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PREDI CTI VE CONTROLLER SOLUTI ON ANALYSI S PROCESS
WEAMREREMD OF THE | NVENTI ON Rl ELD OF THE | NVERGT/BR2007/020332

[0001] This invention relates to control systens and,

nmore particularly, to methods of driving dynamc and

st eady- st a (

ART [ 0002] I\/UI tivar |abI e pred| ct ive control
aI gorithms, such as DMCplusTM from AspenTech(r) of

olaehe IEINVERTION RMPCT from Honeywel |
onbi nati on of cal cul ati ons
to drive the dynam c and steady-state behavior of a
process toward a nore opti mum operating condition.
FIETAROR EHB/INYENT I&Nori t hm used in the control schene

is nost cormonly a linear program (LP), but sonetines
IS a quadratic program (QP). For small problens,

oodTo! & Tl TR r f5i8hes B, SV B0 hIOKT by, o

metﬁo SRETdrANRA hié apbeded ﬁﬁteoﬁﬁiaﬁfti&r of @ Iﬂ‘%bé‘ss toward more
n %g of t

ersta e process. Wth sone detail
optlmdﬁldpegatb@c&gfm engi neers and well trai ned
operators can understand nedi um si zed problens (Iless
than 10 dinensions). However, |arger, nore
often requi re offline
DD BN e leandeke a significant anmount of tine
to underst and, even qualitatively. [0003] Typically,
an operator of a nultivariable predictive controller
[006 QAN ARSRbKE Iﬁédhbﬁ% SAREJIT AigdtithA8d sUBY &2ISMCplus™
cess to an open l'oop nodel of thé process. However,
fromOAfspéthedlIi@iedsfSMpdnt Teclamisgiesi btc.sot RBPET, frome Honeywell
operator would need a detailed understanding of the
Intepnatoanad Imodedreamcconpkination jafycaleulatigne to drive the dynamic and

steady-state behavior of a process toward a more optimum operating condition.

The steady-state algorithm used in the control scheme is most commonly a linear
program (LP), but sometimes is a quadratic program (QP). For small problems,
understanding the LP or QP solution is relatively simple. Two-dimensional
problems can be visualized on a paper and demonstrated to an operator to gain
understanding of the process. With some detailed modeling background, engineers
and well trained operators can understand medium-sized problems (less than 10
dimensions). However, larger, more interactive problems, oftenA require offline
simulation. This can take a significant amount of time to understand, even

qualitatively.

[0003] Typically, an operator of a multivariable predictive controller (MPC)
can observe current constraints and may have access to an open loop model of the
process. However, to fully understand the constraint set relief, the operator would

need a detailed understanding of the process model and the ability to trace
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and de ndent relati onshi ps through the nodel.
WORAB032 0ot £ 1 i ne  sinul ati arp.or anal ysi s tool PFE/USZOWOZO”Z

required. O herw se, the operator cannot know how
much to change a constraint or which constraint is the

next. to becone active.. [0004] One ncept fo
indegrendenteand ggperdest re@é@nahlﬁatthwgb. B8 tmpfelynFen that, an offline

onst rai ul at.ed, v abl.es
simPERRC @G KB IREVER S ERSE: b Herflof ARG w how
mudPRSEHaN @tasc Rr2iTE or @lg@&‘i’ﬁﬂﬁﬁt is tRd'Hektt8 become active.
(inconst Fained Var | abl es becomns epen ents. " The
matri x pivot can be synbolized as follows: yi [A B xi
yz CDxz xi [A" - A" By yz CA-' DCA-'B xz ) )
[0004)005] HRne¢encept Hios aapplftine isimslationdisepaomiatiéx pivot in which

unceﬁé‘r%'eé | mangpalated cveeablst, (BRVSE $61 GAPREA[ oygh) constrained
conbrg@gg o}’gr&%ﬂ% %V dyniﬁ? %?@%)}5 16%(%’ n at nﬁgﬂ'{sy’z %nd the
uncﬁﬁéﬂ"c{l 84S vafialBY - Bbddifle PF @ etbnds™ reqihet i &rixt ivot can be

rovi de an operator mneani ngful, quantltatlve
symmﬂizedca‘slf@mkswﬁor DMC controller constraint relief.
BRI EF SUMVARY OF THE_I NVENTI ON [ 0007] Aspects of

enbodi ngnug of f#e Brivemtion relate to a nethod to
anal yze desieri bgla |s9lution froman MPC that can
provi de duantitative-i to an oper at or regardi ng
the eff t of c gi ng,.¢ ntr limts in an MPC
solutio / 0393% / US2007/ 020332

[ 0008] tth er acs,péctDefC/EMJ nts of the invention

relates to using the

[0005] However, this approach does not provide quantitative answers as to

how much any operator change will affect the controller solution.

[0006] There is a need for a simple utility that can analyze past or current
dynamic matrix control (DMC) solutions of any-sized problem, in real-time, to
provide an operator meaningful, quantitative instructions for DMC controller

constraint relief.

BRIEF SUMMARY OF THE INVENTION

[0007] Aspects of embodiments of the invention relate to a method to
analyze and describe a solution from an MPC that can provide quantitative input to

an operator regarding the effect of changing controller limits in an MPC solution.



method to provide information that is imediately

avai | abl e, accessible, and understood by operators o
WORIBNSHHP ol system [0009] -Bhis invention is HFT@@F@&“”B32

to a method of analyzing a solution froma

mul tivariabl e predictive controller, conprising

obtaining a,solution froqma nultj arlable dlctlve
[0008] 1t o1 |4&ROthEK, psRECh Of € jrgentso %l@ 1ﬁ,v§1g,10 gtes to using the

uts in, dif rjapl. u
metff e Brofideclithfhiin B, JeJRuRMRT AaiBhR ifRResible, and
ated vari abl es, and
undgﬁgt?oa(? ﬁoﬁ%x%@(%rﬁto‘qu Fut |(gﬁs@’tk%%bt ain a rel ationshi p
betmeen constralned vari abl es and unconstrai ned
vari abl es to deterni ne how unconstrained variables
[0009% spond This emendien is directedstorammethpd,af analyzing arselution from a

