Val ve Control System and Met hod Technical Field of the
I nvention : [0001] Enbodi nents of the present
wonuenisan relate t o the field of flow controlPCTNSR®S/024033

particularly, enbodi ments ofl the present invention

relate t o systens and nethods for nultiple channel

flow control .VBack@eoundl ofystem ppdetethmd . [ 0002]

Many thermal nass flow controllers utilize

force-actuated "gl obe" valves t o control gas flow
Technhcelghi¢lve ofohbe oldwandioA: gl obe val ve, as shown i n
[OOO%hwR%x&?ocﬁ gheal ly t%%ﬁ?%?@ét a rsRheE bt RARPRL e field

that seals against a circular or conical valve seat

12. A ofarfilabl ecrorde adlpuateRridoimastiEd emkpdimealgect the

stem 14 £aneXRELn@ Jrone@ate O dINSRREmRORRE tnck ohE OB

val ve 'seat 12. A valve, such as that depicted i n

FI GUREnLtipdR peanssli ddew serFrdthat the differential

Bacl%irggﬁgrgff@{ecqnq,gngoﬁ:he fluid being controlled either
e or unseat the valve. In the
[000&tanp|¥anst HAPQURE MaSst Féodi FPRrentlicds pFesikify éorgpcactuated

16 actsyiopeURgedts the cvak¥sr Jo caupt enssiqr Ring
force,- a prel oad s%grl ng can_exert a spring force 18
0

on t hecPyppeters &P OPReVIRY e &8 sheyni ith RYRURE 1.
absence,of-an yagtisti g LOEFRerildH1S pRbgkoath frolz@eskass
generally set high enough t o prevent flow at the ,

hi ghestoaimstcppatedrian of presedl alve ped3)i4-n Ranzfiable

nmass fromLanrtnatdLrdonnb@elintd ialvaapel beahion @h exert a
force by the actuator does not result i n atgpreci abl e

flow, Er¢e e vapert iP®rREl 40 cfotbdagyet ARt bridl-oatt valve:
Spring$ﬁéﬂ(ﬁ%-twﬁﬁn?éﬂﬂtﬁ@ﬁaﬂﬁtFﬂgﬂﬁppgecbnsbe desiﬁned such
approxi mately equal t o the spring force mnus.t . :
force eftfsdden§ther it fer BH?g%‘Freprfé%%r%? ?#3}1&035&‘1 being
?Dens @ékdtrfdlll:ed geghen_s atﬁt@ tboyealAxHeurbbhes @ctinathbgthe
orce i s appliedt ot valve stem the poppet i.s

f urt heP>1&moved F}P%rﬁ’iw‘i\?af’%gg%[g% &ndg?ﬁe&fqof%\ﬁentlal
orificgréssurenirarged.c Buts causesecdtnaheaselvd] owo counteract
t hr ough

this force, a preload spring can exert a spring force 18

on the poppet to keep the valve closed in the absence of
an actuating force. This preload force is generally set
high enough to prevent flow at the highest anticipated
inlet pressure.

-[0003] In many mass flow controllers, the‘initial'application of
force by the actuator does not result in appreciable flow,'
as the valve is held closed by the preload sprfng force.
When the actuating force i1s approximately equal to the
spring force minus the force caused by the differential
pressure, the p@ppet opeﬁs'and flﬁid begins to flow. As
further actuating force is applied to the valve stem, the
poppet is further removed from the valve seat and the flow
orifice is enlarged. This causes increased flow through

“the valve.



the valve .[0004] FIGURE 2 illustrates an exanple
flow force curve for a valve. The region of the force
woOlaos/fierice curve where no fLow occurs is ref ePCEWSLMS/024033
as a deadband. The wi dth of the deadband region is
roportional to the preload closj ngfforce and the
[00045

peni RECTRIT e 1dxap Eetlon 3P he*plpifet fREce curve for a

di f f ecendd al peessytsn foFr ene f&ﬁcé Q@c@ﬂf%@é Q:Lfﬂv@there no
does occur is the useful control C%I

on. The int at
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di anet er a.nd % ffer ssur.e. ;Le cont.rol

r egi oRCOF RISGURE 55? Q5 HeHETul | yOFi Pt Athghich
cont r bbaksgH argtan te cmm-mrl bnéarhanchlsef begids am open is

mechani cal_h steres 005] . Sever cLors ( ot
dynam %E [t %t at FE)JC%%H’[agI th%smf]hr es% 4 =h arRrtrol
(i.e. regiccrpasotybhoa\llprpmepoutvmalhe;ocmhermdal\reegilep)Lacement

of the vaI Lin n han rel oa

al ter “the v% thies aaﬁ él% f?ﬁ%%tacgtf%fqgcﬁgam& dﬁhe ﬁreload
the ceptimd, r\@gNense#/@Iw@@ge fhanyetieun anan@iﬁfe;re@rtltahe

ot her wi | e t iyel

e BERasS | Imite Tl P A SRR 13 e @
sane tememlldi dphagendiite obnarbhryeriorakwe poppet linear and

resul Lectn, areal roflevhnough. Lhe val ve at the same

di fferential pressure. a change in
(0004 f f ePeveraall fmcassar Soatin Idyaamectarghlatatmm hcamerlgasethe

d' ffe Eéék?dlhdo%ﬁésgéﬁl'ﬁa%' ngst ?ﬁ’@ d 2198,/ 951 & c[u?:QQ Pre .

ows t hree exa ow force curves
t hr eecc@tﬂmlnanqg@ng) off vtéﬂev@aélvarret@rs iandapeel gaghange in

set Ui ps) oFAGH 17 { ey LLeea) 6o PONSR ALV RS i Srablieeboing

reach a one hundred percent flow rate, despit
var i age&n i n \idley ecni aeretrediand c%r¢l@§1@@nann@abreeldeameter,

Sett'@ﬂ tﬂén%%ﬂér'hgﬁﬁ %ﬁhﬂeéfgéé@lﬁﬁé %blﬁe%f%ﬁ relatively
threshol d | evel s and gains wthi
little change in the threshold This is because the same

linear displacement of a larger valve poppet results in

greater flow through the valve at the same differential

pressure. Similarly, a change in differential pressure

will affect gain, with increased differential pressure
‘ leading to a larger gain.

[0006] FIGURE 3 shows three example flow/force curves for three
combinations of valve diameters and preload settings.
Each of the4three response curves is able to reach a one
hundred percent flow rate, despite the variance in valve
diameter and corresponding preload setting. ~However, the
valves disblay different threshold levels and gains within
their control regions. When the valve diameter is larger.
hor differential pressure anticipated is highei, the valve

preload is .increased to prevent léak—thfough. Likewise,



their control regions. Wen the valve dianmeter is.

| arger or differential pressure anticipated is higher,
woOheoovaksie prel oad is increased to prevent PCT/US2005/024033

| eak-t hrough. Likewise,, - when.the valve dianeter is

smal l er or the anticipated differential pressure is

| ower , "hdte theeVahe cdrprisdctet? cdivdd X ThE stho midrisarated

for thc@l%%&ltgannppésstﬂ% 1ssm41€r tyal ¥§ep$acl QUBI be
pressure to ensure that the val ve can reach an

adequatecifsicfum Fhbw qoapensates gidrothar oEs/stdsns, of the

each nBss ifdr0WaeeatsollRieri srifnding @%aghyufé”ﬁﬂ$tt9he valve
conpensate for changes in threshold and gain. [ 0007]

Prior % 5P8SE Rl odrBitteolprer alfievsyatens Wt prigsoart

a si Ngdesieant r ahch Yid oMmravlpYsnichanee!l i50is@tvith@11y tuned
opening force applied to the valve stem Wen a

non- zet®d THEESPFRBH St GHGRAES| & rdEeshedd 31E %edatr ol

[00GNSt enphrgl RSt RakHCfBASRohBLo DUPHR1VEl Uesthitd luthh O¥ed a
I's estaplished and event ual I%/Iﬁe qual s the set point

val ue. SHIfE& CRBEFRYUTFEE™ SUuFRer seanehetaisfte tsr grening

beyondsdhe talppese@l*@b G KhlDUs escd awEEAV MRSPOREE mass
tine. Additi nall%ﬁ having . to ac ount for.the

t r ansi tT8h Ser BAgh® tHe "FERABSHd W FORTEPhgi ¥ *eaRREINS to

can caluserd=ke kntegiadut Q’éﬂrh@furt’d']ie_ tf)lbi,vCile &dy18khed and

al gorithmto_overshoot the set 0| nt 0008]. To

count eVt HEdEY P eS¢ oﬁ%tp‘? gyt é(lail Syst tippI peguired
pr e- chas gleldr@aehetlc@ ntA1ake sy st€ Meyortdpuhe Sticde dnlvaty

val ve drive._i ven imediately tg the threshol d.of ,
Pow argreimtat bt D S Per St ke i AN RReLaP naving
Thi s srycstaemomsteféecttha/eransteﬁucmmgod@adtme NeagBend with a
control steﬁp ove{shoot but ntrocducei ot her

5 SESERL - BRHY 5 SR phypical

pr obl efe. 2 the slit pr FobI% }‘hslest%e "
t he cowmdmiodolr egbomtﬁlfhetoaotramhcmt ftdmeceeam»dalrﬁﬂ to a

ppet., nera | onal to_the nu
[OOO%aantl zeacoglt terajgké%sf gf%gy a’ digitar eontr olﬁysm\l}llsaa%ply a
d| gi taprd-@—hamgbogo Ciorw erogitonl s%&itt@m oApplyifnigha thakedalve

i ni ti aJi fvoﬁrqgg b, pyer %9{{@%15@5}9’@30 \{:%et Qﬁgesn‘?c!l% of flow any

requi res that a si ngl e- channe system
time a non-zero flow set point is asserted This system

is effective in reducing dead time and control system
overshoot, but introduc¢es other problems. One such
problem is a loss of resolution in the control region.

The actuation force applied to a poppet is generally
proportional to the number of guantized step asserted by a
digital controller via a digital-to-analog conversion
system. Applying a fixed initial force to overcome the
valﬁe threshold requires that a single-channel system uses
some number of the total available steps for the initial
force. As an examble, if a single channel control system
can adjust the valve opening force in 100 of those steps,
the initial force may require 45 of those steps. ' This
leaves only 55 steps to control flow in the control

region. As the required threshold force increases, the



sonme nunber of the total available steps for the

initial force. A's an exanple, if a single channel
woanisredsisyst em can adj ust thg val ve opening feCcTaIS2005/024033

100 of those steps, the initial force may require 4:3

of those st ens. Thi s | eaves 55 steps to contro

f1 ow | FETHEteght B Sl?eegCiO&ﬁrO %g@tlr%l (EGLPRIRF (A ESHB| dteps

force ancrmeasesedt her asel uhional ﬂbrtaﬂa]? conLr ol regi Ion
cre esasm)es arerewre or the initia
[Ooﬁr ceaﬁ lil%o‘a\‘/ogcﬁscltoﬂe oLt tidh st EPETSit Zeach the
force Vabfer Etacr:hshdﬂbd wadmpe itht es holdd coaipbi cafasent. heIdeally,

contro ste | deal Ly, ontr S emi_s. nost

easi | ycj’ll% en%nn?%s Wher f“ﬁsgc%?ﬁlﬁéﬂ %‘Bﬁ‘ﬁ‘ﬂ?nt}eds “hepatle

t 0 theordontlr olited: piar areteed byo a:hlel peatrd NGt ipRRambtdr by a
m ni mu IWpfc_ifrs%thhe use of .t hresha orc however

i ntroduces a sl gni r|lcwaiLn BHPERAD eYal UEISfISEnRT threshold
of f setT@ame,vapyeyrratin: rbdsees an aﬁtgaﬁlfﬁ:camtd dhfzaml. C The

factor chca aneter_and differentj al .
pr essu‘?‘aesulé i §hé/ag%/fes§ |n§u % greggﬁ?’e?aai e‘J s § b and
cont r ofiyremd ct Iﬁa@tcatmolsyucanas nva il dflame\éet herough fiEbeential

T VENTT O [ 00A0] Ebal manr € Ot 118 BF BLaRt d AvEn F by

provi deeraroydersn thed prhmdam)flmatll‘aé ornte alhrohgh the same

el i M Nafeme1 OF; alnd A3k, SybsbaNial Iy reduces; the

short com ngs of prior art valve control systens and
SUMMABthQﬂqTHEI\HNHEBEWN cularly, enbodi ments of the présent

ipAvent e

rooLoventiBRBEONE I S RLME Ak TELRATRLL s i posro 2nd
the prsdne phveriticoronhepldenta cdyninmad, val we least
cont r alyfshaht oMy i aspr
readags{ue Eed]cum acc%gglcbsg ﬁ%ﬁ@%?%&%@ﬁ%ﬁ%ﬁ“ a]ft valve
of corfft&pPli etarst rorsmeHadsar eMexecrazthlomlbyly he

pr oCess®odi mOn QUi LA ﬁkéégnﬁﬂﬁﬂqghtfgh gbflde % t?ms and
channel |nd|cat|ng an initial forcet o eapl

a val Viethp¢s afpmatidat orharrrloepue eorterdnd si gnal on
[001@] Secend ehBsMBledtNdisCahd NG &GNt HOLn £ c8 k10408 system

applled t o the valve.
f valve control that comprises a processor, a computer

readable medium accessible by the processor and a set of
computer instructions that are executable by the processor
to output a first signal on a first. channel indicating an
initial force to be applied to a valve by an actuator and
output a second signal on a second channel indicating a
control force to be applied to the wvalve.

