré%ﬁ?lg%%t Frso%u} 8‘?%%? Teg%r%%ld EBOTSFPERSnges in  the nodifiable

par amet er mayI Nari&mlopﬁﬂ;zhﬁ)dn methdis Widocarté &S&)eﬁs‘&illehﬁm tgé(m ﬂﬁﬁ«%aﬂ be used

W Par anmet er = \Wavef orngrror uation 15 and, WavefornError =

( Sensor OJ?Op “SE%B%rfpmet%‘g@%‘F Wg%'gé%ré’ﬂ s sacwy of g inypgiion. Taemebedut put =
The outsputdedcribed lidhgin HURE Of mEHEd thet RrBAASS kb f-she&gitDef aul t Waveform = The

out put of the orrpens ti'on filter wth default 1:paramat ers W The generated
di fference mat f¥ W%)”Pﬁ?‘aﬁé‘isé?@éﬁnafo(mlﬁ}te& Ar Belpumpasaafdhivexagpdsr i bi ng a
change i nagashpehsatiberibér ol thialks ﬁmilgﬁtoRﬁJt@%PiEédsifx céﬂl@&idn%fhgﬁgﬁ&’ Ae true
in sone best fit sense and may not represent absolute equality.

Par aret er Béths gachefths sixsetopd grdevfiltese wilt bave ghreomadifiabiepasametet tnehd dotsa t hat

W T occyaitd? eloRRSSpatkhét8dak B I L O nodi fiabl e
paraneters storeegtitll inpthe 30 Par)éérlrlgt?aefﬁgﬁfggfégg %r %?régst%é‘agg‘%l%’ﬁ to the

val uestOf the default paraneters to provide the final values of the

conpensatfi T st gt e trottal—Hter—use ‘»@h—hne t uned
sensor. 1 ?Hﬁdﬂ t OO;FWQOEIZ%EEOZSE“'ISHI LUS;E)“ /40223@%”- 45 H &bt er Del t a
may be sol Koo fugts) hy i0erdtiof. As si2o8 it medpsbe [necgssarly tqx upfate the
Def aul t orat+-on—andito rovilde a_Current Paranhet er

of Ar Aflt A p 1t
vector to”sf8VE4 He 8% urul APEd Par &t ef Del 63 val ued® (f| n i% the
iteration thenunit) Qurrent Rarampr et gro 5¢ Deffall jgParameners [Cur remt Par anet er ™
= CurrenttParanetertl | =+ ParaneterDelta”

o) ancdh 1

The pressure readings from the pressure transducer corresponding to the pressure
pulses introduced to the sensor are input to the default compensation filter to having the
default parameters to provide a default waveform. A matrix W is then generated to store

15 information related to how the default waveform varies with respect to changes ﬁ the
modifiable parameters. The matrix W is generated by individually varying the modifiable |
parameters by some A (e.g., by 1% of the default values) and generating waveforms from
the filter with the varied parameters. Each of these waveforms is then subtracted from the
default waveform to produce a difference waveform. As such, 18 difference waveforms are

20  provided for tuning the filter described in Fig. 8. These difference waveforms are each
stored as an entry in the matrix W providing a matrix having MxN dimensions where N is
the number of modifiable parameters and M is the number of samples taken from the filter
output. Therefore the matrix contains information describing each parameters effect of the
filter output.

25 As is well known in the art, optimization of 18 parameters may be computationally
expensive. As such, the number of modifiable parameters has been reduced by recognizing
the significance of the contribution of each parameter. The actual reduction of parameters

may vary depending on the implementation and desired characteristics and control of the
filter output.



Default Wavefornt = Filter output using the values stored in

Current Paraneter” WavefornError" = (Sensor Qutput - Def aul t Wataf AN 2007
Various nWOMR9eH010234t uni ng the paraneters of a conpensat i@ fiddobHiaik! !
occur to 1o those skilled in the art. However, the invention Is not
limted to the method by which the paraneters of the filter are obtained.
The various net hods and approaches to obtaining a conpensation filter are
considered to be in within scope of the,invention. In valve
characterization step 20, the mass flow Controller is characterized

sufficiently s%ﬁp ihaﬁ& it can _be ca%i ured to operate in a consistent and
stabl e manner iHer 180¢ 2 praarifyuse é]g"sdqlaﬁ'tb%i'rﬁr Nide- pesugihithgygaimiemst i ons
and/ or chafoptiermilets sy nohaEA6bé garted FRREHEFROEkITMes. Re&%ﬁ%qm%"ﬂ n term of
a control |oop ss flow controller my be determned and a

f the, | € .
reci pr ocal"c’a‘?st?ﬁﬁ’solét&“%‘lz &ai Fe Rer tiddet Silirnbd, Siard Gyl dlwaystretainiae cont r ol
| oop to preaingiRgarcRRst BNAs el RnHAk;And Lehi kP8 opBRERY" RIRIY mde during
the determ ngtlgon of the Ssyster??ﬁ%i ﬁ F@?Xiﬁlﬁ%@/&% Osptoreg' as cﬁ)t%flimgurati on
data and |B®eenRerEcossany e vy v e to gealathe other Bequaicy passettrs toresene then det ai |

bel ow Wi t hela85RESshEwn i tfl@equ %H |l er tuning .step 30, the
control angacont (igl .@egtﬂ?tgﬁféélédsggs Cl a@glér}p@m tqlfdﬁlgs'f %"aﬁiné{%lys ntroller
are tuned wumbr ofhmedifighic prsarsetdérs that nesd to bd optimizedhis lediced (kY IKSfRE Kerey, dynami ¢
response t h i L. RQI C di to,.one enbodi nent, the various
PI D par arre‘%’e‘g’ég@lggg 6“5? rsL 8% 'Stﬁg%ngg}ﬁsél% ?cga??liev\/i resuiing E‘awcﬁ‘ggggtm Oifch that the
G.L 25 cormgxemblagrreduchiph bf maratesers adshiles id wiMixl mateiar act eri stics such as

settli tinme, i mum . qvershoot and ershoot, etc. In calibratjon step
40, thgbgmass fl%:/%vfﬂ&%%s?gr‘ %Sﬁ{ee OrqEQINg Mt gg‘g&iﬁ" S‘l?é ﬁ“t’ H&stﬁ(i'i?f OtRYtichanges with

sati sf act orypestitecithngss iatie mehfabiSarari@eor BloRtthisnformeution R 9diofBitugestiie Mass
flow contrgller.. .5 calibrat eg%%g‘éd%rovi dlg a linear relationshi p between the
actual f1 JfamPHEAPYE RATBMGHT AL A surly hatshtties the SXpraswipnt he 1 ow
indicated by the flow neter (e.g. flow signal FS2, also called indicated
flow) across the ran *é);r flowrates wth which the nass flow controller
was - intended to oper /At efraRpEserlordia v WavetarmErpr J AN ERBRIonSIT/ US2003/ 022435
-46- Il s the exenplary steps 50 and 60 illustrated in configuration 720, the
configuratign  data obtained during production 710 and i nformation about

t he proces?‘doperati ng conditions wth which the mass flow controller is to
be configured for operation is used to nodify control paraneters of the
mass flow controller such that the response established during 5 production
does not subst arlfl®$arrESRE TySeneeRupper Befariflavaormas s Equatioct®t rol | er with
t he

20  Where:
SensorOutput = The output from the sensor due to a pressure pulse
DefaultWaveform = The output of the compensation filter with default parameters
W = The generated difference matrix (MxN)

ParameterDelta (NXI) = A column vector describing a change in each of the N modifiable
25  parameters.

Equation 9 may be true in some best fit sense and may not represent absolute
equality. ParameterDelta may be solved for according to any number of methods that will
occur to those skilled in the art. The changes to the N modifiable parameters stored in the

- 30 ParameterDelta vector are then added to the values of the default parameters to provide the

final values of the compensation filter to be stored in the digital filter used with the tuned

sensor.



process operating conditions. As illustrated in Fig. 7b, config ragt'h?n 720
of the s, fl controller may include a system gain deco 6631?&“{ step
50, and sﬁpgflgl\r%%‘onfi guration step 60. In the system geEFUSHeXBA$36si ti on
step 50, a systemgain termis obtained and then deconposed into its 10
constituent gain ternms based, at least in part, on the configuration data
obt ai ned during production 710 of the mass flow controller. However,
system gai n deconposition step 50 nay4pmot be necessary in sone

i npl ementations of a mass flow controller and represents only one nethod by
which a  nodelppmasDenk Hay BESRAVddGHr Bsﬁxer%npﬂoe\éh&ﬁﬂmafbéﬂe%&ﬁgpy?&nf' guration
step 60. 15 Accordingly, %I shoul d be appreciated that 1 n the exanpl es

di scussed'Pdep &q@ef@tl%@eforlnvﬁvr\ﬁawtmmé taeprovide 8 CurrrRengemter vestwnposi ti on
0f 3 SYSUEHoAAD alchfMlalP e HIRAE SRRRL e HRURY ikl AYERL ances wher e gai n
ternms associated with various conponents of a nBSsS olv controll er can be
obtained directly. For exanple, in sonme nmass flow controllers, a stepper
act uat or Loy i t he associated gain termmay be

di rectfy %y%g%g?ﬁg%%f ?@?ﬁg@ﬁ?rﬁ@%ﬁ%ni cal design of the actuator. In such a
case, nedSuremBmumetr,x Coystmageten.; duPamgeprloedact i on (e. g. recordi ng CDA
during valy, aracterization step .20 .in Fiq. 7Zc) and deconposition of the
system galg)?{g'fl TP ﬁgﬁ%éﬂ‘f“?&tﬁg‘giﬂgnv*ée.séﬁore t“éé’%’fﬁtp aaBi®te omitted since
t he i nf or MatefmmEprody =0SehsbyOutns o gisdiiGvefoangystem gain term (e.g., gain
term C) can bg/obtai nt%d di ectl% fromthe actuator itself. 25 The nethod of
obt ai ni ng syst EMOYSPRDOLT HhHREPRBIPBRCE A A Aomprustice dltshwillageur e c onposi ng
the syst effo@akilled @rthe skir HogevenRhd i@Wolibh @ hot HANEYBIthe MERYA BiOSHieh (BT hod for

configuring a masP fl.ow contr.ol | glir%t hat, in general, may be applied to any

i npl ement REFARETH P! the fifarage phtainpd othe varipusmatiypds pad appeoacties o obteiningee, a nodel

of the acéonipemdationiRer@rd @nSilEEd o RN wABind¥eHel RMeQnveRfiossuch i nformation

cannot be di rectlély obtained. As such, details of this 30 nethod have been

i ncor por at ed ilpvValvpehasmstarizationateg 200the mass faw emtrollerjschaesstsrizdded i n t he

enbodi menggrdiddiyShérthad: dof bE LS ehfer V€ lonsi Lvention

are not im tledyt 0 usi nga_t hi s ﬁ%{%ﬁ(z)%()pég%{gﬁl agéop%@:ﬁrli%%ﬁ@ g%ﬁgglraﬂnrgeéén flow

cont r & | eie8PORpRIP €hangpssinywarieus pramtingronditiopeandior phardeteTistogsNARC@Ting WO

2004/ 010234 BehhiHea WA |, guration step 60,

control par aemfzt ers g?g%ﬁ%é@ﬁ#ﬁég?g&%&g%%@shg%a?%)@é%g%hrﬁﬁgfm fb cess

oper at i ngdetemitiedianhs reciproaahefdhe syisemrgarsteinh deteroimeraod beplied o thecangol

ot oo RBibD R orshif B Zoid.| AUABRABH, b Rl okl iy B ' 7 201 07
' determination of the system gain term may be stored as configuration data and later used

20  during configuration, as discussed further in detail below with respect to Fig. 7c.

In feedback controller tuning step 30, the control and control electronics associated
with the feedback controller are tuned such that the mass flow controller exhibits
satisfactory dynamic response to changes in set point, According to one embodiment,. the
various PID parameters discussed in connection with Fig. 4 may be set such that the GLL

25  controller exhibits desirable dynamic characteristics such as settling time, maximum
overshoot and undershoot, etc.

In calibration step 40, the mass flow controller is calibrated such that it exhibits

- satisfactory steady-state response. According to one embodiment, the mass flow controller
is calibrated to provide a linear relationship between the actual fluid flow through the mass
30  flow controller and the flow indicated by the flow meter (e.g. flow signal FS2, also called
indicated flow) across the range of flow rates with which the mass flow controller was

intended to operate.



operating with the process fluid and/or process operating conditions.

According to one 5 enbodi nent, a reciprocal gain termnmy be forned from

" the reci pwacaba/@fozishe product of the individual gain t adsio ANt 8 wi t h
vari ous conponents of the mass flow controller oper ati?géﬁfwﬂwq?é‘”ﬁr ocess
operating conditions. The gain terns may be determ ned froma physical
nodel of the valve and the val ve actuator. The reciprocal gain termmay be
applied to a control |oop of the mass flow controller to provide a constant
| oop gain. 10 Further details of exenpt@ary production steps and
configuration steps are now described in connection with Figs. 7c-7f.

