0 6 JAN 2004 WD 01/ 04582 PCT/ US00/ 40254 1 SYSTEM AND METHOD FCRR6SBAROKIjA
RESPONSE LI NEARI ZATI ON TECHNI CAL FI ELD OF THE I NVENTION . This invention
rel at es YYePE#43B2 y t 0o sensor response 5 linearization sysREHESME2Het hods,
and nore particularly to sensor response |linearization systenms and net hods
ina mass flowcontroller. 0 6 JAN 2004 WD 01104582 PCT/ US00/ 40254 2
BACKGROUND OF THE | NVENTI ON Transducers (sensors) are objects that convert
one formof energy into another. There are many types of sensors, such as
pressure sensors, electrical sensors, 5 Ghem cal sensors, and tenperature
sensors. Sensors provide information about the state of a process. This
information is often used to both nonitor and control the process. Sensors
~are widely used gii¥rewo e MER@IODSSIRC WRAIEIRO RESIONEE M, rfaz0R ©50T Yoroni t or
and control 10 various industry processes. As channel |engths and |ine

wi dt hs decrease, allowable process variations in the Sem conductor

| ndustry aIngggﬁiggnglghgrsgp&ﬁE ?ﬁ%ﬁanONin the Sem conductor |ndustry

must produc antd*rerapfe resuftS-so that processes can be

careful ly and 157pigcisebytiBhi tenalesgenbype19f toeBeaERf rsgisre i n
sem conductor processes is a flow sensor. A flow _sensor neasures the
5 linearization systems and methods, and more particularly

to sensor response linearization systems and methods in a

mass flow controller.



gas flowinto a process chanber. Flow sensors are typically tﬁgpnyAN 2004
sensors. A thermal flow sensor is 20 often conposed of two resistance
t enper atwoi@esgzors wound around a capillary tube. Wen gq—_sr,{,#dawﬁzsghrough
the sensor, heat is carried dowstream and the tenperature difference is
proportional to the mass flow rate of the gas. Unfortunately, many
sensors, including 25 fl ow sensors, have an innate non-linear response. -
Consequent |y, many net hods have been inplenented to |inearize the output
of the sensor prior to inputting the sengor signal into a control system
Anal og nethods prior art sensor linearization has 30 been achieved with
non-1inear electronic conponents such O 6 JAN 2004 WO 01/04582
PCT/USOO/40254 3 a dlodes and transistors. These non-linear electronic

= & Jet elovtnsating circuit topol ogy such that
t he non-1|i near ch leetisC ¢ fﬂgg% | e verse
of the sensors no%EgﬁFgﬁggfgreggbnses F%gﬁégiﬁ|f§%g%¢§#eéo%ﬁ%£? ?%?lonshlp
bet ween a cofpeut Pdnenesgonsattl apfothecnnpeTisate mye onacyi typepobbgy, a
sensor response 12, and the resultin Iineariz%%H%es ons

14.
Unf or t unat el §E2ERESus &1 éﬁnﬁgﬁﬁﬁﬂ EHRU s ct %F?ﬁh%?%ﬁ?r%roblens

First, st hesech¥pesadf sepdpersatkinig té?rlaié%élt?@r@r&r?ééﬁ‘ adgegkses manual |y by
a technician and may be a tedi ous and tine consum ng cal i brati on process.

Second, the BBAVREAReadnieamasAom ahrmr dlengitatieiof a process. This

information is often used to both monitor and control the

process. Sensors are widely used throughout the
Semiconductor Industry to closely monitor and control

10 various industry processes. As chamnnel lengths and line
widths decrease, allowable process wvariations in the
Semiconductor Industry also decrease. Therefore, sensors
in the Semiconductor Industry must produce accurate and
reliable results so that processes can be carefully and

15 precisely monitored.

One type of sensor cften used in semiconductor
processes is a flow sensor. A flow sensor measures the
gas flow into a process chamber. Flow senscors are
typically thermal sensors. A thermal flow sensor is

20 cften composed of two resistance temperature sensors
wound around a capillary tube. When gas flows through
the sensor, heat 1s carried downstream and the
temperature difference is proportional to the mass flow
rate of the gas. Unfortunately, many sensors, including

25 flow sensors, have an innate non-linear response.
Consequently, many methods have been implemented to
linearize the output of the senscr prior to inputting the
sensor signal into a control system.

Analog methods prior art sensor linearization has

30 been achieved with non-linear electronic components such



characteristics with tenperature and any shift of the 15 null pBifnt/ANaQ04
result in Iarge errors in the corrected output. A null point shift also
may be cHBEWY the sensor itself. These sources of err SCTAHIOBESS educed
or conpletely elimnated by the digital nethods. Digital Mthods include
interfacing a sensor wwth a 20 digital mcroprocessor. Wen the sensor is
interfaced with a mcroprocessor, the non-linear sensor characteristics’
.can be corrected by conputational nethods. These conputational mnethods

i ncl ude polynomial curve fitting. 25 Unfortunately, digital nethods al so
have sone di sadvantages. The coefficients of the polynomal curve are

of ten cal cul ated usi ng mat hematical fornulas that may be too cunbersone

for nost m caspifedssonndusiragsisteger. Jhiekkmeidns.liMexy; &¢ectopdeid ati ons
may i nclude nunbers 30 that nmay be either. too large or too sma|l for the
linited 0 6 FRNPOBERLSE ﬁﬁﬁb@ﬁtPPeﬁérépgﬁﬁelﬁ<ﬁwﬁﬂmﬂﬁﬁﬁﬁﬁlqﬁwClICU1t

linearizati 0@08?2;2?}(5 LLUA! @Rl %hfeugfro%erhﬂgg&a\% 24 dfetd V%P@%fen?é t he

polynon1al IS ér than two. s for sensor neari zation
i ncl ude 5 cormbmpengasnabogiacdidi gist &het enherpeef 'Iﬂi'fsesafrembmmonhomever

or 3 | Pmi Ced MAORBEr TPPEPAS n ERE R Ao CE S o S S 3 AP R S o
need for a t gehReaueaf ebrr&ta%ﬂsgresb%@@nm ldfn%ardcﬁlﬁiérpéhiﬂi’é over cones
the circuit topology, a sensor response 12, and the resulting
linearized response 14.
Unfortunately, the use of compensating circuits has

10 inherent problems. First, these types of compensating
circuits are often adjusted manually by a technician and
may be a tedious and time-consuming calibration process.
Second, the non-linear components may change their
characteristics with temperature and any shift of the

15 null point may result in large errors in the corrected
ocutput. A null point shift also may be caused by the
sensor itself. These sources of error can be reduced or
completely eliminated by the digital methods.

Digital Methods include interfacing a sensor with a

20 digital microprocessor. When the sensor is interfaced
with a microprocessor, the non-linear sensor
characteristics can be corrected by computational
methods. These computational methods include polynomial
curve fitting.

