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MODEL PREDI ROL APPARATUS AND METHOD i eld
of the Invefit %ﬁz The present invention rél ggmsssfl%szﬁa
nodél predictive control apparatus and nmethod adapted for
predicting the future process response of a dynam c nodel of a
controll ed systemand for calculating a controller output t aki ng such
a prediction into consideration. |In partj c_.pl ar, a suitable colum of
the pseudp-inverse of the dynam c nodel is wused to provide a

trol et d
pocess Fontrol refighahopraitarys coffibiy Aepakitul AR fStR6) °1' ol

contr ol apparat us of the presentEieldnofokhesInventigomew type of Mdel

Predi ctive Control (MPC)pgent ngb@ht 1nveﬁf’£bﬁecﬁ@l|a%ses1té” denQigiel
use a process nodel to predic the future %(?te of . a_process varlable

to be control IREE :egﬁzp.ve CophER. na APPRTATMSHNARN BEERRRoc 298RSt FOT
(controller redibﬁmg Theé EutiutieTprocesie tesponged bfbat dysami banodel of

predictidn and t. et 0|nts C. vard at Sy |ncI d
Predictive = coiinaiied Sygha i by Fadiatiog X dof AR aurme 50

al.gorithm c cadkiolg sudkCh p(:bathca:l.en antoléé’ﬁndel;taanmn. In panttiqular,

ana 11 mear oy L TR OISR BF pifppetast fm?%%se gt ﬂ% R Rl
In all of these nmsestis tq h@rovide medebrosess | montral regulatame that

control al gorigiiinykd Sciie 1e&§€ds&95f:‘e60ér96§d' ction and for conputing
t he contpgol | er response. The basic idea behind MPC is

to nodel a process -~ wth the step or |rrpul se response vector of the
process. These nodel s ppadke ] gt : yetskorp Ut puts from 30
process inputs, and the ti mim.c

control
means of |inear optimz DIFBIEEL ngé)%asr%':fugsgfngb%rﬂﬁﬁﬁqrgr 31 %L%'oq e
exi sting met hadspewheyppt iofi Modeh Predicpiviel cfontsrabl VMEC) n comtirdliles,. at

quadrat g 35 "6 sechnciRiiel' 1o aCHashd, ' Gel ANKATRED ddd) Y podlite
the future state of a process variable to be controlled, and
then manipulate one or more process 1nputs {(controller
outputs) to minimize expected error between the 'pz'_'ediction
and the set points. MPC variations include model predictive

heuristic control (MPHC) (Richalet et al., 1978), model

’
20 algorithmic control (MAC) (Mahra et al, 1979), dynamic
matrix control (DMC) (Cutler and Ramaker, 1980; Prett and

) Gillete, 1979), and linear dynamic matrix control (LDMC)

(Garcia and Morshedi, 1986). In all of these methods, the
model is an intrinsic part of the control algorithm and is
25 used both for prediction and for computlng the controller
response.
~ The bas:Lc :Ldea behind MPC is to model a process
‘with the step or J.mpulse response vector of the process.
These models predict. one or more process outputs £from
30 process .inputs;, and the optimum controller response is
computed by means of linear optiinization of a series of
controller inputs. | In existing methods, the optimization
problem is solved  in real-time, at each step of the
controller. Quadratic programming {(QP) and linear quadratic
35 regulator (LQ) methods are used for this minimization.
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-2- 0 W0 ser12990 Several problens in prior MPC t ecBET ORI = °
limted their use. Mst formulations of MPC require the engi neer to
speci fy many adjustabl e paraneters to describe the desired closed ~
| oop response. An expert on both the process and the controller

must make these adj ustnents, becagﬂe maki ng the desired response too
sharp can |l ead to unst abl e perforfiafice in sone cases, even when the

nodel s ' a good {1 oth ess Eur t her oor Ctechnl ues are
not inherently bettergﬂﬁ%a‘&: aé%‘?%fé@%tﬁﬂ PhaPAy %ecliﬁ 1QYSRoPFVet her e
is an equi vhimhted| &b@lm‘ awe s ol Mestf cﬁomﬂqtldns olﬂPMRﬂ)ru*e@hiﬁe the
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Appl i cat i on&h®f ﬁpereémqlase& e1°°P reppeRsed t AR hexpextean datingthe
conput er ISpﬁledesét @@d Ophd5 coﬂt@mrréflﬁase %ﬁm&é Rrgaer ?&y%&ﬁ%ﬁés,

al sacon

vari alf es, i ca erv | .east sever
current bgg%.%?l %‘ﬁl‘i"ﬁﬁs tg’? Id;@’a'-r% p’é??B?%G BeosFharE SHY kepdreo,
where the ummb:l:enpenfbmanoanﬁ.nubohes cas@sQOIem wHen the MOEWENS onal
controller opt r S, f
Al so, sone co# ers S’\éec{clﬁécéﬁ aPI $ WSt
can becone mwm@nemlne bettencethdn clasmsnommtcﬂ.f

| - | d | t
real -worl d {5085 S Gherd s W Maﬁlvalenf%éégi@rfolf@%ﬁgff tgxﬁp y :

deal iggg with constraints, are nore conputa
addi tion, MRE egmtrollercontrollers require either prior knovvl edge of the

process dynam @11 orMpd f - bbAerbunbRg ptﬁa%dub%%fom In
all cases, ﬁ?g’rbet ween the roce#sé:t ang process rmcfel coan
produce unﬁpoﬁﬁ ¥ nBRc EVeTFhHiWP %Olnte&"?én ipeus o sahgtantiad

process resmmpetdtsional | ovezhead. Aﬁbli}cathﬁnshldfh mgbeﬁtr@ﬁ are
IS, 0 difficult

| t | |
tC ggE lfi)c()lr %/heqr(elr}: ‘%ar(ll go' Eﬂosgpghere t%eggh dy St g@ﬁ"&%t‘aﬁl %’?Hiﬁﬁ'ﬁeﬁurﬁq uni ng
. paraneters controltlrmg @ Iﬂmt‘#b\nmbarghfcpnoceBSpwamaMmse Typidaldyentire

%ZT / usgg/si%}g PREEFTATS OF W least sevd?dP/ 48888ds. Most current

jl:Lca.t:J.ons of MPC are performed as superv1sory control,
where the WMPC controller mam.pulates ' setpo:.nts of
‘conventlonal controllers to ach:.eve some overall optimum
process performance. ' )

Also, some MPC controllers, p_a'rt'icularly those not
using QP methods, can become unstable in the presence of
constraints found on all real-world processe’s. The QP-MPC
controllers have less difficulty deal:.ng with constraints,
25 but are more computationally complex In addition, most MPC

' controllers require either prior knowledge of the process
dynamics, or off-line tuning procedures.

In all cases, mismatch between the process and the

process model can produce unstable performance This is

30 often the case when ‘the process response is non-linear.

With the hlgh degree of complex:.ty of existing MPC

controllers, ‘it is often a difficult task for the engineer

using these systems to establish optimum tuning parameters

that will provide high control performance over the entire

20

35 desired operating range.



-3-. 0 - To sol ve these problens, fuzzy |ogic and neural

A

net wor k appro&ches to conti nuous process control have been ped
mcorpora%lgn eu

recently Iogic makes .it easier to . rlstlc
rul és into the behavior of a particular controller. This can nake it
easier to adapt continuous process controllers to specific

appl i cations. Neural networks use a generic non-linear nodeling

nmet hod to descri be process behavior. .The generic nodeling of neural
net wor ks gan be used to automatically develop a process dynam c nodel

to be |ncorporat ed int oa.lacge%ggg PEQEI %rro'kﬂ ﬁ@é&rlggé}éﬂggavﬁeﬁral

perfornmance. However,
yields little rietworintdpproaches to comtinuewys pP§QF§§So§PF1#BFm10(h¢MeoIbeen

response. developed recently SUMBRLAF RyildVeRiKed) it easier  to
The controller of present 1nvenption bUI | ds 'on 15 the congepts of MPC
control with tWQjﬁ%ﬂr%ecr%%‘Hfhﬁthc rulegeondnfio p iR PFRA¥ES a

Egnt roll \eﬁ; E Eﬂ Dﬁta.rcdlea!lr agéntteller. 'mmrmd:ﬁn ﬁa}morziu it €61 aldapt
rivati control in ee mul t | o)

ni cr oconput er-‘#ﬁéﬂ‘%’rﬁ r Bpocess %%r}[%}} Eﬁvaﬁﬁ%‘@’e‘g ‘goﬁ‘gﬁ’lllﬁ?tllﬁpf
control |l er ar Nezasd 2Abtworks am@ iecgeneric nom-ddimear modelding metﬂrmd)\ted
cont rol K ut n h

ATeature of CRECHHEMbedll DAKCRSP! M8 dn8YEE §80e1ipg of peural o
wi t hout pri or netwenkigecan hee used tor awtemapically develomrmt mrpcess

feature of th'dgrﬂaﬁﬁ@t!ﬁd&el P asd Oiﬁ@é‘ﬁﬁ‘orated iht8t ahSMPEPEbherolier in
optimal Ipg tuned PID, and I‘OXI rrat es t heoretically perfect

response for SFARTeLO 1mPrSVSc&e§ However, a neygg F‘eFé'QFﬁre

of this lnventmuaell Sid hat blaek3box cenzut y‘iemaal Tieslig emﬂbﬁmatﬁoﬂelfxom
smal |l and wel | .suit n CPU architectures.

n
Anot her featu?"’gl '?Tﬂ ?ﬂfe‘?ﬁ %mh%? ntaon| tgeponse. process dynam cs
can be handl ed effectively. Summary of theoliventdamure of this

Lg‘égg“or‘ s th%gflzgggfg‘%&:ﬁ!ﬂﬁ&“o‘f LS Prediuks i AWn2Y A bE198s"8h
PCT/ Usggjslgzo;he concepts of MPC control with the ggal of creating a
general purpose process controller than can replace, for
example, Proportional Integral Derivative (PID) control in
a high speed, multi-loop, microcomputer-based control
, 20 system. The advantages EOughi_: by this controller are ease .
of application, automatic tuning, improved control
| performance, and low computational overhead.

A feature of this invention is automatic model
acquisition and tuning without prior knowledge of the
process. _ N

25 _ ‘Another feature of this invention is performance
that is superior to optimally tuned PID, and that
approximates 'theoretically perfect response for sampled
process control. '

Another feature of this :anentlon is that the

30 computational _requlrements are very small and well suited to
modern CPU architectures.

Another feature of this invention is that complex
process dynamics can be handled effectively.

‘Another feature of this invention is that

35 constraints on process inputs and outputs do not cause



-0 ' Llity. Another feature of this invention is
t hat adap#ﬁ@é{m control is possible. BATR§9aA3308 ot ur °

of this invention is that it is fully conpatible mnth and can be -
used to tune PI and PID ' controllers. Anot her v
feature of this invention is that it can - be made to conpensate for
non-1|i near process response. Anot her feature of this
invention is that it can conpenéa#e'for signals correlated with
process | oa % forward). Anot her feature of
this |nventgo Egﬂq}ﬁ&? ‘it can be easily adjusted to achi eve any

desired process respod@ether fepyuriecolisehié thwertion is that adapediveg

paraneters. aontrol is possibAecording to one aspect of the invention, these
15 features an aava ta es are provided by an apparatus and met hod
for controlling the o e3n fmatang cebsthagyviimyention igprthassitnpst

si gnal _and gumnycwpaﬂmte swiml andhicah be usédCkBdeulety MAA 81

predi cded PLocess. 3 Eut Si gnal at a . future steady state condition
accordi ng t §° 3 E'J nodel , determ ning a steady state error signal
according to the Andichier fmulnet \mrtn:fsé mvsheies Dsogrse 2t 8gh

si gnal -and des Oi nal,. and determning a set of
future bep%cesggl F%ﬁ\geﬁﬁéﬁg fg‘:-rgﬁlﬁ%s F&F‘?% %%r’r' 1¢; g *the
estimated steady stat8nother Feagure difndhdis Imnmmsisaptﬁt itreaponse

in the proce&ﬁpeﬂé EE 2braglidhdi® doftelatta Wien (Rro% Qgtlé)%cﬁt Fggeci-n put

changrpis then aa accorfing to the sum e cur
det er ni ned ¥P¥eRr ?emant of the set of future process |nput change

signals summed with anﬁoi:héw €eature RTOEIIS IHHENCHEH U SExHR! Fi ver e
previ ously ,cal cuI

t he, next proce I nput -.change si gna
accor di ng t%etﬁ?'i gJHﬁFﬁE}dQ%ﬁ&h&&H& any [S’Sreéf’e‘?eg’olgrr%&ﬁ%wPQ#ﬁe |
vel ocity fdeynthe usel ofaddmpenmngpandepartwmmmiy pEidicst e, avail abl e
to danpen the n S tb"RYHe a asth G tl
deterpg ned first el err%ér:\?8£?£§§ brg’gless I'mpu Sﬁwﬁég o, retgﬁ%ect to
a process |¢ﬁiﬁu’é¢§m§§dma@ﬁnm darg@ pyoviided by an appa@ﬁth%ggihd

PCT/ US95/ 1?13&3hod for contréi!?ﬂﬁ# ghat 3P@&'5-%&°ﬁ Y %‘dﬁ%&n osﬁq’;/g %at e

.process gain Furt her agpl ng filter 1s r the
process input signa process output signal, ‘which :

includes determining a predicted process output signal at a
future steady state condition according to a process model,
determining a steady state error signal according to the
difference between the predicted'proceSs output signal and
a desired set point signal, and determining a set of future
process inpﬁt-change signals required to correct for the
estimated'steady state error by'providing at least one step
25 response in the process output at a future time. The next
net process input change is then applied according to the
sum of the currently determined first-element of the set of
future process input changé signals summed with'any future
process input change signals that were previously calculated
30 for the next pgocess input changé signal according to this
method. The model is preferably”éxpféssed iﬁ'velocity3form.
In addition, process tuning paramétefs are available to
dampen the net process'input change as well as the currently
determined first element of the proceSS'input change with
35 respect to a process input change signal according to the

20



contyoller to account for limtations in the process input dynam c
range. ' Description of the Draw ngs

The i nvent i 928 e described in greater detail bel o l,C'r’tu 9513201
reférence to the attached draw ngs, of which: = Figure 1 is a
di agram showi ng the controller architecture of the present invention
for me3. Fi gures 2A-C show a flow chart depicting the
controller protocol for me3. Figure 3 shows a flow chart
illustrati ng t he controll er calibration procedure.

Fi gures 4A-C taELe % dﬁ%ﬁ re%"z%%e&ivhﬁ%ﬁt g\je{:ﬁésstaadg SEAPS  PRot S g n.

il lustrating scllpplnigl
Figures 5A- EFurthexcraeclizpingyEileesi dE rBrOVldedpérf\‘ PFaete for tthe

control ler of ddia serented WEEbhP for 1iRLERREGASMIH thiaalpRica | Rty

t uned PIDcontroIIers : Description of the Préferred

Enbodi ment 20 dynamic rangere foI I owi ng description of the invention wll
use the notation: gto be cenpared -
with set$ C 0|n.t econ nQput

X  The process input (T%eé'ﬂh t[:[o& fbe& i greak}:er E%lor

describing a %elaW witingesferende to the attached drawlpgscesi eantiymin:.
X A vector descri b| ng of, changes
f’ig'i?fe f1 {'é & d'13 tﬁh?wn.ggs the é:on,[throller

process input. he vec
i npul se 30 architecture of r@@meﬁttmvpngéggsfcr m=3.

The nunber of elenents 'I“hé\ﬁ‘éé’thQ"c ashow a flow chart: Jdé;B‘P@E‘fﬁgOf
el enent jof a A The matri x nodel of the

%lven vector
process chose roller protocol for ms3 y = Ax. 35 [err]

The/ Ias} n changes @&iguyredc8ssshowputa flow cha¥® Qﬁ[ﬂﬂéﬂfatlng the
PCT/ US95/ 1320 - 6-
(Menory of C0%}op(ﬁqoélﬁ.e&ltﬁﬁlb%tﬁgo&)procedure A[err] The

integral formof A usecF:ttgm:;esad&k-tC are graphs of processt inpust sadgus

~ state pr Ocesss‘%&l{pﬁ.‘ﬂtg interval 111ustt>i[£f{irl%gdse§ Xﬁ#ﬁf&"é‘ t_ Y9 pplagees

~in the jgocess
m The  nunb®rosedit@rents in a set of changes

Figures 5A-E are screen displays depicting
performance of the controller of the present invention
compared with that of optimally tuned PID controllers.

, | Descr n of the Preferred od t
20 The follow;ng description of the invention will
use the notatlon-
) Y The process output to be compared with set
- point. (The controller 1nput)
X The process input (The controller output)
25 Yy A vector describing a set of changes in the
| process output. ” '
x A vector describing a set of changes in the
' process input. '
a The vector that describes the impulse
30 ' response of the process.
n The number of elements in the vector a.

i,7 Indexes of an element of a given vector.
A The matrix model of the process chosen so
that y = Ax. '
35 ¥ The last n changes of process input.



to the p nputs h  The sanpling interval . .
w  The ﬁ‘f‘b dynam ¢ wi ndow (event horizon). 10 : CT’USWH?PH The
i nverse of A Al err] The pseudo-inverse of A

a[err] The optinmal colum of A+. S A vector where each »
el ement corresponds to the sum of an Alerr] colum.

15 s[err] The st eady statg process gai n.

[err] o, A vector equal to (EPP2)a+. e The predicted steady

state error. err] The.da enl n aranet er
P2 The partitioning par anﬁd?{m ry,gf contro mi‘%%’e‘t poi nt .
The controller of theAbresthe |intsegra:h pfcafmrai:ﬂ YA usedenpboygr@d]m&rpul se

response nodel that is in t a sinple one
that avoids the need for fﬁ&fé ¥t&9{iﬁ‘ sta ??étco%#p?’%‘l&?&ilm ents. The
i npul se response ¥y vec'ﬂ@# Eﬁ%@ir:bed funerselcaameampl dtevqarocems

- relative changes of 4 Og&8a40BhPyt, and the changes 'in process

i nput Jas represented by thelp@p@?ovmgng equat | on;: . [err] 30 «

Each el ement "a[err]'®of t{TRe|RPUPSE P&s [ﬁi@&'@nﬁ@:t-‘bﬁ a set pfprahangss t he
partial change in the procwstlgéltﬁyécegsaﬂﬁ uts. 0iven sanpling interval k

than can be attri but d to chan . In-a rocess: |nput at I nt erval
k-i+l. This pafticul the aﬂgﬁ%/igggﬁvag | v

PCT/ US95/ 13201 w The process dynamic windoﬁ- (eO'ent horf:.@oml ation
of the nodel has sev -1aI gggg Y] ther Jinear nodel s:
Firstlp a nodel can be devgq%pe using a Sf R - f| ni te nunber of

sanmpl es, reduci ng coddut at'ﬁ‘maselmﬁb:m:erse of Bor any process that is

open-1oop stable, thgre ismah Jﬂfﬂ'ﬁal coluﬁqr650ﬂ+beyond whi ch a particul ar

change in a process input
s A vector where each element corresponds to

the sum of an A° column.

1 5 8, The steady state process gain.
b4 A vector equal to (EP,P,)a .
e The predicted steady state error
P, The dampening parameter. o
p, The part:.tlonz.ng p_arameter:. _ o
20 Y, The set point. . )
: The controller of the present 1nventn.on preferably
employs an 1mpulse response model that is 1n veloc:Lty form.
This model is a simple one that avoids the need for more
than one vector of coeff:.c:.ents. The J.mpulse response
25 vector descr:.bes the relatlonshlp between the relative
changes of the process output. and the changes in process .
input as represented by the follow:Lng equat:.on-
. n AR .
yk-g 8;Xp-s01, WhEIE Yy = Yy = Yy, and X, = X - X, (1)
30

.
s

Each element "a," of the impulse response vector .
represents the part:Lal change in the process output at any
given sampling interval k than can be attributed to a change

35 in a process input at interval k-i+l. This particular



has no significant effect on the process output. Therefore, ~ . a vector

of length Bsechosen, where n- sanpling i nterval s ipgTiusSs/Eg6Nt
hori zon (n= W/ﬂ§ ector a accurately - approxi mat es the concept ual
vector of infinite length, where 10 all elenents beyond el ement n have a
val ue near zero. - Second, the elenments of this nodel nmay be
calcul ated fromeither an open or closed | oop response of t he process
to any type of input or set point change._ Fpr. exanpl e, the inpul se

response godel can be determ ned from 15 applying a step function to the
process input £{ORRMAOLGA Sf the mo@el! hakl g@v%m@dﬁaﬂﬁgﬂw@pmtnéme

nodel is preferably cal cul ated by linear regression of process data
Dat a t aken 11‘1??"6#1‘%@%%%p response in open |loop node is particularly
sinple to use, because ePLPstasgenodel hean doesdevelopeds @8ing | anesmall

auaros coti nei ALY THESERF eafBhBR’ T8RuglBY compurdiUE fpesa.

response expechnuerany macceas rthat ismmra-lltmmgﬁtsableprm@s% isyan svent
Pri or Wécontﬁ@,}ig%ﬁ BEYoiR I foll W Yt delat Nondilge {f'dprocess input

n n [err
t he aut orkaf s plandddcant effecs onh‘éhﬁna’épcem Petpuk. eﬂ&m@re.

of a are the Cé)efvElcQ.bQ'ntéfOflé weﬁﬁndaﬁceo@f dHoHEdbS whereOUhP\Hanfil g or
val ues of the pr ocess]rﬁl nput ﬁ z %ﬁslr edvl oad or bias ont
process that &HF Lhe event Of:Ze8/ {394 ector a accurately
PCT/ US95/ 1320 lapproximates the conceptual vector of inffnite lengtH/ mndﬂ'e

t eady slat f t h
been appl i ed. ® %?@%ﬁ%@?@%ﬁﬁ%e@%ﬁ? ARk yaipe pele 2B 0%
nodel are not found in tSecandy e-the glemem:m bof vEhdisi tmddsrlm may t fost
this veloci ty ARG +fom eirhed! BiCld rﬁ%fxtﬁibéé& RoBY Feekprtedde

Because the velocity concern abs
val ues of the the proggas e WIW%SO:EUJ'FE‘JE PKi § e@Plnt change - For

Al ternate enbedizipls, dhd NEnpiBsSetespyRsti ABdel can be determined from
15 applying a step function to the process input (open loop) or
controller set point (closed loop). The model is preferably
calculated by linear regression of process data. Data taken
from a s-t'ep response in open loop mode is particularly
, | simple to 'use, because each E:hange in the process input is
20 linearly independent of prior changes in the process input.
Robust least squares estimates of the model can use
observat:.ons from mult:Lple response exper:.ments made over

several ranges of process inputs.
Prior MPC controllers use models generally of the

25 form: '

E aiXk-.ul"'E By Y s+U | (2)

i=1
30 |

'In this form, the elements of b are the
autore_greésive coeffic-i_énts of the model, .wh_ile_ the elements
of a are the coefficients of the dependehce -of process
output on prior wvalues of the pi:ocess input. U is an

35 ' unmeasured load or bias on the process that can be inferred



coul d us 3@& that include one or nore inplicit terns t hat woul d

predict c t he process out put based on prior ~c¥ﬁﬁ8§%5’ﬁ3@1t he ~
process out put. Such nodel s woul d enploy a simlar control
architecture to that described herein and coul d al so handl e processes-
t hat are not open | oop stabl e. The preferred velocity
nodel used in the present I nventi og Is extrenely versatile. Del ays,
and n-th order | ags are easily nbdél éd. Even conpl ex dynam cs where

ﬁ ggponse can&'é akﬁgr&ggggga%r 8§3§§ é?ﬁg%gpg‘%'g'%iﬁﬁl re%%r % Of the ]?f:,;ataslegfof

conpl exi ty thasbmodedchssre beeni dpplikd. stHad9 that theaaatoeegnaselv‘e t he
process out Bebrricaunid| gB! Ure | kBBRL ar DEPERACLn | i\ 2088TelT (N
oop St a |

i nput and th rocess is near
state behavﬁGPCE&Pege"e-'LOCJ-tUo??E@t e%lolﬁhﬂfr ks ﬂQigDCtlr@nihmrrmodreleu.sher

the prOCeSSstrlctlyn&ﬂte:@plﬂ@i@%réd‘ﬂ@l&?@é'%déﬂf t BR AR hePEELCit
Unl i ke3pri or aP nmet hods, the.controller of the: resent invent| Xn i's

a true vel o%f £ cHMTFIRE  QPLK ge8y BPLI ARAQLULS | YALURE off ctihgt es
changes in phecesscvar:.ables,l Upds ulmﬁsriauqﬁiate cycle that are int egrat ed

th th . t W ed f 30
brior process, out pubtCeRifER 'Gilibainentd e nk PPt VRSP .
el i m nat es tp@’ébdeﬁse/\quelm thatniocAude\Ribe or mowet HoipleiciY hadrms e
simlar to ggset w%&ﬁ“%féh&@ ! Eha??e 1ﬁo@ﬁélé\ﬁéfe£%58ut# megea& can |

manual@y override the ~contro out put eavi-ng t he cont Bl er
i n aut omat i RE38Y Chﬁé‘&és" in the pxgsess 1ougput. Such models would

EC;I'/ US95/ lt3éiﬁ§lF oy a ﬁ.\m:.lar colnltrol architecture to 9t:htat:0 descf bed
eferring t,o Fi e e set of

changes to tﬂ?lﬁeg?oéggs cﬂﬁéﬁf %f?%a%ﬁneien%rocesse%ﬁ}}a? h8Tfj Bt cﬁP%Ihese
~changes i s logp eseabke, but the ot her changes are stored and
inplemented on futur T ut at i.on these changes
I's pers ormed using eﬂgdé*gfgﬁﬁgdl ﬁéé??ét&c n\%ﬁ%angl&e?s ”mﬁ’eﬁ

pseudo- i nvekeention jis emeseéaruwns&tirlmearnmbars rra;ndnmt-tﬂna\m:'cher exact
i nver se, delﬁﬁllélﬁeoéabﬂiynﬁﬂﬁelgaeff'ﬂ&méo Y\Qﬁn_dirh nt

s & sui { At AT EBRPRRR mZa‘-‘%?éﬁéooééggltpnmg@t%m‘é% im%av
represents raespnnsté cahpbe modeled. Process dynamic behav1or of any
degree of complexity can be modeled provided the steady
state response of the process output is approximately linear
with respect to changes in the input and that the process is
open-loop stable. Non-linear steady state be_havior_ can be
corrected by linearizing transforms on either the process
input or output independent of the dynamic model .