solutlonc be represented in.a mat 0010] , The
mulfiygaableo pre ctav%,ocgwtffﬁfqreocq%prasmgt R E%uap%oaersalutw drom a

mul%%hﬁl?lls r%}ﬁ?ctt rac ! nogfseg ﬂ&g‘i&%% ﬁé%ﬁ? tef ?&1{1{4&% %lgg éesults in

dnff'éfn‘é%'vzfridb‘?e doﬂ§irh’i‘ﬁ't NGa By, Pivhafeds tYlé%élBhSﬁ eflides controlled
control I ed variables reflafed to the process, based on

variables ethdy -t predictsp dnan  hehimdatet] hearigblegy uared @gperating on the
vari ables and the controlled vari ables. The

solutipni mobttaim avghitiopship betweenrmonsirhingd wariahidseand wneonstrained
*assnfl l%an active constralnt C nd|t|on wher‘i1
varigh(es (s FiPITEiRG] SR oneeDSHAINGS] Ugriabicn; fslond fo  changes in

confPARBE VARMIEY. ShebliBhSdntRbldaisa ifispaRunt of

each va at ed
based on the active constraint condition
classification. The order of the gain matrix is
[001@panged Tims arventionh his @ss idirecteb s tar atetitod @fdoperating @ control
obtain a nodel matrix representative of an
systepr foriusavithha psesiess fanilityacompuisingnextracking & rayr gaid rpgtrix from

a g otk e e RS adiD Bl YA PE AR & GoRRolie elles related
to tl@éfcﬁéﬂ q)agé’d ghtapfteﬁ@ﬁytlg er 5ﬁ§exb tw%gn the iﬂdagltilgmﬁ{e'dxvariables

anmount Verrent "are us
and Ak Conflofled r\%rfa@ﬁd@,o N¥Re Fhardipglawiic 0/gablas ARE dbmtdoflet 8fariables

to changes in the constrained variables.
are classified by an active constraint condition, wherein the classification is based
on constrained, unconstrained or violated conditions. The amount of possible
movement for each variable is calculated based on the active consfraint condition
classification. The order of the gain matrix is changed based on the active
constraint condition to obtain a model matrix representative of an optimization
solution. A result matrix is formed by pivoting the constrained controlled variables
with the unconstrained manipulated variables in the model matrix to form the result
matrix. The result matrix and the amount of possible movement are used to

calculate the response of the unconstrained variables to changes in the constrained

variables.



WO 2008/ 039346 - 4 - PCT/US2007/ 020332 [0011] The
invention is also directed to a control systemfor us
WQR04§/03934pr ocess, conpri si ngda st orage device Pﬁggmzmwmmnsz
stores a base nodel file including manipulated
vari abl es and controlled variables related to the
and a .contrall ey, asspciated Mﬁih t he goora ge .

ocess,
lﬂoﬁév. ce tist lwpaetlé alse Airesied tord contrpl gystery, foryyse with a

ool ek S5 A VU1 e 5B RBRRRY ncucing

maﬁég‘ila&m SariablRg ﬁﬂd‘tédﬂtf&fedu@ﬁﬁaﬁl@s ORYAtBY Z&) 'tHé‘ process, and a

ution to describe how unconstrained variable
controlpoasbocintethavitiethel storapesdevace dtht extracsbd eawtgam matrix from
cl assifying the mani pul ated vari abl es and controll ed
the \has¢ anpé@ gie bnseda@nu g ssteaslysstatgi rspensed |b@t\mcn e megnipulated
on constrain

| ficatjo ase
varighfes 801 he ROBBHCT VeRaRlan dBRGORITBNE! USel A ARt irgtiop olution
to 85@%?@% %]:)vxp Qﬁl%'oggt HE’& e??rg%br%ﬁﬁ R %ﬁ(ﬁ'&f 93k nQr%ﬁ? li’l"f‘s’&%stramed

acti veConstral n assi
variabRE By Blas§ifFEne tHE 'miph e d FhflabRs fnd &ﬂﬁﬁﬂ']eﬁnvdr%les by an
active constralnt condltlon to obtain a nodel matrix
active pronstrainat ¢onglitdén, awhepin nthe atlassifisatiart iiorbased eshi constgained,
controlled variables fromthe nmanipul ated vari ables '
uncorstrainedher wisdeted penditionss ealaplagng the agount ﬁﬁpmsxblsynovement

for Bagfp atible hsed R e Acve asira coditon fiaSiGtton, chinging
the me{ri {)‘f {He éﬁhr@nﬁgﬁﬁ rb?l?éﬁ bn @E r%cﬁvossggﬂﬁfn? %ohlaﬁl(%n %o obtain a

I'X an he anmou
mod‘e@' ﬁqldir@)i GepRBeht@tiPONse aff obi"ﬁuzdﬂi&‘ﬁo §§lutidh) gﬁec\ﬁ@ﬁh bésttrolled
to changes in the constrained vari abl es. ese
varnahk&s drérarthespadpslatdd vireables/esingdhe md)deltmamms formlng a result
parent when taken in conjunctlon with the detail ed
mataésbwmmhg dhe eqiistiated eeniipligss vappples withthepunegastrained
0013], ,The . in

maru@gleﬁ%owf?ﬁﬁescshfhmp ehiarih i B Hheltsshit 3RS and using the
rCSI.\glt;jl m'l Ehéé‘?ﬁaﬁﬁnt 6t @ssﬂblé vt 16 Ra1u1 L e PApbR& of the

SI'c s eps e process in
unconstrained variables to changes in the constrained variables.

