0 7 JAN 2004 WD 01/04716 PCTIUSOO 40251 1 A SYSTEM AND NETHCD'EQRJFNDggMTAL
MASS FLOW CONTROLLER TECHNI CAL FI ELD OF THE IN 5 This inventio at
generally to a nmethod and systemfor controlling the flow_of ﬂas in a nass

flow coWP8PE6and nore specifically to a method and systh f/p0251
generating a digital control signal with a fast response to set point step
input in a digital nass flow 10 controller. 0 7 JAN 2004 WO 01/04716 .
PCT/ USOCQO' 40251 2 BACKGROUND OF THE | NVENTI ON A nass flow controller (MC)
is a closed | oop device that sets, neasures, and controls the flow of the
mass of a process gas. Sem conductor dpplications have been and 5
continue to be the driving force behind product devel opnent in mass flow
controller technology. Nonetheless, mass flow control is useful in other

i ndustries such as the phamageiip alng Mustdy #og Aood industry. 10 A
thermal mass flow controller is conposed of a front half which includes a

fl ow sensor and a back haPIGIWALcHMAEAcFLOWs CAONT®ROILLER val ve. The fl ow
sensor is often conposed of two resistance tenperature sensors wound

TECENICAL FIELD OF THE INVENTION

5 This inventicn relates generally to a method and
system for controlling the flow of gas in a mass flow
controller and more specifically to a method and system
for generating a digital control signal with a fast
response to set point step input in a digital mass flow

10 controller.



around a capillary tube. Wen gas flows through the 1S sensor, (d;za

carried downstream and the tenperature difference is proporti AN) Zﬂab

mass fl ow, the gas. The control valve receives a signal via
RS ;

el ect roni the flow sensor to regul ate gas.flow. Sol ﬁ@‘f‘-{?"“’é@ﬂvat ed
val ves are often used as control val ves because 20 of their sinplicity,
qui ck response, robustness and |ow cost. Unfortunately, thermal flow -
sensors have a slow response tine since thermal changes take place over a
relatively long period of time. For instance, in 25 FIGJRE 1, a graphical
representation of an actual flow versu8 time is shown al ongside a
graphi cal representation of sensed flow versus tine. The y-axis indicates
flow rate while the x-axis indicates time. The actual flowis represented
as an apprgxicreRooNDt era T trsegErfamnction 30 u(t) where the flow rate
reaches a steady state value 0 7 JAN 7004 WO 0110471 6 PCT/ USO0/ 40251 3
within a negli gﬁbmésmrﬁ&m" contined. ler | MREncted acsldmed 1Loap demdtcant it

t akes for sensed f rea 63%. of. t ThIS may be as
nuch as 1. %plgte:cg gg \g%lté"kes %@r&ﬁ%ell Q%F ‘?"éa‘& IE‘8§F §50 of
the 5 actual pfrb@WssUgE@rtUIs%ir@cbndd&dﬁ r@;ﬁei@tm@eﬂa%@ peehalhigsh an
accurate neasurenent of the actual flow from the sensed flow can i ntroduce

errofs in EREt{ANGetochAt FOL. drifvdmenticsire dgdrididhpreduetow rate through

the development in mass flow controller technology.

Nonetheless, mass flow control is useful in other
industries such as the pharmaceutical industry and food
industry.

10 A thermal mass flow controller is composed of a
front half which includes a flow sensor and a back half
which includes a control valve. The flow sensor is often
composed of two resistance temperature sensors wound
around a capillary tube. When gas flows through the

15 sensor, heat is carried downstream and the temperature
difference is proportional to the mass flow rate of the
gas. The control valve receives a signal via electronics
from the flow sensor to regulate gas flow. Solenoid
activated valves are often used as control valves because

290 of their simplicity, quick response, robustness and low
cost.

Unfortunately, thermal flow sensors have a slow
response time since thermal changes take place over a
relatively long period of time. For instance, in

25 FIGURE 1, a graphical representation of an actual flow
versus time is shown alongside a graphical representation
of sensed flow versus time. The y-axis indicates flow
rate while the x-axis indicates time. The actual flow is
represented as an approximation to a unit step function

30 u{t) where the flow rate reaches a steady state value



control valve is fed back to the control valve. Delay in 10 accurate

f eedback of this information may contribute to undesirable erdofs/AN 2004
flow of gas into a process chanber. FIGURE 2 represents a nethod used in
the pri or W&a1/04716 conpensate for the tinme delay in the sensBal/UP¥0as 15
conpared to the actual flow. The actual flowis a unit step function of
magni tude f0. FIGURE 2 shows a first derivative feedback control |oop 10
where a flow sense signal 12 is input into both a first gain stage 14,
with gain=l, and a differentiator stage 16. The output of the |
differentiator 16 is input into a secongl gain stage 18, wth gain=z. The
out put of gain stage 14 and gain stage 18 are added to produce output 20
of first derivative feedback control |oop 10. This nethod approxi mates

fl ow signal ,12.as_an__25 exponential signal given by, f(t)-fnm(1l-er) egn. 1
0 7" IAN 2obHERER 0% GFFIA SRENA SIS RS 4 W & 155 QSRS (Fhat v61 eady
state flowehakecohstankher iR anb 2 dis t%éé@eff&w(;an&eaéﬁog?@t ed with
the flow sensor. The output 20 is given by, output=f(r) + r deft} 5

I nserting edntht eetuadqilow.yi dids owplie -af onach)as 2gR. sconds.

It takes approximately 5t to reach at least 99% of the
5 actual flow. Unfortunately, the time delay needed to
establish an accurate measurement of the actual flow from
the sensed flow can introduce errors in the valve
controcl. Information regarding the flow rate through the
control valve is fed back to the control valve. Delay in
10 accurate feedback of this information may contribute to
undesirable errors in the flow of gas into a process
chamber.
FIGURE 2 represents a method used in the prior art
to compensate for the time delay in the sensed flow as
15 compared to the actual flow. The actual flow is a unit
step function of magnitude f,. FIGURE 2 shows a first
derivative feedback control loop 10 where a flow sense
signal 12 is input into both a first gain stage 14, with
gain=1, and a differentiator stage 16. The output of the
J differentiator 16 is input into a second gain stage 18,
with gain=t. The output of gain stage 14 and gain stage
18 are added to produce output 20 of first derivative
feedback control loop 10.
This method approximates flow signal 12 as an

25 exponential signal given by,

!

)= fo(l-e7), eqn. 1



1

eqn. 3 The output of first derivative feedback control system10 is a step
response of nmagnitude fO that is equal to the actual flow fO&lﬁbAN 2004
Therefore the actual flowis nore 10 cl osely approxi mated using first
derivati vOr8@4HAck control system 10 than using just sensBETUSEN4ERSYnal
12. The prior art nethod detailed in FIGURE 2 has three disadvantages.
The first disadvantage is that flow sensors typically do not exhibit |inear
behavi or. 15 Therefore, there is a certain anount of error innate in the
fl ow sensor signal that is input into a control system The second

di sadvantage is that differentiator is atypically an anal og devi ce.
Hardware i npl enmentation of a 20 differentiation device is difficult to
realize in the anal og donain and consequently these nmethods often use

appr oxi mat. LEferentiasion:iopl d | i circuits, Lastly, first
derivativeﬁng%bg%kf%oﬁééo 1§§Et§§§gh§55 ﬁfﬁlgg?fﬁégﬁ%?Ze tﬁﬁtgﬁﬁe fl ow of
gas throughikhbeafgss iélewecemhéobbﬁrstlaﬁtr%@J,éac{%e Myﬁ theSE1gder 0 7
JAN 2004 WO 01/04716 PCT/ USOQ 40251 5 exponential. Therefore, there is a
certai n ansensoof Ther outpmtatt® ties thivern yipe, of system U timately, there
Is a need for a nethod that accurately calculates the actual gas fl ow

W thin a mass &

output = f{t)+ r-;;— egn. 2
\' . .
5 Inserting egn. 1 into egn. 2 yields
output = f, u(t) . egn. 3

The output of first derivative feedback control system 10
is a step response of magnitude f_, that is equal to the
actual flow f, u(t). Therefore the actual flow is more

10 closely approximated using first derivative feedback
control system 10 than using just sensed flow signal 12.

The prior art method detailed in FIGURE 2 has three
- B, disadvantages. The first disadvantage is that flow
sensors typically do not exhibit linear behavior.

15 Therefore, there is a certain amount of error innate in
the flow sensor signal that is input into a control
system. |

The second disadvantage is that differentiator is
typically an analog device. Hardware implementation of a

20 differentiation device is difficult to realize in the
analog domain and consequently these methods often use
approximate differentiation implemented by linear
circuits.