[0012] Another embodiment of the present invention includes a»
method for controlling a valve that includes outputting a
first signal on a first control channel indicating an
initial force to be applied to the valve, outputting a
second signal on a second control channel indicating a
control force to be applied to the valve, and generating a

third signal from the first signal ahd the second signal,



[0012] Anot her enbodi nent of the present invention

i ncludes a nmethod for controlling a val ve that
wonadederoout putting a first $i gnal on a firstPComuSemb/024033

channel indicating an initial forcet o be appliedt o

the valve, .outputting a,second sjgnal on a second
cont r of "EiHh Eeiﬂa}r%atsilﬁﬁa Y esf gr ¥l{e Fopee equal to

appl i ech¢ imitthelvadme, aaﬁdtgermﬂﬁﬁﬂﬁggfér&@{fahSigna|
farom the fir signal ..and, th econd signal ,wherein

005le t his Akhat PIRRAREL 9f VA S TrorRE CERt om0t R pRides
i nitiaheﬁhmdcéoancbnﬁnblddngrmlvélumc&haLOGEﬁﬁrﬁﬁ%%lganerating a
anot h ﬁﬂk inent_ of th resent invention includes a
net hog"t? or ggﬁﬁﬁ?qaﬂnalgﬁvgl Ve TR e Bnpritedroportional to
gener at itrfad feferenmaecshgiad avtirsa sefeienceivgl 4 agerst

roporg| ot al ce ener ati ng first _
IEsJi gﬁal‘;%lgé\%@ﬁgggg??roglt E\%I %%eerdoné%eaoﬁ)ﬁaﬁfe §iBnthe first
vol t ag&dltwtver & rotdperitiipsal viod taage nii t Sa pripek elt,l g@ﬂd_aratting a
0 an idJudti.al e, ratj : econgd, si gna avin

ar ern:\gignéocljléll?l \S/g té;lg&agggﬁe?a%él}%gﬁﬁ ge‘é%ﬁ%a. ol tgﬁﬁgr%‘éjs‘gqj a

on t hesgcemdi mdkrageolbeage ¢hathd remploper tvcalﬁtalg_et tlﬁ)Tta is
contr r ener.at i | ve_contral_ . signa

havi n?rg p? Iqul‘{:'rg %ﬁ%/glt?)age%%gt%?l taf O\oé%te h%ngf?ernsetra\%flg age’atve
and t FEEedndl vt Ageing 00 1411 rYetvo abhagd erquenbedi tlentfirst

of th I ng A nt.i i ng val ve control system
efggtg%gr%%%?g%rts\%\/le?rﬁ&g&%l#%g%hol d output and a

that h :
[001gdnt ¥oF inther, embedimsutepL el ablesembdiuveracicesshbl edes

by t he,apkACESSOF 18R sRem el Af h%gnguél?%cé%%trr yv%vt:%o%nsthreshold
that are executable’t o output a first pulSe wdt ,

modul &UEBVE| Al @I@nFﬁ@lt?ﬁfééﬂl"Fol 8 oompuiteri mébdalblegneaii um
initialeckesewid 13 RReapplied b Qna Xﬁ%%ﬁcﬁ%agﬁ%%%&F

actuat.or and output a second pulse Wi [
si gnal*"ShTEREL Wnih8E eRarftelcutalileatd mytautoat fotst pulse

f or ce wti d@hbgo@PRIkads i g0t he \EBEVEhrJJHoS_Lde%’B%g%PEi@dicating
can also,include a reference voltage source a a
first 2GpeRt b3 FOBGEf &P RhaPrRasd o refieleacky varl taageator

I nput agansegsed ot secbhe gafer engen ild a6 SO0MI £&,1 dn ahe
threshol d i nput connected t o the threshold output an

a fir&PPop_h UPERRLbIREERtdHgpat control force to be applied

to the valve. This embodiment can also include a
reference voltage source and a first opén drain buffer
that has: a reference voltage input connected to the
reference voltage source, a threshold input connected to
the threshold output and a first open drain buffer output.
‘The valve control system can further include a first low
pass filter connected to the first open drain buffer
output and a first summer having first summer inputs
connected to the first low pass filter and the reference
voltage source. This embodiment of the prééent invention -
can also include a second open drain buffér that has a
remainder voltage input connected to a first summer
output, a contfol input connected to the control output

and .a second open drain buffer output. The control system



The. val ve control systemcan further include a first

| ow pass filter connected t o the first open drain
woubdemn4aot put and a first summer having first PEUMSEI05/024033

i nputs connected t o the fir8t |ow pass filter and the

reference voltage source. This enbodi nent of the

pr esentan rafardtli dnreher alnsd ufactd LBRCAds eécwnplopeli ldeai n

buf fer .t hal .1as +8 Eﬁémé&%% YPLk acgﬁafnneutffgp gd Lne

o a first sumrer out put a control |nput connecte
t he coseewid dlSPMpHFSan@lete§ebéﬁw<bpﬁer$eﬁpaﬂnl%fﬁa§rs fllter

OUtpUtouggﬁ% CORt Lok SR &NRABr Stdddedridlt BET i AR g1 oy
second | ow pass filter connected t o the second open

drai n Y eilldgtpartrithe second | ow pass filter having

[00PB51S€COoRdt] QMe PaSS e%hh%ﬁer?dﬂo&u‘théngr@séﬁcQﬁ%ﬁﬁ'{%‘@rcan
connect ed t o the second | ow pass filter output

[ 0015] 1vetudgn gt ReFhedbodh FeRECOFLiNe 2pvesBnt thaty sampshses

can i ngéiiesd ndethedr§+0 fqu@@t{IQJhJﬁH MbRI%abyesiAl, with a
conprises generating a first gul se w dt h nodul at ed

si gnal Puhig igthuPsePWitdeRapr 6Pt ildH&lat EO%Gf . RRPERTing a

force, sgesner aptml@g A1 SacaRdubEtse MEh , Mduh a @filse width
signal, with pul se width proportional t o a control

force, p%%ﬁﬂ@ﬁtonﬁé Fhe? fGSFopul ¥ i FORVABEIN GG first

si gnal ph Tded vA dfthr fibdeli 41eet seyhs EMinty @nakrbavdit@c® current
first voltage r.ogortl onal t_o the initial force based
on theSt9%t kﬁ?ﬂlg N AT BabF A e PTORGRAF OB T the initial

r ef er ensecey Qﬂats@@eong’@f&erﬂ&lsﬁgp@l g mﬁldftﬁeﬁlo&@iit%ﬁ,Slgnal and
converting_the secoigézlaC ul se wi dth nodul at ed _si

into a®se “§i®r 828 - 8ATCET g %gﬁpﬁbnﬁelﬁsg@&ﬁage'
Vol t ageop¥aadily enal sécd.'mdt b&l@@l’bh[cﬁlh ﬁn@ﬁamb@aﬁ@ig@al into a

th d dt h | te
o TS D i gt Al R BT NG <3PS s

si gnal pasgbAtienaecon d: itk rceﬁtrcurfceme $>lag§6| od the second

hod HEhte o LR ATSLSE. FAVGHE | G o2 FHET o, Apybase and

contr okumyastgemhéhatrmtasilaeptocmt wiithad 44t eskokdcond
Ut Pt B L R P2, SOTRLSL, S0 E TRLAT csgnan.
[0016] . Another embodiment of the present 1nvent;on can include

valve control system that héé a processor with a threshold
output a control output, a computer readable medium
accessible by the processor and a set of.computer
instructions stored on the computer readable medium that
are executable to -output a first signal on the threshold
output indicating an initial force to be applied té a
valve by an actuator and output a second signal on the
control channel indicating a control force to be applied
to the valve. The control system can further include a
reference voltage source, a first digital to analog
converter connected to the threshold output and the
reference voltage source and a first summer connected to
an output of the first digital to analog converter and the

reference voltage source that generates a remainder



instructions stored on the conputer readabl e nmedi um

that are executable t o output a first signal on the
woOhomaheid out put indicating gn initial force PCO/USE005/024033

applied t o a valve by an actuator and output a second

signal _on the control channel indicati r‘]% a_control

force VOO 3R -applredCRt Pt FESVEN vean FidldoRuridiesyisteémie a

can fuséheid idagiude 8o ref868nNEenVHIAI  SAUELE] B the
first di%tiftoqalt t o anal og converter connected t o the

t hr esh®? SUEPEh PR hePref &F &h cdmist agBhe ciand@oandysten

a firstasurareheeoNNETERI at s@c@&éQ?ﬁﬁ%& ?Enﬁ$@%é& %ﬁ:gagputs
digital .t .0 al pg.converter an e reference v
sogr cet e ngﬁs a‘fbe%lta?%'r EfafPdfeth SPOIVEAGRT Atk the second
cont r odli sitstlenocanasdd ldonfrdetber Incldude ?hsecontd I
i,gital,_to_anal ag converter connected to the contro

[001273? put lﬁ(%%dar%%glef i Fg“goéti‘?ﬁfbtr OITRESIME ridIvesysprnsamarinclude a

f urt heretitlnel dde aomn_dngumlx@m&pwgiﬁ% :Jtl_ﬁt PHt Sethod

h | lgital to _analog converter and the o
g];cfangf%gl gr;c?) 5?0?%1%%5’] éfﬁi‘XSn?/ RIS 10068 7F - e Jarottheital
enbodi siema lofingi esenty ianveni t i1 mdw%&@&%%ﬁ%} BOecond
f it 1.Ql_l, i val ve ¢ rising . 31. A netho or
CSLt (r:g g{lﬁalagg% Ve lcnor%ﬁ??gg%ga gcéJ%‘éLfFBlli AYF e dicgPvarting the
si gnalfiinsdi davibgl anidnailt aal fzfmsrtcel,iggeagrtjai ifa?r@mg converter

- di gi.tal _sian indj.cati.ng.a contro orce,

convert oot BE T FaR otg Par sl ardraat BTy SafgFealveltase
to andmegocohaeerl ero itheoini fialstfoticeebhsadirdretheSEOAR
for ce based on The resl BPEndt v gnErdengerating
r ef er erfde@inget agel tageneratverg iagr ehai seeind/elibagel signal at
Converat iS%gO}lQe §£LCC%H_d tgl glllg.ﬂﬁ%%logggg:tg} a Second

digital to anal og converter 1hto a second & Fe&?cond direct
cur r el rspphas idral Mg vang ex cretondl traeags egpopbiron@tal @o the

th f e d,digital .signal
ang f (I’lyg)tn?g%r%\i ﬁ%lg(% \ki/!%I%tg gggﬂlagn gé%gﬁgdjt%gcaftli F‘%?n%fraétd( the
cur r eFETSipART erd-agkeaB@comthidior ebe Lurstentirstgnalrdedit

gener%ﬁ@n§1V§&¥Qjﬁp@E58£dQiﬂﬁﬁk'current signal to generate a

valve control signal.

