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i ndi vi dual SUMMARY OF THE INVENTION

10005] Methods and systems for substantially optimizing plant operations within a

manufacturing environment are provided. In at least one specific embodiment, the



15 nodul es represents the entire manufacturing environnment; paraneterizing
each individual nodule, wherein an output of the paraneterization conprises
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70 conprises a reduced-order, linear nodel of a section of the facility;
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] So that the recited features of the present invention can be understood in detail, a
more particular description of the invention, briefly summarized below, can be had by
reference to embodiments, some of which are illustrated in the appended drawings. It is to be
30 noted, however, that the appended drawings illustrate only some of the embodiments of this
invention and are therefore not to be considered limiting of its scope, for the invention can

admit to other equally effective embodiments.



processing unit 10, an input device or keyboard 30, and a nonitor 50. The
conputer 5 can 20 also include a nenory 20 as well as additional input and
out put devi ceg npl e a nouse 40, a m crophone 60 er
The nouse 40, Pﬁzemg{lrl”gir% hone 60 and the speaker 70 can g?}&lsseaé/#}‘gfylf am)ng
ot her purposes, unlversal access and voice recognition or conmmandi ng. The
noni tor 50 can be touch-sensitive to operate as an input device as well as
a display device. 25100121The conputer system5 can interface wth database
77, one or nor qaooos herpldaé abages erelﬁés@ﬁ@lg@ cdlﬂfv’dt&e@stgrﬂ,usaﬁﬂﬁ@érﬁ)rrﬁrkdlline
actuators 75, an t he hnternet waﬂg)gl ‘r.EC'{nterface 80. As used
herein, the ter‘)PHm%aélﬂ%%Fm PR PSS e P&%b o measure a variable

wi thin the prod®8¥ antgwoimrunicadiezrdchér rebaguibmemninidic fldneomotitmotithgyst em
As used herei Nuehifkiff BhiiAGIHAIRInk § o HRHEEGARBR! Rudheal Tecting the
process in response to a signal fron 3 e control system |Illustrative
actuators can mmAmnghgcRﬁmoNOt limted to, valves, rheostats, not or S,
and switches. ﬁ be understood that t. net wor k interface"
and ow tches . Wuow] Gyl YIErS ey Dol Lo TP ShUS Kot S
connections ands d‘pel’faerils/emtmnaﬂiich[fmsisﬁlibgemea)(m@pwals recagrezcfl aciedyding aqeidalonts
wireless. It s WPASELA S Nal SiSepbilinglod GO
2009/ 154815PCT55Lj égaé‘gyo eé%gm trrll)reg%ct ! gat a aseesp angs o}ag teﬁg%/al ces
79, and/ or thereSassyrbslogriethac evﬁaztlm gamy *amecaﬁ%treflﬂr regra spesificrrBrdiaeitng wit h

conmputer 5 Ysi b@y.net wakrkeadeNt8ifl 36 @ecB&hiRN that Afferdnbds @6 HRCENVATR” GONRRERS 5 in

any neans suffi lent to create a co myn cations h t ween uter 5
and dat abase 77 JeBtn’Ea“S? re%e(laén SEhEr ™ Yat %ﬁcgélgceﬁ?“lgtah’roégge %ﬁ%@f‘c&&?@ rTégnd/ or
sensors and 5inaotioat il 107 e dEmnbeexalg@hte: detafl tole, orludng geafih adbodenrns,

dat abase 77 cap..i Sensors
and actuators g%él%téﬁ&lr %tg lg 1)éwace tl\gf\;l alm% Ecﬁgln%lﬁnd%d Eﬁ%ﬁﬁ%@lnﬁeﬁ gr%:izole% Wi t hout
usi ng the net werRPlhtdich agancBged P EUPR|2 nersehisiing olamapy il isthe g totPrke 2l en

t hough the 1@0rrpdéttwn@)4§dnerm}%nit iSRS tids phadt fsQORbiIAK Wi GbBlidhean@ihods
described can b erfor t he net hods descri bed can be 10 perforned on
any pl at f or m w898 84LeRIGOY e eract with manufacturing facility
processes, senporyg, datdguwat drggts andiraentnise homgitey syfkor agg@dmd esrfotthentmny and
varied errbodl ”Eﬂ?x?ﬂ? ag&ls %Edl@ %ﬂt Qﬁg & for aﬂbolaﬁ‘?cHéthco%nﬁG%r 9&\4'1&@4«1& Q@&ltlglas
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systems withi nplaccgﬁﬂ\geﬁlt Agrfa et dvicn g Ervtaidoined e, mqoger %xaﬁbr(énputcr]écan
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FOUNDATI ON FI ELDBU. ?@1 or. ot her communi atl on p{ohh‘ocol S via thﬁ net wor k
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interface 80 sUEHS fhdt™FREIYE &Y “¥enPrs ct" WY r‘?ﬁﬂ?ﬁr’h&?fdéov"‘é theq
processes or sgnsor? canbe act hataonss ohck humoses giveesal aresufndobioe feagnition or
environment. T&?‘ﬁ‘rﬁn g\allﬁgﬁloﬁl%rl] 5 &({\)lbg Q)% h—QHIlUV% é:ﬂl(?i&, aL lcumn&ﬁqmrlc,% a@ﬁgl gre
presented for ustrative purposes onf super conmput ers, arrayed conputer
net wor ks, di st#{itaydevietonput er net wor ks deskt op per sonal conputers (PCs),
tabl et PCs,,sha fogi2hel d"hpg&npdtc@l% Q&ﬁ? 5 %Vih@ﬁ&csxﬂthdddﬂbd@rﬂt hﬁc ToF abemahl narres
BLACKBERRYTm or PALM S %I g one han help {iru3| Cc yers, or any
ot her device o?““@i‘fé”t‘eﬁ’io[i‘p% ViRF 78hbe Sof8 acé‘ii‘f?‘ Mt WERED \‘/ﬁtet” 1?88%91 sone of
t he systens resiedent’0.i As ey hagiv el toreydna@t wfersg a demiderusaine measuxe a variable

[ 0014] Referri o] be
tored in the "HEPAL Bl GOkt Mt PRE G HR TR SR P BT AAAR R 1
concert with athe Ieeewtuethe i fayioy capble phcé“fei:twelﬁlee resgisce feewmefrt@i dtbllaedl dumput
device 50 ;0 p@¢ &fﬁﬁéﬂs&s@eﬁkﬁll&%tw% Buak$Edan mkmd@eedernonmedenb@m Bdids, t he
menory 20 includes any evices, W thout

onbi nat.i on of
linmitation, as™{&® éPbT%Wﬁﬁy]éJEMﬂéﬁﬂﬁ Siood bt Hd SHEHQVéWVQBﬁﬁe doet Y art .
I n one or nor endopodin@ndsty imefos yhadev bae Stheaet comedtivokeandirdfdrowtall possibteat i on,
and for ill USterx%‘naMgtcR& ‘p %§r§(§ or v§ Pe Qﬂn IItXhou?@&lQ)%%ﬁd Yszood h'l?a{ gatagr e\ﬁg the Sues k
drives, random acc § el ectronicall y erasabl e
progrannable r ead onIy nenDry, flash nenDry, thunb drive, one or nore other
dat abases or storage devices 79, and any.other nenory device. Those skilled
inthe art are famliar with the many variations that can be enpl oyed using
menory devices and WO 2009/ 154815PCT/ US2009/ 036271 no limtations should
be i nmposed on the enbodi ments herein due to nmenory device configurations
and al gorithm prosecution techniques. [00151The nenory 20 can store an
operating system (0OS) 45, and a nodel optim zation agent 55. The operating
system 45 can facilitate control and execution of the optim zation agent 55
using the CPU 10. Any of the avail abl e operating systenms can be used in
this manner including WNDOA5, LINUX, Apple OGS, UNI X and the |iKke.
[0016]The CPU 10 can execute t he nDdeI optlnlzatlon agent 55 upon request,
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10 agent 55 can utilize a distributed approach to control and optim ze the
manuf acturing process environnment or manufacturing facility. Based on t he
di stributed zﬁﬁﬁimnthe nodel optim zation agent 55 CQQ;EE ?

