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Kazakhat ag .s invention relates to process contfl systemSlandpemoee specifically, o a
model-based feedback control system wherein non-linear relationships exist
between plant manipulated variables and plant control variables.

5 F THE ART

U.S. Patent 4,349,869 to Prett et al, entiied "Dynamic Matrix Control
Method" describes a method and apparatus for controlling and optimizing
operation of a series of interdependent processes in a plant environment.

10 To accomplish control actibns, input variables to the plant are subjected to
measured perturbations and the dynamic effects on the outputs are noted to
ensble prediction of fulure response of the processes during onine
operation. To implement the control method, Prett et al. construct a table of
values that are derived during the initial test phase. The various inputs and

15 resulting outputs are incorporated into the table, which then serves as the
principal reference point during subsequent plant operations.

The Prett et al. procedure is particularly adapted to control of finear system
operations or operations which can be simulated as linear. When, however,

20 a nonlinear plant operation is encountered, the Prett et al. procedure does
not perform adequately - especially when there are a muitiplicity of control
and manipulated variables. A control variable is a plant output which is
affected by changes in one or more manipulated variables, e.g. inputs to the
plant.

25 . .
An application of the dynamic matrix control method to a polymerization
process is described by Peterson et al. in "A Non-linear DMC Algorithm and
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This invention rebnﬁ@IsAlgoriq!arrSc'B?é‘sc'oﬁ[‘?'&F' s\,l;%tse%@'gﬁd. "fé%%f%&%ﬂaﬁ@ ly,
to a . model 'bﬁ&ﬁﬂeé mmhﬂudesatm K =TI near
rel ati onshi ps exflegcnbead

et ween pl ant._man; :!‘hﬁgﬂ%_vmmmbahnd
pl ant control vapj Qalues Within which 50@# RT urn gosihile,
U S. Patent 4,349,869 to Prett L0ty Juass adhievena minm I
Met hod" descri behoweweh Hod rﬁsélﬁf)g*\g‘lﬁ%ow

r controlling and optim zing
10 also achieving output control.

i -based
The patent prior art includes many teachings of the use of .model -
ntrol systems employing both linear and non-linear axpresslons to rela
- | : I
control and manipulated variebles. U.S. Patent 4,663,703 to Axe!by eta
describes a reference predictive model controller which employs an impulse
15 oner °
model of a subsystem to simulate and predict future outputs T:: system
includes adjustable gain feedback and control loops which are -sﬁ:m:ven
make the dynamic system appear to have qonstant_.characten .
when its dynamic characteristics are changing.
” U.S. Patent 5,260,865 o Beauford et al. describes a non-linean.' _modei-bas:t:
control system for a distillation process which employs a non-lmea; smsc::zz )
calculate process vapor and distilate flow rates. Sanchez (; ,te ' =
describes an adaptive-predictive control system wherein & model de t:nbe .
25 acontrolvectortobeappliedtoapmcesstocauseaprocessoutputmdel -
a desired value at a future time instant. The parameters of the -
updated on a real time basis to cause the output vector to approach
ctual process vector. U.S. Patent 5,268,834 to Sanner et al. employs a
a . U.S.
neural network to configure a plant model for control purposes.
> Extension of model-based control systems to plant operations is not .a
| . - i c'
straight-forward problem when the plant operation comprises a dynam |
non-jinear process and involves a multiplicity of manipulated and contro



operation of a series of interdependent processes in a plant environnent 10

To acconplish control actions, input variablesto the—plant—are—subjected
to - measured perturbations and the dynam c effects on the

‘outputs are noted to enabl e prediction of future response of

‘the processes during on-1line operation. To im&?.; he
control nWPAEM2Prett et al. construct a tgble of val ues t hat
‘are derived during the initial test phase. The various inputs and 15

resulting outputs gre %%@% fers Yt irédsdnable sizs and as t he
pri nci pal refeﬁ’ﬂﬂﬂé owpﬁ%%%&%quen nt operations.

The Prett et algggiikedUhe procssihg ccapability menandb solutions 1af| ther manyfear
syst em operatlons or oper atj ch as
| i near. Wen, Isimuitanecus @quations whi qeagamwg? HPE‘%MQY Té"!(‘)énp‘llh c

encountered, t procedure does not perform
adequately - Mpﬁé#ﬁ%&en there are a nultiplicity of control
and megi pul ated vari abl es. A control variable is a plant output which is

af fected by chan es in on 4| on tdRet-S to
t he Ge syt esis 16 'ques“a%-]\h%’gg?mﬁ? i on o?plt%ﬁg dynam c

matri x control &Shtlth | 83H eéontro mblems) In apferegessy em
descri bed by Peliﬁeggon et (@g No%srril i near P fani @&?"
WO 96/ 34324  synthesis techmque xt is desired to have a non-linear p SYStg N85/ 05907

its Application oasw % Bgip,t tomoﬁag:orﬁmence
Vol . 47, No. 4'9%69"073 hﬂgg e eterson[gp non-

| i neaj g cont r ol | GepiisiectonoNse Mplai\tgllelay has ekpirec: cBarusiak %th‘ﬁ/oﬂg ~ their

g{ogegure does not attegrp @ﬁ?m t¢ 0 ? ‘H%RML& éobgiéﬁ fb?t eferi nla\a/lir ng

Ml tivari abl e mt OBhhinBeRnaTScieAce, VUlc4E, Noo9, pagas)) ,
Sept. 1990 pp. ﬁ%szer%gynthegﬁ ﬂrﬁﬂ%%‘a_ﬁmﬁnear cont rf)%gé i ch
i ncl udes a spect837e1851c(1989) fdeserike, Baeonirol process which W t hin

whi ch control agct r \ |aketalre weener . do
not test for hlyr}ﬁzga{n%et‘ﬁ@bgb |'%€e?gﬂ?§ﬁr}l %ﬂ cBost whi | P
15 a plant to be controlied by a set of differential equations. The desired
behavior of a closed loop control system is represented as a set of integro -
differential equations. which can be non-inear by design. The desired

behavior is called the reference system.