BRIEF DESCRIPTIONS OF THE DRAWINGS:

[0018] A more complete understanding of the present invention and
the advantages thereof may be acquired by referring to the
following description, taken in conjunction with the
accompanying drawings in which like reference numbers

indicate like features and wherein:

[0019] FIGURE 1 is a diagrammatic fepresentation:of a globe
valve;

[0020] FIGURE 2 is a force/flow chart for a valve;

[0021] FIGURE 3 is a force/flow chart illustrating the effects of

changes in valve diameter or differential Pressure;
[0022] FIGURE 4 is diagrammatic representation of a flow control

device;



BRI EF DESCRI PTI ONS OF THE DRAW NGS: [0018] A nore

conpl ete understanding of the present invention and
wohercadysaant ages thereof may bg acquired by ref ecriusgposo24033

the foll owi ng descri ption taken in conjunction with

i n I aw i.n which |ike reference
Oogﬂmo%ﬁgg}gg?y 2 gﬂﬁgr‘? tdr‘:e§eaﬁﬁs‘%ﬁér’fé|°ﬁ of gPrI®]embodiment
FI GURBP A 4 soatdbagswdaead;i C representation Ef a ?I obe
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grl ve filgpvacemiseofleagw cont roller. [0028] For pur poses
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force require to achi eve
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force” indicates
remainder force is the difference between the total force

and the initial force, the term “control force” indicates
a force applied in addition to the initial force and the
term “valve force” indicates the amount of force applied
to the wvalve.

[0029] Embodiments of the present invention provide.a valve
control system in which the initial force can be indicated
on a first channel and the control force can be indicated
on another channel. Thé outputs of the two channels can
be combined to determine the valve force. By splitting
control of the initial force and control force between
multiple channels, the control system can have increased
resolution controlling the control force and can react
more easily to dynamic conditions (e.g., changes in
pressure) that affect the force/flow curve for the valve.

[0030] FIGURE 4 is a diagrammatic representation of one

embodiment of a flow controller. Mass flow4controllef 400



a force applied in addition to the initial force and

the term "valve force" indicates the anount of force
wapplsioeesioo the val ve. [0029], Enbodi ments of t RET/US2005/024033

present invention provide a valve control systemin

which the initial force can be indicated on a first
channecfonﬁjﬁfdsleﬁel%ﬁhSFtPo‘P%e‘”c%m by neptai€dosn 420 thermal

anot heasthammng! . sdifoul put scehttdie vaovchannel so€ahbid 450,
be Conbltgf“%tto deter ne the val ve force._ By Sp||tt| ng
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can reatt for 8285s9Vt 55U Hant © cofi i G (ddcdude upstream
changesd nipmessear) réhipdtafs enld tdachergesbb omagup¥e coupled

for the valve, 030] GURE 4 is a diagrammtic _
repr esent ati on ol[‘18 % C@%S&f@ﬁ(ﬁ’ﬁ&?‘ a fITgﬁv CEOREESE| efalve  is
Mass fclroweoonbyolahere&&@@onpnommwdet sbiéhding 4BAve drive
flowr rietor 420 thernal mass flow sensor 430,
contro ﬁve 440, solenoid 450, outlet fitting 460
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t t fl
Snsor Rt R o IR e S e hARY Sy ST reton
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e”bedqg% C@Hérégldﬁésk§ a;T¥aé%%ntr%#rg§H¥§>giggrtiﬁﬁhng 460

by a current control [ ed”sol enolid
Fl ui d ise cgntrebisd biyqaputrelasalapor4mi xjhieht &5SimBSSn

flow EEQiiéﬁ %g) o&gﬁggg 4§0'1| % rglttlé] 4106t5%§ system

t hrough flow restrictor con
out | etmOtnllFPrﬁgtHEG@etThellvblJmmltofangaSch eenagrt suigugh A

%tletcofrltttssin—aql A9 chs, © %%L' ed. ?xsgegfo&)ggo érlhroel AQ0rithm

ichis in turn contro y sol enoi
enbed G&EGCEERE Yl tHysewbeddat tconsrohesweterpopatateputo output

and flaOWa:?@@S&fntQBtlprLgnfl GG Qlenglcgolffijot hﬁe ueh 3%631:0

closed | oop control algorithm executed
contr 6Fnes§]%3f‘éﬁn‘%§>g§l§|r8@e%lQ@loutSpllltanald/a‘liﬂe ees@ntas ol force on

si gnakat e SOt &N QY ﬂéomoéé1ﬂ8%§Q@n§§4t§%ay from valve seat
466. The amount of force the solenoid must exert to allow
a particular flow through control valve 440 can be based
on a preload force exerted by a preload spring, a force
exerted by the diaphragm and the differential bressure
force. The mass flow controller of FIGURE 4 is provided
by way ¢f example only, and embodiments of the present
invention can be implemented in a variety of méss flow
controllers including those described in United States
Patent Application Serial No. 10/886,836, entitled “Method
and System for a Mass Flow Controller with Reduced
Pressure Sensitivity”, filed July 8, 2004, by Tinsley et
al., (Attorney Docket No. MYKR1490) which is hereby‘fully
incorporated by reference herein[ (the “Reduced Pressure

Sensitivity Application”).



t he val ve control signal, solenoid 450 exerts a force

on valve stem 462 to nove poppet 464 away from val ve
weeais/4&G0 The amount of forgg the sol enoi d MUBCTASEIVE/024033

to allow a particular flow through control valve 440

b on a preload force exerted by a prel oad
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enbodiwEeh & hetﬂhmlﬁmllsysm@nmﬁﬁmatadcbychaﬁ;ﬁeﬁcenﬁereln
embodi g sQb -t Bigs Pre entcb@vggh§ n..Control system

500 can include sensor [ogi ¢ t6 out put° & Seme8der Fofy known
based kﬂwqbﬁearbéﬂgﬂaﬁ@esoomeQﬁﬁﬁ tposseraor dndiic 302 by an

domstg@q%sggsgl&t%qem\iﬁ/&'e ) Sonvefd F?t&fzg)

sensor. | ogrc 501 tan i nclude sensor Tog ¢ sulh Vi aSotFter
i nt er e CRBgFecifveUitheedeSiat €9 oRat égita Noirob, 52bs€2 7,0gic
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CPU, AllGivertd r}:%rns@ﬁofféﬁ%rolfnng% &&Yté}ete@ anrha]sed on -

connected to sensor |ogic 302 an analog-to digita
(" A D) dghtet t¥ aWE2o9 AP EF dit?rwlér f6p Bl icantpeceitumller

t he S%l’@)@edaﬂiot\!!ﬁé'sgeﬁ@ledffpéﬂ S%%QESL&Q'?{)SS%%naggnerate a
convert the received signal to a diglt

repre§%ﬁﬂ§?%oﬁPQﬁrqghélg%%%éﬂﬁﬁJéﬁpr$$@@@sé@w5®4dm&nvalve
recei waotbe seansed theve frompLPconVElLEL fng Based

ggn?rg%%%%g{lég éﬂgatggtﬁgg J%gnga,sgfzé¥§¥l;i 500 can also
account for the attitude of the thermal mass flow sensor
(e.g., thermal mass flow sensor 430), as described in
United States Patent Application No. 10/887,048, entitled
“Attitude Insensitive Flow -Device System and Method”,
filed July 8, 2004, by Dwight Larson, (Attorney Docket No.
MYKR1520) which is hereby fully incorporated by reference
herein. )

[0033] According to one embodiment, the present invention can
utilize multiple channels to regulate how much the valve
should open or close. The output of the first channel 506
can indicate an initial force to be applied by, for

. example, a solenoid. The output of the second channel 508
can indicate the additiohal, or control force, that should

~

be applied to the valve to open the valve to produce a



500, and the sensed flow, processor 505 can generate a
digital control signal that represents how nuch a
woaboseishioul d open or cl ose to1 regul ate fluid PCOWS2008/024033
generating the control si gnaﬁ, control |l er 500 can al so
account for the attitude of the thermal nmass flow
sensor9¢elipd fHlREr nelceridngl by FehsHPog3ngnt mxf the present

descri begbdti dd)i tRE tR3 PatedtcAPRl cabLofeMNy as a '
10/ 887,048, entitled "Attitude Insensitive Flow Device

Syst enP&fidt WerrhodhS FemEdizgl §°8°S- 2004, by Dwi ght
[00dar Sonas (A teXahBYe poﬁf%heh@otwmoke%%g%%%% ReeabY vaive

fully incorporated by reference herein. | :
Accor df iy ]td??60‘5&9@%%0‘?%&9@?%&%)rﬁegéﬁf;e'r nbEhth chasapl 506

utili zeammdutdpt-eacbagiel &otQnﬂﬁ%ﬁﬂéﬁﬂhahoﬁhQU§gtdd$%r should
val ve shoul d open or close. The output of the first

channefP%08 oA PRATRLRe %47 £ATES al AC6PEELRY e one

appl'i esmtnyyinfear exan@&&en% sﬁ{r@xmtoiihcd}, gs_e Q@i%ltir@ficbhgd by
second_channel 50 i ndi cate the additional, _or

cont r of “¥Br CE2RPR; tg@(ﬂociﬂndbie DRPLPBPIPEG Y ot i e"a/gry Ehreshold

t o opefotdie vakvend ocimuceoadesi redplitow. s ARCAr dbN@ndicate

to one I(;:n‘oodi nent of % present. i nvention, the o
cont r of °¥ FEEEERIBE” gg"n’eeﬁﬂ"fjeral%s T8TBBr {§ ofr rofcPepgemaining

;emai né 6%y ifdlfc@et th&03de Acs;;laﬂo?eXsmmﬂlgb abfg}j’z he_EtoQt akample,
orce required to open a valve, for 0 OW.is

consi dseercgoci1 %6%@3?%?0%& f'slaflstln‘gh%‘:‘iﬂtr?e%%§g6t%%naco’ﬂ’taﬁﬁf ghould

si gnal aply sdiscafethdatertzheiagt fratcar. shbal suigpplsy o£f Oke

exanpl 4% farce. _According to _one enbodi nent, the
presen i"fsﬁcvec%l Fg(ﬁ,f the c?ro&lg FIRH"Sat £87bYT | TP IERENRR)
506 caimdiecadpprbzi valwd fotrhe wvalbee apbiléshoby dhar @etuator.

Second. gha 5 out a signal .to j.ndicate th
per cen(% age%gﬁlntqhgﬂrkgﬁcg}en#ﬁgg%%%ncge éi.mﬁ.l,e’ t HE SRR hi ﬂg the
66% f of tet tchannehearattthat ercsmbulhdinappl yan Aoy combined to

ot unt o SRE GUSBRT S ar ot AT AsRrRrRY oY 8. THRerotal

out put Bowgfe t(kedgf i r44% cifamhel tarrl Secordashamelnicdnl béorce

Conbirﬁ%hg(%o% ofﬁthe remaining force as the control force) to
the valve. The output of the channels can be combined,
according to one embodiment of the present invention,
using additional logic as shown, for example, in FIGURE 6
and FIGURE 7.