25 Unfortunately, digital methods also have some
disadvantages. The coefficients of the polynomial curve
are often calculated using mathematical formulas that may
be too cumbersome for most microprocessors using integer
arithmetic. Also, the calculations may include numbers

30 that may be either too large or tooc small for the limited



« di sadvantages of prior art analog and digital nethods of |Ii neglgz§?$u¥ﬂg%
The net hod shoul d enable calibration of a sensor with little I
interaction by a technician or engineer. Also the nethod should not be 15
limted by the circuit or conmputer conponents assisting in the

| i neari zation process. Qther prior art systens are described, for exanple,
in the follow ng publications: European Patent Application nunber EP-A-0~
890 828 (Enerson Electric Co.) 20 January 13, 1999; European Patent
Application nunber EP- A-0 834 723 (Enmerspn Electric Co.) April 8, 1996;

U S Patent nunber US-A-4 059 982 (Bomnan) Novenber 29, 1977; U.S. Patent
nunmber US-A-5 369 603 (Myers) Novenber 1994; and European Patent

Docenbor 23, " 1985" geéﬁ?Aﬁ‘?lgB?%&%G@%é%%ﬁgjesz B AVERTREREFhe OB cgent

i nvention prmhede$taasysheﬁbamdrﬁBEBOdggEa&aﬁéﬂSQE £EBePaBgeckl Beakhzation
that substantially  elimnates or reduces di sadvantages and problens 5
associ at ed wWPPhYPPBYPSusPy Sd8GEEEpERaBysFens and net hods for sensor

response | inear i 2gthap. nblheaspectl Leally. 1ihe Rogseut i ayentign provides a

system for generating a |inearized sensor Signa Froma 8 flowrate
signal2in a sesbifiiow eoaﬂpglbad t@gdoapr ktechgigubkow $RASEr meRabdeeasures
an act ual rate agd outg he S nsed flowrate S|gnal and a

di gital S|gn§? BY 6t es&of Cwht an EBR) amBEt8Rifnt faysed by either

additional circuit compconents or a limited number field
in the MmiCroprocessor.

Ultimately there is a need for a technique-for

10 sensor response linearization that overcomes the
disadvantages of prior art analog and digital methods of
linearization. The method should enable calibration of a
sensor with little or no manual interaction by a
technician or engineer. Also the method should not be

15 limited by the circuit or computer components assisting
in the linearization process.

Other prior art systems are described, for example,
in the following publications: European Patent
Application number EP-A-0 890 828 (Emerson Electric Co.)

20 January 13, 1999; European Patent Application number EP-
A-0 834 723 {Emerson Electric Co.) April 8, 1998; U.S.
Patent number US-A-4 059 982 (Bowman) November 29, 1977;
U.S. Patent number US-A-5 369 603 (Myers) November 29,
1894; and European Patent Application number EP-A-0 519

25 751 (Exxon Research Engineering Co.) December 23, 1992.



*conputer is programmed to convert the sensed flow signal to tg§5|URﬁaab§Ed
sensor signal using a kth-degree 15 polynom al p(n) = almta2 +00+ }
where p(m is the Ilinearized sensor signal, inis the sensed flow rate
signal, and al are a set of calculated coefficients with =1, k. The
present invention also provides a nethod for 20 generating a |linearized
sensor signal froma sensed flow rate signal in a mass flow controller -
using a kth-degree polynomal p(m = almta2n? +...+aknk, where p(m is
said linearized sensor signal, mis said;sensed flowrate signal, and aJ
are a set of calculated coefficients with 25 j=1,k,, said nethod conprising
measuring an actual flow rate with a fl ow sensor and outputting said

sensed fl ow i @a& nqN 0y r%}ing said linearized sensor signal from
sai d sensed E&g&gﬁzkgaﬂ%ﬁaﬁ—gﬁiié4¥cﬁgital signal processor in
conj unction with aheoppubent QrfelAN2004 oy iGde grhadimenty of. Ahe,

i nvention conprises a nethod for generating a |inedrized sensor signal p
from a sensofCrsEghaPrNMresPrryse Kihnedegrree ipol et aubstetceaflfi cients  of

the kuh-degree.pobyood al san.he caleulated by using 8 the | east. squar es

met hod. The conputer can calculatef S5 of the jth

coef fiBi ent assotibhedkihttegreeipolsyRoniedle 1apddawsead the ereffda ents
and resulting 'roots rl to a storage device in a digital signal processor
(DSP). For 2&PEkSepRerDEPSPRASCaléneard zption.

More specifically, the present invention provides a
system for generating a linearized sensor signal from a
sensed flow rate signal in a mass flow controller
10 comprising a flow sensor that measures an actual flow
rate and outputs the sensed flow rate signal, and a
digital signal processor which in conjunction with a
computer is programmed to convert the sensed flow signal

to the linearized sensor signal using a k™-degree
15 polynomial p(m)=am+a,m’ +..+a,m"*, where p(m) is the
_ . linearized sensor signal, m is the sensed flow rate
signal, and ga; are a set of calculated coefficients with
3=1, k.
; The present invention also provides a method for

20 generating a linearized sensor signal from a sensed flow

rate signal in a mass flow controller using a k™-degree
polynomial p(m)=am+a,m’+..+am*, where p(m) is said
linearized sensor signal, mis said sensed flow rate
signal, and @; are a set of calculated coefficients with

25 j=1,%,, said method comprising measuring an actual flow
rate with a flow sensor and outputting said sensed flow
rate signal and generating said linearized sensor signal
from said sensed flow rate signal using a digital signal

processor in conjunction with a computer.



- 10 |a|2|-|n1and multiply the result by 1 J-~ ~a The resultlng Lﬂﬁliﬁn be
added to the calculation of almto generate the kth-degree palﬁi 0% .The
kt h-degree polynomal is the linearized sensor signal. The present
i nvention provides a technical advantage i5 in that it does not require
manual calibration or "tweaking" by a technician or engineer. Calibration
is perfornmed by a conputer based on output of the sensor for various B
known process rates. The nmethod does not require "tweaking" of anal og
circuit conponents to adjust 20 conpensatdng circuitry as with prior art
anal og nmethods of calibration. The present invention also provides another
techni cal advantage in that it can accomobdate conputer nultiplication of

very snmall and ve | ar nunb Cal cul ations using such nunmbers may
result in errors é g ° Pgogﬁ@ep%nPFeggﬁuﬁﬁan F@PdCSWp59gFPaBI@eth°d

M Cropr ocesspss %@ﬁbﬁﬁtuﬁgdaf Qﬁn@a@&&eh %}éﬁ%@%ss@ﬁa@nabkkeﬂ aceunake
calculations with both very small nunbers and very large 0 6 JAN 2004 7

number s, thesbgééénm PAGEAL ok pﬁ@ﬁnﬁﬁsgﬁhnnqwkﬁinu%ﬂhﬁ atigfifiiadi eardtshod of
[ nearizati oge P8 JAN 2004 8 BRI FE DESCRIETLON OF THE ORAWINGS A Jror e

conpl ete understandlng e pr
5 the least-squares method. The computer can calculate for

2<j<k the (23-1) root of the j* coefficient a; of the

k*""degree polynomial and download the coefficients and
resulting roots r; to a storage device in a digital signal

processor (DSP). For 2<j<k, the DSP can calculate

]

1 J J=1
10 {a?*n% and multiply the result by [ay*J . The resulting

J

terms can be added to the calculation of a;m to generate
the k*"-degree polynomial. The k™-degree polynomial is
the linearized sensor signal.