Unlike prior MPC methods, the controller of the
present invention is a true velocity controller with
integral-only action. It calculates changes in the process
input on each update cycle that are integrated with the
current process input. It doe_s-not"requir_e a knowledge of
prior process , outputs. The wvelocity nature of the
controller eliminates problems with limits in other MPC
controllers that are similar to reset-windup in a PID
controller. Also, the operator can manually override the
3 controller output while 1eav1ng the controller in automatic

] mode. '
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changes that when applied to the process nodel, conme closest

achi evi ng 12699€P T esponse in the process: out put. In F@ Q?MEP
with this invention, a nmenber of the set is sel ected preferab y a

| east squares cri terion. Other 15 conventional methods of findi ng _the

pseudo-i nverse may al so be used. The pseudo-inverse of the process
nodel is explicitly determned fromthe coefficients of the nodel.

It can be found once (as the nodel is acquiged). For this _ reason,

t here is.po further need for optim zation upon each 20 step of the
controller. Refeﬂ“m regi peglune ehel '&%n‘t&@lrl‘éﬂ & confiutd a
present invention is also notab di fferent from rioy

controllers. sethohmpikirke d:;:ﬁang%s L khe PYEcesy 14% on each, YA€ er

is added to thm renat fineresest ouheee Ydsham_t;eer 135 implémented] r butedHa om

It as is done th VPC contr ol | or cess ut_ ch es
are saved in @a’?ﬁﬁ 8 8kG Srote ac?‘xf:ﬁeh‘flei ?g?é §SP‘ ﬁé@ rﬁeﬁ%.
The controll erc}mﬂtes. The cntupuaatuloa off thesacehangeseis tpest grmed atsimg

Y[err] arfd % | NQ mB{ar P
process 30 ﬁstélﬁié%ﬁn S con elﬂ}%;?%brs oim prlll‘}%lré) uoﬁtrol ers
in that there s usedqlheﬁzam thasémﬁ#}tmﬂﬁér may, pett have ant gxact

~controller 1 %Jéfsé)reaeﬁanaaﬁentdrpntﬁan ﬁd@yceoeheaeéents. 1§RBn the
performance that is supertor toclassic PID ﬁ%&'e controllers |n nost

appl i cati ons. Mepsurement of thip ohjaqgtive 151 leaft Aquares, sjngular
handl e vallfe Hcoiibition is a suitable means to find the pseudo-
PCT/ U895]’01320 0

constraints onrAVRFSfmi piis RSSHIBIERVeRSEy ?ﬁﬁﬁ?iﬁ’?fgs t ﬁe set’ of outpyt
control |l er chalgeryas that whan applhed tpl eherprocess modeIrhlmrttedimmgsa: IS
referred to a Cla'cm'e%nﬁd I’dh&@eéﬁ%erespong %.H”kﬂg é}é’?c}]éé? &H&gué he

control |l er pertornance a Fove ness i € presence oft
nodel - processaﬁoﬁm&}wemyltb this angénlﬁe—oé’ohlévmrrm@lf-fﬁhﬁg see is

sy i, prsterely, o TSRy S e
1, whil ggt he - CSVES R ‘3’5‘9 H-ach t&leg@iséuf° inverss gaveal %P

and 2 describde aﬁseaB erutmll peamdo -iowerse of theorgbrod:éee el | dig
Notabl vt ne Sl RE St dedceran sH RS A Stlnce of  the mpasd
i mpl enent ed prIagrc:atmme (fxb_lind @ndy (Bs eche model is acquired). For this
reason, there is no further need for optimization upon each
! 20 step of the controller. |
~ The arch:.tecture of the controller 1 of the
present invention is also notably different from prior MPC
controllers. The output from the summer 42 of the
_ controller is added to _the current process output Y, rather
25 than subtracted from it_a_s is done in other MPC controllers.
Prior process input changes are saved in memory 24-and used
to predict future process behavior. The controller acts
only on the difference between this prediction Y,,,,,, and
the set point Y,p, riot on modeling error or current process
30 output. Thls controller differs from prior MPC controllers
in that there is no equlvalent classic controller. In fact,
the controller 1 of the present invention can produce closed
loop performance that is superior to classic PID style
. controllers in most appl:Lcat:Lons.
35 In addition, the controller 1 may handle



electric ction through custoni zed int egrated 1
a conbi nZﬁoo%ﬁo both, using any of the nethods knomicﬁm%%%ﬁﬁ%ustry

for providing the functions descri bed "~ bel ow wi thout departing from
the teachings of the invention. Those skilled in the art w il
appreciate that fromthe di scl osure of the invention provided herein,
commercial 20 sem conductor integratedgircuit technol ogy would suggest
nuneroys alternatives for actual inplenentation of the i nventive
functions o lore I t Q) of
the i nvent | gonet radateoloieeid Haitthisfacla, bubBure, v, B AbAedins e

process or Set °fpl%ﬂt@ilerrr@%%§%riiﬁt oper gthats Qililthe empﬂ.ememtpd.e of

the control ratis dé%lﬁﬁ,qn@riélgrEHérﬁréﬁr% ayclcqlbp ?5.35% i nput

(controller outg le§ X[ thetf Qf : out ut |s err

Control | er 9By™fe Rs E3Res HaRTgoL ler P?mgepﬁﬁée%@é‘m@ut Yk

(step 5202) rébustnefs amrmhesp%&send&mﬁrmo?ei#p&@lceesf lrxﬂmﬁéit[.eéﬁ]inhﬁ ep

204). “2In t a na Y[err

Next | the crrsp BE-achievllt By ubt SR viis ‘ol Fofl o onab il oy

nanel y, danpeni Ag mmbm@menp[ eim}' &arlnamgt icaat nghparﬁorego:.ﬁﬁerr]
t I 2

respectivel et AbaBl 86Y¥Sis iﬁﬂﬁstéaﬁ:%ﬁeﬁnzg@ock Iﬂ.ﬁrﬁﬁ Storm. %Og%ﬁgggo

paranmeters used_tQ tuUne the control may eac
PCT/ US95/ 13bp1While the corresponding steps" are shown in FRiguree2set to

"1" if notrigedes 1 and 2 descFiQ;eeraﬁr ﬁkgnaémh@élﬁgﬂtf'%9¥vefe -
t uni nip & ters %_hen lied: the alerr vector stored in

bl ock 16 wh‘F%’R ’F&agf%’é 8 9’?5 PRo e rné?FﬁT ‘é%s(eifeﬂl readily gpeck 16
cal cul at es appreciatedXl[err], X2[err], X3[err] during the- k cycl e
for application to t SS r - r e vaI ues
cal culated jn bl ock 1 ogé%fghi_f P i%?gt%ﬁet‘h Shpeamlatien iy |

(step 210). ingriicn mayihpe hinpl ement ede programmay iwalilyp | cardoyt e:thmctshl ft

registers, Siddtesidki or ul ue X3[£
X3[erry. These val u?ﬁ a?qs%:gz‘:@%ﬁ %ﬁpo ?E ScagtLe #e?ftl C Q{Eégzaé}ged

An additio ’&Q&tt’t?’%(ﬂfePPFhat ugipgeany. of tl}!? meihgd®12) .
Thi s conporlerdwn sinlithe dridustafy €Sr ProvidingaiHd ittt i Gdseddided by

by 1 urt her ey tf%;éé,m‘ifeepam%s? £PF EaP°Gr8th bes ot ke, Apratoomummer
22 i s adde&hase Sklll(eﬁerm} +K3Pera#tfm&ﬂ.blqnpwedlabeathat t Bkomi dhe
account | NYilsclosure. of the invention prov:.ded herein, commercial
20 semiconductor integrated circuit technology .would suggest
numerous alternatives for actual 1mp1ementatlon of the
inventive functions of the controller that would st:.ll be
within the scope of the invention. '

_ Controller 1 controls output Y, of ‘process or
plant 34. The subscript k refers to the current cycle of
the controller. Hence, during the current cycle k, the
process input (controller output) is X, and the process
output is Y,. Controller 1 by means of set point Y,
regulates process output Yk (step 202). Summer 10 computes
30_ the error signal e from Y, Yk.,.“m_, (step 204) In the case
of m=3 the expected future s:l.gnal is Y,H.,,H. Next the error |
signal is mult:.plled by two tunlng parameters, namely,
dampening parameter Pl and part:.t:.on:.ng parameter P,,
respect;.vely, at blocks 12 and 14 (step 206). These are

35 optional parameters used to tune the controller and may each

~ .



changes cal cul at ed durihg the previous two cycles (step 214) .
The clipping 28 adds any previous clipping chang% ]
due to cli Bg‘?ﬁﬁ&% prior cycles (step 216). The cli pping Uﬁé%lfig?]

det érm nes whether the controller output will fall outside the

maxi mum X[ err] or mninmum X err] - val ues al l owabl e at the process

i nput. Figure 2 describes 25 t he maxi num range situation though this may
readily be extended to the mnlrmmralng_e situation. If Xerr] then -
D=X[err] is conputed. The value x[err] |s set to X[err] X err]. At
step 2167 2D t Q%[ @kr f ne cycle and Dis subtract ed
fromx[err] fP? sggwg cy %I eg&- Lfgtg%gquw 226)

above- descri bed functi oﬁ‘her eeBYoOng stmabckéas mOdl@eQ4b¥nthG otuFiQQre
1 may. al tern aiésinxtés}e Py &f q;rr?etﬂ Yulti: 1{&1'59' eRBNGOd el | SWEred! 08K

24 woul d cont v%,n i near s hift register which, in the_case of
m=3, woul d us’élc’ck 15t eh dayhif anyrreitable BeRREN: dﬁU&F& EBRERi 208 he

val ue oB1d8kens] che chatles tn@d&@ﬂ £1,. FR)¢RLer 43, ., d'\lilfiﬁg‘cﬂﬁd
el enent $wul d cont i“ n X3[ err The thi rd | enent woul d_ini t | a

VO 96/ 12990 % cycle for application to he proce xt three
- 12 - 0 ‘cyclée.O. mahmwesumncuhmned inrblﬁ{:lerlt];,ai@[shitted@:[.mo]

(rom bl 0ok amced®a Uk bl SYEFS, (BEERIEARY D, B 8, ity GFOC
val ues from bexample mulldeaimpbenenhedt@s ashifppre@isters bstokes prior

dj ust t d f
oui stogp 24 CaTculabed Fatis A2, HSL A KIS fmege s"rﬁlfq‘té%‘%%e ow

contai ns the Slifted iihptlhecﬁéﬁéecxﬁéel s sent to accunul at or
The remaining el ements gh éﬁ@l@fbﬁélr@&hﬁéﬁén@rfh a.dded o B'CELEQ é’f‘%ﬂnﬁéf he

left in preparatlon for_the next cycl The above-describ

met hodol ogy t#®ud®EEBRA%EY: f or ggﬁponent A dPrS K0 eﬁ‘%n&géeﬁt} Rher
val ues of m partitioning andlhisacowmedtioy ﬂﬂl&d@&yhhtg nneuéyomgsmtmlf

o g o SEAOE S0 YERLPRoLPE, koot B8 M GRS Pl L4 1
appl : edto Eﬁay:cnﬁﬁ ealf lploclesBOﬁr ﬂ}l‘mtctﬂzpt(ts;mﬁ) Q‘?)ler :2 is added to;’hg
bl ock 36, whi Tp{ak cEagnl DIGOENSE @y ap, e ALARLTSHd oo R BpRALT Ll 20
stores the vechanges elcna]lculatedr e@uasngt mi:@ pprevipuscdue i apgleshalffmp
Upon each nevwqga),

The clipping block 28 adds any previous c¢lipping

changes to x;,, due to clipping in prior cycles (step 216).

The clipping function determines whether the controller

) _ output will fall outside the maximum X, or minimum Xnin
values allowable at the process input. Figure 2 describes

’ - 20

the maximum range 'situation though this may readily be
extended to the minimum range situation. If X,+xx,,>X,. then
D=X,+Xy,({-X, 18 computed. The value x,,; is set to X, -X.
At step 216, 2D is added to x.,, after one cycle and D is
subtracted from x.,, after two cycles. (Steps 218-226).
The above-described functions relating to blocks
16, 24 and 28 o'f Figure 1 may alternatively and preferably
be implemented as follows. Block 24 would contain a single
linear shift register which, in the case of m=3, would use
three elements. The first element would contain the value
of =%2,+%3,, to which is added eP,' (1-B,) /s,. The second
element would contain %X3,. The third element would initially

25
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cycle thegywy value is shifted into this reglster and al j sting
val ues are Shl?#gd to the right (Step 234). At bl ock ggrn?%e X[err]
vector is nultiplied by the s vector to ' derive the predicted process
out put change due to past process input changes (step 236). 25

‘The summed val ues X2k+X3k+X3k[err] from bl ock 24 are mul tiplied by
S[err] at block 40 to derive the predictpg process out put change due
to conputed future process input changes (step 238). The outputs of

bl ocks 40 apd 38 arﬁ@c&&&b@ed valués "EBE ﬁm, gorivegshe & t ed
future process out put 30 change (step 240). hi §Val ub"i s en added to

Yk at sumret® W°U1d4$hﬁ§¢§§WQQQQQKaQSﬁﬁﬁﬁ%HV¢hYurEooﬁbﬁufl§ﬁﬁnaﬁe¢9nﬁ+n}2
(step aﬁdZtmidaoeléﬂéhtaeﬁf cyleé eshiet C:.bégﬁéiﬁeﬁ efn Widkk iFe I eateskhe

current process out [ C ut ed
WO 96/12890gﬁree va ues % 1odkéijwou flﬁ%g,gggglggzglc ipping

- 13 - blotkefioy afij@stmeritoms described above, dandrther petainesgove,

an equatlontaeghgng&E@gr 1€te&n2%pbod|nent of the velocity nedel of the
present invention expressed as [err] whi ch may be

conveni ently represenﬂb@ inﬁtrualﬁmeatuomienthe shift register now
y = AX contains the des:{ﬁédlﬂzput chdﬁ?é%.rﬁi i @ ”H: K¥cini®hEby and

X is an n1e£enentT¥Fctgr n %il s colunm matr| x) of process I nput
changes. empiningh m r & ekbft Shifhaxrggisremeare
proceighoutshifaeggg?e$gFgﬁdgégfgﬂE ﬁnﬂpﬁbﬁaraﬁlanggfgﬁhé ‘néRt cf&ﬁéges
feferred t TR UPAvSsa8StEEBEA YorBAtpLoaY thotgh” Sompibag, EoRamm3qErn
coef fi ci entzeadilyeberextendedeto othedetvalueredf toe nodel. is conveniently
;gg;esented as a ThEPLEEmA1 280 A 6L Ul e lly cAfSOEEE Whtue! T A

X+ to X, (step 228). An optional manual bias function is
provided by summer 32 (step 230).  The controller output X,
is applied to the input of process ot plant 34 (step 232).

'The total expected future output change is
calculated as follows. Storage block 36, which for example
may be implemented as a shift register, stores the vector x°
representing prior process input changes. Upon each new
‘cycle the x,,, value is shifted into this register and all
existing values are shifted to the right (Step 234). At
block 38, the x° vector is multiplied by the s vector to
derive the predicted process output change due to past
process input changes (step 236).

The summed values =X2,+X3,+X3,, from block 24 are
multiplied by s, at block 40 to derive the predicted process
output chahge due to computed future process input changes
(step 238). The outputs of blocks 40 and 38 are added at
summer 42 to derive the total expected futuré'process output
30 change (step 240). This value is then added to Y, at summer

44 to derive the expected future output signal Y,,,.m: (Step
242) . Upon each new cycle the Curfent set point is read, the
current process output is sampled, and Y,,,,., is computed.
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20 - tine characteri'zed by the index k the process is not at st eady

state and | -1 el enment vector x[err] of prior input

signal s (ij.“;e(.,, -01n+2, Xk-n+3 .... Xerr]) is known, .and thepcT gsrazg%:ess
output signal Yk is also known, assuming no further process i nput
changes occur the steady state output value 25 Y[err] may be cal cul ated
corresponding to the future point k+n-1, after which no further

out put changes occur. : Explicitly, Yhqrr] nmay be determ ned by first
performng the matrix nmultiplication Alerr] to provide a vector of

predi ct ed Th%g%pgf %@gg%@% gnals y[err], Y[err]. . . Y[err] and then
summ ng 30 US_of the predicted output change vector and |,
adding the result to YkAS dﬁﬁ@’&ﬁ@@ﬁrq:‘é‘aﬁ‘?ﬁq'aﬁnt%q‘t‘ﬂ ion repreRaniing

predi ction hoin ZHbhAPithaRE O neddelopies mbded of theerésont Asesritiow! Y,
t he defining eqlt,J tions are: 4 39, WD 96/ 12990
PCT/ US95/ 132¢42Y be expressed as: - 14 - [err]

where for p greater than n-1 y[err] is zero valued. Alerr] may be

| . . j . 3 - - .
g?grlr]m t ya\éwl veen ﬂig; 8;X.g01i WhETE Vi = Yy = Yy, and X, = RV, (3)

‘which may be t_:omfeni'ently represented in matrix notation as:

y = Ax ) | (4)

10
where A is a n+m-1 by m matrix and x is an m element vector

(e.g., mxl column matrix) of process input changes.

Since this model represents a change in the
process output as a wéighted sum of a number of past input
changes, where the a; coefficients are the weighting factors,'
it is referred to herein as a velocity model.
| Once the model coefficients of the process are
determined, the model is conveniently represented as a
matrix A, -defined 5y equation 4. Accordingly, if at some

- time characterized by the index k the process is not at
steady state and if_ an n-1 element vector x° of prior input
‘change signals (i.e., Xias2r Xinsss =« < %;) is known, and the

} process output"signal Y, is alsoc known, assuming no further

process input changes occur the steady state output value
25 Yi4pq may be calculated corresponding to the future point
k+n-1, after which no further output changes_ occur.
Explicitly, Y,,,, may be determined by first performing the
matrix multiplication A°x° to provide a vector of predicted
output change signais Y%+1r Y%42 ¢ + « Yo, and then summing
30 the elements of the predicted output change vector and
adding the result to Y,. This concept is similar to the
idea of a prediction horizon approach of model predictive
control. Accordingly, the defining equations are:

15

20

35



[err] It is further wunderstood that idcPbsdshgadii e -
character‘y?cganwﬂk, with Yk and x[err] known, one nay express the 20
effects of m subsequent (i.e., future) input change signals

characterized by the vector x (i.e., Xerr], Xerr] . . . Xerr]) by
generating a matrix A" that is an extension of the above Alerr]
matrix by an additional mcolums and migws. That is: 25
35 [err] WD 96/ 1299
PCT/ Us9b/ 13201 | - 15 - 0 't
can be seen that A' nmay be partiti,oned to two matrices, A[er{g) and
A, and thus, the sum of the proc&¥® Oujs t @:Xkep-£*hanges for each interval
fromk+1l to k+n+m 1 may be represe ted as: 5 Jerr]
T - 0 oo . (6)
5 Yeep = ¥ * 3 Vied .

where for p greater than
explicitly written as:

10
a, .o 'a3 ay
A°= o .o e e o o .... ,andA°x°=Y°
15 | : o. a, ayy
0 cee O a,

It is further. unders_tood' that if at the time

characterized by k, with Y, and x° known, one may express the

20 effects of m subsequent (i.e., future) _in’put change signals

characterized by the vector x (i.e., Xy, Xz - - + Xiem) DY

generating a mé,trix A’ that is an ex;:ens.iori of the above A°
matrix by an additional m columns and m rows. That is:

25

a, ... 8 a, 0 .. 0O
A= 0 eev eu. @y a, . 0
I O 3,
. .. . a, | ap
. ' 0 a, . R
0 0 | | a,

35



10 . ‘That is, it is understood fromthis equation that t he

predi ct ed utput signal at k+n+tm| is equal to t i 6pd

process outp at k+n-1 that is based on past process I nput
changes plus t he sun1of,the process 15 out put changes due to future
process input changes x. It is al so understood that the vector y
(i.e., AX) is equivalent to the process output changes that occur due
to process i nputs x applied when the ? ¥stemis at steady state (i.e
X[err]=0), It is convenient, as wll urther understood . 20

her ei nbel ow, to define: It, ca[ﬁrﬂel seer? théﬂ@rnmqbe%&%ieﬂo&eaayn@@ two
rewwitten as: [err] where [err] vect or whi ch each el enent

is unity. |t matrices, lﬁﬂdépﬁlt bodapﬁattl'!“@pl |téﬁ s (e '-'rﬂﬁ DREWLR/ KMUERPE
product of chdrifes/ CEod Sefeh €SRLEHFal0 BromNNefl (it k+H6M-ar ) mBYOdBEt

~formed by perforn1q9 the matrix multiplication of the- transpose of the
flrst vector (FERFeSeRLRA A%y 4 row matrix) 35 by the second vector
(i.e., colum mtrix), resultlng in a WO 96/ 12990 '
PCT/ US95/313201 | - - 16 - ~ scalar
quantity. ' ti,on 1 | aces ormng the matrix
nul tiplication Al err] fol l 0% Jb:ypﬁj hg *ﬁbmbetu r{g“ﬁutput (7)
10

That is, it is understood from this equation that
the predicted process output signal at k+n+m-1 is equal to
the predicted process output signal at k+n-1 that is based
on past process input changes plus the sum of the process
output changes due to future process input changes x. It is

' also understood that the vector y (i.e., Ax) is equivalent
to the process output changes that occur due to process
1nputs x applied when the system is at steady state (i.e.,
x°=0) . It is convenient, as will be further understood
' 20 herelnbelow,-to define: |

n

I - - o S#‘;ka;' o | (8)

25  from which equation 7 may be rewritten as:
‘mep-1 n-1- ' ' -
Y Viep =-§: sl,lxk_iﬂ + 512 x,m-—sx °+g, Ix (9)
p=1 =] =1 )
30  where I is a vector in which each element is unity. It is

understood that implicit to the notation used, a product of
;wo'vectors corresponds to an inner (i.e., écalar) product
formed by performing the matrix multiplication of the
transpose of the first vector (i.e., producing a row matrix)
35 by the second vector (i.e., column matrix), resulting in a



vector &g}lﬁ{l%ustep of formng sunms fromthe colums of A.‘L@HJL%IBZOI .