[0035] If the output of first channel 506 indicates a force to be
applied at or near the valve threshold force, the full
resolution of second channel 508 can be used for the
control région of the valve. Returning to the previous
example, if the valve threshold force is approximately 44%
of the force required to open the valve to achieve 100%
flow, and the output of first channel 506 is configured to
indicate a force to be applied by the actuator of
approximately 44% the total force, the remaining 66% of
the total force 'is the force used for actuall? opening the

valve rather than overcoming the preload. The amount of



indicate the valve force to be applied by the
actuator. Continuing with the foregoing exanple, the
woubgui4zad the first channel ,gnd the second chaamais2man24033
be conmbined to indicate that the actuator sholulg apply
77% of _the total ,for 44% of the tota orce
G el

as t hetri fiCAPIROPE 095 ot FHR& eFehyi Hith PUBuEeot
as t heseaniar ehafinsrejod.o t he val ve. The out pmj (cj)f th:e
anne e _conbin ordin o one enbodi men
[003%1‘] the{rtprsglsen? b%v%%ecggfhags?h@“a PBhab4 Gic sgsond
shown, cHaomedx 40| egn i imdECSURE: 16 adaacipESG.J% f7or.ce¥s0@85i|>e
| f the t.put of f rst channel indicates a force
to be ap%%lggd ar’ lnr(lgear fhé %1‘1138 't RF e3PHQW FGheBe known in
t he futlie resol qunreanSecoa@IclclwmablS@& Gﬁtﬂ@@ usgﬁgltal
for thegauthol r&oian.of thevalve . Refurning to the ==

previ ous exanprl e e val

appr oxXiteagkey tA#94 igf ttOhehé of cecd eégube edppnem%rt bgch
val ve I eve fI nd h out

channeéllgS%%ml s co&?l g(:rjl to T n %@erég ofirq%le Brﬁéent

appl i edvisptipe, a@tﬂJMPUDfOQWHGbD(ICHHtEd)y éﬂa%ﬁeheﬁh@t]@é a
- force, %;0f « tota orce is.the

force plj}slre;% %g%ﬁ ualggé%p n% hg 't ég{l/aai véS dPKeF PRan
over cotidegstaed prieltbade Theomhimanty okihi sir emei Akag a PWM

% nk t put se onole chann
508, L0036 1o Shoud be neTel hat i ST CHARRGI (B0s

and se&drdrefarmels B0gueAncyddi,cabe phre qEspect hyethe signal
for Ce%atnobges@@m:ﬂg%d £Becording tt Fal?c{]ﬁo(azl 9' taé. ‘glrnhe t, that is

anal og schene known in the art. For exanple,
chann&dUgantewt guitivg digi tThle Eépe exentat Tomweoffrohe0%-100% of

force dhe Qﬁt?pcﬁ}dl%d19rpf@£]eiptitngggmﬁn‘¥§)| taf%%ccoﬁ&?is LO bum

the force to be applied for eac nnel ng’ o F
one efBGHIEREMY df2VEhe preswticyi afehd MGt atnhletomaputrange

|
coch P BLUIPTAEL Eal s 3 15 WA DR =
or di naignakilds i190t heeps tpera RV sygal has a preset
[0036fequ%EE¥rdiﬂh(%%:Bngegﬁﬁghfﬁg%t’of the present invention, the
output of the first channel can output a PWM signal with a
pulse width proportional to the initial force relative to
the total force. For example, if the initial force is 44%
of the total force, the PWM signal will be high for 44% of
the steps in a duty cycle. For second channel 508, the
PWM signal will be hiéh for the porfion of the duty cycle
proportional to the amount of the remaining force to be
applied (i.e., proportional to the amount of the total.
force minus the initial force to be applied). 1If, for
example, second channel 508 indicates that 50% of the
remainipg force is to be abplied, the PWM signal from
second channel 508 can be set to high for half the duty
cycle. ‘
[0038] Processor 505 can generate signals on the first channel-

and the second channel by executing a software program



referred to as a duty cycle, the pin outputting the

signal can be .set high for a tinme t and low for a
woioe/msohat is equal to P nmisnus t . The ti mePCTUSL@N024033

range from 0% 100% of the duty cycle in preset

i ncrenents. For._exanpl e, a PWM out put may have a
fr equehcyt o?aniéff/ﬁi‘ggr?d Ctonézaﬂ r HHBm P)E‘T(qurési A set of
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first shamvel, O_atllimﬂt Fﬁﬂﬁragé’}/\f& S<Ttgif’éa&| anplgT?:t rilfgﬂtﬁgle memory
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the 1 obalt oo ohe st ex AGsPEo 1 e (HePFRFETSE® fbce | 57 one
44% of entlivalitnetal of otrhaepmhganﬁr?nah&méﬂtM%mglaoo can be
for 44%of S s.n.a duty cyc oy _secon
channeﬁ%&g%latgﬁeg%%{lt&a&ngfowgﬁ7c}/r_be?%ﬁi' aﬂgq%}s é;hresm.’l‘lj
porti ohiasfalt he thw yigywdl ehgnm@brtltq aga;;abe tthﬁ‘tamfﬁﬁninltlal
of th i Qi t J_e i.e. .
pr oppﬁ%%r%glltgt ggt{@lg%gun %??’%ﬁ(em}aofeay %bér c%lrﬁlsﬁﬁéd. force.
t he i nffadcsisspore@d tcganbeaapprqhsﬁb) to b(f);e ?@feh@f?gpnigﬁ‘ic;on,
econd, ghanpn hga 2.0 _
?or ced?s t_cr)& Eiéeg%%él%g,lat %g(?%%éeg%g?rf?osrﬁ sé’géﬂh sighal is
channetPHa8dcan MltSf@tllﬁ@Oh‘iJ@h for haltf t he dulty .
cle. signal s
O FiTAt ehsmnel ot ha Caeand emaraei by aTsaht o =oL
a sof t\Weé pPegrantdrasecand i sivinmgd &408omtimgl any control
al gor iddMtnestREed 13 tﬁesﬁitpfiﬁmgﬂ%gf f)lﬂ:s%roléc%l'on d to, a
516 on_a conputer readable medi um (e.g., E .
RAV HGW £l AW fedofyD whghetdfsest or ag&iempbintabl algorithm
storagecdh ohhele GRAPUERE f&adal) G105, l&%%ggrln%en% N&w far

art), accessible by processor 505. one enb [ _
of t héi5r E8ént Fharent PBAR Rasfd olfber e50 lsanobecalibration

cal i bratredssash thataprecessors1505,9ut hatgggséﬂ% dng

signal_on the first channel to indicate that
i ni ti d"ef SRELI A hEPrappEt ed AsSuaPpr ok reiialsy thennel

thr eshoelddcbos€ean PHOEESS0FoRA5 63k, 1 @ &&QQEEQIQ%e valve
node of operation, outﬁut the threshol d signa

Whene\}:éltre h%Je‘% ﬁ?&]‘?ﬁt E %nadqloqné: the valve should open, from a
range of fully closed to fully open, is generally

proportional to the amount of the remainder force applied
by the pfoportional actuator. Therefore, processor 505
can indicate how far the valve should open by indicating
the .amount of remaining force that should be applied to
the valve, assuming the first channel is indicating that
the initial force to be applied is approximately the
threshold force. For example, if the valve is to open
50%, processor 505, in response to the control algorithm
determining that the valve should open 50%, can indicate
on second channel 508 that 50% of remaining force should
be applied. The initial force specified by the first

channel and the additional force specified by the second



applied to controller 500. The control algorithm can

calculate the digital control signal output on second
wohesress1808 usi ng any c:ontrqL schenme known i nPCIAIS2006/024033

i ncl udi ng, but not Ilmtedté‘l a PID, a nodified PID

with offset or other control algorithmknown in the

art. TReREGHL Con Bf geririRsfde? i 9T@s nRolh¢ araltvige force that

val ve shauld epeppbasedoc ke exanpl e, on calibration
curves for the va? gas flow n throu:c[;h t he val ve
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gener aid Yuglz@pagt Lemaltdro ihber@ymiwis 6f 6t headgmabRdery,

force by the prqportional actuator. Therefore,
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shoul d_ be, applied to the valve, um ng, the first
channet ngﬁ%% g%ﬁ’? n@%&?r?h%rlorﬁ%tel afje%b?%ézatp&bﬂwé of

appl i e@bmmamapaltmxgrmteed v hbework.hreshold force. For
anpl the valye is open 50% rocessor 505
o047 TR alle B0%5r 8 AR e A L ROt oL oh G PRaEzoLlex
t he vad;y/ss:ah@lobdtn@temﬁﬂ%esaemmrtdjoelanelogm £eC0bflbining
channel 508 that 50% re force uI d be
appl i ed “Fa Sirni €7 tf rsé’s grﬁeéc €4 B?cflﬁ - pgpeessor 602
channela andrbhenaddi tdronal df otice ekl etbdyssioRte an ASIC or

secondg nnel o820, be k%%r‘{rbl ned to dgt)e%fln ge t he vaI}C/e
force tha SUra°Be A0 &4 ¥ Ve. 4064611 ¢
Cont ro¢drmut5®01nanruqtoloudesa®hobd iconal computdrowteptdbble medium

Copabity tnBienERl SHATRLELQLONIIALER RO0LEAN LHE Hie

aserla ferface t'o support St FAt T
such alszqm@angngo cmmmpdumsrttr uct itbaspr&dént lnventlon,

A@d'tlégggeégbr 689@&! %giugoo £ eas@c%%Qinﬁ %%r a firét

i nterfraces to conmuni ca h other flow co
devi cesitradmeAnt st tla itheesbapdit@rudr 60¢ heanddeviseeond output

Capablébéﬁ(tﬁgngyﬂ%fgﬂi&ﬂgpgyeé063.neEQQEKOutput can be a PWM

output that can output a signal having a particular pulse
width per duty cycle. By way of example, but not
.limitation, each of threshold output 604 and control
outﬁut 606 can output a signal with 16,000 steps per duty
cycle, with a Page: 14

fundamental frequency of 2 kHé, or 500us period. The step

size is 31.25ns (16000 Steps possible in 500pus). The DSP
may be a Texas Instruments TMS320LF2407A, the open drain
buffer a dual-package Fairchild Semiconductor NC7WZO7P6X,
the low-pass filter a Sallen-Key topology active second-
order filter with f; = 100Hz, and the op-amp a Linear
Technology LT1057S8.

[0042] In other embodiments of the present inveﬁtion, threshold
output 604 and control output 606 éan output a different



[0041] FIGURE 6 is a diagrammatic representation of a
controller system 600 that includes additional |ogic
woanosmasnd ni ng channel s. Contr.ol system 600 carCTmsk0es®24033
a processor 602 (a microcontroller, a digital signa
processor, processor known in the

fAsgc or ot her
art) tIFfﬁ‘tbe&aﬁ’ RETRR PLoMPEY efY Fifs rRGc Bi BhETSiBtedupher of

a conpsiters peaddbte cEﬁ&ﬁlJeUI’ﬂfhéﬁ) ¢ exrest-. any control
ccordln to one

gor n .
1000 HR et RuPRi el Shnvin oL chegsr weR damin
i ncl ud@:lﬂerl @ast thao mltaplﬂbscormefdtre‘a‘lt teua Pk £ HQ4 bt B8 tage
‘threshgl ou% t %2 a se gHt ut 606 (the
contro 606? n §8ﬁnogtiﬁ%r & %S%P?ﬂﬂuuyuﬁﬁutres ‘the
t hat d@ﬁ4au©paﬂ EQSUgnabfbaumm@xaamagél¢ug@r PUhS6ther -
wi dt h du yel e. not
Ilnttéﬁﬁgﬁ %égﬁ %?a¥%resﬁa¥d&£3§BHF GBQeéﬂijﬁnPFthe PWM
out putsi@d@lcantput mit thrsshokl awitht16000D [HepSUPEF height
duty C t 14 fu dane tal frequency of 2
Mﬁ%bgngkpg??&ﬁﬂp$ﬁg ?Fgmﬁi€§5ﬁ§a€¥6ﬁﬁﬁﬁer 608
steps1§ﬁs§pbhea|rﬁgﬂﬂhhed)tlmétw1d@SPanaypéEkzwdEe&gs The

I nstr ts he Qpen draln buffer a
dual - pac age %ggrchffggéentcﬁﬁ'n or XCYEhe (L-e-.
| ow- p&'*é? firkeevnde:Sa IpasKeyf tidpobodye att idterted) is ‘

SeCOnqﬁro%%&tftbllléfrtal\/lt%%7%§1tj[%lo%'_%bFn o }%he ?:%u%ngf open

Li near Technol ogy LT1
embodidEdtsPeffehec 4fr dsenonigntent tona 1dw estsel didtépudl2

604 aQQEQOBEEQlffBglﬁﬂé gﬁﬁ &f QUEBUE g%te &.DC output with a

di ff erent nunber of steps per duty cyc
d|ffeﬂ@ﬂﬁaﬁen@@@PQﬁtkﬂnébst®éﬂnﬁumﬁtby@feﬂmh&WMeamunal If