The present invention provides a technical advantage

15 in that it does not require manual calibration or
“tweaking” by a techniéian or engineer. Calibration is
performed by a computer based on output of the sensor for

1 ‘ .various known process rates. The method does not require
“tweaking” of analog circuit components to adjust

20 compensating circuitry as with prior art analog methods
of calibration.

The present invention also provides another
technical advantage in that it can accommodate computer
maltiplication of very small and very large numbers.

25 Calculations using such numbers may result in errors due
to the limited number field on available microprocessors
cften used for control systems. By enabling accurate

calculations with both very small numbers and very large



- invention and the advantages thereof may be acquired by refegiin No t he
follow ng description, taken in 5 conjunction wth the acconp 'gﬁ ZNM
drawings in which Iike reference nunbers indicate |ike features and
wherein: FIGURE 1 is a graph of a prior art correction response, sensor
response, and linearized response; FIGURE 2 is a bl ock diagram of one
enbodi nent of the 10 present invention;. FIGURE 3 is the flow diagramof -
one enbodi nent of the calibration process; FIGQJRE 4A represents a general
fl ow di agram of one enbodinent of the |inearization process; 15 FI GURE 4B
is a detailed flow di agram of one enbodiment of the linearization process;
and FIGURE 5 is another enbodi nent of the present invention. 0 6 JAN 2004
9 DETAI LED DESCRI PTI OF THE | NVENTI ON Preferred enbodi ments of the
present inveRtPBRTEr et FIPE§FF§FeH“VﬁnFh@nFPGBRE§ESIﬁk@oﬁ@nﬁﬁamgabelng used
to refer togljkeaaneeabuespondhagrpantsoal various 5 drawings. The
present invention provides a nethod |near|2|ng a sensor signal using
a kt h-degree polynom al. The nethod enabl es the processing of |arge
nunbers nultiplied by small nunbers when the nunber fields for 10 both
| arge and small nunbers are |imted. In addition, the algorithm makes
hi gher degree pol ynom al



* approxi mation feasible using a DSP type m croprocessors mnth iNGeIRN 2004
arithnetic and limted nunber field. FIGURE 2 is the bl ock diagram of one
enbodi ment of 15 the present invention. Sensor 16 can produce anal og
sensor signal 18. Anal og sensor signal 18 can be input into

anal og-to-digital converter (ADC) 20 to produce digital sensor 5|gnal 22.
Di gital sensor signal 22 can be input into digital signal processor (DSP)
24. DSP 24, 20 in conjunction with a conputer 26, can produce |inearized
digital sensor signal 28. FIGURE 3 is a fd ow diagram of the embodi nment
illustrated in FIGURE 2. Prior to using the systemof FIGJRE 2 to produce
linearized digital sensor signal 28, 25 conputer 26 can performa
calibration flom1d|aoran1of one enbodi nent of the
calibration - Fdem the calibration process with
pover ful test andA”E6§Hr@Bﬁﬁ§e§@fEH@E?stékd§ESpo§2the et HE data 30 0 6
JAN 2004 10 {nl f1,nP ..,m fn} [EQN 1] can be obtglneg represents
the ith neashméﬁnVaPUeabﬁ tHEgﬁdHBngegscrthegﬁaE mayfbenasqnsmedlﬁy fis

the 5 corres c a vaI of t he roces .bein asured and i=1,n,

where n is tﬁ%P%%ngng £$ neasugfa épﬁeg S?ﬁép PﬁeagﬁggPlﬁﬂ met hod can

i mpl engnt a pohyanatabnfkvithnthdi getahpsansas akanahgd2inTheipgl YRai al fit
is given

reference numbers indicate like features and wherein:
FIGURE 1 is a graph of a prior art correctiocn
response, sensor response, and linearized response;
FIGURE 2 is a block diagram of one embodiment of the
10 present invention;
FIGURE 3 is the flow diagram of one embodiment of
the calibration process; |
FIGURE 4A represents a general flow diagram of one
embodiment of the linearization process;
15 FIGURE 4B is a detailed flow diagram of one
embodiment of the linearization process; and
FIGURE 5 is another embodiment of the present

inventiocn.



“by, 10 p, (m) = a,m +a2n2 +...+aknk , [EQN 2] where p; is th t
p?/edi ct gd glizleari zed) value of the ith neasured value m of @%-’M 2604
sensor signal 22 and k is the 15 degree of the polynomal with k<n--1
Calibration is used to calculate the coefficients (al, az,..., ak) of t he
polynom al in equation 2. The coefficients may be calculated by the -

| east error-square method at step 34. In this nmethod the coefficients (alr
al,...,ak) are chosen such that the total 20 error between the predicted
val ues and the actual values over all glata points is mnimzed. If the
total error S is given by the sumof the individual errors squared, 25
(am +a2n? +...+aknk - f. 2 [ECN 31 then the coefficients of p;(m) may be
chosen such that, as as as aax [EQN 9] 0 6 JAN 2004 11 Once the
coef fici ent s_EgMLIEGDPIDEYSEIR(IIElT;deOET T;HtEedNV@@TI@@rrput er 26 can calcul ate

kK th 2 f t al, I [ EQN
L?;nggf cgnguge{P%%fgg%% RF%Q%mbhEsﬁ%Ef b%:%%e§e§ﬁdqu§gH%FFh@IF%ots rj

in binary foi&ﬂUBtratsﬁonagehéeWEGﬁREﬁ, D3Re24umerals being used to

refer to like and corresponding parts of various
5 drawings.
The present invention provides a method for
linearizing a sensor signal using a k*"-degree polynomial.
The method enables the processing of large numbers
multiplied by small numbers when the number fields for
10 both large and small numbers are limited. 1In additien,
the algorithm makes higher degree polynomial
approximation feasible using a DSP type microprocessors
with integer arithmetic and limited number field.
FIGURE 2 is the block diagram of one embodiment ofi
15 the present invention. Sensor 16 can produce analog
sensor signal 18. Analog sensor signal 18 can be input
into analog-to-digitalrconverter (ADC) 20 to produce
digital sensor signal 22. Digital sensor signal 22 can
be input into digital signal processor (DSP) 24. DSP 24,
20 | in conjunction with a computer 26, can produce linearized
digital sensor signal 28.
FIGURE 3 is a flow diagram of the embodiment
illustrated in FIGURE 2. Prior to using the system of
FIGURE 2 to produce linearized digital sensor signal 28,
25 computer 26 can perform a calibration process. FIGURE 3
is a flow diagram cof one embodiment of the calibration
process. Computer 26 can perform the calibration process
with powerful test and measurement software. At step 32,
a set of data
30




: FIGDRE 4A represents a general flow diagramof one 10 enbOdinﬁ;ﬁ&ﬂdﬂ@i,

| i neari zati on process. For 2<j<k, steps 40 and 42 can be inpl

calculate I [aPlm. and [EQN 7] [[a*iJm]. [EQN 81 15 respectively. At
step 44, DSP 24 can multiply the result of step 42 by [EQN 9] At step 46
alm can be calculated. The ternms resulting fromstep 44 can be added to
alm to generate the ith 20 predicted value pi fromthe ith neasured val ué
at step 48. Figure 4B represents a detailed flow diagram of anot her

enbodi ment of the linearization process. ﬁt step 50, the process starts.