Lastly, first derivative feedback control systems

25 fail to recognize that the flow of gas through the mass

flow controller is really not a true first order



5 flow controller. The nethod should reduce or elimnate the"
non-linearities of the flow sensor. This nmethod should al so ngy g Pg¢qmg¢ely

approximate the flow sense signal which is not a true exponential signal.
0 7 JAN 841945161/ 04716 PCT/ US00/ 40251 6 SUMVARY OF THE | NVEREFOM402He
present invention provides a systemand nethod for controlling gas flow
within a digital mass flow controller that substantially elimnates or .
reduces 5 di sadvantages and probl ens associated with previously devel oped
systens and net hods for controlling gas flow wthin a digital nmass flow
controller. The present invention provigfles a nethod that calculates a
digitally enhanced flow rate signal that 10 nore accurately represents an
actual flowrate through the digital nass flow controller. The digitally
enhanced fépuehahe;shgnalrhese¢abeul e ISiNG &58N56d %&&#E ale signal
output froma flow sensor, a scaled first derivative of the sensed fl ow
rate si gnag¢rrandianstal td thisetope ddrisymtiare of the sensed flow rate
signal. A set- pnt _signal _is_conpared tao the digitall nhanced fl ow
rate signal to @?léé?%‘s's Hi’gF%’SFEefﬁoF‘ é’ie&r‘ﬁalf}.}’rTﬁeqnecﬁ%?‘iaeh%‘?ror signal is
provi ded tfc@ugagell b¥1kaaht28dthRl aERARROGOFalow R B B )a GRIYJ ol | er.
The PI controller 2 enerates a digital control signal that is used to
contfol a HEPYecPRtraélargi t Fhenfiss hpdowheori gleldarce or eliminate

the non-linearities of the flow sensor. This method
should also more accurately approximate the flow sense

signal which is not a true exponential signal.



One advantage of the present invention is that the use of a second
derivative enables a nore accurate approxinmation of the sensorﬂgidﬁﬂlﬂmhan
the use of a 25 first derivative alone. A nore accurate approxinmation of "~
the senso™®PUl7I4te signal enables a nore precise and resgdn¥PY@ 4t r ol
of the gas flowin a process. Another advantage of the present invention is
that the use of digital signals readily enables interfacing 30 with -
digital processors such as.conputers. H gh speed 0 7 JAN 2004 WD 01/ 04716
PCT/ USDQ 40251 7 digital processors can be accessed to aid in rigorous
conput ations, during calibration for exd&mple, which may be too |lengthy for
any on-board DSP controller in the mass flow controller. O 7 JAN 2004 WO
01/ 04716 PCTIUSOO/40251 8 BRIEF DESCRIPTICN OF TI DE DRAW NGS A nore

conpl et e ungemst t \NEEPT € i nvention and the advantages thereof
may be acqwred by referrlng to the follow ng description, taken in 5

conj unction w t ¥R m@mqoaxmwgta@ampﬁgyldnsm Slysitiste andfrehed nunbers

1 ow sensor i CONRATKaie (40 ned S wabBrRon, raedtin Bamae Todn 7 7

control |l er aemtrddI®Bér that substantially ellmlnates or reduces

5 disadvantages and problems associated with previously
developed systems and methods for controlling gas flow
within a digital mass flow controller.

The present invention provides a method that
calculates a digitally enhanced flow rate signal that
10 more accurately represents an actual flow rate through
the digital mass flow controller. The digitally enhanced
flow rate signal is calculated using a sensed flow rate
signal output from a flow sensor, a scaled first
derivative of the sensed flow rate signal, and a scaled
15 second derivative of the sensed flow rate signal. A set-
point signal is compared to the digitally enhanced flow
rate signal to create a digital error signal. The
digital error signal is provided to a digitally realized
"PI (proportional integral) controller. The PI controller
20 generates a digital contrel signal that is used to
contrel a valve in the digital mass flow controller.
Cne advantage of the present invention is that the
- use of a second derivative enables a more accurate
approximation of the sensor signal than the use of a
25 first derivative alone. A more accurate approximation of
the sensor flow rate signal enables a more precise and
responsive control of the gas flow in a process.
Another advantage of the present invention is that
the use of digital signals readily enables interfacing

30 with digital processors such as computers. High speed



10 FIGURE 2 is a basic control diagramof prior art nethods of aﬂgho?u

first differentiation and feedback to better approximte the (hdt 0w

fromthe ow, FIGURE 3 is one enbodi nent of the pre i ion
0 i H6h7ld Tg‘?lﬁyls%{@ !

illustrating a systemfor a digital mass flow controller; is a
graphi cal representation of the effects of the first gain stage on a
continuous representation of the digitally enhanced flow rate signal; -
FIGURE 5 is a graphical. representation of the 20 effects of the second
gain stage on a continuous representation of the digitally enhanced fl ow
rate signal; and FIGURE 6 is a graphi cal representation of the effects of
the filter time constant on a continuous 25 representation of the
digitally enhanced flow rate signal. WD 01/04716 9 0 7 JAN 2004

PCT/ [ JSOQ 402fit aDEMrIcB®@ sBESCGRI &t Obk Giedddisdd Rref 21 d edneriadivamst s of t he
present invent i‘_ﬁ_.n are iHusIrat ed]gin t he fiigures, | i ke nuperal s being used
to refer tTHEECHTRSorFESTSh T P OB I $HREP 58 dr XRLAGs MaThe

present i NERNtHERN 1RERMHLS S MBI 0sh I¥ar& G AbdhPBo1 18,035 thew within a
digital mass flow
mass flow controller.



controller. The nmethod calculates a digitally enhanced f|Oerabﬁ siﬁna
e

that nore accurately represents an 10 actual flow rate through A 028041
mass flow controller. The digitally enhanced flow rate signal is -
cal cul at e AMMY6a sensed flow rate signal output froma fIPER/USER4ESI a
scaled first derivative of the sensed flow rate signal, and a scal ed
second derivative of the sensed 15 flowrate signal. A set-point signal is,
conpared to the digitally enhanced flowrate signal to create a digita
error signal. The digital error signal is provided to a digitally realized
Pl (proportional integral) controller. 8The Pl controller generates a
digital control signal which is used to control a valve in the digital
mass flow controller. FIGURE 3 represents one enbodi ment of the present

, Aufid@ss flow controller 22 is

Tude two resistive wound coils

28 and 30 mﬁappkdmoaeounmpéapelMMdﬁﬁsﬂkndﬁhgS@ﬂsahe2§réuéﬁutS are the
sensed flow rate. sig 4 whi.ch can be input into A-to-D converter 36.

The outputl%ﬁeTE%OQ\?BdEF98n9QW?@F@§?qs?her%ﬁﬁlméy benaeguirsd# Brgnal 38.

Di gi t al Seﬁéﬁé’rﬂﬂ% 88 £h8N2b138uihid HULcLH 215&:591”9 thg ler 44. WO
01/04716 10 0 7 JAN 200k _ PCT/ US0O0/ 40251 M roconfro I s progranmed

to p%rforn¢@mbunctlon with the accompanying drawings in which like

reference numbers indicate like features and wherein:

FIGURE 1 illustrates the output of a flow sensor in
comparison to the actual flow rate in a mass flow
contreoller vs. time;

10 FIGURE 2 1s a basic control diagram of prior art
methods of analog first differentiation and feedback to
better approximate the actual flow from the sensed flow;

FIGURE 3 is one embodiment of the present invention
illustrating a system for a digital mass flow controller:;

15 FIGURE 4 is a graphical representation of the
effects of the first gain stage on a continuous
representation of the digitally enhanced flow rate
signal;

FIGURE 5 is a graphical representation of the

20 effects of the second gain stage on a continuous
representation of the digitally enhanced flow rate
signal; and

FIGURE 6 is a graphical representation of the
effects of the filter time constant on a continuous

25 representation of the digitally enhanced flow rate

signal.



conput ati ona
modul e 40, differentiation nodule 46, and P1 controller 54. {7 JAN 2004
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dinits on-chip flash program nmenory array

requi renents of the processes represented by |inearization
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can be

reprogrammed nultiple tinmes. The software incorporates all the instruction

necessary to the

m crocontrol l er 44. The constant coefficients (filter coefficients,
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r 55 and downl oaded for mcrocohtroller 44 to use. Linearization
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I npl ementation of the functions described within 10
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fl ow signal 38 needs to be linearized since
: e ThvenTSigpnal 34 that is a non-Ilinear
éLnearization nodul e 40 outputs digitally
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skilled inrefer afe. likesandnchudedpondings @dritrreadi zatiisruset hods is the
disglosed in U S Patent Application Serial No. 25 09/350,747 filed
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si gnal
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42 can be_ i nput

modul e 46 epee¥ekl andi gheaBr§ &Apanwaghin a digital mass flow

10

15

25
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controller. The method calculates a digitally enhanced
flow rate signal that more accurately represents an
actual flow rate through the digital mass flow
controller. The digitally enhanced flow rate signal is
calculated using a sensed flow rate signal output from a
flow sensor, a scaled first derivative of the sensed flow
rate signal, and a scaled second derivative of the sensed
flow rate signal. A set-point signal is compared to the
digitally enhanced flow rate signal to create a digital
error signal. The digital erroxr signal is provided to a
digitally realized PI (proportional integral) controller.
The PI controller generates a digital control signal
which is used to control a valve in the digital mass flow
contreller.