OtherthbogﬁéithfQ§Hﬁhﬂ§QP&Puﬁig@gfgggnﬂﬁi%%””Sg%ﬁékﬁé%ge of

an open drain buffer 608 that SO connéct &
r ef er éfi€e bRt Rje2idollees®aB: (@pkn th&montbutfvwl&ﬂg% of low

essentdaalkl ¥3 SERIAS 65,1 t,he, P Lenc
voltapla fv %ef ) . ﬁﬁ ot%é¥h%gbgggbg%§ﬁ{ raln ftnf%lal

608 gitPEset hes Resisptehe PWM si gnal out put at
thresthder putrz6Q4 g particul ar hei ght such that the .
PWNISI%n output fromopen drain buffer 608

output of low pass filter
Vees=reference voltage
Pr=pulse width of threshold signal aé percentage of
available pulse width

[0044] The output of low pass filter 612 can be connected to a
summer 614 that is also connected to reference voltage
source 610. Summer 614 subtracts the output T of low pass
filter 612 from the reference voitage tu give a remainder

(voltage of approXimately:
Vryemainder=Vres—T [EQN. 2] ‘

[0045] The remainder voltage, according to one embodiment of the
present invention, is proportional to the remainder force.
The output of low pass filter 612 can also be connected. to

summer 620, described below.



has both a regulated tine width and peak voltage. The
time integral o f the PW signal for one duty cycle

wOR0m/01451he area under a pul i f the pul se i spchaist®md)24033
is proportional to- the initial force. The output of

open drain huffer 608 i s connected to a | ow pass
LO049] t er CoAaln 2L EPREL PHG &1t Re pyMtesitgRalotd 39%@acdecpen drain

DC out put ram t6hL6a Vel $ragRNPEOPETEd Ahet0et hes Wit Bu@pﬁt of
t he PWM si ng If the width of a PW pul se is
repres® s pHTeAtEge BETiere &t EHH%J?/%? |15 gontrol PWM

steps §Ruta)l, tbhﬁh@l.hteﬂltﬁln‘d@h:t a@Btane bewrpass by |§u§1§ner 614.
whi ch ¢s al ro ortional ,to t %ltlal force,

appr ox }f‘ﬁatoé]i TQ PRI P PERNY fﬁr 8uF?J%tc%?nqc6®d to a low
pass fpdtstserfl\YtéeféIEEf emmcgayﬁlfﬂgﬂr%EBUJ:@@tﬂﬂl@tshtﬁé output
threshol d i %!% er, cegt ?g avakl abl e pul se

wi dt h {ot#4] heP St Wp%?s% f e QU Odnlpvgpass
connecfedero 6a8sismert@ b4 ghhatwith al soleafwend)edrbfortional
reference,voltage so hce 6 4 subtracts the

out puttQI' 5F Po?vgpass i te%g%lgbmﬁfl?% OV B éRcgontrol

vol t agenttrmtgisyenal r@ma,l rat@plroxnhattaag@ aetcappioxivmt el y:

Vr emai dgf =Vr ef Eﬁ@\l 3 ] [0045] The remai nder

vol t age, 6%"6?’%Tfngf tol rrlbodl ment of the present

i nvent i mutipsitpedpbot itersal fibtehe rermi nder force. The

out put © o et ;12 gan lso b e co nnect
-to sum“ﬁePllg%%)lovsalé]SE cri bgé g FB@ ® dont e&l 280tp t
606 caretsdlebhneptbsk tw;dahsecond open drain buffer
616, which can al so be connected to the output of

sumer 614.. Qpen drain buffer 616 squares the control
[004PWWM si Prraloutput hef rlmmaipader fioidragé 8pi oviated: drgds tonetmme r

614. Thg) oukp r r an gannect ed

to a |l ow pass‘yﬂ%l ft%ér?p%%gg o%]v&gcfggl%ﬂ ?%Q £ %ﬁow pass rilter

recti félds tohsheuepinuts |O§na11m1nﬁr dpdntdr aéme daifef er vélﬁe

The OLEdﬂﬂfons£§Wﬁﬂﬂﬂ§%lgglgeéoé%géll%oftgé% \9? approx1mately

a voltage (C) proportion
according to the follow1ng relationships:

V=T+C [EQN. 4]
V= (Veemainder * Pe) + (Vees* Py)
Vo= (Vies—Pt*Vyes) Pe) + (Vees*Pe) [EQN. 5]

V= (VrefP;_Ptvrech+Vref*Pt) [EQN. 6]
V=Vier (Pc—PtPc"'Pt) [EQN. 7]
.Vc=Vref(Pt+P<l:(l_Pt) ) [EQN. 8]

[0048] The control voltage, according to one embodiment of the

present invention, is approximately proportional to the
valve force. Summer 620 is connected. to a proportional
actuator control module 622 that, in the case of a
solenoid, is configured to generate a current proportional -
to the voltage of the valve control signal.

[0049] As an example of the control system of FIGURE 6 in

operation, assume that each of threshold output 604 and



to the pulse width of the PWM signal output on control

out put signal 606, approximtely according to: C=
wOYommassider ) Pc [EQN . 3 ] ,G=out put of | ow pRET/US2005/024033

filter Pt=pulse width of control signal as percentage

of avail able pulse width [0047] The output of |ow pass

filterC®TEI s oubhnecttd P8 Suhrir H0 s1guhehagiogadesto

the outpuwomsisgaps r IeMwypassidi | tef-+648 $§bdﬂ@et9HEpH$ntrol
of summer, 614 to generate a, valve control signal

havi ng>¥ &BhP8I 13D 1%85ge CRVL Y2 Wish foki At el hadedias gy valve
to thetkmddrewkngs ;m%tcui)fom?l\a/i ’@@’%al\gt@)-'o];ﬁg.[ Eﬂs\lcit‘h\?]r Z\r%rds, the
Ve=((V,ref-Pt Vref )Pc)+. re . c=

r ef é’g-ﬁl\ﬁ'n@fllgcﬁﬁﬂéjf FAPERN. He ]toyé‘&V%\I’Fce( pequired to open
C- Pt Pcti¥ )va[lE@N\cordp Je teVg=Yo efed dH :jt_lﬁ‘é( bab¥d )eHrie@No18§. |

0048], The .control voltage, according to one
cbod IR SRR he Gredens. FHOBTAY of SoHE Ao iRap fgrence
proportélonralk te 2he wdlee f'Dhif@hoSldnBBﬁp@QQSlOélS cglml output a
connected to roportional, act uat.or contraol nodul e
692"ttty Rl EREEsPR A d kG PRt tredurbacts be
gener ampldedut o entpypixipatti pnedadho thbeveypalret &glge@%olcﬂlﬁ This
val ve ntrol, signal. [0049] A s an ex e of the

cont ro‘?a%sfs?t Srfior rcflkém ?%’n b&’pé’reg{e%ﬁ? AL ME TP RAL

each afraporéshoid toutthet péOdeardeonttr bhe oLt feege Ceduired
out put e} S ving._up.t.Q 16, 000 eps per_ duty
cycIoe.t \é:%tlégrgé%%u@r% t’ ﬁaf’ecoen]tnrgolcoggﬁ?ﬁrﬁ 00 ‘Ha&MbRerRser
cal i brratcegstor @03 ysmepuhavi MP4D vakpe zbekweﬁm: dyei%, or 44%
44% of t f ot her ds. the sal enoid,

r equi roegsl%jﬁ%grcc)%% hagiraggf‘ig#gfjor} ::]Cgler \e&% rei-1S opBR%t ferin

val ve nuifgireted yessentéad hy thel higllvest hinestefledtence voltage by

ALt onal Ly BiL o, SR 20 SORMP LhALDE Lo

can olgaedatsi pvalrasshéit lienicdat.esThdeoutyiuti ak ghal cef low

t hat %ﬂ@%lgipgeﬁgﬂkigg Lonéﬁﬁﬁﬁéhnﬁg9l%§EF%%@tEQS equal to

val ve threshold. This :
Py multiplied by V. according to EQN 1. In the case in
which 7040 steps are output in a duty cycle for P. and the
reference voltage is 2.5 Volts, T equals 1.1 Volts.
Suﬁmer 614 is configured to>subtract T from V. to
generate a Vieainger ©f 1.4 Volts according to EQN 2.

[0050] Processor 602 can also output a signal on control output

606 to indicate how much control force should be applied
to the valve. If, for example, the valve should be 50% -
open based on the determination of the control algorithm,
and the threshold channel 604 is calibrated to indicate
initial force approximately equal to the valve threshold,
the percentage of the remaining force (i.e., the total
force minus the initial force) applied will approximately
equal the percentage the valve should open. 1If, for

example, the valve is to open 50%, processor 602 can

output 8,000 steps per duty cycle at control output 606 to



can be done, for exanple, by generating an out put
proportional to the percentage of the total force

woeaqsimedot o ful |y open the val ve bei ng controbCeas2008024033
this case, processor 602 can output 7040 steps per

duty cycle, .or 44% of teps available in the duty
cycl)/e Y?%Jec}?tcﬁ &Rt %ﬁf‘?cﬁlrtré% %Elé%‘:érﬁ}}aeﬂ Ry AP t3pIGhes remainder

the referenchounobit BgeagpriBy. (. 24 4HL & RageeXanpl 8JudP to .5.
r.eat e anotput t passed to | ow pass filter
005 EPgﬁ%ﬁ " Pl PRSI ¢8F $19nals Fhopcrontrol
Si gnal OIhTmutn@OaS hspl tk&ge:eelqmadiet ovdttagel, t iRl dred PYr¥pettional
accordi%ggt[t tche case in i ch 7040 steps
are ou i N oA éu??r &iC8 £ B Pt d PEhes T efefdngégnal to
vol tagbow Parsh fYotes, 618 .equatk SOdj:p]utV@Ift $ow$¢w‘6‘$rf1@lér,
is con t subtrat T fromVre eneratea
Vr enai %éoier ‘ﬁggl%ﬂ Yot 1% agé%?%ﬁ ng ¥ o E@l Sisngde8Eor”
602 canJdiSs@c@mrpLMg dcsiEgNaB . orswmmtr (BQOOMIDLHmrﬁ@ﬁet@utput
i ndic tral oul d |ied,t
Al gy %gol&pgjas% sLOLes ANOwLT e AL ibhal ot

the v Fie val ve
open bkxedasn tfhét@et@@mtnawrmradfe wheatoatdaltrol signal

al gori d I hannel is_calibrated
S S s S e S R Al e R e s Ca R
vaI ve 4hr é’sfl@@loétlcvrh?el p@tcehpagmmoﬂhmodM|6"22ngaﬁot@1evert

: ’tﬁ$q %obéhté ALY Qﬂg’r’é k!ﬁ’latlnIch!r%‘ent Q:tr éz\utsﬁe for

app ied wll approxi mat y egua he percen
val ve @ﬁ@mlﬁropbﬁ SqlfenOdert@xtafrm?I &0%he valve is to

[0052PEN SAY6: RS QeEmp a%%%ecaghf)égéféﬁ:do?ﬁg? Sé(? Ao coptrol

duty cycle at control oufput 6 cate
cont r AUFEYEc €06 hbrdijoatsovhef initd alefak neeand GHOGErol force to

shoul d,b iddn at P A
[0051] q%lé)%@glreg?ﬂs el e?W%16Pg§%r1l ﬁr’ﬁllt?u %?@ﬁt%ﬁéﬁgfﬁm

from cftﬁﬂptoéltl@{]?bﬁo b6 Byrechea dsmppbeied0l Fage, PWM signal
whi ch i s@fh@@@&t‘LECQr@'voﬁ.@a&@-e—{k@@'e@ggénéé)rv‘%ﬁ*t_?ﬁgdlrpa& case

the resultin la(g | ow pass filter 618
out putOfofthIrS\%hp LUPLEep(4 @cbrdiengenaingdrr voltage in the

elTbOdld'%rét 0£CaBN YR 18 oL 8t W . OhioudvdP] tis %%8?5?' Y8 noted

to EQN.3 . Summer 620 can sumthe out put si gha rom
| ow p§§’§ltf PFPEPSIFB 08 Efe ftisatesthpalnisiial and control

force to be applied in other manners, including through
digital and analog outputs that are processed to produce
the appropriate force on the valve. Additibnally, it
should be noted that because the threshold output 604 in
the above example indicates an initial force that is
approximately the valve threshold force, the pulse width
as percentage of total duty cycle output on control output
606 approximately corresponds to the percentage the valve
should open. 1In other embodiments of the present
invention, the initial force indicated by threshold output
604 may be different than the valve threshold.