operating conditiond within the facility by directing or actua I'ng one or
nore actuators 75 within the facility. A nore detailed discussion of an
illustrative distributed approach is provided belowwth reference to
Figure 2. 15[0017]Figure 2 depicts a flow diagramof an illustrative

di stributed appf @@fémtlkpd;tmepaxr@Jfateeire%zeatmm@@ﬂ‘thi: Rlion dhaaknamedub es @nd use

of a reduced order nodel crease size of an.optim zation blemto
operate a manuf ZEELE 'Htﬁrf?céi’él"f PIPYR, %Pﬂ‘?%‘&w’(% ﬁ“é}a‘benéon%’ldeweﬁ%éﬁfenﬁm s.
Referring to Ficgupuer 2 in :alyrrmmufsatgﬁ‘clwtmrrgca&\mnomommmvns(péqbIbau%enftatmoknpmyl5) can
be segregated inf @, MR BT ofI0SEnd D Yiny gavd%!mmd% &Pl i G0 Pl €
can include or represent a fundanental principles-base of a single
uni t operatlonaﬁvﬁmbéﬁ for exaggler ingpe PRIPE rebodnenss. dabeico @f intdidcp)ight

facility. For exasihke va { iUsst infresldl @hicanrne M idsloldes danmaeefacoliada

reactor within Llit cond npdul e can be include a
nodel of a nuIF&U§ﬁ§§§%§EE§ﬁ§p§G%“B g@?“ﬂf?ﬁ?ﬁ“?% m§gb <§glant facility,
and so on unti l[00a3]l tlnehouldchic windhusaiod elgiu bypeintigtothe yarmtutco pesreat § Brifeyn as a
("processes”) gfatfe)ﬁs]to%reﬁ%l e gubtd@s%m{e@%all bd YeriBlifey 200 GORGR QALY B8 | east
one i ndi vi dual d e faci be any unit or process that

i s adapted 1o peforrs, onpy iplefformeuhpgersers C@bﬁ?tﬂﬁ*e‘mﬂbmaf@faﬁfé?% el peeesss: any

material to produse Buses imedr Haoteat - Fa_h@(aﬁlﬁl@ thé thang ARy vAGH UdBodiftts 1S not
limted to, petrolegnéreflnerle cat al %c and steaﬁ@ﬁ$@ckers

pet rocheni cal PSS e Kt becahy b a1 'gnpd hey cogiputing 5 VISFRES “that ar e
not based on SGm@@MW@mhamwnahmymyhaﬁmﬂwWmMmaﬁmmnommﬁ@mnmggnwmnmmalFgas

and/ or et hanoly fipko 8t A8, MNIERSANDONG: n0RkUAE 88| LiUSEacHORpkant s

pol ymer and plastics plants, ar maceut 1’c manuf act uri ng
pl ant s, and“elE@UNPéTBB%é?E@%ﬁE%avlﬁbﬂpP@ﬁ@@“mWﬁ Byniotegpdesia e faeior ty can
include two orik®he 8@@&@&1@& Be (iRELah idtdr RS witSUE lam@sanavepea 1Ot RU M sBfsbR @Ky
together with one or nore stean1grackers ,3009 154815Pq1{U82009/036271
[0019] I n one of"HiFe™ EWbbe PeRIEE e PHEPPFT Y MER AT HE R TE TIPSt y of
separate processnMMoﬁmhmwmsea&u%m@mmﬁm@mmpeSSmmmsmmummmmm§mﬂwuhmnmmugether
to achi eve the

n&\ycﬁkqah tu&péd ély (& n kp%cq}c%ﬁg& Lol c?f?@nt&§@gx)ht§g18f[)?fg h%hnct i on.

"process unit" is an apparatu evi'ce nNs a spec
such as a pﬁocé@%P§h§m@@nﬁﬁ@§S@ﬂdHﬁktmeéaﬁwaévﬁéﬁﬁﬁb$CK%ﬁR%ﬁoPh%$UMa

hydrotreater, gndhsSHohds aﬁah@nclmhumaycas guee%mmt &W@é or @q@lﬁugdnhamhzaﬁﬁsel
cogener ation uni t, or a r ef I’I eration_unit, and "section” %cess

units is a groffi MG “ithat drininms ols S5 o sirey ! %W86e§§mﬁﬁ?%§ mfﬁ 15n step
110, the selechwemm&m;ldentlty of an individual nDduIe can be based on
Pentity of anbl narrainanedDd sl if STRPELARNL S b8 SFLERULLA R o
at which tRé pmeeeys0 er@sthqqtb'e@dmycwmeumfdﬁﬁﬁleweﬁﬁl M@ﬁdﬁ@aﬁbaﬁtﬁ@m@%fnd
reach a steady>stdiBut dlcnccomeai thwe&tgtﬁ devi@Gh kR Foref askh@r ihaggc} ith Mnctmiomare
relatively quick- res ond |n%acan rou ed i nto one .nod

conparati vel y SR d&p %&%@C&‘t RERerEd gPBtipEa” OﬁP“Bm%fhd‘in‘éer‘

nodul e. [0021]%mkmﬂemmﬁ&0¢ueamhmhndmmmduahnnmdmiaammmm1@éepIﬂm&cmammbe

sol ved or par 1 ¢ 1ces 1 1" it h 1 t iJ{ustratt ! sed by
hat modul & r canhameEE R Rl 6y REhY Ol ihfof, ) b e 0L EREDLCD

gi ven sect i3dn ¢d@n daebashé’, slmedlmeb dil*fdélrvemanéeﬂ a%tbhwn%eéﬁdowly THEOY me t o

reach steady sf@t6nif0y e@bdgue,@mmm Ra®bn1PmOMAS, Mkh &mrprnmrﬁwm%&es can

depend on nany factors ncl uding weat her conditions, foulin ting
error, maintendnést elék@Ldbewbhweé%Wed7dr PPRL AT ﬂ&mgtye%lﬁe }q’atceﬁ%@

nmodul e can t hethe frears GhMadwith the mapanaaphethitzathe chPloByl Sieparabdy deyidehend
facility in step 110 into individual nodules to be paraneterized in step
120, a nore rigorous and high fidelity first-principles nodel can be
applied to each nodul e wi t hout creatinggasconputing conplexity. As such, nore
accurate results can be obtained at nuch faster rates so that the entire
facility can be optim zed or substantially optim zed nore frequently, even
if the entire facility is not at steady state. 25[0022]1n step 120, each
nodul e can be sol ved i ndependently and asynchronously from anot her nodul e.
I nformation fromany given nodul e can be shared to any one or nore other
nodul es to assist in paraneterization. In sone cases, paraneterization of
any given nodule can require information fromone or nore other nodul es.
For exanpl e, an individual nodul e



may need data about the unmeasured stream conposition com ng from anot her
i ndi vidual 30 nodule and the unneasured stream conposition infornmation can

be passed up wn the flow path such that the in ul e
requiring th ag%oghaaﬁ be paraneterized. Accordingly, |g1c\£ruig%%f% e data

from one nodul e can be provided to one or nore other nodul es when those
i ndi vidual nodul es are being paraneterized in step 120. Subject to
conditions on the tinmeliness of the inter-nodule data flow during step 120,

one or nore MZQQQA&@@&ELP@' /iR Q094 Q6 &t dinteaids HetthaliuenDdub ey CRbicd e
par aneteri zed a%a m% gueng% than t.he ot her individual nodul es
because one or ‘HOFE*S ?”Hégo'ht PR ASETEY can have faster times to
steady state tH@hSjot hEr nemdinA0duadtoreradepeatng sBitte OB dEtandngodd oginfizaped ity

can reach st eaqg/en%sat[ﬁg E& a(a{]ée s)ktlgﬁ @Qtauln E‘d@lhta%cdohdotl Xnd éx@&ltlbrpgﬂ t}{é gHﬁrhzaW“' es

