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generalwaégL?Pﬁqportional-integral control systenms and netp ds. and nore
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particul ar proportional -integral control methods in a ¥405%%
controller. 08 JAN 2004 WD 01/04717 PCTI USOCQO 40275 2 BACKGROUND OF THE
| NVENTI ON Many manuf acturing processes require that the introduction rates
of process gases into a process chanber be strictly controlled. These
types of processes 5 nmay use mass flow controllers (MFC) to control the
flow rate of gases. A mass flow controljer is a closed |oop device that
sets, neasures, and controls the flow of the mnass of a process gas into a
process chanber. Sem conductor applications have been and continue to be
10 the driving force behind : ? t v t.A ss flow controller
t echnol ogy. Nonet hel ess, nasg&g g& @gﬁiﬁé I ﬁ%@f | in other industries,
such as the pHEARBABLEI GAIN PROPORTY Cavad.-tMersorad, i peiust synTRoLher mal nass
flow controller is conposed of a 15 front half which includes a fl ow sensor
- and a back half which includes a control valve. The flow sensor is often
conposed Ofpgid S | S B e ORReT & GT$BRSOr S wound around a capillary
t ube. Wen gas rough ' )
- 5 This invention relates generally to

proportional-integral control systems and methods, and
more particularly to proporticnal-integral control

methods in a mass flow controller.



sensor, heat is carried downstream and the tenperature 20 di ffgrﬁnﬁmia
proportional to the mass flow rate of the gas. The tenperatur i 8¥ice
will cause differential resistance changes in the sensor el enents. The
control WRPYM7FEceives a signal via el ectronics fromthe fRCUSE&TE toO
regul ate gas flow. Solenoid activated val ves 25 are often used as control
val ves because of their sinplicity, quick response, robustness, and | ow
cost. Traditional feedback control nethods are often used to control the
flow of gas in a mass flow controller. In a mass flow controller, the
systemincludes a set-point 30 representing the desired flow of gas in the
mass flow O 8 JAN 2004 WO 01/ 04717 PCTI USOO 40275 3 controller, a sensor

whi ch senses the actual flowrate of a gas in the mass flow controller, a

controll erpé&mmde controller consists of electronic circuitry
whi ch cont - RIRENTEGN | n the case of 5 the mass flow
controller, thepmpl RN : | i vated valye which directly
controls the act uerﬁnﬁ ow a?gﬁlgr%g ?%%gef.%%% 5e§}165§s§¥‘@ﬁarﬁ?€r. The

el ect roni c ingirodwictriyn raties cahtpobdtess CoAs88Nehabeadpeid=d signa

(val ve drivg S| na&%hbased n an error_signal. The error 10 signal is the
di fference® QF%%éh ST Mo gphiednd Theseetivnek sifgpalocdssddie case
of asmass koW, seOMTR! 1H8low t Lot hshgnal is a function aof the

desi red flow9r ate and the ofweeé(}%ac Isllptgir-lgl “iﬁé\@g ‘;ﬁnSPPBﬁOHo}th& Wil ow
rate. 15 Fsétibacif gastesol @desfiftlbowenphoyelllereis a closed loop

device that sets, measures, and controls the flow of the

mass of a process gas into a process chamber.
Semiconductor applications have been and continue to be

10 the driving force behind product development in mass flow
controller technology. Nonetheless, mass flow control is
useful in other industries, such as the pharmaceutical
industry and the food industry.

A thermal mass flow controller is composed of a

15 front half which includes a flow sensor and a back half
which includes a control valve. The flow sensor is often
composed of twin resistance temperature sensors wound
around a capillary tube. When gas flows through the
sensor, heat is carried downstream and the temperature

20 .difference is proportional to the mass flow rate of the
gas. The temperature difference will cause differential
resistance changes in the sensor elements. The control
valve receives a signal via electronics from the flow
senscr to regulate gas flow. Solenoid activated valves

25 are often used as control valves because of their
simplicity, quick response, robustness, and low cost.

Traditional feedback control methods are often used

to control the flow of gas in a mass flow controller. In
a mass flow controller, the system includes a set-point

30 representing the desired flow of gas in the mass flow



proportional control, integral control, and derivative control ng\l_%lw 2004
proportional control, the control signal is proportional to an

signal . Ty oﬁgpﬁgoller gain can be adjusted to nake the Cﬁqéﬂﬁgmﬁhggal
0

sensitive smal | devi ations between the set-point signa

f eedback signal. Design of the controller gain can also be chosen to nake
the control signal increase or decrease as the deviation between the
set-point signal as the feedback signal increases or decreases. An

i nherent 2.5 drawback of proportional-only control is that it is wunable to
elimnate steady-state errors. Integral 3control is often w dely used
because it provides.the advantage of elimnation of errors. Wth integral
control, the control signal depends on the 30 integral of the error signal
over time. a - 0 7_P SQQ 4027 ate
oper ati on o(%‘a'{ e sl;b;é'sltee?né/ Q?é?%él\lg%%t&? %[Qég#éré}lzé a g#@# ﬁ % HE S enttsefttyral of
the error b Idaghamgehenithdiss | fitowandnprolllee, aa achikedliled hardy ant t hat
ultimatel y causes ,ﬁﬁe error io go to zero. The_integral control ler is not
5 of ten usétHtone FhcePrHIetEe oﬁ??%ﬂs%ét?%nelﬁctﬁ@nﬂﬁamﬂranknmﬁ unti |
the error drse [ d o) OpOKtL.i | contr

however , |S'n$"rl‘gl(r:}%ite 'y ﬂg:[n% ?l?]@e%é? %ﬁe(??o?ﬁé ﬁE Thg'%'e gl%e Cca\s% ec% al

" contrfol i L teas i sEkbw rlc@mtr;uhl:erpnthetpl@mopmayl bealh e@llerid n 10 what

is called a pr ort ntegral .(Pl) controller to  generate the valve
drive si gnaﬁ&(lcoaf’ﬁef Ivﬁ‘éﬁa\d}‘ Chtg+¥%%'f]r}0ec%ﬁ¥?éﬁ theceicdnay Flav i ci pate
t he rate of a gas into a process chamber. The electronic

circuitry in the controller can generate a control signal
(valve drive signal) based on an error signal. The error

10 signal is the difference between the set-point signal and
a feedback signal. 1In the case of a mass flow
controller, the set-point signal is a function of the
desired flow rate and the feedback signal is a function
of actual flow rate.

15 Feedback control modes often employed are
proportional control, integral control, and derivative
control. With proportional contreol, the control signal
is proportional to an error signal. The controller gain
can be adjusted to make the control signal sensitive to

”? small deviations between the set-point signal and the
feedback signal. Design of the controller gain can also
be chosen to make the control signal increase or decrease
as the deviation between the set-point signal as the
feedback signal increases or decreases. An inherent

25 drawback of proportional-only control is that it is
unable to eliminate steady-state errors.

Integral control is often widely used because it
provides the advantage of elimination of errors. With
integral contreol, the control signal depends on the

30 integral of the error signal over time. During steady-



behavi or of the error signal. Wth derivative control, the conbrol 8nal

depends on the rate of change of the 15 error signal. Derivati & JAM
al so tenagoyﬁﬂbﬁguce the tine needed for the process to reach stea‘% st at e.

Deri vat i is used in conjunction with either prop®f V82Nt r ol
or proportional-integral control. A persistent problemwth typical nmass
flow 20 controllers is that the solenoid valve action is not a |inear

function of the valve drive signal (control signal). The relationship
bet ween the valve drive signal and the actual flow through the mass flow
controller for the solenoid valve is wygth hysterisis. FIGJRE 1 is a 25
graphi cal representation of the valve drive signal versus actual flow
t hrough a nass fIOW/controIIer The gain of the valve increases with flow.