At step 52, SUMis initialized accordiné to the equation SUM=O, while is |j
is 25 initialized according to the equation j=2. At step 54, a 0 6 JAN 2004

12 digital value, m off digital sensor signal 22 is obtained. i ranges
froml to n where n is{’r‘h ;mmbéf,--ofm,,difghtal val ues in the diEgnt 4l sensor
signal 22. At step 56, it 1is determned whether j is greater than k. If |

is not 5 gre rLh ; en sie i s_J1nmplemented. At ste 8 | _rf =
a,''-' is re?%ﬁesgd%pF§%P%3ﬁ0r3£i#?é%%F?ﬂESA&%% the"5R5HaEE ?Fﬁgerfﬁi is
formed. At stiepi6@l senkb@exidnidli 82 from sensor 16, f is the |

5 corresponding actual value of the process being measured
and i=1,n, where n is the number of measured values. The
linearization method can implement a polynomial fit on
digital sensor signal 22. The polynomial fit is given
by,

10
pi(m)=am +a,m’ +..+a,m!, [EQN 2}

where p; is the i*" predicted (linearized) value of the it
measured value m; of digital sensor signal 22 and k is the

15 degree of the polynomial with k<n-1. Calibration is used
to calculate the coefficients (aj, aj...a) of the polynomial

- - in equation 2. The coefficients may be calculated by the -

least error-square method at step 34. In this method the
coefficients (ay, aj..,ay) are chosen such that the total

20 error between the predicted values and the actual values
over all n data points is minimized. If the total error S

is given by the sum of the individual errors squared,

s=Y(p-£) =

R

25 Z(alm; +a,m} +..+a,m! —f.)2 [EQN 3]

f
=]

then the ccefficients of p(m) may be chosen such that,

= =—=0. (EQN 4]



-initialized and a variable vj is set equal to ta. At step 6,'ib4i§1 0
determned if 1=j. At step 64, if 1 is not 10 equal to j, then |§£‘Ig%
= vjtj. At step 66, index 1 is incremented according to 1=1+1. The process

then reverts back again to step 62 where 1 is conpared to j. |If 1= at
step 62, index 1 is initialized to zero at step 68. It is then determ ned
at step 70 if 1 =j-1. If 1 15 is not equal to J-I, variable vj is set -

equal to vjrj at step 72. At step 74, 1 is then increnented according to
the equation 1=1+1. The process then reverts back to step 70 and it is
determ ned whether 1=j-1. If index 1= -1]1 SUMis increnented according to

the equation to 20 SUMSUM + vj at step.76. At step 78, |j is then
i ncrenented according to the equation j=j+l. The process then reverts back
to step 56 where it is determned whether j is greater than k. If j is

greater than k at step 56, step 80 is inplemented. At step 80, variable rl
25 which i s equal °P6€athe §oghidcaeatsr bavareksey icalbSRazed War isaleipe t 1,
which is equ t bl $ Al L cul d lg _step.82, the.ith predicted
of the ith nggéu?ggﬁggﬁae%éingfggﬁéﬁggﬁgsgﬁgo?<§< n§%e255ﬂ§1éaF88Fated
accordi ng tooft haeeglfatdadrridientSUM + t1. The process ends at step 88. 0 6
JAN 2004 13 The nethod disclosed in’FI GURE 4A and 4B is based on the
followgng mat hematical facts. First,Lhigher roots of nunbers |ess than one
converbe t owar ds one. Second, odd =4:nteger roots preserve thdEENg®lof the

nunber. For Eteé%gBl%B,QE%%gu%gi_gﬁogggo ghnaggdtgkgdcgg%%ikients and
resulting roots rj in binary form to a storage device in
DsSP 24.
FIGURE 4A represents a general flow diagram of one
10 embodiment of the linearization process. For 2<j<k,

steps 40 and 42 can be implemented to calculate

M
af"l":lm,., [EQON 7}
and
_ - i 1 g
(afj"']m,.:' . [EQN 8]
15 respectively. At step 44, DSP 24 can multiply the result

of step 42 by

1y
(“f‘f"] - [EON 9]

At step 46 aym can be calculated. The terms resulting
from step 44 can be added to am; to generate the ith
20 predicted value p; from the i*® measured value at step 48.
Figure 4B represents a detailed flow diagram of
another embodiment of the linearization process. At step
50, the process starts. At step 52, SUM is initialized
according to the equation SUM=0, while is j is

25 initialized according to the equation j=2. At step 54, a



. -0.015036946 and its fifth root is -0.085927. Wile the origi 1LJ?Nﬂ?ﬁE
(-0.0000034) is difficult to handle in integer arithmetic wt Feed
nunber field, conmputing with its fifth root is straightforward. Wen the
10 polynom al is evaluated, the cubic termis cal cul ated as:

((a'}Sm ~(a~Sm ) ((a3~sm |\ (aa}SX(a3r)-a3n8 [EQN 10] . Since DSP-type

m croprocessors can quickly perform nultiplication, equation requires DSR
24 to performonly five repeated multiplications: 15 (1) cal culate and
store 1(a3)nm) (15t multiplication) (2) multiply the stored nunber tw ce
with itself (2"d and 3rd nultiplication)l2(3) multiply the product obtained
in (2) twicewith ((ajl) (4th and 5th multiplication) . 20 Cal cul ati on of

- the second order termcan be done in a simlar fashion. This nethod can

easi |y be exti¢pdedlt @alliegher ofdeigpekyneshabrappLaxh S d the
hi gher order terns have coeff|0|entg less th anrl mﬁé WQESQQ nggxégge in

the mass-f| ol EBREEEI E&PMappltioc &t WhegE. n EISGURE @umémneséhmaganalenbodlnent

of the prese vent lyi ri zati.on of sensor sig t akes
pl ace in theO%%H%gx?Ho?%nass ﬁgﬁ %%%t?&lﬁégnﬁg 2% nggs tﬁﬁb&ﬁboﬁﬁroller
90, fIOM/sensard@ﬁenmasuﬂeghamhualth@nge@tééNt%gQ4k14 %% ;Senseg | ow

rate sggnal 96 i s |n€5 into ADC 98 to_produce digital sensed flowrate
si gnal >100. ?)F@PFE’F BRs&d theWw Pae® SBgAal iredementiesh | Aputstep DSR 102.

7 —azf] is retrieved from memory in DSP 24. Also the

product tj = rym; is formed. At step 60, an index 1=1 is
initialized and a variable vy is set equal to tj. At step
6, it is determined if 1=j. At step €64, if 1 is not
10 equal to j, then variable vy = vity. At step 66, index 1
is incremented according to 1=141. The process then
reverts back again to step 62 where 1 is compared to J.
If 1=3 at step 62, index 1 is initialized to zero at step
68. It is then determined at step 70 if 1 = 4-1. 1If 1
15 is not equal to J-1, variable v; is set équal to vyr; at
" step 72. At step 74, 1 is then incremented according to
the equatibn 1=1+1. The process then reverts back to
step 70 and it is determined whether 1=j-1. If index
1=3j-1, SUM is incremented according to the equation to
20 SUM=SUM + vy at step 76. At step 78, j is then
incremented according to the equation j=j+1. The pProcess
then reverts back to step 56 where it is determined
whether j 1s greater than k. If j is greater than k at
step 56, step 80 is implemented. At step 80, variable 1
25 which is equal to a;, is obtained from memory in DSP 24
Variable t;, which is equal to rym;, is also calculated.
In step 82, the i™ predicted of the i*® measured value my
of digital sensor signal 22 is calculated according to

the equation, p; = SUM + t;. The process ends at step BS.