Figs. 7c and 7 thepxpsanlary stepn0 and 6pflustrgted incnopBguratidndi200the ednfigmegtion

confi gur atg j N ' tion of a pass fl.ow
control | eidh%&P %?1’15@8?‘@%%’? ?lgﬁ&pg%ga egéarﬁﬁﬁl%#&#ﬁe@g?crciﬁoé’ﬂgﬁgq HRAIENS ) ary
pr ocedur e Wity wigeinthp qass iy cangrolierdstotbl eanfigifedcionbpesdtion is ised REgsdfye on a

rocess fl yi er.at i conditj,ons different from those

W hwhi crt ool PRl AR RS, ABF BN SRR okt Rt edpiThed dodne he

pr oceddr e prdductiqr dedsindtistbstaatiallycohaige whied op&rating the siassHdwdcdnRolidr $dth tfec- 7f  may
be applied to a mass fl%w controller simlar to that illustrated in Fig.
1. HoweveP ot PREHRE O O%hpreci ated that these aspects of the present

i nvention are Aetiiseatbd i Kigdb, RbaFEIonR020 RS ﬁ@wfcem?ou&axﬁ%fﬂl&u&é a MBSS

flow controllers, Bavi r}% a variety of different conponents an operating

char act er SR §210 Apcompgaitionystep,5 0, and asyisteny spnfigurationettapdf. dinthe system pain st or ed
as conf i g\deelrigRitiéf i@ SOl ol 1y Ok AT ardlinéh (TBGRpdsbPANL TO! er are

il lustrated under the heading “Configuration Data"” and placed within

bl ocks!0l aleRipenygain termshased ot lgast inpprt.con the eenfighrationpdata bisainedfduringt i on

i 11 ustrat egodubtidn A 0YF LS fibw chilondd M ting, nor should it be considered a
requi rement. Each inplenentation of a mass flow controller may have a

di fferent set SOWerwsypiguLaindsponenesition stap 50 wey npttmmeeessdneinsomeéi gur at i on of
the mass fih@WnreRatidRlor & ak | | rocess, fluid.and/or process
oper at i nglcglr(ijlenitions.0 Fﬁa.sq;ogpﬁﬁpglgé{?g?ree e%%f‘??‘@("%eﬂ’%tw byo‘?hl %ensor

t uni ng st @ppdebofaawatar bebiavier By bdmovddsdapisysdnm confiptimfioQemerzor di ng t o one

enbodi yxent of T ese ' | or _tuni.ng step 10, the flow
moter B a st P ongRe o e Hobretiued P HR bamble Rty iy seps
sati sf act dnvpldygimedsyremenirad sehsequont deccampaisition bba Systehiigdin R ay B f | Ui d St ep

refers to 7. 9 ., WO 2004/ 010234 PCI/ US2003/ 022435 -48- in
fluid flow %9?5%%&% °é’%{§f‘ga“2‘ci%gsr‘f‘"¥tr? gam F“%lasé?"é%e‘f Wﬁ‘éi’%’ﬁ’ﬁ? cquIponeRts fig bot h
posi tive amass flowgattiolier gndpsbiained dirtcty f Ferwxample, in some mass flow controllers,

a stepper actuator may be employed from which the associated gain term may be directly

20  obtained from the mechanical design of the actuator. In sucha case, measurement of a
system gain during production (e.g. recording CDA” during valve characterization step 20
in Fig. 7c) and decomposition of the system gain term during configuration (e.g. step 50)
can be omitted since the informatioq provided by decomposing the system gain term (e.g.,
gain term C) can be obtained directly from the actuator itself,

25 The method of obtaining system gain term information during production and
decomposing the system gain term during configuration, however, provides a method for
configuring a mass flow controller that, in general, may be applied to any implementation of
a mass flow controller to provide, for instance, a model of the actuator, where no other may
be available, or such information cannot be directly obtained. As such, details of this

30 method have been incorporated into production and configuration steps described in the
embodiments illustrated in FIGS 7¢-7f. However, aspects of the invention are not limited to

using this method, nor is it limit=d to mass flow controllers where this method may be

necessary.



In step 12, fluid steps are applied to the flow sensor. The flow sensor is
then tuned in step such that in response to a fluid stég, JAN 2007
step-sha&éhz“f’f’w-?l gnal is provided. 5 Desirable charack@rUS200He224% t hi s
step-shaped flow signal may include rise tine, settling tinme, maxinmm
overshoot and undershoot, etc. For exanple, referring back to the mass fl ow
controller described with respect to Figs. 1 and 2, the step of tuning the
fl ow sensor may include tuning of segsor and sensor el ectronics 230,
normal i zati on 240, and response conpensation 250. For exanple, the filter
coefficients qf ﬁe@?st&ﬁ%m?atﬁe E%E 85, %hm phiahdeffs drf ddethitB Yol prbitaed to
reshape the signal”as shown in shoul d be apprematecI that in
general , Buidan W@?@rﬁpﬁtaﬁlnglc@dltwnﬁﬁgsvmqhdh@ wasstilowl oatrolienys beinge a di f f er ent
set of p t E@g@ r he sensor

t uni ng pr%glzigﬁg %5&}1 tﬂ&ttheﬂ@%sss Efr%)gtééﬁﬁgletr e T.’s%wsagg%g%ﬂﬂésﬁﬁﬁ ?{hgﬁ sati sfactory
dynami ¢ comeraing gith el nrecesyBuid hudior froceki gperatig corditpng okovardingad ben gai n
associgted with proyi. d|n a. sensor out pu Q. for fu

Chr ough ¢ HRbeb e Rt efndrmtty B P o bedrriiien i be At ol B ¢ ne
val ve chaimdivideal gai tems qsmamalswﬂﬂvanaui @aipofidnts af thesmpysdswdedirdlier t he nass
flow controller different set Lnts.of a set of e cted et points at
. Known | AREGRANE i SRR ITRGeSs (yRens o pariiigns o Th% £eGh iy B3 SreerPled Rom g dr i ve

| evel |s pBeRaldasle] Jiftke vatveandthertiveticbtor. dﬂmémasmtgbﬂ t4eH xﬂ@yb‘bf the drive
signal provided to tge[ val ve act yat or %F I nst.ance, the drive 20 | evel may

be t he neswﬁ tp arontrel logp of themass W&QP“‘?,J fodpvids a consBptigepeait ent i al . The
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app le toavarle mass$ 116w controllers having a variety of different components and

operating characteristics.

In Figs. 7¢-7f, exemplary information that may be stored as configuration data
during the production of a mass flow controller are illustrated under the heading
“Configuration Data” and placed within blocks labeled 712. It should be appreciated that

25  the information illustrated in the drawings is not limiting, nor should it be considered a
requirement. Each implementation of a2 mass flow controller may have a different set of
configuration data that facilitates the configuration of the mass flow controller for operation

- with a process fluid and/or process operating conditions.

Fig. 7c illustrates further details of a sensor tuning step 10 and a valve

30  characterization step 20 according to one embodiment of the present invention. In sensor
tuning step 10, the flow meter of a méss flow controller is tuned such that it exhibits

satisfactory dynamic response, for example, to a fluid step. A fluid step refers to a change
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CDA' }i i's Pressies. ditcbagtsset poifif therrentltingdrilatievel siredofied NEHe@tm tkivd 16@] Of t he nass

fl ow contryl L.er.. ition. for, eac ' recorded in step 20, a
reci proc aldg%glg‘% t?ée‘gh%?eg&éﬁ efﬁgb}g\lgn Vo d%))éﬁé(ﬁl.vc g¢ivator, Eer 19stancsy thediive t erm G
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level may also be the value of a digital control signal that may be converted into an

electrical signal to control the mechanical displacement of the valve. Signal DS in Fig. 1 is
an example of a drive signal, the value of which is the drive level.
In one embodiment, a GLL controller that has not been tuned, but that is known to
25  converge, is used during this étep. Accordingly, each set point in the set of selected set
points will converge to the sensor output. In some embodiments, the sensor output and
drive level information recorded during this step is used to calculate a composite gain term
of the mass flow controller. For example, in valve characterization step 20 of Fig. 7¢, a
.composite gain term CDA’ corresponding to the product of the gain terms associated with
30  the valve actuator 160, the valve 170, and the flow meter 110 is calculated from information
obtained during the characterization of the valve.
In step 21, a series of set points from a selected set of set points is provided to the

mass flow controller. The set of selected set points may be chosen in any suitable manner.



-50- provided to the controller in the succeedl ng controller tuni ngnﬁé?ep to
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step 30, 02152 ¥ s paraneters associated with the feRaBdSk0s/0230I | er of
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response to a series of fluid steps provided to the mass flow controller.

It should be appreciated that each inplenentation of a nmass fl ow
controller may have a different nethadg.of control (e.g., G.L, PID 1D
etc.). One exenplary procedure for tuning a feedback controller of a nmass

flow contred dxaﬂple SinRAVerHRIMERaRe Wt bhséie%ﬁee%&t polifl drBQartdul FRARNS Qéf’uﬁ‘r

depicted. in Fig. 4. 10 In step 32, the reciprocal gain term ormed from
the measuf@lediarth ﬁ%@“ﬂh%&oﬁ}ﬁ leveh forgheyrspes with which the 1Gass flowreontodlleris. | n st ep
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set point. For In Fi'g er ent
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36, the vmllenﬁnalstormaé anothieer B aﬂerttmmu@cd:e fhanthé St pBints e St be BdGHnE fhat the GLL

~controller_resp satlsf cto to the different changes in set point as
defi ned b?FE’ @ ‘&fg’ Rﬁ{ by xamiplinBive bepmpsaeia indisate pesppigitsng t he Pl D

const ant sch&gen #6¢ the@hlk‘/e chaf@¥eri2@tion ¢HIiBFALILR, aRA QYAfPEraRofl §Spd gp nse to
changes |ﬁﬂset poi.nt.. Various characteristics of the controller that may

" be tuned FA¥PYFAE shoyid bsapprrcited thaf thesq ety may be in partys cntmbyutlmmne
over shoot / undq&@fé@@h; 2 Gifst Eétl‘paﬂt &sor@ahoﬁén%rﬁ Eséigétédb!e%ﬂs E‘ib (%séhav' ng

tuned t he sensor contro desired dynam c and
havi ng obt¥% ned Aeﬁéa b@ﬁﬁegmw@mwa@mofﬁfe@tothasqtmtssét Tpen, st—ntlhe nass

flow cont glibgfo ﬂ@%@@&%ﬂ@tﬂé@hﬁ%ﬁ; is%ﬂ?é'%aet}g ctoﬁ)ve? rés "’{{’h ﬁg mas s flow

control ler 'has a satisfactory stead resp Tl ow
cont r &1 | eponverges penseraugyt wilheqyalithe anpd;echsett point. Inlsbp %,Ith& fesuitiny dnvebet ween

act ual fllétvgglleggyd@dafgt %ég?&?@“sed flowis linear. In addition, configuration

data nmay be obtain acllitates the configuration of the mass fl ow 30
control | er on 1asgp@dess—mlisiapplishty/'tbe controliersad elderedtto benvepdiThd ons as

top 40, SPUPUARIBI Bhend 1E8ridB e ol i 20, 180 3P atpafeen | or
Accor di ngterm B¢ ieddserdiinedn For ¢xamplecthe abmpdsite gaih kevmy nhdy teRiBRHAREH by
correspo ng«ﬂcﬂl% a change in the two set points (i.e., 2n) and dividing the change by a change in the
drive levels recorded in steps 22 and 24. This ratio represents the composite gain term
CDA' for set point Sp. ‘Gain terms C and D, as described in the foregoing, are associated
with the valve actuator-and valve respectively. Gain term A' is associated with the flow
meter and represents the gain of the flow meter without the contribution of linearization 260
25 (i.e., the gain associated with sensor output). The sensor output value to which the mass
flow controller converged for each set point ,S;, and the composite gain term CDA’
determined at that set point may be stored as configuration data.
Steps 21-25 are repeated for each of the set points S; in the set of selected set
points. The result _is a set of point pairs {sensor output, CDA'};. In one embodiment, the set
30 of point pairs {sensor output, CDA'}; is recorded as configuration data for the manual
tuning of the mass flow controller. In addition, for each CDA' recorded in step 20, a

reciprocal gain term G = 1/CDA' may be formed. This reciprocal gain term G may be
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the r epgt i ons hlﬁlp V\@gﬁechr?ﬁ'a g3y Eﬁ%@@ﬁ@ff&%‘&ﬂ%ﬂn?@s madedBStep| n one
enbodi rrengo issappli¢d tofthepcem tentioliat 16 step 84, fRid @épstareq;r?ﬁﬁdl th gﬁ?;:ids\%l@@
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| i near i zatdiffefent tiiavigestif adt pblﬁtsC‘ATS'lt'er@‘di&b?erﬁ'A@ RAPEEhobdsR :gxgthatttﬁhecoﬂﬁlb (0, 0)
(i.e., fluid flow Oa%d sensor output =0) i's provid I'n ste , the

| i near i zaty YRFdARPRRRIIZEY Jor larg step ghanges (B & - ﬁé§s°ﬁll()6% of it scole iflow) anct shoul d be
appr eqsat eslall kap clangusnde!, a ak; &15%‘6f tﬁé«'ﬁﬂl%cilé Howm(?ﬂﬁxbé%dﬁ{ gﬁ'ﬁﬁ@tof vel'y be

used, includin not_limte pi ece-w se |inear approxinmation,

pol ynomi afthea} g%éfﬁt*jrﬁla}’ GHter &réacwqwnﬂl%@dl@cwémg tooth¢ digigrisg operatidgt a has
been reCO&éi{ﬂdrerEéxﬂﬁTbﬂ ARrticalak fidSs fidw SihelitRpRheREQf the mass flow
controller on a test fluid and test operatP conditions. 30 The

confi guration Hufep ethe yrriausipammetees 9ishe thpomﬂeﬂarfcmgshdimhﬂm@mm i on of
the mass haviePrRijoakd s%ﬁsfﬁé?érﬂ??@%x@hiﬂ?en%ﬁagg@s ift S pEIRE as%aﬁne%%d/ﬁ? } process

operati ng conditions.
20 .~ various AS;. For example, parameters including the PID constants Ks K, etc., may be

tuned to provide a desired response to changes in set point. Various characteristics of the
controller that may be tuned include, but are not limited to, rise time, maximum
overshoot/undershoot, settling time, etc.
In calibration step 40, having tuned the sensor and controller for a desired dynamic
25  response, and having obtained the composite gain CDA’ for various set points, the mass
flow controller undergoes a calibration step to ensure that the mass flow controller has a
satisfactory steady-state response. The mass flow controller is calibrated, in part, such that
the relationship between actual fluid flow and indicated flow is linear. In addition,
configuration data may be obtained that facilitates the configuration of the mass flow

30  controller on a process fluid and/or process operating conditions as described in calibration
step 40 of Fig. 7b.

\

In step 41 of calibration step 40, a full scale range is defined for the mass flow

controller. According to one embodiment, the actual fluid flow is measured corresponding
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- . Accordingly, a linearization curve may be determined from these point pairs in order to

20  ensure that the relationship between fluid flow and indicated flow is linear. In one

embodiment, a set of points that corrects for the non-linearities associated with point pairs
{sensor output, actual fluid flow}; is determined. A cubic spline is fit to the set of points
such that a linearization curve that is continuous and passes through the point (0,0) (i.e.,
fluid flow =0 and sensor output =0) is provided. In step 46, the linearization curve is

25  applied to the mass flow controller. It shouid be appreciated that a nﬁmber of other curve fit
methods may alternatively be used, including, but not limited to, piece-wise linear
approximation, polynomial approximation, etc. '

During steps 10-40, configuration data has been recorded from the various

production steps of the mass flow controller on a test fluid and test operating conditions.