The val ve ri nal hed a x-axi s and the actual flow

t hrough th -ta r&ﬁ"@&hf%%‘? ?%Sﬁ?aphé LPEnGPEERLs er/EOJTHe'SSO val ve
drive si gn@oﬂsragmqse;&:e tihe a@lofl%t@wegh § n%:;%J\'

01/ 04717 PCT/ US00/ 40275 5 né?%EfIOM/contro ogg E%%l eqi o |ncrease

until the apd produice agi @faumreaumeha ph&ue bhaXBul'Ehmt&mqurdaLiﬁEStl e
it takes t vaIv dr|ve 5| to reach X3 noteda t he dead tine.

Once the vd eegg:‘l e &8 éﬁ’al SZ?E%Che ?hénsﬁﬁﬁé of RA T L&ACE | ow

begi BS t0 JfteheasRd Ml P or@&tiéuzzoﬁeﬂohl a%gl @f'etrhé”‘%:]ﬂant
function of the valve drive signal. Once the valve driv si gnal

reached a ROEWRSMUWH e tdre )ﬂrr@ewmahghahepevaweedr |f\ce: siayeal does not
'nnEd'ate|¥uﬁ%yseﬁ%éﬁﬂgé¥%nal control, however, immediately

amplifies the error signal. Therefore, integral control
is often used in conjunction with proportional control in

10 what is called a proportional integral (PI) controller to
generate the valve drive signal (control signal).

Derivative control functions to anticipate the

behavior of the error signal. With derivative control,
the control signal depends on the rate of change of the

15 error signal. Derivative control also tends to reduce
the time needed for the process to reach steady state.
Derivative control is used in conjunction with either
proportional control or proportional-integral control.

A persistent problem with typical mass flow

20 controllers is that the solenoid valve action is not a
linear function of the valve drive signal (control
signal). The relationship between the valve drive signal
and the actual flow through the mass flow controller for
the solenoid valve is with hysterisis. FIGURE 1 is a

25 graphical representation of the valve drive signal versus
actual flow through a mass flow controller. The gain of
the valve increases with flow. The valve drive signal is
graphed along the x-axis and the actual flow through the
mass flow controller is graphed along y-axis. As the

30 valve drive signal increases, the actual flow through the



10 in the actual flow through the mass flow controller. The vguygggqigﬁ%
signal nust be decreased to a level of X2 wuntil the actual fl g o]

decr ease iy @pgpfsoportional (but non-linear) manner as a fu?ﬁf' he
val ve drive signal. Once the valve drive signal reaches 15 éhEQV@%”%f X1

the actual flow may cease. It can be seen fromFIGJURE 1 that when the

val ve drive signal is weak the response of the valve is negligible, yet
when the valve drive signal passes a certain "threshold" (X3) the valve
response is greatly increased. The gain of the 'p valve' increases with
flow This type of non-linear characteristics associated with the sol enoid
valve is extrenely difficult to control and cannot be fully conpensated.
Utimately, there is a need to conpensate for the 25 non-linear behavior

of actual frawsiflewnasatibdWVercapkkohber b%@i%@ob)iﬁd}"ed'w'%@leﬁr he
rel ati onshi p between the valve drive signal and the actual OM/t%rough

the sol end3¥@t9%EYRdSTangésregchesAR Y000eWOT0 K:047 ThiBCEMISOE 4¥275 6

The presentyinventi oyj. de y and nmethod for erating a val ve
drive si gna‘iirﬁ%azpE su%légénﬁlgl I%?&V%I ?%nglr?gt 8¢ 95¢ %&Eé'écd'fgigdﬂ'&nt ages and
probl ens 5 desorcédtes vhéhdpaavions.y devel epedvansierm-and dwihipds for
generating a valve drive signal. Mre specifically, the present iInvention

provites 61?%3%9%%1%R% ¥RtH8dOfoXs geblee aFgah §Abvebdgine giognal using a
Var'able@yﬁﬂbfga§@n$ﬁoélﬁfobgr@@oggis(Bh?whon-linear) manner as a

function of the valve drive signal. Once the wvalve drive
signal has reached a maximum value of X,, decreasing the
valve drive signal does not immediately cause a decrease
10 in the actual flow through the mass flow controller. The
valve drive signal must be decreased to a level of X,
uptil the actual flow begins to decrease in a
proportional (but non-linear) manner as a function of the
valve drive signal. Once the valve drive signal reaches
15 the level of X,, the actual flow may cease. It can be
seen from FIGURE 1 that when the valve drive signal is
weak the response of the valve is negligible, yet when
the valve drive signal passes a certain “threshold” (X,)
the valve response is greatly increased. The gain of the
‘P valve ‘increases with flow. This type of non-linear
characteristics associated with the solenoid valve is
extremely difficult to control and cannot be fully
compensated.
Ultimately, there is a need to compensate for the
25 non-linear behavior of actual flow in a mass flow
controller caused by the non-linear relationship between

the valve drive signal and the actual flow through the

solenoid activated wvalves.



10 controller. The method includes nultiplying an error signal [}’Vﬂtm’@dmﬂ’i
proportional gain factor to generate a proportional signal. The net ho

also |nchggﬁﬁm¢hqplenentlng an integral function on the errgr &W%hgsalhe

i ntegral tTunctrion includes an integral gain factor 15 which ?Wé

the variable gain in the PI controller. For set-point signals |less than a
normal i zed predeterm ned percentage p of the maxi num set-point, the
integral gain factor is equal to C(? nmax{s}},+B], where Ais a LP f" first
gain constant, B is a second gain constant, and 20 max(x) is the maxinmm
val ue of the normalized set-point signad. Qtherwi se, the integral gain
factor is equal to ft! max(x))A+B]s where Ais the first gain constant, B
is the second gain constant and x is the normalized set- point signal.

| mpl enent i ng HBElrr9R2S5 Pproduces an integral signal. Lastly,
the integra e proportional signal are sumred to generate the
val ve drive sigrittie Fhesentoinséghdbni praviide iom it ddendiféensace

bet ween a bse éélnt sl nal and a feedback 0 8 JAN 2004 WO 01/04717

PCTI USOOY 46%‘% I%‘?@?’n%’r I ThevatVeparavesisgemal $hat mbistanbiablylesired
flowrate i tbedees dboseagabtokheaanthibbddaeadiaciensl onal s a

function of the actual | ow rate throu Mas’s controller. 5 The

presént i nmdmm@wm pnevmpusﬂgntievtea@mich@ AR R0E herhbas it
enabl es the |nte ain factor in .the P1 controller to be a variable
gain. The era ing a valve drive signal.

More specifically, the present invention provides a
system and method for generating a valve drive signal
using a variable gain PI controller in an mass flow

10 controller. The method includes multiplying an error
signal with a proportional gain factor to generate a
propertional signal. The method also includes
implementing an integral function on the error signal.
The integral function includes an integral gain factor

15 which functions as the variable gain in the PI
controller. For set-point signals less than a normalized

predetermined percentage p of the maximum set-point, the

integral gain factor is equal to Hi_mnhﬂA+B],'where A is a
»

first gain constant, B is a second gain constant, and
20 max(x) is the maximum value of the normalized set-point

signal. Otherwise, the integral gain factor is equal to
[(l—max(x))A+B:l- where A is the first gain constant, B is
X

the second gain constant, and x is the normalized set-
point signal. Implementing the integral functién