20 Bartusiak et al. achieve ‘desired closed-ioop behavior results by adjusting
manipulated variables so that the system behaves as nearly like the
reference system as possible. The manipulated variable action is
determined by equating or, in general, by minimizing the difference between
the open loop system and the desired closed loop system. The desired

25 behavior of the plant is then defined. Control variables are specified along
with a tuning parameter which controls the rate at which the control variable
reaches a set point. More specifically, the desired plant output parameter is
set and the rate at which the control system reaches the desired output
parameter in the contro! phase is eictated by the tuning parameter. Thus,

"30 the control function is driven to cause the output to reach the specified
parameter value, imespective of manipulated variable cost functions. The
result does not take into account variations in manipulated variable costs



10 al so achi eving output control. The patent prior art
includes many teachings of the use of nodel - based control
‘systenms enploying both Iinear and non-linear expressions to relate

control and mani pul ated variables. U S. Patent 4,663,703 to Axel by et al.
15 describes a reference predictive nodel control | gcrnsyadsodnpl oys
an i mpul sewo 9634324 nodel of a.subsyst%n1to sinmul ate and predict fute

out puts. The system i ncl udes adj ustabl e gain feedback and
control | oops which are adjusted to
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when its
dynam c characterjstics aigecug%angl ng. 20 U. S. Patent
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a:sproce$s to cau X process out ut to be at a desired val ue

at a future ti neapﬂmtconméfaba I88%et ers of the nodel are
updated on a real tinme basis to cause the out vector to approach the

actual process vector. U S. Patent 5,268,834 to rﬁ?@é@ methbdyfor a
neural network t &ggﬁmf ebpcpbhmsnmmmﬂdp Wﬁ‘?grﬁ{' oses blég
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WD 96/ 31824 &W of Stna

PCT/ US96/ 05907 achlevmgdeﬂmmw@g.ablﬁﬁml recently, process control

conputers of reasonable size and cost | acked the processing
capability to handle solutions of the man

i ul t aneous
equations which resulted fromt hewﬂ;% c

pl ant processes.

A system controls a plant process which includes manipulated variables (e.g.
15

input states) and control variables (e.g. output states). The sys:;::;n:!::e:
sensor circuitry for providing measures of the control varll e
memory for storing a correction time constant and upper and lower o
at least one controt variable. The upper and lower limits are separateddered e
band of values within which the one control variable is consi -
” ptable. A processor inciudes data describing a process model wni
fec:tes costs of manipulated variables to control variables and, upon

rther provides predicted values for the one control variable. Logic

solution, fu -1
within the processor is responsive to a measured vaiue function of

' control variable being outside the band of values, o daterm.lne minimum cost
” manipulated variables which result in a return of the predicted value of the‘
one control variable to within the acceptable pband of values. nic:x
instrumentalities “within the plant are operative to alter the mal ps‘:’r
jables (and input states) in accordance with signals from the proces

IEF DESCRIPTION OF THE DRAWIN

i invention.
Fig. 1 is a block diagram of a system that incorporates the

var

30



5 Ref erence synt hesis techni ques have been devel oped for

application to non- | i near control probl ens—eg—1t0 pH control
"pr oblers}—+m—=aTeferencé system synthesis technique, it is
desired to have a non-linear plant systemfollow a reference
.trajectory, and reach a set point according to a first ol p obP

order tramasdemay2donce the plant delay has expired. Bartusiak et al. in

" Non- | i near Feed Forwar d/ Fee®back Control Structures designed
by Reference Systens Synt hesis”, Chem cal Engi neenng Sci ence,
Vol . 44, No. 9, pages 1837- 1851 (1989) &es_crib.e a control
process which c e a | ed: & dntrol functions empldyedtim enoventioRear pl ant
operati on. Fund'g'n'ﬁeafsa? E%é@%}‘%égsi ak ‘et al . rg'grdg:gnt 15 a pl ant
to be controlled by a set of differential equations. The desired ’

behavior of a closed |oop cqoptral i W@mmdﬂhs
i nt egr o- Flgs}a"ﬂi*%‘@%@?ﬂ&'&%‘gﬁtgag ich can be non-1linear by

design.. The desir{v‘éﬂtio behavior is called the reference system

20 S Bartusi arfi et al. achieve desired closed-1oop behavior results
by adj usting ' mani pul ated vari ables so that the system behaves
as nearly like the ETAILES D& PTION Ed IONe.  The

mani pul at ed vari abl e actio eterm ned by equating or, in
general, by mnimzing the difference between t he open | oop

system and the desired closed l.oop_sys %&feﬂ ire the2 dbscription oftheavi or
of the plant is Heteaﬂﬂlem%ﬁlo“@%w \tf@pqﬁdb sl are specifi ec‘l, al ong

with a tuning pa}lr.&[mbﬁ.r whi ch controls the rate at which the control
vari a ~reaches a set point Mre specifically, the desired
pl ant output paraneter is set and the rate at which the

control systemreaches,.t hg, desj OtHoRsl defines plant systepm openation and ishe
control phase i f@%b&ﬁbﬁt%&m ng |E)ar arr_etgr.

Thus .
control functi ongprfiuliedv i & eontinuoest time odemain i the: W"t‘%ga%ﬁ?iéég’e
paraneter val ue, 1 nespective of manipul ated variable cost functions. The
result does not difierentighesquali®®tint variations in nani pul ated vari abl e costs
WD 96/ 34324 '

4
PCT/ USHB/ 05907 whi ch woul d enabl e not. o t e
operation cont r objscretissioni o6 Manipulated Variables: MShipidted Fdves récdistrete

time variables. A zero-order hold function is employed to provide discrete
manipulated move variables for use in the process model.

20 Reference Trajectory: A reference trajectory ppvides the specification of
controller performance as a rate of response of control variables.

Objective Function: An objective function defines an optimum control
pérfonnance. The objective function includes penalties for violation of

25 control setpoints and economic cost (profit) functions.

Manipulated Variable Limits: Manipulated variable limits are set fo reflect
‘secondary controller fimits or status such as range limits, set point limits and
anti wind-up conditions. ' '

30 . |
Feedback: Feedback is incorporated in the reference trajectory as a bias
value which represents an error between process measurements and model

predictions.



