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International Inc., are a combination of calculations 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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mani pul at ed vari abl es, and operating on the solution to obtaln a
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to formthe result matrix. The result matrix and the anount of possible
novenent are used to cal culate the response of the unconstrained vari abl es
t o chand@80é]n t he Tioerstis ai mexd foara abvhpls. 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.
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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.
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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.

[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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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0014] A preferred embodiment of this invention described herein is directed
to a dynamic matrix controller (DMC). However, the invention is intended to
apply more broadly to multivariable predictive controllers (MPC) in general and to
control schemes in which it is desirable to optimize process limits in various

applications.

[0015] The term operator used herein is intended to refer to any end user.
For example, an end user could be an operator, a process engineer, a shift lead, a

control engineer, or a manager.

[0016] To demonstrate the basic functionality of the invention, a simple
problem is addressed. In the simplest form, a constraint sensitivity analysis tool for
a DMC controller is provided with no transforms, no ramps, 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 defermines which
constraint variable(s) can be moved and by how much in order to ﬁake 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
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enabled: the ability to recognize and handle min-move MVs, the ability to
recognize and handle ramp variables and ramp-linked relationships, economic
prioritization of available constraint-relief mechanism, the ability to handle external
targets, the ability to analyze infeasibilities by priority classification, the ability to
express the solution with a graphical depiction of loop pairing (unconstrained MV
v. constrained CV), and the ability to step through sequential -solutions from
historical data. This technique will work with composite applications, where one
optimization function is used for multiple combined controllers. A GUI and

hypertext markup language (HTML) interface is possible.

[0018] At the highest level, the tool will also provide the ability to recognize
and explain QP objective function, provide the ability to analyze multiple rank
groups for relief of infeasibilities, and recognize and incorporate active gain
multiplication factors. A link could also be provided to commercial databases, such
as AspenWatch from AspenTech® or Process History Database (PHD) from

Honeywell International Inc.

[0019] More particularly, referring the flow chart of Figure 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.



047 [0021] The target value and constraint status of all variables are read
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i nactive mani pul ated variables are classified as constrained. The data
shoul d be consistent, i.e., all fromthe sane execution cycle. The status

b f fil i d e Ry he f
com oo PN L0 bl b A0 Shor A BB e ML GSARE [
al I owabl gst R \shatdx qg)%jﬁ)_r Biows calculated in each direction until the

next constraint i s reache Is calculation is acconplished for all

vari ablles. The |@V¢ul afiGw, var | €V;basedC¥y t hg Cype off G ive| @nstral nt
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st eady-|state—t+arget—His—ecan—pe—Fepresenrted—hy—AMup—=—PHHEH

St eady-&’@%e Teu‘%et. The'3al | owabBBe m)veééﬂown (@Sdown) %’qual S ﬁﬁé
Steady-We tgrget—Tm tre—pperator '@UW?ilié(@LO) TS m e
represgnted by: down 22 St eady“5t at | T get |-~ BPLO. (?46024] For* vi ol at ed

variables, The delta 1s calculated as the anbunt of change until the
vari abl e becones feasible. For exanple, if the variable exceeds the
operator high limt, AMdown = Steady-State Target - OPH GH [0025] For
constrained variabl es, the delta represents the change until the
[0021] The target value and constraint status of all variables are read in, and
the variables are classified as either constrained or unconstrained. Violated
variables are classified as unconstrained and inactive manipulated variables are
classified as constrained. The data should be consistent, i.e., all from the same
execution cycle. The status can be read from a file or from a computer database.

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.



next constraint is reached. For exanple, if the engineering limt

(Engi neerkB9oddins0dsg the next limt beyond the operatingplii R, for a
vari abl e constra?ned at the operator ‘Hgh linit, AMup gb ng;le?lOg;é)?{l%nzg H -

OPH GH. [0026]In calculating the all owabl e steady-state nove, it is
possi ble that single variables will have nultiple sets of limts, including
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[ 0027] Troperatwt highdpmits to create a cl osed-1oop matrix of the effect of the
constrai ned variabl es on unconstrai ned variables (instead of MWs to CVs.)
For each unconst r AMedeWn ol Qtcady-wirtedarget + 98 trai ned variabl es that
affect it are displayed. These are constraints that have a non-zero matrix
el ement to the chosen unconstrained variable. This can be acconplished by
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and (d) nodel of constrained MVs to unconstrained CVs. [0028] The nodel
matrix OPsraer mMedpimifed synbolically as: Cvc CVu MU A

AM up = Engineering Hi — OPHIGH.

