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i The ressure signals are processed by a DSP based
1nco%9%%§$%ﬁﬁ%y ?ﬁﬁ%ﬁ%qﬁe'quantified by a m croprocessor

and communi cated to the end-user via a PC based
graphi cal user interface or other display. The

differential ppgSREREUNSNGS THE hiwiNyI@TCcurate ow ng
to the dimensions of the TlTow restriction and pressure

Sﬁﬂéorp?@!EhEeSinﬁ@ﬂtﬂéﬁniiél@téssute neasurébehd iaf flow

the restriction region in order to generate a Iar%e
measdibienent i @hd prgssiirfdcalliivs maken zeenpiessurdE  Llow

differential increases the sensitivity and accuragy
aggr@%sﬁh%,fmmﬁré4pMMGYﬂh£m¢QEiﬁe&@ﬂh.aSAW@QSQFﬁyplca ly used

di mensions of these critical regions reduce the
in semiconductor manufacturing. The present invention allows

in

for the determination of a fluid flow rate Dbased on
differential pressure caused by a flow restriction. The
pressure signals are processed by a DSP based electronic
circuit, quantified by a microprocessor, and communicated to
the end-user via a PC based graphical user interface or other
display. The differential pressure sensor is highly accurate
owing to the dimensions of the flow restriction and pressure
sensor cavities, and permits pressure measurement in the
restriction region in order to generate a large differential
pressure. This maximized pressure differential increases the
sensitivity and accuracy of the final flow rate measurement.

Also, the dimensions of these critical regions reduce the
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surin ressive, |gh LRur fluids _at %Iatlvel

overd f|R£N F 8s. i ngCEhe Bta G ct JF&Sgfemen thrther
enha%%@nr% u8%78£'s’e3ﬁ%@i{1gl féegé%ﬁ g HI % %stp ntlal beneflt
ra ense ed

ecl sel y and accu dep05|

wherd hﬁeéggﬂi[’l t eag?@fé‘@sfxyéaat %qghs-?%l%g/ dflﬂgﬁgedaﬁ’\’a‘fc%ﬁatlvely

phot oresi s spin on diel ectri [yl m

1ow(§$5w(¥gge@md chem cal nechani cal polishing (CVP)
slurries, to nane a few. For exanple, in conventiona

appariaiisther meutifaapplbcatd ofsmicoed@itsot®, PRany different
processed are positioned beneath a suitable nozzle

fluitdsatmutste rbalispenisesd va apice detceermatredy ahimpehsetl leinguiddposited
or slurry to coat or treat the wafer. The

on phedetsebsitmedcanbeangi streaeaisedsorh plap cedlaesized water,

. tubing dianeters and other characteristics of the

photorgisd stont GPARen®! eiicl@eErCs nopodrini fes absitgloper and
annunt or. mass of fluid dep05|ted on the wafer.
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o SRR £ ity W R S L bificacions
see ST A B e R RS %ss»elg
that! erfé‘fgrﬁf =i Stgf%’%?t%ﬁgpx{x’&ﬁvﬁﬁ fgf %Egr EgEB%S’slurry

t he potentla ets o i qui om t

to B@é%' et 0 fudp andf allhront o t ﬁ%ewa%@édeggﬁhﬂlé’@e%mount is
bel ow the nozzle. This can destroy the pattern being

premi@eded A thgumaf eraydieqyi ri Rapthgt theamef&Fs be and  other
di scarded or reprocessed. In order to avoid the

charbertratiisai caf oflelakerilouis] deoptet smentt kevviezakent, not on
external suckback or

the absolute amount or mass of fluid deposited on the wafer.

Typically the wafer is then rotated to disperse the deposited

liguid evenly over the entire surface of the wafer. It is

readily apparent that the rate of dispensing and the amount of

liquid dispensed are critical in this process.

When fluid flow 1is stopped through the nozzle, such as
between wafer treatments, the potential exists for droplets of
liquid from the nozzle to form and fall onto the wafer
positioned below the nozzle. This can destroy the pattern
being formed on the wafer, requiring that the wafer be

discarded or reprocessed. In order to avoid the formation of

deleterious droplets on the nozzle, external suckback or
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val ves are commonly used. The latter such valves are
wo y@toaioy a dual pneumatical ly controlled val RET/psion3/022533
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stop/ NoZdbsck andl vhe ane heonmmli igsehe | T tAbERk F10m vailves

the di spense end or outlet _port of tq§ﬁ£02 le. This
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are typiCﬁMy leldhm Jprnvasina tdicepgiiet CYrhRat edrﬁ?apjprirngWith
at the port, but also helps prevent,_ dryin f -th
one va)lp*@ses;t@pzf%et]@qa Lhev) ioéfuijgl,q C‘hocgﬁel glé) Ztltg’e and the

cl oggi ng of the nozzle nd_red fl.w nt.am '
otherggr@mngomeetqueécsaw?ngrs? PEE g Ry T8 o eeet
00 mmin di aneter d. larger) .i r éygﬁi c
port dﬁftdﬁﬁbléﬁ@@ e@sueg@%%?sg{ héniﬁo?gfg%ﬁa?ﬁgpeeg o?roplet
je walel 1§ tipnahly Ysed,t uapraado trhel t
forma%ﬁgp!ﬁan Iﬁﬁi%ggﬁl t%g 2éﬁ¥e? of "t he maferowhergﬁ tpfgven
aryinfPRld §ic rAdlALY outvRsdllor tond heigdge, ofnthe uafeiead to
wever, this approach creates turbulent air flow
clogg2her diheyef g6z 204, cand resutési Alunévennoamhoatbdt o the
coatings. Reducing the spin speed with |arger wafers
outlefteduces the turbulence at the surface of the wafer,
but can introduce new problens. Wth the reduced
apeedodtiand laf damyes wedeoss (ehe -wafiho #BY &5 | Pprpter and
and thus spreading the fluid to the wafer edge_ before
1argegd1e 14 urdsbegineblema it uFSort WS RGeS HFT sefese: The
unps conventional |y have been used to_dispense
rotatiiapaldsspeed sehi EBAURESF ﬁﬁn&P&HF@FPﬁBagggr PRgnge spread

t1 ons.
However, the punps suitable f Li : .
che SERENED: Lo P TEe, S SELELET patclnRent i AT e: s

appljg(qg\??&jga a\r/%u‘lgé%l%gﬁ ecfoor’t:enewoe%gde ber dagl rapts 1o However,
this approach creates turbulent air flow over the wafer and can
result in uneven or nonuniform coatings. "Reducing the spin
speed with larger wafers reduccé the turbulence at the surface
of the wafer, but can introduce new problems. With the reduced
speed, the fluid moves across the wafer more slowly, and thus
spreading the fluid to the wafer edge before the fluid begins
to setup or dry becomes an issue.

Pumps conventionally have been used to dispense liquids in
semiconductor manufacturing operations. However, the pumps
suitable for such applications are expensive and require
frequent replacement due to excessive wear.

It therefore would be desirable to provide a valve system

that results in precise, reproducible dispensing of fluid
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that results in precise, reproducible dispensing of
fluid 3 WD 2004/010086 PCT/US2003/ 022533 wi thout the
w0 o00eQuiosg di sadvant ages. Such a val ve syst em PGHUs10d3/022533
~_not be affected by changes in fluid tenperature or
withen§ ectle off Qipaqisdm ALEREVAREILRFe. | PUEddi 8 0F2lYRe System

resent _invention has broader applicatian 0 _an
shou @uﬂﬂﬁboﬁ¥?oﬁf§%9F%ﬁ,i“ésﬁgépgﬁﬁy h%eﬁéiﬁfic%gﬁpeXature or
contraol of fluid flaowis desired o requir.ed. VVARY
cfe§RE TRE ITATERAREN THE probT e ot (N8 Ror oty Rdve bresent
inveggf noxggcggﬁaggrt?ﬁﬁ}fégéf@ﬁs'@36 &ofluﬂ@'&£htfol device,
provides a tlurd f neasuring and -~ proportiona
espe{ﬁré’lﬁ%f Lw coniral; deviger sJhe devich Lordwl s TdddiGed or
ow using a proportioning valve in response to a
requpt&gsure loss nmeasured in a flow restriction el ement.
Pressure is sensed at or near the inlet and at or
near the outlet of the restrictive flow elenent, and
the resulting pressure drop therebetween is converted
to a flow rate SUMMARY |QF (CHERIINYENTION ol | ed. The
pressure drop can be continually or continuously
nBhet predlemsd ohetbe pwiervanreshanriubaeedovercepeainy the
the desired flow rate. The control system has ,
presgppl ileawntion t oviich dBrA¥iiRg & wiHeld afdevofmeasuring and

propy ERitab bt ehetorng et e efer v e controns

£1 .apeigtor i nvol venent . Itigffers accyrate. and onse to a
U1 fepeatdbl B8 pRYf of metfc® I 2 Edst - &Frdcti v8 ang°t

presghgéIQEgs ﬁgggsgedrfﬁﬁgnghgg ?85%5%¥E%§%r§fém ﬁ@?hePressure

process vari atil ons. ererre di nent,

is s%?§%§2?QLPEP§SQEe§ﬁHr@ng%gpnﬁﬁegﬁngr ALLPWEHE ESQVELY of the
pressure [ oss - due to the
restrictive flow element, and the resulting pressure drop
therebetween is converted to a flow rate of the fluid being
controlled. The pressure drop can be continually or
continuously monitored, and one .or' more valves modulated to
obtain the desired flow rate. The control system has
applicability to fluids having a wide range of viscosities, it
being capable of accurately and repeatably dispensing such
fluids with minimal operator involvement. It offers accurate
and repeatable performance in a cost-effective and flexible
manner, responding quickly to real-time process variations. 1In
a preferred embodiment, the design of the pressure drop element

allows recovery of most of the pressure loss due to the

restrictive element.



restrictive elenment. 4 WD 2004/ 010086
PCT/ US2003/ 022533 Anot her enbodi nent of the present
WO pawe/01G0861 can i ncl ude a proportional flow val RET/NS20031022533

a fluid inlet and a fluid outlet; an actuator for

Saiithdy ogasédamalt féDwval peeteont ApdenbiPRgCaB; an01ude a

proportional flow valve; a restrictive flow el fluid
propoftaMimgl a fest r velige hidvinel ererfluiyi aniﬁFeta% d aa ui

restrictive flow elenent fluid out] et in ;%
outletconmami cattiwtonm ﬁﬁrsaﬁélﬁluPHOPﬁFEfo%ﬁ

proportional flow valve, trictiv
rodl e dreaPFROR (PSS i oS bt o E5raEICEive Fow

restrictive flow ele UId | n trigtdiveang
elemem¢oWaWéP§wéﬁtrFFEFaneYFe L% %g%ﬁ%%gngépggsd?gL1y and @
restrigﬁf$%|l i LIS n]fEP§8SQﬁﬁ: ensof; faRddd communication

hi cation MAt said upstream
. res nsar _and,sa 0 JBaMdH=8S SET &w SeRdee, said
with coﬁ?r ?Ié%lggnq%ﬁrkgég ggﬁirlse one or nore
restrf£g£§§39&§w QiEmeAt WL tEARPUt firdeadabldr arenetivessn said
set of conmputer readable instructions stored on
restr$at dvaners 0by s FergutEruid edddklre medor restaadtive flow
execut abl e by said one or nore processors. The set of
elemef®MRULEH beadabl eafanpebrpanspresaste ueenons; 2 downstream
executable to receive an upstream pressure signal, .
presshieeeisn sortonasd r eamriessiier signalomrdndcasien gy said
fluid flowrate based on said upstream pressure
upstrebgnalremstreaisenseEWRSIG e3ah hrdUERT er Y AT S S e Sensor-
anot her enbodi nent of the present invention_can s one
The domdtirgdd ex @@@lé@réaﬁﬁrP§mﬁ§l§eSSPeoPrcgﬂﬁﬁtBFOFSaaaEFé

i nstructions stored _gn one or. npre conput er_readab
or mABADrFEEPUERE éﬁé@é@gﬁlemﬁwogﬁf% oﬁ%cppg {of S Lemputer

nore
rocessors, id set, of
readable 1nstruc%?ons stored on said one or more computer

valve fozr

readable memories and executable by said one or more
processors. The set of computer readable can comprise
instructions executable to receive an upstream pressure signal;
receive a downstream pressure signal; and calculate a fluid
flow rate based on said upstream pressure signal and said
downstream pressure signal.

Yet another embodiment of the present invention can
include A device comprising a set of computer readable
instructions stored on one or more computer readable memories
and executable by sald one or more processors, said set of
computer readable instructions comprising instructions

executable to calculate a fluid flow and calculate an overall
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conmput er readabl e instructions conprising instructions
executable to calculate a fluid flow and cal cul ate an
wor@daldoss 5 WO 2004/ 010086 PCT/ US2003/ 022533 pE¢EN§M03/022533
val ve out put based on fuzzy logic. Yet another
chang&nhpdidmend Rftpufte bpseslent ifowent Logican include a
devi ce conprising a set of conputer readabl e

Jest rastions stdvatimmtoneor thit e RIGHRIter FEEHLIR  ©an
menories and executable by said one or more. . .4aple
includi ocassdesicsai gosprigindcomputtéit r €ddaiEP

i nstructions conprising instructions, execut t.o- :
instreatoulat ELAresuPa [ Ph1 BORRG COTPLPE: & oy prer Sy oS

change in val ve qut put based on f llagic. Theig £ of
and ablendhge St daPie 6ﬁih@?r%aﬁéééegggg%Vatedlbyse

conparin errar_ 1.0 first se nerer shi fstructions
Compu¥%ﬁcti6ﬁ%d?gqﬁener %%%ﬁ%ﬁﬁﬂiﬁ :uéoégr#uggi i nput's;

conparing a Ln_flewi@ate1b aatsecond seilaflate an
execuﬁﬁﬁggréﬁ%p ?%gc ?%%% fo generate a second set of

overa&fgzzg?gﬁggt Sy WRENGIN 8aeRufuzByséapwn f riamAvhe 1bigist.  The

Set O uzzy inputs and the second set of fuzzy ‘

overallljlplgh%rfg% %o&éﬁ@dou%ﬁh @ﬁ.l’li I‘hm.ltca:ﬂ&gﬂ@:&ﬁ bYut:hI,ﬂparlng
applying a set of rules to the first set of fuzzy

an edfPULS andrt het seeend fsetendfeiizzy fumitiono tgeseprarate 2
a set of fuzzy outputs, wherein each fuzzy output is

firsta%%gcb&tﬁﬁszthn@nteutpompdegneeaoﬁhﬂﬁG?h%na§§88iéﬁFﬁgto a
each fuzzy output with a discrete change in valve £ of

seconautset oal ueybarshix af et Edny theIverat thafgetfinset ©

val ve output based on the output degree truth .of
fuzzynﬁnmmtmnrwhgfetheeﬁ@?zfﬁﬁﬁﬂbu%%P%%dgr?ﬂe?%$%cr%ﬁ%e set of

cuzey henHeE RO 6CT SERPTURH S ERBbR mbA Lo rne o oieted
with.%L?ngéuLnégggégner %h ;a%;%ﬂﬁﬂ%gaQF set of rules to the
first set of fuzzy inputs and the second set of fuzzy inputs to
generate a set of fuzzy outputs, wherein each fuzzy output is
associated with an output degree of truth; associating each
fuzzy output with a discrete change in valve output value; and
calculating the overall change in valve output based on the
output degree of truth of one or more of the fuzzy outputs and
the discrete change in valve output value associated with each
of the one or more fuzzy outputs.

Embodiments of the present'invention provide an advantage
over prior art PID controllers,Abecause it can provide greater
stability.

Embodiments of the present invention provide an advantage
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over prior art PID controllers, because it can provide
greater stability. Enbodi nents of the present
WO pawe/01G0861 provi de an advantage 6 WO 2004/ 010P8BUS2003/022533
PCT/ US2003/ 022533 over prior art PID contro]lers,
over bprheseart €3R l@niged lover HSGUER et stAn gpe used over a
operating conditions because th fuzz éﬁ%%c can

greatRpgrahmel PReER CHht TR TR T2y Ryic can
t. BRIEF CRI PTI ON OF T
be. DY e Gy s (P BUSP GO RET T ngP Y hechient

restrictive flow el enent and proportional valve in
accordance wi th an enbodi ment of the present
i nvention; EhgpiepRsERIBTEORWEMHEE DRAGABRRNI I C

venturi i n =gccordance Wt an enpodt ment _of t he
p?f?ﬁf“é 1 nyenti QRrspe@4i§e3 vii2wd oF @ShdefidPnalc Micewg the
0 e concentric venturi of Figure 1; Figure 4 is
rest fl @gradn of oan acermt i £nd | stopbabhehaVentilive im accordance
accordance wi th anot her enbodi nent of the present
withi avestbemmertti guf eclfe isrererax plnoged ivnew of a
proportional valve in accordance with an enbodi nent _
ofitrheepr@sent i avemtiagranFi qut e % ioncyEEgect Vgturi  in
view of the valve of Figure 5 Figure 7 is a_ |
accordanse setth oral emhedi Nt afodiNg &F eﬁ@ﬁlﬁetlm’%‘itlpﬁé
valve of Figure 5; Figure 7A/is a Cross-s %
eﬁllﬁ\dﬁéd Yi evf of a%@?fsl 8RCtHP 2 he HoPhet Tof E?gu?%nc?entrlc
igure 8 is a side view of a nodified poppet in
Vent‘éﬁéo?@aﬁ%‘éur‘?m}h anot her enbodi nent of the present

pgggg%leio alg'cg Jgagwgaéaso% side view of amdified 1 venturi

in accordance with another embodiment of the present invention;

Figure 5 is an exploded view of a proportional valve in
accordance with an embodiment of the present invention;

Figure 6 is a perspective view of the valve of Figure 5;

Figure 7 is a cross-sectional view of a modified poppet
for the valve of Figure 5;

Figure 7A is a cross-sectional enlarged view of a portion
of the poppet of Figure 7;

Figure 8 is a side view of a modified poppet in accordance
with another embodiment of the present invention;

Figure 9 is a side view of a modified poppet in accordance
with still another embodiment of the present invention;

Figure 10 is a side view of a modified poppet in

accordance with yet another embodiment of the present



with still another enbodi nent of the present
invention; Figure 10' is a side view of a nodified
wEoEpe1008er accordance with yet anot her enbodi P&nUSWN3/022533
. the present 7 WO 2004/010086 PCT/ US2003/ 022533
invepRyention; Figure 11 is a graph of heat exchanger tube

inlet and _ outlet water tenperature and neasured f,l qw
r §E8UFR é%boﬂ&aﬁ%egrﬁpiw%ﬁghﬁﬁﬁ X iﬁﬁ%?]ﬁu?g &Hiet and

aph of heat exchanger_tube_ inl et ut.l et, wa
Outl%&nﬁ@?&ﬁure@ﬁﬁf%%ﬁ% r %éfpgﬁf?ﬁ & %Eggcggﬁ'aﬁgé g&n?ﬁdance
withFEQQH#feSﬁ-Figure 13 is a picture of an enbodi nent of

present invention illustrating flow restriction

eleUBRL, £F ORQr td ORiAgH Vot VBeaBNE RIRGISON E808YSHAML and
Figare 14 is a graph of flow rate versus tine in

out18¢Ca/danc e b dr fxar| 8nd OimebbgHe® ¥iows i@ aph @tcordance
flow rate versus pressure drop in accordance with

withExaeppbeel8d; Figure 16 is a graph of flow rate versus
2AP/p in accordance with Exanple 11; Figure 17 is a
gFdphref theieoef fpicente Cofversusnbkiieasti of the present
viscosity in accordance with Exanple 11; Figure 18 is
inveatgpaph ldfusticatbiods usSl evenpesaticteldm ehemerbanesorprhioning
Exanpl e 11; Figure 19 is a graph of flow rate versus
valvgregsdr elEEBFOPRCSatEBFETRNCe W th Exanple 11; Figure