_mnimzation of costs. Accordingly, it is an object of this
*invention to provide an inproved nethod 5 for control of non-Ilinear
_processes which enabl es tuning paranmeters to be applied to
.control variables. It is another object of this invention to
provi de a d met hod for controlling no?g% rocesses
wherein th o met hodol ogy enables 1§ mnim hé#?”

mani pul at ed varlable i nput costs while sinultaneously

achieving desired control variables. .

SUMVARY OF THE | NVENTI ON A systemcontrols a plant process
whi ch incl udes StatepEstimatibry Predidlians for. grocess model states janch, outpuls: and

Censor. ci rcut tr prss et e s by JtSorih B e gy meeel 25%" a

menory for storiga0cdréift vellids REmt mBRipaRISd and fead fuwed vandblesvand theri t s

for at | east one control variable, The upger and lower Iimts
are sepfrated bypredictioms derived dyringn previys cantrol h the one control
vari able is considered to be accept abI e. A processor

I ncl udes data describing a process nodel which rel ates costs
of mani pul ated vsitializatios Initializationotf comtraller axntputsi is ywovided by reading of

Cogic " Gurment enipuished; yaiatie viles F o8h S A PLoRRNG Lok

function of therﬁsllésaslﬁéamemsmﬁe%meé \M’idrﬂhb%oh%lm ermmm@and of
val ues, to determ ne m ni num cost mani pul at ed varl Ss
whi ch r@sul t i n({eithesiclosed igoparopendenp): the maedel, statgs auéoutwts are initialize one

|C(r)12t ; Slrren?;: ?P: %ét"%"%tpﬂéﬁﬁéggr‘ﬁ‘ﬁg%é‘g‘ %’l&t ?éc@él er %b@m pu? at ed

vari abl es (and ifirgtttmetasre shodeh statesoanthoatputsi are initiglized by saivingeesteady essor .

30 BRI EF SCRI PTI ON T DRAW NGS
Fig. i is a bl OMGWEWHPW%W@H%FES%&%&H “i nventi on.

15 Tuming to Fig. 1, a digital computer-based control system monitors a
process occurring in plant 12. Process values are fed to a non-linear
controller function 14 resident within the digital control system 10. A process
model 16 is stored within digital control system 10 and manifests a series. of
non-inear equations which provide a reference system for non-iinear

20 controlier 14. A plurality of control parameters 18 provide constraints for
control values derived by non-linear controlier 14. By comparison of process
value measurements with predicted values derived through a solution model
16 (with control parameters 18), correction values are derived and applied as
control inputs to plant 12.

25
In Fig. 2, non-linear controller 14 include dynamic process model 16 which
defines a rate change of process states for changes in system manipulated
variables, independent variables, and bias vaiues. Non-linear controiler 14
further includes one or more tuning values which define closed loop process

"30 response characteristics. More specifically, each process response
characteristic defines a trajectory to be followed by a control variable in
response to changes in manipulatsd variables. An optimization function 19
determines minimized manipulated variable costs which achieve the desired
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5 Fig. 2is a
schematic of control functions enployed in-the—nvention.-
_Fi gs—3—and—4

4—are f| ow diragrans useful in understanding the operation of
the 5 i nventi on.

DETAI LED DESCRI PTI ON
OF THE | NVENTI ON Her eaf t er,

the foll ow ng tpefrsosesbé? be
enpl oyed iwolobasdescription of the 10

7 i nventi on:
Process Model : A process nodel

defines plant systemoperation and is
formulated in a continuous tinme doma

i | e bbieho netisaredr aaluesnand
differential eqgesponss. trajectory, given d c%ir‘detlei %gt i on of Mani pul at ed
Vari abl es. Mani pul ate Fomprotess L . tinme variables. A
zero-order hold H"ﬁ%@?ﬂﬁ%%gﬁgﬁ)yed to provide discrete

mani pul ated nove variables for use in the process nodel.
Ref erence Traje

20 | o
ctory: A referen j Alirisae \coritreller 1 Qﬁlﬂk‘ﬁ‘?ﬁé‘m%n of
a ltmﬂ{h@neﬁﬁﬁ %Meﬁ%ﬁ% .r‘ate of Wwf 1R 2 ol
vari abl es. ndaries for oY 8 trioves conira) tvasiables {8 g e tunction
déf i nesdan opt i nRRYNdanes i

e e : lished, aon-
function i ncl udegnpetiss upper anst lowep limits M%}Wﬂﬁ&lewe@

contr
: . : - that compares a
set poi nts and ecgnom C g'os'fer(pé qu‘e}nédﬁ](‘élwm| prooedure

measured rate of change belween a control variable and a rate. of de:i::
movement of the control variable in relation to at least one of the llmits:.:ti >

10 control variable is within the upper and lower Iir.nit.s, no contr.ol a o:nthe
taken. If the control variable is outside the limits, @panson °
measured dynamic rate of change and the model dynamic rate of changnf
enables derivation of an efror rate of change value. Tha't error ra’t:bl .
change value is then employed by an qbiectiv.e fun.ct.lon to en "
determination of a set of manipulated variables that will exhibit a lea:t:t cos

” obtain a return of the control variable to within the upper and lower limits. By
utilizing the upper and lower limits to define an acceptable range of s::tx:
varisble values, various manipulated variable costs can be te. .
determine which combination allows for a retum of the crfntrol varia .eble

20 within the limits while, at the sameé time, minimizing manipulated varia

costs.

Tuming to Figs. 3 and 4, a description of the operation of non-hneal;
controller 14 will be presented. Non-linear controller 14 .runs ona gene:a4
25 purpose computer that is integrated with plant 12. Non-linear c::ntro‘lw:‘e“f".lt ‘
runs at a specified frequency or scan rate, for mb. once ;?erl -
whereby control veriables are monitored and manipulated vanaf: es are
calculated so as to derive moves for each to implement a control action.