[0026] In calculating the allowable steady-state move, it is possible that
single variables will have multiple sets of limits, including for example, operator,
engineer, equipment, safety, range, etc. The 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.
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CVe=A* N y5B50MBosayYu. C-Mu+D*Mc [ 003 J In matrix form tpaqllfs%@;oh(ggfhl p
appears as follows: FCvci. r A BirMul”{Cvul LC DiLMvc [0031]If the
equations are scalar, it would represent two equations with two unknowns,
and the knowns and unknowns coul d be swapped. The sane equations can be
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[0032] Qualitatively, the respulti w@quajl on @Gwvig matfri x show how
unconstrai ned varjiables resppnd to chan LN nstirai ned vari abl es, as
seen bel ow. muCJu C\Ri ot A C
MV¢ B D
[0029] Algebraically, the CVs are predicted from the MV models.

CVec=A*MVu+ B*MVc
CVu=C*MVu+ D*MVc

[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




nmvce

WD 20081039346- 10 - PCT/US2007/020332 [0033] This exanple matrix is

pi voted tWwop@wsbieg formwhere W3, W4, CV2, and CV6 aperaRbsifodizaed.

W,

CV3 CV4 CV5 W2 CV7 CV2 GPlI, Gr12lep13

[0033] This example matrix is pivoted to show the form where MV3;, MV,,

CV,, and CVj are constrained.

Cv, MV, CV; CV, CVs MV, Cv;

CV, GPy, GP), GP; GP4 GP;s GPys GPy;

CV(, GPZ] GP22 GP23 GP24 GP 25 GP2'6 GP27

MV, GP;, GP5; GP3;3 GP34 GP;s GP3 GP;,

MV4 GP4 1 GP42 GP43 GP 44 GP45 GP46 GP47

[0034] Each element in this matrix represents the amount of change in an
unconstrained variable for a unity change in the constrained variables. 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

O/l
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can be found. Using this calculation, it is important to use the correct sign. For
example, if calculating how far a constraint can be moved up, the allowable move

of unconstrained variable down should be used if the gain element is negative.

[0038] It is also possible to calculate the value of limit relaxation of each
constraint. This value is calculated by multiplying the shadow value of the
constraint, which is usually a result from the calculation itself, by CM, the move
until the next constraint. It is also possible to use a shadow value from another
program, such as planning and scheduling or real-time optimization, in place of the

shadow value from the controller optimization.

[0039] Solutions to the following objectives can be obtained from using this
tool.

[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.



GP35 GP36 GP37 MV4 GP41 (CGP42 GP43 GP44 GP45 GP46 GP47 [ 0034] Each el enent

in this n@phiesdseREesents the amount of change in an ungehflsh@Rsmsyari abl e
for a unity change in the constrainedl?ariables. Matrix elenents that are

very close to zero are counted as zero. [0035]An alternate way to create
the closed-loop matrix is to sinulate the controller and perturb each of

the constraint sype4e\afiaRel (i b thahgRABhhd N mch, 'R mhetdofutiin td'e
l'e to or each dI

change or unconstrained varia constrdi ned-unconst ral ned

vari abl e pai rpdconidRagiBig? i n the cl osed-1oop matrix. [0036] The result is

that for each unconstrai ned/violated variable, the
[0043] It can be appreciated that this invention provides quantitative input to
operators and engineers regarding the effect of changing controller limits on the
MPC controller solution. Prior to this invention, information on constraint
dependencies and relief mechanisms was only available to engineers by doing
multiple offline MPC simulations. Having this information immediately available,
accessible and understandable by all operators allows a rapid response to changes

and hence a more optimal process operation.