FIGURE 3 represents one embodiment of the present
invention. In FIGURE 3, actual flow 24 in mass flow
controller 22 is measured by senscr 26. Sensor 26 may
include two resistive wound coils 28 and 30 wrapped
around capillary tube 32. Sensocr 26 cutputs are the
sensed flow rate signal 34 which can be input into A-to-D
converter 36. The output of the A-tc-D converter 36 is _
digital sensed flow signal 38. Digital sensed flow

signal 38 is input into microcontroller 44.

into differentiation nodule 46. Differentiation



30 flowrate signal 48. Digitally enhanced flow rate signal 0 7 JAN 2004 WO
01/ 04716 PCT/ USQQO 40251 11 48 nore accurately represents actual fl W%ﬁﬁ nd
conpensates for the inaccuracies of sensor 26. A detailed desé} FJA E—
di fferent moow7nodul e 46 is discussed later in the detail @tCTdeSioM0R1I ON.
5 Digitally enhanced flow rate signal 48 is conpared wth set-point signa
50. Set-point signal 50, provided by a custoner, may be a step input for _
the desired actual flow 24. Set-point signal 50 may be either an anal og
signal that is digitized by an enbedded A/D converter in 10

m crocontroller 44 or it can be a digitah signal transmtted to

m crocontrol l er 44. An enbedded A/D converter in mcrocontroller 44 all ows
m crocontroller 44 of the present invention to be used as a drop-in

repl acement in py.ior art %#§L6n54 The differenc et weer. 15 set - poi nt
Signal 50 and diGITHTSPERIEHCEC | bt PAPETORTEfal C4BSE BTt dTOS! gnal 52.
Error si gnalongitEd dieal i Ferli +&nEht §0BEr ehkeproteke «3eney hgdd al

control signal 56 that drives sol enoid activated valve 58. Sol enoi d
activat ed v dBRgRAL e thedate u4lf . f AoRferenkiatienmaesiflieow €ontrol | er

22. Pl control 5 e_ 4 pl t using.the t hod, .di.scl.osed in U. S
Pat ent Ap&ni%cgﬁ Sivreer lafe‘T\loé.waeg%%,rgggnEFPg&egn‘; al )‘7 gl,lg , to E
Wers, entigilgk]l’ prdcesssnd MshpdecbatralVari ahbe sGEitware

Proportional -Integral (PlI) Controller. "
programmed in its on-chip flash program memory array that

can be reprogrammed multiple times. The software
incorporates all the instruction necessary to the
implementation of the functions described within

10 microcontroller 44. The constant coefficients (filter
coefficients, linearization cocefficients, and various
gain factors) are computed in computer 55 and downloaded
for microcontreller 44 to use. Linearization module 40
may implement a least sgquares method to linearize digital

15 flow signal 38. Digital sensed flow signal 28 needs to
be linearized since sensor 26 generally produces a sensed
flow signal 34 that is a non-linear function of actual
flow 24. Linearization module 40 outputs digitally
linearized sensed flow signal 42. There are many methods

20 for linearization of the digital sensed flow signal.
These methods include least squares methods and other
regression techniques known to those skilled in the art.
Also included in these linearization methods is the
method disclosed in U.S. Patent Application Serial No.

25 09/350,747 filed on July 9, 19589, to T.I. Pattantyus,
et al., entitled “System and Method for Sensor Response
Linearization”. Digitally linearized sensed flow signal
42 can be input into differentiation module 46.
Differentiation module 46 creates a digitally enhanced

30 flow rate signal 48. Digitally enhanced flow rate signal



25 Differentiation nodule 46 in FIGURE 3 represents the promsszzgﬁ med
by nicrocontroller 44 using paraneters cal cul ated by and do

conputer g3 ,ﬁgnerate digitally enhanced flow rate signg%cﬁﬁsmﬂmﬁgﬂﬂ ock
I e

di agram w th| ndifferentiation nodule 46 is a continuous-

representation with Laplace transforns representing O 7 JAN 2004 .. WD
01/04716 PCT/USQOQO 40251 12 first differentiation operation 60, second .
differentiation operation 68, and filter operation 72 having tine constant
t2. The system however, is realized digitally. Linearized digital sensor
signal 42 is input 5 into first differéatiation operation 60 and into first
gain stage 62 to output weighted first derivative 64 of linearized digita
sensor signal 42. Subsequently, the first derivative of linearized digital
sensor sighalmdPe ascunpteliyntrepsecemdt sdisfctermdntilatw @2 goet ati on 66 and 10

into gain stage 68 to creafe weighted second derivative 70 of l|inearized
digital sé€ SR ﬁgr %’ﬁ? FEHEEF S OSnFTE &G ve &0 is input into

| onpass fiddesilapedatipip?2ohoogr @Qtf%efﬂe'ntt%ra%Qdf@'n@H\ﬂ‘% sggofd derivative
74 of linearized digital sensor signal 42. 15 Weighted first derivative 64

is fed fordescusseddbeEer8inandbel dﬁé@l‘-ulp@dd@lsgrlrtlaﬂtlmsor signal 42 is fed

forward throu feed orward | ogp .76 t o _adder. t adder iltered
wei ght ed secongglo%rl vai}’v%ni} 5 a féearl %& Sd &atlal & s & “%Fi’ég’?ﬁé 42 is
conbi ned wridh wedghdpednti §$gnal 50. Set-point signal 50, provided

by a customer, may be a step input for the desired actual
flow 24. Set-point signal S0 may be either an analog
signal that is digitized by an embedded A/D converter in

10 microcontroller 44 or it can be a digital signal
transmitted to microcontroller 44. An embedded A/D
converter in microcontroller 44 allows microcontroller 44
of the present invention to be used as a drop-in
replacement in prior art systems. The difference between

15 set-point signal 50 and digitally enhanced flow rate
signal 48 is error signal 52. Error signal 52 may be
input to PI controller 54 to generate digital control
signal 56 that drives solenoid activated valve 58.
Solencid activated valve 58 governs the actual flow 24 in

A the mass flow controller 22. PI controller 54 may be
implemented using the method disclosed in U.S. Patent
Application Serial No. 09/351,098 filed on July 8, 1889,
to E. Vyers, entitled “System and Method for a Variable
Gain Proportional-Integral (PI} Controller.”

25 Differentiation module 46 in FIGURE 3 represents the
process performed by microcontrecller 44 using parameters
calculated by and downlocaded from computer 55 to generate
digitally enhanced flow rate signal 48. The block
diagram within differentiation module 46 is a continuous-

30 time representaticn with Laplace transforms representing



20 derivative 64 of linearized digital sensor signal 42 and wth
linearized digital sensor signal 42 to construct digitally enha&&édANlHW#
rate signghdRenlp gitally enhanced flow rate signal 48 nor gcshR884ees1
represents actual flow 24 in mass flow controller 22 than does 25 sensed
flowrate signal 34 obtained fromsensor 26. As stated previously, the
operations perforned by mcrocontroller 44, a DSP, are realized digitally-
A one-to-one transformati on between the anal og Lapl ace representations
and their discrete-tine counterpart can 30 be easily nmade. Linear constant
coefficient differential WO 01/04716 0*% JAN 2004 PCT/ LISOY 40251 13
equations can be easily transforned to discrete-tine |inear constant
coefficient difference equations. The discrete equivalent of a constant
coef fici ertirsfi fd%ﬁ%ﬁeﬁtléaaam erergtienakOdkyecesk d k f(i) eqn. 4 _YF

di k K- | kd f*£4 coe |C$%ﬁ EEQF %%) Fgéggll%er operatlog 49 where ak

and bk are "con
having tlme constant 1,. The system, however, is realized

digitally. Linearized digital sensor signal 42 is input

5 into first differentiation operation 60 and into first
gain stage 62 to output weighted first derivative 64 of
linearized digital sensor signal 42. Subsequently, the
first derivative of linearized digital sensor signal 42
is input into second differentiation operation 66 and

10 into gain stage 68 to create weighted second derivative
70 of linearized digital sensor signal 42. This weighted
second derivative 70 is input into lowpass filter
operation 72 to create filtered weighted second
derivative 74 of linearized digital sensor signal 42.

15 Weighted first derivative 64 is fed forward to adder 78
and linearized digital sensor signal 42 is fed forward
through feed forward lecop 76 to adder 78. At adder 78,
filtered weighted second derivative 74 of linearized
digital sensor signal 42 is combined with weighted first

20 derivative 64 of linearized digital sensor signal 42 and
with linearized digital sensor signal 42 to construct
digitally enhanced flow rate signal 48. Digitally
enhanced flow rate signal 48 more closely represents
actual flow 24 in mass flow controller 22 than does

25 sensed flow rate signal 34 obtained from sensor 26.

