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i nvention I generally to systens and nethods for ope i Ss
Ao FRA

fl ow controller C with a closed |oop control system ut

advanced digital control algorithm Mre specifically, the present

i nvention provides a closed | oop control systemfor 10 operating a mass
flow controller, wherein all nathematical operators are realized within a
digital processor. 0 7 JAN 2004 WD 01/04715 2 PCT/ US00/ 17062 BACKGROUND OF
THE | NVENTI ON Many manufacturing processeslrequire that the introduction
rates of process gases into a process chanber be strictly controll ed.
These types of processes 5 use mass flow controllers (MCs) to control the
‘flowrate of gases. p | ey i ﬁ$£&5 t cﬁ % mass fl ow
controllers. MFC s hgg%@gmh?g% cost ofqﬁaﬁ%és ip(§§g5€d£ ﬂg ﬂg%uled

mai nt enance of the tools in whi clasbeFrMB® gosTrbPLERStalled. Often there is
no indication as to a specific type of failure. Commbn practice is to
replace the MFC since it is perceived as a dynam c device that is

5 This invention relates generally to systems and
methods for operating a mass flow controller (MFC) with a
closed loop control system utilizing an advanced digital
control algorithm. More specifically, the present
invention provides a closed loop control system for

10 operating a mass flow controller, wherein all

mathematical operators are realized within a digital

processor.



significant nunber of MFC s are returned to the factory 15 and foyn hLO
operate as specified resulting in a no problemfound failure aﬂafy-& 2004ne
| ack of in | agnostics or the ability to provide renot vi ce of
the MFC an&‘%g%‘fﬂgdi agnostics necessitates that a well tra?&@g‘wléfp@
servi ce engi neer 20 or application engineer nmust visit the custonmer site to
provi de on-site tech support and failure analysis once an M-C has been

i nstall ed. Another shortcomng is that the individual device. performance,
specifically accuracy and response tine or transient perfornmance, is
dependent upon 25 a time-consum ng, | abor-i2ntensive, manual calibration and
tuni ng process, using potentioneters or variable resistors. 0 7 JAN 2004
WO 01/ 04715 PCT/ USOCO117062 3 Today, the manufacturing process is a highly
manual  procesg, LeANMAR Yok Nebra T iRk 6i;@n use several devices such as
osci | | oscopes, ™ drr s econaar y pasur enment devices, and the |ike
and visual inspectigggy éaﬁﬁfaaeﬁgiﬁghgfoeeggsgsr& Q%eﬁtfﬂ#ﬁ_&fer tain
signals and tunes the potentianeterS to his satisftaction. IS creates a
set of devi cesihhapdaceidepeatiest ofuppoctbe gesesniakot Bapriddesd he

devi ces. The devices are comonly non-uniformand not repeatable from one
unit 10 to thechameer cheaftrycEbiprertppéteds cRhesectypgsand processes

ecot atbd wi 1RPEHBSR,Fiat RERERRRIYFET HBCs] [ Bol Fpnstay theor low e

KEQ:J?: O; ;ln: ;g Bf 068885 andMahiepiEEehe | @i $thali L' AT R PERSRSS mass

fiow controllers.

MFC’s have a high cost of ownership due to

unscheduled maintenance of the tools in which the MFC are

10 installed. Often there is no indication as to a specific
type of failure. Common practice is to replace the MFC
since it is perceived as a dynamic device that is
believed to be inherently unreliable. As a result, a
significant number of MFC’s are returned to the factory

15 and found to qperate as specified resulting in a no
problem found failure analysis.

The lack of internal diagnostics or the ability to
provide remote service of the MFC and remote diagnostics
necessitates that a well trained field service engineér

20 or application engineer must visit the customer site to
provide on-site tech support and failure analysis once an
MFC has been installed. Another shortcoming is that the
individual device performance, specifically accuracy and
response time or transient performance, is dependent upon

25 a time-consuming, labor-intensive, manual calibration and
tuning process, using potentiometers or variable

resistors.



15 the transit response of traditional mass flow controllers aaf nik

uniform The performance from for exanple, 0 or 10% of set p mt E 2004

different {H¥PPns 100% This varying response creates a prl,g%I ;l%zthe
n

process control engineers that depend on these devices. The Ique
response of an individual device forces engineers to uniquely characterize
MPC devi ce behavior to account for the variability and the response tines
dependi ng upon certain situations. This characterization process is both
expensive and tinme consumng. 25 Current MFC s are sensitive to inlet
pressure. The mass flow controller requir®es a certain inlet pressure
specification and the differential pressure is normally specified to be
approximately 45 PSID so the performance 0 7 JAN 2004 WO01104715 4

PCT/ US00117062 of ®xks 1ngh%mgég§fggggr%h nb¥ﬁggggl&Sp%%bggéﬁﬁ%qﬁy&ga Pgd

specific pressure. Trade-offs are na I'nl et

over a particptatepsesegutringothatWai ebchheatias et sB8Fd ] | ddyiQdst he
response time and 5 characterization of a device. One solution to inlet
pressure sensfefliagy esgillescopas: €héfgzenti seranidanfit éil@xpensi ve

pressure requlators. | he,gas lines_that .supply the gas to the MFC it
10 Woul d be- AATEEGREHE FOVHAGE: a2RESLERI bhkEo ARl MiEHAAnepacHRnS

enu auten naSheEasse Btaek iabugneslepblRbrblll cBURRTRLYA JHEES i
pressure transdnesrthe potentiameters to his satisfaction.

This creates a set of devices that are dependent
upon the personnel that tune the devices. The devices
are commonly non-uniform and not repeatable from one unit

10 to the other creating complex process engineering and
characterization problems so each device has its own
unique behavior associated with the device. MFC behavior
is directly a function of the manual tuning process and
the technician that performs the process. BAdditionally,

15 the transit response of traditional mass flow controllers
are not uniform. The performance from, for example, 0 or
10% of set point is different from 0 - 100%. This
varying response creates a problem for the process
control engineers that depend on these devices. The

20 unique response of an individual device forces engineers
to uniquely characterize MFC device behavior to account
for the variability and the response times depending upon
certain situations. This characterization process is both
expensive and time consuming.

25 Current MFC’s are sensitive to inlet pressure. The
mass flow controller requires a certain inlet pressure

specification and the differential pressure is normally

specified to be approximately 45 PSID so the performance



- adj acent to the pressure regul ator which sole purpose is 15 to indicate
that the pressure regulator is functioning. Furthernore, there(ils JANn2GH4
to conply with energing standards open comuni cation standards ﬁ

i nst r unent¥POYRIE ARSA85 i s an open standard for multi- drdy ra{d‘{m&nly
describes the physical layer. So the 20 software protocol stack is subject
proprietary inplenentations fromone supplier to another. So it is
desirable to have mass flow controllers that have high performance
comuni cations service ability that inplenment open protocols while not
sacrificing flow control 25 paraneters. Adpowerful solution to
under st andi ng unknown or poorly understood processes is to learn of the
process through regression analysis. Regression analysis is a WO 01/04715

5 0 7 JAN 2004, PCT/ On u roacgh utili.zin ar ef ul

desi gned exp%fri n%Léssﬁ%% }g}g?izﬁieg%l%lgga??gBnggﬁgi%M‘r%gﬁ%c'é%s €
This techniq 4 HeESS 1 Prbe-HREST o%%?gj | al pl oited
t hrough a se%l?peééélo%l% p’earxé[;EEeri ment s. Thee usugl §%\%t ho of“ﬁfegsxt?rgn%?i J(')Ig{nl%ﬁ(;r t he
regressi on nusisdssisreril nayiedastesqaapast {ELdpr pRe@RHSE ofawge) ysis al so

allows the creation of diagnostic procedures that conpare the predicted
val ues to adfhigh qepes IR Ya¥+abhiipEr Pér il casipanre Ioimegardsi on

estina%gs tkw(ﬁgﬁhéégg#%gkégnrg@igug%?%cghe overall task is to provide the

best flow con nce possi While not sacrificing other issues
Cne solution to inlet pressure sensitivity requires

that the user install cften expensive pressure
regulators.
In the gas lines that supply the gas to the MFC it
10 would be advantageous to have a mass flow controller that
is not sensitive to pressure fluctuations in order that
expensive pressure regulation hardware can be removed.
Furthermore, each device has a pressure transducer
adjacent to the pressure regulator which socle purpose is
15 to indicate that the pressure regulator is functioning.
Furthermore, there is a need to comply with emerging
standards open communication standards and
instrumentation. EIARS485 is an open standard for multi-
drop but it only describes the physical layer. So the
20 software protocol stack is subject proprietary
implementations from one supplier to another. So it is
desirable to have mass flow controcllers that have high
performance communications service ability that implement
open protocols while not sacrificing flow control
25 parameters.
A powerful solution to understanding unknown or
poorly understood processes is to learn of the process

through regression analysis. Regression analysis is a



such as conmmuni cations, nultiple gas calibrations and cost of ownership.

15 0 7 JAN 2004 WD 01/04715 PCT/ USCO 17062 6 SUMVARY COF THE l;g&‘é%ﬁgﬁ

pr esent inﬁﬁﬂhbgﬂ provi des a system and nethod for operati
t'ha

controller substantially elimnates or reduces disadva

problens 5 associated with previously devel oped systens and net hods for
operating a mass flow controller. The chosen architecture of the present
invention does not sacrifice to flow control for the ability to service a
comuni cati ons network. 10 The present invention provi des enbedded

di agnostics within the chosen architectur® or system Specifically, the
digital engine of the present invention will discretely nonitor system
vari abl es. These variables include but are not Iimted to the flow

set-point, 15 stoheRakddouppiiaciil £11 - REDERIEGSY | BB dieplcel ance of  the

fl ow sensor, and the inlel pressure which an external

pressure transdpesimeSteetal optimiwsemubtiabireéabakeedcyakdalhng source of
information to nonitor and to reduce MFC pressure sensitivity.™ The 20
di gi tal engi n®TACEESRE| Tham trachpvimie sabpPysyel pageess Thebient er nal

digital mass flaw c ntrollgﬁ eqﬁgﬁggg% sys£§g1arc itecture specifically
i nproves to i BEFSVEPRE RS P& 1Y JFFRERLL6E thrPYBhapt sSeFdesnetand
adds several eYabuemadted feadldingsiaPmdPRoABS aLpokber (oL the
oresent invenF%%n ¥ EEQ%&SQlon FoF the
regression model is ordinary least squares (OLS).
Regression analysis also allows the creation of
diagnostic procedures that compare the predicted values
to actual values to evaluate the performance of the
10 regression estimates through the use of residuals.
The overall task is to provide the best flow control
performance possible while not sacrificing other issues
such as communications, multiple gas calibrations and

cost of ownership.

15



does not contain any variable manual adjustnents. This provides an
advantage in that all calibration and tuning is conpleted di g[iltTaUAN 2004

storage of _a unigue set of WD 01/04715 7 0 7 JAN 2004 PCT/ USQ0/17062
constants WQOPEY IS non-vol atile menory. Access to the rel eDGRUS

| ocations is provided via the dedicated RS485 interface. The calibration
system host, running the appropriate software and interfacing to specific
flow 5 measuring instrunentation, can automatically calibrate and tune the
mass flow controller of the present invention for uniformrepeatable
performance in static and transient flow éonditions. These uniform
transient responses provide an addition advantage of the present 10

i nvention. These uniformtransi ent responses are achieved by using the
conput at i onal I~ Pr-avi-de el ected digital signal processor as
applied in théﬂﬁﬁﬁgggﬁﬁifgﬁ Liﬁﬁéﬁﬁz 1{this architecture allows 100% of the

control al gorithms g &&éé&i@@ﬁé‘%&i’éﬁoifé&h‘!@éﬁ aléggggms%.tdv‘@nre%hod

al gorithns can contai n nechanisns to inv uni que case-sensitive or

situational pacaneperatting <amsse S endetrol 1éHneHat 0 sabitawe ia1agi form
and repeatabl e_transient response. Yet another advantage of the present

i nvention is €diMi@adgsismiedurehebFadransqeesi enduprobdamspr essur e

regulatars within a_gas. Su . e digital i ne of the present
hventi 8n has SRRORATAN ISP o HiGR A vl oS Syacens Bpdomesbede via
an avail abl e AP igpifatiidg i s rahe dohtm 1oF the input pressure and

The chosen architecture of the present invention
does not sacrifice to flow control for the ability to
service a communications network.