25 produces an integral signal. Lastly, the integral signal
and the proportional signal are summed to generate the
valve drive signal. The error signal is a function of the

difference between a bset-point signal and a feedback



Integral gain factor is a function of the set-point signal. Thgs& Jaw 2804
| ow set-point signal the effect of 10 the | ower val ve gain can be

conpensat@gow'og.h?hi gher integral gain. This mechani sm nai {}%ﬁl Bg t he sane

control system feedback | oop gain regardl ess of the opera %%WHF and
enabl es the systemresponse to be rendered wuniformin speed of response
and di sturbance rejection 15 characteristic, effectively concealing del ayed
step response and sl uggi sh recovery frominlet pressure disturbance while
operating at |ow set-point (or operating point). Another technical

advant age of the present invention is Uhat it reduces the dead tine
associated with the valve in the nass flow controller, allow ng the
control signal to ranp up through the valve dead tinme with the sane

ef fici ency gshpisher the d@sHE10wW £ éPligr%i§u§é§€§%8§fb%>%@%%%%%che

maxi mum fl ow or 5% of the maxi num flow.
PCT/ US00/ 4627y gagm EM DESCRIEES ONLGOF deitt PR NGSHAL I'er € heofeleta ck

under st andi_ f; t.he present. invention and the advantages thereof nay be
" acquired bfrl%p%flerlrr% r‘Fg lﬂlqncﬁeorf o?foW?lga‘a’é‘é%i i %?Bn}”af-ﬁwhrﬂﬁl% &3 unct i on
with the aeea®pENWEHEMWIGS-i N which |ike reference nunbers indicate

~like features and wherein: FIGURE 1 graphically illustrates the non-linear
rel ati onshi p betfiePrgRental invent ien prpal desdah | omporbaatgh the val ve.

technical advantage in that it enables the integral gain
factor in the PI controller to be a variable gain. The
integral gain factor is a function of the set-poin£
signal. Thus, for a low set-point signal the effect of

10 the lower valve gain can be compensated with highexr
integral gain. This mechanism maintains the same control
system feedback loop gain regardless of the operating
point and enables the system response to be rendered
uniform in speed of response and disturbance rejection

15 characteristic, effectively conceéling delayed step
response and sluggish recovery from inlet pressure
disturbance while operating at low sét—point {or
operating point).

Another technical advantage of the present invention

“? is that it reduces the dead time associated with the
valve in the mass flow controller, allowing the control
signal to ramp up through the valve dead time with the
same efficiency whether the mass flow controller is

ramping to 100% of the maximum flow or 5% of the maximum
25 flow.



10 FIGURE 2 is a block diagramof a variable PI controller. ﬁiff?ﬂ

illustrates one enbodi nent of the present invention; and FIGU 04

illustra t raphical relationship 15 between integral_gain factor and
i

set - poi n . 1 0 8 JAN 2004 WO 01 /04717 PCT/ USOQ 402 SBHP L ED
DE, 9CRI PTI ON OF- THE | NYENTI Preferred enbodi ments of the present invention
are illustrated in the figures, like nunerals being used to refer to like
and corresponding parts of various 5 drawi ngs. The present invention _
provi des a system and nethod for generating a valve drive signal using a
variable gain Pl controller in an nmasssgflow controller. The nethod
includes inputting an error signal into a variable gain 10 PI controller

whi ch outputs the valve drlve signal . The integral gain factor of the

vari abl e gapR G ¢ . I, 00~af a set-point. The error signa
is a function o T e set-point signal and a

f eedback signal A iﬁme:esaion[pllelﬁe Shgﬂ‘@i'sténdlihé bENghieopr@fsemtdesired flow
rate in the mass flow control]ler, while the feedback signal is a function

of the actWNEMAGH 2%k the a@fﬁnm%sgher@wfcmm Slel @cqu:Fne@UREz 2

represent s e Bl ek 1 3g9{a r f resent invention
In FI GURE 2, varlggle gg{nqgrqégﬁp$ e g%ﬁglstg%' portlonal
5 conjunction with the accompanylng_drawlngs in which like

reference numbers indicate like features and wherein:
FIGURE 1 graphically illustrates the non-linear
relationship between the valve drive signal and flow
through the valve.
10 FIGURE 2 is a block diagram of a variable PI
controller.
FIGURE 3 illustrates one embodiment of the present
invention; and
FIGURE 4 illustrates the graphicai-relationship

15 between integral gain factor and set-point signal.



gain stage 14, integral gain stage 16, integrator 18, and addel) &tJde 2804
Error signal 12 is nmultiplied by proportional gain constant Kp at

proporti oRdle1@3® stage 14 to produce proportional signal ?QNPE';"Z]@?#SI gnal

12 is 25 also multiplied by integral gain factor K, at integfa

16 and input into integrator 18 to produce integral signal 22. The
sequence of integral gain stage 16 and integrator 18 can be reversed
wi thout altering integral signal 22. At adder stage 24, integral signal 30
22 and proportional signal 20 can be conbined to formO 8 JAN 2004 WO

01/ 04717 PCT/ US00/ 40275 10 drive signal 26. Both integral gain factor K

and error signal 12 are functions of a desired set-point. FlIGURE 3
represents one enbodi nent of the present invention in which variable gain
Pl control IDRTAILED DESCR IBPTIONaORaTHE! ey mytnol | er 28. In FIGURE 3
set-point signal_30 can be compared with feedback signal 32 at adder stage
34 to produce erfifierxsml enbodipepEsspdnshe pPreganthariventtigmiare
controller ;50, rol | 19. S f Ltiqnal_ gain stage 14,

i nt egr al gaﬁ]i%ulééj'l:sét?g%ﬁe %,ﬁﬁ%t gé?é?%rg’lg?kgnaggn%% % aeg‘é"gﬁs r si gnal
12 is multigdfiead ty Jilopoatdonakrrgapondinsgt patrtip ofatvg3riQpey ti onal gain

. stage 14 to_,produce proportional signal 20. Error signal 12 may al so be
nultili(ajqﬁ%w%QE%gral gain factor Kl at integral gain stage 16 and 15

I nput to-integr r k phe :gi.gnal r rii si gha

20 and integral ai%n%%%%lgrgﬁyﬁﬁﬁ%ehi %t&%lvédaggr %st gé:efﬁ,aq?% '%ée%te drive

si gnal 26. Y \@enerating a valve drive signal using a variable gain

st age

PI controller in an mass flow controller. The method
includes inputting an error signal into a variable gain

10 PI controller which outputs the valve drive signal. The
integral gain factor of the variable gain PI controller
is a function of a set-point. The error signal is a
function of the difference between the set-point signal
and a feedback signal. The set-point signal is a

15 function of a desired flow rate in the mass flow
controller, while the feedback signal is a function of
the actual flow rate through the mass flow controller.

FIGURE 2 represents the block diagram for one
embodiment of the present invention. In FIGURE 2,

“P variable gain PI controller 10 consists of proportional
gain stage 14, integral gain stage 16, integrator 18, and
adder stage 24. Error signal 12 is multiplied by

- proportional gain constant Ky at proporticnal gain stage
14 to produce proportional signal 20. Error signal 12 is

25 also multiplied by integral gain factor K; at integral
gain stage 16 and input into integrator 18 to produce
integral signal 22. The sequence of integral gain stage
16 and integrator 18 can be reversed without altering
integral signal 22. At adder stage 24, integral signal

30 22 and proportional signal 20 can be combined to form



signal 26 can be used to control valve drive circuitry 38 and %
Valgve 40 produces an actual flowrate 42 20 within mass flow co tadoﬁhéaﬂ%
Actual fl@w fhrles+42 can be neasured by flow sensor 44. FIo C% sor 44

outputs sensed flow rate signal 46. Sensed flow rate signal “Wﬁ?/”ﬁe

i nput into derivative controller 48. Derivative controller 48 may produce
f eedback signal 32. 25 Proportional gain constant Kp is set to a fixed
value. This value can be determ ned enperically such that the output
(drive signal 26) is the desired response to a set-point signal 30 equal
to a step input. Integral gain factor Kioat integral gain stage 16 is 30 a
function of set-point signal 30. Integral gain stage 1 0 8 JAN 2004 WO
01/04717 11 PGI/USOQ 40275 16 is designed to conpensate for the delay in

the resporagwd @£l 3@6"‘heﬂo§ﬁt fl [E[E‘a“ft' 9aaln 3k S, L o Is a

graphi cal representation of the onship et ween |nt egraﬁcFFfactor
KI and set Si@nal Rsﬁlgenafm@tl&as pm at deLsgl:r&Id 3§Et(-r}ﬂ:l5ﬁﬁtllzed) i s graphed

al ong the x-axi inte aln fact Kr is graphed along the
y- aXIgS The rel Z%Ilcy%%% ’éﬁn fit 8fFaf é’idr’rmef%tQﬁ thre apEeseRt poi nt