[0012] These and other aspects of the invention will become apparent when

taken in conjunction with the detailed description and appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The invention will now be described in conjunétion with the
accompanying drawings in which:
FIG. 1 is a flow chart showing the basic steps of the process in

accordance with the invention.
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PCT/ US2007/ 020332 DETAI LED DESCRI PTI ON OF PREFERRED
WERMBHPYENTS [ 00141 A preferrsed enbodi ment of PRTAS2007/020332

i nvention described herein is directed to a dynamc

matri x controller (DMC). However, the invention is

intended to apply nore broadly to nultivariable

DE

termoperator used herein is intended to refer to any
end user. For exanple, an end user could be an

[00X4per at orA peefpired eatbodigeneef thiirsienfidn ldesetibed hereintis alirected
engi neer, or_a manalger. 100161 To denonstrate the .

to Hhdyhamicmeattiznetrtrallesf(AME)i nlkovtgvsn, the yvieptien is intended to
robl emi s, addressed. .In the sinplest for .

appRomore mdbé&m@tlwrefgblsm give Poriroliess (MPQjja general and to

tr LS vi.ded . trar r .
confilf sEAtES ihuwRlc ot gRtitdhiE g, GARIAY BPacel® 1P n various
appﬁcﬁgﬁfstrai ned variabl e analysis, which deterni.nes how

much a constraint can be noved before the next
constraint becones active, and identifies the next
constrai nt. An unconstrai ned variable analysis is ,
[0018] so ac ddheptermhepkratani used chareinnisniaéendeidcte wsdersta anytead user.
are causi ngn he controller to nobve sone unconstra'hniﬁi
_ i ead, a

For saxample. a1y £0d, Usert G Reofih OPEFAITp)? PIRASSSEAGHEnES
conTEhdib¥ r A5hangg | oop gain) of "all active

const¥arnts variable. An infeasibility

anal ysis is acconplished, which determ nes which

constraint variable(s) can be noved and by how nuch in
[001@] der t domalemadnberateothet basic fumctioralitgasf ithe .inverdtest asimple

Excel -based interface will work for analysis results.
problemyisaskiressede n the dmplest formu 3 constraftaensiviity japglysis tool for
a DMGLJ?&{I:EOGIF%U%Q&O%?A&I wftht o ?grll ér%lsr,mrgoe r%r%%?,' and no minimum
move MVs. The basic functions include a constrained variable analysis, which
determines how much a constraint can be moved before the next constraint
becomes active, and identifies the next constraint. An unconstrained variable
analysis is also accomplished, which determines which constraints are causing the
controller to move some unconstrained variable (e.g., feed) down (or up) and
determines the sensitivity (closed-loop gain) of all active constraints to this
variable. An infeasibility analysis is accomplished, which determines which
constraint variable(s) can be moved and by how much in order to make the solution
become feasible. A test or Excel-based interface will work for analysis results. A

graphic user interface (GUI) is effective.

[0017) To increase the ability to analyze more complex problems, auto-
recognition and calculation of MV and CV transforms are provided and the results

are incorporated into the analysis. Additionally, the following capabilities are



recognition and cal culation of MV and CV transforms

are provided and the results are incorporated into
WORRsHIR40si s. Additionally,.ghe foll owi ng Cap55F4qS{ZQOé/§20332

are WD 2008/ 039346 - 6 - PCT/US2007/ 020332 enabl ed:
the ability to recognize and handle mn-nove Ms, the

e, SR T il W s o
avai | abl.e stral nt - {%@ chani f g ¥
recoEles & QXP@P ramp, vasyables, gd gafmn- E;](? kl 1|o§}§lé1p eSonomic
prldrgfﬁgﬂﬁh Rie la\zﬁilﬁﬁe %n&?ﬂﬂf—kél}éf thédhis 'nﬁéﬁlé %lllt% he hfindle external

express the solution wt

targ@depitkd laBﬂltjafto |aﬁQB/z@ahfdaﬂﬁllﬁmcﬁ’ﬁphbﬁltil ethsMﬁcatdon the ability to
constrained CV), ‘and the ability to step through

eXpeasq ubmsoh:nlomrvuh|aogtsuphrcahdemcgon rafdabp gairing Glmc@nstralned MV

technjque wi |l rk with conmposite applicatiq
V. et raumté f¥Datansh the, Roiliggntq Steps dbrovg ?ﬁﬂUFPBP £ sollitionS from

s G A5E CEASH T P o ARG By er on

optl%l%‘l‘?@ﬁ fuR¥Edn it NRelORr WulfipR! E6mBIRY E6ntrbiferdPi 1A tcym and
G,

to recognize and explain obj ective function,

hypeftext ®ark aﬁ@udget()r—ITMla)ﬁﬂieyﬁee iipdssible. rank groups
for relief of infeasibilities, and recogni ze and

i ncorporate active gain rrultlpllcatlon factors.
(00481ch o 2@%‘&33@%%3#?28@2&%@%“&8@%' e Eﬁ&‘?%‘? recognize
andHﬁtptl 6}??3‘%@? ge (lﬁﬂa\i% 1&@0 rﬂ? \grgirlil |t %{aﬂ%é %m{lple rank

gro G]S‘aa%r GE1iEf GfT ﬁ1f3a51$1'1'i@ie9r ﬁﬁ&sl%cogﬂi@"Md ﬁﬂ@&})@)’até hidive gain

iI'nvention begins wth providing rnformation to an
muloipéication fact@isatA tigk tcouldslsy e ipapvided td beminersial datapases, such
toread in the controller definition froma file or
as AspeioWetch froma AspenTreb® rw Ruodsss HistonyaRatalfase ndPHD) from
rranlequ at ed ﬁedf orward and control |l ed vari abl es.
HO’N@’)‘(Y erpatignalacrpdel file and extract the nodel
"gai ns" for each i ndependent (MW or feedforward) -
dependent (CV) variable pair. In general, the nodel

[00197 dynanifere partRMatly, Nefetifgche stigwechael bf Tig@e 1, the process
accomplished by this invention begins with providing information to an operator
relating to the variables. The first step is to read in the controller definition from a
file or database. This provides the number and name of the manipulated,
feedforward and controlled variables. Next, read in the model file and extract the
model “gains” for each independent (MV or feedforward) - dependent (CV)
variable pair. In general, the model is dynamic, so only the steady-state portion of
the model (i.e., the gain) is used for this calculation. In a variation of the process,
the model may be a linearized relationship between variablés in a non-linear
controller. The model may also be a linearized relationship between variables in a

real-time optimization problem.



the nodel (i.e., the gain) is used for this
calculation. In a variation of the process, the node
WORR08¢9d9346 | i neari zed rel atiarshi p bet ween var i BEF/ES$2004/020332
a non-linear controller. The nodel may al so be a
linearized relati onship between variables in a
real -tine opt|n12at|on probl em WD 2008/ 039346 -
[0026¢T/ US2 by eRZmBIRO! the staaply Atate xespsmse betwesa MVs and CVsina

e re onsg ,between MVs and CVs in a 4MW X
4@%@%%(5?‘@ T I HOSMOHS ow: OV OV OV3 VA OV OV