Slerr]) to obtain a vector s so that

nultlpllcatlon of the vector of prior changes x[err] by s "~ produces
this sumdirectly. Simlarly, the scalar quantity s[err] represents

t he sum of any single colum of A and t hus the sumof.the future
process changes due to the future Rrgocess I nputs may be sinply
represepted as shomm The steady state process error at the
future time g ﬁgaﬁggg ed by k+m#n- 1 may be expressed as: [err]
20 fron1mh|c écogni zed that the termin brackets is . the

steady state error (i. Equaﬁéppne(ﬁ asreplaceg+n-perfopming . the | tmagrix

further recognl gegdliBatibheaser ﬁbwoﬁeu B¢ éﬁﬂﬂiﬁé t:ﬁe resulésh Sutput
selecting future Er 0Ccess ut sig [ hat resul final

in
Lot m of | SqUATSEROR0 EARR cHREIRE SRS SQANLRS SUtS S5Am e FO B A &Y o
it can be seeh.ébpt & DOSSlb|B s,) Sobutdlttain fr videtcamef sbhetxkat
vect or ¥l errent to e& % tte neg ive of the error divided,by the
steady- st ar dmTtiBLEfEfIon oF v, "FHREPY® Gh (RELGE Rhaigas, E Bat '8
el ement s of prombeszehbseamepdlneet]ajrenesimm\Iarhyy\otﬂzd scakraBlOguantity
magni t ude eqyl % f teh di v by the
st eady-state} proetco%s gal ng%lgu@orotrfe?p n?iﬁéfg 8§i8§na8§e§ &)‘# %ﬁ' é/and
can be seen the psuml &€ atbeofuture processachanges tdue etooithe future
bref erged carr oo bﬁ%‘??i@é&. b8/8RpYY. reprenehted A SHAHEC) 't one
st ep response OUt put The Stea @@Qg%{pcess error at the future time
PCT/ US95/ 132presented by k+m+n-1 may be expresse‘d &E

15 menzy 2 ] amm (10)
E=Y+ Y Vi - Yo Y+ Y (A%%°) . -Y, | + ¥ (Ax) .,
_ p=1 p=1 o p=1

20 from which it may be recognized that the term in brackets is

the steady state error (i.e., defined as e) at k+n-1. Thus,
it is further recognized that the error & may be reduced to
zero by selecting future process input signals x that result
in the final term of equation 10 cancelling the error e.
Referring to equation 9, it can be seen that a possible
solution is for the sum of the x vector elements. to equal
the negative of the error divided by the steedy-state
process gain. A simple example would be to select all
elements of x to be zero except one element which would have
a 'magnitude equal to the negative of the predicted error
divided by the’ steady-state process gain. This corresponds
to deadbeat control, and can be seen to pro_.vide- a slow
cancellation of the error. - _

In accordance w1th the present 1nvent:|.on, it is
'recognlzed that a preferred control methodology is to
determine x such that at least one step _Jj:esponse output

25

30

35



occurs at sone future tinme that cancels the error e. Preferably, a

single steggé& se process output is enpl oyed, anRdrigos/15dosP
response i s generated as early in tinme as possibl-e. It nay be

gl eaned from equation 10 and A that providing a step correction
before k+n-1 to render e 5 zero valued is equivalent to canceling
the error e, and thus, the error at k+n-1 will be zero, and no
further out put _ changes will occur thefygafter (i.e., steady state). It
may Jurther be appreciated that this criterion is equivalent to

setting one el gagRRirs0f a¥ CfMiAé lfuthrddtdhle Othak etgfivals léhe *udrte.

zero, and solving y=Ax _for the future grocess I nput's. x, Wwhich nust,
then be scal ed PE@LEREbd¥Wor @ SHiRILE Stebs respoRse OFES8Fs e FUEPUy 18
iteration to peppléyed,0GaRs this stept rebpoasecdsh gémerdted, as heaelyoine

is cal cul ated and th mul tiplie . J I Qr. Ge
with the for eggf"ﬂ‘& 8858??55-?6&- |#€ ma}g %ﬁ&b%g}gen%e;%?%oeﬁaﬁa 6}15?'?1@ nﬁﬂ
each iter %t i onthatupmoyviding @ oseep copyectismgdefiopeallctark tetrenderds
on each k9t her ' begm, ' de fUtdyrfe R e St YIRS Se i N
changes frggﬁot ﬁ’eﬂp\%éec\i/i gﬁs Z% ?éflr%é’%t?terat |éc??llﬁaf'ﬂ a\% not ?/'et agg
been i npl enent EBuSm pheserrarcat fithrd whilde e oddys no furthey, putput

changes from t BRakgdsi Wehat begurhghehauetas! (iele.ledteady state)enentefay
etc. That is, for_a gjven k+i future %OCGES. ,. I nput ,cha&ae.v. &here are
mi previousl yEBEFBBFaPEJaBPrEEdiated that,fhis ALiLeTdon, a8 PABAVBLERtLES

i L erati 023 : fsaaden];g.t anlé _éiemghtomfaboéquaﬂ.heoeﬁf-eahgpé.lll. hethai:uelaemanusb
changes t he i nal__stea t t _ ct det e

it plying. ¢ REEAR 1O REPar Vel Ao i ey Pk CERES Pl ChEbEREs"
process gain sisputs amdwhich must athew bguscaded by thenyerwompdi Sueld &o
i nclude th ' I ' ! -

| nel ude these BReutausl k a° WA he dif U G RIORSR ScbPLLvEHE BEScesns

accordingly. . ror terme 1n equatio mes:
[err] 35 whefenkrols atseach iferation,cphesexriory @ He sead evwlaked and

WO 96/ 12990  then multiplied by =x. : PCT/ US95/ 1320l

- 18- 1§ In accordance with the foregoing description, it
may be understood that since on each iteration m future
process input change signals are determined, on each k there
will be m-1 estimated future values of process input changes
from the previous (e.g., k-1) iteration that have not yet

b
2_0 been implemented, m-2 _estimated future values _of process

input changes from the k-2 iteration that have not yet been

j o implemented, etc. That is, for a given k+i future process

input change, there are m-i previously calculated process
input change values from previous iterations. As understood

2_5 from above, the effect of the future input changes on the.
' final steady .'state output: may be directly determined by
multiplying the sum of the future input changes by the
steady state process gain s,, and thus, the above equations

may be modified to include these previously calculated

30 _ future _proéesé input changes accordingly. 'Tha'.t is, the

error term &€ in equation 10, becomes:

& = Y,+ 8x° + 5,x/-Y,, (11)

35 where x’ is a scalar quantity representing the sum'; 6f the



revi ousl ated future process input changes for aII ture

ltOi nes up%gggg#h in the future. These future val ues PW’B@

accurul ated on each cycl e. Then, the predicted future steady state
error that takes into account previously cal cul ated future process
nputs m1l intervals in the future corresponds to the steady state
error at k+n+m2. 'In order to gf{gcg a cancel l ation of the steady
state grror at the _ poi nt k+n+m 2 vector ‘x is determ ned which

il I t
L ancel previoudy? B dbed AUty tptdcges| SELERARMEA ML
10 net préysaxre ﬁBE‘?BcHEnQQ Eflgnhl ingihe eﬁilﬁlbfﬁ he Thesafauture values be
the sumof ha¢ fhé ShceuniBated 6HC daldd eﬂircle(.' eThei&[,ertEﬂé predick the

(k+j+l)th el efrent from.aan revi ously cal cuI at ed roces I nput ange
vectors | | AREIFR EEPAGYHBEALS SRFOR ThAt takes iqte) preyigwely. 15
As st at ed, ba&edlalteahmcureepi-o&eend fﬂﬁﬁtsfmthemtervamtuwné £ulthee

curren val | e 0 ut.. the rocess |. uts,. and
the previ oug rggpgg‘ld%t g% ?’E‘F g% ady Stﬁr'(?c3§§ 68"( l%'ﬁ‘é‘ QrGeL: ed
as x'), thetoeﬁfmqtga .canceklatien cofothet steasiy Htate sesndy atathe
condi tion Gal cyl c - he al
goal of nB&lgﬁo%gggmc?t%I@égé?f ? % a \#eé(%f'@'% ‘ﬂﬂnélngeg--?‘f-'-l"E F%ﬁggi
process i npthexerrar hy|resultdngin @iskep yesponse having afagnitude

_error as quegkhy %% &Q@'ﬂ&‘éﬁhcﬁ@& sééahypéeaees error. | SPRERNSEhYCAERE
woul difpave a si ng e non,zero value in 25 first el ement preci sely

equal and oBfbsPFeCPASsiBRut,change s%ﬁﬁé@:t 8Bplipg to Ehe; ErHSFsﬁbVﬁ-ébs
that such pbefehé swmtasmlthe firsts elament iohlthedjcriveit x (HQk. anxg, al 0og

system perfect nat .o gssi bl e,, but. cann fined
|% . P ?ﬁé 5P 98 n#t%ﬁseieﬂ‘ﬁglt n%]‘y%ggflgclp %’&ﬂ%ylgagﬁ}@a‘ﬁeg
achi evabl e protessspoputt changeveacsargl jnintervalsl in the pasgpl wedhif this
definition i'én%fﬂﬁé Eggmaohgakopr(glcqgs t he val ues of a process

at ocCcu

outpuis th et we anple I nterval s may not necessarily
change in linear fashPf8nstated, pases:on: dite Gurrentfnewledge aphethe

perfect frogethpolat, e Spaskrene falde BiESAH epPasRLES cutigdte! SeHR! €

| VWO 9 99
IrDIC-I?-}OUISgg/ 13@61“' process %nputs, and the prev:l.ously @culated futiarec 3

pr obl em wheprpcesesdinpag tchersges e (aceumileltad s x’), ithe heem@imt kg
ICiP]E ferez\"/£|nt process error at 'Enf82Euthr3 %%rea%(i} sttt 'SRl Sdy pe
_ calculated accord:.ng to equation 11. The general goal of
process control is to find a vector of changes to the

process 1nput x that will el:.m:.nate this expected future

process error as quickly as poss:.ble The ideal process

_ response vector. would have a s:.ngle non zero value in the

25 first element prec:.sely equal ‘and opposite in sign the
expected error. It is not obv:n.ous that such perfect control .

is a pract:Lcal object:we For an analog system, perfect

control is not only :meos51b1e, but cannot be defined in

terms of a continuous signal. "perfect" control is ohly

30 _ achievable with respect to a- givén sampling interval.

| Implied in this definition is that for a real. process, the
values of a process output that occur between sampie
intervals may not necessarily change in linear fashion.

Perfect control therefore only appears perfect from the

35 perspective of the discrete samples. Intersample rippling



way of posing the control objective than the |inear m nim zation

pr obl em of -v%'bg,i”%{;/c controllers. In other IM cont rolﬂ‘ref,ﬁsgsﬂgﬂﬂbeat

tuning is inmpdssible for processes with lag and can res

unstable tuning. In accordance with the present invention, the
one-cycle objective is altered to one cycle plus the process

deadti ne. Thi s obj ective achieves a result that mnimzes RVE |
process error 10 for a set point change. 49l n accordance with a feature of
t he o,Method and system of the present Invention, this step

response proc S W04 Pl & il | progabs/ad gbmest o Yomall reREOLHENg

to the desi re ange en so or x u matri1 x al gebra.
The sol ution ffeﬁ Sh%aﬁﬁlml$om€ew%kl y by ~conputing the inverse
Alerr] once and then sinphy gaal igH w perfect stap Qééﬁbﬁbéeﬂsxafd/lfﬁé‘ﬁent

error for each step of the orith m rou h thlS rret od, the
conput at i on r SR¥ é?)eo P°Si’t%ntﬁ@réifgge’f? e’ linear
rmlt tipli tcat [ ommﬁ:.zwmbdue problem&ﬂgmﬁgednaﬁi t:qbnaroamelmx | Inesther IMC
optimzatdon r LEY QU qqﬁ!

practical di fﬁeg_}#’{oe_p]é%%u %?"%e%h us ré i snse%?l%l 58 & oocr('zérbré’oes

- real processewith t]tag andt¢tan resulprasenuetebleeltmngrmt ane% aa:cmzrdam:sa/e
zeros or very Bl | cne pry@eHES ARde1sh AR - onelBye1kACkpYuEE 2OLCS

that the : matr|X|S| condittoned. "If nxn ther ermrethan
one sol ution. 2149484 | §0sRBRI rgycl,q ePRPSt (@ cmuGLaRfsdsgdtime. o This
However, in agpactiee s et €CREBONE LHRE fuinini zes RNS!y fod el Hxyeas.

dm b | t t hat
denl 1y Sl { oo % Bt PO 6B o7h as?%ﬁtﬂeﬂffsf%:ﬁcaeséeews &t thee
pseudo-inver smethod anddesgstemedody tliengpresenst| ubndentipnsi ttlnts (E8dp) .

SvD : fac e ri ts
nor mal i zed matr |s;> é%n@%léeégoélgéé)&n 1 %(ég:%ﬁ a:lérz|'-’lnccH:'t%P&9ri)a}1 Seq%q'r?&l
val ues (i.e., acsRrying Ta sr-hfeadeen.rgdt cbangenané then sqb‘emy of dpoink gisding

seudo in ers n )
gCT;JUSQ:\_—l/ \1/3201 Sty LYEH N0 THE JOMRA IR for x ca\Ppb%(Sf%?%)qulckfly by

non-zer o si ngACRPULENE the dinversg #'nense @nd then pimplpoFRlsAplydngef t

and right parteheof dte'%%rﬁﬁ'r@d“ah by tﬁécoéﬁﬁéft'ﬂ@r ﬁ&ﬁ F%tﬁéﬁiodﬂw%'h%e
e_i nf ormat

t hat t
noeded o 11 a@lgRritnh.  PhrfRgh Enig; meilbhe Whe | fONBRERELGN Regbired
Once the capsbednednmedsw@ssibetavo omnnmemummplmcamc&m)be&dupgate
'and again, and co?r&: %:eadS Wit Oé)técgﬂﬁ;ﬂ.é:‘é“i{‘ﬂeg?”é{:@%izaeion required by

20 prev:.ous MPC methods.

A pract:Lcal dlfflculty encountered w:.th using

) | linear algebra for most real processes is that in the
'_presence of delays ' ‘matrix A will have zeros or very small
values on the diagonal. _‘I_'h:.s fact guarantees that the

25 matrix is ill conditioned. If m<n there will be more than

one solution. Strictly speaking, A?! frequently 'does not
exist. However, in accordance with conventional matrix
algebra techniques, a '!pseudo-in\ierse'! may be calculated
that has properties ‘that are ideally suited to solve the
30 general p;'oblefn of process control. The pseudo-inirerse is
determined by singular wvalue deCompoSition (SVD) . SVD
factors the original matrix into two orthogonal and
nomallzed matr:.xes and one d:.agonal matrix contalm.ng the
"singular" values (i.e., LSR=A). This factorization can be
35 used to build a pseudo inverse A* by computing the inverse



the controller. The desired process response is still
representé‘ﬁ’"’um by a vector that has onl y.one non-zero el ®CEAISIYL2B1 to
t he total change desired. However, because the process nmay
~contain dead tinme (tD), and thus it. may be | npossible to make a
change in the next sanple interval, the ideal - response vector nust
be changed to one that can be act uaI ly achi eved. I nstead of setting
the first element to the 15 desired cha#ye; the elenent y[err], where
i=t[errP/ h, |s set and all . ‘other elenents are set to_zero.

In accor danc@withe { ROBc&RED| SERFULRFoVRYueRe and mubripdydngnant ithe,

sever al atteﬁﬂ&ﬁbp&ééa%ﬁgﬁtmém!elﬁt and xrieymgnpae%s beStthé)eﬁrliginhﬁe
desired respé §gvect. one non-zero el ement Oone

has
col um of th BEE: o’ ks ?@q‘zd%e’é'ﬂ’e%rﬁ% b%r?o?ﬂ?cﬁm‘?‘ﬁﬁ m by n
cal cul ati onsmafrhax that contatihs a3duthei mnfomaunohahlee@em to ﬁ&adr cHe

response vec el . AS rodu

solutiofp x .oﬁtlmum ﬁéq{] B?hleaﬁf%ec%l Eﬁn ‘% t#:gggggd ﬂ&%‘&é’r Se. nc‘é’ecﬁhﬁ
t he psE%G’édPnﬂLEV?é‘S@I ﬂ@@d)b&ﬁihtamuted.l Atomast ike applibedtagain
det er mi ne th@naragsiﬁ dgad HitMBctdveR 'tfné topﬁmmk%n% [onstants for

Thus, det er ni ne the - colum o 0-1 nver se

best produce%h% E?Eﬁrﬁuilﬁﬁt response, ~_each columm may be-applied as an

;\gprt and the respectfThe &sirﬁdtpﬂbeedasﬁrrﬁespdnéécﬂsdsﬁﬂllQréﬁf@séﬁ@é&afe
plying ea e pseudo-inverse_as corresponds to

gener ajg ng t na‘f??ggﬁxgr@ag,&‘%%t?fggyf%? © PRcFFRY ?ﬁﬁmﬁﬁgte al't RO o

t he pseudo- itmeakechange cdepiredan cHoweverct brecause bhesgirrdwsts ngay he '

identity mat Ty i X d S t he.squares of

Edoed IR Egﬁ %@@na (e, a% 58}"?29"9%% B@ﬂl%ossz.bs.l.% AS

each colum. _ An ad It1o
PCT/ US95/ | 3mwake a change in the next sample 1nt2rval Othe ideal

consi der at i GRedoRs@ W&kt Sr thgsE %@%ﬁ&n@éd%'dné ehdE can f&Eé{Lﬁ?f
possi bl e (e. | ef t - post_ col unmi- pseudo- i nverse I t

é%f t he_best

may be, @ppr hiefedhat Treterdaiaf setti§9t Lqu ofdTEE W’br&f’er@!ﬂe to
folrm al | gltesli radratgenge, th@femnl%q‘.l,tvngrfecﬂkﬂmu&, i@%?@'é&‘d e f
solution is e and stored for use on each iteration o
t he process &ﬁ{é{' &b?{??%‘l"ss?é%eﬁ?‘énﬁor@?ﬁ& as descri bed above. _
Cal i bration In accopdanget mttltnrth'é cdmtroht celitprdons dfathe
system present invention, several attendant advantages may be

recognized. First, because the des:.red response vector has

20 only one non-zero element, only one column of the pseudo-
inverse is needed to perform control calculat:.ons. That is,
the pseudo-inverse operating on a des:.red response vector .
which has a "1" as the jth element produces a solut:.on x
”5 equal to the jth column of the pseudo J.nverse Second the

pseudo-inverse already contains the :Lnformat:.on needed to
determine the process dead time, even if it is unknown.
Thus, to determine the column of the
pseudo- inverse that best produces a step output response,
_ each column may be appl:.ed as an :anut, and the respective
30 outputs compar,ed according to some measure. . Applylng each
column of the pseudo-inverse as an 1nput corresponds to
generating the matrix Aa*. a method for select:.ng the best
column of the pseudo- J.nverse is to ‘compute an error vector
by subtracting the 1dent1ty matrix from the above matrix and
_35 then summing the squares of each column. ) An additional



of the present i nvention, and during its operation as an 10 adapti ve

control system a calibration routine is I mpl enment ed, Thi s
cal i brati onWOYHREs autonmatically det ermi nes and st or ECT{U§25/13201
constants corresponding to the el ements of a+ enployed by the .
controller to calculate the - out put changes x, and to the el enments of
a enpl oyed by the nodel to <calculate the total output changes.
Thi s calibration process preferably uses matrix al gebra

techni ques to extract the velocity nodel Tr&;’al Se response

coefficiefts a[err],.. Fram these coef,fi.cient t he nodel

predicting fut&C& HEARa R s PRRY H&n&p?égs&?s&?&% as me:f'%dtpg

provide s, andfatmyalsepwsﬂbﬁme((é arcorchendoest lefb- mosbnt:om’umnr btfeithen.