10 The present invention provides embedded diagnostics
within the chosen architecture or system. Specifically,
the digital engine of the present invention wiil
discretel§ monitor system variables. These variables
include but are not limited to the flow set-point,

15 solenoid current, ambient temperature, the resistance of

| the flow sensor, and the inlet pressure which may be
measurgd by an external pressure transducer. Several of
these variables are a valuable source of information to
monitor and to reduce MFC pressure sensitivity. The

20 digital engine also will monitor power supply voltages.

The internal digital mass flow controller embedded
system architecture specifically improves to improve the
performance of an MFC over prior art systems and adds
several value-added features.

25 The mass flow controller of the present invention
does not contain any variable manual adjustments. This
provides an advantage in that all calibration and tuning

is completed digitally via storage of a unique set of



25 desensitize the mass flow characteristics of the output of thf ﬂ@ﬁﬁﬁﬁt
I nvention. A further advantage of the present invention is that 0 [t 4

cont ai n maybigplogrigaut ononous dedi cated digital 0 7 JAN 2004 y@*ﬁﬂﬁéﬁy
PGT/ US00117062 8 communi cation ports. This architecture allows nultiple

digital networks to be serviced sinultaneously. Specific enbodi nents of
the present invention provide that one network is an RS485 type network.
The chosen DSP 5 includes an enbedded UART peripheral that is dedicated to
servi ce RS485 networks. An additional conqunication networ k can be
serviced via reading and witing to a dual-port SRAM The sel ection of the
dual -port SRAM as a communi cation partition enabl es the support of

aut onomous 10 i nterchangeabl e interfaces. The present invention should

not be necesseenstantisistored imesentvolavhbentendbipd PREESssMibt ibpke

comuni cation ports of various comunication protocols as known to those
skilled in t HEELEFInt EPREY nteFdot@Red1f nPECYHee@resanthendediranetio 15

fhe prosent  Tove S EEEARRET e AL ERREERS) HeRTangRL . crembanBased
Rtervals of Tose i s Setonde Bre o rhe 0 anarnd: rangPessrif 518rne
chosen fr chi teasweing hmstoment atsi eh gocan han tompt BELF11t 6al abkatd | ess
than 30% of atrt]c{ St&zjlerretheo nZaé]éA\Nflzgxx?A'cgi\gchg{loeAfr?loSf the present

invention for uniform repeatable performance in static

and transient flow conditions. These uniform transient

responses provide an addition advantage of the present

10 invention. These uniform transient responses are
achieved by using the computational power provided by the
selected digital signal processor as applied in the
chosen architecture. This architecture allows 100% of
the control algorithms to be implemented via software.

15 The software algorithms can contain mechanisms to invoke
unique case-sensitive or situational parameters that can
be selected or tuned to achieve a uniform and repeatable
transient response.

Yet another advantage of the present invention is to

20 eliminate the need for expensive upstream pressure
regulators within a gas supply. The digital engine of
the present invention has the capability to discretely
monitor the inlet pressure via an available A/D input.

It is desirable to monitor the input pressure and

25 desensitize the mass flow characteristics of the output
of the present invention.

A further advantage of the present invention is that

it can contain multiple autonomous dedicated digital



9 PCT/ U500/ 17062 A nore conpl ete understanding of the present iﬁgfﬁ@%rg
and the advantages thereof may be acquired by referring to the | @H

descri pti @¥ﬁ in 5 conjunction with the acconpanyi ng dr, LO.whi ch
i ke ref 2\986’2 gn‘ners indicate |i ke features and wherein: ﬂf@?@z
provi des a bl ock diagram for one enbodi nent of the present invention;
FIGURE 2 illustrates a timng diagramof event 10 nanagenent within the
present invention; FIGJRE 3 contains two sets of flow diagrans

illustrating the method of the present invention; FIGJRE 4 describes
menory interactions within the present ifvention; 15 FIGJURE 5 provi des an
overview of the communi cations associated with one enbodi nent of the
present invention; FIGJRE 6 describes a nethod and system for providing

Lot 0. Col EOBRAS Elod Moea® | baNecgrtralitdle YoM RiLime, .
of the presengigiveDtnenwoMes 086 08E16e$0i0ed SAMAN M heRETTH. 0@%%39@&
DETAI LED DESCRI PTI ON OF THE | NVENTI ON Preferred enbodi nents™ of e present
i nventi on ar eembodiiments cof | bhe hpresGURESnVENd omunerat sddet gt used t o
reter o ke s LS D5 PAIEE RLevak S A e s psp
5 includes an embedded UART peripheral that is dedicated to
service RS485 networks. An additional communication
network can be serviced via reading and writing to a
dual-port SRAM. The selection of the dual-port SRAM as a
communication partition enables the support of autonomous
10 interchangeable interfaces. The present invention should
not be necessarily limited to these two communication
ports. Multiple communication ports of various
communication protocols as known to those skilled in the
art can be incorporated into the present invention to
15 achieve autonomous interchangeable interfaces.

An additional advantage of the present invention is
that the embedded system manages évents based upon
receiving sample data from the flow signal at precise
discrete intervals of 1.68 milliseconds. Due to the

20 computational power of the chosen architecture, the
control’s algorithm completes its task in less than 30%

of this time.



The present invention provides an architecture systemfor a digital nﬁﬁﬁ
flow controller control system that includes enbedded di agnost ds JAN:

the contr m Specifically, the digital engine of th 0
Yo opEE Fc?@r%ﬁfiﬁfgazl

i nvention w | I'scretely nonitor specific system variables

pur pose of inproving troubl eshooting and preventive nmaintenance prograns.
These variables include but are not limted to the fl ow set-point,

sol enoid current, anbient tenperature, the base 15 resistance of the flow
sensor, the inlet pressure which nay be neasured by an external pressure
transducer. These variables are a val uabl®e source of information to
nonitor and to reduce MFC pressure sensitivity. The digital engine al so
wi |l rnonitor power supply voltages. 20 The nonitored variables are used to
determne a cater fd et srakiRge t he MFC of the present

I nvention. The present 1 nvent Igrtal engine, neaning digita

si gnal processor intmfenceunpletn underft2hdinnvert ehe Preseprci fically, in
one enbodi ment of the present invention an architecture or a digital
signal procddsntien and the GdiraRrTages thespefAmay- be acawérsdomyhas
been chosen. | n thi.s architect 0. 7 JAN 2004 WO 01/04715 PCT/ USOQ 17062
Il enbedded Ar-?rkoe-rﬁla%r%?eItglearfeglﬁls%‘glg%régﬁﬁﬁﬁpitﬁanf h&2kg§BsiiPed data. The

presents i nventd:oniisanaitt et ackSshhi 988! abs W2nTsC 9V GHih 13ke
digitize the serisor output since it requires hlgﬁer esolution than 10
bits. 5 I n addifiér@emde rnurdse soimdiorate phikeefeasureevandl whiedwin :

FIGURE 1 provides a block diagram for one embodiment
of the present invention;
FIGURE 2 illustrates a timing diagram of event
10 management within the present invention;
FIGURE 3 contains two sets of flow diagrams
illustrating the method of the present invention;
FIGURE 4 describes memory interactions within the
present invention;
15 FIGURE 5 provides an overview of the communications
associated with one embodiment of the present invention;
FIGURE 6 describes a method and system for providing
automated calibration of the mass flow controller of the
present invention; and
20 FIGURE 7 depicts an overview of diagnostic

capabilities of the present invention;



control events are nonitored including the steady to state error. Further,

the accuracy of the flow controller with respect to the set poifpf mANVﬂﬂ$d

by the ussr'& t@&l i s continuously nonitored. The present 10 invention
&0l

al so neasu val ve | eakage. The present invention contafggugmﬂﬂﬁﬁue
al gorithm executed by a digital engine. The specific algorithm wll
determ ne whether or not the set-point for flow control is zero and if
neasured flow is greater than 2% 15 of full scale which is an industry
standard to provide a warning that the valve is |eaking. A conmmon failure
mode for the MFC is a failed actuator or Walve. This failure manifests
itself either as a leak or inability to control. Therefore, one would
nmeasure steady state error, 20 valve |eak and neasure whet her or not
significant 2 ' ksing or ascending set
poi nts. For 2.0 fromzero to 100%
full scale and if phefeerefobnboddxeends of dH@(P:?é@é&@@eiﬂx\f@ﬁ\?{‘Sﬂtéré
predet erm ned value, 25 then a warning is provided to the user. Providing
access to alilbustretedndni tbeed [GREmt drikervinumerals ebelbmy usédetand t he

unnecessary reanaI of NEC devi ces ot herw se roperly functioning. The
ar chi t ect ure bF-EhetPr Likfit 28 79?&5?5?9?&N§3) PAA PFTRTUSORF 11062 12

i nventign ninéggggﬁ the time required to service and repair M-C devices
that are not unctl%nlng properly because of the |evel of diagnostics
provided to |ocal izketpeebeht AndleytivmReRsidd SPeEEEhiteteqse 5 It 5
desirabl e that open communi cati on networks,

system for a digital mass flow controller control system

that includes embedded diagmnostics within the control -
system. Specifically, the digital engine of the present
10 invention will discretely monitor specific system
variables for the purpose of improving troubleshooting
and preventive maintenance programs. These variables
include but are not limited to the flow set-point,
solenoid current, ambient temperature, the base
15 resistance of the flow sensor, the inlet pressure which
may be measured by an external pressure transducer.
These variables are a valuable source of information to
monitor and to reduce MFC pressure sensitivity. The
digital engine also will monitor power supply voltages.
20 The monitored variables are used to determine a more
accurate flow measure within the MFC of the present
invention.
The present invention uses a digital engine, meaning
digital signal processor interfaced to an A-to-D
25 converter. And specifically, in one embodiment of the
present invention an architecture or a digital signal
processor that has 16 channels of 10-bit A-to-D

conversion has been chosen. 1In this architecture,



such as Devicenet(tm, and the like, will be available for the flow
control process nanagement systemto control the device. Anotiflef JAN 2004
comuni cations port is dedicated to service. Therefore, an RS485 port or
ot her |ikeWsbH{0471§ 10 dedicated to providing service. Ther ef RCEUS00/17062
communi cation is established via the open conmunications port for process
control. There is a dedicated RS485 network that has a proprietary

comuni cations protocol that is conpliant with the OSI nodel for
networking within the 15 present invention. An OSI nodel for networking is
an open system The OSI nodel is a nethodihat is commonly used to network
PCs. This nodel is a |lowlevel, broad nodel for inplenenting open systens
i nterconnects for PCs. 20 The dedicated factory service port enables the

"present inventipn.to.proyi renote._di agnostics. The port can be used to
i mpl enent |OCSWBﬁBhF?OérEa—ﬁhgﬁanPF&Ee@'QJQF%QKﬁ%ﬁiégthﬁlﬁﬁ wbeebook or

PC. Net wor k b i I a . Il enented by interfacing 25 a
| apt op not ebogggﬁé%glé’caigggf he&ﬂRagg%sﬁt erflggfeélgar:: no‘ﬂﬁ??t# n=be At egrati ng

a nodem into iheePGigdheraipsed aBneR@itRaerso Midy e c an di al
into the local conputer and interrogate the pré%%nt |2%%%t$%%s 01/ 04715

13 0 7 JAN 200utpQT/ 50ce 1¥06regnanegahdghdm tduol oo okl 1SVISNES.