-DSP 102 is progranmable to performthe tasks represented 5 by Iyge_pwzzﬂm on
nodul e 104 and controller 108. Linearization nodule 104 can conve )
digital sensed flow rate signal 100 into linearized digital sensed flow
rate signal 106. Linearized digital sensed flowrate signal 106 can be
input to controller 108. Controller 108 can 10 out put val ve drive signal
110. Valve drive signal 110 can be input to valve drive circuitry 112. -
Val ve drive circuitry 112 can activate valve 114 which directly

i nfluences actual flow 94. During the calibration process, DSP 102 is
operabl e to conmuni cate wth conputer 151f16, such as a PC, via a
connection between conputer 116 and DSP 102. Conputer 116 can i ncl ude

i nstructions for rIperforrn'ng ri gorous nmat hemati cal cal cul ati ons and

downl oadi ng t hese Té @dtdxacoti scd SRl 102 FISWRE 4dalacid aitf drss bamed nal ude

coefficients r | ynom al, .20 fit aof digital sensed flow rate signa
100. In FI GJEQE%F%@%S%L % SR aétlsqagnzfgcg@'caflﬁegt'c Ted XF i t al

sensed flow natmesisgnalssl@tay Mc&&erg@w@&dsnio@@.ar éé&%ﬁ,@&%ges’
t he maxi mum i nput voltage range of ADC 98 can be divided into a nunber of

25 | evel s: 0+DG2HSE1EBILS RBSSLIY 4096 (LMt ADE) nuobed-. 65536 (16- bit
ADC) . Fhe m g iNput; t.age corresppnd.to a 0.digital val ue,
whi l e t he maxi wgliegpﬁlv\é\?llolataaggqggg?gg%bn égt gﬁérgi 5??5I *¥al ue of 1023,
4095, or 65585 0N&I036 deépemdi g sorf itfird hicotnusbern .ofs ARG 98 whvast 3R

anal og-to-digital. coqnverters can dl.e bipolar signals 0 6 JAN 2004 15
9 grlglnéa nuﬂher O%%%034) i% diffié%lt to handle in

integer arithmetic with a limited number field, computing
with its fifth root is straightforward. When the

10 polynomial is evaluated, the cubic term is calculated as:
(@Fm [@Fm ) @Fm f @) @F)=am [EQN 10].

Since DSP-type microprocessors can gquickly perform
multiplication, equation requires DSP 24 to perform only

five repeated multiplications:

1
15 . (1) calculate and store [@Jhm) (1*® multiplication):
(2) multiply the stored number twice with itself
(2" and 3*® multiplication);

(3) multiply the product obtained in (2) twice with
]
[05)3) (4™ and 5 multiplication).

20
Calculation of the second order term can be done in a
similar fashion. This method can easily be extended to
higher order polynomial approximations provided the
higher order terms have coefficients less than 1 (which
25 is the case in the mass-flow controller applications).

FIGURE 5 represents one embodiment of the present
invention where linearization of a sensor signal takes
place in the context of mass flow controller 90. 1In mass

flow controller 90, flow sensor 92 measures actual flow



“as well. The digital outputs of ADC 98 may range from- 512 to 511
(10-bit), (5048 1 0 2047 (12-bit ADC), or - 32768 to 32767.(16-1&6 02004
Modern digital signal processor (DSP) conputer chips typically support
nunber 5 fields ranging from-32768 to +32767 (16-bit). The linearization
met hod of the present invention fits digital sensed flow rate signal 100
and linearized digital sensed flow rate signal 106 into a portion of the-
nunber range of DSP 102. In order to prevent nunber 10 overflow within the
arithmetic unit of DSP 102, a portion og the full range (-32768 to 32767)
of the number field can be used for |inédrized digital sensed flow signal
106. Thus, a nunber can be assigned as a maxi mum |linearized digital sensed
flow rate signal 106 which will 15 correspond to the sensed flow rate
signal 96 ougﬁut PEBAESS &RV EASEr SOgNaR] SR $ensOPUI2 imiy ABESIOSt taf two

resistive t u o] n ound a capil.l ary tuhe. The two
resistive teﬁggggﬁﬁrg§§§§§§r§§8§ﬁacg&§ﬁeg geiﬁﬁgﬁﬁ&pgo 0 c&?@&ﬁ@ for
condi ti oni ngseheedi §hak produsednby the twotheasispite tbemeer algyre sensors.
Particular r r e.is nmmde to ﬁhe interface circuit disclosed in U S.
Pat ent Applﬁ%gtig &&r PAPYRB™M881 35607 R6 X EPIrad thE! Fagks1989riepenTed

Pattangyus eby @ineseﬁkhteen"hHHﬁQ¥e@o@haﬁgFEBA%%%é§%95%b8[”terface

Circuit". Controller 108 can be inplenented using digital ‘control nethods

known to thob&nggrikatipn mhduidet 10These cpevhodsdigytiadclsedeed flow

i - ; : [ [ ntrol. Particul ar
pr0p0rt'Onalré@%egﬁghaiPthC9Q£5051ngggiggalé%gh%glcge%sed flow rate
reference i s nade

signal 106. Linearized digital sensed flow rate signal

‘ 106 can be input to controller 108. Controller 108 can
10 output valve drive signal 110. Valve drive signal 110
can be input to valve drive circuitry 112. Valve drive
circuitry 112 can activate valve 114 which directly
influences actual flow 94. During the calibration
process, DSP 102 is operable to communicate with computer
15 116, such as a PC, via a connection between computer 116
and DSP 102. Computer 116 can include instructions for
performing rigorous mathematical calculations and
downloading these calculations to DSP 102. Such
calculations may include coefficients for a polynomial
20 fit of digital sensed flow rate signal 100.
In FIGURE 5, sensed flow rate signal 96 can be
converted to digital sensed flow rate signal 100 by ADC
98. Assuming unipolar input voltages, the maximum input
voltage range of ADC 98 can be divided into a number of
25  levels: 0-1024 (10-bit ADC), 0-4096 (12-bit ADC), or O-
65536 (16-bit ADC). The minimum input voltage 0V may
correspond to a 0 digital value, while the maximum input
voltage corresponds to a digital value of 1023, 4095, or
£5535 value depending on the bit number of ADC 98. Most

30 analog-to-digital converters can handle bipolar signals




.