[0044] Various modifications can be made in our invention as described
herein, and many different embodiments of the device and method can be made
while remaining within the spirit and scope 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.



constrai ned variables that affect it are displayed. The infornmation
inthis 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

vi ol ated vari abl es descri bed above, tq t he operators. 100371For each
constraint i, the process can cal cul a'd "how far it can be noved, in
both directions, until another constraint is reached (CM). The
anount of nove and the next constraint are recorded and displayed for
t he oper atpsinsuse. In particular, the m ninum of allowable nove (AM
for the constraint i and the ratio of allowable nove of unconstrained
variable j (AM)/closed-loop gain GPij can be found. Using this

cal culation, if mifholl BRI AHe  QLHRE AdAEa GRIIVERLIS pRBictiFOborpED! €, if
cal culating how tar a coristralnt can be noved up, the all owabl e nove
of unconsbriimeg vari abl e down shoul d be used if the gain elenent is

negative. 100381llt. is also possible to calculate the value o I

rel axation of Ogébrﬁn%%ﬁcgwoaﬁ J%fn.l a-FEvaRaplg cu(‘:’?llcgqﬂoglt&e BE 2 bteddy e
mul ti plyigpaniie tlehadew v dlfeeedvatidife conpsiinBdtattsesWiiedin il sulitiah inchales
result fromthe calculation itself, by CM_ the move unfil the next
const r ai rfontrelied; varighlegthpise pyspisted droms manirulsted ydrighdesiand r om anot her

program - such ¢3sr,hA80ind g0l RESHeA L kd8lidiknib Bhveth BBhs@Rthbd @ Abicotnd
in place of the s dHOM/va?ue fromthe controller optimzation. )
100391 Solwikdrshsintd varkebles od Howinrige by endonstessnagaribdeolysring éelcliangen in
using this t(_)ole.d 10 01Fq£ constraint analysis, answers to the

fol | owi ng GUERICIRE EE M L det ermi ned.  How ruch can a constraint be

changed bef or gopseh b&ist6i@8s virkibl, deeednng hawtfhnviean Bahadveld sintihenaxext
active constraint? 100411For unconstrained variable anal ysis, answers
to the fdioRgwings Kagdsdi ¥¥s can be det er ni ned. If it is desired to

increase or degl6a5eEreldiBndGs bARLS: th¥BERRONST @lchiPraRibl 08dabldigo
change? What 1S the sensitivity (closed | oop gain) of those
const r ai ntegPmine an amount of change needed to move a constraint for a violated variable such

that the violated variable is no longer constrained into feasibility.

2. The method of claim 1, wherein the solution is represented in a matrix and
operating on the solution includes pivoting the constrained controlled variables with the

unconstrained manipulated variables in the matrix.

3. The method of claim 1, wherein the solution is represented in a matrix formed by
simulating the multivariable predictive 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



What is the priority of the constraints based on the magnitude of
possi bl e effects, or the cost to the overall LP optimzation

obj ective function? Wi ch vari abl es can be changed, and by how
much, for the solution to becone feasible? 100431It can be
appreciated that this invention provides quantitative input to
operators and engi neers regarding the l&rfect of changi ng controller
limts on the MPC controller solution. Prior to this invention,

i nformation on constraint dependencies and relief nmechani sns was only
avai | abl o @raeRAVREM Stold¥acRl 28t EFakiAiRl i8 af LhddnBeaiNArSi dahdtalinedns.
Having this information i medi ately avail abl e, accessible and
under st art@a#le by all operators allows a rapid response to changes
and hence a nore optinal process operation. 100441Vari ous

nodi fications can be nmade in our invention as described herein, and
many di f fser entThe medahidrod ntagm of further @enpricmgangrmainyodset afilitiés fondeshwhi | e
remai ning wi.thin the spitit and scope.,of the inventi.on as defined in
e ol ai NEORIE RBLA e e by et SlEH g BF di P EReS £ i s
intended that all nmatter contained in the acconpanyi ng specification
shall be interpreted as illustrative only and not in a limtin
sense. -6.13 Themsthgd of glaim 1nBetherrostrigig uge il rslagenshin kstvesndhs a

mul tivar 'c??ét&rf%ﬁ%ﬂ{i GhdohEir S t\raglaﬂ)lgg to CRIReHoRnuch changedR L 3bMHRAG: @
solution froma nultivariable predictive controller havi ng a

st eady- stafifeets aptinenngeainddratiablesul ts in di fferent variabl e constraint
statuses, wherein the solution includes controlled variables that are
predi cted from mani pul ated vari abl es; and operating on the