Furt_herS t he ﬁgngsgggfogig%ngééggs may, b%_utilized bxrthis engi neer to

provi dea hi gh@r f*Qe cORESTATRY RAKANSRETS f as¢veraofbew
control events are monitored including the steady to
state error. Further, the accuracy of the flow
controller with respect to the set point provided by the
‘user’s tool is continuously monitored. The présent

10 invention also measures the valve leakage.

The present invention contains a unique algorithm
executed by a digital engine. The specific algorithms
will determine whether or not the set-point for flow

- control is zero and if measured flow is greater than 2%
15 of full scale which is an industry standard to provide a
warning that the valve is leaking. A common failure mode
for the MFC is a failed actuator or valve. This failure
manifests itself either as a leak or inability to
control. Therefore, one would measure steady state error,
20 valve leak and measure whether or not significant
overshoot exists of the response at rising or ascending
set points. For example, if one observes the set-point
2.0 from zero to 100% full scale and if the set-point
exceeds or the response overshoots a predetermined value,
25 then a warning is provided to the user. Providing access
to all of these monitored parameters will reduce down
time and the unnecessary removal of MFC devices otherwise

properly functioning. The architecture of the present



5 The FI GUREs support the problens addressed by the present inth/im 7064
well as illustrating why the present invention's architecture provi
advantageawaﬁ& ¢%§atures that are a function of solving theﬁ¥ﬁ“&ﬁ 2
associ ate iR URe prior art. 10 FIGURE 1 provides a block diagramtor one
enbodi mrent of the present invention's enbedded systemor architecture.

Bl ock 12 represents the flow sensor. An A-to-D converter 14 nonitors flow
sensor 12. A-to-D converter 14 is interfaced to a 16-bit mcrocontroller
or 15 digital signal processor (DSP) 16. One enbodi ment of the present
invention utilizes a Texas Instrument TM3320F240 DSP as DSP 16. This DSP

contai ns enbedded flash nenory that allows the software code within the
DSP to be upgraded from an external 20 network connection. DSP 16 stores

i nternal al gok] : A, : ‘fﬁﬁgéa t Qnd ngRg a cl osed
| oop control Eg&ggg%ﬁbbgg5%§ﬁg§§£?%%gtgﬁﬁzﬁgz ronlceg?g%% 7§gto val ve
drive nodul e £8pa¥Yal wraidewd cusdwha tl&ren atr nEyrictvi siebnd Speopeehy to

sol enoi d 20. SoFenoid 20 serves as the actuator nechanismto control valve
22. 07 JAN 20beécwpselcd4ths LeyeRCpiuSBeasd & dexovided ovp dbacal st age

reference to the ?—& -D onverter 14. A-to-D converter 14 is enbedded in
flow control FBE &M YSPRe PFOGSE T IS (SHRES 0t £1R2D converters: (1)

those p enbedded iR il OWLANAAl §hdt BFerl Gortith{2t 850 networks,

such as Devicenet™, and the like, will be available for
the flow control process management system to control the
device. Another communications port is dedicated to
service. Therefore, an RS485 port or other like port is

10 dedicated to providing sefvice. Therefore, communication
is established via the open communications port for
process control. There is a dedicated RS485 network that
has a proprietary communications protoccl that is
compliant with the 0SI model for networking within the

15 present invention.

An OSI model for networking is an open system. The
0SI model is a method that is commonly used to network
PC’s. This model is a low-level, broad model for
implementing open systems interconnects for PC’s.

20 The dedicated factory service port enables the
present invention to provide remote diagnostics. The
port can be used to implement local monitoring when
linked to a dedicated laptop notebook or PC. Network
monitoring via the port can be implemented by interfacing

25 a laptop notebook or PC to the RS485 interface and
outfitting or integrating a modem into the PC. Thereforel
an engineer, with modem access, can dial into the local

computer and interrogate the present invention



~external instrumentation class A-to-D converter. Adjacent to the voltage
reference is a serial electronically erasable programmabl e read; pnIAN 7004

menory (EEPRO\Q or non-vol atile RAM (NVRAM 26. EEPROM 26 | to
store unidﬂ%”yg7ﬂ%ration and gas-specific data wth serialpﬁﬁigﬁﬁﬁﬁg%rvice

data and various diagnostic codes. D agnostics are one f the nmgjor
features that the architecture of the present invention brings forth. To
the right of the DSP 16 is a bi-color LED circuit 28 15 and a static ram or
SRAM 30. In addition to SRAM 30 is external dual port ram 32 (D] RAM.
DRAM 32 is connected to conmmunications dé& process r 34. Communi cations co-
processor 34 is interfaced t a sensor bus network with transceiver 36.
Thi s sensor bus network may be a 20 Devi ceNet, LonWrks, Profibus, ethernet

or other 1i k%ra?;%“ﬂfeﬁtaiok%% edfl\%f%%@ Ié‘peq_lgg teergééjénﬁgaaddi tional

networking inte Cé 1S provi tTanscei v aed W t hin
fl ow control legibeddedD8R abfos?i cBhanaapave Wt DCidfed off oSieNE 8§ ABES to

functional blocks |located within the a edded systéeém of one “enbodi nent of
the present presritdeoa higherANeAG D Cle i candGm 11588 ta8AR1 43 Vari ous
networks may interface with the present invention. The enbodi nent above
i|lustrates £Rd ©Sconnecti ons. However, the pr sent invention need

ot og L o | YRR A An i SO0 AL YAALLE0EL BnEhUCT

Ml ti-drop nejreest 4vemd ileyi ealNejell as illustrating why the
present invention’s architecture provides advantages and
features that are a function of solving the problems
associated with the prior art.

10 FIGURE 1 provides a block diagram for one embodiment
of the present invention‘s embedded system or
architecture. Block 12 represents the flow sensor. An
A-to-D converter 14 monitors flow sensor 12. A-to-D
converter 14 is interfaced to a 16-bit microcontroller or

15 digital signal processor (DSP) 16.

One embodiment of the present invention utilizes a
Texas Instrument TMS320F240 DSP as DSP 16. This DSP
contains embedded flash memory that allows the software
code within the DSP to be upgraded from an external

20 network connection.

DSP 16 stores internal algorithms or soﬁtware that
can be executed to implement a closed loop control
system. DSP 16 provides an electronic signal 72 to valve
drive module 18. Valve drive module 18 in turn provides

25 current to soienoid 20. Solencid 20 serves as the

actuator mechanism to contrel valve 22.
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sensed sol enoid current 72, set-point signal 55 and the neasured flow 15
can be used to create relationships that 10 provide faster dia@ osAN 104
probl ems. A Universal Asynchronous Receiver Transmitter (DART) is used to
generate MVOAMTHUpl ex using an interface to an external hECTUERIORT/E 5 PC
RS485 network. This UART circuit does several things. The circuit provides
access 15 to all of the calibration and tuning paraneters during
manuf act uri ng. The UART al so provi des another neans for a user to control
the MFC of the present invention. FIGURE 2 illustrates a timng di agram of
event managenent. DART of flow controllerg 16 is coupled to 20 RS485 with
atransmt line 74 and receive line 76. TX indicates a transmtted signha
and RX indicates a received signal fromthe host system of the flow
controller and DSP 16. A 9600 baud hal f. dupl ex golled protocol |ine couples

25 the RS485 SREMRTFAGS LRIYTHGP T fotk 2897 9860CBATd WRas THFRFEFPTSr a
manner sim | | | oVi n.nterfac 0 an
ext er nal hosfal.’ r&ﬁ%séﬁ%su%g{eeg lE{a‘{]%oc\g/\(lssrﬁa sgéée{%?/a-%égfp'ﬁ \}/é\nogﬁ%%%é: &t "flot%oﬁ:nﬁeer
events 0 7 JAN-=2(e AVt piReT1 A6904 17852 - 4 dmkhakadli s vitad while
not interfering with such other events. Several events inSide the flow

control |l er arimtemwl wase thengpenatierei agnostics. Local indication of the

status of those events is_Provi ed %%g.a bi-color LED 5 circuit, 28 that can
either be red or §Fednn9 {74 EYELYF HF1VRIECRELEN A§ /r &@RAYGPTS

moni tored condidian A ¢ £\ENvd Sa 309Vendi $THHLY; £009LH s B Y
actual solencid current 70 for sensing purposes. The
sensed solenoid current 72, set-point signal 55 and the
measured flow 15 can be used to create relationships that

10 provide faster diagnosis of problems.

A Universal Asynchronous Receiver Transmitter (UART)
is used to generate a half duplex using an interface to
an external host such as a PC R$485 network. This UART
circuit does several things. The circuit provides access

15 to all of the calibration and tuning parameters during
manufacturing. The UART also provides another means for
a user to controcl the MFC of the present invention.
FIGURE 2 illustrates a timing diagram of event
management. UART of flow controller 16 is coupled to
20 RS485 with a transmit line 74 and receive line 76. TX
indicates a transmitted signal and RX indicates a
received signal from the host system of the flow
~controller and DSP 16.
A 9600 baud half duplex polled protocol line couples
25 the RS4B5 XCVR 38 to multidrop network 40. 9600 baud was
chosen in a manner similar to the sampling freguency.
This provides an interface to an external host. This

speed allows a safety margin with respect to other events



threshold. If LED circuit 28 is solid red, then the warning h an
alarm In npbst cases, an alarm 10 condition indicates that theeﬁigaﬂommq

controller peri enced an unrecoverable fault. The flo r 4§r,
DSP 16, mﬁ?&ﬁ@gﬁﬁgnue to attenpt to operate. The event thaﬁkﬁﬁﬁégﬁg ﬁe
unrecoverabl e condition to occur is saved in non-volatile 15 nmenory.
Therefore, the event can be accessed via RS485 transceiver 38. A current
limting resistor provides a feedback path frombi-color LED circuit 28 to
a second 10 port on the flow controller 16. The col or of bi-color LED
circuit 28 20 is controlled by the directi®n of the current flow through

LED circuit 28 provided by the two 10 ports from DSP 16. An enbedded pul se
wi dt h nodul ator (PWWM is utilized to construct indicated flow signal 80.

The sanme type.pfe 3 gisggiif a’h%wrﬁ'fé) e di effé;f’fﬁé.r\”?hﬁ; %@gfﬁe%%@%r

sol enoid current as an external nenory~intée

external nemverivi.er Saverialt evieanes irs i TRAMIBD. £ Tk ScOnf réMe2084eVWO
01104715 PGI/ US00/ 17062 20 SRAM is_utilized during the boot-up process and
recei ves th@ayuiodeds tef Proydden|diEPREN 325 f orLéeal eindicassonTodnscei ver

30,020, 99,10 S e 8 Dol Rl NSl 4 42,0, IBgaDe, comnet s, (i gugl

QLhers $nOWN dbcdiR098 thak! @hd Ridiefie 14y 5110 387 YERT ©XI StING
circuit 28 is flashing red, then a monitored condition or
event ig above a warning condition or a warning
threshold. If LED circuit 28 is solid red, then the
warning has become an alarm. In most cases, an alarm

10 condition indicates that the flow contrcller has

experienced an unrecoverable fault.

The flow controller, DSP 16, will continue to
attempt to operate. The event that caused the
unrecoverable condition to occur is saved in non-volatile

15 memory. Therefore, the event can be accessed via RS485
transceiver 38.

A current limiting resistor provides a feedback path
from bi-color LED circuit 28 to a second I0 port on the
flow contrcller 16. The color of bi-color LED circuit 28

20 is contrelled by the direction of the current flow
through LED circuit 28 provided by the two IO ports from
DSP 16.

An embedded pulse width modulator (PWM) is utilized

to construct indicated flow signal 80. The same type of
25 circuit is also used to reconstruct the sensed solenoid
current B2.