As stated previously, the operations performed by
microcontroller 44, a DSP, are realized digitally. A
one-to-one transformation between the analog Laplace
representations and their discrete-time counterpart can

30 be easily made. Linear constant coefficient differential



anal og input into the analog system y(t) is an analog output of the
anal og system ~~ and ~~ are the kth dtk. dtk derivatives of Y(t)ya qifﬁég,
f[n] is a discrete input into the equivalent discrete system Aﬁ sZ -
di scret e WIBDI@4T6ut out of the equival ent discrete system PCT/HS&}403¥d
Y[n-kl are the k th delay values of f[n] and y[n], t is tinme, and n and k
are the integer values representing discrete sanples of the discrete
functions at a specified sanpling interval. 20 A continuous | owpass filter
operation can also be inplenmented in a discrete node using difference
equations. The analog tinme domain repregentation of the Laplace | owpass
filter operation 72 is the differential equation, 25 f(t) dy(t) + 1 Y(
dy * (t) | eqn. 6 dt Vf k-0 bk dtk O 7 JAN 2004 MD 01104716

PCT/USOO/4 0 F{t) is an
anal og |npgéé%%%én%ﬂggﬁ ?Fegg@ ?§>%&§n%%anaQ%§E6?{ §¥E§g % eéfllter dd
k(1} is thelhéhrdebnsahnveeoeﬁfyc&bhtaﬂdfthﬁahcdiuqdaﬁ&bnswwtané
associated with the filteﬁso perati on. gn. 6 can be discretely realized

" using a di Bf8FEREE e@HbNE Hta8§oPdFﬁ&SFén§qﬁOQ§ iggretthe sake of

differential equation,

N k M k
d"y(y a iy
> a o =:Ebk‘ﬂk , eqn. 4
k=/ k=)

is

L

M
D aln-i] =) b=k , eqn. 5
k=1

k=1

10 where a, and by are constant coefficients, f(t) is an

analog input into the analog system, y(t} is an analog

k k
output of the analog system, déﬁv and défu are the k"

derivatives of y(t) and £(t), £[n] is a discrete input
into the equivalent discrete system, y[n] is a discrete

i5 output ocut of the eguivalent discrete system, f{n-k] and

y[n-k] are the kﬂ’delay values of fln] and y[nl, t is
time, and n and k are the integer values representing
discrete samples of the discrete functions at a specified
sampling interwval.

20 A continuous lowpass filter operation can also bé
implemented in a discrete mode using difference
equations. The analog time domain representation of the
Laplace lowpass filter operation 72 is the differential
equation,

25

fiy= dy(r) 1 ()= dy (r)

eqn.

-
ar-o- |3r
E-

[4)]



simplicity, however, the system has been represented with the RH

Lapl ace transforns to illustrate the differentiation and filte fzquﬂe
linearized digital 10 sensor signal 42. First gain stage 62 (Gal n 1) is-
desi gned WO W¥/A#d&| the time constant T1 associated with seREBUSHEI02E] r st
gain stage 62 is adjusted to correct for a sensor response from sensor 26
that takes a long tine to settle. 15 FIGURE 4 illustrates the effects of .
varying first gain stage 62 on a continuous representation of digitally
enhanced flow rate signal 48. If gain stage 62 is too snall, there may be
an initial overshoot before the continu4ous representation of digitally
enhanced flow rate 20 signal 48 settles to the steady-state value. If gain
stage 62 is too large, there may be an initial undershoot before the

oi dig
ggtnt : 23033"’%’% st)?a%é’ﬁ]:i g:?‘atage vaﬁgﬂﬁ cgg@?ﬁgfgg%g\gﬁ@?y of %tq’ﬁe system

first gaina2&lsg aglq:@e istontheelfy learuhattad foramr asgdsggaatppecobes and
a given nechanical platform The first gain stage 62 is uni quel y

det er m ned and 1]; a_fuatgion of .th SOr onstru i on .and rocess
e q(CFD?

gas. Corrpu’fl%&lo ¥iurge dﬁﬁarﬁ}% ﬁﬁﬁ@ SVeSH i) ¢ ﬁﬁggﬁnd
mat hematical 0 7 JAN 2004 WO 01/ 04716 PCT/ US0Q/ 40251 15 sol uti on have been
devel oped P ner ¥ yCORS HATET REFPEE e Mtk & Rohe 11 HRT com_TahionL of the

senspr. Thgqn. 6 can be discretely realized using a difference
equation according to egn. 5. For the sake of
simplicity, however, the system has been represented with
the various Laplace transforms to illustrate the
differentiation and filtering of the linearized digital
10 sensor signal 42.

First gain stage 62 (Gain 1) is designed to cancel

the time constant 1; associated with sensor 26. First
gain stage 62 is adjusted to correct for a sensor
response from sensor 26 that takes a long time to settle.

15 FIGURE 4 illustrates the effects of varying first gain

A stage 62 on a continuous representation of digitally

enhanced flow rate signal 48. If gain stage 62 is too
small, there may be an initial overshoot before the
continuous representation of digitally enhanced flow rate

20 signal 48 settles to the steady-state value. If gain
stage 62 is too large, there may be an initial undershoot
before the continuous representation of digitally
enhanced flow rate signal 48 settles to the steady-state
vaiue. Due to the variability of the system, first gain

25 stage 62 is uniquely calculated for process gas species
and a given mechanical platform. The first gain stage 62
is uniquely determined and is a function of the sensor
construction and the process gas. Computational fluid

dynamic (CFD) models, empirical testing and mathematical



rel ati onship of tenperature rise, coil length, gap between COWLf, @ﬁ@ﬂﬁ
i nternal dianeter, tube wall 5 thickness, tube thernmal conductivit

i nsul at i oy, g\l nednal yzed and will be further discussed. Pragtjisaddods:
speaki ng, one sensor enpl oyed by one enbodi nent of the present 1 nvention
displays a 1.7s time constant Tl. The gas type effect displays a tendency
for the sensor tine 10 constant Tl to increase in proportion to the gas .
wei ght (typically 5% at nost) The tinme constant Tl is set to a default
value (1.7) and fine tuned by observation of the actual response. Since
sensed flow rate signal 34 is not a true 15 exponential signal, first

wei ght ed derivative 64 does not conpletely correct sensed flow rate signal
34 to accurately approxi mate actual flow 24. To nore accurately

appr oxi mat #cdettdsin Hae heen dicoleped npr toast dnt 12ans efifisgdr for ated in

t he approxi mat.iqn of sensed flow rate | signal 34. Therefore, sensed flow
rate signa@l§&qﬁﬁ?ti?ezﬁﬁﬂ?nﬁ?ﬁﬁ%&ﬂ%éﬁéﬁﬁ.gbezgeRﬁQFe t T time, f(t) is

- sensed Tl owenahs HANY o tddpdSatded i £58e 8B £ONSHARY aRd T2 is a second
time constant. Assum’ng a steady-state step Input fp-and cgbrdlng to

FI GURE 3, diegiwesin yanlmndotd | ovemal siipreet 48, cambbewaddpresented in the
anal Qg domat ) Aeks! Yl W M2 LIS FHIL 5008494251 88 10n were
analyzed and will be further discussed. Practically
speaking, one sensor employed by one embodiment of the
present invention displays a 1.7s time comnstant 1;. The
gas type effect displays a tendency for the sensor time
10 constant 1, to increase in proportion to the gas weight

(typically 5% at most). The time constant t1; is set to a
default value (1.7) and fine tuned by cbservation of the
actual response.
Since sensed flow rate signal 34 is not a true
15 exponential signal, first weighted derivative 64 does not
_ . completely correct sensed flow rate signal 34 to

accurately approximate actual flow 24. To more accurately
approximate actual flow 24, a second time constant 1, is
incorporated in the approximation of sensed flow rate

-0 signal 34. Therefore, sensed flow rate signal 34 can be

approximated as

f(t)=(1_e—z.'r, )(l_e-l."rz ) eqn. 2

25 where t is time, f(t) is sensed flow rate signal 34, t; is
a first time constant and T, is a second time constant.
Assuming a steady-state step input f, and according to
FIGURE 3, digitally enhanced flow rate signal 4B can be

represented in the analog domain as



——

z f(t)+(Gin 1)df(t)+(Gain 2)d .f(t) dt dl2 with Gain 1 = til+ [,n
2 =t1*t2. The tinme lags that 5 can contribute to tl and t2 arg%bﬁgﬁhﬁﬁhc

| ag between sensor 26 and the seat of sol enoid-activated valve 58 and to a
limted ¥Q&R47Hhe sol enoid activating sol enoid -activat edNFVPHEENnhen
dealing with hysterisis, friction and |line pressure dependent prel oad

forces holding the 10 seat shut of sol enoid-activated valve 58. Therefore,
second derivative operation 66 is inplemented with the correspondi ng
second gain stage 68 (Gain 2). Second derivative operation 66 corrects for
the front end of the sensed flow rate $6gnal 34 which _ 15 does not
accurately approximate a true exponential rise. As with first gain stage
62, second gain stage 68 is adjustable by progranmm ng. FI GURE 5
illustrates the effects of varying second gain stage 68 on a continuous
representation of digitally enhanced flow rate signal 48. 20 If second gain
stage 68 is snmall, there nmay be initial qwe oot before the continuous
representation of diffglté&kain eHa?me*c[Gﬁli@W 3) {@Pgnal 48 settles to the
steady-state value, while if secdhd gain stag %68 i's | arge, there nmay be
an initial undershoot of the signal 25 before the continuous representation
of digitally enhanced flowrate signal 48 settles to the steady-state
val ue. Thuthsdooil Yaf nTisttagendsCaan Be=prdier | YhechimBr d886 tdak ni mi ze
or elimnate overshgot or )
S can contribute to 1, and 1; are pneumatic lag between

sensor 26 and the seat of sclencid-activated valve 58 and

to a limited extent the solenoid activating solenoid

activated-valve 58 when dealing with hysterisis, friction

and line pressure dependent preload forces holding the
10 seat shut of solencid-activated valve 58.