- - 30 the nmethods disclosed in U S. Patent Application Serial | O q’ﬁé@bﬁqgw$
16 No. 09/351,120 filed on July 9, 1999, by E. Wers, entitled™ yster
and Method for Digital Mass Flow Controller,” and U S. Patent Application
Serial No. 09/351,098 filed on July 9, 1999, by E. Wers, 5 entitled
"System and Method For A Variable Gain Proportional-Integral (Pl)
Controller." Valve 114 may be a sol enoi d-activated valve. There are nmany -
circuit configurations that can be inplenmented for valve drive circuitry
112. These configurations.may 10 convert _valve drive signal 112 into a
drive current for a solenoid that driveddvalve 114. Many of these circuits
include a control elenent, such as a transistor, providing either
continuous voltage or switched pul se w dth nodul ated vol tage across the
sol enoi d. Theslbedwi.t cAiheg daglige lwicdttipuits @ BICt i98n mafy talnve drrdowe -si gna

110. An aver ol [ urr.ent, ich. is function of the swtching
pul se width gg&t%@ §gﬁtg&@_§3&335'&ﬁé%s5peﬁgﬁa,(igﬁ §&feratt&d =i n the
sol enoi d. The2ggemei d276ur raml-paan aaeli vabe deahv e 1ti4a1Pangney! ar

reference is 20 nade to the valve drive circuitry disclosed in U S. Patent
Appl i cati on BEPF&ESKE. (PSFISTOMPUtE edios Jypicellyl $8@poy Tumber

ot by, SISO A SMOILECh D I R0 ek e L o
made to the adwanaeédation method of the present invention fits
digital sensed fiow rate signal 100 and linearized
digital sensed flow rate signal 106 into a portion of the
number range of DSP 102. 1In order to prevent number
10 overflow within the arithmetic unit of DSP 102, a portion
of the full range (-32768 to 32767) of the number field
can be used for linearized digital sensed flow signal
106. Thus, a number can be assigned as a maximum
linearized digital sensed flow rate signal 106 which will
15 correspond to the sensed flow rate signal 96 output from
flow sensor 92.

Flow sensor 92 may consist of two resistive
temperature sensors wound around a capillary tube. The
two resistive temperature sensors can couple to interface

20 circuitry for conditioning the signal produced by the two
resistive temperature sensors. Particular reference is
made to the interface circuit 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

25 Sensor Interface Circuit”.

Controller 108 can be implemented using digital
control methods known to those skilled in the art. These
methods may include proportional-integral (PI) control
and derivative control. Particular reference is made to

30 the methods disclosed in U.S. Patent Application Serial



*digital control algorithmdisclosed in U S. Patent Application{)$eriAd 2804.
09/ 350,744 filed on July 9, 1999 by K Tinsley entitled "System and Met hod
~of Operation of a Digital Mass Flow Controller”. O 6 JAN 2004 17 It is
inportant to note that the present invention is not limted to used in a
mass flow controller including the conponents and nethods referenced
above. One technical advantage of the present invention is 5 that the -
calibration procedure used to calculate the <coefficients of the pol ynom al
fit does not require manual tuning to |linearize the sensor signal. Unlike
prior art methods that use anal og corrpen% ting circuits, the digital-

nmet hod of |inearization uses conputer 26 or 10 116 to cal culate the
coefficients. The calibration process with mass flow controller 90 can
nmeasure the Neen§&d 3Pllow2latid 1edgwal J9E yf &r RGN fdyol.r tyess, This data is

db - tw te t fficients. .Th | i.brati
g?gcesg ggggghgrt#é§Ui%eggg%%kﬁgcdn?%F&%%gﬁogﬁgﬁgﬁzﬁltSﬁﬁﬁﬁégfﬁg :?zearize

the data by CthteaRileg’, “aaGid CUiSt. CeRReReRHbH1A MY FORReNSALIi Ng  net work
such as those used jn _prior art nethods. Another technical advantage of the
present i nvelPiroR/PelyREE ift lefapreduad vdi%i 819 Setod f diyetisnear i zati on 20

t hat igC|Ude§RF?%%%BQQ%§%E% g%gy?%¥h%@a%5rn%UQ%&gﬁﬂﬂy'Ggﬂ§tance, when the

size of the ) interva e sane order nmagni tude as the ; pzi
p") range, aFripocitasmalt-dndmioral d®d)t Renpreduetrs “of a, m,azn?. ... aknk
are al so

Valve 114 may be a solencid-activated valve. There
are many circuit configurations that can be implemented
for valve drive circuitry 112. These configurations may

10 convert wvalve drive signal 112 into a drive current for a
solenoid that drives valve 114. Many of these circuits
inciude a contrel element, such as a transistor,
providing either continuous voltage or switched pulse
width modulated voltage across the solenoid. The

15 switching pulse width is a function of valve drive signal
110. An average solenoid current, which is a function of
the switching pulse width of the voltage across the
solenoid, can be generated in the solenoid. The sclenoid
current can activate valve 114. Particular reference is

20 made to the valve dfive circuitry disclosed in U.S.
Patent Application Serial No. 09/351,111 filed on July 9,
1899, by T.I. Pattantyus, entitled “Method and System For
Driving A Sclencid.”

Mass flow controllers can implement a closed loop

25 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 9, 1999
by K. Tinsley entitled “System and Method of Operation of

a Digital Mass Flow Controller”.



‘close to unity. However, when the value of mis anywhere 25 fr@n§ OJAN 2004
25000 it is easy to see that the values of the al coefficients (1>1) wll
be nuch less than unity. For DSP 102, it is difficult to work such small
coefficients and performthe rigorous cal cul ati ons needed to determ ne
the coefficients. In the case of mass flow controller 30 90, these
coefficients are typically nuch less than 1. 0 6 JAN 2004 18 Consequently,”
i ncreased powers of these coefficients approach zero. A limted number
fields in DSP 102 can prevent accurate qlculation of the coefficients.
The wuse of conmputer 116 allows the coeffi‘cients to be 5 calculated in a
nore powerful conputing environnment than that of DSP 102. It is noted here
that DSPs are not typically as powerful as a PC. The capacities of the
program ROM and REMigeddpioss aate touoietepitdalti mhteeqbrleﬁseantDSEvtefm&ﬁ.oaa PC. 10

I , t r.i bed enabl es the roce55|n | ar ge nunbers
nﬂlffgr?;é b&ggﬁgﬁlﬁgﬁ%%%?g WHEF HE RumBers ff §Wd§op6 %Bgﬁﬁ | arge and

smal | nunber$ncabdlhgﬁth%dcoﬁ@hh@%&@oﬁﬁd h@%h@b&o&@EQQ%%%%%§a@dwger degree
pol ynom al approximation feasible using a DSP type 15 m croprocessors with

i nteger arithmeti ERCALERSBGFahacprasent iodvéhel presanthéanedeson ed in

det ai | gher ei pywit hpreter t |II trative ments, it should be
unders?ood tEgt tﬁe%d%§%§?%?F3%“ %o §$ %Fegxéﬁpl 3 ﬁtﬁn&hls not to be

const rued |ncaezﬁ1buemm5n@fsahsepoﬂynbmibo H&tfwbbhethn&%h%hQ@d
manual tuning to linearize the sensor signal. Unlike
prior art methods that use analog compensating circuits,
the digital method of linearization uses computer 26 or

10 116 to calculate the coefficients. The calibration
process with mass flow controller 90 can measure the
sensed flow rate signal %6 for known flow rates. This
data is used by computer 116 to calculate the
coefficients. The calibration process does not require a

15 technician or engineer to manually linearize the data by
“tweaking” a circuit component in any compensating
network such as those used in prior art methods.