20 is a flow chart of the contr systemin
Figure 14 %s a graph o? %Eowy rate versus time in

accordance with Example 10;
Figure 15 is a graph of flow rate versus pressure drop in
accordance with Example 11;

Figure 16 1is a graph of flow rate versus ZAP/p in

accordance with Example 11;

Figure 17 1is a graph of the coefficient C’ versus
kinematic viscosity in accordance with Example 11;

Figure 18 is a graph of “K” versus temperature in
accordance with Example 11;

Figure 19 is a graph of flow rate versus pressure drop in
accordance with Example 11;

Figure 20 is a flow chart of the control system in
accordance with the present invention;

Figure 21 is a block diagram of the signal processing and
control section of the electronics system in accordance with

the present invention;



accordance with the present invention; Figure 21 is a
bl ock di agram of the signal processing and contro
wa@eatioonsof the el ectronics system i n accor danP€T/Wb1003/022533

t he present invention; 8 WO 2004/010086 , ,

PCHLUS2003/ D22533eFigjptd op? ¢ Ehdeddaosyi ot tie fluld

theory relating fluid flowin a venturi to pressure d
flow dmop Yemserbetpi owassHreadraRd FIAFHSW FHdpsttales  Hd 2

Figures 23A and 23B illustrate enbodi ments of
fluidnppeeshipsS/ f 8AEti ons that can be used in cal cul ating

an overal l__change i Nal ve _aout put . | ;

BESEREPTIG & H%3%Réééﬁf%Fﬁ%ENﬁ“8\?$&r%rﬂ% F r Dpmpgrship

Fiqgure 1, there is_sh t i flo { n e in
funCtﬂngﬁogﬁagneﬁanf Iebuel d ?‘T%w%coﬁflr%%%{gl\ﬁ%e%sggﬁﬁ%gﬁ glllﬁﬂg
valveho% %ﬂ% 5 in accordance with a preferred enbodi nent of

the “présent invention. A fluid control device such as

a stepper notor actuated proportional valve 10 is

shown having a fluid inlet line 12 and a fluid outl et

l'i ne ggrd AtEn IDE Jta{1TTdNS peN FHE] PRESENE TNUENTION a

poi nt—of uSe, such as a substrate which can be a

wafreri fgnot i sdiownd . Figubkuild tbemeunicathom wipe fheid flow

fluid inlet line 12 is a restrictive flow elenment 15.
measRrieferatl yothporestna bt fveid | Hlhoel eaphroisdpyicg assembled

venturi as discussed in greater detail below. A first
in hquessurd $ensecoxdlangeh vadha PrEatfered afkhodepen of the

positioned at or near the inlei of the restrictive v er
presdritowieVerehPn15 to TEeHieCantrrst dFVesSurdichng® a® StCPP

second gressure sensor .25 such th@s.a nr.es

ur : .
motok r agkdneed pgolggécitﬁogﬁéd valv ar St hsehogﬁil lving a fluid

inlet 1line 12 and a fluid outlet 1line 13 for ultimate

dispensing of the liquid to a point of wuse, such as a
substrate which can be a wafer (not shown) . In fluid
communication with the fluid inlet line 12 is a restrictive
flow element 15. Preferably the restrictive flow element 15 is
a venturi as discussed in greater detail below. A first
pressure sensor 24 such as a pressure transducer is positioned
at or near the inlet of the restrictive flow element 15 to
sense a first pressure, and a second pressure sensor 25 such
as a pressure transducer is positioned at or near the outlet
of the restrictive flow element 15 to sense a second pressure.
Alternatively, a single differential pressure sensing device
could be used. The portion of the pressure sensor (s) that

contact the fluid is preferably made of an dinert material

9



of the restrictive flow elenent 15 to sense a second
pressure. Alternatively, a single differentia
w@r@3sunes sensi ng device could be used. The ppPeT/USIWODH22533

the pressure sensor(s) that contact the fluid is
(withprefsgreat ytandaeoffland nesedmirertilzg a2ppbcaddend16osd s

PCT/ US2003/ 022533 (with respect to the fluid used in
sapphihe.apind cRrPeANTreachres NeRPpFRd eOITvd BLB&SUELSHE the

. measured of a fluid stream the  first is a .

first s uPenepesBECRARL f |Af olt]aféeis?d&]éi oPTEREFFY f the fluid

.. inline, just prior t |.nduced ]

inling ck,wu%%ngaﬂp‘%anaot hE It EaBhERRh P! e 10w
taken at .t he oint of the in d

senscbhe Brdt shpe L b b ot n IR B o hlRen! e e

.. i nduyced.hby a d ' ' - i
p01nt-|-ho§ Stj}&qc%n JTI{%.géJeCO? Q3 rSeCiF gy, 1 n the fiued bgéﬁerred

[ gduced cross section causes the flul

mbod¥BLOG LY L0 heLease idyddi $sSagduedd ther ebyreduced
SO Euc ng t%ebﬁeﬂc’i pressmﬁe.SThe i nl et }gﬁd oﬁltel eliceof Fross

sectible id ediced1 GE@sginect i amiiss faidinl tyddesd goedssosastion
to recover the parasitic pressure |oss of the induced

cauself egsUrEl W dpveBOEi t@ tmj Dictyané fhetpiesserbidnopthsereby
recovered as the fluid line is expanded and the fluid

reducd@locthy rEbov@r prefsusedesi gine sinkebmaildy peféeket the

to as a venturi style, as long as the second pressure
redudeghsuresensecs iakar | eareliat by ydasigRedpsiontagpfto recover

constriction, in the throat of the device. This w./l|I
the Egliltaﬂ\iti@rpgﬁésﬁqﬁﬁi RORPpPEs St tRI4ERENPTaPSSFgndfope @
o eSS LDt STROG oDl 5 2L DSy e oRULd s 2une
Lo oHES: A B0 YERELTR PROE i ppion 1
commq%lhlgfnel[g eE’Pé’&'QobgsCQe%ﬁ@hH EE?&E,tgst Iﬂ%nt_:jl wizd t@Rd second
pressure measurement is taken immediately at the point of
constriction, in the throat of the device. This will allow
for the maximum pressure differential signal to be generated.
Other embodiments of the system could invoke a pressure drop
through the use of a métering orifice, a capillary, a series
of parallel capillaries, or porous media. Such restrictive
flow elements should be chemically inert to the fluid and can
be made of Teflon®, PFA, MFA, FEP, PVDF, and ultrahigh
molecular weight polyethylene. The pressure sensors in the
preéent embodiment include sapphire diaphragms, thin-film

piezoresistive pressure sSensors available from Tenzor LLC

(Basking Ridge, New Jersey) and SST diaphragm pressure Sensors
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be made of Teflon(r), PFA, MA, FEP, PVDF, and
ul trahi gh nol ecul ar wei ght pol yethyl ene. The pressure
w@e0801®s8é N t he present enbodi ment incl ude sapEhUsm®03/022533
di aphragns, thin-film piezoresistive pressure sensors
avaigyedilieabfeomr BHFFEn YoV 2EEEsOr BTGNP dde) Nev BERsHF) - 19A~
and SST diaphragn1gressure sensors 10 WO 2004/01008% i
701GHCT/ W33803/ §225B5°C a7 Vabl PFT O Lucd®® NoF&RSESor Chemical

Fremont,, CA). NBl - 19A- 701 it t [
con@%g%?g§g1p6 é%§%fe%®%engigﬁ Sconpa ibﬁﬁi?ﬁﬂﬁfﬁﬁﬂgﬁég%%re ot
semifclﬁlﬂﬂ?c dohppLhe :iaCéMlﬁcgd%ent?gmc%ﬁﬂglu%s‘?J .ceramic or

chi ps. u i 'con

er ‘enbodi nents co use ceram c or  Si

silitddD-Ehi M EL D Pl €AOLERLSIE RHGSS YR SENROT Sk d s yith a

protective barrier, or differential pressure sensors

protéctBRY bhekiBr, AdY OpDfféanat i ¥R ¥eepslivat Menkbrs of many
actuates the valve 10. An electronic board 16 is

fornunt @d propoLsitgad @alskowtUetgir €572 awtthales the valve
illustrate one enbodi nent of the restrictive flow

10. elAsmexitediSromi @domrbice i tpurieedries dmusding entdsorshown .
The elenment 15 has a fluid i'nlet 111 and a fluid
oUfilmptresi 2 8paeed f BomitlHaistyadte 11dne Thempodimentnl epf the
111 is in communication with a first inlet section

restriphigie §dbyt anteeanly donsiantacGuskngsct vhhh THee present

first inlet section 111A termnates at .a fi.r

. t .

Ve gent NEeCLFBATELTE (131 FapoPed Lolftsidi gnd a fluid

out OS2SR0, TS L1 ot COMEL OB 4 SBRLLLN 151 1o

in ng%ﬁﬁgﬁg ti880tkﬂﬂﬁ}11§:oﬁﬁ%%ﬁp.sﬂg#%gr section 111A of
cross-section, which inturnis in ui d

subs%%'ﬂ@i@&cly I@(Ehé’%&}h: t%§§l%ti101114; Of Tﬁgef}%gg{:u&hie‘e‘ section
first dive et t

. rgent section 115 tapers fromthe throa
11156 o ddds 80 hhatrit exRaBdgchevaedsibhuhd1guthat tapers

section 122 which is of
to a smaller cross-section as shown. The first convergent
section 111B is in fluid communication with a second convergent
section 111C of even smaller cross-section, which in turn is in
fluid communication with the throat 114 of the venturi. A
first divergent section 115 tapers from the throat section 114
so that it expands towards fluid outlet section 122 which is of
substantially constant cross-sesction and communicates with
outlet 112. A first pressure sensor cavity 117 housing a first
pressure sensor 24 (Figure 3) is in fluid communication with a
first pressure sensor tap 119 communicating with first inlet

section 111A, upstream of the venturi constriction. A second

pressure sensor cavity 120 housing second pressure sensor 25
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substantially constant cross"-section and comuni cat es
wth outlet 112. A first pressure sensor cavity 117
whousionysa first pressure sensor 24 (Figure 3pCT/BS1003/022533
~ fluid conmunication wwth a fjrst pressure sensor. ta
(Figua®e cdmmirfi cdfi n§LWieh FoTEInIGRtkon s@ditons§geRd pressure
upstream of _t he vent uri %onstriciion.EQ%sec

sens o) ] c n a ond tion 114,
B esdi@Pe sthsor CORTITY C258 Houd Mg selBhee pr eSSGFe

25 WO 2004/.01Q0086 P /0, 3
down%€$§%$e<§5 %ﬁe- c%qéﬁﬁié%lon.. r%%%%g% '@%%%oggve lengths

in cormuni cation mﬁth
thatpggﬁs%ki S?ﬂﬁ%{ éﬂﬂaléé ﬁoq%%ﬂ'%ﬂd'ﬁh&MFﬁﬁéﬂgﬂggs ranging
séecti on 4, ownstTeam of the constriction. Pressure

fromt@p%%hQ¥ﬁ d engihshed hat pgan ?%%@%u&éo@égsgg i@ Lrdthhed in
and have diameters rangi ng romO0.01 to 0.5 inches.

its BRGHRAESRUr& SRS by | $ekatiabned 126 dd$ 1espeeliede with O-
cavity by retainers 126 and is sealed with 0- rings
ringd2727Pr efrereinavie thicantistetefr tdfe thaatimymwssross section
section 114 is 0.7 or less of the major dianeter
114 1318.7Fbguiesd of|iist rmed-psr ahi aldteymadtlilve enbodi nent
of the restrictive flow el enent 15, wherein the
eFegemt |4 anllwdomrites cahl aglthonnel vy emmpadimgng dof the
inlet 111" is in fluid communication with convergent,
restrptetiveectilon 1ELAmenihi dF, namyegifsnsudden| elsgnent 1is  an

convergent inlet section 111B' due to the _tapered , .
eccepgFic THe tosiargentV s et secFibrd1iegeti d1iln Aiuiip fluid

conmuni,cation wth the venturi, throat 114 ' then ..
commiRGERRAER okt dISF T TARET oot Wut | B S | oht Ty hieh

that ul fi matel reac ui tl ' fir
narrBWSsssdlrdtéieglg‘ soer/O c%c\)/rlnf%fiefgé }Lﬂ%%gi ﬁgggli}ﬁr%% i\gr esszltl?r a0 the

tapeEEHSQElﬁn0t §H8m@$nb§régn{|EhﬂetcgggﬂﬁbﬁaHEQ@”Mﬂ§1fh fluid
I'r ap 119 h

st pressure sensor comruni cat | ng wt

commBAR¥eEgent wikhetheegbhelriliAroatipstteanyRich then diverges
outwardly in divergent outlet section 115’ that ultimately
reaches fluid outlet 1127. A first pressure sensor cavity 1177
housing a first pressure sensor (not shown) dis in fluid
communication with a first  pressure sensor tap 1197
communicating with convergent inlet section 111Ar, upstream of
the venturi constriction. A second pressure sensor cavity 1207
housing second pressure sensor (not shown) is in fluid
communication with second preséure sensor tap 1217
communicating with throat section 114’, downstream of the
constriction. Each pressure sensor is retained in its
respective cavity by retainers «nd is sealed with O-rings.

Fluid enters the device through the fluid inlet 12. Fluid
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the venturi constriction. A second pressure sensor
cavity 120" housing second pressure sensor (not

W@ bawi)ooss in fluid conmunication w th secondP@r/ES®03/e22533
sensor tap 121 connunicatkgf with throat_section

passda4 frafowider efihidf tHeletorst r leticonthEachl F esiitferiction
elem?%?gf){%'rivh%?&a: S atte: (0 athoS. FLLPH eRPGHioppeich
th . fl | F ,
conaSEHEe 1 6666 PeHUBEBY) 832535 pagé—”SEgP?%m]OZﬁn‘ﬁp??u-f&“d in
thlslgg@ffg% §% tﬁgefi&%N£§§Efi§{igﬁ 181 MRy WHere first

passes rough section |ch condi ti ons

presgﬁfef%@ﬂ%d¥w§4LFn Eﬁ%ﬂ%*%%ﬁﬁ&hféaﬂfghfthngH dﬂﬁﬁ%ssure

section of the ow restriction is neasured by a first

tap RAOSSMRG SERSOM] 24 idedt tbsl, COMRURheak@RdiReUgb B Figures
pressure tap 119 with the first section. In the

2 an@nodigmntrifi Figutess 2 ands8, coheerhehd ericerioma 111B and
first convergent section 111B and then a second

thencangergedt ceavkirgentl k€cthian ilidieades tinefdades the fluid
vel ocity and decreases the pressure of the fluid.

veloElbyd amat elesndesashr e 1pdesturhe @evitde whdvddthe Fluid
pressure of the fluid is nmeasured by a second

entepsesber &hwendorl 125 oh thﬁldevé@ﬁHWHﬁéatFBﬁ\Hﬂﬁ?%qﬁ? Of the

fluid in the throat 114 by a second pressure gﬁg
£luif] (% BRPESTERe RNr Gat SSEERROPIGITHE | FEUFOR mln ‘fluid

through a first djvergent. section 115. The . first
commaw@@géﬁp SEdt ohP%1 Olhénf ik ’?‘éﬁ%ﬁ d&étioh s second

presggggﬁ edé%%flgt%% <g|OUt é 859 %%QEO%? qytﬂﬁ% flow

ers th

elem%?%gog%#gggFgayakas@F dfééf%gﬁ%{ sB%E%BB'nglso Firgldr erirst

e proportioning e 10 i s shown having a
divergent section 115 of the flow element section is connected

to a fluid outlet 12.

Fluid from the outlet of flow restriction element 15
enters the proportioning valve at its inlet. Referring to
Figure 5, a suitable proportioning valve 10 is shown having a
path for fluid flow that includes an inlet 300, a valve poppet
302, a valve seat, and a fluid outlet 305. The valve poppet
302 is in contact with a depression in diaphragm 304 on one
end and a diaphragm 304A and %pring 305 seated in base 308 on
the other end. This 1s a normally closed valve. The poppet
302 restricts flow of fluid past the valve seat. A sensor
307 is positioned on sensor spacer 306 to determine the

“homing” position of the lead screw 310 of the stepper motor
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path for fluid flow that includes an inlet 300, a
val ve poppet 302, a valve seat, and a fluid outlet
wW@W4/0Ttees val ve poppet 302 is in contact vvithPGr/Uszoos/ozzsss
depression in di aphragm 304 on one_ end an
311. dieaphdiget 30BA £Advspra Ry %@5t§@a€éﬁlﬁnJﬁhégh%oﬁlBﬁd path,
the other end. This is a nornall cl ose

the SPERAT TSUB AV |Gt bL1 FeRREt { I BASERE neSodl pare 310-
t [ d
Movengiepbr Mo LTS SHGRIMGLboSrEPbRSST hG | ShasEEadle 204
f th t { 1 . .
e B L o B g iy
the Jalolgl d s'ena aii&nﬂn&akfow Efef§ﬁ§&p§£s@Eﬁé 341 W lskeat and

riving t | ead screw 310." Movenent of the

a rew 3Q di splaces ddiedi aRHAIME 34 send r34aional
pOppé@vgﬁgfthe poppet 302 froﬁ??%e seal ed position in the

dlreé%&&@ sead , 1ahhowichawf |:ew fctd uikbrpasiie t Aeaphlrugnseald the
and ‘poppet 302. Wien the stepper notor reverses

retufPt (?ﬂﬂﬁﬁ 3digr eeliispnackle khad dtapwraghsaci®sfram 3042,
t he di aphragm and the return spring 308 displaces the

movih apheagappdd4 andrdddaictniviengt tdie pbpfetuith in the flow
restrict the flowof fluid in the flow path. The

pathval Theactaiatd ngcheehang smechanhss dmpddienempgdgment is a
st epper ‘notor, but could also be a linear notor or

steprhemotiaohahiEal Caet@ataisC pReunat ild Edual8r OrvoPEe Other
coil, or other force actuators. The actuatin

meCh%%%%%hléﬁ?PétPﬁ'c@%%HWQEﬁﬁ(ﬁFtWﬁHqFﬁr%P%ﬁ%ché%rcor othex

whi ch t d t Lo th tyat
forc@eééaﬁéé‘é%gst e ﬁ”é?@?fiﬂiit”rﬁ%?ﬁ%n i

w:Ltht ﬁ %e%cbt I Jhalk al 1, %%t ' a%leé‘g)ogl?ge%tonﬁ@cantcge é’@IIﬂYeto the

nication

ensut es 0Sl1 ng t he val ve
actuyBbye; bsre%?ro'ﬂ@l % PhRetke §I‘8‘wt£‘§tépééﬁﬁo%ﬁk%rﬂdn the actual
opp05|
flow rate. In an alternative embodiment of the valve, the

stepper ensures the closing of the valve, the valve 1is
normally open, and the spring works in opposition to the
stepper.