sol ution 1o olE giethod of %@&th%l’bsdbhﬁolb@bt\éﬁl%r GRRGEtH aproeds taflitgkbrsrising:
unconstrai ned vari ables to determ ne how unconstrained vari abl es
respond to ch&REeEINES rew sainTBAtHR Hof hagpmedel fepdncludmg magpulgtedy,

constr ai ned.Mal 4 iloGiol t\%ﬁ%i@é R AW tHAfroddss, 538G RUEH st dedpofise
next constraint 1s reached, and1 using the relationship between
t he constheavevedhamanipmleted strailesedd terdoatyblésl waoakles er mi ne an anount of
change needed to .nove.a constraj nt. for a violated variable such that
the vi ol at ed \fi\atsfigg?%thle ?aﬁ?"%aé%dg‘@ﬁjaélg%%l}dr%’lnr%%ﬁ d|eVr%1 Sﬁ Segl ?rb?ﬁ%ﬁ%%y. 2.
The met ha@nefaiktlcahditidn, wikesiethr cldsfisiontis BrRed 6n c@prasat)uachnsifaiaed or
matri x and operating on the solution includes pivoting the
const r ai neelaEdSPRGYPSY vari abl es with the unconstrained mani pul at ed
variables in the,mBhE hxXamodt of P&siFRL Okt fr3hdR vhria¥BBELRU Bn tEactive
solution is represented In a matrix forned by sinulating the

mul ti var i @bbteaigreeudition vlesstlonatienil | er and perturbing each constraint a
predet er m ned anount er el ti f ral:
Variab e to-t ENEr BadeAtieRe el BrSloyBrBUARE s AGANRL B
const r ai nacuasdictengorigs which eshswaii edild@iopaviil.be reached next;

wherein calculating the amount of possible movement for an unconstrained variable
results in an operator high limit, an operator low limit or a step limit;

changing the order of the gain matrix based on the active constraint condition
classification 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.



4. The nmethod of claim 1, further conprising using the relationship

- between the constrained and unconstrai ned variables to calculate an
anount of change needed in a - 14 - constrained variable to reach a
next constraint in an unconstrained or a constrained variable. 5.
The nethod of claim4, further conprising determning a set of limts
for each variable and selecting a limlf-to use for cal cul ating the
anmount of change. 6. The nethod of claim1, further conprising using
the rel ati onship between the constrai ned and unconstrai ned vari abl es
to determng ne MOWnBHA FRBREY, WherBinGalSrAbRthadh QT Emad abeQnSitingitRed
variable. 7. A method of operating a control systemfor use with a
process famouni efpossildpproveinge includes selesting adimin o thasst gRERIHRSE 1 PEom
a base ”Qgﬁhaﬁbﬁe’ i ncl udi ng mani pul at ed vari abl es and control | ed
vari abl es reﬁa €d to the process, based on a steady-state response

- between the mani pul ated vari ables and the controlled vari abl es;

classifying t mani pul at ed vari abl es and.controlled variabl es by an
active _cc?nst r&&’ﬁf“%ﬁ’%dﬁ_ftcfaﬂﬁ,’]’ gF’é‘icﬁ‘a‘Egﬂ‘ég @Féﬂb f’* S M5 ARgHdX Hﬁ@gaf'y on

const r ai NREkindHMBASHalRUNEMiRatdd RhridbleBP Biptdf @A%: matrix and Eabgathat i ng
an anmount of possi ble novenent for each variable based on the active

const r ai rroneliedi vieliaectodbasleftiof gaip gptrix. wherein cal cul ating the
anount of possible novenent for a constrained variabl e includes
determ ni ng which constraint condition will be reached next;

wher ei n cldl ¢ ulTeinmghddnd chain 7n tvhekinpbesiing thewodee vbihe ghipmadnx results in a

unconstrai ned. variable results in.an, operator hi Limt, an,operator
w15 (g 4gpe ) f Rsretot unSonsly e BRHG TR v blks s B RRCLE
matri x bagsedbied) () ¥Eemaddl b¥ Cork@iistd AbitpulaRAThiAR (6 kasThint€ adrit@lled 0
obtain a nodel matrix representative of an optim zation salution;

forning avariedles. iipramddgl gpnpenseinplymaniauisisdyershlsida vBsTYnedeepnirolled
vart abl es, b, L8 UL ABSL 2 LARM HER LR, AR AINIAT, BRcddudiies model
matrix to form’'the result matrix; and, using the result matrix
and t he amnuofledofaripilssi bl e movenent to cal cul ate the response of the
unconstrai ned variables to changes in the constrained variables. -
15 -

11. The method of claim 7, wherein using the result matrix includes determining how

far a constrained variable can be changed before a next constraint is reached.