Léz\/fI (g?;vb“ M/s ,3u@b2L%§éu/ Cg% 36 C&é ujgw

1 &7, A3 B, AS [B6, A7 | 6PO21] [the targe, val ugg,,
and constral nt St at ups o3f al | varlabl es _are read in,

MVand i@, vari al¥,es arpeGed assilffGGgd as |&iher ¢@hgt rai n&g,

or umconstrained. Viplated |variables are cllassified

MVas unéonst ral feg and| Geact i vieGgani pulGdgsed vaiGsabl es| Gi;

are—classified as cpnstrained—Fhedata——shouyldbe
MVaonsi| §1ent .Cbz , al Gﬁzr omt h@usame Cé%ecut i| &h6 cycl 2 Ga7
Thc ot at tTS—€an IJC t cau I ot a I I I C I I uUlilh a bUII}JUI. ct

dat abase. The data can be fromcurrent or historical
controll er executions. [0022] For each variable, the
al | owabl e steady-state nove (AM is calculated in

[0083ch di rEfd faggetWalid and €omstraintCaas lofiall varfabl@a4readad in, and
This calculation is acconplished for all variables.

the Teriabddsc aratdlassifved iass eitheredonstraihed torp@nodnsirainad  Violated
constraint indication. bOOZS For. unconstr ai ned
varighles steeelassified dis| yaconspamednand ﬂthﬁaﬁ@elmmtpd yastables are

ble h
clasiitiedt PamtiinGly i ot oo oaldber e TRE Sy, &Ry ) figrgfhe some
exegggogfgfélﬁé Ofhd Sts' Hn! Be rddiefidid SURE!GE AOMS UBmbHr Wtabase.

The data can be from current or historical controller executions.

[0022] For each variable, the allowable steady-state move (AM) is calculated
in each direction until the next constraint is reached. This calculation is
accomplished for all variables. The calculation varies based on the type of active

constraint indication.

[0023] For unconstrained variables, the delta represents the change until the
variable hits a constraint. For example, an unconstrained variable is between the
operator high and operator low limits. The allowable move up (AM up) equals the
operator high limit (OPHIGH) minus the steady-state target. This can be
represented by:

AM up = OPHIGH - Steady-State Target.
The allowable move down (AM down) equals the steady-state target minus the
operator low limit (OPLO). This can be represented by:

AM down = Steady-State Target — OPLO.




operator high limt (OPH GHd) m nus the steady state
tar This can be represented by: AMup =

waQu ‘%ﬂ?%‘fate Target. The al-Igowabl e nove down FQMU%WZO”Z

equal s the steady-state target mnus the operator |ow
l[imt (OPLO. This can be represented by AM dovvn =

St eady ate Tar Q. 200
(0037, U257 NG0lG var[eé’é%bﬂ ?lta«tsoqait@ate a%sl%ﬁggount REchange

untl\ijetbf: riabgé 6:#8%1 ? efg??l he @goggé[g%r éPQH?e\ﬁ{ﬁ%ﬁé lextOSis the

opei’a% @,?}lq]rﬁﬁceeds the operator high limt, AMdown =
ea State Target - OPHI GH. [00251 For constr ai ned

vari abl esM ddwven eeStcady-Spate Janget -+ OPHIGdhge until the
next constraint is reached. For exanple, if the
englneerlngllmt (Eng|neer|ng H) is the next Iimt

[00 Exgtn ? aifiok ococgmts{r?{plgg éa:ﬂée%rth cgpﬁtfa?{ep?es\égk,\,ﬁ];pghange until the
nexﬁp%s&gaoﬁw i@grteg!'é d. (?El‘[ Shm rmél%"?@%. ?rgésegfﬁglaﬁﬂn?hg(gﬁneermg Hi)

is tifd Hgykteln\‘ﬁtr béwn%smw 6ﬂer5‘tﬁ¥§lli’ﬂit tth@h Fof 8tvarRbld toHhdtmined at the
i ncludi ng for exanple, operator engi neer, equi pnent,

opeesadehigh limiige, etc. The user can sel ect or desel ect
which limts to consider for calculating the
al | onablAMcwdEngimaringdhplQPHIGH. user may  desel ect
the engineering limt and use the range of the
measurenent to cal culate the allowable nove. [00271

[0023?9 ”eXt t%aﬂé’ulh %‘tp@rﬁi’&ﬁ e Gt %ﬁgstb&oﬂad’%t it s g;osg fe that

fect Fained var] ables on UNConst T
smg‘l@ﬂz’aﬁbbl% vilnBAwasudipIWMets 6f fffits) ifladin@afoh example operator,

unconstrai ned/ vi ol at ed vari abl e, the constrai ned
engineet, dguganéntasafafyf, earige, etcarEhe user can select or deselect which limits
to consider for calculating the allowable change. For example, the user may
deselect the engineering limit and use the range of the measurement to calculate the

allowable move.

[0027] The next step is to create a closed-loop matrix of the effect of the
constrained variables on unconstrained variables (instead of MVs to CVs.) For
each unconstrained/violated variable, the constrained variables that affect it are
displayed. These are constraints that have a non-zero matrix element to the chosen
unconstrained variable. This can be accomplished by changing the order of the
gain matrix depending on constraint condition. Unconstrained MVs are moved to
the top, and constrained CVs are moved to the left. The resulting matrix is
composed of four sections, including:

(@) model of unconstrained MVs to constrained CVs;

(b)  model of constrained MVs to constrained CVs;

(c)  model of unconstrained MVs to unconstrained CVs; and

(d)  model of constrained MVs to unconstrained CVs.