Various poppet designs can be used depending upon
desired response, linearity and seal area. For example,
Figure 7 shows a standard Parker/Partek poppet 302 that has
been modified such that the cone 302A has a compound angle
(7.5 degrees and 16 degrees as shown in Figure 7A). The
compound angle makes the flow response with respect to the
poppet position more linear and thus easier to control.

Figure 8 shows a poppet 302" with a reduced diameter (relative
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stepper. Various poppet designs can be used depending
upon desired response, linearity and seal area. For
wex@apl®ss Figure 7 shows a standard Parker/ PaP€BKS2003/022533

poppet 302 that has been nodified such that the cone

to p&H@A ha82 aoforfiemue ahgl et tRe5sgadiass ifP 13 Yefr 6bamEer
as shown in Figure 7A). The conpound angle nekes the

303 fimpmsedspepee Wit CeIpest PeRYhdlgoppet pdkPei P reduce
more |inear and thus easier to _cont

. | ol. Fi 3

Vlbr%ﬂﬂmﬂbM V\D gogiﬂéﬁtoroegozgpcvjﬁqwsa raedﬂ‘@g&fr&%grretp@:p%%cgl §toi2ve that
. US2003/ 02253

lnChFileg%rTet;e/)cali“p?H@ s8RELRG z%né{a aiﬁ& }%%g#gg%%ag%r%l 304
. _i.nposed upon t . . .

aianqfBr SEPEnAtH ghFalo Bl oh’, PeRiqaEES 18 SROMES poppet

w A NElL t
302 %Q%%gﬁe%b4ggagegﬂgu?ﬁ?%ggkga}?PQrﬁJSQOHﬁéuﬁd'%ﬁﬂﬁkﬂ but a

i anet’e ow applications. Figure

large? SHOWS PORPEImet30R" ' fi¢ t hdy canshaniagianeanigss (N0 Most

compound angle) but a larger barrel dianeter for |ow
exisfi QW apmjo@ati onsi gibstpuexipt i ngalordof f tigh purditlize  a
valves that utilize a diaphragm poppet design can be
diapiiBsken o psOPordd Diryrby cauchbe pappid  todi propbicbhsnandy such
i ncorporating the final new assenbly wth an
popp@ppnopt fAtatachuator, amrbipriedding tie &tnaat oepvassembly
assenbly into a flow control systemwth a flow
withsansappropalisbbabictiaind , c8Acr dMbedgileg i@ tarFuator/valve
actuator/valve assenbly. Referring again to Figure 1,
assempivatorta7 a s Wohe@EF 10 FHETGR vBLED. Tach'OW Sensor,

pressure sensor 24, 2 o/ a, singl di tial
calcplatiefe SEUSi nﬁ%‘@%’ie)( {%gjrﬁ?l’l gg ; iggﬁ‘ggﬁnavé{ialhator/valve

assembly.

Referring again to Figure }, actuator 17 is connected to
the wvalve 10. Each pressure sensor 24, 25 (or a single
differential pressure sensing device) is in communication with
a computer processor or controler, such as a controller having
proportional, integral and derivative (PID) feedback components
or fuzzy logic control. Fuzzy logic control involves three
steps referred to as fuzzification, rule evaluation, and
defuzzification. Fuzzification is the process of quantifying
analog input variables, such as flow rate error and the
derivative of the flow rate with respect to time, into the
degrees to which a small set of.logical values 1is true. Rule
evaluation involves taking +the fuzzy input variables and

generating a set of fuzzy outputs based on a set of rules or
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a conputer processor or controler, such as a
control l er having proportional, integral and
waleruwaiosve (Pl D) feedback conmponents or fuzzpCT/0§1003/022533
control. Fuzzy logic contral involves three steps
conditebest ed Defmszifzzatieat ion theul BresaftiatioOuning the
defuzzification. Fuzzification is the process, of
raw fquat iorquwgths alffg}%gom%p@@mﬁ?f%ﬁlitaﬂol%ﬁés,t cPUERIE | offF afgSTem™
error and the erivative of .the flowr i . .
and meddwebtof oFREAE, LORES ﬁﬁ%mrﬁéggé%sdﬁ%FﬁéﬁéﬁymBgﬁﬁ punction
set of logical values is tr

with pR@IRFes 2P akitg Fhe %%QyoFﬁgngﬁéﬁia%¥2gg§§EQH) control 2

generating a set of f b
valve e S 1o B00aPHE OUBES T L2000, 000833 TheCbressuze
. ,.condi tions.__De i T [ [
i I SmsiTHHy T he Hr{gj\s\(/ﬂf%g%'l gﬁ% L)%?Ité@i@n?%&gﬁiﬁ%génpdog?%ae to the

cont LGN oufput cofPEoBYSE efmptk et Redvefi uEyzandl egileulates
ntrol is discussed in conjunction wth FlIGURE 20,

a prReke SHEH,OWMEsdmBYhBe tset i@ oant fdlbwa eVeahget orld> as
a heater. As each sensor 24, 25 sanples the pressure

discudsdd s irespgesaver f | abtall neheldw sendsAt heigaapl edrom the
data to the <controller. The controller conpares the

cont MAllees wakd abeuthaesprasprnessdrep di 8psaefoss the actuator

restrictive flow element 15 as discussed jn greater
17, detehl moeldwtes sthmafliidnreRErodoarlold etV b SEqrgnaly -

that pressure drop is sent to the actuator 17, which
Temperpdul e exnd Heliand td oo il €8r{80§&88Fd??@| fo made.

e, o "GOOl FRR G APER at e TATH ur rat & thend T £
pres STy SHERSHLEED FOET B0 Wl Bsciele pigsme ano
tempgf%su)?%?gffgg%xgng%&ljé{igsgglﬁg%\é'nﬁ)‘é%ley dipuhtedusell Boot rate
to a previously inputted set point flow rate and modulates the
proportioning valve to achieve the flow rate set point. The
controller can also total the total volume flowing through the
fluid flow control device from the beginning of the cycle, and
seals the valve when the total volume dispensed is equal to
the volume set point inputted by the end user. In another
embodiment, a flow rate set point is inputted as well as a
time value set point (instead of a total volume set point) .
The loop can be exercised until the time measured since the‘
start of dispense equals the set point inputted, and the valve

ig shut completely to complete the cycle.

A liquid compatible proportioning valve 10 provides flow
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proportioning valve to achieve the flow rate set
point. The <controller can also total the total vol une
wo b@mionysé hr ough the fluid flow control devi ceCT/DS2M03/022533
the begi nning of the cycle, and seals the valve when
rate tieltlgttalow obfintheli Eperd est TeamqualheoasEREPLY| GRESLEES ©F
point inputted by the end user. |n another
two TEDJEPERPTCRtEF olFavelEst 1hoiamd i§ Tt hs hel £ Ehe

as a tinme _value se oint (inpstead of.a total v
prefegmedh b HPPIimeRE. | & pé’é\qrvkﬁ(e\ Q ef i ?eadharﬁkinfaqrﬁe%#g%@pet

nmeasur.ed sjnce t . start of di e a h ;
StYlepoaﬁf’lFﬁpuif}F%ta, TR v%gﬁgggg%ut&%ngﬁgke%é% while

.., complete the_cycl i qul [ ti ofi

minitGH S 100 0 CHER Tl WP WS S004T 0g6gee e | CHhBg valve
diaphpgrin%szgﬁ%/oq\)zzéﬁé 8@ Rl ghionnfeddite f bl dche  poppet,

stteam “The assenbly consists of two main conmponents:

whicH ﬁo%@ié@eéotﬁgd ke aghkwatss ks posibtonpief enredifice.
enbodi nent, the valve 10 is a di aphragm and poppet

The $opetdevirceat hataed{idi eatdkerg@atrelks t(fleckbow ragle PV-10
whi'l'e mnimzing the pressure drop caused by the
valve/ahye. bEe viabderied apbr agosidel oiwt heoddxprcpegtanging of
novenment of the poppet, which nodulates the flowrate
the BYyoit scaiosi thoough an wydd | §dov Teagsoppet Efsgussed above
standard Parker/Partek (Tucson, AZ) PV-10 valve (Eas c
with bemf emsdide edot oF peevedle a0 -good-pr edni fPegFiment, @

the flow rate through a wide flow range, sogi scus
standgede St t HOPafer e??d”éqrﬁ‘alf}cﬁjrgga?-iﬁg IH?% )t e#rggg’ CA)

enbodi nent, a . standard % bai n_Perfor pmanc d. Th
HPM 81 Fos AU GUEP A R OR T FoRG, D Pronged:  The

oppet  modification sed, t aGFULQ diaphragms,
aCtu%fggi F&$ e%%%%niﬁlggﬁgrﬁg\%g%ent of the di aphr agms,p ¢
and tnegnc]?ee NGed h%oBB%E‘?t- lisehated f Eeant henyalwgRodgody, the
actuator in the preferred embodiment is a stepper motor from
EAD (Dover, NH), p/n LIMGE-10X03, and can be operated in
primary steps or with micro-stepping to provide more precise
movement of the diaphragm/poppet assembly. Other suitable
actuators include linear motors, voice coils, and pneumatic
styles.

FIGURE 21 illustrates one embodiment of a controller that
can calculate a flow rate for a liquid. In the embodiment of
FIGURE 21, the controller can include a central processing
unit 2100 and a digital signal processor 2102. Each of

central processing unit 2100 and digital signal processor 2102

can include or access computer readable memories (e.g., RAM,
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actuator in the preferred enbodinent is a stepper
nmotor from EAD (Dover, NH), p/n L1MGE-10X03, and can

Wheoospernsdséed in prinary steps or with m cro- sSPEpps1993/022533
to provide nore precise novenment of the
ROM, EPROM,agil acippetxasseabl yadOEidC s BT dg¥igat Grs other
i nclude linear notors, voice coils, and pne tig
compusey| eeadEbGeRReDrY| KishPates tdfe adifdodi r%&% gample of
controller th
FIGURE| @i d. Cﬁﬂtﬁfﬁgt enﬁ%?ﬁgﬁgﬁgugﬁlt’ls%? 3 Wz%‘?‘altl? F’f‘fé:%'é“"’% on-board

e et e
processing unjt 210 e -
on bQ%FéiﬁE%ﬁ%% g#BQCCeS%QQ%ngﬁ$;$f%%%ag%igx%éﬁ%f?gg%m%ﬂoﬁlash

memor%ga%ﬁ6 Eﬁ%@hégé§¥[%2gg%/Q&QQ§§W5§B¥fE¥QQ§£@QQ5§§stfﬁhkions

ernal magneti ¢ storage device or

2108 OL ggﬁgl;ltel‘tﬂa%adaé}&@ NBRBEYLKBOWN 0y t hehart Yespactive
t he"exanpl'e of FI GURE 21, central processing unit

proce%%%gncan agG63% 20N hoyrth1 FLABbeesOry 2102 ammhd central

I'gital signal processor 2102 can access on board

procellsASd 2406 fFach ehnFlashuneoaty 2164 aanstFidatd or custom
menory 2106 can store a set of conputer readable

intedMYdd Whritrsl 2008 and 2110, that are executabl e by

the respective processor. Digital signal processor

222 amthtomritlesl  cprocedspnglapledel0d CATRSEMNITCalfe™ ="
_ via a standard or custom interface control 2111. The
inputc BT ter TEFRiNEs S iTRMRRR AR PR Lir EX QB8 o SPetature

i nput i i
cons o aPGPaFSEeriir o Etdiher i or i Y5F OLL3 o PP
moto%uv{ljﬁmreofs pgtFear%ercggt Ig;itg{e;el VoqltcﬁLg:na&f bééﬁérgm t}_tﬂ%cessing
unit 2100, pressure sensor inputs 2114 and any other inputs or
outputs used for a particular implementation (e.g., analog and
digital outputs, diagnostic ports, etc.) .

In operation, the controller can use input eignals from
the individual pressure sensors and a temperature signal from
a thermistor to calculate the final flow rate of a liquid.
Alternatively, the output from a single differential pressure
sensor could be used to calculate the final flow. Each
pressure signal is processed via an analog to digital chip,
then the signal is amplified, and the resultant signal is fed
into digital signal processor 2102. This processor operates

at a higher frequency than the central processing unit 2100 to

allow for filtration of the pressure and temperature signals
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unit 2100, pressure sensor inputs 2114 and any ot her
i nputs or outputs used for a particular
WO ppien®sd ati on (e. g., anal og and digital outpCl/FS2003/022533
di agnostic ports, etc,). In operation, the controlle&
and ggrsuseOt npIPOsEgfal %l&f%ﬁww%% ARdAYi ddal t%?e§§HFEO Loop

cons3ipir TG BTG AL T B Yo e
ternativel the o t f dif f t

any pﬁ%&%ﬁ?@ou§e%%%ﬁs%ouﬁ%Pue u%gg]%gééggggla%e ?ﬂgnf:n gm the

systéh OWOEaggteglksi?u Pl QNFhy! S ogeﬁg&nﬁl?ee asangalo@ssure

€ signha

measﬁPgméﬁ§U|ta2%%fé§“f§ b%é%%q LALR dbghbéklﬁggn@&o pressure

processor 2 This processor operates at a higher

81gn£i§qUeﬂcﬁlfhéﬂehﬁﬁaQe§£é§§u9é0§§§ﬁhm91§ntheﬁlgﬁtéﬂned
allow for filtration of the pressure and tenperature

stgnaksl 180W0s2004/ 0h0086 1RCT/IS20R3 (2253 ctandsdaes08 to
not inpose a significant delay in the control |oop
calcukspense. Flowratdten dhasthe singnahecadibfenecessar ypressure
reduce any extraneous noise (fromthe pressure
measgeasent fanon the févsdewﬁm@er@kuéenaﬂﬁmmﬂiﬂﬂqnﬁm1Qﬁl%ﬁnces
more precise pressure neasurement. This is usefu
the wrssouifar fAginrgo phes sipes iy gnang. E@edﬂf%%?‘éﬁ%?.‘él of the
pressure signal is then abtained. Ce tr% ocessi g
Fluifin (PREOD SRBATES THE! kT bIAr BI0EOF o tPgalicifitat 708+  The
flow rate based on the differenti re
AL £ R RE GhorbL SR The T ¢ dipePaLET o S omperACIAEeT tO 3
i nfluenc r ure rea e
orely ALbHEN %‘iofw FReY TS Rt e ORI WIS, e

ca1iBtatlienl | Il £, aasen%kfter&mﬁé BEESIUEE Sl:GRAlsiichs of
not e corre atedtoa prelmnary low rate via a

the @ﬂ%lboﬁﬁﬁgr%ﬂhﬂQrQMéNBﬂﬂéﬁﬁioﬁB“bf the restrictive region,
and the response of the pressure sensor. There is a single
curve per flow control system. The curve has been normalized
for a model fluid. The resultant preliminary flow rate is
further modified by the density and viscosity of the fluid at
the measured temperature. Such stored data correlates the
dependence of density and viscosity with temperature for the
measured fluid. In a preferred embodiment, density and
viscosity as a function of temperature for multiple liquids is
stored as data either in tabular form or as mathematical
functions. The preferred embodiﬁent utilizes a microprocessor

from Motorola p/n MC68HC912DG128 (Shaumberg, IL) for the final

calculations. The final flow rate for the fluid of interest is
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calibration curve is dependent on the absolute
di mensions of the fluid flow path, the dinensions of
WO b@4/0e®86 i cti ve region, and the response of PEEUS2003/022533
pressure sensor. There is a single curve per flow
then aonkrol system The curve has been nornalized for a
nodel fluid. The resultant prelimnary fIOM/ere IS dabl
fitir t BbPuABdip¢ ech e d héhfdns iy 18nd tOPscOSTRY BF theddadbie
fluid at the nmeasured tenperature. Such stored data
instroehEena: e RSO ORI ST ehiia IS 41 CRaT ( pRecuted
W th tenperature for, _the, asured fluid. .Ln
by m%%ﬁ%ﬂ%%wﬁFQﬁﬁﬁﬁﬁ?ﬁﬁnFh%eHEgF§u8ﬁb°n§iSégspfyé;?ﬁfd on one
function of tenperature for .nult] I qULAS+LS b
or m%?eor%@“%gtﬁlét 5%%"@% ?nr? Oéfﬁl%éarér?%?brr% orgggs _ y one of
more{ﬁ%%%%?%éf@!. Funetions - .The prefherd edeenbediv®idod by one

es a mcroprocessor  from Mdtorola p/n

of %ﬁ%ﬁ%y%ﬁl(s@"b%% ld)t for thhe fddi@uter readable

ions. The final flowrate for the fluid of

instriddiergs! bsn 58 WRZ2Q04M (00865 PebrtGaees/ 022588 rd hend/or
noted. It should be noted that while the computer

hardW=8@dable instructions are stored between nultiple
menori es and executed by multiple processors, the
iFISIURECt i20ns ieanabef owor echant onel Lustt nagriert oppuifdow  rate
readabl e nenories and be executed by one or ,nore

compuiradriassor sIn Fanehemecémeas Wiul b e imtlst HBYByigRe the

of ordinary skill in the art, the conputer readable .
methadekadictvbIELGHRE 540 | WPF cREnPREr 48T SORE whY e S FrPmiaPe Vi Eh

and/or hardware. FIGURE 20 is a fIOﬁ&char

t :
one  pF| JaI¥at PAECESFPS r AP EHpUE GBSl niohe Botions that

e GPRGLLTOIN S LISERLEROTL AYEIL | dincthe (BERIOUGKERY o
FLASH, magnetic storage, or other computer readable memory
known in the art). The controller, at step 2002, can read a
temperature (e.g., through temperature input 2112 of FIGURE
21) . At step 2004, the controller can access temperature
verses sensor tables to calculate a temperature offset. At
step 2006, the controller ca: read pressure signals (e.g.,
through pressure sensor inputs 2114 of FIGURE 21) and, at step
2008, correct the pressure signals for the temperature offset.
The controller can then calculate P1l, P2 and the difference in
pressures based on the pressure signals and algorithms
associated with each pressure sensor (step 2010).