[0053] Additionally, in the above example, the valve threshold
does not change and, therefore, the pulse width of PWM

signal on threshold output 604 remains stable. According



| ow pass filter 608 to generate a val ve control signa

having a control voltage Vc of 1.8 Volts according to
waied14518r opor ti onal actuataqr, control nodul e 82B/US2005/024033

convert the 1.8 volts to a gfbportional current to

cause, for exanple, the solenoid to open 50% [ 0052]

In t hetexaisite cABBYENSR T @EhBRE DIRTAME GD¥CRREPOROFEVeT,

out put +§06; dindiagatertde daichital §01aeaRd180MIRIL 604 can
force to be applied using a PAWM signal wth a pul se

wi dt h PROPETL i GRAI TRBANE T BF cBIt P SHPPI PERET ACRd by the

PWM si gnab donts@uaeedeig@syoth@gmive hare SASTENGR also
voltage in the case of threshold output 604 and the

r emai ndet" 9ol t é’g@CFﬁS?%éogagénofFOWr 81 PERE Pte eneor to

Hovveveaeteﬁmlsieowhdcbevm;tee@hwamom QeRSS ar apPR cealra generate
i ndi cate the |n|t|al and cont force to be a

pl
i n° ot h&r HeRTErR g T bisHg e r?ﬁmﬁ?ﬁﬁsﬁPﬁﬁlo% thﬁﬁﬁog
[00BAIt put Bs tdratexam@ 1Py Oﬁﬁaﬂ'@d vtamv@rﬂdw:eelouhelﬂpm@mboateeexample
force on the val ve ditiog shoul d be ng

that bERHUES FﬁSmtﬁ?és 098 E %ﬁ&%dﬁe ﬁr?ﬁ%uﬁﬁdvgferentlal

exanplhaeruhdﬁebeSdanbmﬁnﬂweaEefopdxhﬂla@bslﬁot change, the

appr oxi mat e val ve resh € f.ar.c

o bt b SR e T (AT Aty ik B0t pars el with a
Controﬁolﬂﬂ%%?chOFS&pﬁﬁﬂXIHHDBQySGfﬂddiﬁﬁﬁ@dB?éFDNih@ t

per cent age val ve sho open enmbodi nent s

of the%ﬁﬁé§§n? |%vémylon%h?héﬁﬁhpﬁl %hfggﬁ ndPESERY
bylthr$ﬁrﬁﬂakﬁﬁgﬂpungégbezggobﬁtchffkm'@ﬂtt?ﬁem i?ai the valve
val ve thr na e abo
exanpl%ﬁo % P@é t hr €s 5ol dges E?QF 4ﬁange angd, e to
therefomtguﬂlthepahme svigohtall . of TR\M sipgniakignal hrfeshel tlow pass

out put 604, R§1§t331% 18CEQLAI NAL 0 gQLNGL, 4

enbodi n"en fesent i nventi on, ‘however . the
[ n|t|aCoﬁ$QHua@tﬂMd|tﬁ&(ﬂﬁupntthfe$¢MMGi é@ﬂpuillxhk @amalve

change [ .,8S _t I pecLi )
Che 11 5% ao FaPrar SHanceat P re VA e T e Esh s danee-
al so ch@#gﬁ;oergcésngME@QecéhZnunlﬂqanalpt@9QUEevoltage

sensor; {0, deternipe mtcgaﬁee%meﬂra%%n Lg.s ﬁtggg@%gpghx

and generate a correspondi ng Slgna on t
outputagmppprlate force to the valve. The force reguired by the

‘actuator to open the valve 50% is less than in the
previous example because of the greater pressure
differential causing a smaller threshold.

[0055] FIGURE 7 illustrates another embodiment of a control
system 700 utilizing multi-channel valve control that
includes logic for combining channels. Control system 700
can include a processor 702 (a microcontroller, a digital
signal processor, 'an ASIC or other processor known in the
art) that can implement any control algorithm known in the
art. According to one embodiment of the bresént
invention, processor 702 can include at least two outputs,
a first output 704 (the threshold output 704) and a second
output 706 (the control output 706). Each output can be a



[0054] A s an exanple, if the valve threshold in the
above exanpl e changes from 44%to 30% because the

wonewmgussaodi fferential has |r£ creased, but the ser/Usi08024033
does not change, the output Sf | ow pass filter 612

wll be a DC signal with a voltage of .75 Volts
(. 30*2d5gnat@dopm:ﬁ@tt@mnﬁycawmw@é@mf@ociﬁgslm#eﬁlgnal, a

614 wikl hel £2 Mobisq.Because, in this exanple, the
set point still dictates that the val ve shoul d be open

[0055@% cBreedIoldupppul 08 L ganchbat e ctdote putfisé digital

same signala1ofheorwd Pillr sipaabo®f dhe kLaw passefd kherqigital
620 will, in this case, be .875 Volts. Consequently,

the outpialofos afmeRa Lm0 SRR PRAELNgalPy BOLBHIT GIroPortional

si gnal tyi ¢ angenil oko tiagecOfed B22nMObL §itACUGHAL of
control nodule 622 can translate this voltage into_a

cur r entP¥FRC1CaGEERYE heP 4act GAF oF* 3 Lepply thRe signal of

appr opthadghdier eetper the \iahyeatéré"lazkfa@ gesrefuineedoby1 force
the actuator to open the valve 50%.is | ess than in

t he
previ otROEARS BPBELAUSE St b Ghradatfer pr eSt B tPut of DAC

di f f er eod icﬂin GaUsL a0 8 SmRitkeentdreshekd. pEORERA by
FI GURE 7 |IIustraies anot her gﬁ‘%odi ment of ﬂ cont r ol
systenife/%%rﬁli’ﬁel Vo hy Tl T Enahnhel B STBSEont t ofe% ﬁréﬂotraCt

i ncl udese lagiputf 6F RDIOS Fgo hamnelcFe reant rodl Siyst em
700 can I‘i?d ude a g essor 702 1%\ m.crocontrol |l er,

di gi t aPTSHifalP prBEERTr VoA as B 6t Ré?pﬁfto]coé’?sloito the
known kmdhﬁie&rtﬁ)arb@at can i npl enent any control
gori f.hm known in_t art.  Accordi
r00§iB0at henr= Dt Shiklpr BEe e ROCREPIEYS: CReRrooRsh DBgnT12-
i ncl uderat7lzash tmmﬁ pﬂ:teSremaimdeai voltpyd ar&un(uﬂheply the
t hreshol d out put d t put_706
controf SR 7BRTT oL ke todd bt CA Bendigtt dpLtage.
out put Ifhafod ras@ham;_ales cdrfﬂr@ﬂtgbu’apmdﬂ @i0t6allnSLgafms talat 50% of

force %ere a%%ln EOO uggrgsn9lqle%tQUtt£§%mx%%, the
be connécted to di 0 fanal-o onverter
(DAC 7@6}ta9‘eatofcahecmm@ertt subeatilcgﬁ tm&c §ngrm111 (eamthe half

anal F’gFﬁ# %@Jalﬁéékng ftdav 'tagﬁe% s%ﬂél% o% Bc 712 and
initial force indicate e dlglt srgnal o
DAC 708 can be summed at summer 714 to produce a control
signal having a control voltage. Actuator control module
716 can process control signal such that the actuator
applies a valve force to the valve that is proportional
the control voltage of the control signal.

[0058]' FIGURE 8 is a flow chart illustrating one embodiment of a
method for multi-channel control.  The process of FIGURE 8
can be implemented, for example, as a sethof software
instructions stored on a computer readable medium (e.g.,
RAM, ROM, magnetic disk or other computer readable medium
known in the art) and executed by a processor of a flbw
controller and/or hardware programming in the flow
controller. At step 802, a valve threshold value or

values can be stored. The valve threshold wvalue can be

based on a valve configuration and the expected maximum



threshol d out put 704. For exanple, if the signal of

t hreshol d output 704 indicates that 44% of the total
wobar@m@ishoul d be applied as the initial force, PCIAS2005/024033

out put of DAC 708 can be 44% of a reference voltage

provi ded_by reference volta e saource 709. A sunmmer 710

can sugﬁfa%fte%@ 1 REGLRUIET TPRAE F58 rlgm vhe! eperénpes -

vol t agBectaerér pducecll drerBilBield VA ageekhaddtdator), valve
pr oport to the remai nder force. h0057 Cont r ol

out put© @5?105% Ein S84 PR G NEt6RY B SATS. Thigshold
712 cavaerémteatc_f;tsvmemﬁEtﬁdeénmeI dgesafite MHrieRhY¥18 a1 ues

si gnal of GO ol out t e .remai nder. vol t age.
Ifg f oF e RS F erIEJorhe[ IO oﬁ?tfﬁf{ O%g PP YA e 1eR At t]S%)J@/ohave
of t hetherminri nglfotmetshotubd diten}:ampltheﬁi t ordilke avabwe,

DAC 710 will be

the vo e f t he tp
t he haHlJt 6 %8%&?%2%? \%f’%qa(g%ﬁj1C 'fﬂele(]iﬁtb%tocﬁ‘ﬁnﬁpsao}?m
DAC 712i.and @Aﬁfgﬂr&mncbersm@u&htSUWasﬁk4rbﬁher than

d a.control_vol e
R(r:?ugt%}aac%(r%ﬁuigiler% crﬁg Can precdds domAn Ilggilﬁﬁaftlow
such témttrohéeactaratter cappbi@isedy \fakveximslee b Ellﬁ}_ﬁlrlcally

val ve .l e gontrol voltag t he .

controcﬁéjtaetr lﬁﬁ%a% %]GQE?J&}F% SOst a lfl ceﬁa%f’r example 44%

il |ust?ﬁﬂﬁh@gtgh@ﬂEﬁﬂﬂﬂ&hﬁﬁﬂqulﬂedatwethadhfthe valve threshold.
[005@‘1"“ ﬂéa%g% £oN rv%'lue dhe pra eel%%t"f sﬁ,}; QRE8:680: D€ £orce

i npl enent e For exanpl e —as a Set thar '€

i nst r vgtdigasedtlor efdleo@oatmm,n érs rtbad'ai)l\e nadieshvld or

e.g., ROM 1, fmagneti ¢ h ut.e

&eadabkfeg%?rélegl um nomﬁgpn ﬁ%ﬁsgﬁ a%dglg?esgcul?érgg %hreShOld

pr oces&diieofon ?h%WO@@ﬁPimi erarangbocabarcheer ¢he initial

pr OQrafHPc@gshQuiJ]% l,qw 89“%&0@0%-1 ﬁ%rcsé €p ¢ ggg%gtlng the

val ve threshol d val ue or values can be store

val ve 3t&shotd hushatintive iddddloforco/dlsvelightly less

conf i gu-at QB éﬂpiﬂi@%1@§D&£%é¥%;%%é' f@%féy?égﬂgig ensures

pressure that the valve will experience. Béca

parti cdiear 1§@¥%€fﬂ)|“ﬁl@oﬂo’ét¢@?ura®fbaat bRy iniydbyeforce is

conbi nali1988. Witle RAYEsRODE QX 1MRL BLY e 1RGSR 4 particular

threshold value for a given differential pressure
thresﬁﬁp&rgé}%%ézwlbe stored in multiple flow controllers

having a similar valve restrictor arrangement.
Additionally, multiple threshold values can be stored in a
controller to account of various maximum differential
pressures the flow controller may experience.