The calibration_task rall t am
ina nulti-taskPRYSC" n%eg%{%ﬁronnéﬁt Egegﬁéj éeé'f%%% bra :Egﬁilgp ﬁ%g'g‘h
activation of situattijomscditt maly gesmm o stovpea awveighnednaverage
during 25 = prggessy %BPQ%QEXa?f N ies 2dafd Yo 1etdd solution is glned

Referringsto Fi gure bration process Is Nnow descr |
may be understé&dat * haBnohBteses; |f&reM9§ on eagh e%??r%%%?’ésﬁgnﬁh?ol’?ﬁsess

i npul se r espongenekiNeydireatshd method, as!dsscPfbed gbewelficents aferr]

are preferably CtB. en. to 30 m nimze sone nmeasure of the estinate errors
according to a—L-i-EIQFf‘&ar regressi on between process -out puts and process

i nputs. For exanpl e, oneUponTactuatior: ofs the a:man:tso.‘sopmeess andesystem

Sﬁ?;i‘.?idﬁgéiaﬁ%ﬁ et (ivERRABR. SR Grring, B SEERRAR dadE,,
+ m sanples | oagaptiwii chcontrol WPsIEN,2998 calibration . routine is

PCT/U595/132013 mplemented. This calibration rocdss  &utomatitheif
are changes made-to the process Thput (&g ste i nput._or _any

arbitrary i npu@?teménﬁﬁplﬂ% EQFeRsE dginstants cG@FFPéP@ﬁE’é-nS[ &9 ] thay
then be deter rrzeméﬁlehxspaff A*MeRgloyed Bye the coﬂtiﬂ?ﬁ.’[efelgéeéél@tﬂlaté tBe

under st ood, however at there nma s to_a he e re55|on
Lechniqug, | FBRCEUE cRangelrae and,sof she Eenente i0f eetrlored By |
statistically model acer agadcolatenulthep! eagrmsl OCb.ltpmher %mambiésng eaThis

Phe case wher ESRORCRFAPR, o e ararecs Rt moaly ' (del 0 aBREY “lngebra

be applied ovetedhhiguest toareyiragit tthe pvetocity modelnpmpubsmnresponge.
For exanpl e, acééff@éz@ﬁtlé“'é S“ﬂ-om the?éo%i—fffz’&%rft@ytﬁé Hydd1edEbP

span the process I nput arly, a series step process
pnput s maa/ be- predicting future output changes may be expressed and
2

simplified to provide s, and a* may be determined according
to a control criterion. The calibration task may generally
} | be performed by a separate program in a multi-tasking

environment which executes calibration upon activation of
the control system and may also operate continuously during

25 process control to achieve adaptive control.
Referring to Figure 3, the calibration process is
now described. It may be understood that the coefficients
a; correspond to the impulse response of the process. 1In
step 302, the coefficents a; are preferably chosen to
30 ~minimize some measure of the estimate errors according to a
linear regression between process outputs and process
inputs . For example, one common measure is the means square
error, averaged over many samples. By way of example,
_ process inputs and outputs are sampled and stored during a
35 window preferably at least 2n + m samples long in which



appl i ed, _each of which has a different step height val ue. An_exanpl e
of a nonV¥@BPR vy process input is the process i nputPCYEIIM32M i ng
process control . Once the coefficients a[err] have been
determ ned, in step 304 the s vector elenents and the steady state
process gain s[err] are calculated and stored. In step 306, the
psuedo- I nverse of - A (i.e., A[err]% Is calculated by SVD. Then, in
step 20 308 the product AA is formaﬂ, £rom which the identity
matrix 9s suﬁgﬁract ed, the resulti nt.s sqeared t he .col umms
S8

sunmed to pro@T&e 3T SHARI %c‘f‘%@ | 1ﬁp‘ﬂﬂe(8090r'maofs'ﬁ5err]
t hat producddpuite dreaaty samluirt&ra:eyrmpun) . Thesﬁ.mpu:ks& respenses abdwld

assi gned as r 1*?.‘%‘%’ tions
of the contr %Fl%rfrl]cf\gt#rﬁ@r" ﬁ@’t Qﬁgﬂ 58 dgdé?z%l?e %ay 9’rédrap Ve tégl%
In the foreddnegr megmssmmed Thatist hmdm:rar@aﬁ. 'howevets zham thexen | |

be di scussegrgur | £8 ﬁ  Lhe S!‘éb%@‘s’l%ﬁ'x aesghﬂhg%e.to FyEe

know e§ge of the proces 30 a| and al so may bhe dete ned b
testing thelppbasse, th ece’-'rﬂ‘?(’@sqi'fﬁndl tecdndque, Maks ke gtasigsden; ¥n the

mi ni mum avé&hgédobv@rr mtrigﬂé PpeFivdsle wherdesi &ﬁﬁhﬁgoéa&ﬁ peRibal -
Thefollowngexa €es are ented to illustrate g

charact eri sBFRIE f"’é’r'pé'1 R °°eSS|mEHF?oﬂremﬁPE§r £8-nof% o be
construed ashkeeicage iwhérsl non- arb:.th‘&r?G:brb@%s inputs are “Belected,

thereyg.  thése may be appiied gver, AifSezent, Tandne 9, tB8cRAOFERE: an:

for n cycl einpube Gymasiss Iilmwt s Fen esample; cadgestissc.of unit| step
possi bl e t oppHeELS! ﬁ%ﬁ&i &?%fléﬁa't%essﬂaﬁothe f%r s i BP Set

of input changes X, n .can u5|n natrlx
nul ti pl i cat F8RIe- S:Lm:.larly, 'a ‘Pﬁr%ﬁﬁsoﬁulsttleﬂ lRiféRC?Qﬂ? ft’l‘ﬂ“‘FWXebe

response  appliedloeach loBgitichiBagsad dtz.(ff@dﬂérﬂ: ts’teeﬂ qveigﬁtlaamuéar
non-square tr|x A}Wlt n+ml ro

and mcol u
fol I oykng € B A apbite Firy process 1npulh :l'ﬁlgh%xaﬁﬁf:ﬁsﬁn
| magi nary pinpetsshgsa& fluring procem=darontarplt. dead ti nme response. The | ag

T equals 2 cycles,  onceAfle! RBe#2ALilents =} Wi\e WELE adbErgYSLd! | in

process gain is
step 304 the s vector elements and the steady state process

gain s, are calculated and stored. In step 306 the psuedo-
inverse of A (i.e., AY) is calculated by SVD. Then, in step
. 308 the product AA* is formed, from which - the identity
matrix is subtracted, the resulting elements squared, and
the columns summed to provide an error vector. In step 310,
the column of A* that produced the least squares error in
step 308 is selected and assigned as a' wh:l.ch is stored for
use on subsequent iterations of the controller 1 until it is
updated (e.g., adaptive control).
| ~In the foregoing, it is assumed that the value of
m is known. As will be discussed further below, m may be
determined according to some knowledge of the process
dynamics, and also may be determined by testing the process
control for different values of m to ascertain the minimum
value of m requ::.red to provide the des:Lred process control.

20

30

The following examples are presented to illustrate
features, character:.st:.cs, and ‘steps of the present

35 invention, which is not to be construed as being limited



1.0. .The process is initially at steady state, but at a 15 particul ar

point in tlne t he process input is changed in three st
val ues: W‘f([ err],X[err]+1. A 10 el enent i mpul ?g’%ﬁesgﬁé)%gle

model is constructed from know edge of the process.

In practical applications, detailed know edge of 20 t he process is not
known, and regression 1is preferably - perforned to ascertain the

i mpul' se response nodel. In this :exagpég, however, sanples of a step
response can be : estimated by the recuf3ion fornula - [err]

Ylerr] Y[%rr] ‘ggﬂ Y4 ~ Y[err] Y[err] Y[ err] Y[err]

Y[err] Y[err] there . 333 .556 704 .802 868 912 941 .961
.974 30 t aki ng di fferG!lnLeIs mw\/eeheenmceaapnapptsdbwg been rqsms;@nt

respo t
a ZPr]nse ngefﬁo@[nerég]c']]\g§rrd?g[ﬁéiess outi:ﬁ{:ﬁrfg].lg}:?]i)@r %]ta[sé:re;%[dg’" rs]tate. 5 0
0.333 0.222 - (ti4® passdible a6 pyregisty aoz@q;qyz@f @IM%?S%S—'hanges y for

- ;2;% 'Uggg; sgggg%y\’ ¥ahven sett stlﬁﬁﬁﬁpbﬁaﬁgéstﬂ €€nd this pré@&ﬁidﬁm be
el enent s: perfgrmed 9&%99]m5§¥§¥]multlpllﬁati°n1 |

Knowi ng t hat the overal | In ocdsis gaultiplidatide, the mtpum e respanse
change Il ane RQGeRS dHSLeRERRINR!id WddE ro puiN Foulf 34aRRLESY!

i nternedi ate pr5% T I OCESS T s ons
nmust be cal cul atcedawlare matuiat A itk tn-rpt-nca.tqwm and m columns as showa

mat ri x nmodel 1S g_ ngas?ﬁn(q# mat rix | 10 havi ng nenbers

sel ected brom vector a, diagora se down by one row in each

colum o them&_'ﬂheremalmng elements are filled with zero.

Each colum of the matriXn this &RBEEEWS iMSgIRASYH! pPEcEaS! BhE HSEIrEe

establish the order lag + dead time response. The lag T equals 2 cycles,

and the dead time is one cycle. The overall process gain is

1.0. The process is initialiy at steady state, but at a

'_15 particular point in time, the process input is changed in
three steps. to the values: X +4,X,X,+1. A 10 element
impulse response model is constructed from knowledge of the
process. _

, _ 20 In practical applicatior.ts, detailed knowledge of
the process is not known, and regression .is. preferably
performed to ascertain the impulse response model. 1In this

) example, however, samples of a step response can be
' estimated by the recursion formula:

' Y;.T X;
= 1
25 f 1+7T * 1 +7T ('2_)

Y, Y, Y Y, Ys Y Y, Y, Y, Yo
0 .333 .556 .704 .802 .868 .912 .941 .961 .974

30 taking differénces between each sample produces the impulse
response vector. a;=y;-¥Yii

a, & 2, a, 2 8% 8 3 2 20
00 0333 022 0148 0.099 0066 0044 0029 0020 0013

35 | The input change vector in this example has three



- parti al change I n process output at one future Sanple I nt erval

associ at cWOR6{1R99 particul ar el enent of the process _ PCEIUSISNSRAIOT .
aferr] O 0 _ alerr] aferr] 0

a3 a2 aferr] 20 a4. alerr] a2 . : _ a5 a4
alerr] A= a6 aferr] a4 , and Ax=y

a7 a[err] af[err] 25 dlerr] aferr] --ab

alerr] af[err] alerr] ' ~ 24 aferr] aferr] aferr]

0O a[efr] aferr] - 0O 0 aferr] 30

Appl yi ng the® Rt&:to the changes x is now sinply a matter of
matrix multiplication, resulting in a singl e out put vector |ength
12. - Y[®rrke YP‘err] Y[err] Y[err] Y[ert] - Y[err] Y[err]
Ylerr] Y[err] . g[enr 35 0.0 1.330 -0: 444 0. 037 0 026
0. 016 0.011 d

95/ 12990 Oinow:.ggogﬁat tﬁeogéeralg %%%lcsg&p%%ois 1.0, the
- 25 - §0 Uultimate totalTishange imitha proaesscmusédben atpiak niocthae

expect ed proggmSofukbut Tehasgemate adly ﬂt‘&?ne?ﬂaég ﬂfﬁ@é’fs %sa?&{x%ggss

| nput changes., t .al so can be seen fromt Sum
of the expectB® Hh’&;@ssp’ﬁ‘a?%? Jesnpese Ve"—'tﬁﬁy%tr eb?em%ﬁdhby
product of Sb&trix(mumtlpllilea&ﬁlﬁhof : one colum of A) and the sum of

th t f

selee)ét Fggpfﬂgnb;t vecTBP %gﬁ?’f%"del a lﬁs&&&&ﬁ’ﬁ?&ﬁgeag 2t %%?W%%P‘by
the fojgowi repekagpiembeds selected from tiectoaxaapl d;agmﬂﬂbemﬂﬂsw c
process mMdehown by drfe 2R 43°REGH BY1AmhOc8! EHEMhatEELO" THE G- & 14,5 €Nt s

of elements are filled with zero. Each column of the matrix
represents the weighting factors used to establish the
partial change in process output at one future sample
interval associated with a particular élement of Ithe. process

15
input vector.
a, ©0
a; a
a3 a; I
as a, a _ .
A= a, a; a,. , and Ax=y
a, as as
a a
25 8 7 3
=r as Q
Qo ag
Y ap A
0o 0 a0
30 Applying the model A to the changes x is now
simply a matter of matrix multiplication, resulting ‘in a
single output vector length 12.
35 Y y: ¥s Ya ¥s Y Ya . Ys Yo Yoo Yu Yu

0.0 1330 0444 0037 0026 0016 001 0007 0005 0.003 -0.032 0013



this.nodel were conputed for a gain of 1, a dead tinme of 2 : éarrbl es,

and a second order lag with a tinme constant of 3 and a M éggggﬁftor
of 0.8. TWOMM% s shown were 15 conputed in doubl e preci&i oM

only the first four deci mal places will be displayed for convenience.
The nodel coefficients are: 0. 0000 0.0000 0.1835 0.2256 02016 0.1547

0.1069 0.0676 0.0390 0.0200 : In this exanple, a

pseudo-i nverse will be found t hat can gred|ct an optimum set of three
i nput changes t hat will correct any “ef First, the nodel is put in

matri x ® formas in rrple 1. [ he.pro d
represented by the follo %J §3%¢ Fﬂ?t-El’ﬁ Z; g%.n Be &%&gogg (‘:3'6‘6368“0 %0
0. 0000 0. 0000 expdrXEyd process 0olggst Oh&ﬁg&s Eo30 @y glven R3S three

02056 | FUREES oMER) “Grapdes” I Fgo, cap thgobep) fpoht this

0.0390 O. 0676e:@nm that the supp ofp tie expected process output changes

PCT/ US95/ 13201ma8r2 be represented bar the prod%ctéeﬁefS s, (e.g., thS gum -o£26

0. 0200 | 5 @%:f«%ﬂimﬂn of A) an@ bbeosum of thepxpgegponents. (. 0200

 Example 2
The process of selecting the best vector from the
pseudo inverse is illustrated by the following example.

' In this example, a complex dynamic process model
‘is represented by a 10 element vector. The coefficients of
this model were computed for a gain of 1, a dead time of 2
samples, and a second order lag with a time constant -of 3
and a damping factor of 0.8. The results shown were

15 computed in double precis':i.on, but only the first four
decimal places will be displayed for convenience.

The model coefficients are:

0.0000 0.0000 0.1835 0.2256 0.2016 0.1547 0.1069_' 0.0676 0.0390 0.0200

| In this example, a pseudo-inverse will be found
that can 'predict an optimum set of three input changes that
will correct any error. First, the model is put in matrix

) form as in example 1. That is, the process _model is

represented by the following 12x3 matrix:

10

25 : o
0.0000 0.0000 0.0000
00000 0.000 ~0.0000
0.1835 - _o.oobd 0.0000
02256 0835  0.0000
30 0.2016 022% 01835
04547 02006 02256
0.1069 0.1547 0.2016
0.0676 0.1069 - 0.1547.

35 0.03%0 0.0676 0.1069



5

are cal cul at edsoas:

25

30

35

This matrix is then deconposed by 5|

RelkRbi, -

decorrposi?vioogr?’?%gogi ve two matrices and a vector of the | ar
values. The details of this procedure are well known to one
skilled in the art. The resulting eft and right matrices are

. orthogonal, so their transpose is 10 equi valent to. their inverse.
Al so, the sum of squares of ea row.and colum of these matrices
is equal, to 1.0. he R (i.e., right) matrix is
cal cul ated as: 0. 5607 0. 7071 : -0. 4309
0. 6094 Y000 0% (. 7896 15 0. 5607 0. 7071
-0.4309 -an e L ., left) matrix is represented by the
following %% 98%0 g’{‘3”’§ooo 0.0000 0.7302 0.5303 O0.3506
0.2120 0. 11&%00 0. 058600 0. 0194200 - 0. 0110 -0.0278 20 - . 0.000 -0.0001
0.0000 0.5408 -0.1658 -0.4270 -0.4565 -0.3850 -0.2848 -0.1911
-0.1344_ 0.0740 0.1561 0.5405 _-0.8242 0.0011 -0.0009
-0.0015% -0.0014 -0.5Bis matydeois Fhsppsieompoged by ;aingular value
3 3353 o Gfademintaien i 4doy sotacrlontiunt, &by ot i1
20 5566 0. 45RgULE Yaves; (/e dataile OX) this § 6’6‘-@9“25_ are weblzooo
-0. 2088 -0. (kridwn - Go02aie - 8k2PE&d0.19040he a@rt26The r8siddbind 3148& and '
-0.0886. -0. 0,278 1072 =58
-0. 1882 -0. 25540, ces 350, OHHddeal ) o8ds 'Zh'595545r. ;;.8853 is
0.288010 -(e@ebéalentine their3inverses54 ADsgp5the- BuUAORE HIMBSASs of
-0.1161 -0. 4 0 0 966
0 1140 -0, CTaT B0y, e 9%%%8&- Ehf?glnﬁt%i%‘%@l ) S0 G $82%%) 0z
30 0.1105 -0.1%ee Rolh7¢3, Bightd magrizxis sadgnpates G5
-0. 0759 -0._0%3%7 0. 96% " -0.02 -0.0165 0.0516  -0.1148 -0.0098
-0.0808 -0.0 -0.05 -0.0 -0.0505 -0.0377 -0.0255 09829 -0.0114
0. 0170 -00@R289 -0.088%7 0.@68¢ 0.0024 -0.0219 -0.0280 . -20.0253
-0.019fs -0.0136 -0.0074 0.9910 wher eas, the singular val ues

350.7071 04889 0.2400 0.0959

and the L (i.e., left) matrix is represented by the following

0.1159 0.0550

00000 00000 0.0000 0.7302 'o.saoa 0.3506 . 0.2120 0.0197 -0.0110 -0.0278
| 00000 -0.0001 0.0000 O0.5408 -0.1658 -0.4270 -o.4s§5 03850 02848 -0.1911 -0.1344 -0.0740
01561 05405 08242 0.0011 -0.0009 0.0015 -0.0014 -0.0012 0.009 -0.0005 0.0457 -0.0451 -
03616  0.6645 0.5035 0.1740 -0.2973 -0.0245 0.0926 0.1240 0.1142 0.0892 0.0626 0.0782
0.5362  0.0532 0.1349 -02977 0.6913 -0.2566 -0.1880 01252 00763 0.081 0.0202 0.0062
0.5099 02088 0.0419 -0.0250 02567 0.6947 02605 02051 01409 00886 00507 0.0246
0.4055 -02787 0.1072 0.0922 -0.1882 -0.2694 0.7465 -0.2004 -0.1417 -0.0915 -0.0540 -0.0329
02880  -0.2566 -0.1145 0.1237 -0.1254 -0.2052 -0.2005 0.8382 -0.1161 -0.0759 -0.0454 -0.0302
01866  -0.2002 -0.0966 0.1140 -0.0764 0.1410 -0.1418 -0.1161 0.9158 -0.0556 -0.0335 -0.0236
01105 -0.1402 -0.0713 0.0890 -0.0422 -0.0886 - -0.0915 -0.0759 -0.0556 0.9630 -0.0225 -0.0165 -
00516  -0.1148 -0.0098 -0.0808 -0.0165 -0.0536 -0.0590 -0.0505 -0.0377 -0.0255 09829 -0.0114
00170  -0.0589 0.0604 0.0024 -0.0219 -0.0280 -0.0253 -0.019 -0.0136 -0.0074 0.9910

-0.0897

whereas, the singular values are calculated as:
0.6589 0.2400 0.0959



WD 96/ 12990
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At this poﬁﬁgﬁﬁgﬂgﬂoice nmust be made to accept all tﬁggéingga ar
val ues as significant, or to reject one if it . i's much smaller than
the rest. A 3x12 matrix i s now : constructed having the inverse of
t he accepted singul ar val ues on the di agonal . I f small singular
val ues were 5 rej ected, the corregPpndlng val ue on the di agonal
woul d be set to zero. The matrix formed from
the inverse of the si ngu al e 059600
0.0000 0. 0000 0.0000 0. 0850EB BBEEBS %0&3&6%‘6‘80’&‘85%&)% I 5P aldldprOadl
0.0000 4. 1658tbese09ingudegovaduesoas 0sigmbt beambo @rmerqﬁm@r@ dodt
0-0000 0.0000 4o much GrAG:0 AR 10hd24Rek.000%: 030900 HaBDOR AeHORGw

0. 0000 0. 0000 O. 0000 0 0000 0, 000 do- i erse
i's now conput egnstirystedhhaving thﬁ' oHfRYers8e RS [ Ehe a%ﬁ?ﬁﬁ;?%&ﬁux

the foll owi ng JxidelBicn Xthe diagod@003 IP. @ARAAIS. 4PHGulAr0Ga&tuds ORERe

0 0065 030054, fe0ts, b ibelullifd S SRR atmnonmpBgRd e

-0.0337 -0.7268et to zero-.0.0001 0.0001 2.2428 -3.9112 -0.3066 1.2373

1.6476 1.5149 1.1823 q.h%z;‘gtr? 4262nell £263 th@qnverzse of the pingilay

pseudo inverse is a 3x12 matrix contal ns vectors from which
t he best vectovaluesi nrpl-errentl ng a - step response should be chosen.
To choose, nult |l§% t he original process nodel in matrix form by

the pseu@® i nvéF 0.0000 0.0000 0900 090 PP 8 Wr°§’°1°29‘f2 Wt PR P esent s the

expect ed SSo0do© SEoode0 ty Qboo t NE
col umms %g pseuz nversem or toﬁogs nurrerl caﬁﬁgfarrpl e, the
product of theo.&ﬁ@umonawmmromsmdmwoedodamem 0.0000-

follow ng 12x12 natrix:'ghﬁooaseagaogggeg Sbogg ngggogggggtggpofrgmoogge

0. 0000 0.0000 0.0000

0. 0000 0©.o0oooproductoofoRB8BOY and cb®givendoy the Hobbowingodxl2 onabobx:
0. 0000 0000 -0.0001 0.0000 0.9959 0.0006 0.0012 0.0012
0. 0010 - 000700093 0000%2 §42790 080036 (P.QI695 P9 HHPS4 0.0039  0.0029) GO 03499 02442
0.

| 0006 0.8258_ 0.2972 0.0245 -0.0926 14 9 6
-0.0781 oumsh, "G, SeFoE® 000 Y 2‘3‘3? et s, Sl b a

0.1253 0.0764 .oQ) Ogleper 924&2039111 0-055963]123735 1.6476 19149099323 0084390045 06)sbey

0.0245 O. 2566 . 3054 2695 . 2052 . 1410 . 0886 . 0507 0.0247

The pseudo inverse is a 3x12 matrix that contains
12 vectors from which the best vector for implementing a
step response should be chosen. To choose, multiply the
) original process model in matrix form by the ps'eudb inverse.
Each column of this 12x12 matrix represents the expected
process response to an input formed from one of the columns

’ 20 .

2 of the pseudo inverse. For this numerical example, the
product of the pseudo-inverse and process model yields the
following 12x12 matrix:

00000 00000 -0.0001 0.0000 00000 0.0000 0.0000 0.0000 0.0000. 0.0000 0.0000 0.0000

30 - 00000 0.0000 0.0000 00000 00000 00000 0.0000 00000 00000 0.0000 0.0000 0.0000

£0.0001 00000 09959 0.0006 00012 00012 0.0010 00007 00005 00002 -0.0459 0.0448
00000 00000 0.0006 0.8258 0.2972 0.0245 -0.0926 -0.1240 -0.1142 -0.0891 -0.0626 -0.078]
0.0000 0.0000 0.0012 02972 .0.3086 0.2566 0.1881 0.1253 0.0764 0.0422 0.0202 -0.0061

" 35 - 0.0000 00000 0.0012 0.0245 02566 0.3054 0.2695 0.2052 0.1410 0.0886 0.0507 0.0247



WD 96/ 12990 | : PCT/ US95/ 13201 .
28 - W09%6/129%0 ( 0000 0.0000 0.0010 -0.0926 0. 18PCI/USPS/13293

0. 2536 0. 2005 0. 1418 0. 0916 0. 0540 0. 0329 0. 0000 0. 0000
0.0007 -0.1240 0.1253 0. 2052 0. 2005 0.1618 0.1162 0. 0760 "
0.0454 - 0.0303 0. 0000 0. 0000 0. 0005 0.1142 0.0764 0. 1410
0. 1418 0.1162 0. 0842 0. 0556 0. 0336 0. 0236 , 0. 0000 0. 0000
0.0002 -0.0891 0.0422 0. 0886 0.091&8 -0.0760 0.0556 - 0.0370

0.0225 ° 0.0165 5 0. 0000 0. 0000 -0.0459 -0.0626 0.0202

0. 0507 = 0. Okod® 0.000004d10 -Goof3DGss1 ©.20220.25360. 03d09 0.148 006 0.0540 0.038. 0000
0. 0000 0. 0448 0.0781 0.0061 0.0247 0. 0329 0.0303 . 0.0236

0.0165 0. (RFOQ 000000 PPYP?7 -0.1240 0.1253 02052 °2°°5|Putlheom gPWéﬂ PsC cmosrodel

had no dead tjne, oﬁ the first colum woul d not contain

al | PG NG\ SPEP W92 BOTES QA0 f’l’\‘é-s pr’é’esg“éﬁnﬁ%‘f‘ r E8fortf26
i mredi at el y.oddie daas! oBRESIAhA b8as 0.0d8/S b.0141C b.bYee® B.&?ﬁ 0370 0d¥s0GHg del ay.