At step 2012, the controller can calculate an initial

flow rate based on the pressure differential and correlate it
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one or nore processors, conputer readable instr [
that are stored on a conputer readable nennr; ?gfb?ns
WORRNY/ORORE FLASH, magnetic storage, or other B@rm&mel’:/ozzsw
readabl e nenory known in the art) . The controller
to a éﬁef&ﬁ%hé%&ﬁﬁl&@ﬂra@@dv@a bepper abaded( eagibrekigtglFurve.
enperature input 2112 of FIGURE 21). At step 2004
The ddEISOMTIO | esutan aceessbeenpepandedt veRsed endbisolute
tables to calculate a tenperature offset, At  step
dimen20§6s e cnstrolhkd cflow medd, pr 886ur e1AFRYRAPES of the

(e.g., through pressure sensor inputs 2114
restriﬂ@i@mdre@ioste@ndZG@g,nﬁﬁQQRﬁet%g E?%SQE?Eggngggggor'

for the tenperature offset. he cont.rol
There caboubat @ Rﬂnq$?aﬁHrYﬁepﬁFfF£F@h6§qﬁfo%sé égggghe&n the

based on the pressure signals .and al gori ;
PrefenfgécgﬁfEH“WEﬁﬁﬁeag epr88§ﬁ?e %%%s%fgastégggﬁ%éf?dAtfor >
step, , e controller.c al te iy
mOdelfﬁéwlfate %égéﬁl%%aig%’pggsgﬁ¥%)d??%%%eﬁ??&dgggfﬂller e
. correlate it 2004/ 6, RCTA US28034 022583 erix0i t
modify @Iﬁﬁﬁ%&?&'%$%¥§1atéav$%95§p?§-l%adggQCgPibra??%ﬁnl ’
The é%#@é%lleyhejﬁ§|é@é@tg@@4gu&%ﬁlQﬁﬂﬂhﬁ:débéndéww arattchebased
bsolute” "dimensions of the fluid flow path, the
the fAIENSiQNS-9f1bhgribBSt aidumreegi om, fandlt Hdow rate. At
response of the pressure sensor. There can be a
step IO e eHEVeperdllew coatr detsystam hew t pech to correct
preferred enbodi nent, the curve has been nornalized
the f1ofw arat@dehsébuiod. aAdsiet | paahfy, Basest &f 2072 capgulation
controller can nodify the initial fl % rate based
of fybscasitle; ahbedemsitielleame @&ﬂ??ﬁ@e%,%% SPRp FofH e @
. can adjust the flow rate based the flowrate ’
signadalticdhraatiivet t2o vl ate a final flow rate. At

2016, the controller can determ ne how. h Cstep
The calculation of how much RE g&ﬁﬂyg {Re COfL18d  can

involve fuzzy logic. The application of fuzzy logic involves
three steps, fuzzification, rule evaluation and
defuzzification. Fuzzification 1is the process of gquantizing

input variables into the degree to which a small set of
logical values is true. According to one embodiment of the
present invention, a variable related to a flow rate and
variable related with the change in flow rate over time can be
compared to membership functions to determine a degree of
truth for each membership function.

As an example, the contrcller can compare the flow
rate error and change in flow over time (dF/dt) to membership

functions. The flow rate error and dF/dt can be calculated in
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the flow rate based on a set point. Based on the
calculation of flowrate, the controller, at step

wQ@omd/oemwse generate a signal to adjust a val vePCTg2003/022533
cal cul ati on of how nmuch to adjust the valve can
any mdiehyechoay ibogtlee Bime .apfild carion sfar uzgy diggided into
i nvol ves three steps, fuzzification, rule evaluatio
threcakdtedefizzi iNegmttiions, Fiere fdedt PORLIEdVERe [T e%@b%$iment

quantizing input variables into the degree to ich
of themablbeesich MMgitdans, ARETEOR rifb. L WLt o {5 ORECURE

o SRty Do iiErids ettt v
nenbeyehng: SHHBEYUTE! | O 4 o-bet T e a RETc 0 GTR = 7
Functggit FON & Clart FoMRT & Te Tion TATE orror o chonge
gt PO S eecsbge o oseins

Stea%ea%%ﬁgﬁgggigg/ US20@r0 2253 31 1 Pyt reaterer tkaowembrrship

_ e error can be divided into three

funci%wofbﬁs NYegat | varederantentbasd t i veln OREGERBoR Ient 1ine
of the nenbership functions for error is illustrated

2308 | Pefh BB s 23A.dddrdd GURE @B/t | | héne302 1ep? esbagdy dAF/dE
the negative error nenbership function, 2304 the

and mgﬂgrgblzeﬁn1einoreaembgr§ﬁV@t-funéFi@ﬁoﬁﬁé‘i§B6n?E%d that
positive error menbership_function, The dEé t is also.

the ?embdedblptdumhte@nﬁatégoFI@@RE%bE?@a§VHb,2 éggﬁaygﬁﬁglded
ncreasing. FIGURE 233 illustrates the nber s

by whynofi cmanfwre t pekE PRAed AR E R gg‘ﬁ?fi)h%‘gsﬁake any

shaplg,lt ggdylzgg/s@{r:gcpag:esgn %d%m%%%rsea%ifngt%@ dtprelsje'ilﬁ: 231 htion,
additional or fewer membership functions can be defined for
each variable.

The error value and dF/dt can be compared to the
membership functions to determine a degree of truth. For
example, 1if the wvalue of the error is at point 2314, the
degree of truth for each error .membership function would be as
follows: Negative 0%, Zero 90% and Pogitive 10%. Similarly,
if dF/dt was at point 2316, the degree of truth for each dF/dt

membership function would be: Decreasing 0%, Steady 80% and

Increasing 20%. Thug, the fuzzification process determines
how true a state is for a given input variable. Other inputs
include for example, temperature, rate of change of

temperature, pressure, rate of change of pressure or any other
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and line 2312 an increasing dF/dt. It should be noted
that the nmenbership functions in FI GURES 23A and 23B
wae®@4p1sé ded by way of exanple only and the PCT/US2003/022533
menbershi p functions take any shape. In other _
variahisdi tient scah bhetpraséatednvention, ragadrrrdra chpnge in
fewer nenbership functions can be defined for each
flow weatieabl e. The error value and dF/ dt can be conpared to

the nmenbership functions to determ ne a degr of .
(hukes reralexaiple, IRYOLTRS vAialeE tthe tj}‘%o%eurzfyat inputs
poi nt 2314, the ree of truth for each er , . 5
(e.9 menbesehly S ucr i %upg%e %%Sl ol g o%@:“l\le%%%jf%aesjolalg 0%,
er9 90% Positive 10%, Sinil arl .t dF/ d Fatg
steadigl ROTo3TR TNCTAUIES of 'k r BER PPeRangR gy pot Of% Fuzey
nenber shi gL ion ul e: dpeieariflg 0% Steady present
OUtplé%‘f% and n{:r e_aslillqowg %% g?%us, the fuzzification P
inveR PGESSLAET e pLDesutBaW EaHepa $hat @hafigkorta i e@dlied to
I nput” variable. QG her inputs include for exanple,
a [168MP8latuvdratf it changee®f oOrspembbdieenpr efsar et of
rate of change of pressure or any other 22 WO
rule2004/ 160B6iRCTADSR003/ 022533 vari abl es that can be
translated to flow rate and/or change in flow rate.
Rul es eval uation involves taking a the fuzzy inputs
(e.g., Negative 0% Zero 90% Positive 10% Decreasing
0% Steady 80% and I ncreaRtfgt20% and generating a

set of fuzz outputs. According to ane an% nthagfe—lar -
T the pr¥sent | Fivemis%n, e flusT¢POiehht | cdn be 8795379
2 chhange to he HFSFTRE o a fl é‘/ Tai;ga%y len a sot hzgg::g
~ o T= =ln . L _
‘Z’ rHles—One (.."E"E.ffhgfézék% of—a——set Q@'-I/DT—_ldléE}}'b ) bllUV%’l’é}{b_nge=SI
5 Tabte 1 Error=7ero dF/dt=steady change=NC
6 Error=7Zero i dF/dt=incr change=5D
7 Error=Pos . dF/DT=decr change=SD
8 Error=Pos . | dF/dt=steady change=SD
9 Error=Pos dF/dt=incr change=LD
small
SI= increment
LI= large
increment
NC= no change
small
SD= decrement
large )
LD= decrement
Using the rules above and continuing with the previous
example the fuzzy Inputs of Error = Negative 0%, Zero 90%,

Positive 10% and dF/dt = Decreasing 0%, Steady 80% and

(

Increasing 20% can lead to the following fuzzy outputs and
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Table 1 1 IF Error=Neg AND dF/ DT=decr THEN
change=l arge 2 Error=Neg dF/ dt=steady change=SI 3
W(Erzmmm&(g dF/ dt =i ncr change=SlI 4 Error=Zer o PCT/US2003/022533
dF/ DT=decr change=SI 5 Error=Zero dF/dt=steady
degrepsnQd: %(K, f%‘ *Error=Zero dF/ dt=i ncr change=SD 7
Err or=Pos dF/ DT=decr change=SD 8 Error=Pos
dF/ dt =st eady change=SD 9 Error—Pos dF/ dt =i ncr

Ng%ng:% cshall Sl = %cr k2 %rug_% 5| ncrenent
malq ‘?nen%:mal 2 %(ér © D:
degLeeMe dhe rliloas Qve C(g{ t| n% yng with
th.%rl%"ee\ﬁe%l’l:%me%%&m e Tighe thiezy (papit %zuqf hror =

Negative 0% Zero 90% Positive 10% and dF/ dt =

Deer easi 910 c8%e, StteadysBOl e gkpekeasdnor 200h Cabrl eadruzzy
to the followi ng fuzzy outputs and 23 WO 2004/ 010086

inpuRCWadS20034 022533 degrees of truth: £do Ehangez B0%utput.
True (FromRule 5) Small Decrenent= 20% True (From

For Rag@)e, for rule 5, 80% was selected because error= zero
was 90% and dF/dt = steady was 80%. Rules that had a 0%
degree of truth for either fuzzy input (e.g., rules for Error
= Negative or dF/dt = decreasing) are not shown as the degree
of truth for the fuzzy output would be 0%. The assignment of
degrees of truth to the fuzzy outputs, in other embodiments of
the present invention, <can be a matter of choice and
optimization. In yet another embodiment of the present
invention, the fuzzy output with lowest degree of truth can be
dropped. Fuzzy outputs can be selected in any other manner,
such as selecting only the fuzzy outputs with degrees of truth
above a certain value. Thus, the large decrement from rule 9
would be dropped as the large decrement has a degree of truth
of only 10%. However the small decrement fuzzy output of rule
8 would not be dropped as the highest degree of truth for the
small decrement fuzzy output is 20%.

Table 2 provides another example of a more complex rule
table for generating Fuzzy outputs. In the case of table 2,
the error can be compared to five membership functions: large

negative, small negative, zero, small positive and 1large
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Smal | Decrenent= 10% True (From Rule 8) Large
Decrenent= 10% True (FromRule 9) In this case, the
wGarmklewss degree of truth for a fuzzy input wWeST/uSmd3/022533
as the degree of truth for the fuzzy output. For
positdxaypl eand ordFdtie 5¢a80% ras Compesedd thecafdeeer msbership
zero was 90% and dF/dt = steady was 80% Rules that
functﬁms& O%Iaef@g—reenezﬁfa‘ftlr\{ﬂrh fé?ﬂaéﬁt hé?eg%%jz‘iﬁri np&eTor small
., rules for Erro = atlve C{
POSlPﬁ%ﬁE%%?nb§r%?epﬂ6ft%ﬁ%mn 5@ Fﬁeogegﬁge %ﬂfﬁﬁﬁnﬁchﬁuth of
e fuzz t uld . be 0% The assi
the ‘é@?%e%r%)fl %(ﬁ) TR FUZSY ot PULS, &%@% ngputS can be
| mentg es nt i
gener%q;oecg op]t ﬁ#}zatfr%ré%ﬂgg Qgr can 1*?\%1% Lelsmall

i ce an n yet "an dther enbodi rrent

sd hen | nvent i ope cthe fuzz p
wWe'st gegree o trut car?cre Serop%ae%g Fﬁ%gﬁb%gfp&tng very

largEHebEogeLected in any other manner, such as
selecting only the fuzzy outputs W|th degrees of truth
above a certain val ue. Tralslet®e | arge decrenent from
rule 9 - would be dropped as the |arge decrenent has a

1ncreiog

degreg of trut of only pgpPe However thle smaldhange
ggl_ccrq Mati{léjgtz ydgur ggt LQte KMBve 8 Woul d InglenherddipResd
ok @e“lN[.ag\?eizz ' 08 ot §|an1§ Né@:;zlﬂvgl gz)l t:hg S RRH Large Increase
e r%eﬁec;g i\éelpi ot g 761670 =T e p{ O\éL 168 Increase
e oy L0 e cate or| Tanle e
—I—aﬁ%@" Ntlal%ah\éel ; :; fllP: |: Lar gﬁﬁ%%atlvg zm FSJ T\}I‘éw:ﬁ r ﬁérease
ang AL Negalve, 4 AD 2304/ %ﬁ-’u/ UDP0,0S/ 22%‘ QRicldad®
_pe-g-mﬁv—y_@@mem oH-¢l caf uu ared f Tl ncroase
¢ ySpell Necative o Lo Loy nééﬁ gﬁ%’ a o TTve TREEhTP
Small Negative argenroat Large Posi |ve eyat Ve ér%al?Dec?%E'
Zero Large Negative Large Increase
Zero Small Negative Small Increase
Zero Zero No Change
Zero Small Positive Small Decrease
Zero Large Positive Large Decrease
Small Positive Large Negative Small Increase
Small Positive Small Negative No Change
Small Positive Zero Small Decrease
Small Positive Small Positive Large Decrease
Small Positive Large Positive Very Large Decrease
Large Positive Large Negative No Change
Large Positive Small Negative: Small Decrease
Large Positive Zero Large Decrease
Large Positive Smaill Positive Very Large Decrease
Large Positive Large Positive Very Large Decrease

Table 2 is provided by way of example and illustrates how
fuzzy inputs can be compared to additional membership

functions to generate additional fuzzy outputs.

Defuzzification is the process of combining the fuzzy

25



positive and | arge positive. Based on the degrees of
truth of the fuzzy inputs dF/dt and._error, seven
wo ezp108¢ put s can be generated: very |arge iPCTES®3/022533
| arge increase, small increase, no change, snall
outpdesr ¢aserdarge deyseaneocapuer y Fomar gee deakeass example,
Table 2 Error DF/dt Change Large Negative. Large
the flagayi vutyutisatgem kbees¥ample ¢&iNeydadie Smafjll be used.
Negative Ve Large Increase Large Negative Zero Lane

Each| fereys ©UiRitgecMNeghei FE18FES Pos? t FYECEREF| CPAGPEaSE the
Large Negative Large Positive No ange, Smal |
SYStRBgat i VESL arged i L rgélﬁgggﬁggsng}gw the fuzzy
Negat i yve, Snal | ative Large lLncrease. N ti
OULPULT Y- SHRP-S) nﬁfggge%%n&rg%oﬁésgte :ave"%sifrrkglnﬁH 03 tg i%veéﬁ%:plltS
No Ch I at v e Positive Smal |
(e'gDéchggg?’fgagafgragggh%%a?ﬁ%gg%ér ge Increase Zero
Smal | Negative Small Increase Zero Zero No Change
Zero Smal |l Positive Small Decrease Zero Large

Positive Large Decrease Sndtdblépsitive Large Negative
Smal | Increase Small Positive Small Negative No

Change Snal ICHseti ve Zer 0 SnaFecdoeteenSeangSnif [Valve Output

Positive St DPasSittive large Decrease  Snel1°°Positive
al] Degrement 7 =10

arge. Pgsl 13

. No g
Negatvre-—NerGhaidement O
Large Tncrementc 20

As shown in table 3, for a fuzzy output of a large
decrement, the percentage change in valve output should be -
20%, for a small decrement -10% and so on. The fuzzy outputs
can be multiplied by the appropriate constants from Table 3
and be summed together. So, for the example of fuzzy outputs
from table 1 and dropping the large decrement fuzzy output
that had a degree of truth of 10%, the overall change in the

flow valve would be:

Change = (0%*80%-10%20%-20*10%)/(80%+20%+10%) = -3.6

Based on this value, the controller would attempt to
close the valve by 3.6%. This can be done by the generation
of an appropriate valve control signal at for example step

2016 of FIGURE 20. In one embodiment of the present invention
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Large Positive Small Negative- Small Decrease Large
Positive Zero Large Decrease Large Positive Snal
w@omu10nes Ve Lar ge Decrease Large Positive LapgBUS2003/022533

Positive Ve Large Decrease Table 2 is provided by way

the vhleeanpbetzoid £iguslr gess BowsentizEp inplasveafrByer that
conpared to additional_ nmenbership functions.to

can generate addianedes AR Syt 3iomet ubei FFEYEi Gn Viddve to
the process of conbining the fuzzy 25 WO 2004/010086

openper/ 52863/ 022533 outputs to create a system output.
For the sake of exanple, the fuzzy outputs fromthe

exanpl e using table 1 will be used. Each fuzzy output
can be related to a discrete change in the system
For exanple, Table 3 illustrates how the fuzzy

outputs of Table 1 can be associated with discrete
outputs (e.g., percentage change in value). Table 3
Change Percentage Change in Valve Qutput Large
Decrenent ma Decrenent - No Change ma increnment Large
i ncrement As shown in table 3, for a fuzzy output of a
| arge decrenent, the percentage change in val ve

out put should be - 20% for a small decrenent -10% and
so on. The fuzzy outputs can be nultiplied by the
appropriate constants from Table 3 and be sumed
toget her. So, for the exanple of fuzzy outputs
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fromtable 1 and dropping the | arge decrenment fuzzy

output that had a degree of truth of 10% the overal
webageosh the flow val ve woul d be: Change = PCT/US2003/022533

(0*80% 10*20% 20*10% / (80%+200+10% = -3.6 Based on

this value, the controlE®ampd@®IH attenpt to close the

valve by 3.6% Thi:=s can be done by the generation

of an appropriate valve co troI S|gn | at for exa
sFBbS ?6%@9@? RHAURE 22525 oot ABnETBP of the

26 WO 2004/ 0 0
oresBRE°Throb Lo ol "Erahar @&ﬁ{ k?(l?nsé:r?tl toqéjﬁv@?‘g?f?&qﬁrzéog gable

t gener nal I
- 5880, 980% S AL AR RIS LB Bkl nenican

mechgﬁgéy§2003§9gg§§§zag¥éﬂp|e éuﬂgtﬁa@éanp|§ké&é§§iﬁ@teS More

use of an enbodi nent of the present inventionh to

specﬂ?@%ﬁﬂ@ and.igiont e@bmph aui 1 fl w4t £nable ad hembodiment of
ellvery of discrete volunes of fluid for chem ca

the NBeba@h€aliplanardizaiagn Bubsised e tor osessiurg. Mde control
specifically, this exanple illustrates how an

liquédbadiawento oknabhe priesedélineent odn diegcietaisedltnes of a
nmeasure and control liquid flowto enable the

polidelingerfyudil discaeseboorates cheaicpdl imgahmpidal debishing

. a substrate. Chem cal nechanical polishing is useful

is yeefnk fanufhet granwiadpiicalr’ e%%lscah]érﬁr&ﬂs Chemical

mechani cal planarization is usef | n the manufacture
mechgplicadni BOARBELEATAEYI cA8. PBFFY .nbnf|EP%s %%&u getire of

semlgghgégtg% $%§$%%gnd n%%l E%Bn §P£féévﬁﬁa§“ 3cidic or
basic and may contain abrasives such as silica or alumina. A
fluid useful for polishing silicon dioxide includes silica
slurry in an aqueous. potassium hydroxide solution; a £fluid
useful for polishing copper metal includes an oxidizer such as
hydrogen peroxide, an inhibitor such as benzotriazole, and an
aqueous solution of an organic acid such as acetic acid.