Therefore, second derivative operation 66 is

implemented with the corresponding second gain stage 68

(Gain 2). Second derivative operation 66 corrects for

the front end of the sensed flow rate signal 34 which
15 does not accurately approximate a true exponential rise.

As with first gain stage 62, second gain stage 68 is

adjustable by programming. FIGURE 5 illustrates the

effects of varying second gain stage 68 on a continuous

representation of digitally enhanced flow rate signal 48.
20 If second gain stage 68 1s small, there may be an initial

overshoot before the continuous representation of

digitally enhanced flow rate signal 48 settles to the

steady-state value, while if second gain stage €8 is

large, there may be an initial undershoot of the signal
25 before the continuous representation of digitally

enhanced flow rate signal 48 settles to the steady-state

value. Thus, second gain stage 68 can be properly

calibrated to minimize or eliminate overshoot or



0 7 JAN 2004 WD 01/04716 17 PCT/ USOQ 40251 under shoot . Second'gabn iNaﬁﬁ 68
Is also adjusted by observation as descri bed above. Lowpass fi teJ 4

operation ol/8474dP! enented to reduce the noise generated pprRiseddodsd Y
enhanced F%%M/rate 5 signal 48 when inplenenting second dif?eren??é?#on

operation 66. Lowpass filter operation 72 has associated time constant tf.
By adjusting tine constant 'rf, the response of |owpass filter operation.
72 can be over- corrected or under-corrected. FIGURE 6 illustrates the 10
effects of varying tine constant tf on_a continuous representation of
digitally enhanced flow rate signal 4817 For large filter time constant tf,
the filter response nmay be too slow, while for a small filter tine
constant tf, the filter response nay be too fast. The filter time 15

const ant tengershestn t §eadpdsgatine s¢pa@ed 66f isi grialo 481justhedsygtemin

FI GURE 3 ngﬁsgk%g e gscggggggkgﬁSF%gw_perforn1rigorous conput ati ons t hat

require nore speeaggnd p €dvailable in mcrocontroller 44

during calibratbapagBdfiestr Gpaputabnonal iesunenat e tgdomakoaded from
conputer 55 to microcontroller 44 via electrical conmmunication connection

57, such athg BEdsgrgeraprEcdovBr AiDiteRd vspahemcsid FIIQURE 3t emy be

realfzed gaghly BY¥ LHBLETRBLLAGNR; hBCLIRLAH QW r3ENe: M {bn
operation 66. Lowpass filter operation 72 has associated
time constant t. By adjusting time constant T:, the
response of lowpass filter operation 72 can be over-
corrected or under-corrected. FIGURE 6 illustrates the

10 effects of varying time constant T on a continuous
representation of digitally enhanced flow rate signal 48.
For large filter time constant 1., the filter response may
be too slow, while for a small filter time constant te,
the filter response may be too fast. The filter time

15 constant t; is chosen to adjust the speed of signal 48.

The system in FIGURE 3 may also use a computer 55 to
perform rigorous computations that require more speed and
power than that available in microcontreoller 44 during
calibration and test. Computational results can be
downleoaded from computer 55 to microcontroller 44 via
electrical communication connection 57, such as a bus or
cable.
Overall, the system of FIGURE 3 may be realized

easily by implementing a thermal flow sensor with

25 conditioning circuitry with ~1.7 second primary time
constant. Reference is made to the flow sensor circuitry
disclosed in U.S. Patent Application Serial No.
09/350,746 filed July 9, 1999 by T.I. Pattantyus et. al.,
entitled “Improved Mass Flow Sensor Interface Circuit.”

30 A 16-bit-accuracy A/D converter with a sampling rate of



25 conditioning circuitry with -1.7 second primary time const :
Reference is made to the flow sensor circuitry disclosed in Uﬁg? ﬁ%ﬂemmﬁ_

Applicati eﬁﬁﬁ%h%l No. 09/350,746 filed July 9, 1999 by T.EEFFE%&gggiys"

et. al., ed "I nproved Mass Fl ow Sensor Interface Cr

16-bit-accuracy A/D converter with a sanpling rate of 0 7 JAN 2004 WO

01/ 04716 PCTI USO0/ 40251 18 610 Hz, a 16-bit digital signal processor -
m crocontroller, a PC, and.pul se width nodul ated or continuous valve drive
circuitry which controls the a solenoid-activated, |ow power, throttling
bal | /seat valve 5 can also be included.1&&ny circuit configurations can be
| npl emented for the valve drive circuitry. Reference is nade to the .
circuitry disclosed in U S. Patent Application Serial No. 09/351, 111 filed

on July 9, 6199%z, 120 1B-bitPaiigitylssignalt bedcebBbod and System for 10
Driving a Sal enoi d' Mass flow controllers can i n‘gl ement a closed | oop
control al §BCrORPRERS dEence iRC mededtpuife wWidahceedudiafiadloxont r ol

al gorithm di-s¢l i t~s L catipon_Serial ) 350, 744 filéd
on July 9, djfglg:Ql %%%bsyqri%liv% ri e\ige%%%le%iilﬁs%g?grﬁn %r??iitlgéahsog:%% aQOer ation
of a Digi t=all elrd sl ~-BlagvivEdmetd 0l 1@w "poweny] bhrbétmmhgabaad.v/&_ﬁa&:geraﬂyé he
present inventiqn is that if is realized in the discrete-tinme donmain.

Ri goPous m&tfefeticca® <ﬂﬁ%ﬁéﬁ4tﬂ%@%¥ﬂcbﬁcﬁéFf6?ﬁ§898Fat1°ns can be

implemented for the valve drive circuitry. Reference is
made te the circuitry disclosed in U.S. Patent
Application Serial No. 09/351,111 filed on July 9, 1999,
to T.I. Pattantyus, entitled “Method and System for

10 Driving a Solenoid”

Mass flow controllers can implement a closed loop
contrel algorithm. Reference is made to the advanced
digital control algorithm disclosed in U.S. Patent
Application Serial No. 09/350,744 filed on July 9, 1999

15 by K. Tinsley entitled *“System and Method of Operation of
a Digital Mass Flow Controller”.

A major technical advantage of the present invention
is that it is realized in the discrete-time domain.
Rigorous mathematical computations can be performed or

20 aided by computer 55. Although some prior art methods
implement discrete controllers, these methods typically
do not possess digital platforms with the power to
generate the mathematics which include both a first and a
second derivative. Conseguently, these methods are

25 limited to digital implementations of the first
derivative. Through the use of a powerful computer 55,
however, the present invention is able to perform
rigorous mathematical computations. Parameter
calculations such as first gain stage 62, second gain

30 stage 68, and time constant t; can be worked out on



20 ai ded by conputer 55. Although sone prior art nethods inpl nFAN 2004
di screte controllers, these nethods typically do not possess ngi a

pl at f or nswgint]@é_bge power to generate the mathematics whi C&éﬁﬁg@g‘%@m h-a

first and nd derivative. Consequently, these nethod mted
to digital inplenmentations of the first derivative. Through the use of a
power ful conputer 55, however, the present invention is able to perform -
ri gorous nmat hemati cal conputations. Paraneter calculations such as first
gain stage 62, second gain 30 stage 68, and tine constant of can be worked
out on 0 7 JAN 200# WO 01/04716 PCT/ US88/ 40251 19 conputer 55 and then
downl oaded into an erasable nenory array such as an EEPROM in

m crocontroller 44. Mcrocontroller 44 then can access these val ues from
t he EEFRGMmpreverattubnti nhedi dbwalllopdedhadnmed £ oy dsdisl & mémoa) 48.