. of twoXkycles. The best colum of the product e pseudo I nverse
" and the proc®e® moobel -0.:50066hat202  0.0507 ommasoals-oseahs t. 60285 S.019 cv.ooa3i t

step change. Columm 3 cones ' closest to this objective. Notice also,
that except 0P (0/9g00 0.0448 -0O7§1 5 10.00GAD 00287 LIAPPIT 0.0903 t B3 smﬁemss oM are
approximately 1.0. This neans that even if the process * . dynam' o

model is inperfect, {fecs eagggiha 8&?%%%5 n?&?el rﬁ&"gée @a tliﬁ\e,

correct. To automate the Select
conputyg an &Meorf %'EEForc‘ﬁsll%bPﬁa&h#ﬁg producthwowulét nog v@@nmmr@mme

above matri &le&*t R h%ﬁé%i’he]}nl lth:.sS‘i:léfﬂé?S He ?ﬁfﬁcé@éuﬁ'&Fnyﬂ' $epond! | 03
process resu S ol | owi n tor o e sum of, errors square
1. 0000 1. dd&?flty '17559‘90 ReaYy (? 7$@§"ét83§935 ginglute s the
0.9841 0. 98@202585 delay of two cycléss ermerbmtwlmﬁ:Wdfemesg&bauI&QW far
. each # s e ehavi or Iln th

exanpl e, OF’&:O Cﬁgé égaﬁaar I%S#‘;%Itgeogé{)g th%weé/%gce?ﬁ modgl is °%%s§§attwo |
adj acqgt corgmes Filloselsty & sapipgileepniitalstep chamgeor s ColBumads eomesi mim
del ay Ts al 9oges®ato Eh@éeéﬁﬁ)e?étive. Noei éé réis&oleﬁmhe & Bo gR8 this

error i s selected. us, the selected colum'’
assigned Tirsg, Hwq r]°° fri s thepr k¥R a each 5 qql;q;nn 635882

2.2428 approximately 1.0. This means that even if the process
dynamic model is imperfect, the steady state process
20 response will be correct. To autonlat;e the selection process
- for the best column, compute an error vector by subtracting
the identity vector from the above matrix and then sum the
squares of each column. This selection precess results in
the following vector of the sum of 'erro'rs'squared-
1.0000 1.0000 0.0041 0.1742 0.6914 0.6946 0.7464 0.8382 0.9158 0.9630 0.9841 0.9882
This error vector now represents how far each
pfocess response _1s from the _:Ldeal behavior. . In this
example, column 3 is clearly the best. HbWever_, in some
cases, two adjacent columns will have nearly identical
errors. Because minimum delay is also a goal, preferably
30 the first column that minimizes this error is selected.
Thus, the selected column of the pseudo inverse is assigned
to a*, which is represented as:
5.4271 -6.6682 2.2428
" Thus, to make a one unit step change in the

35 - . .
process output, make a sequence of three step changes in the

udo 1T nverse i s .



Thus, to make a one unit step change in the process output, nmake a,

sequence . of ﬁﬁgﬁt ep changes in the WO 96/ 12990  peTyses/iz2on
PCT/ US95/ 13 - 29 - o0 process
i nput whose vaI ues are given by t he vector conputed above. The
process response wll be a nearly perfect step change with an

unavoi dabl-e two sanple lag. Any desired change can be nade by
applying a ratio of this vector. - - Procggs_Constraints

Anot her practi cal problemto be dealt with Is that in real-world

appl i cati ons, tptlg e th wﬂdéé“vtaﬁttiéy‘%:@ g:Lven piAltnd SRIdHIY Tonputide

process inputs controller uces a set of desired
changes rat her akexe -spedi§ iRrocess XAgRRRSsSe| Y’gignbﬁeacpgg o é’(?rz;?%\: step
Vﬁl ocity Con;r@lﬂaefge Jﬁeh ,an um?tmlmpm 2&50Ci txnyordasi?ed
that it can dea t he, pr.esence of constr aknt a an
avoi d pr Ghazge Sax tbﬁ &t aRp t?\afagﬁaséfggﬁ M%
controllers tom_we net hod of deallng W th t
constrainds s Lo fTILer AN thAldacs Q¥cich B B ddalf wisRRyiae

themto the process inpuft
i s desi gned -t oia maﬂhyq;ﬁdwg@plwatlons.r é*étema:tanehélmad@eé mimlqr@ on

acceptabl e | eV%'a%.:Ld s-'elE%ings foE'I tHQ'ﬁEBo@@§é Pepwes { OrSI'iﬂ:é %h@&ﬁn%f&le%s
to preserve both npul se. and fhe_ulti'mate change desired. The

fol | owi ng 20 )&‘?ﬁﬁ‘&ceﬁ I ?u§f"|tatq;d (F?Is:ﬁ:%l‘ ENANIER/ R ey SPeéFG-l#éc
In this exanpl ealies,piecean bedelaasdifiedide a velociter controlilles .Samheas

e Do o hiagh oF SEER], g vt FoBH RELSHS e R atla'
change to 2. 5 wifth €het ppresEnce t 0f ponstscaimpst moyrd | easillyt @md r angdd
from 0 bQ.en}{ giﬁ.uggwaefég%enmah Al ?ﬁ&tdeééﬁ@ QJt‘iieeﬁSMpc

i nput changes érom e pseudo inverse vector
future processcORtFOllRssa ko bEROMSr Yoosable . tThe metyoda 0F §§atlén9t wath

future expect egdoplit@aints s tol BNy Q:hé%ontf&?lef'%'éﬂépu@é 83dr to
i nput chsgnges__are, conputed by mul tip gseudo |nver e

h
vector by 0.5. 3PRIYdEG hem to %rﬁ%@cﬁ?ﬁ §4flﬂ-tlefi4(1 e.,
The graph in FegippedA 2Zhays hoy. th¢setscfwéwﬁ§ned to @Iltlgr the ¢haNges to
nput.The L1 LRL Chan0e pEII SR IR  cof AhCelPEaBITEALIP THRT
c1_1pp1ng must be performed in such a way as to preserve both

, 2-0 the impulse and the ultimate change desired. The following
example, illustrated in Figure 4, shows what must be done.
In this example, the process model and pseudo
) _ 1nverse are the same as in the previous one. The process
output is currently at steady state with a value of 2.0, and
the operator has just made a set point change to 2.5.
2_5 Furthermore, the procese _ihput is limited to a range from 0
to 4.0. 'First, compute the unconstrained desired process
input changes from the pseudo inverse vector and the
expected future process error. Because the process is at
steady state, the future expected error is -0.5. Therefore,
30 the desired process input changes are computed by
multlplylng the pseudo inverse vector by 0.5. The desired
changes are: 2.7136 -3.3341 1.1214. '
The graph in Figure 4A shows how these changes
_ alter the procese input. The £first change requireci would
35 take the process input from 2.0 to 4.7136, but this is out
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- 30 - %Bgal%?orange. Therefore, stop at 4.0. Now, adju ﬂéﬁﬁ%’é"'lg@gl red
change vector so that it will not take the process out of ~ range. It
“is not sufficient to nerely subtract 0.7136 from the first elenent of-
t he vector, because that would alter the total, and therefore the
steady state inpact of this set 5 f _changes. Therefore, 0.7136

shoul d pe added to the second : el enBnt “so that the total is unchanged.

The process dehiinge . o TS S Adt @40%09?0&2%;@%@%&%&

~effect on

: I S shown 1 n
This is bet tcéangﬁjtv%%ﬁplbes$ utgﬁér itmwidde ot T‘h@ke 1the procggspess off

j 0ggi ng, th&a@fgﬁ@esqﬂ ABUhOHD satd 1¢Q\Wht %d Qnerely sUBt¥c2b 1748 Serdnp the
process to a desired direction. The

rate | : .
three step " #a%ment °fb6'&‘ﬁ ;}’@:ﬁtt‘?’?/'e lé?n%a?\%ﬁaFP%E wopdds &l ter
then a f| nalthst eadal and tHepefroret theBstebd?psﬂatélmnﬁaestofvmlw@&es

the poditiv ce { s unchapged.

Lot thi s wef, CPRBORRS.cEuePetREt 0,7 tpe ahnlid e Mocdifs i Sdterdl Voy

To fix thi seéleawlé‘msorm tihee total i 8 unpbagged. Theyproeesandnputunt
revi ousl r the I LV 1

ggal nto %/he se ond%e}].éen!g(?lg[7 % ogag b %28t5r actf%"e%l%%@fthéif.:hegtf%nZ %%

final desir&@ecRaogess inpufedisshawmolp Figwoe 48.9069 0. 4078.

This clipping algorimhi® ilssbettdd,e buto cadPBe/ further & o, ahe

robustl0 Wen it postpones ki ng_chan the net effect of the |
control chaRYyéRoFe ay 8d9; gﬂ h"%?? pgg)cesajt:.nywé up ARY AoMR: olS| FRact
will remi dmpalire ana:lmpulze to'ﬁilﬁas qﬁr_tgfess @o ardallwatf téjﬂdlatsemo%mbﬁt any
new change t_.of nodel i

now 93p she dSPMreSafrectiBhl JrhlthERY. srt G fusfest| Bas °

the changebothhpesitidve andquegasdve( impulses end rheof a fhaa30steady
control | er Bu§iatméal TOBE Y FrSes LREEUIAC hd EBpl g%m,nth&%%%lwture

st eadysst at e cess out nplitying ation
Requi r enent gmgugse is repduce"l'obutsBB@dnegé‘(‘}ﬁ-t"r%lllmu-"-s%ohﬁ)uﬂafihéﬁged

certain Lefsi opisfudy] ithe é& fﬁéﬁpond% winxt U@nmbhesm%& ¢henr] is
. _35 used. géglig'gld\./el )f'ot_ %i?cr?: I:LCst pro%l ot'al &(lPeCtt%ie Cgeagggntrg impulse
by the same amount previously subtracted from the pos:.t:.ve
| ‘one. That is, add 0.7136 again to the second element, and
20 subtract 0.7136 from the third. The final desired change
vector is now: 2.000 -1.9069 0.4078. |
This clipping algorithm is simple to apply,
effective, and robust. When it postpones making changes,
the nét effect of the control changes is delayed slightly,
25 but the steady state impact -~ will remain the same.
Therefore, on the next update cycle, any new' changes
required will only be the result of modeling error, a new
set point change, or a process "distﬁrbancel. - 'On each'cycle,
the changes that were requested (i.e., x,,) Of the
30 controller but;riot yet made are saved and used to estimate

the future steady state process output. B

To speed controller computation 'certain
simplifications can be made. At runtime, the model A° is
35  used exclusively to predict the total expected change that
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-3 - o not yet occurred. Instead of nultiplyin and
t hen WO he resul ti ng out put vector, the columms’ g%’@iXP 5‘71]’:' are
sumed to obtain a vector s so that nultiplication of the vect or of
prior changes x[err] by s produces this sumdirectly. 5

Anot her substantial sinplificationis tolimt m (the length of the
vector x of changes needed to correct for_ 31 predi cted future error) to
a smal | nynber. For the special cas€ of n¥l, each elenent of the
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step-like 20 ponse pr oCess ou ortan
recogni ze thatsimplyrthe mmwsse r@ﬁs;ﬁhﬁs@lms Orfoa &thei apeedﬂsstate process

appear fromtr@a?rom,ﬁs OnPE Eéséa%ét pt’ﬁ% c&?ﬂ‘@fs makeQOé‘i e®iNgle

| ooks "pegfect he sanpl es el ecting shorter
update cycl e, StepPnehapgss| gE’laGn ymimize p%@zeeglayham ef Q@Qﬁ?ﬁer%"é

Li kewi se, W thpacsherdéEler withURSBIWITY Ckés énéoﬂér@|é€tf pé:.ﬁ@'éhéﬁ’gé‘%?
shar per corrections second order

dynamics,  a Making#,8iNgle step,chgnge F}nﬁp§h|e§ !’EFFFES\A%‘Pr t e RRPS
step- 30 | i ke pr@spcndrespccnsasedTmaoprumaxh:ecsarwm extiewefote be

bracti ceys set A HEGAT oFQ it Tt Bfmaiisere TH'ROEESeddes. ond il Her (1
al nost aH appPptimumns Settelgym=2 allmm&@heot:omm&tlexgtphmabeeacaet of
'OPVSV fgsgf . thgﬁtd?é C&f‘:ﬁ?géé | é:&lféig.ga{)tre‘d“i'df arqkes Ehe_ bPoblEshESE kp M1 P A s e
PCT/ US95/ 13201the des:.red direction, but still without overshoot. For any
| process with at most first order lag and dead time, the
controller with m=2 is capable of aécomplishing step-like
response  from the process output. It is important to
recognize that the true process response is not as simple as
-} it may appear from the samples of process output. Perfect
control only looks "perfect" from the samples taken. By
selecting a shorter update cycle, finer resolution of
process dynamics are observable. Likewise, with a shorter
update cycle, a controller is able to make ' sharper

’ 20

25

~ corrections. _ ,
For a process with second order dynamics, a
controller created with m=3 is sufficient to achieve step-
30 like process fesponse. This principle can be extended to
higher order dynamics, setting mé(order of the dynamics)+1
however, in practice, setting m=3 is sufficient to provide
adequate performance in almost all applications. The SVD
method of computing the pseudo inverse of the process is
35 extremely robust. In the presence of noise or a less than
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50 element model captures the complete dynam1c behav:Lor of

the process.
ing to M he Process ive

A further refinement of the controller is to
introduce two new tuning parameters_' that the operator can
adjust to make the controller meet his control: objectives.
These two parameters are the dampening parameter P, and the
partitioning patameter P,. In some applications, a closed
loop response of the process that is equivalent to it’s open
loop response is desired. Faster response may have no
economic benefit, whereas the extra output changes required
will create more wear and tear on actuators. In this case,
a controller with m=1 will suffice. In other cases, some
compromise between speed and wear is requir"ed; Because the
controller output vector for m=1 can be calculated without
invoking the heavy machinery of SVD, it is simple to compute
a controller output vector using a fraction of the m=1 and
m=3 vectors. The pétrtitioning parametef P, determines what
35 percentage of the m=3 controller output vector to use. A

30



- 33-- 8 setting of P[err]-lOO[err] al ways produces the sharpest
process wo b§ipey’se. and Perr]=0% produces the sinplest Cmgﬁmf)e

out put . reover, it may be understood that the P2 paraneter

used to partition the controller output vector anopng di fferent val ues
of mand is not strictly l[imted to a single partition.

In cases where the process response is slightly non-1inear or the
tuni ng procedure has failed to match the _ 33 _process dynamcs to a nodel
precisely,othe controller can 10 produce less than optimumresults. In
cases where pr#&sSing of B &@o%s émygntpﬂidu@eél Rl S1RaEpestr

will furt-her reduce wear rocess actuators. An effective way of
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0
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response t a sﬁifﬂm:eﬁt valuesha:ﬁ;;anamh@uiasalnoe:esssrabtbypénkmmhceo a

process | Ct.aﬂ: e corrected faster by overcorrecting for
rinag® A

errors. € overcorrection is |l ess than 150% a stable
control response w II st il d:msem wheracthen puagesssresponse iBoslightly

pr ocesses 1 equidld ¥k (G ithd GABEE obeddrEnARICEaled tornaH e

P[err] =150% may gi ve nore near y opt| response
and P2 can be BE&Fessymamics cberaciodsl precisfide i Hie cFPBETrahdeHorad.

Robust cont ol pperieTies®s 5 optimuh heéshltshe ﬁeaaaee wheken priobeas
process bhavi or g err r intro eg es .i.n_t he

br 0cess RoHER i svhateaﬁitﬁ&u%rs 95 S EEE FRb IR SR R EPRg
settings of eitreduck ewedr oronP2protéss machiumtyadaist neas effebeive way of

controll er. 30-ee Ol Lot PRT 0L ™ onse 1o to, cordliE: CRRLT LRy gf

t he present |nventa' elg optimal I'y
PID control al gexicemtage of predieeedt enngropna eAdle update ycmlpr oc&‘bss

dynam cs. " The gercen%%?'# 4% epgreatmtdp S ihd \Ag?axfﬁhe% "$] and

Figures 15 each Case, the Pl D cont roller t uned
WO 96/ 12990 can also be changed on demand. E;C-gqgsglgelgggl from 0 to

- 34 - 150%. While P;=100% gives optimum response to a set point
change and guarantees stable performance, a process load
change can be corrected faster by overcorrecting for errors.
As long as the overcorrection is less than 150%, 'a stable
control response will still be maintained in most cases.
For processes requiring very rapid response to load changes,

) a setting of P;=150% may give more nearly optimum response.
P, and P, can be used together to correct for
modeling error and noise. Robust control performance means

“that in the presence of non-linear process behavior and

modeling error introduced by changes in the process

dynamics, the controller maintains stable control. Reducing
settings of either P, or P, will improxie_ robustness of the

controller.

Controller Pgrformange

_ The controller of the present 1nvent10n has been
- compared with that of optimally tuned PID control algorithms
in simulations of a wide variety of process dynamics. The
results of theseé tests are shown in the following Figufes
5A-E. In each case, the PID controller was tuhed by

30
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o] ting tuning constants using fornulas that
t he ITAE%#%&@ poi nt changes. No adjustnents were b‘@ﬂﬂﬁz@h I n

"the controller nodel or the paraneters of the - cal cul at ed
pseudo-inverse to optim ze its response. : In Figure 5A, a °
process sinmulation provides first . order lag of 4 seconds and a dead -
time of 3. The figure shows a g[agglcal di splay of the process nodel
and the user interface to the contfoller's auto- tunlng pr ogram

[0 Flodte SRabichash (il A; PEORERAER" Ualng sormyal CHRSROLMISRANE |

response of t esses, one
tuned Pl D alt@ypsr i THAE tﬂ@rotm ppint changesr. eserNOccﬁdJ‘ltSttmnts Theexs r st

two di SturbaeeRs Uf Hflthe conbPbliefNddel ¥ dhe é&f&agté%esfar&é oad

changes. The present controller res I's di splayed on
the upper h&Picylated é?ﬁﬂ“cd%’?‘éelf% 59 PPEIMLEecit8 ¥e8PINSeshown on the
lovwer half. The preseaii FiQRireOlsRST ar prbeeds b@.mulatldip oSﬂ‘tieI@'fﬂ.trs%nd

| oad cBanges ch .faste han th PI D. [0 .ol Ier spanse to a
set poi nt ghgﬁgur é‘%r?/é o§'8°° aﬁ? t?el ‘g E’ fst3e'p cﬁg %
response tospmeasglraphlcal dispdayeofi shaopmessamﬂeialalnﬁ ctlhfef aseurt
but “stabili ?Lﬁ%ﬁ%@ﬁ.cemé%h tflféStc.%ntroller ‘s auto-t Jﬁeggéféﬁg%mcom rol ler

achieves this rformance 1n a very &r than PID
control . F| gur e IBC slpr%y§Bbotih sne'eenes%mmcantpmmss ogoptro36 and
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si nul agi on. ~ Not e e|n re onse to a_set poin
present conFPBFFQIItlﬁngX 11y SRR RID algomishm e the) othexgbyin

the pr ocessthQSp;teseﬁeCubnedolIhQD | The flrsﬁatwen&h.stﬁ@bhﬁcéer atkBegggocess

to respond e realis S|nulat| an_ be achi eved using
a 30 secBRA%S 85‘?”5?&8?9% seﬁ?zﬂ& |t31 ?ﬁ‘fﬁ %Wd in
addition to a lag. Hhe, preseptocmtsroklendeeaubMe &2l is displageddorel ay,

f ol | owed bytﬁesgg,?;q. g{déieg 6§9ﬁﬁ’bt f&hfa%-@:t?ﬂ’e ﬁ@”@e’%‘%ﬁ%h%% i%ow

procegs is sprin a very con roI g
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wi t hout oveFSRBEPLLIEBnevERS TSRPPIES Ssher SFIt?Pm@vgﬂaPﬁﬁubﬁ "erY cloge|
tuned, has tofbHeindty ssirmgilie istiey change.ocThe sespbnse to procéysPldadut put

64. changes is not so dramatically different, but stabilizes
much faster. |
' - The present controller ‘achieves this high
performance in a very different manner than PID control.
Figure 5C displays both the present controller output 56 and
the process response 58 during a similar sequence of the
25 same simulation. Note that the in response to a set point
change, the present controller makes several step changes
before any change in the process has yet occurred. Then it
patiently waits for the process to respond.
More realistic simulation can be achieved using a
30 second order process model that is somewhat under damped in
addition to a lag. Here, the process is modeled by a 4
second delay, followed by a second order lag with tau=5 and
damping=0.7. This process is springy, and very hard to
control. Figure 5D shows how the present controller is able
35 to maintain sharp response 62 to set point and load changes

20



To add further realism noise is added to the 5 si mul ati on by means of
a nor mal | yyw@ dgiiabdput ed random nunber generator. Figure pesais Yﬁd he
result of making some large = set point changes near the range
of the sinulation. In order to reduce the response of the controller
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C compiler version 9, with all optimization turned on,
including code generation options for 80486/80487 CPU. The

tests were performed using a microcomputer with an Intel

20

) . 80486, running _at 33 Mhz. On this computer, the'present
controller required 64 microseconds per update while a
_ discrete PID controller required about 10 microseconds on
25 the same computer. _ _.

In a typical application in a multi-tasking
system, where control loops are updated on 'average once
every 2 seconds, if 500 control loops of the present
invention were enabled control computations would consume

30 ‘only 1.6% of CPU time available on this type of machine.
| When using a microcomputer equipped with an Intel Pentium
processor :l:junning at 60 mHz, the code executed in less than
15 microseconds per update. The parallel processing and
excellent floating point processing capabilities._of this

35 chip are well suited to vector calculations. The total time



requirin m|lisecond control cycles of nultiple |oops '

Si (r:]rul tangowgs\f ng | ow cost m c?/ocorrput er har gware. P . PCT/USISNI2L
tuni ng, the conputation of the pseudo-inverse usi ng an SVD al gorithm
Is the nost conputationally intensive step. For these purposes, the = -
matrix to be inverted is _ 22x3, and this conputation requires |ess

t han one second of CPU time on all gg based systens tested. \Wen
used for adaptive control, the tuni program can execute at |ower 15

Derf or mnce. oF SHHERR SBcuBaBBR P oroaREPt Lodl midt Lo incaae id' ciie
To further as€iost dalte enguneetzm emif updartnglg of ther moddmr clutput.
appl i cati ons, U%'Ei Séé@d gd’af‘:saeln.ﬂ szgaroddéy@ltﬂt‘e}f?é’e e, gﬁﬁ%ﬁﬁtl n

conput e opt i rrumt iscrete PID contr
tangent and p¥ikh cﬁfhﬁt V\Bentium RHOREFAITodEhAEy tREakeBimg dd | AReutf |8r°st

or der ag andmcrose@mst g@& booke uThe teueoaﬂeq&ﬂzea o aTc@issdane 1/0

|ntegral ti.nme er|vat|ve tine Ihat opt gi ven 25
per f or mnce nBafaware Ro QMEss 1 LR v@&‘?’o‘?’rﬁﬁas%%\" tunl#l “hign cERECENt s

that give m napplicatdgnsl, theecontgbldéricambpe used ter petrfbcrm ebtﬂmblPl

or PID contro m o] sf r :
- control from #hghﬁf%&ggo@wfﬂlggéégﬁvecrﬂnetrﬁzoef|ﬁﬁ:rggé aﬁ"glnlucE ggguse-
of t en adequat eidgltapepusdy usinge oot @NsY Microcompurer ahar .-eont rol,

and - the extra conmpgi,at tﬁﬂihg' OFﬁer Egﬂbﬁeﬂtﬁ.ﬁh BEetﬁéeﬁﬁaﬁa Cﬁnverse

descrlbqo architecture I s not Just hese contro ues
may be i npl enBALBE 3B SYRALIRTIENR A8 the E‘Qﬁt compukatipnaldy, gﬁ‘éens:we

techni que to ggepher F@rl eheaeatﬂmsss,wtﬁé malthailx Pe6  Peeere Pled ORL! O

h
g?:?-/ebsgyelgrzgigx ! nv h is computatlon re%:.res Eess?,g.han oge secongnafp| D

types of -contCBU mdwmebeorrcaphr €86 -based I'sg&stéusmﬂedté‘dntr@hen used for
As describedy cQ er e \éﬁﬂt O
(singl ejsnput mﬁgge ou ?hﬁ-_ 1dont?Ir ol#mn% ngbﬁgm can ® dé)é] ‘J’lé f°§g§
t echni ques neRT @réklfeﬁbéa ttélel\/lmtr°1 PFﬁHFﬁmpE@dl mmldn}m pietentgue)
control. The fitst tﬁéeﬁetﬂormancet biES ad eMRYrOPHYG | o8] (dppiiedeibnput
si ngl e out put where one input (process output). is corpared with a
set poi D ing)er process signals are used to anticipate |oad
changes in the process. ToThRuxtyeri asealsa:tlanehlengmertemenln configuring

process control :applications . the model of the present

20 invention may be used to compute opt:.mum tun:x.ng constants
for discrete PID controllers. The tangent and point or two
point meth_ods may be used to estimate first order lag and
dead time to be ﬁsed to compute settings of gain, integral