The inlet of the device of the present invention is
connected to a pressurized or gravity feed vessel containing
the polishing fluid. The flow device outlet is connected to a
nozzle on the polishing tool. The polishing tool has a
substrate to be polished by a rotating pad or belt. The
substrate is in contact with a polishing pad that removes
material from the substrate along with the chemical action of

the polishing £luid. Polishing fluid is delivered to the
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fluid useful for polishing silicon dioxide includes
silica slurry in an aqueous potassi um hydroxi de
waoluniwss a fluid useful for polishing coppePCHESENN3/022533
i ncl udes an oxi dizer such as hydrogen peroxide, an _
substnatei tor lieh teslberzervdlazohe, awklay HfoeoeE polishing
solution of an organic acid_such as acetic acjd. The

fluifintet thfe thezZEkvi 68 CONHOLILEs M FhvehtPYndeyice and its
crecIMmERheS ! PR SRt B U G5 VRl nay e
connBii1! 16 SINSFLES L0 RopOBTLe O M RRIENA o1 o
contggai %H dt %Vh?p{q%tfattl Scﬁ?s&;eq{seb%%aptoﬁmesh%sffﬂc? cj:)xglfo the

i'n~contac a poli g pad t reno mat eri

subsf:%gmat. her é’bsécfcfit ?g%lyong_l%t heddies gherd cabiaehiial ofndpoint
t ul d.

e polishing f Polishing fluid is delivered to

detebB8r 28 M0 20045010086 REILHSRE0IRA2RI3 tEYbstimahg UE the

the tool through the nozzle; flow of polishing fluid
delitertrheonozdig disrepniatibedcdy thiee &libwtdavece amthel tsignal

el ectronics. The electronics of the flow device, nay
procbesoeotnethed dledthertiad '«f adr ridldverdeol @mabl emimetes the
tool to control the timng of the dispense of
varipblil $hiyngff wild stvitng tHeiids utssltumst eandrde oot ryreyate sgue to
contain a polishing endpoint detector that nmay also
prespergs e nic tcoms ollnt fdiet | PYeREwfizeR v@epptergoyfaining the
polishing fluid to the substrate. The, signal ,
polighépasdoitiich t hECBPEEE o sPer e FiowPiEPFee delivery of
.elim nates, the variability of polishing fluigd volune .
pOlléh&ngel %g‘é? rATE e 3% Fpr EgggFﬁnéarlf%i? 'onsﬂ}en fREVLE 18
ressurized vessel .a.nin e ol.Lshi | yi.d,, . -
Cont%82235e84i¥%ﬁu%%?aﬁ%?é%ﬁ%#bg?ﬁ%%|?@e#§§gkﬂgﬁé|ﬁ$%ﬂﬁ§ to a
subs%&ghg(%H&HSn&hiﬁi%%@“éﬂgmfégf'wggﬁergﬁﬂitrééults in more

uniform and repeatable polishing of the substrate.

Example 2

This example illustrates the use of an embodiment of the
present invention to measure and control liquid flow so that
discrete volumes of liquid precursors can be delivered to a
vaporizer to form a gas. More specifically, this example
illustrates how an embodiment of the present invention may be
used to measure and control the flow of ligquid precursors to a

vaporizer.
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controll ed volune and delivery rate of polishing
liquid to a substrate that m nimzes chem cal waste
wana4newssts in nore uni formand repeatabl e ppdT/Ekiong022533

of the substrate. Exanple 2 This exanple illustrates
thequié afrecuenbosi et chemhealpr eslent ianentiesfictdo in a
measure and control liquid flow so that discrete

vapoybrefed ©f TPFFUial FeScur sBPE ¢3S b SdefNoBr efigeged to a
vaporizer to forma gas. Mre ecifically, this,

heatgdamstiataust-Pat®s ﬁéﬁtéﬂneﬁ%gad? t Ws?fe)é{ehe&pr &Semurther
I nvention ma e us to sure ang,,control_the fl

decogposeqy Py §F§EEFS6F5%%€ gugggﬁgFfzer&begﬂﬁ mdy be {¥ed to

formzoo%élglo%sﬁ.’hmpcc;rf U§2ﬁg§%922§3%emlilcg&!lld(élc‘yb%curO raS ﬂéelectric
cem'cal s tHat aré heated rn-a vaporizer o forma

on 98- sIPDE+PaEe] S%éa}ﬁ%'r@a%]i XY%'SSQ _td%p%siﬁe_@tnedoﬁu@sttofa@&e layer

in areaction c ere It is further deconposed

chem®Ea i €30S O iURN rAteesiesas My abeouses R used to
forma thin filmof a netal, a seniconductor, or a

etchdigkeglirifGceont he substrate, (shefritcabnvagoused to dry the
deposition or atomc |ayer chem cal vapor deposition

subspratesses)qulit apseceasobe used te etcle t hégeadbaceuch as
of a substrate, or it can be used to dry the

watesubg@tpatopanidlqui e ptetuvasiorgl mythesplieatequiTd®Ssuchbiquid
as water, 2-propanol, or tetraethyl orthosilicate,

precTEGSISLi quAY  pAesur serRtady alsedieént aF¥Clol Pgs stgpontium

. ,as_strontium dgggvaloylnethane, Sr(DPM 2, dissol ved
dipivalaysBrieatesuctt dMizet r afyef ot itdn 10SqeSPgaNE Such as

recursors, such as

tetrReyaFPaGrabent aNBAT orgEl i WASHERETRYI sFFGheas copper (D)
hexa%ﬁgﬁ%%&ggggdiiﬁ&%%% txpier{yrﬁlrli%esc%rﬁj éll lvaqlea,n d (G'?Mé PCL? Fhf ac),
are thermally sensitive and could be decomposed by thermal
sensors used in some liquid flow meters. Ligquid precursors
are typically delivered to the vaporizer at a rate of about
0.1 gram per minute to about 50 grams per minute. Thin films
are important in the coating of optical devices such as lenses
and optical fibers. Thin films and thin film etching are also
important in the manufacture of flat panels, microprocessors,
and memory devices.

The flow device of the present invention is connected at
its inlet to a pressurized source of liquid precursor. The
outlet of the flow device 1s connected to a vaporizer. The
valve for the flow device can be upstream or downstream of the

vaporizer. The outlet of the vaporizer is connected to the
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sensors used in sone liquid flow neters. Liquid
precursors are typically delivered to the vapori zer
w@rooa/ot@Be of about 0.1 gram per mnute to abpCit/uSD03/022533
grans per mnute. Thin filnms are inportant in the
toolteatpngcessopthamibe devitegs sooifadsns ebes suhdtoptecato be
fibers. Thin filnms and thin filmetching are al so )
treatagor bant the t heapenhuf aBear ePEPCRBgESparf@®liring multiple

m croprocessors,  and_mnenory devices. The flow deyice n
precpEspRe: pr sdetiRkvention | SGmTsct ed@Rt Pt s FHFRt to The

LRt S IR i, L
f he f| . [ t
cont{gh1Ge! LIS HhH51158, SR MU Hepetety contion

the %%égg%%%gjg@n%toﬁdlﬁl{;e tpP?es%gr\fgeaoos‘lé@ﬂ@@S@hrough the

3 too ocess chanber that

£flowCORLaLRs Lhg sybsbratfet OnbSrelir epbgdrbyethe Vap@imples of
For processes requiring nultiple precursors, nultiple

vapokhowrdevi;geguganrbe uUspémidhe ehpetroatgsssotithe provesses
devi ce nay be connected to the tool's controller.

inclThks peamkHs tbeapr ocesssi oohebbedenntehy cooteahs, t heeated
flow of liquid fromthe pressurized source through the

valvekpwanel draded tnfdnighe heat ed vapori zer. Exanpl es of
vaporizers useful for chem cal vapor deposition o
pPoeesses Vaiclaideoheaied thst ared$¢t scondatadngettite liquid
screens, heated valves, and heated tubjng. Pressure

precyappat i GRS | rahd tvesdel demaEsi RE theiquigtow to the

precursor can result in changes of ii uid flowto the .
vapOYAB6EL 2 1S TR nEECBBRBRROLPTI G of quqlﬁ d°pPELLTShr 1 2
therifnig&ﬁi%ltcpwegg\;?l?%felngwc%lnerE%nstulgtanirq ef?rl{g%c{lgaicgaﬁ%léﬁgtde flow to
the vaporizer. Poor flow control to the vaporizer can result
in incomplete vaporization of the liquid due to vaporizyer
saturation. Incomplete vapiarization will cause liquid
droplets to enter the process chamber and cause defects on the
substrate. The result of practicing this invention is the
elimination of thermal flow element to control precursor flow
and a repeatable and controlled flow of 1liguid to the

vaporizer regardless of upstream pressure fluctuations.
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t he vaporizer. Poor flow control to the vaporizer can
result in inconplete vaporization of the |iquid due

WO 00dAapwsé zer saturation. | nconplete vapori zap@DOS203/022533
cause liquid droplets to enter the process chanber
and cause defects on thExa®Bhet Bate. The result of
practicing this invention is the elimnatiqgn of
t RérFalS ¥R | BhEH 13 *ONthRI UpPeObr SO FIRG G OF the

r epeat abl e .and controll ed fl| ow of dt

pres;?g or:linifg!n rtcﬂ égesas&rrey&ﬁ e%qﬂ#%lggiﬁ%ufdtgfow to enable
the égg]%vll’legéyéon IJgf&lg\o’c%ggf’lﬁ%%%%%%t%?#ﬁ%szgfgé@%gggngs plating.

exanp ustr e use o
e et t he,.: pr LN [ re-a :
orel AN 1| ML SSERL bTAOTL RSk TEASL 8 Pffgocinent

of ik apgHbehirate,Jalt@rectil e8s vl i 8. meMBi®e and control
specifically, this exanple illustrates how an

liquelbofi dento Afnddie: priesent sbeyiest idn garcheedseask t Bhemicals
measure and control liquid flow to enable the
ontodispenbetobta e i esrmf achenialal silentie g katisig apeotesses.
forma nmetal filmin plating processes. Such a
Suchpreogesseeds e iiatenidraglay @it chenccahscebsmoompion to bath
bath plating processes. Solutions of netals and netal
platdmnigoyprogsefsgs -f or pohethons ncdidenetpus ap@dnometal alloys
limted to, silver, copper, platinum palladium sold
usefydd 95, Patdangst n@Erwde of PBR rPdgui rel témaéervaie t Rélver,

substrates to the platjn solution. These catalysts
COppﬁﬁélu8é356PP8VdaPag%?$%ﬁﬁunﬁ¥ﬂ6%rBSH, b}gphitgéfgiysts are

tin-%aILadiun1coIIo'ds and condu%give&épolxgpr%hlik%lating

oftefy| yHASFE  The PFEETBLE neltQl 197 Wohe s

of ~these

solucf:%_to%l .ySt S ‘?Hgs | atcia@gtl?%ltléti - #H& ex@@ffé) Vc?afmdpalladium,
g I"atrng p %e

waste durin he p rocess needs to
carb%‘nr)'m&féipﬂftg?ketﬁﬁepalladium colloids, and conductive

polymers like polypyrrole. The precious metals in some of
these catalysts and plating solutions are expensive and waste
during the plating process needs to be minimized to make the
plating process cost effective. The metals in some of these
solutions are toxic and waste during the plating process needs
to be minimized to reduce environmental discharge as well as
waste processing and disposal costs.

For each chemical used in the plating process, the device
of the present invention 1is connected at its inlet to a
pressurized, pump fed, or gravity fed source of the chemical.
The outlet of the device 1s connected at its outlet to a

nozzle for delivering each chemical to the substrate. The
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pl ati ng process cost effective. The netals in sonme of
these solutions are toxic and waste during the
w@k@tiongspr ocess needs to be mnimzed to redkCBEUS2003/022533
envi ronmental discharge as well as waste processing
tempamnattdreposdl thet SOLRSAcagc MahekiecAetraF§th PRe iricreased

_ plati n% E(ocess, the device of the present inventicg'ga
priof s teonfeéi BETHt G sEhAl st %ot Sr BSSDPI ZedeplnF FERNIST

_.or gravity fed source of the_chem cal. _ The oqutlet of
chillem: d&F caoPd SEoNRedi®RI St FEST60 et 0 eﬁ%?%ﬁ%'focr()pper

elivering each chemcal to_the substrate. T
netabogito1 600c PETT LS00 ST22635 SRt ot utls BF (pottoless
sol ut.ions . decr.egse r..i.ngrea ior te:
PTOCERFi oYy cf%n%%e lsnListt?%t e%&%sr?;%gteheg?ggggﬁanéer,PlrSt £low

devi&Ql LAy Or gy es%%&ﬁ%%gﬁﬁat?£ofﬁ€fgﬂt-c%%%a%ﬁ%%@le,colloidal
copper netal nay be deposited onto a substrate by an

pall&LeGh! Ol]?fi%_it?% 0¢gSS DYbSOpLest iyidH hRasubstusility a second
through a first flow device with an activator

flowSOhati @8, copdri adtthgoldrad dalatapaldeadi sBobstirasengthheugh a
substrate with water using a second flow device,

thir@ontdetw ngdéheceat aliyred subbydabehihroogh awicd hiadtivating
flow device with a hydrochloric acid activating

solusbbnt i onppntentaoyi nghehessobsrriee through aafofipgrth flow
flow device with a volunme of copper solutjon

devigentaithi Ag V@ lsmer ¢ SIOPRAprITLYorN £ didHTRY fyedturce of

such as formal dehyde, a conpl exi ng agent such as
CuprEPTALQind a2 bas€d8GéRJas Bt Hssi %‘ﬁgh hy&r’soxifg?é:.ma%ﬁieehyde’ a

substrate is washed wt ter fromthe second _ flow .
compdgyieg. agfdtel EE?}Poﬁiscs“P%%m he™f Sl vt cégcﬁayasoep"tasswm

hydrg%gafgg: qt,]gsq%snh;iernagcl’eatisngwggﬁlez:lswﬁ%ﬁt Qv%ltle%r ftr%m the second
flow device.

The electronics of the flow devices may be connected to
the plating tool’s controller to regulate the timing,
duration, and order of liquid flow through each flow device.
The result is rapid and precise delivery of measured volumes
of each chemical to the substrate for each step 1in the
process. Chemical waste and materials costs are minimized by
delivering only enough chemical to the substrate to ensure
complete reaction. Contamination of the substrate due to
chemical drag out is reduced. The overall throughput of the
process is increased because of the rapid action of the flow

element and valve to reduce cycle time.
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duration, and order of liquid flow through each fl ow

device. The result is rapid and precise delivery of
wore@st®es vol unes of each chemical to the subBCT/EB®03/022533

for each step in the process. Chem cal waste and

materials costs are m rEXRBRHELY delivering only

enough chem cal to the substrate to ensure

I
rBBeEi GRATCHRt ANAHIGT St e SUbsPt afB GEboggment. of the
presSEMyETbofial U gl fetuced The oferall LMOUAIRL cnani
.act | f the.fl. I t I
1211 JERK""5 \ib 00010086 “PCTPOBZ0 02588t S Elarpl - df ormal
coat%.rﬂé‘?’ eXﬁgPIae épIeIcI‘_I_%tircacIlq th@hi’§ee9<fam ﬁee%]ﬁﬁfétQ£ how a

present rnvention d measure and con qui d

devi%éo%f otﬁ@agIreese‘iIﬁI | YRG¥n Pl oA fdaW dod 0uBedUbsd M k8 sti®e and

orma conformal coating. More specifically, this

cont 8x@amligniild ustdat s Rowwbstdemicer8f chhB1Br @3@ise coating
i nvention can be used to neasure and control liquid )

of thew opatsubst r atient o tenrablie prieti seteanaiding ofdDidkectric
substrate with the liquid material. D electric

matepmibesi alhotphaisorssd,st sptanefietteee i voatdamgisngspolyimides,
pol yi m des, adhesion pronoters such as

adhehéranmptioylotiesis| szame af drevutedtyidisifmaatical sfenpeelectric
sol -gels are comonly deposited as liquids or slurry

mateghfdsSa AThtPateIshs aagpi wEWEIg PRRResEed sgeh 1iquids or
materials are delivered to a stationary, or sl ow

slurgyt a29hgy SuBYPPATEtEy 1 fiXedPoP novAbHE ndFAESS - Such

After the material has been e%Lvered to th .
mategpler atEs Y rotat e & ArGh:Epeeds T angigYt rBRF RO
subs%?g%% I$0.50F§ %% QB?IﬁgvgBiéo%®£%l%9at Akggrsq9§§rﬁ£€erial

h~a in fiTmof the Irqurd material. ny

has been delivered to the substrate, it 1s rotated at high
speeds ranging from about 100 to 5000 rpm to uniformly coat
the substrate with a thin film of the liquid material. Many
of these materials are costly and it is important to minimize
their usage and waste in the coating process. Repeatable
coatings require that consistent volumes of material be
delivered to the substrates.

The inlet of the flow device of the present invention is

connected to a pressurized or gravity fed vessel containing

the coating fluid. The flow device outlet is connected to a
nozzle on the coating tool. The coating tool has a substrate
mounted to a rotating chuck. The coating fluid is delivered

to the substrate on the tool through the nozzle; flow of
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of these materials are costly and it is inportant to
mnimze their usage and waste in the coating
w@r@3ns®s6 Repeat abl e coatings require that copGI/E8mN$/022533
volunes of material be_delivered to the substrates. .
coat¥hg ifAludd dfo t Weef nowzdeviice wnitrRl Indsernt theydrtquordevice
iIs connected to a pressurized or q_;avit fed_vessel
and Gt aVALNE - t héBoR+HGLFIMEE Phe THOWLAEV RGHET efrey be
i s cqnnecteqd to a _nozzle on e coatin ol . ., The
conngghe ngt‘?od%‘%a§°€ls%SFPQFEOEE%EM%%It a<'Et130'|7eot {r}ﬁengtooj‘ to
chuck, ,The _coating fluid_is deldvered. to the..
contgﬁgst Fglee SATRE t@&dtﬁra&?ghot ecr%’lg:z e of ol\l/\%dof orét40 the
04/Q10 2 . coat. i dqto, t .
=i e O ee ST TR by TRt Lo Govi e D andc) a0y Aevice,

the Vab¥eindhe.gbectyoni Ga0f the flayidevieggymyab8 onto the
connecteéd to the tool's controller to enable the tool

subst@ateONhE0l 5t heuddidl X maizelef geatithenf!|dhd oftwstrate
the substrate. By electronic comunication with the

rotathew demi€ein tbedéepatdidngathobveny vaeyirba fdedtidd ow The
rate onto the substrate as a function of nozzle

micrpesbtiespoandnsiulehtatod lrogfiat ich thet e€low oieletcd oeliminates
achieve a desired coating. The m croprocessor and

the cemrtiedlilicy cobfcodeind opldedi velvhnenpndt gelitveyy rate due
variability of coating fluid volume and delivery rate

Lo RERSSUXE pressaEacpsrildti BRAS iVieasied veerkpirdAaithiengcoating
.the coating fluid. The result is the delivery of a

Eluidont ritg eBEFBH tindSoft S SRINET R Bo ORET: atetume of

This result mnim,zes hem cal waste and results in . .
coatqpds f6r mtand ea%Lgtbﬁetéfa%ceo'ati ngﬁ'blfssuﬁ%sgit MAILLML ZES
chemi%gitr$£§§e %ﬁﬁfpk%silts in more uniform and repeatable

coating of such substrates.