Anot her inportant technical _advantage of the present invention is that
with the i MpraYeftchidf 8f EEEBRY 1& mieranandiohlepetbtion 66, digitally

enhanced fﬂlp&oé@ﬁ@réigagl 448t fbASELY: ARREYH Maias. a&éﬂféﬂ#%. 2¢ne 10 Since

sensed flow rate signal 34 is not a pure exponential signa

i npl enent EEBROMfwheér ¢atculadifnfedegticallilon eoperratedrt Giv ataine does not
suff%cientl% %fﬁé xi mate actual flow 24. Weighted first derivative 64 and
wei ght ed S2CON fvative 70 accel erate the response

Another important technical advantage of the present
invention is that with the implementation of second
differentiation operation 66, digitally enhanced flow
rate signal 48 closely approximates actual flow 24.

10 Since sensed flow rate signal 34 is not a pure
exponential signal, implementatiocn of the first
differentiation operation 60 alone does not sufficiently
approximate actual flow 24. Weighted first derivative 64
and weighted second derivative 70 accelerate the response

15 of the sensed flow rate signal 34 to more closely
approximate actual flow 24. Subsequent filtering of
weighted second derivative 70 reduces noise associated
with implementing second differentiation operation 66.

Still yet another techmnical advantage of the present
invention is that through the use embedded A/D converters
in microcontroller 44, microcontroller 44 can easily
replace prior art systems used to control gas in a
manufacturing process. These processes, which may have
used analog methods and continuous set-point voltage

25 inputs to control the gas flow, can still use
microcontroller 44. The analog signals, such as sensed
flow rate signal 34 and set-point signal 50, are
digitized and then used for computations in

microcontroller unit 44.




is of the sensed flowrate signal 34 to nore closely approxinaifeﬁﬁtgﬁﬂ
flow 24. Subsequent filtering of weighted second derivative 76 k

noi se assgﬁbg%‘ﬂ16mjth i npl enenting second differentiation qQﬁh@ﬁhﬁﬁﬁﬁ?'"

Still yet another technical advantage of the present invention iIs t

t hrough the use enbedded A/ D converters in mcrocontroller 44,

m crocontroller 44 can easily replace prior art systens used to control .
gas in a manufacturing process. These processes, which nay have used
anal og nmet hods and conti nuous set-point _voltage 25 inputs to control the
gas flow, can still use microcontrollef®44. The anal og signals, such as
sensed flaw rate signal 34 and set-point signal 50, are digitized and
then used for conmputations in mcrocontroller unit 44. 0 7 JAN 2004 WO
01104716 PCT/ US@) Zd25dh 20hal pheaghtt hevepnesent Haws dearomdssr ieed in

descri bed i dgta%l herei n ﬁﬁth reference t tggéillustrative
enbodi nent £€§31 . o S Beuh eF?FGS&nFﬁafotﬁ SdescMPtiVVEs by way of
exanpl e onlgmdidihen®®! 1€ BRoGPASHEUGHARRsRoRd ItHdt MhSSseriptrisnt 0 be

further understood, therefore, that nuer ous changes in the detalls of the
enbodi ment sl by WaY | o epxaoRlandnaydenifonsl nethddi fenteeneffrudd sinnwent i on

art. Favi ng P S8e Iy RPC HoS, PR FURTIY e tea Rt od that all
such therefore, that numerous changes in the details of the
embodiments of this invention and additional embodiments
of this invention will be apparent to, and may be made
by, persons of ordinary skill in the art having reference
10 to this description. It is contemplated that all such
changes and additicnal embodiments are within the spirit

and true scope of this invention as claimed below.



changes and additional enbodinments are within the spirit and true scope of
this invention as clainmed below 0 7 JAN 2004 21 What is clai nqp'ii ffAleﬂB‘?‘
met hod for controlling a gas flowwithin a digital nmass flow controller
having a val ve that governs the flowrate of gas in said digital mass flow
controller and a flow sensor that neasures an actual gas flow rate through
said digital mass flow controller and outputs a sensed flow rate signal,
sai d nmethod conprising: generating a digitally enhanced flow rate signal
representing a final steady-state flowrate in said digital mass fl ow
controller based on a sunmation of a weighted first derivative of said
sensed whiowg atigigé@nad., a filtered wei ghted second derivative of said
sensed flow rate signal, and said sensed flow rate signal; conparing a
set-point signal with said digitally enhanced flow rate signal to generate

a digital fegdhagloeragr c%nﬂ?@iiixgj"da_ gienenald R caidi g bak; cantdps signal
that controls said valve in said digital mass flow controller by inputting
sai d di ghntatolflesdbarvkng ez rvalys gt igpveras pebpofieownete miegrad iopispid
control Ler..and t i i I ntyol |l er ' i.gltal

si gnal .d?ltﬁr}emﬁ%%hg#%fcg%ﬂtg{:?n{%f g‘r tg hg&%osrr?%rs iogi F\%Q% (rzﬁrcla"%sstg1 E%QO?&%%’/%H I ng
sai d sefisedf fdwowarkat ehsdgialsatid diditplt alassefized ¢drmwaldee sngnadtpursi Ag an

A-to-D conve tfgr wpri or t.onggneraid' gr% ai,d _di '.lt alnl y enhanced flow signal.
3. The &k PYcT AT M2 Far t ity r‘}%??s‘??{'ﬁjq‘t ifé"St ep of converting said
di gital sensggndipwngatedsygrally enhadicgiit fldy tduvecarigaad sepsedentfingwar at e
signal using a |least squares nethod prior to _generatin s?id
final steady-state flow rate 1in said digital mass ow controller
based on a summation of a weighted first derivative of said sensed
flow rate signal, a filtered weighted second derivative of said sensed
flow rate signal, and said sensed flow rate signal;
comparing a get-point signal with said digitally enhanced flow
rate signal to generate a digital feedback error signal; and
generating a digital control signal that controls said valve in
said digital mass flow controller by inputting said digital feedback

error signal into a proportional integral (PI) controller and

outputting from said PI controller said digital control signal.

2. The method of claim 1, further comprising the step of converting
said sensed flow rate signal to a digital sensed flow rate signal
using an A-to-D converter prior to generating said digitally enhanced

flow signal.

3. The method of claim 2, further comprising the step of converting
said digital sensed flow rate signal to a digitally linearized sensed
flow rate signal using a least squares method prior to generating said

digitally enhanced flow rate signal.

4. The method of claim 3, further comprising the step of weighting

a first derivative with a first weight to generate said weighted first



digitally enhanced flow rate signal. 4. The method of claim3, further
conprising the step of weighting a first derivative with a fifdt JANiZ08k to
generate said weighted first O 7 JAN 2004 22 derivative, said first weight
is uniquely cal cul ated based on a gas species in said digital mass fl ow
controller and a given nechanical platform 5. The nethod of claimd4,
further conprising the step of weightiiang a second derivative with a second
wei ght, to generate said weighted second derivative, said second weight is
calculated to correct where said digitally linearized sensed flow rate
signal does not approximate a true exponential rise. 6. The nethod of

cl ai m 5detindtdiet, ceapal $ipgtt ReigiepiOfuniquelemeat colattedilgidedl drovepasss
filter operation to filter, said weighted secqond derivative to generate

sai d fi FPeFERP vidt giiticl LiSAd MaEFi §4PY vECRRP i 6hpaRSare FEFPnBFERAAM R t o
sai d di Ehg@,{rggﬁlvenhanced signal due to said weighted second derivative. 7.
The nmethod of claim®6, wherein said digital |owass filter operation
further conprises a tinme constant, said time constant is determ ned
enpirically. t . Ch ai fur . rdysd he ¢S :
convert ng 2o SO IR L Bgrh Fiency cliBr 1 GO R BAch Be hEReBring,
the step sefouwdbnparivagivei disht apsenondi geidhtui tte smrgrdrgi salf ywendhtresked
flow rate signal.. 9. The nethod of. claim8, wherein.the steps_of

Gener at FREPTAFEGPLITI | SR EhIBRtd oA af® SRt R ha s PREoes there

set - poi Bhi&idirAltaly t i sard zddgséradddy faphanesd Siggaal doan thageagpadkhithtsai d
digital

a true exponential rise.

6. The method of c¢laim 5, further comprising the step of
implementing a digital Ilowpass filter operation to filter said
weighted second derivative to generate said filtered weighted second
derivative and compensate for noise added to said digitally enhanced

signal due to said weighted second derivative.

7. The method of claim 6, wherein psaid digital lowpass filter
operation further comprises a time congtant, gaid time constant is

determined empirically.

8. The method of claim 7, further comprising the step of converting
said set-point signal to a digital set-point signal prior to the step
of comparing said set-point signal with said digitally enhanced flow

rate signal.