displayed These are constraints that have a non- zero
trix elenment to the chosen wunconstrained vari ab
‘VQHW§“%%H be acconpl i shed by 9changi ng the or defC S@BFW%M”B32
gain matrix dependi ng on constraint condition.
Unconstrained MVs are noved to the top, and

constrained s, are. noved e, lef resul ting
W‘Wit rix i's'®ns é@"b‘?af’r% ISBL”@’ f sebo OIHQII?YJa? 'ng: (a)
nodel gf—omconstTay neu ’s—tO (,Unt} aimeg CVs; (b)
nmodel gf constraing G o chnst A hed CVs; (c) nodel
of uncqnst rmed st unconstrarged Cvs; and (d)
nodel qgf consttai ned s to uphconstrai ned CVs. WO
2008/ 03934QvIRGT/ US2007/ 820332| [00Z8] The nodel matrix
can be [di spl ayed slynbolicallylas: G/ CVU WU A C
MVc B D [0029] Algebraically, the Cvs are predicted
fromthe MW nodels. CVc=A*MWu+B*Wc CVu=C* Wu+D* Wc
[0030] In matrix form the relationship appears as

100290, e 1 ordEguaitatiyy Hie CI¥ apgpradSteq it Me My Biels i ons

with two unknowns, ~gpd fhgnknoppgaand unknowns coul d
be swapped. The sane equati ons can be done in matrix
form to swap or plqgtf—t%’éW@rﬂsPr"dVK‘éd CVs with the
unconstrained M/s as follows. Mu A-' A-B Cvc

[0030] In matrix form, the relationship appears as follows:
cve| [AB MYy
CVu| |C D] MVc
[0031] If the equations are scalar, it would represent two equations with two

unknowns, and the knowns and unknowns could be swapped. The same equations
can be done in matrix form, to swap or pivot the constrained CVs with the

unconstrained MVs as follows.
Mvy] |4 AT'B CVe
CVu | |Cca? D-CA'B|| MVc

[0032] Qualitatively, the resulting equation and matrix show how

unconstrained variables respond to changes in constrained variables, as seen below.

MVy CVy
C\]C GPivot




Cvu CA-' D- CA-'Bl Mc [0032] Qualitatively, the
resul ti ng equation and matrix show how wunconstrain

WQ&PQSQB?é respond to change$0in constrai ned VEFF/%FQ%/OZO”Z
as seen below. WU CWU CVc GRPivot ... Mc ... ... WO
2008/ 039346 _10- PCT/ US2007/ 020332 [0033] Thi s

arrple trix i i voted.to sho thef 3,
[00 1S SkampligPalrX BarikSted i anow s Toh Whgss MA MV,
. , GP12 GP13 GPl14 GP15 GPl6 GP17
Cv%d%i%%ﬁ@24 GP25 GP26 P27 W3 GP31 GP32
GP33 GP34 (GP35 GP36 GP37 W4 (GP41 GP42 GP43 GP44 GP45
GP46 GP47 [0034] Each elenent in this matrix

repregVWit s t hdfdpount C8% chan@¥,i n arlCvVuncondvai nedCV,

variable forla unitylichange lin the gonstraifed

CVyari aldRs. MaGRix e Gi?ﬁmts tGBis are GRry cl|63heto | GPyy

Zerotare Cnll'\f ad ac FZarn nQ51 /\n Alt arnafl A vamav + A

SO STO

CVer eat @Rzine c| 6Peni- | ob@Pmat i XGPE to|SFasl at ¢ GHe | GPx

3T P by o OBt | apabm . o OPhe 1308 of | e chapg®”

" StTralped vVarfaple 19 §pl or @ consifai ned
dnconstr*ai ned vti ab gpffair i§Pf4he cglﬂs]n“si n tttqeﬂ‘s GP47

closed-Toop matrix. [0036] The result Is that for each
unconstrai ned/ vi ol ated variable, the constrained
vari ables that affect it are displayed. The
information in this closed- |oop matrix is then used
[0034) cal cHagheelgmenbiin tthis matriy represanty dag amongt 1 echange in an
i on

unctegéngip ngglraSLﬁ ?&gﬁzgnsl yarqblgqu]éx{) Fxg%ﬁ%(fonstrameg vahabi&. t Matrix

elements that are very close to zero are counted as zero.

[0035] An alternate way to create the closed-loop matrix is to simulate the
controller and perturb each of the constraints, one at a time, by a small amount, &.
The ratio of the change or unconstrained variable to € for each constrained-

unconstrained variable pair is the gain in the closed-loop matrix.

[0036] The result is that for each unconstrained/violated variable, the
constrained variables that affect it are displayed. The information in this closed-
loop matrix is then used to calculate all of the information regarding the three
general classes of information, which relate to constrained variables, unconstrained

variables, and violated variables described above, to the operators.

[0037] For each constraint i, the process can calculate how far it can be
moved, in both directions, until another constraint is reached (CMi). The amount
of move and the next constraint are recorded and displayed for the operator’s use.
In particular, the minimum of allowable move (AM) for the constraint i and the

ratio of allowable move of unconstrained variable j (AMj)/closed-loop gain GPjj




vari abl es, and viol ated vari abl es descri bed above, to
t he operators [ 0037] For each constraint i,

t he
WRRHBASB4ean cal cul ate how far-it can be novefCTiU§2007/020332

both directions, until another constraint is reached
(CM). The anmount of nove and the next constraint are
recorded and di spl ayed for . the operator's

bl
canﬁz;rqur aUsmgh@w CHIBIOBY 1taS) IGUERSTABY (B e (tiwpwfrsﬁt piga. For

exaffple ik B kbl fir o' Pookaf o BEROY LB Gerigargpte move
of u&oggpﬁﬁl i Ca{ble dbwni s GTA bEa0%Y {fqgggg% el6RRNPR xﬁegéﬂge.

ul"ati on, I's Inportdnt to use
correct sign. For exanpl e i f calculating how far a
constraint can be noved up, the allowabl e nove of
[0038)const Ahinatsovpessiie éomulsﬁoﬁhbdvad@e upé‘elcrmtfretlmtlgau of each

el enent _| s negati ve. 038] oss;j b] e
congtzaigh; a7 Bis; ya aI'ﬁJéaB‘L’?th‘i'i Ry ﬁavliwfefmsn&&r s “alue of the

conSRRLThRly i HAIER 15ul ARG A altin BEHLBL X e move

untﬁl tﬁ@ ?1‘&% cbhAihne ICAl [Yh ?deQBlé i @llsé a HadeW vale feBeanother

e next constrain I's al so possible to use

progaﬁh auolay plamming an 3okddiding girredl-time gptirhization) imnplacgof the
and scheduling or real-tinme optimzation, in place of

shaddéw vabiteaftom thelcostroHenoptimizadionr ol | er opt i mi zati on.
[0039] Solutions to the follow ng objectives can be
obtained fromusing this tool. [0040] For constraint

[OO%Eal ysi %OASPS‘I}S@{O thte(}“ﬁllg@nﬁgbié%\%ogs 951'?5% E‘%n&?ﬁg?r? using this

term ne stral
tooloef ore anot her constraint beconmes active? V\hat i's
the next active constraint? [0041] For unconstrained
vari abl e anal ysis, answers to the follow ng questions
can be determ ned.
[0040] For constraint analysis, answers to the following questions can be
determined.
» How much can a constraint be changed before another constraint becomes
active?