25 time, and der:.vat:.ve time that w::.ll optimize a given

performance measure. Rovira(1981) g:.ves formulas for tuning
constants that give minimum integral time welghted average -
error for either PI or PID c'ontr'oilers. Computing optimum
constants for PI and PID control from the model adds
convenience in many applicé.tions, ‘because often adequate
30 control can be accoinpl'isheii using PI and PID control, and
the extra computational load required for the presently
described architecture is not justified. ~ These control
techniques may be impie_mented so that the controller can
switch from one technique to another while in automatic so
35 that performance of control under the present invention, PI,



t hese ot her signals and the target signal can be represented by the

i mpul se nodg hesse nmodel s can be applied using mat r i pcroses/13201
mul tiplicat | on 6’1 o further adjust the nodel predi ctions and
thus introduce automatic conpensation. Agai n, nethods of I|inear
al gebra can be used to cal cul ate. t he i deal conpensation for any
expect ed di sturbance desi gned to mnimze that disturbance. Thi s
type of control is simlar to feed-f,o?\yatd control with feedback
trim a o popul ar control technique utilizing existing control 20

met hods. ~ The a&ﬁ’%ﬁ‘% s (&€ PoRESH1 P8 BacBoinpakal, feed- forward
gain is found automatic and the signal : B automati cally adjusted
to conpensate mmm Adapt | ve Control The
nodel of the present invegdi Q{emm,chmd controXlet heoff | ychw t lpesent

onl y retal ns. kIR aRuE BrEg: (eonsTe ctamye SERERGEEeRH CRRiEr.

desi _red_ Iéom Hdweveryst the same ctkehniguesbumagocke noextr.emdied« to MIMO
pred ctions of GihiHibie inpdlt %&%&g&@%&pag% czﬂer jedi 'fﬁé Fiise Bl A%
e S e o] I's

t he basis of ent " process var n
fresh on t&déh @wbomeatsnﬁglm%ct(@ulﬁﬁpﬂiepmmq oﬁlnglqrhloytput) '

capabi lity, inygep r@ﬁéoanwch A SEEsEJ R PYudd! 3 d Obompared WIt2F €8S set
nmodel while in closed | gop no glves rise to the unlag,d:e ot ent i al
for adaptive cE®XHH, anﬂd&'ﬁpﬁ?ep BREFS| s:.gnaler,ge Yred iR ’éﬁr&af 1pad

however, becaushatiyedo mttmnpraaess.tomaiymﬂwhﬁemasmﬁshhp wemeem
attributd® to (f‘:tl]’ans%e 1 8&;1 g
PCT/ US95/ 13201 r signals an € target s:Lgnang can (pe repreggnte

control |l er out joyt tr@eunpmlse amoflelshi s’I]he@la aodel s hean be appadpbessiiog

TProving an Chsthd PROSESSITRAELCARN OF | Hner  aBYGRK Ui !Mioaty

set point change 3 pe process nodelTng in I on
may either repPyedigtdans] amd thus bénm'@siug:@d autematic o compensationew

nodel . A neg a@.n, met HE0or | 1YRESS é.'lgeme'caw'Bé‘%ée@etéo'&a!t:ﬁia't@
order to1s he controll er. daptive qQrithm can perform
all of these stt%‘ﬁslaﬁﬁ oGPMBEBEaLLPn; ﬁ?E%ﬁ’@? a"Jn igtyrbance ges:.gne
statistical rrenourm'mnﬁliée thatel disdurbancki.t t whibe w@ of comrdmputss
Lo dect ot ons ! BantiStCEqC" (08l ESHHALAD fsneem , MEGHS andy 2438k, e
desired. PAPPD-aotat icontrol technique utilizing existing control
methods. The advantage of the present approach is that
feed-forward gain is found automatically and.the signal is
} eutomatically adjusted to compensate for delay and lag.
} Adaptive CQ_n_g rol ' |
The model of the present invention may be changed'
‘on the fly without introducing disturbance in the controller
25 response. The controller only retains knowledge about prior
output ‘changes and changes desired from the past -
calculations, but does not retain predictions of future
process conditions. The prediction is made on the basis of
~ the current proce'ss variable sample only, and is made fresh
30 on each cycle by a single vector multiplication. This
capability, in combination with obtaining new data for a
'process model while in closed loop mode gives rise to the
unique potential for adaptive control. Adaptive control
_ must be applied carefully, however, because we do not want
35 to have load changes in the process attributed to changes in

’ 20



While there are numerous potential applications f or Erocess contr ol

by mear®¥086/12%fe present invention, some 15 specific e 12| ude
" sinple control of fluid flow, control of a chem cal reactor, and
‘control of-a nmechani cal positioner in a disk drive.
Control of fluid flow can-be acconplished by the use of a flow
measuring transducer, a flow control val ve, an 20 anal og-to-digital
converter, a digital -to anal og convert &@, and an arithnetic processor
unit that |s progr a t Q erformthe 2& d of t r esent
i nvent i on.thergentro &Htr?é’ats‘ur Eh& iﬁ%&&&a ° é%ﬁr@go otq'fﬁtgduces
an a&ﬁ;tlreszﬂozs u.gij_fdovﬁlngamnt existing plroseblsomodéli eanllgaaﬁaken

whose out RS, Gioie Tebgt ACRRE"beart” APMEP 1] fleblcbiheg | miPHEY' T,

the flow q:m:rce.ss modas]dmgmgafmtm MR elther preplacerthe widd vy t he

-nunber of i gt%@ £Wo g t Tllﬂg ilth
processor bfgrrao é‘t % OBI ﬁé'?y 1\:/1Vegl gna and«galf q.]lat es a

val ue of - R f%‘fﬁr'e an@améeihammmu%rbeugcmeuﬁeewmap@de@ FQesited
set poi Nt yetune Tt¥e S€6nELbM ek$ em:ﬁra&!&pﬁ@etam%ggruthﬂi&tche DeraRser by
any i nput - &T%é_g’?w ce -desir g]f’ n’g ter.m nal nd
keyboard. & 9 R ‘l—"} PRt AReES QFelﬁtﬁwgﬂt;?"mml&gtéﬁh@d into
t he menor wtait iidtd call nediresrof eshermod@heand - it’s fivOtPHBALHOFata -
PCT/ US95/ 0 el

coeffig ci efit’s %nguf'ﬁe rbseu gﬁsr%\?élrsseff)gqu‘frrl%%h%§ He ng% r%%‘ﬁ?i’ﬁng% may be
stored i nnesdedn ac Weis nadsppive rkuning Prommehﬁ usedartia hneti c

processor u?H&%%e Pia'éfﬁ PI constaﬁ@érpé'igg y8i 4gsibegret hod descri-bed
herein by the sane or different arithmetic processing unit. 5

Each tine |c processor executes a control cycl e, it
conputes one val ue ti1é Stl@éﬁeoaﬁ:eoriﬁiméxebus potéhieideshppd ikasiiiongn of

he fl | | | d h
éll SI ;aIO\-Nt O%tnigl(%(? Vasf\(g%‘mé:&'rﬂa ?’tyef“e\ﬂ’i’i ﬁ%lt%g‘ﬁs%%t%gnlttﬁ tr%’%? tf“:1t68°t§‘% ;ngl 0g
|

sig specs.é:‘nic t exainplast armctlude:osu.mpﬂ.evad:mrol Alcferfiisdy £losm

aut omat i Ce Olg V. en{@c t n ly and .
positions i e va vefvgir opo onatclg%&?oﬂ rata 31:nt§bg g of %F?ggﬁg% may
be enpl oy®@sitioner in B@leflt of using the present nethod in

this COnt:rol of flu:Ld_flow can-be accomplished by the
' use of a flow measuring transducer, a flow centrol valve, an

20 analog-to-digital converter, a digit_a_.l-to-analog converter,

| and an arithmetic processor nnit. that is programmed- to
perform the control method of the present invention. The -

flow measuring transducer measures flow and produces -an

25 electrical signal proportional to this flow. This signal is

translated into a digital word by the analog-to-digital
converter whose output -is a binary signal whose value is now
proportional to the flow over a limited range and having a
precision limited by the number of bits in the digital word.
The arithmetic processor perlodlcally loads the
30 blnary flow sjgnal and calculates a value of-the control
valve that will bring the flow rate to a desired set point.

The set point is entered into the arithmetic processor by --
any 1nput output device des:l.red for example a CRT terminal
and keyboard. The settings. -of P and P, are similarly
- 35 entered into the memory of the arithmetic processor. The



15 .application is that the flowrate controlled by this method can

nore rapidl d to changes in set point or changes

unmeasur ed %gr%ﬁgﬁhor exanpl e changes in pressure acrOsls'b?’t?ggs\’gf‘\’/le)
than a conventional PID controller. The present controller is better
able to conpensate for the 20 delay inherent 1in the action of the
actuator, signal transm ssi on del ays, and |ag of response to the.
val ve ~ position caused by the nomentugyof the flow ng fluid.

I'n addition, multiple flow control systens can enpl oy a single

ari thmetic pr?&%‘%‘i”ﬁ%%‘fflé’féﬁé@eaﬁaetﬁé pEARES EnvEPsé OLbQh1 k8dS bPlthetnd

rapi dly execu exa sing a mcroc%guter havi ng™an
I ntel Penti umcontroHQkéE%ﬁrb%péFﬁFPﬁg 1% r%’lﬂ%kag‘ﬁ BEMEEY n@Fa F8ass,
t1 geo - pr e%ﬂig.t Qﬂéiﬁ_l_h dxfy tdtlet&méi a‘d@.ﬁtﬁr@élﬂgctprbﬁéﬂsbe Spmeéerrwtaqh»es arte

.m croseconds. e tqta me re Q.a i re da execute
the control n&dHERted stlt}Het "ﬁ&?’g’a (Sletsﬁ:é”\;’aﬁcﬂg’er in L‘Waﬁ’feo

requi re about &E.(fﬂanamsmmnetld/\ypro emsing unitcroconputer i s« used to
control $000 separate fIE%% gg&g tl%e @Q_q_ftl_,?%q:q{}‘dng}gg\ﬁgggges&géc@gééorms

control cal cul ati ons only
mul t'i -t aski ng copwrli gycls, 1tsgmm:e8tme valee ihat s m*om:@nade to

used for oOthele desired WRHMH¥IGP9Sf the flow control valve. This
PCT/ US95/ 13201

activities, sGdFitaly ¥pilne ofisyaFraespitted ofer athe, G&S&tal to-pyadedg,

or control an¢offvirice nmictth Girisldes ecthe value into an aﬁambgoblghaa

chemi callOreactor .i s SI control .of fluid fl exce that the
process out pu the | %r?é'%&rcenEﬁPtEPlany Xﬁslcaﬁﬁ

property that aus:onﬁtlc contkraledvabdvehetbpil iagecepts ha pddguidialpr sdgnad

For exa lr%ctl&uc{ﬁ ;:%‘t;sﬁ%loél%satﬂ 'Wé‘i@é%k?ﬁoﬁ%%hﬁ:elgheﬁo the

vi scosity of t e pro ired measure o Ity of
the product. VelNer ofpshdsr isdanate Ay &e Hrgnkoyrd. pH, specific

gravity, " conductivity, qpr Eélf&ﬁ@d Sofoﬁsﬂn the $@8 éh?d mSESd €8n MeagHr ed
by titngtion, spect r,oscqpi c - ¢chro h| C Eher anal tical
met hods. Thi saBRafcAFion 1s that rhe; §19‘f"n¥P§% PFé'H}R&Fe Y kRasam FBPfiaI

signal that can mb¥eptrapédigdrespsndatot bﬁahgespﬁ.ncsesoppiml og thangeshod
desired serti By ot a rsaaus 4 Eos8 TSt siarkiel hehoee " dn 'Brtdfpe
flow of a cheaccu:ass_rmetanatlm) ¢haal pstgonventionabfPID contealley.or The
cool ' ng fluidpragehite doEOf1&) e ikle & bk to compensate for the
! 20 delay inherent in the action of the actuator, signal
transmission delays, and lag of response to the valve
} position caused by the momentum of the flowing fluid.

In addition, multiple flow controcl systems can

employ a single arithmetic processor unit because the

25 present controller is simple and rapidly executed. For
example, using a microcomputer having an Intel  Pentium

processor operating at a clock speed of Go'megahertz, the

present control ‘method was found to require approximately

15.0 microseconds. The total time required to acquire data,

30 execute the control method, and transmit data to the valve
was fotmd_, to require about 80 microseconds. When one -
microcomputer is used to control 1000 separate flows, once

per second, the processor performs control calculations only

about 8% of the time. When using a multi-tasking opérating

35 system, the remaining time could be used for other




to a reswéggﬁfw peating rreans or any other input that has 5{5532 ffect.:

on the product-quality neasure of interest. The 20 val ue corrp y - t he
present method may al so be used as the set point of a flow control

for an appropriate process input, and it is particularly advantageous -
when this fl ow control is also perforned using the sane .
arithnetic processor, particular I&/ when the processor enploys the
preseng inventive nethod. ' The present control nethod used

for control agfigiries, QﬂE?‘SEEdEQQFEPOBE'%a@ﬁ%b'%BEaéhyo§Q¥Qﬂbﬁgeaéi ahen
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In a devi c oz ke |
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on the medi¥s tﬁfQﬁ%S%ﬁ all’eeﬁﬂﬂ arlthxbetmazelrwesﬁcrtwngh@mmetln@dmf ed to
nove the hegge igresent J.tﬂQie‘htM'ttd %mpu%e EYGhiﬁle|§ropB§t15h§§ tbnihéd ng

step 15 n ratiop o -dat a stora and re ri eval device handling a
| ar ge %J%ﬂ'ﬁg ‘f’t"ﬂ%?a°g al\B?QﬁEﬁF RRPIRSS 1nputy (30 ned
u5| ng an elhe:ttﬂtemﬂjlrmildf (E\OHEInlcamfréEcwamlme-catalystcpl&h@rflow of

o ereotr A SEA T ERd SR Ale FFol GF qrecrridd SRR o
t he preci set:cp@lxemsmnceeheaaﬂngzmeansm or apysotdemtinpwty thar had her
a digital 5prer@dd 0%n the product quality measure of interest. The

20 yalue computed by the present method may also be used as the

set point of a flow control for an appropriate process

input, and it is particularly advantageous when this flow

control is also performed ‘using the same arithmetic
processor, part:.cularly when the processor employs the
25 present inventive method.

The pres_ent control method used for control of a
chemical reaction is particularly advantageous when the
residence time of chemical in theé process is long compared
with the desired period of pr‘o'ce'ss'contrOI._' " For example, a
30 plug flow polymerization reactor having a residence time of

one minute where viscosity is measured once every 10
seconds. If flow of a polymeriz‘ati:on catalyst is used as
the process input, a change in the flow rate of this
catalyst w:Lll not have a measurable affect on the viscosity
35 for about 60 seconds. Thls large signal lag 1s_ difficult to



el ectrical signal. The control method used to position the head nust

nove the he i-dly as possible towards the desire and
stabilize tﬂg’ﬁl&éﬂfemnt towthin a predeterm ne tol e?acﬁ.@?%i?glre
data can be transferred to or fromthe nedia. The time required to
stabilize the head is known as the settling tinmne. I'n
this application, the present control nethod is particularly

advant ageous. If the el ectronmechani cal4 actuator is a
voice-coi| type, it consists of an 30" ‘el ectromagnet and a spring

posi tioned such,bA3L hBEngeRAnvent1oHBICY tcﬁih\ﬁxgtﬁ | REEALER POROWLID:! E@%

is proportiona rent passe romagnet
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system t 0. 0SCi that Gpd ¥ &F Onaiedeahagkgal dﬁf@ertqiaﬁgeén G% 3Bhe #8s2keq

required. The dynari,cs of 't he head 05|t|on WO 96/ 12
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descri begs]ulsl g%mgecmdtnéd]gathwnr lévidlsr diserd on llts anodél prredisi ngd a
conventi oha r r

posi ti oner, t he® séﬁ#‘?ﬁ "9'54‘15?%3? %(y th?e?%? i 8t Eghiléﬂtl ne&g%%u\:l?%%l
for the head tchangst harsosbeen apphbediemfumthqmv postro&n atiloeby Ptipe
met hod, the prﬁf&é‘éxat conti:‘aigﬁt L 01‘1“ d&f&%&é £3E SRR fl?écétli@e

second order WX m CcS O ositioner and thus preven
oscillation the medel} gekil I%@mte E %‘b?l¢%@do$lmﬁe°§r%§%r@r%@#ﬁ$ol

met hod to danpen oscill ai‘.ho%. Caévﬁ.ééuc@séd‘e t%etkéaag ﬁdﬁ@cﬂyg opt:.céll | @ast
50% 10 10 rther red set

tli
e tromD o mrenet iR metih s b oAt tE Read pmughobs, Bpsitichal at 2
the span of nop=reitubdrtpesitiont ¢a extekd)s omettied media HéFore rdagsan cnd

broduce. momencls S SFwPisrads PR Rms, Feayitad o MK B dedd dh
in order to rmwlels hepositiomeate nrypicallyy thea mmefbuwtmgt i Step Fain

I f t | t t
O ' o TRFAGEoR S8 a0t oy o L Aol Bl

correspondl ng Yarger @enEisy 29fardrts- m mﬂleﬂ‘eﬁ&'anof-het% headyi ayhike

mechani cal st %mﬁu@@tu@ﬁﬁga&n NENEFErSmBENEEHc devicé hestiéh Sds A diasd-
tracks. lin andFﬂcl)date r #38 for the pr

control et hooc‘\’/ﬂ'PerP’f:(ﬁWcﬂ'I“? T di E2REadtPESTPYBHERE of gh?rﬁ%ﬁadoe
very rapid, tyjs cedntyrorbedtbpnad eléettrécaddsighhd. A means must exist

for the drive to determine the precise position of the head.
This measurement may be either a digital or analog
electrical signal. The control method used to position the
} _ head must move the head as rapidly as possible towards the
desired positioﬁ and stabilize the measurement to within a
predetermine tolerance beforé data can be transferred to or
from the media. The time required to stabilize the head is
"known as the settling time.

In this application, the present control method is
particularly advantageous. If the electromechanical
_ actuator is a <voice-coil type, it <consists of an
30 electromagnet and a spring positioned such that the head

! 20

moves to an equilibrium position that is proportional to the
current passed through the electromagnet. The mass of the
head and positioning arm causes this type of mechanical
system to oscillate, therefore a mechanical dampener device
35 is also required. The dynamics of the head positioner can



25 sinplicity of this control nethod conpared with other_nodel )
predicti 08/, | methods will allow this control to be - Pcrm%?é@éﬂ’dl I shed
using - inexpensive gener al pur pose " m croprocessors. .

To summari ze, in accordance with the present 30 - invention, the, basic
steps perforned by the controller on - each update are the foll ow ng.
Acquire Y fromthe process. Det er e the future process changes.
Conpute t he steady : state error %pute the correction required.

Q)I?Pls%ll tngecon rofifg’gf:%g%g%u hggé ehd ?%g upgg?li%é vall%ﬁ%et'ﬁ&%n enttoiél\r}\le) >
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mul tiple |inear regressi termne |

up n + 2 bymethedr te dampennpeciblation ¢ampreducethe a;m:mmwmqobwudo

i nverse. Fi gd hagktCaloggm - of the pseudo inverse and.assign to a+.
Conmpug@ predictor _ sumvector s frominpul se nodel a. The first '
el ement of vect P s TUWrtheral TedugR ffjclekingaj himes of a head The

t uni ng taSbosutloﬁQh@abybteﬁﬁr themedickycodl actuateRdcancber agéighba a

2chi eve adaft GBAEoRPRoPPanyaE mbbinent, e EAR RBFRELr Srbepis Bovondy « ne
pseudo- i nvethe, mindmure and maximsat aoracks bthe thedededian al Théepeasaged

on-the-fly wihpouy Hecnod 19! il pHolidd Sfohlnt A8y D diiiENe coar

To ach¢ eve opti num pertor mance
systemi s C‘Hﬁ'&%ﬂeeUﬁni’r}lﬁéﬂVoﬁl}’H%ﬁq@d the head nip Prdevceesmevepthag and

updat i ng ofhéaatmekleerr apidl Quit &uu%sl%éméd@im upsH & BLEcees
control acqui s scans i npyts  from.miltiple

, dat jo
poi nt's ﬁﬁsfﬁfﬁ% ?‘gﬁ?hé\p‘%orﬁc?%‘rq’é?n%’ilci"ﬁ nﬂ;qaﬂ.llg s ethene
del ay i ntrodangd bf Uheodana mqwequ:uldlbﬂiamd\wauﬁomtover the media.

_ corresponding to currents of 25 and 75 mA would span the
20 media while mechanical stops prevent actual movement beyond
" the first and last tracks. k
| The sampling ‘and update rate for the present
control method when controlling a disk drive head positioner
must be very rapid, typically less than 1 millisecond. The
25 simplicity of this control method cotnpared'with other model
predictive control methods will allow this control to be
accomplished using inexpensive general purpose
microprocessors. ' o R _
_ To summarize, in accordance with the present
30 invention, the basic steps performed by the controller on
each update are the follow:Lng. - Acquire Y from the process.
Determlne the future process changes. Comriute the steady
state error. Compute the correction required. Apply the
clipping algorithm. Add the first change element to the
35 existing controller output and send the updated value to the



const-ant and cannot be reliably nodel ed. When process noi se IS

present, di Iterlng may be introduced in 30 conbi NgdrpisesMisiol
sanpling ra es are an integer - multiples of the controller
updat es. Digital fllterlng shoul d be perfornmed so that the tine
constant of the filter I s equal or less than the update cycle of the
controller. When | onger filtering is perfornmed, the filter adds to
t he process |lag and the. controller w4l_attenpt to conpensate
WO 96/ 12990 PCT/'US95/ 13201

44 - Reddl S s&ﬁhbxer@'&%émfse UL €0C Eﬁage-&gnihanae&eghh%t

Is that the fPFier S attenpt to reduce sensitivity, to nois

thwarted by tﬁ@%xﬁﬁ?%#léiement with the Chﬁﬁﬂﬁnlﬁﬁﬁs@ngumaS?%%FetPE

shown and desehbb@@és not yidte M@ ald athe oLk ne1é sel@hent he lnventlon

it being 5 understood.that .the inveption.is capable of TS
vari ous ot her nﬂiﬁh eIRMERLS oRYi r Bnnetd éﬁda%? c&paste "set

changes or nodui:bﬁan:u.ml\y by mhiehealdratdion processt | This calibateéphs

as expr e8sed B%E%e@s uség the matfllES: algebraZQnethods discussed previously
in the following sequence. .Sample process inputs and
outputs during a window preferably at least 2n + 3 samples
long in which there are changes made to the process'input.
Perform multiple linear regression to determine impulse
response model. Set up n + 2 by 3 matrix from impulse
response model and compute pseudo inverse. Find best column
of the pseudo inverse and assign to a*. Compute predictor
sum vector s from impulse model a. The first element of

. vector s is equal to the process gain.

The tuning task is normally performed by a
separate program in a multi-tasking environment. This task
can operate continuously to achieve adaptive control. The
tuning constants of P,, P,, and the pseudo-inverse, and the
constants of the model can all be changed on-the-fly without
introducing disturbance in the process.