12.  The method of claim 7, wherein using the result matrix includes determining all

constrained variables that affect each unconstrained variable.

13. The method of claim 7, wherein using the result matrix includes determining how

much a change in each constraint affects an associated unconstrained variable.

14.  The method of claim 7, wherein using the result matrix includes calculating

movement required to achieve feasibility for each constraint.

15. A control system for use with a process, comprising:



8. The nmethod of claim?7, wherein each variable has a set of limts
and cal cul ati ng the anount of possible novenent includes selecting a
limt fromthe set of |limts to use in the calculation. 9. The

nmet hod of claim 7, wherein changing the order of the gain matrix

i ncl udes novi ng unconstrai ned mani pul ated variables to the top of
gain matrix and constrained controll edbvariables to the left of gai n
matrix. 10. The nmethod of claim7, wherein changing the order of the
gain matrix results in a matrix having (i) a nodel of unconstrained
mani pul at ed vargaileafevice 1e0Rstdk aibaginca tilcdht18dnY alahpl-esl valibblys #d
nodel of constrained mani pul ated variables to constrained controlled
vari abl esongpliadyvagatlegelategfto theavpeess 4bthed mani pul at ed variables to
unconstr ai ned L0l | varni.akl J: ! '

mani pal at ed vare b ol i B8 oBRfacuiden RNG » Ry FARFRER AGH,
met hod ofthebak model flhdaeid pnusidady-stae repondetberadenite mmdpuldied variables and
determ ni how far a constrained variabl e can_.be changed before, a
next constgg%ﬁnllfpu?‘gvarrﬁla Frefficreig e G?HE“#%PE%&“@P“’E‘V&F‘WF %‘g“R}WeFPé*F%“B‘éi ng
t he resulfowaichhstraindg husRsesdaipBhdioihngeclih caRfshédvaRblcy 8y i abl es t hat
affect each unconstrained variable. 13. The nethod of claim?7,
wher ei n using the chksufyingfie piapipnipegdugaablegeandcppiplig iaseblptshangactive
change i - -L Al : ; j i . .
vart bl e oG GRRAEEE o ek S OB AL HEREARR D AB e r |
i ncl udes wahedkatditigpsrovenent required to achieve feasibility for

each constraint. 15, .control te or use wWith r.QGess,

Compr i aing g cleuliSER i EaRylecio FhEn ot BB RENE ERed ante
file inclidihensRahiishatkiod ckadifigbes and controll ed variables rel ated
to the process; and a controller associated with the storage

devi ce that extracteiekein g cgarellenaalpylates the gnone of gewsibipercmsnt &1dased
on a steadyr hLe bﬁ@éygﬁgaﬁﬁmgm{ma%éﬁwnp&hﬂﬁ%%ﬁﬁ&@m £BmAnd the
controlled varia afes, erein"the controller uses an optim zation

sol ution to descri lsbalging theowlesofthe nedgamniatiy sed @sthoactivesondiamies
in constrained var.i abl es o .cl assi fying.the ni pul at ed
vari abl escogﬂﬁoﬁg%?qt?}ﬁa (gg?l?%llg%wﬁi)tagﬁe St&s:%q ?Pim}%gb%lgp r glifqﬁ?n’condi tion,
wherein the cl assi ffh@dhg 8Fesilb nhasesly FiNoGRNEE taistigifed tontONST variabRe with
viol ated conditions, . .calcul ating an anouynt of passible
movenent Hepnceagpidrmapdatpheutibls m e medel parik dh rpdhnicselomarts
classification, using the restMRhBik And BR HRRKT & Josdible #ldveinakies ciib@ate
amount of possible novenent for a violated variable by determ ning
what noveheraspaiist bf themaeanstriiaed eariablsh to chengeslin thietconstrained variables.
changing the order of the raw gain matri x based on the active
constraint condition to obtain a nodel matrix representative of an
opti m zati®n sStHewboh®dl,system of claim 15 foliadtinthescon@sildricalslhres shelynophieft i ng
the constrained controlled vari abl &s with the un.constrﬁiggg .

mani pul atRABIPEMOHSMER! fohat WesoRHHEed1ATRTIK bY Bvaltiiing PRI e hinge g ieralt

and of an optimization function.