» What is the next active constraint?

[0041] For unconstrained variable analysis, answers to the following
questions can be determined.
 Ifitis desired to increase or decrease the variable, which constraints effect
the change? |
« What is the sensitivity (closed loop gain) of those constraints?
« What is the priority of the constraints based on the magnitude of possible

effects, or the cost to the overall LP optimization objective function?

[0042] For infeasibility analysis, answers to the following questions can be

determined.



If it is desired to increase or decrease the variable
whi ch constraints effect the change? Wat is th
‘VgéwgﬂP?V?ty (closed | oop gaim) of those constFﬁTﬂ??w7m”B32
What is the priority of the constraints based on the
magni t ude of possible effects, or the cost to the
overall . LP optim zation objecgtiv nction? | r.
. nf'ea\é/htﬁ @ryabo{?ﬁap% ibe, chaggedy and bﬁwww%ﬁ%dﬁl ofition to
stlong.g g ? det er m ned. MD 2008/ 039346 -12-
73 E 32 Wi ch vari abl es can be changed,
and by how nmuch, for the solution to becone feasible?
[0043] It can be appreciated that this invention
[0043)0Vi dedt gatdbE appidciated it thisdnvenmapovidesnfhantitative input to
engi neers regarding the effect of changing controller
operatodst sndmngmeersmrgancbng ithe ledfect off thangmgmmﬁrollas limitg on the

inventi ormat .on on constrai nt ependenci es and
MPLL coRirofk satioms - \E8ob i, (B aimamhens GhRGIAHSSr onpgonsiraint

depgﬂ%x% nganyll\& | R]i&r gltnéclth &l Qfaﬁatg?lﬂgaﬁva‘?ﬁ%ie 'f@\ée%nggnée% %y doing

2t Foh TFiite y aval accessi
mul‘t‘i fleoline Wb%lﬁﬁllﬁidnso H?ﬁ\ﬁhg tRisdhfSHmtRn idlthediately available,
sponse to changes and e a nore optimal process

acc@i@ﬁflatand nundeidrddabla by allk operdtdrs alowars rapd respomeeo ichanges

our invention as described herein, and nmany different
anddenoe i meeresopsimalipsogessiopsratian. met hod can be made

while remaining within the spirit and scope of the

invention as defined in the clainms wthout departing

[0014r Om SUGH, $Rld Is Ho&ﬁﬂgatﬁﬁﬁpgan b fnad WBGGQB%\%J?@OP‘&% described

tter con acconmpanyl ng speciti Ca
her&iR2bhd MBady dEFFEeRt 8FbRTihbhy I Bl d&ienhid ABModdani Pe made

alimting sense. WD 2008/ 039346 - 13 -
whnf&?@rﬁﬁﬁﬁ@MﬁBﬁ&&E spititAindScope of the invention as defined in the claims
without departing from such spirit and scope. It is intended that all matter
contained in the accompanying specification shall be interpreted as illustrative only

and not in a limiting sense.



1. A nethod of analyzing a solution froma
mul tivariable predictive controller, conprisi
WERPS03934G a sol ution from a3l tivariabl e preHF%@ﬁ@@7m”B32

controller having a steady-state optim zer that

results in different variable constraint statuses,

wherein the solution includes controlled vari abl es
CLARMS: are predi cted from mani pul ated vari ables; and

operating on the solution to obtain a relationship

bet ween constrai ned variables and unconstrained

varni abl &g pf @&BPﬁl’iﬁlgﬁng%V‘édl'ﬁl?&{'ﬁbﬁ?h ﬂﬁﬁtl%‘ﬁéﬁ@ |p?édlct1ve

r espond to anges | nstral ned variables. 2.
conﬁBH&Qdommmﬁngrn]. wherein the solution is represented

ina mtrix and operating on the solution includes

pi wbtdinipgtsheolutem firom amul@@nnablmmddlcwc pabﬂreklemhavmng a

t. he unconst.r ai ned rra ed var]j es in.the matri
steady-Salg OpEneer At tesHlth n_ldl %ﬁse?te\mw@frecerbﬂtramtémlges wherein

e R FRL5e e PR SR B B e

varilbRee4Ry M ned anmount, wherein a ratio of a change of
unconstrai ned vari abI e to the predeterm ned anount is
defopeextingsorathgaolutiar toeshthincoredstia@ishgrbetmeen constrained
unconstrained variable pair. 4. The nethod of claim
variables and nacongrained vargahles tﬁngth@nmIW ynednstraingsk vaswbles
copstrai.ned and unconsirained variables to
reSp@gSgg|cgg%ge§dnmaﬁq’{uns VaHaRS&e needed in a constrained
vari able to reach a next constraint in an
unconstrai ned or a constrained variable. 5. The nethod

of 2cl ai M méthol ITCIARITP! Whérdth BRI ’Rdepre3bhtedfin a
limts for each variable and selecting a limt to use

matfizrandadperdtatg o thehsolatio inicludesqiieotpeg thaRa2BG8ined T8t olled
-14- PCT/ US2007/ 020332 6. The nethod of claim1l,
varighles ayith thedmopastraiped manipulatedyearighlestinthe aratrix.

3. The method of claim 1, wherein the solution is represented in a
matrix formed by simulating the controller and perturbing each constraint a
predetermined amount, wherein a ratio of a change of unconstrained variable to the
predetermined amount is defined as a gain for each constrained and unconstrained

variable pair.

4, The method of claim 1, further comprising using the relationship
between the constrained and unconstrained variables to calculate an amount of
change needed in a constrained variable to reach a next constraint in an

unconstrained or a constrained variable.