30  The configuration data contains information that facilitates configuration of the mass flow
controller for operation with a process gas and/or process operating conditions. It should be
appreciated that the set of configuration data recorded during a manual tuning of a mass

flow controller may differ depending on the particular implementation of the mass flow
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i teration SHPEtECBABpa setaf noitepairs (BAsor iostphp adtRd flald R}, BRA D Rundcle %Bge
provides tRrfdeqftfgg | N step 53, the contribution of gain term S
removed. Si nceclgot h the conposite gain term CDA and the individual gain
term A (the redpgioekie chiradterizatiorsadpe20r 82G6nt FHiR (B )

ety f{ %rdﬁ%gmsq%ﬂgvﬁ% term

contri buti@p,afs 94 £ rmA can be divided out fromco
CDA, | eaving cognggodgﬁckl%eﬁg%or‘{e’%%r RIESEssaitem eBPANstthe producy of thegaigt uat or  and

the val ve.temss Bepciaddweitirtat edve st hRalvdail  rdsSed:onmed at set
poi nt dS; ghd.RE %/eiiglfd tq step b4. As_di‘écusseetdfﬁ{v{?nt %r%sg?cgﬁﬂ?“ng, gain Cis
t he change in val ve d?”gkﬁﬁ Htong phgagtgrne,C, I ersl A'do the Spmpekite gais Ramge i n

the drive EPHrme . ABS, ipIs@iei .. &@in Dis th
change 1 n bt LSS B i X

di spl acenen B¥Tgain termD i s determ ned and val ve

di spl acement i dn satemgaid @domposhionS0! GE sl set.points. In ordér to
further differentiate C@ﬁKOS?t e gain ter ml%?gagl{tegﬂi/@ﬁ&émmﬁ%éqméf t he

val ve is enproyedande nfi dsofatrd fipm the compsite gainemin ﬁﬂ@ﬂerstﬁﬁ&ﬂea’trgay achi eve

?i |'og.r :0;: g lbadefetmingd fok @ prodils BuichnBRf hroblk Bherifl chaiRSh &t N gcegd%rl]g i ti'ons

system configuration step 60. However, it should be appreciated that steps 51-56 may not

be necessary for certain implementations of a mass flow controller where, for instance, an
accurate model of a valve actuator is available, or the gain associated with the actuator for a
set of process operating conditions may be directly obtained. As discussed above, system

~ gain decomposition 50 provides a more general method of modeling the behavior of the

25 valve actuator (e.g., a method of obtaining gain term C for a set of process operating

conditions.)

In step 51 gain term A is dgtermined. In the previously described embodiment, the
flow meter has been tuned and/or calibrated such that 25% of full scale flow results in an

indicated flow of .25, 50% of full scale flow results in an indicated flow of .5, 75% of full

30 scale flow results in an indicated flow of .75 etc. The relationship between the fluid fiow in

the flow path and the indicated flow is linear, hence the gain associated with the flow meter
(i.e., gain A) is a constant.



determne gain D). One physical nodel of the valve that may be used to make
this 30 determination is illustrated and described in Section13 JBY¥I 28
entitl ed™OPIZI val ve Model . It shoul d be appreci aRERIUS20es020436f er ent
val ves and val ve types may have di fferent physi cal nodel s. Furthernore,
there may be nore than one physical nodel that may be WO 2004/010234 1 7
JAN 2007 PCT/ US2003/ 022435 -54- used to nodel the characteristics of any
particul ar valve. Accordingly, the pragsent invention is not limted to any
particul ar valve nodel. In one enbodinent, gain Dis determ ned by

- cal cul ating t hacosadivgy, gumnl a&lm;ecum«fsmﬁayn i 910@ &t gg%d??ie'du' dflow

represent?1 by a set of selected set” points
devi at i onIRWPuisEle ey desirad peiat, éﬁlsﬁnﬁ@ﬁthﬁ’lm ﬁiélt%ﬂlnﬂnwdntbﬂle@sdomaﬂeét ing the

val ve di spldRGREBBW o’ eﬁkﬁ'red’ byrlh@ﬂlqeaﬂﬁtfbn BurdB O ThE megrgo/okg'ﬁm{s% e O&% change in

set point to change in_ valve displacement (e.g
Addi t i onamayimunhiadigatedilen: énumity, gain 4$ equalytom rew:lpstoealmf ﬁﬂald;caie ratnbe(x\zal ues of

di spl agengnt rder to determn a
di spl agemtvaﬁg of"ﬁ_il S%sl@tll?‘P g& tlelgmg‘éiégfogg%ﬁﬂl?eé %{tq Raricglar gPﬁﬁP%LﬁS ‘gain term
D, and t hén gependi, sgimciemaﬂ;otbénmmuuahmeated fiswevalpedivided 5y el staleer m ned.

In step 5 is.ivi gut of conposite gain termCD, thus
i sol ati ngﬁagnﬁgggsgctlgetgd’m 'fﬁ‘“‘gﬁec"ﬁs set of point pairs {C,

di spl acerent ) ; InlsEp@émn?bmt dain tpro CDdeis &)rﬂieg.eGamQémIA‘ﬂfj ﬁg@&}i'aﬁﬁmﬁ’tfedghe

actuat or wi. set of test o tln nltlons used during production

710. It i$ ‘ﬁ?ﬁ%véj?“f‘ﬂs? Ty ﬁ*&r"?ﬁ?t&["?tt%é’ WC‘H%%%}W qgamtt%r@‘gas ve

act uatior ) aigsin hsosiated wauaielﬂovdmemmbmdﬂgﬂ@nﬂeé}iza%h QIrRE §Rcefolellind and/ or

process ggﬁrat Ih,lpg COI’ldItIchII?‘ 8%;‘%‘ It may be a function of val ve

di spl ace befpeenidy' apdifiiphy detnition %‘Eemﬁéogawetlé‘?m,@eqompomw med by

removing ghie t4RATDA bitlieQiretly @fdrfhirded b ; ?JT@{LE Lated at

set poi nt'rg dS; and storeedel nyt he set {h @Fﬂ@%‘ﬁ‘? %]é%gll‘%g %5 are

repeat ed Ve, gk igto sy, by aaliinlyisg CD bﬁler&aglt@lmassumaied\hﬂlma set of 20

poi nt's paiih&arizétion AP . tion
on ea%;’he ]l)yuig CHA'Y @P?erc?eﬁ'ﬁ%n}e% thelnR3r 601{%’?{? %Eel

about the behavior of ve actuat or he St 4 rating
condi t'f on&adhdteratign %ﬁ%é@dg%teenﬁﬂ@eﬁfammt s tpeipt oF; Andsyrevided tostep SBUT at i on
step 60, contrglsepasaiBl&hodbs fFLuid. and/or
process operat | ;go;condl tions. OFJEF}HE{CE%(%‘g?rJHwJe? %%ﬁ%‘?@é‘r“% PTRASES speci es,
inlet 2584RE™ A%@“qdh‘éylslufrl@al gfsnﬁsen At @regeciprocal oAGidiowale reglsy) areggivn D can be
cal cul at egndvtl, iR Bf ng/ erating conditi

providing the fl tflgdﬁglg%?logg&i ‘Q bgﬁﬁﬁgegls&tﬁg SQUPRIE A1 @g’ﬁm tions
to the phyesviagrompnsisé gaamtztrméln:ulsmnawdgwﬂhthe dﬂsphmmﬂ the valve. As

20  illustrated in step 53, gain term CD; is formed at set point 4S; and provided to step 54.

As discussed in the foregoing, gain C is the change in valve displacement divided by
the corresponding change in the drive signal (e.g., DS provided by the GLL controller).
Gain D is the change in fluid flow divided by the corresponding change in valve
displacement.

25 In step 54, gain term D is determined and valve displacement is calculated at a
selected set of set points. In order to further differentiate composite gain term CD, a
physical model of the valve is employed to determine the valve diéplacement necessary to
achieve a particular fluid flow under a particular set of operating conditions (ie., to
determine gain D). One physical model of the valve that may be used to make this

30 - determination is illustrated and described in Section D. below, entitled “Physical Valve
Model”. It should be appreciated that different valves and valve types may have different

physical models. Furthermore, there may be more than one physical model that may be



necessary to achieve the various representative fluid flow values. Fromthe
di spl acenents determ ned fromthe physical nodel of the val va jagaNrdfel of
t he behaviVé¥2084/0102% val ve 30 actuator, gain term C may blecfrﬁéz w@% for
the process fluid and/or process operating conditions. 1nh on(ed A % i ment,
t he nodel of the behavior of the actuator is the point pairs {C _
di spl acenent)i generated in system gain deconposition step 50. However, in
enbodi ments where the behavior of the s/al ve is known or can be directly
measured, gain C1 7 JAN 2007 WD 2004 010234 PCTI US2003/ 022435 -55- .an be
directly r m ‘fr,omthe. valve. Thus, having obtained both gain terns C
and D, t%gé CS%gésali ShgTACHTIStiES Of 88y naweulE V4145 ndepordingly e rpsentipvegtiom A can
be cal cul a4 s liwjted deing paitiohiROvaivelmddel. SCal € range for the process fl uid.
Accordi ngly, trrg systbe ain term CDA can be determ ned for the process
fluid and/ or ptotP&SE 8@3’%&% 318 Dis Aefprmindcby osleplsting the ivpive daplaineihe syst em
gai n t er mpsdeysabeto aeKieREad i | r of. .a L.controller
o e A Pl It Sovmey

(e.qg., gaigte m@G. It should be appreciate ion of
one or “noré %Yla?qwgmébh%mqsmd&e gafireterna Dudetdrmined by calalibie theswatl as set

poi nt, inlig r.q.Qut ) . re.etc. Reciprocal gain
term G nmay Bgcﬁ'ggf?é’% }(ﬂ Oah%%@&_%ﬁéfb&-@ﬁgrt@ |§§8§ﬁ}?~ﬂgeﬂﬁ;§?t prPét"é’gﬁ‘EHed‘P | oop of
the mass Frlyodiselrrement (e RnddisploommmsntAddisiopaltyy te dlladbrhéht BESPRHLbe O at

| east the i . conditd ons of which G is a function.
Hence, thggt@rrgglgédf ovsevc?on F’gél%ﬂg%eﬁlﬁlgaﬁ 'hng’b‘ﬁ‘fsr+g‘h?‘?dag€6“’cﬂ5€‘f*é‘t@tmm process

f I ui d andPsfsplapemsot eb:So pevyitiustragd iaratht iternivn ofstesl5 s Gumsgsh Hunl gr i n detai
bel ow.;4l n ; cale.r e socigted with a process fluid with
whi ch lphedﬁg%%n%h’ S@h%g%ltkl? %tlsgteqm}tgggbe %@@Bﬁ% gured is determned. One

met hod of det elnrstepiSaggdiniterm $riadivided obBH@BmbSsife @aFak t %&LSi on
factor baged Nyt h‘fz .S ecitf ifc heat rgtiigé o? stlhgiaprorgié’gg’ @?ﬁfﬁﬁﬂ]ﬁ%ﬁt he test
fluid timea e Alfion & setof paintpairs d€odisplacement) tin 2eneeatedds provideiadnodet  shoul d
be appr eof tht behavjonof thé Aiatéraiithale sofBY 1B pSRRALINHALES &s% dl?rgllgcm ating a

urd® For exanple,

full scal e range ssociated with a particular process

the full BF&PS& P%@eﬁéﬁggﬁwgiaéaawem Ca(thregain associatedowitic the saifé atehtorpy  be

di rectiby netasuallgdiredtlyadepéndprition 2&idaslid ' rm.D is determ ned
for a pr ogess flﬁpd .andzor pr_otcpg?scg opér%tingr%si)sr?g%aﬁn%%n@%?ﬁﬁmbﬁysi cal
model of {HRENPERRICHYN ghyalye displasements In earlyiteratigrefistep 56 thegaimteaiT, isand/ or
process ofiemal bN@meoindithd RA&ibhiford RS B : and ca | ating the

di spl acenent, necessary to alchi .evée}%g s)éllt%{%!?flo?Eeﬁgpéigéserenﬁ?ta‘fal??}liﬁ%langal ues

{cf SO, cf Bpint¢Srand stored in theset {f. displsewmentlabove, gain D may be determnined by

choosi ng a devgiads R055Thr@RBe£8 6 ' val ve.25 di spl acenent at fSl- n
‘and cf§ + n and form ng fe raﬁag‘ﬁgﬁ&g%‘g%é% PPy ¢ Blfcﬁttha%seéﬁ nge in

potnts pairs {C, displacement}; is generated that provides information about the behavior of
the valve actuator under the set of test operating conditions to the succeeding configuration
step.
In system configuration step 60, control parameters are determined for a process
fluid and/or process operating conditions. The physical model considers fluid species, inlet
25  and outlet pressure, temperature, etc. Accordingly, gain D can be calculated for a process
fluid and/or process operating conditions by providing the fluid species information and
process operating conditions to the physical model and calculating the displacements
necessary to achieve the various representative fluid flow values. From the displacements
determined from the physical model of the valve and model of the behavior of the valve
30  actuator, gain term C may be calculated for the process fiuid and/or process operating
conditions. In one embodiment, the model of the behavior of the actuator is the point pairs
{C, displacement}; generated in system gain decomposition step 50. However, in

embodiments where the behavior of the valve is known or can be directly measured, gain C



val ve di spl acenent (e.g., 2n/Adisplacenent). Additionally, th 'Ns%b.f\cerrent
at cflS;_nmay be determned or the values of displacenent at! €f , - n and
cf Si + n RPAUYLW234 order to determine a di spl acement SPEI/USE083/022435
Accordingly, in each iteration of step 62, gain termD; and displacenents
of the valve at set point cfS; are determned for the process fluid and/or
30 process operating conditions. In step 63, gain termC is determ ned for
a process fluid and/or process operatigpg- conditions. In some enbodi nents
of the present invention gain C may be directly neasured fromthe actuator
i tself. Almw\cﬁfdcﬂﬁH@temgﬁdrﬁdx@mm@vaﬁrh&eh@l@tgedbmﬂe@%Ihfggfﬂ el & plop mation 1
7 JAN 200 WO 2004/ 010234 _PCTI US2003/ 022435 -56- stored In the poi'nt pairs
{C, di spl RE&HERPSs caidrmy GPdnay by iegmade Mubseaperdiscsingb cint beosalosiatgd t50. | n

ei ther casgeterrhifin@aGhll kdaf/radd . oldfeflehg 0l ned. a

di spl acenent ; ngr espondirﬁ%geq?romégﬁcg%iﬂﬁfd'c §?de'?158" {hﬁg%lﬁér}%g%’gger?’l uid and/ or
* oper at i ng ‘Q¥heanhegistermingd for ghe macesyAuid andlprr@essoprtating pindtibnyi t h gain term