5|gnal 0Imhqynﬁﬂbﬂnhﬂihﬂ&cﬂ-ﬂafﬁéﬁlexgﬁlﬁ-ﬁf“@gﬁgﬁolrérxlgllé deel fOr X

1(nax(§L2a.mass flow controller 28. In FIGURE 3 set-point
signal 30 can be compared with feedback signal 32 at
adder stage 34 to produce error signal 12. Error signal
12 can be input into PI controller 10. PI controller 10
consists of proportional gain stage 14, integral gain

10 stage 16, integrator 18, and adder stage 24. Error
signal 12 is multiplied by proportional gain constant Kp
at proportional gain stage 14 to produce proportional
signal 20. Error signal 12 may also be multiplied by
integral gain factor XK; at integral gain stage 16 and

15 input to-integrator 18 to produce integral signal 22,
Proportional signal 20 and integral signal 22 are input
into adder stage 24, to generate drive signal 26. Drive
signal 26 can be used to control valve drive circuitry 38
and valve 40. Valve 40 produces an actual flow rate 42

20 within mass flow contrxoller 28. Actual flow rate 42 can
be measured by flow sensor 44. Flow sensor 44 outputs
sensed flow rate signal 46. Sensed flow rate signal 46
may be input into derivative controller 48. Derivative
controller 48 may produce feedback signal 32.

25 Proportional gain constant Ky is set to a fixed
value. This value can be determined emperically such that
the output (drive sighal 26) is the desired response to a
set-point signal 30 equal to a step input.

Integral gain factor K; at integral gain stage 16 is

30 a function of set-point signal 30. Integral gain stage



(0.1 [EQN 1] where x is the normalized set-point signal 30, m“g)yg Oﬁ’}
maxi mum val ue of (max(x)=1) set-point signal 30, Ais a first const r12(
and B is wosmoemu constant. Note for 15 set-point signal 3@®drwss/avivan 10%
of the maxi num value of set-point signal 30, the integral gain factor Kr
Is saturated to prevent the integral gain factor KI from growing to
infinity. Second constant B is adjusted by observation to get 20 an

opti mal response fromvalve 40 on O -+ 100% steps of set-point signal 30.
To cal cul ate second constant B, set-poift signal 30 is set to a step input
on 0 -* 100% of the maxi num set - poi nt gnal . Drive signal 26 can be
observed using data acquisition software. Second 25 constant B is adjusted
as a variable in software to achieve the desired step response for 0 -*
100% step Jifnpift .daFigned ke seempeagsarentort hher depewsénoftheal ve 40 0 8 JAN

2004 WO 01/ 7. PCT o] wer .val ues o t -.poi;nt signal 30
can be too I% W.né:el'h‘éaﬁ?%{r\g‘?%{?ré%e%oﬁég\gﬁ?lﬁgi 5188FES§§d o 1§’é‘f t he sane
qual ity of step FESIREISE i®vargriphecaYabupsesehthelinh oF @ml 30 (0 --

1099 using the same nethod of observation. 5 Wth first constant A and
second consiSttiPnshiR et yern oiRkeBERSnE3i0nfR6ERTaKr 08BdaFRtrpqddst s of
- set-ppint sighaly B _Pé t I hve caontral | er 48
can be i npl erent egp%‘l g?éf%"fl °ﬁ‘§?nég9§‘%e%gn3§g£@§g#§§% is %[}tap ed

along the x-axis, while integral gain factor K; is graphed

along the y-axis. The relationship between integral gain

factor K; and set-point signal 30 is given by

(-1- —IJA +B for x> 0.1{max{x))
Lo K =i \x [EQN 1]

(-()-l-f—l)A +B | Jor x < 0.1(max(x)},

where x 1s the normalized set-point signal 30, max(x) is
a maximum value of (max(x)=1) set-point signal 30, A is =a
first constant, and B is a second constant. Note for

15 set-point signal 30 lower than 10% of the maximum value
of set-point signal 30, the integral gain factor K: is
saturated to prevent the integral gain factor K; from

) growing to infinity.

Second constant B is adjusted by observation to get

20 an optimal response from valve 40 on 0 —» 100% steps of
set-point signal 30. To calculate second constant B,
set-point signal 30 is set to a step input on 0 — 100% of
the maximum set-point signal. Drive signal 26 can be
observed using data acquisition software. Second

25 constant B is adjusted as a variable in software to
achieve the desired step response for 0 — 100% step

input. With this setting alone, the response of valve 40



10 in a digital signal processor (DSP) controller. If set p0|nq)8 QEQQ@Q
or sensed flowrate signal 46 are analog signals, these signals’cd Iy

be converyedilog7igi gital signal by inplenmenting A/D convertpéfmgb(,,@dz-;g o]
i nputting set-point signal 30 into Pl controller 10 or sensed flow 15

rate signal 46 into derivative controller 48. A/D converters can be
external to the DSP controller or internal to the DSP controller. Wen
using a DSP controller, error signal 12, drive signal 36, and feedback
signal 32 are digital signals. 20 The DSP controller may al so be operable
to comunicate with a conputer, such as2a personal conputer (PC). The
conputer may aid the DSP controller with large mathematical conputations.
The conputer can downl oad via a connection between the conmputer and the

DSP cont r oltcerl dkex esal tiss 0bf peet opoeAt caligulaat ixansdD BdecdSPsTontrol | er.
The DSP controller may_have or interface to a storage device such as a
EEPRO t 0 SHSRE Lo €0l 5 ¥ BhsCaRRHIBRdB AL ST PSR &et e veamee

controller beg i 3 tive
pl ement att oh bt 5 thoce RS ARy ins We R e B B2 s 1
skilled in gl@aﬂtzoAtﬂ: ernatgmelusidd Qe NsAmEOMBL hABC BFA TS RRRIAPY JFat | on
of actual flow rate 42 and conpensate for delay introduced by flow sensor

44, Herivatitle Tonsk ofPRreEtast cAnane Sﬁpb@de@p@d;tlmtn@,t fmr@pemt hod )
0 %o bl BEUNEPPLLPALER . 3E0EE MY r RS '8P LLL oo 0Rc MY

9, 1999, by ers
signal 30.