5. The method of claim 4, further comprising determining a set of limits

for each variable and selecting a limit to use for calculating the amount of change.



conprising calculating a value of limt rel axation for
each variable. 7. The nmethod of claim11, furt

WR ML g using the rel atiosship between thECT/USZO‘”/020332

constrai ned and unconstrai ned vari ables to determ ne
how much change in a constraint affects an

unconstrgi ne ri 8. . The nethod.qf claj.m.]l,
f ur her Pﬂsq%rfgaﬂg%é wherein Fagh ¥ard lﬁ‘fl%b%&ﬁldt%her
ri ernm ne
confitihd BHEGRHREA AIGEOT LEALAT R A e i ot oy
violated variable into a range of feasibility. 9. A
nmet hod of operating a control systemfor use with a
process THeamethodyof daimpij Airtlgr comiprastg uging theselginship

matri x froma base nodel file, including manipul ated
betweer tisl constiaied andrusicpasirained saviehles & determing have much

process, based gn a steady-stat onse between the
chan&wrb%. CapRERIDLATeSY 88 URRRASRITGLYATANG od var i abl es:
classifying the mani pul ated vari abl es and control I ed
vari abl es by an active constraint condition, wherein

the cl asgd meBfddVT d1FinPASRAHRR cSﬁ@)ﬂsh@ Wsflg the relatlonshlp

unconstral ned or violated condit cal cu ating the
betwemiitie chspamediand uncuastedined varigsled tosdeteahine drearaduntrof
the active constraint condition classification;
chapganeideg tomeows aepnsrainhior gavinlated varatle s aiangeef
ctive constraint condition to obtain a nodel matrix
feagi sentative of an optimzation solution; forming a
result matrix by pivoting the constrained controlled
vari ables with the unconstrai ned mani pul ated vari abl es

i n ¢ he "OARIhHBDF bperating ArdBnkldE syaem! for us@Witha protdss
using the result matrix and the anmount of possngl e

facibioy, evendrisieg:cal cul ate the response of the
\lfgfq?(g%f:{;gé Q?ngg%rlrll Zﬁabaltgi éo?n %hb%rs]g (rer?odlerl] ﬁtleh emgl%glsr}gr r?llagﬁo?llated

variables and controlled variables related to the process, based on a steady-state
response between the manipulated variables and the controlled variables;

classifying the manipulated variables and controlled variables by an active
constraint condition, wherein the classification is based on constrained,
unconstrained or violated conditions;

calculating the amount of possible movement for each variable based on the
active constraint condition classification;

changing the order of the gain matrix based on the active constraint
condition to obtain a model matrix representative of an optimization solution;

forming a result matrix by pivoting the constrained controlled variables with
the unconstrained manipulated variables in the model matrix to form the result
matrix; and,

using the result matrix and the amount of possible movement to calculate the

response of the unconstrained variables to changes in the constrained variables.



WO 2008/ 039346 - 15- PCT/ US2007/020332 10. The net hod

of claim9, wherein calculating the anount of 8ossi bl e
WASVBHETC f or an unconstrai negl-vari abl e resul t BUTYS}7/020332

operator high limt, an operator lowlimt or a step

limt. 11. The nethod of claim9, wherein each

vari able has a set_qof, limts and  calcul ating the .

andént ofheyasthog| of clgie Rewhereie P'elee@at@at ¢ ameyng of pagsible

fromthe set of lLimts.tq use, in the calcw.ation, 12.
movdriEhnif aR ShpoRtuaindth s KR dn lioabRGHHEY Rk A

il for a constrained vari abl e

OPC?%%fE’ii?mdg?%??n%ﬁi’]ﬁghm ch constraint conditjon wl]l

be reached next. 13. The nethod of claim9, wherein

cal culati ng the ampunt of possible novenent for a .
vi dilat e dCheamethioideofi alaimu 8 ewhereim eadhnvargable has asoteofelimits and

wil| ret th i abl e t limgt. 14. .Th t hod
calc(t,xflatig&q ua[qr?oqm @i\égsrib%amgyg%eghiglcg]}dgé ,selgptipg,g lggit Epom the set
matri x . i.n d ving unconstrai ned mani pul at ed
Ofl%ih g’oﬁlseesmtcthgtcﬁ%upaglﬁmof the matri x and constrained
controlled variables to the left of the matri x. 15.

The nethod of claim9, wherein changing the order of

t he12gai ITheamethod dfadaint 9, wheimeilcubating\thegmount af possible

nodel of unconstrai ned mani pul ated variables to
movamentrial acdnstoained vhsgblean¢lagdesedeterining whackeonstraint

c,onstraﬂged nipul ated variables to constrained
condiiony Wil B rsacedBE¥s, (iii) a nodel of unconstrained

mani pul ated variables to unconstrai ned controll ed

vari ables, and (iv) a nodel of constrained

manizpul atin¥diddatH @sint 9, WRERNS LARLREAIRE BIIUNEBS possible
vari ables. 16. The nethod of claim9, Wherein usi ng

movdmentedtih tvictated variable indhrles deteeminingnghdtano¥emet will return
constrained variable can be changed before anot her
the yamshle 40 atlimi. r eached.

14.  The method of claim 9, wherein changing the order of the gain matrix
includes moving unconstrained manipulated variables to the top of the matrix and

constrained controlled variables to the left of the matrix.

15. The method of claim 9, wherein changing the order of the gain matrix
results in a matrix having (i) a model of unconstrained manipulated variables to
constrained controlled variables, (ii) a model of constrained manipuiated variables
to constrained controlled variables, (iii) a model of unconstrained manipulated
variables to unconstrained controlled variables, and (iv) a model of constrained

manipulated variables to unconstrained controlled variables.

16.  The method of claim 9, wherein using the result matrix includes
determining how far a constrained variable can be changed before another

constraint is reached.