.C to pgoduce c ' ' r ' trated...i.n each iteration of
Step b4, the prodnoprar Bt ekl Elm By by bkdEh Saniagll A Sourilor 't r om
step 52 i of ¢ Skdrronigolien (ag.canirplosn G Yahould be appdiated tthet € mPObeY fulbtRin. | N
step 65, C | | .gain.t.ermA.S r ved. Since gain termA s
sinply thtgprgneecé}gécg%:g&%t@gf: §]Iflc}19§n€é)lféherné?‘?§gw88%{rﬁr’g§r? fuch@s s¢t PPBE ARIEED can be

di v } ded bynd/hIEOLpIEQHesBreﬂaﬂaperammab‘e. lmaigmca%gmqmi@ﬁlawbk lﬁplﬂf&@ tPHEGEES f:c uid
to forms in.termCDA - As Ll ustrgted, Q in each iteration o
step 65, %gﬁowg?@gﬂ&??ﬁef%r%w &ep okb‘edﬁr‘bsf g%‘ﬁ CWOﬁFfé‘aF arpnstagplogp gginge to form
syst ertogaiwithtrespaut@DA least the etie qranstt opdriing doRdigbRRf fich!dB 'edsBp0cal  of

syst em gai teﬁ]m CDAﬂi s cal (iul at S)d to formreciprocal gain termG As
i 11 ust r at 867°% Hedashilpy spuftoligrhaspeen capligered tornperate o grisecess fbdand/ar f or ned

and the pasedstopagtifg coatlitisfd, aP@kdubsedither & REAWeRGd to bl ock 67 to form
reci procal gai E.aﬁt‘eré;rﬁJG It 15 shoul d be aﬁpreci ated that gain term G may be
represented by aisP ’ﬁﬂékscéﬁr%ewpae@é.wn RA@rocessdhvpsl with whichtheenasmy be fit
to the poifidvcofdfolicd® t8 8k Bdrfigfded TPt iRt O DR mefofof cge?éﬁnm‘i)nr% @g%{;}aZ% ¢ or gain

[

termG ma¥ be represented i n,an% manner di scussed above lon with
the défi nfiness Bralquigispgorvsrsign fBstonased o the sperific herd ratios nf thg pracessdlinidh G nay
be a funch®the ddst 1A AnfRE tHITHIE i | Withl @ Ser alufl TG, SARQdi ment

il lustrated i ?] Fi %ﬁ 7f, gain %cg?%g%eiagggﬁ%%{gnct |Sct)rf11h(l) IQSZ]P"@?PFM. However ,
gai n G nafPRiEdted Bakether methods may be ppmopriatanfor ealdulating o fidl scalpeargti ng conditi on
dependi Ng 3943cikiE wWHR S el & Ll ntatian of a mass flow
control | er. %_t eps 62%%&211? gprrgg%gegﬁgd%f) Bé’mglggehnagmltsﬁgle§aéllg85538?iat§%?"ﬂboi nts
{' fSo, Crfspartighlgpprocess fluidmay be directly measured if appropriate.

20 In step 62, gain term D is determined for a process fluid and/or process operating

conditions from a physical model of the valve by applying process fluid species information
and/or process operating conditions to the physical model and calculating the displacement
necessary to achieve a set of representative flow values {80, ¢tS1, oSz, ...}. As discussed .
above, gain D may be determined by choosing a deviation n and calculating the valve

25  displacement at ¢sS; - n and ¢S; + n and forming the ratio of change in set point to change in
valve displacement (e.g., 2n/Adisplacement). Additionally, the displﬁcement at +S; may be
determined or the values of displacement at «S; - n and S¢+ n averaged in order to
determine a displacement; at Si. Accordingly, in each iteration of step 62, gain term D; and
displacement; of the valve at set point .;S; are determined for the process fluid and/or

30  process operating conditions.

In step 63, gain term C is determined for a process fluid and/or process operating

conditions. In some embodiments of the present invention gain C may be difectly measured

from the actuator itself. Alternatively, gain term C may be determined from the information



order to determ ne reciprocal gain termG for the process fluid and/or

process operating 25 conditions with which the mass flow congrolArol7
bei ng conkvoQuisadoiz® operate. In step 68 reciprocal gai na,tcei.rflt}gé 0? 4 I|ed
to a control loop of the mass flow controller to provi 2RIy Ioop

gain with respect to at |least set point. In general, gain termGwl|
provide a constant |oop gain with respect to at | east the operating
conditions for which it is a function., 30 It should be appreciated that by
determ ning the systemgain of the nmes2 fl ow controller based on
information for the process fluid and/or process operating conditions, and
by appl yi rifPred ’P&?I%f‘[ﬁ@%}fs {é?aﬂwpla@m@né}ﬁ gméat%iygﬂeqtﬁngamd@qonmoumstmsm oop of

the mass f e48! J“th‘{ efeliin ured for
oper L on ot Che b ot cee PPEr AP, O R B ity boic
PCTI US2003p 6% 241865 iheemweéerﬂlpd ec@s@p@pan&mndglowndl tions. In other words,

the mass fl ow I ciespanse observed after
producti on of t Qéﬂ’ gﬁgllégg\}lv[é:o ‘mlﬁetgrmvah‘gt%hntgﬁf ‘f%ﬁﬂ‘fecﬁgwaﬂ{ﬁ@é? operating
condi t iS5ongenwhén. Apdhmratcrg imedch itetadopoitatepsd, the produamﬁ/gmh 0T @S sper at i ng
condi tion hat. 1S to the nmass ow_cont I ol en operating with
t he proce?s3 #Fgg%lt%mgg}%%‘yﬁ?r% ’é@erbﬁegf’g’f ?9{50055%1? TCHH%QHCF %%Ivfr;lblt a
sati sfactory résqmmthelcbnmbmtﬁﬂncbftgemamf&@ rameﬁkdt ISice ohifl t6HIOL RSP

may . be auiomafe £ hr ou h t he use of a

confi gur| CHN ont rol | er g

conput er . FCC‘B ﬁ%}?ff Gill sgp. 8[5@%(@5“’85'@(5"‘??&9"% calpt fixided by tpchﬁsﬁﬂby a
progr am St@ﬂeﬁngﬂasﬁajm&wmﬂ\e@@@sﬂfﬁﬁd ®forth @!’s@ﬁ@g&&p&n&tm ,&sqmﬁfaé& such
as a persana nce, a, mass flow controller

aut omat’ chICVth ‘P‘bfei{%ﬂ’%% pomRasite g3if, ferRiGLA s Hifed by the B’r”dé@alsmﬁ 9 ds and/ or

process  opfh HstefOzaiPithh CDAN &t setl Pintt &L M aut omati c or automatically as used
herein applies _generally to a state o bei n&At enacted primarily by or under

t he cont roI of IhsteRohs thedeciprocal phexstegbrain term Gt is eulpulated todformoreaiprasalt asks,
st eps, SSRESG. ARG RHratPd %@é&ﬂﬁéﬁm&? m% JGeﬁ]lH 'rcr r&?& Efﬁf m?orggﬁr Lagor 15

i nvol verre or supervision. Accordi ng t| c configuration of a
mass fl ow the eauliing Giat Sftﬂéglé?qf%eﬁ’spra\'ldwfblb@s&k &7 tmﬁorrmfeca)rmakganﬁ teewGcdnt rol | er

for 0P tineia 6 ke e Tain bt h AN REOPRS S ANARAF My 8RNI ] one

t hat does not require manu i nvo t 5 flow
cont r ol | erFarswample, Beurye may bk fibfo the p@nqsﬁt,ehe angGanaybcst@ed)malsmw dered an

t t f t t hat t Kk
uch s connecr Pah mar e Kpr il £ o7 pRARBE SR shbitn s ispaetor

i ni tiati ngthe Hefingiopefitigain tarf, ar ghogisanin mdttmn,egam teinn G@eayeseal fundlion ef

one or more operating conditions. In the embodiment illustrated in Fig. 7f, gain term G is a

20  function of set point. However, gain G may additionally be a function of more than one
operating condition depending on the needs of a particular implemeritation of a mass flow
controller.

Steps 62-66 are repeated for each of the selected set points {¢sSo, ctS1; ¢Sz, ...} in
order to determine reciprocal gain term G for the process fluid and/or process operating

25 conditions with which the mass flow controller is being configured to operate. |

In step 68 reciprocal gain term G is applied to a control loop of the mass flow
controller to provide a constant loop gain with respect to-at least set point. In general, gain
term G will provide a constant loop gain with respect to at least the operating conditions for
which it is a function.

-30 It should be appreciated that by determining the system gain of the mass flow
controller based on information for the process fluid and/or process operating conditions,
-and by applying a reciprocal gain term of the system gain to a control loop of the mass flow

controller, the mass flow controller has been configured for operation with the process fluid



manual | y. However, such tasks are considered routine and nmay tr? @@{2 f an
automatic configuration of a mass flow controller. Fig. 14 ill'u P s a
systethé}z“Pé(BWE% ates automatic configuration of a neRGI/ES2903/022835
controller on arbitrary process fluids and/ or process operating conditions.
The system includes a nmass flow controller 1000 and a conputer 800. The
mass fl ow controller 1000 includes a nenory 1002, a processor 1004, and the
vari ous conponents of the mass flow cant-rol l er 1006 illustrated and
described with respect to Fig. 1. The processor is coupled to the nenory
and may benFapReeiepefabin@boddRnt. ROMRr MordOthk RasCRSPAREBIS wall et Mass flow
controller. As described above, operation of a nmass flow control}er may be
i mpl enent 84 SYR\ ESPAIBROkssTYed aftergrodictionaf thesmess flowsantraller withetesifiuid cont r ol | er

150 is i oLV ; : I 100
Forther 100 Rbaai e IR of ARt HEIoRd Y B Sponlngd

conf i gur atonditionattizat is00 3ay; Heanase flow geritradlen mddn opératingofitht theeproeessflditl ow
controll e A r i C uter 800 includes a nenory
802, a’pr (%%0265} 6?&%8{21@%3%@?”'0“ " eveli&gé‘,lblgggatgﬁc POGrEM®810 stored in menory
802. The progrkshdikibe apptegiitesl that siteproce ssarf sonfigusing whrass ffovesontolle? thagn

processor , 80 ca out. various steps involved in _configuring a mass flow
control | e ?"él mgﬁip‘g‘ﬁ"ﬁﬁheo%e 89%?%@8 ' F?fﬁxamaﬁd?tms 5§ P&é@@ayo?fer ating
condi t i onsorfi@lied entiséle py a plogrann stbied in eémorSiagP Sx8ted Bl a pRCcésSorlFgs. 7b, 7e,
and 7f, etc.). It should be aoorgci ted that conputer 800 may be any of a
nunber of c?fB&fﬁ‘?ft?“r‘iEaSﬂBW%gc? T ‘?P“F’I‘?emaﬁstfl.owli‘i?ﬂ“‘ég?éﬁﬁﬁ?’é? conmput er 800
may beoa pebmetically 66ifiguted for cbetabion Rith Sbitrady Prabsks Aldd afiPripfiRessOr any ot her
conputing device capabl e of executing a program Furthernore, conputer 800
may be coRPRERNEFORGUAd comuni cate with the nass flow controller in any
nunber of way STk ¥eMRaktBmhtitCoratifomalilly 8X a58aHe irF%?gé&t b
connected_via a cabl e using ang r?dnb%r of stand cggrﬁr'rﬁ igg??{tgﬁﬁnet hods
i ncl udi ng beipg enacted primardsthyprupder shegartzol @f p spmpiter or pracessero Ampatiiaddri on,
serial pohloGRIHCadd Y @L rd B):
Al ternati\?eloi%lthe cor%ﬁé?gcre%’oﬁgé rﬁ%?/%éégd\l()m%b%l{é SS %%’%‘éccoﬁ%%ﬁ)r w th the
mass f1Sowlv8lYement|os pupendsien dhergrdingly, an srfometic ¢nafigwptiecifatmess fidvat t he
present  i.BRMNE! ®Bcribes B bnflghkibe ' t .of .eonputing device,
I nput devicce, conn%ctfon ngypel, gﬁ@%sgnnﬂ&%%g{i&geg%%%%%ﬁwgg’a;g%g%elssf ety of
types of d&idandionproerss operatingonditionsition dogsynoerquizemamehinvoivenshi. on et hods
may suita | Ry e i ment _of the present
i nventi on Eéo%{%%ﬁ%ﬁ(@ng)(g ta gr%ag%%@ %@o@% Jnﬁer%g conlgr%P 9fl a computer program 'is tosbe

considered an automatic configuration.

20 It should be appreciated that routine tasks such as connecting a mass flow controller
to a computer or processor, initiating the execution of a program, etc. are, in general, done
manually. However, such tasks are considered routine and may be part of an automatic '
configuration of a mass flow controller.

Fig. 14 illustrates a system that facilitates automatic configuration of a mass flow

25  controller on arbitrary process fluids and/or process operating conditions. The system
includes a mass flow controller 1000 and a computer 800.