DSP 16 has an external memory interface. The

external memory interface interfaces to SRAM 30. This



applications, which are analog, a future standard digital prOtﬁ%PUﬂ@ﬁéﬂﬂ
several conpeting protocols can be served by 10 the architecturé ‘of 4
present invention. This allows full conpatibility as choices_in networking
t echnol ogyYO/KMT? ot ocol s are realized. The present inventi SFTYRBIT%Es an
aut ononous interface such that the flow controller systemwould not be

af fected by nodul ar 15 conpatibility in a nodul ar schenme. The DPRAM
provides a digital partition between the DSP 16 and a to-be- determ ned
sensor BUS network 84. SRAM 30 is not exclusively external. A portion or

all of SRAM 30 may be incorporated as intd&nal SRAMinto 20 DSP 16 or the
digital flow controller of the present invention. In the illustrated
enbodi ment, the SRAMis divided into two portions, external SRAM 30, and

internal S UNsLde,t £ r f > 16. _Using _SRAM i nsi de DSP 25
16 of digita o?vbcgﬁgkrﬁglzleg?% I o% %ﬁo l?:on% r% p?ﬂﬁ?fg?oﬁg t 556E*&&REcut ed
Wi thin DSP 1fheKeynsthtisbeifes @fertirg FEEUROM Y eodessti bedaabaue .
elimnate the reliance on manual ly adjusted 0 7 JAN 2004 WO 01/04715

PCT/ US00/ 17062 21Tpsnganeivgat s CaThigy ite axitilesedai Devbeegeesastwork

I nvention by choosing gn architecture that has sufficient digital
bandwi dt h t o4%ofRFt BRYf PEWCOBREGEED &&Fé?%ﬂl’é Suhteohes EYaesefsnehwask| oi nt

cal i brati on S4a: an, CofRRRRey NS Bnsile on S ihnEr Rt oal |
time. Next, theséi gkialelll QW the art.

In addition to serving existing drop-in
applications, which are analog, a future standard digital
protocol, or several competing protocols can be served by

10 the architecture of the present invention. This allows
full compatibility as choices in networking technology
and protocols are realized. The present invention
provides an autonomous interface such that the flow
controller system would not be affected by modular

15 compatibility in a modular scheme. The DPRAM provides a
digital partition between the DSP 16 and a to-be-
determined sensor BUS network 84.

SRAM 30 is not exclusively external. A portion or
all of SR2M 30 may be incorporated as intermal SRAM into

20 DSP 16 or the digital flow controller of the present
invention.

In the illustrated embodiment, the SRAM is divided
into two portions, externmal SRAM 30, and internal SRAM
inside the flash memory of DSP 16. Using SRAM inside DSP

25 16 of digital flow controller allows all control
functions to be executed within DSP 1s6.

Key attributes of the architecture described above

eliminate the reliance on manually adjusted



control | er does not depend upon nultiple potentioneters to ad)JsyANhEQ4
control system rather the present 10 invention depends upon several

vari abl es Bﬁbﬁf as constants. Access to these variabl espipnRidMbered Vi a
the RS485 commruni cations port 38. Digital communi cations services, such as
servicing an RS485 host or a DeviceNet host, do not affect flow 15
control events. The DPRAM 32 all ows service on a schedul ed basis. Several
points are nonitored for diagnostics. Visual feedback is provided to a
user via bi-color LED circuit 28 which has two |l evels of indication

either 20 warning or an alarm flashing &L solid. This sane information is
avail able fromthe RS485 port and nay be presented by a software
application executed within an PC in a GJ interface. Control system

functions argotiehdieRteats Vi artsd t¥gr£childitedr Bs ftie | pvesdhen provi des 25
advant ages over previous technology that utilized analog circuits, which
are sensiti vénverdgiony hef fadwnesiag an emchidtertsyre ccvaanshasicsuf ibcient

cl osed-1 oop control, system O 7 JAN 2004 WO 01/04715 PCT/ USOQ 17062 22 The
ar chi t ect ur e Gé@itRd HERANHAEH R TPH ERT FkOWa| $ENIHTS hedeReERERD| e

st al | ed vi CHOTE FomberRy The Rabet | 1 to o Feri 13t 088 #8387 2t 1o 5
note that flashomionanbadded dn dSit AflisraOtanbeskdfe RUPESHPY .
calibration ConStants or unique data for the flow controller. %hls data is
stored i n ancevitidmadliors erdrs & EREROM 1 Tthepfdoid toptacte sy stensofht he
present constants in real time. Next, the digital flow
controller does not depend upon multiple potentiometers
to adjust the control system, rather the present
10 invention depends upon several variables declared as
constants. Access to these variables is-provided via the
RS485 communications peort 38.
Digital communications services, such as servicing
an RS485 host or a DeviceNet host, do not affect flow
15 control events. The DPRAM 32 allows service on a
scheduled basis.
Several points are monitored for diagnostics.
Visual feedback is provided to a user via bi-color LED
circuit 28 which has two levels of indication, either
20 warning or an alarm, flashing or solid. This same
information is available from the RS485 port and may be
presented by a software application executed within an PC
in a GUI interface. Control system functions are
implemented via software. The present invention provides
25 advantages over previous technology that utilized analoeg

circuits, which are sensitive to aging effects and

temperature, to construct the closed-loop control system.



I nvention provides autonony and conpatibility with 10 existing @QF 2004
t o- be-det erm ned communi cation protocols such as DeviceNet. FlI RéA§

rchi ¢ act ur B Teeent inventi on. FI GURE 2 111 ustr at osP HESIVINE ¢ e
i ne 15 executed by the A-to-D converter 14 of FIGURE 1. Wien A- to-D
converter 14 has acquired data and is ready to send the acquired data via
the data BUS to DSP 16, a ready signal is sent. Al data processing takes
place within tinme frame 20 A-B, once the_data has been dunped from A/D
converter 14. This is the anount of time2€hat is taken by the control
systemfor all data processing. Between events B and C, enough tine is

| eft for other tasks to be acconplished. DeviceNet interrupt 112,

real -tinme interrupthdl4rentt86tdbe48% tRke Eégbnilﬁnﬁghﬂ{%ﬁwéif&ﬁg éggmeen

FI GURE 2, occur between events B and C. ITf these interrupts occur
events A and ®f phecesernyabbe| evbeddedt acostivhlrel tB TAN A NEnL4/ 94415

PGTI US0011706 2%§£§§ priority, ancg, these interrupts are still processed
bet ween events*® T PR EURENSY c6RESI Rant ke dossadfleld owi thagt ans.

R et e masd S50 Lapl b gle OIS, SRS SNEl b
or [ pheral s ecur s st en 100 DYl nrae Rt R A e <12 18890F0 the
DSP and rel at@thyreramheral SbrationDoonavanter otduniikjue data for the
flow controller. This data is stored in an external
serial EEPROM. The flow control system of the present
invention provides autonomy and compatibility with
10 existing and to-be-determined communication protocols
such as DeviceNet.

FIGURE 2 relates to technical advantages of event
management within the architecture of the present
invention. FIGURE 2 illustrates the event time line

15 executed by the A-to-D converter 14 of FIGURE 1. When A-
to-D converter 14 has acquired data and is ready to send
the acquired data via the data BUS to DSP 16, a ready
signal is sent.

All data processing takes place within time frame

20 A-B, once the data has been dumped from A/D converter 14.
This is the amount of time that is taken by the control
system for all data processing. Between events B and C,
enough time is left for other tasks to be accomplished.
DeviceNet interrupt 112, real-time interrupt 114 and RS-

25 485 interrupt 116, as illustrated in FIGURE 2, ocrur
between events B and C. If these interrupts occur

between events A and B, processing collected data still



10 be programmed to sanple at a specific frequency. In one enbﬁﬁiggﬂiamf
the current invention, this frequency is chosen at 610 Hz. Thi%'6 s
a signal t acquiring data sanples from A-to-D conve @%g S

t he triggé$0%®$£%ﬂe external ADC interrupt to step 105. 15 g&¥é¥%§b , the
software code of the present invention continuously |oops and awaits one
of four interrupts. These interrupts include the external ADC interrupt
which occurs every 1.68 mlliseconds, the real-tinme interrupt which
occurs every 1.04 seconds, a DeviceNet interrupt, 20 and an RS485
interrupt. External ADC interrupt 105 alBows all data processing to occur

during the servicing of the ADC interrupt. In one enbodi nent of the
present invention, data processing takes approxinmately 30% of the total

time 25 bet D r 1 ) 15l ing.{his_ tine, .at
step 102, {ha ?vl%gc?lor%% 5l fRhte. F%ﬁui%ﬁ%l%ﬁ%f R iE Nt ad e
A-t 0- D converdetivebh efrehit@UBEahd CNext, at step 104, this data is

| i neari zed. One such 0 7 JAN 2004 WD 01/ 04715 PCT/USQCQO 17062 24 met hod for
linearization i s #CHREed iconbagnspimentsetpeifi dEdwrndiSegramsNo. 09/ 350, 747
entitled "Systemand _Method f.or Sensor R%fponse Li neari zation," filed July

9, 1999 by THGHERE BaftkttieasdescIIhes and flatailidhe A RERrsuBEscess,
previoysly d ' L.cisen AN ptdd & ¢ cqui red ADC
dat a to%sa nore é}?g&r%g e%ﬁfogv\%lv h@aftﬁlg. At ?tdeé'%&"?iéfg%ﬁé%g ta and
val ues are SeMGUREO2t.heAc@ethol SYStem ImeEeaMt chwidtismnbeyiateathe mass
flow controller to achieve the desired nmass flow rate.

step 100. All initializations of DSP 16 and peripherals

occur at step 101. During the initialization step 101 of
the DSP and related peripherals, A-to-D converter 14 will
10 be programmed to sample at a specific frequency. In one
embodiment of the current invention, this fregquency is
chosen at 610 Hz. This 610 Hz is a signal to start
acquiring data samples from A-to-D converter 14 and is
the trigger for the external ADC interrupt to step 105.
15 At step 103, the software code of the present invention
continuously loops and awaits one of four interrupts.
These interrupts include the external ADC interrupt which
occurs every 1.68 milliseconds, the real-time interrupt
which occurs every 1.04 seconds, a DeviceNet interrupt,
20 and an RS485 interrupt. Extermal ADC interrupt 105
allows all data processing to occur during the servicing
of the ADC interrupt.
In one embodiment of the present invention, data
processing takes approximately 30% of the total time
25 between ADC interrupts, 1.68 milliseconds. During this
time, at step 102, the flow controller will acquire all
ADC-related data from A-to-D converter 14 of FIGURE 1.

Next, at step 104, this data is linearized. One such



10 Step 108 invol ves the bi-colored LED circuit 28 of FlIGURE Eﬁﬁgﬂﬂhng
on the state of the flow controller 16, the LED circuit 28 ﬂd

appropri at_el ording to a signal and current direction supplied to the
oS T

biicolored” cuit 28 at step 108. 15 At step 110, diag 0017062
performed. These diagnostics are directly related to the displayed state
of the bi-colored LED circuit 28. DeviceNet handling occurs at step 112.

At step 114, data is selected or retrieved fromserial EEPROM 26. This
data may include 20 calibration constants, gas-specific data, serial
nunbers of the mass flow controller and 24l ated controllers, service data
and di agnostic codes. At step 116, data is acquired fromthe RS485
interface. At step 116, the totalizer totals or integrates the tine and

O o aneas R Foun Yl dd o o0 a1 e 20 4 Bt e from

m scel | aneou Sekeeping T unct1ons ne

this priori ty;tp';?lti%raﬁ:li@n R 1QCC Wo . Gp /7 JEN, 29M e%@i@_ye%‘l?‘isg/ﬁ%% 17062

25 Fol | owi ng e return fromthe external ADC interrup € process

will return Method Hegi SensprstResidise Anineaddi zhehak datf DR yMy,ch
woul d cause any additional or other interrupts, such as the real-time 5
interrupt 1283%hEYDIIREe Pty Pt 190; Bt -t h&nREIES liimesrigat b0,

o ene S Lanebls KRN A bty 408 Tileial ALt 100
2L 0ol T, s s rlap e e b il ST
value. At step 106, linearized data and values are sent
to the control system loop which will manipulate the mass
flow controller to achieve the desired mass fiow rate.