. . . & tem

"30 The procedure commences by reading plant data info digital controt s.y.: er

10 (box 30). Those data include current values for the m?tml vanaman;

manipulated variables and auxiliary or feed forward vanable?. o
measurements are supplied by either field instruments or via



Mani pul ated Variable Limts: Manipul ated variable limts are set to reflect
secondary controller limts or status such as range linmts, set point
limts and anti wi nd-up conditions. 30

Feedback: Feedback is incorporated in the reference trajectory as a bias

value which represents an error between process nmeasur enengSpadidgossosel
predi cti oné‘."”‘[')’““ WO 96/ 34324 8 "¥er |
PCT/ US96/ 05907 ' 6

State Estimation; Predictiqns fo o) l@gdopuhaut@mmlé
provi ded at eachlabarteny ys?éanhgs{’imﬁglhoin o¥ tﬁ’g dynam c_node| , based
on current val ue%,WWMmemmwmmneéaﬁaw 5
predi ctions derive uring a previous contro]ler scan, ting. :
Initialization: tegresentingathieoplast/mogal MISMEIcH ol Eﬁ'ﬁ@q"? %omededﬂ'eﬁey"cr‘eeadi ng

of urren i Alents breBicfed4aliuga{box 32pch scan and
provi di ng controﬁ"’@‘fgeﬂtthgm&aglllﬁle rmiy/r(iauébas I ncrenments to the val ues. Wen
t he contgr']ol | er programis running 10 (either closed | oop or open

| oop), the nodel states and outfpu are initial .zadyas Q. drmakl ues
predi cted duri ngA8 m%g’%ﬁgréﬁ?éw@c #& &ﬁgéﬁtnaem&eg?r(g%'igb

first turned on, cHR&lﬁégns%lﬂ\eés aRavailEbIB heastramenti valusisi orasalugs eud) of irange,

st eady state nodel for the current ni Eal a'{dgwggf@gﬁ‘%
forward val ues. ard discarded). Data¢onditigning is-also Ee‘n ﬁ’&" il uter -pased
control system nmonitors a . BhRCEGUhdSC biédd b operatonspedified
Process val ues aranfﬁ"{%ath"l?tﬁggra"%ﬁ ' controller mct ion 14
resi denfow t hi n tihs Gndipidtit controiisystenystalesvalles. A process nmodel
16 is stored within digital control system 10 and nmani fests a series of
non-1|inear equations which provide a reference systemfor non-linear 20

control ler 14. A gl abinmerRbmeA0bl BperBfsrhBEAON-inddi quntrollatel4; chcoldatat s  or
initialization is performed (see decision box 36). The values for the
independent variables, either manipulated or feed-forward, are read from a
15 database stored within the digital control system 10 (box 38). An
initialization action calculates the model siates and plant outputs which
represent plant conditions such as temperature, composition and product -
properties. The model may be in any mathematical fqrm.

20 A state-space model will be used hereafter for purposes of description of the
procedure. .-Each state is defined by an "X" vector value and plant outputs
are represented by "Y' vector values. Independent variables are
represented by the value "u" as follows:

25 0 = F(x,u) (1)
y = H() (2)

The values for the plant states are then used as initial values for non-linear
controller 14 (see boxes 40 and 42). The state values are then estimated

" 30 and written to memory (box 44). At this point, non-linear controller 14
commences operation of the process control algorithm (box 46).



control values derived by non-linear controller 14. By conparison of
Jprocess val ue_neasurenents with predi cted—val ues—dertved

t hrough—a sol uf 1 on nodel 16 (with control paraneters 18),
correction values are derived and applied as control inputs to

plant 12. 25 In Fig. 2, non-linear controll e{,afl,ﬁsgmde
dynani ¢ pMWR¥ABHMpdel 16 which defines a rate change of

process states for changes in system mani Bul at ed vari.abl es,

i ndependent varj abl es, . aad bi sdds )60 gbiglariticontrol
:‘Erteﬁgp iegcl ﬁggégwﬁ%maﬁdergl‘ﬁﬁﬁé’l'%?ﬁ# esfgﬁjr?gé cl osed | oop process
30 r €S POogafark IrdWare" (bki48} to diterminepthei priesent statecgfthe

response characteristic defines a trajectory to be foll owed by
a control vari abhatdataincludes the followingsnonse to changes in nani pul at ed
variables. An optim zation function 19 determ nes mnim zed
mani pul at ed vari abl e costs which achi eve the desired WO

96/ 34324 Initial values for each model state.

PCT/ US96/ 05907 L response .trai gi ven differences between
measur ed val ues and '““ﬁ'valm%mgb?@é%e!st “derived from process nodul e
16. It pidsvallfistaplessntirg plasmadsdedrotshat non- 1 i near control | er

14 establishes limt boundari es for one or nore control
vari abl es (e.g. out pMosel paramefarant 12. Once the upper and

lower limts for a cant ' denboahiabiess) -

| i near controller 14@%“‘&%@ con ?Bﬁa%)?%tedgre that conpares a

measurggd rate of chagaepbintsisraarget vakms fof contral yariablesand; INg$- desi r ed
nmovenent of the control variabl e iﬂ rel ati,on to at | east one of the limts.

If the 10 Bounds for man Vanaliesi n the upper and lower linits,

no control action is waaken. | f the control variable is outside
ntr 'Sin tab]gscondmoh@. _
the limts, conpari S(l)rFu(gF't e nmeasured dynami c rate of change

and the nodel dynam c rate of change enabl es derivation of an

Lo et e ol ¢ ke K6 (B B i oPacRisd i ouputs arehtter thal e |

A e ik e b

limts. By s T ool carate(s) (S A dltht o BBC boritifetip Wik
constraint set points are entered by the operator. The set points are entered
as an upper limit value and a lower limit value. Use of these values snables
adjustment of manipulated variables (inputs) so as to achieve a minimized

20 cost in arriving at a control variable value within the upper and lower limit

values. The model parameter values are predetermined. Current measured
values of independent variables are derived from plant field instruments or
laboratory analyses. Manipulated variable bounds are, as indicated above,
based on operator specified limits and plant control system status values.