for these sections can par aneteri zed nore qul ck y han he entire
facility nodel ageﬂ’b@?@]n)&ftﬁ%ﬁpﬁjript i Oééhem%aé#%%%{ﬁtrnéﬁyat%w@be ¥$d,in iy educed

order nodel (" Maghet ﬁclm\QWMO\e@quundAmerwanmwh@m(a,n be der| ved (step
130). The I\/bdul% %1;35: @n in ut/ UtlF(} re ;ent(gtl th

i ndi vi dual ‘]é‘ In 1 63“5 ¢ “% i e né%‘%“ reﬂ‘éf* &h
derived from t h@edumlummhlsaiwlmﬁdmtsesan@rtimstcbqa d 20ameng pfjeracamaios uch ad geby al c
10operati on. g};@d«irhaﬂ@%ﬁanﬁ@dlgl\ﬁbng\gll(}%BtuQEe &@%&tmﬁdntym&@wﬁmaa& a full

state varlable Jacobi an mat J) to ah Input-output Sensitivity matrix or
Gai n mat ri x!0( Gpgeni®Sgan Hilignt fiptsibuiediriiench &l U plpriipize Ba R yistiperefesst ep
120, and can ceftBhdent Bﬁnﬁhdmltdxﬁ]i* agkirel a;ai;dan&hihpﬁldaeilw&@pm@hemnhoc@ut put s

and inputs for each Md one or rel evant Is
Ut put s 1 or | ealR B ST R i g B OF Pente SV PESn dat a
t hat can be i nputatitoretdierordvisthatoss ROMhin Tk dacgjay. n Anmdre idxtaibd nlisbesios eflaras a
reduced order IR ﬁllvemlbgéﬁl ?oaﬁlcg %@E&b‘eﬁw & 4f88@£t0r1‘?§1're% of the current

operating point for any give The reduced ofder- nodel can be

updat ed wheld eH8WInpdigue ? denidy arP@tVeélWéfdofa@ tllﬁélaﬁ‘f?e‘ill%i‘t‘l?“i‘ﬁj‘ oM tehnges.
20[ 0025] The i n[@wamev&&mbbieﬁmt@uaea@mévta@hhhse ommi&&nor@@ nQ)Q(Slt(gJﬂa@xte@s@ s@8of U" and
can represent nanlpulated §o erati onal rees- and di st ur bance

(out put from ot'h&"HEU BEY VaP i BB W”{u P C’H’(‘Xdﬁ‘fcg H& *Buthter
vari abl es fromme@dmcMeditieriROM Bamnc he mh@sfagmamevdwwsméry ("pandiag@p”) cepiree sent

measur ed and '&Ll%ggtmg%tt@%%ﬁmgmﬂa O S ALERPlOES RSBl B0U T ve

function el enents G ven the | nput ut vari abl es,
reduced- or dér [cPiEar? nt@&‘lhln%lé%dé?eid\ﬂ@é"lb‘g? a siggle amamcwgmt e Qe W*att rix

(ay/au) from agplacehi @n sE&bx{ b%hd Aok racmbe)Fop&a@g@h R eHoli@e cﬂﬁaqbbemalucmoms an
illustrative st ggfjgture of "]ahc—%?ajna% i[;rat(ri\xonééé, 17 nreOF ot es Set of
equations, and™XUeHItELT é?’“glétt ATl Ar I HbT wE W B of e % o’(‘?‘é aNote
t hat X conpri sesltighashatfaraiom ptocssl withimdtho bbpeitplafty Jaciliy iaabk@sn uhabhlg R shows
the deconposi ténﬁ’indQJl L&n&n&l{"%}) QAif’a‘glpc%&{(g)x("ﬂr&te&es") of interest within the facility arc
25 represented by at least onc individual module.
[0018] The facility can be any unit or process that is adapted to refine, purify, convert,
consume, or otherwise process any material to produce a desired product. The facility can
inctude, but is not limited to, petroleum refineries, catalytic and steam crackers,
petrochemical plants, other chemical plants (i.e., chemical plants that are not based on
30  petrochemicals), facilities for converting natural gas and/or methanol into other
hydrocarbons, natural gas liquefaction plants, polymer and plastics plants, steel mills,
pharmaceutical manufacturing plants, and electric power generating plants. In some cases, a
facility can include two or more separate facilities, such as a petroleum refinery together with

one or more steam crackers.



30i nput (Ju) and output (4) conponents. Table 3 shows an illustrative
structure of the resulting gain matrix. Table 1: Jacobian matrix (J) xi

aFi ax, aF2 W%><2009/1%<4%15aF, ax2 aF2 ax2? xn aFi ax, a'i’%r/u%%r&ms% 1aFmlem

[0019] In one or more embodiments, the facility can include a plurality of separate
process units or sections of process units that function together to achieve the overall
objective of the facility. As used herein, a "process unit" is an apparatus or device that
performs a specific function, such as a process gas compressor unit, a fractionator, a

reformer, a hydrotreater, a distillation column, a quench tower, a de-ethanizer, a cogeneration

]

unit, or a refrigeration unit, and a "section" of process units is a grouping of two or more
associated process units.

[0020] In step 110, the selection or identity of an individual module can be based on
process characteristics. In one or more embodiments, the selection or identity of an

10 individual module 110 can be based on the relative speed at which the process described by
the module can respond to inputs and reach a steady state. In other words, sections of the
facility that are relatively quick-responding can be grouped into one module and
comparatively slower responding sections can be grouped into another module.

[0021] In step 120, each individual module from step 110 can be solved or parameterized

15 when the section of the facility represented by that module reaches steady state. The time to
reach steady state for a given section can be the same or different as another section. The
time to reach steady state for a given module or groups or two or morc modules can depend
on many factors including weather conditions, fouling, operating crror, maintcnance, ctc.
Upon each module reaching steady state, cach module can then be solved, i.c. parameterized.

20 By separating the facility in step 110 into individual modules to be parameterized in step 120,
a morc rigorous and high fidclity first-principles model can be applied to cach module
without creating computing complexity. As such, more accurate results can be obtained at
much faster rates so that the entire facility can be optimized or substantially optimized more
frequently, even if the entire facility is not at steady state,

25 [0022] In step 120, each module can be solved independently and asynchronously from
another module. Information from any given modulc can be shared to any one or more other
modules to assist in parameterization. In some cases, parameterization of any given module
can require information from one or more other modules. For example, an individual module
may need data about the unmeasured stream composition coming from another individual

30 module and the unmeasured stream composition information can be passed up and/or down
the flow path such that the individual module requiring the data can be parameterized.
Accordingly, inter-module data from one module can be provided to one or more other
modules when those individual modules are being parameterized in step 120. Subject to

conditions on the timeliness of the inter-module data flow during step 120, one or more

-6 -



ax, ax2axn Table 2: Deconposition of Jacobian matrix into input (Jo) and
out put (J) conponents. Y1Y2Y m aF, aFiaFi ay, aY2ayma F2 3F2aF2 ay,

Jay m ULU2 @glz 5/154%95’ au2 a F2 a F2 au,a U 2

(%]

10

wn

30

individual modules can be parameterized at a higher frequency than the other individual
modules because one or more of the individual modules can have faster times to steady state
than other individual modules. Since sections of a facility can reach stecady state before the
entire facility, the individual modules for these sections can be parameterized more quickly
than the entire facility model.

[0023] After initial parameterization in step 120, a reduced order model ("Module
ROM™) of each individual module can be derived (step 130). The Module ROM can be an
input/output representation of the individual module. In step 130, the Module ROMs can be
linear and can be derived from the individual modules of step 120 using a matrix algebraic
operation.

[0024] A linear Module ROM can be obtained by converting a full state variable Jacobian
matrix (J) to an input-output Sensitivity matrix or Gain matrix (G). A gain matrix can be
calculated for each module of step 120, and can contain the simplified relationships between
relevant outputs and inputs for each Module ROM. In one or more embodiments, relevant
outputs for each Module ROM can include material and/or energy stream data that can be
input to other Module ROMs. The gain matrix can be used as a reduced order model and can
be accurate in the local region of the current operating point for any given module. The
reduced order model can be updated when cach module is parameterized as the operating
point changes.