Another technical advantage of the present invention

is that it enables a digital method for linearization

20 that includes the processing of very small numbers. For
instance, when the size of the {m;, my,) interval is the
same corder of magnitﬁde as the {pi, pn} range, a; is close

* are alsoc

to unity, and the products of am,a,m’,.am
close to unity. However, when the value of m is anywhere
25 from 0 to 25000 it is easy to see that the values of the
a; coefficients (i>1) will be much less than unity. For
DSP 102, it is difficult to work such small coefficients
and perform the rigorous calculations needed to determine

the coefficients. In the case of mass flow controller

30 86, these coefficients are typically much less than 1.



“therefore, that nunerous changes in the details of the enbodi "g'E S|AN 2?@ S
invention and additional enbodinents of this invention will be apparen

to, and nay be nade by, persons of ordinary skill in the art having
reference 25 to this description. It is contenplated that all such changes
and additional enmbodinents are within the scope of this invention as
claimed below. 0 6 JAN 2004 19 Wat is claimed is: 1. A systemfor . -
generating a linearized sensor signal from a sensed flowrate signal in a
mass flow controller using a k' ''-degree polynonm al p(m=ai mazn2+ ...

+a, nk, where p(m is said linearized sensor signal, mis said sensed flow
rate signal, and al, where j=1 through k, are a set of «calculated
coefficients, said systemconprising: a flow sensor that measures an actual

flow rate angonstepuientlif)e i5e0%eGd WAL & IPilse and & digital signal
processor which in conj umncti on with 3% conput er g:osreraprl ses i %r}'ﬁ?ctl ons for
converting t RPPrea@sdedetioow & drialited trheddmedrlzied isemsw 1ignaly, 2. The

Al cul ati ng SATTCE GRS SerETAPHIE & 6% 08 WL Msiree. BaIgnom 8]
p(m =ai mra2nise. of tatupiter( L) 6 @1 12ws! kheCaldewratding ) rang. (c)
domalIgadiIi%a&%%%g%%dfggngshggz %%Lé&ghlt%o%pgiq%;yenvironment than
that of DSP 102. It is noted here that DSPs are not
typically as powerful as a PC. The capacities of the
program, ROM and RAM memories are much more limited in a
DSP than & PC.

10 In summary, the method described enables the
processing of large numbers multiplied by small numbers
when the number fields for both large and small numbers
are limited. Furthermore, the algorithm makes higher
degree polynomial approximation feasible using a DSP type

15 microprocessors with integer arithmetic.

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

20 limiting sense. It is to be‘further understood,
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

25 to this description. It is contemplated that all such
changes and additional embodiments are within the scope

of this invention as claimed below.



device in said digital signal processor. 3. The system of clai nqg ngge @u'n
said digital signal processor conprises instructions for: (a) r j% ,
calculating r 1 1a3 T inlJ (b) for %gcj -k, calculating .., (c) for
2<j:-5k, calculating (ajf~1 4"j )rl ,7(d) calculating (ain); and (e)
calculating said linearized sensor signal the formula j rr(( 1 1f 1 }J-11
P(fn) = (arn) + “lair n) J-2 according to 4. The systemof claim 2, wherein
sai d set of cal cul atwgh icasidhgd: ents aj of said k' h-degree pol ynom al
p(m-ai m a2+ .. .1, A34didm B QereAlifilh RicatizedSeddor SgdaBiGh- square error

method. 0 6 JAN 20Q4enddd fow THEsignas fneMneds flwadomrdllerbigg @i N sai d sensed fl ow
rate signal is di gthig@ipdiponshl lin)ta nP-abnTONV RLIAEY, whtleOr to con- verting
sai d sensed flow F Bl iS5 A cabiftd SO difMAC M [Z81d se@e8 Q6w Signal . 6. The
~systemof claiml, m‘@@iﬁﬁdl,”aﬁcﬁ'aﬂ whegt 27 medughal, arProos@ssyor further conprises
instructions for gef&fiAdd QB iRients, said system comprising:

a flow sensor that measures an actual flow rate and outputs
the sensed flow rate signal; and

a digital signal processor which in conjunction with a

" computer comprises insiructions for converting the
sensed flow signal to the linearized sensor signal.

2. The system of claim 1, wherein said computer com-

prises instructions for:

(a) calculating said calculated coefficients a; of said k-
degree polynomial p{m)=a,m+a,m*+ . . . +a,m"

(b) for 2<j=k, calculating

T

1
=T,
aj M

and
(c) downloading results from steps (a}-{b} to a memory
device in said digital signal processor. ‘
3. The system of claim 2, wherein said digital signal
processor comprises instructions for:
{(a) for 2<j=k, calculating
i
mj

(=

(b) for 2<j=k, calculating
1 b
(7]

(¢) for 2<j =k, calculating

() )

(d) calculating (a,m); and :
(e) caleulating said linearized sensor signal according to
the formula

& i -
pim) ={aym)+ Z ((a}:’!:l m)J (aﬁ:[ )J )
a2

4. The system of claim 2, wherein said set of calculated
coefficients a; of said k*-degree polynomial p(m)=a,m-+
a,m?+ . . . +a,m" are calculated using a least-square error
method.




val ve control signal for controlling a valve in said mass flow { §odANoJO0gr .
7. A nmethod for generating a linearized sensor signal from a sensed flow
rate signal in a mass flow controller ,ysing a k'''-degree pol ynom al
p(m=a, ma2n2+ . . . +aknk, where p( is said linearized sensor signal, m
Is said sensed flow rate signal, and a!, where j-1 through k, are a set of
cal cul ated coefficients, said method conprising: neasuring an actual flow
rate with a flow sensor and outputting said sensed flow rate signal;
generating said |inear$Zdg SE%m@FCIQIHQhaWhmlomlému&ect&tmsemle flow rate signal
using a digital si gnaignﬁirlbdvggw using arc &ripdhcdnventer \pribhioacoaonput er . 8. The
met hod of claim 7, whenieg sridginskddlonputaignalansaidibeafsedistgbr uct i ons for: (a)
cal cul ati ng sai d set sighalcal cul ated coefficients a. of said e-degree

pol ynoni al p(m - a, mra26r2hhe. systemaof &im 1( h,hertmrsa%h@mm jculating and (c)
downl oadi ng resul ts fpfoReBssit Riper( &mpristy) mggpu,_@oﬁgeﬁprggn fiCe in said digital
si gnal processor; 9. vmb@cdmbmgmqfor@dn%mg vm@ma, qgmﬂ' gital signal
processor conprises ifsblkctions for: 19 culating (b) for

2cj 1k, calculating J (£ d&fodis) gengrgl’mgcaq D%HIJIZ%E scngor s:gnal‘}élr\gx 2004 21

a sepsed flow rate signal in a mass flow controller usmg a
k™-degree polynomial p(m)=a,m+a,m>+ . . . +a,m¥, where
p(m) is said lincarized sensor signal, m is sald sensed flow
rate signal, and a, where j=1 through k, are a set of
calculated coefficients, said method comprising;
measuring an actual flow rale with a flow sensor and
outputting said sensed flow rate signal;
generating said linearized sensor signal from said sensed
flow rate signal using a digital signal processor in
conjunction with a compulter.
8. The method of claim 7, wherein said computer com-
nn'cec instructions for:
(2) calculaung said set of calculated coefficients a; of s-ud
k*-degree polynomial p(m)=a,m+a,m>+ . +a*m ;
(b) for 2<j=k, calculating