25
The controller operational mode is then set (box 50). One controller mode

enables model predictions to be calculated and control signals derived,
without @ applying the control signals to the plant. Hereafter, it will be
assumed that the digital control system is set in a fully operational mode,

“30  wherein manipulated variables are to be acively controlled in accordance
with model calculations and measured system states.



utilizing the upper and lower Iimts to define an acceptable range of

derive noves f ostataisrestimatosusing Bmic esel of the plant. ?ﬁbﬁ'kﬁi@ﬂ)&%

procedure comme
10 (box 30). Th

nmeasurenents ar

VO 96/ 34324 ﬁdgggﬁggfgaﬁgg,gg;,g%&]@dwsmumnt s or via off-line -

| abor at ory anal
variable are co
representing th
bet ween t he nea
shown in box 34

condi igons such as unavai | abl e neasurenent val ues or val ues out of range

are di scarded).
and setting of

15

20

25

“30

5851 Shewr 58It 9 Bladétiond 3 dind 4 the Etages afe reprasentecklyysthem
€ data | nclude current values for th&ﬁcgg,trol bxqagé“%bl es,
mani pulgat ed varbjasiablepdhepiant eutputs: are: eepressnted PY | Yana

. control ~_variable values, various mani pul ated variable costs
can be tested to determ ne which conbination allows for a
return of the control variable to 20 within the limts while, at
"the sane tine, mnimzing manipul ated vari abl e : PCTIUSHRRE0H7

Tur ni ng t&‘??ﬁ%‘?’% and 4, a description ofg the operation o‘fT non- i near
controller 14 will be presented. Non-linear controller 14 runs on a general
25 purpose u 86‘?‘}3 irtS a/f6in® fir 1s8 Yith thé mideliéontrd! system! i near
control l er 14 e npuf a8 uﬁga}ﬂﬁg speg{#gd frequency or sc%céate,
for exanpl e, o:ggxry‘ql) diidnalstate estimation procedumsrm"%lmﬂr(gpx\%)-i s are
noni t ored and ni pul at ed vari abl es are as to

PCT/ US96/ 05907

yses. Next, current neasurenent val ues of each control

npared with a correspondi ng nodel edi ction. A bias val ue

e plant/ no@dat 7F@Ht ch is cal cul at & as the difference
surenents go edi cted val ues (bogy32). 5
, the i npu? g-z‘a(?; I s next validat ed“()e. g., abnornmal

BaweiRn 3 slcalSh e o f Golind GLTe ot st BRPROKAGT 1,

limits and pl anks Hathoael states femseives andihecindependent varisbles. Equation 4

indicates that the output is a function of the model states. Model estimates
are obtained by integration of equations 3 and 4 from the last run of non-
linear controller 14 to the curment time. A prefemed calculation method
involves orthogonal collocation wherein equations 3 and 4 are divided into
time segments, thereby enabling the differential equations to be solved in
parallel, over a same time increment.

The control calculations performed by non-linear controiler 14 are performed
by émpldying’ sequential quadratic programming techniques (box 56). The
control calculation determines future moves in manipulated variables which
give a best match to the control performance specification over a time
horizon into the future. Nondinear controller 14 utilizes the model of the
plant, a reference trajectory defining specified controller performance, an
objective function (to be described below) and the manipulated variable
bounds. Manipulated variable moves are discretized over a time horizon into

the future.

The model shown in equations 3 and 4 is utilized. As above indicated, the
" variable represents independent variables and a subset thereof are the
manipulated variables (i.e. inputs). Values for all independent variables are

obtained by a "zero-order hold function” of discretized manipulated variables -



—

At the commencenent of operation of non-linear controller 14, a cold start
dinitialization is perfornmed (see decision hox 36)—*Hre—values for the
i ndependert—Vvari abl es, either mani pul ated or feed-forward, are read froma

15 dat abase stored within the digital control system 10 (box 38).
-An initialization action cal cul ates the nodelpsingdosmssond pl ant
out put s WWa$6/34324 represent plgnt conditions such as tenperature,
conposi tion and product properties. The nodel may be in any -

mat hematical form 20 mﬂms.mdslth%eswﬂﬁr eafter.
for purposes ofUiat€achtimeseRk A@;&Bﬁi& procedure. Each ante i s
defined by an "&,ﬁﬁ.@ﬁ@é@%ﬁ@@ﬁnﬁhammmpmmewP .

yov

represented by ctor values. |Independent variables are
represented by the value "u" as follows: [err]

val ues for the %%ﬁ%&@ﬂ@%ﬁ%ﬁ@@ﬁb@%l inealtering %?}gfl near

controller 14 ( e state val ues n hRpt ed
30 5 andy4dpléss in tatcomiance withoapplied canstraints. pﬁMn‘-‘ﬁ%ﬂg%
controPler 14 ] C nces_oper at.i fvefi rales of change
al gori t hm ( box dﬂt)ations5and6%eow(,@¢§g§§§§§|§{'8{wb& bl
PCT/ US96/ 05907 o conjirol, varigbles nd the error (or difference) between a control vajia
As shown in Fig.” 4, the control process_reads %rocess data from pl ant
contr ol set pointaridthe measueedLopy ¥ANaPR: et er i ne the present state
of the process. That data includes the follow ng:
10  dyddt = (SPHi - (y + D)YT + Vhp, - Vhn ©
dtdt = (SPL - (i + BYT + Vip- Vin ©)
k=1toK
Vip>=00
15 vin>=00
vhp>=0.0
vhn>=0.0
Where;
20

SPH = upper limit for control variable or constraint,

SPL = lower limit for control variable or constraint;

y = predicted control variable;

b = bias relating error in prediction and measurement;
Vihp = positive variation of measured variable from SPH;

25
Vhn = negative variation of measured variable from SPH;
Vin = positive variation of measured variable from SPL;
Vin = negative variation of measured variable from SPL;
- k = time step into the future;
30 K = time steps into the future in the time horizon used by the

controller; .
T=timeconstantfordesiredclosed|oopspeedofreswﬂs°°f e

controlled variable.