9, The method of claim B8, wherein the steps of generating said
digitally enhanced flow rate signal, comparing said set-point signal
with said digitally enhanced signal, and generating said digital

control signal are executed by a digital signal processor controller.



control signal are executed by a digital signal processor controller. 0 7
JAN 2094 23 10. The nethod of claim9, wherein said digital sidhdl JAN ﬂ@ﬁ
processor controller is executable to comrunicate with a conputer, sa
conputer is executable to performcalculations including said first

wei ght, said second weight, and said tine constant. 11. The nethod of
claim 10, further conprising the step, of downloading cal cul ations
performed by said conputer to a storage device in said digital signa
processor controller via a connection between said conputer and said
digital signal processor controller to aid said digital signal processor

control Ler i a i I i gi.kal. .contr Hole e f
claim 1%,8'whglr‘§i hggié?% g?o?’gégmdgﬂ c"}eh%irsegg Eﬁg{?zoalg?g‘%‘lTrjﬁggﬁ%?hgggé%%cﬁrgi m
1, wher eonts@ilerwes getethtfablst tderdmnmatiivete widitd af kbthpnesr weisghdt edmpeoond

derivative, said digitall nhanc f,low rate signal,_an aid djqgital
controf 187 R EpSiLt S PRI ofttr et et endeTedlid 1 oY SRS MR 1o
gener at Agd asdticgidt akighenhadcedid | iwe abastagnal that represents a final
steady-state flowrate froma sensed flowrate signal provided by a flow
sensor in a digital mass flow controller, said nethod conprising:

calculaging endirgdeder i wati veadh spjd seReRerf| dBl8ngl 0RAL; step of
calculating a second derivative of sensed flow rate signal; weighting said
first déeywkrddiagwi ¢lcalptisns wheghermes gbrierstie QORI el f iy sgtorage

deri vat gyg; &l 'é%i%i&%igﬁg %ﬁbﬁa’feg%@e%ﬁ Vot ¥81Ye L Ny s SeCRBH YR G to
generate a wel ghted seco erivati ve;
between said computer and said digital signal processor controller to
aid said digital signal processor controller in calculating said

digital control signal.
12. The method of claim 11, wherein said storage device is a EEPROM.

13, The method of claim 1, wherein said weighted first derivative,
said filtered weighted second derivative, said digitally enhanced flow
rate signal, and said digital control signal are calculated using

difference equations.

14. A method for generating a digitally enhanced flow rate signal
that represents a final steady-state flow rate from a sensed flow rate
signal provided by a flow sensor in a digital mass flow controller,
gaid method comprising:
calculating a first derivative of said sensed flow rate signal;
calculating a second derivative of sensed flow rate signal;
weighting said first derivative with a first weight to generate
a weighted first derivative signal;
weighting said second derivative with a second weight to

generate a weighted second derivative;



0 7 JAN 2004 24 inplenenting a digital |owpass filter operation on said

wei ghted second derivative to generate a filtered wei ghted sechddJAN 2004
derivative; and summng said sensed flowrate signal with said weighted
first derivative signal and said filtered wei ghted second derivative
signal to generate said digitally enhanced flow rate signal. 15. The

nmet hod of claim 14, further conprisisyg the step of converting said sensed
flowrate signal to a digital sensed flowrate signal prior to the steps
of calculating said first derivative and calculating said second
derivative. 16. The nethod of claim 15, further conprising the step of
converting samfléhgitiag aeasgicdl Quwpake sipal dperattbyidldaid Wepgetdzed
sensed flow rate signal using a | east squares nmethod prior to the steps of
calculaFFﬁ@n%a?%F#VégéyedéPlQSP?Q%F%Hﬁi tegrdt PRYTRERY SeEtGndegdravits ve.
17. Theggt hod of claim 16, wherein said first weight for said weighted
first derivative is cal culated based on a gas species in said digital nass
fl ow control Fermng 2aifl vesnanse Hdmvwc alatsl &igppin wigh PRédmeehebcedt £lzdtm

17, whepgln, Sald %?%999 Wed A S @5 %@ké’d ‘}Qﬁq%*&teﬁdséé? dd‘dd&%r 3\6?%\/&%‘?‘%

calculated to correct where said |g| I nearl zed sense low r
si gnal doegemﬂﬂat&ppaodldﬁﬂﬂiaalytemhanxﬁpoﬁQQW|Eﬂtawssenalg. The net hod of
claim 1B, wherein said digital |owass filter operation further conprises
a tinme constant determned enmpirically. 0 7 JAN 2004 25

15. The method of claim 14, further comprising the step of

converting said sensed flow rate signal tc a digital sensed flow rate
signal prior to the steps of calculating said first derivative and

calculating said second derivative.

16. The method of claim 15, further comprising the step of
converting said digital sensed flow rate signal to a digitally
linearized sensed flow rate signal using a least sguares method prior
te the steps of calculating said first derivative and calculating said

second derivative.

17. The method of c¢laim 16, wherein gaid first weight for =said
weighted first derivative is calculated based on a gas species in said

digital mass flow controller and a given mechanical platform.

18. The method of claim 17, wherein said second weight for said
weighted second derivative 1is calculated to correct where said
digitally linearized sensed flow rate signal does not approximate a

true exponential rise.

19. The method of claim 18, wherein said digital lowpass filter

operation further comprises a time constant determined empirically.



20. The nethod of claim 19, wherein the steps of cal culating saﬂ? JANrﬂmﬁ
derivative, calculating said second derivative, weighting said irs
derivative, weighting said second derivative, inplenenting said digital

| owpass filter operation, and summ ng said sensed flowrate signal with
said weighted first derivative and said weighted second derivative are
executed by a digital signal processps controller. 21. The nethod of claim
20, wherein said digital signal processor controller is executable to
conmuni cate with a conmputer via a connection between said digital signal
processor controller and said conputer, said conputer is executable to
performpgal cghat hersod | HEl HUi 0 S8 dyliddeSth WeleORitepsaicd @GLNUaMEIPNaicaNd
said tine constant. 22. The nethod of claim 21, further conprising the
step of figgwnieaidiatdveal ealaelHridigaciior Pegony darivaldirsut ¥eigbt St HHidhe
devi ce e, oAl gbdigial, SO REOEESNOLe EAN (A he 10e Al thtdhndndigd (@i
signal processor controller 1 n calculating salé digtally“enhance flow
rate si gnaitalR3lovwiresndtihbdr obpetat imm 2 anghenemingapdidt eengmd dEldvwcerdte a
EEPROM 24sa1Tne: IPLIOd: ol chabm 1. g el sald uei ahitgd LLrst derlyaly ve.
sai d fiFtered Weighted Se¢dhia®terivari Ve “ahd 'Said “ditgi falfy ennanted T | ow
rat e si gaalvarieecake udad@nt edsbnga difdienensegreugirceasso? conkrdil et al nass
flow controller for controlling the flow of gas in a process, said digital
mass flow controller conprising: a flow sensor that measures an actual gas
flow rabe. t hrpelghebdl ofli gldsh P®SSwheQWC WHiGOldiRfitand saghaut precsaised
flowrate sigqg%i 0 7 JAN 2004 26 a digital mcrocontroller which generates

a digit §P2 is executable to communicate with a computer via a
connection between said digital signal processor controller and said
computer, said computer is executable to perform calculations

including said first weight, said second weight, and said time

constant.

22. The method of c¢laim 21, further comprising the step of
downloading calculations performed by said computer to a storage
device in said digital signal processor controller to aid said digital
signal processor controller in calculating said digitally enhanced

flow rate signal.
23. The method of claim 22, wherein said storage device is a EEPROM.

24. The method of claim 14, wherein said weighted first derivative,
galid filtered weighted second derivative, and said digitally enhanced

flow rate signal are calculated using difference equations.

25. A digital mass flow controller for controlling the flow of gas
in a process, said digital mass flow controller comprising:
a flow sensor that measures an actual gas flow rate through said

digital mass flow controller and outputs a sensed flow rate signal;



signal using said sensed flow rate signal, a first derivative OQ -ng cN
sensed flow rate signal, a filtered second derivative of said s é 129%/\/
rate signal, and a set-point signal; and a valve in said digital mass fl ow
controller which is controlled by said digital control signal wherein said
m crocontroller is executable to calculate said first derivative of said
sensed flow rate signal, calculate assecond derivative of said sensed flow
rate signal, weight said first derivative with a first weight to generate
a weighted first derivative, weight said second derivative with a second
wei ght to generate a weighted second derivative, inplenent a digital

| owpass filter dpwrtali onicrmwsatdolbeghtvadchs epoirdadesi \wat dygitLl geBgtadE a
filtered,weighted seco and sum_said _sensed f] ow rate signal

d deri ive, , , , .
i th SaPdouBr GO Froe: Seaerd VoW, 5aEf griband s 51 85 e i@ 1Y shasaLa
deri vat iseRs&d gfiedw tiategeyighat p @ € Bidrald ¥eeBRaANESH: JdrQWer k€ 585 gNalns b
The system of claim 25, wherein said sensed flowrate is converted to a

di gi tal fSBRsEH & Fo@PPAt 2 gnartpPPERt dgnehl ciicating said first
derivative; aCaht¥d atd %iﬁaﬁgg:?@&lorﬂ%_sge'flé!@té&ﬁ:;rogggrWﬂqgssﬁloqt?$ﬁ%?l
sensed flow rate signal with said weighted first derivative signal an
sai d wei ght e8Ysé&abfdddet tadat s reilgabnaR 7whaies s ysstismnofc rokan hr @6, evwhier ei n
said digital e§gg§,_g%1fel o, I 8t feusi@nal i gonyerted to.a digitall
; . s
linearized sensed T1ow rate signal using a eaés rls"c?%é?’%s O%Iet%ao]dyp??ﬁeq 0:
cal cul ating Sapd fatestsigealvati ve;
calculate a second derivative of said sensed flow rate signal,
weight said first derivative with a first weight to generate a
weighted first derivative,
weight said second derivative with a second weight to generate a
weighted second derivative,
implement a digital lowpass filter operation on said weighted
second derivative to generate a filtered weighted second derivative,
and
sum said sensed flow rate signal with said weighted first

derivative signal and said weighted second derivative signal to

generate a digitally enhanced flow rate signal.