[0025] The input variables to cach Module ROM can be designated as “u” and can
represent manipulated (operational degrees-of-freedom) and disturbance (output from other
modules) variables within the module. The output variables from cach Module ROM can be
designated as “y” and can represent measured and inferred states (unmeasured) variables, as
well as objective function clements.

[0026] Given the input and output variables, a reduced-order linear model can be derived
by calculating the gain matrix (dy/cu) from a Jacobian matrix (¢f/0x) of each module. Table
1 shows an illustrative structure of a Jacobian matrix (J), where F denotes a set of equations,
and X denotes a set of variables describing the process. Note that X comprises of both input
(u) and output (y) variables. Table 2 shows the decomposition of the Jacobian matrix into
input (Jy) and output (Jy) components. Table 3 shows an illustrative structure of the resulting

gain matrix.

aY2

un m aFl P%W?J‘sfﬂoﬁoslg paunm



Table 3: Gin natrix (G Yi Y2Ym U ay2a¥Ym aUllau, ayi ay2aYm aU 2au 2aU 2

a¥2 r,-)u n-m" n-m WO 2009/ 154815PCT/ US2009/ 036271 [0027] Accordi ngly,
the gain matr represented and is commonly kno
fol | ows: |(;1k%18?86§§ﬁ|n step 140, the individual NbdﬁFC%EEkE99§%%1step

130 can be conbined or 5 otherw se assenbled into a mathemati cal
representation of the entire facility to provide a facility reduced order
nodel ("Facility ROM'). Inputs to the Facility ROM can be estinmates for the
steady state offablbe REbiahewfi@achl ity. As such, the entire facility need not
be in steady state at the tine the individual Mdule ROV are assenbled to
provide the Facility ROMand to d D(HIZX t he.. FaC|Ixty ROM 10[ 0029] The

Facility ROMin step 140 can be 3
for each Modul e ROM derived inFst
matrices can be achieved by conng

S gg-iBG—éT

ing the gain matrices
he--conveHiti on of the gain
Xwputs of 6Me modul e and out puts of

anot her nodule to define one o nn@@zlnﬂgrface st o&ans bet ween the
connected nodul es. For exanple 2t COMKp Tution o he gain matrices,

hey G e.g.
@é?facé stream

(0y/0,01 and (Oyfau)9, using an in ?%IUZ) across Modul e
£ | O Oy oF,
Tl oX, X, oX,,

Table 2: Decomposition of Jacobian matrix into input (J,) and output (J,) components.

Y4 Yo Yim U, u, Uy m
F oF,  OF, oF, oF, OF, oF,
1 oy, 9y, OY ou;  0u, ou, .,
A A S R A
W 0 Jy o dyn | ou U Ju .
= | oF, oF, OF, | oF, oF, oF,
" ay1 ayZ aym au1 auZ 8un—m
Table 3: Gain matrix (G)
y1 y2 ym
"l au,  au, ou,
A G
] au,  au, au,
u ay1 @y2 aYn
" leou, ., U, ou,




s ROM and Mbdul e ROV can be expressed as shown in the follomﬁng For mul a
. a(y), aw, (I) a(u),- 8007 a(u), [00301lIn Formula 1, (y, 1.)1
represents ou a inputs fromnmodule 1; (y, 11)7 r t puts
and inputs fr%@&#@ﬂﬁﬁ° 2; and (yi, u2) represents an |n§§&ﬁ§§m/ %gam

bet ween nodule 1 and nodule 2. [0031]In step 150, the Facility ROM from
step 140 can be calibrated and solved. Any linear or non-linear progranmm ng
techni que can be used. The results fromthe calibrated and solved Facility
ROM can then bgogsed A&midrﬁeryome ghil @rafiachd bd ¥preR@RERI MNGomnioaly 18¥aRI g the
facility reduced org nodel can be solved to provide new or inproved
operating conditfi®i¥F operating condition targets. ?C[0032]In step 170,
the Facility ROM can output to th ébklzt égqyr | system The facility
control system can change the ope i ng diti‘off's within the manufacturing
envi ronment by actuating one or nore actuators 75 (shown in Figure 1), i.e.
control valves[mnﬁth|M*ﬁmd4@nm1m@wdenﬂ%@bknﬁﬁwnﬁenompdp@pﬂlbeamwQW¢aC|I|ty
operation in Stoﬁlgm:kgc)isserlngleéjgl'tdw m%fﬁemdct@z{l 1%@%’{1@1% of BE chde 'felcllltt}y tocﬁ?&tl(feozl

system can utilize a single controll'er or a multivariable 30software
application to faging rﬁ@ﬂc% Q@dgr ﬁﬁ@d(&é’f@falt% ROMp ) Inpufpey the Facility ROM can be estimates

2009/ 1548 15ECT /fygmdapaﬁazﬂmé Q&%ﬂa&h@ Ol ts @D MBe @fftu&fa&ﬂty]rﬁ&i K@ Sellnt Seallin New
i nputs to the indivjdual e nqgﬂhes can

t hen be sol ved stgtle at the tmée tge rﬁb?‘“ llldz Ié/llédul (glg[aalg ss%nhbéeed 6% ;()1 0V1¥e tg? Paatchlg and

re- paraneterlzaUmOmmemhéMNbﬂ&DM’RCNB can be updat ed (step 130), and the
Facility CWZQe uﬂl@%&(ﬁlﬂy k&\/ﬁﬂ stlﬁl %0 c@ﬁ'ge a[@?errfbf%h 'bp E&Lﬁ&n&%ﬁeeggmjnﬁmce\ From

the updated Facility facility operating conditions can

det er m ned andfwﬁoﬁdw% ‘%@M drﬂa*eff lif §tgp b@ntTH16|CO*§9§tlwfc%% VL SC*Wﬁe‘Pf‘e t he
outcone (step l@l@)fed’@&tjlme&mg mpﬁ\ew dnB pidtige 4@ olifp@s bfﬂaﬁibtﬂél Giodhilc PO Ehse 615t ep
éggl) re(?t ggsalﬁgléai[,qut ag spt%e “f;cﬁf € connecterflg]ﬁ)galco% xlarB S%hehconvollu%on ofafﬁ as
[00341Accord|ngmmowOM® ag @wﬁelemh@ﬂ@nenmsodmsmxh@em$mmhemwndukaMbmat|on of
the 10 Tacilifw\gan GOARIS NG, BALATRLELLAROR. RlipAngkyal, fodul e al a

hi gher frequency than parameteri zat a model of the entire pl ant
operations because sections of the facility can reach steady state nore

qui ckly than the entire facility. dhe d@kaﬁmiag on can al so be perforned
based on the rate at which differemt), s 5mpnsmpf 3 given facility reach
steady state. [0035] The foregoing discussion can be further described with

reference to the follow ng Isprophetic exa licit and ase of
descri ption, tH@3Wolﬂ6%?H8ﬂ%6t@t Bde%ﬁﬁmbﬁggwefe “W%?dnglﬁweﬂ%é b
CDncentratiOn,mk@ﬁﬂ@kﬁbmﬁamiR@ﬁﬁmbmnmﬁERGZ@Dmﬁﬁiwﬂ}qﬂdﬁn@k&xﬁ&ﬂ%ﬂxxaﬁQB /'s;

ks = 160 /s) " b Ol'nQ%{§§ﬁ§”9q@ég)ls 20r- Reaction Rate, kg-nole/s E/R-

Activation Energyfn“R 0 K; EB/R = 4500 ' X)
20 |0031] In step 150, the Facility ROM from step 140 can be calibrated and solved. Any

linear or non-linear programming technique can be used. The results from the calibrated and
solved Facility ROM can then be used to improve the facility operations. For cxample, the
facility reduced order model can be solved to provide new or improved operating conditions
or operating condition targets.