5 Initial values for each nodel state.

Jnitial values for predicted plant .outputS———- Bi as val ues

representing plant/nodel errors. Model paraneters.

‘Current measured val ues of independent variables. 10 Set points

or target values for control variables and constraints.  pcrasesnsen?

Bounds for WR#MMat ed vari abl es. | nput st atus

condi ti ons. _ Val ues for the r@del states and predicted plant

outputs are either the 15 previ ous values froma last controller

run or fromthe cold start initialization val ues ,,v'@a@antrol
rai nt

vari abl e(s) (e. gﬁ?m%g%mp’ m,mtmmwilumeaﬂerbemed

set points are entered by the operator, The set. poi cSivefteddo an
as an upper |i ni variablase wala&mvanqu‘%%!"g%ﬂﬁ‘g? %Ees;ﬁvatlhtrjqe@ha
enabl es . ad] wos!| pfiritization abf econstraipta < s to
achi eve a ni ni m $PIRH kﬁ%ﬂmb %‘gg?“?ﬂéfarﬁrli Vi ne%t,at acﬁont r.lﬂ? Xﬁl%ﬁyy e

val ue wigt hi n t hegspieationdf welghting| funstions in the objective funchiere e el _
par amet ér’r val uesag@e pr.edet er m.ne rwmmwgn)isgivenhy'ues of
I ndependent vari mﬁ&%%@ﬁ?%%@?@ I nstrunments or

| aborat ory anal yses. Mani pul ated vari abl e bounds are, as indicated above,

based on operator specified limts and_pl ant . copntrol sygihem status val ues.
25 The MinSum(Nﬂh‘\fbpefW‘l"GHSI"'tQ%H is theh’set (box 50). One

control l er node . enabl es nodel predictions to be cal cul ated
and control signals d(W'i‘%’d, w t hout a applying the control

si gnal 540 the plant. Her eyt AN = Penalty weights; assuned that the

digital“Control systemis set (p a full 6 SdlivedE@Bede; 30

wher ei n mani pul ated vari abm-éﬂ%'t\[f"{?bg%%%%/ controlled in accordance
wi th nodel cal cul ations an ' Waugmcﬁbat es. WO

96/ 34324 %U&?s 1 -

PCT/ US96/ 05907 The input data is converted into a formfor
use with the m’deééu%% Plyiésdes 8 sum minimization function for use when a violation

15 has occurred of either the upper limit of the control variable or the lower limit
of the control variable. Equation 7 applies weighting factors which enable
either a positive violation value or a negative violation vaiue to be
emphasized (or deemphasized), as the case may be. Equation 7 alsp
includes a term (i.e. C(xu)), which is a cost function that is dependent upon

20 both manipulated variable u and model states x.

The control system solves equation 7 and evaluates a sum resulting from
each solution when plural changes in manipulated variables are attempted.
The objective is to-achieve a return of the control variable y to within the
25 bounds defined by the upper limit (SPH) and the lower timit (SPL). As SPH
and SPL are separated by a span of values defining an acceptable range of
the control variable, a number of possible changes in manipulated veriables
can be calculated to determine which combination results in a lowest cost for
the manipulated variables while achieving a retum of the control variable to
30 the acceptable range. When the manipulated variables (in any control
action) enable a retum of plant output to within the span between SPH and
SPL, each of the first two expressions in equation 7 are nulled and the



(box 52) and a state ‘esti mation procedure is commenced (box 54). Each
state is estimated using -a dynam c .npdel of .theplant |n the—statefspace
nmodet—showT el ow i n equations 3 and 4, the states are represented by the

5 "x" variable, the plant outputs are represented by the "y"

vari abl e and I ndependent variables are repres Ebeld¥on7U" -

[err] 1O 96/34324 Equation 3 indicat®s that the ratge%)’? change of the
nodel states is a function of the nodel states, thenselves and

t he i ndependent variabl es.  Egyation, 4 441§l irépressntelaby te
output is a funealution gf "l%@"ﬂﬁ%l's Strictiy, relajed i t"’ees%nl'l,érrulétt es are

obt ai ned by int ' rigegat ions 3 and 4 fromthe last run of non- 15
| i near control I@gh@t’i*&jt e current tine. A preferred cal cul ati on net hod

i nvol ves orthogonal collocation wherein equations 3 and 4 are divided into

ti.me segnents, therehy.enabli ' d kihied G0 aidditional mahipuladed ed i n
paral lel, over ihg isﬂ@'ﬁghe%ﬁte.qhm%?ﬁg gﬁﬁle&q The control

cal cul gtions Pe & BT Solds @S expressed betow inquations:8 8P Sper f or ned

by enmployi ng sequential quadratic progranm ng techni ques (box 56). The
control calculation determ nes future noves in mani pul ated variabl es which
give a best match to fﬂ’]@ CoOphpO! performance speci(8) cation over a tine
horizon into the fut e.u‘Non- i near controller 14 utilizes the nodel of the
25 pl ant, ABS{heu(efcedub aj ectory defi ni f(g) specified controller
~performance, an obj ective function (to be described bel ow) and
t he mani pul ated vari abl e bounds. Mani pul ated vari abl e noves
are discretized over \Qnode®® horizon into the future. 30

The | shown in equations 3 and 4 is utilized, e indicated, the
"u" variabl e represents inlbbﬁeﬂmm\l‘ﬁ?’&ﬂlw'ﬁﬂﬂ‘eéﬁ'gﬁ%?ét thereof are the
mani pul ated variables (i. LWHI% {8h'dfhanipulated variabiependent vari abl es
are obt ai neg‘"boy a zepge-{or er hgiljd funﬂ%eigtr;)sof di scretized

mani pul at ed vari abl es dub = bound on change in u between

15 Once an acceptable solution has been achieved, the outputs, consisting of
manipulated variable values for each time step in the future, are checked
against system constraints . (box 58). Assuming validity of the output data,
the data is then written to memory (box 60) and the calculated manipulated
values are sent to the plant (box 62) to operate field control elements (gg..