17.  The control system of claim 16, wherein the result of the optimization function is an

operator high limit, an operator low limit or a step limit.

18.  The control system of claim 15, wherein the controller changes the order of the gain

matrix by moving unconstrained manipulated variables to the top of the matrix and



using the result matrix and the anmount of possible novenent to

calcul ate the response of the unconstrained variables to changes in
the constrained variables. 16. The control system of claim15,
wherein the controller calculates the anobunt of possible novenent for
an unconstrai ned variabl e by eval uati ng possi ble change in a result
of an optim zation function. 17. The ‘control system of claim 16,
wherein the result of the optim zation function is an operator high
limt, an operator lowlimt or a step limt. 18. The control system
of cl ai mdastafi@lcBhifolldd®aftd @lhElkfGharRaRsrt.he order of the gain
mat ri x by novi ng unconstrai ned mani pul ated variables to the top of
the matrix and - 17 - constrained controlled variables to the left
of the matyix. ) - | ai. [ .
controll elr 'chgglﬁécgﬁtf%g$%§r§g?£lgb ? %?I%g%lﬁ{hﬁgf ﬁ@%ghﬁn\g’gﬁg thr?} gﬁrl}g '
havi ng (inhateix noekehlt &fa maeiehatingiin e chodeld fput@atseeingdmasiplilesdtvariables to

constrai ned controll variables, (i nodel of constrain

mani pul at@asHARILHN ‘@9%’&8 %ﬁiﬁ%ﬁ@%ﬁ?%ﬁ% W%‘FP‘QHF%?“%&]%“} a
nodel of epRsdddhtatd ALK, alifs measl dkh&smshAnsNeanstiaRl Regables o
control led variables, and (iv) a nodel of constrained nmani pul at ed

var i abl esunconsiaineh sentenllaé dartebiasr aid| (ad aviagdehe cogstraipeg mapipilaeshyaigples
SySte”‘OHo%h@hﬂh&ﬁcﬂ&@ﬁ%ﬁ%ﬁ%a gegontrol ler determnes how far a
constrained vari a ?e can be changed before another constraint is
reached by using the result matrix. 21. The control system of claim
15, wherejn t controller deternines all constrained variables that
At ect eedth unsECRra ST oL FREDHS BFrila e ORI SRR R 8 22
The cont r QhsiNsddemtighle chitbhdRhhRee eS8 b thR ot @ fefhed BY QiR NRTedAW
much a change in each constraint affects an associ ated unconstrai ned
vari abl e B§irigsi ng the result matrix. 23. The control system of claim
15, wherein the controller cal culates novenent required to achieve a
non-viol ated variable for each constraint by using the result matrix.
24. A nethod dfhegpetdatsysigma! clant i 6] wisyysih ém doatrolls detgithinessal pravsessed
facility, copprising: extractin raw gai n. rix. froma base
model fi |E“ag’géﬂlﬂh%ﬁﬁ‘ FAshipeATskEge yraBiy S oed IRl Bitey var s abi o
related to the process, based on a steady-state response between the

mani pul at ed vari ables and the controlled variables; - 18 -
cl assi fyi#g t hEhareprplayaede! vlaim 451 whergln dhecionirplisrideterpies by Bachy an

active cogfstsad it el R Q£ i is: B
O S S OB MR Do Ner S B LL R e
matrix.

23.  The control system of claim 15, wherein the controller calculates movement

required to achieve a non-violated variable for each constraint by using the result matrix.