Both PI controller 10 and derivative controller 48
can be implemented digitally using difference equations
10 in a digital signal processor (DSP) controller. If set-
point signal 30 or sensed flow rate signal 46 are analog
signals, these signals can easily be converted to digital
signal by implementing A/D converters prior to inputting
set-point signal 30 into PI controller 10 or sensed flow
15 rate signal 46 into derivative controller 48. A/D
converters can be external to the DSP contrecller or
internal to the DSP controller. When using a DSP
controller, error signal 12, drive signal 36, and
feedback signal 32 are digital signals.
20 The DSP controller may alsoc be operable to
communicate with a computer, such as a personal computer
(PC). The computer may aid the DSP controller with large
" mathematical computations. The computer can download via
a connection between the computer and the DSP controller
25 results of performed calculations to the DSP controller.
The DSP controller may have or interface to a storage
device such as a EEPROM to store calculations downloaded
from a computer.
Derivative controller 48 may be implemented using a

30 standard first derivative implementation known to those



entitled "A System and Method For A Digital Mass Flow Controll rAgh SP
controller may also inplenent linearization 10 of sensed flow zﬁeg g I

46 prior g gijakiti ng sensed flow rate signal 46 into deri '
controller 48. Many nmethods exist for |inearization such é%ﬁ%géﬁﬁugﬁuares

and other regression techniques- Reference is nade to the method
disclosed in U S. Patent Application Serial No. 15 09/350,747 filed July 9,
1999, by T.l. Pattantyus and F. Tariq entitled "Method and System for
Sensor Response Linearization". Sensor 44 may consist of two resistive
‘tenperature sensors wound around a capidlary tube. The two resistive
tenperature sensors can couple to interface circuitry for conditioning the
signal produced by the two resistive tenperature sensors. Particul ar

reference iskimEded tin tve 4 er f Ageechacildi i sebogesdy Pat ent
Application Serial No. 09/350, 746 ?iled Ju g'g, 1§§gnb§ ¥P§? 25 Pattantyus
et. al. enFA9ERTe ARRRALNRETOR| ofy Schisal flowerdtees4Cimadit". Val ve 40

may be a s We R [ ed val ve. There re ny circuit configurations
t hat can bg ugecigsf%'fé -élo\a}talc\g%l i{‘/%tjé?&%‘ﬁ?‘?%Ysgfo"fhﬁgﬁseanﬁﬁgur ations can
30 convert déminestsignatortfroIler a4 8r byg wrirﬁ@ierﬁ@ﬁté\douéi%g\'t%@“ VO

01104717 PCT/ UsS00140275 14 solenoid that drives val ve 40. I ve signal 26

may Fe a (ﬂ%ﬁQQﬂ @ﬁiﬁk9534m§@ BiSt hBakerehpplitaticansSkriadeticf.or val ve
dr' ve ci rCLHg:/r%f)'BlédWC‘éﬂdgd aOI?OﬂH?' 9,e| fg@gf ’bfulg.h Vyers, et al.,

entitled "A System and Method For A Digital Mass Flow
Controller”.
The DSP controller may also implement linearization
10 of sensed flow rate signal 46 prior to inputting sensed
flow rate signal 46 into derivative controller 48. Many
methods exist for linearization such as least squares and
other regression technigues. Reference is made to the
method disclosed in U.S. Patent Application Serial No.
15 09/350,747 filed July 9, 1999, by T.I. Pattantyus and F.
Tarig entitled "Method and System for Sensor Response
Linearization”.
Sensor 44 may consist of two resistive temperature
sensors wound around a capillary tube. The two reéistive
’} temperature sensors can couple to interface circuitry for
conditioning the signal produced by the two resistive
temperature sensors. Particular reference ic made to the
interface circuit disclosed in U.S. Patent Application
Serial No. 09/350,746 filed July 9, 1999 by T.I.
25 Pattantyus et. al. entitled “Improved Mass Flow Sensor
Interface Circuit”.
Valve 40 may»be a solenocid-activated valve. There
are many circuit configurations that can be used for -
valve drive circuitry 38. These configurations can

30 convert drive signal 26 intoc a drive current for a



as a transistor. The control elenent continuously 5 switches a Od tJAde 2004
across the solenoid. The switching is a function of drive signal 26. In

turn, an WwyKRFA7 Sol enoid current can be generated in the ?ﬁtﬁgo}ﬂn»pich

is a function of the switching rate of the voltage across enol d.
The sol enoid current activates valve 40. 10 Particular reference is nmade to
the valve drive circuitry disclosed in U S. Patent Application Serial No.
09/ 351, 111 filed July 9, 1999, by T.I1. Pattantyus entitled "Method and
Systemfor Driving a Sol enoid". Mass flow controllers can inplenent a
closed loop 15 control algorithm Refelénce is nade to the advanced
digital control algorithmdisclosed in U S. Patent Application Serial No.
09/ 350,744 filed on July 9, 1999 by K Tinsley entitled "System and Mt hod

of Operati arolenoid Dilgit adries FhbweCaot.r olpvave RAYrdd1 iS5 i GRPrLens to
note that the present invention is not |limted to used in a nass flow
control | er SiHYGaYi FFRdk. Meponeht shengimsuicds thefteraam dok abeed. £The

present in | [ ' t chni vantage jn th it
enabl es t hﬁlﬁ{ée)g a %a‘?ﬁfcggt*gg?%r ilﬁ&l?l?\i%t %e "-Eﬂ%ltcrgoﬁt reg?rg?mllo t3“Be a
variabl e. e & rizapsd syar n Thet oonkrols ed efuetn icyhtiinddies Bpt - poi nt

signgl 30. Thys, for Iow%set-point sig al 3Q the system response can be
acceler at ef” $ford (ERhr%%l 2GHISAt 8‘8 SPlemeigtedhR SwierRi®d 180 is

t hat the deadeidd®i&SSOE] ' | yg 4Q4 01/ 04717
Lhat the deadsidd & ofe VEignyal ¥8 494 T B AN AP YD

solenoid current can be generated in the solenoid which
is a function of the switching rate of the voltage across
the sclenoid. The solenoid current activates valve 40.

10 Particular reference is made to the valve drive circuitry
disclosed in U.S. Patent Application Serial No.
09/351,111 filed July 9, 1999, by T.I. Pattantyus
entitled “Method and System for Driving a Solenoid”.

Mass flow controllers can implement a closed loop

15 control algorithm. Reference is made to the advanced
digital control algorithm disclosed in U.S. Patent
Application Serial No. 09/350,744 filed on July 8, 1999
by X. Tinsley entitled “System and Method of Operation of
a Digital Mass Flow Controller”.

20 It is important to note that the present invention
is not limited to used in a mass flow controller
including the components and methods referenced above.

The present invention provides an important
technical advantage in that it enables the integrai gain

25 factor X; in the PI controller 10 to be a variable. The
integral gain factor K; is a function of the set-point
signal 30. Thus, for low set-point signal 30 the system
response can be accelerated.

Another technical advantage of the present invention

30 is that the dead time associated with valve 40 is



reduced. The dead time of valve 40 is reduced with the same effj 3im¥nm
whet her mass flow controller 28 is being ranped to 100% of the maximnu
possi bl e whoowo4Mr ough the controller or 5% of the maxi numpgrsssdolaez7s! ow
through the 5 controller. Still yet another technical advantage of the
present invention is that there is a uniform speed of response of valve
40 regardl ess of the magnitude of the change in set-point signal 30. In
ot her words, valve 40 responds 10 with the same speed when set - point
signal 30 is set to 100% of the maxi nu%possi ble flow through nmass flow
controller 28 or 5& of the maxi mum posstble flow through mass flow
controller 28. Through the use of a variable gain for integral gain fact
KI, valve 40 has a uniform 15 speed of response. Integral gain factor K
conpensat egFedusted he Thsh-deadak 1ehafi valvanabeiso reduredd ®ii tAndthieer

t echni cal nt f [ nt jnvention is. _uni.ftorm_disturbance

rej ection %’%maeetea%ﬁecgse l}’grééFl %ggﬁ?ﬁaﬁ%ag. E\'ﬂ‘é 898F5f:’llf1§§i ﬁ%oflst &A% sed

| oop of Pl raeped ald erod® ¢5 €heonskamtm ?egémaaet bR ¢xrAdantrge of the
present invention_is that the dead tine for valve 40 is reduced. Due to

t he adj ust A IRAiLeE GT | 1t e@f athganaximenoporsibilke fdean thriomglf dheval ve
.40 i reduqﬁg1 175f easing the gain and 25 speeding the response of valve
40. t hough the present invention has been described in detail herein
with reference t3tilie ydt ushoehéreteenhodaleativanithgehes dHee predenst ood
that the description  is bg way of example only and is not to be construed
in a 30 | mAMST Ihse thRaAT stRerBelfupt HRL LOKBeFPE6Ed Of response of

valve 40 regardless of the magnitude of the change in

. set-point signal 30. In other words, valve 40 responds

10 with the same speed when set-point signal 30 is set to
100% of the maximum possible flow through mass flow
controller 28 or 5% of the maximum possible flow through
mass flow controller 28. Through the use of a variable
gain for integral gain fact K;, valve 40 has a uniform

15 speed of response. Integral gain factor K:; compensates
for the non-linear behavior innate to valve 40.