The mass flow controller 1000 includes a memory 1002, a processor 1004, and the
various components of the mass flow controller 1006 illustrated and described with respect
to Fig. 1. The processor is coupled to the memory and may be connected to at least some of

30 -the components of the mass flow controller. As described above, operation of a mass flow
controller may be implemented under the control of a processor, such that the GLL |

‘controller 150 is implemented by the processor 1004. The mass flow controller 100 further



connected to the mass flow controller in order to configure the mass flow
controller on a process fluid and/or process operating conditq{ @naNThe?
progr am 8o ft8yofohsy) be executed on processor 804. Confiqguration input may
be provided to the input device 808. The configuration FGiU$20034822435c| ude,
but is not limted to, process fluid species information, 25 process
operating conditions, and/or other information relevant to the configuring
of the mass flow controller. The input device nay be any of a nunber of
devi ces capabl e of receiving informati’8n, including, but not linited to, a
keyboard oy f(g%pad interface software for receiving input froma nouse,
poi nter, etgldenrontiguration a1 3 alaipgrediring pae ductianroff ithyumass flow cozttcdled fil2
stored in 5B iVmdA07 1089 of the nmass flow controller. Fromthe
configuration data and configuration input, program 810 determ nes control
paranet ers for thseompyisr $000ncluden e msmosy 84% atprdcassor 806 pdreinmpdevite, aid ©f  t he

mass fl ow | 0 ' r .process operating
condi ti Ons}?x@%’ﬁfen@lg‘;sgog&a%ﬁ%% rréa)({/2 ' ?ﬁgﬁr(%)%’ll’ g“fﬁ& u‘@%rﬂ‘?%‘?i?“"ﬁé?‘éﬁ@@‘%‘? s to the
mass f | bw eseutedon proc¢syordD4,eemry dut FadoN sRH hvoNE RRBAHLHARE 34hass flow

PCTI US2003 -959- . Lfyin Xd.Sti control paraneters accordingly,
or by addi ‘é?g‘?ré'?i%??ﬂ %%glugggﬂrl]% ﬁrgf: Sﬁ%ﬂpgﬁg?)gf’@cffs&°E%B&ﬁ§%d§tﬁqnéw-%oﬁﬁpr oller. In
t hi s mannefl2 it feg. fastept bommdctrih Figk. 71 7¢rand PBetcgut omatical Iy configured for
operation with e ocess flui.d and/ or _process operating conditions. 5 1In
an alternative I{esrq]SSE{ M?reflﬁﬁeﬁb‘f’?cé’f”é’ﬁtq’ ﬁ&ﬂn@.’ beyany of paumbe of comBtBE Ry be

stored i ndaviseoknyovtidZheodrt. tHoe extipte, bd t&%b%&'bgﬁpé?ﬁua%ﬁ?er%ecmed on
e

processor ;1004 whi . al so be used to inplénen control |l er 150.

An i an d%k’/’if’e’ea%ggelﬂ%%% OF 21 PEYT EARRHIBS dees Fapahle efeequiing eprogmmenabl e

the mass fFaibiefiott,ldbipater $00 BRI éheeRA b SHF At 'cati.e'mﬁxtthalégs 81:?%' ngly, the
I'S auto

mass flow controller 10Q0 illustrated in Fig. 0¢C I gur abl e.

D. Physi cafon{ialsrdr RiyHRmber foyays Kepwnon Ahroarh dior axauepts, cofputérd0p nag dat

i nvent i on, cofR&tddGAaNt Sateeh ' he.flow of .flujd at ,
different inl et and out | et g%!rf%ggrtﬁ}r%é?Y%%ﬁ%?i%?ggnn%é%ag?@m\g{gﬁéi 'gc'tl'i“lr’rbg’ %Brf t Wo
conponent sBot{ifdted fo; cstandarp pargiel pert dorpusinationherialpotteomthubidyivanUsgiveREess ur e

drop. 15 BYermlpid C Ut i of .t hese conponents where the
effective di Sgﬁa@%’? of t dg%ig’l d\?é; rut%ﬁgm%%v&?evﬂf&?% g t he

ef fecti ve Wit amassnilaw cortrollpre Acpertiinglymitphdidd bngppreciatl ithat e passertned usi ng
the fol | ow,0&h ] aﬁﬁ 1129]} ﬁg ve _.the determnation of the
effective di sé‘@iﬁﬂ." of PAfart i) %?P%?W&F‘?% ‘iel)'fcﬁ’rml?‘}tl‘}?‘ﬂceﬁ FIREGURe on

type, or communication method, as a variety of types of computing devices, connection

types, and communication methods may suitably be used.

20 : According to one embodiment of the present invention, the computer 800 may be
connected to the mass flow controller in order to configure the mass flow controller on a
process fluid and/or process operating condition. The program 810 may then be executed
on processor 804. Configuration input may be provided to the input device 808. The
configuration input may include, but is not limited to, process fluid spec.ies information,

25  process operating conditions, and/or other information relevant to the conﬁguriné of the
mass flow controller. The input device may be any of a number of devices capable of
receiving information, including, but not limited to, a keyboard or keypad, interface
software for receiving input from a mouse, pointer, etc.

The program 810 may then obtain configuration data 1012 stored in memor‘y 1002

30  of the mass flow controller. From the configuration data and configuration input, program
810 determines control parameters for the mass flow controller that facilitate operation of
the mass flow controller with the process fluid and/or process operating conditions, The

- program 810 may then apply the control parameters to the mass flow controlier by either



a particular fluid enables the gain termassociated with the valve (e.g.,
gain termD) to be 20 determined, and thus the deternination 4f7 YA 28i n
term ass®tQ 20481234 1 the val ve actuator (e.g., gain tepor/@s0030Bedserring
to Fig. 16, allowng the upstreamor inlet pressure to be represented by Pl
and the downstream or outlet pressure to be represented by P2, then at a
mass flow rate represented by Q the valve-lift is represented by H, and

t he viscous effect alone reduces the 2% pressure fromPl to sone

i nternedi ate pressure P,,. The inviscid conpressible flow further reduces

‘the pressuicgiffingexisting dhesIFRMiRtRs dl‘f:@ﬂﬁiggﬂ?or%y JdeinE%ddi%{E%?Ew%l the viscous
pressure drop acrqgss the valve 170 based upon a physical nodel of viscous

flow of fIPATECKEIQEEasiEow septeqlicn | Inthis masner, ghegnass trolidrenay dkve seat
and the j efitofmatidaB§ @dnfiguhta ok Eﬁﬂ@ﬁwkﬂh%t}%c% : L&k, P! ates
(e.g., the displ agerrrtlelr%‘t'u of to:r\’e val ve 170) i%%‘?ﬁ%‘f%@“@gf‘}?&‘%% owi ng 30
equati on: cqnditionsN 2007 WD 2004/ 010234 PCTI US2003/ 022435 - 60- 3 p H= QRT
, 1. 654%10- 18 (i a3)altbnative = .ol 1), where: P1. P .. Pressure
upst ream and downst T egtﬁeoefr}bto lg%\l}ltg@%?dslﬁ??gaicséﬂteppsrﬁ?m%p"wg%“me w rate
(sccny; 5inmemarygOp2 of the masstilognequirblier@hd jopy bt exdrattha probexsaya 00 which t Wo

par al | el f fit) dth of e, flow path, wequals it O,
and 0 is t g%g@%ﬁ%ﬁg@@?ﬁleg@gﬁ%o oﬁgég{ﬂ 4ninputdayige 1008 gaphe " based
$|_oogb t hle taé@sle@ithmafeﬂo‘gc%mﬂaggeﬁaulmémgﬁsyﬂwc_dn&euala@reesie@&dnﬁg&iaﬁm ;154é033
(-1 or 11 Db ARG e R oy 2oyl Mo tutrted & Fag i baviamg. R).  nodel | ng
t he i nvi scomfigorabksur e drop across the valve 170 based upon a 15 physi cal
-nmodel of invisgid flow. of flujd through an orifice or jet provides r+1 | Q
L 5686x106 Pr Do ~z% -Sff’g V%‘V“Lfg‘ielmmi. |
According to another aspect of the present invention, Applicants have physically

modeled the flow of fluid at different inlet and outlet pressures as predominately consisting
of two components: the viscous pressure drop and the inviscid (dynamic) pressure drop.

15 By summing the contributions of each of these components where the effective
displacement of the valve for each component is equal, the effective displacement of the
valve may be empirically determined using the following methodology. As noted above,
the determination of the effective displacement of the valve at a particular fluid flow rate on
a particular fluid enables the gain term associated with the valve (e.g., gain term D) to be

20 determined, and thus the determination of the gain term associated with the valve actuator
(e.g., gain term C).

‘Referring to Fig. 16, allowing the upstream or inlet pressure to be represented by P,
and the downstream or outlet pressure to be represented by P,, then at a mass flow rate
~ represented by Q, the valve-lift is represented by H, and the viscous effect alone reduces the

25  pressure from P; to some intermediate pressure Py. The inviscid compressible flow further
reduces the pressure from an intermediate pressure Py to P,. Modeling the viscous pressure
drop across the valve 170 based upon a physical model of viscous flow of fluid between two
parallel plates (e.g., between the valve seat and the jet surface), the distance H between the

two parallel plates (e.g., the displacement of the valve 170) is provided by the following
30  equation:



(equation 2) for choked flow, and: 20 (L2+1') r-1 Q =1.2686x106 PZ 1 2Y

Pzo ~'~ -1 Ax.0-1 P=0) M Ti,o 2 (equation 3) for unchoked,f| g,mQUuy\,here
the flow we ob@iemdsif PZ 2y 25 Px.o Y + 1 (equation 4)P%T,g ﬁ@% 07 WO
2004/ 010234 PCT/ 1JS2003/ 022435 -61- and unchoked ot herwi'se. dPe Q =

flow t hrough the valve (sccm; A=7c o H = valve effective area (sq.
in,); 0O = dianeter of orifice 1640; 5 MH, = gas nol ecul ar weight (gmnol);
Px,0, = upstreamtotal pressure (torr); P2 = downstreamstatic pressure
(torr); ~T1,0 = gas tenperature (K); y@'ratio of specific heats. 10 From
t he above vi scous and inviscid equations, the effective displacenment (i.e.,
H of the val \ﬁs;ﬂﬁm Iﬂé'.rﬁgiillﬁ/( betz tfsi ned. Al though sonme of the units
used for the abeve ‘,J!E\’/Ls t?d ;1 1 oh's “appear to be different fromthose
used in the viscous calcudldtion, there are no dequatipelXifference between

t he equati ons ameret he unit conversion factors were already built into the
nuneri cal constants_in each equation. 15 To determ ne the effective

di spl acenent off e Piessupeupstreay apddpwnseameefshe widcowasurfacé (il rate to be Q
and the neasur ownstream pressure to be P1 and P2
respectively, gdmﬁ%g@?ﬁeﬁga{’ﬁ’e contribution of the velocity head to the
total pPressurel: dengiheofitriflow pathi(Bll ating the effective displacenent. of the
val ve 170 may | hod of cal culating the
effective di sp?gcdg&n%d;?l%lg@g %{Rggwﬁ%@eg?tsﬂgagfs% rmedi ate 20 pressure Px by
trial-and-errow;: thhbreadthnfthe flowpatly @squdier va) andss iothe thdari @imbRE §F t he Vi scous

plateau 1650, @ is equal to 0.040” based upon the tested valve;
u: dynamic viscosity. of the gas (centi-Poise);
10 T: Absolute temperature (deg. Rankine);

A

R: universal gas constant, 1545.33 (fi-Ibf/lb-mole-deg. R); and
R: gas constant (fi-1bf/Ibm-deg. R).

Modeliﬁg the inviscid pressure drop across the valve 170 based upon a

15 physical model of inviscid flow of fluid through an orifice or jet provides

Y+l

s (2
1.2686x10 Px.o{},+lj \/M.le,o

)

(equation 2)
for choked flow; and:

20
£.1.2686x10° P [ L ](;] 2y P.o|7 -1
4 = *\ Peo G-DM.T | P,
(équation 3)
for unchoked flow; where the flow is choked if
25 P., \r+l (equation 4)



flow theory (Hv, Eq. 1) and the inviscid theory (H, Egq. 2 or 3), ndi ng
sl

on whet | ow i s choked or not, (Eg. 4). Thus, if the #rt ate
pressurgﬁllbs-ztogg%l}%%?i mately twice the outlet pressure, d{GKER20§I 4350y be

assuned, and equation 2 is used for the inviscid conponent of the

cal cul ation, whereas if the inlet pressure is |less than approxi mtely tw ce
25 the outlet pressure, equation 3 is used for the inviscid conponent of
the calculation. For a given Q P l1-¢and P2, the correct Px is obtained
when Hv and H beconme equal to each other. Thus, the conputational schene

i nvol ves succesrﬁiumhdkfe@bﬂlbtvﬂﬁb bl WiKr@i n P, . The cal cul ation begins by
choosing Px tqg. b between P1 and P2. Then the viscous valve-lift
(Hv) and the @7 °§Vc “9 thgaelve fsecmki ) are calculated. If it is determ ned

that Hv is gr@@&@g.ghgaﬂveegg};tﬁg%@g% ;Ih)at there i s not enough
differential pressure for the viscous fl6Ww to deliver the required flow

than for the igivAiseer ef esificedé during the next iteration a sonewhat | ower

pressuye Px' wl L o ?m%ﬁ%ﬁﬁ@v%ht rrR ween the downstream pressure P2 and
the previous pressure P, ion continues until the two

cal cul at ed vaIRxe-ﬁupﬁtfemwtomhdreHurQXmm 1 7. JAN 2007 WD 2004/ 010234

PCT/ US2003/ 0234354 g% 0.0f{. each other. According to a further
aspect of the%grese eialr%qvéet% :}(r)e%su]r?(rsr, iterative process nay be perforned

in software. Wie—mtcvnpemuir@ﬁ{)perfor mng this iterative calculation may
readily be perf_or 20 Eag% ordinary skill in the art and inplenented on
a conputer. Aa'cor gﬂé hag upon the above nethod, the effective

di spl acenent (Hroxhhhe dhovavisdud Y inwiycid equitbey] fﬂe@ﬁgtuwmsﬁa&bneﬁtf@ &, pynber of
dlfferent lngaf?g As d| Hssed reV| ous|y, based upon enpirical testing

with a va? 8y e deadly fetgrmucd, Although somenf theamits used) fardherabore i ned
how t he flhaﬂctld Gdlailaﬁnmh;ﬁpebrttblb@ difRtent ﬁ@mﬁﬁbs@ u@etﬂfl the vﬁb@od&ﬁﬁul&a&%"tﬂé}eﬁ{]er
changes from one a& alant er, as it is primarily dom nate

speci fi c Haae g?i’F“g eFangs prtween dheeqyations and dhe. “Méwmlong’aoyors vace the nass

fl ow contdiehdyetuilt 8o the Aumecab 8RBtk i Qi'cﬁtegﬁn Whth a known fluid or gas, how
this ?aln cha%qse for other types of I's known. Further, the

fract Fonal fFEming ﬁhetﬁffef"l‘]‘@ dg@iﬁﬁerBe@fofﬂwe/a@,Lasmgtbt feasute@Gnass s known
to the memew kot B Qddthd BEashll up&l%a&xﬂgd\&ﬁahé?}é% A8 pl Bap et o1 m ne

this gain may be stored . in a nmenor mass ow con 100, and
t he fractieehsalvedoand pegipctingthe mntltlb\@og@fﬂw@emm tnaad toaha/&ta’hptelslﬁlt‘d;a 160 |s

et or m i EpOOallaifl ot Pt e SSRLREL e W 1 Rl WP ) ve. 170
and gas prxempleRsmghed pinalcylatipgthe nﬁ”eq}pazs dssphndnd'nors telestiinatealy inRRBERAtE N
il ow Sonreshrar qou e AR RE e bltyge o us o SR B acpr wni ch t he
mass fl OVﬂQ}’OWWIUI(HMEQLODathe inmistid sheloyy @) Edrak 8)) depending on whether the
flow is choked or not, (Eq. 4). Thus, if the intermediate pressure is approximately twice the
outlet pressure, choked flow may be assumed, and equation 2 is used for the inviscid
component of the calculation, whereas if the inlet pressure is less than approximately twice
25 the outlet pressure, equation 3 is used for the inviscid compohent of the calculation. For a
given Q, P1, and P2, the correct Px is obtained when Hv and Hi become equal to each other.
Thus, the computational scheme involves successive iteration to obtain Py. The calculation
begins by choosing Py to be mid-way between P; and P,. Then the viscous valve-lift (Hv)
and the inviscid valve-lift (Hi) are calculated. If it is determined that Hy is greater than Hi,
30  meaning that there is not enough differential pressure for the viscous flow to deliver the
required flow than for the inviscid flow, then during the next iteration a somewhat lower
pressure Py’ will be chosen, i.e., between the downstream pressure P, and the previous

pressure Px. The iteration continues until the two calculated valve-lift Hv and Hi come