Example 5

This example illustrates the use of an embodiment of the
present invention to measure and control liquid flow to enable
the delivery of a fluld to a substrate for reaction with the
substrate. More specifically, this example illustrates how an
embodiment of the present invention can be used to measure and
control the flow of a reactive liquid onto a substrate.
Examples of such reactive liquids include, but are not limited
to, positive or negative photoresist developers, photoresist
strippers, acids such as hydrofluoric acid, oxidants such as

ozonated deionized water, or etchants such as peroxyacetic
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This exanple illustrates the use of an enbodi nent of
the present invention to neasure and control liquid
wo bawot@senabl e the delivery of a fluid to a BCbEB2088/622533

for reaction with the substrate. Mre specifically,
acidthis exanple illustrates how an enbodi nent of the

present invention can be used to nmeasure and control )

t Bee f Lowesf of readtliore deGiee oAt 3he seEREPAEeinVention 1is

Exanpl es of such reactive |iquids, include, but _are qgt.
conngehed edO 12, PFESISULIESS HegdELRVetyhotYt edp§Fel containing

devel ppers, photoresis strippers ids.such_as

the KeaFbiVEofidt idfﬁﬁ%i{&QWsd§€£ eaguegﬁgnéﬁe§onn60ted to a

ei oni zed _water, or. etchants such as r.o L. D

nozz{ $804) GR6GTE R A0 H2ETS - aci A CTHESCaE Grd is
.flow,devic f e ent i t] [ Lannec t .

dell%eﬁ?%sgﬁ}iggg 5%ﬁﬁ?§%16§ ngq¥§£sg 8%o§¥hln|ng ttf%%e fozzle;

flowrS?CEéXEt%&!' ¢1y1hetl) ey deyce ot athd S sonnesteshtfolled
a nozzle or a spray nozzle on the tool. The reactive

py thbUkdolSqedebivaned ite tRaveubstimatl @ ltddthi@dlof the flow
through the nozzle; flow of reactive fluid to the

deviBez#h¢ BB thanketld $camy aldad s porithe flaw tdeverable the
and its valve. The electronics of the flow device may

toolbaconoetteld tihd heimbol' srcontaiod | ef toeaphbre tfHaiid flow
tool to control the timng and rate of reactive fluid

ontof lthe soitst riete .sUBst rat ect Mol es eef r bhec s lov dayifqoupay be
device may be connected through the tool's confroller

connegtadr shePheh EREpGARL’ IO Leréby? tFRAFF bW r gE@point

reactive fluid is reduced or stqaped as,

detegéaét MBRTERYpSIRE HOv g Cated <5 erefa]ctﬁe%.hfs ppeduced or
£oDPF GBSt i dye of S| SLEBCRAT ef S G8PFESpa oy Seet chenehed:
An e%%imgleﬂa% ra‘?ls%‘lttchant process is the removal of copper from
the edges of plated wafers using peroxyacetic acid. The result
is the delivery of a controlled volume of reactive fluid to

the substrate and accurate control of the process endpoint

using an embodiment of the present invention.
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is the delivery of a controlled volunme of reactive
fluid to the substrate and accurate control of the
w@e@ses®sendpoi nt  using an enbodi nent of the PCEESU3/022533
invention. 36 WD 2004/ 010086 PCT/ US2003/ 022533
Exanpl e 6 This exan‘pl e il | Bxewplecsbt he use of an
odi ment o pr eg nvention in series

| .
i T af* 3BRSOr %'eLtlB gﬁ?et &ndllsc?orﬂﬁ' of ™| F’E}BPﬂlWFBFv of the

fi
preSﬁr} et rieal 58%&%%%%%% bt of T B ocR oo ES to measure
and | BY&PLEL PN o g.?ﬁu |5 W QSQ \Moﬁ'n:‘go%getfl [ mor O%ge@é)%fac:lfl&ally,

Sensors to e contro |UI d frow an

th1§0€&9 Etl'eonllléep,hf'a‘f:@ts' ONSy WhEY eeﬁﬂ%@ll‘rﬁ%w{:r O!)f' S‘l:he present

desirable include but are not Ilimted to platin
invdralits, &N 164 eabhpInbat §$+n03RBaLedmovat %‘heﬁﬁ"cﬁi s@fdors to
hydrof l uoric acid baths. O her applications conbining
enalslich t3RNsAcnitdh agr enbadidretl oof el prraset  composition.
i nvention include maintaining the purity of a chem cal
Applbatat.iofor wegaaplseicht heointdld ip aesdarbdm nandbydsueht are
as particles, organic materials, or nmetal ions, in a
not r éginicatattag atth neaybatkqui IREA hafeahénbatlhaties, ozonated
periodically bled of contamnated fluid and repl aced
wateg thptEhs eqahdahesitc ofdiugra cofacdne dmtdms nat eghet| @ipplications
Alternatively, the bath may be switched to alpurlfl er
oMM IRNG ¢ SR f iSSP IS0 Wéﬁﬁvea?hee%‘?ﬁ%ﬁ?%%nt wHillee present
ot ect

lnv%r?fel%trﬁujrregﬂvé‘s‘“"‘s %‘n&?&&%ﬁp{aﬂf%d?&ew BhEnfEaL bath.
rﬁﬁé‘at{:ﬁ %%ril%e Vgéj%ta%zorgaf%sg,fs%%g dalgﬂlpgrtlcles,

e| ol zed water i's use

orgdBlEAl S {1 pm the ﬁlértaﬁcei%n%f, \iq{'zg’uf‘ec:chulatlng bath may

require that the bath be periodically bled of contaminated
fluid and replaced with an equivalent volume of uncontaminated
fluid. Alternatively, the bath may be switched to a purifier
or particle filter to remove the contaminants while
maintaining a constant flow rate in order to protect the
current process and product until the contamination can be
removed.

Ozone dissolved in deionized water is wused for the
removal of organic materials from the surfaces of wvarious
substrates. Fluctuations in ozone generator output gas
concentration and water flow rate leads to wvariations in
dissolved ozone concentration. Such dissolved ozone

concentration changes lead to variation in the time required



substrates. Fluctuations in ozone generator output gas
concentration and water flowrate |leads to variations
WO p00401®8®1 ved ozone concentration. Such di ssoP@BUS2003/022533
ozone concentration changes lead to variation_ in the
to oxthiBel el regbsdiae VUROAdL0SAEE tRET/ UB2088P@2P888T and
to oxidize the substrate surface with the ozonated
causedai @Fondtst eatspsotassnsestbnt précelsariay| Fimefid

cleaning tinmes. To maintain the concentratiqn of
Th s selivech iov onke cameensvaitirsw @f eéﬁisﬁﬁ’lﬂﬁ?ih,o%ﬁle in an

enbodi nent of the present inventi [
over Sour CBoohidl britPed AR EEPORETEES (1 din it SATL ogtilon
_ is connected to a gas confactar. S conta ;]
is cora§§ﬁsdaﬁgie? ?@VFE@ Sap %?Qﬁzelég% %fn§£gg§§;ﬁ%$§$3and
. i qui ds. anpl es of such _devi a desgcrdpt i
its OtEllﬁi,»fF %%'%t e Avi PabI Sgﬁﬁ‘é‘?ne\%\f L. %or%ﬁl@éh@écwr
. on, nd kralis. r atel : B 'E i
18 Eicﬁﬁﬁé dﬁ%a??g aﬁ&%gﬁﬁ% éaenéggtg? ?glﬁg%%%gégd@fggfaelnto
1iqui§ﬁe | Ia{jmgpefés.tgf gasncaniaekar anwher lddcdigsidyest their
to tHhe Ioni zed water flow ng through the tubes of
.operagggngagr%ongggipéblghqﬁgﬁncwntratiombfé,ozﬁmean MD, and
isSolved in the water is neasured by a dissol ved

Mykro%é%n%or%m&@t i P01 1@ ¢y , MAVaI Dabhe fogeem fpenUSxy ozone

edham™ MA, connected to the fluid outlet, of the

gener$@%rCOMN agéDivedde toutpat shiedAals ifdeormm® heheli 988| gegtactor
ozone cpncentration monitor s used as an input

wheresi gpaldiiscdwdee eheot rtw e ol 296 c ME5ESC S s RS Fheough
fl ow device of the present invention. The

the tallses rofii ¢Hie Ga¥ opPOERRERF; and RortPRFFREF Theo?one
. present invention wll vary the flow rate of. wahery
issdlivesughnt hé&hegadad6it aéBorMeFIRFH \r%%seaf e S N
order to maintain the |

concentration monitor, available from IN USA, Needham, MA,
connected to the fluid outleh of the gas contactor. The
output signal from the dissolved ozone concentration monitor
is used as an input signal into the electronics and
microprocessor of the flow device of the present invention.
The electronics, microprocessor, and control logic of the
present invention will vary the flow rate of water through the
gas contactor, within preset limits, in order to maintain the
concentration of dissolved ozone within a predetermined
concentration range. For example, if the concentration of
ozone gas output from the ozone generator decreases, the flow

of water through the gas contactor can be decreased by the

flow device to maintain the digsolved ozone concentration.
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concentration of dissolved ozone within a
predeterm ned concentration range. For exanple, if
w0 b@4ooeent rati on of ozone gas out put from t PET/URNE022533
generator decreases, the flow of water through the
gBsegnntaotly, Caheheldetreasad byE thee flow device f the
mai ntai n the di ssol ved ozone concentration. 38 WO
prese2004h0EQREOTPCRIUSE) 08922533 Vaalt ERgatqAnEIey IffFator gas
el ectronics of the flow device of the present
£low ﬁaic@m i on caveye el t BYvase t RE eaﬁ%ﬂ‘é%to&s‘utpé%? o
ow rate, or power |evel, by use.of its anal.qg. :
RS4850QUEBIE G q#éu@s%%mtﬁﬁ—eoﬁ“ RS a{Bﬁ“e“q’r%laI%lsn%m%femed
maintaining a fixed water flow rate thro t
Watercfrq{o?tt‘?ﬁt? eé%?ﬁ?@%st%‘f’ ﬁﬁ?efon&raecgcs?&:r ere%%ltarléera;’%n oft water
the flow device.. Far e l e, .1f_ the c LonN ;
Press\lln;r':§lso‘fl%ﬁr%?gn@fextg—éeedgilg&pr%eﬁjtce%'rri ne tﬁ?é@ﬁ%lébl @ the
ile. the flow of WGLRl, | tafkceddl® POWEpréQetébRined
Conceélgﬁgr%étoglr S BEoar s ed T e T edues the cancantration

thres%fold]diﬁﬁfigeghgqu%mpaé‘ff tackks iy opehstene| . thee power to
result 1s a controlled preparation and delivery of a

the JdiRiGHabr NEXLUBE @BcreaBstiaib amthesi tilos ¢oneentration of
substrate by the use of an enbodi nent of the present
dissdlRant beBneExsaait etd Tis exapele lévebtr dhes rasulge is a
of a venturi systemwth a heat exchanger to
cont dcfieat edkypheat iandandasigld veny coht polchamiqald mighpre of
to enabl e the dispense of a volunme liquid at room
constemperatupestioien high t enpetketratfor Subddifuentse ©f an
rocessing. A 2.25 inch inside dianmeter by 18 inch
embodigifftth dhetle ieESatipe WAt &thanger, prepared by the
met hod di scl osed in co- pending application USSN
60/ 326357 filed 10/01/2001 and

Examgle 7

This example illustrates the use of a venturi system with
a heat exchanger to repeatedly heat and measure and control
liquid flow to enable the dispense of a volume ligquid at room
temperature to a high temperature for subsequent processing.

A 2.25 inch inside diameter by 18 inch length shell and
tube heat exchanger, prepared by the method disclosed in co-
pending application USSN 60/326357 filed 10/01/2001 and
entitled: CLOSED LOOP HEAT EXCHANGE APPARATUS and included
herein by reference, was connected on its shell gide to a
source of water heated to 70 degrees Celsius flowing at a rate
of 1.46 liters per minute. A source of water at 23 degrees

Celsius was connected to an embodiment of the present
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entitled: CLOSED LOOP HEAT EXCHANGE APPARATUS and
i ncluded herein by reference, was connected on its
wgabh@iloi®Bele to a source of water heated to 70PCiPURmE3022533

Celsius flowng at a rate of 1.46 liters per mnute.
inventl SQUIge aftowaigretnt 23 Tiegr eesletelsf ughgasvadiifiectied the

to an enbodi nent of the present 39 WO 2004/010086
preseMCTLHE2AA8L022583 donvmetted ap ithe imkat Theténe) @f the

of the valve in the present enbodi nent was c%nnected
tube teddeheoifn! ehef iheritngesfhangert ubECTERRMR GIT] h@ThehbS Water

exchanger. Tenperature of the water _ iplet to the tu
inlet oFde Lhad tie GHAeETS CHe PUbLCS 85 Gher hEboheage OF the

exchanger were neasured J-type thernocoupl a
heat g&rhangere WoGydPARIRS %Aﬁrﬁw FREATRSEY feeliha daca
flowrate and timng of L.igqui o di n y
were REgehe T bs b AThE= he i BxcIaRar el contral Fars 2
.. by the flow devic : [ p PRt 9f th
cimingh gt He BY6Te SHERoALRUT et Thet o hel varea °

to the e 0 d trBe f FoWyr &ltritfe @bottronics
heat 5§q%ﬁq#¢$t§?é %géégéggﬁglqﬁgt%r fIOM/stopSéngor 45

and asefgggé ARRES. thenbedt: speshangeyclebeachl etimeteerwas:
tenperature, tube outlet water tenperature and

waterTB@asured-dd aw drad ecdisss afoumbsr setodidspense cilctvesrage of
shown in Figure 11. The results show repeatable

aboutdet d veriy 1afl 13@@sni pé1 | istemondol uweker off lowgqusEopead edor 45
from23 to 67 +/-0.9 Celsius by this enbodinent _of

secontlse presemlonverdt i thewi bhah Mehan@sanddiPe 3dRta wWater

system coul d be used for conditioning t he tegFeratqu £1low
tempeghtiing ,dst Weed ouhl st ngiat Staf BFTRFEANTRY, 28 edtTdl &S

rate pfloaxE ! 2 ghungg\éelo%p%lris%rer{s%gg}}c ésri PR | rs‘%o%"%%s%efguf‘

The results show repeatable delivery of 300 milliliter volumes
of 1liquid heated from 23 to 67 +/-0.9 Celsius by this
embodiment of the present invention with a heat exchanger.
Such a system could be used for conditioning the temperature

of fluids used in single wafer cleaning, electroless plating,

developer or resist stripping processes.
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WD 2004/ 010086 PCT/ US2003/ 022533 Examle 8 This
exanple illustrates the use of a venturi flow system
wao eooefoaBe t he delivery of a fixed vol une of |PQUiUs2088/022533
afixed flowrate with precisely controlled
tenperature. A 2.25 inEhaimpdied@ diameter by 8 inch
l ength shell and tube heat exchanger, prepared by the
et RO & x@ing e sad st redre periti ngseappl | T arerpUSSRLOW system
60/ 326357 filed 10/01/2001 and entitled:  CLOSED LOOP_,
to endPAE EXEHANCE ARPARMTUS dadeidnoiodygee Aferdignisy at a fixed
reference, was connected on _its shell side to a
flow gwurec avidth \ptesy Sedat €PRFDG. 8 FEFREEETEESsi us 1 owi ng

at a rate of 0.5 |iters per mnute..A soyrce. of

A 2327 igehr dawics sPie™ §rg]3?ﬁ(ne8§t é]acﬁoliaeﬁlgt% Ll and

enbodi nent of the present, .invepti its dnl T -
tube Jirdlet ESELRRECT 4| §q3§q9%3b% ent %@tﬁ%d.dﬁééléged be co

\ e ~pr €sent’ "enbodi nent was
i?r?ggnﬁ(:t ed. Lo 10e i pkely fidd Ngf the 1ddbeigsyde/ 2001  and

exc%anger. “gr‘en'per ture of Flﬁle water inlet to

entithgez%:t Ubgﬁéﬁggr q'_.%jOIEt hﬁEg%t lE%ECI%@Né]ﬁeAtP@ﬁﬁA@b@e £idt Aecluded

ex wer e measured J-type thernocoupl es
andydat a. £ A, L OJUGH JSESERARL Adi |ent 188t asHaggesidEheto a
herejf%PoxkA)/@?ate %ﬁ%ﬂ t‘lgrri ng of liquid water dispense cycles
sour.@teftﬂ%ﬂéﬂnﬁééﬁe&heo|EEH3edé@ﬁégerCWéséwamﬂkQWimm at a
y the flow device electronics and a | aptop conputer.
rate The dj Spenseeceyclmeantinoiaut e hassounsat epf dalabrdr et 23.4
to the tubes for 5 seconds at a flow rate of _about 20
degredd | Clbeus pes secoedtesatter 4% oansedppedtfef e present

seconds. A plot of the heat exchanger turk%g1 inl et water fhe
invenehper attur st ubelobt | et Tt ePuFéﬁ%er%ﬁ urée angve -

measured flow rate for a nunber of dispense.cycles i
presenbueTACEIGEe VEE CTRRSFESHI L8 Sty Petat AbrEL0 OF ©he
tubedeslj'.ldveergf()fthleooheragul:l Ielxlc %rng\cla(:\)rl.unesfemperature of the water

pend

inlet to the tube side and the outlet of the tube gside of the
heat exchanger were measured by J-type thermocouples and data
was logged using an Agilent data logger. The flow rate and
timing of liquid water dispense cycles into the tubes of the
heat exchanger were controlled by the flow device electronics
and a laptop computer. The dispense cycle each minute was:
water delivered to the tubes for 5 seconds at a flow rate of
about 20 milliliters per second, water flow stopped for 10
seconds. A plot of the heat exchanger tube inlet water
temperature, tube outlet water temperature, and measured flow
rate for a number of dispense cycles is shown in Figure 12.