10 Step 108 involves the bi-colored LED circuit 28 of
FIGURE 1. Depending on the state of the flow controcller
16, the LED circuit 28 would light appropriately
according to a signal and current direction supplied to
the bi-ceclored LED circuit 28 at step 108.

15 At step 110, diagnostics are performed. These
diagnostics are directly related to the displayed state
of the bi-colored LED circuit 28. DeviceNet handling
occurs at step 112. At step 114, data is selected or
retrieved from serial EEPROM 26. This data may include

20 calibration constants, gas-specific data, serial numbers
of the mass flow controller and related controllers,
service data and diagnostic codes. At step 116, data is
acquired from the RS485 interface. At step 118, the
totalizer totals or integrates the time and flow

25 measurements inside the flow controller 16. At step 120,

miscellaneous housekeeping functions may occur, after

which a return from this priority interrupt may occur.



| ocated within DSP 16. No matter which interrupt process occur 7 “ﬂﬂnIPQe
I nterrupt process is conplete, the nethod of the present inven i'on w

return to WOp/4W3 and await a future interrupt. 15 Rem-wlyghvghﬁmkypt
124, DeviceNet interrupt 126, and RS485 interrupt 130 all allow data to be

read and witten to variables and stored within the DSP 16. M ni num
operations occur during this interrupt to handle this data. The actual
processing of this data will 20 happen when it is accessed during the
external ADC interrupt 105. An additiogpal way to think of this is that
these interrupts provide and object-oriented system I|inked through nenory
| ocations. Therefore, when an interrupt occurs, data is stored in the
appropriate 25 nenpry Jocation until the external ADC interrupt 105 occurs
and the data i s FRlkawing the aytuan déseni bbs eeterpal nRECAGHE@RS UKL hi N
the present. nvention. ThIS f igur e descrlbes how the SRAM 0 7 JAN 2004 WO
01/ 04715 PEHRUSCHS RIEE 3L EEHRO2 650 abBe DPREWRB ANBN E&ERC 1.0 0FOr

pur poses of t hizgAifH | se fo data RAM or SRAM 30
bet ween i nt er nal gi <§§ﬂﬁa (N]%ﬁéfgéﬁg d éﬁge gePu EBFaﬁﬁeoFHQXterna
SRAM 30 aceekbithlonalo d¥SRthHer SEAMBAStE) s0ES 58S ribes a
menory location in which to store dang Duf?ng ,n,?P§F%§é¥,g§EEa|| EEPROM

dataSis co@tEFTURto ¥afe SREVIDNY dzeNenli tatedropt| ipk, 142. thAddiibenal |y,
T 23R 0 LS R R bbbt
105. External ADC interrupt 105 takes pPriority over all
other data processing. During the processing time of
approximately 50 milliseconds, data associated with other

10 interrupts is stored in SRAM 30 or the internal RAM
located within DSP 16. No matter which interrupt process
occurs, when the interrupt process is complete, the
method of the present invention will return to step 103
and await a future interrupt.

15 Real-time interrupt 124, DeviceNet interrupt 126,
and RS485 interrupt 130 all allow data to be read and
written to variables and stored within the DSP 16.
Minimum operations occur during this interrupt to handile
this data. The actual processing of this data will

20 happen when it is accessed during the external ADC
interrupt 105. An additional way to think of this is
that these interrupts provide and object-oriented system
linked through memory locations. Therefore, when an
interrupt occurs, data is stored in the appropriate

25 memory location until the external ADC interrupt 105
occurs and the data is processed.

FIGURE 4 describes memory interactions within the

present invention. This figure describes how the SRAM



SRAM 30, during which critical data is copied to the SRAM 30 durin
initialization. This second link is shown because copying ini (i bl]ﬁghﬂﬂ%
dat A-to-DPRAM 32 is a two- step process. EEPROM data cannot be copi ed
directly tWOBOBHRAM 32. Therefore, EEPROM data is first copPEHUSHYIFO6

| ocation within SRAM 30. From SRAM 30, this data is then copied to DPRAM
32 via link 144. Critical data copied to SRAM 30 during initialization
woul d contain control system data, which goes to the internal menory

| ocation, 20 and data for totalizers and the like. Athird link 150

I ndi cates data being transferred from3RAM 30 to EEPROM 26. This |ink
allows totalizer and diagnostic data to be transferred during DSP 16
operation. Link 152 is a two-way |ink between SRAM 30 25 and RS485

-comuni cat i al | to,read. fromand wite to SRAM 30.

A second ¢ %%l%ﬁgré% ﬁéﬁ%@?’gaégbé?ﬁﬁﬁﬁcEEPRmr RS ¢E485

comruni cat i, PQi i %&'@fsé—?ﬁ £ 4L ch0 AN _20 0471

PCT/ USOQ' 17062 27 %?Q%)Ws all data q[:oi‘%lg rga Zg%dyﬁﬁ%l % en t%m from
RS485 commpBo dﬂéumrpc&mtéiﬂuammmef bpeatéliconr EReNE gl EmOFy abt ows ful |

access to both EEPROM 26 and. SRAM 30 data. 5 The present invention allows
al | data wWRFR nt&SrRm g eaml E@N@@@ea@@eaélhégesge@sa dlRS48%RAM 30

user mlt ed fromfull access to

CoPmay o2 R ooty A e e s B oy L SR SRR ety ot ho
uni que seﬂgg gﬁgﬁ&”déﬂﬁicnﬁﬁ¥1ﬂ§ gaiei 190nt NEnvendar ey pe chppoed by

t he user.

copled into the SRAM 30 as indicated by link 142.
Additionally, the top 1K of EEPROM data is copied to
DPRAM 32 during initialization via link 144.
10 An additional link 146 occurs between EEPROM 26 and
SRAM 30, during which critical data is copied to the SRAM
30 during initialization. This second link is shown
because copying initialization datA-to-DPRAM 32 is a two-
step process. EEPROM data cannot be copied directly to
15 DPRAM 32. Therefore, EEPROM data is first copied intoc a
location within SRAM 30. From SRAM 30, this data is then
copied to DPRAM 32 via link 144. Critical data copied to
SRAM 30 during initialization would contain control
system data, which goes to the internal memory location,
20 and data for totalizers and the like.
A third link 150 indicates data being transferred
from SREM 30 to EEPROM 26. This link allows totalizer
and diagnestic data to be transferred during DSP 16
operation. Link 152 is a two-way link between SRAM 30
25 and RS485 communication port 28 that allows data to read
from and write to SRAM 30.
A second communication pathway exists between EEPROM

26 and RS4B5 communication port 38 via link 154, which



exanpl e may be associated with warranty data or serial nunbers

I ndi vi dual conponents. The present invention provides an obJecthrUANthﬁ
approach where there is a nmethod and interface from one 5 obj ect to

anot her t 3Y@AHMES di agnostics to be performed or data to beP AT £ r om
or passed to another object. Certain prior technologies may have an RS485
protocol that use nenory |ocations enbedded in the protocol. This prior

t echnol ogy solution has a problemin that if the 20 wong data is
transmitted to a specified nmenory location, a device will tend to

mal functi on and behave outside its spe&lfied performance. The present
invention is built to | performtests to determne if requested data should
be provided, to protect the data that should not be made 25 accessi bl e,

and to test data hefor 5 €. sure_t ropriate.
Data transfer Yt \ﬁatﬁ h%%ﬁggﬁeégﬁigd hﬁ#gﬁégnigo ?Wle
cruci al _datzsgan bagsavedk ke gt O, 0 ThelAlt 2004 VL 01404205

PCT/ USO0t 17862 28 16. EEPROM 26 will retain data when power is |ost to DSP
16. Additi anatdntidrhisl ldstsn iyl Frcrsessedatla REA3GM 2enaundi SRAMON port

38. O her data_saved here would be gas-specific calibration data. The
configuraﬂﬁﬂtQﬁt%ﬁmh 5 mass flow controller nmay be dependent upon the

T cat oo ot RN, L1040 S Miabe gl B SHS
mej ority ofaidGaeROM ARt Dd Rctdaisdd onid Nrdagesontin 88HEHE BBEEUC
selection %ﬂi However, a user may be limited from full access to
EEPROM or SRAM data. This may be done for security
purposes to ensure the unique serial number and other
10 data from the vendor cannot be changed by the user. One
example may be associated with warranty data or serial
numbers of individual components.
The present invention provides an object-oriented
approach where there is a method and interface from one
15 object to another to enable diagnostics to be performed
or data to be requested from or passed to another object.
Certain prior technologies may have an RS485 protocol
that use memory locations embedded in the protocol. This
prior technology solution has a problem in that if the
20 wrong data is transmitted to a specified memory location,
a device will tend to malfunction and behave outside its
specified Qerformance. The present invention is built to
perform tests to determine if requested data should be
provided, to protect the data that should not be made
25 accessible, and to test data before it is processed to
ensure that it is appropriate.
Data transfer occurs via link 154, because EEPROM 26

is non-volatile, crucial data can be saved here for DSP



10 tuning in order to accelerate the manufacturing process. Therefore, in
the manufacturing process unique selection and tuning is not rehdi JAN, 2004
enhancing the speed of this process. Wien the device is initialized,
EEPROM 26 wo&oilmdask. The calibration tables and ot her such datgueBih7ee 15
downl oaded en nmasse via RS485 conmuni cations link 156 to a nulti-drop
network 40. Multi-drop network 40 again is linked to a PC host 44. The
present invention is also designed to be conpatible with | egacy systens.
Thi s backward 20 conpatibility allows users to communicate to an

enbodi nent of the present invention with anal og signal. The anal og
communi cations 160 as shown provide a functional link to either nonitor a
flow signal or provide a set-point control to a | egacy system as known 25
to those skilled in the art. These anal og communi cations may be realized
by A-to-D corMert SEFROM sl 1 bcaetdinwdahian whern-fdwenves t Bsstdeo These
anal og communi cations, 0, 7 JAN 2004 WD_01104715 PGI/ USOQ' 17062 29 162 occur
bet ween anal o coffifhi CRRDNY sylsidf d8baaRayabeusarcensedivia |IRGEY host

system Devi C%uﬂi@ﬂfcﬁf%é@?%g. 4zgiﬁﬁslﬁit g%ﬁ%ptsoq\gep Mﬁggbﬁﬁéﬁ\&\ﬁli%ui ring

conmuni cat i ons coO- processor may sénd
as Lo i1s avajdahidddyr 0 demiec i 6al dakyer tlai@od s A0pL L b | be bgs &
interrupt except for static data such as an I D nunber.” FrequentTy
accessédl dat aagd If iy stapterbleDRREN BE Hependieditt Nepon NElos rigihas: epposed
L e N A ion © s CEGEESe 1 L0° ) SIS EnEy oY
RS485 communication port 38 to gain direct access to
EEPROM 26 to downlcoad the majority of those parameters in
a fashion that does not require unique selection and
10 tuning in order to accelerate the manufacturing process.
Therefore, in the manufacturing process unique selection
and tuning is not required, enhancing the speed of this
process. When the device is initialized, EEPROM 26 is
blank. The calibration tables and other such data may be
15 downloaded en masse via RS485 communications link 156 to
a multi-drop network 40. Multi-drop network 40 again is
linked to a PC host 44.
The present invention is also designed to be
compatible with legacy systems. This backward
20 compatibility allows users to communicate to an
embodiment of the present invention with an analog
signal. The analog communications 160 as shown provide a
functional link to either monitor a flow signal or
provide a set-point control to a legacy system, as known
25 to those skilled in the art. These analog communications

may be realized by A-to-D converter functions located

within A-to-D converter 14. These analog communications



- by having the readily accessible data in DPRAM 32. FIGURE 5 p(rifyi?@q ﬁﬁﬁ
overvi ew of the communi cations associated with one enbodi nent t

present invention. FIGURE 5 illustrates and provi des an overvi ew of three
15 types o¥OOYMAfi cation protocols which may be coupl ed t oPEF/USENIEEI bl e
wi th one enbodi nent of the present invention, the DeviceNet, anal og, or
RS465 protocols. The present invention should not be |[imted to these
types of protocols or comrunications systens, rather any 20 conbi nation of
t hese conmuni cations systens. It is inmportant to note that the
architecture of the present invention2®n accept anal og set-points from

| egacy systens and interface with different sources. It nay also accept
digital set-points and information via 25 DeviceNet as known to those

skilled in e - Qr r r S485 system This is_acconplished

wi thin onékgoﬁﬁ%%nhﬁﬁﬁsFE@t%gé#%%ﬁf%wﬁﬁuﬁﬂﬁﬁgxﬁ9%1?555?@ %6°P€?g3300117062
Wt hin eachygseemMyditCEFdronegsey testf Aysbeanpl e with the RS485 interface,

it is inportant to note that the device may have a service node and a

nor mal oper at i nPeviimediedndnpetréniceaodwdre 4ninherl bhikeddtsi ppraMnegdes. The
5 normal operating node will have linmited access. The service node or
command noée CRMMUIRSRE LORE ERPREPSESF XX May | I/idrruihberredt ptovi der to

e Avai | abPE SPRRl dEEmAT TR B ORI R dto rBresethe normml

user. data. Every data transfer will be an interrupt except

for static data such as an ID number. Frequently
accessed data will be stored in DPRAM 32 to avoid the
interrupt as opposed to acéessing EEPROM 26. This

10 increases the overall efficiency by avoiding interrupts
by having the readily accessible data in DPRAM 32.