[0032] In step 170, the Facility ROM can output to the facility control system. The

>
]

facility control system can change the operating conditions within the manufacturing
environment by actuating one or more actuators 75 (shown in Figure 1), i.e. control valves,
within the environment to improve or optimize the facility operation in step 180. In doing so,
for example, the facility control system can utilize a single loop controller or a multivariable

30 software application to manipulate the actuators 75.
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AHR/ (pCp) - Heat of Reaction, nmB("K)/kg-mole AHR A/ (pCp) = 5 nB(K)/kg-nol e
AHR B/ (pCp) = 5 nB(K)/kg-nole 95LMID- Log Mean Tenperature Difference, K -

Vol unetric FI . Tenperature, 'X UA- Heat Transfer t for
React ors, nB/ swzg‘kggmrfﬁls) V- Reactor Volune, 5 nB8 30 Supgsqgglwo%/%ﬁ%q

Cooling Water - Inlet o- Qutlet WD 2009/154815PCT/ US2009/ 036271 A B C for
conponents A B,C F,F |I,F2- Feed Stream - Product Stream - for Water
100361Consi dering a system of reactors where reactant A is converted to
product B, and [égpr oduetouComast bitdpllustematsadndwinpdﬁ,emftm ihmwimgmbﬁaéstoma;

mechani sm A *2(§ l%emeAdl mogg syc:sf% lvrptg:rl?l',:%zig rﬁlet[edl e% %asﬁag o1 the o% utOF s RM

and RX2 and a miXer escri Feactors
can be descri bdd ragarfrodtdrigaton, the Module ROM\ can be updated (step 130}, and the Facﬂlty ROM

can be updated (step 140) and re-calibrated (step 150). From the updated Facility ROM, new
5 facility operating conditions can be determined and output to the facility control system (step
170) where the outcome (step 180) results in new inputs to the individual modules (step 120).
Steps 120 through step 180 can be repeated, on a scheduled basis, as desired by a user, or
automatically as plant conditions change.
[0034] According to one or more embodiments described, the modularization of the
10 facility can enable the parameterization of a given module at a higher frequency than
parameterization of a model of the entire plant operations because sections of the facility can
reach steady state more quickly than the entire facility. The modularization can also be
performed based on the rate at which different sections of a given facility reach steady state.
[0035] The foregoing discussion can be further described with reference to the following
15 prophetic example. For simplicity and case of description, the following notation and
parameter values are used:
c - Concentration, kg-mole/m’
k - Reaction Rate Constant, /s (ka =2.7 x 10° /s; kg = 160 /s)
q - Cooling Rate, nr’(°K)/s
- Reaction Rate, kg-mole/s
E/R - Activation Energy, °K (EA/R = 6000 °K; Ez/R = 4500 °K)

I
=)
-

AHp/(pCp) - Heat of Reaction, m*(°K)/kg-mole
AHr A/(pCp) = 5 m’(°K)/kg-mole
AHpp/(pCp) =5 m ("K)/ko-mole

25 LMTD - Log Mean Temperature Difference, °K
Q - Volumetric Flowrate, m*/s
T - Temperature, °K
UA - Heat Transfer Cocfficient for Reactors, m’/s (0.35 m’/s)
\% - Reactor Volume, 5 m®
30
Subscripts:
cw - Cooling Water
i - Inlet
0 - Outlet

- 10 -



Overall Mass Bal ance:
CAFrAQxcQ.x CB F-

rE\ — (C::|B P X\,\)\{Qé?f{,\flb*s IRT) Ener gy Bal ance:

(2, =QF Conponent Mass Bal ances:
rB Q@ X c@ x+ 15Reaction Rates:

Q@ X Tp = Q

“Tw. 1) 20 Heat Transfer Rate: B P
ch,", = UA X LMI'D LMD = (D)/In{(T, - Tw.,)/(T,, _T,")}
first-principles nodel describing the m'xer MX can be d

QP XCAP=QCX
rA =CAP xVxk AT)

T/&SZOOM(A_"'I’ A 1 pQ0x
gc

100371A
escri bed as foll ows:
QP X CAP = Q1,1

Overal |l Mass Bal ance: 25QP =-FQ,, Conponent Mass Bal ances:
CAFlL + QL2 X XCBP =i 5,XCF3FL @ mpén&atByB)c QP X CC,P = QF1 X CC, F1 +
QL2 X CC F2 FFI,F2 - Feed Stream
P - Product Stream
W - for Water
5 10036] Considering a system of reactors where reactant A is converted to product B, and
byproduct C, as illustrated by the following reaction mechanism:
A= B
B=C
the system can include at least two reactors RX1 and RX2 and a mixer MX. A first-
10 principles model describing such reactors can be described as follows:
Overall Mass Balance:
Qr =Qs
Component Mass Balances:
QpxCup=QpXCup—Ts
QpxCpp =Qp XCpp +1, ~ Iy
Qp xCep =Qp XCop+T1y
15 Reaction Rates:
I, =Cup X VX kg’ﬁ*’!m)
Iy = Cpp x V x k1R
Energy Balance:
Qp Ty = Qu xT, ~(AH,, /pCp)xt, —(AH ., /pCp)x 1, — 1,
Qo = Qu *(Two =)
20 Heat Transfer Rate:

q., = UAXxLMTD

- Tw,o )t

A first-principles model describing the mixer MX can be de

LMTD = (T, Ty, J/1n{(T, = Ty /(T

[0037]

Overall Mass Balance:

2
N

Qp = QF] +Qp
Component Mass Balances:
=Qu XCam + Q2 XCx
=Qp XCyp + Qs XCppm

=Qp XCep + Qpy x Copr

QpxCypp
Q, XCpqp

Qp xCep

11 -

f

scribed as follows:



WO 2009/ 154815PCT/ US2009/ 036271 Energy Bal ance: (2, xTp =QL x TF1 +QF. xTp9
[ 0038] The system can further include the follow ng operational constraints:
A. Safety: - fn. 350K RX2 : 350K B. Raw Materials Sup ; - + MX :
QF2 0.8 ml sRéJVOI%(rm(%E"e%% Restrictions: RX1: T\VO330 K RX2 %@S%?fﬁg‘ Pr oduct
Specifications: RX2 : cAP< 0.3 kg-nmole/m [0039]If the objective of the
systemis to nmaxi mze operating profit by manipulating RX1: QF and MX QF2,
and if profitability is calculated as: 150-10x [RX1:Q xRXl:c,"," +MX
QF2X( RX2+RX2 - @n&dxBdds:-RX2 @ g"", -RX1:Q QF2 then an optinal solution for
t he system when sol ved usi ng trad&tiTon I nl i near programm ng techni ques
can be determned as follows: (1) 8?%14?‘ '*t(éﬁzx%RXL QF = 0.276 MX. QF, =
0. 234 [ 0040] Acggngli NOrHe Oys@ReaPfurti®@ iRluereBiismat Seaesardbadinst he syst em can
be separated into two, nodules, Mdule 1 representing the first reactor RX1,
and Mbdul e 2 repredbntfhg

)

p==

RX1:T, £350°K
RX2:T, <350°K
B. Raw Materials Supply:
RX1:Q; + MX:Qp, <0.8m’/s
C. Process Restrictions:
RX1: Ty, <330°K
RX2: Ty, <300°K

10 D. Product Specifications:
RX2:c,, <0.3 kg-mole/m’

[0039] If the objective of the system is to maximize operating profit by manipulating

RX1:Qp and MX:Qp, and if profitability is calculated as:

® =10x|RX1:Q, xRX1:¢, , + MX:Qp x MX i€, 1y ~RX2:Qp x(RX2:0,, +RX2:0, )|

. -0.01xRXl:q,, —RX2:q,, —RX1:Q, -MX:Q,
then an optimal solution for the system when solved using traditional nonlinear programming
techniques can be determined as follows:
O =82.84
with:
20 RX1:Qr=0.276
MX:Qr2 = 0.234
[0040] According to one or more embodiments described, the system can be separated
into two modules, Module 1 representing the first reactor RX1, and Module 2 representing
the mixer MX and the second reactor RX2. Module | does not require information from
25 module 2. However, Module 2 requires MX:Qp , MX:Tr , MXicap » MXicgm and

MX:ce gy variables from the reactor RX1 in the Module 1. These variables are the same as
RX1:Qp, RX1:Tp, RX1I:cap , RX1:cyp and RX 1:ccp respectively.