Another technical advantage of the present invention
is uniform disturbance rejection (inlet pressure
disturbance). The overall gain of the closed loop of PI

"0 controller 10 is a constant. |

Another technical advantage of the present invention
is that the dead time for valve 40 is reduced. Due to
the adjustable gain for integral gain factor KI, the dead
time for valve 40 is reduced by increasing the gain and

25 speeding the response of valve 40.

Although the present invention has been described in
detail herein with reference to the illustrative
embodiments, it should be understood that the description
is by way of example only and is not to be construed in a

30 limiting sense. It is to be further understood,



0 8 JAN 2004 WO 01/04717 PCT/ USOO 40275 16 therefore, that nurregfﬁ;SJAW?mes
in the details of the enbodinments of this invention and additi
enbodi mag# 8}@{7# his invention will be apparent to, and may be nade by,

persons 0 ary skill in the art having reference 5 to RGI/HS00/40275
descri ption. is contenplated that all such changes and additi onal
enbodi nent s are within the spirit and true scope of this invention as
clainmed below. 0 8 JAN 2004 17 What is clained is: 1. A nmethod for
generating a valve drive signal using a variable gain Pl controller in a
mass flow controller, said nethod conptgsing the a steps of: multiplying
an error signal by a proportional gain factor to generate a proportional
signal; inplenmenting an integral function including an integral gain
factor on =SS 0er inte raI ignal, sai i nt egral
gain fact orﬁﬁggggbw % 1; rnsl%rpgal n f%lrll% Sgﬁ 1"5‘r qﬁ(ﬂ?életﬁ"?)oi nt

signal | esmb'okiameantm edfettehm nixth et Lot aga Qﬁid&tﬁ%ar]ﬁur@
set - poi nt SI nﬁtl a second gain function for said normalize set p0| nt
signal greffer Fart ™ S3redst er i heke @E?Ié%ﬁ?aéet@f: wdd mayatienmader mal i zed

set - poi nt BLgNRler b %(FTTE ﬁ%}i? na sald r ortlonal

signal to l'gs;’enerate sai #wl ve si gnfliLl E}E‘g d:f%fcc)qp

wher®i n satd phéédeteaumiget jpm centtages contemplated that all such
changes and additional embodiments are within the spirit

and true scope of this invention as claimed below.



s 10% 3. The method of claim1l, wherein said first gain functnis)nJAN; 2004
equal to Kwhere Ais a first gain constant and Bis a second gain
constant. 4. The nmethod of claim 3, wherein said second gain function is
equal to x -1]A+Bl, 0 8 JAN 2004 18 whete A is said first gain constant, B
I s said second gain constant, and x is said nornalized set-point signal.
5. The nmethod of claim4, wherein said second gain constant is obtained
enpirically to attain a desired response to a step input into said

vari abl e ¢53% BF TS L& of 0% to 100% of said maxi mum nornalized
set-point signal. 6. The nethod of claim5, wherein said first gain
constant is obtained enpirically to attain a desired response to a step

i nput i ntlo saiA wekhedl eqrai gePeraiumar okl evalofe 0@rtive 109%wfalsaitgdimgxiarum
normal i ze zpoint. signal . 7...The.method of_.cl ai m erein.said.error
signal i sqlé&q%}a? ?eﬁ[’]&elnl}:equé:? ﬁ/‘é’é?\llae st ;a)o?]?ﬁs sfllg‘]:ﬁ’alcof'#é?f\fl]esr’a SP&%&P“F I'hOdE)f a
desired flampracengitdeala sbepdicE :nass fl ow controller and a feedback
signal that is a_function of an actual flow rate through said mass flow
control ler. 8. "RHEIREYHRR 3t SHFEF s YINathdeidn PEEPEY SER0iGR Ns ERREPT iR

sai d feedhpgkratgnalprRrdighdplsigngal s. 9. A variable gain Pl controller
conprising: a proportional function for weighting an error signal with a
implementing an integral function including an integral gain

factor on said error signal to generate an integral signal, =aid
integral gain factor equal to:

a first gain function for a normalized set-point signal
less than a predetermined percentage of a maximum normalized
set-point signal;

a second gain function for said normalized set-point
signal greater than a predetermined percentage of said
maximum normalized set-point signal; and
summing said integral signal and said proportional signal to

generate said valve drive signal.

2. The method of claim 1, wherein said predetermined percentage
is 10%.

3. The method of claim 1, wherein said first gain function is
equal to

!
— + By,
[(a-1)e+4]
where A is a first gain constant and B is a second gain

constant.

4. The method of claim 3, wherein said second gain function is

equal to

(E-1ped]



proportional gain factor to generate a proportional signal; an é%ﬁi &a&
function that includes an integral gain factor to generate an 8 al00k
signal, said integral gain factor is equal to: a first gain function for a
normal i zed set-point signal |ess thanl@a predeterm ned percentage of a

axi mum nornmal i zed set-point signal; a second gain function for said

normal i zed set-point signal greater than said predeterm ned percentage of
said maxi mum normalized set-point signal; and 0 8 JAN 2004 19 an adder for
summi ng sai d prepore iZona ssignhdlirandgain dcongtiaagr alB disgralidt segenbrgdin a
control signal . 10.T§tl'§e system. of cl % wher ei n sai d _predet erm ned

A I.m 9,
per cent ageS T HFy RS Soit R lire! FY BRABF P8 d first gain

function is equal to (0.1 -1)A+B], where Ais a first gain constant and B
is a second gain constant. 12. The system of claim 11, wherein said second
gai n funct?on i%5he gepidedt @fwmépim At swheniednf spid gegond @dnamenseants ki d
second gai fye LSRG ARb; ANA 1 | Ld: ho I -haint. _si.g The
syst em of &(;:.‘faaﬁm 12, er ol n)§’s(!fiﬁdglgié%:]%)ﬂlndg %gﬁéggngtg%%%estmo tg?!ﬁ%diﬁpm
enpirical | ynt® atidi vagiakks r gdin eFfonsmtiroldest ef idiputo 1AD® sHi dsaid

variable gain Pl cont rﬁlhzle%' O}-O% t,0 1009 of said maximum nornalized
set-point Si gné’i | RPATATHE sﬁ? efrut™ & gPﬁ:l 13, wherein said first gain
constant is

6. The method of claim 5, wherein said first gain constant is
obtained empirically to attain a desired response to a step input

into said variable gain PI controller of 0% to 10% of said maximum

normalized set-point signal.

7. The method of claim 1, wherein said error sgignal is a
difference between a set-point signal that is a function of a
desired flow rate signal in said mass flow controller and a
feedback signal that is a function of an actual flow rate through

said mass flow controller.

8. The method of claim 7, wherein =aid set-point signal and

said feedback signal are digital signals.