FIGURE 5 provides an overview of the communications

associated with one embodiment of the present invention.
FIGURE 5 illustrates and provides an overview of three

15 types of communication protocols which may be coupled to
or compatible with one embodiment of the present
invention, the DeviceNet, analog, or RS485 protocols.
The present invention should not be limited to these
types of protocols or communications systems, rather any

20 combination of these communications systems. It is
important to note that the architecture of the present
invention can accept analog set-points from legacy
systems and interface with different sources. It may
also accept digital set-points and information via

25 DeviceNet as known to those skilled in the art, or a
proprietary RS485 system. This is accomplished within

one common architecture.



This systens or command node al |l ows access to diagnostic infornmation.
t he enbodi nent of the present invention shown in Fl GURE 5, calli brJAN aﬂﬁ‘land

tuning is o) rough the RS485 port and is not accessi bl
Devi ceNet 'Bﬁ“#g [ [ %Fﬁhﬁﬂhﬁgmé

e DeviceNet port is used for process cont
addition to process control, the DeviceNet port may provide access to
di agnostics that are in a DeviceNet |anguage, alarns or exceptions. In the
anal og node, output flow values and valve 20 voltage may be provided.
Anal og systens basically provide a linear op-anp circuit that provides the
voltage present on the sol enoid. The p#@sent invention advances the art
by precisely controlling the current delivered providing a direct
relationship with the force required 25 to mani pul ate val ve position

Anot her advant agg 1assg (%éﬁﬁdcﬁhﬁﬂniggtPBEEGEEgrE@VGEEEO@x IQ?EQ

present i nvention 1S non-intrusive tOF and

anal yzed. MheuRSLQBLwﬂtéiiwcal)ﬂﬂ/9§7iﬁpﬁﬁiéﬂéoeblﬁgéé 8hap' Wect i ve
algorithns, it is possible to save on manufacturing and mai ntenance costs
by develomdﬂyxﬁe[ﬂ&Xhhﬂvaean%?ﬁ?éﬂanmedSyénénﬁfnprma@ubpermmumhenance

Addi ti onal | ssi bl o determ e otential 5 failures associ ated
with the s?édeem “%FEO ejri Y ayY ﬁ“d ?F?? oﬁ@@éFF@ﬁaéuF‘ﬁdGé of Tenor nal
range but t(‘)-{%at ﬁ%ﬁlé tl{%gjl sPeei fhgat! 99m1€gﬁsa af\égl ndi éﬁe abnor nmal

operatlon ren r Ot er analysis may 1 n enti a
failure rmdemssecnaidd of tdothend yades widl Thavef ehe, capagaa%yd% adation

or val ve mal function can
allow an authorized provider to have full access to the
device, whereas these commands and systems may not be
available or necessary in the normal operating mode for
10 the normal user.

This systems or command mode allows access to
diagnostic information. In the embodiment of the present
invention shown in FIGURE 5, calibration and tuning is
done through the RS485 port and is not accessible via the

15 DeviceNet port. The DeviceNet port is used for process
control only. In addition to process control, the
DeviceNet port may provide access to diagnostics that are
in a DeviceNet language, alarms or exceptions.

In the analog mode, output flow values and valve

20 voltage may be provided. Analecg systems basically
provide a linear op-amp circuit that provides the voltage
present on the solenoid. The present invention advances
the art by precisely controlling the current delivered
providing a direct relationship with the force required

25 to manipulate valve position. |

Another advantage associated with the present
invention is that the present invention is non-intrusive.

Data need merely be monitored and analyzed. Using



be determ ned and repl aced before serious damage occurs to the QpﬁhN
system Trend analysis and rel ational data are anal yzed \M’thinU 2004

di agnostic One enbodi ment of the 15 present inventi ﬁ@h make
deci si ons ?ﬁﬁﬁhgﬁ%nbedded system as to whether or not the 23?9@@@@ | d
operate, but rather the present invention develops a warning or alarm
condition. The present invention may be coupled to an external system
contai ning a graphical user interface 20 on a PC or a simlar software

anal ysi s packages known to those skilled in the art, to develop trend and
rel ati onshi ps anong different data and i#Pprove the value of diagnostics.

In FIGURE 1, local PC host 44 may be the host of a 25 nmulti-drop network
whi ch can be connected to a nbdem 46. The objective is to provide renote

access to dgifedi@Mvd NE1psLEERhs | NYENt 50PosEL GYRE: gg&tfgﬁyin functi onal

terns a second nodem 48 in a renote PC 50 where renot 04715 32 0 7
JAN 2004 PChaiff¥2dtatidng camsd smaintéradatacostr by Bevelepirgia application
or transport |ayer of the network could consist of a TCPIP "or other

i nternet ap@r¥edt¢ohve VRN 2RARGY FYaEAT480r| nepvdar jrasntemanwans of

e 12100, 2 AASERGE B O Lo Lo 081 PBT AL1G CIRROLLLY Lo pr ovt e
Seven T ayer T podel Tor Retoor b g, wf LR Bk cs T e SRANFEs W a
TCPI P st ack identifwneperation outside of a normal range but that is
still within specification. This may indicate abnormal
operation or that a trend or other analysis may indicate
a potential failure mode associated with the system.

10 Therefore, a sensor degradation or valve malfunction can
be determined and replaced before serious damage occurs
to the host system.

Trend analysis and relational data are analyzed
within a diagnostic system. One embodiment of the

15 present invention does not make decisions in the embedded
system as to whether or not the system should operate,
but rather the present invention develops a warning or
alarm condition. The present invention may be coupled to
an external system containing a graphical user interface

20 on a PC or a similar software analysis packages known to
those skilled in the art, to develop trend and
relationships among different data and improve the value
of diagnostics.

In FIGURE 1, local PC host 44 may be the host of a

25 multi-drop network which can be connected to a modem 46.
The objective is to provide remote access to data from
the present invention. FIGURE 1 depicts in functional

terms a second modem 48 in a remote PC 50 where remote



-10 choose to network the present invention over an internet connection.
FI GURE 6 describes a method and system for providing automated)daUANr 288%on

of the mas ontroller of the present invention. A mas
wd biors iﬁ:fr(lgﬁ\ﬁ’omosz

controller e present 15 invention is not calibrated, as

solutions were, by meking nmechanical adjustnents. Rather, a set of stored
coefficients is altered to calibrate the accuracy of the nass flow
controller of the present invention. Calibration consists nmainly of two
steps. One, 20 linearization. This step basically irons out the non- |inear
behavi or of the sensor and provides a |id&ar value for the digital flow
controller 16. The set-up depicted in FIGURE 7 is used where the
calibrator provides either an analog or digital set-point. For every

appl i ed set 280008 s engossesPoRdlag euglond coRLTGLLSYcLtlow o

standard" value 1Is record A regression techni‘qu

skilled in tbeamsport Slayweti 68 thet hesworROidHisld QEEssalcHkaLeqdrptbese
coefficients are recorded WO 01/04715 33 0 7 JAN 2004 PCTIUSCA 17062 in

EEPROM 26 of of ethpesdatiermgentbphiteotigse. Twidmsks ahdt hedpmegent
i nvention then,becones a#nunerical exerci se where a polynomal is used

with the det%FQ&?ﬁﬁf BYET FPRT NPT P OLalr o Rhe coFABEPOrtodhaYEBM sensed
gases and si57ed Thotae EEPRS SAPABREY Yt B e mabenrAteRE bresent
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duplex mode protocol used by the present invention does

comply with the seven-layer OSI model for networking,

which makes it compatible with a TCPIP stack should one

10 choose to network the present invention over an internet
connection.

FIGURE 6 describes a method and system for providing
automated calibration of the mass flow controller of the
present invention. A mass flow controller of the present

15 invention is not calibrated, as prior solutions were, by
making mechanical adjustments. Rather, a set of stored
coefficients is altered to calibrate the accuracy of the
mass flow controller of the present invention.
Calibration consists mainly of two steps. One,

20 linearization. This step basically irons out the non-
linear behavior of the sensor and provides a linear value
for the digital flow contreller 16. The set-up depicted
in FIGURE 7 is used where the calibrator provides either
an analog or digital set-point. For every applied set-

25 point, a corresponding sensor and controlled “flow
standard” value is recorded. A regression technique, as
known by those skilled in the art, is applied to these

points. Once calculated, these coefficients are recorded



during transient events. Logic will be incorporated into 10 the host PC
that will adjust the set-point conditions in order to control fgwJAN 2004

condi tion i eve the expected flowin a transient conditlon
additionaﬁ”@@@ggﬁgent of the present invention nmay incormdhﬁQﬁéﬁgyégen1to

record actual flow conditions 15 and sensed flow conditions. This data may
be anal yzed statistically for various nechanical platforns to which the
mass flow controller of the present invention nay be attached. This data

can be used to establish trends and, in conjunction with |ogic or
artificial intelligence as 20 known to tR8se skilled in the art. Control
paraneters can be increnented for a given performance criteria until such

performance is optimzed. FIGURE 7 provides a overview of the diagnostic

capabilities:gf rege LM ent-i Bi. - : 25 circuit, 28 provides
a status indigaﬁﬁ?goﬁE%§C?§05P¥ ggéggﬁgiég§§%ﬁaﬁgﬁq5?5eﬁs?hat&?ﬁetg?gsent

i nvention i sofopreapresaht ifiveheibh- ehedr Hefddndd @i dukdérisai!l ashing red,
a mnor recoverable fault is indicated. |If bi-color O 7 JAN 2004 WO