The results show repeatable delivery of 100 milliliter volumes
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41 WD 2004/ 010086 PCT/ US2003/022533 of liquid

mai ntai ned at a tenperature of 26.035 +/-0.095 C
waigiagi®sedodi nent of the present invention w tPCHUR®AS/022533

exchanger. Such a conbination could be used for

of 1iRRGW ahelytafmbat aitni ag tdwpamrpeeat of e 26F- 0B % | af d0-095 C
such as a photoresist. Exanple 9 This exanple

usingi | budbramestt hofusechd  aprepent ar yUE§BE &t oW ifasdr e DEaL

and control liquid flowto enable the del'v?r¥ and i1
exchangatr olSwfh | ew y@hbheaEienf IC6Ns dof P&n “cﬁf‘gijan' 21 i YU Y- Y

A 40 inch length of PFA tubi havi ng, an_i nsj ;
maintgiafegeEheofcOPOLEEHEENES ﬁnggﬁbgu?ugﬁ ?ﬁﬁgtgﬂﬁgoreSlSt'
useful as a pressure drop elenment. Tenperature of the

inlet fluid, for exanple 2- propanol, should be about
23 degrees Cel sius and nmeasured by a
therm stor on the surfgggﬂgigtﬁe flow restriction
ement whh t LIt 40 dihen tIPEI BA by esystem to
EgﬁgofxﬁﬁB&F ﬁ%gﬁﬁéﬁ%#ﬁ%%e_elé%tronics system as shown
neasurd gﬁgu%%Sl%%olz-P{&@ﬁHOhflloﬁq I foa cvepsel Phessiwliizedy and
at” about pounds “per square inch gauge wth
cont FU1t 39810k ARSI rd@S . £ 12w sPlodpamolo riglaomicr dtiguiisl.
modul ated by the controller setpoint. The setpoint
@an dei hdaput eh gt hhe enipEropnidiess drayngarelexiephge diameter
tool controller through the RS485 or auxiliary anal og
of 0]0psit inohdel esd asbshiowd 4i twRighy el P1usgfudheis a pressure
el ectronics system The result is a roM/sygten1 1e 2-
drop capatdet of Gehpeseingeaolfi dlied iqlett ifFyisly rhpbsexamp-Le

rangi ng fromabout” ' 0.008 grans per cond (0.1
propayrams peowhdube) e8oHbout30. SCYFH eﬁLsS:e%sondarkog_ gan be

meas%;;ﬂﬁfo 1(;)|r nﬁrr: intdlg{ﬁe%ﬁissf‘-ugrh aorflI oWhgySts%rPfia%ecapépl €L flow
restriction element with temperature input to the temperature
sensor input module of the electronics system as shown in
Figure 21. 2-propanol is iﬁ a vessel pressurized at about 20
pounds per squaré inch gauge with nitrogen or argon gas. 2-
propanol flow rate is modulated by the controller setpoint.
The setpoint can be input to the microprocessor by an external
tool controller through the RS485 or auxiliary analog input
modules, as shown in Figure 21, of the electronics system.

The result is a flow system capable of delivering a liquid at
flow ra£es ranging from abouf 0.008 grams per second (0.16
grams per minute) to about 0.5 grams per second (9.6 grams per
minute). Such a flow system is capable of controlling liquid

at flow rates suitable for chemical Vapor deposition
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at flow rates suitable for chem cal vapor deposition
42 WD 2004/ 010086 PCT/ US2003/ 022533 processes.
waez@npl®sd0 This exanple illustrate the use of PaIUS2003/022533
algorithmwith a venturi systemto naintain constant
procesdaste di spense during a change in upstream supply
pressure. An enbodi nent of the flow device of the
present invention device was assenbled using a

concentric venturi, TefI onéig inch Flaretek(r)
fittings, flow el ements Ex 19 series pressure

sensor f L F
o Srenety oo e R G gt g, wieh o

0X0 d
ventl@flec%w% a8 UIBHIR L Sehehr Caafel LG ORR oy curing @

det.er lp_% heg dot.or and val ve homi ng

Chan%%slr} :’{]&{‘A : Tééefgg%{/e was from Parker, model PV-10
Wi herH@&HrP@ﬁt PQPD%Be FN8wPHES SHEE o £S ERSOLS- casmhtvdlnv@nt ion
were Interfaced wwth electronic hardware. Flow rate

devi@&0yPE egSUERLABLPULs P t benddwwt tevirertekect edilos®, 3/8
was recorded on an | BM conpati ble conmputer using a

inchgrEphi e k@ usettt hhes f acBlowheelianastt of e VEREWY series
fl ow el ement was connected to a pressurized source of

pressater .schmomat eiramas Iooasdionedensos, bAFERSRTyank®, and a

supplied with pressure by a nodel 405A |i qU| d p mp
propantl prEss ureEWichvalBin N/ op PP VaRte mvxﬁ THEHMGE-

ressure in the ballast tank was aII%vved to c cIe

1Oxoget Wesh 20m0ahEied pdGids pRrtfuafBdinch gfager  Stectric
sost ELLS,S) SRR, mes, 1 om Lhey gy dRYLoe iR minsag  the
stepper motor and valve homing position. The valve body was
from Parker, model PV-10 with modified poppet. The pressure
sensors and valve were interfaced with electronic hardware.
Flow rate and pressure output from the flow device electronics
was recorded on an IBM compatible computer using a graphical
user interface.

The inlet of the venturi flow element was connected to a
pressurized source of water. The water was contained in a
ballast tank supplied with pressure by a model 405A liquid
pump and pressure switch from Micropump, Vancouver, WA. The
pressure in the ballast tank was allowed to cycle between 20
and 33 pounds per square inch gauge. Liquid dispense mass from
the flow device was measured on a Mettler Toledo PR8002

balance and recorded on an IBM PC compatible computer.
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bal ance and recorded on an | BM PC conpati bl e conput er
g3 WO 2004/ 010086 PCT/ US2003/ 022533 rr?he dispengg time
wo evo40h®8é | ow devi ce was about 10 seconds on aPdI/abzm03/022533
20 seconds off. Programmed flow rates of 10, 15, and
P9 midiépénees ipane semand theor flowal dgvépenseasvAkmes 10
of 100, 150, and 200 mlliliters, were repeated
second®t ah ehd@3alones2as sehengeesdifie |nPFﬁ§rBQ¥“F§stfatoﬁ’nkrates

changed between 20 and 33 pounds per
of 10porlts,orewd ERe middullideirs Ms?ﬁgﬁﬁigﬁ 5%2} t‘%ﬁh'dlASpense

results show an el ectroni contro stemf
volum@@du:%lt 19§ rt heS0F | oW%f Zpﬁuilﬂlih%hé%r?he S
ow el enent with

totalj ﬁﬁutzg’ iTReS AP cFlaﬁr gggég%géeﬁnqwg Fafs e oait changed

he 'm croprocessor has

betwe%p 2§Inlélflt r?fg?rPg‘fn r| %gralggug%ge§ﬁlcgg stored tabul at ed

nsh et ween ki nemati c

élaz&?%ig a Odfbt QRRer gglgftgf & ndpben ofnflmiglsreand4. The

capability or cal culating a tenperature

resul%?rEﬁﬁk@daﬁr%ﬁﬁ&gﬁiongkoﬂxnﬁﬂﬁxle§ybt§mfu%ﬁhemodulatlng"the
| ustrate the ability of the flow device and

flow eb%Ct FORIiE SYSremgho daki veesteonsistent flokumedenent with
liquid as the upstream pressure of the |liquid changes.
tempekBtite JALTrppessessosenthe tiopalt svolniie af mﬂFGPErocessor
di spensed per unit tinme is calculated, summed,
The mbapapedcessbhe st pcap@bll@]{r dQay oﬁ§°f-”én9hearbq sﬁ@ﬁ?ésmg
time are nmade by the control t 0 adj st
storeglr ersaémleatménfglésfilﬁc’tlh@%%s?%%ghanﬁﬁm?aJPﬁ Wﬁ%n "kinematic
i spense volune and flow rate. The di ol
viscogdtter neped tRSRATE S ande nd’z?i{)frf O?Ep%guig\édlag{agngéég the
ca agﬁgmégo %7 1512 t and 20 % gh%kg'té%f&¥5§ﬁd pressure
P ré devFat FonstiRY a et cBRE di spense less
drop. %he results further illustrate the ability of the flow
device and electronic system to deliver consistent volumes of
liquid as the upstream pressure of the liquid changes. In the
microprocessor, the total volume of fluid dispensed per unit
time is calculated, summed, and compared to the setpoint.
Corrections to the dispense time are made by the control logic
to adjust for pressure changes in the system and maintain the
dispense volume and flow rate. The dispense volume determined
from the balance data for the 23 dispenses was 100.97, 151.23,

and 201.50 milliliters with standard deviations as a percent

of dispense less than 0.4.

44



44 WD 2004/ 010086 PCT/ US2003/ 022533 Exanple 11 This
exanple illustrates the use of an algorithmw th an
weredvadieeent of the present invention to cali bre€BUS2003/022533
flow device for use in nultiple fluids using a single
standard calibration fl| Exémpler 1d venturi fl owreter,
t he equati on devel oped here 1is used to calculate the
Tolisnetxarepi¢ owllaserabes ahpel vge L #@g@%%OQth@ 3lth an
description of the theory relating fluid flow in
embOdmmﬂnH|Ofot®¢eB§©$@nﬁrb®Ve%?b%% E@cFPéﬁQFaEFeé f&ﬁH device

fluid viscosity one were to,co
for qﬁ%ﬂ#%3QQthE1?e?ﬁPé§s Pﬁ%ngg@oﬁépgig

s @ RGN B e {Hubbefibe hece
The re:

is usf%cil rﬁ:&&a Eél!&t g t%qeuq}d (U?r{ can be-general Lzed t anyt & quid.

where the exponent n Is
FlguJ%D §X+£ra£ ejie\éscgv\?tﬁ&q 46 dgd e(fﬂ@d‘ﬁﬂ fXperidentalily flow in
ak ow neter two pressure sensors and place on
a veﬁtu&?Sttét é%sga\fbn%xﬁapp,f essyse Skanrdandlangres flamd fluid
standard. “~Measure the fluid flow as a function of the
viscdBit@pt of the pressure sensor difference for at |east
two fluids. Figure 15 shows the results of such
nmeasurenents for three fluids: water, 2-propanol, and
a glycerine 18% 2- propanol 82% w w 45 WO 2004/ 010086
PCT/ US2003/ 022533 mi xture. Fit each fluid data set
usi ng a power function having

& eh:@!lribrat ion

If one were to consider in Figure 22 the term as
the ‘geometric coefficient’, one could replace it and the
discharge coefficient, C, with a single combined calibration

coefficient, C’. The resulting equation can be generalized to
the form Q=C’ (ZAP/p)n, where the exponent n is approximately

0.5 and is determined experimentaliy.

Take flow meter with two pressure sensors and place on a
test stand having a pressure standard and a flow standard.
Measure the fluid flow as a function of the output of the
pressure sensor difference for at least two fluids. Figure 15
shows the results of such measurements for three fluids:

water, 2-propanol, and a glycerine 18%/2-propanol 82% W/ W
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a pre-exponential coefficient and exponent. Since
C =Q (20P/p)n, one could pl ot "Q vs 12AP/p', to
webitaiomosal ues of C as shown in Figure 16 andPCT/US2003/022533
determine a calibration coefficient and an exponent
nixtubeompatmathematical datel atdonshirpy betpwesn: t fiesndtiow having
rate, the fluid density, and the pressure drop data
a prefekpeaehtfiali dodfdicératrphed axpesenti-t of the data
for each fluid using a power function nmathemati cal
sehatd apshpp (gires)'a fomet icomlldaviphgt a 0 e- expora®/pdl, to
coefficient C and an exponent n. In Figure 16 the
obtaifl Eja£XPON&IY i 8t factehofn fier nayerei s 6. 8001 ceigutiee a
exponent n is 0.5342. Although the exponents, n, of
calibiRe iRPWeEcEBEVE: Bht aeqgUathorsipamenld £home acumgebematical
Figure 16 are about 0.54, the C calibration
relatdeefdHiei entyeren extpondnv atatfactthe Greidddepstbnt pBf the
each fluid. These coefficients are plotted against _,
presseach diap ddatki Aemaepehvitdvdsi-t FO¥, EW¥HGwN & ﬂﬁ%?fgufét of
17 and a mat hematical rel ationship befween, t he .
the databiat opACRoSILLE] SN AndoMRE ki HiTRt(R mathematical

viscosity for each fluid js determ ned._For _ex [ :
relatiife Hdst f PLVEEr aifght  PIE ST el 5 i uerer cpefgntial

a functiaon of kinematic viscosity S [ [ —
Coeffll'f:.?eﬂ?fe &bi | i tande‘?xeprorﬁenrgttr?é vzﬁuepgw}%ﬁem& HIE pre
coeffi

ient C &g vﬁé'@ 1o;calicybate dhe fhoverpbient
eXpOongn ffﬁ!caoirl g\?vi ng%t roenghl;éhe'parti cul ar vent u?i e
is 0l within the flow and 46 WO 2004/ 010086
2003/ 022533 ki nematic viscosity ranges

ii&%ﬁ%ﬁ@ﬁte@hépr@ngﬁgntgﬁ fhow bg tuebupeme). curve fit
equations of all three curves in Figure 16 are about 0.54, the
c’ calibration coefficient pre-exponential factors are
different for each fluid. These coefficients are plotted

against each fluid’s kinematic viscosity y, as shown in Figure

17 and a mathematical relationship between the calibration
coefficient C’ and the kinematic viscosity for each fluid 1is
determined. For example, the best fit straight line yields
the value of C’ as a function of kinematic viscosity as shown
in Figure 17.

The ability to determine the value of the coefficient C’
allows one to calculate the flow rate of any fluid flowing

through the particular venturi meter within the flow and
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In a preferred enbodi nent this flow nodel may be
further refined to conpensate for tenperature
waelepandessé changes in fluid properties (N, aneCpPYysipy3/022533
defining a new coefficient "K'  which incorporates the
kinematégeffisciositt varfhngas abrees tigatedr 6pepviesdsshfndilow is
t he fI ow equation becones Q=KAPn, where K= C (2/p)n.
turbpgeny) concentric venturi flow sensor, the relationship

b d , f
DR e % LSIBSIAALE (LMD TR L3P s
e1hAkerpational '“C Tabl es, of , NUmey, %@Jde%aé achEhOMs in
Bt YatD ® Ha ?I cal %% ‘? R

ése data |onsh| etvveen t
al i br co f %1_?: td G frics K7
flul\g} éfg) aetft%frés g%\ #}? ? b§s unct on o (Arlatdeo(r;eipferlactluerrgC
det er m ne exa st.fi nom al .
LS of G PG O o Blecen PHVERLTBI (o1t o Gararie  fhuie

ol S g i —

nmodel , one rmy conpare the flow rate versus pressure

deé)p data to the calculated flowrate. This is shown

in Figure 19 for water and | PA using K and

t Epperat GoacentZ4 coewrught EloandsPBS BT f e P;z\elcméonshlp

results for glycerine/lPA is cal cul ated based only,
between( N’ E@fherd R e Q4 dhP. and drfét Has %wuz;hln "Figure

1o, SRRLEUO SaLa, on. 2 BaLLLO AT XL et il
N T PN N
relaEQ%Bs%E%>Séé%ﬁ%eﬁntﬂé %gﬁlbratlon coefficient ‘K’ and the
kinematic viscosity for each fluid as a function of
temperature is determined. For example a best fit polynomial,
preferred for the present invention, to this data gives K as a
function of temperature as shown in Figure 18 for IPA and
water.

In order to verify the model, one may compare the flow
rate versus pressure drop data to the calculated flow rate.
This is shown in Figure 19 for water and IPA using K and
temperature of 24.0°C for water and 23.6°C for IPA. The
results for glycerine/IPA is calculated based only on C’ (no
temperature correction).

If one has enough calibration data on a particular

venturi meter design, that is the design is well
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coefficient equation, "C=b - m,', is also constant,
it should be possible to calibrate other venturi
wOoreia/050086 that design wth a single flow ratECT/uS1008/022533
a single fluid, at a knowmn tenperature. Once a flow .
charaeterizsdeal ibratleel, atmomvice ddn ofe tbed fhovt heguation
fluids whose kinematic viscosity and density as a
'Q=Cf yagP/gh” of itsenpenatent,hawed bédrmti nphet eglepet hg’ of the
menory of the electronic circuit or m croprocessor.
coefFOcACROMIREALE oWl i'al=eNs- in,’ventdrdldet@nsiaensi dbhsshould
due to manufacturing tolerances, the only unknown,
pe ddigaldierof calbbrhet hAaelfdgt @M @EHaLEORE Matbedesign
determned fromthe relationship b=C + nmv; since the
withvad ugielylem £1dine rattepe, ussng krowsingnd E€1w=EQ, (20P/&p) known
n (Qand AP are fromthe flowrate vs. pressure drop
tempéataupei.nt ,orared Xi Abowt neteirsdesidal Norated,denst tgepice can
are the kinematic viscosity and density of the .
be usald birat domef | Gl didespbosieydipematien W-QqI2Ay pn@ density
nV. 48 WD 2004/ 010086 PCT/US2003/022533 \What is
as acl|fainmdion: of . tErpeHRENEN RBESUPSSE dMPYWGsbrits otfag memory
fluid flow control device, conprisi n%: a proportional
of theoRlestrerR&y CAg CE Y Gid THATOPTATESEC5 | ui d outl et ;
an actuator for said proportjonal flow valve for . g
MBAUIREG TSRS Frrducrtl Bl 1% | BV ¥ TS BET e FPPRETORS due
flow el enent having_a restrictive.flow, el nt. £l uj
BO mapeiagha HiY e Prlfegfain\cfgsf’l owrel Shart qﬂ]ﬁrllo ’ou%PSt l{l}aglue of
wr Flui 0 j cat.i j Ld fluidjnl :saiqd
b in gh%igﬁﬁyéﬁgléHkm%g?aéﬁb ’ ﬂ%f’ﬁ@.@%tgﬁml Q0 from the

propor ow val v sard restrictive ow
relationship b=C’ + m,; since the value of 'm’, the slope, is
known, and C’=Q/(2AP/p)n (Q and AP are from the flow rate vs.
pressure drop data point, and kinematic viscosity , and

density p are the kinematic viscosity and density of the

calibration fluid respectively ) then b=Q/(2AP/p)n + my.
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el enent creating a pressure drop between said
restrictive flow elenent fluid inlet and restrictive
wo bewosloesrent  fluid outlet; means for neasuriPQI/BE810d3/022533
pressure drop; nmeans for calculating a flow rate based
Whatomnssaildimpdessure drop; and a controller in

conmuni cation with said pressure drop neasurjng_neans

ahd wiklishi §last uBeasUrendcortFol PERECFR&EC ol bpid  £low
fluid through said proportional flow valve in

r espoiide o S&F FSTe &dSpf8ssure drop. 2. The fluid

fl ow measuring,and prqportional flui.d fl.o cont.rol
devi Ceaoprgpg?ﬁﬁfyaﬁgﬁgwn YEAVE FEYEPRCA vvj%eluf CPOV\%nOlet and a

el t es a parasitic pressure drop. 3. The
flfg}qgaf ?g{\:ivf?r{éésuri ng and proportional fluid flow 49

WO ZOO%AO&£Q§@a€Eg7Hﬁ%po%59%25§§op8f%ﬁéﬁé%dQMkﬁ? dhlve for

claim erein said restrictive flow el enent

CRBBLILEESNG ¥8DNE§UptopdrtIbeat | £ sy f40Wdpreasuring and
proportional fluid fﬁ)ow control device of claim1,

furthes ceEpristigenErs falemesandiaig icenperasureciofve flow
said of said fluid, and wherein said controller

cellemehs Aiuddcalrcidtat @adf bowersdire citnver esponselement fluid
sai d sensed tenperature. 5. The fluid fl ow neasuring
apdtpebpdirt i Shaldf | edrdndniongt icont voth deviide diutfaiimlet of
3, wherein said means for neasuring said pressure,
deepdcomporses ignpilr stfisvessialeret r aisiceFefbrictive  flow
sensing pressure of said fluid upstreamof said L
vEAEHENt asdeatd88oid Rresitine ?%fgmska%%?eff oP2s@nEpRgrictive

flow element fluid inlet and restrictive flow element
fluid outlet;

means for measuring said pressure drop;

means for calculating a flow rate based on said
pressure drop; and

a controller in communication with said pressure drop
measuring means and with said actuator for controlling the
flow of fluid through said proportional flow valve in

response to said measured pressure drop.