[0041] Inputs wy for Module 1 should include (a) the operational degrees of freedom
within the scope of Module 1, i.¢., RX1:Qy, and (b) the interface stream elements that are

30 output from Module 2, but are input to Module 1, i.e. none in this case.
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the m xer MX and the second reactor RX2. Mddule 1 does not require
information from 75 nodule 2. However, Module 2 requires MX QH , MX TF1 ,

MX: cAyi , MX gl Fi \d MX: cc, FI variables fromthe rea in. the
Modul e 1. The@éz\oldag}rlfggl es are the sane as RX1l: QF RXl:quJ%QM%OA%’%I,

RX1:cO,p and RXl:cc,p respectively. [0041] I nputs ut for Mddule | should
include (a) the operational degrees of freedom within the scope of
Module 1, i.e., RX1L:QF and (b) the interface streamelenents that are
30out put from Mudpyl e Guiplauy, BF ®oinPutshéudd Modd @) dperdiol chRmentt (extibdise case.

WD 2009/ 154815PCT/ US2009/ 036271 [ 004 it put i.for dul e houl. d
nci ude. (=) oGSt TGt REHS AP SRt & TEW bt v GBS RN Pt & KHER n ¢ he
scope of Modul strebm elementy deRXbedigboenick., RXL: Qv RX[! Op , BXdeA@b)RX vk eaflded «cst r eam

el ement s descria &H\ee’furlcti comg\'?%r'lt@/ithin B%(;éoa-@of’Moﬁaq\].'fl,q;%.’,p , RX'1 1cB,p and
RX1:cc,p , and (c) j ective nction corrpﬁnents within the scope of Mdul e

1, i.e., 1.0bj =10x | RX1-00F RxRY1: QerR¥L ¢~ 09k BRY19.. RXOT2A3] Based on the
above descri pti the uni que set of inputs. ul can include;,

RX1: OF and t he [(ATlqua s BondE BOE SRPwy HeaRiof el el f B Peitine: @ RxL: Tp
RX1:cA. p RX1:c13,p RM :cc,p 15RX1: Tw. ORSI:@i | arly, the unique set of inputs

-it) for Mdul g7, &Rk &?&%‘J?iug MafdnbuddX: Tri MX: cA Fi MX:cs. pi MK cc, Fi
MX: @2 and, the unique set of outputs y21 Cf)bor Modul e 2 can include: 2.0Dbj
-Obj

MX:Qp RX2: Tp RX2: cn.p RX2: Two
[ 0044] When bhe Module 1 is sol ved usi ngrX1:Qp

RX1:Tp
RX1:cap
RXl:cpp
RX1:cep
13 RX!:Two
Similarly, the unique set of inputs u, for Module 2 can include:
MX:Qr1
MX:Tg
MX:car
20 MX:CgF1
MX:ce
MX:Qr2
and, the unique set of outputs y, for Module 2 can include:
2.0bj
MX:Qp
RX2:Tp
RX2:cap
RX2:Tw,
[0044] When the Module 1 is solved using

12
th

RX1:QF 0.225

-13 -



RX1: Q0. 225 30 WO 2009/ 154815PCT/ US2009/ 036271 the foll owi ng val ues for
yi are obtained: 1:Qbj 44.85345 RX1: OP 0.995 RX1: TP 345. 038 RX1: cAP

0. 118149 RX1l:gRP 19, 7298 RX1l:cCP 0.152033 RX | : TWout 3 5]1t is
to be noted tﬁ?’[m@ﬁﬁ%é Module 1 is a first-principles népggﬁ%%‘)fj9/§3g%§t or RX1,
the S5actual inputs and outputs can include nore variables than those

i ncl uded above. However, for the sake of clarity, only the variabl es of

i nterest are discussed.

the following values for y, are obtained:

1:0bj 44.85345
RX1:QP 0.225
RX1:TP 345.038
RX1:cAP 0.118149
RX1:cBP 19.7298
RX1:cCP 0.152033
RXI:TWOuL | 317.721

[0045] It is to be noted that since Module 1 is a first-principles model of reactor RX1, the

]

actual inputs and outputs can include more variables than those included above. However, for
the sake of clarity, only the variables of interest are discussed.

[0046] When Module 2 is solved using

MX:QIF 0.225

MX:T1F 345.038

MX:cAlF 0.118149

MX:cBIF 19.7298

MX:cCIF 0.152033

MX:Q2F 0.225

the following values for y are obtained:

2:0bj 26.93512
MX:QP 0.45
RX2:TP 335.232
RX2:cAP 0.194964
RX2:TWOu 298.7

10
[0047] Again, only the variables of interest are displayed.
[0048] In order to generate a Reduced Order Model for Module 1, the following gain

matrix can be used to represent (y;,u,) relationships.

- 14 -



100461When Module 2 is solved using MX Q IF 0.995 MX: T1F 345.038 MX.cA 1 14
0.118149 MX: cB1F 19. 7298 MX: cClF 0. 152033 MX: @F 0.295 the follow ng

val ues for y’B@&aﬁﬁg&ﬁine?: 2: ) 26.93512 MX: QP 0.45 R%%&Igﬂﬁgé%%QZ

RX2: cAP 0. 194

‘ Obj RX1:QP RX1:TP RX1:cAP RX1:cBP RX1:cCP RX1L:TWOut

RX1:QF | 200.2040023 1 110.374 -0.131341 0.171436 -0.0400949 43.4289

[0049] Similarly, a Reduced Order Model for Module 2 can be generated using the

following gain matrix to represent (y,u») relationships.

Obj MX:QP RX2:TP RX2:cAP RX2:TWOu
MX:QIF -6.68293 1 13.513 -0.141241 5.31696
MX:TIF -0.0770433 0 0.322465 -0.00329151 0.12688
MX:cAlF -0.428141 0 1.58522 -0.00649001 0.623737
MX:cBIF -0.00691493 0 0.00423084 4.32E-05 0.00166471
MX:cCIF -2.25 0 0 0 0
MX:Q2F 172933 1 88.671 -0.0520766 34.8893

[0050] From the two gain matrices above, a Reduced Order Model (ROM) of the facility
can be obtained by connecting an appropriate output elements of y; with an appropriate input

elements of u, (convolution using interface stream) as follows.

n

- 15 -



298.7 to 100471Again, only the variables of interest are displayed.
100481l n order to generate a Reduced Order Mdel for Mdule 1, the

foll ow ng gai Lx..can be used to represent (yi,ui) r i |PS.

Obj RX1: QPRXl:Q‘BrRK%yl?éEAPm . cBPRX1: cCPRXL : TWOut RS AHRRA

200. 20400231110. 374-0. 1313410. 171436- 0. 040094943. 4289 [0049]Simlarly, a
Reduced Order Model for Mdule 2 can be generated using the foll ow ng gain
matrix to represent (y2,u7) relationships. Gb MX QP RX2: TP RX2: cAP

RX2: TWout MX: QLF -6.68293 1 13.513 -0.141241
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5.31696 MX: T1F -0.0770433 0 0. 322465 -0.00329151 0.12688 MXcA 1 F
-0.428141 0 1.58522 -0.00649001 0.623737 MX:cB IF -0.00691493 0 0.00423084

4.32E-05 0. OO&QQ(A}OZ/]IS-!M% cClF ..2:25000 PCT/US2009/036271

[0051] When the facility ROM above is used for calculating operational targets to
improve the objective function, subject to operational constraints, the system objective
function can be improved to:
O =82.27 (A=10.48)
S with
RX1:Qr =0.270 (A=0.0449562)
MX:Qy, = 0.237 (A=0.0124698)

[0052] Implementing these targets, and repeating the steps again, the system can
approach or eventually reach its optimal state, in this case, where:
10 O =182.84
and
RX1:Qr=0.276
MX:Qp; = 0.234
[0053] Those skilled in the art will understand that there are many computer system
5 configurations, and it should be understood that the computer system 5 presented in Figure |
is not meant to limit the configurations and variations within which the many embodiments,
including those described below with reference to Figure 2, can be employed.
10054] Various terms have been defined above. To the extent a term used in a claim is
not defined above, it should be given the broadest definition persons in the pertinent art have
20 given that term as reflected in at Ieast one printed publication or issued patent. Furthermore,
all patents, test procedurcs, and other documents cited in this application are fully
incorporated by reference to the extent such disclosure is not inconsistent with this
application and for all jurisdictions in which such incorporation is permitted.
[0055] While the foregoing is directed to embodiments of the present invention, other and
25 further embodiments of the invention may be devised without departing from the basic scope

thereof, and the scope thereof is determined by the claims that follow.