To achieve optimum performance, it is important

’ that the control system is capable of synchronizing the
timing of process sampling and updating of controller
outputs. On some systemé used for process control, data

25 acquisition hardware scans inputs from multiple points
asynchronously from the controller cycle. In this ¢ase, the
delay introduced by the data acquisition hardware is not
constant and cannot be réliably'modeled. When process noise
is present, digital filtering may be introduced in
30 combination with sampling rates that are an integer
multiples of the controller updates. Digital filtering
should be performed so that the time constant of the filter
is equal or less than the update cycle of the controller.
When longer filtering is performed, the filter adds to the
35 process lag and the controller will attempt to compensate

10

15



25 35 WO 96/ 12990 -
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claim 1. An electronic nodel predictive control
apparatus for controlling a plant having a plant input signal and a °
pl ant out put signal dependent on said plant i nput signal, conprising:
a first nmenory contalnlng a vector of data el enents derived from a
pseudo-i nver se -an |npulse reffonse matri x model of said plant;

a secorid nme qnt n|n a i ndi cative of future plant input

si gnal - chan&yéﬁ? S MGE severecme%yd':&e!o net effect

athird merrurq that a:ha Ifg.la:e\tetﬂ atteinpatio reducelstiisivipHityithaloise

changes; nory containing data el enents by
- way of whi ch % aiﬁte plbavnt %tac%r?&%f}ﬁgf change due to past 15 pl ant

i nput si gnal changes ety uius:lshmbbsunm sthereeisoshown andl dessiriesint
i nput  si gnaleyfhapg@Ferred grnbs d:ur'ents"“n ot e@ﬂé’”':ﬁv@’r&% Of ﬂ:daﬂ}e%q%g;

receivd a plant out put n
expected fufpderstaad dmaghtt he im’%ﬂ‘@#ﬁm -’r-$oﬁ¢§§béled§iau5ﬁdll@amare-0@fs

future pl aniotihgaut combinatiohal ahandesvesbameatsd ahai N Pd afgaﬁw”o‘i*
cycl es, sai d pI an tea state gain, said future ﬁ out put
si gnal m% d%?%twﬁ"&ﬁ Sh3n8FORRaRGH aﬂﬂ‘@&ité"e

concepts as expressed herein.
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pl ant output signal sanple; 25 cal cul ate an error signa
froma setp signal and said expected future plant o mﬁhﬂﬁ?'
and Wd‘&mzm caI cul imlll mlumthMLiSI gnal charige 1’3

said error signal, said vector erived from sald
pseudo-i nver se, and said data indicative of Tuture 30 pl ant i nput signal

changes cal cul ated during prior control cycl es; wher e
said plant input signal change is applied sg . said plant input signal
for contrplling said plant output signal. 35 WO 96/ 12990
PCT/ US95/ 1320k ~1g4im: ' - 46- o]

2. The control apparatus of claim 1, wherein said _first, second,
"third and fourth el ectrdhi c rdioredgchrenic m%dlEHeﬁhcﬁlgﬁngl@my
dewdce dapparatus fo§ cIer6PTiAS! aﬂppaaatusrlTaahﬁé a'tam glaﬂberiﬁ'%p’ut f
said nenory device._is e. control apparatus o
claim1, wher &ignal an@a?dp&%s%‘b?mﬁg ﬁﬁggﬁlppﬁﬁ%ﬂ%t ald

5. The cont rispuappaiigrals, dompxdsdidg: wher ei n sai d processor i's

i mpl emen®ed by direct el el rﬁfgé\/\ﬁerm nr%g%q&talgﬁr}gan% vector of ata6'

The control apparatus of claim sal I nput "si"gna
change is furelementecesieaived ofnaw a psemofrgramnsead afo & d ipipardise

i nput si gnal IIJ%B?’ e BRAtH 1P model 'Qa.{)d ahfput signal change to
nt

restrict said |nput S|gn to a reshol d | evel , where said
further processing i nclau@esongymemory containing dataiRdiGRE iR PL

sai d -pl ant i ngwtudedFllant inpd€dgdghfls dHarYedical APLEtEA IRk inghPIERY

exceeds 18ai d ontrotlhrcgrscrl()l d Tevel and conmputing a clip value equal to an

a th:.rd memory containing a ‘vector of past
plant input signal changes;

a fourth memory conta::.m.ng data elements by
way of which a future plant output s:Lgnal change due to past

15 plant input 51gna1 changes may be derived from said vector
of past plant input signal change's:
an electronic processor'a_dapted to:
receive a plant output signal sample;
, 20 ~ calculate an expected future plant output
_ - signal from said data indicative of future plant input
. signal changes"calculated during prior control cycles, said
’ _ plant’s steady-state gain, said future plant output signal

change due to past plant i'nput' signal changes, and said
plant output signal sample; '
25 calculate an error s:Lgnal from a setpoint
signal and said expected future plant output signal; and
_ calculate a plant input signal change from
said error signal, said vector of data elements derived from
said pseudo-inirerse, and said data indicative of future
30 plant input signal changes calculated during prior control
cycles; _
where said plant input signal change is applied to
said plant input signal for contr_olling said plant output

signal.
35



anount by which said threshold level is exceeded;
subt racti‘f‘@ B9 clip value fromsaid plant 25 i nput si JIEIVUSONA3R0L -

adding twice said clip val ue tol mmm I“M“ " IIIl si gnal change
cal cul ated for the next contraol subtracting

said clip value froma plant * O nput & gnal change cal cul ated for two
control cycles in the 30 future. 7. The control
apparatus of claim1, vvherei n - osal (fspl'ant i nput signal change is

furthef processed prigr applied to said plant t sj gnal
in order to clip 35 2 sal Ehﬁl aﬁﬂnq?’ﬁé)&gt 556551 ?ﬁ 8"?“«355%&*‘J ESFg
pl ant i nputsaid first, \#e@d 23 rd and fourth electronic MEMLYTRS/ 48801
- 47 - | sJ0_a re said further processing
I ncl udes: embédﬂe'& 1h° s&ﬂ&iédgl% %&mﬁr{eglﬁn.sai d plant input signal
added to said plant input signal change exceeds said t hreshol d
| evel ; and modifying $he Cohguictit-dl dabphRaths of cThERAS Gtréin
pl uraISty of control cygles so,that_the sum sal difications
equal s zer aid memory device ig a RAM.contr o appar atus of claim1,
~wherein said error 5|gnal Is multiplied by a danpening factor.

9. The control apparatus clal 1. wherein_a - artl |on|n factor

is used to apportion the cgﬁ? r(ﬂj‘l. tajpparatugalqj‘. pf"g ?q’fﬁ‘a‘?
change due saidgixovessor bs dader prograime cemtxoder i ved frorrr "a| d
pseudo-i nverse and at | east one ot her vector derived ftom said
pseudgy i nver se. _ 10. The control wﬁpar atus of claimp9,
wher ei n sai d at54 easThencontrel \RpParatusi ¢claimsdi,d wherein

i nverse i s.gnii NgbeoRLBRBA! St OimpPEREhteRd B | BYSERE Oferdbrrfdif

plant's steadﬁ;lesé a{oengal n.

6. The control apparatus of claim 1, wherein
15 said plant input signal change is further processed p"rior to
being applied to said plant ihput_ signal in order to clip
said plant input signal change to restrict said plant input
signal to a th_reshdld level, where said further processing
includes: | | _
20 ' determ:m:l.ng when said plant . input signal
added to sa:Ld plant input s:Lgnal change exceeds said
threshold level and comput:.ng a clip value egqual to an
amount by which said threshold level is exceeded- '
subtract:.ng san.d cl:.p value from sa::.d plant
25 input signal change;
-adding twice said clip'value to a plant input
signal change calcul'ate_d for the next control 'cycle,-
subtracting said clip value from a plant
input signal change calculated for two control cycles in the
30 future. :

7. The control apparatus of claim 1, wherein
said plant .1nput signal change is further processed pr:.or to
being applied to said plant :anut s:.gnal in order to clip

35 said plant input signal change to restrict said plant input



sai d vector of data

~11. -.The control apparatus of cl

el ement s deglo\RAadgoOm sai d. pseudo, |nverse i s"a vector pefRkdFisaer t he
el enents of “an opti nal colu+ul "ﬂ ﬂﬂtw n i'nver se.

12. The control apparatus of clai said optimal col um
of said pseudo-inverse is at |east partlally determ ned by

mul tiplying said inpul se response 30 matri x nodel by said pseudo-inverse,
subtracting an identity matri x, and, cppputing the |east squares error
13. The ,control apparatus of claim 12, wherein said optimal col um
of said pseudgy mg;&a 90 a! tHAEHSIG Feve dehREPENEE18Y FSLRGY BEocRe sy

| eft-nmost colu In ord 96/129

PCT/ US95/ 1320%ncludes: . - 48 - o to

provide an early plant out pUtdéi‘Jel&ﬁ.nirr@pm said plant input 18ighhg
control apparat sai d vector of data

s .of cl aim, enment,
derived from & Q‘Hﬁdpsﬁﬁdosal pV\f?rf‘ﬁ/erW‘f‘% SiER/L, S sEATSE aﬁe gd
aver age of at threshdléasteveln cadmedbfyingd tihee malcularead. plant 1nput

5 oheScont Lok-aRBALAIS Lioich ANy JFUSleror cvcPBhUpdoEhSE ShelBli

el ements deri fomsal I nverse i or ~conmprising an
i nt er pol at.i onoﬁeﬁﬁédnmflcathnﬂ eeuale 2ere. pseudo-i nverse.

16. The control apparatus of claim 1 wherein said second and third
menories conprise shift registers. 17. The control

apparatus of claim1, whereiFhe °°nt§%:|-da%a&%eﬂ?scééﬁf“al%dwhﬁr@écpd

fourth nmenorygaglper¥or signald MechRl i anh £ dimpéning reaeeods to the
sum of 80 Alerr] colum, where Alerr] is the integral formof said

I mpul se
9. The control apparatus of claim 1, wherein a

'partitioning factor is used to apportion the contribution to

said plant input ‘signal change due to said vector of data

elements derived from said pseudo-inverse and at least one
15 other vector derived from said pseudo-inverse.

10. The control apparatus of claim 9, w_liérein

said at least one other vector derived from said pseudo-

, inverse is a single element vector comprising the inverse of
20 said plant’s steady-state gain.

) 11. The control apparatus__ of claim 1, wherein
said vector of data elements derived from said pseudo-
inverse is a vector comprising the elements of an optimal

25 column of said pseudo-inverse. |

12. The control apparatus of claim 11, wherein
said optimal column of .said pseudo- inverse is at least
part:l.ally determ:.ned by mult:.ply:.ng said impulse response

30 matrix model by ‘said pseudo-inverse, subtracting an 1dent1ty
matrix, and comput:.ng the least squares error.

13. The control apparatus of claim 12, wherein
said optimal column of said pseudo-inverse is further
35 determined by selecting the best left-most column in -order



response ITB.tI’IX 20 18 The control apparatus of claimi1,
wherein WO12MPy data el enents contained in said fourth nEEPSPSUEMr i se

a matrix where elenents corre?ﬂ‘umllmmﬂmn in a Alerr] matri x,
where Alerr] is the integral ul se -25 response nmatri x.

19. The control apparatus of clair 1! wher'ei n said plant conprises a
fluid flow system having a flow nmeasuri ng transducer and.a flow
control valve, where said 30 plant ovt"fﬁut signal is der| ved fromsaid

"~ fl ow mBasuring transducer, .and said pl anI ut is applied to
sai d FPoRTO¥HEroPT, SAFLY Plant output QQ%P %ﬁtrol appar at us
of claim1, wherein 35 said plant conprises a chem cal reactor system
havi ng a WO 96/ 12
PCT/ US95/ 13201 9.@ %‘ﬁ% control apparatus of c&slm 1, "’Bﬁgﬁf‘f‘y

measur e traﬁéddcére%#mranfaMOremrttgﬁ de@ﬁwedt from S@idsapae'qdal-lty
measur e, W“%Gefrééd:.@ adt ekt éérﬁg?fisiﬁg a we:EEﬁtl‘.é( e gk aggl i ty

measur$§ transducer, and_sai d plant ~1hput signal is app |«ed to said
actuator. least two columns,of Padd PRSUIO-AIP8%/%s of claim 1, wherein

sai d plant conprises a chenical reactor system having a flow

controller, wherein sgid p I gnal applied.to a_-: e{ poi nt
of said flow controll g# lfge cotttorl gpparai nF?‘ﬁ?‘“‘aﬂparﬁlP%§eb£
claim1, wheakdnvector sﬁl ﬁaﬁanblmqnussedemvedr dyromesadd hpgendoa read

%S/r Ce); aid p‘l’1 %égu'?%ﬁg SI gna d?%ﬁéy%ﬁa% ?ﬁd}%ﬁ-’é% %%Rgﬁgewgsg §‘g?d

head over sePiumndrafesaidi nseude-davernseant i nput 15 signal is applied
to said head actuator to control t he position of said head over said

storage nedi a. : , .
16. The control apparatus of claim 1, wherein

said second and third memories comprise shift registers.

15 ' 17. The control apparatus of claim 1, wherein
said data elements contained in said fourth memory comprise'
a vector where each element corresponds to the sum of an A°
E_:olumn, where A° is the integral form of said impulse
response matrix. | -

20
'18. The control apparatus of claim | 1, wherein
said data elements contained in said fourth memory comprise
a matrix where elements correspond to elements in a A°
matrix, where 2A° is the integral form of said impulse

response matrix.

19. The control apparatus of cla:.m 1, wherein
sa:Ld plant comprises a fluid flow system having a flow
_ measuring transducer and a flow control valve, where said
30 -plant output signal is derived from said flow measuring
‘transducer, and said plant :anut signal is applied to said

flow control valve.

20. The control apparatus of elaim'l, wherein
35 said plant comprises a chemical reactor system having a



23. -The control apparatus of clai m1 wherein said vector of data

el enent s m sai d pseudo- I nverse has three datmmg

24. . The corﬂ’?o?’ %’Bﬁar atus of cl ai mlmumﬁuugé“wi sai d vector of data
el enents derived fromsaid pseudo- § a nunber of data

el ements equal to the order of 25 {he dynam ¢s of a nodel of said plant
pl us one. 25. The .control apparatus of claim'l, wherein
said pseudo-inverse is calculated by .siggular value

deconposi i on. .30 . . 26. The control apparatus of claim1,
wherein aﬁatilwpmbaeu&es RRAsBINEr 4nd ate bictth tioro Raingnae eEfect

response vector havi,ng abqQut twenty elenents.
control apparaPlis® BF'%cﬂéﬁaﬁﬂ \ﬁ?@f%‘}’ﬁe'ne éfe said INFBE/ PUSRYL s:.gna-i 18
PCT/ US95/ 13201derived from said quality measure transdifer, and saidrpdanitng

I nformati on |s&§§hgngﬁ§ng§ é_%?g%p(s;&ég) oyl mggctuator. and said new

nodel i ng i nfor alning a new nodel , thereby

i npl ementing. _adaptive control. 28. The control
apparatusof claim 1, fuggher me con £PP" aﬁgaeaemofn@meyrb%rdwhe&em
provi di ng sai d setpoint to said processor

29. The contr 8RigpBARBE USOBPT é?ﬁﬁ rﬁL 1Ch%b¢‘%:|- Feactor SysLemhawiag &sfdave

matrix is deri &@ﬂtferTe%r) WhBei® said plasBoA u\teetlghacietler dppadedy to a
| i near regressi ' predictive control

method for SetpeaﬁPr of| Pﬁd%%ﬁ’&&?ﬁﬁqﬁﬁf&a process input si gnal and a

process out put signal dependent on said process input

22. The control apparatus of claim 1, wherein
~said plant comprises a storage device having a read and/or
write head, a head actuator, and rotating storage media,
where said plant output s:.gnal is related to the position of
said head over said storage media, and said plant input
15 gignal is applied to said head actuator to control the

position of said head over said storage media.

23. The 'control apparatus of claim 1, wherein
, said vector of data elements derived from said pseudo-
20 inverse has three data elements.

) : 24. The control apparatu:e of claim 1, wherein .
said vector of data elements derived from said pseudo-
inverse has a number of data elements equal to the order of

25 the dynamics of a model of ‘said plant plus one.

25. The control apparatus of claim 1, wherein
- said pseudo inverse is calculated by singular value

decompos:.tlon .
30 ’

26. The control apparatus of claim 1, wherein
said impulse response matrix is derived from an impulse
response vector having about twenty elements.

35 27. The control apparatus of claim 1, wherein new



é?oce:isgorﬁpﬁﬁ’ll @Bgrgln; :Igg:]:f :”eﬁfllljﬁm l"“c”m#m‘/cul ating an %‘f%ﬁ? "fslﬁ!t gr.é

process out put e of future process input

si gnal changes cal cul at ed duéri hg prior <ontrol cycles, said 20
process' steady-state gain, a future process out put si gnal " change due
to past process input signal changes, g sai d process out put signal
sanpl e; calculatlng fnerror signal froma set point

i:';tlgcr:lﬁ: afllngg%g&%er oceig}'ﬁﬁ”z §£§ gcﬁgﬁag.ﬂte&u%u?%rﬁ sg%)p%:\’l?%rcwﬁf a

vector of dand esan@nnngquaéGLng infaymat topsiadusedy e aﬁtmzlmg)uase
response matgddy fid§e] , ofn HeREAESRS: s_qjq.h._ar djndi cative of
future process npu?rgP ?b ﬁﬁ%ggs Faggéteép uring prior control

cycles; 30 and _ _ appl yi ng said process input signal change
to sa: % process 2@putThe gdnthel %ﬁ@aﬁéﬁugg %zal f'l&i:ﬁcgssvﬂ%tﬂ%r g
\S/\bggg/ 129985compr151n$d-/ 8%%‘5%8%0%“'[ £ : Srogldg.ngl rga%d« seteproe:{r;]t sa|51

- pr edggml npitsaldnerocéssge. i S further processed prior to

being applied to said process input signal in order to clip - said
process input- signal change to restrict said process -~ i.nput signal to
a threshold level; whed®. sdfhefgrnbyol appayatussoifngiadm ulles wheresireps
of : d Omi S |fy5ﬂ g

added 1po salaldcégggl?ﬁpﬁ%ﬁgggﬁg? chaﬁgg gfgegggEEE? éh qﬂﬁ?%%f

| evel and cd&t R AGLi oF AgtRrmingd Py binear regxgssdopy mhlch sai d
threshold | evel is exceeded, - subtracting said clip

val ve from said brocesy 10, A BB AN coneeer  mernen or
cal cul at ed t@nﬁﬂuilnng axptooéssyhhv;ng a process input sighhlaandna said
E'o'nfréﬁ' 3&?’3@’@. B G siqnhPUbepLAGh: *NERI%£M CY R AL LR
signal, comprising the steps of: N
sampling said process outputlsignal;
calculating an expected future process output
signal from data indicative of future process input signal
changes calculated during prior control cycles, said

20 process’ steady-state gain, a future proéess_output signal
change due to past process input signal changes, and said
process output signal sample;

calculating an error'signal from a setpoint
signal and said expected future process output signal;

25 ' calculating a process input éignal change
from said error signal, a vector of data eléments'derived
from a pseudo-inverse of an impulse response matrix model of
said process, and said data indicative of future process
input signal changes calculated during prior control cycles;

30 ang ,
applying said process input signal change to said
process input signal for controlling said process output
signal. ' ' | |

35 31. The control method of claim 30, wherein said



32. The control method of cl ai m 30, wherein said— pl ant i nput signal
change is furt rocessed prior to being applied to Sﬂ:‘ﬂl“ "

i nput si gna‘ﬁaigﬁﬁ@ﬁer to clip qu“ljlﬁnmtlulﬁn lu;illﬂtu't si gnal (':hangegs}[sgl%”l
restrict said plant input a2l ®5hol d | evel, where said
further processing I ncl udes: det er m ni ng when
said plant input signal added to said plant input signal change

exceeds said 25 threshol d | evel ; and nodi.fying the cal cul ated pl ant input
signals over a plurality of control cycles™so that the sum of said

modi ficafion 1 eh 153 gk?p, ai m
30, further %PSH%%%??@?&Q 'stiﬁél a?.:I.t e%h%r#g?m?'?i ngF%%rggi?%sré? gnﬁ Jf/ a
danpeni ng fadeeing applied to said puoceng iBRUFoFigBEhodRoPTdeEi HP3OL1D
further  g£0dPprecBEst HApHte B iYnAPPERh&hGE! B8, rRst¥\tOfsaiBprocess
partitioning factor, the confribution to fgl dlgr cess_input ., \\D

96/ 12990 input signal to a thresho ‘ﬁ@.:l‘l"lué%rpﬁzﬁiud further

- 52 - prot@ssinghsngtudes thessitépeccifar of data el ements: derived

from said pseudo-inverse and I one_.ot he cl.Qr . riye om
sai d pseudo-i nver se. ' d_%Eerﬁ&ﬁting ggférbT%%xgo#?Pglesﬁeﬁﬁ?g&ofg%im
34, wherein sxdded to saidl quxicess dnput veigoaldathange f exceedsd said

pseudo-i nver - [ in cior ey ' i n of
Sai d pareshold, 364 oA %ﬁ?ﬁ‘. AU 126 °B0Tc HATP Va0 gdted 160 Mn 0
met hod of cl AMPWEt h¥iecwhighsgadd threshold, devel dm dxeeadadients deri ved

from said pseudo-inverse i s gubtradtifg!84i@¥Pip Vdlhd Eeof! SaRAIrsdeds

opti maligcol unll_ﬁnl%t signafaé:gaggg?do-l nver se. ‘

| | adding twice said clip value to a process

input signal change calculated for the next control cycle;
- subtracting said clip value from a process

input signal change calculated for two control cycles in the

15 future.

32. The control method of claim 30, wherein said

plant input signal change is further prodessed prior to

, being applied to said plant input signal in order to clip
20 said plant input signal change to restrict said plant input
signal to a threshold level, where said further procéssing

) | includes: v
determining when said plant input signal

added to said plant input signal change exceeds said

25 "t_:hreshold level; and modifying the calculated plant input
signals over a plurality of control cycleé so that the sum

of said modifications equals zero.

33. The control method of claim 30, further
30 comprising the ':step_ of multiplying said error signal by a
dampening factor.

34. The control method of claim 30, further
comprising the step of apportioning, by way of a
35 partitioning factor, the contribution to said process input



37. The thod of claim36, wherein said 15 optigal. colum of
sai d. pseugpé]#%‘gg Is at |east partially determ ned® Wﬁzm yi ng
said i nmpul se response matrix m)cml Iﬂm pseudo-i nverse,
“subtracting an identity matrix |l|||||||||||ﬂim ng the | east squares

error. 20 38. The *coritrbl Method of claim 37, wherein said

opti mal colum of said pseudo-inverse is %ur_t her det er ni ned by

sel ecting the | eft nmost col urm havi ng an~&ccept abl e | east " squar es

error in or eafl LRSS QU pEt r 25
- 39. The controc‘f '%1 %%? 8\93 renBSéa&\ﬁierel n&!'.slalgg data el%h%@ﬁs &%P;ﬁ,é&

el enent s derfnami Sﬁéﬁl Qﬁ@%mrmeﬁ@ i gt least wng optbenpriekttar a

vei ghted aveieddardd Mo aabtd tyMeudo- invekyENs of said pseudo-inverse. 30
40. The control nethod of clai'm 30, wherein said ~vector of data

el ements derived fromsaid pseudo-inverse is +a vector conprising an
i nterpol ati on between 35\0 crleiBEntfol methSdicE: mam-wvwf&eﬁﬁ said

0,20 #2950 at 1east one othep, veqsRr ARFFUPY, FT SO PSR ST

conpri si ng msestsaqmgxle delemeny vacuommmpmrmagssthwtimverse of sagiaal

change due t g T, Q_ﬁﬁ changes by - mul tiplying a
vect or of pgg‘t process |n§ut SI gn§ anges by a vectgr where each
el enent corresponds to the sumof an Alerr] col um, where Alerr] is

the integral form of %@ d "I‘Hé“c'iﬁztrol metﬁﬁ?d’%%l’ﬁfn{ 96, wherein said
42.  Toe control nmeth npr|S|ng the step of
deriving sal vecteruPE §P53e§ieﬂﬁf”p'§t de{é"edsﬁfﬁ&! séﬂ&n?éeb‘éé -daviexse geocess

i nput si gnak cleowms tymprising the elements of an optimal column of
said pseudo-inverse.