01/ 04715 PCTexSEisg0elens aEpPriyneviallgd s ndiecchivesta shéi deternined

nrecover abl e |t has occurred fipal condition of the bi-color LED
o ourt hai CorbPrriarts FS cHal fit ebe ot R SRSt TLO¥OE BoRIPea SRR e MG

of thezpres ' io The : i.-color LEDcircuit 28.is
detern?ﬁed :?%%?nggﬁftaﬁ?%g %%§§5§§%ﬁ?%8%h§ﬁ%xﬁ§%|Tﬁ¥éBﬁtF%P?% edyal uat es

whet her  nonibpr eddveidakl egases apar stohedWilly ke NSEbhbR dor PFRIBL €1 S.
These vari abl es i nclude outputs fromthe
memory location within the present invention.
Dynamic tuning provides the ability to measure flow
during transient events. Logic will be incorporated into
10 the host PC that will adjust the set-point conditions in
order to control flow conditions and achieve the expected
flow in a transient condition.
An additional embodiment of the present invention
may incorporate a system to record actual flow conditions
15 and sensed flow conditions. This datahmay be analyzed
statistically for various mechanical platforms to which
the mass flow controller of the present invention may be
attached. This data can be used to establish trends and,
in conjunction with logic or artificial intelligence as
20 known to those skilled in the art. Control parameters
can be incremented for a given performance criteria until
such performance is optimized.
FIGURE 7 provides a overview of the diagnostic
capabilities of the present invention. BRi-color LED
25 circuit 28 provides a status indicator. LED circuit 28
indicates when green that the present invention is
operational. 1If the bi-color LED circuit 28 is flashing

red, a minor recoverable fault is indicated. If bi-color



sensor, solenoid valve, the anbient tenperature of the 10 device of the
present invention, the power supply to the present i nventi on, JahdAN 2004
nmeasure of dynam c performance of the present invention. Any unrecoverabl e
faults thatYOW W et ernined by the software code will be stoPEAUMYKI0RZ t he
EEPROM non-vol atile nmenory 26. Additionally, all 15 data val ues can be made
avai |l abl e over the DeviceNet port or RS485 port 38. The data from RS485
port 38 or the DeviceNet port can be sensed by a software diagnostic
program running on a portable conputer such. as a |laptop or other
speci ali zed conputing device. This softwaBe 20 woul d provi de a user an
interface that would give the wuser a detailed view of the results of the
di agnostic routines running inside the present invention. A specialized

tool such as and- hel d géa B@;ti% t ool , agl al so sense software

di agnostic d RTS8 pg 158%6F 55%’3& i %0 BTSSP n t he
present invendj ice :PRAt t d C

interpreti ng@émac al%)éé n?%gﬁfgggr'po%?é@gtlocﬁegg%mﬁrogs%s% aéfjcﬁleor

sof tware di agiRStdscufe seeong sof Liahe , pwhdcamMinditate 0 thatAN 12004 MD
01/ 04715 PC /US00/ 17062 35 on a portable conputer or portable diagnostic

tool can be NDHIWRF cboi khanMEGdPLi 5h8 Peelseditmremvent icend tThe stsukg s of

t he software di ggnostics m_t.he vi.ceNet . port.. 5 The present invention
addr esses nma BT 2hET %é§0895fgg%w? hifh&ehergingd affegh & et tyrare

owner shi p  assyd, Dyn fn UERE ﬁkﬁ@,stele@s%ﬁg%ﬁe@%&éﬂ%&f&%@é Shedil) €d mass

flow controllers that are often arbitrari
monitored variables are operating within specified

parameters. These variables include outputs from the
sensor, solenoid valve, the ambient temperature of the

10 device of the present invention, the power supply to the
present invention, and a measure of dynamic performance
of the present invention. Any unrecoverable faults that
are determined by the software code will be stored within
the EEPROM non-volatile memory 26. Additionally, all

15 data values can be made available over the DeviceNet port
or RS485 port 38. The data from RS485 port 38 or the
DeviceNgt port can be sensed by a software diagnostic
program running on a portable computer such as a laptop
or other specialized computing device. This software

20 would provide a user an interface that would give the
user a detailed view of the results of the diagnostic
routines running inside the present invention. A
specialized tool such as a hand-held diagnostic tool, can
also sense software diagnostic data from RS485 port 38 or

25 specified test points within the present invention. For
the DeviceNet port, a separate and unique interpreting
mechanism is incorporated to read the results of the

software diagnostics. A second software program running



flow controll ers have been seen as unreliable and undependabl & "a

users do rstand how a nass flow controller operatengﬁﬁﬁ@

this fail B?Eemt]}gﬁﬁﬁderstand t he operation of the nmass flow contro #Z‘fﬁzand
the problens associated with 15 calibrating a mass flow controller, field
service is required to provide technical support and failure analysis of
suspected nmass flow controllers once installed on a system Historically,
mass flow controllers have been tuned or_calibrated based on an 20

I ndi vidual technician's explicit knomﬂed%% of device performance, using
multi-turn potentioneters or variable resistors. This calibration is a
time- and | abor- consum ng subjective event directly affecting device
per f or mance.orBec paetakle heompuet onnpograble 281 8ghbBEati @Bl dahe yass
flow controllers of the prior _art, non-uniformtransient response is often
experi enced capftigunad rinan FiRiHeeRdl cembodimess tboweadnthel | ers of the
prior art have heen f dto ﬁe extremely WO, 01/04715 36 0 7 JAN 2004

PCT/ USOQl 1736F "tﬁp G £ ?ﬁr?)ri%%%‘g‘é?tmﬂi fremathe, Dendcedies f| ow
control lers pf . he prior art are generally anal og systenms or proprietary
RS465 networks. The present invention provides a systemcontaining 5 the
abi ity for forwark quremsdnthiinvenvish saktéptes Opsay \A%%me}n%at i ons
standards such as DeviceNet, LonWrks, and Profibus ich stil

mai nt ai ni ng a@aREdakadwith the prior art. High cost of ownership

assumed by a user due to unscheduled and unexpected

repl aced wi thout any justification. This is because 10 hiStorij?bliﬁnﬁgﬂ§
of

failed mass flow controllers that are often arbitrarily -
replaced without any justification. This is because

10 historically mass flow controllers have been seen as
unreliable and undependable, and many users do not
understand how a mass flow controller operates. Because
of this failure to understand the operation of the mass
flow controller and the problems associated with

15 calibrating a mass flow controller, field service is
required to provide technical support and failure
analysis of suspected mass flow controllers once
installed on a system. Historically, mass flow
controllers have been tuned or calibrated based on an

20 individual technician’s explicit knowledge of device
performance, using multi-turn potentiometers or variable
resistors. This calibration is a time- and labor-
consuming subjective event directly affecting device
performance. Because of the manual tuning and

25 calibration of the mass flow controllers of the prior
art, non-uniform transient response is often experienced
with their use. Furthermore, the mass flow controllers

of the prior art have been found to be extremely



conpatibility with | egacy interfaces. Troubl eshooting and analﬁéii Rf
failed mass flow 10 controllers have required that the nass f MIA 2004

control | er whb@aaegoved from operation and installation wthi Ed-,ygwm 2
y

installed system This is a costly event can be elimnated Irectly
nonitoring the mass flow controller in operation as is acconplished by the
present 15 invention. The present invention contains a digital engine

whi ch discretely nonitors the set-point, solenoid current, anbient
tenperature, sensor base resistance, and é | et pressure indication, as
wel | as power supply voltages, fIOM/errof%, val ve | eak and transient
response. 20 These nonitored paraneters can be anal yzed (manual |y or
automatically) to track and determ ne abnormal trends associated with the
operation of ddmsidaweemfinler mresante i NVERAHLL0DonEINNEHY Guaddi @ diat a
can be nonitored renotely via a npdem or other network 25 connection to a
host PC. The eampsralilers it rid19 QTAT 13kt prescaenenaddyi emalder syritems

contain any vari abl e .mgnual justnents.. This provides an advantage in
that all cal i%é’ﬁ%?%‘fyurﬁ%gé%nie%‘ﬁ{%m WD 01/ 04715 PCT/ US00/ 17062 37

I's conpl eted digi | IR Ekn 10f j e nstant.s staored in

non-vol atil e rrerm?y.é cz::@e%sr% g' t he %%I?e%?y&n%%o%ygpgggﬁ (‘)s“r? |a§%i ded

vi a thes dedi agteethbiRIAB6 fiont efchmerrd Tdwmpat 111 24 t PNws ¥ ht /1A 1d WHEMNY t he

5 appropriate software along with interfacing to specific flow nmeasuring

i nst.rument at i SRmEEY caRionRe (dEndardsl suelt@s ahevi ga¥ethe Loedxisywand

control |l er of
b

gggibus which still maintaining a backwards

compatibility with legacy interfaces.
Troubleshooting and analysis of failed mass flow

10 controllers have required that the mass flow controller
be removed from operation and installation within its
installed system. This is a costly event can be
eliminated by directly monitoring the mass flow
controller in operation as is accomplished by the present

15 invention. The present invention contains a digital
engine which discretely monitors the set-point, solenoid
current, ambient temperature, sensor base resistance, and
inlet pressure indication, as well as power supply
voltages, flow errors, valve leak and transient response.

20 ' These monitored parameters can be analyzed (manually or
automatically) to track and determine abnormal trends
associated with the operation of the device of the
present invention. Furthermore, this data can be
monitored remotely via a modem or other network

25 connection to a host PC.

The mass flow controller of the present invention

does not contain any variable manual adjustments. This

provides an advantage in that all calibration and tuning



present invention for uniformrepeatable performance in statij] nie 0
transient flow conditions. These uniform 10 transient response gr ng]gn

addi ti on agpaplegge of the present invention. These uniforrnﬁdfﬂﬁ?bﬁgk?he

responses are achieved by using the conputational power provide

selected digital signal processor as applied in the chosen architecture.
This architecture allows 100% of 15 the control algorithns to be

i npl emented via software. . The software al gorithns can contain nmechani snms
to invoke wunique case-sensitive or situational paraneters that can be

sel ected or tuned to achi eve a uniform ahd repeat abl e transient response.
20 Yet anot her advantage of the present invention is to elimnate the need
for expensive upstream pressure regulators within a gas supply. The

digital engiie mdmpldtcadraistital Iy ent i o8t Eh%fc%oﬁmjl.cﬁ%é% discretely
monitor the inlet pressure via an available g—to-D I nput: 'S
desirabl e t FMHARES t$HOTehUN Rrawsvebabhlie tesensi.t | Zeoddss eSS Hd ow

characteristj of the out i? of. the present invention. 0 7 JAN 2004 WO
01/ 04715 Pd’i"ﬁﬁ%‘b?‘ltzd%%“%‘éj ARLIRS R FFAYedsd tHa ghesatrdigatedion is

(hat 1 cokales udisle e ded o ol Sl oo SOl SoL o
LS o e T kB SO SN RS e e
peri pheral viHih ReRIRIine tias toiman tA TEoRSASE aneomtisa Ay addi ti onal
ConnuniCati%%f%ﬂra'g<éﬁa1é¥%e the mass flow controller of the

pfesent invention for uniform repeatable performance in

static and transient flow conditions. These uniform

10 transient responses provide an addition advantage of the
present invention. These uniform transient responses are
achieved by using the computational power provided by the
selected digital signal processor as applied in the
chosen architecture. This architecture allows 100% of

15 the control algorithms to be implemented via software.

The software algorithms can contain mechanisms to invoke
unique case-sensitive or situational parameters that can
be selected or tuned to achieve a uniform and repeatable
transient response.

20 Yet another advantage of the present invention is to
eliminate the need for expensive upstream pressure
regulators within a gas supply. The digital engine of
the present invention has the capability to discretely
monitor the inlet pressure via an available A-to-D input.

25 It is desirable to monitor the input pressure and

desensitize the mass flow characteristics of the output

of the present invention.



serviced via reading and witing to a dual-port SRAM 10 The sel ctigg ﬁf
t he dual -port SRAM as a conmuni cation partition enables the suﬂgbﬂA 2004

mul tiple 0 s interchangeable interfaces. The present_invention
noVSHRERE Shrizte’

shoul d arily limted to these two comuni cat i ofcT

Mul ti pl e conmruni cation ports of various 15 communication protocols as known
to those skilled in the art can be incorporated into the present invention
to achieve nultiple autononous interchangeable interfaces. An additional
advantage of the present invention is that the enbedded system nanages
events based upon 20 receiving sanple data8fromthe flow signal at precise
discrete intervals of 1.68 mlliseconds. Due to the conputational power of
the chosen architecture, the control's algorithmconpletes its task in

s T 8 i A A e

data, trends, analysrs, relationa

enhanci ng a sgf Vé&et4e88nNhGlanplabiahitbhomous’ etk &H 6%% r locally
di agnose via a host system O 7 JAN 2004 WD 01/04715 39 P /17062
connect ed t o eowghteieliosepeirte .pofThet ardbticentnre Gff N @RSG@Iihen:
Various mass flow controllers exist on the market. A mass flow controller
may incl ude A¢FHeHPPS RPEKEALLPWS tWoodiBdtRd matewrks rp the fl ow sense

"o ARk g SFREPERRLS BT Lol Sed B SIS 154
RS4B5 type network. The chosen DSP includes an embedded
UART peripheral which is dedicated to service RS485
networks. An additiocnal communication network can be
serviced via reading and writing to a dual-port SRAM.