-17-



0 MXC QRF 172.933 1 88.671 -0.0520766 34.8893 [0050] Fromthe two gain
matri ces above, a Reduced Order Model (ROM of the facility can be obtained
by connecting an appropriate output elements of yi with an appropriate

i nput el ements of u, (convolution using interface stream as follows.

WO 2009/ 154815PCT/ US2009/ 036271 [ 0051] When the facility ROM above is used
for cal cul @uAIyMSIperati onal targets to inprove the objective function,

subj ect togphperati,onal constraints, the system objective function can be

i nproved t Grafisyclaimgdisv (p=10.48) Swith RX1: QF = 0.270 (A=0.0449562)

M Q.2 = 0.237 (A=0.0124698) [0052] 1 npl emrenting these targets, and
repeating the steps again, the systemcan aptproach or eventually reach its
optimal st bt e, Anmethp f@agjé§talqmélyé>_ptlmlzlng plant operations within a manufacturing

environment, comprising:

separating the manufacturing environment into two or more individual modules,
wherein each individual module contains a fundamental principles-based model, and
wherein said two or more individual modules represent the manufacturing environment;

independently parameterizing each individual module upon said module reaching
steady state;

wherein inter-module data flow is provided to at least one of the individual
modules during parameterization; and

wherein an output of the parameterization comprises an individual, calibrated
steady-state model of each individual module;

deriving a reduced order model from each parameterized module;

assembling the reduced order models to provide a facility reduced order model;

determining improved operating condition targets from the facility reduced order
model; and

changing one or more operating conditions within the manufacturing environment

based on the improved operating condition targets.

2. The method of claim 1 wherein the step of independently parameterizing each
individual module can be performed on at least one of the individual modules

asynchronously from the other individual modules.

3. The method of claim 1 wherein at least one of the individual modules represents a
section of the manufacturing environment that reaches steady state faster than at least one

other section of the manufacturing environment.

4. The method of claim 1 further comprising:
linearizing at least one of the individual modules;
wherein each linearized module comprises a reduced-order, linear model of a

section of the facility.
- 18-



10(1)= 82.84 and RX1:QF = 0.276 MX: QF2 = 0.234 [0053] Those skilled in the

art will understand that there are many conputer system 1|s configurations,
and it should be understood that the conputer system5 presented in Figure
1is not neant to limt the configurations and variations within which the
many enbodi nents, including those described below with reference to Figure

2, can be enpl oYReme{h0@o8IMal | Qltthet &niprisingve been defined above. To the
extent a termused in a claimis not defined above, it should E_e iven the
br oadest def i ni S5&FMIPAE BH$tats of ReMpErit e RRereY SUFRLY &hat J§ oyfRE r"f’%é‘f‘ term
as refl ect gdijidiapoli9@shdone printed publication or issued patent.
Furthernore, all patents, test procedures, and other docunents cited in
thi s appli cati oprogidéingthé ptyteiof hersperraaesn ipputie prathasdudividual mwdelkt ent such

di sclosure is not inconsistent with this application and for all
jurisdictions in which such incorporation is permtted. [0055]While the

f oregoi ng b6s di The nethaloofesthiodil nferthe @inprivimgprpesting thanvetnt inanufagtunieg and
25furt her enbodi nents of the invention . be devi sed without departing
fromthe b%.%vi"é’n@glbtﬁ‘ém?ﬁ‘éer‘ch?f?vegﬂaerfltﬁ%gCs?n@‘ég“sfher eof is deternined by the
clainms that follow CLAIMS: Wiat is clainmed is: 1. A nethod for

substantially optimzing plant operatigns within a manufacturin

envi r onnent’, coﬁb‘fr MY :Ofp"lamrl 1 éﬁvglﬁlﬁi“ag?rh\@f‘% ﬁereﬂﬁ‘?‘?ﬂf %FQ‘E@P}OH@ %ﬂ@i F35Ament
into tWo OparffREEridedGhodudinphBcdWeRSratindEgMh Ma@RADr da0H indivddal made] e
contains a fundanental principles-based nodel, and wherein said two or nore

i ndi vi dual nodul es represent the manufacturing environnent;

i ndependengly par {21 W Ta VY i "
Feachi ng. steady erarey TruBlafRfD doAhe A ATl WA SR 1od 10

at | east oenwirofimediecammdisingdual nodul es during paraneterization; and

wherei n an out put of t r rizati I i ndik yi
calibrated steath 9%{“1 gl%nlg élfarzg\&l% féﬁ%n%n\gl ug‘lklérgr% %&ef;ngg)le%w‘%gulgs’reduced
or der nodewhdreianeaehdhdip@dnanmbédule edtaims dufierdamentals pediplesagpsehenadeldwodd or der

nodel s to ovide a facility,.reduced order nodel; d rm ning inproved
operating @@fﬁg‘:nts?lgﬁw? 8F égieéx‘?lyﬁH?Lﬁt‘ﬂ%dufeéé?ﬁrfsteﬁ}tdtﬁ%E‘ﬁﬁ%ﬁc‘%grﬂ%érnvﬁg}&%n%t; \z;nd
changi ng one orinG&eRdNRS pataideeriePRdatt MAB/idMatl fiodult REorMtdaile Héadling

envi ronment based on the inproved operating condition targets. 2. The
met hod of ¥$%4y§3%: wherein the step of independently paraneterizing each

deriving a reduced order model from each parameterized module;

assembling the reduced order models to provide a facility reduced order model;

determining improved operating condition targets from the facility reduced order
model; and

changing one or more operating conditions within the manufacturing environment
based on the improved operating condition targets;

wherein inter-module data flow is provided to at least one of the individual
modules during parameterization;

wherein an output of the parameterization comprises an individual, calibrated
steady-state model of each individual module;

wherein deriving a reduced order model from each parameterized module
comprises generating a gain matrix for each individual module; and

wherein assembling the reduced order models comprises convoluting the gain

matrices for each linearized module.
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i ndi vi dual nodul e can be perforned on at |east one of the individual
nodul es asynchronously fromthe ot her individual nodules. 3. The nethod of
claim1l1l wherein at |east one of the individual nodules represents a section
of the manufacturing environnment that reaches steady state faster than at

| east one ot her section of the manufacturing environment. 4. The method of
claim1 fupther TROMRIHEI0F@laith | W rtiAl Ipradihg HRamtireoMenuactiigy énvitbihehtal

nodul es; wherein each |inearized nodul e conprises a reduced-order,

|i near mpd&MRISEE section of the facility. 5. The method of claiml
further conpri syfgimining a seft &M éﬁ'lg nEllﬂgn $hli€af ikt FRlcShicAlal HonMEr 9y
streamthat is output Tfroman in i dual nodul e, and providing the state of
the streanfaditaredigedurder odelot her i ndi vi dual nodule. 6. The method of
claim1l1 further co ri,sin erati.n envi ronnment
using the |npr09@' gF%FQME (%gnc%gh?ﬁﬂ%@%h?ﬁﬂﬁﬁ&ﬂﬁﬁﬁ&ﬂﬁhﬂggin]l wher ei n
deriving a I’edumedsuﬂhglelﬁe mada’actﬁmmgmmaﬁimrmmr spises wethenaddoged qempingses
generating a aln matri x for each individual nodule. 8. A nethod for
substantlaﬁr§ Pt ni zi ng pl ant operations within a manufacturing