20 valves).

it should be understood that the foregoing description is only illustrative of

the invention. Various altematives and modifications can be devised by

' those skilled in the art without departing from the invention. Accordingly, the

25 present invention is intended fo embrace all suqh alternatives, modifications
and variances which fall within the scope of the appended claims.



WO 96/ 34324 T ' PCT/ US96/ 05907
Uerr] at each tine ste !wnml hol d function asswaes that the

val ue of theFP* , ﬂﬂlﬂuﬂl m'abl e renmmi ns constant between
program execut i ons. “ Y ™he réference trajectory specifies

control | er vagbsémsasspnce in altering control 5 var i a%mordance
with applied constraints. Reference trajectory s 5 and
6 bel ow express a rel ationship between rat&4 of change of t he
control vari abl the error (or difference) between a control variable
set point and the neasured controlled variable. [err]

Where: 20 SPH = upper Iimt for control variable or
constrai nt; : . oo SPL = lower limt for control variable or
constraint; What is claimed is: y = predicted control variabl e;

b = bias relating error in prediction and nmeasurenent; 25

Vhp = positive variat]on of asured variahble from SPH;, . .

Vhn = negative vhri atf O?Ys&"‘gés‘a'&ﬂ“'vﬂr?a pat jprogessHnciuding manipulated

Vin = positive variatygfgbles cBmprisirgCingal sads® ahOBnkBl- variables comprising

output states, said system comprising:

sensor means for providing measures of at least said control
variables;

memory means for storing upper and lower limits and a
correction time constant for at least one control variable, said
upper and lower limits separated by a band of vaiues within
which said at least one control variable is considered

acceptiable;

processor means coupled fo said sensor means and said
memory means and including data describing a model of said
plant process, said model relating costs of manipulated
variables to control variables and, upon solution, further
providing predicted values for said at least one said control
variable, said processor means further including logic means
responsive to a measured value function of said at least one
control variable being outside of said band of values, to
generate control signals to alter said manipulated variables in
a direction to achieve a minimized cost thereof, said
manipulated variables being aitered in a direction to cause a
predicted value of said at least one control variable to be
within said band of values; and



Vin :negatlve varla vari abl e from SPL,;
K .=—tt-rp—step—into t umlm m %E !I K=timesteps inta the

future in the time horizen us controller,
-T =tinme constant for desired closed | oop speed of response of the

contr ol | agoygshap! €. WO 96/ 34324
PCT/ US96/ 05907, 15 PCTIUS96/05907

Each of variables VIp, Vhp, Vn, and Vhn will hereafter be termed

'i'\rlliagljglt : ?gnto be convert()(é,"g‘wtoglgﬁaI "E%ﬁg '& equgq %?ia re at [ o#’%?p and

allows prioritization ofoperatiig dnsttumentalitioghinb said planmtpl controlo isaiaf

wei ghting functions in the objecti ve function. The objective

function (i.e. the rel at'F‘GH'QHH?q rigles.o i sfied by the control action) is
given by: [err] 10 Wh, W = Penalty weights;
Vhp[err] Vip[err] Vi ol ation vari abl es defi ned above;

C(x,u) = Cost %enal'ﬂyefswbm for. controlling a plant proceas: as recitask jn slaiMs1a sum

m nimzation functi 1 red of-
ei ther the upper | |%'Ie@¥ #ﬁ W% ﬁﬁ%’ @“ﬁ? q’&‘mww d
of the control varitedjéctorytresporisefunictionfor stid modehwhich prestribes avatetf enabl e

either a positive violation,value or a negative violation value to be

enphasi zed (or deeﬁﬂ-ﬁ@@"eﬁﬂd ong conteol Uﬁ%%b sajd band of ¥alyes zopsidared
nglnuggs ater mb(()!t h mahi pul at ed vaPP mgylﬁua%;@nmgendent
andatra)actorymsponseﬁuwhonforsaldmdelwhm prescribes a
rate of retum for said one control variable to said band of values
considered acceptable when said lower limit is breached by said at
least one control variable, both trajectory response functions including
correction time constants and expressing a relationship between
measured and desired rates of change of said at least one control
vah’able, said jogic means employing said data to determine said
minimized cost input states.

3. The system for conh'dlling a plant process a recited in claim 2,
wherein said trajectory response functions for said at least one control
variable are:

dyw/dt = (SPHx - {yx + b)J/T + Vhp, - Vhn,
dywdt =(SPLy - (yx + D)IT + Vipy - Vi
k=1toK

Vip>=0.0
Vin>=0.0
Vhp>=0.0
vhn>=0.0

where:



The control system sol ves equatlon 7 'and evaluates a sumresul ti ng from

each sol ution Wnen(l)llll“muum Htm“' ‘mani pul at ed vari ables are attenpted.
- The objective is t ‘of the control variable y to within

the 25 bounds def tneli by t'he upper limt (SPH) and the | ower

limt
(SPL). As SPH and SPL are separated by a spacTaEssPes
defining mgpuabl e range of 16 the control variable, a
nunber of possible changes in manipul ated variabl es can be
cal cul ated to determ ne which conbi nati Sonstraint;| owest cost for
t he mani pul at ed vari dpips uppet luﬂh@ﬁm‘ﬂ a'é\gﬂrweturn of the control variable
to 30 t he acceptabl e r.an mﬁmmmm%d vari ables (in any
cont rol S ‘FM‘B"' € a return of plant output to within the

span between SPH and control aigblach of the first two expressions
in equation 7 are nuIYe&I %e‘t’ ek,

ction
13 |npred| sqlaﬁgiﬁ%ﬁ,g{:# he function is
strictly relatedtot‘}‘e‘ ﬂ@sg“? MW nmani pul at ed
|mzat|o

vari abl es.

anéﬁhmwﬁ?ﬂn 7 is subject
to additional mani pul d=ﬁegat|ve m%n as exg‘gﬁssed bel ow in
equations 8 and 9. err]

uhb = upper bound on aﬂnﬁmmrl abI e; blefromSPL- - ulb =

| ower bound on a mani al'%aﬁ%vﬁhmofmwm dub = bound

on change in u- between ti ne st eps.
k = time step into nto the future; and

K = time steps into the future in
controller;

T = time constant for
controlled variable.

the
desired closed loop speed of responss o

4 mewmemMliimapmmmswramtrn:an;Sa
. wherein said logic means operates 10 provide a e
ini { -ralationship-inorderto,deterrmne m}n|
“"“"“‘z::d variables for achieving @ movement of said at l.eaft o'ne
l:nnt‘r: variable to within said band of values, said minimization

relationship expressed &5

Min Sum (Wh*Vhp, + WIVIn,) +C0u)
where: .
Wh, Wi = Penalty weights;
Vhpx, VP = Violation variables;
C(x.u) = Cost penalty function.