10 The selection of the dual-port SRAM as a communication
partition enables the support of multiple autonomous
interchangeable interfaces. The present invention should
not be necessarily limited to these two communication
ports. Multiple communication ports of various

15 communication protoceols as known to those skilled ir the
art can be incorporated into the present invention to
achieve multiple autonomous interchangeable interfaces.

An additional advantage of the present invention is
that the embedded system manages events based upon

20 receiving sample data from the flow signal at precise
discrete intervals of 1.68 milliseconds. Due to the
computational power of the chosen architecture, the
control’s algorithm completes its task in less than 30%
of this time.

25 The present invention provides historical data,
trends, analysis, relaticnal data. Such data can be
archived enhancing a service technicians ability to

remotely diagnose or locally diagnose via a host system



T.T. Pattantyus, et al., entitled "System and Method for Senaoinﬂﬁﬁgggfe

Lineari zation.” A mass flow controller 10 may al so include a

Mass Flow Interface Circuit that neasures nass fIOM/wAthin
controlleraﬂvﬁkgg%3|ng t he resi stance change of a sense resi §ﬁﬁ3%3$%m¥
resistors in response to gas flow. Particular reference is made to the

I nproved nass flow interface circuit 15 disclosed in U S. Patent
Application Serial No. 09/350,746 filed on July 9, 1999, by D.S. Larson et
al., entitled "I nproved Mass Flow Sensor Interface GCrcuit.” A mass flow
controller may also include a derivative38ontroller that corrects the

sensed flow 20 signal to nore accurately approxi mate the actual flow
t hrough the mass flow controller. Particular reference is nade to the

derivative c C S n plic on_Seri al
09/ 351, 120 f??%ﬁﬂgﬁﬁﬁﬁﬁ3§ %qaédlbgtgh Sere%%?sb ?ﬁtktl§%£e§9§F§n1and Met hod

for a 25 D gidwtrddtssopexationtroller.” A PI controller can also be
included in a mass flow controller to generate a valve drive signal to
~control a valve|rVaﬂkpuﬁﬁﬁﬁ$$oﬁ10€on@nbrbéler§hexﬁbtcontthblmarkam

i ncrease the SDEEd,# 0. 7.J 9@4 V[)01104Z g PCT/ US00/ 17062 40 response
of the mass i SO 192 ﬂﬂ BhpBRE atBCtBHE 2 AdARAREBALEEBpOnse of the

val ve t0 the alos Wiy eaigi o9 imé’@fiﬁ?ﬂga&hée ERNGEnLe QBEESH0 Lhe F

controller disclosed in U S. Patent ation eria 351, 098
filed on Jul partik9fSr yefersfyeesis m@ﬁettGdU"§YSpaabﬁadA thedefien a

Variable Gain "Prqportional-Integral (Pl) Controller." Lastly, the

Serial No. 09/350,747 filed on July 5, 1999, by
T.T. Pattantyus, et al., entitled “System and Method for
Sensor Response Linearization.” A mass flow controller

10 may also include an improved Mass Flow Interface Circuit
that measures mass flow within a mass flow controller by
sensing the resistance change of a sense resistor or
resistors in response to gas flow. Particular reference
is made to the improved mass flow interface circuit

15 disclosed in U.S. Patent Application Serial
No. 08/350,746 filed on July 9, 1999, by D.S. Larson
et al., entitled “Improved Mass Flow Sensor Interface
Circuit.” A mass flow controller may also include a
derivative controller that corrects the sensed flow

20 signal to more accurately approximate the actual flow
through the mass flow controller. Particular reference
is made to the derivative controller disclosed in U.S.
Patent Application Serial No. 09/351,120 filed on July 9,
1938, by E. Vyers, entitled “System and Method for a

25 Digital Mass Flow Controller.” A PI controller can also
be included in a mass flow controller to generate a valve
drive signal to control a valve in the mass flow

controller. The PI controller can increase the speed of



val ve drive signal in a mass flow controller can he input to val Ey've
circuitry to control a solenoid activated 10 val ve. Reference § ¢ ﬁﬁ& nb%
the valve drive circuitry disclosed in U S. Patent Applicatj r'ﬁ% No.
09/ 351, 111 W PY§n July 9, 1999, by T.T. Pattantyus, entit#‘gﬁugﬁgﬂ d and
Systemfor Driving a Solenoid.” It is inportant to note that the present
invention is not 15 limted to use in a mass flow controller that includes
t he conponents descri bed above. Although the present invention has been

described in detail herein with reference to the illustrative
enbodi ments, it should be understood that4®@he description 20 is by way of
exanple only and is not to be construed in a |imting sense. It is to be

further understood, therefore, that nunerous changes in the details of the

RS e T, S L Sl Y

wi |l be appar and may

the art havi ngofipfred£nceesidhdd) 6f JEBEM @l eNto! LhieS vEQL Y Afed that all
such changes and additional enbodinments are within the spirit and true

scope of thissignahti deesicilnedebetence0is nAle2@e4 thke Wlt is cl ai ned

is: 1. An electronic control_s ﬁéen1for a mass flow controller conprising:
a flow sensorCoREERHIeL) %ﬁ%ﬁﬁgé rHRe¥shr BatpREdAPelisasiquuiSeriahi d

nstruct ons Thar b S SEA 50 My Eh T RS, R o RSy 1 ocat | on
coupl ed to sabghhid adsyddland Method for a Variable Gain
Proportional-Integral (PI) Controller.” Lastly, the
valve drive signal in a mass flow controller can be input
to valve drive circuitry to control a solenoid activated
10 valve. Reference is made to the valve drive circuitry
disclosed in U.S. Patent Application Serial
No. 09/351,111 filed on July 9, 1999, by T.T. Pattantyus,
entitled “Method and System for Driving a Solenoid.” It
is important to note that the present invention is not
15 limited to use in a mass flow controller that includes
the components described above.

Although the present invention has been described in
detail herein with reference to the illustrative
embodiments, it should be understocod that the description

20 is by way of example only and is not to be construed in a
limiting sense. It is to be further understood,
therefore, that numerous changes in the details of the
embodiments of this invention and additiocnal embodiments
of this invention will be apparent to, and may be made

25 by, persons of ordinary skill in the art having reference
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.



processor, wherein said menory |ocation is 'operable to store ﬁ&%hﬂg@?b@p
data unique to the mass flow controller; at |east one conmunica

operable to couple said electronic control systemto a network systen an

act uat or

mechani smdriven by a control signal outputted fromsaid dig

signal processor; and a control valve within the mass flow controller

oper at ed

on by said actuator nmechani sm*'2. The el ectronic control Sys

for a mass flow controller of claiml1, further conprising an enbedded
di agnostic system wherein the diagnostic systemidentifies fault or

potenti al

Whatil s coladineidons:in the nmass flow controller. 3. The electr

control systemfor a mass flow controller of claim2, wherein the enb
di agnostic system provides a visual indication of fault or potenti al
conditionsii.n the ¢RaETrbhow contiol | efstdn The &l arbEOF1OWwC Winteblsyst em
for a mass of clajm?2, conprises an wherein the enbedded di agnostic
interface C8™EbHAtMFcate fault or conditions in the mass flow control
flow controller 5 syglegaddliner potential fault renpte diagnostic sys
via said comrmuni cation port. 0 7 JAN 7004 42

a digital signal processor coupled to an output of said
flow sensor, wherein said digital signal processor implements
software instructions that execute a closed loop control signal;

a memory location coupled to said digital signal
processor, wherein said memory location is ‘operable to store
calibration data unique to the mass flow controller;

at least one communication port operable to couple said
electronic control system to a network system;

an actuator mechanism driven by a control signal outputted
from said digital signal processor; and

a control valve within the mass flow controller operated

on by said actuator mechanism.

2. The electronic control system for a mass flow controller
of c¢laim 1, further comprising an embedded diagnostic system,
wherein the diagnostic system identifies fault or potential

fault conditions in the mass flow controller.

3. The electronic control system for a mass flow controller
of claim 2, wherein the embedded diagnostic system provides a
visual indication of fault or potential fault conditions in the

mass flow controller.

4. The electronic control system for a mass flow controller
of claim 2, wherein the embedded diagnostic system further
comprises an interface to communicate fault or potential fault
conditions in the mass flow controller to remote diagnostic

system via said communication port.
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faul t

er to
tem



5. The electronic control systemfor a mass flow controller of ? i ﬁ
wherein the renote diagnostic systemincludes a historical datg agéwo 004
mass flow controller fault conditions and indications of these fault
conditions. 6. The electronic control systemfor a nmass flow controller of
claim1, wherein the electronic control ,systemutilizes a control
algorithmto provide a desired output flow through the nmass flow

controll er independent of pressure and flow fluctuations within a supply
flowto the mass flow controller. 7. The electronic control systemfor a
mass flow controller of claim1, wherein electronic control system

cal cul ates 3 reaphd | dRdth@W: 87 EBAt H51 NGy Akl (9 i i Bh, rc%%‘%%?? £n
input on a series of systemvariables conprising: a desited output TTow
set poi nt; of selaiwi 8, cwhesain &heaniemehe Wdraprostiy esystdmsinchsiest amce of

t he sensor ;. L t re-indi cation: at l.east _one_ power. suppl
vol t age; ahﬁsggﬁgggeft%%auéh%%t £ @%snst ?fltljllo"“'vzti?l\%‘/lth‘a]f‘jlgL rO\gng’f‘uo%"t'm{}ftlg@E u%ﬁld

out put f| ovirsls ceotipas esk tthebbefawiasidondiovdbgrit fl ow setpoint; and adjusts
the control signal to achieve the desired output flow based on a real tine

calculated flow error. 8. The electronic control systemfor a mass flow

control l er ¢.0f chal Rlkct¥oaLei Boh#EsR! Gt BdrS a06fdaetics, &Ry al
expressi on using regression techni ques,” wherein the expression 1s stored

as a seri efhofckdmstant herein niorgledeanion conttebsepbeeyut hbizdsect roni ¢
control sysigmy-of Zlégéiéﬁmykéx¥rovide a desired output flow through the

mass flow controller independent of pressure and flow

fluctuations within a supply flow to the mass flow controller.

7. The electronic ceontrol system for a mass flow controller
of claim 1, wherein electronic control system:
calculates a real time flow error using an algorithm which
receives an input on a series of gsystem variables comprising:
a desired output flow setpoint;
a sclenoid current;
an ambient temperature;
a base resistance of the sensor;
an inlet pressure indication;
at least one power supply voltage;
a leakage through the control valve;
an overshoot of actual output flow as compared to the
desired output flow setpoint; and
adjusts the control signal to achieve the desired output

flow based on a real time calculated flow error.

8. The electronic control system for a mass flow controller
of claim 7, wherein the algorithm is derived is a polynomial
expression using regression techniques, wherein the expression
is stored as a series of constants in a memory location

accessible by the electronic control system.



9. The electronic control systemfor a mass flow controller ofoglaigk8
further conprising: a calibration systemto nonitor the series 7SJ eHM#
vari abl es and the actual flow output and cal culate the series of constants
representing the polynom al expression. 10. The el ectronic control system
for a mass flow controller of claima1l, ﬁherein the at | east one

o]

conmuni cation port supports perphials &Rosen from the group of RS485 or

UART.

9. The electronic control system for a mass flow controller
of claim 8, further comprising:

a calibration system to monitor the series of system
variables and the actual flow output and calculate the series of

constants representing the polynomial expression.

10. The electronic control system for a mass flow controller
of claim 1, wherein the at least one communication port supports

perphials chosen from the group of RS485 or UART.