According to a further aspect of the present invention, a method of
configuring a 20 nmass flow controller that has been tuned at upgeyAk reoym
condi t i ongoaomd/omtzh a known fluid or gas is provided t sed to
tune the mass flow controller to have a nearly |dent|ca?tr/‘}eg2%03ﬁg2é‘gon a
different fluid or gas, or with a different operating range that that wth
which it was tuned. As discussed above, mass flow controller 100 is
initially tuned on a known gas (for exanple, Nitrogen) with a known inlet
pressure and a known outl et 25 pressur@' For sinmplicity, one enbodi nent of

t he present, ?ntlon selects the known inlet pressure to be greater than
two at m)spYﬁ % i ek eothsnt Agrording o furtheraspeataf dhetpresehi invensien,¢ltis i on of

i nl et and i u i r.Sst,. use of

iniet and. 2“3"#?2?9%?2’22 e plory RO ARGR! ThE Rt B Bbe BsiBetet Shyei cal

nodel i ng &plchlgtonmay sadilycbe periprmed dsionp af drdinary sbillliy thetaeted imblemesiedieli t i ons
b S d,_this t

can be usea@oﬁu?ﬁt& h@ccbmdogﬁ bﬁjse&hgr o g?oqfe%%tho(& rﬁg'f;@qcb @Bpla%gr}%g%%@r 'eg) yhe

of operation ., a presdsure approxi ma
t ypi cab ofvatvhd7q :ebfocﬂetmreeufwrmacmdeadmn;beemﬂlﬁaaﬁsloantéer these conditions,

1 7 JAN 2007 2 S2003/ 022435 t he, gai n f the gas
path nmay be de}w d'g édop]fgwg‘él %rfg# ) ?l}%mwb‘ylfhf%‘ﬁ“e differsnbwy r ange)

( change fluids\oa kases, mppheahfs@mdeminmd towA\R fractimmthlldntPution OgthI%alﬁrAe(Sfat e this
sane massflow%lntr "x" with a new full-scale flow range, the

cl osed- | oop Garn oo ??Té:g?f’&g%ﬁ S %‘?fﬁ? Fﬁqtﬁ‘eéf“itdﬁplh‘ﬁvllbéomtbﬁ@q o change
as foll O\Ape i Heafof tivevigied gas Being asedX AMVA ! |

GfC v NZC%Wan 1(e gagtlo% 6) 10 mﬁgi?gowt%%ﬁ%gﬂeecggt?@ﬁp}daﬁctor "C
for gd g&ﬂ u“?of’r sho?‘h@lseﬂgtﬂ\ﬁémgqm@rpmrtyse%qur oxi mat e,

as there Ig8ised s ladehh ler tﬁ@ﬁé&x&ﬁwe&&lﬁu@n o?ﬂﬁgo 'ﬁot‘%ﬂe tfu%i Psgf hi s

tenperature, and the ratio of specif heat s wever,
15 addi t i dhiiowndp theimass Sow pentyyligr W@mﬁhamwawnmmlat @etdzrmuwelyxk gaihed. For

exanpl e, %§yWeistheed 159?&11{0 PofGhd fn9§s%hp&n9falléri§0 TP e HafbrSPRL G 100 vas

initially perforrred with Nitrogen a
of the gain C of the valve actuator 160 is effectlvely constant or known. Accordingly, what

15  remains is a way of determining how the fractional contribution of the gain D of the valve
170 and gas path changes for different gases and for different operating conditions, and how
to compensate for changes in the range of the mass flow. controlier 100 for a different fluid
or gas than that with which the mass flow controller 100 was initially calibrated.

According to a further aspect of the present invention, a method of configuring a

20  mass flow controller that has been tuned at under known conditions and with a known fluid
or gas is provided that may be used to tune the mass flow controller to have a nearly
identical response on a different fluid or gas, or with a different operating range that that
with which it was tuned. As discussed above, mass flow controller 100 is initially tuned on
a known gas (for example, Nitrogen) with a known inlet pressure and a known outlet

25 pressure. For simplicity, one embodiment of the present invention selects the known inlet
pressure to be greater than two atmospheres and the outlet pressure at ambient. This
selection of inlet and outlet pressure is advantageous for two reasons. First, use of inlet and
outlet pressures relating to-choked flow facilitate the physical modeling of the valve and
valve gas path, as only choked flow conditions can be used for the inviscid pressure drop

30 equations. Second, this type of operation (i.e., a pressure drop of approximately two

atmospheres) is typical of the type of operation used by end-users. Under these conditions,



the known fluid or gas, the value of this additional termranges from. 684
for Nitrogen and other diatonic gases, up to 0.726 for nonat ofti7cJAS0R,
and down%®2W@482834 or pol yatonmi c gases, then raised topthesihosionewer .
Thus, the difference fromN trogen is at npbst about 20 3.5% and may
ordinarily be neglected. To conpensate for the above change in gain with a
different gas and or different operating conditions than those used in
calibration,, the gain term G may be_ghanged by the inverse of the above
ratio to provide a constant closed-loop gain for the mass flow controller,
irrespective o i j : f operating conditions, and
irrespective o?hcsgﬁigogygge@agpét?ﬁﬁﬁggg%ﬁﬁégs&t hat is used. That is, if the

cl osed 25 | oop gain of the nass flow controller is A*B*C*D, then the gain

termGis set to a constant Jme 1/ (ASC*D) .t 0 proylde onst ant

cl osed-1o0op gain that is theg‘;s'}érre as @ a eﬁé‘%ﬁ@ﬂ'ﬁ%@”"@aﬁ‘?“b’r"ﬁ@ﬁ)on. E.
Force Valve Model 1 7 JAN 2007 WO 20@AdR2 0P adveRlon k) JBZR03hP a5 - 64- One
suitable force nodel will be described in connection with a valve using a
free floating plunger as illustrated in Fig. 10. The position of the
plunger # which is controlled by a bgg@asa 5f several forces. The first
force is a sprh_nﬁ forﬁg t hat atﬁéerrpts to restore the plunger to its reset
positidn. A secBRBCTRE HuSsame mass gy cpntpolienprgast X oyith a@ew filkscaledlowhi ch 5
attenpts tangeDHEclb&a-10dpBAAESS t f i LLJ er control of
the el ectrog?gﬂs,i. A third forgééﬁiysgfgwpﬁog{smzﬁg%?j g%é’lr??&%qagg%n\%gsn t he back
of the pl Jﬁ‘g%\‘s’ and the face of the plunger, over the jet orifice and

pl ateau, that attenpts to force the plunger toward (for forward flow

val ves) or away from (for reversed flow,valves) the jet. A fourth force is

a flow dependent gr essure diffrer enty+ et n_t he back, of the plunger and
the face of the 16_‘ﬁﬁﬂﬂ.ﬁéﬂ_"bﬁt_£| de tih 2[8_Vngpl t"é‘éWa’F@&e}Thi s effect can be

adequat el y cont r ol ¢/dcatmont Ne, | CfalgsilghmThe | mewggt 'hﬁq[gé rce on the plunger
S

depends on the val ve mechanics (Strdcture and = nafefial’s) (equétionGal ve drive
current, and the val ve displacenment. At zero pressure drop,. the

rel ati onship between drive current and di spl acement can be cal culated. This
can be done by 15 utilizi ng"rnhdnatcrevericctor ‘G fapgaswal val ve. It shoul d

be appreciated that the relati onghipoiRekIVGER tCUfigX.se_ current and
di spl acenent could also be calculated fromvalve©gain neasurenments at

speci fied flui d1F $ROXE equation is appoximaiseas thers irapddditional tdrm wichds b Ametion
i ve cur rerre PR M o i e YoV nf R A5 21
15 additional term is to the 0.4 power and can normally be neglected. For example, assuming
that the calibration of the mass flow controller 100 was initially pcrfonned with Nitrogen as
the known fluid or gas, the value of this additional term ranges from .684 for Nitrogen and
* other diatomic gases, up to 0.726 for monatomic gases, and down to 0.628 for polyatomic
gases, then raised to the 0.4 power. Thus, the difference from Nitrogen is at most about
20 3.5% and may ordinarily be neglected. To compensate for the above change in gain with a
different gas and or different operating conditions than those used in calibration,, the gain
term G may be changed by the inverse of the above ratio to provide a constant closed-loop
gain for the mass flow controller, irrespective of set point, irrespective of operating
conditions, and irrespective of the type of fluid or gas that is used. That is, if the closed-
25 loop gain of the mass flow controller is A*B*C*D, then the gain term G is set to a constant

time 1/(A*C*D) to provide a constant closed-loop gain that is the same as that used during
calibration.

E. Force Valve Model
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10 plunger outside the jet plateau area. This effect can be adequately controlled by the jet
design.

The magnetic force on the plunger depends on the valve mechanics (structure and
materials), the valve drive current, and the valve displacement. At zero pressure drop, the
relationship between drive current and displacement can be calculated. This can be done by

15 utilizing a magnetic model of a nominal valve. It should be appreciated that the relationship
between drive current and displacement could also be calculated from valve gain
measurements at specified fluid flows, or it could be measured directly by a laser
interferometer peering up through the jet.

At any given displacement and drive current, the derivative of magnetic force with

20 respect to drive current, dF/dL, can be calculated. This can calculated from a magnetic
model of 2 nominal valve,

Fg(p) is the force exerted on the plunger by a pressure drop p

Fm(d, 1) is the force exerted on the plunger by valve drive d at lift |

Fs(1) is the force exerted on the plunger by the spring at lift |

25 L = valve lift

D = valve drive required at zero pressure drop to provide lift L

Dd = small change in valve drive

D' = valve drive required at pressure drop P to provide lift L

P = pressure drop across the valye

30 Foragiven valve, we know (from a magnetic model of the valve):

Fm(D, L)

Fs(L)

At equilibrium and zero pressure drop, we have:
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Magnetpc forcep@a kg /v@nygpp! unger is a function of both valve drive and
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and spri nﬁfﬂé ahawsustto makelplusger pesitionl isdspandentofdt byonnrifig the valee drivey §éomG ven a
val ve geofeiti¥aiadtdh.Spring constant, a finite-elenment magnetic nodel of a
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_ 15 in the foregoing (e.g., displacement compensation as described in Figs. 9 and 13. In
particular, the pressure drop P may be determined from pressure measurements in the valve
environment. A pressure signal indicative of the pressure drop may be input to
displacement compensatidn block. The displacement compensation signal may be related to
Kp*P/ (dFm/dD). For instance, the displacement compensation signal may be a drive level
20 necessary to achieve the displacement as described in Kp*P / (dFm/dD). This displacement
compensation signal may then be added to a drive signal issued from a control loop in order
to compensate for pressure induced valve displacement.
For example, a mass flow control valve actuator or driver may receive a valve drive
signal D from the GLL controller, converts that to a desired current 1, then converts that
25 value to a required PWM setting. We need to calculate a corrected valve drive signal D' as
follows:
D' =D + Kp*(Pi-Po) / dF(D)
where:
Kbp is a valve drive attribute,
30 Pi is the inlet pressure,

Po is an assumed or measured outlet pressure, and

dF(D) is an arbitrary function of D, dFm/dD evaluated at D.
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the result, For both pairs, the flow sho ar ge ned by
t he sane rﬁd’b“é‘P"(’ YAYFHIV6: scous or inviscid flow). Wen this is true, the

val ve nodel W ldivedliawaivaRed ' suke near the sane extrene
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I nvi scjsd fsbﬂﬂﬁC&l&hﬁg%Q%&ﬁ‘ﬁlglfQEek/é?‘ﬁ?ﬁﬁlc?oerttﬁeos'p%g, 15 2. Set Kp = 0 in the

controller.

The intersection of the force vs. lift curve (for a given drive level) and the sprmé-
force vs. lift line gives us a nominal lift at that drive level. The intersections of several
force vs. lift curves (at different drive levels) and the spring-force vs. lift line gives us

~nominal lift as a function of drive, L(D).

20 By definition, dF(D) is the derivative of magnetic force on the valve plunger with
respect to valve drive D, given the fixed lift expected for valve drive D at zero pressure
drop.

For each of several drive levels, we can calculate the nominal lift L(D). For each
lift, the same finite-element magnetic model of the valve can give us a force vs. current

25  curve. dF(D) is simply the derivative of the force vs. current curve calculated for L(D),
evaluated at D.

Matched pairs of D and dF(D) can thus be tabulated for use by the controller.

For example, dF(D) may be a piecewise approximation to the behavior of the valve driver,
solenoid, and valve. One embodiment involves forming a piecewise-liner approximation

30  specified by (D, dF) value pairs. The set of point pairs may be stored in the mass flow
controller as the magnetic model of the valve. The point pairs may be indexed in order to

calculate a displacement compensation signal as described in the foregoing.
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15 2, Set Kp =0 in the controlier.