V\D 2008/ 039346 -16- PCT/US2007/020332 17. The rret hod
im9, wherein using the result matrix inglu
WB@?“@(‘)ﬁ‘?aﬁ?ng all constrai nedigari abl es that af FEE/tUS%Oé?E/HZO”Z

unconstrai ned variable. 18. The nethod of claim?9,
vvherei n using the result matrix includes determ ning

S ddc oL BiF PERURA R STVDERTBHPEE o TeSmliamaabyiagludes

ol AT R AR v

for each constraint. 20. A control systemfor use with
a process, conprising: a storage device that stores a
badg. nodiie hethedi ofdlaidi Agwheripusiagebe resalti mbirsinahdles
controlled variables related to the process; and a
deteromning| howy musbhorehange inicach corsteaintraftectsiay nssociated
extract alwgain matrix fromthe base nodel file
unceRstEn V%l”%l% gady-state response between the
mani pul ated variables and the controlled vari abl es,
wherein the controller uses an optim zation solution
t 0 1@es CriHRemBMYdWTCPAIs 9awns&1ﬂa§1hghh@§eshﬁslﬁ9@& ih@ludes
changes 1 n constrained Vvariab y classifying the
calouwbatinguhetieeshry atoveinhers taachievea feasibility foarcaabkcensttaintan
active constraint condition, wherein the
cI assification is based on constrained, unconstrained

i ol at ed cond| cal cul ati ng the amount of
o1 2 Bl fotsev it ahf Sb%EB“S‘g‘ﬂ: t he

aCta'sY& JEOREH IRl SORYH08 ARTHL LEALIRE maIR0AIP

r| X ase
varnﬁBlé§ tahé'cBhtroH@@ %ﬁb@l@s Eaa@att@'tﬁe 9rdEé§|§|anHat rix
representative of an optim zation solution, formng a
r eaudontrodler assolo;atq:ﬂ wathi thg stdrege deraice that edltractstarrai gain matrix

vari ables with the unconstrai ned mani pul ated vari abl es
from the basemgde! filgthased pp afsteagdy-state response between the manipulated

variables and the controlled variables, wherein the controller uses an optimization

solution to describe how unconstrained variables respond to changes in constrained
variables by

classifying the manipulated variables and controlled variables by an
active constraint condition, wherein the classification is based on constrained,
unconstrained or violated conditions,

calculating the amount of possible movement for each variable based
on the active constraint condition classification,

changing the order of the gain matrix based on the active constraint
condition to obtain a model matrix representative of an optimization solution,

forming a result matrix by pivoting the constrained controlled
variables with the unconstrained manipulated variables in the model matrix to form

the result matrix, and



the result matrix, and WO 2008/ 039346 -17-

PCT/ US2007/ 020332 using the result matrix and_t he
WarEe98f possi bl e novenent17o cal cul at e t hePFELFENLE20332

of the unconstrained variables to changes in the

constrained variables. 21. The control system of

claim 20, wherein the contraoller calcul ates the
amount  SRINgIBeTETt Manand thepmannt pidssiblempsgment to

callfit B oY BT SRR i B Upofbinea
varigbkm 21, wherein the result of the optim zation
?uncti on is an operator high limt, an operator |ow

l[imt or a step limt. 23. The control systemof claim
20, wherein the controller calcul ates the anount of
pogdi bl dhementmohsystem ef daine 20 awvherein Hrd egaiteolley calculates the
det er.m ni, whi ch constraint condjtio

am g O BRI MO YSImenOT 2 YR OISty e IEADIE baicyaBipting possible
chaflfelh Pesb i tpighlioh Wt 0° o T able by <

determ ning what novenent will return the variable to

alimt. 25. The control system of claim 20, wherein

t h@2contThe! doditrot bestgmsoft digim @i fwhexin theeregalt of thed optkmization

by novi ng unconstrai ned mani pul ated vari ables to the
funetogn isain apesatenhighklimitd ap opsrater lesvligvher astepdimit.

variables to the left of the matrix. 26. The control

system of claim 20, wherein the controller changes the

or dgr ofmt [ ri S J: ' i
or 48, Omflondit] BT dEIkf DB b SREAVEL R M the
amdifi of ?assnsﬁ eV hent R a\cdhsRPined vafihblk By d&eghindhg which
constrai ned mani pul ated vari ables to constrai ned
consteaiht cbnditon avilldial reachdd néxt. a nodel of unconstrai ned

mani pul ated vari abl es to unconstrai ned controll ed
vari ables, and (iv) a nodel of constrained

manj pul riabl i'r
649 altheedco\ﬁ roll %)tl)stgrsn ct>fo clgirxlﬁ: QB,S \tvhfélrlerllne ecgonx}t{oqielr %glculates the
amount of possible movement for a violated variable by determining what

movement will return the variable to a limit.

25.  The control system of claim 20, wherein the controller changes the
order of the gain matrix by moving unconstrained manipulated variables to the top

of the matrix and constrained controlled variables to the left of the matrix.

26.  The control system of claim 20, wherein the controller changes the
order of the gain matrix to result in a matrix having (i) a model of unconstrained
manipulated variables to constrained controlled variables, (ii) a model of
constrained manipulated variables to constrained controlled variables, (iii) a model
of unconstrained manipulated variables to unconstrained controlled variables, and
(iv) a model of constrained manipulated variables to unconstrained controlled

variables.



vari abl es. WD 2008/ 039346 - 18- PCT/ US2007/020332 27.
The control system of claim20, wherein the controlle

WRerBtHes how far a constragned variable canPEE/USZO‘”/OZO332

changed before another constraint is reached by using
the result matrix. 28. The control system of clai m 20,

wherein the controller determ nes all @ constrai ned .
vard’abl ehe mrqifswsm @fg@nlrﬁa&?o fean HsicQnirgl ﬁ%d@twmes

hov P b ol arigb i B Faee B R 0 AioMhsc SRR P cigached
by @51,(0;%{:}{}:9[%5{1@ [l constraint affects an associ at ed
un

nstralned variable by using the result matrix.
30. The control system of claim 20, wherein the
controller calculates necessary novenent to achieve
f e@8. bi I Theycdndrol sas:thm:@ﬁdamﬁﬁt wihgrais theycenteollezsigtarmines all
mat r i
constramed variables that affect each unconstrained variable by using the result

matrix.

29.  The control system of claim 20, wherein the controller determines
how much a change in each constraint affects an associated unconstrained variable

by using the result matrix.

30. The control system of claim 20, wherein the controller calculates
necessary movement to achieve feasibility for each constraint by using the result

matrix.