24, A method of operating a control system for use with a process facility, comprising:
extracting a raw gain matrix from a base model file, including manipulated
variables and controlled variables related to the process, based on a steady-state response

between the manipulated variables and the controlled variables;



cal cul ati ng an anount of possible novenent for each variable based on
t he acti-ve constraint condition classification; wher ein

cal cul ati ng the anobunt of possible novenent for a constrained

vari abl e i ncl udes determ ni ng which constraint condition will be
reached next; wherein cal cul ating the anmount of possible
novenent for a violated variable i ncl'dgés determ ni ng what novenent
Wil return the variable to a limt; changi ng the order of the
raw gain matrix based on the active constraint condition to obtain a
nmodel matrix reREBESNhIMMBuRiedAriaRktd MHdzahireiMedS@kibbleOH) an active
formng a result matrix by pivoting the constrained controlled

vari abl esopsteaintcprdition ghstaimiba slpsHasAton fuhasel vmsanarieed, ppeoppEARRIHRS|
matrix tq. -result matrix; and, using the result matrix
and the &%g%&%ﬁﬁ@g’si bl e novenent to cal cul ate the response of the
unconst r ai ned cunlatid &sarhaunt hhpapsible motehentnsidhaiarielde bamed abltesictives.
The net hod of .cl ai m.24, \M}erei n cal cul ati ng the anount of possible
nmovenent CPB?Q%CB%@B%?I?S&} K8t %ariabl e results in an operator high
limt, and opejiatdh cdloWatghé ai8burd o8 p@Bibld Bbtementfor a LoGsuARch 96kide
claim 24, wherein each variable has a set of limts and cal cul ating

t he ampuripcladesgigesniving wiydleprmstrainheandiies val bestackeg i8%Li it from t he
set of limts . ' olnP . j m 24,
wherein changiﬁ%lﬁgalgﬁggﬁqgg%ﬁg&gg %@%%hen?é%ﬁfﬁé@ﬁ%%ﬂr%%%@
unconst r ancledesniateipinirat wlht weveabhtes!lretutnhtbe vomboftotaimigai n matri x and

constrained coptrolled variagbhles ta the.left. of .the.gain matriXx,.. 28.
e et hog of <Birigne 55 oG 6B Fiv iein iy Pt 8 tehCif Yo i hof U
resul ts it9 oBaimra hBdel i toprdddnthing of iah optiliREGdn wlutieaconst r ai ned

mani pul ated variables to constrained control]ed vari abl es

. . (ii) a
nodel of constiPERIASA reERIEGIEPEPIVOGRS the pesirpiged epndiotled Hfé'ﬂibl?éﬁ‘tlﬁ)hdh‘f ed
vari abl e f t.r Al ) ) i : 0]
inconst r ansainathel ofiBfyela 2l HIRRDTUA SR ol LGS B SRS ARIE D
mani pul at ed vasingthessilomamgend teammedt eigessible ey emantitabhleslate 0. The
nmet hod of cl ai mtﬁ4 wher.ei. n usi.qg th% resugntt Q@tnrirgl(i écp\(f:a{l_luggeg
det er mi ni FPOREW AT WEORSRUEA AP RReVS I AsFR R CREhged bef ore a
next constraint is reached. 30. The nethod of claim 24, wherein

using the result matrix includes determning all constrained )
vari abl es2X hat1herpretbad fstam e wheengiakalating feggiognt ofppssibts moyemppgdorps

clai m 24, ; \WRhRkRindd LV Aghbi s 18 SH ki 01?@?5‘56} Kigh kUSRS REEG 15 Mo i
much a change in each constraint affects an associ ated unconstrai ned

vari abl e.limit.

26.  The method of claim 24, wherein each variable has a set of limits and calculating
the amount of possible movement includes selecting a limit from the set of limits to use in

the calculation.
27.  The method of claim 24, wherein changing the order of the gain matrix includes
moving unconstrained manipulated variables to the top of the gain matrix and constrained

controlled variables to the left of the gain matrix.

28.  The method of claim 24, wherein changing the order of the gain matrix results in a
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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.

29, The method of claim 24, wherein using the result matrix includes determining how

far a constrained variable can be changed before a next constraint is reached.

30.  The method of claim 24, wherein using the result matrix includes determining all

constrained variables that affect each unconstrained variable.

31. The method of claim 24, wherein using the result matrix includes determining how

much a change in each constraint affects an associated unconstrained variable.