37. ' The control method of claim 36, wherein said

15 optimal column of said pseudo-inverse is at least partially

‘determined by multiplying said impulse response matrix model |

by said pseudo-inverse, subtracting an identity matrix, and
computing the least squares error.

20 38. The control method of claim 37, wherein said
optimal column of said pseudo-inverse is further determined
by selecting the left-most column having an acceptable least
squares error in order to provide an early process output
s:l.gnal response.

25
) 39. The control method of cla:Lm 30, wherein sa1d
vector of data elements derived from said pseudo-inverse is
a vector compr:.s:l.ng a weighted average of at least two
columns of said pseudo-inverse.
30 '

.
4

40. The control method of claim 30, wherein said
vector of data elements derived from said pseudo inverse is
a vector comprlslng an interpolation between two columns of

said pseudo-inverse.
35



nultlplylng a vector of past process-input signal changes by a matrix

where el e”?ﬂé?ﬁfﬁﬂ espond t.o ew natrlper,‘yggg,ﬁml

Alerr] is Integral formof said i response matrix; and :
summi ng the resulting vector. 3}“‘“\“‘5! m !‘\ '43. The control nethod of
claim 30, wherein said : fluid flow system

having a flow measur i ng tYy arfsducer and a flow control valve,
~ further conprising the steps of dergying said process output signal
20 fromsaid flow measuring transducer,. and appi ying said process

i nput signal to said flgw Cdmé0|cdf?&ﬁ€§1 method of claim 430, ThR1QHY O
nmet hod of cl aim 30, V\/nerel n sai ses a chem cal Fr/,I’g:ctor

syst em havi nFRFAAIRg th St%agﬁr@efggﬁ§gu§§&8n%8 L OFP5S5S (RREWY an
Sff_eC_t on saigignal chpugetguseasupast’ prdesssoimpusi sgghhz chamygesi by
erivin A S

ransducer, MHFCIATIRE K ettt bechfR proIEa Y Apdt B dpla ™hbtides 1y

30 5, a vectors. wheﬁeleanh rejl emant ocovfesponds 3\3?: thersum ©fj an A°
onpr, c a eagt i n er,

b ocess SO0 idcSinh CUERLE af o35 Ung) AN "okl | B8 sata I

f1 ow control Izgsp@E®Be matrix. WD 96/ 12990

PCT/ US95/ 13201 - 54 -
46. The control method of cI ai m 30, wherein said #r ocess corrprl ses a
data storage access sy&t%m HERg ng’%trré’&d method, ngf orcipife IHad fux

actuator, andcrpridiigy MnE adfep of deRivingfwat@efueasp’ p&b&@sbhemfi:%ﬁ% of
deri vi g sai d pr)_@D utgut signal fromthe 1805 ition ofhsa

over said harge i8S BRIPASY BERFSER FHRY SSLORAN, CRaPYRAl B,
sai d head acmﬂmmpltyumg)rat vectea dfhpadt process input signall/ .chafigesc biyt r ol

met hod of cla %gﬁ;‘l{d’;ﬁ%‘te elemeht réé%PQﬁggﬁdStteoose%mgﬁEé' dﬁ‘ga”ezl(“

nodel i ng i nfor I on uring a se p0| n , and using sai
nodel i ng matrix, where A° is the :Lntegral form of said impulse

i response matrix; and summing the resulting vector.
43. The control method of claim 30, wherein said
process comprises a fluid flow system having a flow
measuring transducer and- a flow control valve, further
, 20 comprising the steps of deriving said process output signal
) from said flow measuring transducer, and .applying said

| process input signal to said flow control valve.

44. The control method of claim 30, wherein said

| process comprises a chemical reactor system having a quality

25 measure transducer and an actuator having an effect on said
quality measure, further comprising the steps of -deriving

said process output éignal from said quality measure
transducer, arid -appljing said process input signal to said

actuator.
30

45. The control method of claim 30, wherein said
process comprises a chemical reactor system having a flow
controller, wherein said process input signal is applied to

a setpoint of said flow controller.
35 ' |



cont r ol . WO 96/12990 The control method of cl ai #@@595443?’( her 15

conprising the step of determ| "ﬂe“ﬂ “ H llr esponse vect or by
| i near regression; and derivi response nmatrix from
said i nmpul se response vector. R . The control nethod of

claim30, further 20 conpri sing the steps of
“determning, according to said inpu : response nmatrix nodel,

ti mutn t uni t D t | d st
ohi d constants for  46° sﬁtscmsrsmﬁfxosf Sk e iR bR, Rer et Fadd o
Cﬁnt r ol 2t5 procmstrccmpasn.ses a data storage a!&&essAsystbndh&vingoatradl ng ..
t he operatii n SsS i
D ot or wrige TS HEMR"AAURGES St Horhediy Srbe

process out upon sai d process 1 np
met hod 30 me@xamrﬂtstw:t w@mmgﬁsmﬁ the steps of deriving saidprocres:

sanpl e of s ﬁoﬁﬁéﬁaqu'[ﬂ%m th bgﬂéion of sa:.d head over said
edi ¢ process a future stead

det er 1§ ni ng r out pt Si y
state condﬁ‘?‘ﬁ%%c@?ﬁi‘-ﬁg 8 195&%%93521‘3 rﬂﬁféqe%ﬁldlgHPH %aét H#*Osai d
process outgiiid Hedlactuator toVEbAErd2988id head.

PCT/ US95/ 13201 - 55 -

determ ning a steady state error signal according to the difference
bet ween sai d predi ct etl7 pr dTless contro]oums.uhcxi gofl abdim d36j rmmsﬂ'tqml nt

si gnal ; chaSOTPT: sinlﬁ Jthe stegﬁ ?f"%:BEQQ ge%tegrfnio 4% mﬁ%

Si gnqb ed SO app 0 sal pro I nput
si gnal sai %ﬂ&ﬁaﬁedsgﬁﬁaé@tst%@%ro@%uwlﬁs said Mtamd%iﬂl%g

cancel | ed %mtﬂﬂ:@tfdxegéhe%%lﬂgpé%m&iel thér.téﬁy :.Er(iﬁlé?dé‘iﬁ:ﬂd@; sai d
and

process ougput signal at--a future time;
tive control.

_ 48. The control method of claim 30, further
15 comprising the step of determining an impulse response

vector by linear regression; and deriving said impulse

response matrix from said imp'ulse response vector.

49. The control method of claim 30, £further
20 comprlslng the steps of: .
det:ermining, according. to said impulse
response matrix model, optimum tuning constants for PI
and/or PID controllers, and storing said constants for
selective control of said process by alt_ernate control
25 techniques. |

' 50. A method for controlling the operation of a
process having a process . input s:.gnal and a process output
signal dependent upon said process input signal, said method

30 compr1s1ng the steps of:
acqu:.r:.ng a sample of said process output
signal; ' '
‘determining a predicted process otztput signal
at a future'steady state cbnldit'ion' according_ to a process
35 model and said sample of said process output signal; -



applying a first nmenber of said set of future 10 process input signal

.changes towbglﬁwcess i nput si gnﬁ' for—control | i ng t egpesasleen of
sai d process. according to clal m50,

wher ei n said step of dete mll “““I’Tﬁilf ﬂl‘f uture process input 15
si gnal changes includes the ste scaling a
predeterm ned vector of data -6l errents by said steady state error
signal, said data el enent s representggg an optimal colum of a
pseudo-igverse - of a matrix of said process nodel. 20 ,

52. The nethod of claim 51, d@%@’ﬂllhﬁ@déetsﬁgad statd ureq-ﬂyxoc§3§dd]put

signal changes, if applled to sal process inp , woul d cause
a singl e appr 8gcRxAdng &9 the %fefsﬁfﬁ%"ee|bﬁ%‘&?ﬂnp?6%@53rggﬁﬁ&ﬁdspﬁﬁﬁes§t a
future time. 3atput signal and a Hogirde® é@éﬂi@ﬂnﬁcﬁﬂgﬂang to claimb50,
wherein sal d step of de m ni n.q_la set Pt e process I nput,
signal changes includes the éie&ﬁ set © ainput
predet er m nedsigaadr ch&nQeBacSchulaEédnsotShéﬁy :Bﬁmbplmdbtcsm process
si gnal, Ssal dlﬁﬁh@ Signa 'Sgiﬁt cﬁé‘ﬂﬁﬁé&i‘t b %a%;%"e%élgééd ‘i%ragﬁox?idabe

| east two pseu I NVerse o sald process

nmodel . 35 substantlal%r camlmw chusimonass3 leassr ons spproxdmage
WO 96/ 12990 g¢ said ocess out dg/é@&ﬁéi:’%@l fut

- 56 - PLEPTIER IR S BFgREFECS angd;s TToappl ied to sald.
process i nput téWSMaPnd\/\oul d cause a single approxi mate step response

sai d process output signal afg 1fyit:1g'a fh.ﬂ‘Et member of said set 2% fibfire
net hod ® claim 50 V\/nereln .ald termnln a, set. of futuire

rocess | nput PEPEREF CRERjeS Tonal Shapnesten sair Pageest tAfke aigha

for controlling the operatlon of said process.

51. The method according to claim 50, wherein
said step of determining a set of future process input

15 signal changes includes the step of:
scal:.ng a predetermined vector of data
elements by said steady state error signal, said data
elements representing an optlmal column of a pseudo-inverse
2 of a matrix of said process model.

_ - 52. The method of claim 51, wherein said set of
) | - future process input s_i_gnal “changes, if applied to said
process input signal, would cause a single approximate step

response in said process output signal at a future time.

53. The method according to claim 50, wherein
-said step of determ:.nn.ng a set of future process input

signal changes includes the step of:
scaling a predetermined vector of data

30'. elements by said steady state error signal, said data
elements representing a weighted average of at 1eest two
columns of a pseudo-inverse' of a matrix of said process
model.

35 | 54. The method of claim 53, wherein said set of



scaling a predeterm ned vector nts by sasl,@l.ﬁ}sgg,%‘,?tate
rpolation

error sig 96/12990) dat a ng an inte
bet ween two col unms 10 of a p mm@m@ ﬁE; ‘ matri x of said process
model . _ 55, wherein said set of

future process input signa changes I f applied to said - process input
sighal, would cause a single approxi mte %tep 15 response in said process
output signal at a future tlne 57. The nmethod of claim

50, whérein raoc d 0Ce%S, Sl ess
i nput  si gnalfsat rd 5%?%8?5 RS rafléhg'h' %er €th3)ésal 3% ofcfe {égu?ﬁ.gté&s?%nal
20 pl’ oVi (tBS)GI&SS richpatt isskgngl lwaukdieause a 31ngle aPPrO&HHa%eSm hod

of claim50, Jhesud Saigh Pl OfrSEess outp B2 stgRElcalt e TUIre eSS,
where said pro eSS | nput signal effects a quality neasure, and where
sai d process 25 out put S|gnal provides an indication of said
quality nMeasure.ss. The method of GPaimTe, nethémeinfsaidistép, of
wher ei 1§ sai d_ process, a_acce S S

devi ce, wherdFERFMining dapP(?i:es%PoﬁPBHF%s%} ‘{eoscse fgﬁﬂge% % %tah éﬁﬂ\g& nt
of a dizricl udesl, thmosmeprefsal d plant input signal controls the

movenment of said data head. g A RIAEYF QB E ml
appar aztl%s aorpredet %n

predictive control 35 controlling a,process_F SVIH
process ‘i npelements by\osadfilsbeady state error pgigpads; 1#ad ta

- 57 - 0 glemSitHe é’n@iﬂgeaﬁ eHEBY¥polatian deterdanitws coliuins

procesy I nput sidhal, conp elegtronic
nenory nean$f ét Bﬂ%%‘??lgl%"ﬁ?o?f a gata‘axdglfasalgwgﬁpgegg“ rom one
or nore colums of a - pseudo-inverse of an i mpul se response natri x

model of said PrO§€5Sthe method of claim 55, wherein said set of

future process input signa! changes, if applied to said
process input signal, would cause a s:.ngle ‘approximate step
15 response in said process output signal at a future time. -

57. The method of claim 50, wherein said process
is a fluid flow process, where said process input signal
controls flow rate and where said process output' signal

20 provides an indication of flow rate.

. 58. The method of claim 50, wherein said process
is a chemical reactor process, where said process input
signal effects a quality measure, and where said process

25 output signal provides an indication of said quality

measure.

59. The method of claim 50, wherein said process
_ is a data access process for a data storage device, where .
30 said process output' signal is related to the movement of a
data head, and where said plant input s1gnal controls the
movement of sa:Ld data ‘head. '

60. An electronic model predictive control
35 apparatus for controlling a process having a process input



‘neans for receiving a process output—sigral——___ sanpl e;
el ectronic Qf‘%ﬁm means for C_aI”!! m expect ed f YcringsoBASBESS
o !

' an 10
out put sign or cal cul ating an ,‘,Hi jm " EI froma setpoint signal
and sai d expected future © . pro |, and for calculating a
process i nput signal change fromsaid error signal, said vector of
‘dat a el ements derived fromone or nore colums of said pseudo- _
inverse, and data indicative of future progess input signal . changes
cal cul ated during prior control cycles; and means for

appl yi ng sai d g0ig2@as andNUbr&&888| cutput S1GHEE dShSIAEhPIE Rtid Pirdcess
signal for controlling said . process output signal. -

61. The cont F-&P’%‘pp?&%'{a&s W%Eﬁrrﬁ) wherein sai d vector of data
el ements represents an opti nadlextront ©memory ntsEnk fmtidtomivey se velctaa d
| mpul se response matrix del_of 5 _. sal r SS. 2.
The control aﬁ%ar% Sﬁ%eﬁtﬁ ﬁ?;%ﬁ?ei?ﬁ% ot 8ﬁgs;qrd mo%f.?rré:lo:l'c nﬂoT"sg
sel ect ed _by dpseudioriimyerise off @m impulsehresponee mstrixsmodedt off sadgut

signal c angeirbgeggi,d process woul d produce the best approxi mate
step response- dut put according to a predeternined criteria. 30 -
63. The control apparatus ofMeang AP rePR}IEINT a Progapg eutputi §ignal

i ncl udes | easg @i;es error. 64. The control apparatus
of claim 60, further conprisi ng data e‘ntroyé nmeans for providing said
set poi nt WO 96/ 1299@lectronic processor means for calculating an

-PCT/U89261320éxpected future process output signal ,- £dir -calculatsngnah to
operati on of 7702 Sigpgl trom 3 sernoint MialTRAF sasdl eSiidtida Flfuid®
out put prgcessdopepidnisignal s #nt pfox ecal tuwbatinggaaprosesd anphod
signal'change from said error signal, said vector of data
elements derived from one or more columns of said pseudo-
inverse, and data iﬁdicatiﬁe of future process input signal
changes'calcnlated during prior control cycles; and

means for applying said process input signal
change to said process input signal for controlling said
process output sigﬂall |

15

61. The control apparatus of claim 60, wherein
said vector of data elemehts represents an optimal column of
) said pseudo-inverse of said impulse response m_atrix' model of
said process.

62. The control apparatus of claim 61, wherein
said optimél 'célum_n is selected b'y determining the column
which when used as a set of input signal changes to said
process would prbducé the best approximate step response
30 output according to a predetermined criteria.

63. The control apparatus of claim 62, wherein
said criteria includes least squai'es error.

64. The control apparatus of claim 60, further
35 comprising data entry means for providing said setpoint



5 conprising the steps ;rf‘~\~f‘jﬁfffjf“‘f acquiring a sanple of
predicted process output signal+"¢ ™" &l &ﬂ”ﬂre steady state condition
apcor?ing to a process 10 "gn?el anqlgaiﬂ s?npge ofts?id proces:_gg;Fut "
si gnal ; , etermning a steady .state error
according to the difference between saigapredicted process out put
signa#o?nd a desired setpoin&SSignaf;'l -I .I o . tde?ern1r!ng ?
set of future process inpu signals _calculated so that if applied to
sai d proceﬁs"q {to sa gs?ﬁﬂﬁ?ssgﬁi CaBEti mat ed steady state. . error

woul d be substantially cancell ed by causi ng at | east one approximate
step response in sai ro UEASi ; e L1 me; d 20
applying a first nerrgse%)' ofng ?g?gﬂégt 1’8 gﬁ?hfgﬁ'la_nhu%g{eoco@sesral‘tn%u Sfl %al S
to said pr ®RxegessAAving rful Preeess inpubnSignpilngndthé@ Brecessorowipui d

process. gignal dependent ﬁ?o%s&&ﬁhﬁﬂoéééscﬁéﬁ€|éi' iNGPNe mdtyy of a
25 piSocess havi,ng a plurali of process input signals and one
process outGRfPLsh he) ?bon at |east one of said process
i nput signals, said net hogmpmiﬁgna t_dra&npmepafoy‘s'aidl-pggcess output
acquiring a, | e of said process output - si gnal ; - _
determ ni n%l§ ddi cted process out put signal at ‘a futdre steady
state condition accordi ng Getermininga predictedepracessoutprrsignall sai dI
out put signal ; _ . @gn?- a1 St aLe rar..signa
accongi ng t%g tahefudﬁﬂﬁeer%%%aed{eg\tfve;?tg sa.ld 1?#?&?(%%%‘?%%%5%83 .IP%S%F ut
si gnal and™@dgdsiansy sadich Aamp _ |8ald process\pubpnt’gdgnal; _
Z’C;r/ US95/ 1320]}_ ] detez_'minifng_ a |St.eady -statet59e'f‘rz%ozi Siggfg)'cess :
eterm ni ng, for. .eac rqcess,. ut signal, .- set of future
i nput si gn8CCOFDSs tfgltg'tﬁ g#%pnce go_e"?'ﬁ%?ni ’FaégpPF_GelFS.egaPébEPéﬁal ity
of processoutput siigmails and a deBikebtsempeinsteiguaktate error woul d be
substantially”canceld L fiiiy' B9 sl | SF° rulEe RRRGZLLT! £x8b2P

15 signals calculat;ed so that if applied to said process input
signal said estimated steady sta:te error would be
substantially cancél_led by causing at least one approx:i_.mate

step response in said process output signal at a future

: time; and _ _
20 | ' applying a first member of said set of future
' process input signals to said process input signal for

controlling the operation of said process.

66. A method for controlling the operation of a

o process having a plurality of process input signals and one
prbces_s output signal dependent upon at least one of said
process ‘input signals, said method comprising the steps of:

o acquiring a sainple of said process output
signal; _ -

30 .determining a predicted process output signal
at a future steady state condition accordirig to a process
model and said sample of said output signal;

determining a steady state error signal
according to the difference between said predicted process

35 output signal and a desired setpoint signal; '



I n said process output signal at‘afftﬁth&%+ﬂe——ands

appl yi ng av;égﬁs%”manber from each future prmylmy
signal changes t0 a correspondi ng ﬁ ” u”B éli process i nput signals
for controlling the operation :

67. The nethod of claim 66, wherer n sar d set o future process i nput

si gnal changes for each process i nput signal, if applied to said
plurality of process input . signal s, ggoul d cause a single approxi mate
step response. 15 68. A nethod for controlling the
operation of a proceSSdéaérMnan@ Uty teadi prrecess iﬁwt §i§ﬂ§i$

d ' I | it t pyt I
Slgnal dependirRetpeh SucRESSPIoREss LERNY MichRl: THRes cattufited 0
sai d net hod cgwmgt i $f ngpphtedt epssald plurallty of process a.’mpmﬂ:lstggnals
cor respondi N, SAPLG RhatR Mogay orABLT A WbUaa! bl IS AN Pl 1y

si gnal s; eacC ura
process out pu‘.‘tamghhéé by msmmrlgam e@met@pmmsezstep XRAPONSE

si gnal %&&tg dedb2bAcERRILLGAR1 GO R fiture cirlf) B O0COS

nodel and sal corres I ng sa rmning, for
each of said plurality of applpiggea st ixmt Memhem A2om gach padgoner ref

st egdéost ate siwfe %rocessgmﬁbuttagsghaun@hangest dda cd&xfészs&m;ﬁzg herereen
sal COI‘ I N edl cte ces ou
correspondi nd® ‘g?%%% input signals for © %Jef%‘?%%ﬂ%d’p?ﬁt’é%r&h

process out pudf S@iﬂilprocess.a plurality of sets of future process input

si gnal Khanges, - each set corresponding to one of said plurality of
process 35 input signals, calculated so that if applied to said
WO 96/ 12990 67. The method of claim 6BCTMbSIHirg Exid set of

- 60 - 0 furufe L?ﬁlx*:etzs‘s o nph chggnannerihn?%sngs eatd g: d"é%' seni" xﬂ‘. ng
estimated steady state error. subst an nce
causing at | e8dn&he ddpr GQP%&FQ sk@p FakGopdaral 1tY| Rfa E’é??%%%oﬁd?m%j: one

of said pluralignans, WOSEEScRUEEUA sihgleShpprbxinhte stey ¢eapBRiseand
applying, to each one of said plurality of process Input signals,

a sum of first nenbers from
68. A method for controlling the operat:r.on of a

process having a plurality of process input s:r.gnals and a
pluralilty of process output signals each process output
signal dependent upon at least one of said process input

’ ' o . _
20 signals, said method comprising the steps of:
_ acquiring a corresponding sample of each of
) said plural:.ty of process output signals; '

determining, for each of said plurallty of
process output signals, a corresponding predicted process
25 output signal at a future steady state condition according
to a process model and said corresponding sample; -
| ' determinlng, for each of said plurality of
process output signals, a corresponding steady state error
signal accordlng to the difference between said
30 corresponding Ppredicted process output signal and a
correspondlng setp01nt signal;
determining, for each process output signal,
a plurality of sets of future process input signal changes,
each set corresponding to one of said plurality of process
35 input signals, calculated so that if applied to said



correspondl r;gﬂsets of future process input si qnal changes or
control | i BBperation of said process. PCHYSIS/13pM
method of claim 68, wherei "urallty of sets of future
process input signal changes, m||“1m|ﬂillluuullm to said plurality of process.
I nput signals, would : cause sl-ng'f e Sapgroxi mate step response. 15

. 70. A nodel predictive control nethod for - controlling a
processonhaw ng a process |nput si gnal an6° process output signal
dependent on i d .,process ut si gnal, ris the steps of:
sanpl i ng sa® ch"é%’ ogess,| input signaid s 2y conresPandifisn

expect ed fuesltd.nwued%ssstteadmt state SerrmmeBeresnhmﬁnl@U
si gnal Chan%gp%"éile% ?P’ ng@gg%pggoigggt %lét a%b%%%ém%@an%%s and sai dsfn

process out
error signalinf aomoermagmdmg one csﬁgseidapbluralmtyxpécpmmsumqpumess

out put signghonais at a future ti e £ lating a process input signal
changes 19rom sald error signal multiplied by the inverse of said"

 process' steady-state gain2PPAYING Q- saghe Oneo @fs Said npluraliget @tfm ned
acclordl ng tgg@&elslﬁpll|i$®urtet5mi§&ﬁl@de|a 0fs1t§ﬁl| do§0 firBtOoCasmbesad frtom

appl yi ng sali roces ut_.Si e to sai . Drocess i npu

signal for E8F F&PPP@&“@ZH?‘:& g‘aﬁsgugﬂf process SHARRE f changes

for controlling the operation of said process.

10 69. The method of claim 68, wherein said.
plurality of sets of future process input signal changes, if
applied to said plural:l.ty of process 1nput s::.gnals, would
cause a s:.ngle approximate step response

15 70. A model predictive control method for

controlling a process'having a process input signal aﬁd a
process output signal dependent on said process input
signal, comprising the steps of:’
sampllng said process output signal;
20 calculet_ing an expected future:process output
signal from a future process output signal change due to
'past process input signal changes and said process output
signal sample;
calculating an error_signal from a setpoint
25 signal and said expected future process output signal;
| calculating a process input signal change
from said error signal multiplied'by the inverse of said
process’ steady-state gain, said steady state proCess gain
determlned according to an impulse response model of said
30 process, and _
applylng sald process 1nput 51gna1 change to said
process input signal for controlllng said process output
signal.

35