[0060] The controller at step 804 can receive a set point wvalue.
The set point value is typically asserted by a process
tool or édministrative computer to indicate how much flow
the flow controller should allow. At step 806, a first
channel can output an initial force based on the stored
threshold value. 1In this case, the initial force

) indicated can be approximately the valve threshold force.
Additionally, at steb 808, the controller can determine
how far the valve should open to allow the flow dictated
by the set point. At step 810, the controller can



can be determned for a bin of flow controllers that

have the same valve/restrictor conbination. This
walkbwwa4saal | brati on of the flzgw control | ers t oPOT@ISL006/024033

a bin (i.e., valvel/restrictor configuration) basis

rather than on a control]ler-by-controller basis. A

parti caPRR F IR cBNtF U FhaRRe b HIgrBlatleft G cates the

exanpl gnout Pichk CAkdy rdet-eEst&d NG the PRE Cetagd@olte minus
total force, for exanple 44% of the total force,

requi r 6% t'0 e adnTeRE N ANFE BRPEhAI 2PPHBSY] Tife Other

thr eshebshisjaltne eantheizel eshethditehet BOck NtAd @ecbBlCEhannel
i ndi cat ed bﬁ the controller is the valve_threshold or

bel ow tHe h8F d°EdP e 8RPT e-ate SEPBFEPT HEBLABH
[00a13] ue Aorstdre scant £id |cﬁfnt®am1éﬂddéiﬂtg%nbbatetéflbesiig&bﬂ_i ghat

force should be 43% of the total force. Calihratin :

t he comt Jo‘faldctfls §u¥‘ﬁi‘f$ft°rf:ﬁet? ﬂ?ﬁ iaéip%‘FSPchi@esl‘ﬁaégFry The

| ess thalvd fereapi s¢cmidingded esmd nagbodahuet tdr esRobdesent

ensures_t hat. | eakage will not occur, when_the initial

force %%Veé% Olnédf:agﬁée tel%ugih%? déifalﬁ?étééf'e ?ﬁ‘??e(?&flfﬁrt}ée

parti cubm@rradombrotl eracan shessédriad donjonttidqd eritho®mIGURE 6

control | er ing a simlar valve restricto :

arr ahgaerﬁ%nt .é%%}éfdigt i ohal 1577 %‘?ﬂ %lmpef’e TR BEREPF v EYyagding 2

can bevstiaged thatai € qMopolrkéond D tacabentnotialarjoads to a

maximjpg ifferential pressures e flow contr.oller

exper | en]gteége[ 68%%)] e 85#%%??%Pwatth§t Sﬁngﬁcﬁl ngﬁcen?X

recei veecrersdte porottwel wégndhewset spaontryalwe tage

typic d, by, r ss tool or,admnistrativ

corrpu?l!é%é/pto%scﬁ%&%ga%g ﬁwhg)%wp’farg%% j1§(frocv$ 't herr%l § ochvc?ntcro 8%f%r

shoul dsagnadw.caAt bt epB806p anfactgtatolrannetrclarchatt pat cause

an initjal I b : eshol d val ue,
M th St T el) HIE SRR IS B B8ree o
appr oxtmatwelyet heTval o ceh s eshHIEURGr Gecai\del tdeprak ey, as

at step JSha.contyoller can deternmine how far the

val ve shoul d open to allow the flow dictated by the

[006&zdt pofmredimenssept 84@ prheewbrtnvsintépncangeitesr atganhages

e o e e
complicating effects of changing threshold force are
largely attenuated. 1In prior art valve control system,
differences in valve diameter could lead to a wide range
of gains. This wide range of flow-control gains places a
significant demand on a single-channel digital control
system tasked with maintaining similar flow control
performance from one wvalve to the’next. The range of
éutput gains must be taken into account when setting the
overall loop gain for the control system, potentially
adversely affecting the stability and response time of a
particular mass flow controller. .

[0063] By contrast, the present invention can utilize one channel
. to output the threshold force and another channel to ‘

output a control force. Regardless of the threshold value

and the gain, the control channel has approximately the



the initial force) that should be applied. In other
words, the controller can indicate over the second

woheaosroedsio he anobunt of control force that shoubPdThis2005/024033

applied. [0061] At step 81223 he controller can

generate a signal that indicates a valve force to be

appl i estne nutbevab §estefive foal ventfralcdn Abeordditiglt segion.
one en@&ﬂ{ﬁﬁlﬁ% gLa@fe %%%snttﬁ@vce&ltergm cﬁ%éle wqqyaﬂlave
to the i.ni orce plus the control force.

di scus@mrqmm@@ﬁjlmnb@d(lﬂ@ WicEhs FIGUIRREGoAnEL 1 GLlJREh? ¢ontrol
this C.@ébl% (}%BQrdf_ s @@%Hleevaﬁye ac@&'e@ﬁoﬁdvé:ﬂ& F9&ve gain.

that is proportional to the initial force to a voltage
that iEhsopdet Fonarok o:naﬁéeéo@ﬁ%mftoﬁeéetJ@e'-iﬁéwé#aﬂeas the

a cont{@gesﬁiog@ak,a%ghl&&ggggol vol tage proportional
to the valve force. The valve control signal can be

[00§4put  Flee divcachaanel RIMOFoFaR Lo vealise! @ate the

act uat gfa £2:12RRLY L@ ARPEABES Bl & RURL16E EGQuktions.
the val ve. The process of FIGJURE 8 can be repeated as

needed"®F® RESHERIATHO EEFAERBOR TS T8E ERE eS8t

I nvent L, gn-pigwidey agvaniA8esuaVeF ¥ isekepdl hvyalare to
control systens and nethods as the cqonp FI catj ng

of f ect SOBNE XhangrnGoIHIBSHs| 0L f oicaare Pargeayration, the

at t enugd esh/ A1RwPELOYe afdr takVEoSOMYY Bhad}sl &1l be

di fferences in valve dianeter could lead to a w

range OFPLAIIAELeFHi Ehey sfEer angqéh%fcofnlt&\i?/-lcﬁﬁﬂ%‘il °§a|tH§

pl aceSp§e§érg:nllﬁ1kréﬁﬂior@aﬂﬁlﬁdneﬁln@lﬁe&:gkﬁedjaﬂﬁl&if the valve
digital control s stemtasll_gL |nta|n|ng sg@r{ ar

f1 ow conf r'gte ﬁé’PF P hreritad e Ny ETPE EheThéxyantage
The r asger Afrieut put g@ﬂ&sﬂusécm& aih@n cbit fo BCLBMAL L

when settin rg:n%he over al | g for ,ttge Jgontrol N

syst enPTHHERR PalPPye attRs 'S Fg a?? &555g CEABIS t 5™ ithen prior
and responsgtemte mbreopar,t bedtarl massrblovesponse and :

can' ut PFTZE- O CanaRhel LG B0t Bit 1 B Ehr BERET 01 Greee

and anebﬂnﬁrguﬁmﬁmeb to output a control force.

[OO£%¥F“w¥iﬁgstgé_pgggznkhEg§£%¥f%nY%ggebeen described with

reference to particular embodiments, it should be
understood that the embodiments are illustrative and that
the scope of the invention is not limited to these
embodiments. Many variations, modifications, additions
and improvements to the embodiments described above are
possible. It is contemplated that these variations,
modifications, additions and improvements fall within the
scope of the invention as detailed in the following

claims.



and the gain, the control channel has approximtely
t hesane nunber of steps for control in the contro
woegistn451Usi ng t he exanpl e above, the control ebamselos/024033
wi Il have approximately 16, 080 steps to control flow
in the control region regardl ess of the valve
WHAT hreSHaIMERNE 'val ve gain. Thus,- the control channe
does npt ' r; ld val ue
in%feggég%gﬁgoéﬁfa#ﬁég?ﬁgﬁgﬁgﬁﬁgﬁﬁﬁgﬁﬁgd can
ef feR¥¢caslSprel| i m nate the characteristic differences
beBV\@&ﬁbu\{-_@rV@eQ@m:ﬂeg %{e@tihﬂn§ccé\4¥i%lga5§| e "‘HL]oY:essor;
because the control channel has approximtely the sane
nuibeet off sPrPYteN aifSdFEtLenT oTRAT6E P oW:e etpabditessreadable
med Ofm ! R@eYal ¥ ecitontirgUE at bt S8 nbOFe&/ fdraWaeHp VL4 Or
. the control channel w |l 'be approximtely the sane.
insqCtdoRer BXe Qe 6Pt he present invention thus
nor meljtges hhe; gal Righal hen valiestoknd iR caRbiBhting an
. . channel . This can_provide an_advantage over prior art
iniGiadh dRgcepkt ifs @PPRecE ot rdlVadR8nndtd presents a nore

consisitgit anskirdisetabl ol RekbBAl Mdie1aihasystElY a
Mor eaver, overall control response and stability can

conpP la FRIFET el 6t 2RPw-82r t9 aiftfe Y8 V6 al ve confi gurati ons
[ 0065] Wil e the present invention has been

described with reference_to particul ar epbodi nents, it

shoul d'Be SYRGEF st odd ' Hat - t WeeEHBo P Rent stk le Torce is
apptdstiusteali yguandoct Batathie 196eRACOH. the invention is

not limted to these enbodi nents. Many vari ati ons,

nodi fications, additions and i nprovenents to the

enbodi mad sydesareberd .aboye @t 10Sshbl €onddoll Force is at
1 contenplateqaghat theﬁg vggiations, nodi ficati ons,
ca3y i PPORECANY" AP FBFeent SFEFI within the scope of

the invention as detailed in the foll ow ng clains

MHAT 1S CLAIMED IS ;- 1 . _A system val ve, control ,

conpri sigSYE PP Wessor™ 3 ¥ Jé¥%L8aﬁ§EFéKﬁ%dF8ﬁ?e 1S

equalcessi bbeabyfdrdve plocessos ;initial force.

5. The syétem of Claim 1, wherein the first signal is a first
pulse width modulated signal having a pulse width propprtional to
the initial force and wherein the second signal is a second pulse
width modulated signal having a pulse width proportional to the

control force.

6. The system of Claim 5, further comprising:

a reference voltage source that produces a-reference voltage;

a first open drain buffer connected to the reference voltage
source and the processor, wherein the first open drain buffer
recelves the first signal and outputs a third signal having a first
voltage proportionél to the initial force; and

a second open drain buffer connected to the processor, wherein

the second open drain buffer receives the second signal and outputs



a set of conputer instructions stored on the conputer
readabl e nedium wherein the set of conputer
wonsederouesid ons conpri se instr%%tions execut abl ePCD/US2005/024033
output a first signal on a first channel indicating an
initial force to be applied to a valve; and output a
a fEddngignghdiavénvad sty CRaAASE RIRFCCEEPRYL at ¢ dker 6pPntrol
fordeorce to be applied to the valve. 2 . The system of
Caim1l , wherein the initial force is approxi mately
equal to a valve threshold. 3 . The systemof Claim2
, V\h_ermgien s?;B@ex@QfﬁAf r(:@a_zi._f]noﬁﬁeflhﬁ:lﬁﬂrf b%ﬁﬁﬁiﬁé’@oﬁbﬁﬂﬂs‘@fSMer,
remai_nder , force. : e syst of, daim3 , erein
whefia fBfmf et LBREE %%bfe&f&és Fi® 2t iRtalroLbrde TGRS he
refdiR@cenibl Bdgd AoCgenbratellie rs¥shem ¢faiChavihd a MhREQHBr
the first signal is a first pulse w dth nodul at ed
volt&9nal having a pul se width proportional to the
initial force and wherein the second signal is a

secon ul se w dt dul ated si gnal . having a pul se .

o Gt n BB BUFEPb A TR ine A FoF ciecghd B *Sratn
bufyrstiencofinddiaidntb thé wddwerd eamper Siryy whareed eftene@cond open

voltage source . tha roduces a reference vo|tage; a
ara i LR S ek e G sl bl G oF oFd dpingTndes
volheglet age Sloairseeocaddsidwealpr ocessor, wherein the first

open drain buffer receives the first signal and

outputs a third signal having a first voltage
proportticosgbten dhe€lienmt Val fiorhee; camdrisisgecond open

draip huf e, conngahed o Lhe-pracesser. . wherelpine ng
second opén drain buffer receives the Secon S|8na

and sanqugt $avfmamd fidicgnathdaviidgeas selvonuraht aggnal.
proportional to the control force. 7 . The system of
Caim6 , further conprising a first sumer, wherein

t hE0 § iThst syaheeros@ieinct s fiehieirr sompol tiage af peoPdhesummer

fere I rate i.ft Lgn Vi a
chod SLESCUGE VALLAA0LD) PTALe B, Shnel B e, venve
contted séeoab- open drain buffer is connected to the

second sumer and wherein the second open

11. The system of claim 10, further comprising an actuator
control module connected to the second summer that translates the

valve control signal into a valve force to be applied to the valve.