26. The system of claim 25, wherein said sensed flow rate is
converted to a digital sensed flow rate signal prior to:

calculating said first derivative;

calculating said second derivative; and

summing said digital sensed flow rate signal with said weighted

first derivative signal and said weighted second derivative signal.

27. The system of claim 26, wherein said digital sensed flow rate
signal is converted to a digitally linearized sensed flow rate signal
using a least squares method prior to:

calculating said first derivative;



0 1 JAN 2004 27 cal cul ating said second derivative; and sunningquygq
digital sensed flowrate signal with said weighted first deri i gpwha
and said wei ghted second derivative signal. 28. The system of claim 27,
wherein said first weight is calculated based on gas species in said
digital mass flow controller and a given nmnechanical platform 29. The
system of claim 28, wherein said segond weight is calculated to correct
where said digitally linearized sensed flow rate signal does not
approximate a true exponential rise. 30. The system of claim 29, wherein
said digital |owass filter operation further conprises a tinme constant
whi ch i s deteirguied ingNPaid Gidoynd ddrivEtaveyskedn of claim 30, wherein said
digital mcrocontroller is further executable to: conpare said set-point
signal with SHMHRG Foldl AyItiatedderl ShPvr Bt sTigial #dtheRdiat veightiedi t al
error sEgRal qeddat PRl TRk Aa sk Wdidl wEi?ﬁw@Q%bhen@érmke%aéigﬁaqnt rol

operation on said digital error signal To generate a digital control
signal. 32. The system of claim 31, wherein said set-point signal is

convert t lgital ge ' Si L..prj t o I i - i nt
si gnal %\ng't horg% Cdg%ttgﬁt g?l Elgﬁh?n?c'e %g&vﬂrg%{ed s?lgnan%ég.ﬂgTEg g{’)‘g elr%t%

cl ai m 32asashemneigpssapec thyiitnalsapd cdogidralr obker flew cordirgilial sadyrelgiven
process&gcﬁg Grg on%réggéa'. 0 7 JAN 2004 28 34. The system of claim 33,
wherein saldlﬁlgi? si'ghial processor

29%. The system of claim 28, wherein said second weight is calculated
to correct where said digitally linearized sensed flow rate signal

does not approximate a true exponential rise.

30. The system of claim 29, wherein said digital lowpass filter
operation further comprises a time constant which is determined

empirically.

31. The system of claim 30, wherein said digital microcontroller is
further executable to:

compare said set-point signal with said digitally enhanced flow
rate signal to generate a digital error signal; and

implement a digital PI (proportional integral) control operation

on said digital error signal to generate a digital control signal.

32. The sgystem of claim 31, wherein said set-point signal 1is
converted to a digital set-point signal prior to comparing said set-

point signal with said digitally enhanced flow rate signal.

33. The system of claim 32, wherein said digital microcontroller is

a digital signal processor microcontroller.



m crocontroller is executable to conmunicate with a conmputer vi 72AN 2004
connection between said conputer and said digital signal processor
controller, said conputer is executable to performcal cul ations including
said first weight, said second weight, and said tinme constant. 35. The
system of claim 34, wherein said conputer is further executable to

downl oad said cal cul ati ons performedzdy said conputer to a storage device
in said digital signal processor controller to aid said digital signal
processor controller in calculating said digital control signal. 36. The
system of claim 35, wherein said storage device is an EEPROM 37. The
system ofi. cl @hen 28psteahesti alsam d3yei ghdwesd of i gatild dBIgivali wegnabapdoved gt ed
second derivative, _said fil tere%?wei hted second derivative, and said

di gi t al "EGFRTMELSE YRRl L8r EXEGPERRLE P USPRRFIIGREPerdhBe P RATPUGRS. VAR, 2A
syst em tehangaiiehatidtgeandisgibaldonpapbanasd hew mabersi 98abnai r gpddeskiised
flow rate signal provided by a flow sensor in a mass flow controller, said
system ﬁ@%ﬁg‘-l&r@onﬁ%&%r Y ER stfor EfeERtaLl §iot apesinl cpleebatioms
control bgeyugidigd dight ai rskInali JHoCessSQy %g?ﬁ&o'de‘ir h‘EZ‘eC&{-fc?b'sSi Ot ime
calculate a first derivative of said sensedo' ow rate signal; ca cuﬁ ate a
second derstatti.ve of sensed flow rate signal; weight said first derivative
with a first weight to generate a weighted first derivative signal; 0 7
JAN 2004 29 wei ght said second derivative with a second weight to generate
a 35. The system of claim 34, wherein said computer is further

executable to download said calculations performed by said computer to
a storage device in said digital signal processor controller to aid
said digital signal processor controller in calculating said digital

control signal.

36. The system of claim 35, wherein said storage device is an
EEPROM.
37. The system of claim 25, wherein said weighted first derivative,

said weighted second derivative, said filtered weighted second
derivative, and said digital control signal are calculated using

difference equations.

38. A system for generating a digitally enhanced flow rate signal
from a sensed flow rate signal provided by a flow sensor in a mass
flow controller, said system having a computer program stored on a
digital signal processor controller, said digital signal processor
controller executable to:

calculate a first derivative of said sensed flow rate signal;

calculate a second derivative of sensed flow rate signal;

weight said first derivative with a first weight to generate a

weighted first derivative signal;



wei ght ed second derivative; inplenent a digital |owpass filter dp@r gANSZUDQn
said weighted second derivative to generate a filtered wei ghted secon
derivative; and sum said sensed flow rate signal with said weighted first
derivative signal and said filtered weighted second derivative signal to
generate said digitally enhanced flow rate signal. 39. The systemof claim
38, wherein said sensed flowrate iszgconverted to a digital sensed flow
rate prior to calculating said first derivative, calculating said second
derivative, and summ ng said sensed flowrate signal with said weighted
first derivative and said filtered weighted second derivative. 40. The
system of cl aeigi39,salildece-ond adek idiagiitral whenseGekbbaw wédidht To genp¥eited to
a digitally lipearized sensed flow rate using a | east squares nmethod prior
to cal cﬁ?h%??é]?&fzan‘?i‘?%rt”&&li"%ti ve, calculating said second derivative,

and sumi ng sapremansed &lowatmwpagnalrimith opalgk el bt edafdr sbightea
derivative and said filtered weighted second derivative. 41. The system of
cl ai m 48scopfbrdanivasivef FPspenRTafit & drilégrdd weigthast fqoosd derivatives s
cal cul aggg based on a gas species in said digital nmass flow controller and
a given nechanical platform 42. The system of claim41l, wherein said
second wei ghsufiorsagdi deenmidghtow semord sfigmalat witgh | sacdl ordigfiveddt of oortr ect

oot ox: et i %, Bubleh MERAR A RERESG: PRS00 e Dk b

approxi mate a~ true exponenti s
cl ai m 420 gdrenveirn saldl diggithaly| ewpasedf Elderrate signal.

39. The system of claim 38, wherein said sensed flow rate 1is
converted to a digital sensed flow rate prior to calculating said
first derivative, calculating said second derivative, and summing said
gensed flow rate signal with said weighted first derivative and said

filtered weighted second derivative.

40. The system of claim 39, wherein said digital sensed flow rate is
converted to a digitally linearized sensed flow rate using a least
squares method prior to calculating said first derivative, calculating
said second derivative, and summing said sensed flow rate signal with
said weighted first derivative and said filtered weighted second

derivative,

41. The system of c¢laim 40, wherein said first weight for said
weighted first derivative is calculated based on a gas species in said

digital mass flow controller and a given mechanical platform.

42. The system of claim 41, wherein said second weight for said
weighted second derivative is calculated to correct where said
digitally linearized sensed flow rate signal does not approximate a

true exponential rise.



operation further conprises a tine constant,
enpirically determ ned. 44. The system of cl

signal processor <controller is executable tg
via a connection between said digital signal
conputer, said conputer is executable to perf

said first weight, said second wei ghtg and s¢g
system of claim44, wherein said conmputer is
downl oad cal cul ati ons perfornmed by said conpd
said digital signal processor controller to 3
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