15

Once an accept abl e sol ut i‘-on"ha_s_:béen achi eved, the outputs,

contr olf

conpri g

| east qaid control

menory
correct

consi sting of mani pul ated varti es for sachr tine step in
“t-he—fdttre—are checked agai nst system constraints (box 58).
Assum ng validity of the output data, the data is then witten
.to nenory (box 60) and the cal cul ated mani pul at ed val ues are
sent to the plant (box 62) to operate field control el engidgudesospor 20

val ves). w0 96/34324 It should be @f¥lerstood that the foregoing
description is only illustrative of t he inventi on. Vad' ous
alternatives and nodi-fications can bepdevi'f}_ed‘lgy #w. Svsrem tp0se skilled
in the art without departing fromthé TRTeNt i O ACccar dinglay- 5
present invention is i ntFndE'd't'T) enbrace all such alternativgs,

nodi fications and variances which fall w thi e scope of the
appended cl ai ns. ' WO 96/ 34324

PCT/ US96/ 05907 | CLAI V5
What is claipedis: | 1. A Sys Ant process
i hcl udi ng pul at ed Pesesss tatps, and

al d systém
ng measules of at

megfsehOT st '

dri ng

y=r7%4

- SUBSTITUTE SHEET (RULE 28)



upper and lower |imts separated by a band of values within
which said at |east one control variable is considered

acceptabl-e processor means coupled to said sensor
~nmeans and said menory neans and i ncl udi ng data
.descri bing a nodel of said pl ant pr ogegfise@esesr nodel
rel ati ng woo634324 nani pul at ed variables to contro
vari abl es and, upon solution, further provi di ng

predi cted values for said at | east ogfgsaid control

vari abl e, said processor nmeans further including |ogic neans

responsive to a neasured val ue function of said at | east one

control variable being outside of said band of values, to

generate control - signals to alter said mani pul ated variables in

a direction to achieve a mnimzed cost therof, said

mani pul at ed variablesig1ZE? tered in a direction to cause a

predi cted val ue of sai #®&4st one control variable to be

wi thin said band of val ues; and WD 96/ 34324

15 PCT/ US96/ 05907 control signal neans
responsive to said c i gnals for operating
instrumentalities i nt to control said

mani pul at ed vari abl e 2. The system for controlling a plant
process as recited in clpiml1, ' wherein said nmenory mneans
further stores 711 trajectory response function
for said nodel : return for said one
control vari abl e d of jval ues consi dered accept abl e
when sai d upper by said control variable,

and a trajector n forggaid nodel which prescribes a

rate of return f vari able to said band of val ues

correction

Vaiidate and. 34
condition data /-

38
Read data / :

l
Estimate |—» o“___’_'?&fu) L/
states — y=h(x)

Write state 44
values /

Start NLC
control algo

SUBSTITUTE SHEET (RULE 26)



consi dered acceptable when said lower limt is breached by said at

.l east one control variable, both trajectory respense—furcttonsTTiciudi ng
correction tinme constants and expressing a rel ati onshi p between
-measured and desired rates of change of said at |east one control
"variable, said |ogic neans enploying said data to deter mgeg,

mnim zed Wzﬁput st at es. 3. The system for controlling a

pl ant process a recited in claim 2. wherein said trajectory -
response functions for said at |east &ne control vari abl e are:
[err] VIp>—OO 3 Vin>=20.0 Vhp > =
0.0 Vhn > = wher e: WD 96/ 34324

16 PCT/ US96/ 05907 SPH = upper
limt for control vFIGAr constraint; SPL = lower limt
for control variable or constraint; y = predicted control

vari abl e; b = bias relation error in prediction and
measur enent;

46

Start NLC
control algo

Read process data |~

Set controller . | — 50
operational mode

52

Convert input data Model dx/dt=f
{x,u) y=hix)

54 N\ Estimate states J‘_

Objective function
Solve sequential 5g |Min sum {Wh*Vhp + WI*Vin + C{u,x )
quadratic program | °° | TS T T oo
(sapP)

Dlscretlzed model
x(t) = sum (C{i) *t{i))

58 y(t) =_I1(_§(9_)_ _____
\4 Validate output data - Reference system
. _y_= (sp -(1+bn +Vhp-Vhn
60
PL-gg-l-b]) + Vip-Vin
\ 'Wirite data dt =€ P
- 62 MYV constraints

Ulb< =U<=Hhb

\ send outputs to plant il delta U i< =dUb

D

SUBSTITUTE SHEET (RULE 26)



Vhp = positive variation of nea i 9705158 -5
_ : S sured .
;Rggg'f ive variation of nmeasured vari ab?/aerfI aE oblmegfpr| |.°r_‘_‘ SPH VR Vhp =
. t-ve—vartarion of measured variable from SPL; TP
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A system controls a plant process (12) which includes manipulated variables (e.g. input states) and control variables (e.g. output
states). ‘The system includes sensor circuitry for providing measures of the control variables and 2 memory for storing a correction time
constant and upper and lower limits for at least one control variable. The upper and lower limits are separated by a band of values within

which the one control variable is considered to be acceptable. A processor includes date describing a process
predicted values for the one control variable. Logic

within the processor is responsive to a measured value function of the one control variable being outside the band of values, to determine

minimum cost manipulated variables which vesult in a return of the predicted value of the one control
band of values. Control instrumentalities within the plant are operative to alter the manipulated variables (and input states) in accordance

model (16) which relates

variable to within the acceptable