envi ronnent , coaggwgmgﬁhzngtheHmsam&[ﬁkumgsthe manuf act uri ng envi ronment
into two or nore individual nodul es, wherein each individual nodule

contains a fund@ﬁﬁﬁﬁ@%tﬁ?Wﬂ%ﬁﬂpé?rH@ggékW%ﬁﬁhrﬁaﬁﬂmﬁﬁEFEVﬂo >d two or nore

i ndi vi dual modulesd g SEO reldafy R RUILAGT BdeR SnRIBN kd QRIVBIY & new facility
i ndependent |y paraneterrzing each individual nodul e upon said nodul e

reachi ng steduaty osdeamedeldenrd ving a reduced order nodel from each

paraneteri zed g@ﬁ%ijlengnmga S%%%%H%L\ Jhlioh ‘?eg%% egt 4 Osrég(ﬁ{d tm?éjﬁllte?vatl?rog{t(ﬂgi de a

facility reduc nlnlng I pr oved operating condition

t ar get s f remstdneblddafocilifytryduced usiedmodeler nodel ; and changi ng one or
nore operating conditions wthin the nanufacturing envi ronnent based on the
i nproved operating condition targets; wherein inter-nodul e data fl ow
is providem.t o dlie headt d@ndaial 1 twierdindhe new athciipdieldesdderdemgodule is an

par amet eri zat n an out put of the paraneterization conprises
an |nd|V|dﬂ%?wg6%¥¥%¥%ﬁﬂﬂn§§§%dy state nodel of each individual nodul e;
wherein deriving a reduced order nodel from each paraneterized nodul e

conpri ses Peneratln a gain matrix for each indivjdual nodule; and
1. A method for substantially optimizing plant operations within a manufacturing

environment, comprising:

separating the manufacturing environment into two or more individual modules,
wherein each individual module contains a fundamental principles-based model, and said
two or more individual modules represent the manufacturing environment;

parameterizing each individual module, wherein an output of the parameterization
comprises an individual, calibrated steady-state model of the module;

linearizing each of the individual modules to provide a plurality of linearized
modules, wherein linearizing each individual module comprises generating a gain matrix
for each individual module, and wherein each linearized module comprises a reduced-
order, linear model of a section of the facility;

assembling the plurality of linearized modules to provide a facility reduced order
module, wherein assembling the plurality of linearized modules comprises convoluting
the gain matrices for each linearized module;

determining a set of operating condition targets from the facility reduced order

module; and
-20 -



wherein assenbling the reduced order nodels conprises convoluting the gain
matrices for each linearized nodul e. 9. The method of claim8 wherein
operating the entire manufacturing environment conprises: determ ni ng
a set of operating condition targets at a first time interval fromthe
facility reduced order nodel; changi ng the operating conditions wthin

t he manufacturi mn%mg Ioh® BRBe; opBRARL EddGicnk & itHRNHE MmahuhdtBigneamviromnemnt
responses to the changed operating conditions; re-paraneterizing the

i ndi vi dual basedian said set of ppergfimgicondion §eeeSeduced or der nodel from each
re-paraneterized nodul e; re-assenbling the re-derived reduced order node
to provide a new facility reduced order nodel; and determ ning a set
of operati hdy cofité tmahod af gdaim di. durdwee echprisivg npasering|the rreanufdeairing

re-assenbled.facility reduced order - tioe Qﬁgﬁgﬁ Lal .1
wher ei n t h&WEWFACe I?Otnflesrtgdtgl%echg%egg)?) g%%lcgergqltslo ananupﬁ ted re ur%legl]eor der
nodul e. lihdividuabinbaded or substantially optim zing plant operations wthin
a manufacturing environnent, conpri sing: separating the
manuf acturi ng environnment into two or nore individual nodul es, wherein each
i ndi vi dual jsodufrge gethb@bNdaich 1) RGERESIn¥risiigt nci pl es- based nodel , and sai d
two or nore individual nodul es represent . the nufacturkpg envi%o.nent;
par anet eri zi ng EasrEmilgevihgualiraliydal dinediirad enpdulss BuPPIIdSR R9ye factlity
paramet eri zat QN &PMRdLREsd@n individual, calibrated steady-state nodel of
t he nodul e; | i nearizing each of the individual nodules to provide a
plurality of |idesemniiviaga e séted opsipinteedonditih ggdtzi ng each i ndi vi dual nodul e
conprises generating a gain matrix for each individual nodule, and wherein
each linearized nodul e conprises a reduced-order, |inear nodel of a section
of the faci4.ityThe methodag'sdaitnl | gvitermn heuneat ifacylity freducerk arder awdmigdellass t o
provide a fagcil,ity reduced order nodul e, wherein assenbling the plurality
of Iineari%%@kﬂﬂﬂﬁpggmggﬁﬁ?l@%s convol uting the gain natrices for each
| i neari zed nodul e; determ ning a set of operating condition targets
fromthe facilitg re ucgﬁ,ﬁrder dul e; and. .changiqﬁ one or. nore
operating tondi THMERA L Hi A &3, PégFWFPH§5@ﬁWgW%ﬁﬁ§ﬁF IEPHH"ai d set
of operati fQgdaRAL IV HeamdRlfBeturide enviRBMIRL BRI W Bk aicm I, off sffetdiiap
conprising neasuring the manufacturing environment responses to the changed
oper at i ng ewddionitasgds-and re- paraneterizing the individual nodules. 13. The
nmet hod of claim 12, further conprising: re-assenbling the plurality
of linearized nodules to provide a new facility reduced order nodule; and
det er mi ni ntp.a néwapptates foopestantially apsindring plant epegpéipns within a mayafagsringd of
claim13, gQ%%%&Qtt&%]geM/facility reduced order nodule is an updated
reduced order°NBgl € P IEE The method of claim 13, further conpri si ng
changi ng one ormemfefonpaivatingg matedopiiizstiod agrnh withea phamlitpof ardivigual
envir Onmsnltineggzse%dmgc?ulést]%vhgl%% gaec ir?éivi%geﬁrrggéu? C(():I‘l e?lrclisl g'f&n”da%n%ﬁt%? ;E)rslr'lciples-
based model of a section of a manufacturing environment and wherein said plurality of
individual linearized modules represents the manufacturing environment;
means for parameterizing each individual module,
means for assembling the plurality of linearized modules; and
means for determining improved operating condition targets for the entire
manufacturing environment using the combined modules;
wherein inter-module data flow is provided to at least one of the individual
modules during parameterization;
wherein an output of the parameterization comprises an individual, calibrated

steady-state module of each individual module; and
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16. An apparatus for substantially optim zing plant operations within a
manuf acturi ng environnent, conprising: means for providing a nodel
optim zation agent with a plurality of individual |inearized nodul es,
wherein each individual nodule contains a fundanental principles-based
nodel of a section of a manufacturing environnent and wherein said
plurality of inghsmb@ugd nlebferE hze@biBdthequralprofsiandrzet heodoreubmpiisesi ng
envi ronnment; nmeans for paraneterizing each. individual nodule, nmeans for
assenbl i ngme#s fon qopuelping the gaip ﬁé‘gﬂqeigﬁt‘l eagdineadzed gpgule. means for

determ ning i nproved operating condition targets for the entire
manuf act uri ng environnment using the conbi ned nodul es; wher ei n

i nter-mdulz dalke frletwdi of griovillewherginathe| sepsel prremetkrizing daplyiindivdeal

modul es d.urrnlo e RG] & (;[rFOIi‘I!ng(?'E)I!l MMeast one of %{(ﬁ\%l a@ﬂlo(agltep Hséyng\troﬂ(nﬁlty from
paramet eri zati on conprises an i1 ndividual, calibrated steady-state nodul e of
each i ndi vihdodler imddiduval mathdes. 21 - wherein the neans for assenbling
the plurality of linearized nodul es conprises nmeans for convol uting the
gain matrices for each |inearized nodule. 17. The nethod of claim11,
wherein the step of paraneterizing each individual nodul e can be perforned
on at | east one of the individual nodul es asynchronously fromthe other

i ndi vi dual nodul es.
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