2. The fluid flow measuring and proportional fluid flow
control device of claim 1, wherein said restrictive flow

element creates a parasitic pressure drop.

3. The fluid flow measuring and proportional fluid flow
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pressure of said fluid in the nost restrictive part of

said venturi. 6. A nmethod of controlling the dispense
w@booftlouioss f rom a di spenser to a point of use;PCT/US2003/022533

conprising: providing a proportional fluid flow valve

haenigoad dawiae i of eclafd &, f Whiegeda ||atd previdisigiee flow

restrictive flowelenent in fluid comunication with

S&LETERGi §OMRIFEESSsai HeRBYEictive flow el enent

creating a pressure drop; sensing said pressure drop

across said restrictive flow elenent; and nodul ating

5804/ DIBRE T @%ﬁ%ﬁ%%%%ﬂ%@%éﬁr%p%%%?a SEhaig flow
PreasYLe d&éjﬂplcg ghg:l%@hp® OEufjcﬁéin Q:om gr8h 'g; ar\[fbans for

actuator is provi to nmodul ate said proporti

flodhd i How ¥RbyEatr Bre The nBishod,ef éafﬁ'“fﬁulBUftJHHT wherein
conprising providing a control I er responsi ve' to sai

mgasdr edoptessuee d@Prddds eantr obhipglseéd aEtdiat @ate in
9. The method of claim®6, further conprising fuzzy

| agisponsnt toal saibeseheednodupatatgresai d proporti ona

fluid flow valve. 10. The fluid fl ow nmeasuring and
proportional fluid flow control device of claiml

further conprising a positioning sensor on said

adt-uat 8&16\/21@})%&?1 1flowrheed$wi ihd | owl nebeReFpgoramt fluid flow

proportional fluid flow . ,
control device of <claim 3, wherein said means for

measuring said pressure drop comprises a first pressure
transducer for sensing pressure of said fluid upstream of
said venturi and a second pressure transducer for sensing
pressure of said fluid in the most restrictive part of

said venturi.

6. A method of controlling the dispense of fluid from a
dispenser to a point of us=, comprising:
providing a proportional fluid flow valve having a
fluid inlet and a fluid outlet;
providing a restrictive flow element in fluid
communication with said fluid dinlet, said restrictive flow
element creating a pressure drop;
sensing said pressure drop across said restrictive
flow element; and

modulating said proportional fluid flow wvalve in

1
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control device of claim1, wherein said restrictive
flow elenent recovers at |east 10 percent of the
wore@s1m®es pressured drop. 12. The fluid fl ow PEERES20031R2533
and proportional fluid flow control device of claim
TESPPNSih deiSR 16hiSETEGH PEeS6HTEsd5°Puzzy | ogic rul es.
13. The fluid flow neasuring and proportional fluid
flow 51 WD 2004/010086 PCT/US2003/022533 contro
deyi ce .of clai.m 1, wherein.said controll.er uses stored ,
fﬁhid gﬁg%er jﬂ%%ﬂa :g ERsU e Cand "ESHT ) Fﬁui&9ﬁﬂ§%or 1s
; t.hed, ' j £l uj-d £ 0 Vi i ng
o e L T Ll R S A £ B e
providing a flow nmeter having first and second
pressure sensors; neasuring the fluid flow of a
fig.st fihd dnétreagbrsaidinf QW fRteie PYc6RbeULAhENGrBviding
first pressure difference between the pressures
a cephsetllby satgbdhsbte and segbAd nyRSEE HEBSOUSE drop for
measuring the fluid flow of a second fluid through
contymild infd mairktartunteal cul ati ng a second pressure
di fference between the pressures sensed by said first
and second pressure sensors; determning a calibration
coefficient based upon the relationship between the
f1Pow r dthe ety 8fdefspty ahd thErthed c@oawad sing fuzzy
1 .pre55ﬁ¥e ﬁiffe ence_for said first and second f] uids; ,
O9Tfet EPRFAPHg Bt 8F ati UnsAPFUpBEWEEN SAtd QA EfigkRl fluid

flcmF%%ﬁfkﬁ'ent and the kinenatic viscosity of each said
f1'0id;" "and storing said rel ationshi p.
10. The fluid flow measuring and proportional fluid flow

control device of claim 1 further comprising a positioning

sensor on said actuator valve.

11. The fluid flow measuring and proportional fluid flow
control device of «claim 1, wherein said restrictive flow
element recovers at least 10 percent of the measured pressured

drop.

12. The fluid flow measuring and proportional fluid flow
control device of claim 1, wherein said controller uses fuzzy

logic rules.

13. The fluid flow measuring and proportional fluid flow
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15. The nethod of claim 14, further conprising
conparing said stored relationship to the neasured
walpdoermsd i al pressure of a third fluid and PCT/US2003/022533

determining the flowrate of said third fluid based
contfsdn R T onpaFiadn. L16"hehelretRéd Sondiralders uses stored

further conpri.si correctin 52 004/ 010086
Eluiise TG T Faattiel APoReEEOTof LEatper St ur o

variations. 17. A device, conprising: a proportiona

flow valve having a fluid inlet and a fluid outlet;

an Aact yat grif95 $3i %ari&%&grtﬁhgn%l Ei@%@iéfﬁ B8%ice. using a

nodul ati ng sard proportiona | ow val've; a restrictive

sindflleOW RIRIBY NAMIIYG A ohegt kel | ¥8mbkeWingt ement fluid
inlet and a restrictive flow elenent fluid outlet in
f lpdor iecDimginacatlicwn Métdr saheihbuifd Agt edn@f se88hl pressure
proportional flow valve, said restrictive flow

senselreyent creating a pressure drop between said
restrictive flow elenment fluid inlet and restrictive
f Impg selwmant thel vildiicut feey . af wpstfieam pflesislr ehrough said
sensor; _a downstream pressure sensor; a controller in

flowe grpivmi chyi s lduliatsaiod aupbtrsanprpresser diférsencandetween
sai d downstream pressure sensor, said controller

the P&Wﬁé&re@omﬁﬁ@y SAédof L HBFeaPfloBRSIRTE SPTOPBILF Sensors;

nmor e conputer. readable nmenories; a set of conputer
rgg@ﬁﬁﬁyﬁqs{pﬁcggaﬁg flow of a second fluid through said

flow meter by calculating a second pressure difference between
the pressures sensed by said first and second pressure sensors;

determining a calibration coefficient based upon the
relationship between the flow rate, the fluid density and the
calculated pressure difference for said first and second
fluids;

determining a relationship between said calibration
coefficient and the kinematic viscosity of each said fluid; and

storing said relationship.

15. The method of claim 14, further comprising comparing
said stored relationship to the measured differential pressure
of a third fluid and determining the flow rate of said third

fluid based upon said comparison.

16. The method of claim 14, further comprising correcting

52



stored on said one or nore conputer readable nenories
and executable by said one or nore processor, said
W@ edo40i008€onput er readabl e i nstructi ons conpr i BCTYS2003/022533
. .instructions executable to: receive an upstream
sald prekaylrehynator WPRRBBOTE TEEO86 -PEPF US2003/ 022533
recei ve a downstream pressure signal; and calculate a
fluid flow rate based on said upstream pressure

signal , a i d e pressure signal. 18. The
d%%icergg%fgéhw , %ﬁ n the controller is in

comuni CaL5RR W ik Sat thiaGk Bl O ARG Sl ¢188H 2hlet and a

conmput er” readabl e I nstructions further conprises

| psh{gchhonst execut abl e to cal culate an overall change
in valve output. 19. The device of Claim1l7, wherein

the coghrattesatot stdnirddied exgouwirelt lgenewave dor

val ve control signal based on the change in valve
aubPutlat 20g Fhed dendmertafor@laifholO vadtverei n t he
controller further conprises a valve driver operable

t o generatetaicvaryef tyv vl anigyialhavaged coreshisivglive flow
control signal and communicate the valve drive signal
telementct batdrinkat arwt dewrsdeistigeaitdrygelamerei fluid
the instructions executable to calculate_an overal
chahgeti hrvaved AP LAk e v ilimseiise fith fr dRLPENSE
execytable to: c re a variabl e associ ated_ wi flow
i e Srabor P ot BT s i s RRer 6he "Fot 1o
9§f858£€ gréé{fﬁgﬁf%uessure drop between said restrictive
flow element fluid inlet and restrictive flow element
fluid outlet;

an upstream pressure Sensor;

a downstream pressure Sensor;

a controller in communication with said upstream
pressure sensor and said downstream pressure sensor, said
controller further comprising:

one oOr more Processors;
one or more computer readable memories;

a set of computer readable instructions
stored on said one or more computer readable memories and
executable by said one or more processor, said set of
computer readable instructions comprising instructions

executable to:

receive an upstream pressure signal;
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of fuzzy inputs; and conpare a variable associ ated
with a change in flow 54 WO 2004/010086

wWEIAOBR8O3/ 022533 rate to a second set of nMeEPOPUSIWP022533
functions to generate a second set of fuzzy inputs,
wher ei n each fuzZ@ceaget af fonnchectinrgresserefsignay; and
i nputs and the second_set of fuzzy inputs is .
associ ated withCS@AUABGE dedlBédof Loy urRte 22asqfheon said
device of O aim21, wherein the jnstructions
eXEETEaE e PEGSEAF BuP 4PR2an 0V eP &Y LHANYE ST VS ure
O%HI%% further conprise instructions executable to:
app%& a’'set of rules to the first set of fuzzy inputs
and the second set of fuzzy inputs to generate a set
of fuzzy outputs, wherein each fuzzy output is

associ atged Wt RedncaUbLRUL1 A €8, Ofnd F D + 3 - cd&o11er
device of Claim?22, wherein'the instructions

execyhakbenhaieat evhahetANsQVEr At uLhanGd sakdl Wt of
out put further conprise instructions executable to:

assopiuate eaeHablzzyneutputiwhs hf@rthacrengchange in

val ve out put val ue; and cal cul ate the overall change

i Ansdlruetdonpuexbastedbba to heabutaite degreeeefl it raidnge in
of one or nore of the fuzzy. outputs and the discrete
chWadge ntpdkve out put val ue associated with each of

the one or nore fuzzy outputs. 24. A device conprising

a set of conmputer readable instructions stored on one

or nore co ter, readable _nenories and executabl e by
sai d oﬁ@’o?gﬁﬁrQGBFSEeggo?%?lm 17, wherein the controdller

is further executable to generate a valve control signal

based on the change in valve output.

20. The device of Claim 19, wherein the controller
further comprises a valve driver operable to generate a
valve drive signal based on the valve control signal and

communicate the valve drive signal to the actuator.

21. The device of Claim 18, wherein the instructions
executable to calculate an overall change in valve output
further comprise instructions executable to:

compare a variable associated with flow rate to a
first set of membership functions to generate a first set
of fuzzy inputs; and

compare a variable associated with a change in flow
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55 WD 2004/ 010086 PCT/ US2003/ 022533 said set of
conputer readable instructions conprising

WO p@iou®Bé ons executabl e to: calculate a fl ui dp€T/082003/022533
rate; and cal cul ate an overall change in valve output
baseE 6 pusggondgiset 25 m¥hbedelipefwhcicl @isn 4, generate a
wherein the instructions executable to calculate an
o&ECend éﬁ&n@é ?Hzgélﬁépéﬁﬁbut further conprise
i nstructions exec ble to are a varja

0
associ & SﬁewptﬁaF uF&VelPBuEHEF?mSFh§e¥16$t set of fuzzy

RSO PRl PaEE Sk ee B3Pl e 0

i npat’s;

CQQQggahn %ng ﬁé?g%et8fat§888nd set of menbership

functions second set of fuzzy inputs;
wherei n each fuzzy input fromthe first set of fuzzy
i nputs and the second set of fuzzy inputs is

associ aped TWet BedicknBét cdggnee Of yhE by @0 & ructions
devi ce of Claim25, wherein the i nstructions

exeedtiabbeet @ocahtuhabeeainOyeead] 1 Chian@ee i 1h WA M output
out put further conprise instructions executable to:
apgpiryharsevmptical eastoutheofis retesetamlie fittzzy i nputs

and the second set of fuzzy inputs to generate a set

of fuzpplouepaes, ofhenéea eachhé uzzysousputof sfuzzy inputs
associated wth an output degree of truth. 56 WO

2004/ theosscrTl/ ©82008/ Op25EB3inputs to generate a set of

fuzzy outputs, wherein each fuzzy output is associated

with an output degree of truth.

23. The device of Cléim 22, wherein the instructions
executable to calculate an overall change in valve output
further comprise instructions executable to:

associate each fuzzy output with a discrete change in
valve output value; and

calculate the overall change in valve output based on
the output degree of truth of one or more of the fuzzy
outputs and the discrete change in valve output value

associated with each of the one or more fuzzy outputs.

24. A device comprising a set of computer readable
instructions stored on one or more computer readable

memories and executable by said one or more processors,
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27. The device of Caim?25, wherein the instructions
executabl e to cal cul ate an overall change in val ve
Wo@eaop1008d urt her conpri se i nstructions execut abtBUS03/022533

associate each fuzzy output with a discrete change in
vaf ¥ ottt vaTREt ein O Seslabicatie sttrE CEvenal Coahangany
i n, val ve .out put based an the output degree of truth
ofl%ékf%ﬁt iaﬁﬁeqqﬁﬁéhﬁi¥“ outputs and the discrete
change in va ut_val ue, associated with each of
the one or n%%gc€%%§? DUt P, .?R%ﬁévﬁgg'conprising

a set of conpute; Jeadabl s e st iyetlans stoned g1 one

or nore conputer read menori es and éx

sabgbeneoPrrdPL e RPcessors, said set of conputer
readabl e i nstructions conprising instructions

executable to: calculate a fluid flow rate; and
cal cul ate an overall change in val ve output based on

fuzzy |2gi c Tye donpayr ol cARier pal, Wledehhl sheSehsPiuctions
menbership functions to generate a first set of fuzzy

| rpraatakdenpar ioyg canleht@ange brefthdW thhggkoia $8Ce8Gutput
set of menbership functions to generate a second set

of iy dompiise vimstaiugtéavh fuezytabpattdbrom the

first set of fuzzy inputs and the second set of fuzzy

i nput s G¥PH GeivAadbdict Rsarciiapad dWégheélo ratehto a

i R R R RSN R
20041.040084  PGT/YS2003/ 022533
compare a variable associated with a change in flow
rate to a second set of membership functions to generate a
second set of fuzzy inputs;
wherein each fuzzy input from the first set of fuzzy

inputs and the second set of fuzzy inputs is associated

with an input degree of truth.

26. The device of Claim 25, wherein the instructions
executable to calculate an overall change in valve output
further comprise instructions executable to:

apply a set of rules to the first set of fuzzy inputs
and the second set of fuzzy inputs to generate a set of
fuzzy outputs, wherein each fuzzy output is associated

with an output degree of truth.
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generate a set of fuzzy outputs, wherein each fuzzy
output is associated with an output degree of truth.
w@s®eoi®@sé ng each fuzzy output with a di scretePCTDOSVGE022533

in valve output yalue; and calcul ating the overall .
change %e% vaﬁq?ﬁe %%‘Pﬁﬁ oI 4dédMor Sr hehsGepnt thegteet srctions

t h.aof ,one .or re.of the fuzzy._ outputs and the
d%%é?%ﬁéﬂ%‘%éﬁ%‘% THAE 88t BT raﬁé GggﬁggoéPaY%%V%M?WFput

r .oore fuzzy oqutputs. .29. The device
gf1ﬂé§%ﬁ2§? _ é%%ﬁ%RF%gcgéngfexSEH%ﬁP%? FRstructions
furt hera LOMMIESE dNg] ff*&gtz%o%tpﬁ’éeg;%ﬁbéedi8%_%‘?@ change in
fuzzy out puts associate th “particul ar "outpu

degriees ftdututdn1ud0. afhe device of Caim 28, wherein
the set of conputer instructions further conprise

I nst r uctslansl atexatid akleeallo basagbhenoul pyt Q@%Sl?_@soéged on
truth on the input degrees of truth. 31. The device

ofth@l @uhr28, deereel ft heuoht pat ondegregosé &f Utk falz A,
particular fuzzy output is equal to the |owest input
degrteaitef andutthef cdisarpaet chahge setvalve fazizyut nplhs
upon which the particular fuzzy output is based. 32.
TRE sesia¢e o ithaiemchgofwhbe epnet e Bete ofuz58 ABputs.
2004/ 010086 PCT/ US2003/ 022533 conputer readabl e
instructions further conprise instructions executable

to generate_a val.ve control ,signal based on the
calgulg@éd oV EFNI e RERGELF NG aR veShuphugomputer readable

instructions stored on one or more computer readable
memories and executable by said one or more processors,
said set of computer readable instructions comprising
instructions executable to:
calculate a fluid flow rate; and
calculate an overall change in valve output based on
fuzzy logic by:
comparing an error to a first set of membership
functions to generate a first set of fuzzy inputs;
comparing a change in flow rate to a second set
of membership functions to generate a second set of fuzzy
inputs, wherein each fuzzy input from the first set of
fuzzy inputs and the second set of fuzzy inputs is
associated with an input degree of truth;
applying a set ofArules to the first set of

fuzzy inputs and the second set of fuzzy inputs to
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generate a set of fuzzy outputs, wherein each fuzzy output
is associated with an output degree of truth.

associlating each fuzzy output with a discrete
change in valve output value; and

calculating the overall change in valve output
based on the output degree of truth of one or more of the
fuzzy outputs and the discrete change in valve output
value associated with each of the one or more fuzzy

outputs.

29. The device of claim 28, wherein the set of
computer instructions further comprise instructions
executable to drop fuzzy Gﬁtputs associated with

particular output degrees of truth.

30. The device of Claim 28, wherein the set of
computer instructions further comprise instructions
executable to base the output degrees of truth on the

input degrees of truth.

31. The device of Claim 28, wherein the output
degree of truth for a particular fuzzy output is equal to
the lowest input degree of truth for a particular set of
fuzzy inputs upon which the particular fuzzy output is

based.

32. The device of Claim 28, wherein the set of
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computer readable instructions further comprise
instructions executable to generate a valve control signal

based on the calculated overall change in valve output.
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