9. A variable gain PI controller comprising:

a proportional function for weighting an error signal with a
pProportional gain factor to generate a proportional signal;

an integral function that includes an integral gain factor
te generate an integral signal, said integral gain factor is equal
to:

a first gain function for a normalized set-point signal
less than a predetermined percentage of a aximum normalized
set-point signal;

a second gain function for said normalized set-point
signal greater than said predetermined percentage of said

maximum normalized set-point signal; and



obtained enpirically to attain a desired response to a step inpQt§ JANt 004
said variable gain PI controller of 0% to 10% of said maxi mum nornmalized
set-point signal. 15. The systemof claim9, wherein said error signal is a
di fference between a set-point signal that is a function of a 0 8 JAN 2004
20 desired flowrate signal in a mass flow controller and a feedback

signal that is a function of an actual flow rate through said mass flow

controller. 16. The system of claim 15, wherein said set-point signal and
sai d feedback sAyn&F95Fe ffrgi PNy ngrEd ProPRTHASEY | §HSBBAt A& efa¥br

control I'i nghdigahi! ov40f1 aol harihtLh B8RcS & i@AYf acturing process, said
mass fl ow controller” conprising: valve drive Circuitry for controlling a

sol enoi d-activated valve that controls an actual flow rate of said liquid

o 028 LN A8 SBIACKUGE "0 A0 G8S SneBe Ll O SIS QL {IEAP I, 00, 2014

actual flow rate of “sal S ncé an u a sense

signal ; a teriokative controller for converting said sensed flow rate
signal into a feedback signal that nore closely approximates said actua
flow rate than said sensed flow rate signal; and a variable gain P

control | eri1i hatTonsaitden ¥ 1600 9|, gRBkrebet ¥LRDN #1,881 -AANNIFLSLEDGH 86d
sai d feedback signal into said valve drive signal, said variable P

control | er®®¥ptPsi ng: a proportional function for weighting an error

signal wth a proportional gain factor to generate a proportional signal;

an integral function for inplenen[fmg %]reUﬂhted
—_ - +

0.1 !

where A is a first gain constant and B is a second gain

constant.

12. The system of claim 11, wherein said second gain function is

equal to

1
- —-1|A + B,
x
where A is said first gain constant, B is said second gain

constant, and x is said normalized set-point signal.

13. The system of claim 12, wherein said second gain constant is
obtained empirically to attain a desired response to a step input
intc said variable gain PI contreoller of 0% to 100% of said

maximum normalized set-point signal.

14. The system of claim 13, wherein said first gain constant is
cobtained empirically teo attain a desired response to a step input
into said variable gain PI controller of 0% to 10% of said maximum

normalized set-point signal.

15. The system of claim 9, wherein said error signal is a

difference between a set-point signal that is a function of a



integral of said error signal with an integral gain factor to gefejAN Q4D
i ntegral signal, said integral gain factor is equal to: a first gain

function f

percentage of a maxi mum normalized set

function f
predet er m

or a normalized set-point signal | ess than a predeterm ned
Ypoi nt signal; a second gain
or said normalized set- point signal greater than said

ned percentage of said nmaxi mum nornalized set-point signal; and

0 8 JAN 2004 21 an_adder for summ ng said proportional signal and said
integral sTgHaEYt S19BNERLR S1gNRAl ¥B ArTass dilgMaronbrepblampnd pnfeedragky

val ve drivgigidiCehbeYis 18 -£uhe: GRSSE fdOW-cQH raldeta0L &ﬂx%u%hlgaia\’pﬂﬂ n

said first
gai n const

gain function is equal to -1)A+Bl, 0.1 J where Is a first

Blaw geotBelker second gain constant. 19. The mass flow controller

of claim 18, wherein said second gain function is equal to L- 1)A + 91,

where A is said first gain constant, B is said second gain constant, and Xx
i s said noléml i Vet sedtepoicl Sigiwal 15,20vheed nmasddf |sew-poiit osigtalofard ai m

19, wherei

desired re%
0%to 100% of said maxi mum nornalized set-point signal

controll er

n said second ., gain constant _is obtained enpirically to attain a
%’dﬁé&eg{’ﬁcﬁ 3L are LigitadaPiMAlE gain Pl control ler input of

of claim 20, wherein said first
17. A mass flow controller for controlling the flow of a liquid

or gas in a manufacturing process, said mass flow controller
comprising:

valve drive circuitry for controlling a solenocid-activated
valve that controls an actual flow rate of said liquid or gas in
said manufacturing process;

a flow sensor for measuring said actual flow rate of said
substance and outputting a sensed flow rate signal;

a derivative controller for converting said sensed flow rate
signal into a feedback signal that more closely approximates said
actual flow rate than said sensed flow rate signal; and

a variable gain PI controller that converts an error signal
between a set-point signal and said feedback signal into said
valve drive signal, said variable PI controller comprising:

a proportional function for weighting an error signal
with a proportional gain factor to generate a proportional
signal;

an integral function for implementing a weighted
integral of said error signal with an integral gain factor
Lo generate an integral signal, said integral gain factor is
equal to:

a first gain function for a normalized set-point

signal 1less than a predetermined percentage of a

maximum normalized set-point signal;

a second gain function for said normalized set-
point signal greater than said predetermined percentage

of said maximum normalized set-point signal; and

21. The mass fl ow



gain constant is obtained enpirically to attain a desired resporqss JAR D04
step into said variable gain Pl controller input of 0%to 10% of said
maxi mum nornal i zed set-point signal. 22. A method for generating a val ve
drive signal using a variable gain Pl2tontroller in a mass flow
controller, said nethod conprising the steps of: 0 8 JAN 2004 22

mul tiplying an error signal by a proportional gain factor to generate a
proportional signal;_ .inplenmenting an integral function including an
integral gain %acfEfesn OF dSWPS sPHAl nrorgEhétetl &SA9Pateg™ E2ifhal

said integralg.9ai Bifagst Wo dkat & a A diveslard9kNs { SROH 11 HelinBub O B | zed
set-point signal |eSs than a predeterm ned percentage of a maxi num

nor mal i zedsakdtvadyendrsveyrdrcuseiyl first gain function equal to where Ais
a first gain constant and B is a second gain constant; a second gain
function for said normalized set-point signal greater than a predeterm ned
percent age1®f soheél maBXi LW nebNBtdlZed Seff - Poai ST gnaherand sapdi fgrsai d
i ntegral signal_ and said proportional signal to generate said valve drive
signal . 2398 ¥hSIRSERBY YT SFaint22, wherein said second gain function is
equal to | 1)A+Bl, (-X where Ais said first gain constant, Bis said
second gian constant, and x is Sﬂfg annaIized set - poi nt signal.

A+B]

— -1

0.1

where A is a first gain constant and B is a second gain

constant.

19. The mass flow controller of claim 18, wherein said second

gain function is equal to

(4o

where A is said first gain constant, B isg said second gain

constant, and x is said normalized set-point signal.

20. The mass flow controller of claim 19, wherein said second
gain constant is obtained empirically to attain a desired response
to a step into said variable gain PI controller input of 0% to

100% of said maximum normalized set-point signal.

21. The mass flow controller of claim 20, wherein said first
gain constant is obtained empirically to attain a desired response
to a step into said variable gain PI contreoller input of 0% to 10%

of said maximum normalized set-point signal.