3. Cycle the inlet pressure and setpoint between the selected pairs of values at least 4 |
(preferably 10) times. Each time, record both the indicated inlet pressure Pi and

valve drive D signals, after flow stabilization, under both high and low inlet

pressure.
20 4. - Average the recorded values to give:
Pil = average indicated inlet pressure under low inlet pressure
Pi2 = average indicated inlet pressure under high inlet pressure
D1 = average valve drive D under low inlet pressure
D2 = average valve drive D under high inlet j)ressure
25 5. Define: |
Po = average outlet pressure during test, converted to same units as Pil and Pi2
6. Calculate:
Pdi =Pil - Po
Pd2 =Pi2 - Po
30 D0 =D1 - (D2-D1)*(Pi1-Po)/(Pi2-Pil)
. Kp =((D2-D1)/(P2-P1)) / dF(D0)

As such, K, must be tuned for each unit during production.
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‘This valve drive setting provides a calibration constant that can be used in conjunction with

20  the valve model to generate appropriate operational parameters for the device. To obtain a
satisfactory measurement, a good electronic pressure controller may be used to cycle the
pressure appropriately. Further, there may be some time and effort needed to develop force
vs. displacement vs. drive current curves for each valve configuration used.

In one embodiment, the calibration constant may be derived by measuring the valve

25  pedestal (the current it takes to just barely begin opening the valve) at two different inlet
pressures, and making the assumption (albeit false) that the actuator gain is a constant. The
valve pedestal adjustment, combined with the proper valve model, is a significant
improvement over other compensation methods.

According to another embodiment of the invention, a dead volume compensation

30  tuning process may be performed that also uses the pressure information (e.g., the pressure
signal). More particularly, the pressure signal may be used to adjust the gain in a GLL

controller to provide a constant gain. It is realized that pressure transients affect the
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determined from typical units, adjusting filter parameters to match up the leading edge,

20  freezing the parameters, adjusting other parameters to match the peak, freezing them, then
adjusting the remaining parameters to match the falling edge. At each step, for example,
various linear-least-squares fits may be used to adjust the parameters. Further, other
minimization algorithms are equally usable.

Also, dead volume compensation may be configured for each process gas. In this

25  embodiment, there is a gain adjustment that is part of the differentiator (e.g., differentiator
820 of Figure 8). Differentiator gain is equal to a gain constant divided by the ambient
temperature (€.g., in Kelvin), and the gain constant may be set (nominally) to the gain
requested by the tuning software described above, multiplied by the ambient temperature (in
Kelvin) when the tuning data was collected, divided by the conversion factor from the

30  tuning gas to the process gas.

1. If the unit is to operate over a wide temperature range, performance may be

improved at the ends of that range by selecting an overall gain proportional to 1/T, where T



gain = gO + kG * setpoint where kGis a small (relative to gQ) %‘QSZP@S
typi cal l W?%&ﬁ?ﬂﬁdﬁ% val ue. Assuming that | s setpoint is are 58

anal og of flowrate, this relation above. effectively r ®§FaB3003/422485i n as
a function of flowrate. Alternatively, the actual indicated flow rate may
be used instead. Further, other inprovenents may be made, including making
gain a nore conplex function of flowrate, or subtracting the false-flow
signal after linearizing the sensor. 570Response of the flow sensor also
varies with flow rate. For current hardware the 20 change is snall,

howevgr, si§ﬂlﬁahmiutbtm}p@mngrﬁesall;csﬂthpaﬁthilﬁﬂﬁﬁmﬁ_fﬂﬁhi@&% e BYa BN Tilter
cascade paganeters a functi of, either setpgint or ow rate. Vi ng
descri bed a]é &v e‘Irez{ prg?‘r%%%q%nﬁg’ B thesengors gsnerally, used agramass flowsansbisus

modi fi cations @nihé g spactivREas el inb@@féifld(vé}ﬁgdr'.rlfttﬁ’e%ﬁﬁq sdd §d, i n the
art. Such ..podifi c&itai ns and inprg\h}enents are intende tgﬁb%%dt%nian t he
scope of tHETRR\ER Iep e usk wes tsted withy the oyesell gai pegds topeadiisted pti on is by way
of exanpl eappropyiateBNH theSealtPis nbi HdRRER dc@3dinbil Mebd- invention is limted
only as defi ned ngt) heesgf ol owi ng cl_a(i:ms lg%,natehaeo&ga%pg% %’ﬁ%@nfﬂ’er eto. 9 7
JAN 2007 &Fuatly gaKgperfprmanee yorseghandowewld hiverbeemwithalit depdavofungw sensor

coupl ed t ocompbhddtich.f | ow path having an inlet side and an outlet side, the
fl ow sensor being adapted to provide a sensor output 5 signal indicative of
a sensed fluid %'&maﬁﬁmmngmspn&em thowgsporse ofthefibWwaenson MHofmdnse §GhS  Of :
measur i Ng. AeRHies sid flhuid 10 the flow.path, the pressure

cor r espondi %g to g%%?:fxe%lggfde& lrégfri}tgh%ﬁzfm SfﬁédﬁlFtSW%%E‘H?“%ﬁﬁﬂmP@esa
pressul@ si gnal4. Thy gaissefheifloy s¢mot die varias wite o ra8 Swittesainl 0 constructing a

false flow sig . nul at es. a  espons f the fl ow sensor due to the

pressure tr ans?@h{cgmgtrqac LR sﬁ?ﬁwg ﬂf’ﬁég@%n%ﬁ#%”%ﬂcﬁﬁ?hlshgwalevglag:gﬂbgn t he

fal se fIovmcgrnébymﬁkinglhedmhgqufﬁn@t@hafﬁ@w}w.mg{.m?}pg@gjf@ha% an act of
, e

filtering the pressure_si gFr'kaC(L‘)ik 15 3. The nmethod.of cllaim rein the
act of adjusting th8*SEEIorEQSHEPM nel udes an act of subtracting the

false flow si grvlerdfkGigatshRall SRREFHOE 100l RHE 1St SBak- g i od. of. claiml,
wherei . the act . of cortn??) rucfin tf?ceg(’% al _S(la I owfysnfe %ggk}aﬂge‘%‘%%?wg&a%an act
of del &yi ng P ReSFress WalpR oF f1eY) aaic, thig relationjaBove aiffeetivatyi reducss the paned i n

as a function of flow rate. Alternatively, the actual indicated flow rate may be used instead.

Further, other improvements may be made, including making gain a more complex
function of flow rate, or subtracting the false-flow signal after linearizing the sensor.

5. Response of the flow sensor also varies with flow rate. For current hardware the

20  change is small, however, so minor improvements in performance may be made by making
filter cascade parameters a function of either setpoint or flow rate.

Having described several embodiments of the invention in detail, various
modifications and improvements will readily occur to those skilled in the art. Such
modifications and improvements are intended to be within the scope of the invention.

25  Accordingly, the foregoing description is by way of example only, and is not intended as

limiting. The invention is limited only as defined by the following claims and the
equivalents thereto.



time with the sensor output signal. 5. The nethod of claim1l1, wherein the

act of constructing the false flow signal includes an act of
differentiating the pressure signal. 25 6. The nethod of cl 3'8”11% wherein
the act of constructing the false flow signal includes an act N 207 ¢ eri ng

the pressure signal with at |east one frjter, the at |least one filter
having a transfer function that enul ates a response of the flow sensor to
the pressure-transient. 30 1 7 JAN 2§04fm€2 7. The net hod of clai m6,
wherein the at |east one filter inclddes a plurality of 2"d- order filters
connected in series, and wherein an output fromeach of the plurality of

2"d dey fil | ed and d ' he fal se, flow signal .
5 8- A method oft 4 ERBORG AP RAENFGRIeR POAY RERMASAR B baler O

signal  pr&vinttedideyind ah batetsadts te o fnesk BetngBadab@W 16 pEdvidel d&enb@ cufpult | ow
information resulting fromthe fl ow sensor responding to flow changes
caused by peead indicative of aisenved flugd,Bow ghrpnglythe dlopy path.rignatbed comprisipaaeif i ng a
pressure ofr.a fluid in the flow path, the neasured pressure 10
corresponding to a pressure transient in the flow path; providing a
pressure signal messuriagpgmelsmg dfohd fheid e dedtosdparh cthe pre’sure comadpbhiding g a
false flow signal fromthe pressure signal; and subtracting the false flow
si gnal froMPE r%Eﬁ%sb‘fntbtbﬁ‘ﬁtﬂo"‘éP%} al to provide a flow signal indicative

of the fluid fl vidi‘n%&'ﬁregidﬂ& Etgﬁﬁtcﬁneép%nging% PRiMeRAuRl Haaeyol une
conpensation, the method conprising acts of: predicting a response of a
sensorl® o a fl u¢anstri¢tinigregfatse dloavisiged! that enhutatesa rgspqmsesbihe dlow sensdrelue i n a

fluid fl ow Sd a sensor output signal provided by the

ARE Bres R R YA |
sensor based oR the pr%d? cte 20 response to essentially renove fal se flow

i nfornation froajudimgikasasoraiitputtsighamatd on &2 falde MOWEhadf determining a
flowrate of a fluid flowwng in a conduit, conprising acts of: a) sensing

a flowrate of the fluid flowing in the conduit; 25 b) measuring a change

in pressurg of {RCHEIHAS LB N Burtel CothPfsi SO R Mt o fittBfing the pressure signal.
15
3. The method of claim 1, wherein the act of adjusting the sensor output includes

an act of subtracting the false flow signal from the sensor output signal.

4. The method of claim 1, wherein the act of constructing the false flow signal
20  includes an act of delaying the pressure signal such that it is substantially aligned in

time with the sensor output signal.

5. The method of claim 1, wherein the act of constructing the false flow signal
includes an act of differentiating the pressure signal.

25
6. The method of claim 1, wherein the act of constructing the false flow signal
includes an act of filtering the pressure signal with at least one filter, the at least one
filter having a transfer function that emulates a response of the flow sensor to the
pressure-transient.

30



change in pressure corresponding to a pressure transient; c) determning an
effect of the change in pressure on the flowrate of the fluid sensed by
act (a); and d) nodifying the sensed flowrate of the fluid based upon the
effect of the 30 change in pressure to deternine the flowtatdANof00T he
fluid flowng in the conduit. 1 7 JAN 207 73 11. A nethod of conpensating
for fluid pressure induced changes in the position of the controlled
portion of7a valNemethdd oreldia®, GPERIA i A0lcasione Hiter FRARKS b ?ﬁlrﬁit? bgsgure in
a val ve environnent, the neasured pressure corresponding to a pressure
transi ent ; oeptikers donnsctedpn seriagr andswhgrein apeutms flondéash of thetHeralityafi ed
pressure, o ESREGS b l-ied GRL Ch ALk RYpR SR BRETRAN sighyy! he control I ed
portion of "the valve based on the pPessure S|gné1, &n generating a
conpensation drive level to nove the controlled portion of the 10 val ve an
anount having an opposi e sign of and substantially equal in magnitude to
the calcubat edAdP%IEP e ving false Aloppinfsmation e\ ST S ment  of

the contr oblooficR B! il s ARIpKA 164 FovPparR RS e HISIERoR reduling B! N0

conprising acts o 15 predicting a pl acenent that a pressure transient
wi | | f or cefroinehe Ontvrsehdoedesppoding enflow changeb vaustd bypussirasadsients,ahe | east one
pressure neasurenent. of a valve environnment; and noving the controlled
portion of mteﬁ’é’d\?amém% APt er-act the predicted displacement. 20 13. A

flow meter conmpplegduiig adrédsGi STRITRAE irP@e Mlofpdil tBERStsukddpdsdukow in a fluid
flow path and to provide a sensor output signal indicative of the sensed

f1ui d FQ oweorgespensirg ioea pressyseitiensienaitelbe oWt pativeasure a pressure in a fluid
flow path 25 emld APl brdifle (8R! QW ARndiR i BRUhEBlAN sl ldh cat i ve of the
measur ed pressure, measur pressure Corresponding to a’ pressure
transi ent in theordstructihgfd falgefiivnsigadidroin deppessamtsignal;faniter to receive the
pressure signal and to constryct a fiallse |l ow signal related to the
pressure signal su tracting the false flow signal from the sensor output signal to provide a flow
signal indicative of the fluid flow in the fluid path.
15
9. A method of dead volume compensation, the method comprising acts of:
predicting a response of a sensor to a fluid filling a dead volume due to a
pressure transient in a fluid flow path; and
modifying a sensor output signal provided by the sensor based on the predicted

20 response to essentially remove false flow information from the sensor output signal.