]
o1
a 7] H

and

(c) downloading results from steps (a)~(b) to a memory
device in said digital signal processor;
9. The method of claim 8; wherein said digital signal
processor comprises instructions for:

(a) for 1<j=k, calculating
Lo
(a}"' Im) :

(b) for 2<j=k, calculating

i)
)
5

(¢) for 2<j =k, calculating

(W ()




(d) calculating (a,m;

according to ¢
The nmethod of claim@8, wherein said se2t1 of calculated coefficients al of

said k™''-degree polynom al p(m=almt

and (e) calculating said |inearized sen ) b
the formula p(in) = (a) m+ } IlajmJ~nj1J !~ jgﬁxi&ﬂl 0

a2nk+ ... +a, Enk are cal cul at ed

using a |l east-square error nethod. 11. The nethod of claim7, wherein said

sensed flow rate (
con- verting sai d sentdcakhining @}s); ahdual

si gnal

is digitized using an A-to-D converter prior to
to said |inearized sensor

signal. 12. The SySte(9)Qﬁlcglhﬁigrgni&lin‘émcﬁisfhs&agi&ap%/cg{)r\ﬁ/{g\g o1 gnal  processor

further conprises instridetdrgam for generating a
controlling a valve in said mass flow controller.
generating a linearized sensor sjgnal

control signal for
13. A systemfor
froma sensed flowrate signal in a

mass flow controller USipr(]vg;(é?ngK' 6- %zgghzlﬁpm al p(m=almra2n2+ ... +a, Fnk
: r n

wher e

sai d system conpri sing:
out puts

p(m is said linearized ggnsor Si
signal and al, where j=1 through k, are a set of calcul ated

a flow sensor that measures an actual
sai d sensed #9.dle matted of gnal §, wheetingidtserof ealbliiedi Nng i nstructi ons

mis said sensed flow rate

coefficients,
flow rate and

for: (a) cal cul ati ngosfitichise} obkid &'eieprt gdlyeomld ipphpalse ai of  said
k""-degree pol ynom almpX N ~eghi akndtculated. using AKEdRKsqhdle Rerop | €St - squar es

error

nmet hod;

method. :

11. The method of claim 7, wherein said sensed flow rate
signal is digitized using an A-10-D converler prior 1o con-

verting said sensed flow rate signal to said linearized sensor -

signal.

12. The system of claim 7, wherein said digital signal
processor further comprises iostructions for generating a
valve control signal for controlling a valve in said mass flow
controller. ]

13. A system for generating a linearized sensor signal
from a sensed flow rate signal in a mass fiow controller using
a k™-degree polynomial p(m)=a, m+a,m>?+ . . . +a,m* where
p(m) is said linearized sensor signal, m is said sensed flow
rate signal and 2;, where j=1 through k, are a set of calculated
coefficients, said system comprising: '

a flow sensor that measures an actual flow rate and outputs

said sensed flow rate signal;

a computer comprising instructions for:

(2) calculating said set of calculated coefficients a; of
said k”-degree polynomial p(m)=a,m+a,m?+ . . .
+a,m* using a least-squares error method;

(b) for 2<j=k, calculating

(c) downloading the results from steps (a)~(b) to a
memory device in storage medium; and
a digital signal processor including said storage medium
and comprising instructions for:
(a) for 2<j £k, calculating

()’

(b) for 2<j=k, calculating
)™,

(c) for 2<j =k, calculaling

)



(b) for 2<j :k, calculating 1 d7J~. J and (c) downl oading tHegr $aNI 2084
fromsteps (a)-(b) to a nenory device in storage nedium and a digital

si gnal processor including said storag ?
for: (a) for 2<j-:5k, calculating (b) "Tor s_k, calculating rr

J (c) for 2<j Sk,

calculatlng 0 6 JAN 200 t 22 (d) calculating (a, m;

(e) calculating said linearized sensor signal according

i((C I1-Z P(+n}= (aAnl)+l (( 2:Trn) “4) ). 14. A nmethod for
linearized sensor signéd) caknlotingragelpand signal using a k
a, m-f weleulating seigldinelsizedisaser gigan) adcBrdiyl d |1 neari zed

pol ynom al p(m =

sensor signal, mis saitdademsdr signal, and a., where j'

a set of cal cul ated coeff|C|ents
sensor signal froma sensor th

Pty = (agm) +

i=t

14. A method for generating a linearized sensor signal
from a sensor signal usmg a k”-degree polynomial p(m)=
a;m+a;m?+ . . . +a,m*, where p(m) is said linearized sensor
signal, m is sald sensor signal, and a;, where j=1 through k

" are a set of calculated coefficients, said method comprising;

generating said sensor signal from 2 sensor that measures
4 process parameler;

generating said linearized sensor signal from said sensor
signal using a digital signal processor in conjunction
with a computer.

15. The method of claim 14, wherein said computer
comprises instructions for:

(2) calculating said set of calculated coefficients a; of said
k™-degree polynomial p(m)+a,m+a,m*+ . . . am";

(b) for 2<j =Kk, calculating

1
-
a f-" 3

and

(c) downloading results from steps (a)~(b) to a memory
device in said digital signal processor.

16. The method of claim 15, wherein said digital signal
processor comprises instructions for:

(a) for 2<j=k, calculating

(b) for 2<j =K, calculating

(a’f:’)j—:

(c) for 2<j=k, calculating

P 7]

to a fornula t

1 through Kk,

nedlun1 and conprising instructions
11}vl

and
i

generating a
"' -degree

are

sai d met hod conprising' generating said
neaswfes ~8 process paraneter;



generating said |linearized sensor signal fromsaid sensor signglg JANNEIG4
digital signal processor in conjunction wth a conputer. 15. The nethod of
claim 14, wherein said conputer corrprz' ses instructions for: (a)
calculating said set of calculated coéfficients aJ of said k ''-degree

pol ynom al p(m +a, mta2n2+ .. , a& (b) for 2<js-k, calculating and (c)
downl oading results fromsteps (a) -(b) to a nenory device in said digital
signal processor. 16. The nmethod of claim 15, wherein said digital signal
processor conprises (dshleulefdga@sn) @id (a) for 2<j :k, calculating (aJ rn
(b) for 2<j -k, cal c(d)stlcvigingepdflimearzed sdosorcsidnalidcabrding 1 6 JAN 2004 23 (d)
calculating (a, m; aribe fostpulgal cul ating said |inearized sensor signal
according to the fornula POM0110+Y j in) j=2 17. The nethod of claim 15,
wherein said calculated coeffigLenis a., ofi said k' -degree pol ynom al
p(m-alm azm+ . . . P@akmkn)arg(ﬁﬁ'wllﬁﬁ? d_).usi ng a | east-squares error
met hod. )

17, :I'he method of claim 15, wherein said calculated
coeflicients a; of said k"-degree polynomial p(m)=a,m+

2 - .
a;m+ . . . +a,m* are calculated using a least-squares error
method.