22. A method for generating a valve drive signal using a
variable gain PI controller in a mass flow controller, said method

comprising the steps of:



24. The nethod of claim 23, wherein said second gain constant ig gWNa?mﬂd
enpirically to obtain a desired response to a step input into aq

variable gain Pl controller of 0%to 100% of said maximum normalized
set-point signal. 25. The nethod of cl8fm 24, wherein said first gain
constant is obtained enpirically to attain a desired response to said step
0O 8 JAN 2004 23 input into said variable gain Pl controller of 0%to 10% of
said maxi mum normal i zed set-point signal. 26. A variable gain Pl

control | er conpFisiifdYiBgpRBpeFidoFdENALNnkY | drPraRorie Pkl rapian factor 9 gnal

with a proportignal,.gaipn . g te a proportional signal; an
LG at@dh g%ééﬁf¥ﬁohgl & FﬁT

integral function that In es an I nt al” gain factor to generate an

i ntegral signal imgEmntihgganl igagraflacttnetion eqiidhding #n fidtsgrgai ain
function f% taornormalsl i.zed set-Eoi nt1 signal |ess than a predeterm ned,
percent age Of & maxitidth T6FRAI F2EF: St -PBoEARLSi GRalntednad 9ig8plgapaid
function eipradgria0 §hid fadtoAt+Bquallto:where Ais a first gain constant and B
is a second gain constant; a second gain function for said nornalized
set-point signal gratErst 9adnsArerpoad £osr A meEMgdrednsaywwints signal

maxi mum nor mal i z&gk S@farP Q) BEe&éQéﬁr{iheﬁngeﬁge JFOL HUPTTIP rﬁﬁ'mgllized

proportional signal and said integral Signal to generate a control "srgnal.
set-point signal; said first gain function equal to

[(5% - l)A + B],

where A is a first gain constant and B is a second gain
constant;

a second gain function for said normalized set-point
signal greater than a predetermined percentage of said
maximum normalized set-point signal; and
summing said integral signal and said proportional signal to

generate said valve drive signal,

23. The method of claim 22, wherein said second gain function is

equal to

1
X
where A is said first gain constant, B is said second gian

constant, and x is said normalized set-point signal.

24. The method of claim 23, wherein said second gain constant is
obtained empirically to obtain a desired response to a step input
into said variable gain PI controller of 0% to 100% of said

maximum normalized set-point signal.

25. The method of claim 24, wherein said first gain constant is

obtained empirically to attain a desired response to said step



27. The system of claim 26, wherein said second gain function i€ 8etANI208%
((4 -1)A + BJ, where Ais a first gain constant, Bis a second gain
constant, and x is a normalized set-point. 28. The nmethod of claim27
wherein, said second gain constant is btained enpirically to attain a
desired response to a step input 0 8 JAN 2004 24 into said variable gain PI
control |l er of O%to 100% of said maxi num normalized set- poi nt signal . 29.

The system of m 28 rei said first consta tai_ned
erpi 11 cal 1 §08E e (7o S GEFHAIS Eiangs PBTGHTI & Ctnpd 2Pt BEoRRie
vari abl e gabaRidfin emmapii@r st -Pdoi0 s1Q¥aDf said maxi mum nor mal i zed

set-point signal. 30. A mass flow controller for controlling the flow of a
liquid or gas in a manufacturing process, said nmass flow controller

conpri si ngagVval ¥ey,gFi A C ?Qﬁylgf Yooh PFo £dU rc%iﬁ:{‘?uﬂ; sol enoi d-acti vat ed
val ve that controls an ac lowrate of sard [Tquid or gas in said

manuf act uring pRopESBrtdohkbwiveesiom ffor meaghinggasskariignat| withate or
Sontror | rbPBES-ANA bR 4EoR BEUREALLOM (Algoptanals Adigh,vative

controller convert sal Sens 8w ratte °FS gna G 4 f eedback
signal that norenc Imsegl;:yalapﬁmmxunﬁt eRasaidchaidsiadn firmugraue dalian faatdr
sensed flow rate signal;, 6 and a varl ahle Pl controller that converts an
error si gngfJ SERITREEN 2] é’é’ie‘%& nf’1%’?@]”alsaéﬂd1§%?3fafle@85§cEa%‘f%eﬂs e8! sai d
val ve driveosignal, said variable Pl controller conprising: a proportional

function for wei ghl ng an error signal
first gain function for a normalized set-point signal

less than a predetermined percentage of a maximum normalized

set-point signal; said first gain function equal to

(352}

where A is a first gain constant and B is a second gain
constant;

a second gain function for said normalized set-point
signal greater than said predetermined percentage of said
maximum normalized set-point signal; and
an adder for summing said proportional signal and said

integral signal to generate a control signal.

27. The system of claim 26, wherein said second gain function is

equal to

(£

where A is a first gain constant, B is a second gain

constant, and x is a normalized set-point.

28. The method of claim 27 wherein, said second gain constant is

obtained empirically to attain a desired response to a step input



with a proportional gain factor to generate a proportional sigrpg; j&¢ 2004
integral function for inplementing a weighted integral of said error
signal with an integral gain factor ? generate an integral signal, said
integral gain factor is equal to: af f st gain function for a nornalized
set-point signal less than a predeterm ned percentage of a maxi num
nornmal i zed set-point signal; said first gai n function equal to 0 8 JAN
2004 re A.is first gain constant an Bis a

second5 L]ZI Eltocoﬁﬁdanf")"‘réaa@eecoﬂﬁ“bapﬁ f‘iﬂ?&'ﬂ"%?’ne]f oPEfsdit Rer iRk ze&aF serid

poi nt si gnedxigi@ahermi Niareds akd- wﬁdﬁtsqgﬁw.ed percentage of said maxinum
normal i zed set-point signal; and an adder for sunm ng said proportional

signal and said integral S|gnal to generate a valve drive signal to be

o 50" 20,0 Fhe el b EhLf B4 [bhertin, TRE ARERy WMGONRELLEL A\ 1

cl ai m 30 wherein, said secon gai n function equal
a first ga¢btaé@ﬁ§t &mpirBecaklsetondtgaim eorissamf:l rambnsa st saidrebteed

2. T I | m 31 wherein, said
:gzoﬁgl n;a;ﬂr{gﬁgng‘t gntsalseo%{laqs’?‘}gd%\évﬁ%??}[(rzg??g? e&tto i r(?% tﬂeépgeﬂfrﬁg’p%nse

maximum normalized set-point signal.

30. A mass flow controller for controlling the flow of a liquid
or gas in a manufacturing process, said mass flow controller
comprising:

valve drive circuitry for controlling a solenoid-activated
valve that contreols an actual flow rate of said liquid or gas in
said manufacturing process;

a flow sensor for measuring said actual flow rate or said
substance and outputting a sensed flow rate signal;

a derivative controller for converting said sensed flow rate
signal into a feedback signal that more c¢losely approximates said
actual flow rate than said sensed flow rate signal; and

a variable PI controller that converts an error signal
between a set-point signal and said feedback signal into said
valve drive signal, said variable PI controller comprising:

a proportional function for weighing an error signal
with a proportional gain factor to generate a proportional
signal;

an integral function for implementing a weighted
integral of said error signal with an integral gain factor
to generate an integral signal, said integral gain factor is
equal to:

a first gain function for a normalized set-point

signal less than a predetermined percentage of a

maximum normalized set-point signal; said first gain

function equal to



to a step into said variable gain Pl controller input of 0%to ([LOOJANT2004

sai d maxi mum nornel i zed set-point signal. 33. The mass flow controller
claim 32 wherein, said first gain cong%ant obtained enpirically to att

a desired
controller

response to said step input“rnto said variable gain P

I nput of 0% to 10% of said maxi num normnelized set-point signal.

(G-

where A is a first gain constant an B is a second
gain constant;

a second gain function for said normalized set-
point signal greater than said predetermined percentage
of said maximum normalized set-point signal; and

an adder for summing said proportional signal and said

integral signal to generate a valve drive signal to be input into

said valve drive circuitry.

31. The mass flow controller of claim 30 wherein, said second
gain function equal to
(2 -4+l
~-~11A+R
Nx J I
where A is a first gain constant, B is second gain constant,

and x ig a normalized set-point signal.

32. The mass flow controller of claim 31 wherein, said second
gain constant is obtained empirically to attain a desired response
toc a step into said variable gain PI controller input of 0% to

100% of said maximum normalized set-point signal.

33. The mass flow controller of claim 32 wherein, said first
gain constant obtained empirically to attain a desired response to
said step input into said variable gain PI controller input of 0%

to 10% of said maximum normalized set-point signal.
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