10. A method of determining a flow rate of a fluid flowing in a conduit, comprising

acts of:
a) sensing a flow rate of the fluid flowing in the conduit;
25 b) measuring a change in pressure of the fluid flowing into the conduit, the

change in pressure corresponding to a pressure transient;

C) determining an effect of the change in pressure on the flow rate of the
fluid sensed by act (a); and

d) modifying the.sensed flow rate of the fluid based upon the effect of the

30 change in pressure to determine the flow rate of the fluid flowing in the conduit.



wherein the false flow signal is constructed to recreate false flow
information 30 resulting fromthe flow sensor response to a flow
fluctuation caused by the pressure transient. 1 7 JAN 2007 &4 iéAQWThe
flow meter of claim 13, wherein the conpensation filter incl a eg ansf er
function that enul ates a response of thg fl ow sensor to pressure transients
inthe flow path. 5 15. The flow neter of claim 13, wherein the false flow
signal is subtr : i A :

i gnal . 16 The f e S isfsa RETSCA A R ThALE Agbt Bt Badit O or o
recei ve t hihe semsuled pottpurt ofsi wphed, thendethbé cdrapsend baswsi gnal and to 10
provide a flow signal related.to tpe difference between the sensor output
signal and the MFEERE A PLTHSWE R4 valve pnvigngn, H’éf‘%?re‘gf’reﬁﬁué‘? m 16, wherein

t he conpensatesSihdidd fodf prefatesgaiicar;del ay bl ock that delays the pressure
signal to be substantially aligned in tine with the 15 response of the flow
sensor % o pr essproridinghpleanrs sigagl dowhnoailing it theda¢agyred psesgusr ovi des  a

del ayed prr%gse;é{ie 1sj gnal. 18. The flow neter of claim 17, wherein the
conpensat i ST I'TE¢r includes a differentiator to receive the del ayed

pressure si gnal caldiing £ displacdn et 6f the ebngoliedaitich dfthe 2olvel badinnke a
derivative of the delayed pressure signal to provide a derivative signal.
19. The f|PF@psHER Bgnadfand ai m 13, wherein the conpensation filter includes: a

differentiator BLE, atc%n{g%ﬁﬁti%ﬁ dRE IREESTHER tﬁ%g&?odleﬁff)oﬂﬁ}ne&frﬁl@e a

derivative of e préssure signal, and to provi erivative signal; and
25 at 1(eastalonan dmburerhahiagiangppodireanst aranfl ynlottandiallp dqyel @t magnitudaris ther m t he
derivative .signal.into a false flow signal indicative of false flow

i nformat | o?f‘l‘b‘g%@?g{s@@cwe‘lthe flow sensor in response to pressure
transients. 20. The flow nmeter of claim13, further conprising displacenent
conpensation 30 neans for receiving the pressure signal and for providing a
di spl acemetd. cofpretbed pOpreveritingdhe ineuémentiof thescogtrplied peartien of @ velyargenitoat e

for valve di spl acerrentt f a yal ve cou I gg{ .0t he flow path caused by the
pressure t PENY RS S?“beﬁfﬁle%%?o BB g%. Srﬂé flow neter of claim 20,
wher ei 15 t he di spleaiz@AE AldisptpRBAGhA prevaftStransient will force the controlled
portion of a valve to move based on at least one pressure measurement of a valve
environment; and
moving the controlled portion of the valve to counter-act the predicted
displacement.
20
13. A flow meter comprising:
a flow sensor adapted to sense fluid flow in a fluid flow path and to provide a
sensor output signal indicative of the sensed fluid flow;
a pressure transducer adapted to measure a pressure in a fluid flow path
25  environment and to provide a pressure signal indicative of the measured pressure, the
measured pressure corresponding to a pressure transient in the fluid flow path; and
a compensation filter to receive the pressure signal and to construct a false flow
signal related to the pressure signal,
wherein the false flow signal is constructed to recreate false flow information
30 resulting from the flow sensor response to a flow fluctuation caused by the pressure

transient.



conprises neans for calculating the displacenent conpensation signal based
on a force nodel of the valve. 5 22. The flow neter of claim 21, wherein
the force nodel of the valve includes a nagnetic nodel of the valve. 23.
The flow neter of claim?21l, wherein the force nodel of the valJaN B8 a 10
paranmeter that indicates a pressure gragient in the valve environnent. 24.
In a mass flow controller coupled to a flow path, the nass flow controller

having a eantrphe h@@%ét&%ﬂé@dlﬁglﬁwﬁlkﬁm B cB eﬁsaﬁ&mhrt&' inBludea ¥ sYE
actuator dnd a valve, a nethod ngqjl si ng ac? 15 neasuring a pressure

in a flow pactenethel emppisn R resrph@semef Hew sgrsesmressu@otrar@septsnduthngﬂw a
pressure tl; gpsient in the flow path environnment; providing a pressure

si gnal correspondl ng to the nmeasured pressure; constructing a false flow
signal to recreate false flowinformation resulting from a response of the

flow nmeter to the pressure transjent; 20 determ ning at |east one
conpensat i b#] ngﬁ‘a OW T rrlaimel 3 whereiny the falss Hewsignahig sublistsd frgm thee at

| east one &ggg} g@ﬂalstb%p@hdggﬂgu,es ptrol loop of the nmass flow
controller. e met ho f clai m ‘wherein the act of applying the at

| east one 25 corrpensatl on signal to the control loop includes an act of

applying t oW, Si . toc.the control |oop to conpensate for a
response o the %% %ett%rrc%%ga@lGC F EHBPH$8 ¢ | uid fl ow due to the

pressure transigqibtrad®dr toﬁé@eﬂ@tﬂk@énﬂfr ofilpat §TbrA anMiey fajse floesigedll afd to

determining the at |east one ensation signal includes determning a
di spl a%ﬁ?v%ﬁﬁm&gpﬂﬁe@teéﬁ%heq gricaen hayweasr the sepspyeutpeisignal andhapensat e
for a valv ﬁsgé‘l%m %F,ﬂtsnt due to the pressure transients. 1 7 JAN 2007 76
27. The rreth m 24, wherein the act of determning the at |east one
conpensation signal incl udes det erni ni ng a false flow signal and a

di spl acenent nsation signal. 28. The flow.ne of c¢laim13,
wherein the' fl o@‘% W mqter qfrs‘fiq?'ﬁ?glédwiz‘ﬁregl Wﬁ§9mPF‘Eﬁﬂ}‘°‘&§ﬁFrr‘6F]|“€?s a 4¢}®y rass
fl ow cont rgbéiethal &14yi&he FRENIE Sighl'to be substantially aligned in time with the

15 response of the flow sensor to pressure transients, and wherein the delay block provides

a delayed pressure signal.

18. The flow meter of claim 17, wherein the compensation filter includes a
differentiator to receive the delayed pressure signal, the differentiator being adapted to

20  determine a derivative of the delayed pressure signal to provide a derivative signal.

19.  The flow meter of claim 13, wherein the compensation filter includes:
a differentiator adapted to receive the pressure signal, to determine a derivative
of the pressure signal, and to provide a derivative signal; and
25 at least one filter having a transfer function adapted to transform the derivative
signal into a false flow signal indicative of false flow information generated by the flow

sensor in response to pressure transients.

20.  The flow meter of claim 13, further comprising displacement compensation
30  means for receiving the pressure signal and for providing a displacement compensation
signal indicating a drive level to compensate for valve displacement of a valve coupled

to the flow path caused by the pressure transient.



a controller coupled to the flow neter and adapted to provide a drive
signal based at least in part on the flow signal; 10 a val ve actuator
adapted to receive the drive signal fromthe controller; and alvalAne 2007
adapted to be controlled by the val ve actuator and coupled to the fluid
flow path. 29. The flow neter of claim+3, wherein the pressure transducer
nmeasures an inlet 15 pressure of the flow path and provides an inl et
pressure signal. 30. The flow nmeter of claim29, wherein the conpensation
filter has a transfer function that emul ates the response of the flow
sensor to Zi.ui driid faw heset dfichgmf200 mherehathg displaceinahtaionjpeassioneneadd 31. The
flow neter of claim 29 V\Qereln the false flow signal |s constructed to
recreate aCHTHIEES FICRRT fOnF F%&l%weéefﬁ%@ﬁ@ﬁw OmAeREtica fiedal it 82 2 £9rghal
resul ting frem ininlet pressure. 25 32. The flow neter of claim
28, wherein a flfow signal is determined by subtracting the false flow
signal Xromthe sensor output si gnal . 33. The flow nmeter of claim 13,

wherein thg, co atio fildter ncI udes i S e ensali on nmeans
that recei¥e th h %‘%’é’ﬂﬁ?%r %‘Jic aﬁvé' rp?l“b@’leg‘%rcgng’(%l gﬁ?ﬂhf é@g?ré ? Cfc??)?rpensati on
signal i ndllngg,{eltlwmggel af Ghe Wi Rvel evel to maintain a controlled portion of the

val ve substantially notionless in a pressure environnent of the valve. 1 7
JAN 2007 77 34. The flow neter of claim 33, wherein the displ acenent

comensati 00 i gflaholnadlfiethibty  WcAl] e i gBRlacl & fOTRRORALE Tor val ve

di spl aceneht’ resultrng $¥Fom pressare ressure environment
of thelval psambtesthat fﬁldﬁ:afelsa\lprmnﬁrgrmjlerﬁhmhn\&Bue eMv'ﬁbmhmtt he di spl acenent
conpensation signal is based in part on a force nodel of the valve. 36.
The fl ow neter of cl aim 35, wherein the force nodel of the valve includes a

magneti c "?Aga 1th§§ AN \5§ntfo11%e %plérchﬁ) d ﬂl&»’gﬁ‘iﬁt ik n?a{ss ?llow dOndsilei®lf N the

force nodel of t e val ve inc par anet er for east one pressure
dr op acr osscatim Valpviecludihg affhev frletan; avedngrollof, aozlamemptlmor\ahéaefakve;ehe

conpensation filter constructs the false 15 flow signal to recreate false
f1 ow i nf or REHCS§OMRESIPEIRS % om the 1 ow meter respondi ng

15 measuring a pressure in a flow path environment, the measured pressure
corresponding to a pressure transient in the flow path environment;
providing a pressure signal corresponding to the measured pressure;
constructing a false flow signal to recreate false flow information resulting from
a response of the flow meter to the pressure transient;
20 determining at least one compensation signal based on the false flow signal; and
applying the at least one compensation signal to the control loop of the mass

flow controller.

25. - The method of claim 24, wherein the act of applying the at least one
25  compensation signal to the control loop includes an act of applying the false flow signal
to the control loop to compensate for a response of the flow meter to fluctuations in

fluid flow due to the pressure transient.

26.  The method of claim 24, wherein the act of determining the at least one
30 compensation signal includes determining a displacement compensation signal
indicative of a drive level to compensate for a valve displacement due to the pressure

transients.



to pressure transients, and wherein the conpensation filter includes

di spl acenent conpensation neans to receive the pressure signal and to
provi de a displ acenent conpensation signal indicative of a13rbxg vel to
conpensate for val ve displacenment caused by a pressure change. 9. A
conput er readabl e nmedi um encoded w th agorogram for execution on a
processor of a flow controller, the program when executed on the processor
perform ng a nethod according to any one of clains 1-3, 4-7 and 25-27. 25
40. The flow nmeter of claim 13, wherein the conpensation filter includes a
plurality 2%f fThamethpdaf clagalt, wieinfthevnitofi detesminorptbe neldastionger i es, and
wherein a respecti ve.out\}ou o(fj each. of fIGe at | east wg f{ |ters are scal ed
and sunmedCTPENSH0R Stgng “ﬁ%‘[‘iﬁ Fermuping a fatse flapeighahanda disBRER Yt i on fil ter
further coigipenssion sigrdl.di fferentiator that is adapted to differentiate the
pressure signal, and which provides a differentiated signal to the
plurality of filters. 1 7 JAN 2007 78 42. The flow meter of claim 40,
wher ei n thﬁ.com?m&k\ﬁkﬁé?erfdflcia%l. 1&”%@% @9%&) RERr B indGhin! }}1611%55 Swpys the
pressure signal, and I ch provides a de ayed pressure si gné’l 5" the
plurality @htblléd eesnass v cohm@lisefuither @impiisitign 1, wherein the act of
constructing the fal ?e flow si gnal i ncl udes an act of. del aying the
pressure si gnal? Qiipllenegupied to dhestlpp mgteriand adanied Eeavidg a drivasiongk h t he
sensor out [ : .of claim43, wherein the act of
constructi%éﬁﬁég@g}ns%ﬂﬁ?%%gdﬁgpgﬂio further includes an act of

di fferldnti ati nge vdlee aetegsuadapiridgo adceivéShe dinee sigiah frdnothe cbatrotiedgndwher ei n
the act of constrycti the false flaw signal further includes an . act of
fivtering the ot et rdrbudl e Sanalestbh Be %% autitor 6] coupledif Toidarct noo
of cl ai m 4fyw rein the at least one filter includes a plurality of
2nd-order filters connected in series, and wherein an output from each of
the plurality of 2"a-order filters are scaled and sumed to provide the

false flo ignal . 447. The seth of claim46. wherein the act of adjusting
t he senso\r,\égzut Bﬁlfe flovms eers()%gadmglg” Sherest éhg tﬁ’f)ets?‘ggttriaﬁﬁdlicﬁremfé%ﬁugeé "B si gnal
fromtite sgesare sfthpfbwSiagald provides an inlet pressure signal.

30.  The flow meter of claim 29, wherein the compensation filter has a transfer
function that emulates the response of the flow sensor to fluid flow resulting from
changes in inlet pressure.

20
31.  The flow meter of claim 29, wherein the false flow signal is constructed to
recreate a false flow information component of the sensor output signal resulting from

changes in inlet pressure.

25 32, The flow meter of claim 28, wherein a flow signal is determined by subtracting

the false flow signal from the sensor output signal.

33.  The flow meter of claim 13, wherein the compensation filter includes
displacement compensation means that receive the pressure signal and provide a
30  displacement compensation signal indicative of a drive level to maintain a controlled

portion of the valve substantially motionless in a pressure environment of the valve.
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34.  The flow meter of claim 33, wherein the displacement compensation signal is
added to the drive signal to compensate for valve displacement resulting from pressure

gradients in the pressure environment of the valve.

35.  The flow meter of claim 33, wherein the displacement compensation signal is

based in part on a force model of the valve.

36. The flow meter of claim 35, wherein the force model of the valve includes a

magnetic model of the valve.

37. The flow meter of claim 35, wherein the force model of the valve includes a

parameter for at least one pressure drop across the valve.

38. The flow meter of claim 13, wherein the compensation filter constructs the false
flow signal to recreate false flow information resulting from the flow meter responding
to pressure transients, and wherein the compensation filter includes displacement

compensation means to receive the pressure signal and to provide a displacement

- compensation signal indicative of a drive level to compensate for valve displacement

caused by a pressure change.

39. A computer readable medium encoded with a program for execution on a
processor of a flow controller, the program, when executed on the processor performing

a method according to any one of claims 1-3, 4-7 and 25-27.

40. The flow meter of claim 13, wherein the compensation filter includes a plurality
of filters, at least two of which are connected in series, and wherein a respective output

of each of the at least two filters are scaled and summed.

41.  The flow meter of claim 40, wherein the compensation filter further comprises a
differentiator that is adapted to differentiate the pressure signal, and which provides a

differentiated signal to the plurality of filters.
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42.  The flow meter of claim 40, wherein the compensation filter further comprises a
delay that delays the pressure signal, and which provides a delayed pressure signal to

the plurality of filters.

43.  The method of claim 1, wherein the act of constructing the false flow signal
includes an act of delaying the pressure signal such that it is substantially aligned in

time with the sensor output signal.

44. - The method of claim 43, wherein the act of constructing the false flow signal

further includes an act of differentiating the pressure signal.

45.  The method of claim 44, wherein the act of constructing the false flow signal

further includes an act of filtering the pressure signal with at least one filter.

46. The method of claim 45, wherein the at least one filter includes a plurality of
2"order filters connected in series, and wherein an output from each of the plurality of

2"_order filters are scaled and summed to provide the false flow signal.

47. The method of claim 46, wherein the act of adjusting the sensor output includes

an act of subtracting the false flow signal from the sensor output signal.