12. The system of Claim 1, -further comprising:

a first digital to analog cdnverter connected to the processor
that converts the first signal into a third signal having a first
voltage proportional to the initial force; and

a second digital to analog converter connected to the
processor that converts the second signal into a fourth signal that

has a second voltage proportional to the control force.

13. The system of claim 12, further comprising a summer

connected to the first digital to analog converter and the second



drain buffer generates the fourth signal based on the
remai nder voltage and the second signal. 9 . The
weyesismmsab Claim7 , further %orrprl sing: a firBCTIUS2N05/024033
pass filter that filters thé°t hird signal; and a
second | ow pass filter that filters the fourth si gna
digitgl ¥RePRIAQ%BrOBYeEr e MRt 2fd7 t s tOdkPr P50 &0 The fortn
sigrs@cendgendmmle thatiadddsorithe1t Bigwhisi gnal and the
fourth signal to generate a valve control signal. 11.
The system of claim 10, further conprising an actuator
comnt. rlcalthaodyt]eencwlmecheﬂ Iplmtruleeeselcom cﬁimrmeul f@]&%e is
ates the valve contro al into a valve force
lnd]tc(‘—il% % %Jb?ﬁciret&OPG? he & V8129 gél]érfé:esyst emof Claim1l
, further conprrsrng a first digital to anal og
onwerter connect rocesso that converts the
flrst gggnﬁys Cﬁﬁt?gf &ﬁgﬁlﬁa %dxﬁmyFF§tlnStrUCtl°ns
furthelrt aglﬂ’plplt'S.HJO.lhtSItDﬂ@ﬂ:ldrﬁs telxecunaktlealtof orce; and a
second d |taI Qgﬂ_na g onverter connected to the
processor Eonvefté e second signal into a
fouﬂthtsmgaafliﬁﬁelbaslanse&an@nvelt@gﬂmpeopopbhﬂnaignal.
to the control force. 13. The systemof claim12,
further conprising a summer connected to the first
didn -t alfheospsiadm@ fcOhwenter vhedet hetlsecomppdic gt t Abstrmctions
furt%%@lg&ggeﬂyer%SErsg¥§ %dgﬁeEQ aglé rd ;signal and the
gna 0 genera e a valve control signal . 14.
Thleecgyerem ¢t Qldinm gignahers@idn t he control force i s
P n | faorce, .1
f%%%g 2 §5%fﬁ8 %%%rernafﬁgaégnpu éfirﬁs%rgc i n
further conprlse instructions executable to: recelve a
set po ; h e
to the st “porat % srart e ersth, S NRepl R L PRI sons
furtijRer epmprtiwe eeﬁput@ﬁlqn@sﬁﬁaeutihﬁ?'ﬁ@rphemgexnhawfsest signal
to hASLLLCT] ONY, GXPEMANIELLO: Teceive a set point
signal ; d generate the second signal based on the
set p0|nt S|gnal 17. The systemof Claiml1l , wherein
thes .CoRpt §§s’&éft§torfuetléﬂﬁ]sl7f ULABEE 5 SOMY IcS6: uter instructions

i nstructions executable to 'change the firs signa
further comprise instructions executable to change the first signal

in response to a change in pressure.

19. A method for valve control comprising:

outputting a first signal on a first control channel
indicating an initial force to be applied to the valve;

outputting a second signal on a second control channel
indicating a control force to be applied to the valve; and

generating a third signal from the first signal and the second
signal, wherein the third signal indicates a valve force equal to

the initial force and the control force.

20. The method of Claim 19, further comprising indicating the

initial force with a first pulse width modulated signal and



to indicate a newinitial force. 18. The system of
claim 17, wherein the conputer instructions further
woaQopriisaoi nstructi ons execut abl e to change t hectiussios/024033
signal in response to a chalde in pressure. 19. A
" fret hod for valve control conprising: outputting a
indifdat$hg stignalonamod férst wiaht e otechwnpel semdidEdt meguaated
nar_JLItIa| force to be applied to the valve; outputting a
sécond signal on a second control channel indicating a
control force to be applied to the valve; and
era g I dr f i.gpal and
t(r?eh set(:r%)lgdmés]ﬂtkbdl i V\A%grglg ét%leyr% gﬁdéé@rr%’llg?ndl cat es
a Mail\scetﬁngc’eh%qlualtllaé forecd piithak fblrit‘fe vaddagpeproportional
to 19QNt1ol; f0rLe..20,,Jhe nethod of Caim19, further
conprising in icating the initial force with a first
pulsl opitdng WerluwtcattadlsEeped it Adearnchgolkadeont r ol
proﬂagEggngﬂtgb %h%eegﬂgréﬁnfg%d@ QK%&rgggﬂe%kegoségﬂgﬂalndg% force.
he method of Claim 19, further conprising: indicating
the initial force with a first voltage proportional to
the, i nithbahe{ 588 s aNndihngi cavtue@glhh@h@%a%dwrﬁ&ce is a
with a second voltage proportional to the control
totlofesco tnusespect nt bl ferEPnder force. 22. The
met hod of claim 21, wherein the remainder force is a
total force minus the initial force 23. The nethod of
C %l m Foe gereedtdh§lerd thi 9PrSTghard coifprides sty
comg@eki 48418 ARl rapdt theyrsecand sidnalconddsidie .met hod
' of Cdaim19, wherein the initial force is
approximately a valve threshold force. 25. The nethod
OfZQ airielfethad tdrerc160RPL 9 Sivi@rehanghadidiRealli Estce is
ignal to indicate a new initial force. 26. A nethod
aPPWXlE‘éE?%%I‘T g 7& VEFYEICChAPFFSi ng: generating a
reference signal with a reference voltage pr oportl onal
to a total force; generating a first signal, having a
1751 VOFt BEEABRe¥0 UR “Phior dHETOREEC BT RgES GRETELlP the

firdtheibhsstryaldagatesa pi@pant koaal fdrxean

sig

26. A method of controlling a valve, comprising:

generating a reference signal with a reference voltage
proportional to a total force;

generating a first signal having a first voltage based on the
reference voltage, wherein the first voltage is proportional to an
initial force;

generating a second signal having a remainder voltage;

generating a second voltage based on the remainder voltage
that is proportional to a control force; and

generating a valve control signal having a control voltage

equal to the first voltage and the second voltage.

27. The method of Claim 26, further comprising:

converting the third voltage into an applied force.



initial force; generating a second signal having a

remai nder vol tage; generating a second voltage based
wonodsle41emai nder vol tage that is proportional PCD/US2005/024033

control force; and generatirf§ a val ve control signa

having a control voltage equal to the first voltage

anzB t h&@hseseritbd/ glft &geim276, Thetiher hexnmfistngi M@Bying the

. u i S \. i,rd voltage into
i o D L B R e i i 26 ur ¢ her

conpri sing changing the first voltage to indicate a
neyy I nigt kfakvé 0L iftrod9s été&@lae% pe9Bi£Ql system

conpri si ng: processor further conprising: a
t i extesledseut Putthegn¢oBPEDNNG| out put; a conput er

readabl g yiEdisWmy acsessidl @nky the processor; a set of

conputer instructions stored on the conput er readabl e
medi um @ viiedtERh PREPSEt of conputer instructions

COMMU @t bRStE Medd QNS 8X 88 W ARl 1b0e OptIHY pRobbESdr;
pul se Wi dth nodul ated signal on the threshoFd out put

| ndli Tt PAgCAP 1A i1 trBF BRI SHErappt ed 60§P\%5$¥/éfeadable

medlkﬁ{n apnhapd At saRdo BW NPt rSecOhRULES WhEld se
nodul at ed signal _on the control channel indicating a

nstayettops FS1d te8Bet@pplied to the valve i - a

ref eleRger VoI 4:aGe pAUEEridt hbghlonan sqrgﬁbm Suffiy threshold
further conprising; a reference vol

ta I
oUtRENABEL B YT PRe IPeEERbnF SFoFP iR %ﬂrl@e % 3 hrddRoPY an
actudHeut; ge@nected to the threshold output; a first open

drain buffer output; a first |low pass filter_connected

to t RETPEFS? St?psfé’ﬁlddPHiLﬁe By mBBHRREd S1PPPSt O (rhfecontrol
chaiaMi Agdf t4iSings WMEBAt P Ut ceonBEsd efbdlactiheo f s tvalow; -

pags I LeL.ang LIe 1elerence voltage source,
a first open drain buffer further comprising:
a reference voltage input connected to the reference voltage
source;
a threshold input connected to the threshold output;
a first open drain buffer output;

a first low pass filter connected to the first open drain
buffer output;

a first summer having first summer inputs connected to the
first low pass filter and the reference voltage source;

a second open drain buffer further comprising:

a remainder voltage input connected to a first summer
output;

| a control input connected to the control output;

a second open drain buffer output; '

a second low pass filter connected to the second open drain
buffer output, the second low pass filter having a second low pass
filter output; and

a second summer connected to the second low pass filter

output.



a second open drain buffer further conprising: a

remai nder voltage i nput connected to a first summer
woubmi4sioa control input connected to the conPC®iUS2005/024033

output; a second open drai n?Buffer output; a second

| ow pass filter connected to the second open drain

buf f er output the second | ow pass filter having a

S ond ss . filt Loa d ;

ppciinives TR I e e T

prop$helcmﬂt razdtusysr emorofrodl apdvP9 cdnpeched torpdy iosithgtacf the

secog &ﬁﬁé nal actuator control nodul e connected to an
utp the second sumrer. 31. A nethod for

controlling a valve conprising: generating a first

puj;se w HLPT(E@%' Lated: 54 n@Hg WL hoa lse swhdt h

proportlon toan initia orce generatlng a second
pulesenaicdnd ardfdulsst pdlss grigith Wﬂﬁl@twl%énMdtwth a pulse

w1dtﬁrﬁpgﬂ5fé?5ﬁalt aaﬁcgﬂﬂﬂy 1fegess; converting the first

se W dth nodul ated si gnal into a first direct
cmgqrmﬂrtatsn@naalseiwdnguh8¢ i gkt hy Bpdabrt g5t @aéflﬁiorwth G pulse

widtthhg io Pbid adnafloese b@osf&%qnfw@efl rst pulse width

ated signal and a reference vol tage; generating a
r eTREVIREEE NG ot hea fa T SEORVEPE iigthhecdekaimd sapael witicha first

dlre%@duhﬂ@& sijghah hmﬂlga aSe¢opd @alrt%@re ﬁk‘é%@fﬂloﬂagn@b the
aV|ng a second vol tag proportlona to the control

initfighcEoper &pse PRetkeddAdtparsee widtth medulalist sdpgasl and a

refe%%chh€oiﬁaa@ nder voltage; and sunm ng the first
direct current signal and the second direct current

sHﬁﬁ@raﬁén@éﬁéﬁﬁﬁénéeVaYQEREHhtroI signal. 32. A valve

COMH A t3XSt M8 CRIRBLUSHADse AriRACRSSOTatddl EhGhal into a
conprising: a threshold output; and a control out

put ,
secoaldc6%%@%@3&5@Jegr%?éduh?fﬁlaec%s%%%nél Byltpee proportional to
the RIcP€@880force based on the second pulse width modulated signal

"and the remainder voltage; and
summing the first direct current signal and the second direct

current signal to generate a valve control signal.

32. A valve contrcl system comprising:
a processor further comprising:

a threshold output; and

a control output;

a computer readable medium accessible by the processor;

a set of computer instructions stored on the computer readable
medium, wherein the set of computer instructions comprise
instructions executable to: ‘

output a first signal on the threshold output indicating an
initial force to be applied to a valve by an actuator; and |

output a second signal on the control channel indicating a
control force to be applied to the valve;

a reference voltage source;



a set of conputer instructions stored on the conputer
readabl e nedium wherein the set of conputer
wonederouestio ons conpri se instructions execut abl ePCD/US2005/024033
output a first signal on the% hreshol d out put
indicating an initial force to be applied to a val ve
bya afi raxtt lcﬂat_;d)tal and 2ot pyt cengadend cshga@iednot ke threshold
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